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  ABSTRACT  The protumorigenic functions for autophagy are largely attributed to its ability 
to promote cancer cell survival in response to diverse stresses. Here we demonstrate an un-
expected connection between autophagy and glucose metabolism that facilitates adhesion-
independent transformation driven by a strong oncogenic insult—mutationally active Ras. In 
cells ectopically expressing oncogenic H-Ras as well as human cancer cell lines harboring en-
dogenous K-Ras mutations, autophagy is induced following extracellular matrix detachment. 
Inhibiting autophagy due to the genetic deletion or RNA interference–mediated depletion of 
multiple autophagy regulators attenuates Ras-mediated adhesion-independent transforma-
tion and proliferation as well as reduces glycolytic capacity. Furthermore, in contrast to 
autophagy-competent cells, both proliferation and transformation in autophagy-defi cient 
cells expressing oncogenic Ras are insensitive to reductions in glucose availability. Overall, 
increased glycolysis in autophagy-competent cells facilitates Ras-mediated adhesion-
independent transformation, suggesting a unique mechanism by which autophagy may pro-
mote Ras-driven tumor growth in specifi c metabolic contexts. 

  INTRODUCTION 
 Macroautophagy (hereafter called autophagy), which serves critical 
functions in maintaining cellular homeostasis and as an adaptive re-
sponse to cellular stress, has both antitumor and protumor functions 
(Chen and Debnath,  2010 ). The tumor suppressor functions for au-
tophagy were originally revealed through genetic studies of Beclin/
ATG6 ( Liang  et al. , 1999 ;  Qu  et al. , 2003 ;  Yue  et al. , 2003 ). Subse-
quently, multiple mechanisms have been uncovered by which au-
tophagy potentially prevents tumor formation; these include the 
mitigation of genotoxic damage, suppression of a protumorigenic 
infl ammatory response secondary to decreased necrosis, and the 
induction of oncogene-induced senescence ( Degenhardt  et al. , 

2006 ;  Karantza-Wadsworth  et al. , 2007 ;  Mathew  et al. , 2007 ,  2009 ; 
 Young  et al. , 2009 ). In contrast, the protumorigenic functions for 
autophagy are almost exclusively attributed to its cytoprotective 
functions in tumor cells as they encounter common stresses during 
cancer progression (Chen and Debnath,  2010 ). For example, in-
creased autophagy is observed in cells centrally located within solid 
tumors that lack access to nutrients and oxygen; genetic inhibition 
of autophagy results in the increased death of these stressed tumor 
cells ( Degenhardt  et al. , 2006 ). 

 Autophagy is induced following extracellular matrix (ECM) de-
tachment, which protects cells from detachment-induced cell death 
(anoikis) (Frisch and Francis,  1994 ;  Fung  et al. , 2008 ). Because the 
ability to overcome anoikis is viewed as a critical hurdle in tumor de-
velopment, one can hypothesize that detachment-induced autophagy 
enables the viability and fi tness of tumor cells deprived of contact 
with ECM. In addition to autophagy, oncogene-mediated activation 
of growth factor signaling pathways also protects cells from anoikis 
(Gilmore,  2005 ); among these oncogenes, one of the most potent 
suppressors of anoikis is Ras, a small GTPase commonly mutated in a 
large number of human epithelial cancers ( Khwaja  et al. , 1997 ). 

 In addition to its ability to inhibit anoikis, oncogenic Ras pro-
motes glucose metabolism, which is critical for its capacity to 
support growth and proliferation during oncogenic transformation 
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( Chiaradonna  et al. , 2006 ). Indeed, recent studies have begun to 
highlight the importance of the metabolic switch to aerobic glycoly-
sis (termed the “Warburg effect”) that takes place in cancer cells as 
a critical driver of tumorigenesis ( Vander Heiden  et al. , 2009 ). Re-
markably, two proteins that mitigate cell stress, Oct1 and Hsf1, have 
both been demonstrated to facilitate tumorigenesis through the en-
hancement of glucose metabolism ( Dai  et al. , 2007 ;  Shakya  et al. , 
2009 ). These studies broach important interconnections between 
stress pathways and cancer cell metabolism. 

 Surprisingly, although autophagy is similarly viewed as a salvage 
mechanism that affords basic components to sustain core meta-
bolic functions during starvation or stress, the relationship between 
autophagy and metabolism remains largely unclear. Along with our 
previous work demonstrating that detachment-induced autophagy 
promotes cell survival during anoikis, the aforementioned studies 
highlighting the importance of stress pathways in modulating 
glucose metabolism motivated us to delineate the biological contri-
butions of autophagy to Ras-mediated adhesion-independent trans-
formation. Our experiments point to an unexpected requirement for 
autophagy competence in facilitating glycolysis, which promotes 
adhesion-independent transformation driven by oncogenic Ras.   

 RESULTS  
 Oncogenic Ras does not suppress ECM detachment-induced 
autophagy 
 Several studies demonstrate that constitutive activation of Ras sup-
presses autophagy induction while others indicate that Ras/
mitogen-activated protein kinase (MAPK) pathway activation can 
enhance autophagy during nutrient starvation ( Pattingre  et al. , 
2003 ;  Furuta  et al. , 2004 ; Berry and Baehrecke,  2007 ). Given these 
paradoxical results, we fi rst sought to clarify how oncogenic Ras 
modulates autophagy upon loss of cell–matrix contact, a cardinal 
stress during adhesion-independent transformation. We generated 
stable pools of MCF10A human mammary epithelial cells express-
ing oncogenic H-Ras (H-Ras V12 ) as well as control cells expressing 
an empty vector (BABE) ( Figure 1A , left). We then tested autophagy 
levels following substratum detachment by plating cells on poly-
HEMA–coated plates to prevent cell–matrix adhesion. As previ-
ously reported, in BABE control cells, we observed an increase in 
the lysosomal turnover of phosphatidylethanolamine-lipidated 
LC3/ATG8 (LC3-II), commonly termed autophagic fl ux, following 
matrix detachment ( Figure 1A , right) ( Fung  et al. , 2008 ). Further-
more, MCF10A cells expressing H-Ras V12  displayed an increase in 
LC3-II induction and lysosomal turnover following matrix detach-
ment ( Figure 1A , right). To further verify autophagosome induction 
in H-Ras V12 –transformed MCF10A cells, we stably expressed green 
fl uorescent protein (GFP)–LC3 in H-Ras V12  and vector control cells, 
and we assessed autophagosome formation (punctate GFP-LC3) 
using fl uorescence microscopy. Following detachment, we ob-
served robust induction of GFP-LC3 puncta in both empty vector 
and H-Ras V12 -expressing MCF10A cells in comparison to attached 
controls ( Figure 1B ). Because detached epithelial cells exhibit ex-
tensive clustering, we were unable to precisely enumerate puncta 
per cell; nonetheless, we consistently observed similar levels of 
punctate GFP-LC3 in H-Ras V12 –transformed MCF10A compared 
with BABE controls.  

 We next evaluated the effects of H-Ras V12  on detach-
ment-induced autophagy in immortalized mouse embryonic 
fi broblasts (MEFs) ( Figure 1C ). Remarkably, both H-Ras V12  and 
control fi broblasts exhibited a high baseline level of LC3-II when 
grown in attached conditions; upon suspension, LC3-II levels de-
creased dramatically in the H-Ras V12 –expressing MEFs and, to a 

lesser extent, in vector controls during suspension. Upon addition 
of E/P, LC3-II levels increased following detachment in both cell 
types, indicating that both control and H-Ras V12  fi broblasts exhibit 
LC3-II turnover during matrix detachment ( Figure 1C , center). To 
more conclusively validate these results, we assessed the degra-
dation of p62 (SQSTM1), a scaffold protein specifi cally degraded 
by autophagy, following detachment ( Figure 1C , right). In both 
vector control and H-Ras V12 –transformed MEFs, we observed 
signifi cantly reduced p62 levels following 24 h of suspension. In 
contrast, p62 levels remained elevated in both control and 
H-Ras V12 –transformed  atg5 −/−   MEFs, supporting that the degra-
dation of p62 during substratum detachment requires an intact 
autophagy pathway. 

 To extend these results, we evaluated detachment-induced au-
tophagy in epithelial cancer cell lines that naturally harbor onco-
genic Ras mutations. In three different carcinoma lines that possess 
activating K-Ras mutations—MDA-MB-231 breast carcinoma cells, 
HCT 116 colon carcinoma cells, and PANC-1 pancreatic carcinoma 
cells—both LC3-II induction and turnover increased upon substra-
tum detachment ( Figure 1D ). In parallel, we examined autophago-
some formation (GFP-LC3 puncta) following suspension. Similar to 
MCF10A cells, all three carcinoma cell lines displayed an increase 
in GFP-LC3 puncta following 24 h matrix detachment ( Figure 1E ). 
Altogether, our results support the robust induction of autophagy in 
both epithelial and fi broblast cells expressing H-Ras V12  as well as in 
cancer cell lines harboring activating K-Ras mutations following 
matrix detachment; hence, Ras activation does not suppress 
autophagy during ECM detachment. 

 We next assessed whether constitutive Ras activation was suffi -
cient to maintain activation of downstream signaling pathways 
following ECM detachment. We fi rst tested whether oncogenic ac-
tivation of Ras sustained activation of the MAPK pathway by examin-
ing levels of phosphorylated ERK. Both MCF10A cells and mouse 
fi broblasts (expressing empty vector) displayed a reduction in phos-
phorylated ERK1/2 levels following 24 h ECM detachment. In con-
trast, the phosphorylation of ERK1/2 remained elevated in both 
H-Ras V12 –transformed MCF10As and MEFs during ECM detach-
ment ( Figure 2, A and B ). ERK1/2 phosphorylation was similarly 
maintained in MDA-MB-231 and HCT 116 cells; remarkably, in 
PANC-1 cells ERK1/2 phosphorylation was increased in matrix-
detached cells when compared with attached controls ( Figure 2C ).  

 Sustained activation of mTORC1, the archetypal negative reg-
ulator of autophagy, has been proposed to mediate autophagy 
inhibition downstream of oncogenic Ras ( Furuta  et al. , 2004 ; 
 Maiuri  et al. , 2009 ). Thus we measured mTORC1 activation in 
H-Ras V12 –transformed cells following ECM detachment by assess-
ing the phosphorylation status of ribosomal protein S6, a down-
stream mTOR target. Upon detachment, S6 phosphorylation de-
creased sharply in control MCF10A cells, supporting reduced 
activation of the mTORC1 pathway. Notably, S6 phosphorylation 
was partially decreased in H-Ras V12 –transformed cells following 
24 h suspension ( Figure 2D ). In fi broblasts, both control and 
H-Ras V12 –transformed MCF10A cells demonstrated decreased 
levels of phosphorylated S6 during suspension ( Figure 2E ). Simi-
larly, in K-Ras mutant cancer cells, S6 phosphorylation was re-
duced following ECM detachment ( Figure 2F ). Because we ob-
served a partial decrease in S6 phosphorylation during ECM 
detachment, particularly in H-Ras V12  MCF10A cells, we treated 
suspended cells with rapamycin to assess whether robust inhibi-
tion of mTORC1 was able to further enhance detachment-induced 
autophagy. Upon rapamycin treatment, we were unable to detect 
S6 phosphorylation in H-Ras V12  MCF10A cells following 24 h 
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 FIGURE 1:    Oncogenic Ras does not suppress ECM detachment-induced autophagy. (A) Left: Ras expression 
in MCF10A cells expressing empty vector (BABE) or H-Ras V12 . Right: BABE and H-Ras V12  MCF10A cells were 
grown attached (A) or suspended (susp) for the indicated times in the presence or absence of E64d and pepstatin 
A (E/P), lysed, and subjected to immunoblotting with antibodies against LC3 and tubulin. (B) GFP-LC3 puncta in 
MCF10A cells expressing empty vector (BABE) or H-Ras V12  grown attached or suspended for 24 h. (C) Left: Ras 
expression in  atg5 +/+   (WT) and  atg5 −/−   MEFs expressing empty vector or H-Ras V12 . Center:  atg5 +/+   (WT) MEFs 
expressing empty vector (BABE) and H-Ras V12  were growth attached (A) or suspended (susp) for 24 h in the 
presence or absence of E64d and pepstatin A (E/P), lysed, and subjected to immunoblotting with antibodies 
against LC3 and tubulin. Right:  atg5 +/+   (WT) and  atg5 −/−   MEFs expressing H-Ras V12  or empty vector 
(BABE) were grown attached (A) or suspended (susp) for 24 h, lysed, and subjected to immunoblotting 
with antibodies against p62 and tubulin. (D) MDA-MB-231, HCT 116, and PANC-1 cells were grown attached 
(A) or suspended (susp) for 24 h in the presence or absence of E64d and pepstatin A (E/P) and 
subjected to immunoblotting with antibodies against LC3 and tubulin. (E) GFP-LC3 puncta in MDA-MB-231, 
HCT 116, and PANC-1 cells that were grown attached or detached for 24 h. Bar, 25 µm.    

suspension; however, we did not observe any further increase in 
LC3-II induction or turnover upon rapamycin treatment ( Figure 2G ). 
This result supports that autophagy can be potently induced in 
H-Ras V12  MCF10A cells following ECM detachment without com-
plete suppression of mTORC1 activity.   

 Reduced H-Ras V12 –driven soft agar transformation 
in autophagy-defi cient MEFs 
 Because autophagy was robustly induced in Ras-transformed 
cells upon loss of cell–matrix contact, we next interrogated the 
functional contribution of autophagy to H-Ras V12 –driven 
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importantly, both atg5 +/+  and atg5 −/−  cells expressed equivalent 
levels of H-Ras V12  ( Figure 1C , left).  

 To verify that these differences resulted directly from autophagy 
inhibition upon ATG5 deletion, we constituted  atg5 −/−   cells with 
either wild-type mouse ATG5 or ATG5 K130R, a lysine mutant un-
able to conjugate to ATG12 and therefore unable to induce au-
tophagy. Rescue of H-Ras V12   atg5 −/−   MEFs with wild-type ATG5 
restored ATG5–ATG12 complex levels, whereas expression of 
ATG5 K130R did not ( Figure 3B ). This rescue of H-Ras V12   atg5 −/−   
MEFs with wild-type ATG5 restored autophagy induction, indi-
cated by the production of LC3-II in attached conditions and fol-
lowing suspension. In contrast, both H-Ras V12   atg5 −/−   MEFs, as well 
as those expressing ATG5 K130R, were unable to induce autophagy 

anchorage-independent growth. For these experiments, we ini-
tially tested how the genetic deletion of three critical autophagy 
regulators, atg5, atg7, and atg3, individually infl uence anchorage-
independent transformation by oncogenic Ras.  All three proteins 
are essential components of the ubiquitin-like conjugation path-
ways that control the early step of autophagosome formation; thus 
the genetic deletion of any of these ATGs is suffi cient to com-
pletely inhibit autophagy (Ohsumi,  2001 ; Kuma et al.,  2004 ; 
Komatsu et al.,  2005 ; Sou et al.,  2008 ). We fi rst compared the abil-
ity of atg5 +/+  and atg5 −/−  MEFs transformed with H-Ras V12  to form 
colonies in soft agar. H-Ras V12 –transformed atg5 −/−  MEFs displayed 
an approximate fourfold decrease in colony formation compared 
with wild-type autophagy-competent controls ( Figure 3A ); 

 FIGURE 2:    Effects of ECM detachment on MAPK and mTORC1 signaling in Ras-transformed cells. (A–C) Empty vector 
(BABE) and H-Ras V12 –expressing MCF10A cells (A),  atg5  +/+  (WT) and  atg5  −/−  MEFs (B), and K-Ras mutant carcinoma cell 
lines (C) were grown attached (A) or suspended (susp) for the indicated times and subjected to immunoblotting with 
antibodies against phosphorylated ERK1/2 and total ERK1/2 protein. (D–F) Empty vector (BABE) and H-Ras V12 –
expressing MCF10A cells (D),  atg5  +/+  (WT) and  atg5  −/−  MEFs (E), and K-Ras mutant carcinoma cell lines (F) were grown 
attached (A) or suspended (susp) for the indicated times and subjected to immunoblotting with antibodies against 
phosphorylated S6 and total ribosomal S6 protein. (G) H-Ras V12  MCF10A cells were grown attached (A) or suspended 
(susp) for 24 h in the presence or absence of E64d and pepstatin A (E/P) and subjected to immunoblotting with 
antibodies against phosphorylated S6, S6, LC3, and tubulin. When indicated, cells were treated with 25 nM rapamycin 
for 5 h before harvest.    
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compared with wild-type controls 
( Figure 3E ). These results support that 
the elimination of autophagy in mouse 
fi broblasts, achieved via the genetic dele-
tion of multiple ATGs, potently inhibits the 
transformation potential of H-Ras V12 .   

 Reduced soft agar transformation 
upon ATG knockdown in 
Ras-transformed epithelial cells 
 We next determined whether the acute 
reduction of autophagy in the context of 
preexisting oncogenic Ras activation was 
similarly able to inhibit adhesion-
independent transformation. First, we sta-
bly expressed two independent short-
hairpin RNAs (shRNAs) against ATG7 
(shATG7-1 and shATG7-2) as well as a 
hairpin directed against ATG12 
(shATG12-1) in MDA-MB-231 cells. Analy-
sis of target protein levels by Western blot 
revealed high-level knockdown of 
ATG7 with both shATG7-1 and 2 and re-
duction of the ATG5–ATG12 complex in 
shATG12-1–expressing MDA-MB-231 cells 
( Figure 4A ). Of these three hairpins, 
shATG7-2 gave the most robust reduction in 
autophagy, based on immunoblotting for 
LC3-II (unpublished data).  MDA-MB-231 
cells expressing this shRNA exhibited an 
approximately 50% decrease in both basal 
and detachment-induced autophagy 
( Figure 4B ). Furthermore, the expression of 
all three of these shATGs in MDA-MB-231 
cells resulted in a signifi cant decrease in 
soft agar colony formation, ranging from 
approximately 50–90%, depending on the 
shRNA used ( Figure 4C ).  

 In parallel, we generated stable pools of 
H-Ras V12  MCF10A cells expressing shRNA 
against ATG7 (shATG7-2). These cells dem-
onstrated potent ATG7 knockdown and 
decreased LC3-II in both attached and de-
tached conditions ( Figure 4D ). Colony for-
mation in H-Ras V12  MCF10A cultures ex-
pressing shATG7-2 was reduced by 
approximately 50% when compared with 
cells expressing control shRNA (shCNT) 
( Figure 4E ), suggesting ATG7 knockdown 
was suffi cient to partially suppress 
H-Ras V12 –induced soft agar growth in 
MCF10A cells. Hence, consistent with our 

data in ATG-defi cient fi broblasts, epithelial cells with oncogenic 
Ras displayed a reduction in soft agar colony formation following 
RNA interference (RNAi)–mediated knockdown of ATGs. Further-
more, it is important to note that although we were able to achieve 
high levels of ATG knockdown, such perturbations produced 
partial reductions in autophagic capacity, up to 50% of control. 
Nonetheless, such levels of autophagy reduction resulted in 
robust decreases in soft agar colony formation, pointing to a criti-
cal role for autophagy in Ras-mediated anchorage-independent 
transformation.   

during suspension ( Figure 3B ). Furthermore, the rescue of 
H-Ras V12 –transformed  atg5 −/−   MEFs with wild-type ATG5, but not 
ATG5 K130R, was able to restore soft agar colony formation 
( Figure 3C ), further supporting that autophagy competence func-
tionally contributes to Ras-driven transformation. Similarly, soft 
agar transformation mediated by H-Ras V12  was also abrogated 
in  atg7 −/−   and  atg3 −/−   cells. Colony formation was reduced almost 
fourfold in H-Ras V12   atg7 −/−   MEFs compared with wild-type controls 
( Figure 3D ), and H-Ras V12   atg3 −/−   MEFs displayed the most 
profound defect in soft agar colony formation, almost eightfold, 

 FIGURE 3:    Decreased anchorage-independent growth in autophagy-defi cient MEFs expressing 
H-Ras V12 . (A) Soft agar colony formation in H-Ras V12  expressing  atg5 +/+   (WT) and  atg5  − / −  MEFs. 
(B)  atg5  − / −  MEFs reconstituted with wild-type murine ATG5 or ATG5 K130R were subjected to 
immunoblotting with antibodies against ATG12 (to detect the ATG12-ATG5 complex) and 
tubulin. As indicated, cells were grown attached (A) or suspended (susp) for 24 h in the presence 
or absence of E64d and pepstatin A (E/P) and subjected to immunoblotting with antibodies 
against LC3 and tubulin as a loading control. (C) Soft agar colony formation in H-Ras V12 –
expressing  atg5  − / −  MEFs expressing ATG5 or ATG5K130R. (D and E) Soft agar colony formation 
in H-Ras V12  expressing wild-type (WT),  atg7  − / − , and  atg3  − / −  MEFs. The above results represent 
the mean ± SEM from three or more independent experiments. P value was calculated using 
Student’s  t  test.    
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 FIGURE 4:    Effects of ATG knockdown on adhesion-independent transformation in MDA-MB-231 cells and H-Ras V12  
MCF10A cells. (A) MDA-MB-231 cells transduced with lentiviral vectors encoding shRNAs against the indicated ATGs 
(shATGs) were subjected to immunoblotting with antibodies against ATG7, ATG5 (to detect ATG12–ATG5 complex), and 
tubulin. (B) MDA-MB-231 cells expressing shATG7-2 or shCNT were grown attached (A) or suspended (susp) for the 
indicated times in the presence or absence of E64d and pepstatin A (E/P) and subjected to immunoblotting with 
antibodies against LC3 and tubulin. (C) Representative images and quantifi cation of soft agar colony formation in 
MDA-MB-231 cells expressing the indicated shATGs. (D) H-Ras V12  MCF10A cells expressing shCNT or shATG7-2 were 
grown attached (A) or suspended (susp) for the indicated times in the presence or absence of E64d and pepstatin A 
(E/P) and subjected to immunoblotting with antibodies against ATG7, LC3, and tubulin. (E) Representative images and 
quantifi cation of soft agar colony formation in H-Ras V12  MCF10A cells expressing shCNT or shATG7-2. The above results 
represent the mean ± SEM from three or more independent experiments. P value was calculated using Student’s  t  test.    
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cells. First, we tested the effects of ECM detachment on the prolif-
eration capacity of autophagy-competent and autophagy-defi cient 
MEFs expressing either vector control (BABE) or H-Ras V12 . Cells 
grown attached or in suspension for 48 h were subjected to fl ow 
cytometric analysis for DNA content corresponding to the S and 
G2/M phases of the cell cycle ( Figure 6A ). In vector control (BABE) 
wild-type MEFs, we observed a decrease in the percentage of cy-
cling cells (S + G2/M), from 67.3% ± 1.3% in attached conditions to 
40.7% ± 3.5% after 48 h of suspension ( Figure 6A , black bar). In 
contrast, 57.9% ± 1.5% of H-Ras V12 –transformed wild-type (atg5 +/+ ) 
cells remained in S + G2/M following 48 h of suspension ( Figure 6A , 
white bar). Thus H-Ras V12 –transformed cells continue to proliferate 
upon loss of cell–matrix contact. However, in H-Ras V12  atg5 −/−  MEFs, 
incapable of autophagy, the ability of H-Ras V12  to promote prolifera-
tion in the absence of cell–matrix contact was attenuated, with only 

 Effects of autophagy inhibition on 
detachment-induced apoptosis 
(anoikis) in Ras-transformed cells 
 Because our previous work indicates that 
detachment-induced autophagy protects 
nontransformed MCF10A cells from anoi-
kis, we hypothesized that autophagy may 
similarly promote the survival of 
Ras-transformed cells deprived of cell–
matrix contact (Fung et al.,  2008 ). To test 
this prediction, H-Ras V12  atg5 +/+  and 
atg5 −/−  MEFs were grown either attached 
or suspended for 24–48 h and protein 
lysates were immunoblotted for cleaved 
caspase-3. Although previous work indi-
cates that fi broblasts do not undergo anoi-
kis, we found that cleaved caspase-3 did 
indeed increase in H-Ras V12  autophagy-
competent fi broblasts upon ECM detach-
ment. Furthermore, compared with wild-
type controls, the levels of cleaved 
caspase-3 in H-Ras V12  atg5 −/−  MEFs follow-
ing suspension were higher. This corrobo-
rates that autophagy defi ciency leads to 
increased detachment-induced apoptosis 
in H-Ras V12 –transformed cells ( Figure 5A ).  

 On the basis of these results, we interro-
gated whether the ectopic expression of the 
anti-apoptotic molecule Bcl-2 was suffi cient 
to promote adhesion-independent growth 
and survival in H-Ras V12   atg5 −/−   MEFs. To 
test this hypothesis, we generated H-Ras V12  
 atg5 +/+   and  atg5 −/−   MEFs stably expressing 
Bcl-2 ( Figure 5B ). As Bcl-2 has previously 
been shown to suppress autophagy in cer-
tain cell types via its interaction with Beclin 1, 
we determined the effects of Bcl-2 expres-
sion on detachment-induced autophagy in 
H-Ras V12  MEFs but did not identify any sig-
nifi cant effects on LC3-II induction or turn-
over or on p62 degradation during ECM 
detachment ( Figure 5C ) ( Pattingre  et al. , 
2005 ). In contrast, Bcl-2 potently reduced 
apoptosis in H-Ras V12 –transformed  atg5 +/+   
and  atg5 −/−   cells following matrix detach-
ment, as indicated by immunoblotting for 
cleaved caspase-3 ( Figure 5D ). 

 We next evaluated whether Bcl-2 expression was suffi cient to 
restore adhesion-independent transformation in H-Ras V12   atg5 −/−   
MEFs. However, we continued to detect reduced levels of H-Ras V12 –
driven soft agar growth in Bcl-2–expressing autophagy-defi cient 
cells when compared with wild-type counterparts ( Figure 5E ). These 
results indicate that autophagy inhibition in H-Ras V12 –transformed 
cells can promote anoikis; however, protecting autophagy-defi cient 
cells from apoptosis is not suffi cient to restore adhesion-independent 
transformation, raising the possibility that autophagy facilitates Ras 
transformation via other mechanisms.   

 Autophagy inhibition results in decreased proliferation 
of Ras-transformed cells 
 The aforementioned results motivated us to test the functional con-
tributions of autophagy to the proliferation of H-Ras V12 –transformed 

 FIGURE 5:    Bcl-2 inhibition of apoptosis is not suffi cient to restore anchorage-independent 
growth in autophagy-defi cient cells. (A) H-Ras V12  expressing  atg5 +/+   (WT) and  atg5  − / −  MEFs 
were grown attached (A) or suspended (susp) for the indicated times and subjected to 
immunoblotting with antibodies against cleaved capase-3 and tubulin. (B) Bcl-2 expression levels 
in H-Ras V12   atg5 +/+   (WT) and  atg5  − / −  MEFs in the presence or absence of stable ectopic 
expression of Bcl-2. (C) The indicated cell types were grown attached (A) or suspended (susp) for 
24 h with or without E64d and pepstatin A (E/P) and subjected to immunoblotting with 
antibodies against LC3, p62, and tubulin. (D) The indicated cell types, all expressing H-Ras V12 , 
were grown attached (A) or suspended for 24 h and subjected to immunoblotting with 
antibodies against cleaved caspase-3 and tubulin. (E) Soft agar colony formation of H-Ras V12  
 atg5 +/+   (WT) and  atg5  − / −  MEFs stably expressing BCL-2. Results represent the mean ± SEM from 
three independent experiments. P value was calculated using Student’s  t  test.    
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 To extend these results, we then measured whether H-Ras V12 –
transformed  atg5 −   /   −   cells displayed similar defects in proliferation in 
the absence of the stresses imposed by substratum detachment. 
Thus we grew the various cell types in nutrient replete, attached 
conditions in which only basal levels of autophagy were present. 
Upon enumerating cell numbers from cultures, we found that non-
transformed wild-type and  atg5 −/−   MEFs exhibited minimal differ-
ences in proliferation ( Figure 6B ). In contrast, upon transformation 
with H-Ras V12 , autophagy-defi cient cells failed to proliferate as well 
as controls ( Figure 6C ). Similarly, acute ATG7 knockdown in 

47.3% ± 2.1% of cells remaining in cycle following 48 h of suspen-
sion ( Figure 6A , light gray bar). Interestingly, we noted that control 
(BABE) atg5 −/−  MEFs (dark gray bars) proliferated slightly better 
than atg5 +/+  cells during detachment; such results are consistent 
with previous studies demonstrating that reduced autophagy due to 
Beclin/ATG6 haploinsuffi ciency or genetic deletion of Ambra1 can 
promote cell proliferation (Qu et al.,  2003 ; Fimia et al.,  2007 ). Nev-
ertheless, in the context of H-Ras V12  expression, autophagy inhibi-
tion curtailed rather than enhanced proliferation during ECM 
detachment.  

 FIGURE 6:    Reduced proliferation upon autophagy inhibition in H-Ras V12  expressing MEFs and MDA-MB-231 cells. 
(A) The indicated cell types were grown attached or subjected to ECM detachment for 48 h and analyzed by fl ow 
cytometry to quantify the percentage of cells with DNA content corresponding to the S and G2/M (S + G2/M) phases of 
the cell cycle. Results are the mean ± SEM from three or more independent experiments. Statistical signifi cance was 
calculated using ANOVA. (B) Proliferation curves of empty vector (BABE)  atg5 +/+   (WT) and  atg5  − / −  MEFs cultured 
in attached, nutrient-rich conditions. (C) Proliferation curves of H-Ras V12  expressing  atg5 +/+   (WT) and  atg5  − / −  MEFs in 
attached, nutrient-rich conditions. (D) Proliferation curves of MDA-MB-231 cells expressing shCNT or shATG7-2 in 
attached, nutrient-rich conditions. For (B–D), p value was calculated at each time point using Student’s  t  test, with 
statistical signifi cance indicated as follows: *p < 0.05; **p < 0.01.    
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MDA-MB-231 cells led to a profound decrease in 
proliferation compared with controls ( Figure 6D ). 
Overall, these results indicate that autophagy in-
duction is necessary for optimal cell proliferation in 
H-Ras V12 –expressing cells following ECM detach-
ment and that oncogenic Ras activation engenders 
an increased reliance on basal autophagy for cell 
expansion in attached conditions.   

 Increased glucose metabolism in autophagy-
competent cells 
 Owing to the decreased proliferation observed in 
Ras-transformed cells upon autophagy inhibition, 
we hypothesized that the difference in adhesion-in-
dependent transformation we observed between 
Ras-transformed autophagy-competent and defi -
cient cells may arise from changes in protein synthe-
sis or in cellular metabolism, two processes that di-
rectly impact the capacity for cell growth and 
proliferation. Both nitrogen-starved, autophagy-
defi cient yeast and early ATG5-defi cient embryos 
display a decrease in de novo protein translation 
compared with wild-type controls (Onodera and 
Ohsumi,  2005 ; Tsukamoto et al.,  2008 ). Therefore 
we speculated that H-Ras V12  atg5 −/−  MEFs would ex-
hibit diminished rates of protein synthesis compared 
with H-Ras V12  wild-type MEFs in the absence of ECM 
contact. Although we observed decreased de novo 
protein synthesis in empty vector (BABE)–expressing 
atg5 −/−  MEFs compared with wild-type following 
24 h detachment, only minor differences were pres-
ent when we compared H-Ras V12 –expressing wild-
type and atg5 −/−  MEFs (Supplemental Figure S1). 

 Like many oncogenes, H-Ras V12  enhances glyco-
lysis, which is associated with increased glucose up-
take and lactate production; importantly, increased 
aerobic glycolysis is required for Ras-driven tumors 
to maintain energy production and enhance biosyn-
thetic pathways. Remarkably, we found that glucose 
uptake, determined by uptake of 2-[ N -(7-nitrobenz-
2-oxa-1,3-diazol-4-yl) amino]-2-deoxy- D -glucose 
(2-NBDG), was signifi cantly reduced in empty vector 
 atg5 −/−   MEFs compared with atg5 +/+  controls 
( Figure 7A ). As expected, H-Ras V12  expression re-
sulted in increased glucose uptake (Supplemental 
Figure S2A). When we compared glucose uptake 
between H-Ras V12   atg5 +/+   and H-Ras V12   atg5 −/−   MEFs 
over an 8-h time course, we found reduced glucose 
uptake in H-Ras V12   atg5 −/−   MEFs compared with 
H-Ras V12  atg5 +/+  cells at all time points examined 
( Figure 7B ). We also observed a decreased level of 
glucose uptake in H-Ras V12   atg5 −/−   MEFs following 
ECM detachment (Supplemental Figure S2B). En-
hanced glucose uptake is often associated with an 
increase in glycolytic fl ux, resulting in the enhanced 
production of lactate. Thus, to determine the glyco-
lytic status of autophagy-profi cient and defi cient 
cells, we used  13 C-NMR spectroscopy to assess met-
abolic fl uxes. Cells were labeled with [1- 13 C]glucose, 
and de novo lactate production was monitored. De-
spite reduced glucose uptake in  atg5 −/−   MEFs 
compared with atg5 +/+  controls, there was no 

 FIGURE 7.    Reduced glucose metabolism in autophagy-defi cient MEFs. (A) Levels of 
glucose uptake (2-NBDG uptake, mean fl uorescence intensity) in empty vector (BABE) 
 atg5 +/+   (WT) and  atg5  − / −  MEFs following 2.5 h incubation. Statistical signifi cance was 
calculated using Student’s  t  test. (B) 2-NBDG uptake (mean fl uorescence intensity) 
after 1 h (left histogram) and over an 8-h time course (right graph) in H-Ras V12  expressing 
 atg5 +/+   (WT) and  atg5  − / −  MEFs. P value was calculated at each time point using Student’s 
 t  test, with statistical signifi cance indicated as follows: *p < 0.05; **p < 0.01; ***p < 0.001. 
(C) Levels of  13 C-labeled intracellular lactate and extracellular lactate detected by NMR 
following 24 h of labeling with [1- 13 C]glucose. Results represent the mean ± SEM from 
three independent experiments. Statistical signifi cance was calculated using ANOVA.    
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adhesion-independent transformation of H-Ras V12 –transformed 
autophagy-competent cells but have little effect on autophagy-
defi cient counterparts. Accordingly, we observed a signifi cant re-
duction in soft agar colony formation in H-Ras V12   atg5 +/+   MEFs 
grown in 5.5 mM glucose compared with those grown in 25 mM 
glucose. In contrast, adhesion-independent transformation in 
H-Ras V12   atg5 −/−   MEFs was not affected by declining glucose con-
centrations. Remarkably, at the lower glucose concentration 
(5.5 mM), we observed comparable levels of soft agar colony for-
mation between H-Ras V12 –transformed autophagy-competent and 
defi cient cells ( Figure 8D ). These results support that the ability of 
autophagy to promote adhesion-independent transformation is 
highly dependent on glucose levels and point to a previously unrec-
ognized role for autophagy competence in facilitating glycolysis 
and proliferation during oncogenic Ras-mediated transformation.    

 DISCUSSION 
 Overall, our studies demonstrate that in the context of a potent onco-
gene, mutationally active Ras, autophagy both promotes adhesion-
independent transformation and facilitates glycolysis. The genetic 
deletion or RNAi-mediated knockdown of autophagy regulators 
(ATGs) causes a potent decrease in anchorage-independent growth 
in soft agar, indicating that an intact autophagy pathway is required 
for robust adhesion-independent transformation by oncogenic Ras. 
Furthermore, autophagy inhibition during Ras transformation results 
in reduced proliferation and decreased glucose metabolism. The de-
creased rate of glycolysis found in Ras-transformed autophagy-defi -
cient cells correlates with decreased sensitivity to declining glucose 
concentrations in comparison with autophagy-competent counter-
parts, both in terms of proliferation and adhesion-independent 
transformation. 

 In addition, our results indicate that oncogenic Ras does not sup-
press autophagy during ECM detachment. These data differ from 
previous reports in both Ras-expressing cells in vitro as well as 
 Drosophila  development in vivo ( Furuta  et al. , 2004 ; Berry and 
Baehrecke,  2007 ), both of which demonstrate that Ras activation 
suppresses autophagy. Ras-mediated suppression of autophagy is 
proposed to arise secondary to the constitutive activation of the 
PI3K/mTOR pathway, a negative regulator of autophagy induction. 
However, upon ECM detachment of several K-Ras mutant cancer 
lines, ribosomal protein S6 phosphorylation, an established readout 
of mTORC1 activity, is rapidly decreased, indicating that Ras is un-
able to sustain mTORC1 activation in cells deprived of matrix con-
tact. Furthermore, detached MEFs expressing H-Ras V12  exhibit de-
creased S6 phosphorylation comparable to nontransformed 
controls. On the other hand, in H-Ras V12 –transformed MCF10A cells, 
S6 phosphorylation is only slightly reduced following matrix detach-
ment compared with nontransformed counterparts. Interestingly, 
although we were able to completely inhibit mTORC1 activity by 
treating H-Ras V12  MCF10A cells with rapamycin during suspension, 
this did not further augment autophagy. This result indicates that 
the enhanced level of mTORC1 activity that persists in H-Ras V12  
MCF10A cells following detachment is not suffi cient to suppress au-
tophagy induction. From these results, we speculate that a partial 
reduction in mTORC1 activity in H-Ras V12 –expressing MCF10A cells 
may be suffi cient to promote detachment-induced autophagy. Al-
ternatively, other mTORC1-independent pathways may promote 
autophagy in detached cells expressing oncogenic Ras. Importantly, 
our results support that oncogenic Ras activation does not inhibit 
detachment-induced autophagy in mammalian cells. 

 The mechanisms through which autophagy modulates onco-
genic transformation are context dependent (Chen and Debnath, 

concomitant decrease in lactate production in  atg5 −/−   MEFs 
( Figure 7C ). In fact, we observed equivalent levels of both intracellular 
and extracellular lactate production by wild-type and  atg5 −/−   MEFs. 
However, upon H-Ras V12  transformation, both intracellular and extra-
cellular [3- 13 C]lactate production was decreased in H-Ras V12 –trans-
formed  atg5 −/−   cells in comparison to atg5 +/+  controls ( Figure 7C ). 
Furthermore, compared with  atg5 +/+   controls, H-Ras V12   atg5 −/−   MEFs 
exhibited decreased levels of [3- 13 C]alanine, which is produced via 
the transamination of the glycolytic end product pyruvate (Supple-
mental Figure S2C).  

 Next, we evaluated whether defects in glucose metabolism were 
present in MDA-MB-231 cells upon ATG7 knockdown. Although 
glucose uptake was not signifi cantly reduced in ATG7-depleted 
cells (unpublished data), they did exhibit a signifi cant decrease in 
the enzymatic activity of lactate dehydrogenase (LDH), which is re-
quired for the conversion of pyruvate to lactate. Furthermore, LDH-A 
protein levels were also decreased in ATG7-depleted MDA-MB-231 
cells (Supplemental Figure S2D). LDH-A levels were not altered in 
empty vector  atg5 −/−   or H-Ras V12   atg5 −/−   MEFs compared with wild-
type controls (Supplemental Figure S2E). Altogether, these results 
implicate that reduced autophagy results in a concomitant decrease 
in glycolytic capacity.   

 Autophagy-competent cells exhibit increased sensitivity 
to diminished glucose availability 
 Because glycolysis was decreased in Ras-transformed, autophagy-
defi cient cells, we next sought to determine the effects of varying 
glucose concentrations on autophagy-competent versus autophagy-
defi cient cells. We fi rst assessed whether autophagy is stimulated in 
response to decreasing media glucose concentrations because pre-
vious studies support that autophagy is induced upon glucose star-
vation or treatment with 2-deoxy-glucose (Aki et al.,  2003 ; DiPaola 
et al.,  2008 ). Although we observed a robust induction of autophagy 
following 9 h of complete glucose withdrawal, a similar increase in 
autophagy was not detected in H-Ras V12 –expressing MEFs upon 
lowering glucose concentrations from the standard 25 mM to 
5.5 mM for up to 48 h ( Figure 8A ).  

 Glycolytic cells typically display exquisite sensitivity to diminishing 
concentrations of glucose; accordingly, we assessed how autophagy 
competence versus defi ciency impacted glucose consumption and 
proliferation in H-Ras V12 –expressing cells. First, we measured the con-
sumption of glucose in H-Ras V12   atg5 +/+   and  atg5 −/−   cells grown over 
2 d in 5.5 mM glucose; in accordance with the above results, media 
glucose concentrations declined more precipitously in H-Ras V12  wild-
type MEF cultures compared with H-Ras V12   atg5 −/−   cultures 
( Figure 8B ). Furthermore, following 4 d of culture in 5.5 mM glucose, 
cell numbers in H-Ras V12  wild-type cultures were reduced by 62.5% in 
comparison to those grown in 25 mM. In contrast, the expansion of 
H-Ras V12   atg5 −   /   −   cells was not as profoundly attenuated by similar 
reductions in glucose concentration; these cells exhibited only a 
40.4% reduction in cell number when cultured in 5.5 mM glucose 
compared with 25 mM glucose. This increased sensitivity of H-Ras V12  
 atg5 +/+   MEFs to lower media glucose levels is in accordance with the 
increases in glycolytic capacity and glucose uptake we observed in 
H-Ras V12   atg5 +/+   MEFs ( Figure 8B ). To corroborate these results, we 
performed parallel experiments in MDA-MB-231 cells following acute 
ATG7 depletion. When grown in 2.8 mM glucose, cells expressing 
shATG7-2 consumed glucose at a lower rate than shCNT cells 
( Figure 8C ). In addition, the expansion of shATG7-2 cells was not as 
sensitive to lower glucose concentrations as shCNT cells ( Figure 8C ). 

 On the basis of these results, we hypothesized that 
declining glucose concentrations would attenuate the rate of 
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 FIGURE 8.    The proliferation and transformation of autophagy-competent cells are more sensitive to diminished glucose 
availability than autophagy-defi cient cells. (A) H-Ras V12  expressing WT MEFs were cultured in media containing 25 mM 
or 5.5 mM glucose for 48 h or in the complete absence of glucose (0 mM) for 9 h. E64d and pepstatin A (E/P) were 
added when indicated to measure autophagic fl ux. Cells were lysed and subjected to immunoblotting with antibodies 
against LC3, p62, and tubulin as a loading control. (B) Left: Media glucose levels from cultures of H-Ras V12   atg5 +/+   (WT) 
and  atg5  − / −  MEFs grown in 5.5 mM glucose over 2 d. Right: Relative percentage of viable cells in 5.5 mM glucose 
compared with 25 mM glucose following 4 d of culture. (C) Left: Media glucose levels from cultures of MDA-MB-231 
cells expressing shCNT or shATG7-2 grown in 2.8 mM glucose over 2 d. Right: Relative percentage of viable cells grown 
in 2.8 mM and 1.4 mM glucose media compared with 25 mM glucose following 3 d of growth. (D) Soft agar colony 
formation of H-Ras V12  expressing  atg5 +/+   (WT) and  atg5  − / −  MEFs in 25 and 5.5 mM glucose conditions. Results represent 
the mean ± SEM from four independent experiments. Statistical signifi cance was calculated using ANOVA.    
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we have unexpectedly found that the reduction or elimination of 
autophagy competence can actually reduce glycolytic capacity in a 
Ras-transformed cell. Hence, we speculate that autophagy may pro-
mote oncogenic Ras-driven tumor growth in specifi c metabolic mi-
croenvironments. In support, decreasing glucose concentrations in-
hibits soft agar colony formation in H-Ras V12 –expressing wild-type 
cells to levels approaching that of H-Ras V12  autophagy-defi cient 
cells. In contrast, both the proliferation and adhesion-independent 
transformation of autophagy-defi cient cells are relatively insensitive 
to reductions in glucose availability. These alterations in glucose 
metabolism in autophagy-defi cient cells may similarly impact trans-
formation by other oncogenes, such as Myc and PI3K, which orches-
trate global metabolic changes that contribute to the transformed 
phenotype, similar to activating mutations in Ras. Thus we are pres-
ently examining the impact of autophagy inhibition on glucose 
metabolism and transformation driven by other oncogenes.   

 MATERIALS AND METHODS  
 Cell culture 
 Noburu Mizushima (Tokyo Medical and Dental University) generously 
provided  atg5 +/+   and  atg5 −/−   MEFs (simian virus 40 T-antigen immor-
talized). Masaaki Komatsu (Tokyo Metropolitan Institute) generously 
provided  atg7 +/+   and  atg7 −/−  ,  atg3 +/+  , and  atg3 −/−   MEFs (simian virus 
40 T-antigen immortalized). All mouse fi broblasts were cultured in 
DMEM containing 25 mM glucose (Invitrogen, Carlsbad, CA) supple-
mented with 10% fetal bovine serum (FBS), penicillin, and streptomy-
cin.  MCF10A cells were cultured as described previously ( Debnath 
 et al. , 2003 ), and MDA-MB-231 cells were grown in DMEM containing 
25 mM glucose supplemented with 10% FBS, penicillin, and strepto-
mycin. When indicated, MEFs and MDA-MB-231 cells were grown 
in DMEM containing 25 mM, 5.5 mM, 2.8 mM, or 1.4 mM glucose 
supplemented with 10% dialyzed FBS, penicillin, and streptomycin.   

 Antibodies and chemicals 
 A peptide corresponding to the N-terminus common to human, 
mouse, and rat MAP1LC3 was used to create α-LC3 rabbit poly-
clonal antibody ( Fung  et al. , 2008 ). Other antibodies used included 
the following: α-p62 (Progen Biotechnik, Heidelberg, Germany), 
α-phospho-ERK1/2 (Invitrogen, Carlsbad, CA), α-ERK1/2 (Invitro-
gen), α-phopho-ribosomal protein S6 (Ser240/244, Cell Signaling 
Technology, Danvers, MA), α-ribosomal protein S6 (Cell Signaling 
Technology), α-ATG12 (Cell Signaling Technology), α-ATG7 (Santa 
Cruz Biotechnology, Santa Cruz, CA), α-ATG5 (Cell Signaling Tech-
nology), α-cleaved caspase-3 (Cell Signaling Technology), α-BCL-2 
(BD Biosciences, Franklin Lakes, NJ), α-LDH-A (Cell Signaling Tech-
nology), and α-α-tubulin (Sigma-Aldrich, St. Louis, MO). Chemicals 
utilized included poly(2-hydroxyethyl methacrylate) (poly-HEMA), 
E64d, and pepstatin A (all from Sigma-Aldrich).    

 Generation of stable lines 
 The following retroviral vectors for stable gene expression have been 
described previously: pBABEpuro-H-RasV12, pBABEneo-H-RasV12, 
pBABEneo-Bcl-2, and pBABEpuroGFP-LC3 ( Debnath  et al. , 2002 ). 
For retroviral transduction, vesicular stomatitis virus G–pseudotyped 
retroviruses were generated, and cells were infected and selected as 
previously described ( Debnath  et al. , 2003 ).   

 RNA interference 
 pLKO.1 lentiviral expression plasmids containing shRNAs against 
ATG7 and ATG12 were purchased from Sigma-Aldrich (Mission 
shRNA), and viral particles were produced using a third-generation 
lentiviral packaging system in HEK293T cells. Following infection 

 2010 ). Here we demonstrate that autophagy is required for robust 
Ras-driven transformation; cells deleted or depleted of multiple in-
dependent ATGs all exhibit decreased anchorage-independent 
transformation in soft agar. Recently, we discovered that detach-
ment-induced autophagy protects cells from anoikis, which we pro-
posed to facilitate oncogenic transformation ( Fung  et al. , 2008 ). 
However, because the ectopic overexpression of the antiapoptotic 
protein Bcl-2 does not enhance soft agar growth in Ras-transformed 
autophagy-defi cient cells, the ability of autophagy to facilitate Ras 
transformation cannot be completely explained by its ability to pro-
tect cells from apoptosis during ECM detachment. 

 These studies point to a previously unrecognized tumor-
promoting function for autophagy that manifests during oncogenic 
Ras transformation. For example, upon matrix detachment, increased 
numbers of  atg5 −/−   cells continue to proliferate compared with 
 atg5 +/+   controls. In fact, the enhanced proliferation of autophagy-
defi cient cells has been proposed as a potential mechanism by which 
autophagy might exert tumor suppressive effects ( Qu  et al. , 2003 ; 
 Fimia  et al. , 2007 ). However, unlike nontransformed autophagy-
defi cient cells,  atg5  genetic deletion impedes, rather than enhances, 
the ability of H-Ras V12 –transformed MEFs to proliferate during ECM 
detachment. Similarly, when cultured in attached nutrient-rich condi-
tions, Ras-transformed  atg5 −/−   cells exhibit a marked decrease in 
proliferation compared with their autophagy-competent counter-
parts. In addition, we have also found that MCF10A cells expressing 
H-Ras V12  occasionally undergo growth arrest or cell death following 
lentiviral-driven introduction of shRNAs against ATGs; in contrast, 
nontransformed cells consistently remain viable and continue to pro-
liferate upon ATG knockdown (unpublished data). These results sup-
port that autophagy competence is required for cells to proliferate 
and expand during oncogenic Ras transformation. 

 Increasing evidence indicates that stress response pathways play 
diverse, multifaceted roles necessary for oncogenic transformation. 
For example, heat shock protein 1 (HSP-1), an important mediator of 
the heat shock response, has been implicated as an important facili-
tator of Ras transformation, which correlates with its ability to modu-
late both proliferative capacity and glucose metabolism ( Dai  et al. , 
2007 ). Here we demonstrate that autophagy similarly supports in-
creased glucose metabolism, suggesting a previously unrecognized 
mechanism by which autophagy may contribute to tumorigenesis. 
H-Ras V12 –transformed, autophagy-competent MEFs display en-
hanced glucose uptake compared with their autophagy-defi cient 
counterparts. In addition, using  13 C-NMR analysis of glucose me-
tabolism, we observe augmented glycolytic fl ux in H-Ras V12 –ex-
pressing autophagy-competent cells as evidenced by increased pro-
duction of lactate and alanine from glucose. Notably, we have also 
observed reduced glucose uptake in nontransformed, autophagy-
defi cient cells, but unlike H-Ras V12 –transformed cells, these reduc-
tions do not correlate with signifi cant changes in lactate production 
or in monolayer proliferation. Increased glycolysis in tumors, fi rst ob-
served by Otto Warburg, is crucial to support both the increased 
energy and synthetic demands required for high rates of prolifera-
tion. This metabolic shift in tumor cells is coordinated by up-regulat-
ing critical components of glycolysis, resulting in enhanced glucose 
uptake and lactate production even in the presence of ample oxy-
gen ( Vander Heiden  et al. , 2009 ). It is currently unclear whether re-
duced autophagy specifi cally elicits changes in glucose metabolism 
or causes more global metabolic shifts during Ras transformation. 
We are presently evaluating whether and how other metabolic path-
ways are affected by the loss or reduction of autophagy. 

 Although glucose withdrawal and energy depletion have been 
shown to be potent activators of autophagy as a survival response, 
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 Cell cycle analysis and growth assays 
 For cell cycle analysis following ECM detachment, cells were either 
suspended on poly-HEMA–coated plates (suspension) or grown 
attached on tissue culture plastic for 48 h. Cells in suspension were 
washed and incubated in 0.25% trypsin for 10 min at 37ºC to break 
up cell clumps and generate single-cell suspensions. Both sus-
pended and attached cells were collected and fi xed in 70% ice-cold 
EtOH. Cells were stained with 20 µg/ml PI in 0.1% Triton X-100 in 
PBS with 200 μg/ml RNase A and incubated at 37ºC for 15 min. Cell 
cycle profi les were collected using a Becton Dickinson FACSCalibur 
fl ow cytometer, and data were analyzed using FlowJo v. 8.8.6 cell 
cycle analysis software. For cell growth assays, 4 × 10 4  MEFs or 
1.1 × 10 5  MDA-MB-231 cells were plated on 6-cm plates, and cells 
were counted using a hemocytometer every 24 h for up to 5 d.   

 De novo protein translation analysis 
 The indicated cell types were grown either attached or suspended 
for 24 h. Cells were then incubated with methionine-free DMEM 
(Invitrogen) for 1 h, followed by 100 µM Click-iT AHA (Invitrogen), a 
methionine analog, in methionine-free DMEM to pulse label newly 
synthesized proteins for 3 h. Cells were lysed, and incorporated 
Click-iT AHA was detected using the TAMRA Click-iT Protein 
Analysis Detection Kit (Invitrogen) following the manufacturer’s 
instructions. Total protein levels were measured and equilibrated 
using BCA assay (Thermo), and 10 µg total protein was loaded per 
well. Following detection of newly synthesized proteins, gels were 
stained with SYPRO Ruby gel stain (Invitrogen) to detect total pro-
tein levels. TAMRA fl uorescence (newly synthesized proteins) and 
SYPRO Ruby fl uorescence (total protein) were detected using a 
FLA-5100 imager (FujiFilm, Tokyo, Japan) and analyzed using 
Multi Gauge software v3.X.  Newly synthesized protein levels were 
normalized to total protein levels.   

 NMR acquisition and analysis 
 Cells were grown in medium containing equal concentrations 
(12.5 mmol/L) of [1- 13 C]glucose and unlabeled glucose for 24 h, 
after which medium was collected and cell extracts were prepared 
using the dual-phase extraction method ( Tyagi  et al. , 1996 ). Briefl y, 
cells were rinsed with ice-cold saline, fi xed in 10 ml ice-cold metha-
nol and scraped from the culture fl ask surface, and vigorously vor-
texed, upon which 10 ml ice-cold chloroform was added, followed 
by 10 ml ice-cold deionized water, to the fi xed cells. After phase 
separation, the aqueous phase was lyophilized, and the protein pel-
let was air dried. Protein concentration was determined using the 
BCA assay. To acquire  13 C spectra, the aqueous fraction was recon-
stituted in 500 µl deuterium oxide, and NMR spectra were acquired 
on a 600-MHz INOVA spectrometer (Varian; Palo Alto, CA) using a 
30° fl ip angle, 3.5-s repetition time, and broadband proton decou-
pling. Analysis of the NMR spectra was performed using ACD/Spec 
Manager software version 9.15 (Advanced Chemistry Development, 
Toronto, Canada).  The concentrations of metabolites were deter-
mined with respect to an external reference, 2,2,3,3-tetradeutero-3-
(trimethylsilyl)propionic acid (TSP), with a known concentration.   

 Statistics 
 Experimental groups were compared using Student’s  t  test for pair-
wise comparisons or analysis of variance (ANOVA), followed by 
Tukey’s honestly signifi cant difference test.   

and drug selection, early passage stable pools (maximum of 3–5 
passages) were utilized because the extended propagation of cells 
results in the loss of RNAi-mediated ATG silencing and autophagy 
inhibition. The target sequences for hairpins directed against ATG7 
(NM_006395) are shATG7-1 (TRCN0000007584): GCCTGCTGAG-
GAGCTCTCCA and shATG7-2 (TRCN0000007587): CCCAGCTAT-
TGGAACACTGTA, and the target sequence directed against ATG12 
(NM_004707) is shATG12-1 (TRCN0000007393): TGTTGCAGCT-
TCCTACTTCAA.   

 Substratum detachment assays 
 Tissue culture plates coated with 6 mg/ml poly-HEMA in 95% etha-
nol were incubated at 37°C until dry. Cells were plated on poly-
HEMA–coated plates at a density of 500,000–750,000 cells/well in 
six-well plates in their appropriate complete growth medium. The 
lysosomal inhibitors, E64d and pepstatin A, were added directly to 
the culture media at 10 µg/ml at 4–6 h before lysis to evaluate 
autophagic fl ux.   

 Immunoblotting 
 Attached or suspended cells were lysed in RIPA lysis buffer plus 
10 mM NaF, 10 mM β-glycerophosphate, 1 mM Na 3 VO 3 , 10 nM 
calyculin A, and protease inhibitors. Lysates were clarifi ed by 
centrifugation for 15 min at 4°C, and protein concentrations 
were assessed using a bicinchoninic acid (BCA) protein assay 
(Thermo,  Waltham, MA).  Samples containing equal amounts of 
protein were boiled in SDS sample buffer (15–50 µg total protein 
per lane), resolved using SDS–PAGE, and transferred to poly-
vinylidene difl ouride membrane. Membranes were blocked in 
phosphate-buffered saline (PBS) + 0.1% Tween 20 with 5% nonfat 
dry milk, incubated with the indicated primary antibodies over-
night at 4°C, washed, incubated with horseradish peroxidase-
conjugated secondary antibodies, and analyzed by enhanced 
chemiluminescence.    

 Soft agar colony formation assay 
 To evaluate anchorage-independent growth, 1 × 10 4  H-Ras V12  MEF 
cells, 1 × 10 4  H-Ras V12  MCF10A cells, or 2 × 10 4  MDA-MB-231 cells 
were resuspended in 0.35% agarose in growth media. Cells were 
plated on a solidifi ed bed of 0.5% agarose in growth media in 
3.5-cm plates. Plates containing H-Ras V12  MEF and H-Ras V12  MCF10A 
cells were fi xed and stained with 0.005% crystal violet after 14 d, 
and plates containing MDA-MB-231 cells were fi xed following 21 d 
of growth. Bright-fi eld images of H-Ras V12  MCF10A and MDA-
MB-231 colonies were taken using a 4× objective. Plates with 
H-Ras V12  MEFs were scanned. The number of colonies per fi eld (for 
MCF10A and MDA-MB-231 cells) and number of colonies per plate 
(for MEFs) were counted using MetaMorph (version 6.0).   

 Glucose uptake, LDH activity, and media glucose 
concentration analysis 
 To measure glucose uptake, cells were incubated with growth me-
dia containing 100 µM 2-NBDG (Invitrogen) for the indicated time 
points up to 8 h, washed three times with PBS, and detached for 
FACS analysis. Mean fl uorescence intensity of cells was obtained 
using a Becton Dickinson FACSCalibur fl ow cytometer, and data 
were analyzed using CellQuest Pro v5.1.1 software. LDH activity was 
measured using the CytoTox 96 Non-Radioactive Cytotoxicity Assay 
(Promega, Madison, WI).  To measure glucose concentrations, condi-
tioned media were collected from cells on the days indicated and 
assayed using the Amplex Red Glucose/Glucose Oxidase Assay Kit 
(Invitrogen).   
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