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Abstract: Over-activation of SUMOylation is correlated with poor prognosis in multiple myeloma (MM), with the 
mechanism unclear. Wnt signaling is one of the aberrantly regulated pathways related to cancer tumorigenesis and 
progression. Whether SUMOylation is involved in regulating the activity of Wnt/β-catenin pathway, however, has not 
been reported in MM. Here we found that the TOPflash reporter activity and the expression of Wnt/β-catenin target 
genes can be down-regulated after interference with SUMOylation through SUMO-1 small interfering RNA (siRNA). 
SUMOylation inhibition down-regulated β-catenin at protein level via promotion of ubiquitin-proteasomal mediated 
degradation. Furthermore, over-expression of β-catenin rescued Wnt/β-catenin pathway activity and partially pre-
vented increased apoptosis and growth inhibition induced by SUMOylation inhibition, indicating that β-catenin was 
responsible for the observed effect on Wnt/β-catenin pathway. To gain a clearer view, we exploited the inter-protein 
interactions of β-catenin and SUMO-1 in myeloma cell lines. Immunoprecipitation and immunofluorescence as-
say proved that β-catenin is subjected to SUMOylation in vivo, which may, at least partially explain the impact of 
SUMOylation inhibition on β-catenin. The association of SUMO-1 and β-catenin was confirmed in myeloma patient 
samples. Taken together, our data proved that SUMOylation inhibition down-regulates Wnt/β-catenin pathway by 
promoting the ubiquitin-proteasomal mediated degradation of β-catenin. SUMOylation of β-catenin is part of the 
mechanisms involved in the dysregulated proliferation of myeloma cells.
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Introduction 

As the second most common hematological 
malignancy, multiple myeloma (MM) is charac-
terized with clonal proliferation of abnormal 
plasma cells and elevated serum and urine 
monoclonal paraprotein [1]. Despite of various 
treatment options, MM remains incurable with 
a median survival of only 6 years [2]. Patient 
survival is highly heterogeneous, highlighting 
the necessity to identify critical targets involved 
in the mechanism of neoplasia and disease 
progression of MM [3].

SUMOylation is a vital post-translational modi- 
fication characterized by covalent and revers-
ible binding of SUMO (small ubiquitin-like 
modifier) proteins to target proteins [4]. Expre- 
ssion of SUMO proteins is markedly increased 
in processes associated with carcinogenesis, 
such as cell growth, differentiation, senes-

cence, oxidative stress as well as apoptosis [5]. 
The SUMOylation pathway is aberrantly activat-
ed in MM, associated with adverse clinical 
results, which could be a specific target for 
management of MM, with prognostic and thera-
peutic value [3]. 

Previous studies indicated that myeloma cells 
exhibit decreased survival after SUMOylation 
inhibition [3], but the mechanism remained to 
be elucidated. Among the aberrantly regulated 
pathways, Wnt signaling plays important roles 
in the survival of myeloma cells. Derksen et al.
[6] reported that stimulation of Wnt/β-catenin 
signaling increases cell proliferation, while 
blocking Wnt/β-catenin signaling would inter-
fere with the growth of MM cells, providing a 
critical role of Wnt/β-catenin pathway in myelo-
ma survival. β-catenin is the downstream effec-
tor of the Wnt/β-catenin signaling pathway, 
regulating genes including cyclinD1, c-myc, sur-
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vivin [7-9]. It contributes to enhanced carcino-
genetic, proliferative and metastatic properties 
of MM [10], and considered to be the central 
component of the Wnt/β-catenin pathway [11]. 
Here our data showed that Wnt/β-catenin path-
way participates in the mechanism of SUMO- 
ylation inhibition in myeloma cells via acceler-
ated degradation of β-catenin; SUMOylation of 
β-catenin is part of the mechanisms involved in 
the dysregulated proliferation of myeloma cells.

Materials and methods

Cell lines and culture conditions

The human multiple myeloma cell lines RPMI-
8226 and NCI-H929 were maintained in RPMI-
1640 medium with 10% (v/v) fetal bovine 
serum (FBS) (Hyclone), 100 units/ml penicillin 
and 100 μg/ml streptomycin in a humidified 
atmosphere of 95% air and 5% carbon dioxide 
(CO2) at 37°C.

Normal and malignant plasma cells

MM bone marrow samples were isolated from 
newly diagnosed patients by undergoing rou-
tine diagnostic aspirations, with informed con-
sent. Normal, human adult bone marrow was 
from healthy people who underwent physical 
examination, also with informed consent. Cells 
were separated by Ficoll density gradient cen-
trifugation and then incubated with anti-CD138 
antibodies coupled with magnetic beads and 
positively selected on a magnetic affinity col-
umn (Miltenyi Biotech, Auburn, CA). The amount 
of CD138-positive plasma cells was deter-
mined using light microscopy.

Immunoprecipitation assay

Cells were washed once with ice-cold PBS, 
lysed in non-denaturing buffer (20 mM Tris–
HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM 
EGTA, 2.5 mM sodium pyrophosphate, 1 mM 
β-sodium glycerophosphate, 1% TritonX-100, 1 
mM sodium vanadate, 1 mM PMSF) containing 
1 tablet/10 mL of protease inhibitor cocktail 
(Roche, Basel, Switzerland) and 50 mM NEM 
(Sigma, St. Louis, MO). The cells were rotated at 
4°C for 20 min, centrifuged at 12,000 rpm for 
15 minutes. The supernatant was removed, 
incubating with the appropriate antibody (IgG, 
anti-β-catenin polyclonal antibody) and protein-
A-Sepharose. The mixture was rotated at 4°C 

for 16 h, then washed with ice cold PBS three 
times and 30 μL SDS-loading buffer was added 
to the pellet. The sample was then boiled for 10 
minutes, centrifuged for 15 minutes at 12,000 
rpm. Then 20 μL was loaded onto Tricine-SDS-
PAGE gels, and probed with anti-β-catenin poly-
clonal antibody (rabbit, CST). The remaining 10 
μL was loaded on another gel, probing with 
anti-SUMO-1 antibody (rabbit, Abcam).

Total RNA isolation and real-time PCR 

Total RNA was extracted using TRIzol reagent 
(Invitrogen), according to manufacturer’s instru- 
ctions. RNA concentration and integrity were 
then checked with a UV/VIS spectrophotometer 
NanoDrop 1000 (Thermo Scientific, Wilmington, 
DE, USA). Complementary DNA was generated 
by M-MLV Reverse Transcriptase (Promega, 
Madison, WI, USA). Then the complementary 
DNA was analyzed with quantitative PCR using 
SYBR® Premix Ex TaqTM (TaKaRa, Dalian, 
China). The samples analyzed were in duplicate 
and normalized to actin expression using the 
2-ΔΔCT method.

Western blot 

Cell lysates were subjected to electrophoresis 
through Tricine-SDS-PAGE and blotted with 
antibodies for SUMO-1 (rabbit, Abcam), β-ca- 
tenin (rabbit antibody for western blot, from BD 
Biosciences; mouse antibody for immunofluo-
rescence staining, from Cell Signaling Tech- 
nology) and β-actin (Upstate, Billerica, MA, 
USA). The immunoblots were visualized with the 
Enhanced Chemiluminescence (ECL) Western 
Blotting System (GE Healthcare Life Sciences, 
Pittsburgh, PA, USA).

RNA interference, plasmids and transfection

Three short interfering RNA (siRNA) duplexes 
targeting human SUMO-1, 1# (CTGGGAATGGAG- 
GAAGAAG), 2# (CAATGAATTCACTCAGGTT), 3# (G- 
GACAGGATAGCAGTGAGA) were provided by 
RiboBio Co., Ltd (Guangzhou, China). Negative 
control siRNA from RiboBio was confirmed not 
to interact with any mRNA sequence else. 
Another negative control siRNA (with cy3) was 
used to determine transfection efficiency. 
Twenty-four hours after transfection, transfec-
tion efficiency was determined by the percent-
age of cells with cy3 (red) under fluorescence 
microscope. The mutant β-catenin plasmid 
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(pcDNA3-S33Y, 19286#) and wild-type β-ca- 
tenin (pcDNA3, 97380#) plasmid were pur-
chased from Addgene. Standard recombinant 

DNA techniques were used to construct the fol-
lowing plasmids: pXF3H-His/SUMO-1 and pS- 
G5-Myc/SENP1. The transfection of siRNA 

Figure 1. SUMOylation inhibition represses the Wnt/β-catenin pathway. A. For myeloma cells NCI-H929, the silenc-
ing efficiency with SUMO-1 siRNA was tested 48 hours after transfection. Total RNA was then extracted, and SUMO-1 
mRNA level was determined by real time RT-PCR. Whole cell lysate was collected and lysed and immunoblotted with 
anti-SUMO-1 antibody. SUMO-1 was indicated by arrow and was about 15 kDa in size, while SUMOylation pattern 
was detected as conjugated proteins with SUMO-1 modification. B. Effects of SUMO-1 inhibition on TCF/β-catenin re-
porter activity. Myeloma cells were transfected with control siRNA or siRNA targeting SUMO-1. After 48 h incubation, 
cells were transfected with TOPflash reporter plasmid or FOPflash-negative control plasmid. Twenty-four hours after 
re-transfection, cells were harvested and luciferase activity was measured as described in Materials and Methods. 
All results were normalized for transfection efficiency using the hRL-Null Renilla plasmid. Fold induction corresponds 
to luciferase activity of positive TOPflash reporter over negative FOPflash reporter. Data represent mean ± S.D.; *p 
< 0.05 by Student’s t-test; Experiments were performed in triplicate and repeated twice. C. Myeloma cells were 
treated with SUMO-1 siRNA or negative control for 48 hours. Total RNA was then extracted, and the downstream 
genes of Wnt/β-catenin pathway, including c-myc, cyclinD1 and survivin, were determined by real time RT-PCR. (*p 
< 0.05, **p < 0.01 by Student’s t-test). The experiment was performed three times.
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duplexes and plasmids was performed with 
Lipofectamine 2000 (Invitrogen) according to 
the manufacturer’s instructions. 

Immunofluorescence staining

Myeloma cells were cultured on coverslips in 
6-well plates for 48 hours. Then supernant was 
removed and cells were washed softly with ice-
cold PBS, fixed with 4% paraformaldehyde, per-
meabilized in 0.1% Triton X-100 for 5 minutes, 
and then washed with cold PBS. Then fixed 
cells were blocked with PBS containing 5% BSA 
for 1 hour at room temperature. The cells were 
then incubated with the indicated primary anti-
bodies overnight followed by incubation with 
fluorescence-labeled secondary antibody. The 
cells were finally stained with Hoechst (1 μg/
ml) and then examined under a confocal 
microscope.

MTS assay

To assess cell viability following different treat-
ment, MTS assay was performed. 10 × 103 

myeloma cells were plated in each well of a 
96-well plate. Following treatment with various 
reagents, 20 ml of MTS (Promega) solution was 
added to each well and the cells were incubat-
ed for 2 hours in a humidified incubator at 37°C 
with 5% CO2. The absorbance at 490/690 nm 
was measured by FlexStation 3 (Molecular 
Devices). MTS assays were performed in in trip-
licate and repeated at least twice.

Flow cytometry and luciferase reporter assay

The Flow cytometry assay was performed using 
the Annexin V-FITC-PI kit (Kaiji, China). Cells 
were collected, washed with PBS for twice, and 
thus stained according to the producer’s manu-
al. Flow cytometer (BD FACS calibur 4, America) 
was performed immediately. Each groups 
detected in triplicate experiments and mean 
were calculated. The Luciferase Reporter Assay 
was performed as previously described [10]. 
Briefly, MM cells (4.0 × 105) were transfected 
with TOPflash or FOPflash Wnt/β-catenin 
reporter plasmids containing wild-type or 
mutant TCF DNA binding sites by using Fugene 
(Roche) according to the manufacturer’s proto-
col. Cells were also cotransfected with the hRL-
Null Renilla plasmid. We have the results nor-
malized to the activity of renilla. Experiments 
were performed in triplicate and repeated 
twice.

Statistical analysis

Each experiment was performed for at least 
two times. The values shown are the mean ± 
SD. Student’s t-test (two-sided) was used to 
test for significant differences between groups. 
* And ** indicates p values of < 0.05 and 0.01, 
respectively.

Results

SUMOylation inhibition represses the Wnt/β-
catenin pathway 

First, we investigated the role of SUMOylation 
in the regulation of Wnt/β-catenin signaling. 
SUMO-1 is evolutionally conserved from yeast 
to humans and has been extensively studied in 
the SUMO family [12]. Besides, the vast major-
ity of SUMO-1 is conjugated to proteins [13]. 
Then we tested the effect of SUMOylation inhi-
bition by SUMO-1 siRNA. Negative control siRNA 
(Cy3) was used to evaluate transfection effi-
ciency, which proved to be greater than 90% 
(Supplementary Figure 1). Three different 
SUMO-1 siRNAs were employed at a dose of 
100 nM. The siRNA#3 effectively decreased 
the expression of SUMO-1 at mRNA level (Figure 
1A, left). Whole cell lysates were probed with 
anti-SUMO-1 antibody after transfection. SU- 
MO-1 was indicated by arrow and was about 15 
kDa in size, while SUMOylation pattern was 
detected as conjugated proteins with SUMO-1 
modification. We found that siRNA#3 effective-
ly decreased the expression of SUMO-1 as well 
as SUMOyaltion pattern (Figure 1A, right), and 
it was selected for the following experiments.

The Wnt/β-catenin pathway activity in myeloma 
cells was detected using the TOPflash reporter 
and checked with FOPflash activity as a control 
for background activity of TOPflash [14]. We 
transiently transfected myeloma cells with 
either TOPflash or FOPflash (negative control) 
plasmids after transfection with SUMO-1 siRNA 
or negative control, and measured the lucifer-
ase activity. Results showed that compared 
with negative control, knockdown of SUMO-1 
significantly inhibited TOPflash reporter activity 
in both RPMI-8226 and NCI-H929 cell lines 
(Figure 1B). To further confirm the effect of 
SUMOylation inhibition on the regulation of 
Wnt/β-catenin pathway, the expression of 
Wnt/β-catenin target genes, c-myc, cyclinD1 
and survivin, was analyzed by quantitative real 
time PCR. As shown in Figure 1C, all three tar-
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get genes were significantly down-regulated fol-
lowing SUMOylation inhibition in both cell lines, 
which was consistent with the changes in 
reporter activity. Taken together, our results 
indicated that SUMOylation inhibition could 
repress the Wnt/β-catenin pathway in myeloma 
cells.

SUMOylation inhibition promotes the degrada-
tion of β-catenin via the ubiquitin-proteasomal 
pathway 

The Wnt/β-catenin signaling could be regulated 
at multiple steps. As a central effector of Wnt/
β-catenin pathway, β-catenin plays crucial role 

Figure 2. SUMOylation inhibition promotes the degradation of β-catenin via the ubiquitin-proteasomal pathway. A. 
Myeloma cells were treated with SUMO-1 siRNA or negative control for 48 hours. Total RNA was then extracted, and 
β-catenin mRNA level was determined by real time RT-PCR. B. Myeloma cells NCI-H929 and RPMI-8226 were trans-
fected with control or siRNA targeting SUMO-1. After 48 h incubation, whole cell lysate was collected and lysed and 
immunoblotted with anti-SUMO-1 or anti-β-catenin antibody respectively. C. Myeloma cells NCI-H929 were treated 
with mounting doses of SUMO-1 siRNA (30 nM, 50 nM, 100 nM) for 48 h. Then whole cell lysate was collected and 
lysed and immunoblotted with anti-SUMO-1 or anti-β-catenin antibody respectively. D. Myeloma cells were trans-
fected with control or siRNA targeting SUMO-1. After 48 hours, cells were treated with CHX (100 μg/ml) for indicated 
time periods (0, 0.5, 1, 2 hours). Cell lysate was subjected to western blot with anti-β-catenin antibody. The relative 
intensity of β-catenin proteins at the indicated time points was quantified using SmartViewsoftware. In the negative 
control group, the intensity was standardized to 100% of the control sample (CHX 0 h); while in the SUMO-1 siRNA 
group, it was standardized to 100% of the control sample in the SUMO-1 siRNA group (CHX 0 h). This result is a 
representative of three independent experiments. E. Myeloma cells NCI-H929 were transfected with SUMO-1 siRNA 
or negative control. After 48 hours, the cells were harvested under denaturing conditions and immunoprecipitated 
with anti-β-catenin antibody. The immunoprecipitates were resolved by SDS-PAGE and immunoblotted with anti-
ubiquitin and anti-β-catenin antibodies respectively. F. Myeloma cells NCI-H929 were transfected with SUMO-1 siR-
NA or negative control. 48 hours after transfection, cells were treated with MG132 (10 μM) for 5 hours. The protein 
extracts were then analyzed by western blot using antibodies against β-catenin, SUMO-1 or actin as loading control. 
G. Myeloma cells were transfected with SUMO-1 siRNA together with β-catenin (WT) or β-catenin (S33Y) plasmids. 
After 48 h incubation, cells were transfected with TOPflash reporter plasmid or FOPflash-negative control plasmid. 
Twenty-four hours after retransfection, cells were harvested and luciferase activity was measured as described in 
Materials and Methods. All results were normalized for transfection efficiency using the hRL-Null Renilla plasmid. 
Fold induction corresponds to luciferase activity of positive TOPflash reporter over negative FOPflash reporter. (Data 
represent mean ± S.D.; **p < 0.01 by Student’s t-test).
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in MM tumor progression. Herein, we assessed 
the effect of SUMOylation inhibition on 
β-catenin. As shown in Figure 2A, interference 
with SUMO-1 had no perceptible effect on the 
mRNA level of β-catenin. However, β-catenin 
protein was down-regulated following interfer-
ence with SUMOylation in RPMI-8226 and NCI-
H929 myeloma cell lines (Figure 2B). In addi-
tion, the expression of β-catenin was in 
association with SUMO-1 protein level. When 
myeloma cells were transfected with mounting 
doses of SUMO-1 siRNA (30 nM, 50 nM, 100 
nM), a lower level of β-catenin was observed 
(Figure 2C). Taken together, our results suggest 
that SUMOylation inhibition could down-regu-
late β-catenin, probably at post-transcriptional 
level.

To determine whether SUMOylation inhibition 
affects the degradation of β-catenin, we trans-
fected cells with SUMO-1 siRNA and measured 
β-catenin protein level in the presence of cyclo-
heximide (CHX), an inhibitor of protein biosyn-
thesis. Immunoblot analysis evidenced an 
increased degradation of β-catenin in SUMO-1 
siRNA transfected cells, confirming that 
SUMOylation inhibition could promote β-catenin 
degradation (Figure 2D). Since proteasome 
plays a major role in the degradation of 
β-catenin, we set out to examine whether the 
decrease in β-catenin protein level after SUMO-
1 inhibition was mediated by the ubiquitin-pro-
teasomal degradation system. Myeloma cells 
transfected with SUMO-1 siRNA or negative 
control were immunoprecipitated with anti-β-
catenin antibody. The immunoprecipitates were 
resolved by SDS-PAGE and immunoblotted with 
anti-ubiquitin and anti-β-catenin antibodies 
respectively. Results showed that SUMO-1 
knock-down was associated with enhanced 
β-catenin ubiquitination, indicating that protein 
degradation was promoted during the attach-
ment of poly-ubiquitin to the β-catenin protein 
(Figure 2E).

We further compared the changes of β-catenin 
in myeloma cell line NCI-H929 transfected with 
SUMO-1 siRNA, with or without MG132, a spe-
cific proteasome inhibitor (Figure 2F). Forty 
eight hours after SUMO-1 siRNA transfection, 
myeloma cells were treated in the presence or 
absence of MG132 (10 μM) for 5 hours, and 
analyzed by western blot using anti-β-catenin 
antibody. In the group without MG132 treat-
ment, β-catenin protein reduced after SUMO-1 

siRNA transfection (lane 1 and 3). In the nega-
tive control group, β-catenin level increased 
after the addition of MG132 (lane 1 and 2). 
Similar results were also observed in myeloma 
cells transfected with SUMO-1 siRNA, in which 
the addition of MG132 protected β-catenin pro-
tein from decreasing (lane 3 and 4). Important 
to note, the addition of MG132 in the SUMO-1 
siRNA transfected group restored the β-catenin 
level to that in the negative control group (lane 
2 and 4), indicating that the ubiquitin-protea-
somal mediated degradation plays a major role 
in the decreased level of β-catenin after 
SUMOylation inhibition. 

As previously reported, Ser33 is an important 
site for GSK-3β mediated degradation of 
β-catenin. To determine whether SUMOylation 
inhibition related β-catenin degradation was 
dependent on Ser33, we cotransfected SUMO-
1 siRNA together with wild-type or mutant 
β-catenin (S33Y), then measured the TOPflash 
reporter activity as mentioned above (Figure 
2G). We found that SUMO-1 siRNA inhibited the 
wild-type β-catenin activation of TOPFflash 
luciferase activity, while had no effect on 
mutant β-catenin activation, indicating that the 
effect of SUMOylation on Wnt signaling is 
dependent on the phosphorylation of the 
Ser33. 

Overexpression of β-catenin rescued Wnt/β-
catenin pathway activity and partially prevent-
ed increased apoptosis and growth inhibition 
induced by SUMOylation inhibition

We next set out to test whether the effect of 
SUMOylation inhibition was mediated by 
β-catenin down-regulation. Firstly, changes in 
Wnt/β-catenin downstream effectors (c-myc, 
cyclinD1, survivin) were compared in cells that 
were subjected to the knockdown of SUMO-1, 
overexpression of β-catenin (S33Y), or both. 
Consistent with previous findings, SUMO-1 
siRNA treatment decreased the protein level of 
β-catenin as well as down-stream effector pro-
teins. Overexpression of β-catenin (S33Y) res-
cued myeloma cells from the loss of proteins 
(Figure 3A). 

The distribution of apoptotic cells following 
treatment of myeloma cells with SUMO-1 
siRNA, β-catenin expression vector, or both 
were evaluated using annexin V and propidium 
iodide (PI) double staining (Figure 3B). The 
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annexin V positive cells were recognized as 
apoptotic cells, which represented both early 

and late apoptotic cells. We found that follow-
ing SUMO-1 silencing with siRNA, the propor-

Figure 3. Overexpression of β-catenin rescued Wnt/β-catenin pathway activity and partially prevented increased 
apoptosis and growth inhibition induced by SUMOylation inhibition. A. Myeloma cells NCI-H929 were treated with 
SUMO-1 siRNA and/or β-catenin (S33Y) plasmid for 48 hours. Protein samples were subjected to western blot analy-
sis for the Wnt/β-catenin downstream effector proteins (c-myc, cyclinD1, survivin) with indicated antibodies. B. The 
distribution of apoptotic cells following treatment of myeloma cells with SUMO-1 siRNA, β-catenin (S33Y) expres-
sion vector, or both were evaluated using annexin V and propidium iodide (PI) double staining. Early apoptotic cells 
(Annexin-V+ and PI-) were displayed in the lower right quadrant and late apoptotic cells (Annexin-V+ and PI+) were 
shown in the upper right quadrant. C. The percentage of all the apoptotic cells (including Annexin-V+ PI- and Annexin-
V+ PI+ cells) were indicated by Annexin-V+ cells shown as mean ± SD from three independent experiments. D. The 
growth inhibition of myeloma cells following different treatments was shown by the percentage of relative survival 
rate (OD value of sample/OD value of control in each group×100%) (*p < 0.05, **p < 0.01 by Student’s t-test). 
These experiments were performed three times. E. Myeloma cells (NCI-H929) were exposed to hydrogen peroxide 
(100 μM) for indicated time intervals (0, 3 h, 6 h). Cell lysate was subjected to western blot with anti-β-catenin and 
anti-SUMO-1 antibody, respectively. F. Myeloma cells (NCI-H929) were exposed to anacardic acid (AA) (100 μM) for 
indicated time intervals (0, 3 h, 6 h). Cell lysate was subjected to western blot with anti-β-catenin and anti-SUMO-1 
antibody, respectively. G. 48 hours after transfection of β-catenin plasmid, cells were exposed to different concen-
trations of anacardic acid (AA) (12.5 μM, 25 μM, 50 μM). 48 hours later, cell viability was evaluated using MTS assay 
as described under “Materials and methods”. These experiments were performed three times. Relative survival rate 
was calculated as “OD value of sample / OD value of DMSO sample in each transfection group×100%”. MTS assays 
were performed in in triplicate and repeated at least twice (*p < 0.05, **p < 0.01 by Student's t-test).
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tion of apoptotic cells increased, though not 
quite obviously, from 10% to 18% in RPMI-
8226, and 5% to 17% in NCI-H929, respectively 
(Figure 3C). Moreover, β-catenin (S33Y) overex-
pression partially prevented the cell death 
induced by SUMO-1 inhibition. Then we mea-
sure the cell viability by MTS assay. Consistent 
with apoptotic results, the cell viability was 
decreased after SUMO-1 knock-down, which 
could be partially rescued by overexpression of 
β-catenin (S33Y) (Figure 3D). It is important to 
note that overexpression of β-catenin (S33Y) 
did not fully rescue cells from dying or growth 
inhibition, suggesting that there might be other 
pathways also involved in the network regula-
tion of SUMO-1 mediated cell survival. 

We further exposed myeloma cells to hydrogen 
peroxide and anacardic acid (AA), the two 
known inhibitors of SUMOylation (Figure 3E 
and 3F). After treatment with hydrogen perox-
ide or anacardic acid for indicated times, the 
SUMOylated proteins as well as β-catenin were 
decreased in a dose dependent manner. To 
confirm that the cell toxicity of anacardic acid 
was related to decreased β-catenin protein 
level, β-catenin (S33Y) was overexpressed in 
myeloma cells that were then treated with ana-
cardic acid. As shown in Figure 3G, the growth 
inhibition induced by anacardic acid was 
reduced from 13% to 1% at 12.5 μM, 35% to 
19% at 25 μM, and 66% to 49% at 50 μM after 
transfection of β-catenin (S33Y) respectively, 

Figure 4. Endogenous β-catenin is modified by SUMO-1 in myeloma cells. A. Myeloma cells RPMI-8226 and NCI-
H929 were harvested under denaturing conditions as described under “Experimental Procedures” and immuno-
precipitated with anti-β–catenin rabbit antibody or IgG as a control. The immunoprecipitates (IP) were resolved by 
SDS-PAGE and immunoblotted with anti-β-catenin and anti-SUMO-1 antibodies respectively. SUMOylated β-catenin 
and non-SUMOylated β-catenin were indicated by arrow head and arrow, respectively. B. NCI-H929 was transfected 
with Flag-tagged β-catenin or together with His-tagged SUMO-1 or Myc-tagged SENP1, after 48 hours, cells were 
harvested and then subjected to western blot with anti-Flag antibody. C. Endogenous β-catenin co-localized with 
SUMO-1. Myeloma cells NCI-H929 were fixed and stained with anti-β-catenin mouse antibody (green) and anti-
SUMO-1 rabbit antibody (red). DNA was stained with DAPI. The images were taken by confocal microscopy as de-
scribed under “Experimental Procedures”. D. After transfection of negative control and/or SUMO-1 siRNA for 48 
hours, whole cell lysates were immunoprecipitated with anti-β-catenin antibody. The immunoprecipitates (IP) were 
resolved by SDS-PAGE and immunoblotted with anti-β-catenin and anti-SUMO-1 respectively. SUMOylated β-catenin 
was indicated by arrow head. E. Bone marrow samples were isolated from myeloma patients. Total lysate was pre-
pared from 5 × 106 cells in each sample and immunoprecipitated with anti-β–catenin rabbit antibody as mentioned 
above. The immunoprecipitates (IP) were resolved by SDS-PAGE and immunoblotted with anti-β-catenin and anti-
SUMO-1 antibodies respectively. SUMOylated β-catenin and non-SUMOylated β-catenin were indicated by arrow 
head and arrow, respectively.
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indicating that β-catenin could protect myelo-
ma cell from the toxicity of SUMOylation 
inhibitor.

Endogenous β-catenin is modified by SUMO-1 
in myeloma cells

Since above results revealed a relationship 
between SUMOylation and β-catenin, we next 
assessed SUMO-1 interaction with β-catenin in 
myeloma cells. Cell lysates from RPMI-8226 
and NCI-H929, two myeloma cell lines, were 
examined by immunoprecipitation (IP) using 
anti-β-catenin antibody. The IP lysates were fur-
ther analyzed by western blot with anti-β-
catenin or anti-SUMO-1 antibody, which showed 
the physical combination of SUMO-1 and 
endogenous β-catenin (Figure 4A).

To confirm that was the SUMOylated β-catenin 
instead of coincidence, β-catenin expression 
vector and SUMO-1 expression vector were 
also transfected into myeloma cells (Figure 
4B). High-molecular-weight β-catenin was de- 
tected (lane 3). Besides, the SUMOylated 
β-catenin disappeared after we co-transfected 
it with SUMO-specific protease SENP1 (lane 4). 
Moreover, endogenous combination of β-ca- 
tenin and SUMO-1 was also confirmed by confo-
cal microscopy analysis (Figure 4C). As shown 
in Figure 4C, β-catenin was detected both in 
the cytoplasm and the nucleus of myeloma 
cells, mainly merged with SUMO-1 in the nucle-
us. Next we transfected myeloma cells with 
either SUMO-1 siRNA or negative control (NC). A 
decreased SUMOylation pattern of β-catenin 
was observed in the SUMO-1 siRNA treated 
group by means of IP (Figure 4D). These results 
suggest that endogenous β-catenin is a 
SUMOylation substrate and can be modified by 
SUMO-1 in MM cells. 

Finally, we tested the expression of SUMOylated 
β-catenin in four MM patient samples (Figure 
4E). Lysates from CD138-positive plasma cells 
were immunoprecipitated with anti-β-catenin 
antibody and probed with a polyclonal antibody 
specific to either β-catenin or SUMO-1. An in 
vivo association of β-catenin and SUMO-1 was 
observed in all four myeloma patients.

Discussion

Both SUMOylation and Wnt/β-catenin pathway 
are aberrantly activated in MM, and we are 
interested in the effect of SUMOylation on the 

Wnt/β-catenin pathway activity. Here our 
results showed that SUMOylation inhibition 
through SUMO-1 siRNA down-regulates Wnt/β-
catenin pathway by accelerated degradation of 
β-catenin via the ubiquitin-proteasomal sys-
tem. Besides, β-catenin is also a target of 
SUMOylation both in myeloma cell lines and 
primary myeloma cells, providing a new pros-
pect for the post-translational research for 
β-catenin.

As one of the most important post-translational 
modifications, SUMOylation plays an important 
role in the development of various cancers [6, 
7]. In mammals, there are four different iso-
forms of SUMO protein, termed SUMO-1, -2, -3 
and -4. They get attached to target proteins via 
the mediation of three factors, namely E1- 
activating enzyme (SAE1/SAE2), E2-conjugating 
enzyme (UBC9), and E3-ligating enzyme (PIAS, 
Pc2, and RANBP2) [8]. The covalently conjugat-
ed SUMO could be cleaved by a family of pro-
teins named SENP (sentrin-specific protease) 
[9]. Expression of SUMO proteins is markedly 
increased in processes associated with carci-
nogenesis, such as cell growth, differentiation, 
senescence, oxidative stress as well as apopto-
sis [10]. A number of intracellular signaling mol-
ecules have been identified the targets of 
SUMOylation, such as IκBα, p53, and eIF4F, 
which are all correlated with carcinogenesis. 
Driscoll JJ et al. [3] recently demonstrated that 
the SUMOylation pathway is remarkably acti-
vated in myeloma patients compared to normal 
plasma cells. Activation of SUMOylation path-
way conferred multiple properties on tumori-
genesis, while destruction of the SUMOylation 
pathway negatively affected myeloma cell pro-
liferation and adhesion to bone marrow stromal 
cells. SUMOylation inhibition is emerging as a 
novel promising therapeutic target in MM treat-
ment. However, the precise mechanisms have 
not been well defined. In this study, we found 
that SUMOylation inhibition induced increased 
apoptosis as well as growth inhibition in myelo-
ma cells, together with down-regulated Wnt/β-
catenin pathway, which can be partially 
reversed by the salvage Wnt/β-catenin signal-
ing activation. The Wnt pathway is probably 
involved in the mechanism of SUMOylation in 
MM.

In addition to the previous reported phosphory-
lation, ubiquitination and acetylation [15, 16], 
we proved that β-catenin is a potential sub-
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strate of SUMOyaltion in this study. SUMOylation 
occurs in different subcellular locations, such 
as cytoplasmic compartments, plasma mem-
brane, though mainly in the nucleus [17, 18]. In 
most myeloma cell lines, Wnt/β-catenin path-
way was activated, with β-catenin distributed in 
both nucleus and cytoplasm. Besides, β-catenin 
undergoes free nucleo-cytoplasmic shuttle, 
making it possible that the SUMOylation of 
β-catenin occurs in both nucleus and cyto-
plasm, which is consistent with our immu- 
nofluorescence results. As far as we know, this 
is the first report on the SUMOylation of 
β-catenin in vivo. 

Our data showed that the protein level of 
β-catenin decreased after SUMO-1 knock-
down, accompanied with enhanced cell apop-
tosis. According to previous reports, apoptosis 
could induce cleavage of β-catenin by cas-
pase-3 [19, 20]. To find out whether the loss of 
β-catenin following SUMO-1 silencing was due 
to apoptosis, we further measured the effect of 
caspase-3 on β-catenin protein level during 
apoptosis, by using the caspase inhibitor z-VAD-
fmk (Supplementary Figure 2). Consistent with 
previous study, z-VAD-fmk completely abrogat-
ed caspase-3 activation. Besides, it partially 
restored the protein level of β-catenin, indicat-
ing that caspase activation is involved in the 
down-regulation of β-catenin in the SUMO-1 
interfering group. However, inhibition of cas-
pase activity did not fully restore β-catenin pro-
tein level, suggesting that there are also other 
mechanisms involved. As previous reported, 
β-catenin is degraded mainly through the ubiq-
uitin-proteasome system [21], while SUMO 
competes with ubiquitin for protein stabiliza-
tion [22]. Our data showed that SUMOylation 
inhibition promoted ubiquitination and subse-
quent degradation of β-catenin, while MG-132, 
the proteasome inhibitor reversed the process. 
Moreover, in the SUMO-1 siRNA treated group, 
overexpression of β-catenin with mutation on 
phosphorylation site which is required for sub-
sequent proteasome degradation restored the 
protein level as well as transcriptional activity 
of β-catenin (as showed in Figure 2). We may 
infer that decreased level of β-catenin 
SUMOylation promoted β-catenin phosphoryla-
tion and subsequent degradation via the ubiq-
uitin-proteasomal pathway, and participates, at 
least partially in the regulation of the Wnt path-
way. Since SUMO-1 plays a global role in living 
cells, and β-catenin is a target of many impor-

tant molecules; it is possible that there may be 
other factors lead to the decrease of β-catenin 
protein, such as the Axin [23], adenomatous 
polyposis coli (APC) tumor suppressor protein 
[24], ubiquitin ligases SCFβ-Trcp [25] and SIAHs 
[26], which needs further study in the future.

Conjugation of SUMO to substrates generally 
occurs at a lysine residue within the classical 
consensus site ψwKxE/D (ψ represents a large 
hydrophobic residue, and x is any amino acid) 
[27]. However, SUMO substrates can also be 
modified on a lysine residue outside consensus 
motifs as it has been shown in recent studies 
where approximately 26% of confirmed SU- 
MOylation sites contain a non-consensus motif 
[28]. In order to find a SUMOylation site within 
β-catenin, we used SUMOplot™ SUMO accep-
tor site search program (http://www.abgent.
com/tools/sumoplot), a useful tool for predict-
ing potential SUMOylation sites. K258 was 
identified as the possible SUMOylation site. We 
replaced K258 lysine with arginine in β-catenin 
plasmid; however, overexpressed β-catenin 
K258R could still be SUMOylated in vivo, indi-
cating that K258 is not the key binding site for 
SUMOylation (data not show). Our further study 
is still on going for checking other potential 
SUMOylation sites, especially those outside the 
consensus motifs. Identification of the poten-
tial sites will provide us with a clear view of the 
biological effect of SUMOylation on β-catenin.

It remains unclear and controversial how 
canonical Wnt/β-catenin pathway is involved in 
the dysregulation of MM growth. Derksen et al. 
[6] reported that stimulation of Wnt/β-catenin 
signaling with Wnt3α or overexpression of 
β-catenin could increase cell proliferation, 
while blocking Wnt/β-catenin signaling would 
interfere with the growth of MM cells, providing 
a vital role of Wnt/β-catenin pathway in the sur-
vival of myeloma cells. Therapeutic strategy 
targeting the β-catenin/TCF transcriptional 
complex has also been used in the treatment of 
multiple myeloma [10]. On the contrary, some 
other investigators found that the increased 
β-catenin in response to Wnt3a or LiCl has no 
impact on myeloma cells proliferation [29, 30]. 
Different results may due to the use of different 
cell lines, varied experiment designs and type 
of cancer cells. Further studies are still needed 
to make a final conclusion in vivo in MM 
patients. Our study proved that the activation 
of Wnt/β-catenin pathway was associated with 
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increased survival in myeloma cell lines RPMI-
8226 and NCI-H929, and SUMOylation may 
regulate MM survival by the involvement of 
Wnt/β-catenin signaling. Anti-apoptosis effect 
was also observed, though not dramatically.

Previous studies reported that PIASy (an E3 
ligase) and Axam (a deSUMOylation enzyme) 
participate in the Wnt signaling pathway. PIASy 
SUMOylated Lef-1, and inhibits its transcrip-
tional activity [29, 30]. Tcf-4 is also a target of 
SUMOylation, while SUMOylation of Tcf-4 
enhances its transcriptional activity [29, 30]. 
Axam is recognized as an Axin-binding protein 
which regulates the Wnt signaling pathway neg-
atively by inducing the degradation of β-catenin 
[29, 30]. The above informations suggest a 
complicated interaction of SUMOyaltion and 
the componets of the Wnt pathway. Our results 
provided direct evidence for SUMOylation of 
β-catenin in myeloma cells, as well as the effect 
of SUMOylation inhibition on the activity of the 
Wnt pathway. More detailed work is needed to 
clarify the mechanisms of SUMOylation in regu-
lating β-catenin as well as its association with 
other components in the Wnt pathway in the 
future.

It is interesting to explore the crosstalk of 
SUMOylation and Wnt/β-catenin signaling, 
which may help to better understanding the 
two important signaling pathways in vivo, rein-
forcing the clinical potential of therapies target-
ing SUMOylation pathway in MM.
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Supplementary Figure 1. RPMI-8226 cells were transfected with negative control siRNA (cy3) at different doses 
(30 nM, 50 nM, 100 nM). Twenty-four hours after transfection, the transfection efficiency was determined by the 
percentage of cells with cy3 (red) under fluorescence microscope. The experiment was repeated three times.

Supplementary Figure 2. Myeloma cell line RPMI-
8226 was pretreated with/without z-VAD-fmk (25 
μM) for 1 hour before transfection with SUMO-1 siR-
NA (NC-siRNA as negative control). After 48 hours, 
the cells were harvested and immunoblotted with 
corresponding antibodies.


