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Sirtuin 1 (SIRT1) is a class III histone deacetylase that deacetylates
histone and nonhistone proteins to regulate gene transcription and
protein function. Because SIRT1 regulates very diverse responses
such as apoptosis, insulin sensitivity, autophagy, differentiation, and
stem cell pluripotency, it has been a challenge to reconcile how it
orchestrates such pleiotropic effects. Herewe show that SIRT1 serves
as an important regulator of Wnt signaling. We demonstrate that
SIRT1 loss of function leads to a significant decrease in the levels of
all three Dishevelled (Dvl) proteins. Furthermore, we demonstrate
that SIRT1 and Dvl proteins complex in vivo and that inhibition of
SIRT1 leads to changes in gene expression of Wnt target genes.
Finally, we demonstrate that Wnt-stimulated cell migration is in-
hibited by a SIRT1 inhibitor. Because the three mammalian Dvl
proteins serve as key messengers for as many as 19 Wnt ligands,
SIRT1-mediated regulation of Dvl proteins may explain the diverse
physiological responses observed in different cellular contexts.
Previously, SIRT1 had only been shown to mediate the epigenetic
silencing of Wnt antagonists. In contrast, here we report that SIRT1
regulates Dvl protein levels and Wnt signaling in several cellular
contexts. These findings demonstrate that SIRT1 is a regulator of
transient and constitutive Wnt signaling.
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Sirtuin 1 (SIRT1) is an NAD+-dependent histone deacetylase
(HDAC) that regulates a very broad and complex array of

physiological processes. As such, it has been the source of some
controversy, as it has been difficult to reconcile the role it plays in
the coordination of cellular responses and gene expression in
both normal and pathophysiological settings. For example, SIRT1
has been shown to inhibit the maturation of preadipocytes (1, 2),
antagonize p53-dependent apoptosis in response to stress (3, 4),
and promote chemoresistance to conventional chemotherapeutic
agents (5, 6), and is associated with microsatellite instability and
CpG island methylator phenotype in human colorectal cancer (7).
Furthermore, reports demonstrate that SIRT1 coordinates di-
verse metabolic responses to changes in nutrient availability (8),
regulates autophagy (9), and controls key stages of spermato-
genesis and germ stem cell proliferation and function (10, 11).
Given the complex influence of SIRT1 on cell-fate decisions in
multiple physiological settings, it is reasonable to anticipate that
SIRT1 regulates one or more signaling networks recognized for
their influence on these diverse cellular and organismal responses.
It is well-established that Wnt signaling, likewise, regulates di-

verse processes such as adipogenesis (12), tumorigenesis (13), and
stem cell pluripotency (14, 15).WhenWnt ligands are present, they
transmit signals through specific Frizzled (Fzd) or Fzd/LRP5/6
coreceptor complexes (16). This signal is then propagated via
Dishevelled (Dvl) proteins that will direct canonical (β-catenin-
dependent) or noncanonical (β-catenin-independent) signaling
(17).Most of themechanistic insights intoWnt signaling have come
from extensive studies detailing how β-catenin is regulated, yet
precisely how Dvl is regulated is poorly understood despite its
crucial function in bridging cytoplasmic Wnt signals with nuclear
responses. Early observations demonstrated that Dsh-1 is nega-

tively regulated by NEDL1 (18) and the Naked cuticle-PR72
complex (19), and Dsh-2 and Dsh-3 were nicely shown to be neg-
atively regulated by the KLHL12-Cullin-3 complex (20). Recently,
reports have revealed an intriguing requirement of nuclear entry of
Dvl for canonical signaling (21, 22). However, why the nuclear entry
of Dvl is required for canonical signaling is not known. Here we
show that SIRT1 positively regulates the protein levels of all three
Dvl family members.We demonstrate that SIRT1 andDvl proteins
complex in vivo and that inhibition of SIRT1 leads to changes in
gene expression of classic Wnt/Dvl target genes. Moreover, we
show that SIRT1 regulates Wnt3a-induced cell migration. Finally,
we propose that SIRT1-mediated regulation of Dvl proteins may
help explain the diverse SIRT1-dependent physiological responses
observed in different cellular contexts.

Results
The first clue that SIRT1 regulates Wnt signaling came from the
observation that SIRT1 localizes to the promoter of the Wnt an-
tagonist secreted frizzled related protein 1 (SFRP1) and directly
contributes to its aberrant epigenetic silencing (23). Inhibition of
SIRT1 was shown to cause a reexpression of SFRP1. SIRT1 was
originally shown to mediate epigenetic silencing of SFRP1 and
SFRP2 (23), and later was extended to DKK1 (24), another Wnt
antagonist. However, whether this connection of SIRT1 with Wnt
signaling extended beyond the repression of Wnt antagonists was
unknown. To address this, we systematically analyzed the impact of
loss of SIRT1 function on several key mediators of Wnt signaling.
First, we determined the expression pattern of Wnt proteins in
colorectal cancer, breast cancer, and HEK293 cell lines to assess
the extent of autocrine Wnt signaling. We performed reverse
transcription (RT) PCR analysis and observed a variable pattern of
expression inWnt ligands (Fig. S2A) indicating potentially different
states of constitutive autocrine signaling. We found that the four
colon cancer (HT-29, HCT116, RKO, and DLD-1), two breast
cancer (T-47D and MDA-MB-231), and HEK293 cell lines each
expressed multiple but different Wnt ligands.
Next, we determined the pattern of expression of all three Dvl

proteins. We found that, in contrast to the pattern of mRNA ex-
pression of Wnts, Dvl mRNA levels did not vary considerably
among the six lines (Fig. 1A). Interestingly, however, we observed
a more varied pattern of Dvl protein expression (Fig. 1B). Whereas
Dvl-1 protein varied more among the cell lines, Dvl-2 and Dvl-3
expression was consistently higher. Because of the pattern of Wnt
ligand expression, and because Dvl proteins translocate to the nu-
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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
constitutiveWnt signaling yet show different patterns ofWnt 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)
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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
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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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et al. overexpressed wild-type and a catalytically dead mutant of
SIRT1 (H363Y) and observed thatWT SIRT1 caused a reduction
in proliferation relative to empty vector in HCT116 and DLD-1
but not RKO cells. First, SIRT1 overexpression in HCT116 cells
has been reported to activate autophagy under starved con-
ditions (9), and the extent to which autophagy was activated
with SIRT1 overexpression in the Firestein et al. study may de-
termine the extent of proliferation. Second, SIRT1 has been
shown to deacetylate cortactin and promote cell migration, and
SIRT1-null mouse embryonic fibroblasts (MEFs) were shown to
be less motile that SIRT1 WT MEFs (44). Zhang et al. (44) also
demonstrated that high SIRT1 levels in human breast tumor
samples correlated with deacetylated cortactin. One interesting
possibility is that the level of SIRT1 expression and the presence
of specific Wnt ligands may act as a determinant of whether Dvl
will “ choose” to activate canonical versus noncanonical signal-
ing. Furthermore, with an overexpression of SIRT1, a decrease
in proliferation may be expected if cells are to switch to a pro-
gram of gene expression that promotes autophagy or migration.
Canonical β-catenin-dependent signaling is classically linked
with proliferation, whereas noncanonical signaling is linked with
cell migration; however, Dvl regulation is important for both
branches. Third, because RKO cells have significantly decreased
active β-catenin levels relative to HCT116 and DLD-1 cells,
SIRT1 overexpression may have less of an impact on switching
Wnt signaling from canonical to noncanonical and explain why
SIRT1 overexpression did not alter proliferation in RKO cells.
Part of the controversy surrounding SIRT1 in tumorigenesis

comes from studies involving different mouse models on differ-
ent backgrounds and the possibility that cytosolic versus nuclear
SIRT1 may play different roles. A recent study reported that
cytoplasm-localized SIRT1 was associated with apoptosis and led
to increased sensitivity to apoptosis (47) and, using a tissue
microarray, Firestein et al. (50) reported that 58% (47/81) of
human colon cancers analyzed were positive for SIRT1 in the
nucleus. The implication of this is unclear, so many questions
remain to be addressed. A recent report analyzing patterns of
SIRT1 expression in human colorectal cancer helped to clarify
matters (7). Ogino and colleagues analyzed a large number of
colorectal tumors (n = 485) from two independent prospective
cohort studies and detected SIRT1 overexpression in 37% of the
tumors by immunohistochemistry. The large number of cases
provided sufficient power for multivariate analysis and it was
shown that SIRT1 overexpression was significantly associated
with tumors displaying CpG island methylator phenotype and
microsatellite instability. SIRT1 positivity was also significantly
associated with tumors with a high grade and a mucinous com-
ponent. Because deregulated Wnt signaling is known to pro-
foundly contribute to colorectal tumorigenesis, it is important to
understand how SIRT1 impacts the flow of information from
extracellular factors such as Wnt antagonists to intracellular
factors such as Dvl proteins that then enter the nucleus. Dvl
proteins are key modulators of the type and magnitude of the
Wnt signal that is relayed. In addition to colorectal cancer, Dvl
proteins have been linked with other cancers. Dvl-3 was shown to
be overexpressed in 30% of invasive ductal breast carcinomas
(26), in 75% of fresh microdissected non-small-cell lung carci-

noma (53), and in primary mesotheliomas (54). Moreover, in-
creased Dvl-1 was observed in 73% of primary cervical squamous
cell cancers in comparison with noncancerous uterine squamous
cell tissues, and Dvl-1 was shown to be amplified in 54% and up-
regulated in 46% of primary breast cancers examined relative to
noncancerous breast tissue.
Wnt signals are relayed via the three Dvl proteins, and their

pattern of expression influences the propagation of this signal and
regulates cell-fate decisions. Although we observed that SIRT1
inhibition led to a significant decrease in all threeDvl proteins, the
magnitude of the decrease in specific family members appeared
to be cell-type-dependent. Finally, SIRT1 controls key stages
of spermatogenesis and germ stem cell expansion and function
(10, 11), and Dvl proteins have been shown to regulate sper-
matogenesis, especially the late stages, which are responsible for
spermatid morphological changes ensuring the capability of mo-
tility (14). Both mouse models reveal overlapping functions of
SIRT1 and Dvl and demonstrate a potential partnership in the
regulation of germ stemcell fate.Wepropose that SIRT1-mediated
regulation of Dvl proteins may help explain the diverse SIRT1-
dependent physiological responses observed in different physio-
logical and pathological contexts.

Materials and Methods
Cell Culture, Transfection, and Retroviral Infection. Cell lines were obtained
from the American Type Culture Collection. DLD-1 and T-47D cells were cul-
tured in RPMI1640. HEK293 cells were cultured in minimum essential medium,
and HCT116 cells were cultured in McCoy ’s 5A medium. Media were supple-
mented with 10% fetal bovine serum and 1% penicillin/streptomycin (Invi-
trogen). Transfections were performed with either Lipofectamine (shRNA)
or Oligofectamine (siRNA) according to the manufacturer ’s suggestions.
For more details regarding siRNA and shRNA methods, see SI Materials
and Methods.

Western Blots and Immunoprecipitations. Cells were harvested in 50 mM Tris-
HCl, 1% Nonidet P-40, 0.25% sodium deoxycholate, 150 mM NaCl, 50 mM
sodium fluoride, 1 × Complete protease mixture (Roche). Protein concen-
trations were measured by BCA protein assay (Pierce). Protein extracts were
subjected to polyacrylamide gel electrophoresis using the 4 –12% NuPAGE
gel system (Invitrogen), transferred to PVDF (Millipore) membranes, and
immunoblotted. For more details, see SI Materials and Methods.

Endpoint and Real-Time Quantitative PCR.Intron-spanning primers speci fic for
each of the targets were designed, and changes in gene expression were
measured by endpoint using JumpStart RedTaq (Sigma) and quantitative RT-
PCR using Fermentas Maxima SYBR Green, andfluorescence was detected on
an ABI PRISM 7900 sequence detector (Applied Biosystems). Total RNA was
isolated using TRIzol (Invitrogen), and 2 μg RNA was reverse-transcribed with
M-MLV Reverse Transcriptase (Promega). For quantitative PCR, an ABI PRISM
7900 sequence detector was used. For more details on primers and PCR, see
SI Materials and Methods.

Migration and Cell-Viability Assays. Transwell assays were performed with 6.5-
mm-diameter inserts, 8.0- μm pore size (Costar), and 24-well cell-culture
plates for HCT116, T-47D, and HT-29 cells. For more details on migration and
viability assays, see SI Materials and Methods.
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