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Abstract

Periodontal ligament (PDL) is a thin fibrous connective tissue located between alveolar bone and cementum that remains unmin-
eralized physiologically. It is thus thought that PDL cells possess mechanisms to inhibit mineralization. It has been demonstrated
that 5100A4, a member of the S100 calcium-binding protein family, is synthesized and secreted by PDL. cells, and that it may act as
an inhibitor of mineralization. However, the mechanisms of action of S100A4 in mineralization have not been thoroughly clarified.
In the present study we investigated the effects of S100A4 inhibition by a short interfering RNA (siRNA) on the expression of osteo-
blast related genes by human PDL cells. Inhibition of S100A4 by siRNA resulted in increased expression of osteoblastic markers
such as osteopontin and osteocalcin, and the osteoblast-specific transcription factors, Runx2/Cbfal and Osterix. These results indi-
cate that 8100A4 suppresses the expression of osteoblastic genes in PDL cells and may thus inhibit mineralization in the PDL.

© 2004 Elsevier Inc. All rights reserved.
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Periodontal ligament (PDL) is a thin fibrous connec-
tive tissue situated between two mineralized tissues, i.e.,
alveolar bone and cementum. Despite the mechanical
stress of mastication or orthodontic forces during ortho-
dontic movement, under physiological conditions, the
PDL maintains its width unmineralized. It has thus been
speculated that PDL cells possess regulatory mecha-
nisms to inhibit mineralization. Interestingly, under cer-
tain conditions, some cells within the PDL exhibit
properties of osteoblasts and are capable of forming a
mineralized matrix [1,2].
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S100A4 is a member of the S100 calcium-binding
protein family [3]. It has two calcium-binding motifs;
one canonical EF-hand and another specific to the
5100 family. Most of the proteins in this family are syn-
thesized and localized intra-cellularly, and play funda-
mental roles such as cell metabolism, motility, and
intra-cellular signaling [4,5]. S100A4 is known to be in-
volved in motility and metastasis of cancer cells by inter-
acting with cytoskeletal components. It is, therefore,
considered a prognostic marker for cancer progression
[6-8]. It is also reported that S100A4 is expressed in nor-
mal tissues such as smooth muscle, liver, bone marrow,
smooth muscle cell of arteries, kidney, and osteoblastic
cell in humans [9,10]. However, physiological functions
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of 8100A4 in normal tissues have not been thoroughly
clarified,

Previous studies have shown that S100A4 was ex-
pressed by periodontal tissues and localized intra- and
extra-cellularly in the PDL. Strutz et al. {11] demon-
strated high gene expression of S100A4 in the periodon-
tal mesenchyme during edrly stages of tooth
development by in situ hybridization. It has been previ-
ously reported that the expression level of the Si00A4
mRNA in bovine PDL is remarkably high when com-
pared to other oral tissues such as dental follicle, dental
papilla, and gingiva [12]. Furthermore, S100A4 is se-
creted from cultured bovine PDL cells and the addition
of a recombinant mouse S100A4 protein inhibits miner-
alized nodule formation in cultured rat osteogenic cells
in a dose-dependent manner [13] These results suggest
that S100A4 is localized in the PDDL. and may act as a
negative regulator of mineralization. Moreover, in
osteoblastic cell clones synthesizing low levels of
S100A4, the formation of mineralized nodules was
accelerated/increased and the mRNA expression of
osteoblastic phenotypic markers was enhanced [14].

RNA interference (RINAI) is the process of sequence-
specific, post-transcriptional gene silencing in animals
and plants, initiated by double-stranded RNA (dsRNA)
that is homologous in sequence to the silenced gene [15].
While the mechanism of RNAI is not yet fully under-
stood, recent genetic and biochemical studies have re-
vealed that RNAI is a useful technique for inhibition
of specific gene expression. Elbashir et al. [15] showed
that synthetic 21- to 23-nucleotide short interfering
RNA (siRNA) could induce efficient RNAi in mamma-
lian cells. Thus, RNAI has emerged as a powerful tool
for silencing of gene expression in animals and plants.

In the present study, we employed the siRNA tech-
nique to inhibit S100A4 and investigated if $100A4 inhi-
bition aflfects the expression of osteoblast-specific
transcriptional factors and related genes in human
PDL cells.

Materials and methods

Cell culture. Human PDL (hPDL) cells were obtained from healthy
human teeth indicated for extraction for orthodontic treatment
according to the report described by Somerman et al. {16]. Periodontal
tissue was removed from the middle third of the root using a sterile
scalpel. The tissue was rinsed five times with growth media (¢-modified
minimal esgential medium, a-MEM; Gibco) and transferred to culture
dishes.

Cultures were maintained in o-MEM supplemented with 10% fetal
bovine serum (FBS; Gibco), in an atmosphere of 5% CO; in &
humidified incubator. The medium was changed twice weekly. The
cefls were subcultured before reaching confluency.

SIRNA transfection. siRNA, a double-stranded RNA (21 base
pairs), was designed according to the siRNA design program si-
Search [17] and modified for human S100A4 gene sequence as
follows:
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5-GGA CAG AUG AAG CUG CUU UTT-¥,
5-AAA GCA GCU UCA UCU GUC CTT-3.

A mismatch siRNA (non-sense siRNA) of 21 base pairs was used
as a negative control. Transfection of siIRNA and non-sense siRNA
was performed by the Oligolectamine kit (Invitrogen) according to the
manufacturer’s instructions. Briefly, hPDL cells were plated at 30%
confluency with o-MEM without antibiotics. Before transfection,
culture medium was changed to Opti-MEM Reduced Serum Medium
{Gibeco), and then siRNA and non-sense siRNA were transfected into
the celfs at the concentrations of 50-200 nM. Oligofectamine reagent
alone (0 nM) was applied to the cells as a negative contral. After 4 h,
the medium was replaced with medium containing serum for further
72 h.

Immumostaining. Immunostaining was performed by the HIS-
TOFINE kit (Nichirei). Briefly, hPDL cells were washed with
phosphate-buflered saline (PBS), fixed with 10% formalin in PBS
for 15 min at room temperature, and washed again with PBS. The
cells were then treated with acetonefethanol (50:50, vol/vol) for
I min to permeate the cell membrane. After washing with PBS, the
cells were incubated with rabbit polyclonal anti-mouse S100A4
antibedy [7] (I:5 dilution with 1% BSA in PBS) or pre-immune
rabbit serum for 3h at room temperature. After the incubation,
the cells wers washed with PBS and further incubated with poly-
clonal anti-mouse IgG labeled with peroxidase for 1h at room
temperature. After washing with PBS, peroxidase substrate (diam-
inobenzidine) was applied to the hPDL cells for 3 min to develop
color. Nuclei of hPDL cells were counterstained with hematoxylin.
The cells were soaked in Carazzi’s Hematoxylin solution for 30 min
and washed with water three times. The staining was then observed
under a light microscope. Total cells and positive stained cells were
counted at randomly selecied four fields per well and the average
was used as the number of cells.

Reverse transcription-polymerase chain reaction analysis. Total
RNA was extracted from cultured hPDL cells using the acid guan-
idinium thiocyanate-phenol-chioroform method. Cultured hPDL
cells were washed two times with PBS and collected using sterile
scrapers after the addition of RNAzol B (Cosmo Bio). RNA was
recovered by phenol-chloroform extraction, precipitated with iso-
propanol, washed with 75% ethanol, and suspended in distilled water.
UV absarbance at 260 and 280 nm was then measured and purity of
RNA was confirmed by calculating the 260/280 ratio. Three micro-
grams of sample RNA was used for reverse transcription-polymerase
chain reaction (RT-PCR) using SuperScript First-Strand Synthesis
System for RT-PCR kit (Invitrogen) and AccuPrimer SuperMix I
{(Invitrogen). Primers specific for human S100A4, Runx2/Cbfat, Os-
terix (Osx), osteopontin (OPN), osteocalcin (OCN), and GAPDH
were designed as follows:

S100A4 S-GGCCCTGGATGTGATGGTGT-3
5-TCCACCACCCTGTTGCTGTA-3
Runx2/Cbfal 5-GTGGACGAGGCAAGAGTTTCA-3'
5-TGGCAGGTAGGTGTGGTAGTG-¥
QOsx S-CTTCAGTCTTCCCAACTTCTTACAC-Y
S-ACAAATTGGGTTAGCTACATCTCTG-3
OPN 5.-TGACCTCTGTGAAAACAGCGT-Y
S-TGTACATTGTGAAGCTGTGAA-3
OCN 5-TTGTGTCCAAGCAGGAGGGCA-Y
S-ACATCCATAGGGCTGGGAGGT-3
GAPDH 5-ACCACAGTCCATGCCATCAC-3’

5-TCCACCACCCTGTTGCTGTA-3

PCR was performed with aunealing temperature of 60 °C (Runx2/
Cbfal), 51 °C (Osx), and 55 °C (others). After 30 (S100A4, GAPDH),
40 (Runx2/Cbfal, Osx), and 45 (OPN, OCN) cycles, aliquots of the
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PCR products were resolved on 1% TAE-agarose gels, stained with
ethidium bromide, and photographed under ultraviolet light. To en-
sure that there are no artifacts in the RT-PCR procedure, we analyzed
RT(-) sample as a negative control.

Quantitative real-time PCR, Quantitative real-time PCR was per-
formed with the Light Cycler FastStart Master Sybr Green I (Roche
Molecular Biochemicals) in a standard PCR using the Light Cycle-
Primer Set Human GAPDH, and Human CBFAIl (Search GmbH).
Each PCR was carried out in a total volume of 20 ul in glass capillaries
containing 10 pl cDNA sample diluted with H»O and 10 p} PCR mix.
The ¢cDNA sample was denatured at 95 °C for 10 min and added to the
capillaries. The reaction was carried out using the following conditions
for GAPDH and Runx2/Cbfal: 35 cycles of 95 °C for 10, 68 °C for
10s, and 72 °C for 16 s with a single fluorescence detection point at the
end of the relevant annealing or extension segment. One cycle of
melting curve from 58 to 95 °C by a transition rate of 0.1 °C/s with
continuous detection of fluorescence was performed. The temperature
transition rate for afl amplifications was 20 °C/s. Analysis was carried
out with the LightCycler Software Ver. 3.5 (Roche). The amount of the
target gene was normalized to GAPDI. As a negative control, 10 pl of
water without the cDNA template was also subjected to real-time
PCR.

Statistical analysis. Unpaired Student’s ¢ test was used to detect
statistical significance in the comparison of the percentage of S100A4
positive cells by immunostaining. Data are expressed as
means = standard deviation (SD).

Results

Expression of SINA4 after siRNA transfection in
hPDL cells

mRNA expression of S100A4 in cultured hPDL cells
72h after siRNA transfection was detected by semi-
quantitative RT-PCR methods. Non-sense siRNA was
also transfected as a control. The results of the semi-
quantitative RT-PCR analysis of S100A4 are shown in
Fig. 1. 5100A4 mRNA was expressed in cultured hPDL
cells. The expression was down-regulated after siRNA
transfection, while no change was observed after non-
sense SiIRINA transfection.

Non-sense siRNA
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GAPDH

0 50
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Immunoestaining of S100A4 in cultured hPDL cells
with or without siRNA transfection is shown in Fig.
2A. All the staining procedures were performed 72 h after
the transfection. None of the cells were stained in the con-
trol experiments using pre-immune serum (Fig. 2A-a).
Many hPDL cells were positively stained for S100A4 in
the culture without siRNA transfection (Fig. 2A-b).
The positive cells showed flatter and larger appearance
that clearly distinguished from the negative cells. It is evi-
dent that the staining of S100A4 protein localized only in
the cytoplasm as shown in higher magnification (Fig. 2B).
The cultures with siRNA transfection showed fewer posi-
tive cells and the intensity of the staining decreased dose-
dependently up to 100 nM (Fig. 2A-c, d). Fig. 2C shows
the percentage of positive cells in cultures with different
concentrations of siRNA. The percentage in the cultures
with siRNA transfection decreased to 20--30% of that in
the culture without transfection, indicating that siRNA
transfection reasonably reduced S100A4 production.

MmRNA expression of osteoblast pherotypic markers

mRNA expression of osteoblast phenotypic markers
in cultured hPDL cells after siRNA transfection was de-
tected by semi-quantitative RT-PCR and quantitative
real-time PCR methods. The results of the semi-quantita-
tive RT-PCR. analysis of osteoblast phenotypic markers
are shown in Fig. 3. 5100A4 mRNA was constitutively ex-
pressed in control culture (0 nM). The expression of
S100A4 was significantly down-regulated, when the cells
were transfected with siRNA. In contrast, the expression
of Osx, OPN, and OCN was clearly up-regulated. RT-
PCR analysis for Runx2/Cbfal exhibited three bands.
Intensity of the upper band was most intensive and ap-
peared not to be varied by the siRNA transfection. Lower
two bands (middle and lower bands) showed relatively
lower intensity compared to that of the upper band, but
the intensity appeared to be gradually increased by

SiIRNA

0 50 100 200 (M)
Concentration of siRNA

Fig. 1. mRNA expression of S100A4 72 h after siRNA or non-sense siRINA transfection. siRNA or non-sense siRNA was transfected into the cefls at
the concentrations of 50-200 nM. Oligofectamine reagent without siRNA (0 nM) was applied to the cells as a control. The expression of S100A4
mRNA in the human PDL celis was detected using semi-quantitative RT-PCR. The expression of S100A4 was down-regulated after siRNA
transfection, whereas no change was observed after non-sense siRNA transfection, RT{—) sample was analyzed as a negative control,
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Fig. 2. (A) Immunostaining of S100A4 in cultured human PDL cells after siRNA transfection. All the staining procedures were performed 72 h after
siIRNA transfection. No staining was observed in the cells treated with pre-immune rabbit serum (a). In the culture without siRNA (b), many cells
were positively stained. The positive cells (arrowheads) appeared flatter and larger comparing with negative cells. siRNA transfected cultures showed
fewer positive cells (c,d). The intensity of the staining decreased dose-dependently up to 100 nM. Bars = 500 pm. Magnification 40x. {B) Cellular
localization of S$100A4 in hPDL cells (arrowheads). The staining of $100A4 localized only in the cytoplasm and no nuclear localization was detected.
Bars = 150 pm, Magnification 100x. (C) The percentage of positive cells in cultures with different concentrations of siRNA. In the culture with
siIRNA transfection, the percentage of positive cells was significantly fess compared to the contrel. Values are means = SD (n = 4). *Significantly

different from control (£ < 0.001).

siRNA transfection in a dose-dependent manner. To ana-
lyze the expression level of Runx2/Cbfal more quantita-
tively, we performed quantitative real-time PCR
analysis. The results revealed that the mRNA level of
Runx2/Cbfal increased approximately 100- and 2000-
fold after 50 and 100 nM siRNA transfection, respec-
tively, at day 3 (Fig. 4). The increased Runx2/Cbfal
expression could explain the up-regulation of Osx,
OPN, and OCN, genes downstream to Runx2/Cbfal.

Discussion

PDL cells are known to be a heterogeneous cell pop-
ulation and are indispensable for the regeneration of
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periodontal tissues including the unmineralized PDL
and two mineralized tissues, i.e., cementum and bone
18],

S100A4 was detected in cultured hPDL cells at the
protein and mRNA levels. Duarte et al. {14] have sug-
gested that a decrease in S100A4 expression may be
associated with a terminal osteoblastic differentiation
and/or the initiation of mineralized matrix formation.
Other reports have shown that the expression of
S100A4 is high in osteoblast progenitors and decreases
to undetectable levels in mature osteoblasts and in
osteocytes [11,19] These data suggest that S100A4
may play an important role both in PDL cells and oste-
oblasts in terms of regulation of osteoblastic differentia-
tion/matrix mineralization.
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Fig. 3. mRNA expression of $100A4, Runx2/Cbfal, Osterix (Osx),
osteopontin (OPN), and osteocalcin (OCN) after siRNA transfection.
siRNA wastransfected into the cells at the concentrations of 50-200 nM.
Oligofectamine reagent without siRNA (0 nM) was applied to the cells as
a negative control. The expression levels of Runx2/Cbfal, Osx, OPN,
and OCN mRNA were up-regulated after sSiRNA transfection.
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Fig. 4. Real-time PCR analysis of Runx2/Cbfal expression. Y-axis
shows the ratio of Runx2/Cbfal to an interna! control, GAPDH.
mRNA level of Runx2/Cbfal increased approximately 100- and 2000-
fold after 50 and 100 nM of siRNA iransfection, respectively.

The application of RNAI has the potential to allow
the systematic analysis of gene expression and holds
the promise of therapeutic gene silencing [20-22]. A
few limitations in the use of RNAI in mammalian cells
have been reported [20,23], however, the recent develop-
ment of 2l-nucleotide siRNA duplexes has circum-
vented these problems and allowed successful RNA1 in
cultures of several types of mammalian cells [15,24].
Therefore, we used siRNA {echnique to inhibit
S100A4 expression and investigate the potential physio-
logical roles of S100A4 in human PDL.

Runx2/Cbfal and Osx are transcription factors re-
quired for osteoblastic differentiation. They are neces-
sary for the commitment of osteoblasts, the expression
of osteoblastic phenotypic genes, and bone formation
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[25-27]. The transfection of siRNA targeting S100A4 re-
suited in reduction of 3100A4 expression and a dramatic
increase in the expression level of Runx2/Cbfal at day 3
after the transfection. Saito et al. [28] reported that PDL
cell line expressed Runx2/Cbfal at the same level to or
even higher than that in osteoblasts in vivo, but the
PDL cell line never mineralized, suggesting the presence
of a mechanism responsible for suppressing the Runx2/
Cbfal activity in PDL cells. Since the inhibition of
S100A4 by siRNA enhanced Runx2/Cbfal expression
in PDL cells, S100A4 could be one of the explanations
for the suppressing mechanism. RT-PCR analysis for
Runx2/Cbfal showed three different bands as reported
previously for osteoblastic cell line and two isoforms
{middle and lower bands in Fig. 3) appeared to be up-
regulated by inhibition of SI00A4. Although, Runx2/
Cbfal has three different isoforms, i.e., cbfal-3, the
function of each isoform was not well understood [29].
Further experiments to figure out the function of
Runx2/Cbfal isoforms are needed. Osx was also up-reg-
ulated after the transfection with the siRNA. Con-
versely, Duarte et al, [14] reported that the inhibition
of S100A4 by antisense did not affect the mRNA level
of Runx2/Cbfal or Osx expression after 5 and 10 days
of induction of osteoblastic differentiation in a mouse
osteoblastic cell culture. We assume that this difference
may be in part due to a different experimental design,
different time points to investigate Runx2/Cbfal expres-
sion, period of time the cells remained in culture prior to
induction of differentiation, and possibly inter-species
differences. Lee et al. [30] have reported that a transient
up-regulation of transcription factors such as Runx2/
Cbfal was observed during initial stages of osteoblastic
differentiation. Therefore, we focused on relatively early
time points such as day 3 after the siRNA transfection.
It has been reported that Runx2/Cbfal expression is dif-
ferentially regulated in human and rodent cells [31]. The
immunostaining of hPDL cells showed that S100A4
expression was detected only in cytoplasm. On the other
hand, recent report demonstrates that S100A4 localizes
in the nucleus [32]. Although it is not clear whether
S100A4 directly or indirectly regulates Runx2/Cbfal
gene expression in hPDL cells, it is possible that inter-
species difference is a key determinant in such regula-
tion. Further study is required to clarify the mechanism
of the regulation.

Inhibition of 8100A4 in hPDL cells by the siRNA
transfection also resulted in up-regulation of OPN and
OCN, markers of osteoblastic differentiation. This result
is in agreement with previous findings [14]. PDL cells are
known to be heterogenecus containing osteogenic as
well as non-osteogenic cells at various levels of differen-
tiation [2,33-35]. Therefore, certain cells within the PDL
may have the potential to form mineralized tissues such
as cementum and alveolar bone [18], and it is likely
that there are factors regulating mineralization at
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physiological conditions. Qur results indicate that
S100A4 may be one of these factors playing a role as a
negative regulator of mineralization by modulating the
commitment of some PDL cells to osteoblastic differenti-
ation. The present study provides only a short-term eval-
uation of these phenomena, since the optimal inhibitory
effect of siRNA is reported to last 72 h after transfection
and approximately 21 days of the culture required to de-
tect mineralization in cultures of PDL cells [36,37]. Thus,
long-term evaluation may be required to clarify the pre-
cise function of S100A4 in mineralization.

‘We conclude that S100A4 inhibition using siRINA re-
sulted in up-regulation of osteoblastic differentiation
markers in hPDL cells in culture. S100A4 may play an
important role in regulation of mineralization in the
PDL by modulating the commitment of some PDL cells
to osteoblastic differentiation. To our knowledge, this is
the first report to show the involvement of S100A4 in the
regulation of osteoblast-specific transcription factors,
Runx2/Cbial and Osx.
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Hypoxia-Regulated Expression of Attenuated Diphtheria Toxin
A Fused with Hypoxia-Inducible Factor-1c. Oxygen-Dependent
Degradation Domain Preferentially Induces Apoptosis

of Hypoxic Cells in Solid Tumor

Nobuko Koshikawa" and Keizo Takenaga'

Divisions of 'Chemotherapy and *Pathology, Chiba Cancer Center Research Institute, Chiba, Japan

Abstract

Tumor cells in hypoxic areas of solid tumors are resistant to
conventional chemotherapy and radiotherapy and thus are
obstacles of cancer therapy, We report here the feasibility of
applying hypoxia-regulated expression of diphtheria toxin A
(DT-A) for killing hypoxic tumor cells. The expression vector
was constructed Lo express DT-A fused with hypoxia-inducible
factor-lac (HIF-la) oxygen-dependent degradation (ODD)
domain under the control of vascular endothelial growth
factor gene promoter and contain erythropoietin mBNA-
binding protein (ERBP)-binding sequence downstream of the
DT-A/ODD sequence. In vifr¢ ubiguitination assay showed
that DT-A/O0DD, but not DT-A, was ubiquitinated as efficient
as HIF-1ce under normoxic conditions in a von Hippel-Lindau-
and oxygen-dependent manner. DT-A/ODD exhibited a com-
parable translation inhibitory activity to DT-A. ERBP-binding
sequence was effective in stabilizing mRNA under hypoxic
conditions in various cell types. Transfection of the vector
expressing DT-A/ODD inte high-metastatic Lewis lung carei-
noma (3LL) All cells resulted in induction of apoptosis
independently of hypoxia, probably due to its extreme toxicity.
However, transfection of the vector expressing attenuated
DT-A"'**/0DD or DT-A"2'4/0DD resulted in a hypoxia-
dependent induction of apoptosis. Liposomal gene transfer
of the vector encoding DT-A"'**/0DD induced apoptosis in
hypoxic, but not in normoxic, areas of solid tumors
established by All variant cells with higher resistance to
hypoxia-induced apoptosis and inhibited the growth of
hypoxic tumers established by 3LL-P29 cells. These resnlts
suggest that hypoxia-regulated expression of attenuated
DT-AY'5*F/0DD fusion protein is potentially of use for killing
hypexic tumor cells with minimizing the damage to normoxic
normal tissues. {Cancer Res 2005; 65{24): 11622-30)

Introduction

In most solid tumors, hypoxic areas are generated due Lo
shortage of blood supply (1, 2). Because tumor cells in these
hypoxic areas do not divide, they are resistant to conventional
chemotherapy and radictherapy (3). To make the matters worse,
in vivo exposure of certain tumor cells to hypoxia followed by
reoxygenation results in enhancement of invasive and metastatic
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potential (4). Recent studies have shown that tumor cells under
hypoxic conditions overexpress Met and CRCX4 chemokine
recepior and respond to hepatocyte growth factor and stromal
cell-derived factor-1c, respectively, resulting in the stimulation of
invasiveness and chemoattraction to organs that express stromal
cell-derived factor-1a (5, 6). It has also been reported that p53~"~
transformed cells and some of high-metastatic tumor cells are
more resistant to hypoxia-induced apoptosis compared with p53™*
cells and low-metastatic cells, respectively (7, 8). Mutations, genetic
instability, DNA overreplication, and gene amplification are
frequently induced in hypoxic cells (9-11). These data colleetively
indicate that hypoxic tumor cells exhibit more aggressive
phenotype than normoxic ones and potentially become more
malignant, and thus eradication of hypoxic tumor cells is inevitable
to cure cancer patients.

Tumor cells in hypoxic microenvironments produce vascular
endothelial growth factor (VEGF) to stimulate neoangiogenesis
(12). Hepatoma cells also produce erythropoietin (Epo) in response
to hypoxia (13). Hypoxic induction of VEGF and Epo is regulated at
both transcriptional and posttranscriptional levels (14). Hypoxia
activates the transcriptional complex termed hypoxia-inducible
factor-1 (HIF-1}, which is a heterodimer composed of an oxygen-
regulated a subunit (HIF-lo) and a constitutively expressed
B-subunit (HIF-1p/aryl hydrocarbon receptor nuclear trans-
locator), both subunits being members of a subfamily of basic
helix-loop-helix proteins that contain a conserved PAS domain
(L5, 16). HIF-1 binds to the hypoxia response element located
upstream of the VEGF gene or downstream of the Epo gene and
transactivates its expression (17). In normoxic conditions, HIF-1a
is hydroxylated at two proline residues in the oxygen-dependent
degradation (ODD) domain by HIF prolyl hydroxylases, recognized
by the von Hippel-Lindau (pVHL)/Elongin B/Elongin C/Cul2 E3
ligase complex, and then subjected to rapid ubiquitination followed
by proteasomal degradation (18, 19). When exposed to hypoxia, the
activity of HIF prolyl hydroxylases is down-regulated and subse-
quently HIF-le is rapidly stabilized (20, 21). The posttranseriptional
regulation of VEGF and Epe mRNA involves the stabilization of the
mRNA by the RNA-binding protein HuR and Epo mRNA-binding
protein (ERBP), respectively, the binding site of which resides in the
mRBNA ¥-untranslated region (UTR; refs. 22, 23).

Hypoxia can be regarded as a physiologic abnormality that is
restricted to the tumor; thus, it can be used as a trigger for
heterologous gene expression. In fact, others and we have shown
that hypoxia response element-regulated expression of prodrug-
activating enzymes can sensitize hypoxic tumor cells to the
corresponding prodrugs (24-27). Principally, however, this strategy
is probably ineffective to quiescent tumor cells under hypoxic
circumstances. Moreover, poor perfusion may limit prodrug
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diffusion to hypoxic regions. Therefore, to kill hypoxic tumeor cells
that are quiescent and insensitive to conventional chemothera-
peutic agents, it is desirable to use a method that ensures cell death
once a heterologous gene is expressed in the cells.

Diphtheria toxin A chain (DT-A) is the component of diphtheria
toxin that inhibits protein synthesis in susceptible cells. It directly
binds NAD" and catalyzes the transfer of ADP ribose from NAD" to
elongation factor 2, which irreversibly inhibits elongation factor 2
(28). DT-A gene has been considered to be applicable for cancer
gene therapy (29-34). Because DT-A leads to rapid cell cycle-
independent death, it might be useful to kill hypoxic tumer cells
if its expression is properly regulated. However, because of its
extreme toxicity, it is hard to reduce nonspecific cytotoxicity (35).
Nevertheless, several strategies that limit its toxicity have been
developed and those include targeted delivery of DT-A to specific
cells or tissue-specific expression, such as DT-A immunotoxin (30),
DT-A fused to peptide ligands for cell-specific receptor (32), and
DT-A expression construct under the control of a regulatory
element or tissue-specific prometer (31, 33, 34). With regard to
cancer gene therapy, a-fetoprotein promoter and prostate-specific
antigen promoter—regulated expression of DTA gene led to
selective killing of hepatocarcinoma cell lines and prostate cancer
cell lines, respectively, by using a liposomal gene transfer system
(33, 34). In other cases, however, although preferential killing of
target tumor cells could be shown, nonspecific cytotoxicity could
not be abolished due to the background expression of DT-A (35).

In the present study, we examined the feasibility of application of
DT-A gene for killing hypoxic tumor cells. To induce hypoxia-
dependent expression of DT-A, we constructed an expression
vector harboring wild-type or attenuated D7-A gene under the
control of VEGF promoter. To increase hypoxia specificity, we
designed the expression vector to express DT-A fused with HIF-1a
ODD domain, expecting that the fusion protein is rapidly
ubiquitinated and degraded through proteasome pathway in
normoxia but stabilized in hypoxia. In addition, we constructed
it to express mRNA containing ERBP-binding sequence {(EBBS),
aiming for stabilization of the mRNA in hypoxia. We report here
that expression of attenuated DT-AY'SF/HIF-la ODD fusion
protein driven by VEGF promoter causes efficient cell death of
hypoxic tumor cells in vitro and in vive,

Materials and Methods

Cells and Cell Culture

Highly metastatic All cells and low-metastatic P29 cells are derived from
Lewis lung carcinoma and their characteristics are described elsewhere (25).
pVHL-deficient human renal carcinoma 786-0 and their transfectants stably
expressing wild-type pVHL (referred herein as 786-0/VHL cells) were
generously provided by Dr. Y. Nagashima (Yokohama City University School
of Medicine, Yokohama, Japan). Human hepatoma HepG2 cells were
obtained from Human Science Research Resources Bank (Osaka, Japan).
The cells were cultured at 37°C in DMEM supplemented with heat-
inactivated 109 fetal bovine serum, 100 units/mlL penicillin, and 100 pg/ml,
streptomyein, They were also cultured under hypoxic environment (1% O,)
generated in NAPCO automatic 0./CO, incubator (Precision Scientiftc,
Chicago, IL). A11H10 cells were established after exposing A1l cells 10 times
to severe hypoxia (<0.1% O,, generated in GasPak Pouch, Becton Dickinson,
Cockeysville, MDD} reoxygenation cycle.

Plasmid Constructions

PVEGFpro-DT-A/ODD-EBBS expression plasmid. To avoid the effect
of enhancer/promoter sequence that an expression vector usually contains
for driving a drug selection marker gene, we used the backbone of pGL3-

basic (Promega, Madison, MD} to construct the DT-A/ODD expression
vector. First, EBBS corresponding to 117 nucleotides downstream of the
stop codon of Epo mRNA was prepared by reverse transcription-PCR
(RT-PCR) using total RNA isolated from HepG2 cells and the sense primer
5-CCAGGTGTGTCCACCTGGGC-% and the antisense primer 5-GACAGG-
CTGGCGCTGAGCTG-3. The resulting PCR product was subcloned into
pGEM-T Easy vector (Promega) and the insert was cut out with Notl, gel-
purified, and then inserted into the Notl site of pcDNA3 to make a plasmid
pcDNA3-ERBP. Next, the nucleotide sequence of ODD domain
corresponding to the amino acid residues 396 to 618 of human HIF-la
was amplified by RT-PCR using total RNA isolated from HepG2 cells and the
sense primer 5-ACAGGGGACAGATGACCAGG-3 and the antisense primer
5-TCAGGCGTCTTCCCAGCATG-3. After subcloning in pGEM-T Easy
vector, the Insert was cut out with Sall and Xfol, gel-purified, and ligated
to the Sall/Xkol cut pIBI-DT-A plasmid (kindly provided by Dr. Gail
Harrison, University of Colorado Health Sciences Center, Denver, CO). The
intrinsic stop codon TAG of D74 gene was then changed to TTG by using
Mutan-Express Km kit (TaKaRa Biomedicals, Osaka, fapan) end the
oligonucleotide 5'-GGTCGACTCAAGAGGATCCC-3 so that DT-A fuses with
ODD in frame. The resulting plasmid was digested with Nrul and Aatl,
blunt-ended by T4 DNA polymerase, and ligated to the EcoRV-cut pcDNA3-
EBBS to make a plasmid pcDNA3-DT-A/ODD-EBBS. The resulting plasmid
was digested with Ncol and Xbal, and the DT-A/ODD-EBBS cassetie was
gel-purified, blunt-ended, and then ligated to the Neol/Xbal cut, blunt-
ended pGL3-basic to make a plasmid pGL3-DT-A/ODD-EBBS. The VEGF
promoter sequence of the phVEGF-1 plasmid (kindly provided by Dr. H.
Esumi, National Cancer Center Research Institute East, Tokyo, Japan; ref. 36)
was digested with Kpnf and Nhel, gel-purified, and ligated to the Kpnl/
Nhel-cut pGL3-basic or pGL3-DT-A/ODD-EBBS, yielding a plasmid
pVEGFpro or pVEGFpro-DT-A/ODD-EBBS, respectively. The plasmid-
harboring attenuated DT-A, pVEGFpro-DT-AW'**/0DD-EBBS, was made
by changing the codon TGG to TTT. resulting in the amino acid change
from tryptophan 153 to phenylalanine by using Transformer Site-Directed
Mutagenesis kit (BD Sciences Clontech, Tokyo, Japan). pVEGFpro-
DT-A¥'A/ODD-EBBS was made in a similar way by changing the codon
CAC to GCC, resulting in the amino acid change from histidine 21 to
alanine. All of the nucleotide sequence prepared by RT-PCR and
mutagenesis were confirmed by nucleotide sequencing.

Luciferase reporter plasmid harboring erythropoietin mRNA-
binding protein-binding sequence. The EBBS in pGEM-T Easy prepared
as above was digested with EcoRl, blunt-ended, and then ligated to the
pfiMl cut, blunt-ended pGL2-basic {Promega). The VEGF promoter
sequence was then inserted into the Kprl/Nhel site of the plasmid to
make a plasmid pVEGIpro-Luc-EBBS.

In vitre Ubiquitination Assay

In vitro ubiquitination assay was done as described previously (37).
Briefl, DT-A and HIF-la radiclabeled with 3SPRO-MIX (Amersham
Biosciences Corp,, Pigcataway, NJ) were prepared by in vitro transcription
and translation of genes subcloned into peDNA3 using the TNT T7 Quick
Coupled Transcription/Translation System (Promega). To prepare cell
extracts (5100 fraction), 293T cells were washed twice with ice-cold
hypotonic extraction buffer [20 mmol/L Tris-HCI (pH 7.5), 5 mmol/L KCl,
1.5 mmol/L MgCl,, and 1 mmol/L DTT]. After removal of the buffer, cells
were disrupted in a Dounce homogenizer. Following cell Iysis, crude extract
was centrifuged at 10,000 x g for 10 minutes at 4°C. The supernatant was
collected and further centrifuged at 100,600 % g for 4 hours at 4°C. The
resulting cell extract (S100 fraction) was stored in aliquot at —80°C.
Ubiquitination assays were done at 30°C in a total volume of 20 pL
composed of 2.5 uL of programmed reticulocyte lysate, 83 pg of 5100
fraction, 2 pL of 10 X ATP-regenerating system [20 mmol/L Tris-HCl
(pH 7.5}, 10 mmol/L ATPE, 10 mmol/L magnesium acetate, 300 mmol/L
creatine phosphate, and 0.5 mg/mL creatine phosphokinase], 1 sL of 10
mg/mL ubiquitin (Sigma-Aldrich, St. Louis, MO), or 10 mg/mL ubiquitin
aldehyde (Boston Biochem, Cambridge, MA). Aliquots were removed at
indicated times, mixed with SDS sample buffer, and analyzed by 12.5% SDS-
PAGE followed by autoradiography.
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In vitro Assay of Translation Inhibitory Activity of

Diphtheria Toxin A

Translation inhibitory activities of DT-A, DT-A/ODD, and its attenuated
fusion proteins were assayed as described {38) with some modifications.
First, DT-A proteins were prepared by in vitro transcription/translation of
genes subcloned into peDNA3 using TNT T7 Quick Coupled Transcription/
Translation System. Then, 1 pL. of the translated DT-A protein was added to
11 pL of TNT SP6 Quick Coupled Transcription/Iranslation mixture
containing 0.5 g of NAD”, 0.45 puL *SPRO-MIX, and 250 ng of luciferase SP6
control DNA (Promega). The samples were incubated for 90 minutes at
30°C and the proteins were separated on 12.5% SDS-PAGE and detected by
autoradiography.

Luciferase Reporter Assay

For examining the effect of EBBS, the luciferase reporier plasmid,
PVEGFpro-Luc or pVEGFpro-Luc-EBBS, was transiently transfected into
cells using Lipofectin {Invitrogen Corp., Carlshad, CA). As a control for
transfection efficiency, pRL-CMV vector {Promega) was cotransfected with
test plasmids. pGL2-control vector (Promega) was used as a positive
control. Luciferase activity in cell extracts was assayed 48 hours
posttransfection according to Dual-Luciferase reporter assay system
protocols (Promega) using a luminometer (model TD-20/20, Turner
Designs, Sunnyvale, CA).

RNA Extraction: and Northern Blot Analysis

Total RNA wes extracted with guanidinium thiocyanate from cells
cultured under normoxic or hypoxic environment. Total RNA (20 pg) was
electrophoresed on 1% agarose gel containing formaldehyde and trans-
ferred to nylon filters, Blots were hybridized with a *P-labeled mouse VEGF
cDNA probe, which was prepared by the random primer method. Filters
were finally washed at 50°C in 30 mmol/L NaCl, 3 mmol/L sodium citrate,
and 0.1% SDS.

Assays for Apoptosis

Chromatin condensation and fragmentation were visualized by staining
the cells with 4',6-diamidino-2-phenylindole (DAPI, 10 ug/mL; ref. 8). Annexin
V staining was done using Annexin V-enhanced green fuorescent protein
(EGFP) apoptosis detection kit (MBL, Nagoya, Japan), according to the
instructions of the manufacturer. Fluorescence was observed under a
Fluoview confocal laser microscope (Olympus, Tokye, Japan). Flow
cytometric analysis was done as described previously (8) to analyze cellular
DNA fragmentation with a FACScan flow cytometer (Becton Dickinson,
Mountain View, CA). Cell death was monitored by trypan blue dye exclusion.

In vive Gene Transfer and Detection of Hypoxic Areas and

Apoptosis in Tumors

A1IHIO cells (5 x 10° cells} were inoculated s.c. into the abdominal
flank of female C57BL/6 mice (Nippen SLC, Shizuoka, Japan). Twelve days
after the inoculation, when an estimated tumor volume reached ~ 800
mm®, DNA/liposome complex that is composed of 40 pg of pEGFP-N1,
pVEGFpro or pVEGFpro-DT-AY'"*¥/0DD-ERBP, 40 pL of DMRIE-C {Life
Technologies, Tokyo, Japan), and 5 pg of MW 70,000, lysine-fixable
dextran-tetramethylrhodamine conjugates (dextran-TMR, Molecular
Probes, Inc., Eugene, OR) in 200 pL Opti-MEM was directly injected
intratumorally. Two days after the injection, 300 ul of EF5 solution
(3 mg/mL) were administered i.p. into mice bearing s.c. tumors (39). One
hour later, tumors were surgically removed and frozen in optimum
cutting temperature compound. Cryostat sections cut at 10 pm were fixed
with 4% paraformaldehyde and washed with Dulbeccos PBS (DPBS). To
detect apoptotic tumor cells, terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL) stainings were done on the
sections using ApopTag Fluorescein In situ Apoptosis Detection kit
(Serologicals Corp., Norcross, GA), according to the instructions of the
manufacturer. The sections were then treated with 5% mouse serum, 20%
dry mik, and 03% Tween 20 in DPBS overnight at 4°C to block
nonspecific binding sites. They were rinsed with 0,3% Tween 20 in DPBS
and then incubated with Cy5-labeled monoclonal anti-EF5 antibody
(ELK3-51) for 4 hours at 4°C to detect hypoxic regions in the tumors.
After extensive washing with DPBS, tissue samples were counterstained

with Hoechst 33324 and observed under a fluorescence microscope.
Images were captured using a Cool SNAP charge-coupled device camera
and processed by a RS IMAGE Express image processing software
(Nippon Roper, Chiba, Japan).

In vivo Gene Transfer and Tumor Growth

P29 cells (4 % 10%) were inoculated s.c. into the abdominal flank of female
C57BL/6 mice (10 mice per group). Ten days after the incculation, DNA/
liposome complex (12 pg of pVEGFpro or pVEGFpro-DT-AY'5F/0DD-ERBP
and 3 pL of DMRIE-C in 200 pL of Opti-MEM) was directly injected into the
tumor. The injection was done daily until the end of the experiments.
Tumeor growth was monitored by caliper measurement of two diameters at
right angles and the tumor mass was estimated from the equation, volume

=05 X a x b where a and & are the larger and smaller diameters,
respectively.

Determination of the Degree of Hypoxia in Subcutaneous
Tumors

ALTHI0 and P29 cells (1 x 10°%) were inoculated s.c. into C57BL/6 mice.
When tumor volumes reached ~ 650 mm?, the mice were injected with EF5.
Cryostat sections of the tumors were made at every 460 pum distance and
stained with Cy3-labeled monoclonal anti-EF5 antibody (ELK3-51) as
described above, For analyzing EF5-positive (hypoxic) areas on each section,
at least five randomly selected fluorescent images were captured with a
Leica fluorescence microscope system equipped with a computer. The
images were transferred to the Image] 1.34s software and EF5-positive areas
were analyzed. In this way, >100 fields (1.175 mm?/field) were analyzed and
the percentage of EF5-positive area per field was calculated.

Results

Oxygen and von Hippel-Lindau-dependent ubiquitination
of DT-A/QDD fusion protein. To examine the effect of HIF-1x
ODD domain on ubiquitination of DT-A/ODD fusion protein, we
subjected the in vitro translated **$-labeled DT-A/ODD proteins to
the in vitro ubiquitination assay. Incubation of DT-A/ODD with cell
extract from 293T cells alone resulted in the appearance of a slower
migrating form (Fig. 14), The effect was enhanced by the addition of
ATP generation system. Addition of ubiquitin resulted in a further
mobility shift of these species. These results indicated that these
mobility shifts were most likely due to ubiquitination of DT-A/0DD
proteins. This was confirmed by a further shift of these species to
high molecular weight proteins by the addition of ubiquitin
aldehyde, an isopeptidase inhibitor that prevents the degradation
of ubiquitin conjugates. Ubiquitination of DT-A/ODD, but not of
DT-A that served as a control, proceeded as the incubation time
prolonged (Fig. 1B), which was comparable with that of HIF-1a
proteins (Fig. 1C). Addition of desferrioxamine, a hypoxia mimetic,
to the reaction mixture inhibited DT-A/ODD ubiquitination in a
dose-dependent manner (Fig, 10). Furthermore, ubiquitination of
the protein was more prominent in 786-Q/VHL cells than in 786-0
cells, although alow level of DT-A/ODD ubiquitination was apparent
in 786-0 cells (Fig. 1E). Taken together, these results indicate that
DT-A/QODD, but not DT-A, is ubiquitinated dependently on oxygen
and pVHL,

Effect of erythropeietin mRNA-binding protein binding
sequence on the expression level of luciferase under hypoxic
conditions. To examine the effect of EBBS on the expression level
of a heterologous gene, we constructed luciferase reporter
plasmids, pVEGFpro-Luc as a control and pVEGFpro-Luc-EBES
(Fig. 24). After transient transfection of each reporter plasmid into
All or HepG2 cells, they were exposed to hypoxia for 18 hours and
then luciferase activity was measured. As shown in Fig, 28 and C,
although integration of EBBS into the reporter plasmid resulted in
an increase in the luciferase activity under normoxic conditions, it
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ubiquitin {Ub), and ubiquitin aldehyde (LbAF). The
mixture was incubated for 4 hours at 30°C.

B, time course of ubiquitination of DT-A and DT-A/
ODD proteins. 3S-labeled DT-A and DT-A/ODD
proteins were subjected to in vitro ubiquitination in
reactions containing all components described
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greatly enhanced the activity under hypoxic conditions in both cells.
Similar results were obtained in human mammary carcinoma MCF7
cells and human foreskin fibroblasts (data not shown). Thus, EBBS
caused a marked enhancement in luciferase activity in different cell
types in hypoxia probably due to its mRNA-stabilizing effect.

In vitro protein synthesis inhibition by diphtheria toxin A,
DT-A/ODD, and its attennated fusion proteins. We next
examined whether fusion of HIF-1oe ODD domain to DT-A affects
the translation inhibitory activity of DT-A. For this, we first made
in vitro translated DT-A and DT-A/QDD and then added them to the
in vitro luciferase gene transcription/translation system with or
without exogenously added NAD". Figure 3 shows the amount of
translated **S-labeled luciferase protein. DT-A significantly reduced
the level of luciferase protein even in the absence of exogenous NAD™
and nearly completely inhibited the translation in the presence
of NAD". DT-A/ODD was comparable with DT-A in inhibiting
translation. We also made attenuated DT-A/ODD proteins,
DT-AY**/ODD and DT-A"™4/0DD, and measured their transla-
tion inhibitory activities in a similar way. DT-A""5% and DT-A"*'#
have been reported to have about a 4-fold and 120-fold reduced ADP
ribosyltransferase activity compared with DT-A, respectively
{40, 41). Consistent with the reports, DT-A™*F/0DD was
less effective in inhibiting the synthesis of luciferase protein
compared with DT-A/ODD. DT-A"'*/0DD exhibited the least
inhibitory activity.

Induction of apoptesis by DT-A/ODD proteins in All cells
under hypoxic conditions. Based on the above results, we
constructed DT-A expression plasmids, pVEGFpro-DT-A/ODD-
EBBS, pVEGFpro-DT-AY'5*F/0DD-EBBS, and pVEGFpro-
DT-A"*/ODD-EBBS. To investigate the effect of these expression
plasmids on apoptosis of All cells under normoxic and hypoxic
conditions, we transfected each of them into All cells, cultured

the cells under normoxic or hypoxic conditions for 24 hours, and
then stained them for Annexin V. The transfection eflficiency was
20% to 30% as assessed by pEGFP-N1 expression vector. As shown
in Fig, 44, hypoxia alone did not induce apoptosis in the control
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Figure 2. Effect of EBBS on the expression level of a heterologous gene under
hypoxic conditions. A, schematic representation of the luciferase reporter
constructs. VEGFpro, VEGF gene promcter. B and C, effect of EBBS on the
expression level of a luciferase reporter gene, A11 or HepG2 cefls cotransfected
with pVEGFpro-Luc or pVEGFpro-Luc-EBBS and pRL-CMV as an internal
control were cultured for 18 hours under normoxic (M) or hypoxic () conditions.
All luciferase activities were normalized for transfection efficiency and
background luciferase activities obtained from cells transfected with a
promoterless luciferase gene pGl2-basic were subtracted from this value,
Columns, luciferase activity expressed in arbitrary units; bars, SD of triplicate
determinations.
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Figure 3. In vitro protein synthesis inhibitory activity of wild-type and attenuated
DT-A/ODD fusion protein. DT-A/00D, DT-AY'537/0DD, or DT-A""%00DD
prepared by TNT T7 Quick Coupled Transeription/Translation System was
added to TNT SP6 Quick Coupled Transcription/Translation mixture composed
of [®*S)PRO-MIX and fuciferase SP6 control DNA. The reaction mixtures were
incubated for 80 minutes at 30°C in the presence or absence of NAD*. Newly
synthesized luciferase protein was separated cn SDS-PAGE and detacted by
autoradiography.

plasmid-transfected cells, thus excluding nonspecific induction of
apoptosis. The reason why ~ 10% of Annexin V-positive cells were
observed in the control plasmid-transfected cells is unknown;
however, it may be due to the toxicity of the transfection reagent.
Expression of DT-A/ODD proteins resulted in a significant increase
in the number of Annexin V-positive cells irrespective of oxygen
tension. Expression of DT-AY'**/0DD or DT-A"***/0DD did not
apparently induce apoptosis under normoxic conditions. In
contrast, they significantly caused an increase in the number of
Annexin V-positive cells under hypoxic conditions, DT-AW!5%F/
ODD being more potent than DT-AY**/0DD (Fig. 44 and B).
Similar results were obtained in their abilities to induce sub-G,
fraction, another criteria of apoptosis, under hypoxic conditions
(Fig. 4C). Long-term exposure of AIl cells to severe hypoxia
resulted in cell death to some extent, but expression of D'T-A™'*¥/
ODD further enhanced cell death (Fig. 4D). Thus, transfection of
PVEGFpro-DT-AY'%3F/ODD-EBBS or pVEGFpro-DT-A"2'*/0DD-
EBBS plasmid into All cells led to a clear hypoxia-dependent
induction of apoptosis.

Establishment of A11H10 cells with higher resistance to
hypoxia-induced apoptosis. We next wanted to investigate the
effect of liposomal gene iransfer of the DT-A/ODD expression
construct on induction of apoptosis in hypoxic regions of tumors.
Before this experiment, we established AIIHIO cells with higher
resistance to hypoxia-induced apoptosis than All cells and used
them as target cells. The cells were actually more resistant to
apoptosis induced by severe hypoxia (<0.1% 0O,) than All cells
(Fig. 54) and survived for >5 days in severe hypoxia (Fig. 5B). They
were also more resistant to apoptosis triggered by an anticancer
drug cisplatin than A1l cells (Fig. 5C). The apoptosis-resistant
phenotype was stable at least for 3 months (data not shown).
ALITI10 cells expressed VEGF mRNA as well as All cells in
response to hypoxia (Fig. 50).

Apoptosis induction by liposomal transfer of diphtheria
toxin A expression plasmid in hypoxic regions of Al1H10
tumors. From the results described above, we chose the pVEGFpro-
DT-AY'*3¥/0DD-EBBS expression construct and examined its effect

on apoptosis induction in tumors. Before this experiment, we
directly injected pEGFP-N1/DIMRIE-C complex in A11H10 tumors
along with lysine-fixable dextran-TMR to see if we can use dextran-
TMR for later identification of injected areas. Two days after
the injection, tumors were surgically removed and eryosections
were prepared. Observation of the specimen revealed that
EGFP-expressing tumor cells located in dextran-TMR-positive
areas, indicating that dextran-TMR can be used to identify injected
areas (Fig. 6). We then intratumorally injected pVEGFpro or
pVEGFpro-DT-A""53F/ODD-EBBS/DMRIE-C complex together with
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Figure 4. Induction of apoptosis in A11 cells transfected with pVEGFpro-DT-A/
ODD-EBBS, pVEGFpro-DT-AY"5*F/0DD-EBBS, and pVEGFpro-DT-AY214
ODD-EBBS vectors. A1 cells were transiently transfected with pVEGFpro as a
control, pVEGFpro-DT-A/ODD-EBBS, pVEGFpro-DT-AY153F,0D0-EBBS, and
PVEGFpro-DT-A"*"%/0DD-EBBS. After culturing the cells under niormoxic or
hypoxic conditions for 24, 36, or 48 hours, the cells were processed for
Annexin V staining (A and B), sub-G, analysis (C), or trypan blue dye exclusion
test (D), respectively. A, induction of Annexin V—positive cells by the
expression vectors. B, Annexin V—positive cells induced by the transfection of
PVEGFpro-DT-A""1%**/0DD-EBBS in normoxia (left) or hypoxia (right).

The fluorescence was observed under a confocal laser microscepe. C, induction
of cellular DNA fragmentation (sub-G,) by the expression vectors In hypoxia.
Columns, percentage of sub-G, fraction determined with a FACScan flow
cytometer, D, induction of cell death by the expression veciors in severe hypoxia.
Columns, percentage of dead cells; bars, SD of triplicate determinations.

P < 0.007.
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Figure 5. Establishment and characterization of A11H10 cells. A, apoptosis of
A11 and A11H10 cells in severe hypoxia. The cells were cultured in normoxia ar
severe hypoxia (<0.1% Og; H) for 28 hours and the percentage of cells with
chromatin condensation and fragmentation was determined after DAPI staining.
Columns, percentage of apoptotic cells; bars, SD of triplicate determinations, 5,
survival of A11 and A11H10 celis in severe hypoxia. The cells (1 x 10%) were
cultured in severe hypoxia (<0.1% Q) for 5 days followed by culturing in
normoxia for 7 days. Colonies were stained with crystal violet. C, sensitivity of
A1t and A11H10 cells to cisplatin, The cells were exposed to the indicated
concentrations of cisplatin for 2 days. Cell viability was assessed by trypan blue
dye exclusion. Points, percentage of viable cells; bars, SD of tiplicate
determinations. D, VEGF mANA expression in A11 and A11H10 cells. Total
RNA was isolated from the cells cultured in normaxia or hypoxia for 8 hours and
subjected to Northern analysis, Blots were hybridized with *P-Jabeled mouse
VEGF cDNA, Ethidium bromide staining of the gel is also shown.

dextran-TMR, and 2 days after the injection we administered EF5
for discrimination between normoxic and hypoxic regions. Cry-
osections were prepared and processed for TUNEL staining
lollowed by staining with Cy5-labeled anti-EF5 antibedy and
Hoechst staining. We omitted necrotic areas from the analyses.
The results showed that a few TUNEL-positive cells were observed
in dextran-TMR-negative areas of both control and pVEGFpro-DT-
AW'F/ODD-EBBS plasmid-injected tumors (Fig, 74 and C),
whereas a large number of TUNEL-positive cells were detected in
dextran-TMR-positive areas of the pVEGFpro-DT-AWSF/0DD-
EBBS-injected turnors (Fig. 700) but not of the pVEGFpro-injected
tumors (Fig. 7B). Closer observations of the specimen of the
PVEGFpro-DT-A"'*¥" /ODD-EBBS-injected tumors revealed that
only a small number of TUNEL-positive cells were evident in
dextran-TMR-positive and EF5-negative (normoxic) areas (Fig. 84-0F),
whereas a large number of TUNEL-positive cells were detected
in dextran-TMR-positive and EF5-positive (hypoxic) areas (Fig. 8E-H).
Thus, these results indicate that apoptosis was remarkably induced
by liposomal transfer of pVEGE-DT-A"'**F /ODD-EBBS expression
construct in hypoxic, but not in nermoxic, regions of ALIH10
tumors.

Tumor growth inhibition by liposomal transfer of diphthe-
ria toxin A expression plasmi d in P29 tumors. Based on the

Figure 6. Liposomal gene transfer of pEGFP-N1 into A11H10 tumors.
pEGFP-N1/DMRIE-C complex was directly injected into s.c. A11H10 tumors
along with dextran-TMR. Two days after the injection, cryosections were
prepared, staingd with Hoechst 33342, and then observed under a fluorescent
microscope for EGFP {green), dextran-TMR (crange), and Hoechst 33342
(biue). lmages were captured using a Coct SNAP charge-coupled device camera
and pseudocolored by a RS IMAGE Express image processing software.

A, EGFP. B, dextran-TMR. €, Hoechst33342. D, merged. Note that
EGFP-expressing cells locate in dextran-TMRB-positive areas. Bar, 50 pm.

above results, we repeatedly injected pVEGF-DT-AW'**/0DD-
EBBS/liposome complex into A11H10 tumors to see the therapeutic
effect of the plasmid. However, the inhibition of tumor growth was
marginal (data not shown). We speculated that this is due to the fact
that All tumors are well vascularized (42} and, hence,
not so hypoxic, We then used P29 tumors because they are poorly
vascularized (42). Actually, as expected, EF5 staining showed that
P29 tumors contained increased hypoxic areas compared with
Al1H10 tumors (Fig. 94 and B). We therefore examined the effect

Figure 7. Apoptosis induction by liposomal gene transfer of
PVEGFpro-DT-AY'*3F/0DD-EBBS into A11H10 tumors. pYEGFpro as a contral
(A and B) or pYEGFpro-DT-A"'%¥/0DD-EBBS/OMRIE-C complex {C and D)
was directly injected into A11H10 tumors along with dextran-TMR. Two days
after the injection, cryosections were prepared, stained for TUNEL, and
observed under a confocal microscope for TUNEL-positive cells {green) and
dextran-TMR {orange). A and C, dextran-TMR-positive areas. 5 and D,
dextran-TMA-negative areas. Bar, 100 ym.
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Figure 8. Apoptosis induction in hypoxic
areas of A11H10 tumors after liposomal
gene transfer of pYEGFpro-DT-AY153F/
ODD-EBBS. pVEGFpro-DT-AW 15/
ODD-EBBS/DMRIE-C complex was
directly injected into A11H10 tumors along
with dextran-TMR. Two days after the
injection, the mice were administered with
EFS5. The cryosections of turnors were
successively processed for TUMEL, EF5,
and Hoechst 33342 stainings. Images
were captured using a Cool SNAP
charge-coupled device camera and
pseudocolored by a RS IMAGE Express
image processing software. TUNEL
(green), EF5 {pink}, Hoechst 33342 (blue),
and dextran-TMR {orange). A 10 O,
dextran-TMPB—positive and EF5-negative
areas. £ to H, dextran-TMR—positive and
EFS-positive areas. A and E,
dextran-TMR. B and F, EF5. C and G,
merged image of TUNEL and Hoechst
33342. D and H, merged image of TUNEL,
*, 'EF5, and dextran-TMR, Bar, 50 pm.

of multiple injections of the expression construct on P29 tumor
growth, The results showed that a modest but statistically significant
growth inhibition was observed in the mice with pVEGF-DT-AW'5%/
ODD-EBBS compared with the mice with pVEGFpro without
apparent side effects, such as body weight loss (Fig. 104 and B).

Discussion

In this study, we examined the effectiveness of VEGF promoter—
driven DT-A expression for killing hypoxic tumor cells. To reduce
cytotoxicity of DT-A in normal cells and increase hypoxia
specificity, we constructed the expression vector to express

DT-A/ODD fusion protein to produce mRNA containing the EBBS
and not to include unnecessary enhancer/promoter sequence other
than VEGF promoter. The results showed that DT-A/0DD, but not
DT-A, was ubiquitinated as well as HIF-1o in a pVHL- and oxygen-
dependent manner in in vifro ubiquitination assays. The EBBS
exhibited mRNA-stabilizing effect, as shown by luciferase reporter
assays. Thus, HIF-la ODD domain and the EBBS worked
accordingly. In addition, DT-A/ODD exhibited a comparable
inhibitory activity of protein synthesis with DT-A in vitro,
indicating that fusion of the ODD domain to DT-A does not affect
its translation inhibitory activity.
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The ODD domain of HIF-1ee has been implicated to be useful as
a hypoxia switch, limiting the production of a fusion protein in
normexia while stabilizing it in hypoxia (43). For example, ODD~-
caspase-3 fusion protein is shown to be specifically stabilized and
activated in hypoxic cells (44). The present study also showed that
the ODD domain is capable of regulating the toxicity of attenuated
DT-A, probably rendering the fusion protein to be recognized by
pVHL and subsequently degraded through proteasome pathway.
However, we presently have no evidence that these events actually
occur in the cells.

ERBP was initially identified as the protein(s) that specifically
binds to a 120 base fragment (EBBS) of the 3" UTR of Epe mRNA,
ERBP binds to this sequence and prolongs the hall-life of Epo
mBRNA as well as other reporter mRNA containing EBBS in
normoxia and further in hypoxia (23). Although Epo is mainly
expressed in cells derived from the liver and the kidney, ERBP is
present in other tissues, such as lung, brain, and spleen {23). We
could also observe the reporter mRNA-stabilizing effect of EBBS in
lung carcinoma cells, hepatoma cells, breast carcinoma cells, and
fibroblasts. Therefore, EBBS is able to stabilize a heterologous
transcript in a variety of cell types. An alternative to stabilize
mBNA in hypoxia may be the use of HuR-binding sequence or
recently identified PAIP2-binding sequence, both of which are
present in VEGF mRNA (22, 45). These elements could substitute
for the EBBS in the present expression vector.

Transfection of pVEGFpro-DT-A/ODD-EBBS expression vector
into high-metastatic AIl cells resulted in a marked induction of
apoptosis in both normoxia and hypoxia. This indicated that only a
background expression level of DT-A/ODD is too cytotoxic to be
regulated. We then sought to use attenuated DT-A/ODD, DT-AV'3F/
0DD, and DT-A"#4/0DD, expecting that although they are less
active in inhibiting protein synthesis than DT-A/ODD under
normoxic conditions, they may exhibit a significantly higher activity
when expressed and accumulated in the cells under hypoxic
conditions. The results showed that DT-AY'*T/0DD and
DT-AP2'/0DD were very weak in inducing apoptosis under
normoxic conditions, whereas they significantly induced apoptosis
under hypoxic conditions. Thus, we could observe hypoxia-
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Figure 9. The degree of intratumoral hypoxia in A11H10 and P29 tumors.

A, detection of hypoxic areas in tumors by EFS staining. Frozen sections of
s.c. tumor established from AT1H10 and P29 cells were stained for EF5.

Bar, 100 um, B, the degree of hypoxia in A11H10 and P29 tumoss. Frozen
sectiens prepared from different regions of A11H10 and P29 tumor were stained
for EF5. The fluorescent images of >100 fields {1.175 mm?/field} were analyzed
and the percentage of EF5-positive area per field {columns) was calculated.
Bars, SE. *, P < 0.0001.
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Figure 10. Growth inhibition of P29 iumors by liposomat gene transfer of
pVEGFpra-DT-AY1S3F/000-EBBS. A, growth of tumors injected with pVEGFpro
(O} or pVEGFpro-DT-A™' 3% 0ODD-EBBS/DMRIE-C complex (@). The liposome
complex was directly injected into the tumor daily. 8, body weight of the mice
with pYEGFpro (O} or pVEGFpro-DT-AY'537/00D-EBBS (@). Bars, SE.

" P <0.04.

dependent induction of apoptosis in All cells transfected with the
attenuated DT-A/ODD expression vector. The pVEGFpro-
DT-A"'5F/0DD-EBBS was superior to pVEGFpro-DT-A"4/0DD-
EBBS in inducing apoptosis.

Given that the pVEGFpro-DT-A™'5*¥/0DD-EBBS vector strongly
induce apoptosis in the transfected cells under hypoxic but not
normoxic conditions, we decided to apply pVEGFpro-DT-AY!5%¥/
ODD-EBBS vector to in vivo experiments. Before investigating the
effect, we established A11HI10 cells that are highly resistant to
hypoxia-induced apoptosis. We previously reported that All cells
are more resistant to apoptosis induced by microenvironmental
stresses than low-metastatic counterparts (8). A11HIO cells were
further more resistant than All cells to not only hypoxia but also
anticancer drugs and various ER stresses (glucose deprivation,
tunicamycin, brefeldin A, calcium ionophore A23187; data not
shown). Therefore, the cells enabled us to examine the effect of the
expression vector on the tumors that are more difficult to cure. After
establishing s.c. A11H10 tumors, we directly injected pVEGFpro-
EBBS/liposome complex as a control or pVEGFpro-DT-A"'5%/
ODD-EBBS/liposome complex with dextran-TMR conjugates, which
are frequently used for long-term tracers of live cells, Dextran-TMR
conjugates were not toxic and could be detected in the tumors at
least 3 days after the injection (data not shown) and, therefore, it was
useful to monitor the injection areas of DNA/liposome complex.
Actually, EGFP was expressed in cells located in dextran-TMR-
positive areas in the tumors administrated with pEGFP-N1 plasmid/
DMBRIE-C complex. To detect hypoxic areas in the tumors, we used
EF5, a derivative of nitroimidazole (39). The results showed that
pVEGFpro-EBBS/liposome administration hardly induced apoptotic
(TUNEL-positive) cells in dextran-TMR~positive areas. In contrast,
pVEGFpro-DT-AWI53F/ODD-EBBS/1iposome administration
resulted in a striking induction of apoptosis in dextran-TMR-
positive areas. More specifically, apoptotic cells were detected in
hypoxic, but not in normoxic, areas of pVEGFpro-DT-A"'*¥ /0DD-
EBBS/liposome-administered tumors. These results clearly indicate
that intratumoral injection of pVEGFpro-DT-A"'**F/ODD-EBBS/
liposome complex induced apoptosis in a hypoxia-dependent
fashion. It should be noted, however, that we could not observe a
clear tumor growth inhibition after multiple injection of pVEGFpro-
DT-AY'%F/0DD-EBBS/liposome complex into a tumor mass. This
contrasts to the case of direct injection of a-fetoprotein promoter/
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enhancer-driven DT-A expression construct/DMRIE-C complex
into hepatoma in which significant growth retardation was observed
(33). However, our results rather seem to reflect the hypoxia
specificity of our expression construct. Because total hypoxic areas
inan A11H10 tumor mass are small relative to total normoxic areas,
an obvious growth inhibition may not be observed even if all hypoxic
tumor cells are killed. Then, to test the therapeutic effect of the
expression vector in more hypoxic tumors, we chose P29 tumors that
have poorer vasculature and, thus, are more hypoxic than All
tumors. As a result, we could clearly observe growth retardation of
the tumor, Although the effect was not so striking, it may be due to
the hypoxia specificity and inefficient in vivo gene transfer,

The present DT-AY'**/0DD expression vector would be
applicable to a wide variety of tumors, especially those with severe
hypoxia, such as cervical cancer and melanomas (46). These
cancers are also suitable for intratumoral gene delivery. A critical
point to be improved in the future is the transfection method of the

vector into hypoxic tumor cells. Although liposomes used here have
many advantages as a gene transfer method, such as low evocation
of inflammations and immune responses, transfection efficiency is
not so high. A solution to this point may be the use of adenoviruses
and recently developed DT-resistant packaging line (34), which may
allow us to produce a high titer of adenoviruses encoding DT-
AW'S¥/0DD. Combination of such adenoviruses and conventional
therapeutic regimens may lead to total killing of tumor cells and
ultimately prevention of tumor recurrence.
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Polycomb group {PcG) proteins are responsible for the
stable repression of homeotic {Hox) genes by forming
multimeric protein complexes. We show (1} physica] in-
teraction between components of the U2 small puclear
riboneeleoprotein particle (U2 snRNP), including S£3b1
and PeG proteins Zfpl44 and Rnf2; and (2} that Sf3b1-
heterozygous mice exhibit skeletal transformations con-
comitant with ectopic Hox expressions. These alter-
ations are enhanced by Zfp144 mutation but repressed
by MIl mutation (a trithorax-group gene). Importantly,
the levels of 5f3b1 in PeG complexes were decreased in
Sf3b1-heterozygous embryos. These findings suggest
that §{3b1-PcG protein interaction is essential for true
PeG-mediated repression of Hox genes.
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During mammalian development, spatially and quanti-
tatively appropriate homeotic (Hox) gene expression is
essential for the anterior—posterior specification of axial
structures {McGinnis and Krumlauf 1992; Duboule and
Morata 1994). The maintenance of the Hox gene expres-
sional state is driven by the products of Polycomb group
(PcG) and trithorax group {trxG) genes (Satijn and Otte
1999; Francis and Kingston 2001; Simon and Tamkun
200%; Orlando 2003). In general, PcG proteins act as re-
pressors to maintain the silent state, while the trxG pro-
teins are activators that maintain Hox gene transcrip-
tion. PeGG proteins constitute large, chromatin-associ-
ated multiprotein complexes, which in mammals can be
classified into at least two different classes. The Class I

[Keywords: Hox genes; Polycomb group; knockout mice; spliceosomal
proteins)
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complex, which contains Eed/Ezh2, is associated with
histone deacetylase and methyltransferase activity, The
PRCI or Class T complex consists of, for example,
Zipl44 [Mell8}, Rnf2 (RinglB), Cbx2/M33, and Phc/
Edr2. The Class I complex, which characteristically in-
chudes the products from highly related pairs of genes,
has been shown to inhibit nucleosome remodeling by
the SWI/SNF complex in vitro (Shao et al. 1999). How-
ever, as the inhibition requires preincubation of the
Class I with the nucleosomal template (it does not occur
when Class Il and SWI/SNF products are added together),
this suggests that the Class II complex does not interact
directly with SWI/SNF, but instead competes for the
nuclecsome template. Possibly, it is this binding of the
Class II complex, which prevents nucleosome remodel-
ing, thar silences the genes by blocking the access of
transcription activators to cis-regulatory elements such
as promoters and enhancers [Francis et al. 2001). Inter-
estingly, recent studies have proposed an alternative
mechanism for maintaining gene silence {Breiling et al.
2001; Saurin et al. 2001). Fly Class II complex includes
general transcription factors such as TBP and TBP-asso-
ciated proteins at promoter regions. Using an in vitro
assay, King et al. {2002} showed that the fly complex was
able to inhibit transcription by RWNA polymerase II at
particular steps even after activator binding. This raises
the possibility that the Class IT complex might act di-
rectly on the functioning of the transcriptional machin-
ery, However, whether this silencing mechanism is ac-
tive at Hox loci during mammalian embryo development
is not clear. In order to achieve a better understanding of
the molecular basis of PeG complex-mediated repres-
sions, we believe that it is important to identify PeG
complex-associated non-PcG proteins and subsequently
investigate the genetic impact of such proteins on PcG
complexes. In this paper, we identified an essential spli-
ceosomal protein $f3b1 that physically interacts with
the Class I PcG proteins and generated $f3b1 knockout
mice. Surprisingly, $f3b1*/~ mice exhibited skeletal phe-
notypes that are usually observed with PcG mutation.
Furthermore, genetic interactions between $f3b1 and
Zfp144 or the trxG gene MII mutations were also shown.
Therefore, it appears that $£3bl and the Class I PeG
proteins are functionally interacting on the Hox loci in
developing embryos.

Results and Discussion

Two partial cDNA clones encoding amino acid 1-489
and 312-777 regions of mouse spliceosomal protein
5£3bl have been isolated as interactors for the mamma-
lian PcG proteins Zipl44 and Rnf2, respectively, by
yeast two-hybrid screening {Fig. 1A). Physical interac-
tions between Sf3bl and PeG proteins were first exam-
ined by glutathione $-transferase {GST) pull-down assay.
Nuclear proteins were extracted from mouse embryonic
stem (ES) cells and subsequently precipitated by GST-
Rnf2 and GST-Z{pl144 fusion proteins. The precipitates
were subjected to immunoblotting with anti-$f3bl anti-
body. Endogenous 5f3bl was clearly coprecipitated with
GST-Rnfl and GST-Zfpl44 (Fig. 1B|. Moreover, assay
with Rnf2 truncates revealed that $f3bl specifically in-
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Figure 1. Physical interaction between 5f3b1 and PcG proteins. {4} Primary structure of $£3b1 {Isono et al. 2001}. 5f3b} has WD-40 like repeats
and PP2A repeats [usually termed HEAT motifs) originally identified in the PRG5 subunit of protein phosphatase 2A. The N-terminal region
{amino acids 1-489)} and the internal region [amino acids 312-777), respectively, were associated with Rnf2 and Zfp144 in the yeast two-hybrid
system. (B) GST pull-down assays probed with the $f3bl-specific antibody. Nuclear extracts from ES cells were incubated with GST alone {lane
2) and GST fusions with Zfp144 |lane 3], Raf2 (lane 4}, and the N-terminal (lane 5} or C-terminal {lane 6) regions of Rnf2. In lane 7, one-fifteenth
volume of extract sample used in a reaction was applied. {C} Coimmunoprecipitation with whole-cell lysates. Lysate of a mouse embryo at
10.75-11.25 dpc was incubated with or without antibodies to Zfpl44, Rnf2, or TMG. Each precipitant was divided into two, and each was used
in immunoblotting with 5£3bl and Rnf2 or $pl and ${3b4 antibodies. Anti-Spl was used as a negative control, In each “extract” lane,
one-fortieth volume of extract sample used in a reaction was applied, In addition, lysates treated with ethidium bromide {EtBr) were also used
to exclude DNA. (D] Coimmunoprecipitation with chromatin-rich lysates, Insoluble nuclear extract from an embryo at 10.75-11.25 dpc was
prepared by osmotic shock, solubilized by sonication, and then incubated with antiboedies, Phel is a mouse homolog to the fly PeG protein,
Polyhomeotic [the fly protein homologous to mouse Phel). B2.4-4 is a polyclonal antibody against the Xenopus Sf3bl, which has an epitope
different from the monoclonal antibody [oS£3b1). In the “INE” lane, one-fortieth volume of the insoluble extract used in a reaction was applied.

teracts with the N-terminal region {amino acids 1-188) munoprecipitated with Phcl, Rnf2, and Zfp144, Concor-
but not with the C-terminal region {amino acids 189- dantly, two different anti-S$£3b1 antibodies were able to
336). Thus, 5f3b1 probably has the potential to bind di- coimmunoprecipitate Rnf2, reinforcing the interaction
rectly to Rnf2 and Zfpl4a4, between Sf3bl and PeG proteins. Notably, significant
We examined the in vivo interaction further in whole- amounts of Rnf2 as well as $f3bl and U2B" were coim-
cell extracts from 11.5 d post-coitus [dpc) embryos in munoprecipitated by anti-TMG antibody, implying the
which PcG complexes have been shown to act as repres- association of the U2 snRNA to PcG complexes. Impor-
sors of Hox gene expression {Fig. 1C; Akasaka et al. tantly, these U2 snRNP components bound to the PcG
1996). A significant, but substoichiometric amount, of proteins were detected in similar proportions (Fig. 1C, D).
Sf3bl was reproducibly coimmunoprecipitated with Taken together, these results show that it is likely that
Zfpl44 and Rnf2, as revealed by comparison with anti- PcG complexes associate with at least part of the U2
Rnf2 immunoblotting. The presence of ethidium bro- snRINP rather than S£3b1 alone.
mide did not affect these Sf3bl-Zfpl44/Rnf2 interac- To examine the biclogical implications of $f3b1, we
tions, which suggests that they were DNA independent. have generated an §f3bI-mutant allele by replacing four
As 5{3bl is known to be a component of U2 snRNP exons with the neo gene in the opposite direction. Sf3b1
(Kramer 1996; Schmidt-Zachmann et al, 1998), we there- null homozygotes died during preimplantation develop-
fore examined other U2 snRNP components, 5f3b4 ment around the 16- to 32-cell stage. Heterozygotes were
{SAP49), U2B", and U snRNAs. In the conventional externally normal and healthy, although the levels of
nuclear extracts, 5f3bd was also coprecipitated with PcG S§f3b1 mRNA and S$f3bl were significantly reduced
proteins while anti-2,2,7-trimethylguanosine [TMG) an- {Supplementary Fig. S1}. Since PcG mutants exhibit pos-
tibody, which reacts to the 5' cap of U snRNAs charac- terior transformations of the vertebrae {Akasaka et al.
teristic for the Ul, U2, U5, and U4/UG6 snRNPs (Krimer 1996; Gould 1997; Suzuki et al, 2002), we examined axial
1996}, failed to coprecipitate Rnf2. It is, however, pos- skeletal preparations of Sf3b1*"~ newbom pups back-
sible that excess nucleoplasmic spliceosomal proteins or crossed five times (N5} to C57BL/6 background. Signifi-
nucleoplasmic interaction between monomeric Sf3bi cantly, Sf3b1*"~ mice exhibited various skeletal alter-
and the PcG proteins would obscure experimental out- ations along the anterior-posterior axis [Table 1). In the
comes. To exclude these possibilities, we employed cervical region of §f3b1*~ mutants, the seventh cervical
muclear insoluble fraction extracted under high salt con- vertebra (C7) had incomplete ectopic ribs, either unilat-
dition, in which proteins closely associated to chromatin erally or bilaterally fused with the first thoracic rib
are presumed to be concentrated. The fractions were {27 %), indicating transformations of C7 toward the first
solubilized by sonication and used in immunoprecipita- thoracic vertebra [T1) {Fig. 2B). Twenty-nine percent of
tion. Coimmunoprecipitation of Rnf2 with Phcl/Rae28 5f3b1*~ mutants had a prominent spinous process, char-
and Zfpl4a4 indicated the presence of PecG multimeric acteristic for the second thoracic vertebra {T2), incor-
complexes in this fraction. $f3bl and U2B” were coim- rectly associated with T1 {Fig. 2C}, suggestinga Tl — T2
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Table 1. Summary of skeletal transformations in mutant mice

Parents B6 x 5f3b1+" [N4| Mel18* x §f3b1++ [N4) M- x §f3b1*- (N6}
Transformation ~ wt  Sf3b1~ wt  Mell8/ Sfab1* Mel18-§f3b1-  wt Mt Sf3br~ MEI-§f3bI-
types {n=50] (n=48] [n=21} in=18) |o=22) {n =20) (n=14] [n=23] {(n=25) {n=15)
C7 - Tl ooy 27(13) 010 61} 3217 45 (9), “4/9 0l0)  000)  68{17) 00}

Tl - T2 (o) 29(14) 010 112 23 {5} 75 (15) 7(1)  0[0)  60{15} 00

Ti3d — L1 0(0) 6 (3] oo 28 {5) 14 (3) 50{10) o} 92 8(2) 13 {2)

L6 — §1 22(11) 88(42) 62(13) 89{16} 100{22]  100{20) 2143 61014] 88(22) 87 {13}

*Four out of nine C7 — T1 mice exhibited complete first ribs associated with the C7 vertebra {see Fig. 2GJ.
Unit: % (n).

transformation, In addition, $f3b1*~ mice had only 12 aries as well as PcG mutants (Akasaka et al. 1996), The
tibs (6%] [Fig. 2F) and five lumbar vertebrae {88%) (Fig. Hoxb8 expression was extended to the seventh preverte-
2E-F}, indicating T13 — Ll and Lé — S1 transforma- brae in three out of five Sf3b1*"~ embryos and from the
tions, respectively. Thus, $§f3b1*~ mice exhibit skeletal eighth prevertebra in wild type (Fig. 2L-NJ, and also
phenotypes similar to PcG mutants although the pen- Hoxb6 and Hoxc6 were ectopically expressed in the
etrance is rather low. We investigated next whether sixth prevertebrae in §3b1*/" embryos (Fig. 21-K,0-Q).
these skeletal alterations, seen with 5f3b1*/~, were asso- Significant changes were not observed for Hoxas,
ciated with anterior shifts of Hox gene expression bound- Hoxb3, Hoxb4, or Hoxd4 expression in the paraxial me-
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Figure 2. Skeletal abnormalities and ectopic Hox expressions in $f3b1* mice. Cervical~thoracic {lateral view) and thoratic—sacral {ventral
view] regions of wild-type [4,D) and two independent $f3517 (B,C,E, F) newborns are shown. Numbering of vertebrae of mutants makes them
consistent with those of wild type. In wild type, C6 and T2 vertebrae have characteristic ventral processes as indicated by arrowheads [orange)
and a prominent spinous process {yellow circle], respectively, An arrow indicates the disappearance of the T13 rib in the 5f3bI*- mutant. [G,H|
the lateral view of cervical-thoracic region and the ventral view of rib cage of the Sf3bI*/-Zfp1dd+- compound mutant. Ectopic ribs with C7
are represented by black arrowheads. An asterisk indicates an additional ossification center. Ribs numbered as 1-6 associate with T1-Té
vertebrae, respectively. The right ectopic rib with C7 separates from the rib with T1 on the sternum, as shown by green arrowheads. [I-Q] RNA
in situ hybridization of Hox genes in embryos at 11.5 dpc. Boundaries of prevertebrae in lateral view aze indicated by lines and the prevertebrae
are numbered from prospective C1. Vertebral arteries are indicated by arrowheads and anterior boundaries of expressions are indicated by
arrows. In $f3b1*"~ embryos, anterior boundaries of Hoxb6, Hoxb8, and Hoxcé expressions are shown to shift by sixth, seventh, and sixth
prevertebrae, respectively. |R) Summary of Hoxa5, Hoxb3, Hoxb4, Hoxb6, Hoxb8, Hoxcé, and Hoxdd expressions in the paraxial mesederm is
depicted schematically. Each black (wild type) or gray (Sf3b1~/"} bar represents expressional regions and a number of bars show individual
embryos. Segment numbers are counted from the prospective Cl.
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soderm of $f3b1*~ embryos {Fig. 2R). However, we found
a subtle alteration of the Hoxd4 expression in the second
branchial arch of $f3b1*~ embryos [data not shown). In
summary, the expressions of several Hox genes were an-
teriorly extended in the })araxia! mesoderm and second
branchial arch in S$f3b1*~ embryos. These observations
are consistent with the axial skeletal alterations ob-
served in $f3bI*~ mice. Therefore, we concluded that
5£3b1 mediates the repression of Hox genes.

Individual PeG mutations have been shown to mutu-
ally enhance their phenotypes {Bel et al. 1998; Akasaka
et al. 2001, Suzuki et al. 2002). To investigate whether
this §f3b1-mediated repression involves PcG complexes,
we examined the genetic interactions between Zfp144
and $f3b1 mutations. In §f3b1*/~Zfp144*/~ double het-
erozygotes, the formation of an additional ossification

Spliccosomal proteins in PcG complexes

center in the sternum, and the detachment of the ribs of
T7 from the sternum, represented an anterior shift of the
sternum of one segment width (Fig. 2H). The ectopic ribs
associated with C7 mimicked perfect ribs and formed
joints with the anteriorly shifted stermnum (Fig. 2G).
These alterations were observed in four {44%) out of nine
double mutants that displayed perfect C7 — T1 transfor-
mation but were not observed in either of the single mu-
tants |{Table 1). In addition to the ectopic ribs, the fre-
quencies of other transformations were much higher in
the double mutants. In particular, the T1 — T2 transfor-
mation occurred at a much higher penetrance: 75% in
double mutants versus only 11% or 23% in either single
mutant, suggesting that the single phenotypes of respec-
tive mutations were enhanced in the presence of each
other. We further examined the impact of the §f3b1 mu-
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Figure 3, Comparison of wild-type and $f3b1**~ embryos. Genotyping of embryos was per-
formed with total DNA from yolk sacs. (A) In vitro splicing assay. The soluble fraction of a
muclear extract was prepared from wild-type or Sf3b1** embryos at 10.5 dpec. Equal amounts
{60 ug) of total protein were confirmed by Western blotting with anti-Sf3bl and anti-Rnf2
antibodies {upper panels) and subjected to a splicing assay {lower panel). One-step RT-PCR
revealed that unspliced forms consisting of two exons and an intron jupper bands) as the RNA
substrates were converted into spliced forms {lower bands) by the splicing reaction. Band
intensities were measured by the image-processing program Image J and the ratios of Sf3b1+/-
to wild type were cbtained.[B) Northern analysis of total RNAs (15 pg each} from independent
embryos at 12.5 dpe. Ethidium-bromide-stained 285 rRNAs prior to transfer to membranes are
displayed below their blots. Intensity of each detected band was normalized by their rRNAs
and then the ratios of §f3b1°/~ to wild type were calculated (indicated below their panels). (C)
Immunoprecipitation assay with embryos at 11,5 dpc. Three independent embryos with the
same genotype were sonicated individually, and the soluble lysates were mixed and then
divided into four. Each was immunoprecipitated with a specific antibody. [D) ChIP assay with
ES cells. Cross-linked chromatins were immunoprecipitated with or without indicated anti-
bodies and subjected to amplification of Hox and Hprt regions [260-480 bp) by PCR. The
amplified regions weze detected in £.5% agarose gels.
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tation on the mutation at the mixed
lineage leukemia (MU) gene {Yu et al.
1995}, a mammalian homolog of
the trithorax gene of Drosophila me-
lanogaster, whose product is antago-
nistic to PcG mutations [Hanson
et al. 1999). Posterior transformations
at the cervico-thoracic transitional
zone caused by Sf3b1 mutation were
completely restored by MII mutation
{Table 1; Yagi et al. 1998). Therefore,
it is likely that $f3bl has an antago-
nistic relationship to trxG proteins as
well as PeG complexes, Taken to-
gether, these results indicate that
513bl is functionally involved in PcG
repressive complexes.

Since §£3bl is involved essentially
in pre-mRNA splicing, the basal ex-
pression levels of genes, including
PcG or Hox genes, may be profoundly
altered in §f3bI*/~ mice, leading to
homeotic transformations, To inves-
tigate this, a basal activity of splicing
was examined with nuclear extracts
from 10.5 dpc S$f3b1*/~ embryos in
which the S5f3bl level was reduced up
to ~75% but Rnf2 accumulated at
normal level {data not shown). De-
spite such lower quantities of Sf3bl,
their splicing activity was equal be-
cause of the same ratio of their
spliced forms [Fig. 3A). Furthermore,
while expression levels of $f3b1 were
reduced by half in $f3b1*/~ embryos,
those of five PcG genes, Zfp144, Ruf2,
Eed, Cbx2/M33, and Phc2/Edr2; three
Hox genes, Hoxb3, Hoxbé, and
Hoxb8; and a metabolic gene, Hprt,
were not {Fig. 3B}. Thus, homeotic
transformations in §f3b1*~ mice ap-
pear to be independent of the alter-
ation of general gene expression.
Next, we investigated the amount of
§£3b1 associated with PcG proteins in
3f3b1*~ embryos. While Zfpl44- or
Rnf2-associated $f3bl were clearly
decreased in Sf3bI1*~ embryos, Rnf2
was precipitated equally in both em-
bryos (Fig. 3C). It was also notable
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