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SUMMARY

Cancer metastasis depends on cell survival following
loss of extracellular matrix attachment and dissemi-
nation through the circulation. Themetastatic spread
can be enhanced by the clustering of detached can-
cer cells and increased antioxidant defense. Here,
we link these responses by describing how cell clus-
tering limits reactive oxygen species (ROS). Loss of
attachment causes mitochondrial perturbations and
increased ROS production. The formation of cell
clusters induces a hypoxic environment that drives
hypoxia-inducible factor 1-alpha (Hif1a)-mediated
mitophagy, clearing damaged mitochondria and
limiting ROS. However, hypoxia and reduced
mitochondrial capacity promote dependence on
glycolysis for ATP production that is supported by
cytosolic reductive metabolism. Preventing this
metabolic adaptation or disruption of cell clusters
results in ROS accumulation, cell death, and a reduc-
tion of metastatic capacity in vivo. Our results pro-
vide a mechanistic explanation for the role of cell
clustering in supporting survival during extracellular
matrix detachment and metastatic spread and may
point to targetable vulnerabilities.

INTRODUCTION

The metastatic spread of tumors to distant sites is responsible

for most cancer-related deaths (Eccles and Welch, 2007). While

this invasive process remains poorly understood, it is clear that

the metastasizing cell must overcome numerous hurdles associ-
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ated with movement out of the primary tumor, entry into the cir-

culation, and re-establishment within a distant organ (Fidler,

2003; Hunter et al., 2008). These barriers make metastasis a

highly inefficient process. One key limitation to successful

metastasis is the caspase-dependent and caspase-indepen-

dent death of cells that lose stromal interactions as they become

detached from the extracellular matrix (ECM) (Simpson et al.,

2008). Clearly, cells that successfully metastasize have acquired

mechanisms to survive loss of attachment, and dependence on

these changes may provide effective therapeutic targets

(Buchheit et al., 2014). One factor that can enhance the metasta-

tic capacity of cancers is the ability of detached cells to form

clusters or aggregates (Aceto et al., 2014; Gkountela et al.,

2019), although the underlyingmechanism bywhich aggregation

supports metastatic capacity is not well understood.

Both caspase-dependent and caspase-independent detach-

ment-associated cell death have been linked to increased reac-

tive oxygen species (ROS) (Hawk and Schafer, 2018; Hawk et al.,

2018). ROS-induced death in detached mammary cells was

shown to result from a loss of glucose uptake and decreased

flux through the oxidative pentose phosphate pathway (Schafer

et al., 2009). Activation of oncogenes such as ErbB2 rescued this

death by promoting glycolysis. The increased ROS in these cells

also inhibited fatty acid oxidation (FAO), thus limiting the use of

these alternative pathways for energy production in the face of

decreased glycolysis. Recently, the ability to survive detachment

was shown to reflect the reductive carboxylation of glutamine,

producing citrate to support the IDH2-mediated production of

NADPH in mitochondria and limiting mitochondrial ROS (Jiang

et al., 2016). Ferroptosis—a form of cell death associated with

lipid peroxidation—has been shown to be induced in response

to detachment (Brown et al., 2017). This response was limited

by cell clustering, which activated a PVRL4-a6b4-Src signaling

pathway to induce the antioxidant enzyme GPX4 (Brown et al.,

2018). Loss of this protective response though depletion of
other organs accounts for its deadliness. Normally, cells die
s in their mitochondria and being exposed to oxidative stress
ute in England now show that clustering of detached cancer
llow them to clear damagedmitochondria and limit oxidative
cell clusters results in ROS accumulation, cell death, and a
rstanding of the role of cell clustering in metastatic spread

r(s). Published by Elsevier Inc.
commons.org/licenses/by/4.0/).
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a6b4 led to ferroptosis in detached cells. The importance of

mitochondrial ROS control during ECM detachment was further

reflected in a study showing that RIPK1-mediated mitophagy re-

sulted in lower mitochondrial NADPH production and reduced

viability (Hawk et al., 2018). However, mitophagy can also func-

tion to remove damaged or dysfunctional mitochondria that pro-

duce high levels of ROS (Kubli and Gustafsson, 2012). Under

these conditions, the elimination of mitophagy would be ex-

pected to enhance, rather than lower, oxidative stress. As seen

in tissue culture systems, the role of mitochondrial ROS control

in metastasis in vivo is complex. Some studies have shown

that antioxidants can inhibit metastasis, suggesting that ROS

may contribute to cancer spread (Goh et al., 2011; Porporato

et al., 2014). However, other models show that the ability to limit

ROS is necessary for effective metastasis. Several mouse

melanoma models have demonstrated increased metastasis in

animals treated with antioxidants and a dependence on mito-

chondrial NADPH-producing enzymes for effective tumor

dissemination (Le Gal et al., 2015; Piskounova et al., 2015).

These observations are consistent with the requirement for pro-

tection from ROS-induced cell death. In this study, we show that

increased ROS in detached cells reflects the accumulation of

damaged mitochondria. We find that cell clustering limits ROS

by driving hypoxia and hypoxia-inducible factor 1-alpha

(Hif1a)-mediated mitophagy, thus removing damaged ROS-pro-

ducing mitochondria. The resultant decrease in mitochondrial

capacity results in a dependence on glycolysis that is supported

by reductive carboxylation of glutamine to malate. Cells that are

prevented from clustering or forced to use OXPHOS are unable

to make these adaptations, leading to the accumulation of

excessive levels of ROS, decreased survival, and a reduction

in metastatic capacity.

RESULTS

Loss of Attachment Induces Reductive Carboxylation
into Malate and 2HG Production
To assess metabolic changes that may contribute to cancer cell

survival during anchorage independent growth, we compared

cells grown in monolayers (attached) to cells grown on ultra-

low attachment plates that prevent cell adhesion and force cells

to grow in suspension (detached). Using this system, we cultured

the tumor cell lines 293T, HeLa, and A549 in attached and de-

tached conditions in the presence of 13C5-glutamine and traced

the incorporation of carbons into TCA cycle intermediates with

LC-MS. In agreement with a recent study (Jiang et al., 2016),

we identified a switch to reductive carboxylation in detached

cells, as indicated by an increase inM+ 5 citrate from 13C5-gluta-

mine (Figures 1A and S1A). While this cytosolic citrate can shut-

tle to themitochondria to support mitochondrial NADPH produc-

tion (Jiang et al., 2016), our further analysis of TCA cycle

intermediates also revealed an increase in M + 3 and a decrease

in M + 4 malate and fumarate in detached cells (Figures 1B and

S1B). These results indicated that a fraction of citrate originating

from reductive carboxylation is cleaved and further reduced to

malate in these cells, a reaction that is catalyzed bymalate dehy-

drogenase (MDH) in an NADH-dependent reaction. Additionally,

we observed a dramatic increase in glutamine derived

2-hydroxyglutarate (2HG) in detached cells (Figures 1C and
S1C). 2HG is a chiral molecule and exists as the two enantio-

mers, D- and L-2HG. D-2HG is an oncometabolite generated

by oncogenic IDH mutants and has been implicated in many

tumorigenic processes, while L-2HG is considered to be a

normal metabolic byproduct. To determine which isoform of

2HG is produced in detached cells, we performed chiral deriva-

tization of 2HG enabling us to chromatographically separate and

measure D- and L-2HG using GC-MS. This revealed that the

majority of 2HG produced in detached cells is the L-enantiomer

(Figure 1D). Previous studies have shown that L-2HG can be pro-

duced from the reduction of glutamine derived aKG catalyzed by

promiscuous substrate usage by LDHA and MDH in an NADH-

dependent reaction (Intlekofer et al., 2015, 2017). To determine

if this is the case in detached cells, we decreased MDH1,2 and

LDHA levels respectively using small interfering RNA (siRNA)

and measured 2HG production. Indeed, reduction of both

MDH1,2 and LDHA led to a significant decrease in 2HG produc-

tion (Figure 1E), indicating that the promiscuous side reactions of

these enzymes are the source of 2HG in detached cells.

Together, these data demonstrate a switch in glutamine usage

in detached cells toward reductive metabolism to generate

2HG and malate. Importantly, these reactions also generate

NAD+ (Figure 1F).

Reductive Carboxylation into Malate and 2HG Supports
Glycolysis in Detached Cells
We next sought to determine the functional relevance of reduc-

tive malate and 2HG production in detached cells. Glycolysis re-

quires NAD+ as an electron acceptor and the recycling of NADH

back into NAD+ is pivotal for maintaining a favorable NAD+/

NADH ratio for optimum glycolytic flux. One of the hallmarks of

enhanced glycolysis is the increased conversion of pyruvate

into lactate via lactate dehydrogenase, a reaction that recycles

NADH into NAD+ to sustain glycolysis. Additionally, reductive

malate and 2HG production via MDH also produces NAD+

from NADH (Figure 1F), and recent studies have shown that

this pathway of NADH shuttling supports glycolysis in highly pro-

liferative cells (Hanse et al., 2017) and cells with mitochondrial

dysfunction (Gaude et al., 2018). To determine the glycolytic sta-

tus of detached cells, we assessed glucose metabolism by

tracing 13C6-glucose carbons into glycolysis and TCA cycle in-

termediates. This showed increased labeling of pyruvate and

lactate, and decreased labeling of citrate from 13C6-glucose in

detached cells (Figures 2A and S2A), suggesting that detached

cells have a more glycolytic phenotype. Consistent with this

observation, detached cells showed increased levels of phos-

phorylated pyruvate dehydrogenase (pPDH) (Figures 2B and

S2B), which inhibits the flux of pyruvate into the TCA cycle (Jiang

et al., 2016). To determine whether cytosolic reductive malate

production supports glycolysis in detached cells, we lowered

MDH1 levels using siRNA (Figure S2C). 13C5-Glutamine tracing

revealed a decrease in the ratio of M + 3/M + 4 malate following

MDH1 knockdown (Figure 2C), confirming the activation of this

pathway in detached cells. Importantly, MDH1 depletion also re-

sulted in decreased lactate production (Figure 2D), to the same

extent as LDHA knockdown, demonstrating that MDH1 supports

glycolysis in detached cells. Interestingly, LDHA depletion re-

sulted not only in a reduced lactate production but also in a

drop of M + 3 malate production (Figure 2C), suggesting an
Cell Metabolism 30, 720–734, October 1, 2019 721
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Figure 1. Cells Growing in Detached Conditions Have Increased Reductive Glutamine Metabolism

(A and B) Isotopomer distribution of (A) citrate and (B) malate and fumarate in attached and detached 293T cells cultured with 13C5-glutamine for 4 h.

(C) Levels and isotopomer distribution of 2-hydroxyglutarate in attached and detached cells cultured in the same conditions as (A). Peak area levels are

normalized to cell number.

(D) Representative GC-MS chromatogram showing the levels of L-and D-2-hydroxyglutarate in 293T cells cultured in detached and attached conditions.

(E) 2-HG levels in 293T detached cells after siRNA knockdown of MDH1/2 and LDHA. Peak area levels are normalized to cell number.

(F) Schematic representation of reductive glutamine metabolism in detached cells generating malate, 2-HG, and NAD+.

(A, B, C, and E) Data are presented as ± SD of triplicate wells of representative experiments.
interdependence between glycolysis and the reductive MDH1

reaction to create an NAD+/NADH bi-cycle (Figure 2H) in de-

tached cells. This relationship was further demonstrated by
722 Cell Metabolism 30, 720–734, October 1, 2019
removing glucose from the media, which decreased NADH

derived from glycolysis and resulted in a complete inhibition of

reductive carboxylation into malate (Figure S2D).
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Figure 2. Reductive Carboxylation into Malate Supports Glycolysis in Detached Cells

(A) Levels of isotope labeling of glycolytic intermediates of 293T cells cultured in attached or detached conditions in the presence of 13C6-glucose for 4 h.

Peak area levels are normalized to cell number.

(B) Western blot analysis demonstrating pyruvate dehydrogenase phosphorylation in 293T attached and detached cells.

(C) The M + 3/M + 4 ratio of malate in 293T and HeLa detached cells after siRNA knockdown of MDH1 and LDHA.

(D) Lactate levels of 293T and HeLa detached cells after siRNA knockdown of MDH1 and LDHA.

(E) A schematic representation of hydrogen-labeling experiment.

(F) Levels of deuterium-labeled malate from 4-2H1-glucose labeling in detached 293T cells following siRNA knockdown of MDH1.

(G) Levels of M + 3 malate excreted from attached and detached 293T and HeLa cells.

(H) A schematic representation of reductive carboxylation into malate supporting glycolysis by regenerating NAD+ in detached cells.

(A, C, D, F, and G) Data are presented as mean ± SD of triplicate cultures of representative experiments.
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To further investigate the link between glycolytic-derived

NADH and MDH1 in detached cells, we performed a hydrogen

tracing experiment with 4-2H-glucose, which enabled us to trace

hydrogen transfer from GAPDH-derived NADH onto malate via

MDH1 (Figure 2E) (Lewis et al., 2014).We found thatM+ 1malate

decreased significantly upon MDH1 depletion in detached cells,

further supporting the role of this pathway in NAD+ recycling (Fig-

ures 2F and S2E).

While the isotopomer distribution of malate was clearly altered

in detached cells treated with 13C5-glutamine, there was no

change in total malate levels (Figure S2F). This observation

suggests that malate is removed to prevent product inhibition.

Cytosolic malate can be converted into pyruvate via malic

enzyme, transported into the mitochondria or excreted by the

cell (Figure S2G). We failed to observe any labeling from gluta-

mine into pyruvate (Figure S2H), while a large amount of M + 3

malate was excreted by detached cells (Figure 2G). Taken

together, these data show that detached cells undergo a meta-

bolic switch toward glycolysis, which is supported by cytosolic

NAD+ recycling through LDHA and MDH1.

Detached Cells Have Altered Mitochondrial Morphology
and Function and Are Sensitive to Glucose Starvation
Reductive carboxylation has been shown to support glycolysis in

cells with mitochondrial dysfunction (Gaude et al., 2018; Mullen

et al., 2011). We therefore considered whether our observations

of increased glycolysis and reductive carboxylation in detached

cells might reflect an impact of loss of attachment on mitochon-

drial function. Transmission electron microscopy revealed a

striking alteration in mitochondrial morphology, with significantly

fewer and shorter cristae per mitochondrion in detached cells

(Figure 3A). To account for differences in cell shape during

detachment, we trypsinized cells grown in attached and

detached conditions into single cells followed by fixation for im-

aging. While the difference in cristae length and cristae/outer

mitochondrial membrane (OM) persisted, differences in the num-

ber of cristae per mitochondrion were no longer detected (Fig-

ure S3A), suggesting that the drop in cristae number is a direct

response to change in cell shape due to trypsin treatment. To

assess mitochondrial function, we measured intracellular levels

of aspartate and its biosynthesis—a good indicator of electron

transport function (Birsoy et al., 2015; Sullivan et al., 2015). We

found a sharp drop in intracellular aspartate and aspartate

biosynthesis from labeled glutamine (M + 4 Asp) (Figures 3B

and S3B), which coincided with reduced oxygen consumption

rates in detached cells (Figures 3C and S3C). Furthermore, de-

tached cells had increased mitochondrial ROS production (Fig-

ure 3D), consistent with previous reports of increased ROS in de-

tached cells (Jiang et al., 2016; Schafer et al., 2009).

Our observations that detached cells are glycolytic, with inef-

ficient respiration, suggested that detached cells may be sensi-

tive to glucose starvation. To test this, we cultured detached

cells in glucose for 7 days to allow for metabolic adaptation

before switching them to a glucose-free medium for 24 h. These

cells showed a significant loss of viability compared to attached

cells grown in the same media conditions (Figures 4A and S4A).

While intracellular ATP levels were significantly reduced after 4 h

in glucose-starved attached cells and in detached cells in com-

plete media, they were almost undetectable in detached cells
724 Cell Metabolism 30, 720–734, October 1, 2019
grown without glucose (Figure 4B). An accompanying strong in-

crease in AMP levels (Figure 4B) pointed to an energy crisis in

these cells, which was rescued by supplementing the glucose-

free media with increasing amounts of ATP—an intervention

that increased cell viability in a concentration-dependentmanner

(Figures 4C and S4B). Analysis of intracellular nucleotide levels

after ATP supplementation revealed that ATP is taken up by de-

tached cells and completely dephosphorylated and degraded to

form hypoxanthine (Figure S4C), implying that under these con-

ditions, cells are unable to recycle ATP. This is consistent with

our observation that detached cells have reduced OXPHOS

and suggests that these cells are unable to use alternative en-

ergy sources like FAO. To test this, we cultured cells with
13C16-palmitate in the presence or absence of glucose for 4 h

and measured the incorporation of carbons from palmitate into

TCA cycle intermediates. Attached cells significantly increased

the contribution of carbons from palmitate into citrate and other

TCA cycle intermediates in response to glucose starvation. By

contrast, detached cells failed to utilize lipids in the absence of

glucose (Figures 4D, 4E, S4D, and S4E). Furthermore, detached

cells showed an accumulation of lipid droplets consistent with

defects in both FAO andOXPHOS (Figure 4F). Collectively, these

data show that upon loss of attachment, cells undergo a

morphological change in their mitochondria, which coincide

with a decrease in mitochondrial OXPHOS efficiency. These

changes lead to an increased dependence on glucose for ATP

production, and the cells are consequently vulnerable to glucose

starvation.

Cell Clustering upon Detachment Induces Hypoxia and
Hif1a-Mediated Mitophagy
To understand the mechanism by which detached cells are able

to induce the metabolic switch fromOXPHOS toward glycolysis,

we considered the observation that loss of attachment promotes

cell clustering (Aceto et al., 2014; Brown et al., 2018) (Figure 5A),

a process mediated by cell-cell adhesion proteins located on the

cell surface (Liu et al., 2019). We found that loss of attachment

led to a dramatic upregulation of total cadherin expression (Fig-

ure 5B), a class of adhesion proteins that form homodimers with

cadherins on adjacent cells in a calcium-dependent manner,

promoting cell clustering (Maı̂tre and Heisenberg, 2013). Multi-

cellular tumor spheroids are often associated with hypoxia,

and using a probe that fluoresces in the absence of oxygen,

we showed a clear increase in hypoxia in the center of the cell

clusters but not in the outer cell layers (Figures 5C and S5A).

To ensure that hypoxia is due to cell clustering and not local

depletion of the oxygen concentration in the media (Place

et al., 2017), we cultured the cells on a shaker when staining

with the hypoxia marker. This resulted in equal staining

compared to static cultures (Figures 5C and S5A), indicating

that hypoxia is not due to oxygen depletion from the media.

Hypoxia would be expected to stabilize and activate Hif1a,

and although we could only see a very modest increase in

Hif1a protein levels in detached cells (as reported previously

[Jiang et al., 2016]), we detected a significant increase in the

expression of BNIP3 and NIX (BNIP3L), products of Hif1a target

genes (Figure 5D) (Sowter et al., 2001). To confirm that BNIP3

andNIX are indeed targets of Hif1a in our cells, we pharmacolog-

ically stabilized Hif1a in the presence or absence of Hif1a siRNA.
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Figure 3. Detached Cells Have Altered Mitochondrial Morphology and Function

(A) Representative transmission electron microscopy images of mitochondria of attached and detached cells. Scale bars represent 1 mm. Graphs present

quantified cristae length, cristae/outer membrane ratio and number of cristae per mitochondria (Att n = 58 mitochondria and Det n = 283 mitochondria). Data are

presented as mean ± SD. ****p % 0.0001, unpaired t test.

(B) Intracellular levels of unlabeled andM + 4-labeled aspartate from 13C5-labeled glutamine in attached and detached HeLa and 293T cells. Peak area levels are

normalized to cell number.

(C) Oxygen consumption rate profiles of 293T cells cultured in attached or detached conditions. Dotted lines show incubation of cells in the presence of indicated

mitochondrial inhibitors. Data are normalized to protein content.

(D) Mitochondrial ROS production in attached and detached 293T cells as measured by MitoSOX Red staining and analysis by flow cytometry.

(B–D) Data are presented as mean ± SD of triplicate cultures of representative experiments.
Hif1a stabilization strongly induced BNIP3 and NIX, a response

that was ablated following Hif1a depletion by siRNA (Figure 5E).

Furthermore, the increase in expression of BNIP3 and NIX in de-

tached cells was dependent on Hif1a expression (Figure 5F).

BNIP3 and NIX are transmembrane proteins located on the

OM that have been implicated in the induction of mitophagy

(Zhang et al., 2008). To determine whether detached cells
show increasedmitophagy, we transfected HeLa cells withmito-

chondrial-targeted mKeima, a fluorescence biosensor that emits

different colored signals at acidic and neutral pHs and so can be

used to detect lysosomal mitochondrial degradation as a marker

of mitophagy (Lazarou et al., 2015). Using this probe, we found

that loss of attachment increased the percentage of cells with

mitochondria targeted to the lysosome (as indicated by a shift
Cell Metabolism 30, 720–734, October 1, 2019 725
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Figure 4. Detached Cells Are Dependent on Glycolysis for ATP Production and Survival

(A) Cell viability of 293T, HeLa, and A549 cells cultured in attached and detached conditions in the presence or absence of glucose. Cells were cultured in

attached or detached conditions for 7 days in the presence of glucose before glucose starvation for 24 h followed by staining with eFlour 780 viability dye and

analysis by flow cytometry.

(B) Intracellular ATP and AMP levels of 293T attached and detached cells in the presence or absence of glucose. Cells were grown in attached and detached

conditions like in (A) before glucose was removed for 4 h followed by LC-MS analysis.

(C) Cell viability of 293T cells as measured in (A) in cells cultured with glucose or without glucose plus indicated ATP concentrations.

(D and E) Levels of M + 2 citrate (D) and other TCA cycle intermediates (E) originating from 13C16-palmitate in 293T attached and detached cells cultured with or

without glucose. Cells were cultured as in (A) before addition of labeled palmitate and removal of glucose for 4 h.

(F) Confocal microscopy images of attached and detached HeLa cells expressing Mito YFP and stained with Bodipy C11.

(A, B, D, and E) Data are represented as mean ± SD of triplicate cultures of representative experiments.
in the excitation wavelength to 561 nm), indicating an increase in

mitophagy (Figures 5G and S5B). The increased mitophagy was

accompanied by a decrease in mitochondrial mass in detached

cells, as measured by Mito Tracker green and immunoblotting

for Tom20 across a number of different cell lines (Figures 5H

and 5I). This reduction in mitochondria could also be visualized

by fluorescence microscopy (Figure S5C). Importantly, siRNA

depletion of Hif1a or BNIP3 plus NIX each decreased mitophagy

in detached cells (Figures 5J and S5D), resulting in a significant

increase in mitochondrial mass and ROS production (Figures

5K and 5L). These results are consistent with a recent report

showing mutant Kras induction of NIX expression in pancreas

cancer cells helps to limit mitochondrial mass and ROS (Hump-

ton et al., 2019). Our data show that cell clustering following loss

of attachment induces hypoxia-mediated mitophagy, which is

essential for clearing damaged mitochondria and limiting ROS.
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In line with these findings, we have found that high BNIP3

expression in some cancer types is associated with reduced sur-

vival in humans (Figure S5E) (Li et al., 2017). It has also been

shown, however, that mitophagy disfunction due to loss of

BNIP3 can promote cancer progression (Chourasia et al.,

2015). This likely reflects differential roles of mitophagy in

different tissues and stages of tumor progression.

The Cell-Clustering-Induced Metabolic Switch Is
Important for ROS Limitation and Cell Survival
Previous studies have shown that hypoxia induces a metabolic

switch that is associated with reductive carboxylation, increased

glycolysis, and a drop in FAO (Eales et al., 2016; Huang et al.,

2014), consistent with our observations in detached cells. To

determine whether clustering-induced hypoxia is responsible

for the metabolic switch in detached cells, we prevented cell
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Figure 5. Matrix Detachment Leads to Cluster Formation, Hypoxia Induction, and Hif1a-Mediated Mitophagy

(A) Representative microscopy images of detached 293T, HeLa, and A549 cells forming clusters. Scale bars represent 100 mm.

(B)Western blot analysis of pan-cadherin and b-actin levels of attached and detached 293T, HeLa, and A549 cells. Equal protein levels were loaded per condition.

(C) Image-iT green hypoxia reagent staining of detached 293T cells cultured in static (left panel) and shaken (right panel) conditions. Cells were cultured in

detached conditions for 3 days before live cell staining was performed.

(D) Western blot analysis of attached and detached 293T, HeLa, and A549 cells showing expression of HIF1a, NIX, BNIP3, and b-actin (NIX was detected on a

duplicate blot). Equal protein amounts were loaded per condition and verified by ponceau staining. b-Actin was used to verify the integrity of the samples.

(E) Western blot showing expression of HIF1a, NIX, BNIP3, and b-actin (NIX was detected on a duplicate blot) in 293T attached cells treated with CoCl2 in the

presence or absence of siHif1a. Equal protein amounts were loaded per condition and verified by ponceau staining. b-Actin was used to verify the integrity of the

samples.

(legend continued on next page)
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clustering by culturing cells in the presence of EDTA. EDTA che-

lates Mg2+ and Ca2+, which are important for cadherin-depen-

dent cell-cell adhesion, and therefore prevents cell clustering

(Figures 6A and S6A) (Brown et al., 2018). Detached cells grown

in the presence of EDTA failed to make the metabolic switch

toward reductive carboxylation seen in the clustered detached

cells (Figures 6B, 6C, S6B, and S6C). Furthermore, after 48 h, de-

tached cells that had been prevented from clustering showed a

strong increase in mitochondrial ROS and a clear increase in

oxidative stress, as measured by a decreased GSH/GSSG ratio

(Figures 6D and S6D), compared to clustered cells. The

increased ROS was accompanied by a dramatic increase in

cell death in detached cells that were prevented from clustering

(Figures 6D and S6D). While these results support a role for clus-

tering in the metabolic changes seen in detached cells, EDTA

treatment of cells could also influence the activity of several

Mg2+-dependent metabolic enzymes. We therefore tested the

effect of ouabain, an FDA-approved drug that has recently

been shown to prevent clustering of cancer cells (Gkountela

et al., 2019). Indeed, treating detached 293T cells with ouabain

significantly reduced clustering (Figure S6E) and decreased

M + 5 citrate and M + 3 malate (Figure S6F). These results

mirrored those seen following EDTA treatment, further support-

ing the role of clustering in the metabolic adaptation. Utilizing a

different approach, we allowed cells to form clusters following

detachment before dissociating them into single cells by trypsin

treatment. Strikingly, 13C5-glutamine tracing revealed that

reductive carboxylation into malate almost completely disap-

peared when cell clusters were dissociated into single cells (Fig-

ures 6E, 6F, and S6G), accompanied by a restoration of aspar-

tate biosynthesis and FAO (Figure 6G), suggesting oxidative

mitochondrial respiration. However, consistent with a previous

report (Jiang et al., 2016), reductive carboxylation of glutamine

into citrate was sustained in dissociated detached cells

compared to attached cells—albeit to a lower level than seen

in clustered detached cells (Figures 6E and S6G). The reactiva-

tion of mitochondrial oxidation seen in dissociated detached

cells, together with our finding that detached cells have higher

mitochondrial ROS production, suggested that these cells may

accumulate increased mitochondrial ROS levels. Indeed, cells

in which clustering was disrupted showed a higher production

of mitochondrial ROS than cells allowed to form clusters
(F) Western blot analysis of detached 293T, HeLa, and A549 cells showing expres

the absence or presence of siHIF1. Equal protein amounts were loaded per condi

the samples.

(G) HeLa cells were transfected with mitochondrial-targeted mKeima and cultured

Mitochondria in cytosol (pH 7) are represented by mKeima with excitation of 405

excitation of 561 nm. Mitophagy is reflected by the percentage of cells in the uppe

representative experiment.

(H) Mitochondrial mass of 293T and HeLa attached and detached cells weremeas

(I) Western blot analysis of MiaPACA, A549, SW480, MDA-MB-468, HeLa and 293

was detected on a duplicate blot. Equal protein amounts were loaded per conditio

samples.

(J) Mitochondrial-targetedmkeima-expressing HeLa cells were cultured in detach

analyzed by flow cytometry for mitophagy as in (F).

(K) Mitochondrial mass of HeLa cells cultured in detached conditions in the pres

measured using NAO staining and flow cytometry analysis.

(L) Mitochondrial ROS of HeLa cells cultured in detached conditions in the prese

staining and flow cytometry analysis.

(G, H, J, K, and L) Data are presented as mean ± SD of triplicate cultures of repre
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(Figures 6H and S6H). Interestingly, detached cells that were

allowed to form clusters showed a time-dependent decrease in

mitochondrial ROS production (Figures 6H and S6H), likely re-

flecting the increase in cluster size and hypoxia over time. These

data support a role for cell clustering in driving the metabolic

switch that results in decreased mitochondrial metabolism,

inability to carry out FAO, and decreased mitochondrial ROS

production, and they show that this metabolic response can be

reversed by disrupting cell clustering.

Preventing the Metabolic Switch during Detachment
Increases Mitochondrial ROS and Limits Metastatic
Capacity
To assess the importance of the metabolic switch toward glycol-

ysis in detached cells, we replaced glucose with galactose in the

culture media. Galactose is metabolized more slowly than

glucose, and pyruvate production from galactose yields no net

ATP production, compared to the 2 net ATP molecules yielded

by glucose oxidation. Consequently, cells grown in galactose

rely on OXPHOS for ATP production. Detached cells grown in

galactose formed much smaller, looser clusters than cells grown

in glucose (Figures 7A and S7A). Interestingly, clusters formed in

galactose were less hypoxic than similar-sized clusters formed

in glucose (Figures 7B and S7B) and had reduced expression

of BNIP3 and NIX (Figure 7C). Consistently, less mitophagy

was detected in detached cells grown in galactose compared

to detached cells in grown in glucose (Figures 7D and S7C). In

linewith this, after 5 days in detached conditions, 13C5-glutamine

labeling revealed that detached cells grown in galactose did not

make the switch to reductive glutaminemetabolism and retained

oxidative glutamine metabolism (Figures 7E and S7D). Also,

aspartate levels were maintained at similar levels to those seen

in attached cells, and there was no 2HG accumulation (Figures

7F and S7E). The maintenance of oxidative phosphorylation in

detached cells grown in galactose corresponded to a significant

increase in ROS production within 4 h after loss of attachment,

increasing further over the subsequent 24 and 48 h (Figures 7G

and S7F). These levels of ROS were much higher than those

measured in detached cells grown in glucose, where mitochon-

drial oxidation was limited (Figure S7G). The increased oxidative

stress in the detached cells grown in galactose was also demon-

strated by a substantial reduction in the GSH/GSSG ratio
sion of HIF1a, NIX, BNIP3 and b-actin (NIX was detected on a duplicate blot) in

tion and verified by ponceau staining. b-Actin was used to verify the integrity of

in attached or detached conditions for 3 days before flow cytometry analysis.

nm, while mitochondria in lysosomes (pH 4) are represented by mKeima with

r panel represented by the graph showing mean ± SD of triplicate cultures in a

ured usingMito Tracker green fluorescent dye and analyzed by flow cytometry.

T attached and detached cells showing expression of Tom20 and b-actin. Actin

n and verified by ponceau staining. b-Actin was used to verify the integrity of the

ed conditions in the presence of non-targeting, Hif1a or BNIP3 +NIX siRNA and

ence of non-targeting, Hif1a or BNIP3 + NIX siRNA. Mitochondrial mass was

nce of non-targeting, Hif1a or BNIP3 + NIX siRNA measured by MitoSOX Red

sentative experiments. *p % 0.05, **p % 0.01, ****p % 0.0001, unpaired t test.
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Figure 6. Cell Clustering Supports the Metabolic Switch and Reduces ROS in Detached Cells

(A) Representative images of HeLa cells treated with 2 mM EDTA to prevent clustering after matrix detachment. Cells were cultured for 48 h in detached

conditions in the presence of EDTA. Scale bars represent 100 mm.

(B and C) Isotopomer distribution of citrate (B) and malate (C) in HeLa cells grown in detached conditions with or without EDTA.

(D) Preventing cell clustering after matrix detachment induce an increase in mitochondrial ROS production, oxidative stress, and cell death. HeLa cells were

cultured in detached conditions with or without EDTA for 3 days before mitochondrial ROS, GSH/GSSG, and cell viability analysis.

(E and F)M + 5/M + 4 of citrate (E) andM+ 3/M+ 4 of malate (F) originating from 13C5-glutamine in HeLa cells cultured in attached conditions, detached conditions

and detached conditions before dissociation into single cells (Det diss).

(G) Fraction of M + 2 citrate (left panel) and aspartate (right panel) originating from 13C16-palmitate in HeLa cells grown in attached conditions, detached

conditions, and detached conditions before dissociation into single cells with or without glucose for 4 h.

(H) Levels of mitochondrial ROS production in HeLa cells cultured in detached conditions and detached conditions before dissociation into single cells for

indicated times. Mitochondrial ROS was measured by staining cells with MitoSOX Red before analysis by flow cytometry.

(B–H) Data are represented as mean ± SD of triplicate cultures of representative experiments.

*p % 0.05, **p % 0.01. Unpaired t test.
(Figure 7H). There was no difference in cell viability in attached

cells grown in either glucose or galactose, whereas detached

cells in galactose showed an increase in cell death compared

to cells grown in glucose (Figures 7I and S7H). Taken together,

these results show that while detached cells normally switch to

reductive metabolism and glycolysis, they retain the capacity
for oxidative phosphorylation. However, when forced to use

this pathway for ATP production, detached cells accumulate

increased mitochondrial ROS and oxidative stress.

To determine whether this response to detachment contrib-

utes to the growth or dissemination of cancer cells in vivo, we

examined tumor growth and metastatic capacity of cancer
Cell Metabolism 30, 720–734, October 1, 2019 729
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Figure 7. Metabolic Adaptation during Detachment Supports Metastatic Colonization

(A) Representative images of detached 293T cells grown in glucose (left panel) and galactose (right panel) for 3 days. Scale bars represent 1,000 mm.

(B) Image-iT green hypoxia reagent staining of detached 293T cells grown in glucose (left panel) or galactose (right panel) for 3 days before live cell staining was

performed. Scale bars represent 400 mm.

(legend continued on next page)

730 Cell Metabolism 30, 720–734, October 1, 2019



cells that were grown in suspension in the presence of

glucose (to allow clustering and metabolic adaptation) or

galactose (to limit clustering and prevent metabolic adapta-

tion). In order to assess these parameters of tumor behavior

in vivo in the context of a functional immune system, we

turned to cells derived from mouse pancreatic ductal adeno-

carcinoma driven by KRas and p53 mutations (Hingorani

et al., 2005). As seen using the human cancer cells, detach-

ment of these mouse tumor cells resulted in clustering and

a switch to reductive metabolism that was prevented by

growth in galactose (Figures S7I and S7J). The ability of these

cells to form primary tumors was monitored after subcutane-

ous injection of detached cells, while metastatic colonization

capacity was assessed by measuring tumor nodule formation

in the lungs of mice following tail vain injection (Figures 7J

and 7K). No significant difference in subcutaneous tumor

growth was seen following injection of detached cells grown

in glucose or galactose (Figure 7J), indicating that the forma-

tion of a tumor mass provided sufficient support to allow cell

survival and proliferation. By contrast, cells grown in galac-

tose showed a significantly reduced ability to form lung

colonies following tail vein injection (Figure 7K), supporting

the proposal that metabolic adaptation induced by cell clus-

tering promotes the ability of cancer cells to survive in the

circulation and disseminate to distant sites.

DISCUSSION

Several previous studies have shown that both ROS regulation

(Jiang et al., 2016; Schafer et al., 2009) and cell clustering (Aceto

et al., 2014; Gkountela et al., 2019; Liu et al., 2019) can promote

metastasis, and in this study, we show that these responses are

linked through a metabolic adaptation that promotes cell sur-

vival. We show that loss of attachment has a profound impact

on mitochondrial morphology and function, leading to an

increase in mitochondrial ROS production. Cell survival depends

on the ability to form clusters following detachment, driving the

induction of Hif1a-mediated mitophagy to remove ROS-gener-

ating, damaged mitochondria. A previous report showed that

Hif1a can also mediate anoikis resistance through suppression

of alpha5 integrin (Rohwer et al., 2008), further supporting
(C) Western blot analysis of attached and detached 293T and HeLa cells gro

(NIX was detected on a duplicate blot). Equal protein amounts were loaded pe

integrity of the samples.

(D) Mitochondrial-targeted mkeima-expressing HeLa cells were cultured in deta

mitophagy.

(E) 13C5-labeled glutamine-derived M + 5/M + 4 citrate and M + 3/M + 4 malate o

either glucose or galactose.

(F) Levels and isotopomer distribution of intracellular aspartate and 2-HG of 293T

cell number.

(G) Mitochondrial ROS analyzed using MitoSOX Red dye in attached and detach

conditions with galactose for indicated times before MitoSOX Red staining and a

(H) GSH/GSSG in 293T attached and detached cells grown in either glucose or g

(I) Fraction of dead 293T cells grown in attached or detached conditions with eit

(J) Schematic illustration of experimental setup and tumor volume following subc

represent the SD.

(K) Schematic illustration of experimental setup, representative images of lung H&

of detached cells grown in glucose or galactose. Scale bars represent 10 mM. Er

(D–I) Data are presented as mean ± SD of triplicate cultures of representative ex

**p % 0.01, ***p % 0.001, ****p % 0.0001 (G), multiple t test.
the advantage of clustering-induced hypoxia during matrix

detachment.

Our data show that cell clustering induces a hypoxic environ-

ment, consistent with previous reports showing that tumor

spheroids have hypoxic centers (Riffle and Hegde, 2017). This

hypoxic environment leads to stabilization of Hif1a, which drives

mitophagy via BNIP3 and NIX. Mitophagy is associated with

clearance of damaged mitochondria and consequently helps

to limit mitochondrial ROS. Indeed, we show that disruption of

the Hif1a-BNIP3/NIX pathway leads to a decrease in mitophagy

and accumulation of mitochondrial ROS in detached cells. Inter-

estingly, a recent report showed that loss of attachment induces

RIPK1-mediated mitophagy in MCF10A cells that lead to

decreased cell viability by reducing mitochondrial IDH2-medi-

ated NADPH production. Many cancer cell lines, however,

express RIPK1 in attached and detached conditions and

possibly develop a capacity to restrict RIPK1-mediated cell

death (Hawk et al., 2018).

While the hypoxia-mediated elimination of damaged mito-

chondria protects cells from ROS-induced death, a conse-

quence of this adaptation is a switch from mitochondrial

metabolism to glycolysis. As a result, detached cells become

dependent on glycolysis for ATP production and survival and

are unable to use alternative nutrient sources that require OX-

PHOS for ATP production. These observations suggest a

possible vulnerability of detached, metastasizing cells that could

be targeted for therapy.

Our data show that cell clustering-mediated hypoxia is in part

responsible for the metabolic switch we detect in detached

cells. Hypoxia induces reductive carboxylation and depen-

dence on glucose for ATP production (Eales et al., 2016),

consistent with our observations in detached cells. Dissocia-

tion of cell clusters into single cells largely reverse the meta-

bolic switch to oxidative mitochondrial metabolism, resulting

in more mitochondrial ROS production. Importantly, although

dissociation into single cells almost completely eliminated

reductive carboxylation of glutamine into malate, it reduced

but did not eliminate reductive carboxylation into citrate. This

observation is consistent with previous work showing that

this citrate can be used to produce mitochondrial NADPH to

limit ROS (Jiang et al., 2016). Taken together, the induction of
wn in glucose or galactose showing expression of NIX, BNIP3, and b-actin

r condition and verified by ponceau staining. b-actin was used to verify the

ched conditions in glucose or galactose and analyzed by flow cytometry for

f 293T cells grown in attached and detached conditions with media containing

cells cultured in the same conditions as (E). Peak area levels are normalized to

ed 293T cells grown in galactose. Cells were cultured in attached or detached

nalysis by flow cytometry.

alactose for 5 days.

her glucose or galactose.

utaneous injection of detached cells grown in glucose or galactose. Error bars

E staining, and quantification of lung tumor nodules following tail vein injection

ror bars are SEM. * p % 0.05, unpaired t test.

periments.
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reductive glutaminemetabolism in response to detachment ap-

pears to contribute to the support of two distinct responses that

limits mitochondrial ROS production. We also note that in some

cells, induction of membrane ROS through NADPH oxidase 4

can induce EGFR and thus protect from anoikis (Du et al.,

2018). Previous reports have shown that inhibition of cluster

formation by depletion of adhesion proteins leads to a dimin-

ished metastatic capacity (Aceto et al., 2014; Cheung et al.,

2016b; Liu et al., 2019). We also show that detached cells upre-

gulate cadherin expression, which is likely to contribute to the

ability to cluster. Interestingly, however, cells that are grown

in galactose and are unable to make the metabolic switch to

glycolysis are defective in cluster formation. Whether the meta-

bolic switch promotes the expression of adhesion proteins or

whether growth in galactose selects for cells with a low adhe-

sive capacity remains to be determined. Interestingly, we

show that the properties of cells grown in galactose in vitro

aremaintained to the extent that metastatic capacity is reduced

when placed in vivo. We speculate that this ‘‘memory’’ may

reflect changes in DNA or chromatin modification resulting

from the increased L-2HG accumulation in these cells. Our

data show that cell survival following detachment depends on

cell clustering and hypoxia-induced mitophagy, which limits

high mitochondrial ROS by removing the damaged mitochon-

dria that are found in detached cells. By contrast, attached cells

do not accumulate damaged mitochondria and so do not

depend on this metabolic remodeling for survival. While care

must be taken in extrapolating our results, which were gener-

ated with cell lines in different culture models, they highlight a

potential difference between cells in normal tissue, where inter-

actions with ECM prevent the acquisition of mitochondrial

damage and increased ROS, and the cell-cell adhesion that

promotes cell clustering and a metabolic switch to circumvent

the consequences of detachment and may be experienced

once cancer cells have left the primary tumor site and dissem-

inate through the bloodstream. While the ability of cells to

invade out of the primary tumor can be supported by interaction

with a stiffer ECM (He et al., 2016), our work suggests that tar-

geting the metabolic changes that promote clustering-induced

survival will retard some of the subsequent stages of metastatic

spread.

Limitations of Study
Our work focuses on tumor cell lines, mostly studied in tissue

culture. In vivomodels included subcutaneous and tail vein injec-

tions into nude mice. The progression of spontaneous tumors in

an immunocompetent host is likely to be more complex than our

model systems.
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Karen H.

Vousden (karen.vousden@crick.ac.uk).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture
HeLa cells expressing YFP targeted to the mitochondrial matrix were a gift from Dr. Stephan Tait. KPC FC1242 mouse pancreatic

ductal adenocarcinoma (PDAC) cells were a gift from the Tuveson lab isolated from PDAC tumors of LSL-KrasG12D;

LSL-TYrp53R172H,Pdx1-Cre mice (Hingorani et al., 2005). Stock cells of 293T (fetus), A549 (male), HeLa (female), SW480 (male),

MIA PaCa-2 (male) and MDA-MB-468 (female) were maintained in DMEM (Thermo Fisher Scientific, 41966) supplemented with

10% FBS. All cells were cultured in a humidified atmosphere at 37�C with 5% CO2. Cells grown in attached conditions were

cultured in 6 well plates while cells grown in detached conditions were cultured in ultra-low adherent 6 well plates for indicated

times. Cells in attached and detached conditions were cultured in identical media which were refreshed every day. For detached

conditions cells were seeded at 2 x 105 per well in ultra-low attachment 6 well plates and cultured for 5 days before experiments

were performed unless stated otherwise. For attached condition 1 X 105 cells were seeded per well in a 6 well plate and cultured for

2 days before experiments were performed. For glucose starvation experiments cells were cultured in glucose free DMEM sup-

plemented with 10%dialysed FBS. For experiments where cells were grown in galactose, glucose free DMEMwere supplemented

with 12.5 mM galactose and 10% FBS. To prevent cell clustering in detached cells, cells were treated with EDTA or Ouabain.

Mice
All animal experiments were performed under the Animals (Scientific Procedures) Act 1986 and the EUDirective 2010 and sanctioned

by local ethical review process (Francis Crick Institute). For tumor growth experiments C57BL16J female mice (obtained from The

Jackson Laboratory, 6 weeks old) were used. For the lung metastasis model athymic nu/nu female mice (obtained from The Jackson

Laboratory, 6 weeks old) were used. 5 mice were housed per cage in a room with a constant temperature(19-23�C) and humidity

(55% ± 10%)and a 12-hour light/dark cycle (lights on at 7:00 am). Mice were allowed access to food and water ad libitum. Mice

were randomly assigned to experimental groups after they were allowed to acclimatize for one week prior to the experiment.

METHOD DETAILS

Stable Isotope Tracing and Liquid Chromatography-Mass Spectrometry
Glucose, glutamine and palmitate labelled with 13C and 4-2H-glucose were purchased from Cambridge Isotope Laboratories. For

isotopomer distribution studies of metabolites stable isotope tracing of 13C6-glucose,
13C5-glutamine and 13C16-palmitate were
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performed. Cells were cultured in attached or detached conditions as described above before media was changed with DMEM

containing the labelled nutrients. For glucose tracing, media were replaced with glucose free DMEM supplemented with 25 mM
13C6-glucose and 10% dialysed FBS for 4 hours before cells were washed twice with PBS and metabolites were extracted. For

hydrogen tracing DMEM were supplemented with 25 mM 4-2H-glucose and 10% FBS for 4 hours before extraction. For glutamine

tracing media were replaced by DMEM containing 2 mM 13C5-glutamine and 10% dialysed FBS for 4 hours before metabolite

extraction. Palmitate labelling was performed by replacing media with glucose free or glucose containing DMEM containing

100 mM 13C16-palmitate and 1% FBS. Cells were cultured in the presence of 13C16-palmitate for 4 hours before cells were washed

3 times with PBS and metabolites were extracted. Parallel wells were prepared to determine cell number for each condition which

were used for normalisation. Extractedmetabolites were analysed by LC-MS as described before (Labuschagne et al., 2014). Briefly,

after cells were washed with PBSmetabolites were extracted using ice cold extraction buffer consisting of methanol, acetonitrile and

H2O (50:30:20). Cell number was used to determine the volume of extraction buffer for each condition. Samples were then

centrifuged at 16,000 x g for 10 minutes at 4�C and the supernatant were collected for LC-MS analysis.

To extract extracellular metabolites 10 ml of cell culture media were added to 490 ml of ice-cold extraction buffer and vortexed

before samples were centrifuged as mentioned above. Supernatant were used for LC-MS analysis.

LC-MS was performed on a Dionex Ultimate 3000 LC system coupled to a Q Exactive mass spectrometer (Thermo Scientific). A

Sequant ZIC-pHILIC column (2.1 x 150 mm, 5 uM) (Merck) was used to separate metabolites. Mobile phases consisted of 20 mM

(NH4)2CO3, 0.1% NH4OH in H2O (Buffer A) and acetonitrile (Buffer B). The flow rate was 200 ul/min with a gradient starting at

80% (A) decreasing to 20% (A) over 17 minutes followed by washing and re-equilibration steps. Ionization was achieved in a

HESI probe connected to the Q Exactive which scanned a mass range between 75 and 1000 m/z with polarity switching. The

acquired spectra were analysed using Thermo TraceFinder software.

Chiral Separation of L- and D-2-Hydroxyglutarate by GC-MS
Metabolites were extracted with 300 ml ice cold extraction buffer as described above and dried under a stream of nitrogen. The dried

extract was resuspended in 150 ml (R)-2-butanol with 30 ml 1M HCl and heated for 1 hour at 100�C followed by drying under a stream

of nitrogen gas. The dried extract was resuspended in 1:1 pyridine/acetic anhydride and heated for 30min at 100�C again followed by

drying under nitrogen. The final product was resuspended in chloroform and analysed by an Agilent 7890B GC system coupled to a

7000 Triple Quadropole mass spectrometry system. The column used was a Phenomonex 2B-1701 column (30m x 0,25 mm x

0.25 mm). The oven temperature programme used was 100�C for 3 minutes, 4�C per minute from 180�C to 230�C, 15�C per minute

from 230�C-300�C and 300�C for 5 minutes.

Western Blotting
Whole cell protein lysates were prepared in RIPA buffer (Merck Millipore) containing 0.1% SDS, Pierce� protease inhibitors (Thermo

Scientific) and Halt� phosphatase inhibitors (Thermo Scientific). Protein concentration was measured using the BCA assay. Equal

protein concentrations were loaded per condition. Proteins were separated with Nu-PAGE 4-12% Bis-Tris gels (Invitrogen) using

MES x 1 running buffer at 180V constant. Duplicate blots using the same samples were run for NIX detection. Protein were transferred

using the dry transfer iBlot2 system (Invitrogen). Equal loading were confirmed with ponceau staining of the membrane. Membranes

were incubated in blocking buffer (5% milk in TBST) for 1 hour before incubation with primary antibodies at 4�C over night. After

washing 3 times for 5 minutes with TBST membranes were incubated with Li-Cor secondary antibodies for 1 hour at room temper-

ature. A Li-Cor Odyssey infrared scanner was used to detect and quantify proteins. Primary antibodies were as follows: phospho-

PDH (ab92696), PDH (ab110334), b-Actin (ab8226), MDH1 (ab180152) and LDHA (ab92903) from Abcam; pan-Cadherin (4068T),

Hif-1a (14179S), NIX (12396S) and BNIP3 (44060S) from Cell Signaling Technology; Tom20 (sc-136211) from Santa Cruz

Biotechnology.

siRNA Transfection
The siRNA targeting human MDH1, MDH2, LDHA (siGENOME SMART pool siRNA), Hif1a, NIX, BNIP3 (ON-TARGET plus SMART

pool siRNA) and a non-targeting control siRNA were purchased from Dharmacon and transfected using Lipofectamine RNAiMAX

Transfection Reagent (Invitrogen).

Oxygen Consumption Rates
For respiration assays 293T and SW480 cells grown in attached or detached conditions for 7 days were trypsinised and seeded at a

density between 20,000 and 50,000 cells per well in XF96 microplates coated with cell-TAK cell adhesive (Corning). Plates were

centrifuged at 200 x g for 1 min to attach cells to surface of the plate. Plates were incubated at 37�C for 15 minutes before XF media

(Agilent Seahorse XF) was added. Plates were further incubated at 37�C in a non-CO2 incubator for 30 minutes followed by Mito

Stress Test assay (Agilent Seahorse XF). After completion of the assay OCR was normalised to protein content per well using

BCA protein assay.

Flow Cytometry
To asses mitochondrial ROS production cells were grown in attached or detached conditions as described above. On the day of the

experiment attached and detached cells were trypsinized into single cells and then incubated with MitoSOX Red (Thermo Fisher
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Scientific) and DAPI dye in complete DMEM for 30 min at 37�C followed by washing 3 times with PBS and resuspending cells in cold

PBS. Cells were analysed by flow cytometry with 488 nm excitation and monitoring fluorescence emitted at 588 nm. DAPI positive

cells were excluded from analysis.

To measure mitochondrial mass cells were grown and tripsinized as described above before incubating with Mito Tracker Green

(Thermo Fisher Scientific) or NAO (Thermo Fisher Scientific) at 37�C for 30 minutes. After incubation with mitochondrial dyes cells

were washed twice with PBS before resuspension in cold PBS. Cells were analysed by flow cytometry with 488 nm excitation

and monitoring fluorescence emitted at 530 nm.

For cell viability and cell death measurements cells were trypsinized before incubating with a fixable viability dye eFluor 780

(eBioscience) for 30 minutes at 4�C. Cells were then washed and analysed by monitoring fluorescens emitted at 780 nm after exci-

tation with the 633 nm laser. Cell viability were also measured using DAPI exclusion (Sauvat et al., 2015). Cells were trypsinized and

incubated with DAPI for 30 minutes before washing twice with PBS. DAPI negative cells were counted as viable.

For mito-mKeima mitophagy analysis HeLa and A549 cells were transfected with mt-mKeima followed by culturing in attached or

detached conditions for 3-4 days. Cells were analysed by flow cytometry as described previously (Lazarou et al., 2015). Fluorescence

emitted at 620 were monitored and mt-mKeima in mitochondria in the cytosol were excited by the 405 nm laser while mKeima in

mitochondria in lysosomes were excited by the 561 nm laser. Flow cytometry data were analyzed using FlowJo Software

(FlowJo, LLC).

Imaging
Fluorescence Microscopy

To determine lipid droplet formation HeLa mito-YFP cells were seeded at 20,000 cells per well in a 33 mm glass bottom FluoroDish

(WPI) for attached conditions and the same number of cells were seeded in ultra-low attachment plates for detached conditions.

Detached cells were cultured for 7 days and attached cells were cultured in the FluoroDish for 2 days before staining with BODIPY

558/568 C12 (Invitrogen). Imaging was performed using a Zeiss LSM 710 inverted confocal microscope and images were processed

using ZEN blue software (Zeiss).

For hypoxia staining cells were cultured in detached conditions for 3 days before staining cells with Image-iT Green Hypoxia

Reagent (Thermo Fisher Scientific) according to manufacturer’s recommendations. Imaging was performed using the EVOS FL

Cell Imaging System (Thermo Fisher scientific) using the brightfield and green fluorescent channels.

Transmission Electron Microscopy

For transmission electron microscopy, cells were fixed by adding warm (to the temperature the cells are maintained) 8% (v/v)

formaldehyde (Taab Laboratory Equipment Ltd, Aldermaston, UK) in 0.2M phosphate buffer (PB) pH 7.4 directly to the cell culture

medium (1:1) for 15min. The samples were then processed using a Pelco BioWave Pro+ microwave (Ted Pella Inc, Redding, USA)

and following a protocol adapted from the National Centre for Microscopy and Imaging Research protocol (Deerinck et al., 2010).

See Table S1 for full BioWave program details. Each step was performed in the Biowave, except for the PB and water wash steps,

which consisted of two washes on the bench followed by two washes in the Biowave without vacuum (at 250W for 40s). All the

chemical incubations were performed in the Biowave for 14min under vacuum in 2min cycles alternating with/without 100W power.

The SteadyTemp plate was set to 21�C unless otherwise stated. In brief, the samples were fixed again in 2.5% (v/v) gluteraldehyde

(TAAB) / 4% (v/v) formaldehyde in 0.1MPB. The cells were then stainedwith 2% (v/v) osmium tetroxide (TAAB) / 1.5% (v/v) potassium

ferricyanide (Sigma), incubated in 1% (w/v) thiocarbohydrazide (Sigma) with SteadyTemp plate set to 40�C, and further stained with

2% osmium tetroxide in ddH2O (w/v). The cells were then incubated in 1% aqueous uranyl acetate (Agar Scientific, Stansted, UK)

with SteadyTemp plate set to 40�C, and then washed in dH2O with SteadyTemp set to 40�C. Samples were then stained with

Walton’s lead aspartate with SteadyTemp set to 50�C, and dehydrated in a graded ethanol series (70%, 90%, and 100%, twice

each), at 250 W for 40 s without vacuum. Exchange into Durcupan ACM� resin (Sigma) was performed in 50% resin in ethanol,

followed by 4 pure Durcupan steps, at 250 W for 3 min, with vacuum cycling (on/off at 30 sec intervals), before embedding at

60�C for 48 h. Blocks were serial sectioned using a UC7 ultramicrotome (Leica Microsystems, Vienna, Austria) and 70nm sections

were picked up on 2mm slot copper grids (Gilder Grids Ltd., Grantham, UK). A middle section through the cells was viewed in

each condition using a 120 kV Tecnai G2 Spirit transmission electron microscope (FEI Company, Eindhoven, Netherlands) and im-

ages of 20-30 cells per condition were captured using an Orius CCD camera (Gatan Inc., Pleasanton, USA). Mitochondrial outer

membrane circumference and cristae length were measured manually in Fiji using the measuring tool (Sood et al., 2014). 58 -283

mitochondria were analysed per condition.

In Vivo Experiments
Xenograft Experiment

For tumor growth experiments C57BL16J mice (obtained from The Jackson Laboratory) received bilateral subcutaneous injections

with 100 ml of 2.5X106 KPC FC1242 PDAC cells in PBS either grown in glucose or galactose in detached conditions for 4 days. Once

tumors were palpable, growth was measured once a week by caliper. Tumor volume was estimated using the formula: length

* width2/2

Lung Metastasis Model

1X106 KPC FC1242 PDAC cells per mouse in 100ml PBS were injected (tail vein) into athymic nu/numice (obtained from The Jackson

Laboratory). After 14 days, lung tissues were collected for histological analysis.
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Immunohistochemistry
H&E staining were performed as previously described (Cheung et al., 2016a)

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details of experiments can be found in the figure legends. All data are expressed as ± SD or ± SEM as indicated in figure

legends. Statistical significance was determined using unpaired Student’s t test or Multiple t test. All statistical analysis were carried

out in GraphPad Prism7. Significant differences are indicated as follows: *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001.

DATA AND CODE AVAILABILITY

Source data for Figure S5E in the paper is available at https://cistrome.shinyapps.io/timer/
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Figure S1 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. Related to Figure 1. 
(A and B) Isotopomer distribution of (A) citrate and (B) malate in attached and detached Hela 
and A549 cells cultured with 13C5-glutamine for 4 hours.  
(C) Levels and isotopomer distribution of 2-hydroxyglutarate in attached and detached Hela 
and A549 cells cultured in the same conditions as (A). Peak area levels are normalized to cell 
number. 
Data are presented as mean ± SD of triplicate cultures of representative experiments.  
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Figure S2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure S2. Related to Figure 2 
(A) Levels of isotope labelling of glycolytic intermediates of Hela and A549 cells cultured in 
attached and detached conditions in the presence of 13C6-glucose for 4 hours. Peak area levels 
were normalized to cell number. 
(B) Western Blot analysis demonstrating pyruvate dehydrogenase phosphorylation in Hela 
and A549 attached and detached cells. Equal protein amounts were loaded per condition. 
(C) Western blot analysis showing expression levels of MDH1, LDHA and b-Actin after siRNA 
knock down of MDH1 and LDHA in detached 293T and Hela cells. 
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(D) Isotopomer distribution of malate in detached 293T cells labelled with 13C5-glutamine for 
4 hours in the presence or absence of glucose. 
(E) Levels of deuterium labelled malate from 4-2H1-glucose labelling in detached A549 cells 
following  siRNA knock down of MDH1. 
(F) Levels and isotopomer distribution of malate in attached and detached 293T cells labelled 
with 13C5-glutamine for 4 hours.  
(G) A schematic representation of the fate of cytosolic produced malate in detached cells. 
(H) Levels and isotopomer distribution of pyruvate in attached and detached 293T cells 
labelled with 13C5-glutamine for 4 hours.  
(A, D, E, F and H) Data are presented as mean ± SD of triplicate cultures of representative 
experiments.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. Related to Figure 3 
(A) Representative transmission electron microscopy images of mitochondria of attached and 
detached cells trypsinised into single cells before cytospin to attach cells to glass bottom 
plates. Graphs present quantified cristae length, cristae/outer membrane ratio and number 
of cristae per mitochondria (Att n= 136 mitochondria and Det n=250 mitochondria). ****p £ 
0.0001, unpaired t test. 
(B) Intracellular levels of unlabelled and M+4 labelled aspartate from 13C5-glutamine in 
attached and detached SW480 and A549 cells. Peak area levels are normalized to cell number. 
(C) Oxygen consumption rate profiles of SW480 cells cultured in attached or detached 
conditions. Dotted lines show incubation of cells in the presence of indicated mitochondrial 
inhibitors. Data are normalised to protein content. 
(A, B and C) Data are presented as mean ± SD of triplicate cultures of representative 
experiments.  
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Figure S4 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4. Related to Figure 4 
(A) Cell viability of SW480 and MB468 cells cultured in attached and detached conditions in 
the presence or absence of glucose. Cells were cultured in attached or detached conditions 
for 7 days in the presence of glucose before glucose starvation for 24 hours followed by 
staining with eFluor 780 viability dye and analysis by flow cytometry.  
(B) Cell viability of SW480 cells as measured in (A) in cells cultured with glucose or without 
glucose plus indicated ATP concentrations.  
(C) Intracellular nucleotide levels of detached 293T and SW480 cells cultured with or without 
glucose plus 5 mM ATP. Peak area levels are normalised to cell number. 
(D and E) Levels of M+2 citrate (D) and other TCA cycle intermediates (E) originating from 
13C16-palmitate in SW480 attached and detached cells cultured with or without glucose. Cells 
were cultured as in (A) before addition of labelled palmitate and removal of glucose for 4 
hours.  
(C-E) Data are presented as mean ± SD of triplicate cultures of representative experiments. 
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Figure S5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5. Related to Figure 5 
(A) Image-iT green hypoxia reagent staining of detached A549 and Hela cells cultured in static 
(left panel) and shaken (right panel) conditions. Cells were cultured in detached conditions 
for 3 days before live cell staining was performed. 
(B) A549 cells were transfected with mitochondrial targeted-mkeima and cultured in attached 
or detached conditions for 3 days before flow cytometry analysis. Mitochondria in cytosol (pH 
7) are represented by mkeima with excitation of 405 nm while mitochondria in lysosomes (pH 
4) are represented by mkeima with excitation of 561 nm. Mitophagy is reflected by the 
percentage of cells in the upper panel.  
(C) Confocal microscopy images of attached and detached 293T and Hela cells. 293T cells were 
grown in attached or detached conditions for 7 days before cells were fixed followed by 
immunostaining with Tom20 antibody. Hela cells expressing Mito YFP were cultured in 
attached or detached conditions for 7 days before imaging. 
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(D) Mitochondrial targeted-mkeima expressing A549 cells were cultured in detached 
conditions in the presence of non-targeting, Hif1a or BNIP3 + NIX siRNA and analysed by flow 
cytometry for mitophagy as in (B).  
(E) Patient survival data of tumors expressing high and low levels of BNIP3 in indicated cancers 
types. 
(B and D) Data are presented as mean ± SD of triplicate cultures of a representative 
experiment. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S6. Related to Figure 6 
(A) Representative images of 293T cells treated with 2mM EDTA to prevent clustering after 
matrix detachment. Cells were cultured for 48 hours in detached conditions in the presence 
of EDTA. Scale bars are 100 µm. 
(B and C) Isotopomer distribution of citrate (B) and malate (C) in 293T cells grown in detached 
conditions with or without EDTA.  
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(D) Preventing cell clustering after matrix detachment induce an increase in mitochondrial 
ROS production, oxidative stress and cell death. 293T cells were cultured in detached 
conditions with or without EDTA for 3 days before GSH/GSSG, mitochondrial ROS and cell 
viability analysis. 
(E) Representative images of 293T cells treated with 0.5 µM Ouabain to prevent clustering 
after matrix detachment. Cells were cultured for 3 days in detached conditions in the 
presence of Ouabain. Scale bars are 200 µm. 
(F) M+4 and M+5 isotopologues of citrate (left panel) and M+3 and M+4 isotopologues of 
malate (right panel) originating from 13C5-glutamine in 293T cells cultured in detached 
conditions with and without 0.5 µM Ouabain. 
(G) M+5/M+4 isotopologues of citrate (left panel) and M+3/M+4 of malate (right panel) 
originating from 13C5-glutamine in 293T cells cultured in attached conditions, detached 
conditions and detached conditions before dissociation into single cells (Det diss).  
 (H) Levels of mitochondrial ROS production in 293T cells cultured in detached conditions and 
detached conditions before dissociation into single cells for indicated times. Mitochondrial 
ROS was measured by staining cells with MitoSOX Red before analysis by flow cytometry. 
 (B,C,D,F,G and H) Data are represented as mean ± SD of triplicate cultures of a representative 
experiment. 
*p £  0.05, **p £ 0.01, ****p £ 0.0001 Unpaired t test.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S7 
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Figure S7. Related to Figure 7 
(A) Representative images of detached A549 and Hela cells grown in glucose or galactose for 
3 days. Scale bars are 1000 µm. 
(B) Image-iT green hypoxia reagent staining of detached A549 and Hela cells grown in glucose 
or galactose for 3 days before live cell staining was performed. Scale bars are 400 µm. 
(C) Mitochondrial targeted-mkeima expressing Hela cells were cultured in detached 
conditions in glucose or galactose and analysed by flow cytometry for mitophagy. 
 (D) 13C5-labeled glutamine derived M+5/M+4 citrate and M+3/M+4 malate of Hela cells 
grown in attached and detached conditions with media containing either glucose or 
galactose.  
(E) Levels and isotopomer distribution of intracellular aspartate and 2-HG of Hela cells 
cultured in the same conditions as (C). Peak area levels are normalized to cell number. 
(F) Mitochondrial ROS analysis using MitoSOX Red dye in attached and detached Hela and 
A549 cells grown in galactose. Cells were cultured in attached conditions or detached 
conditions with galactose for indicated times before MitoSOX Red staining and analysis. 
MitoSOX fluorescence was analysed by flow cytometry.   
(G) Mitochondrial ROS analysis using MitoSOX Red dye in detached Hela and A549 cells grown 
in glucose or galactose. 
(H) Fraction of dead Hela and A549 cells grown in detached conditions with either glucose or 
galactose.  
(I) Representative image of PDAC cells grown detached in glucose or galactose. Scale bars are 
1000 µm.  
(J) 13C5-labeled glutamine derived M+5/M+4 citrate, M+3/M+4 malate, M+4 Aspartate and 
GSH/GSSG of PDAC cells grown in detached conditions with media containing either glucose 
or galactose.  
(C, D, E, F, G, H and J) Data are presented as mean ± SD of triplicate cultures of a 
representative experiment.  
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Table S1 

 
Table S1. Related to STAR Methods. BioWave program details 
 

 
Description  

Step#  
Time 
(min) 

 
Time 
(sec) 

 
Power 
(Watts) 

SteadyTemp 
temperature 

(ºC) 
 
Vacuum cycle vent 

time (sec) 
Vacuum cycle 
vacuum time 

(sec) 
Vacuum 
set point 
(inch Hg) 

User Prompt 
(1 = YES, 0 = 

NO) 
Vacuum OFF (1 = 
no vacuum, 0 = 

vacuum) 
Vacuum 

cycle (1 = 
ON, 0 = OFF) 

Vacuum ON (1 = 
vacuum, 0 = no 

vacuum) 
BENCH STEP Rinse in 0.1M PB 1 0 0 0 21 0 0 0 1 1 0 0 
BENCH STEP Rinse in 0.1M PB 2 0 0 0 21 0 0 0 1 1 0 0 

Rinse in 0.1M PB 3 0 40 250 21 0 0 0 1 1 0 0 
Rinse in 0.1M PB 4 0 40 250 21 0 0 0 1 1 0 0 

Osmium ON 5 2 0 100 21 0 0 20 1 0 0 1 
Osmium OFF 6 2 0 0 21 0 0 20 0 0 0 1 
Osmium ON 7 2 0 100 21 0 0 20 0 0 0 1 

Osmium OFF 8 2 0 0 21 0 0 20 0 0 0 1 
Osmium ON 9 2 0 100 21 0 0 20 0 0 0 1 

Osmium OFF 10 2 0 0 21 0 0 20 0 0 0 1 
Osmium ON 11 2 0 100 21 0 0 20 0 0 0 1 

BENCH STEP Rinse in water 12 0 0 0 21 0 0 0 1 1 0 0 
BENCH STEP Rinse in water 13 0 0 0 21 0 0 0 1 1 0 0 

Rinse in water 14 0 40 250 21 0 0 0 1 1 0 0 
Rinse in water 15 0 40 250 21 0 0 0 1 1 0 0 

Thiocarbohydrazide ON 16 2 0 100 40 0 0 20 1 0 0 1 
Thiocarbohydrazide OFF 17 2 0 0 40 0 0 20 0 0 0 1 
Thiocarbohydrazide ON 18 2 0 100 40 0 0 20 0 0 0 1 

Thiocarbohydrazide OFF 19 2 0 0 40 0 0 20 0 0 0 1 
Thiocarbohydrazide ON 20 2 0 100 40 0 0 20 0 0 0 1 

Thiocarbohydrazide OFF 21 2 0 0 40 0 0 20 0 0 0 1 
Thiocarbohydrazide ON 22 2 0 100 40 0 0 20 0 0 0 1 

BENCH STEP Rinse in water 23 0 0 0 21 0 0 0 1 1 0 0 
BENCH STEP Rinse in water 24 0 0 0 21 0 0 0 1 1 0 0 

Rinse in water 25 0 40 250 21 0 0 0 1 1 0 0 
Rinse in water 26 0 40 250 21 0 0 0 1 1 0 0 
Osmium ON 27 2 0 100 21 0 0 20 1 0 0 1 

Osmium OFF 28 2 0 0 21 0 0 20 0 0 0 1 
Osmium ON 29 2 0 100 21 0 0 20 0 0 0 1 

Osmium OFF 30 2 0 0 21 0 0 20 0 0 0 1 
Osmium ON 31 2 0 100 21 0 0 20 0 0 0 1 

Osmium OFF 32 2 0 0 21 0 0 20 0 0 0 1 
Osmium ON 33 2 0 100 21 0 0 20 0 0 0 1 

BENCH STEP Rinse in water 34 0 0 0 21 0 0 0 1 1 0 0 
BENCH STEP Rinse in water 35 0 0 0 21 0 0 0 1 1 0 0 

Rinse in water 36 0 40 250 21 0 0 0 1 1 0 0 
Rinse in water 37 0 40 250 21 0 0 0 1 1 0 0 

Uranyl acetate ON 38 2 0 100 40 0 0 20 1 0 0 1 
Uranyl acetate OFF 39 2 0 0 40 0 0 20 0 0 0 1 
Uranyl acetate ON 40 2 0 100 40 0 0 20 0 0 0 1 
Uranyl acetate OFF 41 2 0 0 40 0 0 20 0 0 0 1 
Uranlyl acetate ON 42 2 0 100 40 0 0 20 0 0 0 1 
Uranyl acetate OFF 43 2 0 0 40 0 0 20 0 0 0 1 
Uranyl acetate ON 44 2 0 100 40 0 0 20 0 0 0 1 

BENCH STEP Rinse in water 45 0 0 0 40 0 0 0 1 1 0 0 
BENCH STEP Rinse in water 46 0 0 0 40 0 0 0 1 1 0 0 

Rinse in water 47 0 45 250 40 0 0 0 1 1 0 0 
Rinse in water 48 0 45 250 40 0 0 0 1 1 0 0 

Lead aspartate ON 49 2 0 100 50 0 0 20 1 0 0 1 
Lead aspartate OFF 50 2 0 0 50 0 0 20 0 0 0 1 
Lead aspartate ON 51 2 0 100 50 0 0 20 0 0 0 1 
Lead aspartate OFF 52 2 0 0 50 0 0 20 0 0 0 1 
Lead aspartate ON 53 2 0 100 50 0 0 20 0 0 0 1 
Lead aspartate OFF 54 2 0 0 50 0 0 20 0 0 0 1 
Lead aspartate ON 55 2 0 100 50 0 0 20 0 0 0 1 

BENCH STEP Rinse in water 56 0 0 0 21 0 0 0 1 1 0 0 
BENCH STEP Rinse in water 57 0 0 0 21 0 0 0 1 1 0 0 

Rinse in water 58 0 45 250 21 0 0 0 1 1 0 0 
Rinse in water 59 0 45 250 21 0 0 0 1 1 0 0 

70% Ethanol ON 60 0 40 250 21 0 0 0 1 1 0 0 
70% Ethanol ON 61 0 40 250 21 0 0 0 1 1 0 0 
90% Ethanol ON 62 0 40 250 21 0 0 0 1 1 0 0 
90% Ethanol ON 63 0 40 250 21 0 0 0 1 1 0 0 

100% Ethanol ON 64 0 40 250 21 0 0 0 1 1 0 0 
100% Ethanol ON 65 0 40 250 21 0 0 0 1 1 0 0 

50% Resin ON 66 3 0 250 21 30 30 20 1 0 1 0 
100% Resin ON 67 3 0 250 21 30 30 20 1 0 1 0 
100% Resin ON 68 3 0 250 21 30 30 20 1 0 1 0 
100% Resin ON 69 3 0 250 21 30 30 20 1 0 1 0 
100% Resin ON 70 3 0 250 21 30 30 20 1 0 1 0 

TURN SYSTEM OFF 71 0 0 0 21 0 0 0 0 1 0 0 
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