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cleus and serve as key effectors of extracellular signals (21, 22, 25),
we focused on their regulation with respect to SIRT1 loss of func-
tion. Of the Dvl family members, we were particularly interested in
Dvl-3 because it has been reported to be overexpressed in 36% (33/
91) of colon tumors and displayed a marked increase in its nuclear
accumulation (25). Additionally, Dvl-3 was shown to be overex-
pressed in 30% of invasive ductal breast carcinomas (26) and Dvl-2
was shown to contribute to pancreatic cancer malignancy (27). We
continued analysis of SIRT1 regulation in cell lines that display
constitutive Wnt signaling yet show different patterns of Wnt ligand
autocrine stimulation.

As the first loss-of-function approach, we treated multiple
cell lines with a range of doses of cambinol, an inhibitor of
SIRT1 and SIRT2 (28), and continued analysis with two doses of
cambinol. Strikingly, we observed a robust dose-dependent re-
duction in the levels of Dvl-2 and Dvl-3 in T-47D cells upon
treatment with cambinol for 18 h (Fig. 1C). The levels of Dvl-1
were too low to assess changes in T-47D cells (Fig. 1B). We
tested the role of SIRT1 in the regulation of Dvl proteins in
HEK293 cells and found that inhibition by cambinol caused
a reduction in all three Dvl proteins (Fig. 1C). Furthermore, we
observed that cambinol-mediated SIRT1 inhibition in DLD-1
colon cancer cells treated with the same doses caused a re-
duction in Dvl proteins (Fig. 1C). Additionally, we observed that
pharmacologic inhibition caused decreases in all three Dvl pro-
teins in RKO cells (Fig. S1A), a reduction in Dvl-3 in MCF-7
cells (Fig. S1B), and a reduction in Dvl-1 and Dvl-3 in HCT116
cells (Fig. S1C). Only Dvl-3 appeared to be expressed at de-
tectable levels in MCF-7 cells. Together, these data demonstrate

that SIRT1 inhibition leads to robust decreases in Dvl proteins in
several cellular contexts.

Because cambinol inhibits SIRT1 and SIRT2 (28), we specifi-
cally inhibited SIRT1 via shRNA to further verify the impact of
SIRT1 inhibition on Dvl regulation. Consistent with the phar-
macological inhibition, we found that the shRNA that caused
a knockdown of SIRT1 in T-47D cells led to a reduction in Dvl-2
and Dvl-3 protein (Fig. 2A). This trend was also observed in
HEK293 cells, where the shRNA constructs that caused a re-
duction in SIRT1 also caused a reduction in Dvl-3 proteins (Fig.
2B). Finally, this trend was also observed in DLD-1 cells, as in-
hibition of SIRT1 by siRNA led to a significant reduction in Dvl-3
and a small reduction in Dvl-2 (Fig. 2C). Together, these data
suggest that SIRT1 is a positive regulator of Dvl proteins. Because
cambinol inhibits both SIRT1 and SIRT2, we also performed
siRNA-mediated knockdown of SIRT1 and SIRT2 individually
and together. We found that the individual knockdown of SIRT1
and SIRT2 caused a decreased in Dvl-2 and Dvl-3 and the com-
bined knockdown caused a reduction in Dvl-2 and Dvl-3 (Fig. 2
D–F). A recent study demonstrated that the three Dvl proteins
heterotrimerize in HEK293 cells (29), and thus the stability of one
Dvl family member may influence the stability of another.

Nuclear localization of Dvl is important for Wnt signaling
(21), and because SIRT1 loss of function leads to decreased Dvl
protein levels, we next asked whether SIRT1 inhibition leads to
changes in Dvl mRNA levels. We did not observe any changes in
Dvl mRNA upon SIRT1 inhibition in either T-47D, DLD-1, or
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Fig. 1. Dishevelled expression is regulated posttranslationally. ( A) Total
RNA was isolated from the indicated cell lines and RT-PCR analysis of the
three Dishevelled (Dvl) genes was performed using intron-spanning primers.
For each amplification, either the reverse transcriptase was excluded ( �) or
included (+) in the reverse-transcription reaction and β-actin was included as
a control. ( B) The protein expression patterns of all three Dvl family mem-
bers, SIRT1, and β-actin were analyzed by Western blotting. ( C) T-47D,
HEK293, and DLD-1 cells were treated with vehicle control (dimethyl sulf-
oxide; DMSO) or 50 μM or 100 μM cambinol (SIRT1 inhibitor) for 18 h (T-47D)
or 24 h (HEK293 and DLD-1) and the indicated proteins were analyzed by
Western blot.
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Fig. 2. SIRT1 inhibition leads to a signi ficant reduction in Dvl protein ex-
pression. (A) T-47D cells were transfected for 48 h with either control vector
(pRetroSuper) or with plasmids encoding two shRNAs speci fic for SIRT1 (589
or 1091). Expression of Dvl-2 and Dvl-3 was assessed by Western blot. ( B)
Control or SIRT1 shRNAs were transfected into HEK293 cells and Dvl-3 was
analyzed by Western blot. The 1091 shRNA is effective at reducing SIRT1
protein levels and causes a consistent reduction in Dvl-3 protein levels. ( C)
Control or SIRT1 siRNAs were transfected into DLD-1 cells for 24 h and Dvl-2
and Dvl-3 were analyzed by Western blot. ( D–F) T47-D cells were transfected
with ( D) control siRNA and SIRT1 siRNA, (E) SIRT2 siRNA, or (F) both SIRT1
and SIRT2 siRNA at 100 nM for 72 h to measure Dvl-2, Dvl-3, SIRT1, and/or
SIRT2 expression via Western blot. (G) T-47D cells were pretreated with 5 μM
lactacystin (Lacta) (left) or 0.5 μM MG132 (right) for 15 min followed by a 22-
h treatment with or without 100 μM cambinol. DVL2, DVL3, and actin levels
were measured. Control blots for a polyubiquitinated protein (p27) and
a loading control ( β-actin) were performed on the same membrane.
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HCT116 cells (Fig. S1E) at the same doses that caused a re-
duction in protein. To further address the mechanism, we pre-
treated T-47D cells with proteasome inhibitors MG132 or
lactacystin followed by treatment with or without cambinol for
22 h (Fig. 2G). The level of both Dvl-2 and 3 decreased with
cambinol alone yet MG132 or lactacystin inhibition did not re-
store Dvl protein levels. This suggests that SIRT1 might be im-
posing a translational control on Dvl and hence maintains pro-
tein levels high in cancer cells. Consistent with this finding,
a report by Shimazu et al. demonstrated that SIRT1 and SIRT2
deacetylate 3′-end mRNA-processing machinery and that the
acetylation state regulates the nuclear localization of the poly(A)
polymerase (30). Next, we asked whether SIRT1 complexes with
Dvl proteins. HEK293 cells were transiently cotransfected with
expression plasmids encoding SIRT1-Flag and Dvl-1, Dvl-2, or
Dvl-3. Interestingly, we found that SIRT1 bound to all three Dvl
family members (Fig. 3A). The greatest association appeared to
occur between SIRT1 and Dvl-3. We also extended this analysis
to determine whether endogenous SIRT1 and Dvl associate. We
observed that endogenous SIRT1 and Dvl-3 associate in T-47D
cells (Fig. 3B). We attempted coimmunoprecipitation with
SIRT1 and Dvl-2, but were limited in reagent availability. We
next wanted to determine whether endogenous SIRT1 and Dvl-1
formed a complex. We found that endogenous SIRT1 and Dvl-1
associate in HCT116 cells (Fig. 3C Upper) and in RKO cells (Fig.
S2C). Taken together, these data demonstrate that SIRT1 forms
a complex with Dvl proteins.

Casein kinase I and II family members regulate cell-fate
decisions (31, 32) and control recruitment of Wnt regulators to
target genes (33). Recent reports demonstrate that SIRT1 is
phosphorylated by casein kinase II (CK2) (34, 35), and this

regulates substrate binding and deacetylase activity. Consistent
with these reports, we observed that endogenous SIRT1 com-
plexes with CK2α (Fig. 3C Lower). Because CK family members
phosphorylate Dvl, β-catenin, and SIRT1, we next began to ex-
plore the impact of SIRT1 inhibition on the canonical branch of
Wnt signaling. First, we determined the relative steady-state
levels of unphosphorylated (active) β-catenin in our panel of cell
lines. We found that whereas total β-catenin levels were appre-
ciable in every line, unphosphorylated (active) β-catenin was
higher in DLD1, T-47D, and HT-29 cells (Fig. 3D). HCT116
cells express mutant β-catenin, so we chose to focus on the lines
with wild-type β-catenin to determine whether endogenous
SIRT1 associates with β-catenin. We performed coimmunopre-
cipitations in DLD-1 cells and found association between en-
dogenous SIRT1 and β-catenin (Fig. 3E). Together, these data
demonstrate that SIRT1 physically associates with multiple re-
gulators of Wnt signaling which have previously been shown
to complex.

Because Dvl proteins had been shown to heterotrimerize (29)
and we observed that SIRT1 binds to each one, we reasoned that
SIRT1 would also regulate the expression of Wnt/Dvl target
genes. To address this, we treated T-47D and HCT116 cells with
the same doses of cambinol described earlier that caused a de-
crease in Dvl and performed semiquantitative RT-PCR analysis
(Fig. 4B and Fig. S3B). We also performed quantitative real-time
RT-PCR analysis in HCT116 (Fig. 4A) and MDA-MB-231 cells
(Fig. S3A). We found that inhibition of SIRT1 caused a signifi-
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Fig. 3. SIRT1 and Dvl form a complex in vivo. ( A) HEK293 cells were tran-
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or Dvl-3. SIRT1-Flag was immunoprecipitated and Western blots for each Dvl
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HCT116 cells were harvested, endogenous SIRT1 was immunoprecipitated,
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Fig. 4. SIRT1 regulates Wnt target gene expression. ( A) HCT116 cells were
treated with either vehicle control (DMSO) or 50 μM or 100 μM cambinol
(SIRT1 inhibitor) for 24 h, and total RNA was isolated and quantitative RT-
PCR analysis of Wnt target genes (BMP4, cMyc, and cyclin D1) was performed
using intron-spanning primers. ( B) T-47D or HCT116 cells were treated with
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