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Detachment from extracellular 
matrix causes metabolic defects that 
transformed cells must overcome in 
order to survive and proliferate out-
side of their normal niche. A recent 
report from Jiang et al. published 
in Nature describes how cancer cells 
grown in suspension utilize reduc-
tive carboxylation of glutamine to 
transfer reducing power from the 
cytosol to mitochondria to detoxify 
reactive oxygen species and promote 
anchorage-independent growth and 
survival. 

In organized tissues, epithelial cell 
functions are controlled by extracellular 
cues, including those transmitted through 
physical contact with the extracellular 
matrix (ECM). Attachment to ECM dic-
tates the structural organization of tissues 
and promotes epithelial cell survival and 
proliferation. When normal cells lose 
contact with ECM, they undergo a form 
of apoptotic cell death known as anoikis 
— this mechanism of tissue homeostasis 
ensures that epithelial cells only grow 
when and where they will maximally 
benefit the organism as a whole. During 
the early stages of oncogenic transfor-
mation, aberrant proliferation of newly 
transformed cells physically displaces 
them from the ECM, forcing selection of 
cells that have developed mechanisms to 
allow survival and proliferation outside 
of their normal niche. The ability to avoid 
anoikis — that is, to become anchorage 
independent — is an important charac-
teristic of most epithelial tumors that is 
also important at later stages, when me-
tastasizing cancer cells leave their tissue 
of origin and colonize distant sites with 
unique ECM environments that typically 
would not support their survival. 

An essential component of anchorage 

independence is the ability to overcome 
the metabolic defects associated with the 
loss of ECM attachment. When normal 
cells lose contact with ECM, nutrient 
uptake is reduced and metabolic path-
ways are rewired, leading to decreased 
biosynthesis and compromised bioener-
getics [1, 2]. This metabolic remodeling 
is due, at least in part, to decreased PI3K/
AKT and MEK/ERK signaling, which is 
normally facilitated by ECM attachment. 
Expression of oncogenes that maintain 
signaling upon matrix detachment can 
partially rescue these metabolic defects, 
a function that is required to promote 
survival in the absence of ECM contact 
[1]. 	

An interesting aspect of the meta-
bolic changes associated with loss of 
matrix attachment is a strong induction 
of reactive oxygen species (ROS) [1]. 
ROS, such as superoxide and hydrogen 
peroxide, are byproducts of normal 
cellular processes and are detoxified by 
cellular antioxidants like the thioredoxin 
and glutathione systems. In turn, these 
antioxidants can be regenerated using 
the reducing power from the metabolite 
NADPH, which is generated by multiple 
metabolic pathways throughout the 
cell. While the role of ROS in cancer 
is complex, several recent reports have 
clearly shown that cellular antioxidant 
systems are required for multiple steps 
of tumorigenesis, including tumor initia-
tion [3] and metastasis [4], both of which 
require anchorage-independent growth. 
This suggests that the ability to detoxify 
ROS upon ECM detachment is a critical 
component of anchorage independence 
and essential for tumor development 
and progression. Indeed, provision of 
exogenous antioxidants can promote 
anoikis resistance [1], metastasis [4], 

and cancer incidence [5]. 	
To investigate metabolic differences 

between tumor cells growing in the 
presence and absence of ECM, Jiang 
et al. [6] compared the metabolism of 
cancer cells grown in traditional 2D 
culture to those grown in suspension as 
spheroids. Among the most significant 
differences was a large increase in the 
reductive carboxylation of glutamine 
in cells grown as spheroids. Reductive 
glutamine metabolism was recently 
shown to play an important role in 
providing citrate and acetyl-CoA for 
lipid synthesis during hypoxia or when 
mitochondrial metabolism is otherwise 
impaired [7-9]. Interestingly, citrate 
generated by reductive glutamine me-
tabolism in spheroids was not utilized 
for lipid synthesis; rather, reductive car-
boxylation was important for mitigating 
mitochondrial ROS. This finding was 
unexpected given that reductive carbox-
ylation of glutamine to generate citrate 
requires the consumption of NADPH, 
which would be predicted to exacerbate 
ROS rather than help to detoxify it. Jiang 
et al. began to address this dichotomy 
by demonstrating that knockout of the 
cytosolic IDH1 was sufficient to block 
reductive metabolism in spheroids, 
while loss of mitochondrial IDH2 had 
a minimal effect. It has been suggested 
that mitochondrial IDH2-mediated 
reductive carboxylation could serve as 
part of an NADPH shuttle where citrate 
in the mitochondria is transported to the 
cytosol to be oxidized by IDH1 to gener-
ate NADPH [10]. Jiang et al. provided 
evidence that this shuttle runs in reverse 
in spheroids, mediating the transfer of 
cytosolic NADPH into the mitochon-
dria (Figure 1). This conclusion was 
supported by the evidence that while 
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ROS in suspension. This is particularly 
interesting given that mitochondria are a 
major source of both ROS and NADPH, 
and contain their own antioxidant 
systems. Further studies are needed to 
determine how mitochondrial ROS- and 
NADPH-generating pathways are al-
tered by growth in suspension, and why 
they do not provide suffi  cient NADPH 
to combat ROS, leading to dependency 
on cytosolic reductive carboxylation. Fi-
nally, like other recent studies exploring 
the role of antioxidants in vivo, it is im-
portant to understand how the pathway 
identifi ed by Jiang et al. contributes to 
diff erent stages of tumor initiation and 
progression when anchorage-indepen-
dent growth is predicted to be required 
for tumor cell survival. 
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Figure 1 Reductive carboxylation of glutamine mediated by IDH1 facilitates the trans-
fer of reducing power in the form of NADPH from the cytosol to mitochondria to help 
detoxify ROS generated in tumor cells grown in spheroids.  

knockout of IDH2 had a minimal eff ect 
on reductive carboxylation, it was still 
required for abrogation of mitochondrial 
ROS.  

NADPH provides reducing power 
not only for antioxidant systems, but 
also for many biosynthetic reactions, 
and has even been postulated to be the 
limiting metabolite for cell proliferation. 
Given the importance of these processes 
in cancer cells, there has been consid-
erable interest in understanding how 
cancer cells generate NADPH. Studies 
addressing this question have identifi ed 
key roles for multiple metabolic path-
ways that contribute to cellular NADPH 
pools, including the pentose phosphate 
pathway (PPP) and the folate pathway 
[11, 12]. Key to these studies has been 
the use of deuterium (2H) tracers that 
allow quantitative analysis of NADPH 
biosynthesis. A complicating factor, 
however, is the existence of distinct 
cytosolic and mitochondrial pools of 
NADPH that are diffi  cult to distinguish 
experimentally. One approach that has 
been employed takes advantage of the 
neomorphic activity of mutant IDH1/2 
that generates the oncometabolite 2-hy-
droxyglutate (2-HG). 2H from NADPH 
is transferred to 2-HG by mutant IDH1 
or IDH2, with the subcellular localiza-
tion of these enzymes allowing the syn-
thesis of 2-HG from distinct subcellular 

pools of NADPH [12]. Jiang et al. lev-
eraged this system to demonstrate that 
cytosolic NADPH could be passed to the 
mitochondria by showing that 2H from 
NADPH generated by the PPP in the 
cytosol can be detected in 2-HG made 
in the mitochondria by mutant IDH2, 
but only in cells grown in spheroids. 
This evidence, coupled with dependence 
on IDH1 and IDH2 for tumor spheroid 
growth that could be rescued with 
antioxidants, suggests that this cytosol-
to-mitochondria NADPH shuttle is an 
important mechanism for the survival 
and proliferation of cancer cells growing 
outside of their normal niche.

In addition to identifying a novel 
function for reductive carboxylation in 
combating ROS, the study by Jiang et 
al. reinforces the importance of studying 
cellular metabolism in culture models 
that recapitulate the diverse cellular con-
texts that tumor cells encounter in vivo. 
While the tumor cells used in this study 
were capable of anchorage-independent 
growth, loss of ECM contact still sub-
stantially altered their metabolic activ-
ity, leading to increased mitochondrial 
ROS. Despite showing that inhibition 
of pyruvate dehydrogenase upon ECM 
detachment contributed to the induction 
of reductive carboxylation, it remains 
unclear what mechanisms are respon-
sible for the increase in mitochondrial 




