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Abstract
Epithelial cells and most adherent normal cells rely on adhesion-dependent, integrin-mediated
survival signals from the extracellular matrix (ECM) to survive. When these cells are deprived of
adhesion to the ECM, they undergo a specific form of apoptosis termed “anoikis.” In contrast,
malignant cells have attained mechanisms to enable them to survive in the absence of adhesion.
This acquisition of anoikis resistance allows tumor cells to grow in an anchorage-independent
manner and achieve metastatic disease. Recent studies have identified the mitochondrial Bcl2-
inhibitor of transcription (Bit1) protein as part of a novel anoikis pathway. This review will focus
on the biological function of Bit1 in the anoikis process, the underlying molecular mechanism of
Bit1 apoptotic function, and its role in tumor metastasis.
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1. Introduction
A key hallmark of cancer cells is to evade anoikis or detachment-induced apoptosis [1]. By
allowing cancer cells to survive in inappropriate places and to disseminate through the body,
anoikis resistance is a critical determinant of tumor progression and metastasis and
represents as a critical barrier to cancer treatment [2]. Hence, one important therapeutic
strategy in curtailing tumor aggressiveness and metastasis is to restore or induce anoikis
sensitivity in cancer cells. This experimental approach requires a detailed understanding of
the molecular mechanisms of the anoikis-mediated cell death pathway in order to identify
novel cell death effectors that can serve as therapeutic targets to overcome the anoikis
resistance of tumor cells. In this review, we describe the molecular discovery and recent
findings of the novel Bit1 anoikis pathway [3].

Bit1 is a 179-residue mitochondrial protein which appears to be part of a previously
unknown apoptosis pathway that is regulated by integrin-mediated cell attachment [3]. As an
anoikis effector, Bit1 is released from mitochondria in cells cultured in suspension and
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forms a complex with the transcriptional regulator protein Amino-terminal Enhancer of Split
(AES). The formation of the Bit1-AES complex initiates a caspase-independent form of
apoptosis. Integrin-mediated cell adhesion appears to be the only upstream anti-apoptotic
treatment that can rescue cells from apoptosis induced by Bit1. Knowledge of the molecular
workings and significance of the Bit1 apoptotic pathway may help design new ways of
initiating anoikis for therapeutic purposes.

2. Anoikis: Apoptosis Following Loss of Anchorage-dependent Survival
Signaling

Integrins are heterodimeric transmembrane proteins consisting of α and β subunits and
function as receptors to many extracellular matrix (ECM) proteins, such as fibronectin and
laminin. As mediators of cell-ECM interaction, integrins not only provide physical links
with the cytoskeleton but also transduce signals from the ECM to the cell that are important
for diverse cellular processes including migration, proliferation, and survival [1,2,4–6]. An
enormous amount of literature exists documenting the central role of integrins in
suppressing apoptosis in attached cells by eliciting anti-apoptotic and prosurvival signals
from the ECM [2,6]. Indeed, loss of integrin-mediated attachment to the ECM in anchorage-
dependent normal cells (such as epithelial and endothelial cells) leads to induction of
apoptosis, which is termed as anoikis [1]. On the other hand, malignant or transformed cells
are less dependent on integrin-mediated survival signals. Hence, such cells are anoikis
resistant and are able to survive in an anchorage-independent manner.

Integrins are categorized depending on their α or β subunit composition. There at least four
types of integrins (α5β1, αvβ3, α1β1 and α6β1) that have been shown to play a role in cell
survival [7–10] in various cellular models. These specific integrins have differing abilities to
protect cells from apoptosis and anoikis, suggesting that they utilize diverse signaling
pathways. Their downstream pathways or molecules are diverse which include the focal
adhesion kinase (FAK) [11], Src kinase [12], integrin-linked kinase (ILK) [13], the
phosphatidylinositol 3-kinase (PI3K)/Akt [14], the extracellular signal regulated kinase
(ERK) /mitogen activated protein kinase [15], and the antiapoptotic Bcl2 protein [7,16].
Activation or induction of expression of these signaling molecules has been shown to
attenuate or block cellular anoikis, and it is therefore not surprising that some of these
molecules have been found to upregulated or activated in malignant cells.

3. Molecular Pathways of Anoikis
The induction of the anoikis process can be classified by the interplay of two critical
apoptotic pathways, the mitochondrial (intrinsic) and cell death receptor (extrinsic)
pathways. In anoikis proficient cells, detachment from the ECM leads to disengagement of
integrin-mediated attachment and subsequent loss of phosphorylation and inactivation of
key downstream survival effectors (FAK, PI3K/Akt, ERK and MAP kinase). Inactivation of
these integrin intermediates results in recruitment and activation of the pro-apoptotic
members of the BCL family of proteins (Bax and Bak) which trigger mitochondrial
dysfunction, cytochrome c release, downstream caspase activation, and eventual apoptosis
[2,17]. Consistent with the role of the mitochondrial pathway in anoikis, cell detachment has
also been shown to downregulate the expression of Bcl-xL, an anti-apoptotic Bcl family
member that guards mitochondrial integrity [18], and such Bcl-xL suppression further
compounds the mitochondrial-dependent caspase activation loop and apoptosis. The death
receptor (intrinsic) pathway, which is activated by the binding of death ligands (Fas or
TRAIL) to death receptor, hinges upon the formation of the death inducing signal complex
(DISC) and upon FAS-associated death domain (FADD) dependent activation of caspase 8
[19,20]. The FADD-mediated caspase 8 activation results in the cleavage and activation of
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Bid, which destabilizes the mitochondrial membrane leading to apoptosis. Previous studies
demonstrating the upregulation of Fas ligand [21] and specific caspase 8 activation [22]
following loss of cell attachment in normal adherent cells indicate the important role of the
intrinsic pathway to the anoikis process. The intrinsic pathway appears to be dysfunctional
in malignant cells in part through failure to achieve death receptor-induced caspase 8
activation.

As described above, both extrinsic and intrinsic apoptotic pathways merge at and rely on the
mitochondrial-dependent caspase activation loop to effect cell death, pointing to caspase
signaling as a critical mechanism to trigger anoikis. Hence, tumors that possess defects in
the regulation of caspase activation may conceivably be more resistant to undergo anoikis.
Interestingly, certain metastatic tumors which exhibit inefficient caspase activation through
overexpression of Bcl-2 or inactivation of caspase- 3 were found to be equally susceptible to
undergo anoikis as their non-metastatic counterparts [23]. Such evidence indicates the
existence of an alternative caspase-independent mode of anoikis. Indeed, Ruoslahti and
colleagues have shown that integrins may regulate apoptosis through a caspase-independent
mechanism [3]. In particular, loss of integrin-mediated attachment results in the release of
mitochondrial Bit1 protein to the cytoplasm where it forms a complex with the
transcriptional coregulator AES and subsequently induces a caspase-independent mode of
apoptosis.

4. The Bit1 anoikis pathway
4.1. Screening and identification of the Bit1 protein

Jan and colleagues (2004) had previously established that the integrin-dependent FAK/
PI3K/AKT survival pathway involved increased expression of Bcl2 [3]. In search of novel
regulators of anoikis, they screened for cDNAs that regulate the Bcl2 anti-apoptotic pathway
using the Bcl2 reporter system. One of the clones revealed by the screen encodes a novel
179-residue protein that is highly conserved from bacteria to human [24]. Based on its
ability to reduce Bcl-2 promoter activity, this protein was named Bit1 (Bcl2, inhibitor of
transcription). The archaeon and eukaryotic Bit1 contains an N-terminal mitochondrial
localization sequence (MLS) which is absent in the bacterial homologue. Detailed
crystallographic studies showed that human Bit1 contains a peptidyl-tRNA hydrolase
domain [25], and hence it functions as a peptidyl-tRNA hydrolase 2 enzyme that may be
important in protein translation. In adherent human cells, native mitochondrial Bit1 also
serves as a mediator of integrin-dependent survival signals [26]. Interestingly, the
endogenous Bit1 protein was also found to be localized in the endoplasmic reticulum
membrane (ER) microdomains and Golgi complex, functioning as a regulator of the early
secretory pathway [27].

4.2. Molecular characterization of Bit1 apoptotic function
Because of its hydrophobic N-terminal MLS sequence, Bit1 has been suggested to be a
mitochondrial protein. Indeed, endogenous Bit1 of normal and transformed human adherent
cells was found to be in the mitochondria, as evidenced by its colocalization with known
mitochondrial markers and its presence in the heavy membrane (mitochondrial) fraction [3].
Like many other mitochondrial proteins, the Bit1 protein was found to be apoptotic when it
is released to the cytoplasm. The Bit1 apoptotic activity was first observed in HEK-293T
cells transfected with the Bit1 construct containing an N-terminal myc tag [3]. Interestingly,
the N-terminally myc tagged Bit1 was localized in the cytoplasm and triggered significant
apoptosis as evidenced by DNA fragmentation and annexin V (early marker of apoptosis)
positivity. The unexpected cytosolic expression of Bit1 was due to disruption of the N-
terminal MLS via the insertion of an N-terminal tag. In agreement with the notion that
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cytosol localization is required for its apoptotic activity, cells transfected with the C-
terminally myc tagged Bit1 construct, which targets Bit1 to the mitochondria, did not exhibit
any detectable apoptosis [3].

What is the molecular mechanism governing the Bit1 apoptotic function? Upon treatment
with apoptosis-inducing agents such as staurosporin, or following culture in suspension,
mitochondrial Bit1 is released to the cytoplasm where it forms a complex with the groucho
transcriptional regulator AES protein (Fig. 1) and subsequently induces a caspase-
independent form of apoptosis [3]. The biological interaction between Bit1 and AES and the
formation of the Bit1-AES complex in the cytoplasm seem to be the trigger to induce
cellular apoptosis. In agreement with this notion, HOP92 cells that lack AES expression are
resistant to Bit1 apoptosis, and conversely, endogenous Bit1 expression-lacking HEK-293T
cells do not exhibit apoptosis when transfected with AES. Two factors (α5β1-mediated
attachment to fibronectin and the groucho related TLE1 corepressor protein) that are
effective in inhibiting Bit1 apoptosis significantly reduce the levels of Bit1-AES complex,
further indicating that this complex is a critical mediator of the Bit1 apoptotic pathway [3].

The mechanism of how the Bit1-AES complex induces apoptosis remains to be determined.
Based on our previous and recent data, we proposed a model whereby Bit1 may switch off
the survival promoting gene-transcription program mediated by the groucho related TLE1
corepressor protein. Through its association with AES in the cytosol, the mitochondrial
released Bit1 may channel any pre-existing nuclear AES-TLE1 hetero-oligomers to the
cytoplasm and subsequently lower nuclear TLE1 levels (Fig. 1). Consistent with this model,
cytoplasmic localized Bit1 or its cell death domain (CDD) triggers significant re-localization
of nuclear TLE1 to the cytoplasm in an AES dependent manner [28]. The sequestration of
nuclear TLE1 to the cytoplasm and/or loss of nuclear TLE1 hetero-oligomers may disallow
the transcriptional regulatory activity of TLE1. In further agreement with the proposed
model, counteracting the TLE1 nuclear to cytoplasmic shuttling via exogenous nuclear
TLE1 expression counteracts Bit1 apoptosis [28]. Although the TLE1 transcriptional
complex that confers cell survival that remains to be characterized, the TLE1 corepressor
has been shown to be antiapoptotic and oncogenic in several cellular model systems [29–
31]. Characterization of the anti-apoptotic TLE1 transcriptional program and its regulation
by the Bit1/AES complex will yield important clues that will aid in our understanding of the
Bit1 apoptotic pathway. In particular, identification of the TLE1 downstream target genes
may provide the basis or mechanism on how the Bit1/AES complex triggers apoptosis. It
remains a possibility that loss of the TLE1 corepressor function as induced by the Bit1/AES
axis may lead to upregulation of expression of nuclear enzymes such as endonucleases
which can facilitate DNA fragmentation and nuclear apoptosis.

Consistent with our model that Bit1 functions as an antagonist to the survival promoting
TLE1 transcriptional program is the inhibitory effect of Bit1 on TLE1-induced Bcl2
expression. Promoter analysis studies showed that TLE1 enhances BcL-2 activity while
Bit1/AES has suppressive effect on the BcL-2 promoter activity [3]. Our unpublished
microarray data also indicate that the mRNAs of two additional anti-apoptotic proteins,
HSP-70 [32] and thymosin β [33,34] are down-regulated by Bit1/AES and up-regulated by
TLE1. These findings indicate potential gene regulatory function of the Bit1/AES axis likely
through its regulation of the TLE1 transcriptional activity.

Another area that remains to be investigated is the regulatory mechanism underlying
mitochondrial Bit1 release following an apoptotic insult. The release of mitochondrial Bit1
to the cytoplasm (like other mitochondrial resident proteins) may be a consequence of
mitochondrial membrane permeabilization and dysfunction. Cell death stimuli such as loss
of integrin-mediated cell attachment can recruit and activate pro-apoptotic Bcl family
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members to destabilize mitochondrial membrane, leading to cytoplasmic Bit1 release and
subsequent Bit1 apoptotic activity. Hence, survival pathways such as PI3/AKT and ERK2
signaling and overexpression of antiapoptotic Bcl proteins (Bcl-2 and Bcl-xL) that guard
mitochondrial integrity can conceivably protect cells from Bit1 apoptosis through prevention
of Bit1 release. Further mechanistic studies addressing how these cellular factors (caspases
and Bcl protein family members) regulate Bit1 translocation to cytoplasm will undoubtedly
yield important insights on Bit1 apoptotic function.

The Bit1 cell death function may represent a unique apoptotic mechanism based on three
features. First, once Bit1 is released to the cytoplasm, Bit1 induces apoptosis that appears to
be independent from caspase activation based on the following findings: 1) absence of
PARP cleavage in the lysates of Bit1 transfected cells, 2) caspase inhibitor proteins crmA
and XIA had no effect on apoptosis induced by Bit1, and 3) the chemical pan-caspase
inhibitor, z-VAD-fmk, was ineffective against Bit1 apoptosis [3,28]. Second, the apoptotic
function of cytoplasmic Bit1 is unresponsive to several anti-apoptotic factors including
treatment with PI-3K, Akt, Bcl-2, and Bcl-xl [3]. These antiapoptotic molecules, while
capable of maintaining mitochondrial integrity and preventing the release of mitochondrial
Bit1, are ineffective in blocking the apoptosis function of Bit1 once it is released in the
cytoplasm (post-mitochondrial stage). Third, the only upstream factor that can effectively
block Bit1 apoptotic activity upon its release from the mitochondria is integrin-mediated cell
attachment. In particular, attachment to fibronectin via the α5β1 integrin provides the most
protection against Bit1 apoptosis [3] by reducing the formation of the pro-apoptotic Bit1-
AES complex. This finding raises the possibility that suppression of the Bit1 apoptotic
pathway may underlie the ability of integrin signaling to prevent cell death caused by loss of
cell attachment.

4.3. Bit1 as an anoikis effector
The ability of integrin-mediated attachment to effectively block Bit1 apoptosis indicates that
Bit1 may play a critical role in anoikis as a “guardian of anchorage dependence” [3]. Indeed,
since the discovery of the Bit1 protein, numerous data have emerged demonstrating Bit1 as
an effector of anoikis in both normal (human mammary epithelial cell line MCF10A [3],
human umbilical vein endothelial cells HUVEC[36] and transformed cell lines (HEK-293T
[3], HeLa [3,36], MCF-7 [37], MDA-MB-231[28]). The role of Bit1 in the anoikis process
was originally examined by increasing the expression of mitochondrial Bit1 expression in
HEK-293T cells via transfection with a mitochondrial localized Bit1 or vector construct, and
the cells susceptibility to undergo apoptosis in attached and detached conditions was
examined [3]. While the Bit1 and vector transfected cells exhibited similar levels of
spontaneous apoptosis when grown attached to a culture dish, detachment induced a
significantly higher level of apoptosis in Bit1 transfected cells than in control cells. In
agreement with a requirement of cytosolic Bit1 to induce apoptosis, Bit1 was released from
mitochondria and formed a complex with AES only in cells cultured in suspension, not in
attached conditions [3]. Similar anoikis induction was also observed upon exogenous
expression of mitochondrial Bit1 in the highly aggressive MDA-MB-231 breast cancer cell
line [28,37]. To further investigate the role of Bit1 in the anoikis process, the effect of
disabling the Bit1 apoptotic pathway in suspension-induced apoptosis was examined.
Downregulation of endogenous Bit1 expression via siRNA and shRNA technology
decreased the sensitivity of normal (MCF10A [3], HUVEC [35] and cancer (HeLa
[36],MCF-7 [37]) cells to anoikis. Taken together, these findings indicate Bit1 is a critical
effector of the anoikis cell death pathway.

Considering that anoikis insensitivity is a primary determinant of transformation [2],
malignant cells are likely to circumvent the Bit1 pathway to become anoikis resistant and
anchorage-independent. Hence, it will be interesting to see if Bit1 expression is

Jenning et al. Page 5

Cancer Lett. Author manuscript; available in PMC 2014 June 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



downregulated or if its inhibitor TLE1 protein is overexpressed in advanced stages of
cancer. Recently, it has been shown that Bit1 expression is significantly downregulated in a
fraction of invasive breast carcinomas as compared to normal breast tissue and noninvasive
ductal carcinoma in situ (DCIS) lesions [28,37]. In addition, TLE1 has been shown to be
elevated and is considered as a putative oncogene in human lung carcinoma [31]. Elevated
TLE1 expression is an unfavorable prognostic marker in lymphoma [38] and sarcoma [39].
Although the exact role of TLE1 in cancer progression remains to be determined, TLE1 may
function to protect cancer cells against anoikis. Indeed, TLE1 has recently been shown to
suppress anoikis in breast cancer cells, and that its inhibitory effect on anoikis is in part
through circumventing the Bit1-mediated anoikis pathway [28].

Experimental data on the signaling mechanisms underlying the Bit1 anoikis pathway have
begun to emerge. Recently, the Erk MAP kinase pathway was found to be one of the
downstream effectors of Bit1. Cultured HeLa [36] and MCF7 [37] cells in which Bit1 had
been downregulated and mouse embryo fibroblasts from Bit1 knockout mice [36] exhibited
enhanced Erk activation. Interestingly, the Bit1 knockdown cells did not exhibit increased
upstream MEK activation, but instead showed decreased Erk phosphatase activity. The
increased Erk activation contributed in part to the enhanced anoikis resistance of the Bit1
knockdown cells, since forced inhibition of the Erk pathway partially restored their anoikis
sensitivity. Another important mechanism that can regulate Bit1 anoikis function is the
translocation efficiency of Bit1 from the mitochondria to the cytosol in response to the loss
of integrin-mediated adhesion. PKD can phosphorylate the Bit1 S5 residue which is located
within the N-terminal MLS [35]. Phosphorylation of the Bit1 S5 residue resulted in
mitochondrial import inefficiency and subsequent increase in Bit1 cytosolic localization.
Indeed, activation of PKD enhanced the mitochondrial release of Bit1 with concomitant
induction of the Bit1 anoikis function.

5. Bit1 as a suppressor of metastasis
Anoikis resistance is a determinant of transformation and tumor metastatic potential [2].
Hence, disruption of the Bit1 pathway may increase the tumorigenic and/or metastatic
proficiency of malignant cells, at least in part by providing cancer cells with an alternative
way of resisting anoikis. To address the potential role of Bit1 in tumorigenicity, stable
control and Bit1 knockdown pools of cells derived from the mouse melanoma B16F1 cell
line were injected subcutaneously into nude mice [37]. The control and Bit1 knockdown
cells exhibited similar tumor growth kinetics. Interestingly, the lungs of the mice with
tumors from the Bit1 knockdown pool showed increased incidence of metastatic colonies as
compared to the lungs of control tumor bearing mice. To validate these findings, an
experimental metastasis assay was performed wherein Bit1 knockdown and control B16F1
cells were injected intravenously into nude mice. The lungs of mice that received injections
of Bit1 knockdown cells showed increased numbers and larger sizes of metastatic foci.
Downregulation of endogenous Bit1 expression in the MCF7 cell line also resulted in
enhanced metastasis using the experimental metastasis assay. In agreement with these
results, exogenous expression of mitochondrial Bit1 in the highly aggressive and metastatic
melanoma B16F10 cell line significantly attenuated the formation of metastatic colonies in
the lungs using an experimental metastasis assay [37]. Taken together, these findings
indicate that Bit1 is a suppressor of metastasis.

The signaling pathways downstream of Bit1 in inhibiting tumor metastasis remain to be
explored. Given the inhibitory effect of Bit1 on the Erk pathway whose sustained activation
has been implicated in several steps of the metastatic process [40], the role of Erk activation
in the enhanced metastasis of Bit1 knockdown cells was examined by
immunohistochemistry staining of the metastatic tumor foci for active Erk [37]. The

Jenning et al. Page 6

Cancer Lett. Author manuscript; available in PMC 2014 June 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



metastatic foci from Bit1 knockdown B16F1 cells showed increased phosphor-Erk staining
as compared to that of control cells, suggesting that activation of Erk may be an important
molecular event contributing to the enhanced metastatic potential of Bit1 knockdown cells.
However, additional studies are needed to determine whether the observed elevated Erk
activity in Bit1 knockdown cells directly contributes to enhanced metastasis. For example,
does inhibiting Erk activity via siRNA-mediated Erk downregulation or treatment with Erk
inhibitors reverse the increased metastatic potential of Bit1 knockdown cells? Knowledge of
the mechanism underlying Erk regulation by Bit1 may yield clues as to the importance of
the Erk pathway in the Bit1 inhibitory effect on metastasis.

6. Conclusions and future directions
The molecular circuitry and key signaling effectors of the anoikis mode of cell death have
started to be unraveled. It has been established that following loss of cell attachment both
the extrinsic death receptor and intrinsic mitochondrial pathways are activated through a
caspase-dependent mechanism. The identification and characterization of the mitochondrial
Bit1 protein indicates the existence of an alternative caspase-independent cell death
machinery that is activated following loss of cell attachment. In light of increasing data
documenting that tumor cells exhibit disabled or inefficient caspase activity, triggering
anoikis sensitivity in tumor cells via the caspase-independent mechanism may represent a
viable and effective strategy. Based on its pronounced inhibitory effect on anoikis
resistance, which is a primary determinant of the metastatic process, Bit1 can be used as an
adjunct therapeutic agent to specifically block metastasis. The suitability of Bit1 as a
therapeutic target, however, hinges on several important considerations including knowledge
of the specific requirements of Bit1 in normal cell physiology, the expression pattern of Bit1
in normal tissues, and the regulation of Bit1 expression among the different cell types within
the tumor microenvironment.
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Figure 1.
Bit1 as an anoikis effector. In intact adherent cells, Bit1 is localized in the mitochondria.
Following loss of integrin-mediated cell attachment, Bit1 is released from the mitochondria
to the cytosol, forms a complex with the transcriptional regulator Amino-terminal Enhancer
Split (AES) protein, and induces apoptosis [3]. Although the exact mechanism of Bit1-
mediated apoptosis is yet to be characterized, the extramitochondrial Bit1 is likely to turn off
the survival promoting function of the nuclear corepressor TLE1 protein, through
competitive channeling of nuclear TLE1/AES hetero-oligomers to the cytoplasm.
Cytoplasmic expression of Bit1 or its cell death domain (CDD) induces translocation of
nuclear TLE1 to the cytoplasm in an AES-dependent manner [28], suggesting that the Bit1-
AES complex may direct the sequestration of TLE1/AES hetero-oligomers from the nucleus
to the cytoplasm, likely through Bit1/AES/TLE1 tricomplex formation. The existence of
such a tri-complex, however, has not yet been demonstrated.
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