
The metastasis of cancer cells to distant sites 
in the body is responsible for the vast majority 
of cancer deaths1–3. Thus, it is crucial to obtain 
a better understanding of the molecular 
mechanisms that are used by cancer cells to 
facilitate their survival during the metastatic 
cascade, as this knowledge could provide the 
basis for the development of therapeutics  
that eliminate metastasizing cancer cells.  
It has become evident that a substantial barrier 
to successful metastasis in cancer cells is the 
induction of cell death4. More specifically, 
cancer cells must develop resistance to anoikis 
(defined as the induction of apoptosis owing 
to detachment from the extracellular matrix 
(ECM))5 for tumour progression to occur6. 
During the past several years, a plethora of 
studies have revealed that the loss of attach-
ment to the ECM can cause a distinct variety 
of cellular and molecular alterations that 
ultimately contribute to the viability of ECM-
detached cells (BOX 1). These include cellular 
changes that compromise the survival of 
ECM-detached cells independently of anoikis, 
suggesting the existence of multiple barriers 
to the survival of ECM-detached cells7. In 
this Opinion article, we discuss our current 
understanding of precisely how cancer cells 
evade anoikis (and other types of cell death), 
as well as potential strategies for the selective 
elimination of ECM-detached cancer cells.

Anoikis regulation in cancer
Receptor tyrosine kinase (RTK) regulation 
of anoikis. RTKs are frequently activated 
in an aberrant manner in cancer cells 
and therefore have become the target of 

numerous therapeutics8. However, how these 
kinases contribute to tumour cell survival 
during detachment from the ECM is only 
beginning to be understood (TABLE 1). Early 
studies showed that insulin-like growth fac-
tor 1 receptor (IGF1R) promotes anoikis 
resistance, as inhibition of IGF1R reduced 
the ability of cancer cells to grow in an 
anchorage-independent state and impaired 
xenograft tumour formation in vivo9–11. 
IGF1R is well known to signal downstream 
through PI3K–AKT12 and, as expected, it 
was discovered that PI3K–AKT is essential 
for IGF1R-mediated transformation and 
inhibition of anoikis13. However, AKT does 
not seem to be the only effector pathway 
operating downstream of IGF1R to block 
anoikis. An unbiased, small interfering RNA 
(siRNA) screening approach to search for 
IGF1R effectors mediating anoikis revealed 
protein tyrosine kinase 6 (PTK6) as a  
mediator of anoikis inhibition14.

In addition to IGF1R, inhibition of 
anoikis by members of the epidermal  
growth factor receptor (EGFR) family  
has been exhaustively studied (FIG. 1). 
The initial understanding of how EGFR 
regulated anoikis was discovered using 
non-tumorigenic mammary epithelial cells 
(MCF-10A cells) grown on poly-HEMA 
(poly(2-hydroxyethyl methacrylate))-
coated plates (the coating prevents ECM 
deposition and forces the cells to grow in 
suspension)15. In this system, the lack of 
ECM attachment led to diminished EGFR 
levels that correlated with an increase in 
the levels of the extra long isoform of the 

pro-apoptotic protein BIM (BIM-EL; also 
known as BCL-2L11)16. Interestingly, there 
are several molecular mechanisms that can-
cer cells can use to compensate for the loss of 
EGFR and thereby evade BIM-EL-mediated 
anoikis. For example, the overexpression 
of ERBB2 (a member of the EGFR family) 
or activation of SRC can use ERK signal-
ling to suppress BIM-EL, block anoikis 
and sub sequently cause luminal filling in 
three-dimensional cultures of mammary 
acini17. ERBB2 can also restore the inhibition 
of anoikis by rescuing ECM-detachment-
induced deficiencies in EGFR and β1 integ-
rin through a mechanism that is dependent 
on ERK and Sprouty 2 (SPRY2; a protein 
that has been linked to EGFR stability in 
other contexts)18. Regulation of integrin 
levels during anoikis is not limited to β1 inte-
grin. Overexpression of ERBB2 in mammary 
epithelial cells leads to increased levels of  
α5 integrin, and patients with ERBB2-positive 
breast cancer are also observed to frequently 
present with high levels of α5 integrin19.

An alternative route to anoikis inhibition 
downstream of EGFR was demonstrated in 
prostate cancer cells. These cells frequently 
show high levels of reactive oxygen species 
(ROS), which have been shown to activate 
SRC in certain contexts20. Further studies 
showed that ROS led to the SRC-mediated 
phosphorylation of EGFR at Y845, a site 
that is well known to promote the activa-
tion of EGFR21. Indeed, this ROS-mediated 
activation of SRC (and EGFR) was shown to 
be necessary for anoikis inhibition through 
ERK-mediated modulation of BIM-EL22,23. 
Additionally, an elegant study by the group 
of Nguan Soon Tan24 showed that angio-
poietin-like 4 (ANGPTL4) could promote 
the NADPH oxidase 1 (NOX1)-dependent 
production of ROS and subsequent SRC-
mediated inhibition of anoikis. These studies 
are particularly interesting because ROS 
can also cause the death of ECM-detached 
cancer cells through an anoikis-independent 
mechanism (see below)25.

In addition to its association with SRC 
and EGFR, ERBB2 can promote evasion of 
anoikis via modulation of hypoxia-inducible 
factors (HIFs)26,27. Initial studies that inves-
tigated the role of hypoxia in anoikis discov-
ered that hypoxia can inhibit anoikis and 
lumen formation in organotypic cultures of 
mammary acini26. The molecular mechanism 
by which hypoxia can block anoikis is reliant 
on ERK-mediated suppression of BIM-EL. 
Given that ERBB2 is known to be involved 
in hypoxic signalling through stabilization 
of HIF1α, subsequent studies focused on the 
importance of HIF1α signalling in the ability 
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of ERBB2 to block anoikis27. Surprisingly, in 
addition to facilitating ERK-mediated sup-
pression of BIM-EL, HIF1α was shown to be 
necessary for ERBB2-mediated suppression 
of ROS in detached cells.

Other kinases involved in regulation of 
anoikis. A greater understanding of precisely 
how BIM-EL was targeted for degradation 
was made clear by the discovery that ERK-
mediated phosphorylation of BIM-EL at 
S69 functioned as a signal to promote ubiq-
uitylation and proteasomal degradation28. 
It has also been shown that BMF (another 
BH3-only, pro-apoptotic protein) can be reg-
ulated during anoikis by the ERK pathway. 
Constitutive activation of ERK in MCF-10A 
cells led to diminished levels of BMF dur-
ing detachment from the ECM, decreased 
anoikis, increased anchorage-independent 
growth in soft agar and increased luminal 
filling in three-dimensional cell culture 
assays29. These data show that ERK can  
suppress anoikis via inhibition of multiple 
pro-apoptotic BH3-only proteins and raise 
the possibility that ERK may still have  
as-yet-unidentified targets that can function 
in a similar capacity to BIM-EL and BMF. 
These pleiotropic roles for ERK signalling  
in anoikis may be tissue-specific, depend  
on distinct upstream activators or occur 
simultaneously to provide a multi-faceted 
mechanism to inhibit anoikis.

Other members of the MAPK family  
can also contribute to evasion of anoikis.  
For example, TGFβ-activated kinase 1 
(TAK1; also known as MAP3K7) contributes 
to the evasion of anoikis in circulating pan-
creatic cancer cells. This survival is depend-
ent on non-canonical WNT signalling and 
TAK1-mediated production of fibronectin30. 
In addition, a recent paper evaluating the 
ability of ovarian cancer cells to evade 
anoikis found that different MAPK-related 
pathways were responsible for anoikis inhi-
bition in distinct cells lines. IGROV1 cells 
required MAPK–ERK signalling to drive 
pro-survival signals, whereas, by contrast, 
SKOV3 cells necessitated inhibition of p38 
MAPK signalling to shut down cell death 
pathways31. Therefore, in tumour cells,  
it seems that cooperation between the  
ERK pathway (activation) and the p38 
MAPK pathway (inhibition) would be 
beneficial for antagonizing anoikis during 
tumour progression.

Another kinase that participates in  
signalling downstream of integrin receptors 
and has been implicated in the regulation of 
anoikis is integrin-linked kinase (ILK). The 
initial observation that ILK could block the 
regulation of anoikis was made in mammary 
epithelial cells and involved the activation 
of PI3K and AKT32. More recently, studies 
examining the role of the tumour micro-
environment in anoikis regulation identified 

an important role for ILK33. Carcinoma-
associated fibroblasts (an important compo-
nent of the tumour microenvironment) have 
been shown to secrete copious amounts of 
IGF binding proteins (specifically, IGFBP2 
and/or IGFBP5) in a manner that activates 
ILK and subsequently blocks anoikis in 
breast cancer cells. In aggregate, these data 
strongly suggest that ILK could be an attrac-
tive chemotherapeutic target to activate 
anoikis in cancer cells.

Regulation of anoikis by small GTPases. 
The RAS family, including HRAS, KRAS, 
and NRAS, are a part of a larger superfam-
ily of small GTPases. Mutations in these 
GTPases have been shown to occur in 
numerous cancers and are related to aber-
rant survival signalling that drives tumour 
progression34. Early in the discovery of 
anoikis, it was appreciated that the transfor-
mation of normal MDCK cells by activated 
HRAS was able to promote anchorage-
independent survival of these cells35. Further 
studies showed that the protection provided 
by activated RAS during detachment was 
due to signalling through PI3K–AKT36.

Apart from PI3K-dependent mecha-
nisms, it was shown that RAS activation 
in MDCK cells could block cytochrome c 
release and caspase 8 activation37, prevent 
downregulation of BCL-XL (REF. 38) and pro-
mote downregulation of caspase 2 (REF. 39). 
Interestingly, ERK activation can also have 
a role in RAS-mediated anoikis suppres-
sion, as KRAS activation in NRK cells 
promoted anchorage-independent growth 
that was abrogated by MEK inhibition40. 
These data raise the possibility that RAS 
may be simultaneously signalling through 
multiple pathways to provide protection 
from anoikis. Other studies support this 
possibility, as the individual actions of the 
RAS effectors RAF1, PI3K and RalGEF 
(also known as RALGDS or RAL GTPase 
guanine nucleotide dissociation stimulator) 
alone were not sufficient to impede anoikis 
in non-transformed, rat intestinal epithelial 
(RIE-1) cells41. These data also indicate 
that the molecular mechanisms governing 
RAS-mediated anoikis inhibition can vary 
depending on the cell type, given that pre-
vious work showed that PI3K alone could 
provide protection from anoikis36. Similarly, 
in a screen of breast cancer cell lines, neither 
PI3K nor ERK signalling correlated with 
RAS activation or RAS-mediated anoikis 
resistance42.

The RAF kinases BRAF, RAF1 (also 
known as CRAF) and ARAF are downstream 
effectors of RAS that transduce various 

Box 1 | Key studies examining ECM detachment and cell death

The seminal discovery that loss of attachment from the extracellular matrix (ECM) could 
function as a signal to induce apoptosis was made 20 years ago by Steve Frisch35. He coined 
the term ‘anoikis’, a Greek word for homelessness, to describe this type of cell death. He also 
provided the first data that oncogenic signalling could promote resistance to anoikis, a concept 
that is the basis for this Opinion article. As additional evidence of the signalling pathways that 
are responsible for the induction of anoikis and the evasion of anoikis by oncogenic signalling 
began to accumulate, studies by Joan Brugge and colleagues15,95–98 using a three‑dimensional 
cell culture model showed a role for anoikis in the formation of a hollow lumen during the 
morphogenesis of mammary acini. These studies suggested that evasion of anoikis could be 
crucial to the development of early, non‑malignant lesions (such as ductal carcinoma in situ)99.

Around the same time as the mammary acini studies, work by Jody Rosenblatt and 
colleagues100 demonstrated that cells within a simple epithelium can be extruded owing to 
contraction of the neighbouring cells. The extruded cells subsequently undergo anoikis owing to 
lack of ECM attachment. These studies provide an additional physiologically relevant context 
in which anoikis has a crucial role in tissue homeostasis. 10 years after the discovery of anoikis, 
studies by Daniel Peeper and colleagues67 revealed that unbiased screening for genes that 
inhibit anoikis could function as a productive strategy to find genes that are involved in the 
induction of metastasis.

Interestingly, the first clues that anoikis resistance was not sufficient for the long‑term 
survival of ECM‑detached cells came from the aforementioned work using three‑dimensional 
cell culture models of mammary acini. Although inhibition of anoikis could enhance the survival 
of cells in the luminal space, these cells would still eventually die and create a hollow lumen15. 
These studies raised the possibility that loss of ECM attachment functioned to signal cells to die 
through multiple, independent mechanisms. Collectively, these findings have led to the 
interpretation that cancer cells must overcome multiple, distinct barriers to survive once they 
lose attachment to the ECM.
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Table 1 | Anoikis regulation

Protein Function Known action of anoikis regulation

Receptor tyrosine kinases

IGF1R Anti-anoikis Stimulates AKT pathway signalling13; mediates FAK activation101; interacts with PTK6 (REF. 14)

EGFR or ERBB2 Anti-anoikis Stimulates MEK16,18,22,102, integrins16,18,19,102 and SRC19,102 pathway signalling; suppresses  
BIM-EL16,17,22,23,102; maintains BCL-X

L
 (REF. 102)

ERBB2 Anti-anoikis Suppresses ROS via HIF1α and HIF1β27

Cytoplasmic kinases

MAPK or ERK Anti-anoikis Promotes BIM-EL degradation15,16,19,28,97,103; decreases BMF levels29; stimulates MEK signalling104; 
enhances BCL-X

L
 expression104

p38 MAPK Pro-anoikis Stimulates FAS ligand-mediated and death receptor-mediated cell death105; promotes BAX106 and 
BIM-EL protein expression103

FAK Anti-anoikis Stimulates SRC signalling107; functions downstream of integrins108–110 and talin 1 (REF. 111); activates 
paxillin112 and PTK6 (REF. 113)

SRC Anti-anoikis Stimulates AKT23,114, EGFR21 and ERK pathway signalling17,23; interacts with PDGF115, PIP5KIγ and 
talin116; decreases BIM-EL expression17,23

ILK Anti-anoikis Stimulates AKT signalling32,117; stabilizes MCL1 (REF. 33)

PKCα Pro-anoikis Stimulates PI3K–AKT signalling via SKP2 (REF. 118)

FER Anti-anoikis Suppresses integrins119

RSK2 Anti-anoikis Signals through PTK6 (REF. 120) and p38 MAPK120

Small GTPases and effectors

RAS Anti-anoikis Stimulates PI3K signalling36,121,122, cIAP2 and XIAP123; downregulates pro-apoptotic proteins38,121,122 
and caspases37,39

RAF Anti-anoikis Stimulates PI3K47,124 and MEK signalling16,43–45,47–49; downregulates pro-apoptotic proteins16,45,48,124 
and caspases37,125; stabilizes MCL1 (REFS 49,50)

RHOA Pro-anoikis Aids in cytoskeleton assembly52, focal adhesion and stress fibre formation53; restrains RAS 
signalling55

Anti-anoikis Aids in assembly of actin, focal adhesion complex and vinculin57; activates FAK58

RHOB Pro-anoikis Restrains RAS signalling56,126

RHOG Anti-anoikis Stimulates PI3K–AKT signalling59,60

ROCK1 or ROCK2 Anti-anoikis Signals downstream of E-cadherin loss127; promotes progression through the cell cycle128

RAC1 or CDC42 Anti-anoikis Stimulates PI3K signalling129,130

YAP Pro-anoikis Increases pro-apoptotic proteins131; increases caspase activation131

Anti-anoikis Downregulates BIM-EL132; blocks PARP cleavage133

NF-κB

NF-κB Anti-anoikis Functions downstream of vFLIP134; upregulates BCL-2 (REF. 135), OPG135, IAPs135, fibronectin136, 
BCL-X

L
 (REF. 137) and cFLIP137; promotes FAK and SRC activation136; regulates ROS138

EMT factors

p120-catenin Pro-anoikis Loss of p120-catenin leads to evasion of anoikis65

SLUG or TWIST Anti-anoikis Functions downstream of EGFR66; decreases E-cadherin-associated ankyrin-G component and 
repression of p14ARF

TRKB Anti-anoikis Stimulates PI3K–AKT67 and MAPK69 pathway signalling; suppresses E-cadherin69,139

miRNA-200 family Pro-anoikis Antagonizes TRKB activity140,141; targets ZEB1 (REFS 142–144) and PIN1 (REF. 145)

TGFβ Pro-anoikis Inhibits NF-κB pathway via SMAD4 (REF. 146) and SMAD7 (REF. 147)

Anti-anoikis Stimulates SMAD3–FAK148 and p38 MAPK–AKT pathways148; regulates miRNA-181a149

BIM-EL, extra long isoform of the pro-apoptotic protein BIM; CDC42, cell division control protein 42; cFLIP, cellular FLICE-like inhibitory protein; cIAP2, cellular 
inhibitor of apoptosis 2; EGFR, epidermal growth factor receptor; EMT, epithelial-to-mesenchymal transition; FAK, focal adhesion kinase; HIF, hypoxia-inducible 
factor; IGF1R, insulin-like growth factor 1 receptor; ILK, integrin-linked kinase; MCL1, myeloid cell leukaemia 1; miRNA, microRNA; NF-κB, nuclear factor-κB;  
OPG, osteoprotegerin; PARP, poly(ADP-ribose) polymerase; PDGF, platelet-derived growth factor; PIN1, peptidyl-prolyl cis-trans isomerase NIMA-interacting 1; 
PKCα, protein kinase C-α; PTK6, protein tyrosine kinase 6; ROCK, RHO-associated protein kinase; ROS, reactive oxygen species; RSK2, ribosomal protein S6 kinase 2; 
SKP2, S phase kinase-associated protein 2; TGFβ, transforming growth factor-β; vFLIP, viral FLIP; XIAP, X-linked IAP; YAP, Yes-associated protein; ZEB1, zinc finger 
E-box-binding homeobox 1.
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downstream survival signals34. Using inducible  
activation of RAF1 in both MDCK and 
CCL399 cells, it was found that the activation 
of the ERK pathway stimulates survival dur-
ing detachment from the ECM43. In addition, 
expression of NRAS-Q61K or BRAF-V600E 
hyperactive mutants in primary human mel-
anocytes enabled survival in detachment and 
activation of the ERK pathway44. Constitutive 
activation of RAF in MCF-10A cells also 
increased signalling through ERK and main-
tained low BIM-EL levels in detachment16,45.

Activating BRAF mutations are found 
in more than two-thirds of malignant mela-
noma tumours46. The melanoma cell lines 
WM35, WM793 and SK-MEL-28 express 
the BRAF-V600E mutation and are resistant 
to anoikis47. This anoikis resistance is due to 
PI3K or ERK activation, although it should 
be noted that simultaneous activation of both 
pathways is not required for the inhibition 
of anoikis. Signalling through ERK in these 
cells results in the downregulation of two pro-
apoptotic BCL-2 family members: BAD and 
BIM-EL48. Furthermore, subsequent studies 
showed that ERK signalling can stabilize 
myeloid cell leukaemia 1 protein (MCL1) by 
blocking its degradation by the proteasome49. 

In addition to stabilization of MCL1 at the 
protein level, BRAF-V600E mutations can 
activate signal transducer and activator of 
transcription 3 (STAT3), a transcription fac-
tor that upregulates MCL1 transcription in 
melanoma cells50. Overall, these data suggest 
that any strategy to target cells with activat-
ing RAF mutations will probably need to be 
multifaceted.

RHO-GTPases are similar to RAS in their  
activation by binding to GTP and by  
their noted contribution to cancer progres-
sion51. In some cell types, the activation of 
RHO proteins is required for the induction 
of anoikis. For example, in MDA-MB-231 
breast cancer cells, the actions of the 
cytoskeletal protein tropomyosin 1 (TPM1; 
which is normally suppressed in these cells) 
are dependent on the activity of RHOA 
and necessary for inducing anoikis52. In 
addition, expression of p66SHC (the p66 
isoform of the adaptor protein SHC (SRC 
homology 2 domain containing)) in primary 
endothelial and transformed epithelial cell 
lines can induce the activation of RHOA 
when the cells are detached from the ECM, 
thereby inducing anoikis53. This study was 
the first to show a specific role for tension 

and attachment-sensing in the induction of 
anoikis. The transcription factor zinc finger 
protein Aiolos was recently discovered as 
an upstream regulator of p66SHC, where 
it reconfigures chromatin in a manner that 
leads to isoform-specific silencing of p66SHC 
and inhibition of anoikis54. In further support 
of the possibility that cancer cells may antag-
onize RHOA to block anoikis, expression of 
constitutively active RAS in lung carcinoma 
cells suppresses RHOA activity and promotes 
evasion of anoikis55. Similar studies have 
indicated that RAS activation can also down-
regulate RHOB through the PI3K–AKT-
mediated pathway in a manner that results in 
anoikis inhibition56.

In other settings, however, RHO proteins 
seem to promote the evasion (rather than the 
activation) of anoikis. In gastric carcinoma 
cells, RHOA inhibition leads to deficiencies 
in ECM attachment and ultimately to the 
induction of anoikis57. In B16F10 melanoma 
cells, AKT and RHOA coordinately protect 
the cells from anoikis induction by  
activating the focal adhesion kinase (FAK) 
pathway58. Similarly, RHOG binds to the 
p85α subunit of PI3K to induce phospho-
rylation and activation of AKT and subse-
quent resistance to anoikis in HeLa cells59. 
Furthermore, in HeLa cells, ephexin 4 (also 
known as ARHGEF16), a guanine nucleotide 
exchange factor for RHOG, interacts with 
ephrin type-A receptor 2 (EPHA2), a receptor 
tyrosine kinase, to activate PI3K–AKT and 
promote cell survival during detachment60.

EMT-mediated regulation of anoikis. 
During tumour progression, cancer cells 
often undergo an epithelial-to-mesenchymal 
transition (EMT), which has been linked 
with anoikis resistance in several contexts61. 
For example, loss of E-cadherin in a p53-null 
background enhanced tumour initiation, 
progression and metastasis of invasive  
lobular carcinoma. When primary cell 
lines were derived from these mice, loss of 
E-cadherin was found to promote resistance 
to anoikis62. In support of these findings,  
a related study discovered that knockdown 
of E-cadherin in mammary epithelial cells 
resulted in evasion of anoikis and increased 
metastatic potential63. Although these stud-
ies all suggest that resistance to anoikis can 
correlate with the loss of E-cadherin, they 
do not necessarily address the impact of a 
true EMT (including acquisition of mesen-
chymal traits, and so on) on anoikis. This 
issue was addressed through experiments 
showing that expression of the transcription 
factor TWIST, a canonical regulator of EMT, 
is sufficient to confer anoikis resistance in 

Figure 1 | Anoikis regulation in mammary epithelial cells. Upon detachment from the extracellular 
matrix (ECM), mammary epithelial cells lose β1 integrin and epidermal growth factor receptor (EGFR) 
at the plasma membrane. This results in diminished MAPK signalling that relieves inhibition of BIM-EL 
(the extra long isoform of the pro-apoptotic protein BIM) activity. Consequently, the increased 
BIM-EL levels facilitate cytochrome c release from the mitochondria, activation of caspases and 
increased cell death. P, phosphorylation.
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mammary epithelial cells64. The molecular 
mechanism underlying anoikis inhibition 
by EMT involved the downregulation of 
E-cadherin-associated ankyrin G (also known 
as ankyrin 3), the nuclear localization of the 
protein NRAGE (also known as MAGED1), 
and the repression of the tumour suppres-
sor p14ARF. Various proteins that interact 
with and regulate E-cadherin have also 
been implicated in anoikis resistance. 
p120-catenin (also known as catenin δ1) 
has been shown to be involved in metastatic 
potential and anoikis resistance in breast 
cancer cells65. Loss of p120-catenin was 
shown to drive carcinoma in situ in mice  
and to promote anoikis resistance in  
E-cadherin-expressing breast cancer cells.

Additionally, it has become clear that mul-
tiple developmentally regulated transcription 
factors can drive EMT and also contribute 
to anoikis resistance. One of these factors is 
SLUG (also known as SNAI2), and its overex-
pression in adenoid cystic carcinoma cells led 
to EGFR–PI3K signalling-mediated protec-
tion of anoikis66. In addition, another role for 
TWIST in the evasion of anoikis was identi-
fied downstream of the tropomyosin-related 
kinase B (TRKB; also known as NTRK2) 
receptor. TRKB was initially identified in an 
unbiased, genome-wide screen for anoikis-
promoting genes in RIE-1 cells67. Activation 
of TRKB was found to prevent anoikis 
through PI3K–AKT signalling, and these data 
were the first to show that that suppression of 
anoikis in vitro can predict metastatic poten-
tial in vivo (BOX 1). During further investiga-
tion of the mechanism by which TRKB leads 
to inhibition of anoikis, it was discovered that 
the kinase activity of TRKB was necessary 
and sufficient to induce an EMT-like mor-
phology change in RIE-1 cells68. The EMT 
that was observed in cells expressing TRKB 
was determined to be due to ERK-mediated 
downregulation of E-cadherin and the induc-
tion of TWIST69. In addition, SNAIL (also 
known as SNAI1) can also function down-
stream of TRKB and ERK to facilitate an 
EMT and subsequent resistance to anoikis.

More recently, novel components of 
transforming growth factor-β (TGFβ) sig-
nalling have been shown to regulate anoikis 
and EMT, including DEAR1(also known as 
TRIM62)70. DEAR1 is a tumour suppressor 
gene that is often lost in patients with late-
stage breast cancer. Loss of DEAR1 was shown 
to be necessary for TGFβ-induced anoikis 
resistance and EMT. Interestingly, DEAR1 
is a direct binding partner for SMAD3 and 
promotes ubiquitylation and degradation of 
SMAD3, resulting in a subsequent decrease 
in SMAD3 target genes, including SNAIL 

and SLUG. These data imply that the loss of 
DEAR1 is a crucial step for TGFβ-induced 
EMT and suggest that DEAR1 may function 
as a good biomarker for clinical strategies  
that target the TGFβ–SMAD3 pathway.

Anoikis-independent viability changes
In addition to the aforementioned advances 
in understanding the biology of anoikis,  
it has become evident that detachment  
from the ECM can induce cellular and 
molecular alterations that affect cell viability  
independently of anoikis. Studies in 

three-dimensional cell cultures of mammary 
acini hinted at this possibility, as the disrup-
tion of the anoikis programme (for example, 
through the overexpression of anti-apoptotic 
BCL-2 family members) was not sufficient to 
permit long-term survival of ECM-detached 
cells15. Below, we review the work that 
implicates alternative cellular and molecular 
pathways in regulating the viability of ECM-
detached cells and we discuss the known 
mechanisms by which cancer cells (or onco-
genic signalling pathways) can rectify these 
alterations to promote survival (FIG. 2).

Figure 2 | Anoikis-independent mechanisms regulated by interactions with the extracellular 
matrix (ECM). a | Metabolic defects, autophagy and entosis have all been shown to occur during 
detachment from the ECM and to lead to changes in cellular viability. ECM-detached mammary 
epithelial cells have a reduced capacity to import glucose, resulting in decreased flux through the 
pentose phosphate pathway (PPP) and glycolysis. The decreased flux through the PPP produces lower 
levels of NADPH and increased levels of reactive oxygen species (ROS). High levels of ROS impede 
AMP kinase (AMPK) activity and fatty acid oxidation (FAO), thereby mitigating ATP production. 
Left unchecked, these metabolic deficiencies lead to non-apoptotic cell death. b | Autophagy in 
ECM-detached cells is primarily induced by PERK-mediated inhibition of mTOR and by the IκB kinase 
(IKK) complex. c | Entosis is initiated by the invading cell and requires RHO and RHO-associated 
protein kinase (ROCK). Once internalized, the membrane-bound cell can be targeted for cell death or 
release. Those targeted for cell death rely on several ATG proteins and PIK3C3 (also known as VPS34) 
to promote fusion with the lysosome and cellular degradation. mTOR is necessary for membrane 
fission. The components of the degraded cell can be reused by the host cell to promote cell survival. 
G6P, glucose 6-phosphate; TSC2, tuberous sclerosis 2 protein; VMP1, vacuole membrane protein 1.
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Metabolic alterations and autophagy. 
Autophagy (also known as macroautophagy) 
is a catabolic process by which cells consume 
intracellular components (for example, 
lipids, proteins or organelles) under condi-
tions of nutrient deprivation71. Although 
autophagy was initially thought to represent 
an alternative form of programmed cell 
death, it has become clear that autophagy is 
frequently a survival response by which cells 
recycle existing material to generate macro-
molecules and energy during times of nutri-
ent stress72. Several years ago, studies using 
three-dimensional cell culture of mammary 
acini showed autophagy in cells populating 
the luminal space73. These findings sug-
gest that ECM-detached cells may rely on 
autophagy to facilitate their survival.

Indeed, numerous reports have now 
suggested that autophagy is an effective 
strategy that is used by ECM-detached cells 
to promote their survival. Using multiple 
cancer cell lines, Jayanta Debnath and col-
leagues74 showed that the loss of ECM attach-
ment in tissue culture cells is sufficient to 
induce autophagy. In addition, inhibition of 
autophagy through pharmacological inhibi-
tion or short hairpin RNA (shRNA)-mediated 
reduction of autophagosomal proteins com-
promises the survival of the centrally located, 
ECM-detached cells in mammary acini, 
regardless of whether anoikis was efficiently 
activated. Subsequent studies interrogating 
the signalling mechanisms responsible for the 
induction of autophagy during detachment 
from the ECM implicated the endoplasmic 
reticulum (ER) kinase PERK (also known as 
eIF2αK3) in the induction of autophagy dur-
ing this detachment75. The induction of PERK 
during ECM-detachment results in rapid, 
LKB1 (also known as STK11)-dependent 
activation of AMP-activated protein kinase 
(AMPK) and TSC2 (tuberous sclerosis 2 
protein) and subsequent inhibition of the 
mTORC1 complex76. In addition to PERK, 
recent studies have revealed that autophagy 
during ECM- detachment can be driven by 
the IκB kinase (IKK) complex and that mam-
mary epithelial cells (rather than fibroblasts) 
rely more heavily on IKK for autophagy 
induction during ECM-detachment77.

The fact that ECM-detached cells activate 
autophagy to facilitate their survival sug-
gests that they are nutrient-deprived and 
that detachment from the ECM may some-
how alter cellular metabolism in a manner 
that limits nutrient availability. If metabolic 
pathways are in fact altered by detachment 
from the ECM, these alterations could be 
a contributing factor to the cell death that 
is responsible for apoptosis-independent 

luminal clearance in the three-dimensional 
cell culture model of mammary acini78,79. 
Recent work that aims to address this ques-
tion has discovered a direct link between 
the loss of attachment to the ECM and 
alterations in cellular metabolism25. More 
specifically, detachment from the ECM 
in non-transformed mammary epithelial 
cells leads to diminished glucose uptake as 
a result of a loss of PI3K–AKT signalling. 
Glucose uptake can be restored owing to 
oncogenic signalling from ERBB2 but, inter-
estingly, it seems that metabolic flux through 
the pentose phosphate pathway (PPP) is cru-
cial for these cells to produce ATP effectively. 
PPP flux is crucial in several distinct contexts 
in cancer cells (for example, for driving bio-
synthetic pathways80) and has been shown 
to be involved in protection against cell 
death81. In particular, PPP flux is crucial 
for the generation of NADPH, which facili-
tates the maintenance of glutathione in its 
reduced state and thereby promotes antioxi-
dant activity82. Indeed, it is this antioxidant 
capacity that is crucial for ATP production 
in ECM-detached cells, and the addition of 
antioxidants to ECM-detached cells can pro-
mote ATP production and anchorage- 
independent growth in the absence of  
proficient glucose uptake25. The ability of 
antioxidant activity to promote ATP produc-
tion in ECM-detached cells has been linked 
to the upregulation of AMPK and the  
stimulation of fatty acid oxidation25,83.

Subsequent studies have convincingly 
shown that glucose uptake and fatty acid 
oxidation are not the sole metabolic path-
ways that are perturbed upon detachment 
from ECM. In addition to these, detachment 
from the ECM has been shown to promote 
the expression of pyruvate dehydrogenase 
kinase isoform 4 (PDK4), a kinase that 
blocks metabolic flux through pyruvate 
dehydrogenase. Overexpression of ERBB2 
rescues flux through ERK-mediated sup-
pression of PDK4. Flux through pyruvate 

dehydrogenase is crucial for the promotion 
of ATP generation by detachment from the 
ECM84. Furthermore, metabolic flux through 
phosphoglycerate dehydrogenase (PHGDH) 
has been shown to be particularly important 
in some types of cancer. Interestingly, over-
expression of PHGDH in non-transformed 
mammary epithelial cells could promote 
acinar disruption and luminal filling 
in three-dimensional cell culture, suggesting 
that flux through PHGDH can promote the 
viability of ECM-detached cells85.

The issue of how cancer cells adapt to the 
changes in metabolism that are induced by 
detachment from the ECM are now begin-
ning to be explored. Oncogenic signalling 
from ERBB2 that stimulates PPP flux or sup-
presses PDK4 has proven to be an effective 
mechanism for promoting anchorage- 
independent growth in the absence of 
anoikis regulation25,84. Alternatively, ampli-
fication of PHGDH in cancer cells could 
be a driving force for rectifying ECM-
detachment-induced metabolic defects 
and thereby the promotion of cancer cell 
survival85. Furthermore, in addition to the 
aforementioned role for PERK in stimulat-
ing autophagy, other studies have shown 
that PERK can also function to promote 
antioxidant activity during detachment 
from the ECM through the downstream 
activation of ATF4 and the transcription of 
genes that are implicated in the detoxifica-
tion of ROS75. Thus, activation of PERK in 
cancer cells could have an important role 
in limiting ROS levels and promoting sur-
vival during detachment from the ECM. 
Additionally, recent work has shown a crucial 
role for antioxidant enzymes (for example, 
catalase and superoxide dismutase 2 (SOD2)) 
in the survival of breast cancer cells that 
lose their attachment to the ECM83. These 
data also show that ECM-detached breast 
cancer cells are uniquely vulnerable to the 
inhibition of antioxidant enzymes. Many 
of these antioxidant enzymes are predomi-
nantly produced by the transcription factor 
NFE2-related factor 2 (NRF2), which has 
recently been shown to operate downstream 
of several oncogenes (for example, RAS, 
RAF and MYC) to facilitate tumorigen-
esis86. In aggregate, these studies suggest 
that cancer cells have multiple mechanistic 
tools at their disposal to eliminate ECM-
detachment-induced ROS and thereby 
facilitate their survival. In all likelihood, 
these studies have just scratched the surface 
of the number of mechanistic strategies that 
are used by cancer cells to promote survival 
through metabolic modulation during 
detachment from the ECM.

Our proposed model also 
suggests that when designing 
therapeutics for the selective 
elimination of ECM-detached 
cancer cells, effective removal 
of these cells will need to target 
the survival pathways used to 
inhibit both anoikis and anoikis-
independent cell death.
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Entosis. In addition to the mechanisms that 
control the viability of ECM-detached cells 
described above, a novel type of cell death, 
known as entosis, was discovered in breast 
cancer cells by Michael Overholtzer and 
colleagues87. Furthermore, entosis has now 
been observed by multiple groups in pros-
tate, kidney and haematopoietic cells88–90, 
suggesting that it may be a cell death process 
that is found in a wide variety of cancers. 
The discovery of entosis may also explain 
a lingering quandary, as pathologists have 
long observed evidence of ‘cell-in-cell’ 
structures in tumours91. Entosis involves 
the invasion of one cell into a neighbouring 
cell during detachment from the ECM, in 
which the internalized cell can ultimately 
be targeted for degradation in the lysosome. 
Interestingly, not all of the internalized cells 
will ultimately die in the lysosome. Entotic 
cells can invade into a neighbouring cell, 
remain viable for a period of time, and then 
be released.

More recently, additional studies on 
entosis have found that some of the machin-
ery that is responsible for the execution 
of autophagy is also involved in targeting 

entotic cells for cell death92. After cells are 
internalized in a vacuole, entotic cells can 
recruit the autophagy protein LC3 (also 
known as MAP1LC3A) in a manner that 
relies on the activities of other autophagy 
proteins (for example, ATG5, ATG7 and 
PIK3C3 (also known asVPS34)) but does 
not involve the actual formation of an 
autophagosome. The localization of LC3 to 
entotic cells functions as a signal to recruit 
lysosomes to the internalized cell, in which 
entotic cells are delivered to the lysosome and 
degraded. Similar to autophagy, degradation 
of entotic cells can ultimately provide host 
cells with a source of amino acids, suggest-
ing that entosis could be used to facilitate the 
survival of the host cell during times of nutri-
ent (for example, amino acid) starvation93.

The importance of entosis regulation 
for the fate of ECM-detached cancer cells 
remains unclear. Perhaps entosis is a mecha-
nism to facilitate survival during nutrient 
stress or to inappropriately activate survival 
pathways by causing aneuploidy; or perhaps 
entotic cells that are released from host cells 
can better survive inside a vacuole of another 
cell to avoid stressful conditions in the 

tumour microenvironment. Alternatively, 
entotic cell death could (like most cell death 
mechanisms) be a tumour-suppressive 
mechanism that cancer cells would seek to 
evade. In support of this idea, inhibition of 
entosis using a pharmacological inhibitor  
of RHO-associated protein kinase (ROCK) in 
MCF-7 cells enhanced anchorage-independent 
growth87. Therefore, additional studies are 
needed to discern whether entosis inhibition 
or activation would be a potentially beneficial 
strategy to target ECM-detached cancer cells.

Perspectives and future directions
As demonstrated by the content reviewed 
in this Opinion article, ECM-detachment-
induced changes in cell viability (both 
anoikis-dependent and anoikis-independent) 
are countered by several distinct mecha-
nisms in cancer cells to promote survival 
and tumour progression. The signalling 
pathways that regulate anoikis have now 
been studied in several different cell lines 
and contexts, and some common, broad 
themes have emerged (for example, ERK-
mediated inhibition of BIM-EL). However, 
the molecular mechanisms underlying the 
various cellular changes that control the via-
bility of ECM-detached cells independently 
of anoikis need to be better understood. 
For example, the type of cell death that is 
induced by ECM-detachment-induced met-
abolic alterations remains a mystery; and it is 
currently unclear whether cancer cells ben-
efit from stimulation or inhibition of ento-
sis to facilitate their survival. In addition, 
future preclinical studies on the efficacy of 
antagonizing anoikis (or other forms of cell 
death) inhibition in animal models need to 
be completed to identify the signalling path-
ways that are optimal for targeting. Although 
studying ECM-detachment-induced changes 
in viability is inherently challenging, per-
haps a combination of distinct xenograft 
approaches (for example, intravenous, 
intracardiac and intraperitoneal approaches) 
in which cells are injected directly into an 
environment where ECM-detachment is 
observed for a period of  
time will be effective in better assessing  
how to effectively re-activate ECM- 
detachment-induced cell death pathways.

That being said, in aggregate, the data 
discussed in this Opinion article lead us to 
propose the following model: cancer cells 
not only need to inhibit anoikis but also need 
to overcome other cellular alterations that 
regulate viability to survive in the absence of 
attachment to the ECM (FIG. 3). It seems clear 
that simply blocking anoikis (while leaving 
other ECM-detachment-induced cellular 

Figure 3 | Examples of survival strategies used by extracellular matrix (ECM)-detached meta-
static cancer cells. Because there are several cellular events that occur during detachment from 
the ECM that may compensate for each other, it is likely that multiple pathways will need to be tar-
geted to effectively eliminate metastatic cancer cells. The figure shows examples of how cancer cells 
can survive during detachment from the ECM while regulating multiple cellular processes. The 
depicted mechanisms include protein translation that is mediated by the mTOR pathway, cellular 
survival and ATP production that is mediated by AMP kinase (AMPK), and RHOA-mediated resistance 
to anoikis and regulation of entosis. Targeting proteins that have roles in two or more pathways 
involved in the regulation of ECM-detached cell viability may be successful for inhibiting both 
pathways and thereby eliminating metastatic cancer cells. EGFR, epidermal growth factor receptor; 
FAK, focal adhesion kinase; IGF1R, insulin-like growth factor 1 receptor; ILK, integrin-linked kinase; 
P, phosphorylation; ROCK, RHO-associated protein kinase.
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changes intact) is not sufficient to promote 
long-term survival of ECM-detached can-
cer cells. Similarly, rectifying metabolic 
defects without blocking anoikis would 
not be sufficient for the optimal survival of 
ECM-detached cancer cells. Our proposed 
model also suggests that when designing 
therapeutics for the selective elimination of 
ECM-detached cancer cells, effective removal 
of these cells will need to target the survival 
pathways used to inhibit both anoikis and 
anoikis-independent cell death. This could 
be particularly important for therapies that 
are designed to limit metastasis by target-
ing circulating tumour cells. Fortunately, 
many of the signalling pathways discussed 
in this Opinion article are already the tar-
get of US Food and Drug Administration 
(FDA)-approved anticancer therapies. For 
example, the inhibition of anoikis and the 
stimulation of PPP flux by ERBB2 could 
potentially be targeted with trastuzumab, a 
widely used monoclonal antibody to target 
ERBB2 in breast cancer94. That being said, 
chemotherapeutic resistance to trastuzumab 
is a substantial problem, and combinatorial 
treatment with multiple therapeutics may be 
necessary to eliminate ECM-detached cells. 
In summary, although our knowledge of the 
relationship between ECM-detachment and 
cell death has grown exponentially, further 
study is required to understand precisely 
how cancer cells survive under these condi-
tions, and how this knowledge can be used 
therapeutically.
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