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Abstract Although the therapeutic efficacy of f°>*-thal-
assaemia treatment using a combination of RNAi and
antisense RNA to balance the synthesis of o- and f-globin
chains has been demonstrated previously, and the safety of
lentiviral delivery remains unclear. Herein, we used the
same f%**-thalassaemia mouse model to develop a therapy
involving direct delivery of siRNA and antisense RNA
plasmids via intravenous injection to simultaneously knock
down a-globin transcript levels and restore correct 5-globin
splicing. The amount of o-globin mRNAs in siRNA-treated
MEL cells decreased significantly, and the properly spliced
B-globin mRNA was restored in HeLa®* cells transfected
with pcDNA-antisense plasmid. Furthermore, treatment of
5% thalassaemic mice with siRNA and antisense RNA
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plasmids resulted in significant reduction of poikilocytosis
and reticulocyte counts in blood samples, decreased
nucleated cell populations in bone marrow, and reduced
intrasinusoidal extramedullary haematopoiesis loci and
iron accumulation in liver. RT-PCR analysis revealed that
treatment resulted in down-regulation of a-globin mRNA
synthesis by ~50% along with an increase in the presence
of normally spliced f-globin transcripts, indicating that the
phenotypic changes observed in f%*-thalassaemic mice
following treatment resulted from restoration of the bal-
ance of a/ff-globin biosynthesis.

Keywords f-Thalassaemia - Gene therapy - Small
interfering RNA (siRNA) - Antisense oligonucleotide -
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1 Introduction

p-Thalassaemia is an inherited blood disorder in which
p-globin chain synthesis is reduced or abolished [1].
f-Thalassaemia is fairly common worldwide, affecting
thousands of infants every year. Over 200 mutations
causing f-thalassaemia have been described so far,
including defects that alter gene expression at both the
transcriptional and post-transcriptional levels [2].
[°5*-Thalassaemia is a particular mutation that results from
aC — T substitution at nucleotide position 654 in intervening
sequence 2 (IVS-2-654, C — T) of the 5-globin gene. This is
one of the most common mutations among Chinese patients
with f-thalassaemia [3-5]. It results in a defect in RNA
splicing, due to the introduction of a G-T dinucleotide that
forms an apparent 50-nt splice donor site and simultaneously
activates a cryptic 30-nt splice acceptor site at nt 579 in IVS-2.
The result is formation of an aberrantly spliced mRNA
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containing a 73-bp IVS-2 sequence, between exons 2 and 3,
which acts as an “extra exon”. The thalassaemic pre-tran-
script is spliced almost exclusively via the aberrant sites,
causing a deficiency of normally spliced f-globin transcripts.
Many antisense oligonucleotides have been developed to not
only inhibit gene expression but also reverse incorrect splicing
of the pre-transcript [6, 7]. We previously constructed a
mammalian expression vector producing an antisense frag-
ment that targets the aberrant splice sites of the 5°>*-globin
pre-transcript, restoring the correct splicing pattern in an in
vitro transcription/splicing system and in cultured HeLa®*
and ﬂ654 erythroid cells [8-10]. Recently, Svasti et al. [11]
delivered a splice-switching oligonucleotide (SSO) that
blocked the aberrant splice site in a f>*-thalassaemia mouse
model and restored significant amounts of f-globin in the
peripheral blood of the diseased mouse.

In blood cells of f-thalassaemia patients, the synthesis of
normal «-globin chains is not affected, resulting in accu-
mulation of excess unmatched o-globin in erythroid pre-
cursors. Free o-globin chains that do not form tetramers with
p-globin precipitate in red cell precursors in the bone marrow
to form so-called inclusion bodies, which are responsible for
the extensive intramedullary destruction of the erythroid
precursors and ineffective erythropoiesis [12]. Several
studies have shown that the underlying mechanism for
f-thalassaemia is o/f-chain imbalance and the subsequent
deleterious effects of the free o-globin chains. The ao/ff
imbalance may be partially redressed by co-inheritance of
o-thalassaemia, suggesting that down-regulation of o-globin
genes may be a potential target for f-thalassaemia therapy
[13-15]. In a previous study, we demonstrated effective
treatment of mice with f°>*-thalassaemia using a combina-
tion of RNAi and antisense RNA designed to balance
o/ f-globin expression by introducing RNAi and antisense
RNA into single-cell embryos in the offspring mice and the
parents mediated with lentiviral vectors [16]. However, the
ethics of germline therapy is still a subject of debate, and
the safety of lentiviral mediation remains a concern. In this
study, we report development of a feasible therapeutic
strategy for f°>*-thalassaemia using a mouse model (the
Hbb"*/Hbb* mouse) in which siRNA and antisense RNA
were introduced to simultaneously knock down o-globin
mRNA levels and restore correct splicing of f-globin
mRNA, respectively. This approach restored the balance of
o/ f-globin chain biosynthesis and enhanced erythropoiesis.

2 Methods
2.1 siRNA and antisense RNA plasmid vectors

The polymerase III promoter (H1 promoter) was amplified
by PCR from human genomic DNA and the Tc vector
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(containing the H1 promoter) was constructed as described
previously [17]. The pH1 vector was generated by cloning the
H1 promoter into pREP4 vector (Invitrogen). Two pairs of
complementary siRNA oligonucleotides for suppression of
mouse o-globin gene expression were designed as described
[18]. The siRNA oligonucleotides were annealed and then
cloned into pH1 using HindIll and Nhel and were designated
mail and mai2. The siRNA coding sequences were: mail,
5'-GC ACC GTG CTG ACC TCC AAT TCA AGA GAT
TGG AGG TCA GCA CGG TGC-3'; mai2, 5'-GC CAC
GGC TCT GCC CAG GTT TCA AGA GAA CCT GGG
CAG AGC CGT GGC-3'. As a control, the siRNA fragment
was substituted with the following coding sequence: 5'-GC
CAC GGC TCT GCC CAG GTT TCA AGA GAA CCT
GGG CAG AGC CGT GGC-3' (RNAI control).

The f-globin promoter and antisense RNA sequences
were cloned into the pcDNA3.1 (+) vector (Invitrogen)
using EcoRI and Nofl to generate the pcDNA-antisense
vector as described [16]. As a control, the antisense frag-
ment was substituted with a nonspecific random sequence.

2.2 Cell culture and transfection

Murine erythroleukemia cells (MEL cells; ATCC) and
HeLaf®* cells (that stably express aberrantly spliced
human f%*-globin pre-mRNA) were a kind gift from
Professor R. Kole (Univ. North Carolina, Lineberger
Comprehensive Cancer Cent., Dep. Pharmacology, Chapel
Hill, NC 27599). The cells were cultivated in DMEM
medium (GIBCO) supplemented with 10% foetal calf
serum and penicillin/streptomycin at 37°C under 5% CO,.

The cells (5 x 10°) were transfected for 48 h with 1 ne
plasmid and 2.5 pl Lipofectamine (Invitrogen) according
to the manufacturer’s instructions. Transfected cells were
selected using hygromycin (300-600 pg/ml, Sigma) or
zeocin (100-200 pg/ml, Sigma). Expression of «-globin
mRNA or normal and aberrant f-globin mRNA was
measured after 3 weeks of selection.

654

2.3 Treatment of 7" mice with siRNA and antisense

RNA plasmids

ﬁ654-Tha1assaemia mice (B6; 129P2-Hbb™?Y"¢), obtained
from the Jackson Laboratory, were heterozygotes (Hbb™ %/
Hbb") carrying a human B-globin gene with a splicing
mutation generated by aC — T substitution at nt 654 in IVS-
2 OR pV5295% C - T splicing mutation. These °°* mice
manifested typical signs of a moderate form of f-thalassae-
mia, such as anaemia, splenomegaly, and abnormal haema-
tologic indices [19]. The study was reviewed and approved by
the Review Board of Shanghai Children’s Hospital. %> mice
from the same pedigree were treated via tail vein injection
with mail plasmid, pcDNA-antisense plasmid, or maoi
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plasmid plus pcDNA-antisense plasmid (ina 1:1 M ratio). A
total of 40-50 pg plasmid (~2 pg plasmid per gram weight
of mouse) in 1 ml of saline were injected per day for 2 days.
After 7 days, the plasmid was re-injected in the treated mice
for another 2 days with the similar dosage. The control group
was injected with the same total amount of control vectors
(pH1 plus pcDNA3.1-con) in saline. The plasmid DNA
injection procedure was described previously [20].

2.4 Reverse transcription (RT) PCR analysis

Total RNA was isolated from cultured cells or blood cells of
mice using an RNA isolation kit (U-gene) according to the
manufacturer’s instructions. Total RNA (1.5 pg) was mixed
with2 plRT buffer,4 pl dNTPs (10 mmol/1), 0.5 pl oligo(dT)
(0.5 mg/ml), and 1 pl reverse transcriptase (RT, New England
Biolabs) in a 20 pl reaction volume and incubated at 37°C for
1 h, then at 70°C for 10 min, and then left on ice for at least
2 min. PCR amplification of a-globin and GAPDH cDNAs
was performed in a thermocycler (Eppendorf, Germany) using
26 cycles at 94°C for 30 s, 55°C for 30 s, and 72°C for 45 s.
PCR amplification of normal -globin and aberrant $°>*-globin
cDNA was performed using 30 cycles at 94°C for 30 s, 60°C
for 30 s, and 72°C for 30 s. PCR primers are shown in Table 1.

2.5 Real-time quantitative RT-PCR

a-Globin cDNA was generated as above and subjected to
real-time PCR amplification using the RG3000 system
(Corbett Research) and the QuantiTect SYBRGreen Kit
(Qiagen, Hilden). PCR primers are shown in Table 1.
Amplification reactions were performed at 95°C for 3 min
followed by 30 cycles at 95°C for 30 s, 55°C for 30 s, and
72°C for 30 s. Fluorescence (585 nm) was detected at
72°C. Each sample was analysed in triplicate. A standard
dilution curve was obtained after the cDNA (a-globin or
f-globin) were cloned into PGEM T-VECTOR (Promega).
GAPDH mRNA was analysed as an internal control.

2.6 Haematological analysis

Mouse peripheral blood was collected in 40-pl microhe-
matocrit tubes containing 2 pul 0.5 mol/l EDTA (pH 8).

Red blood cell (RBC) counts, haemoglobin (Hb) levels,
and reticulocyte counts were measured using a Hematology
Analyzer (KX-21, Sysmex). Blood smears were stained
using Wright’s solution and visualized by microscopy.

2.7 Histopathologic analysis

Small pieces of tissue (bone marrow, spleen, and liver) were
embedded in paraffin wax, sectioned using a LEICA RM
2135 rotary microtome, and mounted on glass slides. The
tissue sections were stained with haematoxylin and eosin or
Gomori iron. Liver sections were stained with Pearl’s Prus-
sian blue to examine iron accumulation. Bone marrow smears
were stained with Wright-Giemsa to calculate the proportion
of nucleated cells. Slides were assessed in a blind manner.

2.8 Statistical analysis

Statistical analysis was performed using SAS software.
A Student’s t test was used for intergroup comparisons, and
a P value less than 0.05 was considered significant.

3 Results

3.1 Plasmid vectors effectively reduce o-globin
expression and restore f5-globin splicing
in cultured cells

To knock down o-globin transcription, MEL cells were
treated with moil and mai2 siRNA plasmids with Lipo-
fectamine mediation. After 3 weeks, total RNA was isolated
and subjected to RT-PCR analysis. The amount of a-globin
mRNA in cells treated with mail and mai2 was lower than in
cells treated with RNAI control plasmid (Fig. 1a). Real-time
RT-PCR analysis demonstrated that the ratio of «-globin
mRNA to control GAPDH mRNA decreased dramatically in
cells treated with mail (0.93 4 0.07) or mai2 (1.37 £ 0.13)
compared to cells treated with RNAi control vector
(3.11 &£ 0.08; p < 0.01; Fig. 1b). In addition, the properly
spliced f-globin transcript was restored in HeLa % cells by
treatment with the pcDNA-antisense plasmid, as demon-
strated by real-time RT-PCR (Fig. 1c¢).

Table 1 Oligonucleotide

primers for PCR analysis Primers Oligo sequences Notes
mail 5'-GGGTCACGGCAAGAAGGT-3' mol and mo2 used to amplify cDNA from
mui2 5'-TGCTCACAGAGGCAAGGAAT-3' mouse ¢-globin mRNA (232 bp);
p-5' 5'-CTCGGTGCCTTTAGTGATGG-3’ p-5'and B-3" used to amplify cDNA from
3_3/ 5- AGCCTGCACTGGTGGGGTGAA-3' aberrant (254 bp) and correct (181 bp) splicing

variants f-globin mRNA;

GAPDH1 5-GTCTTCACCACCATGGAGAAGG-3' GAPDHI and GAPDH2 used to amplify cDNA
GAPDH2 5-GCCTGCTTCACCACCTTCTTGA-3'  from GAPDH mRNA (control; 490 bp)

@ Springer



S.-Y. Xie et al.

304
A
M 1 2 3
APDH 490bp
a-globin 232bp
C Aberrant splicing

Fig. 1 siRNA reduces a-globin mRNA levels in MEL cells and
antisense RNA restores correct splicing of f-globin mRNA in
HeLaf%* cells. a RT-PCR analysis of a-globin mRNA in MEL cells
treated with or without siRNA plasmid. Amplification products were
subjected to 2% agarose gel electrophoresis. Lane I untreated control
plasmid (PH) group, lanes 2 and 3 mail and mai2 siRNA-treated
groups, respectively, M 100-bp DNA marker. GAPDH mRNA was
analysed as an internal control. b Ratios of a-globin/GAPDH mRNA
in MEL cells treated with the indicated siRNA plasmid were

Before Injection

BT 55
o
6 30 MEL cells
= 1: control
% zz 2: mai
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determined using quantitative real-time RT-PCR analysis. «-Globin
mRNA levels in siRNA-treated cells are decreased compared to the
control (p < 0.01). ¢ Correction of aberrant splicing of f-globin
mRNA using antisense RNA. Lane I HeLaf®* cells treated with
pcDNA-antisense plasmid, lane 2 HeLaf%* cells treated with control
plasmid (pcDNA3.1-con), lane 3 whole blood from healthy individ-
ual, M 100-bp DNA marker. The antisense RNA restored the correctly
spliced B-globin mRNA in HeLaf®>* cells

After Injection

Fig. 2 Changes in peripheral blood morphology of ** mice after

treatment with plasmids (Wright staining, x400). Wright’s staining of
peripheral blood smears from a a healthy mouse before and after
treatment with saline, b a ﬁ654 mouse before and after treatment with
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ﬁ654

control plasmids, ¢ a mouse before and after combined treatment
with antisense plus siRNA plasmids. Representative images are
shown (x400)
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3.2 Antisense RNA restores the correctly spliced
B-globin pre-mRNA in %* mice

$%5* mice from the same pedigree (n = 3 per group) were
injected with pcDNA-antisense plasmid or the appropriate
control plasmids, and the changes in symptoms of anaemia
were assessed. Prior to treatment, substantial amounts of
poikilocytosis plus target cells were observed in peripheral
blood smears prepared from % mice (Fig. 2). On day 17
after treatment, the amount of poikilocytosis plus target
cells was reduced to nearly 40% in mice #6 and #7,
respectively. The percentage was significantly lower than
before treatment (day O; approximately 48—-58%; p < 0.05;
Table 2). The therapeutic effects of treatment lasted
27 days. In addition, the average Hb values and average
RBC counts in treated f°* mice were significantly
increased compared to untreated controls (Fig. 3a, b),
whereas the reticulocyte counts were decreased after
treatment (Fig. 3c). The reticulocytes in untreated f°*
mice did not change over the course of the study (Fig. 3c).
RT-PCR analysis of RNA isolated from blood cells
(Fig. 4a) indicated that correctly spliced f3-globin transcript

Table 2 Changes in poikilocytosis plus target cells in blood smears

following siRNA and/or antisense RNA treatment of $°>* mice
Mouse Poikilocytosis plus target cells (%)

Before injection After injection

0 day 7 day 17 day 27 day
#1 N/A N/A N/A N/A
#2 47.8 £2.2 453 +£26 571 +£35 50941
#3 478 £23 465 £30 475+3.1 464=+53
#4 48.2 £ 2.6 505 £6.8 481 %04 Killed
#5 58.1 £34 550 +23% 457420 44.0+ 3.6
#6 47723 41.6 £ 1.5* 41.1 £2.9* Killed
#7 52.0 +£2.0 43.6 + 3.1" 41.3 £ 2.1* 43.0 £ 2.6
#8 55.6 £ 3.5 533+42 43.0£21 4844+33
#9 483 £ 3.2 41.7 £ 2.1* 427 £2.5" 470+£53
#10 513 £ 1.1 42.0 £ 2.6 43.6 £ 1.6" 43.0 £ 3.2*
#11 59.0 £ 2.7 488 £ 1.8 481 +26 435+4.1
#12 528 £32 40.6 £ 4.9* 33.0 £5.2* Killed
#13 549 £33 357 £ 1.0° 399 £ 6.9* 42.1 £ 2.3*

The proportion of poikilocytosis plus target cells per view-field
(n = 10) was determined under microscopy. All data represent
mean + SD

#1 healthy control, #2-4 °* mice treated with control RNAi and
control antisense plasmids, #5-7 ﬁ654 mice treated with antisense
plasmid, #8-10 %% mice treated with (m«il siRNA OR RNAi)
plasmid, #11-13 /f654 mice treated with antisense plus mail siRNA
plasmids

 Significant difference (p [<OR=] 0.05) compared to values (on day
0 OR prior to treatment)

# No significant difference

was restored to 6% in the blood cells of the treated
mice, resulting in the amelioration of anaemia symptoms.

3.3 siRNA treatment restores the balance
of o- and f-globin transcripts in % mice

Based on the results that the siRNA plasmids inhibited the
expression of a-globin mRNA in vitro, we further inves-
tigated the efficacy of the treatment of $°3* mice with the
moil plasmid. After being treated with siRNA plasmids,
poikilocytosis plus target cells reduced approximately
6-8% in treated ﬁ654-mice (mice #8 and #9; Table 2).
Haematological analysis indicated that the reticulocyte
counts decreased after treatment, whereas reticulocyte
counts in f%* mice treated with control RNAi were not
affected (Fig. 3). The improved haematological parameters
may be attributed to siRNA treatment because real-time
RT-PCR analysis indicated a restoration of the balanced
expression between o- and f-globin genes in blood cells of
the treated mice (Fig. 4b).

3.4 Moderate amelioration of f°>*-thalassaemia
symptoms in mice using combined antisense RNA
and siRNA treatment

We examined whether the treatment of °°* mice with both

antisense RNA and siRNA plasmids would provide sub-

stantial alleviation of -thalassaemia symptoms. The results
showed that poikilocytosis plus target cells in the blood
smears of f°°* mice were sharply reduced after the com-
bined treatment with antisense RNA plus siRNA plasmids

(Fig. 2; Table 2). In addition, reticulocyte counts were

decreased, and Hb values and RBC counts were elevated

after the combined treatment compared to the control mice

(p < 0.05) (Fig. 3). These results indicated that the treat-

ment with siRNA plus antisense plasmids provided a

greater haematological benefit in f°* mice than treatment

with only siRNA or antisense RNA. Visible abnormalities
and toxicity effects such as significant weight loss and/or
death were not observed in any treated groups.

3.5 Combined treatment induces morphological
changes in nucleated cells of the bone marrow
and spleen in *°* mice

To compensate for anaemia, the proportion of nucleated
cells in the bone marrow of S°* mice is significantly
higher than in healthy mice. The number of nucleated cells
per field of view in bone marrow from f%* mice was
considerably decreased after the combined treatment (from
50.8 £ 2.8 to 30.0 £ 2.7), suggesting that the abnormal
bone marrow proliferation in f°>* mice was partially res-
cued (Fig. 5; Table 3). In spleens of untreated f°°* mice,
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Fig. 3 Haematological analysis A
of %* mice following
individual or combined plasmid

RBC (10/ 1 1)(n=5)

B
Hemoglobin (Hb) (g/L)n=35)

7.5
7.0

co Limte—e—t O]
6.8 . : . . 80

treatment. a Red blood cell wor -6 -1iv7 17 27(Days) 149 -6 -1iv 7 17  27(Days)
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determined on days 7, 17, and 1 90F 130 F
27 after injection with the 85k 125 F
indicated plasmid(s). RBC
counts and Hb levels were 8.0 120
increased in f°°* mice following 75 r 90
combined antisense and RNAi ‘
treatment (group 5). 7.0 F Lol
¢ Reticulocyte numbers were 2 6.5 F 80
determined on day 27 after 60 F 75 b
injection with the indicated ’ . .« . _ =
plasmid(s) 5.5 70

8.8 100 p
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::: 2: Bés4-Control
séa b 3: B34 with antisense treatment
zez. || 4: B34 with RINAI treatment
8o 5: B4 with combined antisense
4 } and RNAI treatment
1 2 3 4

the amount of white pulp was decreased, while the amount
of red pulp was substantially increased and contained more
dense nucleated erythroid precursors compared to healthy
mice. Other immature haematopoietic cells such as mega-
karyocytes were also present in the red pulp of untreated
$°5* mice. Following combined treatment, the number of
nucleated erythroid precursors in red pulp was greatly
reduced, and the amount of red pulp was decreased and
contained fewer immature haematopoietic cells (Fig. 5).
Because of the expansion of red pulp, splenic lymph nod-
ules in untreated %% mice were distinct from those of
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5 D After Treatment

healthy mice; almost no round splenic lymph nodules were
observed in untreated /3654 mice, but 3.7 £ 0.8 round
splenic lymph nodules per view-field were identified after
treatment (Table 3).

3.6 Analysis of extramedullary haematopoiesis
and iron accumulation in the liver following
combined treatment of °3* mice

Liver histopathology was examined to determine the effect
of combined treatment on extramedullary haematopoiesis
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Fig. 4 RT-PCR and real-time RT-PCR analyses of a- and f-globin
gene expression in [)’(’54 mice following individual or combined
plasmid treatment. a RT-PCR analysis of f-globin transcripts in
peripheral blood samples. Amplification products were subjected to
agarose gel electrophoresis. Lane 1 Healthy mouse, lane 2 f%°* mouse
treated with control plasmid, lane 3 ﬁ654 mouse treated with antisense
RNA vector, lane 4 f°* mouse treated with siRNA plus antisense
RNA vectors, lane 5 healthy human, M 100-bp marker. Correctly
spliced f-globin mRNA (181 bp) was identified in the blood of %>
mice treated with antisense RNA vector or with siRNA plus antisense
RNA vector, but not in the control-treated $°>* mouse. b Real-time
RT-PCR analysis of the ratio of a- and f-globin mRNAs in %** mice
following siRNA treatment compared to untreated control f>* mice
(p < 0.05). mRNA was isolated from the mouse nucleated cells on
day 14 post-injection

(EMH) in °* mice. In untreated *** mice, EMH was
prevalent, likely in response to the anaemia caused by RBC
abnormalities. Moreover, the large quantity of abnormal
RBCs correlated with profound iron accumulation in the
liver. After treatment, the number of EMH foci was greatly
reduced, and the number of cells exhibiting iron accumu-
lation in the liver was reduced from 108.2 + 7.8 to
58.6 £ 6.1 per field-view (p < 0.05; Fig. 6). Decreased
EMH and iron accumulation in treated mice reflect an
amelioration of the anaemic phenotype.

4 Discussion

p-Thalassaemia is caused by mutations in the f-globin
gene that result in an imbalance of o/f-globin synthesis [1].
Consequently, excess free a-globin chains precipitate in the
erythrocyte membrane and cause ineffective erythropoiesis
[12]. Here, we report a strategy to restore the balance of o/
B-globin gene expression in °**-thalassaemic mice. We
previously demonstrated the therapeutic efficacy of
simultaneously microinjecting lentiviral vectors containing
a short hairpin RNA (shRNA) targeting o-globin and an
antisense RNA facilitating correct splicing of f-globin into
single-cell embryos of B%* mice [16]. Although the

therapeutic efficacy of this approach for f°**-thalassaemia

is well known, the introduction of genes into single-cell
embryos using lentiviral mediation might reduce its feasi-
bility in clinical practice, as the ethics and safety of such
therapies are subjects of considerable debate. We were
therefore interested in developing an alternative to germ-
line therapy.

High levels of foreign gene expression can be achieved
in mice by rapid tail vein injection of a large amount of
naked plasmid DNA (pDNA), known as the hydrodynam-
ics-based procedure. Liu et al. [21] demonstrated that the
efficient gene transfer and expression can be achieved by a
rapid injection of a large volume of DNA solution into
animals via the tail vein after cDNA of luciferase and beta-
galactosidase as a reporter gene was injection. Jiang et al.
[22] also showed that hydrodynamics-based gene delivery
into mice by intravenous administration of naked plasmid
DNA is a more efficient procedure for expressing cytokines
in vivo. Injection of naked plasmid DNA encoding TNF-«
into the tail vein of mice following intravenous injection of
B16 melanoma cells resulted in a profound reduction in
lung metastasis [23]. When physiological regulation of
gene expression is desirable, the delivery of a complete
genomic DNA locus in vivo may prove advantageous for
complementation gene therapy. Towards this end, using
hydrodynamic tail vein injection, Hibbitt and colleagues
[24] successfully demonstrated expression of large geno-
mic DNA transgenes in mice. A similar approach was
reported for the treatment of haemophilia A due to FVIII
(factor VIII) deficiency [25]. For the treatment of blood
disorders (such as thalassaemia) by direct in vivo gene-
delivery method, one of the most important points is to
ensure the successful introduction of DNA plasmid into
erythroid cells. In our previous study, we have demon-
strated that the eGFP-siRNA plasmid delivered by rapid
tail vein injection into erythroid-specific eGFP transgenic
mice could effectively suppress eGFP expression (over
20% reduction) in the recipient mice [17], indicating that
the delivered DNA plasmid could introduce into the ery-
throid cells with effective dose. We also found that GFP
could express in mouse marrow cells after treated with
GFP plasmid by tail vein injection (see supplement 1). All
the above studies showed that transgenic genes can express
effectively in vivo by systemic administration of plasmid
DNA through venous hydrodynamics-based gene delivery.
We therefore examined a gene therapy approach in which
mice with $%*-thalassaemia were subjected to tail vein
injection of plasmid DNA encoding siRNA and antisense
RNA designed to balance o- and f-globin transcript levels.

The siRNA and antisense plasmids constructed in this
study were specifically targeting to a-globin or f**-globin
gene, respectively, and showed therapy effect after direct
intravenous delivery. We demonstrated that the siRNA
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Fig. 5 Histopathologic analysis of nucleated cells from bone marrow
and spleen of %°* mice after combined plasmid treatment. f%>* mice
were treated with or without siRNA plus antisense RNA vectors. On
day 17 post-injection, spleen sections were removed and stained with
H&E (upper panels x200, middle panels x400). Wild-type mice were
examined as an additional control. The number of megakaryocytes and

Table 3 Histopathology of haematopoietic cells in %>

ﬁdéﬁ

Control

the red pulp area decreased, and a distinct white pulp marginal zone
occurred in the %** mouse following treatment. On day 17 post-
injection, bone marrow cells were also removed and stained with
Wright-Giemsa (lower panel x400). The proportion of nucleated cells
in bone marrow from f°°* mice was considerably lower after treatment

mice following (treatment with siRNA plus antisense RNA OR combined treatment)

Mice Rounded splenic lymph nodules Nucleated cells in marrow Liver cells with iron deposition
in spleen (number per field view) (number per field view) (number per field view)

Wild type 9.7+ 1.6 182 +£22 1.8 £ 0.8

B%5* control 02404 50.8 £ 2.8 1082 &+ 7.8

S5 treatment 37 £ 0.8 30.0 + 2.7° 58.6 + 6.1

All data represent mean + SD

* A significant difference between the f%*

plasmid significantly suppressed o-globin mRNA expres-
sion and that the antisense RNA plasmid effectively
restored the correctly spliced f-globin mRNA, resulting in
a more normal o/ff ratio and improved haematological
parameters in f°>* mice. In peripheral blood smears from
$°5* mice with classic f-thalassaemia, the percentage of
poikilocytosis plus target cells, as well as reticulocyte
counts, were clearly reduced following treatment with
siRNA and antisense RNA. In comparison with the len-
tiviral approach [16, 26], the effects of plasmid injection
were relatively transient. It is likely that lentiviral-mediated
delivery results in integration of the transgene into the host
chromosome, providing a longer-lasting effect. However,

@ Springer

treatment group compared to the f3

54 control (p = 0.05) was observed

the safety of lentiviral-mediated transgene therapy remains
a concern. Here, we demonstrated that hydrodynamic tail
vein injection of ﬁ654 mice with plasmid DNA encoding o-
globin siRNA and %**-globin antisense RNA successfully
ameliorated anaemia and provided therapeutic efficacy
lasting for 27 days with no side effects. Even though direct
injection of plasmid DNA has a relatively short-lived
effect, likely because naked DNA cannot remain intact in
the circulation, administration of additional doses to
maintain efficacy is possible [17].

In summary, we demonstrate that direct intravenous
injection of %*-thalassaemia mice with plasmids encod-
ing siRNA inhibited expression of a-globin transcripts, and
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Wild Type

P

654

Control ﬁm Treated

Fig. 6 Analysis of iron deposition and EMH in f°* mice after

(combined plasmid treatment OR plasmid injection). f°** mice were
treated with or without siRNA plus antisense RNA vectors. Wild-type
mice were analysed as an additional control. On day 17 post-injection,

that injection with plasmid encoding antisense RNA
restored the correctly spliced f-globin transcript. Interest-
ingly, injection with a combination of siRNA and antisense
RNA plasmids provided effective correction of the o/f-
globin imbalance in these mice. The method described
herein offers a promising approach for the treatment of
patients with f-thalassaemia of intermediate severity OR
treating intermedia ff-thalassaemia. This study also dem-
onstrates a potential new approach to gene therapy for a
wide variety of genetic diseases.

Acknowledgments This work was supported by the Chinese
National Basic Research Program (“973” Project, Grant No.
2004CB518806, 2010CB529902), the National Natural Science
Foundation of China (No. 30571777), and the State and Shanghai Key
Discipline (No. B204). The authors appreciate the assistance of Dr.
Jia-ying Liu in the haematological analysis.

Conflict of interest The authors declare no conflicts of interest.

References

1. Weatherall DJ, Clegg JB. The thalassemia syndromes. Oxford:
Blackwell Scientific; 2001.

2. Forget BG. Molecular mechanisms of beta thalassemia. In:
Steinberg MH, Forget BG, Higgs DR, Nagel RL, editors. Dis-
orders of hemoglobin: genetics, pathophysiology, and clinical

livers were removed and stained with Pearl’s Prussian blue (upper
panel x200, middle panel x400) or H&E (x400). Fewer erythroid
precursors were observed in the sinusoids (H&E staining), and lower
amounts of iron were detected in the liver of treated mice

management. Cambridge: Cambridge University Press; 2001.
p. 252-76.

. Cheng TC, Orkin SH, Antonarakis SE, Potter MJ, Sexton JP,
Markham AF, et al. f-Thalassemia in Chinese: use of in vitro
RNA analysis and oligonucleotide hybridization in systematic
characterization of molecular defects. Proc Natl Acad Sci USA.
1984;81:2821-5.

. Zeng YT, Huang SZ. Disorders of haemoglobin in China. J Med
Genet. 1987;24:578-83.

. Huang SZ, Zeng FY, Ren ZR, Lu ZH, Rodgers GP, Schechter
AN, et al. RNA transcripts of the f-thalassaemia allele TVS-2-654
C-T: a small amount of normally processed bglobin mRNA is
still produced from the mutant gene. Br J Haematol. 1994;88:
541-6.

. Sierakowska H, Sambade MJ, Agrawal S, Kole R. Repair of
thalassemic human f-globin mRNA in mammalian cells by
antisense oligonucleotides. Proc Natl Acad Sci USA. 1996;93:
12840-4.

. Lacerra G, Sierakowska H, Carestia C, Fucharoen S, Summerton
J, Weller D, et al. Restoration of hemoglobin. A synthesis in
erythroid cells from peripheral blood of thalassemic patients.
Proc Natl Acad Sci USA. 2000;97:9591-6.

. Gong L, Sun Q, Ren ZR, Huang SZ, Zeng YT. Reversal of
aberrant splicing of f-thalassemia (IVS-2-654 C — T) pre-
mRNA by antisense RNA. Chin Sci Bull. 1997;42:1884-7.

. Gong L, Gu XF, Wang M, Huang SZ, Zeng YT. Construction of
antisense RNA expressing vectors and correction of splicing
defect in human f-globin gene (IVS-2-654 C — T mutant) in
HeLa cells. Sci Chin C. 1998;41:99-106.

. Gong L, Gu XF, Chen YD, Ren ZR, Huang SZ, Zeng YT.
Reversal of aberrant splicing of beta-thalassaemia allele (IVS-2-

@ Springer



310

S.-Y. Xie et al.

11.

12.

14.

15.

16.

17.

18.

654 C — T) by antisense RNA expression vector in cultured
human erythroid cells. Br J Haematol. 2000;111:351-8.

Svasti S, Suwanmanee T, Fucharoen S, Moulton HM, Nelson
MH, Maeda N, et al. RNA repair restores hemoglobin expression
in IVS2-654 thalassemic mice. Proc Natl Acad Sci USA.
2009;106:1205-10.

Thein SL. Pathophysiology of f-thalassemia-A guide to molec-
ular therapies. Hematol Am Soc Hematol Educ Program.
2005;31-7.

. Camaschella C, Maza U, Roetto A, Gottardi E, Parziale A, Travi

M, et al. Genetic interactions in thalassemia intermedia: analysis
of betamutations, o-genotype, -promoters, and -LCR hypersen-
sitive sites 2 and 4 in Italian patients. Am J Hematol.
1995;48:82-17.

Ho PJ, Hall GW, Luo LY, Weatherall DJ, Thein SL. Beta thal-
assemia intermedia: is it possible to consistently predict pheno-
type from genotype? Br J Haematol. 1998;100:70-8.

Rund D, Oron-karni V, Filon D, Goldfarb A, Rachmilewitz E,
Oppenheim A. Genetic analysis of f-thalassaemia intermedia in
Israel: diversity of mechanisms and unpredictability of pheno-
type. Am J Hematol. 1997;54:16-22.

Xie SY, Ren ZR, Zhang JZ, Guo XB, Wang QX, Wang S, et al.
Restoration of the balanced o/f-globin gene expression in f654-
thalassemia mice using combined RNAi and antisense RNA
Approach. Hum Mol Genet. 2007;16:2616-25.

Xie SY, Zhang JZ, Huang SZ, Sun D, Ren ZR, Zeng YT. Sup-
pression of eGFP expression in erythroid-specific transgenic mice
by siRNA. Blood Cells Mol Dis. 2005;34:220-5.

Berns K, Hijmans EM, Mullenders J, Brummelkamp TR, Velds
A, Heimerikx M, et al. A large-scale siRNA screen in human
cells identifies new components of the p53 pathway. Nature.
2004;428:431-7.

@ Springer

19.

20.

21.

22.

23.

24.

25.

26.

Lewis J, Yang B, Kim R, Sierakowska H, Kole R, Smithies O,
et al. A common human f-globin splicing mutation modeled in
mice. Blood. 1998;91:2152-6.

Zhang G, Budker V, Wolff JA. High levels of foreign gene
expression in hepatocytes after tail vein injections of naked
plasmid DNA. Hum Gene Ther. 1999;10:1735-7.

Liu F, Song Y, Liu D. Hydrodynamics-based transfection in
animals by systemic administration of plasmid DNA. Gene Ther.
1999;6:1258-66.

Jiang J, Yamato E, Miyazaki J. Intravenous delivery of naked
plasmid DNA for in vivo cytokine expression. Biochem Biophys
Res Commun. 2001;289:1088-92.

Kitajima M, Tsuyama Y, Miyano-kurosaki N, Takaku H. Anti-
tumor effect of intravenous TNF alpha gene delivery naked
plasmid DNA using a hydrodynamics-based procedure. Nucleo-
sides Nucleotides Nucl Acids. 2005;24:647-50.

Hibbitt OC, Harbottle RP, Waddington SN, Bursill CA, Coutelle
C, Channon KM, et al. Delivery and long-term expression of a
135 kb LDLR genomic DNA locus in vivo by hydrodynamic tail
vein injection. J Gene Med. 2007;9:488-97.

Ohlfest JR, Frandsen JL, Fritz S, Lobitz PD, Perkinson SG, Clark
KJ, et al. Phenotypic correction and long-term expression of
factor VIII in hemophilic mice by immunotolerization and non-
viral gene transfer using the Sleeping Beauty transposon system.
Blood. 2005;105:2691-8.

Li W, Xie SY, Guo XB, Gong XL, Wang S, Lin D, et al. A novel
transgenic mouse model produced from lentiviral germline inte-
gration for the study of f-thalassemia gene therapy. Haemato-
logica. 2008;933:356-62.



	Correction of beta 654-thalassaemia mice using direct intravenous injection of siRNA and antisense RNA vectors
	Abstract
	Introduction
	Methods
	siRNA and antisense RNA plasmid vectors
	Cell culture and transfection
	Treatment of beta 654 mice with siRNA and antisense RNA plasmids
	Reverse transcription (RT) PCR analysis
	Real-time quantitative RT-PCR
	Haematological analysis
	Histopathologic analysis
	Statistical analysis

	Results
	Plasmid vectors effectively reduce alpha -globin expression and restore beta -globin splicing in cultured cells
	Antisense RNA restores the correctly spliced beta -globin pre-mRNA in beta 654 mice
	siRNA treatment restores the balance of alpha - and beta -globin transcripts in beta 654 mice
	Moderate amelioration of beta 654-thalassaemia symptoms in mice using combined antisense RNA and siRNA treatment
	Combined treatment induces morphological changes in nucleated cells of the bone marrow and spleen in beta 654 mice
	Analysis of extramedullary haematopoiesis and iron accumulation in the liver following combined treatment of beta 654 mice

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


