
Cyclin D1 promotes anchorage-independent cell
survival by inhibiting FOXO-mediated anoikis
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O-class forkhead box (FOXO) transcription factors are critical regulators of diverse cellular processes, including apoptosis, cell-
cycle arrest, DNA damage repair and oxidative stress resistance. Here, we show that FOXO1 and FOXO3a have an essential
function in promoting cell detachment-induced anoikis, resistance to which is implicated in cancer development and metastasis.
In contrast, the oncoprotein cyclin D1 inhibits anoikis. We further show that cyclin D1 interacts with FOXO proteins and impedes
their transcriptional regulatory and anoikis-promoting functions. This effect of cyclin D1 requires its transcription repression
domain but is independent of cyclin-dependent kinases CDK4 and CDK6. Moreover, we show that cancer-derived mutants of
cyclin D1 are much more stable than wild-type cyclin D1 under anchorage-independent conditions and possess a greater
antagonistic effect on FOXO-regulated anoikis and anchorage-independent growth of cancer cells. These data suggest that
cyclin D1 may have a critical function in tumorigenesis and cancer metastasis by inhibiting the anoikis-promoting function of
FOXO proteins.
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Adhesion to an appropriate extracellular matrix (ECM) is
important for normal cells to survive, and detachment from
such supportive matrices usually triggers a specific type of
apoptosis termed anoikis.1 However, most cancer cells are
commonly resistant to anoikis and can survive in the presence
of an inappropriate ECM or in the absence of anchorage to the
ECM.2 By binding to the ECM, members of the integrin family
become activated, setting off a myriad of downstream/
intracellular apoptosis-inhibitory pathways, thereby protecting
cells from anoikis.3 In contrast, loss of integrin engagement
with the ECM has been shown to promote anoikis in breast
epithelial cells,4 and this process is likely mediated by
increased expression of the pro-apoptotic gene,Bim, because
silencing of the Bim gene prevents integrin inactivation-
induced anoikis.4 Bim transcription is also upregulated during
anoikis in many other types of cells,5–7 suggesting that
elevated Bim gene expression is a common event that
precedes anoikis. However, the transcription factors respon-
sible for the increased expression of Bim during anoikis are
unknown.
FOXO proteins, which include FOXO1 (FKHR), FOXO3a

(FKHRL1), FOXO4 (AFX), and FOXO6 in humans, belong to
the superfamily of forkhead transcription factors characte-
rized by a highly conserved DNA-binding domain (also called
the forkhead domain).8 Activation of FOXO proteins induces
cell-cycle arrest at G1 by upregulating the cyclin-dependent
kinase (CDK) inhibitors p27KIP1 and p21WAF1. Moreover, a
number of pro-apoptotic genes, including Bim, Fas ligand

(FasL), and tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) are regulated by members of the FOXO
family.9–11 Indeed, expression of FOXO proteins induces
apoptosis in cells of various tissue types.12 These findings
suggest that FOXO proteins possess tumor suppressor
functions. In line with this hypothesis, functions of FOXO
proteins are often modulated and inactivated by various
posttranslational mechanisms, including phosphorylation,
acetylation, and ubiquitination.12

The proto-oncogene cyclin D1 is implicated in human
cancers because of its frequent amplification, overexpression,
mutation, and its well-known function in cell proliferation.
It is found amplified or mutated in both hematological
malignancies and numerous types of solid tumors, including
breast and prostate cancer.13–17 The function of cyclin D1 in
cell-cycle progression is to bind and activate CDK4 and
CDK6, which ultimately leads to phosphorylation and inacti-
vation of the tumor suppressor retinoblastoma (RB) protein.18

However, emerging evidence suggests that a CDK4/6-
independent function of cyclin D1 is also implicated in
tumorigenesis.19

Here, we show that FOXO1 and FOXO3a are required for
cell detachment-triggered anoikis. We also show that cyclin
D1 interacts with both FOXO1 and FOXO3a and inhibits their
transcriptional activity and anoikis-promoting function.
Moreover, our results indicate that this function of cyclin D1
is mediated through a protein–protein interaction that is
independent of CDK4 and CDK6.
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Results

FOXO1 and FOXO3a promote anoikis. To define the
molecular pathways mediating anoikis, we first surveyed
anoikis sensitivity among the prostate cancer cell lines
DU145, LNCaP, 22Rv1, and PC-3 and the nonmalignant
prostatic epithelial cell line BPH-1. DU145 and BPH-1 cells
underwent robust anoikis and cleavage of poly(ADP-ribose)
polymerase (PARP), an apoptotic marker, when they were
detached from ECM (Figure 1a and b; Supplementary Figure
1a and b). Massive cell death was also observed in
NIH3T3 fibroblasts when they were cultured in suspension
(Figure 2a and b). Under the same conditions, however, little
or no anoikis was detected in LNCaP, 22Rv1, and PC-3 cells
(Supplementary Figure 1d; data not shown). In agreement
with earlier findings that the pro-apoptotic gene, Bim, has an
essential function in execution of anoikis,4–7 expression of
Bim was substantially upregulated in anoikis-sensitive
DU145, NIH3T3, and BPH-1 cells (Figures 1a, 2a; Supple-
mentary Figure 1a) but not in anoikis-resistant LNCaP,
22Rv1 and PC-3 cells (Supplementary Figures 1c, e and f).
As Bim is a well-characterized target gene of FOXO

transcription factors,9 we investigated whether FOXO
proteins are key mediators of anoikis upstream of Bim.
Toward this end, FOXO1 and FOXO3a, two members of the
FOXO family that are predominantly expressed in prostatic
epithelial cells,11,20 were effectively knocked down by
FOXO1 and/or FOXO3a-specific small interfering RNAs
(siRNAs) in DU145 cells (Figure 1c). Silencing of FOXO1
or FOXO3a alone significantly decreased detachment-
induced anoikis, and further reduction in anoikis was
detected in cells in which both FOXO1 and FOXO3a were
concomitantly silenced (Figure 1d). Silencing of FOXO1 and/
or FOXO3a also resulted in reduced cleavage of PARP
(Figure 1c). In accordance with these observations, silencing
of FOXO1 and/or FOXO3a diminished Bim expression
induced by cell detachment (Figure 1c), indicating that
FOXO proteins are responsible for upregulation of Bim
expression during anoikis. Together, these results suggest
that both FOXO1 and FOXO3a are important mediators of
anoikis.
Given that nuclear translocation is a major indicator of

activation of FOXO proteins,12 we examined nuclear/cyto-
plasmic localization of FOXO1 and FOXO3a proteins in

Figure 1 FOXO1 and FOXO3a promote anoikis. DU145 cells grown in adhesion (Adh) or suspension (Susp) were collected at the indicated time points and subjected to
immunoblotting analysis for expression of PARP, Bim, FOXO1, FOXO3a, and cyclin D1 proteins (a) and measurement of apoptosis (b). (c, d) DU145 cells were transfected
with control siRNA, or siRNAs for FOXO1, FOXO3a, or both. At 48 h after transfection, cells were plated in adhesion or suspension and at the indicated time points cells were
subjected to immunoblotting (c) and apoptosis (d) analysis. ERK2 was used as a loading control. Results from three independent experiments were quantified for apoptosis.
Error bars indicate S.D. among three individual experiments
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DU145 cells on detachment from ECM. FOXO1 proteins were
detected equivalently in both the cytoplasm and the nucleus
during the course of cells cultured in suspension (Supple-
mentary Figure 2). FOXO3a proteins were mainly detected in
the nucleus of detached DU145 cells. However, no transloca-
tion of this protein between the cytoplasm and the nucleus
was observed (Supplementary Figure 2). Thus, no nuclear
translocation of FOXO1 and FOXO3a proteins was observed
after cell detachment, excluding the role of this mechanism in
activation of FOXO proteins during anoikis.

Cyclin D1 suppresses anoikis. Resistance to anoikis is a
hallmark of cancer cells and yet the underlying molecular
mechanism is far from elucidated. Early studies have shown
that many factors, including phorbol ester, galectin-3, and
b-catenin, cause anoikis resistance in various types of cells.
Most importantly, all these factors invariably induce
expression of cyclin D1,21–24 suggesting that cyclin D1 may
function as an important inhibitor of anoikis. In support of this
hypothesis, we showed that no cyclin D1 protein was
detected in anoikis-sensitive DU145, NIH 3T3, and BPH-1
cells when they underwent anoikis; however, the level of
cyclin D1 protein remained unchanged in anoikis-resistant

LNCaP, 22Rv1, and PC-3 cells under the same conditions
(Figures 1a, 2a; Supplementary Figures 1a, c, e and f). To
further determine the causal role of cyclin D1 in promoting
anoikis resistance, we generated a cyclin D1 stable
(3T3-cyclin D1) and a control cell line (3T3-pcDNA3.1) from
NIH3T3 cells. As shown in Figure 2a, cyclin D1 protein
remained at high levels in 3T3-cyclin D1 cells while they were
detached from ECM. Importantly, little or no anoikis was
detected in these cells relative to control 3T3-pcDNA3.1 cells
(Figure 2b). Accordingly, PARP cleavage was readily
detected in 3T3-pcDNA3.1 cells during anoikis. However,
this event was largely inhibited in 3T3-cyclin D1 cells
(Supplementary Figure 3). In contrast, cyclin D1 knocking
down in anoikis-resistant LNCaP cells increased PARP
cleavage, Bim expression, and anoikis (Figure 2c and d).
Therefore, we conclude that elevated cyclin D1 confers
cellular resistance to anoikis.

Cyclin D1 inhibits both the transcriptional and anoikis-
promoting functions of FOXO1 and FOXO3a. Given that
FOXO1 and FOXO3a are responsible for the induction of
Bim expression during anoikis (Figure 1), the finding that
stable expression of cyclin D1 blocked Bim induction in cells

Figure 2 Cyclin D1 inhibits anoikis. (a, b) NIH3T3 cells stably expressing either an empty vector (3T3-pcDNA3.1) or cyclin D1 (3T3-cyclin D1) were cultured in suspension
and at the indicated time points cells were subjected to immunoblotting (a) and apoptosis (b) analysis. (c, d) LNCaP cells were transfected with a pool of cyclin D1-specific
siRNAs or nonspecific control siRNAs. At 48 h after transfection, cells were cultured in suspension and at the indicated time points cells were subjected to immunoblotting
(c) and apoptosis (d) analysis. The number underneath each band in the immunoblot indicates the relative intensity of the corresponding band. Error bars indicate S.D. among
three individual experiments
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grown in suspension (Figure 2a) suggests that cyclin D1 may
protect cells from anoikis by inhibiting the function of FOXO
proteins. To test this notion, we attempted to determine
whether forced expression of FOXO1 enhances anoikis and
this effect of FOXO1 can be blocked by cyclin D1. In line with
our earlier observation that FOXO1 silencing inhibits anoikis
(Figure 1c and d), ectopic expression of a constitutively
active mutant of FOXO1 (FOXO1-AAA), in which three Akt
phosphorylation residues were converted into alanines,

sensitized DU145 cells to anoikis (Figure 3a and b).
However, this effect of FOXO1 was largely abrogated by
cotransfection of cells with wild-type cyclin D1 (Figure 3a and
b). In agreement with these results, we further showed that
cotransfection of cyclin D1 also diminished FOXO1-
enhanced expression of endogenous Bim (Figure 3a). This
effect of cyclin D1 on the level of Bim protein does not seem
to be direct because overexpression of cyclin D1 had no
effect on the levels of exogenously expressed Bim

Figure 3 Cyclin D1 inhibits FOXO1-augmented anoikis and FOXO1’s transcriptional activity. (a, b) DU145 cells were transfected with plasmids as indicated. At 36 h after
transfection, cells were cultured in suspension and at the indicated time points cells were subjected to immunoblotting (a) and apoptosis (b) analysis. The number underneath
each band in the immunoblot indicates the relative intensity of the corresponding band. (c) LNCaP cells were transfected with firefly and Renilla luciferase reporter constructs
and plasmids as indicated. At 36 h after transfection, cells were subjected to luciferase activity measurement as described in ‘Materials and Methods’ (upper panel) or western
blot analysis (lower panel). Error bars indicate S.D. among three individual experiments. (d) Top, a schematic diagram of the cyclin D1 protein shows its different functional
domains. Middle and bottom, LNCaP cells were transfected with the indicated plasmids and luciferase activities and western blots were analyzed as described in (c). The
asterisk indicates a nonspecific immunoreactive band
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(Supplementary Figure 4). These results indicate that cyclin
D1 may be able to inhibit FOXO’s transcriptional activity.
Next, we sought to test this hypothesis by using a generic
FOXO luciferase reporter gene that contains three copies of
forkhead response elements. As shown in Figure 3c, forced
expression of cyclin D1 inhibited the transcriptional activity
of both wild-type (FOXO1-WT) and the active FOXO1
(FOXO1-AAA). Moreover, silencing of endogenous cyclin
D1 increased FOXO’s transcriptional activity (Supplementary
Figure 5). Thus, our results show that overexpression of
cyclin D1 inhibits both the transcriptional and anoikis-
promoting functions of FOXO1. Similarly, elevated cyclin
D1 also inhibits FOXO3a’s transcriptional activity and
FOXO3a-induced Bim expression and anoikis (Supple-
mentary Figure 6a, b; data not shown).

Cyclin D1 inhibits FOXO1 and FOXO3a independent of
CDK4 and CDK6 but dependent on its transcription
repression domain. A well-known function of cyclin D1 is to
bind to and activate CDK4 and CDK6, leading to
phosphorylation and inhibition of cyclin D1/CDK substrates
such as the RB protein.18 CDK1 and CDK2 are known to
inhibit FOXO1 through phosphorylation of FOXO1 at serine
residue 249.20,25 However, little or no phosphorylation of
FOXO1 by CDK4 or CDK6 was detected with in vitro kinase
assays (Supplementary Figure 7a, b and c). Accordingly,
cotransfection of CDK4 or CDK6 with cyclin D1 failed
to augment cyclin D1-mediated inhibition of FOXO1’s
transcriptional activity (Supplementary Figure 7d). In addi-
tion, expression of the K112E mutant of cyclin D1 (cyclin
D1-KE), which is unable to activate CDK4 and CDK6,26 also
inhibited the transcriptional activity of FOXO1 and FOXO3a,
FOXO1/FOXO3a-induced expression of endogenous Bim,
and FOXO1-enhanced anoikis (Figure 3a, b, and c;
Supplementary Figure 6a and b). These findings suggest
that cyclin D1 inhibits FOXO1 and FOXO3a in a manner
independent of CDK4 or CDK6. To define the molecular
mechanism underlying cyclin D1 inhibition of FOXO1 and
FOXO3a, we focused on the transcription repression domain
(RD) of cyclin D1, which has been shown to be important in
cyclin D1-mediated repression of certain transcription
factors.27 Deletion of RD (cyclin D1-RD) almost completely
abolished cyclin D1-mediated inhibition of FOXO1’s trans-
criptional activity (Figure 3d). Expression of RD alone
also considerably inhibited the transcriptional activity of
FOXO1 (Figure 3d). No significant difference in inhibition
of FOXO1 activity was detected between the full-length
cyclin D1 and the RD fragment (Figure 3d). Thus, cyclin D1’s
transcription RD is required for its inhibition of FOXO1.
Similar to the inhibition of FOXO1, cyclin D1-mediated
inhibition of FOXO3a is also RD-dependent (Supple-
mentary Figure 6c).

Cyclin D1 interacts with FOXO1 and FOXO3a. To further
examine the molecular mechanism responsible for cyclin D1
inhibition of FOXO1, we sought to determine whether cyclin
D1 forms a protein complex with FOXO1. Co-immuno-
precipitation assays showed that endogenous cyclin D1
forms a protein complex with endogenous FOXO1 in anoikis-
resistant LNCaP cells (Figure 4a). Ectopically expressed

Figure 4 Cyclin D1 interacts with FOXO1 in vitro and in vivo. (a) Interaction of
endogenous cyclin D1 and FOXO1 proteins in LNCaP cells as shown by co-
immunoprecipitation using an antibody against cyclin D1. (b) LNCaP cells were
transfected with plasmids as indicated. At 48 h after transfection, cells were
subjected to immunoprecipitation and western blot analysis. (c) Binding of
35S-labeled cyclin D1 proteins, produced by in vitro transcription and translation, to
GST–FOXO1 recombinant proteins. Top, autography of in vitro-produced cyclin D1
proteins bound by GST–FOXO1 recombinant proteins. Middle, input of 35S-labeled
cyclin D1 proteins. Bottom, GST and GST–FOXO1 recombinant proteins used for in
vitro protein-binding assays indicated by Coomassie blue staining
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hemagglutinin (HA)-tagged cyclin D1 also formed a complex
with FLAG-tagged FOXO1 in LNCaP cells (Figure 4b). To
further examine the cyclin D1–FOXO1 interaction, both
genes were transfected into LNCaP cells and cellular
localization of the ectopically expressed FOXO1 and cyclin
D1 proteins was assessed by immunofluorescent chemistry.
In agreement with earlier reports,28,29 cyclin D1 and FOXO1
proteins were found in both the cytoplasm and nucleus of
LNCaP cells. Importantly, these two ectopically expressed
proteins were co-localized (Supplementary Figure 8).
Consistent with our findings that cyclin D1-KE inhibits
FOXO1’s transcriptional and pro-anoikis functions, the
HA-cyclin D1-KE protein also interacted with FOXO1
in vivo (Figure 4b). In accordance with the finding that
ectopic expression of the cyclin D1 RD diminished the
transcriptional activity of FOXO1 (Figure 3d), co-
immunoprecipitation assays showed that the RD of cyclin
D1 interacts with FOXO1 (data not shown). To determine
whether cyclin D1 interacts directly with FOXO1, we
performed in vitro protein-binding assays using bacterially
purified GST–FOXO1 recombinant proteins and 35S-labeled
cyclin D1 produced from in vitro transcription and translation.
The strongest interaction was detected between cyclin D1
and FO1-3 (Figure 4c), a region of FOXO1 encompassing
amino acids 211–419 (Supplementary Figure 7a). As a
negative control, no interaction between cyclin D1 and GST
proteins was observed (Figure 4c). These data indicate that
cyclin D1 interacts directly with FOXO1. To further explore
the mechanism underlying the inhibition of FOXO
transcriptional activity mediated by cyclin D1, we examined
whether forced expression of cyclin D1 affects the binding
of FOXO1 to the Bim promoter using chromatin immuno-
precipitation (ChIP) assays. As shown by both semi-
quantitative and real-time PCR, the binding of ectopically
expressed FOXO1 to the promoter of Bim gene was largely
reduced in cells transfected with cyclin D1 (Supplementary
Figure 9). These data suggest that the cyclin D1–FOXO1
interaction may impair the binding of FOXO1 to the promoter
of its target genes. In line with the finding that cyclin
D1 inhibits the transcriptional activity of FOXO3a, co-
immunoprecipitation assays showed that cyclin D1 forms a
protein complex with FOXO3a in vivo (Supplementary Figure
6d), although their interaction does not seem to be as strong
as the cyclin D1–FOXO1 interaction. Nonetheless, our data
suggest that cyclin D1 interacts with both FOXO1 and
FOXO3a and impairs their role in anoikis. We chose to
examine the functional interaction between cyclin D1 and
FOXO1 in further studies.

Cancer-derived mutants of cyclin D1 possess a greater
inhibitory effect on FOXO1-mediated anoikis than does
wild-type cyclin D1. Mutation, amplification, or cancer risk-
associated polymorphisms of cyclin D1 have been
documented in numerous human cancers.27,30 Consistent
with the earlier reports that cancer-derived cyclin D1 mutants
act as potent oncogenes in vitro and in vivo,31,32 ectopic
expression of a cancer-derived mutant of cyclin D1, cyclin
D1-T286R, in which the threonine 286 (T286) residue is
mutated to arginine, had much greater activity in inhibiting
anoikis, Bim expression, and PARP cleavage than that of

wild-type cyclin D1 (Supplementary Figure 10). Next, we set
out to determine whether the mutated cyclin D1 possesses a
higher inhibitory effect on FOXO1-induced anoikis relative to
wild-type cyclin D1. To this end, anoikis-sensitive DU145
cells were co-transfected with an active form of FOXO1
(FOXO1-AAA) and wild-type (cyclin D1-WT) or mutated
cyclin D1 (cyclin D1-T286R), and the inhibitory effects of
cyclin D1-WT and cyclin D1-T286R on FOXO1-AAA-
enhanced anoikis were compared. As shown in Figure 5a
and b, cyclin D1-T286R had a greater inhibitory effect on
both FOXO1-induced Bim expression and anoikis in
comparison to wild-type cyclin D1. A similar inhibitory effect
on FOXO1-promoted anoikis was observed in cells
transfected with cyclin D1-T286A, a T286R-mimicking
mutant of cyclin D1 (data not shown). Consistent with the
finding that cyclin D1 inhibition of FOXO’s transcriptional
activity requires RD, inhibition of FOXO1-enhanced anoikis
by cyclin D1-T286R and cyclin D1-T286A is also RD-
dependent (Figure 5b; data not shown). Moreover, we
found that the cyclin D1-T286R and cyclin D1-T286A
proteins remained at higher levels than wild-type cyclin D1
protein under anoikic conditions (Figure 5a, lane 6 versus
lane 8; data not shown). By measuring the half-life of cyclin
D1 proteins, we showed that under anoikic conditions, the
half-life of the cyclin D1-T286R mutant (44 h) was much
longer than that of the wild-type cyclin D1 protein (o1 h)
(Figure 5c and d). The half-life of the cyclin D1-T286R mutant
was not affected when RD was deleted (Figure 5c and d).
Importantly, increased levels of cyclin D1 proteins had no
effect on the stability of the FOXO1 protein (Supplementary
Figure 11), ruling out the possibility that the inhibition of
FOXO1 by cyclin D1 is mediated by FOXO1 protein stability.
Taken together, our findings show that under anchorage-
independent conditions the cancer-derived mutants of cyclin
D1 are not only much more stable than the wild-type
counterpart, but they also confer a greater inhibitory effect
on FOXO1-mediated anoikis.

Cyclin D1 blocks FOXO1-mediated inhibition of
anchorage-independent growth of cancer cells. To
assess the biological significance of cyclin D1 inhibition of
FOXO-mediated anoikis, we specifically sought to determine
whether downregulation of cyclin D1 decreases anchorage-
independent growth capability of anoikis-resistant cells.
Knocking down of cyclin D1 in 22Rv1 cells, which is an
anoikis-resistant cell line (Supplementary Figure 1e),
markedly decreased anchorage-independent growth (Figure
6a–c). Moreover, cyclin D1 knocking down resulted in an
increase in expression of the FOXO target gene Bim
(Figure 6a), which is consistent with the finding that
knocking down of cyclin D1 augmented the transcriptional
activity of FOXO proteins (Supplementary Figure 5). Next,
we sought to determine whether forced expression of
FOXO1 decreases anchorage-independent growth
capability of anoikis-resistant cells and whether this
function of FOXO1 can be blocked by cyclin D1. We
showed that forced expression of the active FOXO1
(FOXO1-AAA) in anoikis-resistant LNCaP cells diminished
their anchorage-independent growth (Figure 6d and e).
However, FOXO1-AAA-mediated decrease in anchorage-
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independent growth of LNCaP cells was markedly diminished
by co-transfection of wild-type cyclin D1 (Figure 6d and e).
In line with the increased half-life of cyclin D1-T286R
protein under anchorage-independent conditions, ectopic
expression of this mutant resulted in a greater antagonistic
effect on FOXO1-mediated inhibition of anchorage-indepen-
dent growth of LNCaP cells (Figure 6d and e). This inhi-
bition was almost completely abrogated by deletion of RD
(Figure 6d and e). Together, our data indicate that cyclin D1-
mediated inhibition of FOXO1 promotes anchorage-inde-
pendent growth of prostate cancer cells.

Discussion

Acquisition of resistance to anoikis is necessary for cancer
cells to survive, proliferate, and metastasize in the absence of
appropriate ECM support.33 Thus, identification of molecular
events that mediate anoikis resistance in cancer cells not only
enhances our understanding of the processes of tumor
formation and progression, but also has significant implica-
tions in cancer therapy. In this study we provide evidence that
FOXO1 and FOXO3a are two key transcription factors
mediating detachment-induced anoikis. Therefore, in addition
to their known role in apoptosis and cell-cycle arrest in cells

attached to ECM, our study shows a previously unrecognized
tumor suppressor function of FOXO proteins in promoting
anoikis of cells in the absence of ECM support.
To define the molecular mechanism(s) that regulate the

function of FOXO proteins during anoikis, we showed that
FOXO1 and FOXO3a proteins inevitably decreased in the
entire cell lines examined when they were cultured in
adhesion. Intriguingly, these proteins remain at high levels
in both anoikis-sensitive and -resistant cells detached from
the ECM (except the late time points in BPH-1 cells),
suggesting that other regulatory mechanism(s), but not the
level of these proteins per se, are important for determining
the sensitivity of prostate cancer cells to anoikis. In this study,
we identified the oncoprotein cyclin D1 as a critical upstream
inhibitor of FOXO-mediated anoikis.
Cyclin D1 has long been implicated in human cancers

because of its well-known function in regulating cell-cycle
progression. Cyclin D1 promotes transit through the cell cycle
by binding to and activating CDK4 and CDK6, resulting in
phosphorylation and inactivation of the tumor suppressor
protein RB.18 However, increasing evidence suggests that a
CDK4/6-independent function of cyclin D1 may also be
important for tumorigenesis.19 In support of this hypothesis,
we showed here that overexpression of cyclin D1 not only

Figure 5 Inhibitory effect on FOXO1-mediated anoikis and protein stability of wild type and a cancer-derived mutant of cyclin D1. (a, b) DU145 cells were transfected with
plasmids as indicated. At 24 h after transfection, cells were cultured in suspension and at the indicated time points cells were subjected to immunoblotting (a) and apoptosis
(b) analysis. The number underneath each band in the immunoblot indicates the relative intensity of the corresponding band. (c) DU145 cells were transfected with HA-tagged
wild-type cyclin D1, HA-tagged cyclin D1-T286R, or cyclin D1-DRD-T286R mutants. At 48 h after transfection, DU145 cells were cultured in suspension and treated with 20mg/
ml cycloheximide. Cells were collected at the indicated time points and cell lysates were analyzed by western blots. (d) Quantification of the cyclin D1 protein signal intensity
was obtained from exposures in which the signal was not saturated during the entire time course. Signal intensities were normalized to the signal intensity obtained at time zero
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inhibits the transcriptional activity of FOXO1 and FOXO3a in
prostate cancer cells, but also abolishes FOXO-mediated
anoikis. Most importantly, this function of cyclin D1 is
independent of CDK4 and CDK6, because unlike for RB
protein, we observed no phosphorylation of FOXO1 by cyclin
D1–CDK4/6 complexes. Moreover, co-transfection of cyclin
D1 with CDK4 or CDK6 failed to enhance cyclin D1-mediated
inhibition of the transcriptional activity of FOXO1. Further-
more, cyclin D1-K112E, a mutated form of the protein that is
unable to bind to and activate CDK4 and CDK6,26 retains a
wild-type-like inhibitory effect on the transcriptional and
anoikis-promoting functions of FOXO proteins. Given the
importance of anoikis resistance in tumorigenesis and cancer
metastasis, our findings suggest that, in a manner indepen-
dent of CDK4 and CDK6, cyclin D1 may have a pivotal
function in tumorigenesis and cancer metastasis by binding to
and inhibiting the anoikis-promoting function of FOXO
proteins.
Chromosomal rearrangement, amplification, and mutation

of the cyclin D1 gene have been reported in many types of
human cancers, includingmantle cell lymphomas, parathyroid
adenomas, breast, prostate, colon, lung, bladder and liver

adenocarcinomas, and squamous carcinomas of the esopha-
gus, head, and neck.13–17 It has been shown that in
comparison to wild-type cyclin D1, exogenous expression of
cancer-derived mutants of cyclin D1 accelerates cell trans-
formation in vitro and tumor formation in mice.32,34 However,
the mechanism by which such cancer-derived mutants of
cyclin D1 function as potent oncogenes is poorly understood.
We showed in this study that under anchorage-independent
conditions, wild-type cyclin D1 protein undergoes rapid
degradation, a process known to be primarily reliant on
phosphorylation of the T286 residue of cyclin D1.35 In
contrast, the cancer-derived T286R mutant of cyclin D1 is
muchmore stable under the same conditions. Accordingly, we
further showed that the T286R mutant possesses a greater
ability to inhibit FOXO-mediated anoikis. On the basis of these
findings, we envisage a model whereby unaltered cyclin D1
protein undergoes rapid degradation in anoikis-sensitive cells
when they are detached from the ECM. Under this scenario,
cyclin D1 inhibition of FOXO-mediated anoikis is abrogated,
which leads to anoikis (Figure 6f, left panel). However, in cells
in which cyclin D1 is mutated, amplified, or translocated at
the genomic level or dysregulated at the protein levels

Figure 6 Effect of the functional interaction between cyclin D1 and FOXO1 on anchorage-independent growth of cancer cells. (a–c) 22Rv1 cells were transduced with
lentivirus containing expression vectors for cyclin D1 shRNA or nonspecific control shRNA. At 3 days after infection, the cells were plated for growth in medium containing 0.3%
agar. The remaining cells were used for western blot analysis (a). After 3 weeks, microscopic colonies were visualized and counted in a blinded fashion. Results from one
representative field in each group are shown in (b). Quantification of results of colony formation data is presented in (c). Error bars indicate S.D. among three individual
experiments. (d, e) LNCaP cells were transfected with plasmids as indicated. Transfected cells were plated for growth in medium containing 400mg/ml of G418 and 0.3% agar.
After 3 weeks, microscopic colonies were visualized and counted. Results from one representative field in each group are shown in (d). Quantification of results of colony
formation data is presented in (e). Error bars indicate S.D. among three individual experiments. (f) A model of the role of cyclin D1 deregulation in tumorigenesis through
sustained inhibition of FOXO1-mediated anoikis
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(e.g. resistant to degradation), the cyclin D1 protein remains at
a high level, thereby resulting in sustained inhibition of
FOXO’s tumor suppression function as well as anoikis
(Figure 6f, right panel). Cyclin D1 proteins have been shown
to be elevated in human prostate cancer tissues.36 However,
no mutation at T286 was detected in four commonly used
prostate cancer cell lines including DU145, LNCaP, 22Rv1,
and PC-3 (Supplementary Figure 12). Thus, whether or not
elevated level of cyclin D1 in prostate cancers is caused by
increased protein stability because of dysregulation of T286
phosphorylation-dependent proteasomal degradation of cy-
clin D135 remains to be determined.
In summary, this study showed a functional interaction

between cyclin D1 and FOXO transcription factors that
regulates resistance of cancer cells to anoikis. Specifically,
our work shows that FOXO1 and FOXO3a proteins are
required for cell detachment-induced anoikis. However, such
activity of these proteins is inhibited by the cyclin D1 protein.
This inhibitory function of cyclin D1 is mediated by its
transcription RD but independent of its association with
CDK4 and CDK6. Given that the cyclin D1 gene is often
deregulated in human cancers, our finding that cyclin D1
inhibits FOXO-mediated anoikis suggests that besides its role
in cell-cycle progression, cyclin D1 may contribute to
tumorigenesis and cancer metastasis by promoting ancho-
rage-independent cell survival.

Materials and Methods
Plasmids, small interfering RNA (siRNA), and small hairpin RNA
(shRNA). Plasmids for FLAG-FOXO1-WT, FLAG-FOXO1-AAA, FOXO3a-WT,
FOXO3a-AAA, and 3xIRS were described earlier.20 Plasmid for human cyclin D1
was kindly provided by M. Pagano and subcloned into pcDNA3.1 (Invitrogen,
Carlsbad, CA, USA). HA-tagged cyclin D1 (HA-cyclin D1) expression vector was
constructed in pcDNA3.1/D (Invitrogen) by adding an HA tag to the N-terminal end of
cyclin D1 using a PCR-based method. The FLAG-tagged cyclin D1 RD construct
(FLAG-cyclin D1-RD) and RD deletion mutant of cyclin D1 (cyclin D1-DRD) were
described earlier.37 Plasmids encoding the amino acid substitution mutants of cyclin D1
(T286A, T286R, cyclin D1-DRD-T286R) were generated by PCR-based mutagenesis
(Stratagene, La Jolla, CA, USA). All the mutants were verified by sequencing. Plasmid
for human Bim was purchased from Addgene (Cambridge, MA, USA) and the V5-
tagged expression vector of Bim was generated in the pcDNA3.1D/V5-His using PCR.
Constructs for GST–FOXO1 recombinant proteins were described earlier.20 The
Renilla luciferase reporter vector was purchased from Promega (Madison, WI, USA).
Lentiviral vectors for cyclin D1 shRNA and control shRNA were kindly provided by
Quintanilla-Martinez.38 The smart pool of siRNAs for cyclin D1, FOXO1, FOXO3a, and
control siRNAs were purchased from Dharmacon (Lafayette, CO, USA).

Cell culture, transfection, lentiviral infection, luciferase assay,
andChIP assay. The prostate cancer cell lines DU145, LNCaP, and PC-3 were
purchased from American Type Culture Collection (Manassas, VA, USA). 22Rv1
cells were kindly provided by CY Young. Immortalized but nonmalignant human
prostate epithelial cell line BPH-1 was kindly provided by SW Hayward. These cell
lines were cultured in RPMI 1640 medium containing 10% fetal bovine serum (FBS)
(Hyclone, Logan, UT, USA), 100mg/ml streptomycin, and 100 units/ml penicillin.
NIH3T3 cells were maintained in DMEM supplemented with 10% FBS, 100mg/ml
streptomycin, and 100 units/ml penicillin. Transfections by electroporation were
performed as described.20 Approximately 75–90% transfection efficiencies were
routinely achieved. NIH3T3 stable cell lines 3T3-pcDNA3.1 and 3T3-cyclin D1 were
generated by transfection of plasmids pcDNA3.1 and wild-type cyclin D1,
respectively, followed by selection with G418 (500mg/ml). Lentiviral infection was
performed as described.38 Luciferase assays were performed as described.20 ChIP
analysis of the binding of FOXO1 to the Bim promoter was performed using the
method and primers as described.25

Anoikis/apoptotic cell death assay. Six-well tissue culture plates were
coated with 18 mg/ml poly-HEMA (Sigma-Aldrich, St Louise, MO, USA) in 95%
ethanol and allowed to dry overnight under sterile conditions in a laminar flow hood.
Cells were then plated at 200 000 per well in 2 ml growth medium for the indicated
time points. Cells were collected and washed with 1� PBS. Apoptosis was
measured using an Annexin V-PE apoptosis detection kit according to the
manufacturer’s instructions (BD Pharmingen, San Diego, CA, USA) and analyzed
by a FACScan cytometer equipped with Cell Quest software (BD Biosciences). A
quadrant analysis was performed and cells that stained positive for Annexin V-PE
and/or 7-AAD were designated as dead and unstained cells were designated as alive.

Nuclear and cytoplasmic protein extraction, immuno-
precipitation, immunoblotting, immunofluorescent chemistry,
and confocal microscopy and antibodies. Nuclear and cytoplasmic
protein extraction was performed as described.39 Protein immunoprecipitations
were carried out using an immunoprecipitation kit (Roche Applied Sciences,
Indianapolis, IN, USA) as described.20 Immunoblotting, immunofluorescent
chemistry, and confocal microscopy were performed as described.20 The
antibodies used were anti-FOXO1, anti-PARP (Cell Signaling Technology,
Danvers, MA, USA); anti-FOXO3a (Millipore, Billerica, MA, USA); anti-FLAG (M2)
(Sigma-Aldrich); anti-HA (HA.11, Covance Innovative), anti-Bim (Chemicon,
Billerica, MA, USA); anti-cyclin D1 (Ab-1 and Ab-3) (Lab Visions, Thermo
Scientific, Fremont, CA, USA); anti-V5 (Invitrogen); anti-14-3-3z, anti-CDK2,
anti-CDK4, anti-CDK6, and anti-ERK2 monoclonal (Santa Cruz Biotechnology,
Santa Cruz, CA, USA).

GST recombinant protein purification, in vitro protein-binding
assay and in vitro kinase assay. GST protein and GST–FOXO1
recombinant proteins were purified from the BL21 Star (DE3) Escherichia coli
strain (Invitrogen). 35S-labeled cyclin D1 proteins were synthesized by using TnT
Quick Coupled Transcription/Translation Systems (Promega) and subjected to
in vitro protein-binding assays using GST–FOXO1 recombinant proteins as
described.20 Kinase assays were carried out in the presence of [g-32P] ATP by using
an in vitro kinase buffer system obtained from Cell Signaling Technology as
described.20

Soft agar colony formation assay. 22Rv1 cells were infected with
lentivirus containing cyclin D1 shRNA or nonspecific control shRNA. At 3 days after
infection, 10 000 cells were suspended in 2 ml RPMI 1640 medium containing 10%
FBS and 0.3% agar. LNCaP cells were transfected with the indicated plasmids and
10 000 cells were mixed with 2 ml RPMI 1640 medium containing 10% FBS,
400mg/ml of G418, and 0.3% agar. Cells were then plated over a layer of solidified
RPMI 1640 medium containing 10% FBS and 1% agar in six-well plates. Plates
were incubated at 371C and the medium supplied with (for LNCaP cells) or without
(for 22Rv1 cells) 400mg/ml of G418 was changed every 2 to 3 days for 3 weeks
before colonies were photographed and counted.

Statistics. Experiments were carried out with three or four replicates. Statistical
analyses were performed by Student’s t test. Values with Po0.05 are considered
significant.
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