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Abstract
Anoikis, a Bax dependent apoptosis triggered by detachment from the extracellular matrix, is often
dysfunctional in metastatic cancer cells. Using wild type and c-Src transformed NIH3T3 cells as a
model we identified Mcl-1 degradation and Bim upregulation as a critical determinant of anoikis
initiation. Detachment rapidly degraded Mcl-1 via a GSK-3β-dependent proteasomal pathway and
transcriptionally upregulated Bim expression. Mcl-1 degradation in the presence of Bim was
sufficient to induce anoikis. By analyzing non-metastatic Saos-2 and metastatic derivative LM7 cells,
we confirmed that dysregulation of Mcl-1 degradation and Bim induction during detachment
contributes to decreased anoikis sensitivity of metastatic cells. Furthermore, knockdown of Mcl-1
or pharmacological inhibition of the PI3K/Akt and MAPK pathways that suppress Mcl-1 degradation
and Bim expression could markedly sensitize metastatic breast cancer cells to anoikis and prevent
metastases in vivo. Therefore, Mcl-1 degradation primes the cell for Bax activation and anoikis,
which can be blocked by oncogenic signaling in metastatic cells.
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Introduction
The extracellular matrix (ECM) provides adhesive support to normal tissues and controls
numerous signals that regulate diverse cellular processes such as survival, growth, and
differentiation (1). When normal cells are detached from the ECM they die by a process termed
anoikis (2). Anoikis is essential for common biological processes involved in homeostasis,
morphogenic changes, and inhibition of cancer metastasis. Aggressive breast, colon, and lung
malignancies with a propensity to metastasize have been shown to lack the normal apoptotic
response after detachment from the supporting matrix (3–5). Therefore, cancer cells more apt
to resist anoikis due to genetic mutation or overactive survival signaling are increasingly likely
to initiate distal metastases (6).

Anoikis relies heavily on the mitochondrial pathway of apoptosis and Bax has been found to
be a key effector of this process (7,8). Bax is an apical regulator of the intrinsic apoptotic
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pathway and its activation status is determined by its conformation (9,10). The Bcl-2 family
of proteins is composed of both pro- and anti-apoptotic members and the balance of life and
death for the cell is dependent on the prevalence and potency of these proteins. The BH3-only
proteins Bim, tBid and Puma are pro-apoptotic because of their ability to activate Bax.
However, on the opposing side of the equation are proteins such as Bcl-2, Bcl-XL, and Mcl-1
which can repress Bax activation (11). It is known that sequestering of BH3-only proteins such
as Bim and tBid to the mitochondria by Mcl-1 prevents apoptosis (12). Mcl-1 is a short-lived
protein in comparison to Bcl-2 or Bcl-XL with a half-life as short as 40 minutes (13). Mcl-1
is regulated post-translationally by Mule, Mcl-1 ubiquitin-ligase E3, which ubiquitinates Mcl-1
to promote its degradation by the proteasome (14). This ubiquitination can be directed by
phosphorylation events involving the kinase GSK-3β at Ser159 of Mcl-1 (15). In relation to
metastasis, it was recently determined in a Lewis lung carcinoma model that hypoxia-induced
clonal selection of cells overexpressing Mcl-1 correlated with a higher metastatic potential of
the tumor (16).

In this study, we identified the stabilization of Mcl-1 and suppression of Bim as critical events
during oncogenic suppression of anoikis. The transition of cells to a metastatic phenotype
correlates not only with increased Mcl-1 expression, but also to the altered regulation of its
degradation profile in response to detachment. Inhibition of survival signals mediated by active
Src or downstream Akt and Erk1/2 kinases that control Mcl-1 degradation and Bim induction
is able to restore Bax activation and anoikis susceptibility. Furthermore, Mcl-1 repression, but
not Bcl-2 or Bcl-XL inhibition, is capable of initiating anoikis in metastatic cancer cells. This
study is the first to characterize Mcl-1 degradation in anoikis and the oncogenic signaling that
can disrupt this essential mechanism in human cancers.

Materials and Methods
Reagents

Poly(2-hydroxyethyl methacrylate) (polyHEMA), caspase-3 assay kit, cycloheximide,
MG132, oligonucleotides for shRNA constructs, and monoclonal antibodies specific for Bax
(clone 6A7), α-tubulin and β-actin were purchased from Sigma. 3-[3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate (CHAPS) was purchased from MP Biomedical. Anti-
mouse Mcl-1 was purchased from Rockland. Monoclonal anti-Akt and polyclonal anti-p473
Akt antibodies were purchased from R&D Systems. Anti-p202/204 Erk1/2 and Anti-Erk1/2
polyclonal antibodies and U0126 were purchased from Cell Signaling. Polyclonal Bax (N20)
and Goat anti-rabbit IgG-HRP were purchased from Santa Cruz. Polyclonal anti-Bim antibody,
TDZD-8, and the fluorogenic chymotrypsin substrate III were purchased from Calbiochem.
The anti-human Mcl-1 antibody was purchased from BD Biosciences. LY294002 was
purchased from Alexis.

Plasmids
The pcDNA3-BimEL vector was described previously (9). The pcDNA3.1/V5-His-TOPO
plasmids encoding wild type and mutant Mcl-1 were described previously (15). Oligos for
shRNAs targeting Bim 5′-GTTCTGAGTGTGACAGAGA-3′ and Mcl-1 5′-
GAGGACGACCTATACCGCC-3′ (c-1) and 5′-GCCCTAATTAACAACGTTG-3′ (c-3) were
synthesized and cloned into the Bgl II and Sal I restriction sites of LTRH1-puro (Ken Watanabe,
National Center for Geriatrics & Gerontology, Aichi, Japan). The retroviral constructs
expressing Bcl-2-IRES-Bim, Bcl-XL-IRES-Bim, and Mcl-1-IRES-Bim were described
previously (17). The pLKO.1-based lentiviral shRNA targeting human Mcl-1,
TRCN0000005517 was purchased from Open Biosystems. The pLKO.1-based scrambled
control shRNA vector was purchased from Sigma.
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Cell culture and transfection
Wild type, v-Src, and c-Src (527F) NIH3T3 cells were previously described (18). GSK-3β−/
− MEF cells were kindly provided by James Woodgett (19). NIH3T3 and MEF cells were
maintained in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin. Saos-2, LM7, and MDA-MB-231 cell lines were
maintained in MEM medium supplemented with 10% FBS, 1% penicillin/streptomycin, 1 mM
NaPyruvate, and 1x MEM non-essential amino acids. To induce anoikis, cells were maintained
in the same media supplemented with 1% (for mouse cell lines) or 10% (for human cell lines)
FBS in polyHEMA coated plates. Transfection was completed with Lipofectamine2000
(Invitrogen) according to the manufacturer’s recommendations. Recombinant retrovirus and
lentivirus were produced in Amphotropic 293T packaging cells and 293FT cells with
ViraPower™ Packaging Mix (Invitrogen), respectively.

Caspase-3, chymotrypsin, and LDH release
Caspase-3 activation was assayed as DEVDase activity with the Caspase-3 fluorescence assay
kit (Sigma). Cell death was measured using the LDH cytotoxicity assay (Biovision) according
to the manufacturer’s recommendations. The fluorogenic chymotrypsin substrate III
(Calbiochem) was used to measure chymotrypsin-like activity.

Semi-quantitative RT-PCR
Semi-quantitative RT-PCR was completed using the Qiagen OneStep RT-PCR system
according to the manufacturer’s recommendations. Primers used for the reactions are: 5′-
TGCAGGGTTATGGAATCCTC-3′ and 5′-GCCCCTACCTCCCTACAGAC-3′ for Bim; 5′-
GCAGCTTCAAGTCCACCTTC-3′ and 5′-AGATGGCGTAACAAACTGGG-3′ for Mcl-1;
5′-AATGTGTCCGTCGTGGATCT-3′ and 5′-CCCTGTTGCTGTAGCCGTAT-3′ for
GAPDH.

In vivo metastasis model
MDA-MB-231-luc-D3H2LN cells were obtained from Xenogen and infected with lentiviral
Mcl-1 shRNA (shMcl-1) or control scrambled shRNA (shScr). After 10 days selection with
0.5 μg/mL puromycin, 1 × 106 cells were injected into 10–12 week-old Harlan nude mice via
the tail vein. Three weeks post-injection mice were imaged using the IVIS200 system
(Xenogen) as per the manufacturer’s recommendations. Statistical significance was determined
using Student’s t-test.

Results
Src signaling ablates the anoikis response due to an inhibition of Bax activation

The anoikis response is known to be inhibited in cells expressing the Src oncogene (20), but
the mechanisms involved are poorly understood. To determine the characteristics of the anoikis
response, parental and Src transformed NIH3T3 cells were forcibly detached on polyHEMA
coated plates for varying lengths of time. Wild type cells were observed to rapidly loose
viability in a time dependent manner while cells with active c-Src (527F) and v-Src exhibited
limited cell death as determined by a trypan blue exclusion assay (Fig. 1A). The loss of viability
in wild type cells correlated to the activation of caspase-3 as measured by the DEVDase activity
(Supplementary Fig. S1A). The activation of Bax is known to be an initiating event in the
activation of the caspase cascade during anoikis (21). Therefore, we assessed the activation
status of Bax by immunoprecipitation (Fig. 1B) with the Bax 6A7 monoclonal antibody and
immunostaining (Supplementary Fig. S1B) with the Bax N20 polyclonal antibody. Both of
these antibodies specifically recognize conformationally active Bax. Figure 1B illustrates that
Bax activation is completely inhibited in 527F and v-Src cells while wild type cells exhibit a
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time dependent increase in the conformationally changed Bax protein beginning as early as 8
hours post detachment. Similarly, immunofluorescence staining (Supplementary Fig. S1B &
C) demonstrates that Bax becomes active in wild type cells but not 527F expressing cells in
response to cell detachment. However, treatment with the Src family kinase inhibitor dasatinib
clearly restored detachment-induced Bax activation in 527F cells (Supplementary Fig. S1B &
C).

Mcl-1 and Bim are critical regulators of anoikis
To determine the role of protein neogenesis in the activation of Bax during anoikis,
cycloheximide (CHX) was used to block de novo protein synthesis in both wild type and 527F
cells detached on polyHEMA. CHX markedly reduced detachment-induced Bax activation and
cellular caspase-3 activity in wild type cells as well as 527F cells treated with dasatinib
(Supplementary Fig. S2A & B). This prompted us to examine the gene expression profiles
associated with anoikis in 527F cells treated with or without dasatinib by microarray
(Supplementary Fig. S2C). There was a clear increase in the induction of Bim and Puma, both
known activators of Bax. There was also a slight decrease in transcription of the anti-apoptotic
proteins Mcl-1 and Bcl-XL. Members of the caspase family were generally unchanged;
however, their involvement in Bax activation was ruled out through the use of the pan caspase
inhibitor z-VAD-fmk which was unable to inhibit Bax conformational change during
detachment (data not shown).

The microarray analysis allowed us to form a short list of Bcl-2 family proteins that are
differentially transcribed between anoikis responsive and unresponsive cells. However, the
prevalence or absence of transcripts does not always coincide with the expression of the protein
product. To this end, we examined the protein expression profiles of BimEL, Puma, Bcl-XL,
Mcl-1 and Bax in 527F cells detached and treated with dasatinib or DMSO and compared them
to wild type cells (Fig. 1C). Several reports have suggested that Bcl-XL is induced as the result
of Src signaling and that this provides resistance to anoikis (22,23). However, we observed
little or no decrease in Bcl-XL at the time of Bax activation in either dasatinib treated 527F or
wild type cells. Similarly, there was no significant increase in the protein levels of Bax in either
of the two cell types. We did find that Mcl-1 and Bim were the most dynamically regulated
proteins analyzed. In particular, Mcl-1 expression was substantially reduced while Bim was
increased during anoikis; this response was also found in detached 527F cells treated with
dasatinib indicating the relevance to a restored anoikis response by Src inhibition. Puma was
moderately induced in dasatinib treated 527F but not in wild type cells, suggesting that Puma
may not be a key regulator of anoikis.

The results from the microarray in relation to Mcl-1 and Bim were validated using semi-
quantitative RT-PCR in samples of wild type and 527F cells (Fig. 1D). Transcripts of Mcl-1
were marginally decreased in dasatinib treated 527F cells. Interestingly, there did not appear
to be any decrease in the transcription of Mcl-1 in the wild type samples, indicating that post-
transcriptional regulation was responsible for the observed decrease in protein levels.
Contrastingly, Bim transcripts were increased dramatically by detachment in wild type and
dasatinib treated 527F cells. Bim transcription is known to be positively regulated through the
transcription factor Foxo3a which is negatively regulated by Akt (24). Therefore, the ability
of Akt signaling in 527F cells to inhibit Bim expression was assessed through the use of
LY294002, a PI3K inhibitor. Indeed, this inhibitor restored Bim induction, indicating that the
Src/Akt/Foxo3a pathway is likely involved in the transcriptional suppression of this pro-
apoptotic protein.
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Mcl-1 and Bim regulate detachment induced Bax activation
The functional importance of increased Bim expression in the anoikis response was assessed
by shRNA mediated targeted knockdown. Both wild type and 527F cells were infected with
Bim shRNA (shBim) or control retrovirus. Stable pools were detached on polyHEMA plates
and their ability to initiate Bax activation and anoikis was assayed. Decreased Bim expression
led to a similar decrease in the activation of Bax (Fig. 2A) as well as the caspase-3 activity
(Fig. 2B) in cells cultured on polyHEMA plates. These results suggest that Bim is the major
activator of Bax during anoikis. This also implies that Puma induction seen in Figure 1C is of
little functional relevance.

To test the functional significance of Mcl-1 repression during detachment, increasing amounts
of the Mcl-1 construct were transfected into wild type cells along with the pGL3 Luciferase
reporter construct. By measuring luciferase activity, we found that overexpression of Mcl-1
led to a dose dependent suppression of cell death in detached as compared to attached conditions
(Supplementary Fig. S3A). Bim alone was able to induce an apoptotic response in 527F cells
as transfection of increasing amounts of the Bim construct led to a dose dependent decrease in
cell viability (Supplementary Fig. S3B). This demonstrates that decreased Mcl-1 expression
is vital to the induction of anoikis and that overexpression of Bim can induce apoptosis in 527F
expressing cells, presumably through a mechanism that activates Bax once anti-apoptotic Bcl-2
members are saturated by Bim.

Anoikis is regulated by proteasomal degradation of Mcl-1
Mcl-1 is an ephemeral protein that is degraded in a proteasome dependent manner. This
regulatory mechanism allowed us to study if stabilized endogenous Mcl-1 contributes to
inhibition of anoikis. As shown in Figure 2C, the proteasome inhibitor MG132 was able to
stabilize Mcl-1 in wild type NIH3T3 cells detached on polyHEMA in a dose dependent manner
with maximal stabilization occurring at 100 and 1000 nM. This stabilization of Mcl-1 correlated
with a similar dose dependent decrease in Bax activation. We also observed the stabilization
of Mcl-1 and the complete inhibition of Bax activation in detached 527F cells treated with the
combination of dasatinib and MG132 (Fig. 2C). The addition of MG132 to the lysate of
detached wild type cells had no effect on the ability to immunoprecipitate active Bax (data not
shown). Samples from the wild type cells detached and exposed to the MG132 gradient were
also assayed for chymotrypsin-like activity and caspase-3 activity through in vitro protease
assays. In concordance with the above results, caspase-3 activity was decreased similar to the
chymotrypsin activity inhibited by MG132 (Supplementary Fig. S3C). The repression of Bax
activation and anoikis was also observed in a similar manner using Velcade, a proteasome
inhibitor currently in clinical trials (data not shown). This study identifies the ability of
proteasome inhibitors to prevent Bax activation and anoikis in response to detachment.

To determine whether MG132 mediated inhibition of Bax activation was due to the
stabilization of Mcl-1 but not another unidentified protein(s), retroviral shRNA targeting Mcl-1
was infected into wild type cells to decrease its accumulation upon MG132 treatment. Three
shRNA constructs were designed, of which constructs 1 and 3 (c-1 and c-3) were the most
effective at inhibiting Mcl-1 expression (Fig. 2D). Treatment with MG132 led to the nearly
complete inhibition of Bax activation in the Puro control line, but was less effective in
suppressing the Bax conformational change when there was less Mcl-1 stabilized. An inverse
correlation was found between the amount of Mcl-1 accumulated in MG132 treated samples
and the activation of Bax. Similarly, there is decreased repression by MG132 on caspase-3
activation in Mcl-1 knockdown cells compared to control (Supplementary Fig. S3D). These
observations strongly suggest that anoikis is dependent on the proteasomal depletion of Mcl-1.
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Mcl-1 degradation elicits a robust anoikis response
Thus far it has been evident that both Mcl-1 degradation and Bim induction are key regulators
of the normal anoikis response. While overexpression of Mcl-1 can undoubtedly protect cells
from anoikis (Supplementary Fig. S3A), other groups have shown that overexpression of other
anti-apoptotic proteins can also have the same effect (25). Therefore, the vitality of Mcl-1
degradation for anoikis induction was evaluated using retrovirally transduced NIH3T3 cells
co-expressing Bcl-2, Bcl-XL, or Mcl-1 with the pro-apoptotic BimEL counterpart via a
bicistronic message (Fig. 3A). Repression of protein translation using CHX illustrated that the
instability of Mcl-1 is essential for the induction of anoikis, while the co-expression of
Bcl-2:Bim or Bcl-XL:Bim had no effect on cell death due to the maintenance of the anti- and
pro-apoptotic balance (Fig. 3A & B). The anoikis response to Mcl-1 degradation could be
completely resolved by MG132 mediated proteasome inhibition (Fig. 3C & D). We confirmed
that releasing Bim from the Bcl-XL:Bim complex by ABT-737, a specific Bcl-2/Bcl-XL
inhibitor, was also capable of inducing an apoptotic response (Fig. 3D). The uniquely short
half-life of Mcl-1, compared to other anti-apoptotic proteins such as Bcl-2 and Bcl-XL, makes
this an essential element of anoikis initiation.

Mcl-1 degradation is mediated by GSK-3β
The phosphorylation of Mcl-1 by GSK-3β at Ser159 is known to promote an increased turnover
of Mcl-1 (15). To determine if this phosphorylation controls Mcl-1 degradation during anoikis,
the GSK-3β inhibitor TDZD-8, a non-ATP competitive inhibitor, was used to treat cells
beginning immediately with detachment. As shown in Figure 4A, TDZD-8 was able to stabilize
Mcl-1 in both wild type and 527F cells when detached or sensitized with dasatinib, respectively.
This stabilization was once again associated with a decrease in Bax activation and inhibition
of the apoptotic response (Fig. 4A & B). To further validate the role of GSK-3β in the
degradation of Mcl-1 induced by detachment, wild type and GSK-3β knockout MEFs were
either attached or detached on polyHEMA plates for 12 hours in the presence of DMSO or
LY294002. Detached wild type MEFs showed a decrease in the protein levels of Mcl-1 as did
treatment with LY294002 (Fig. 4C). However, the GSK-3β null cells did not exhibit a decrease
in Mcl-1 protein levels in response to detachment, and treatment with LY294002 resulted in
only a slight decrease of Mcl-1; this decrease is likely due to the functional redundancy of
GSK-3α.

To determine if phosphorylation of Ser159 is required for Mcl-1 degradation during anoikis,
constructs encoding the human Mcl-1 wild type and S159A mutant were transfected into wild
type NIH3T3 cells. These cells were then detached and treated with CHX to observe the
degradation of Mcl-1. Figure 4D shows that the half-life of wild type Mcl-1 is very short when
compared to that of the S159A mutant. This suggests that Mcl-1 is degraded in response to a
phosphorylation priming event that in turn targets the protein for ubiquitination and
degradation. Moreover, detachment was found to decrease the levels of phospho-Akt in wild
type NIH3T3 cells (data not shown), which may explain the increased degradation of Mcl-1
regulated by GSK-3β.

Src regulated Akt and Erk signaling control Mcl-1 and Bim expression
Src is known to promote survival signaling through multiple pathways. Two of the most well
defined pathways controlled by Src are Akt and Erk, both of which have been implicated in
anti-anoikis but debate remains over their involvement (26,27). We therefore explored the
consequences of Src, Akt, and Erk inhibition on Mcl-1 and Bim protein levels in 527F cells
treated with dasatinib, LY294002, U0126, or the combination of LY294002 and U0126 during
detachment (Supplementary Fig. S4A). Dasatinib inhibited signaling through both Akt and
Erk, while treatment with LY294002 or U0126 specifically inhibited their target’s pathways.
Inhibition of Akt but not Erk1/2 resulted in a significant decrease in Mcl-1 levels but did not

Woods et al. Page 6

Cancer Res. Author manuscript; available in PMC 2008 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



extend to the levels observed in dasatinib treated cells. Also, Akt inhibition led to the
appearance of multiple bands of Bim that are presumed to be Erk phosphorylated because
U0126 inhibited these slower migrating bands and stabilized the Bim protein. Unlike dasatinib,
however, treatment with LY294002, U0126 or the combination did not lead to the activation
of Bax and caspase-3 (Supplementary Fig. S4A & B). It is possible that the decreasing Mcl-1
and increasing Bim by LY294002 and/or U0126 could not reach the threshold to shift the anti-
and pro-apoptotic balance of the cell towards anoikis. To test this possibility, we used the c-3
shMcl-1 construct (Fig. 2D) to knockdown Mcl-1 expression in detached 527F cells treated
with dasatinib, LY294002, U0126, or the combination of LY294002 and U0126. Knockdown
of Mcl-1 led to a more anoikis sensitive phenotype in the presence of these kinase inhibitors
determined by casapse-3 activity (Supplementary Fig. S4C). Importantly, the activation of Bax
was also found to be enhanced in Mcl-1 knockdown cells over that of control (Supplementary
Fig. S4D). This not only indicates that the level of Mcl-1 is critical for the initiation of Bax
activation in response to Akt and Erk inhibition, but also illustrates the multi-functional ability
of Src to suppress anoikis.

Metastatic cancers exhibit reduced Mcl-1 degradation and Bim induction
Resistance to anoikis is known to enhance the metastatic potential of cancer cells by affording
them increased survival potential once detached from the ECM. Using the non-metastatic
osteosarcoma cell line Saos-2 and its metastatic derivative LM7 (28), we found that parental
Saos-2 cells were sensitive to anoikis which correlated with Mcl-1 degradation and Bim
induction (Fig 5A & B). However, LM7 cells exhibited increased basal levels of Mcl-1 and
maintained this expression during detachment, as well as decreased induction of Bim.
Inhibition of Src signaling using dasatinib in both cell lines caused Bim induction and Mcl-1
degradation and increases in caspase-3 activity. The relatively slight increase in dasatinib
sensitivity in LM7 cells may be the result of increased oncogenic signaling other than Src. To
determine if the stabilization of Mcl-1 in LM7 cells was required for their resistance to anoikis,
we inhibited Mcl-1 expression using lentiviral delivered shRNA. Knockdown of Mcl-1 was
able to restore caspase-3 activation to levels similar to parental Saos-2 cells, while non-
targeting scrambled shRNA had no effect on anoikis compared to uninfected LM7 cells (Fig.
5C).

Similarly, the highly metastatic breast cancer MDA-MB-231 cells were also observed to be
resistant to anoikis. This was correlated with the maintenance of Mcl-1 expression and
repressed Bim induction (Fig. 5D, lower panel), indicating the dysregulation of the normal
response of these proteins to detachment is a contributing factor to metastatic potential. To
decipher the signaling pathways involved in the observed expression profiles of Mcl-1 and
Bim during detachment, we treated the cells with dasatinib, LY294002, U0126, or the
combination of LY294002 and U0126. Inhibition of MEK or PI3K individually resulted in
similar apoptotic indices as measured by caspase-3 activation (Fig. 5D, upper panel). Similar
to results seen in Supplementary Figure S4A, PI3K inhibition caused a decrease in Mcl-1
expression, likely through the derepression of GSK-3β, as well as a limited increase in Bim
expression, albeit the Bim protein was highly phosphorylated and likely rapidly turned over.
Inhibition of MEK with U0126 had no effect on Mcl-1 expression but did confirm an earlier
report of increased Bim expression upon Erk1/2 inhibition (27). Importantly, the combinational
treatment of LY294002 and U0126 led to a synergistic increase in anoikis that correlated with
Mcl-1 degradation and Bim induction. The failure of dasatinib to sensitize these cells to anoikis
is likely the result of independent downstream oncogenic signaling mediated by previously
identified mutations in K-RAS and BRAF (29) which activate both the PI3K/Akt and MEK/
Erk pathways (30).
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To determine if Mcl-1 degradation alone was able to promote anoikis in the MDA-MB-231
cells similar to PI3K inhibition, we again knocked down Mcl-1 (Fig. 6A, insert) and assayed
the response to detachment. After only 24 hours of detachment, cells with depleted Mcl-1
displayed markedly increased caspase-3 activity and by 48 hours contained a much higher
fraction of dead cells (Fig. 6A & B). To further confirm that the loss of Mcl-1 function but not
other anti-apoptotic Bcl-2 members is essential for initiation of anoikis in metastatic cancer
cells, we tested the ability of ABT-737, which targets Bcl-2, Bcl-XL and Bcl-w but not Mcl-1
(31), to induce apoptosis of detached MDA-MB-231 cells. As expected, treatment with
ABT-737 was unable to trigger anoikis in control cells, although it significantly enhanced
detachment induced apoptosis of Mcl-1 knockdown cells (Fig. 6A & B). Furthermore, in
vivo experiments demonstrated that knockdown of Mcl-1 alone can significantly reduce tumor
establishment of metastatic MDA-MB-231 cells in lungs of nude mice (Fig. 6C & D). These
results strongly imply that inhibition of Mcl-1 degradation during detachment is vital to the
establishment of metastatic cells.

Discussion
Despite recent advances in early detection and new therapeutic options for cancer patients,
metastatic progression is attributed to 90% of human cancer fatalities (32). Anoikis is a vital
regulatory mechanism that can prevent metastases in a process that requires Bax translocation
to mitochondria, which is inhibited by survival kinase signaling found in many human cancers
(8). In spite of our current knowledge of apoptosis, how metastatic cancers escape anoikis
remains poorly defined. In this report, we are the first to provide evidence of the unique
importance of Mcl-1 degradation in the anoikis response. The Mcl-1 protein rapidly undergoes
proteasome-dependent degradation in normal NIH3T3 cells at very early time points after
detachment, which allows the subsequently induced Bim to activate Bax. Indeed, depletion of
Mcl-1 alone is not enough to activate Bax under conditions in which the induction of Bim is
blocked. Conversely, stabilization of Mcl-1 by proteasome inhibition suppresses Bax
activation during anoikis, whereas overexpression of Bim causes dose dependent apoptosis.
Together, these results suggest a model for anoikis where Mcl-1 degradation is required as a
priming event to sensitize the cell towards Bax activation, which occurs in a manner that is
dependent on the BH3-only protein Bim induction. These events are suppressed by active Src,
Akt, and Erk1/2 signaling thereby conferring cancer cells with activating mutations in these
pathways a survival advantage upon detachment from the ECM.

The ability of cancers to inhibit anoikis is propagated by the inability of these cells to activate
Bax after the loss of adhesion. Bim, a known activator of Bax, is suppressed in active Src
expressing cells through a mechanism controlled by Akt and Erk1/2 signaling pathways. The
transcriptional repression of Bim in 527F cells is likely through the Akt pathway, which is
known to phosphorylate the Bim transcription factor Foxo3a and promote its retention in the
cytoplasm by interacting with 14-3-3 (33). BimEL is also regulated post-translationally by
phosphorylation of Ser69 by Erk1/2, which promotes its targeting to the proteasome and
degradation (34). JNK is also known to control transcription and sequestration of Bim (35,
36), but upon treatment of 527F cells with JNK inhibitors there are no significant changes in
the Bim expression or apoptosis (data not shown).

Although Src can directly phosphorylate STAT3 thereby promoting the expression of Mcl-1
(37), our microarray and semi-quantitative RT-PCR analyses indicate that the Mcl-1 transcripts
decrease marginally during anoikis in dasatinib sensitized 527F but not wild type cells. At post-
translational levels, however, we found that GSK-3β mediated phosphorylation at Ser159 of
Mcl-1 in response to detachment promotes its rapid proteasomal degradation. Akt negatively
regulates GSK-3β by phosphorylation at Ser9 (38). Consistently, our studies in 527F and
human metastatic cancer cells indicate that Mcl-1 expression is mainly regulated post-
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translationally through inhibition of GSK-3β activity by Akt. However, in 527F cells the lower
expression of Mcl-1 and higher sensitivity to anoikis observed when treated with dasatinib
compared to LY294002 suggest that other regulatory mechanisms mediated by Src, such as
STAT3-dependent transcription, are also involved.

Mcl-1 degradation is required but by itself is insufficient to induce anoikis which requires the
subsequent induction of Bim. Once there is an excess of Bim in relation to Mcl-1 the activation
of Bax is initiated. These coordinated events determine the anoikis response, which are
deregulated in cells with active oncogenic signaling. The comparison of human osteosarcoma
cell line Saos-2 and its metastatic derivative LM7 illustrates that stabilization of Mcl-1 during
detachment can afford metastatic cells considerable survival advantage. Consistent with this
finding, knockdown of Mcl-1 enhances the sensitivity of metastatic LM7 and MDA-MB-231
cells to anoikis and can prevent establishment of metastases. Likewise, repression of the PI3K/
Akt and MAPK signaling pathways that control Mcl-1 stability and Bim expression can
resensitize metastatic breast cancer cells to anoikis.

The unique role of Mcl-1 in the anoikis response is likely attributed to its short half-life as its
depletion coincides with the commitment of the cell to anoikis. The mechanism of Mcl-1
mediated anoikis inhibition appears to be non-redundant with that of Bcl-2 or Bcl-XL as
ABT-737 is unable to initiate anoikis whereas loss of Mcl-1 does. However, the failure of
initiation of anoikis by inhibition of Bcl-2/Bcl-XL does not exclude the role that these anti-
apoptotic Bcl-2 members play in suppression of anoikis. Indeed, treatment with ABT-737
enhances anoikis initiated by knockdown of Mcl-1 in MDA-MB-231 cells. This finding is
consistent with others that show an increased apoptotic response when Mcl-1 inhibition is
combined with ABT-737 (39). Moreover, there is no significant decrease in the protein levels
of Bcl-XL at early timepoints of anoikis where Bax conformational change and caspase
activation are observed. Therefore, Bcl-XL overexpression in cancer cells may promote
viability by repressing the velocity of the apoptotic insult initiated by Mcl-1 degradation when
detached from the ECM. The prolonged viability may give the cells more time to re-attach to
the ECM at a distal site or for the accumulation of additive mutations that can disrupt anoikis
execution. Due to the unique characteristics of Mcl-1, such as a short half-life, higher affinity
to Bim, and verified intricate regulation, we propose that Mcl-1 serves at the convergence point
of many resultant signals downstream of detachment from the ECM that mediates the initiation
of an anoikis response and the prevention of metastasis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Constitutively active Src deregulates cell death, the activation of Bax, and expression of Bim
and Mcl-1. (A, B) Wild type, v-Src, and c-Src (527F) NIH3T3 cells were detached on
polyHEMA-coated plates for the indicated times. Cell viability was determined by trypan blue
dye exclusion assay. Conformational activation of Bax was determined by
immunoprecipitation with anti-Bax 6A7 antibody. (C, D) Wild type and c-Src (527F) NIH3T3
cells were cultured in normal conditions or detached on polyHEMA-coated plates with DMSO,
50 nM dasatinib (Das) or 50 μM LY294002 for 8 hours and subjected to Western blot (C) and
semi-quantitative RT-PCR (D) analyses.
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Figure 2.
Mcl-1 and Bim expression regulates anoikis. (A, B) Wild type and c-Src (527F) NIH3T3 cells
were infected with control (Puro) or Bim shRNA (shBim) retroviruses and selected for 14 days
on puromycin. The resulting puromycin-resistant transfectants were maintained in normal
culture (Att) or detached (Det) on polyHEMA-coated plates with or without DMSO or 50 nM
dasatinib for 8 hours and subjected to immunoprecipitation with anti-Bax 6A7 antibody (A)
and caspase-3 activity (B) assays. (C) Wild type NIH3T3 cells were maintained as attached
on normal plates or detached on polyHEMA-coated plates containing DMSO or increasing
amounts of MG132 while c-Src (527F) NIH3T3 cells were detached and treated with DMSO
or 50 nM dasatinib with or without 100 nM MG132 for 8 hours. Cells were then subjected to
anti-Bax 6A7 immunoprecipitation/immunoblot analysis. (D) NIH3T3 cells stably expressing
Mcl-1 shRNA (c-1 or c-3) or control vector (Puro) were left in normal culture or detached on
polyHEMA-coated plates in the presence of DMSO or 100 nM MG132 for 8 hours and
subjected to anti-Bax 6A7 immunoprecipitation/immunoblot analysis.
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Figure 3.
Mcl-1 degradation alone is sufficient to induce anoikis in the presence of Bim. (A, B) NIH3T3
cells were retrovirally transduced with constructs expressing Bcl-2-IRES-Bim, Bcl-XL-IRES-
Bim or Mcl-1-IRES-Bim. Cells were untreated or pretreated with 10 μM CHX for 30 minutes
then detached for the indicated times in the presence of CHX and analyzed for expression of
the proteins by immunoblot (A) and caspase-3 activation (B). (C, D) NIH3T3 cells expressing
Mcl-1-IRES-Bim or Bcl-XL-IRES-Bim were untreated or pretreated for 30 minutes with CHX
or CHX plus MG132 or ABT-737 then detached for 5 hours in the presence of their respective
inhibitors and analyzed for protein expression and caspase-3 activation.
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Figure 4.
GSK-3β phosphorylation of Mcl-1 promotes its degradation after detachment. (A, B) Wild
type and c-Src (527F) NIH3T3 cells were maintained in normal culture or detached on
polyHEMA-coated plates containing DMSO, 25 μM TDZD-8, 50 nM dasatinib, or both
inhibitors for 8 hours and subjected to anti-Bax 6A7 immunoprecipitation/immunoblot (A) and
caspase-3 activity (B) assays. (C) Wild type and GSK-3β null MEFs were treated with DMSO
or 25 μM LY294002 in normal or polyHEMA-coated plates for 12 hours and Mcl-1 expression
was determined by Western blot. (D) NIH3T3 cells transfected with wild type or S159A mutant
Mcl-1 were detached on polyHEMA plates for the indicated times in the presence of CHX to
determine the half-life of the Mcl-1 proteins during anoikis by immunoblot analysis.
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Figure 5.
Mcl-1 and Bim expression is deregulated in human metastatic cancers. (A, B) Saos-2 and LM7
cells were untreated or detached on polyHEMA in the presence of DMSO or 50 nM dasatinib
for 24 hours. Protein expression profiles were assayed by immunoblot and apoptotic index was
measured by caspase-3 activity. (C) LM7 cells were infected with lentivirus containing control
scrambled (shScr) or Mcl-1 (shMcl-1) shRNA constructs. Stably infected cells were analyzed
for Mcl-1 expression by immunoblot (insert). The anoikis response of the transfectants was
measured by the activation of caspase-3 in response to detachment and compared to the anoikis
resistant parental LM7 cells. (D) MDA-MB-231 cells were untreated or detached on
polyHEMA-coated plates containing DMSO, 50 nM dasatinib, 25 μM LY294002, 10 μM
U0126, or the combination of LY294002 and U0126 for 24 hours and subjected to immunoblot
analysis with the indicated antibodies (lower panel) and caspase-3 activity assay (upper panel).
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Figure 6.
Mcl-1 depletion sensitizes human breast cancer cells to anoikis and reduces metastasis in
vivo. (A, B) MDA-MB-231 cells were infected with lentivirus encoding control (shScr) or
Mcl-1 (shMcl-1) shRNA constructs and selected by 0.5 μg/mL puromycin for 14 days. The
knockdown of Mcl-1 was confirmed by immunoblot (insert). The anoikis response of shScr
and shMcl-1 cells cultured in the presence of DMSO or 100 nM ABT-737 was measured by
caspase-3 activation (A) and LDH release (B) assays after 24 or 48 hours detachment,
respectively. (C, D) Harlan nude mice were injected with 1 × 106 MDA-MB-231-luc-D3H2LN
cells expressing control scrambled (shScr) or Mcl-1 (shMcl-1) shRNA constructs via the tail
vein and imaged using the IVIS200 system 3 weeks post-injection. Representative images are
shown and bioluminescence is quantified in units of photons per second and shown in bar graph
(mean ± s.d.; n = 9).
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