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Solid tumors contain extensive hypoxic areas and it is of consider-
able importance to decipher the potential role of hypoxia in signal-
ing pathway regulation. In the present study, we examined the
impact of hypoxia on b-catenin status and the mechanisms
involved. Hypoxia significantly decreased b-catenin protein, but
had no effect on glycogen synthase kinase (GSK)-3b or adeno-
matous polyposis coli (APC) levels. However, hypoxia-induced
b-catenin downregulation seemed to require APC but not GSK-3b.
Further investigation revealed that hypoxia significantly upregu-
lated Siah-1, the human homolog of Drosophila seven in absentia.
In addition, hypoxia augmented the interaction between b-catenin
and SIP and Skp1. Silencing of Siah-1, as well as the use of a domi-
nant negative Siah-1 mutant, attenuated these responses to
hypoxia and rescued b-catenin transactivation. The Siah-1-medi-
ated degradation of b-catenin during hypoxia may involve p53,
but not hypoxia-inducible factor-1, activation. Together, the
results suggest that hypoxia downregulates b-catenin by increas-
ing Siah-1 expression in a p53-dependent manner. (Cancer Sci
2011; 102: 1322–1328)

S olid tumors frequently outgrow their blood supply during
the course of progression to advanced stages. This defi-

ciency in blood supply can deprive tumor cells of oxygen,
resulting in hypoxia.(1) The key regulator of cellular and sys-
temic responses to hypoxia is the hypoxia-inducible factor (HIF)
system, which consists of a constitutively expressed HIF-1b sub-
unit and one of either hypoxia-inducible a-subunits, HIF-1a or
HIF-2a.(2)

The Wnt signaling pathway plays a critical role in cell fate
determination, tissue homeostasis, and tumorigenesis.(3) The
central player in this signaling pathway is the cytoplasmic pro-
tein b-catenin. The stability of b-catenin is regulated by a
destruction complex consisting of glycogen synthase kinase
(GSK)-3b,(4) the adenomatous polyposis coli (APC) tumor sup-
pressor protein,(5) and axin.(6) Inappropriate activation of the
Wnt pathway leads to accumulation of nuclear b-catenin, which,
in complex with T-cell factor (TCF),(7) drives tumor progression
via the upregulation of target genes such as c-myc(8,9) and cyclin
D1.(10)

There are reports that hypoxia induces b-catenin overexpres-
sion and ⁄ or intracellular accumulation in macrophages and
hepatic cancer cells by downregulating the endogenous degrada-
tion machinery.(11,12) In addition, both hypoxia and the hypoxia
mimetic desferrioxamine (DFO) enhance b-catenin transcrip-
tional activity in osteoblasts and C3H10T1 ⁄ 2 cells by suppress-
ing sclerostin and enhanced phosphorylation of GSK-3b,
respectively.(13,14) However, in the colon adenocarcinoma cell
line SW480, neither b-catenin nor TCF-4 levels were changed
in response to hypoxia and immunocytochemistry revealed no
obvious changes in their subcellular localization.(15) In contrast,
downregulation of b-catenin under hypoxic conditions was
observed in the human colorectal cancer cell line RKO, which
may have resulted from hypoxia-induced endoplasmic reticulum
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stress.(16) Another in vitro study found reduced b-catenin and
increased GSK-3b activity under hypoxic conditions in retinal
endothelial cells, thus impairing the integrity of cell–cell junc-
tions.(17)

It is not clear why there are so many apparently discrepant
reports regarding b-catenin regulation under hypoxic conditions.
In the present study, we investigated b-catenin status under hyp-
oxic conditions in multiple cancer cell lines and explored poten-
tial underlying mechanisms.

Materials and Methods

Cell culture and hypoxia treatment. LNCaP, 786-0, and NCI-
H460 cells were cultured in RPMI 1640 plus 10% FBS, whereas
the MCF7, HeLa, SW480, HCT-116p53+ ⁄ + and HCT-116
p53) ⁄ ) cell lines were cultured in DMEM plus 10% FBS. To
create hypoxic conditions, cells were grown under 1% oxygen.

Plasmids and siRNA. The plasmid encoding wild-type APC
used in the present study, namely pCMV-APC, was purchased
from Addgene (Cambridge, MA, USA). The dominant negative
Siah-1 mutant plasmid (designated pcDNA3.1-Siah-1-DDN)
was constructed as described previously.(18) Scrambled, GSK-
3b-specific, Siah-1-specific, and p53-specific siRNAs were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Western blot analysis. Total proteins were extracted using
modified RIPA buffer and quantified using the Bradford assay
(Bio-Rad, Hercules, CA, USA). After electrophoresis, proteins
were semi-dry transferred to nitrocellulose membranes. Mem-
branes were blocked and incubated with appropriately diluted
primary antibodies (all from Abcam, Cambridge, MA, USA)
overnight at 4�C. After incubation with HRP-conjugated second-
ary antibody, the HRP signal was detected using Super ECL Plus
Detection Reagent (Applygen, Beijing, China) and exposed to X-
ray film. b-Actin served as a loading control. For quantification of
band intensity, appropriate films were scanned and band densities
were determined using Quantity One software (Bio-Rad), nor-
malized against b-actin, and presented as a ratio of control (arbi-
trarily designated as ‘‘1’’).

Co-immunoprecipitation. Cellular extracts were precleared
with protein A sepharose beads for 1 h at 4�C and incubated
with b-catenin antibody (Abcam) overnight at 4�C. Then, pro-
tein A sepharose beads were added and samples were incubated
for a further 1 h. The beads were then washed four times with
ice-cold lysis buffer and suspended in SDS sample loading
buffer. Western blotting was then performed using anti-Skp1
and anti-SIP antibodies (Abcam).

Real-time quantitative PCR. Total RNA was extracted using
TRIzol (Invitrogen, Carlsbad, CA, USA). After DNase I treat-
ment, 5 lg total RNA was reverse-transcribed into cDNA using
doi: 10.1111/j.1349-7006.2011.01950.x
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the Superscript First-Strand Synthesis System (Invitrogen).
Real-time PCR was performed with an ABI PRISM 7000
(Applied Biosystems, Foster City, CA, USA) and SYBR Premix
Ex Taq II kit (TaKaRa, Dalian, China). The specific primer pairs
used for quantitative (q) PCR were as follows: b-catenin, 5¢-GA-
TCCTCGCAGGGACTACAG-3¢ (sense) and 5¢-TACCCGGGT-
CTTCTACATGC-3¢ (antisense); Siah-1, 5¢-GACTGGCACAA-
CTGCATCCA-3¢ (sense) and 5¢-AGCCAAGTGCGAATGGA-
TC-3¢ (antisense); b-actin, 5¢-CTGGAACGGTGAAGGTGA-
CA-3¢ (sense) and 5¢-AAGGGACTTCCTGTAACAATGCA-3¢
(antisense); 28S RNA, 5¢-GGTAAACGGCGGGAGTAACT-
ATG-3¢ (sense) and 5¢-TAGGTAGGGACAGTGGGAATCT-
CG-3¢ (antisense); and RNA pol II, 5¢-GCACCACGTCCAATG-
ACAT-3¢ (sense) and 5¢-GTGCGGCTGCTTCCATAA-3¢ (anti-
sense). The expression levels of the target genes were calculated
using the DDCt method and were normalized using the geomet-
ric mean of three housekeeping genes (b-actin, 28S rRNA, and
RNA pol II), as described previously.(19) Changes in gene
expression are expressed as percent changes compared with the
corresponding control (defined as 100%). All experiments were
performed in triplicate and repeated three times.

Transfection. One day before transfection, cells were seeded
in appropriate culture disks to reach 80–90% confluency at
transfection. Cell transfection was performed using Lipofecta-
mine 2000 (Invitrogen). After 24 h transfection, cells were
exposed to hypoxia for specific times.

Luciferase reporter assays. Cells were transfected with TCF ⁄
leukemia inhibitory factor (LEF)-responsive luciferase reporter
TOPflash (Millipore ⁄ Upstate Labs, Temecula, CA, USA), FOP-
flash (mutant TCF binding sites, Millipore ⁄ Upstate Labs), and
Renilla luciferase reporter plasmids together with test plasmids.
Renilla luciferase reporter plasmids were used to normalize
transfection efficiencies. After exposure to hypoxia, cellular
luciferase activities were determined using the Dual Luciferase
Assay System kit (Promega, Madison, WI, USA).

Statistical analysis. All real-time PCR results and quantified
western blot results are presented as the mean ± SD. Student’s
t-test was used to identify significant differences between
groups. Statistical significance was set at P < 0.05.

Results

Significant downregulation of b-catenin, but not obvious
changes in GSK-3b and APC, during hypoxia in various cancer cell
lines. To more precisely examine b-catenin status during
(a)

(b)

Fig. 1. Expression of b-catenin, glycogen synthase
kinase (GSK)-3b, and adenomatous polyposis coli
(APC) in different cell lines under hypoxic
conditions. (a) Cells were exposed to hypoxia for
the time indicated and western blot analysis was
used to determine levels of hypoxia-inducible factor
(HIF)-1a, b-catenin, phosphorylated (p-) b-catenin
(S33, S37, and T41), GSK-3b, p-Ser-GSK-3b and APC.
(b) Real-time PCR was performed to determine b-
catenin mRNA levels following hypoxia for 0 (h), 6
( ), 12 (j), or 24 h ( ). Changes in b-catenin mRNA
levels, normalized against b-actin, are expressed as
percentage changes compared with untreated (0 h)
cells (in which b-catenin expression was set
at 100%). Data are the mean ± SD of three
experimental replicates. *P < 0.05 compared with
untreated (0 h) cells.
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hypoxia and exclude the possibility of cell type specificity, we
performed experiments in six different tissue-derived cell lines.
All cell lines carried wild-type APC and b-catenin, except for
HCT-116 cells, which carry a gain-of-function mutation (dele-
tion of amino acid Ser45). First, the cellular response to hypoxia
was verified by observing the levels of HIF-1a protein. As
shown in Figure 1(a), hypoxia significantly increased HIF-1a
protein expression in all cell lines except in HIF-1a-deficient
786-0 cells, suggesting that the cells were experiencing and
responding to hypoxia. Then, b-catenin protein levels were
determined under hypoxic conditions. In all cells lines, hypoxia
significantly downregulated b-catenin levels. This downregula-
tion was time dependent, with a marked downregulation seen at
6 h in most cell lines (LNCaP, MCF7, HCT-116 and 786-0) or
at 12 h or later in the NCI-H446 and HeLa cells. Of note, the
HIF-1a-deficient cell line 786-0 showed a marked loss of
b-catenin after exposure to hypoxia, indicating that hypoxic
b-catenin downregulation may not involve HIF-1a activation.

To determine the reason for b-catenin protein downregulation
in hypoxia, we examined b-catenin mRNA levels using quanti-
tative RT-PCR. As shown in Figure 1(b), there were no signifi-
cant changes in b-catenin mRNA levels in any of the cell lines
tested after exposure to 6 or 12 h hypoxia. After 24 h hypoxia,
moderate b-catenin mRNA downregulation was observed in
MCF-7, 786-0, and HeLa cells, whereas b-catenin mRNA levels
in the other cell lines were maintained at normal levels. This
suggests that the transcriptional status of b-catenin is unaffected
by hypoxia, at least not by early hypoxia (6 or 12 h). Therefore,
the downregulation of b-catenin protein levels may be due to a
post-transcriptional mechanism induced by hypoxia.

Because GSK-3b and APC are two important regulators of b-
catenin degradation, we examined GSK-3b and APC levels
under hypoxic conditions. Hypoxia had no significant effect on
GSK-3b phosphorylation, the total amount of GSK-3b protein
(Fig. 1a) or APC levels. We further examined levels of phos-
phorylated (p-) b-catenin (S33 ⁄ S37 ⁄ T41), which is phosphory-
lated by GSK-3b, under hypoxic conditions. As shown in
Figure 1(a), hypoxia did not induce a significant increase in p-b-
catenin (S33 ⁄ S37 ⁄ T41). Together, these findings indicate that
the hypoxia-induced degradation of b-catenin may not be due to
changes in GSK-3b or APC.

Hypoxia-induced b-catenin degradation requires APC, but not
GSK-3b. Although hypoxia did not induce significant changes in
APC or GSK-3b, this does not exclude their roles in b-catenin
degradation under hypoxic conditions. Therefore, we investigated
Cancer Sci | July 2011 | vol. 102 | no. 7 | 1323
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whether hypoxia-induced b-catenin degradation requires GSK-
3b activity. To this end, we examined b-catenin levels under
hypoxic conditions in the presence of LiCl, a potent GSK-3b
inhibitor, in MCF-7 cells, which carry wild-type APC and
b-catenin. As shown in Figure 2(a), LiCl treatment significantly
increased b-catenin levels under normoxic conditions. However,
in the presence of hypoxia, the LiCl-induced increase in b-cate-
nin levels were attenuated. As a negative control, KCl treatment
did not induce any obvious changes in b-catenin levels under
normoxic or hypoxic conditions (data not shown). In parallel,
we also examined the effects of siRNA-mediated GSK-3b
silencing on hypoxic b-catenin status. As shown in Figure 2(b),
b-catenin levels were increased in MCF-7 cells transfected with
GSK-3b siRNA, but not scrambled siRNA. After exposure to
hypoxia, both GSK-3b siRNA- and scrambled siRNA-transfect-
ed cells showed a marked loss of b-catenin (P < 0.05). These
results suggest that hypoxia-mediated degradation of b-catenin
may be independent of GSK-3b.

Next, we sought to investigate whether APC is required for
b-catenin degradation under hypoxic conditions by exposing
SW480 cells, a colon cancer cell line containing truncated APC,
to hypoxia for specific times (0, 6, 12 and 24 h). As shown in
Figure 2(c), there was no apparent b-catenin loss after hypoxia.
Then, cells were transfected with a plasmid encoding full-length
wild-type APC and b-catenin levels under hypoxic conditions
were reassessed. In SW480 cells transfected with the wild-type
APC plasmids, marked b-catenin degradation was observed
compared with cells transfected with an empty vector or un-
transfected cells (Fig. 2d). When exposed to hypoxia, cells
transfected with wild-type APC exhibited further degradation of
b-catenin, whereas those cells transfected with empty vector or
untransfected cells did not exhibit b-catenin loss (P < 0.05).
Together, these data provide evidence of the requirement for
APC, but not GSK-3b, for b-catenin degradation in hypoxia.

Increased Siah-1 expression and enhanced interaction between
b-catenin and SIP and Skp1 during hypoxia. The results reported
above indicate that other, GSK-3b-independent and APC-depen-
(a)

(b)

Fig. 2. Role of glycogen synthase kinase (GSK)-3b and adenomatous poly
MCF-7 cells were exposed to hypoxia or normoxia in the presence of
determined. (b) MCF-7 cells were transfected with scrambled (Scr) or G
transfection, cells were exposed to hypoxia and b-catenin levels were
mean ± SD. *P < 0.05 compared with untransfected or Scr siRNA-transfect
were exposed to hypoxia for times indicated and b-catenin levels wer
plasmids or empty plasmids (EP) for 36 h before being exposed to hypo
western blot analysis. Data are the mean ± SD. *P < 0.05 compared w
normoxic conditions.
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dent, pathways may be involved in hypoxia-induced b-catenin
degradation. Previous studies have reported another important
regulator of b-catenin degradation, namely Siah-1, which serves
as an E3 ubiquitin ligase that promotes b-catenin degradation
in a phosphorylation-independent manner.(20,21) Accordingly,
we investigated whether Siah-1 levels were affected by hypoxia.
As seen in Figure 3(a), varying degrees of Siah-1 mRNA upreg-
ulation were seen in all cell lines except for HeLa cells. The
upregulation of Siah-1 was time dependent, starting 6 h after the
initiation of hypoxia and persisting for 12 or 24 h. Moreover,
Siah-1 protein levels were also increased in most cell lines,
especially MCF-7 and HCT-116 cells, which corresponds with
the mRNA results. However, Siah-1 levels were not increased
in HeLa cells under hypoxic conditions. Importantly, obvious
Siah-1 upregulation was observed in 786-0 cells under hypoxic
conditions, suggesting that HIF-1a may not be involved in the
hypoxia-induced upregulation of Siah-1.

Based on previous reports that Siah-1 regulates b-catenin deg-
radation by recruiting it to SIP and Skp1, we evaluated the inter-
action between b-catenin and SIP and Skp1 under hypoxic
conditions. As shown in Figure 3(b), under normoxic conditions
there was little or no SIP and Skp1 co-immunoprecipitated with
b-catenin in MCF-7 and HCT-116 cells. In contrast, under hyp-
oxic conditions more SIP and Skp1 were detected in the b-catenin
immunoprecipitates compared with normoxia (Fig. 3b). These
immunoprecipitates also contained b-transducin repeat-contain-
ing protein (TrCP), an E3 ligase participating in phosphorylation-
dependent b-catenin degradation, but there were no significant
differences in b-TrCP levels between normoxic and hypoxic con-
ditions. Together, these results indicate that the Siah-1 pathway
may be involved in hypoxia-induced b-catenin degradation.

Hypoxia-induced b-catenin degradation requires Siah-1. To
verify the role of Siah-1 in b-catenin downregulation during
hypoxia, we examined b-catenin levels and the interaction
between b-catenin and SIP and Skp1 during hypoxia after Siah-
1 silencing. To this end, HCT-116 cells, which have a relatively
high basal expression of Siah-1, were transfected with either
(c)

(d)

posis coli (APC) in b-catenin degradation under hypoxic conditions. (a)
20 mM LiCl or KCl (control) for 6 h and b-catenin levels were then
SK-3b specific (GSK) siRNA or not transfected ()). Then, 48 h after

determined quantitatively using western blot analysis. Data are the
ed cells.; †P < 0.05 compared with normoxic conditions. (c) SW480 cells
e determined. (d) SW480 cells were transfected with wild-type APC
xia for 6 h. b-Catenin levels were then determined quantitatively by
ith untransfected or EP-transfected cells; †P < 0.05 compared with
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(a)

(b)

Fig. 3. Expression of Siah-1 and the interaction
between b-catenin with SIP and Skp1 under hypoxic
conditions in different cell lines. (a) Cells were
exposed to hypoxia for 0 (h), 6 ( ), 12 (j), or 24 h
( ) before determination of Siah-1 mRNA and
protein levels using real-time PCR and western blot
analysis, respectively. Changes in Siah-1 mRNA
levels, normalized against b-actin, are expressed as
percentage changes compared with untreated (0 h)
cells (in which b-catenin expression was set
at 100%). Data are the mean ± SD. *P < 0.05
compared with normoxic control (0 h). (b) A co-
immunoprecipitation (IP) assay was performed to
determine the interaction between b-catenin and
SIP and Skp1, or b-transducin repeat-containing
protein (TrCP), under hypoxic conditions in MCF-7
and HCT-116 cells. IB, immunoblotting.
Siah-1-specific siRNA or control scrambled siRNA. In cells
transfected with the scrambled siRNA, significant b-catenin loss
was observed under hypoxic conditions (Fig. 4a). In contrast,
significantly less loss of b-catenin was observed in Siah-1-
silenced cells (P < 0.05). In addition, although hypoxia induced
significant increases in SIP and Skp1 in the b-catenin immuno-
precipitates from untransfected and scrambled siRNA-transfect-
ed cells, this induction was potently attenuated by transfection
of Siah-1 siRNA (Fig. 4b).

To further confirm the role of Siah-1 in hypoxia-induced
b-catenin degradation, we analyzed the effect of dominant
negative interference of Siah-1 on hypoxia-induced b-catenin
degradation by transfecting HCT-116 cells with pcDNA3.1-
Siah-1-DDN, a plasmid expressing an N-terminal really interest-
ing new gene (RING) domain-lacking mutant of Siah-1 that
encodes a dominant negative form of Siah-1.(18,22) As antici-
pated, transfection of cells with the dominant negative Siah-1
construct significantly suppressed b-catenin degradation under
(a)

(b)

Fig. 4. Effect of silencing or dominant negative
(DN) interference of Siah-1 on b-catenin levels
under hypoxic conditions. HCT-116 cells were
transfected with scrambled (Scr) or Siah-1-specific
siRNA (Sia) or not transfected ()). Then, 24 h after
transfection, cells were exposed to hypoxia and (a)
b-catenin levels and (b) the interaction between b-
catenin and SIP and Skp1 were determined. For
quantitative analysis of b-catenin levels, data are
the mean ± SD. *P < 0.05 compared with normoxia;
†P < 0.05 compared with untransfected or Scr-
transfected hypoxic cells. (c) HCT-116 cells were
transfected with pcDNA3.1-Siah-1-DDN (DDN) or
empty plasmids (EP) or not transfected ()). Then,
24 h after transfection, cells were exposed to
hypoxia and b-catenin levels were determined
quantitatively by western blot analysis. Data are the
mean ± SD. *P < 0.05 compared with normoxia;
†P < 0.05 compared with untransfected or
EP-transfected hypoxic cells. (d) HCT-116 cells were
transfected with TOPflash or FOPflash reporter
plasmids together with pcDNA3.1-Siah-DDN (DDN)
or empty plasmids (EP) for 48 h. Then, cells were
exposed to hypoxia and luciferase activities
were determined. Data are the mean ± SD of three
experimental replicates. *P < 0.05.

Wang et al.
hypoxic conditions compared with control (empty plasmid;
P < 0.05), whereas hypoxia-induced upregulation of Siah-1 was
not affected (Fig. 4c).

To gain further insight into the role of Siah-1 in hypoxia-
induced degradation of b-catenin, the impact of dominant
negative interference of Siah-1 on the transactivating ability of
b-catenin under hypoxic conditions was assessed using lucifer-
ase reporter assay. In this assay, HCT-116 cells were transfected
with the b-catenin ⁄ TOPflash or its mutant derivative (FOPflash)
together with pcDNA3.1-Siah-1-DDN or empty plasmids before
being exposed to hypoxia. As shown in Figure 4(d), although
the dominant negative Siah-1-transfected cells exhibited
decreased luciferase activity after exposure to hypoxia, the
decrease was much less than that in empty plasmid-transfected
cells (P < 0.05). The luciferase activity of FOPflash was not
affected by hypoxia or transfection. Together, these data provide
evidence supporting a role for Siah-1 in hypoxia-induced b-cate-
nin degradation.
(c)

(d)
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Hypoxia induces Siah-1 upregulation and b-catenin degrada-
tion in a p53-dependent manner. Because p53 serves as an
upstream regulator of Siah-1,(20,21) we investigated whether
p53 plays a role in hypoxia-induced Siah-1 upregulation and
b-catenin degradation. To this end, we examined b-catenin and
Siah-1 levels in p53 wild-type and knockout HCT-116 cells
under hypoxic conditions. In accordance with the results
described above, hypoxia produced a marked decrease in b-cate-
nin expression in HCT-116 p53+ ⁄ + cells (Fig. 5a). In contrast,
no significant changes were found in b-catenin expression in
p53) ⁄ ) cells after exposure to hypoxia. In addition, hypoxia
induced a less profound upregulation of Siah-1 in p53) ⁄ ) cells
than observed in p53+ ⁄ + cells (P < 0.05). However, p53 levels
were not affected by hypoxia in p53+ ⁄ + HCT-116 cells.

We further tested the above hypothesis by evaluating hyp-
oxic b-catenin levels in HCT-116 p53-silenced cells. As
expected, the p53 siRNA, but not scrambled siRNA, potently
decreased p53 protein levels (Fig. 5b). After exposure of cells
to hypoxia, both untransfected and scrambled siRNA-
transfected cells exhibited a significant loss of b-catenin.
However, the loss of b-catenin was significantly less in p53-
silenced cells (P < 0.05). Moreover, hypoxic Siah-1 upregula-
tion was markedly suppressed by p53 silencing (P < 0.05).
(a)

(b)

Fig. 5. Effects of p53 knockout or knockdown on b-catenin and
Siah-1 levels under hypoxic conditions. (a) Both HCT-116 p53+ ⁄ + and
HCT-116 p53) ⁄ ) cells were exposed to hypoxia and the expression of
b-catenin (j) and Siah-1 (h) was determined quantitatively using
western blot analysis. Data are the mean ± SD. *P < 0.05 compared
with normoxia; †P < 0.05 compared with p53+ ⁄ + hypoxic cells. (b) HCT-
116 p53+ ⁄ + cells were transfected with scrambled (Scr) or p53-specific
siRNA (p53) or untransfected (Non). Then, 24 h after transfection, cells
were exposed to hypoxia and the expression of b-catenin (j) and Siah-
1 (h) was determined quantitatively by western blot analysis. Data
are the mean ± SD. *P < 0.05 compared with normoxia; †P < 0.05
compared with untransfected or Scr-transfected hypoxic cells.
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Therefore, p53 may be involved in hypoxia-induced b-catenin
degradation.

Discussion

In the present study, we investigated b-catenin levels under hyp-
oxic conditions. Hypoxia enhanced b-catenin degradation in all
cell lines examined. These results are in agreement with a previ-
ous study that also reported marked b-catenin degradation dur-
ing severe hypoxia (<0.01%) in Wnt3a-expressing cells.(16)

Another study also reported b-catenin loss under hypoxic condi-
tions in normal human retinal microvascular endothelial
cells.(17) However, there are some reports that have reported
conflicting results. For example, a study in macrophages
reported that chronic hypoxia induced b-catenin accumulation
through AKT activation and GSK-3b inactivation.(12) This
apparent discrepancy may stem from the fact that the authors of
that study used chronic moderate hypoxia,(12) whereas we used
acute severe hypoxia. In addition, tumor cells may build up bet-
ter tolerance to hypoxia than normal cells because solid tumors
experience more severe and persistent hypoxia than do normal
cells.(23)

In searching for the fundamental mechanism underlying
hypoxia-induced b-catenin degradation, we excluded the possi-
bility of decreased b-catenin gene transcription, which has also
been reported in RKO cells.(16) Then, we examined canonical
b-catenin degradation machinery under hypoxic conditions.
Unfortunately, we did not detect any significant fluctuations in
GSK-3b and APC levels. However, hypoxic b-catenin degrada-
tion still requires APC, but not GSK-3b. These findings led us
to examine other possible GSK-3b-independent mechanisms
involved in b-catenin degradation under hypoxic conditions.
Recent research has revealed a novel b-catenin degradation
pathway, namely p53–Siah-1. The critical protein in this path-
way, Siah-1, mediates b-catenin degradation in a phosphoryla-
tion-independent manner, thereby downregulating transcription
of Wnt target genes. This pathway is initiated by increased
expression of proteins in the Siah family, namely Siah-1 and
Siah-2, which function as E3 ubiquitin ligases by recruiting E2
ligase Ubc-H5 through its RING domain and interact sequen-
tially with SIP, Skp1, and Ebi proteins.(20,21) The Ebi protein, a
member of the F-box protein family, binds and recruits b-cate-
nin to the Siah-1–SIP–Skp1 complex for polyubiquitination and
subsequent proteosome-mediated degradation. Cellular Siah-1
protein levels are kept low under normal physiological condi-
tions.(18) However, under conditions of cellular stress, Siah-1
expression can be induced.(24) Clinicopathological studies have
demonstrated that Siah-1 expression appears to be modified in
human tumor tissues compared with normal controls.(25) In most
cases, Siah-1 mRNA is decreased in tumor tissues compared
with that in normal tissues.(26) The results of the present study
clearly demonstrate a significant upregulation of Siah-1 and
increased interaction between b-catenin and SIP and Skp1under
hypoxic conditions, implying a potential role for Siah-1 in
hypoxia-induced b-catenin degradation. Further experiments
using siRNA-mediated knockdown and dominant negative
interference confirmed the role of Siah-1 in hypoxia-induced
b-catenin degradation. A previous study has shown that Siah-2,
another member of the Siah family, is upregulated in both severe
and mild hypoxia, suggesting a role in hypoxia signaling.(27) In
addition, a recent study has reported a significant increase in
Siah-1 in preterm placental explants during hypoxia.(28) These
findings are consistent with those of the present study, suggest-
ing Siah-1 as a putative hypoxia-sensing molecule.

It is widely considered that p53 is a key regulator in tumor
hypoxia. In the present study, we provide evidence supporting
the involvement of p53 in hypoxia-induced upregulation of
Siah-1. This finding is in agreement with previous reports that
doi: 10.1111/j.1349-7006.2011.01950.x
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Siah-1 is a p53-inducible regulator in mammalian cells.(20,21)

However, we are puzzled by the result that there was no signifi-
cant increase in p53 expression under hypoxic conditions, which
seems to undermine our presumption of p53 acting as an
upstream modulator of Siah-1 in hypoxia. Indeed, other studies
have demonstrated that p53 cannot be induced by hypoxia alone,
but that it does respond to the hypoxic microenvironment.(29,30)

A previous Siah-1 promoter study isolated a genomic fragment
of the Siah-1 promoter region and found an Sp1 recognition site
that is required for basal Siah-1 transcription.(31) However, p53
recognition sites are absent in this region. Perhaps, p53 may act
as a coactivator of Siah-1 transcription or regulate its enhancer.

It is worth noting that hypoxia-induced Siah-1 upregulation
occurs in a time-dependent manner and only persists for 12–
24 h. After 24 h hypoxia, cellular Siah-1 levels return to normal.
Thus, we hypothesized that Siah-1 may act as a hypoxia-induc-
ible immediate early gene. There are several lines of evidence
supporting this assumption. An earlier study has reported that
Siah-1 expression is increased significantly under high glucose
conditions in Müller Cells and that this is sustained for up to
24 h.(24) Similarly, hypoxia-induced Siah-2 expression starts as
early as 2 h after hypoxia and reaches a maximum after approxi-
mately 5 h.(27) However, hypoxia induces gradual b-catenin
downregulation, with the most significant b-catenin loss at 24 h
after hypoxia. This discordance suggests other regulators may
be involved in b-catenin downregulation. Moreover, Siah-1
silencing or dominant negative interference of Siah-1 cannot
completely rescue b-catenin loss under hypoxic conditions,
which also indicates the presence of other mechanisms contrib-
uting to hypoxia-induced b-catenin degradation. Given the
observation that HIF-1a-deficient 786-0 cells exhibited
decreased b-catenin and increased Siah-1 under hypoxic condi-
tions, we suggest that HIF-1a may not be one of the factors
contributing to hypoxia-induced b-catenin degradation.

It is a widely accepted that hypoxia can block tumor cell sur-
vival, eventually leading to apoptosis or cell death.(32) However,
tumor hypoxia can also induce a more aggressive clinical out-
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come. These two drastically different outcomes can be explained
by the assumption that hypoxia kills most of the sensitive tumor
cells and leaves only the most resistant, eventually enhancing
the malignancy of the surviving cells.(16) Therefore, tumor
hypoxia has been considered as a selective pressure for tumor
cell populations. The attenuated b-catenin signaling observed in
the present hypoxia study may be one of the selective pressures,
because b-catenin signaling is an important driving force for
tumor progression. An earlier report suggested that hypoxia
selects for tumor variants that have lost their apoptotic potential
and, in particular, for cells acquiring p53 mutations.(33) Given
the present finding that p53 is required for hypoxia-induced
Siah-1 upregulation and b-catenin downregulation, we argue
that p53 deficiency could allow tumor cells to circumvent the
‘‘b-catenin loss pressure’’, thus maintaining the malignancy-
promoting ability of b-catenin signaling. In addition, we also
hypothesize that b-catenin degradation in hypoxia may be criti-
cal for the prevention of constitutive cell proliferation, because
decreasing energy consumption is an urgent need for the sur-
vival of hypoxic cells.

In conclusion, the present study has revealed a substantial
decrease in b-catenin during hypoxia. Although other mecha-
nisms contributing to b-catenin degradation in hypoxia cannot
be ruled out, our findings provide a model in which hypoxia-
induced Siah-1 upregulation leads to b-catenin degradation in a
p53-, but not HIF1a-dependent manner.
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