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Hormonal vitamin D, 1,25-dihydroxyvitamin D (1,25D), signals through the nuclear vitamin D receptor
(VDR). 1,25D regulates cell proliferation and differentiation and has been identified as a cancer chemopre-
ventive agent. FoxO proteins are transcription factors that control cell proliferation and survival. They
function as tumor suppressors and are associated with longevity in several organisms. Accumulating data have
revealed that 1,25D and FoxO proteins regulate similarly common target genes. We show here that the
ligand-bound VDR regulates the posttranslational modification and function of FoxO proteins. 1,25D treat-
ment enhances binding of FoxO3a and FoxO4 within 4 h to promoters of FoxO target genes and blocks
mitogen-induced FoxO protein nuclear export. The VDR associates directly with FoxO proteins and regulators,
the sirtuin 1 (Sirt1) class III histone deacetylase (HDAC), and protein phosphatase 1. In addition, phosphatase
activity and trichostatin A-resistant HDAC activity coimmunoprecipitate with the VDR. 1,25D treatment
rapidly (in <4 h) induces FoxO deacetylation and dephosphorylation, consistent with activation. In contrast,
ablation of VDR expression enhances FoxO3a phosphorylation, as does knockdown of Sirt1, consistent with the
coupling of FoxO acetylation and phosphorylation. 1,25D regulation of common VDR/FoxO target genes is
attenuated by blockade of phosphatase activity or by small interfering RNA (siRNA)-mediated knockdown of
Sirt1 or FoxO protein expression. Finally, 1,25D-dependent cell cycle arrest is blocked in FoxO3a-deficient
cells, indicating that FoxO proteins are key downstream mediators of the antiproliferative actions of 1,25D.
These studies link 1,25D signaling through the VDR directly to Sirt1 and FoxO function and provide a
molecular basis for the cancer chemopreventive actions of 1,25D.

Vitamin D is obtained from limited dietary sources and
UVB-stimulated photoconversion of 7-dehydrocholesterol in
skin (36). Hepatic hydroxylation catalyzed by CYP27A1,
CYP2R1, and possibly other enzymes generates the major
circulating metabolite 25-hydroxyvitamin D (25D). 25D is a
relatively long-lived metabolite and is a marker of vitamin D
status. 25D is 1� hydroxylated in kidney and peripheral tissues
to produce hormonal 1,25-dihydroxyvitamin D (1,25D). While
renal 1� hydroxylation generates much of the circulating
1,25D, extrarenal 1� hydroxylation is a critical source of 1,25D
in situ in a number of tissues (61). Moreover, while renal
CYP27B1 expression/activity is regulated by calcium homeo-
static signals (e.g., parathyroid hormone), extrarenal 1� hy-
droxylation is regulated by distinct physiological inputs.

1,25D binds the nuclear vitamin D receptor (VDR), which
heterodimerizes with related retinoid X receptors (RXRs) to
recognize vitamin D response elements (VDREs) in target
genes (36). Although initially identified as a regulator of cal-
cium homeostasis, 1,25D is now known to have a broad spec-
trum of actions. For example, it acts as a chemopreventive
agent in several animal models of cancer and induces cell cycle
arrest and nonmalignant and malignant cell differentiation (14,
24, 27, 34, 35, 37, 46, 49). Moreover, epidemiological data
provide associations between lack of UVB exposure, vitamin D

insufficiency, and the prevalence of certain cancers (16). No-
tably, a large prospective study associated 25D sufficiency with
reduced total cancer incidence and mortality, particularly in
digestive cancers (head and neck squamous cell carcinoma
[HNSCC] and esophageal, pancreatic, stomach, and colorectal
cancers) and leukemias (23). VDR gene polymorphisms also
correlate with protection against different malignancies, in-
cluding HNSCC (16, 39). The above is noteworthy, as numer-
ous studies have shown that vitamin D insufficiency or defi-
ciency is widespread in temperate populations (26, 61).

FoxO1, FoxO3a, FoxO4, and FoxO6 transcription factors
regulate cell proliferation, differentiation, and metabolism and
control longevity (1, 10, 21, 25, 52). Serial ablation in mice of
genes encoding FoxO proteins revealed that these proteins are
bona fide tumor suppressors (7, 17, 28). FoxO function is
inhibited by mitogen-activated PI3 kinase, which stimulates
Akt-dependent phosphorylation, nuclear export (1, 10, 25),
and proteasomal degradation (17, 28). FoxOs are also regu-
lated by acetylation, which can be reversed by the NAD-de-
pendent sirtuin 1 (Sirt1) class III lysine deacetylase (15, 30).
Acetylation reduces DNA binding and enhances phosphoryla-
tion and inactivation (43). Notably, FoxO and c-MYC target
genes partially overlap, and FoxO factors repress a subset of
c-MYC-induced genes, including CCND2, which encodes cy-
clin D2 (18, 52).

We have been interested in understanding the mechanisms
regulating the anticancer properties of vitamin D, in particular
the molecular genetic events underlying its control of cell pro-
liferation. We noted that there was an overlap in the target
genes regulated by the hormone-bound VDR and FoxO pro-
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teins. For example, similar to FoxO proteins, 1,25D represses
CCND2 expression and induces transcription of CCNG2,
which encodes the inhibitory cyclin G2 (42, 54, 59). Here, we
show that the VDR interacts with FoxO proteins and their
regulator Sirt1 and that 1,25D rapidly induces Sirt1- and phos-
phatase-dependent dephosphorylation and activation of FoxO
protein function. Ablation of Sirt1 or FoxO protein expression
attenuates regulation by 1,25D of common VDR/FoxO target
genes, and loss of FoxO3a eliminates 1,25D-induced cell cycle
arrest in human HNSCC cells, providing evidence for a hor-
monally regulated VDR-Sirt1-FoxO protein partnership and a
molecular basis for the chemopreventive actions of 1,25D.

MATERIALS AND METHODS

Immunoprecipitation and Western blot analysis. Protein extracts from SCC25
cells were prepared in lysis buffer (10 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton
X-100, 1 mM phenylmethylsulfonyl fluoride, 0.2 mM sodium orthovanadate,
0.5% Nonidet P-40) and preincubated with protein A/G agarose beads (Santa
Cruz Biotechnology, Inc.) for 1 h at 4C and exposed to anti-VDR (�VDR) (D-6;
Santa Cruz), �FoxO3a (H-144; Santa Cruz), or �IgG (Santa Cruz) antibodies
overnight. Immunoprecipitates (IPs) were then washed, eluted in 2� SDS load-
ing buffer, and processed for Western blotting, performed with standard proto-
cols. Antibodies directed against FoxO3a (N15), VDR (C-20), RXR (C-20),
PP2A (C-20), PP1 (FL-18), Sirt1 (H-300), and Ccnd2 (C-17) were from Santa
Cruz Biotechnology, Inc., and antibodies against FoxO4 (9472) and p53 acety-
lated on Lys382 (2525s) were purchased from Cell Signaling. Anti-Ph-Th32
FoxO3a (Upstate 07-695) was also used. Antiactin antibody (C-2; Santa Cruz)
was used for loading controls.

GST pulldown and Western blot analysis. The VDR ligand binding domain
was cloned into the vector pGEX-4T2 to create a glutathione S-transferase
(GST)-VDR fusion. The Sirt1-Flag expression vector was a kind gift from X. J.
Yang (McGill University), and the Foxo3a expression vector was obtained from
Addgene, Inc. (Cambridge, MA). GST pulldowns were performed using the
MagneGST pulldown system (Promega) per the manufacturer’s instructions.
Pulldown eluates were subsequently analyzed by Western blotting using standard
protocols. Antibodies directed against FoxO3a (N15) and Sirt1 (H-300) were
purchased from Santa Cruz Biotechnology, Inc.

HDAC, phosphatase, and proliferation assays. Histone deacetylase (HDAC)
assays were performed essentially as described previously (60). Total cell lysates
were immunoprecipitated with �VDR (C-20; Santa Cruz) or mouse �IgG (Santa
Cruz). IPs were then preincubated with trichostatin A (TSA; 300 nM) with
NAD� (0.1 mM) for 5 min before Boc-Lys(acetyl[Ac])-AMC (4-amino-7-meth-
ylcoumarin) (a gift from Jim Gleason, Chemistry, McGill University) substrate
addition. Deacetylation of the substrate renders it susceptible to trypsin cleavage,
liberating AMC, which is a fluorescent compound (see reference 60 for assay
details). Phosphatase and proliferation assays were performed by using an im-
munoprecipitation phosphatase assay kit (Upstate) and a Click-iT EdU Alexa
Fluor 647 high-throughput imaging assay kit (Invitrogen) in accordance with the
supplier’s protocol. SCC25 cells were transfected with FoxO3a, FoxO4, or con-
trol small interfering RNAs (siRNAs) and, after 24 h of transfection, treated with
1,25D for 24 h. Cells were then incubated with Alexa-EdU for 2 h, fixed, and
assayed. Images were captured using ImageXpressMicro (Molecular Devices)
and analyzed with MetaXpress (Molecular Devices).

ChIP assays and RT-PCR. Chromatin immunoprecipitation (ChIP) assays and
reverse transcription-PCRs (RT-PCRs) were performed essentially as described
previously (59), and primers are shown in Fig. 1 (also data not shown). SCC25
cells were treated with 1,25D (100 nM) or vehicle as indicated in the figures.
Immunoprecipitations were performed by using normal rabbit IgG, anti-VDR
(D-6; Santa Cruz Biotechnology), anti-FoxO3a (H-144; Santa Cruz Biotechnol-
ogy), anti-Flag (F1804; Sigma), or anti-FoxO4 (Cell Signaling). The forkhead
response elements (FHREs) targeted are indicated in Fig. 2.

RNA interference. The sequences of siRNAs are as follows: for FOXO3A,
5�-CTGAATGATGGGCTGACTGAA-3�; for FOXO4, 5�-TCCGTCCACGAA
GCAGTTCAA-3�; for VDR, 5�-TCAGACTCCATTTGTATTATA-3�; and for
SIRT1, 5�-CACGGATAGGTCCATATACTT-3�. SCC25 cells were transfected
with FOXO3A, FOXO4, SIRT1, VDR or control siRNAs for 24 h and treated with
1,25D as indicated. FOXO3A, FOXO4, SIRT1, VDR, and Allstars negative-
control siRNAs were purchased from Qiagen.

VDRE-luciferase reporter gene assay. Luciferase assays for the VDRE3/tk-luc
expression vector were performed as described previously (4). SCC25 cells were
transfected with the VDRE3/tk-luc expression vector (59) with or without
siRNAs. After 24 h of incubation, the cells were treated with 1,25D, and the
extracts were assayed for luciferase activity. �-Galactosidase activity was used to
normalize transfection efficiencies, with commercially available reagents (Pro-
mega Corp.).

Immunocytochemistry. Immunocytochemistry on SCC25 cells was performed
by using �FoxO3a (Cell Signaling) followed by goat anti-rabbit IgG–Texas Red
(TR) secondary antibody (Santa Cruz Biotechnology). The cells were serum
starved for 16 h and preincubated with insulin (100 nM) for 1 h before 1,25D
treatment. The slides were counterstained with DAPI (4�,6-diamidino-2-phe-
nylindole; Invitrogen), and confocal microscopy was carried out by using a Zeiss
LSM 510 microscope.

Quantitative RT-PCR. Quantitative RT-PCR (qRT-PCR) was performed with
a kit (SYBR green on MiniOpticon; Bio-Rad). The qRT-PCR primer sequences
are listed in Fig. 2 (also data not shown). PCRs include 2 �l of DNA template,

FIG. 1. The VDR and FoxO proteins regulate common target
genes. (A) RT-PCR analysis of regulation by 1,25D (100 nM) of
CCND2, CCNG2, BNIP3, and MMP3 in SCC25 cells. CYP24 and
GAPDH are included as positive and negative controls, respectively,
for 1,25D-regulated gene expression. (B) Treatment of SCC25 cells
with 1,25D reduces cyclin D2 levels. SCC25 cells were incubated with
1,25D (100 nM) as indicated prior to isolation of protein for Western
blotting. (C) Western blotting of the expression of FoxO1, FoxO3a,
and FoxO4 in SCC25 cells treated with 100 nM 1,25D over a 72-h
period. (D) SCC25 cells were incubated with vehicle (�), insulin (Ins),
or insulin and 1,25D as indicated for 1 h. Subcellular localization of
FoxO3a was determined by immunocytochemistry. Nuclei were stained
with DAPI. See Materials and Methods for details. (E) SCC25 cells
were treated with 1,25D as indicated prior to harvesting and isolation
of nuclear and cytoplasmic fractions. Western blots of FoxO3a and
actin controls are presented.
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300 nM each primer, 10 �l of master mix (iQ Sybr green supermix; Bio-Rad), and
RNase-free water to bring the reaction mixture volume to 20 �l. Each target
gene was run concurrently with the GAPDH (glyceraldehyde-3-phosphate de-
hydrogenase) gene, a control gene. The qRT-PCR was performed with hot-start
denaturation step at 95°C for 3 min, followed by 40 cycles at 95°C for 10 s and
58°C for 20 s. All reactions were run in triplicate.

Data analysis. All the experimental data are shown as the means � standard
deviations (SD) of results from three independent experiments. Data were an-
alyzed by one-way analysis of variance (ANOVA) using the computer software
program PRISM (GraphPad Software, Inc., San Diego, CA). Data were consid-
ered significantly different from each other at P values of 	0.05.

RESULTS

1,25D induces VDR and FoxO protein binding to target gene
promoters. Epidemiological and genetic studies have revealed
that vitamin D sufficiency reduces incidence and mortality of
head and neck squamous cancers (3, 16, 23, 34–36, 39, 51, 59).
Our previous experiments have shown that 1,25D inhibits
HNSCC cell proliferation and tumor growth (34, 59). SCC25
cells are a well-differentiated, 1,25D-sensitive HNSCC line de-
rived from a floor of the mouth/base of the tongue tumor and
are arrested in G0/G1 upon 1,25D treatment (3). As expected,
1,25D strongly induces expression in SCC25 cells of the CYP24
gene (Fig. 1A), which encodes the enzyme that initiates 1,25D
catabolism (36). Treatment also inhibits the expression of the G1

cyclin D2 (CCND2) transcripts and protein (Fig. 1A and B).
Conversely, 1,25D induces expression of the gene encoding in-
hibitory cyclin G2 (CCNG2) (Fig. 1A). Note that all experiments
presented in this study are typical of multiple biological replicates.

CCND2 and CCNG2 are well-characterized FoxO protein
target genes that are repressed and induced, respectively, upon
FoxO activation (43, 54). 1,25D also induced expression (Fig.
1A) of MMP3, and BNIP3, both of which are also stimulated by
FoxO proteins (21, 32, 41, 56). FoxO1, FoxO3a, and FoxO4 are
all present in SCC25 cells (FoxO6 is mostly neuronal [29] and
was not studied here). Long-term 1,25D treatment gradually

but substantially enhanced expression of FoxO3a and FoxO4
and more weakly affected FoxO1 (Fig. 1C). The slow increases
in FoxO protein levels observed are consistent with previous
studies showing that 1,25D signaling inhibits expression of the
p45SKP2 E3 ubiquitin ligase required for FoxO protein protea-
somal degradation (33). We probed FoxO protein function
further by analyzing the effect of 1,25D on the nuclear and
cytoplasmic distribution of FoxO3a. Treatment of SCC25 cells
with insulin induced export of nuclear FoxO3a, which was
largely blocked by simultaneous treatment with 1,25D (Fig.
1D). In similar experiments, 1,25D treatment enhanced nu-
clear localization of FoxO3a and partially depleted cytoplasmic
protein (Fig. 1E), suggesting that 1,25D influences FoxO3a
function as well as expression.

We decided to investigate possible functional interactions
between the VDR and FoxO proteins. Expression of the VDR
in SCC25 cells was ablated by siRNA-mediated knockdown
(Fig. 2A), which, as expected, blocked 1,25D-induced CYP24
expression (Fig. 2B). Ablation of the VDR blocked induction
by 1,25D of BNIP3, MMP3, and CCNG2 expression (Fig. 2C).
Repression of CCND2 expression by 1,25D was also blocked in
cells lacking the VDR (Fig. 2C). However, we consistently
observed reductions in basal CCND2 levels in untreated cells
lacking the VDR in several independent experiments, suggest-
ing that the unliganded VDR indirectly or directly controls
expression of CCND2 to some degree. As a further control for
VDR function, we incubated cells with a recently developed
VDR antagonist (M. Lamblin, R. Spingarn, T.-T. Wang, M. C.
Burger, B. Dabbas, N. Moitessier, J. H. White, and J. L. Glea-
son, submitted for publication; also data not shown), which
inhibited induction by 1,25D of CCNG2, MMP3, and BNIP3
and inhibited repression of CCND2 expression. Taken to-
gether, these experiments show that regulation by 1,25D of the
FoxO target genes under study requires the VDR.

FIG. 2. Ablation of VDR expression blocks regulation by 1,25D of FoxO target genes. (A) siRNA-mediated knockdown of VDR expression.
SCC25 cells were transfected with siRNAs recognizing the VDR gene or scrambled siRNA controls, and expression of the VDR was assessed by
Western blotting. (B) Effect of VDR knockdown on regulation by 1,25D of VDR target gene CYP24. (C) Effects of VDR knockdown on regulation
by 1,25D of FoxO target genes CCND2, BNIP3, CCNG2, and MMP3. Error bars represent SD. *, P 	 0.05 for control (siCont) versus VDR-specific
(siVDR) siRNAs at 24 h.
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Given that 1,25D increases the ratio of nuclear/cytoplasmic
FoxO3a and that FoxO proteins and 1,25D share common
target genes, we investigated the effects of 1,25D treatment on
binding of FoxO proteins to the CCND2 and BNIP3 promot-
ers. We focused on FoxO3a and FoxO4, as their expression was
most strongly regulated by 1,25D (Fig. 1). FoxO proteins bind
to the negative regulatory region of the CCND2 promoter (50).
A forkhead response element (FHRE) in the murine BNIP3
gene has been defined (41, 42). The promoters of the human
and murine BNIP3 genes are well conserved, and we identified
a conserved FHRE in the human BNIP3 promoter (Fig. 3A).
Remarkably, ChIP assays revealed that 1,25D enhanced bind-
ing of FoxO3A to both promoters, which peaked after 4 h of
treatment (Fig. 3B and C). Association of the VDR with the
same regions of the CCND2 and BNIP3 promoters was also
enhanced by 4 h of treatment with 1,25D (Fig. 3D). Weak
1,25D-dependent binding of FoxO4 to the CCND2 promoter
was also detected (data not shown). Taken together, these
results suggest that 1,25D signaling is inducing relatively rapid
regulation of FoxO function through the VDR.

The VDR interacts with FoxO proteins and FoxO regulators
Sirt1 and PP1c. FoxO protein DNA binding and subcellular
localization are strongly influenced by their states of phosphor-
ylation and acetylation. Moreover, the relatively rapid induc-

tion of FoxO DNA binding could not be accounted for by the
relatively slow increase in total FoxO3a and FoxO4 seen in
1,25D-treated cells (Fig. 1), suggesting that 1,25D rapidly af-
fected FoxO protein posttranslational modification. Changes
in FoxO3a and FoxO4 phosphorylation with 1,25D treatment
were investigated with phosphoprotein-specific antibodies.
1,25D induced transient dephosphorylation of FoxO3a and
FoxO4 within 4 to 8 h (Fig. 4A and B), which paralleled the
kinetics of 1,25D-induced FoxO DNA binding seen in Fig. 3.
The relatively rapid dephosphorylation of FoxO3a and FoxO4
in the presence of 1,25D is intriguing given a previous report
that the VDR forms ligand-independent complexes with the
catalytic subunits of PP1 and PP2A and stimulates their phos-
phatase activities in the presence of 1,25D (9). Our results
suggest that the VDR associated with FoxO proteins as well.
Indeed, under conditions where, as expected, the nuclear re-
ceptor p160 coactivator AIB1 was recruited to the VDR in a
ligand-dependent manner, coimmunoprecipitation of FoxO3a
and FoxO4 was ligand independent (Fig. 4C). Both PP1c and
PP2Ac are abundant in SCC25 cells, and their expression is not
altered by 1,25D treatment over 24 h (data not shown). We
confirmed the ligand-independent association of the VDR with
PP1c by coimmunoprecipitation (Fig. 4D). However, any as-

FIG. 3. Short-term 1,25D treatment induces binding of FoxO3a to target gene promoters. (A) FHREs in the promoter-proximal regions of the
CCND2 and BNIP3 genes. (B and C) ChIP analysis of 1,25D-dependent binding of FoxO3a to the CCND2 (B) and BNIP3 (C) promoters in SCC25
cells as assessed by qRT-PCR. (D) ChIP analysis of 1,25D-dependent association of the VDR with the FoxO binding regions of the CCND2 and
BNIP3 promoters. Error bars represent SD. *, P 	 0.05.
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sociation of the VDR with PP2A in SCC25 cells was either
weak or absent (Fig. 4D).

Given that deacetylation enhances FoxO protein dephos-
phorylation and that Sirt1 is a FoxO protein deacetylase (30,
43), we probed for Sirt1 association with the VDR and found
that VDR coimmunoprecipitated in a partially ligand-depen-
dent manner (Fig. 4D). Moreover, 1,25D treatment enhanced
the association of Sirt1 with FoxO3a, as assessed by immuno-
precipitations performed with either �FoxO3A (Fig. 4E) or
�Sirt1 (Fig. 4F) antibodies. Direct interactions of FoxO3a or
Sirt1 with the VDR were tested in GST pulldown assays, which
revealed ligand-independent interaction of FoxO and partially
ligand-dependent binding of Sirt1 to GST-VDR (Fig. 4G and
H), consistent with the results of coimmunoprecipitation ex-
periments. Knockdown of VDR expression had no effect on
expression of Sirt1, FoxO3a, or the VDR cofactor RXR�.
Notably, however, loss of VDR expression enhanced FoxO3a
phosphorylation, consistent with a role for FoxO3a-associated
VDR in regulating the state of posttranslational modification
of FoxO3a (Fig. 4I). Taken together, these data indicate that
the VDR associates with FoxO proteins and two key regulators
of their posttranslational modification and function, Sirt1 and
PP1, and that interactions with FoxO proteins and PP1 are

ligand independent but that binding of Sirt1 is partially ligand
dependent.

Inhibition of phosphatase or Sirt1 activity blocks regulation
by 1,25D of common VDR/FoxO target genes. The functional
consequences of the association of the VDR with PP1c were
assessed by inhibition of phosphatase activity with okadaic
acid, which blocked 1,25D-induced FoxO3a dephosphorylation
(Fig. 5A). In addition, short-term (10 to 30 min) 1,25D treat-
ment of extracts of SCC25 cells increased phosphatase activity
(Fig. 5B). Phosphatase activity also coimmunoprecipitated
with the VDR in the absence of 1,25D, consistent with the
constitutive interaction between the VDR and PP1c observed
by coimmunoprecipitation (Fig. 5C). Moreover, 4 h of incuba-
tion with 1,25D augmented VDR-associated phosphatase ac-
tivity (Fig. 5C). Pharmacological blockade of phosphatases
with okadaic acid attenuated or inhibited regulation by 1,25D
of FoxO target genes CCNG2, BNIP3, and MMP3 (Fig. 5D)
and eliminated suppression by 1,25D of cyclin D2 protein ex-
pression (Fig. 5E). It also attenuated regulation by 1,25D of
the CYP24 target gene. However, as argued below, this is likely
to be independent of any effects on 1,25D-regulated FoxO
protein function.

The consequences of the 1,25D-dependent association of

FIG. 4. Interactions of the VDR with FoxO proteins and their regulators Sirt1 and PP1. (A and B) 1,25D induces dephosphorylation of FoxO3a
(A) and FoxO4 (B). FoxO3a and FoxO4 phosphorylation on specific residues were assessed by Western blotting using specific antibodies
recognizing FoxO3a phosphorylated on Thr32 or FoxO4 phosphorylated on Ser193. (C) FoxO3a and FoxO4 associate with the VDR, as
determined by immunoprecipitation of the VDR from SCC25 cells treated with 1,25D as indicated, followed by Western blotting for FoxO3a,
FoxO4, or the VDR. Coimmunoprecipitation of p160 coactivator AIB1 with the VDR was used as a control for 1,25D-dependent association of
the VDR with a cofactor. (D) Association of the VDR with PPI and Sirt1. The VDR was immunoprecipitated from SCC25 cells, and
immunoprecipitates were probed for the presence of the catalytic subunits of PP1, PP2a, Sirt1, or the VDR. (E) 1,25D augments the association
of Sirt1 with FoxO3a. FoxO3a was immunoprecipitated from SCC25 cells, and immunoprecipitates were probed for the presence of Sirt1, the
VDR, or FoxO3a. (F) Sirt1 was immunoprecipitated from SCC25 cells treated with vehicle or 1,25D, followed by Western blotting for associated
FoxO3a. (G) Analysis by a GST pulldown assay of the binding of in vitro-translated FoxO3a to the VDR ligand binding domain in the absence
and presence of 1,25D. (H) Analysis of 1,25D-dependent binding of in vitro-translated SIRT1 to the VDR ligand binding domain by a GST
pulldown assay. (I) Effect of siRNA-mediated VDR ablation on expression levels of Sirt1, total FoxO3a, and RXR� and an analysis of the effect
of VDR ablation on the level of Th32 FoxO3a phosphorylation.

4894 AN ET AL. MOL. CELL. BIOL.



Sirt1 with FoxO proteins were also tested. TSA-resistant
HDAC activity immunoprecipitated with the VDR and was
enhanced by short-term treatment with 1,25D (Fig. 6A). Con-
sistent with these findings, immunoprecipitation of total
FoxO3a and probing with an anti-acetyllysine antibody re-
vealed that 1,25D treatment reduced the levels of FoxO3a
acetylation (Fig. 6B). In contrast, acetylation of p53, another
Sirt1 substrate, was unaffected or modestly enhanced by 1,25D
treatment (Fig. 6B), suggesting that the effect of 1,25D on Sirt1
is substrate specific.

The role of Sirt1 in regulation by 1,25D of FoxO3a function
was further investigated by siRNA-mediated knockdown (Fig.
6C). Although Sirt1 has been shown to contribute to FoxO
protein regulation (43), it was not clear how critical its role
was, as loss of Sirt1 deacetylase activity could be compensated
for by other sirtuins or class I or II HDACs. Importantly, while
ablation of Sirt1 had no effect on total FoxO3a expression, it
markedly enhanced FoxO3a phosphorylation, consistent with
the idea that Sirt1 is a key regulator of FoxO function in
SCC25 cells (Fig. 6C).

We further probed the role of Sirt1 in regulation by 1,25D of
FoxO target genes. In a control experiment, ablation of neither
Sirt1 expression nor FoxO3a altered the levels of the VDR or
RXR� in SCC25 cells (Fig. 6D). Similarly, knockdown of Sirt1
had no substantial effect on regulation of VDR target gene
CYP24 (Fig. 6E). However, loss of Sirt1 attenuated inhibition
by 1,25D of CCND2 expression and diminished induction of
BNIP3, CCNG2, and MMP3 expression (Fig. 6F). We note
here that, as resveratrol has been described as an activator of
Sirt1, we performed several experiments to determine whether
resveratrol would enhance (1,25D-regulated) FoxO function,
consistent with stimulation of Sirt1 activity. However, we failed
to observe effects of resveratrol consistent with Sirt1 activation.

For example, while inhibitor nicotinamide altered regulation
by 1,25D of FoxO target genes in a manner consistent with
blockade of Sirt1, the effects of resveratrol were inconsistent
with Sirt1 activation (data not shown). In this regard, recent
publications have suggested that effects of resveratrol on Sirt1
function are indirect (8, 47).

A role for Sirt1 in 1,25D-regulated FoxO target gene expres-
sion was further supported by the results of ChIP assays re-
vealing an association of Sirt1 with the CCND2 and BNIP3
promoters that was modestly enhanced by 1,25D (Fig. 6G).
Moreover, knockdown of Sirt1 expression blocked 1,25D-de-
pendent binding of the VDR to the CCND2 and BNIP3 pro-
moters (Fig. 6H). Taken together, the results of the ChIP
assays provide evidence that 1,25D stimulates the formation of
a complex containing FoxO proteins, the VDR, and Sirt1 on
FoxO target promoters.

Ablation of FoxO protein expression abrogates hormonal
regulation of common FoxO/1,25D target genes and 1,25D-
induced cell cycle arrest. Selective siRNA knockdown blocked
expression of either FoxO3a or FoxO4 mRNA and protein in
SCC25 cells (Fig. 7A and data not shown). Note that knock-
down of FoxO3a did not alter FoxO4 protein levels and vice
versa (not shown). Loss of FoxO3a or FoxO4 had no significant
effects on basal or 1,25D-inducible expression of a VDRE-
containing luciferase promoter-reporter vector or of VDR tar-
get gene CYP24 (Fig. 7B and C). Conversely, regulation by
1,25D of CCND2, BNIP3, CCNG2, or MMP3 was either mark-
edly attenuated or abolished in cells lacking FoxO3a (Fig. 7D),
whereas ablation of FoxO4 largely abolished regulation of
BNIP3 and CCNG2 but had little or no effect on regulation of
CCND2 or MMP3. This indicates that the functions of FoxO3a
and FoxO4 are nonredundant and at least FoxO4 is acting
gene specifically.

FIG. 5. Phosphatase inhibition blocks 1,25D-induced FoxO3a dephosphorylation and activation. (A) SCC25 cells were treated with 1,25D for
8 h alone or in the presence of the phosphatase inhibitor okadaic acid (Ok; 1 nM). Expression of total and phospho-FoxO3a was assessed by
Western blotting. (B) 1,25D treatment enhances total phosphatase activity in SCC25 cells. Extracts of SCC25 cells were incubated with 1,25D, as
indicated, and total phosphatase activity was determined. (C) Association of phosphatase activity with the VDR. SCC25 cells were treated for 4 h
with vehicle or 1,25D, and extracts were immunoprecipitated with an �VDR antibody. Immunoprecipitates were assayed for phosphatase activity.
(D) Inhibition of phosphatase activity blocks or attenuates regulation by 1,25D of FoxO target genes. SCC25 cells were treated with 1,25D or
vehicle for 24 h in the absence of inhibitors (Cont.) or in the presence of the phosphatase inhibitor okadaic acid (Ok; 1 nM) prior to isolation of
RNA for qRT-PCR analysis. (E) Okadaic acid (1 nM) blocks suppression by 1,25D of cyclin D2 expression, as analyzed by Western blotting. Error
bars represent SD. *, P 	 0.05.
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Consistent with the effects of FoxO3a and FoxO4 on regu-
lation by 1,25D of CCND2 mRNA, knockdown of FoxO3a
abolished the reduction in cyclin D2 protein levels seen in
1,25D-treated cells, whereas loss of FoxO4 had little effect
(Fig. 7E), suggesting that FoxO3a is more important contrib-
utor to 1,25D-induced cell cycle arrest. Treatment of SCC25
cells with 1,25D induces a dose- and time-dependent decrease
in cell proliferation (Fig. 8A and B), characterized by reduced

incorporation of nucleoside analogue EdU. Knockdown of
FoxO3a expression completely abolished inhibition by 1,25D
of cell proliferation as measured by EdU incorporation (Fig.
8C), whereas loss of FoxO4 had no significant effect, in agree-
ment with the relative roles of FoxO3a and FoxO4 in regulat-
ing CCND2 expression. Taken together, these results show that
the hormone-bound VDR in association with Sirt1 is a regu-
lator of FoxO protein posttranslational modification and func-

FIG. 6. Association of the VDR with TSA-resistant lysine deacetylase activity and the effects of Sirt1 on FoxO3a phosphorylation and target
gene regulation. (A) Association of the VDR with lysine deacetylase activity. SCC25 cells were treated with vehicle or 1,25D for 4 h, and extracts
were immunoprecipitated with an �VDR antibody or IgG control and assayed for lysine deacetylase activity in the presence of NAD and the class
I and II HDAC inhibitor TSA. (B) 1,25D treatment induces deacetylation of FoxO3a. SCC25 cells were treated with 1,25D for 0, 1, or 4 h, and
extracts were immunoprecipitated with an anti-FoxO3a antibody, followed by Western blotting for acetyllysine. As a control for specificity of
1,25D-induced deacetylation, SCC25 cells were treated with 1,25D for 0, 1, or 4 h and extracts analyzed by Western blotting with an anti-
acetylated-p53 antibody. Note that the treatment at the zero time point was performed in duplicate in this experiment. (C) Ablation of Sirt1
expression enhances phosphorylation of FoxO3a. SCC25 cells were transfected with siRNAs recognizing Sirt1 or scrambled siRNA controls, and
expression of Sirt1 was assessed by Western blotting. Expression of total and Th32-phosphorylated FoxO3a in extracts of cells transfected with
control or SIRT1-specific siRNA was analyzed. (D) Western blotting of the effects of siRNA-mediated ablation of Sirt1 or FoxO3a expression on
levels of the VDR and RXR�. (E) Effect of Sirt1 ablation on regulation of 1,25D target gene CYP24. SCC25 cells transfected with control or
SIRT1-specific siRNAs were incubated with 1,25D as indicated, and regulation of CYP24 was analyzed by qRT-PCR. (F) Effect of Sirt1 ablation
on regulation by1,25D of FoxO target genes. SCC25 cells transfected with control or SIRT1-specific siRNA were incubated with 1,25D as indicated,
and regulation of FoxO target genes was assessed by qRT-PCR. (G) ChIP analysis of association of transiently expressed Flag-Sirt1 with the FoxO
binding regions of the CCND2 and BNIP3 promoters. (H) Analysis of the effects of Sirt1 ablation on 1,25D-dependent binding of the VDR to the
FoxO binding region of the BNIP3 promoter. Error bars represent SD. *, P 	 0.05.
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tion and reveal an important role for FoxO3a as a mediator of
the antiproliferative actions of 1,25D.

DISCUSSION

Our results provide direct links between 1,25D signaling
through the VDR and regulation of Sirt1 and FoxO protein
function and reveal that 1,25D regulates the expression of a
subset of its target genes through control of FoxO protein
function. The VDR coimmunoprecipitated with FoxO3a and
FoxO4 and bound to FoxO3a in GST pulldown assays in a
hormone-independent manner. We also found that the VDR
associated constitutively with the catalytic subunit of protein
phosphatase 1, consistent with previous studies showing hor-
mone-independent interaction of the VDR and PP1 in CaCo2
colon carcinoma cells (9). The VDR associated directly with
Sirt1 in a partially hormone-dependent manner, as assessed by
a GST pulldown assay and coimmunoprecipitation. In addi-
tion, 1,25D enhanced the recruitment of Sirt1 to FoxO3a, as
judged by the coimmunoprecipitation of Sirt1 with an anti-
FoxO3a antibody. In addition, 1,25D enhanced the amount of
TSA-resistant HDAC activity that coimmunoprecipitated with
the VDR.

Importantly, we also found that knockdown of Sirt1 expres-

FIG. 8. Knockdown of FoxO3a expression blocks the antiprolifera-
tive activity of 1,25D. Dose (A)- and time (B)-dependent effect of
1,25D on SCC25 cell proliferation as assessed by an EdU incorpora-
tion assay. (C) SCC25 cells were transfected with control or FOXO-
specific siRNAs and then treated with vehicle or 1,25D for 24 h. Cell
proliferation was analyzed by determining EdU incorporation. Quan-
tification of results and analysis by the t test are presented on the right.
Error bars represent SD. *, P 	 0.05.

FIG. 7. Ablation of FoxO expression attenuates or blocks inhibition of SCC25 cell proliferation by 1,25D. (A) siRNA-mediated knockdown of
FoxO3a or FoxO4. SCC25 cells were transfected with siRNAs recognizing FOXO3A, FOXO4, or control siRNA, and expression of FoxO proteins
was assessed by Western blotting. (B) Ablation of FoxO expression does not affect regulation by 1,25D of a VDRE-containing promoter. SCC25
cells were transfected with the VDRE3/tk-luc expression vector along with control siRNAs or siRNAs directed against FOXO3A and/or FOXO4,
as indicated. Cells were treated with vehicle or 1,25D, and extracts were assayed for luciferase activity. (C) Effects of ablation of FoxO expression
on regulation by 1,25D of target gene CYP24. SCC25 cells were transfected with control or FoxO-specific siRNAs, and transfected cells were
treated with 1,25D as indicated. Expression of CYP24 was analyzed by qRT-PCR. (D) Effects of ablation of FoxO expression on regulation by
1,25D of FoxO target genes. SCC25 cells were transfected with control or FoxO-specific siRNA, and transfected cells were treated with 1,25D as
indicated. Expression of FoxO target genes was analyzed by qRT-PCR. (E) Effects of FoxO knockdown on regulation by 1,25D of cyclin D2
expression. SCC25 cells were transfected with control or FoxO-specific siRNAs, and transfected cells were treated with 1,25D for 8 h. Cyclin D2
expression and actin control were assessed by Western blotting. Error bars represent SD. *, P 	 0.05.

VOL. 30, 2010 REGULATION OF FoxO PROTEIN FUNCTION BY VITAMIN D 4897



sion substantially enhanced FoxO3a phosphorylation, consis-
tent with the previously established link between Sirt1-cata-
lyzed FoxO deacetylation and dephosphorylation (43) and
confirming that Sirt1 is a key regulator of FoxO function in
SCC25 cells. Notably, FoxO3a phosphorylation was also ele-
vated in cells lacking the VDR. This experiment was per-
formed in the absence of 1,25D, suggesting that the hormone-
free VDR associated with FoxO proteins, along with the basal
association of Sirt1, leads to partial activation of FoxO protein
function in the absence of hormone. It is not clear, however,
whether the VDR acts merely as a scaffold under these con-
ditions or whether it regulates the enzymatic activity of asso-
ciated Sirt1 and PP1. PP1 activity may indeed be hormone
regulated, as previous work revealing the ligand-independent
association of PP1 with the VDR in CaCo2 cells also showed
that 1,25D enhanced associated phosphatase activity (9).
While ligand-dependent recruitment of Sirt1 may contribute to
the observed 1,25D-stimulated binding of FoxO3a and the
VDR to target promoters, we cannot rule out the possibility
that association with the VDR may regulate Sirt1 enzymatic
activity and substrate specificity.

The functional significance of these interactions was borne
out by gene ablation studies. Loss of Sirt1 expression attenu-
ated regulation by 1,25D of FoxO target genes CCNG2 and
BNIP3 but had little or no effect on regulation of MMP3.
Knockdown of FoxO3a attenuated regulation by 1,25D of all of
the genes under study, whereas the loss of FoxO4 had a more
gene-specific effect. In contrast, knockdown of Sirt1, FoxO3a,
or FoxO4 had little or no effect on 1,25D-induced CYP24
expression, and FoxO knockdown had no effect on induction
by 1,25D of luciferase expression driven from a VDRE-con-
taining minimal promoter, consistent with the idea that the
hormone-bound VDR regulates a subset of its target gene via
association with FoxO proteins. It will be of interest to com-
pare the (1,25D-regulated) binding patterns of FoxO proteins
and the VDR in genome-wide studies to determine the extent
of the overlap.

Although long-term treatment with 1,25D gradually en-
hanced FoxO protein expression, consistent with 1,25D-depen-
dent suppression of the FoxO-modifying E3 ubiquitin ligase
p45SKP2 (35), the effects on FoxO posttranslational modifica-
tion and DNA binding observed here occurred with similar
kinetics and were relatively rapid (	4 h) and thus largely
independent of effects on total FoxO protein levels. The ram-
ifications of these findings are severalfold. First, the induction
of FoxO function provides a molecular basis for the chemo-
preventive properties of vitamin D, as FoxO proteins are well
established as tumor suppressors (5, 48, 55). FoxO3a knock-
down blocked inhibition of cyclin D2 mRNA and protein ex-
pression and cell proliferation by 1,25D, substantiating a role
for stimulation of FoxO function in 1,25D-induced cell cycle
arrest and consistent with the idea that FoxO proteins mediate
regulation by 1,25D of the CCND2 and CCNG2 genes.

The control by 1,25D of Sirt1 function is intriguing, as other
work has suggested that Sirt1 controls FoxO function selec-
tively, enhancing the regulation of genes implicated in cell
cycle arrest but suppressing regulation of proapoptotic genes
(12, 15, 44, 57). Our data also suggest that the VDR is a
selective regulator of Sirt1 function. P53 is a well characterized
substrate of Sirt1, and deacetylation inhibits p53-dependent

transactivation (11). However, we found no evidence for
1,25D-induced deacetylation of p53. It will be of interest to
investigate further the extent of the regulation of Sirt1 function
by the hormone-bound VDR. For example, a recent study
showed that Sirt1 activity suppresses intestinal tumorigenesis
in a �-catenin-driven model of colon cancer in mice and that
Sirt1 deacetylated �-catenin and promoted its nucleocytoplas-
mic shuttling (19). 1,25D-driven VDR function has been
strongly implicated in colon cancer chemoprevention, and the
VDR interacts directly with �-catenin and suppresses its activ-
ity (45). This raises the question of whether 1,25D stimulates
Sirt1-induced �-catenin deacetylation. Similarly, Sirt1 and
1,25D signaling through the VDR inhibit NF-
B function (2,
31), suggesting that 1,25D may enhance NF-
B deacetylation
though its interaction with Sirt1.

The breadth of regulation of Sirt1 by the VDR is also of
interest to determine because Sirt1 has turned out be a double-
edged sword in terms of its relationship with cancer prevention
and tumorigenesis (11, 38, 40). For example, Sirt1-null em-
bryos display impaired DNA damage responses and genomic
instability and Sirt�/� p53�/� mice spontaneously develop
multiple tumors (58). In addition, the above-mentioned study
implicated Sirt1 function in suppression of �-catenin-driven
colon tumorigenesis in mice (19). However, Sirt1 is overex-
pressed in a number of tumors and can block cellular senes-
cence and differentiation, and Sirt1 inhibitors have anticancer
properties in animal models (38).

The 1,25D-dependent regulation of FoxO proteins also links
VDR function to longevity. FoxO protein function has been
associated with longevity in a wide variety of organisms, from
Caenorhabditis elegans to mammals (13, 53). Moreover, recent
genome-wide association studies have linked variants in the
human FoxO3a gene to extreme longevity in humans of Japa-
nese and German ancestry (20, 62). While the VDR is not
considered a longevity factor per se, numerous studies have
documented a role for vitamin D sufficiency in cancer chemo-
prevention (16). Moreover, a meta-analysis of randomized
controlled trials taking into account death from all causes
revealed an association between vitamin D supplementation
and longevity in humans (6, 22). 1,25D-dependent control of
FoxO proteins may thus contribute to human longevity.
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