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Introduction

Extracellular matrix (ECM) interactions with integrin receptors 
play a critical role in cell proliferation, growth and survival. The 
detachment of cells from ECM disrupts integrin engagement 
and triggers programmed cell death, termed anoikis.1,2 Anoikis 
prevents normal epithelial cells from colonizing in inappropriate 
ECM environments, thus maintaining tissue integrity. Studies 
of lumen formation in three-dimensional culture of mammary 
epithelial cells (MEC) reveal a critical role for anoikis in lumi-
nal clearance.3 On the other hand, evidence also indicates that 
ECM detachment can trigger antiapoptotic signals, which pre-
sumably allow cells to survive for limited periods of time prior 
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to reestablishing ECM contact.1 Recent work demonstrates that 
the induction of autophagy, an evolutionally conserved lysosomal 
degradation process, serves as an important survival pathway 
during ECM detachment. Inhibiting autophagy enhances anoi-
kis and accelerates luminal clearance in 3D mammary epithelial 
cultures.4 Importantly, antibody-mediated blockade of ITGB1/
integrin β1 function is sufficient to induce autophagy in attached 
cells, while the addition of a laminin-rich ECM abrogates auto-
phagy in detached cells; collectively, these findings indicate that 
the loss of ECM-integrin receptor engagement directly mediates 
detachment-induced autophagy.4

Currently, the intracellular signals linking the loss of ECM-
integrin receptor engagement to detachment-induced autophagy 
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in three-dimensional culture. Hence, we propose that the IKK 
complex functions as a key regulator of detachment-induced 
autophagy and anoikis resistance in specific cell types.

Results

Activation of the PI3K-AKT-MTORC1 pathway suppresses 
detachment-induced autophagy in mouse fibroblasts. A large 
body of work demonstrates that inactivation of MTORC1 plays 
an essential role in autophagy induction in response to diverse 
stimuli, including nutrient deprivation and loss of growth factor 
signals.5 To assess if MTORC1 activity is reduced during ECM 
detachment, we cultured mouse embryonic fibroblasts (MEFs) 
and mammary epithelial cells (MCF10A) on poly-HEMA 
coated tissue culture dishes to prevent adhesion and monitored 
MTORC1 activity via the phosphorylation status of its well-
defined downstream targets RPS6KB1 or RPS6.14 In both cell 
types, we observed decreased MTORC1 activity in detached cells, 
which correlated with an increase in autophagic flux, evidenced 
by the increased turnover of the cleaved and phosphatidyletha-
nolamine conjugated-form of LC3 (LC3-II) in the presence of 
the lysosomal cathepsin inhibitors E64d and pepstatin A (E/P) 
(Fig. S1).

As a result, we examined whether enforced MTORC1 acti-
vation during ECM detachment was sufficient to suppress 
autophagy. TSC1 and TSC2 form a complex to inactivate the 
RHEB GTPase, leading to inactivation of MTORC1. Cells lack-
ing TSC2 exhibit deregulated hyperactivation of MTORC1.15 
Hence, we utilized tsc2−/− MEFs to test whether activation of 
MTORC1 suppresses autophagy induction during ECM detach-
ment. Tsc2+/+ or tsc2−/− MEFs were cultured attached or in sus-
pension for 24 h to assay autophagic flux. Although increased 
LC3-II conversion and turnover was observed in suspended 
Tsc2+/+ MEFs, LC3-II conversion and turnover were potently 
inhibited in tsc2−/− cells (Fig. 1A). To more rigorously validate 
these findings, we performed a rescue experiment and stably 
reintroduced either wild-type human TSC2 or a mutant ver-
sion of TSC2N1643I into tsc2−/− MEFs. TSC2N1643I contains a point 
mutation in its GTPase activating protein (GAP) domain that 
abolishes the GAP activity toward RHEB, thereby rendering it 
unable to modulate MTORC1 activity. As shown in Figure 1A, 
wild-type TSC2 but not TSC2N1643I rescued autophagy induc-
tion during ECM detachment in tsc2−/− MEFs. Importantly, 
the rescued autophagy induction also correlates with the ability 
of TSC2 to downregulate MTORC1 activity as monitored by 
RPS6 phosphorylation (Fig. 1B). These results support the idea 
that loss of MTORC1 activity functionally contributes to ECM 
detachment-induced autophagy in fibroblasts.

In response to growth factors, AKT directly phosphorylates 
multiple sites on TSC2 that suppress the inhibitory effect of 
TSC2 toward RHEB and MTORC1.16,17 During ECM detach-
ment, we also observed decreased AKT activity in suspended 
cells (Fig. 1C). To investigate whether AKT and its upstream 
regulator PI3K contribute to autophagy regulation during ECM 
detachment, we stably expressed activated forms of PIK3CA* 
(PIK3CAE545K) and AKT (myrAKT) in wild-type MEFs. Cells 

remain poorly defined. In mammalian cells, multiple pathways 
regulate autophagy during starvation or stress; among these, 
the PI3K-AKT-MTORC1 pathway is the archetypal regulator 
of autophagy.5 MTORC1 activity is inversely correlated with 
autophagy induction. Both nutrient starvation and growth fac-
tor withdrawal cause deactivation of the PI3K-AKT-MTORC1 
pathway, resulting in the induction of autophagy. Furthermore, 
during ECM detachment, recent work suggests that activa-
tion of the endoplasmic reticulum (ER) kinase, EIF2AK3/
PERK can promote autophagy via inhibition of the MTORC1 
pathway.6

In addition to MTORC1, the nuclear factor kappa B (NFKB) 
signaling pathway has been implicated in both autophagy regula-
tion as well as anoikis resistance.7,8 The NFKB pathway is involved 
in the transcriptional control of multiple cellular functions, 
including cell proliferation, apoptosis, differentiation, inflamma-
tion and immune response. The IκB kinase (IKK) complex, the 
major regulator of the NFKB pathway, consists of two highly 
related catalytic subunits (CHUK/IKKα and IKBKB/IKKβ) 
and a regulatory subunit (IKBKG/IKKγ). In unstimulated cells, 
the NFKB proteins assemble inactive complexes with Inhibitors 
of NFKB/κB (IκB) proteins in the cytoplasm. Upon upstream 
kinases stimulation, IKK kinases phosphorylate the inhibitory 
molecule IκB, resulting in ubiquitination and degradation of IκB 
via proteasomes. Subsequently, the free NFKB dimers translo-
cate to the nucleus and bind to κB sites on target genes, many 
of which are involved in stimulating inflammation, preventing 
apoptosis and enhancing cell proliferation.9

Notably, IKK can directly phosphorylate cellular proteins dis-
tinct from NFKB and IκB proteins, indicating that this kinase 
complex has biological functions beyond its canonical role in the 
NFKB pathway.10 Remarkably, recent work has revealed a new 
link between IKK complex activation and autophagy induction 
via an NFKB independent mechanism; diverse autophagic stim-
uli activate the IKK complex and that IKK is required for opti-
mal autophagy induction both in vitro and in vivo.8 Importantly, 
IKK activation mediated autophagy induction can be uncoupled 
from NFKB activation. Consistent with these findings, both 
CHUK and IKBKB are required for starvation-induced autoph-
agy; furthermore, IKK, but not NFKB, was critical for basal 
and starvation-induced autophagy gene expression.11 Altogether, 
these findings suggest that autophagy can be regulated in an 
IKK-dependent, NFKB-independent manner in mammalian 
cells. Interestingly, IKBKB activity can also be downregulated by 
autophagic degradation, suggesting a complex interplay between 
autophagy and the IKK-NFKB pathway.12,13

In this study, we sought to delineate the intracellular signals 
necessary to induce autophagy in cells deprived of ECM contact. 
Whereas the PI3K-AKT-MTORC1 pathway is a major regulator 
of autophagy induction in detached mouse fibroblasts, the acti-
vation of IKK complex plays a key role in promoting autophagy 
in MECs deprived of ECM contact. We also demonstrated that 
the blockade of ITGA3-ITGB1 (α3β1 integrin) function is suf-
ficient to activate IKK as well as induce autophagy in MECs. 
Moreover, pharmacological IKK inhibition enhances anoikis 
and accelerates luminal apoptosis during acinar morphogenesis 
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pathway plays a key role in autophagy induction during ECM 
detachment.

PI3K-AKT-MTORC1 activation does not inhibit auto-
phagy in detached mammary epithelial cells. Next, we exam-
ined whether autophagy was regulated similarly in mammary 
epithelial cells. MCF10A cells were transfected with siRNA 
oligonucleotide pools targeting endogenous TSC2 and there-
after, grown attached or in suspension for 24 h. We confirmed 

expressing PIK3CA* and myrAKT exhibited higher levels of 
AKT and RPS6KB1 phosphorylation during both attachment 
and suspension, indicative of potently sustained activation of the 
AKT-MTORC1 pathway. At the same time, upon matrix detach-
ment, LC3 conversion and LC3-II turnover were significantly 
reduced in PIK3CA* and myrAKT cells compared with empty 
vector controls (Fig. 1D). Together, these data corroborate that 
in fibroblasts, reduced activation of the PI3K-AKT-MTORC1 

Figure 1. Activation of PI3K-AKT-MTORC1 pathway suppresses ECM detachment-induced autophagy in mouse embryonic fibroblasts (MEFs). (A) Top: 
Lysates from Tsc2+/+ or tsc2−/− MEFs grown attached (A) or suspended (S) for 24 h were immunoblotted with anti-LC3 and anti-tubulin (TUBA) antibod-
ies. Where indicated, E64d and pepstain A (E/P) were added 6 h prior to harvesting. Bottom: tsc2−/− MEFs stably expressing TSC2N1643I or wild-type TSC2 
(TSC2-WT) were grown attached or suspended for 24 h were immunoblotted with anti-LC3 and anti-TUBA antibodies. Where indicated, E64d and pep-
stain A (E/P) were added 6 h prior to harvesting. (B) Lysates from tsc2−/− MEFs stably expressing empty vector (Emp), TSC2-WT or TSC2N1643I were grown 
attached (A) or in suspended (S) for 24 h were subject to immunoblotting with antibodies against TSC2, phospho-RPS6 ribosomal protein (Ser240,244) 
[pRPS6(Ser240,244)] and RPS6 ribosomal protein (RPS6). (C) Wild-type MEFs stably expressing empty vector (Emp), activated PIK3CA (PIK3CA*), or 
myristoylated AKT (myrAKT) were grown attached (A) or suspended (S) for 24 h. Cell lysates were subject to immunoblotting with antibodies against 
phospho-AKT(Ser473) [pAKT(Ser473)], AKT, phospho-p70 RPS6 Kinase(Thr389) [pRPS6KB1(Thr389)] or RPS6KB1. (D) Wild-type MEFs stably expressing 
empty vector (Emp) and PIK3CA* (top) or myrAKT (bottom) were grown attached (A) or suspended (S) for 24 h were immunoblotted with anti-LC3 and 
anti-TUBA antibodies. Where indicated, E64d and pepstain A (E/P) were added 6 h prior to harvesting.
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(siCTRL) cells (Fig. 2A). Nevertheless, we observed high levels 
of LC3 conversion and autophagic flux in siTSC2 cells during 
substratum detachment (Fig. 2A). Because TSC2 depletion was 

efficient RNAi-mediated depletion of endogenous TSC2; more-
over, TSC2 knockdown resulted in elevated RPS6 phosphoryla-
tion during detachment, in comparison to nontargeting control 

Figure 2. Activation of PI3K-AKT-MTORC1 pathway is not sufficient to suppress autophagy upon ECM detachment in mammary epithelial cells (MECs). 
(A) Left: MCF10A cells transfected with pooled nontargeting control (siCTRL) or siRNA against TSC2 (siTSC2) were grown attached (A) or suspended (S) 
for 24 h were lysed and immunoblotted with anti-LC3 and anti-TUBA antibodies. Where indicated, E64d and pepstain A (E/P) were added to 6 h prior 
to harvesting. Right: Lysates from MCF10A cells transfected with siCTRL or siTSC2 and then grown attached (A) or suspended (S) for 24 h were subject 
to immunoblotting with antibodies against TSC2, TUBA, pRPS6(Ser240,244) and RPS6. (B) Left: MCF10A cells stably expressing empty vector (Emp) 
or flag-tagged RHEB (RHEB) were grown attached (A) or suspended (S) for 24 h were lysed and immunoblotted with anti-LC3 and anti-TUBA antibod-
ies. Where indicated, E64d and pepstain A (E/P) were added 6 h prior to harvesting. Right: Lysates from MCF10A cells stably expressing empty vector 
(Emp) or flag-tagged RHEB (RHEB) grown attached (A) or suspended (S) for 24 h were subject to immunoblotting with indicated antibodies. (C) Top: 
MCF10A cells stably expressing empty vector (Emp), PIK3CA* (left), or myrAKT (right) were grown attached (A) or suspended (S) for 24 h were lysed 
and immunoblotted with anti-LC3 and anti-TUBA antibodies. Where indicated, E64d and pepstain A (E/P) were added 6 h prior to harvesting. Bottom: 
MCF10A cells stably expressing empty vector (Emp), PIK3CA*, or myrAKT were grown attached or suspended for 24 h, lysed and immunoblotted with 
indicated antibodies.
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Bay-117082 potently suppressed GFP-LC3 puncta formation dur-
ing ECM detachment (Fig. 3C). Furthermore, Bay-117082 treat-
ment efficiently suppressed NFKBIA phosphorylation, but did 
not significantly alter the activation status of AKT or MTORC1 
in suspended cells (Fig. 3D). We corroborated these results using 
loss-of-function approaches targeting various IKK complex com-
ponents. First, we utilized MCF10A cells expressing dominant 
negative CHUK (DN-CHUK)22 or IKBKB (DN-IKBKB)23 to 
inhibit IKK activation in detached cells. Compared with controls, 
the expression of DN-IKBKB suppressed LC3-II conversion and 
turnover in ECM detached cells (Fig. 4A), whereas DN-CHUK 
had minimal effects on autophagy induction. Consistent with 
this observation, DN-IKBKB, but not DN-CHUK, suppressed 
NFKBIA phosphorylation in suspended cells (Fig. 4B). Neither 
DN-CHUK nor DN-IKBKB significantly affected MTORC1 
activity in suspended cells, as evidenced by RPS6 phosphoryla-
tion. Furthermore, RNAi-mediated depletion of the key regu-
latory component of the IKK complex, IKBKG, also potently 
inhibited LC3-II conversion and turnover during ECM detach-
ment (Fig. 4C). Once again, upon IKBKG depletion, phos-
phorylation of NFKBIA was decreased in suspended cells, but no 
significant changes were observed in the phosphorylation status 
of AKT and RPS6 in IKBKG knockdown cells compared with 
controls.

Multiple signaling pathways regulate IKK complex activa-
tion24 and one of these upstream regulators, MAP3K7/TAK1, 
has been linked to autophagy induction.8 Accordingly, RNAi-
mediated depletion of MAP3K7 significantly suppressed 
NFKBIA phosphorylation during ECM detachment as well as 
attenuated detachment-induced autophagy, without impacting 
AKT or MTORC1 activity in suspended cells (Fig. 4D). Taken 
together, these data indicate that, in contrast to mouse fibroblasts, 
the MAP3K7-IKK axis plays a critical role in ECM detachment-
induced autophagy in MECs.

Because recent work suggests that IKK complex activation 
promotes autophagy via an NFKB-independent mechanism, 
we further assessed whether NFKB activation was specifically 
required for detachment-induced autophagy. MCF10A cells were 
stably infected with a retroviral construct expressing IκB super-
repressor (IκB-SR), a mutant form of NFKBIAS32A,S36A that does 
not undergo signal-induced phosphorylation and degradation. 
Expression of IκB-SR efficiently blocks NFKB nuclear transloca-
tion and prevents target gene transcription.25 As shown in Figure 
S3, overexpression of IκB-SR effectively blocked the phosphor-
ylation of NFKBIA in response to ECM deprivation or TNF/
TNFα treatment. However, no significant change on LC3-II 
conversion and turnover was observed between suspended cells 
expressing control vector or IκB-SR. Overall, this data indicates 
that autophagy in ECM deprived mammary epithelial cells is 
induced in an IKK-dependent, NFKB-independent manner.

Antibody-mediated function blockade of ITGA3-ITGB1 
induces IKK activation and autophagy in MECs. Integrins are 
the major receptors for cell adhesion to the ECM that trans-
duce outside-in signals from the ECM.26 Hence, we tested 
whether autophagy induction during ECM detachment directly 
results from the blockade of signals emanating from specific 

not sufficient to sustain RPS6 phosphorylation in detached cells 
to levels equivalent to attached controls, we construed that the 
residual levels of endogenous TSC2 in the RNAi-depleted cells 
were potentially sufficient to downregulate MTORC1 activity 
during detachment. Accordingly, we stably overexpressed RHEB 
to maintain MTORC1 activity.18 Compared with control cells, 
a stronger phosphorylated RPS6 signal was detected in RHEB 
overexpressing cells in suspension. However, no significant 
decrease of LC3 conversion or autophagic flux in RHEB overex-
pressing cells was observed compared with empty vector control 
(Emp) (Fig. 2B). Since RPS6 phosphorylation was once again 
not fully restored to levels observed in attached cells, we specu-
lated that other TSC2-RHEB-independent pathways also regu-
late MTORC1 activity during ECM detachment in MECs. For 
example, AKT1S1/PRAS40, a component of MTORC1 has been 
reported to inhibit RHEB-induced activation of the MTORC1 
pathway.19 On the other hand, AKT directly phosphorylates 
AKT1S1 and prevents its inhibition of MTORC1.20 Hence, to 
scrutinize whether activation of the PI3K-AKT pathway was suf-
ficient to maintain MTORC1 activity and suppress autophagy 
induction, we generated stable MCF10A cell lines expressing 
PIK3CA* or myrAKT. Nonetheless, upon ECM detachment, we 
did not detect any significant change on LC3 conversion or LC3-II 
flux in PIK3CA* or myrAKT cells compared with empty vector 
control (Emp) cells. Importantly, in myrAKT cells, detachment-
induced autophagy was robustly induced, despite the fact that 
AKT and MTORC1 activation were fully sustained in detached 
cells to levels comparable to attached controls (Fig. 2C). Based 
on these results, we hypothesized that additional intracellular sig-
nals may trigger ECM detachment-induced autophagy in MECs 
independently of the PI3K-AKT-MTORC1 pathway.

IKK activation promotes autophagy induction upon substra-
tum detachment in epithelial cells. Recently, the Kroemer group 
has reported that activation of the IKK complex contributes to 
induction of autophagy in response to diverse stimuli.8 We there-
fore investigated whether IKK is activated in response to ECM 
detachment in MECs. MCF10A cells were grown attached or in 
suspension for 24 h; thereafter, the endogenous IKK complex was 
immunoprecipitated from protein lysates and its activation status 
was evaluated by immunobloting. As shown in Figure 3A, matrix 
detachment induced phosphorylation of the activation sites of 
IKK [CHUK(Ser176,180)/IKBKB(Ser177,181)]. Moreover, 
potent phosphorylation on the IKK substrate, NFKBIA/
IκBα was also detected in suspended, but not in attached cells. 
Together, these data support that the IKK complex is activated 
during ECM detachment in MCF10A cells. Notably, activation 
of the IKK complex was not observed in MEFs lacking ECM 
contact (Fig. S2), indicating that this signaling pathway was dis-
tinctly activated in MECs in response to ECM detachment.

Next, we investigated whether inhibition of IKK was suffi-
cient to prevent autophagy induction during ECM detachment. 
MCF10A cells were cultured in attached or suspended conditions 
for 24 h in the presence or absence of the IKK kinase inhibi-
tor Bay-117082.21 A significant reduction in autophagic flux 
was observed in suspended cells treated with Bay-117082 (Fig. 
3B). In addition, in MCF-10A cells stably expressing GFP-LC3, 
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the plates, whereas anti-ITGB1 antibody-treated cells failed to 
spread on this substratum and remained only partially attached 
to the plate (Fig. 5C). ITGB1 function blockade induced potent 
GFP-LC3 puncta formation in MCF10A cells. Moreover, we 
also observed strong induction of GFP-LC3 puncta in response 
to the block in ITGA3 functions. In contrast, no increase in 
punctate GFP-LC3 was present in IgG-treated controls or in 
cells incubated with anti-ITGA6 or ITGB4 antibodies (Fig. 
5C). Together, these results suggest that a block in the function 
of the ITGA3-ITGB1 complex is sufficient to induce autophagy. 
Moreover, the blockade of either ITGA3 or ITGB1 caused an 
increase in NFKBIA phosphorylation, while blockade of ITGA6 
or ITGB4 had less pronounced effects (Fig. 5D). These results 
motivated the hypothesis that the specific loss in ITGA3-
ITGB1 function stimulates autophagy via activation of the IKK 
pathway.

To further test this prediction, we evaluated whether IKK 
pathway inhibition is sufficient to prevent autophagosome 
(GFP-LC3 puncta) induction during ITGA3-ITGB1 block-
ade. Because anti-ITGB1 antibody treatment causes severe cell 
rounding, the rigorous quantification of GFP-LC3 was not tech-
nically possible; as a result, we employed anti-ITGA3 for these 
experiments. MCF10A cells stably expressing GFP-LC3 were 

integrin subunits. Extending our previous results,4 incubation 
of MCF10A cells with ITGB1 function-blocking antibody 
AIIB2 caused severe cell detachment and rounding (Fig. 5A, 
left), as well as increased LC3-II conversion and turnover (Fig. 
5A, right). Moreover, we also observed a significant elevation of 
NFKBIA phosphorylation in AIIB2 treated cells (Fig. 5B), indi-
cating that blockade of ITGB1 function resulted in activation 
of the IKK pathway. The integrin complexes ITGA3-ITGB1 
and ITGA6-ITGB4 (α6β4 integrin) are the major receptors for 
LAMA5 (laminin-5), an important component of the epithelial 
cell basement membrane.27,28 To further ascertain how each of 
these integrin receptor subunits contributes to IKK activation 
and autophagy induction during ECM detachment, we preincu-
bated cells with function-blocking antibodies directed against 
each integrin subunit. As shown in Figure 5C, MCF10A cells 
stably expressing GFP-LC3 were preincubated with function-
blocking antibodies against ITGA3 (P1B5),29 ITGB1 (AIIB2),30 
ITGA6 (G0H3),31 or ITGB4 (ASC-8)32 for 30 min and seeded 
onto tissue culture plates coated with laminin-rich reconsti-
tuted basement membrane (rBM). After 16 h, IgG treated con-
trol cells were fully adherent to culture plates. Cells incubated 
with function-blocking antibodies against the ITGA3, ITGA6 
or ITGB4 integrin subunits were also attached and spread on 

Figure 3. Inhibition of IKK activity suppresses autophagy induction in ECM deprived MECs. (A) Left: Lysates from MCF10A cells grown in attached 
(A) or suspended (S) for 24 h were subject to immunoprecipitation with antibodies against CHUK and IKBKB. Immunoprecipitates were subject to 
immunoblotting with antibodies against phospho-CHUK(Ser176,180)/IKBKB(Ser177,181). Right: Lysates from MCF10A cells grown in attached (A) or 
suspended (S) for 24 h were subject to immunoblotting with antibodies against phospho-NFKBIA(Ser32,36) [pIkBa(Ser32,36)] and NFKBIA (IκBα).  
(B) MCF10A cells treated with DMSO or 10 μM Bay-117082 were grown attached (A) or suspended (S) for 24 h, lysed and immunoblotted with anti-LC3 
and anti-TUBA antibodies. Where indicated, E64d and pepstain A (E/P) were added 6 h prior to harvesting. (C) MCF10A cells stably expressing GFP-LC3 
were grown suspended for 24 h in the presence of DMSO (left) or 10 μM Bay-117082 (right). Scale bar: 25 μm. (D) MCF10A cells treated with DMSO or  
10 μM Bay-117082 were grown attached (A) or suspended (S) for 24 h, lysed and immunoblotted with the indicated antibodies.
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Figure 4. MAP3K7/IKK pathway promotes ECM detachment-induced autophagy in MECs. (A) MCF10A cells transiently transected with empty vector 
(Emp), vector expressing dominant negative CHUK (DN-CHUK) (top), or dominant negative IKBKB (DN-IKBKB) (bottom) were grown attached (A) or 
suspended (S) for 24 h, lysed and immunoblotted with anti-LC3 and anti-TUBA antibodies. Where indicated, E64d and pepstain A (E/P) were added 
6 h prior to harvesting. LC3-I detection was minimal in this experiment. (B) MCF10A cells transiently transected with empty vector (Emp), vector 
expressing DN-CHUK or DN-IKBKB were grown attached (A) or suspended (S) for 24 h, lysed and immunoblotted with the indicated antibodies. (C) 
Top: MCF10A cells transfected with siCTRL or siIKBKG were grown attached or suspended for 24 h. Where indicated, E64d and pepstain A (E/P) were 
added 6 h prior to harvesting. Cell lysates were subject to immunoblotting with antibodies against LC3 and TUBA. LC3-I detection was minimal in this 
experiment. Bottom left: IKBKG protein levels in MCF10A cells transfected with siCTRL or siIKBKG. Bottom right: siCTRL or siIKBKG expressing MECs 
were grown attached or suspended for 24 h, lysed and immunoblotted with indicated antibodies. (D) Top: MCF10A cells transfected with siCTRL or 
siMAP3K7 were grown attached or suspended for 24 h. Where indicated, E64d and pepstain A (E/P) were added 6 h prior to harvesting. Cell lysates 
were subject to immunoblotting with antibodies against LC3 and TUBA. LC3-I detection was minimal in this experiment. Bottom left: MAP3K7 protein 
levels in MCF10A cells transfected with siCTRL or siMAP3K7. siCTRL or siMAP3K7-expressing MECs were grown attached or suspended for 24 h, lysed 
and immunoblotted with the indicated antibodies.
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enumerated (Fig. 6). Cells expressing control siRNA exhibited 
numerous GFP-LC3 puncta in response to the block in ITGA3 
function, which was potently suppressed upon ATG7 depletion. 
Moreover, the knockdown of IKBKG and MAP3K7 significantly 
decreased GFP-LC3 puncta formation in response to ITGA3 
function blocking antibody; in contrast, TSC2 depletion had 
minimal effects on GFP-LC3 puncta formation compared with 

transfected with siIKBKG and siMAP3K7 to target the IKK 
pathway as well as with siTSC2 to target the MTORC1 pathway. 
Moreover, nontargeting siRNA (siCTRL) and siRNA against the 
key autophagy regulator, ATG7 (siATG7) were used as negative 
and positive controls, respectively. Cells were preincubated with 
anti-ITGA3 antibody and seeded onto laminin-rich rBM coated 
plates. After 16 h, the number of GFP-LC3 puncta per cell was 

Figure 5. Antibody-mediated blockade of ITGA3-ITGB1 function induces IKK activation and autophagy in MECs. (A) Left: Phase images of MCF10A cells 
incubated with 20 μg/ml IgG or anti-ITGB1 prior to seeding to rBM (Matrigel)-coated culture plates for 24 h. Scale bar: 100 μm. Right: MCF10A cells pre-
incubated with 20 μg/ml IgG or anti-ITGB1 were cultured on rBM-coated culture plates for 24 h. Cell lysates were subject to immunoblotting against 
LC3 and TUBA. Where indicated, E64d and pepstain A (E/P) were added 6 h prior to harvesting. (B) MCF10A cells were preincubated with 20 μg/ml IgG 
or anti-ITGB1 prior to seeding to rBM-coated culture plates for 24 h. pNFKBIA(Ser32,36) levels were detected by flow cytometry in permeabilized cells. 
(C) MCF10A cells expressing GFP-LC3 were incubated with the indicated antibodies at 20 μg/ml before seeding to rBM-coated culture plates for 16 h. 
Top: Phase images. Scale bar: 100 μm. Middle: Fluorescent images of GFP-LC3. Scale bar: 20 μm. Bottom: enlarged images of indicated area in middle 
panel. Scale bar: 40 μm. (D) Flow cytometry detection of intracellular levels of pNFKBIA(Ser 32,36) in cells preincubated with the indicated antibodies 
before seeding to rBM-coated culture plates for 16 h.
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treated with varying doses of IKK inhibitor Bay-117082 and cul-
tured in attached vs. detached conditions for 24 h, upon which 
apoptosis was monitored by immunoblotting for cleaved-PARP. 
As shown in Figure 7A, cleaved-PARP was only detected in 
detached cells, indicating ECM detachment induced anoikis in 
these cells. Interestingly, Bay-117082 treatment enhanced cleaved-
PARP expression in a dose-dependent manner, confirming that 
IKK pathway inhibition enhanced apoptosis in suspended cells. 

cells expressing control siRNA. Together, these data indicated 
that the disruption of ITGA3-ITGB1 function causes IKK acti-
vation and autophagosome induction in MCF10A cells.

Pharmacological Inhibition of IKK activity enhances lumi-
nal apoptosis of MCF10A cells in 3D culture. Autophagy 
promotes cell survival during ECM detachment.4 Hence, we 
investigated whether IKK inhibition would enhance cell death 
in cells devoid of interaction with the ECM. MCF10A cells were 

Figure 6. MAP3K7-IKK pathway promotes autophagy in MECs induced upon function blockade of ITGA3. (A) Confocal images of MCF10A cells express-
ing GFP-LC3 transfected with the indicated siRNAs, preincubated with IgG (top) or anti-ITGA3 antibody (middle), and seeded to rBM-coated culture 
plates for 16 h. Scale bar: 25 μm. Bottom: Enlarged images of the indicated area in middle panel. Scale bar: 50 μm. (B) Quantification of number of 
GFP-LC3 puncta per cell (mean ± SEM). In total, 300 cells from three independent experiments were quantified.
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To further corroborate the effects of IKK inhibition 
on anoikis, we utilized a three-dimensional (3D) 
culture model in which MCF10A cells form spheri-
cal acini notable for a hollow lumen. In this model, 
the anoikis of cells deprived of ECM contact is a 
principal contributor to the selective cell death of 
centrally located cells during lumen formation.33 
MCF10A cells were grown in 3D culture for 4 d, 
a time point at which minimal luminal apoptosis 
is observed.34 Thereafter, the cultures were acutely 
treated with Bay-117082, and cell death was moni-
tored on subsequent days by staining with ethid-
ium bromide (EtBr), a DNA-binding intravital 
dye incorporated into dying cells.34 We observed 
increased EtBr staining within the centers of acini 
treated with Bay-117082 at both 48 h and 72 h. 
This correlated with increased cleaved-CASP3/
caspase3 staining of cells occupying the luminal 
space following treatment with Bay-117082 (Fig. 
7B). Quantification of the percentage of EtBr 
positive acini in control and Bay-117082 treated 
structures revealed that Bay-117082 significantly 
accelerated luminal cell death in 3D culture (Fig. 
7C). Overall, these results corroborate that phar-
macological IKK inhibition enhances anoikis and 
accelerates luminal apoptosis during MCF10A aci-
nar morphogenesis in three-dimensional culture.

Discussion

Here, we demonstrated that ECM detachment 
induces autophagy in mouse fibroblasts and human 
mammary epithelial cells through distinct path-
ways. In MEFs, the reduced activation of PI3K-
AKT-MTORC1 pathway is the principal mediator 
of ECM detachment-induced autophagy; as a result, 
sustained activation of the PI3K-AKT-MTORC1 
pathway is sufficient to suppress autophagy in ECM 
deprived MEFs. On the other hand, the MAP3K7-
IKK pathway is the major contributor to autophagy 
induction in MECs during ECM detachment. 
In addition, we uncover that the specific loss of 
ITGA3-ITGB1 function in MECs is sufficient to 
induce autophagy via IKK activation, thus link-
ing the deactivation of integrin receptors to specific 
intracellular signals that direct autophagy induc-
tion. Furthermore, pharmacological inhibition of 
IKK enhances anoikis and accelerates luminal cell 
apoptosis in 3D cultures of MCF10A cells.

The importance of the PI3K-AKT-MTORC1 
pathway in autophagy regulation is well estab-
lished.35 Various stimuli that inhibit PI3K-AKT-
MTORC1 pathway also activate autophagy. 
Moreover, activation of the PI3K-AKT-MTORC1 
pathway has also been associated with autophagy 
inhibition. An increase of class I PI3K products 

Figure 7. Inhibition of IKK enhances anoikis and luminal apoptosis in 3D culture. (A) 
MCF10A cells were cultured attached (A) or in suspension in the presence of DMSO con-
trol or Bay-117082 at the indicated doses. Cell lysates were subject to immunoblotting 
with indicated antibodies. (B) Top: Phase images of MCF10A cell in 3D culture treated 
with DMSO or 10 μM Bay-117082 for indicated period of time. Scale bar: 100 μm. Middle: 
Fluorescent images of EtBr staining of MCF10A cell 3D culture under indicated condi-
tions. Bottom: Confocal images of cleaved-CASP3 staining of MCF10A cell 3D culture 
treated with indicated conditions. Scale bar: 50 μm. (C) Quantification of percentage of 
EtBr positive acini in MCF10A 3D culture under the indicated conditions (mean ± SEM). 
In total, 300 acini from three independent experiments were quantified.
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Moreover, we uncovered a new link between integrin recep-
tor signaling and autophagy induction. The ITGA3-ITGB1 and 
ITGA6-ITGB4 integrin receptors have overlapping ligand-bind-
ing specificities, and both have been reported to have prosurvival 
functions in keratinocytes and epithelial cells.41 Based on anti-
body-mediated function blocking experiments, our studies point 
to the loss of ITGA3-ITGB1 receptor engagement as the specific 
trigger for autophagy induction. Furthermore, this blockade also 
causes a significant increase in NFKBIA phosphorylation, and 
RNAi-mediated depletion of IKBKG and MAP3K7 significantly 
inhibits autophagosome formation in response to the block in 
ITGA3 function. Altogether, these results support a model in 
which reduced ITGA3-ITGB1 function in detached cells stimu-
lates autophagy via activation of the MAP3K7-IKK pathway.

Both the NFKB pathway and autophagy have been found 
to promote cell survival during ECM detachment.4,7 Our study 
demonstrates that pharmacological inhibition of IKK enhances 
anoikis and accelerates luminal cell apoptosis in 3D culture of 
mammary epithelial cells; we propose that increased cell death 
results from simultaneous suppression of NFKB targets and 
autophagy upon inhibition of the IKK complex, thereby increas-
ing cell susceptibility to anoikis. Remarkably, the prosurvival 
functions of NFKB pathway and autophagy have both been 
implicated in the adhesion-independent growth and anoikis 
resistance of tumor cells.38,42-45 Because anoikis resistance is asso-
ciated with cancer progression and metastasis, in future work, 
it will be important to further scrutinize whether IKK critically 
regulates detachment-induced autophagy in cancer cells as well 
as to ascertain if IKK inhibition can be exploited to inhibit can-
cer cell survival in foreign tissue environments.

Materials and Methods

Cell culture. Tsc2+/+ and tsc2−/− MEFs were generously provided by 
Dr. David Kwiatkowski (Harvard Medical School) and cultured 
in DMEM containing 25 mM glucose (Invitrogen, 11965118) 
supplemented with 10% fetal bovine serum (Atlas Biologicals, 
FP-0500-A), penicillin and streptomycin (UCSF Cell Culture 
Facility, CCFGK004). MCF10A cells were cultured as described 
previously.34 Stable cell lines were generated by selection with 2 
μg/ml Puromycin (Sigma, P7255) or 300 μg/ml G418 (Sigma, 
A1720).

Antibodies and chemicals. The anti-LC3 antibody gener-
ated in our laboratory has been described previously and is now 
commercially available (EMD Millipore, ABC232).4 The follow-
ing antibodies were purchased from Cell Signaling Technology: 
anti-TSC2 (3612), anti-phospho RPS6 ribosomal protein 
(Ser240/244) (2215), anti-RPS6 ribosomal protein (2217), anti-
phospho-RPS6KB1/p70RPS6 Kinase (Thr389)(9234), anti-
RPS6KB1/p70RPS6 Kinase (9202), anti-phospho-AKT(Ser473) 
(4058), anti-AKT (4685), anti-phospho-CHUK/IKKα(Ser176) 
and IKBKB/IKKβ(Ser177) (2078), anti-IKBKG/IKKγ (2678), 
anti-phospho-NFKBIA/IκBα(Ser32/36) (9246), anti-NFKBIA/
IκBα (4814), anti-cleaved-PARP (9532), anti-cleaved CASP3/
Caspase 3 (9579). Other antibodies used include following: anti-
TUBA/tubulin (Sigma, T6199), anti-HA (HA.11 Clone 16B12, 

(phosphatidylinositol 3,4-bisphosphate and phosphatidylinositol 
3,4,5-triphosphate) reduces autophagy in HT-29 cells.36 AKT 
activation also suppresses autophagy in apoptosis-deficient tumor 
cells.37 Here, we demonstrated that activation of the PI3K-AKT-
MTORC1 pathway is similarly sufficient to suppress detach-
ment-induced autophagy in fibroblasts. In contrast, activation of 
the MAPK1/3 (ERK2/1 respectively) pathway does not potently 
suppress autophagy during ECM detachment (data not shown 
and ref. 38), indicating a unique role for the PI3K-AKT pathway 
in autophagy regulation in ECM-detached fibroblasts.

Importantly, we demonstrated a new functional requirement 
for the IKK complex in the stimulating detachment-induced 
autophagy in mammary epithelial cells (MECs). Recent work 
indicates that IKK activation induces autophagy in response to 
multiple known autophagy stimuli.8 We showed that inhibition 
of IKK activity can suppress autophagy even when MTORC1 
pathway activation is profoundly suppressed; based on this result, 
we construe that the IKK complex plays a direct and critical role 
in autophagy regulation in detached MECs. Consistent with 
previous studies,8,11 suppressing NFKB activity is not sufficient 
to prevent autophagy induction in suspended cells (Fig. S3), 
indicating that the IKK complex regulates detachment-induced 
autophagy via a NFKB independent pathway. Remarkably, the 
depletion of IKBKB and IKBKG, but not CHUK, significantly 
suppresses autophagy induction during ECM detachment. 
Although CHUK and IKBKB are closely related, these kinases 
target distinct substrates and have divergent biological roles.10 
For example, CHUK and IKBKB are differentially involved in 
cytokine- and insulin-induced MTORC1 activation.39 Our work 
suggests that IKBKB has a more direct role in regulating auto-
phagy in the context of ECM detachment. Notably, the IKK 
phosphorylation consensus DSΨXXS40 is present in several auto-
phagy molecules, including ULK2, RB1CC1/FIP200, ATG14 
and KIAA0226/Rubicon. Hence, IKK complex may directly 
impact certain initiation steps during autophagosome induction. 
Alternatively, IKK activation may induce phosphorylation and 
degradation of negative regulators of autophagy, resulting in auto-
phagy activation. The further scrutiny of the precise mechanisms 
through which IKK activation leads to autophagy induction in 
ECM detached cells remains an important topic for future study.

Notably, although our results reveal striking differences in 
the pathways regulating ECM detachment-induced autophagy in 
MEFs and MCF10A cells, we recognize that the distinct results 
observed in these two cell types may represent unique situations in 
which detachment-induced autophagy is principally triggered by 
a single pathway. Accordingly, we hypothesize that in most cells, 
including other epithelial cell types, the induction of autophagy 
during ECM-deprivation likely involves the integration of mul-
tiple signaling pathways, which potentially includes downregula-
tion of MTORC1 activity, stimulation of the IKK complex, as 
well as other pathways that presently remain undefined. Indeed, 
two important areas for further study include: (1) elaborating the 
larger repertoire of signals controlling detachment-induced auto-
phagy, both MTORC1-dependent and -independent; and (2) 
dissecting how these multiple signals are integrated to produce 
the overall autophagic response in ECM-deprived cells.
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Immunoprecipitation. MCF10A cells grown attached or sus-
pended for 24 h were lysed in Triton lysis buffer (0.5% Triton 
(v/v), 150 mM NaCl, 20 mM Tris pH 7.5, 2 mM EDTA pH 
8.0) containing protease inhibitors cocktail (Sigma, P8340), 10 
mM NaF (Sigma, S6776), 10 mM β-glycerophosphate (Sigma, 
G9422) 1 mM Na

3
VO

3
 (Sigma, S6508) and 10 nM calyculin 

A (Sigma, C5552). Lysates were homogenized with a Dounce 
homogenizer (Fisher Scientific, K885300-0002) and incubated 
on ice for 30 min. Subsequently, the lysates were cleared by 
centrifuge for 20 min at 4°C. 1 mg of each cell lysate was pre-
cleared with protein A/G agarose (Santa Cruz, sc-2003) at 4°C 
for 1 h and incubated with 10 μg/ml of anti-CHUK and IKBKB 
(IKKα/β) antibody overnight at 4°C. Subsequently, protein A/G 
agarose was added to lysate and incubated for 2 h at 4°C; the 
immune complex-containing agarose beads were recovered by 
centrifugation, washed 3 times with cold lysis buffer containing 
protease and phosphatase inhibitors, and subject to SDS-PAGE 
and immunoblot analysis.

Flow cytometry. Cells were harvested and fixed in 4% para-
formaldehyde followed by resuspension in cold 90% methanol 
for 30 min on ice. Cells were then subject to antibody staining 
according to manufacturer’s protocol. Anti-phospho-NFKBIA/
IκBα(Ser32/36) (Abcam, ab12135) was used at 1:100 dilution.

Antibody-mediated blockade of integrin subunit function. 
Tissue culture plates or coverslips were coated with 1% lam-
inin rich reconstituted basement membrane (v/v) (Matrigel, BD 
Bioscience, 354234) in PBS at 37°C for 16 h. MCF10A cells were 
trypsinized and resuspended in 100 μl full growth media at 1 × 
106/ml. The indicated anti-integrin subunit antibodies or isotype 
controls were added to cell suspension at final concentration of 
20 μg/ml. Cells were incubated on ice for 30 min, diluted with 
full culture media and seeded to rBM (Matrigel)-coated tissue 
culture plates or coverslips. After 16 to 24 h, cells were harvested 
for experiments.

Three-dimensional culture assays. MCF10A 3D cultures 
were performed and processed for ethidium bromide (EtBr) 
staining or confocal microscopy as described previously.34 When 
indicated, 10 μM Bay-117082 was added to 3D cultures on day 4 
for 48 and 72 h before fixation.

Image acquisition and analysis. Phase images of 3D cul-
ture were acquired on an Axiovert 200 microscope (Carl Zeiss 
Microscopy) equipped with a Spot RT camera (Diagnostic 
Instruments). For confocal analyses, images were acquired using 
a C1Si confocal laser-scanning microscope (Nikon) and analyzed 
using EZ-C1 software (v3.20) (Nikon) and MetaMorph soft-
ware (v6.0) (MetaMorph software, GE Healthcare). 3D cultures 
were fixed and stained as previously described.34

Statistical analysis. Graphs represent the average values from 
three independent experiments with error bars reflecting the 
standard error of the mean. GraphPad Prism software (v5.0b) 
(GraphPad Software) was used for statistical analysis. p values 
were determined by unpaired Student’s t-test with p < 0.05 con-
sidered significant.
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No potential conflicts of interest were disclosed.

Covance, MMS-101R), anti-Flag (Sigma, F3165), anti-ITGB1/
integrin β1 (Developmental Studies Hybridoma Bank, AIIB2), 
anti-ITGA3/integrin α3 (P1B5, EMD Millipore, MAB1952), 
anti-ITGA6/integrin α6 (G0H3, EMD Millipore, MAB1378), 
anti-ITGB4/Integrin β4 (ASC8, EMD Millipore, MAB2059), 
anti-phospho-NFKBIA/IκBα(Ser32/36) (Abcam, ab12135), 
anti-CHUK and IKBKB (IKKα/β) (Santa Cruz Biotechnology, 
sc-7607), anti-laminin5 (EMD Millipore, MAB19562). 
Chemicals used include: poly(2-hydroxyethyl methacrylate) 
(poly-HEMA) (Sigma, P3932), E64d (Sigma, E8640), pepstatin 
A (Sigma, P4265), Bay-117082 (Sigma, B5556).

DNA constructs. pcDNA TSC2 was a generous gift from 
Dr. Brendan Manning (Harvard School of Public Health) 
and pBABE-IκB-SR was a generous gift from Dr. Joan Brugge 
(Harvard Medical School). The following constructs were 
obtained from Addgene: pcDNA-CHUKK44M/IKKαK44M-HA 
(plasmid 23297), pCR-Flag-IKBKBK44M/IKKβK44M (plasmid 
15466), pcDNA3-FLAG-RHEB (plasmid 19996).

Retroviral production. pWZLneo ER-AKT and pBABEpuro 
GFP-LC3 have been previously described.4,46 The retroviral vec-
tor pLNCX-neo containing active PIK3CA* (PIK3CAE545K) was 
kindly provided by Dr. W. Weiss (University of California, San 
Francisco). RHEB was cloned into pMX-puro retroviral vector. 
TSC2 WT and TSC2N1643I were cloned into pBABE-puro retrovi-
ral vector. Retrovirus was generated using as previously described.34

RNA interference. The following pooled small interfering 
RNA (siRNA) oligonucleotides (SMARTpool) against TSC2 
(L-003029-00-0005), ATG7 (M-020112-01-0005), IKBKG 
(L-003767-00-0005) and MAP3K7 (L-003790-00-0005) were 
purchased from Dharmacon RNA Technologies. For siRNA 
transfection, 2 × 106 MCF10A cells were transfected with 200 nM 
siRNA using Amaxa nucleofector kit V (Lonza, VCA-1003). After 
36 to 48 h, cells were utilized for substratum detachment assays or 
antibody-mediated blockade of integrin subunit function.4

Substratum detachment assays. MCF10A cells were cultured 
attached or suspended as previously described.4,47 Briefly, tissue 
culture plates coated with 6 mg/ml poly-HEMA in 95% etha-
nol were incubated at 37°C until dry. Cells were subsequently 
plated on poly-HEMA–coated plates in their appropriate growth 
medium. To detect cleaved-PARP during anoikis, MCF10A cells 
were cultured in suspension for indicated times in DMEM/F12 
media containing 0.5% horse serum (Invitrogen, 16050-114),  
0.5 μg/ml hydrocortisone (Sigma, H0888), 100 ng/ml cholera 
toxin (Sigma, C8052), penicillin and streptomycin.

To evaluate autophagic flux, the lysosomal inhibitors, E64d 
and pepstatin A (E/P), were added directly to the culture media 
at 10 μg/ml at 6 h before lysis. Lysates were resolved by SDS-
PAGE, subject to anti-MAP1LC3A and anti-TUBA immunob-
lotting, and the levels of cleaved and PE-lipidated LC3-II and 
TUBA were quantified using densitometry. The change in the 
LC3-II/TUBA ratio in the presence of E/P between detached 
and suspended conditions was used to assess autophagic flux; in 
addition, the levels of LC3-II/TUBA during suspension in the 
presence of E/P (lanes corresponding S + E/P) were directly com-
pared with assess the overall capacity for autophagy induction 
upon detachment.
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Supplemental Materials

Supplemental materials may be found here:
www.landesbioscience.com/journals/autophagy/article/24870
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