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Adipocytes reprogram cancer cell 
metabolism by diverting glucose towards 
glycerol-3-phosphate thereby promoting 
metastasis

Abir Mukherjee    1, Divya Bezwada    2, Francesco Greco    3,4, 
Malu Zandbergen1, Tong Shen5, Chun-Yi Chiang    1, Medine Tasdemir    1, 
Johannes Fahrmann6, Dmitry Grapov    5, Michael R. La Frano    5, Hieu S. Vu2, 
Brandon Faubert    7, John W. Newman    5, Liam A. McDonnell    4, Luigi Nezi    8, 
Oliver Fiehn    5, Ralph J. DeBerardinis    2,9 & Ernst Lengyel    1 

In the tumor microenvironment, adipocytes function as an alternate fuel source 
for cancer cells. However, whether adipocytes influence macromolecular 
biosynthesis in cancer cells is unknown. Here we systematically characterized 
the bidirectional interaction between primary human adipocytes and 
ovarian cancer (OvCa) cells using multi-platform metabolomics, imaging 
mass spectrometry, isotope tracing and gene expression analysis. We report 
that, in OvCa cells co-cultured with adipocytes and in metastatic tumors, a 
part of the glucose from glycolysis is utilized for the biosynthesis of glycerol-
3-phosphate (G3P). Normoxic HIF1α protein regulates the altered flow of 
glucose-derived carbons in cancer cells, resulting in i nc re ased g ly ce ro ph-
os ph olipids and triacylglycerol synthesis. The knockdown of HIF1α or G3P 
acyltransferase 3 (a regulatory enzyme of glycerophospholipid synthesis) 
reduced metastasis in xenograft models of OvCa. In summary, we show that, 
in an adipose-rich tumor microenvironment, cancer cells generate G3P as a 
precursor for critical membrane and signaling components, thereby promoting 
metastasis. Targeting biosynthetic processes specific to adipose-rich t um or 
m ic roenvironments might be an effective strategy against metastasis.

Several intra-abdominally metastasizing cancers (such as gastric, colo-
rectal and ovarian) have the propensity to metastasize to adipose tis-
sues in the abdominal cavity, including the omentum, the small bowel 
mesentery and the fat appendages on the large bowel (appendices 

epiploicae)1,2. The primary metastatic site for these cancers and the site 
for the largest tumor is the omentum, a large fat pad in the abdominal 
cavity overlying the small bowel. Colonization of the omental tissue 
marks an essential step in the metastatic cascade of ovarian cancer 
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revealed that the co-culture of adipocytes with OvCa cells altered 
metabolite levels in the medium. Cancer cells cultured with adipocytes 
contributed more metabolites (n = 83) than adipocytes alone (n = 15; 
P < 0.05; Extended Data Fig. 1c). Specifically, we observed increased 
monoacylglycerides, cyclooxygenase-derived metabolic products 
and ceramides in the medium from co-cultures (Extended Data Fig. 1d). 
While some PCs detected in the medium were adipocyte derived, not all 
were taken up by cancer cells upon co-culture (Extended Data Fig. 1e). 
PC (34:1), one of the most abundant PCs in cancer cells10, is released in 
the medium by adipocytes; however, its amount remained unchanged 
when co-cultured with cancer cells (Extended Data Fig. 1e), suggesting 
that some PCs are synthesized within cancer cells. One of the primary 
pathways for PC synthesis is the fatty acid acylation of G3P, which is 
often generated from glucose11.

Next, we explored the relationship between gene and metabolic 
networks of co-cultured adipocytes and cancer cells. There were 255 
and 1,065 differentially expressed genes in the adipocyte and cancer 
compartments, respectively (false discovery rate, FDR <0.05; Extended 
Data Fig. 2a,b and Supplementary Table 2). Gene set enrichment analy-
sis revealed that co-culture leads to increased expression of cell cycle 
regulators in both cell types (Extended Data Fig. 2c,d). Subsequently, 
we carried out a combined gene and metabolite over-representation 
analysis to guide further investigations into the interactions between 
adipocytes and cancer cells. The in silico analysis identified central 
carbon metabolism as a critical pathway altered in both cellular com-
partments (Supplementary Table 3), with glycolytic pathway altera-
tions in cancer cells co-cultured with adipocytes. In cancer cells, we 
found increased expression of genes regulating glycolysis, including 
hexokinase 2 (HK2), glycerol-3-phosphate acyltransferase 3 (GPAT3) 
the enzyme metabolizing G3P, and lactate dehydrogenase (Extended 
Data Fig. 2e). In adipocytes, phosphofructokinase was highly expressed 
with co-culture (Extended Data Fig. 2f). The in silico analyses suggested 
that co-culture with adipocytes may enhance glucose metabolism, as 
well as lipid metabolism4–6, in cancer cells.

Glucose-derived carbons are used for the biosynthesis of G3P 
in metastatic OvCa
Our metabolomics data show that increased PC abundance is the major 
change in adipocyte co-cultured cancer cells. The integrated gene 
expression/metabolite analysis also suggested increased glycolytic 
activity in cancer cells co-cultured with adipocytes. Consequently, we 
explored if cancer cells use glucose to generate the glycerol backbone 
for phospholipids and TGs.

Consistent with our in silico analysis, adipocyte-derived con-
ditioned medium (Adi CM) increased the extracellular acidification 
rate (ECAR) in two OvCa cell lines, showing significant increases in 
glycolytic rate (Fig. 2a and Extended Data Fig. 3a,b). We then consid-
ered the possibility that glucose-derived carbons enter the glycolytic 
branch pathway for G3P synthesis in omental tumors. To trace the flow 
of glucose-derived carbons in tumor tissue in the adipose TME, we 
performed stable isotope tracing analysis12 on human omental explants 
obtained from three patients with advanced-stage high-grade serous 
OvCa. Cancer tissue adjacent to adipocytes was cultured ex vivo in 
medium containing [U-13C]-glucose for 24 h, and the 13C enrichment 
profiles were mapped for central carbon pathway metabolites (Fig. 2b). 
We found high labeling in m + 6 fructose-6-phosphate, m + 3 lactate, 
and low labeling in (m + 2 isotopologs) of TCA cycle intermediates. The 
absence of considerable labeling in the other isotopologs of the TCA 
cycle intermediates (Extended Data Fig. 3c) suggests that the cycling of 
glucose-derived carbons in the TCA cycle is less likely. The metastatic 
OvCa cells, therefore, have reduced glucose-derived carbons entering 
the TCA cycle (Fig. 2b).

However, the tumor explants had substantial labeling (range 
42–61%) in G3P, the backbone for TG and GPLs (Fig. 2b). Consist-
ent with these results, we observed elevated m + 3 labeling in 

(OvCa)3. The omentum, where adipocytes are the primary stromal cells, 
is distinct from the microenvironment of the ovary or fallopian tube 
where the OvCa originate. Therefore, cancer cells must rewire their 
metabolism to survive and proliferate in this lipid-rich environment.

We have shown that, in epithelial OvCa, omental adipocytes con-
tribute to the selective tropism of cancer cells by the secretion of adi-
pokines4. Upon interaction with the omental adipocytes, the OvCa 
cells transform them into ‘cancer-associated adipocytes’1, co-opting 
them for growth. To meet the energetic demands, OvCa cells promote 
lipolysis in adipocytes and take up lipids through the fatty acid receptor 
CD36, subsequently oxidizing these intracellular lipids5,6. However, it 
is unclear if the interaction of adipocytes with cancer cells results in 
additional metabolic changes in adipocytes and cancer cells. Given that 
increased biosynthesis of cellular components is an essential feature 
of proliferating cancer cells7, the influence of adipocytes on such pro-
cesses in cancer cells is yet to be determined. Moreover, no systematic 
metabolic analysis of the bidirectional interactions between primary 
human adipocytes and cancer cells has been performed.

Glucose, the primary carbon source in most tumor microenviron-
ments (TMEs), contributes to de novo lipogenesis via citrate. However, 
in lipid-rich TME cancer cells use fatty acid oxidation for energy pro-
duction, but any contribution of glucose-derived carbons towards 
lipids or phospholipid synthesis is less explored. In this Article, using 
untargeted global metabolomics and [13C]-glucose stable isotope 
tracing, we show that adipocytes redirect glucose utilization in cancer 
cells towards glycerol-3-phosphate (G3P) synthesis. As a consequence 
of this rewired glucose metabolism, adipocyte-influenced cancer cells 
accumulate glycerophospholipids (GPLs) and triacylglycerols (TGs) 
necessary for their metastatic capacity.

Results
Multi-omics analyses of adipocyte–cancer cell interactions
We undertook an untargeted compartment-resolved multi-omics 
approach to systematically study the metabolic interactions between 
adipocytes and OvCa cells. Adipocytes from benign human omentum 
(n = 7) were isolated and co-cultured with OvCa cells (Fig. 1a). After (18 h) 
co-culture, medium was collected, and each cell type was separated 
into cell pellets. The cell pellets and culture medium were analyzed 
using three different metabolomics platforms to detect complex lipids, 
primary carbon metabolites and oxylipins (Fig. 1b). Fold changes of the 
significantly altered metabolites in cancer and adipocyte compart-
ments were grouped on the basis of their biochemical and structural 
similarities, illustrated as network maps. Co-culture of cancer cells 
and adipocytes altered 134 metabolites in the cancer cells and 34 in 
the adipocytes (P < 0.05, mixed-effects analysis of variance (ANOVA); 
Fig. 1c and Extended Data Fig. 1a). Consistent with our previous finding 
that cancer cells use fatty acids from adipocytes for energy generation4, 
we found increased TG accumulation in cancer cells (n = 33) (Fig. 1c) 
and decreased levels of fatty acids of various lengths in adipocytes 
(n = 11) (Extended Data Fig. 1a). Adipocytes also showed changes in 
pyruvate-derived metabolites (lactate and alanine) and tricarboxylic 
acid (TCA) cycle intermediates (succinate and fumarate) (Extended 
Data Fig. 1a) after co-culture with OvCa cells. A review of all metabolites 
in the co-cultured adipocytes suggests increased glucose oxidation via 
glycolysis and the TCA cycle. The most striking change in the cancer 
cells upon co-culture was an increase in GPLs (n = 76), with phosphati-
dylcholines (PCs) being the most altered metabolite, followed by phos-
phatidylethanolamines (PEs) (Fig. 1c). Of note, the adipocyte-induced 
changes in the cancer cell lipidome are distinct from those by other 
stromal cells (fibroblasts and pre-adipocytes) (Extended Data Fig. 1b 
and Supplementary Table 1).

GPLs are essential cell membrane components that are synthe-
sized by incorporating fatty acids onto a glycerol backbone, with PC 
being the most abundant phospholipid8,9. However, GPLs can also enter 
the cell from the extracellular media/TME9. Our secretome analysis 

http://www.nature.com/natmetab


Nature Metabolism

Article https://doi.org/10.1038/s42255-023-00879-8

lysophosphocholine 18:1 (Extended Data Fig. 3d), with almost no labe-
ling in the other isotopologs (m + 4 to m + 26) since fatty acids most likely 
contribute these carbons and are not derived from glucose. To deter-
mine if Adi CM increases G3P levels in cancer cells in vitro, we performed 

a [13C]-glucose tracing experiment in cancer cells treated with Adi CM. 
Area-under-the-curve (AUC) analysis was performed to determine 
the total pool of G3P and the relative contributions of 13C and 12C.  
Adi CM treatment significantly increased total G3P levels (sum of 13C 
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Fig. 1 | Adipocytes increase glucose metabolism and GPLs in OvCa cells. 
a, Co-culture of fluorescently (CMTPX) labeled OvCa cells (red) with calcein 
AM-labeled primary human omental adipocytes (green). The adipocytes float 
on the surface because of their lipid content (n = 3 independent experiments). 
CSH-QTOF, charged surface hybrid column-quadrupole time of flight mass 
spectrometer. b, Schematic for multi-omics analyses of co-cultured adipocytes 

and OvCa cells. c, Network map showing altered levels of metabolites (red, 
increase; green, decrease) in SKOV3ip1 cells with adipocyte co-culture. 
Biochemically and structurally similar metabolites are clustered. Orange 
lines connect metabolites in the same biochemical pathway, and blue lines 
connect structurally similar metabolites. Overall, GPLs (SM, sphingomyelin) are 
increased. Scale bar, 100 µm.
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and 12C) in cancer cells (Extended Data Fig. 3e). We also observed a trend 
towards the increased contribution of 13C to G3P pools in cancer cells 
treated with Adi CM. Compared with control media, Adi CM treatment 
does increase the total pool of G3P.

Overall, these findings indicate that in cancer tissue adjacent to 
adipocytes, glucose is partially utilized for the biosynthesis of the G3P. 
While the flow of glucose-derived carbons into the pentose phosphate 
pathway and nucleotide synthesis has been explored13, little is known 
about the rewiring of glucose for the synthesis of G3P in the context 
of metastasis.

GPAT3 regulates adipocyte-induced GPL synthesis
Next, we explored how glucose-derived G3P is metabolized by OvCa 
cells when adipocytes are present. Adipocyte co-culture increased 

GPAT3 messenger RNA expression in cancer cells (Extended Data  
Fig. 2e). GPAT3 is an enzyme upstream of GPL and TG synthesis that 
converts G3P into lysophosphatidic acid11 (Fig. 3a). Consistent with 
GPAT3 regulation by adipocyte–cancer cell co-culture in vitro, we 
found GPAT3 protein expression in human omental metastasis from 
high-grade serous OvCa. Higher GPAT3 expression was detected in 
OvCa cells (Fig. 3b), and much lower expression in stroma and adipo-
cytes. Using liquid chromatography (LC)–mass spectrometry (MS) 
to perform lipidomics, GPAT3 knockdown in OvCa cells co-cultured 
with adipocytes resulted in reduced GPLs and TGs, suggesting that 
adipocytes promote GPAT3-dependent GPL synthesis (Fig. 3c). The 
loss of GPAT3 reduced omental metastatic tumor burden in vivo (Fig. 
3d and Extended Data Fig. 4), indicating that GPL synthesis in cancer 
cells is required for efficient omental metastasis.

Adipocyte-induced HIF1α directs glucose-derived carbons to 
GPL synthesis
Since glucose-derived carbons are used for G3P synthesis, we next 
sought to understand how adipocytes regulate the altered use of 
glucose in OvCa cells. Increased ECAR (Fig. 2a) is an energetic pro-
file frequently associated with the hypoxia-inducible factor (HIF) 1α 
expression14,15. We considered that adipocytes possibly reprogram 
OvCa cell metabolism through HIF1α16. Adipocyte co-culture increased 
HIF1α protein expression in multiple OvCa cell lines under normoxic 
conditions (Fig. 4a and Extended Data Fig. 5a). HIF1α, in the pres-
ence of oxygen, undergoes prolyl hydroxylation and proteasomal 
degradation, explaining why HIF1α protein is low under normoxic 
conditions. To determine whether adipocytes help stabilize HIF1α 
protein, we used a surrogate luciferase reporter plasmid, where the 
luciferase expression/activity is regulated by the oxygen-dependent 
degradation domain (ODD) of HIF1α (refs. 17,18). The stable transfec-
tion of the ODD-luciferase plasmid, followed by Adi CM treatment, 
increased luciferase activity, suggesting that adipocytes stabilize  
HIF1α (Fig. 4b).

To identify the downstream targets of adipocyte-induced HIF1α 
in cancer cells, we performed an MS-based proteomic analysis19. Prot-
eomic analysis showed that HIF1α knockdown (Extended Data Fig. 5b) 
altered the adipocyte-induced proteome of OvCa cells, reducing 82 
and increasing 22 proteins (Extended Data Fig. 5c and Supplementary 
Table 4). HIF1α knockdown reduced protein expression of HK2 and the 
lactate/pyruvate transporter SLC16A3 (also known as MCT4) (Fig. 4c). 
Consistent with the proteomic data, adipocyte co-culture induced HK2 
mRNA and protein levels in OvCa cells, dependent on HIF1α expression 
(Fig. 4d). We also found increased HIF1α and HK2 expression in the 
epithelial tumor compartment adjacent to adipocytes in patients with 
omental metastasis (Fig. 4e). Adipocyte-induced HIF1α also increased 
G3P dehydrogenase (GPD1) (Extended Data Fig. 5d), an enzyme that 
converts the glycolytic intermediate dihydroxyacetone phosphate to 
G3P (Fig. 3a). Therefore adipocyte-induced HIF1α regulates the flow 
of glucose into G3P.

HIF1α knockdown inhibited the effect of adipocytes on glycolysis 
(ECAR; Extended Data Fig. 5e,f). Consistent with the energetic pro-
file, HIF1α knockdown reduced glycolytic intermediates (Fig. 4f) and 
increased TCA cycle metabolites (Fig. 4g) with adipocyte co-culture. 
This suggests that adipocytes induce ‘pseudo-hypoxia’20. HIF1α knock-
down blocked a majority of adipocyte-induced triacylglycerol (24/28), 
PEs (19/30) and ether-linked PCs (5/6), as well as other membrane lipids 
such as sphingomyelins (7/13) and ceramides (8/14) (Extended Data Fig. 
6 and Supplementary Table 5). So, the adipocyte-induced HIF1α-driven 
transcriptional program regulates glucose utilization towards GPL and 
TG synthesis in cancer cells.

Since adipocyte co-culture and Adi CM regulates glucose metabo-
lism in cancer cells in an HIF1α-dependent manner, we sought to iden-
tify adipocyte-secreted soluble factors that regulate HIF1α expression 
in cancer cells. Fractionation of adipocyte CM using a size-exclusion 
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filter revealed that the HIF1α inducing activity is present in the non-
metabolite fraction of adipocyte CM (Extended Data Fig. 5g). We and 
others have demonstrated that omental adipocytes secrete several 
cytokines/adipokines21 that promote metastasis to the omentum4. 
Treatment of OvCa cells with IL-6, IL-8 and MCP-1 increased HIF1α 
expression under normoxic conditions, with the most substantial 
effect from IL-6 (Extended Data Fig. 5h). Neutralizing antibodies against 
IL-6 and MCP-1 abrogated adipocyte-induced HIF1α induction, while 
blocking IL-8 had minimal effect (Extended Data Fig. 5i). Blocking 

downstream IL-6 signaling, using either STAT3 or JAK kinase inhibitors, 
led to a reduction in adipocyte CM-induced HIF1α, while a MEK inhibi-
tor did not affect adipocyte-induced HIF1α expression (Extended Data 
Fig. 5j). In summary, adipocytes induce HIF1α in cancer cells through 
an IL-6, JAK/STAT-driven signaling pathway.

Reduction of HIF1α expression inhibits omental metastasis
We used a xenograft mouse model to determine the impact of dys-
regulated HIF1α on OvCa metastasis and understand the flow of 
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glucose-derived carbon in these tumors. Mice injected intraperitoneally 
with stable HIF1α knockdown OvCa cells had much smaller omental 
metastases (Fig. 5a). The HIF1α knockdown tumors had no change 
in apoptosis levels, nor were there any differences in proliferation  

(Fig. 5b). Ex vivo co-culture of HIF1α knockdown cells with human  
omental tissue did not affect the ability of OvCa cells to adhere or  
proliferate (Extended Data Fig. 7a,b) suggesting that HIF1α knockdown 
also do not affect the initial steps of omental colonization22.
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Previously we showed that adipocyte co-culture increased 
lipid peroxidation in OvCa cells5,6. Using 4-hydroxynonenal (4-HNE) 
adducts as a read-out for lipid peroxidation, we found increased stain-
ing intensities in HIF1α knockdown tumors (Fig. 5b). Consistent with 
the in vivo data, HIF1α knockdown cells cancer cells co-cultured with 
adipocytes showed significantly higher amount of malondialdehyde 
(MDA), a marker of lipid (polyunsaturated fatty acid) peroxidation 
(Fig. 5c). Both in vivo and in vitro data show that blocking HIF1α 
expression in cancer cells in the presence of adipocytes increased 
lipid peroxidation in cancer cells. Since uncontrolled lipid peroxi-
dation causes ferroptosis23, we next explored if the knockdown of 
HIF1α sensitized OvCa cells towards ferroptosis-mediated cell death. 
While we observed increased lipid reactive oxygen species (ROS) 
levels in control short hairpin RNA (shRNA) cells with Adi CM, the 
knockdown of HIF1α exacerbated the levels (Fig. 5d and Extended 
Data Fig. 7c). GPX4 is the primary enzyme responsible for removing 
membrane lipid peroxides24; so, we measured the survival capac-
ity of OvCa treated with RSL3 (a GPX4 inhibitor)25. In the presence 
of Adi CM, HIF1α knockdown cells were sensitive to the inhibition 
of GPX4 (Fig. 5e). Further, reversal of cell viability by ferrostatin (a 
ferroptosis inhibitor25) but not by zVAD-FMK (a pan-caspase inhibi-
tor) showed that HIF1α knockdown cells undergo ferroptosis, an 
apoptosis-independent cell death (Fig. 5e).

Given that GPAT3 knockdown reduced adipocyte-induced GPLs 
abundances in cancer cells (Fig. 3c), we explored if GPAT3 knockdown 
also affects lipid peroxidation and sensitivity of cancer cells to ferrop-
tosis. GPAT3 knockdown had no effect on adipocyte-induced lipid-ROS 
levels (Extended Data Fig. 7d,e) in vitro, nor were any differences 
observed in the formation of the 4-HNE adducts in xenograft omental 
tumors (Extended Data Fig. 7f). Unlike HIF1α, GPAT3 knockdown did not 
increase the sensitivity of Adi CM treated cells towards RSL3 (Extended 
Data Fig. 7g). GPAT3 inhibition does not increase lipid ROS or sensitize 
cancer cells to ferroptosis.

To evaluate the effect of HIF1α knockdown on glucose utilization 
in vivo, tumor-bearing mice (control/scrambled or HIF1α shRNA) were 
infused with [U-13C]-glucose26. Upon necropsy, omental tumors were 
excised, and carbon distribution was measured using MS (Fig. 5f ). 
HIF1α knockdown reduced the flow of glucose into glycolysis (lactate 
m + 3 and 3-phosphoglycerate m + 3) and significantly reduced m + 3 
labeling of G3P (Fig. 5g). These data provide evidence for the diversion 
of glucose towards G3P synthesis by HIF1α in vivo.

Spatial distribution of GPLs in human omental metastatic 
tumors
To clinically validate the effect of adipocytes on GPL synthesis, we 
carried out imaging mass spectrometry (IMS) analysis on sections 
of human omental tumors. On the basis of our previous studies, we 
observed that the effect of adipocytes on cancer cells is depend-
ent on their proximity to adipocytes. Therefore, to determine the 
adipocyte-induced phospholipid changes in cancer cells, we evalu-
ated the differences in phospholipid species in tumor cells at the 
leading edge invading into adipocytes compared with cancer cells 

farther away (more than 200 µm from the adipocytes). Fresh fro-
zen omental tumor sections from three patients with high-grade 
serous OvCa were coated with norharmane, a dual polarity matrix 
ideal for phospholipid analysis27. Subsequently, images of metabo-
lites (ions ranging between 150 and 2,000 m/z) were taken using 
matrix-assisted laser desorption/ionization (MALDI) (Fig. 6a), and 
metabolites in cancer cells adjacent to the adipocytes were com-
pared with cancer cells further away (Fig. 6b,c). To identify metabo-
lites that distinguished the two groups of cancer cells, we carried out 
a receiver operating curve (ROC) analysis (Supplementary Table 6). 
The analysis showed that cancer cells adjacent to adipocytes had a 
higher abundance of PCs, while those at a distance had more phos-
phatidylinositol (PI) (Fig. 6d,e). This corroborates our observation 
using primary adipocytes that adipocytes adjacent to cancer cells 
increase PCs in tumor cells.

Discussion
The symbiotic relationship between adipocytes and cancer cells 
explains why omental tumors are the most common and the largest 
in abdominally metastasizing cancers such as ovarian and gastric28. 
Tumor cells interacting with adipocytes in the microenvironment 
induce lipolysis in adipocytes, and fatty acids transferred to can-
cer cells are used for energy production1. In addition, surgical 
removal of the omentum at early or metastatic disease reduces the 
recurrence risk in abdominally metastasizing tumors29,30. In these 
tumors, the interaction of omental adipocytes and cancer cells influ-
ences disease outcomes. Our systematic multi-omic analyses of 
the adipocyte-induced metabolic changes in cancer cells revealed 
that an increased glycolysis rate facilitates the use of glucose for G3P 
and GPL synthesis. GPLs, regulated by GPAT enzymes, are essential 
components of cellular lipid membranes that are important for cell 
division11 and are precursors for pro-growth signaling molecules. 
Furthermore, GPL can be recycled in nutrient-depleted conditions 
(or when mTOC1 is inhibited) to generate TG to meet the energetic 
cellular demands via fatty acid oxidation31. Therefore, GPL abun-
dance is essentially linked to cancer cell proliferation. Not surpris-
ingly, increased GPL levels (PCs and PEs) are observed in bladder, 
kidney and colorectal cancers32,33.

We found that adipocyte co-culture stabilizes HIF1α expres-
sion in OvCa cells, leading to increases in the glycolytic rate and 
the flow of glucose-derived carbons towards G3P and GPL synthe-
sis, thereby supporting metastatic colonization (Fig. 6f). It is well 
known that glucose-derived carbons branching out into the pentose 
phosphate, hexamine biosynthesis and glycogenesis pathways have 
pro-tumorigenic effects. We now show the role of another glycolytic 
branch pathway (G3P synthesis) in OvCa metastasis. In tumors adjacent 
to omental adipose tissue, glucose-derived carbons flow into G3P 
for the synthesis of GPL and TG, and blocking this pathway reduced 
metastasis in xenograft mouse models. We also show that some PCs are 
synthesized in cancer cells rather than transported from the extracel-
lular space. While OvCa cells may lack the capacity to transport certain 
species of PCs across the cell membrane, the synthesis of PLs via G3P 

Fig. 5 | Reduction of HIF1a expression inhibits omental metastasis. Xenograft 
intraperitoneal metastasis model. a, Left: SKOV3ip1 HIF1α shRNA cells were 
injected intraperitoneally (n = 10 mice per group), and tumor burden is shown 
with shcontrol on the left and shHIF1α on the right with omental tumor outlined 
in yellow. Right: tumor burden was measured as omental metastatic weight. 
Bar graphs depicts mean ± s.e.m. (two-tailed t-test, ***P < 0.0008). b, Cleaved 
caspase 3, Ki-67 and 4-HNE staining in serial sections of omental tumors 
generated from a (n = 5 tumors per group were stained). Csh, control shRNA; Hsh, 
HIF1α shRNA (two-tailed t-test, **P < 0.01, mean ± s.e.m.). c, Lipid peroxidation: 
control and HIF1α knockdown cells were co-cultured with adipocytes for 18 h, 
and intracellular MDA levels were determined (n = 3 independent experiments). 
Bar graphs depicts mean ± s.e.m. (two-way ANOVA, ****P < 0.0001; NS, not 

significant). d,e, Control and HIF1α shRNA transduced SKOV3ip1 cells were 
treated with Adi CM: cells were stained using Bodipy 581/591 C11 dye and 
fluorescent emissions (at 520 nm) were measured every couple of hours using 
Incucyte to quantify lipid ROS production (n = 3 independent experiments; data 
depict mean ± s.e.m.) (d); MTT assay carried out to determine the viability of 
cancer cells after treatment with the indicated small molecule compounds (n = 3 
independent experiments; two-way ANOVA, ****P < 0.0001, mean ± s.e.m.) (e). 
f, Stable isotope tracing in tumor-bearing mice with HIF1α knockdown cancer 
cells. (adapted from BioRender.com (2023)). g, [13C]-glucose derived labeling 
of G3P and glycolytic intermediates in omental tumors as in Fig. 2c (n = 5 mice). 
Bar graphs depict mean ± s.e.m., two-way ANOVA, **P = 0.0045, ***P < 0.0008, 
****P < 0.0001.
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may have the advantage of sequestering free fatty acids as neutral 
lipids (TG) and reducing their toxic effects34–36. Therefore, colonizing 
OvCa cells may have adapted to the lipid-rich TME with enhanced G3P 
biosynthesis.

The lack of patient-matched primary and metastatic tumors pre-
vented us from comparing the relative enrichment of glucose-derived 
carbons in cancer cells growing in two distinct microenvironments. We 
could not establish if glucose-derived G3P synthesis occurs exclusively 
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Fig. 6 | Cancer cells adjacent to adipocytes have increased PC. Spatial analysis 
of GPLs using IMS. a, Schematic for IMS analysis of ovarian high-grade serous 
tumor samples (adapted from BioRender.com (2023)). b–e, Histology and MALDI 
IMS analysis of frozen omental tumor sections (n = 3 independent biological 
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(b, right); Enlarged section of the tumor area (used for IMS analysis), showing 
two groups of cancer cells, adjacent (red) or distant (blue) from adipocytes (c); 
optical images using MALDI IMS of PC (16:0) (higher adjacent to adipocytes as 

measured by the AUC-orange) (d) and phosphatidylinositol (PI) p-28:0 (lower 
adjacent to adipocytes as measured by the AUC-orange) (e) corresponding to 
the H&E section shown in c, with MALDI images of ions shown on the left and 
the pixel intensities of the ions in the selected area on the right. f, Illustration 
of the adipocyte–OvCa cell interactions leading to altered glucose utilization 
in OvCa cells. Adipocytes stabilize HIF1α protein in OvCa cells. Subsequently, 
HIF1α transactivates HK2 and glycerol-3-phosphate dehydrogenase (GPD1). 
The combined activity of these two enzymes increases G3P levels in OvCa cells, 
forming the backbone for the synthesis of TGs and GPLs (created with BioRender.
com (2023)).
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in metastatic tumors. However, since (1) primary ovarian tumors origi-
nate in an environment that lacks adipocytes, (2) adipocytes increase 
the glycolytic rate in cancer cells and (3) the lipidomic changes in cancer 
cells are adipocyte specific, enhanced synthesis of G3P in cancer cells 
is probably a feature of adipose-rich environments.

We also show that omental adipocytes stabilize HIF1α independent 
of hypoxia, which diverts glucose-derived carbons to G3P, thereby gen-
erating the backbone for GPLs and TG synthesis. In our experimental 
approach, under adipocyte-induced ‘pseudo-hypoxia’, cancer cells are 
not reliant on glucose for fatty acid synthesis. Given the abundance of 
lipids in the adipocyte-rich TME, there is no need for the metastatic 
cancer cells to synthesize fatty acids. In adipocyte-rich TMEs, cancer 
cells have a distinct glucose metabolic profile. This is in contrast to 
hypoxic conditions, where glucose generates both G3P backbone and 
saturated fatty acids for PC synthesis10.

Several mechanisms contribute to the reduced tumor burden 
observed in HIF1α knockdown xenografts. First, HIF1α knockdown  
xenografts showed a reduced flow of glucose into G3P towards TG 
and GPL synthesis. Secondly, in vitro adipocyte co-cultured HIF1α 
knockdown cells have increased lipid ROS and lipid peroxidation 
productions, making them uniquely susceptible to GPX4 inhibition. 
In addition, HIF1α knockdown xenograft tumors showed increased 
toxic lipid peroxidation adducts37. Consistent with our findings, in 
fibrosarcoma cells, reduced HIF1α expression increases lipid peroxida-
tion and, subsequently ferroptosis38. While the knockdown of GPAT3 
also reduces adipocyte-induced GPLs in cancer cells, no change was 
observed in the lipid peroxidation levels or the sensitivity of cancer 
cells towards GPX4 inhibition. Therefore, the sensitivity to ferrop-
tosis is specific to HIF1α inhibition. While it is yet to be determined if 
HIFα knockdown reduces the capacity of OvCa cells to remove toxic 
membrane-derived lipid peroxides, we observed accumulation of 
polyunsaturated plasmalogens such as PE P-40:6 (known to induce 
ferroptosis39) in HIF1α knockdown cells co-cultured with adipocytes.

This study expands our current understanding of cancer- 
associated adipocytes by demonstrating a complex symbiotic rela-
tionship with cancer cells and a role in completely rewiring cancer cell 
metabolism2. Adipocytes support the extreme energy and biosynthetic 
requirements of cancer cells through a combination of adipokine 
secretion, lipolysis and, as we show in this study, the reprogramming 
of glucose metabolism.

Methods
Cell lines and reagents
SKOV3ip1, HeyA8, OVCAR5 (Gordon Mills, University of Texas MD 
Anderson Cancer Center, Houston) and 293T (Lucy Godley, Northwest-
ern University, Chicago) cells were cultured as described previously5. 
TYKnu cells (Gottfried Koneczny, University of California, California) 
were cultured in Eagle’s minimal essential medium supplemented 
with 10% fetal bovine serum. All cells were cultured in an incubator 
maintained at 37 °C with 5% CO2. All experiments were performed 
using mycoplasma-negative and authenticated cell lines. Cell lines 
were tested every three months for mycoplasma and genotyped for 
authentication purposes (IDEXX Bioresearch short tandem repeat 
marker profiling). Neutralizing antibodies against human IL-6 (cat. 
no. MAB206, 100 ng ml−1), IL-8 (cat. no. MAB208, 100 ng ml−1), MCP-1  
(cat. no. AB279, 100 µg ml−1) and isotype specific control were pur-
chased from R&D Systems. Recombinant human cytokine/chemokines 
IL-6 (cat. no. 200-06), MCP-1 (cat. no. 300-04) and IL-8 (cat. no.  
200-08) was purchased from PeproTech and used at a concentration of 
10 ng ml−1. The JAK inhibitor AZD-1480 (HY-10193) and STAT3 inhibitor 
STATTIC (HY-13818) were purchased from MedChemExpress, and the 
MEK inhibitor (PD98059) was purchased from Cell Signaling Technol-
ogy. 1S, 3R-RSL3 (RSL3) was purchased from Sigma-Aldrich (cat. no. 
SML2234) and zVAD-FMK (zVAD) from Selleckchem (cat. no. S7023). 
Poly-l-lysine solution 0.1%, norharmane, high-performance liquid 

chromatography (HPLC)-grade chloroform and LC–MS-grade metha-
nol were purchased from Sigma-Aldrich. Histology-grade solvents and 
Eosin G or Y (alcoholic solution 0.5%) were purchased from DiaPath 
S.p.A.; Harris hematoxylin was obtained from VWR International, LLC. 
LC–MS-grade water was purchased from Thermo Fisher Scientific, and 
indium-tin oxide (ITO)-coated glass slides for MALDI mass spectrom-
etry imaging (MSI) were obtained from Bruker Daltonics.

Isolation of primary adipocytes and cell culture
Human primary omental adipocytes, stromal vascular fraction 
(SVF) and normal omental fibroblasts were isolated as previously 
described4,40,41. Briefly, freshly excised omental tissues were digested 
using 0.2% collagenase type I enzyme for 1 h and separated from the 
SVF using 250 µm nylon mesh. Adipocytes were repeatedly washed with 
medium (Dulbecco’s modified Eagle medium (DMEM)/F12 medium 
with 1% streptomycin and 1% penicillin) and centrifuged to remove 
contaminating cells. Isolated adipocytes were cultured in DMEM/F12  
medium supplemented with 0.1% fatty acid-free bovine serum albumin 
(Roche), 100 U ml−1 penicillin and 100 µg ml−1 streptomycin. Co-culture 
of adipocytes with cancer cells was carried out in 1:5 packed cell adi-
pocyte volume (PCV) to serum-free medium. The residual tissue after 
collagenase I digestion was further digested using collagenase III 
(3 mg ml−1) and hyaluronidase (0.5 mg ml−1) overnight, and the fibro-
blasts isolated were cultured in DMEM medium supplemented with 10% 
fetal bovine serum and minimal essential vitamins and amino acids. The 
cells in the SVF were grown to confluency using the fibroblast medium, 
to obtain pre-adipocytes. These pre-adipocytes were subsequently 
passaged once to generate conditioned medium.

To generate conditioned medium from adipocytes, normal omen-
tal fibroblasts and pre-adipocytes, cells were cultured in DMEM/F12 
(supplemented with 0.1% fatty acid, 1% streptomycin and 1% penicillin) 
medium for 72 h, after which medium was removed and filtered through 
a 0.8 µm syringe filter. Isolated adipocytes and SKOV3ip1 cells were 
stained with Calcein AM (10 µM) in DMEM/F12 medium for 20 min and 
washed with phosphate-buffered saline (PBS) once, and images were 
taken using Zeiss Axio Observer.A1 microscope and processed using 
Axios Vision LE software.

Human tissue
All patients were consented before surgery for tissue collection 
protocol, and patient-derived tissues were obtained fresh or were 
paraffin-embedded according to approved institutional review board 
protocol. High-grade serous OvCa tumor samples were obtained from 
patients with clinical stage III and IV disease (International Federation 
of Gynecology and Obstetrics) undergoing primary debulking sur-
gery at the University of Chicago hospital. For adipocyte co-culture 
experiments, human omental tissues were obtained from patients with 
benign, non-cancer-related conditions (for example, incontinence 
and fibroids).

Mouse studies
Intraperitoneal xenograft experiments were performed by injecting 
SKOV3i1p1 (5 million cells per mouse) or HeyA8-luciferase (1 million 
cells per mouse) cells into female immunocompromised athymic 
nude mice (Harlan Envigo, HSD: athymic nude), and tumor burden 
determined after 4 and 2 weeks post injection, respectively5. Tumor 
burden in mice injected with GPAT3 knockdown cells was assessed by 
injecting 100 µl d-luciferin (30 mg ml−1) 10 min before imaging using 
the in vivo imaging system (IVIS) spectrum in vivo imaging system. 
Image analysis was carried out using live Image 4.4 software. For the 
in vivo [13C]-glucose tracing experiment, 5 million stable SKOV3ip1 cells 
(transduced with either control shRNA or shRNA targeting HIF1α) were 
injected into female athymic nude mice (Harlan Envigo, HSD: athymic 
nude), and tumors were allowed to establish for 4 weeks. Mice were 
injected three times with 1.34 mM [13C]-glucose solution in PBS (80 µl) 
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at 15 min intervals. Omental tumors were excised and snap frozen in 
liquid nitrogen. Of note we did not observe ascites formation by the end 
point of our xenograft experiments. All animal studies were approved 
by the Institutional Animal Care and Use Committee at the University of 
Chicago (protocol #71951). Animals were housed in standard breeding 
cages, maintained at 20–26 °C, relative humidity of 50% (±20%), with 
12 h light and dark cycles. Food and water were provided ad libitum.

[13C]-glucose tracing analysis
Glucose enrichment analysis on human omental explant tissues (from 
three patients with high-grade serous ovarian cancer (HGSOC), three 
sections were analyzed from each tumor) and mouse omental tissues 
was carried out as described previously26,42. Omental tumor biopsies 
from patients with HGSOC were sectioned (0.5–1 mm) and incubated in 
DMEM supplemented with 10 mM [U-13C]-glucose (Cambridge Isotope 
Laboratories) and 2 mM glutamine. Explants were incubated for 24 h 
in an incubator maintained at 37 °C with 5% CO2, with gentle rocking. 
Metabolites from mouse omentum isolated from xenograft experi-
ments (as described above) and ex vivo cultures of human omental 
tumors were extracted using 80% cold methanol. Protein estimation 
was carried out using a bicinchoninic acid (BCA) assay (Pierce, Thermo 
Scientific), and equal protein amounts were dried using a speed-vac. 
Data acquisition was performed by reverse-phase chromatography 
on a 1290 UHPLC LC system interfaced to a high-resolution MS 6550  
iFunnel Q-TOF mass spectrometer (Agilent Technologies). The mass 
spectrometer was operated in positive and negative electrospray ioni-
zation modes (ESI+ and ESI−). Analytes were separated on an Acquity 
UPLC HSS T3 column (1.8 µm, 2.1 × 150 mm, Waters). The column was 
kept at room temperature. Mobile phase A composition was 0.1% for-
mic acid in water, and mobile phase B composition was 0.1% formic 
acid in 100% acetonitrile. The LC gradient was 0 min: 1% B; 5 min: 5% B; 
15 min: 99% B; 23 min: 99% B; 24 min: 1% B; 25 min: 1% B. The flow rate 
was 250 µl min−1. The sample injection volume was 5 µl. ESI source 
conditions were set as follows: dry gas temperature 225 °C and flow 
18 l min−1, fragmentor voltage 175 V, sheath gas temperature 350 °C 
and flow 12 l min−1, nozzle voltage 500 V, and capillary voltage +3,500 V 
in positive mode and −3,500 V in negative. The instrument was set to 
acquire over the full m/z range of 40–1,700 in both modes, with the 
MS acquisition rate of 1 spectrum s−1 in profile format. Raw data files 
(.d) were processed using Profinder B.08.00 SP3 software (Agilent 
Technologies) with an in-house database containing retention time 
and accurate mass information on 600 standards from Mass Spec-
trometry Metabolite Library (IROA Technologies), which was created 
under the same analysis conditions. The in-house database matching 
parameters were mass tolerance 10 ppm, retention time tolerance 
0.5 min and co-elution coefficient 0.5. The peak integration result was 
manually curated in Profinder for improved consistency and exported 
as a spreadsheet (.csv).

For tracing the flow of glucose-derived carbons into G3P, SKO-
V3ip3 cells were treated with control medium or Adi CM for 6 h. Cells 
were washed with PBS and cultured in 10 mM [U-13C]-glucose for 1 h. 
Metabolites were extracted using 80% cold methanol, subjected 
to three freeze–thaw cycles and centrifuged for 30 min at 16,000g. 
The supernatants were evaporated using a speed-vac, the pellet was 
suspended in 40 µl anhydrous pyridine and derivatized by heating 
samples at 70 °C in tube containing 80 µl N-(tert-butyldimethylsilyl
)-N-methyltrifluoroacetamide. The samples were analyzed using an 
Agilent 6890 gas chromatography mass spectrometer coupled to 
Agilent 5973N mass selective detector, to determine the total pool of 
G3P and the relative contributions of 13C and 12C (ref. 43).

Metabolomic analysis
Primary omental adipocytes isolated from seven consenting patients 
were co-cultured with SKOV3ip1 cells for 18 h (1:5 PCV, adipocytes: 
DMEM/F12 media), after which adipocytes, cancer cells and media 

were collected for metabolomic analysis. Equal number of cells and an 
equal volume of media were aliquoted for analysis. Sample extraction 
and untargeted metabolomics analysis of primary metabolites and 
complex lipids were carried out as previously described44,45. Analysis 
of oxylipins, endocannabinoids and ceramides (in the media) were 
constructed using gas chromatography and LC–MS platforms46,47 at 
the West Coast Metabolomics Center, University of California, Davis.

Microarray analysis
SKOV3ip1 cells were co-cultured with primary omental adipocytes for 
8 h. Cancer cells and adipocytes were separated and washed several 
times with PBS. Cells were lysed using TRIzol (Life Technologies), and 
total RNA was isolated according to the manufacturer’s protocol using 
RNeasy kit (Qiagen), following in column DNase treatment. Microarray 
analysis was carried out using the Illumina BeadChipHT-12v4 expres-
sion array as previously described5. Data processing was carried out 
using Illumina Genome studio v2011.1 and Partek Genomics suite v6.6. 
Average signal intensities were background subtracted, log2 trans-
formed and quantile normalized. Customized data processing scripts 
were developed in R version 3.3.0. Each experimental group had three 
replicates, and differentially expressed genes were identified as genes 
with a q-value of 0.05 and a fold change of 2 and above.

Proteomic analysis
SKOV3ip1 cells transduced with either control or HIF1α targeting shRNA 
were co-cultured with human primary adipocytes for 16 h. Adipocytes 
were removed and cancer cells were trypsinized and frozen. Sample 
processing and MS was carried out as described by us previously5.  
A QExactive (Thermo Fisher Scientific) connected to EASY-nLC 1000 
HPLC system (Thermo Fisher Scientific) was used for shotgun analy-
sis. C18 particles of 1.9 µm were packed into 75-mm-inner-diameter, 
50-cm-length columns, and samples were separated over a 250 min 
gradient from 2% to 60% (5 min to 5%, 180 min to 25%, 45 min to 35%, 
20 min to 60%) in buffer B (80% acetonitrile and 0.5% formic acid) at 
200 nl min−1. High-energy collisional dissociation fragmentation was 
carried out at a normalized collision energy of 25, an isolation window 
of 2.2 Th, and a resolution of 17,500 at m/z 200. The top five intensity 
precursors were subjected to collision. Ion injections times were set to 
20 ms (target value 3 × 106) and 120 ms (target value 1 × 105) for MS/MS 
scans. Data acquisition was carried out using Xcalibur software 4.1 and 
data analysis using Perseus software v1.6.15.0 (ref. 48). Missing values 
were imputed on the basis of normal distribution. A two-sided t-test 
was performed for pairwise comparisons, and significant proteins 
were identified using FDR of 0.05 and S0 (within groups variance) of 
0.1 (ref. 49).

MALDI IMS
Omental tumor samples were obtained from three patients with 
HGSOC. Samples were rinsed in physiological saline and immediately 
frozen and stored at −80 °C until analysis. Tissue sections (12 µm) 
were cut using a Leica CM1950 cryostat (Leica) and thaw mounted 
onto polylysine-coated ITO conductive slides. Slides were stored at 
−80 °C until analysis. The tissue sections were thawed under vacuum 
for 15 min before matrix application. Norharmane, a dual polarity 
matrix (7 mg ml−1 in CHCl3:MeOH 70:30) was applied in eight layers 
(two layers at 5 µl min−1 followed by six layers at 10 µl min−1) using a 
SunCollect (SunChrom) matrix spraying system (4 bar, 50 mm z-axis 
height). Tissue sections were dried under vacuum for 15 min before 
MALDI MSI data acquisition. MALDI MSI images were acquired using an 
EP-MALDI source50 (Spectroglyph, LLC) equipped with a 349 nm laser 
(Spectra-Physics), coupled to an Orbitrap QExactive Plus (Thermo Sci-
entific). The laser was set to 1.65 A and 500 Hz, the ion source pressure 
was 7.2 Torr; MSI pixel size was 35 × 35 µm. Mass spectra were acquired 
in the range of 150–2,000 m/z at 70,000 resolving power. Position 
files were aligned to the raw file using Image Insight (v. 0.1.0.11550, 
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Spectroglyph, LLC). We analyzed a total of 40 and 34 tissue regions 
(in the three tumor sections) composed of cancer cells adjacent and 
distant to the adipocytes, respectively.

IMS—image preprocessing and analysis
Raw spectra of the MSI dataset were converted into mzXML using Raw-
Converter51. A modified version of the script ORBIIMAGEmzXML2Tricks 
(v. 0.10, G. Eijkel) was used to produce a basepeak spectrum from each 
MSI dataset. Basepeak spectra of all the samples were summed to 
obtain a global basepeak spectrum. Peak picking was then performed 
on the global basepeak spectrum, and the resulting peak list was used 
to extract the MS images from each sample’s dataset using ORBIIMA-
GEmzXML2Tricks. MSI datacubes were imported into MATLAB R2019b 
(MathWorks) for image preprocessing and data analysis. Each MSI 
dataset was processed separately to remove peaks that negatively cor-
related with the tissue, each peak list was deisotoped, and the intensity 
of pixels outside the tissue was set to zero. A merged datacube was 
produced by selecting only those peaks that were detected in all tis-
sue sections being compared and then using spatial offsets to place 
all datasets within the same coordinate space. The resulting datacube 
was total ion count normalized, and bright spots with an intensity over 
the 99.9th percentile were removed.

IMS—histological staining and annotation
Tissue sections were stained with hematoxylin and eosin (H&E) after 
MSI data acquisition. Briefly, residual MALDI matrix was removed 
with ethanol washes (2× 30 s each) followed by rehydration and H&E 
staining. Optical images of the histologically stained tissues were 
recorded using an Aperio CS2 scanner at 40× magnification (Aperio 
Technologies) and annotated using Aperio ImageScope (v 12.2.2.5015, 
Aperio Technologies). OvCa cells adjacent to adipocyte regions were 
defined as tumor cells closer than 200 µm to adipocytes; these tumor 
cells were shown to present intracellular lipid staining in a previous 
work4. OvCa cells further than 200 µm from adipocytes were anno-
tated as distant from adipocytes. Histological images were imported 
in MATLAB and co-registered to the MALDI MSI dataset. Annotated 
regions were imported in MATLAB, converted into masks and aligned 
to the MSI dataset, to perform region-based analysis52. Region masks 
were merged together using the same spatial offsets of the MSI dataset 
to obtain a global mask that can be applied to all MSI images at once.

IMS—data analysis
ROC curve analysis was used to identify m/z that differentiate OvCa 
cells adjacent to adipocytes from those distant from adipocytes. ROC 
curve analysis was performed by comparing the log2-transformed 
intensities of the pixels. Only m/z features with a nonzero value in at 
least 30% of the pixels of the regions were considered for the analysis. 
To take into account any bias that may arise from the different dimen-
sions of the regions, ROC analysis was performed on randomly selected 
pixels from the regions, using the number of pixels of the smallest area. 
ROC analysis was performed in MATLAB using the function perfcurve; 
ions corresponding to an AUC greater than 0.7 (increased intensity in 
OvCa cells adjacent to adipocytes) and lower than 0.3 (increased in 
OvCa cells distant from adipocytes) were selected. Selected m/z were 
assigned on the basis of the mass accuracy using METLIN53 (Δ = 10 ppm, 
[M + H]+,[M + Na]+,[M + H–H2O]+ adducts). Lipids are presented using 
the lipid species level notation5,54.

Quantitative real-time reverse transcription PCR analysis
To determine the changes in mRNA expression, cancer cells were 
plated in six-well plates and allowed to attach for 36 h after which the 
medium was removed, cells washed with PBS (twice) and co-cultured 
with primary adipocytes (1:5 PCV ratio) for 12 h (ref. 6). Adipocytes 
were removed by pipetting, and cancer cells were washed with PBS 
(three to five times) to remove the remaining adipocytes. Cells were 

then lyzed using TRIzol (Life Technologies) and total RNA extracted 
(per manufacturer’s protocol). Complementary DNA synthesis was 
carried out using 1 µg total RNA using high-capacity cDNA synthe-
sis kit (Applied Biosystems). Subsequently, quantitative polymerase 
chain reaction (qPCR) was carried out using the 7500 Real-Time PCR 
System (Applied Biosystems) with probes for HK2 (Hs00606086_m1), 
GPAT3 (Hs00262010_m1), GPD1 (Hs01100039_m1) and normalized to 
GAPDH (Hs02758991_g1) as a loading control. Relative changes were 
calculated using 2−ΔΔCt method, and a P value of <0.05 was considered 
significant (t-test).

Immunoblotting
Cell lysis was carried out using RIPA buffer supplemented with pro-
tease and phosphatase inhibitors. Subsequently, protein estimations 
were performed using BCA protein assay kit (Pierce, Thermo Scien-
tific). Equal protein amounts were resolved on sodium dodecyl sulfate 
gels (4–20%), transferred onto nitrocellulose membrane, and blotted 
for antibodies against specific proteins HIF1α (BD Biosciences, cat. 
no. 610958, 1:1,000), HK-2 (Cell Signaling Technology, cat. no. 2867, 
1:1,000), p-STAT3 Tyr 708 (Cell Signaling Technology, cat. no. 9131, 
1:1,000), total STAT3 (Cell Signaling Technology, cat. no. 9139, 1:1,000), 
GAPDG (Cell Signaling Technology, cat. no. 5174, 1:1,000) and β-actin 
(Millipore Sigma, cat. no. A5441, 1:3,000).

Immunohistochemistry
Immunohistochemistry was carried out as previously discussed4. Serial 
sections of omental tumors from patients with HGSOC were stained 
using antibodies against HIF1α (BD Biosciences, cat. no. 610958, 1:50), 
HK2 (Cell Signaling Technology, cat. no. 2867, 1:50), GPAT3 (Novus, cat. 
no. NBP-1-93629, 1:250), Ki-67 (Thermo Scientific Labvision, cat. no. 
RM-9160, 1:400), cleaved caspase 3 (Cell Signaling Technology, cat. 
no. 9661, 1:200) and 4-HNE (Abcam cat. no. ab46545, 1:300).

Lentivirus production and RNA interference
293T cells were transfected with packaging plasmids (8 µg of 
pCMV-dR8.2 dVPR and 1 µg pCMV-VSV-G, a gift from Robert Weinberg, 
Addgene plasmid #8455 and 8454, respectively) along with shRNA 
plasmids (8 µg) using Lipofectamine 2000 (Thermo Fisher Scientific) 
transfection reagent. Viral supernatants were collected 48 h after trans-
fection and added to cell lines after filtration using 0.45 µm syringe fil-
ters. Cancer cell lines were transduced with lentivirus containing shRNA 
targeting HIF1α (TRCN0000003810) and GPAT3 (TRCN0000162335) 
to generate stable lines.

Omental explant assay
Human omental tissue was collected and ex-vivo culture carried out5 to 
determine the effect of HIF1α knockdown on the colonization capac-
ity OvCa cells. Then 10 mm punch biopsies of omental tissue (three 
per group) were added to a 24-well ultralow-attachment plate. One 
million scramble/control or HIF1a targeting shRNA transduced SKO-
V3ip1 cells were stained using CellTracker Red CMTPX Dye (Thermo 
Fisher Scientific) and added to each well. After 18 h (adhesion) and 
72 h (proliferation) culture, the cells were imaged using a Nikon Eclipse 
Ti2 microscope using a 4× objective. Subsequently, cancer cells were 
released from the tissue using trypsin and quantitated by measuring 
the fluorescence intensity (excitation 577 nm, emission 617 nm) using 
SpectraMax iD3 (Molecular Devices). The assay was repeated using 
tissue collected from three patients.

Bioenergetics: glycolysis and oxidative phosphorylation
The effect of adipocytes and HIF1α on glycolysis and oxidative 
phosphorylation was determined using the Seahorse XFe analyzer  
(Agilent) by measuring ECAR and oxygen consumption rate (OCR)5,55. 
Briefly, 10,000 cells were plated per well of 96-well Seahorse plates 
and allowed to attach overnight. Cells were treated with control media 
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or adipocyte-conditioned media for 18 h. Post treatment, cells were 
washed and either replaced with DMEM (D5030, Sigma-Aldrich) 
supplemented with glutamine (2 mM, Corning) for ECAR analysis or 
replaced with Seahorse DMEM base media (Agilent) supplemented with 
sodium pyruvate (1 mM, Corning), glucose (25 mM, Sigma-Aldrich) and  
glutamine (2 mM, Corning) for OCR analysis. The assay media pH was 
adjusted to 7.4. Cells were incubated in a non-CO2 incubator for 1 h 
before the assay was started. For ECAR assays, sequential injection of 
glucose (10 mM, Sigma-Aldrich), oligomycin (2 µM, Sigma-Aldrich) and 
2-deoxyglucose (50 mM, Sigma-Aldrich), and for OCR assays, sequen-
tial injection with oligomycin (1 µM, Sigma-Aldrich), FCCP (carbonyl 
cyanide 4-(trifluoromethoxy)phenylhydrazone) (1 µM, Sigma-Aldrich), 
antimycin A (1 µM, Sigma-Aldrich) and rotenone (1 µM, Sigma-Aldrich) 
was carried out. Background-corrected rate data were plotted to deter-
mine changes in ECAR and OCR levels.

Luciferase activity assay—HIF1α stability assay
To quantitatively measure the effect of adipocyte CM HIF1α stability, we 
transfected SKOV3ip1 and OVCAR5 cells with ODD-luciferase-pcDNA3 
construct (a kind gift from William Kaeline, Addgene plasmid #18965) 
and generated stable lines17. These stable cells were plated in six-well 
plates, allowed to attach for 36 h, and treated with either control 
medium or adipocyte CM in triplicate for 6 h. Cells were subsequently 
lysed using reporter lysis buffer (Promega), and luciferase activity was 
measured using an illuminometer (Lumat LB 9507, Berthold Technol-
ogy). Data were normalized to protein levels using a BCA kit (Thermo 
Fisher Scientific).

MTT assay
Control shRNA and HIF1α transduced SKOV3ip1 cells were plated in 
96-well plates (3,000 per well) and allowed to attach. The cells were 
treated with control medium (DMEM/F12 medium with 1% strepto-
mycin and 1% penicillin) or primary human omental Adi CM for 18 h. 
Subsequently, cells were treated with RSL3 (1 µM), ferrostatin-1 (1 µM) 
and zVAD-fmk (10 µM) and incubated for an additional 6 h. At the end 
of 24 h, (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium  
bromide) (MTT) assay was carried out as described before5. Relative  
percent cell viability was calculated on the basis of the values from control  
medium-treated group (Csh − Adi control and Hsh − Adi control).

Lipid peroxidation assay—MDA
To determine the intracellular levels of MDA, thiobarbituric acid 
reactive substance assay was carried out (using TBARS assay kit,  
Cayman) as described previously5. Control shRNA and HIF1α transduced  
SKOV3ip1 cells were plated in 15 cm dishes and co-cultured with primary 
adipocytes (1:5 PCV adipocytes:medium) for 18 h, following which, 
cell pellets were sonicated and boiled, and assay was carried out as per 
manufacturer’s protocol.

Lipid ROS measurement—C11 Bodipy 581/591
OvCa cells (control shRNA and HIF1α transduced SKOV3ip1 cells) were 
plated in black-walled 96-well plates (3,000 per well) and allowed to 
attach. The cells were subsequently treated with either control medium 
or Adi CM in the presence of (2 µM) C11 Bodipy 581/591 dye (Thermo 
Fisher Scientific) and images were taken every 2 h at 10× magnifica-
tion using Incucyte S3 live cell imaging system (Sartorius). Cells were 
continuously imaged for 24 h, and the hourly mean total integrated 
fluorescent intensity measured using the green channel (excitation 
441–481 nm, emission 503–544 nm) was plotted for each group.

Statistical analysis and reproducibility
GraphPad Prism 7 software was used to calculate statistical signifi-
cance. Data are presented as mean ± standard error of the mean 
(s.e.m.), and unless otherwise stated, a two-tailed Student’s t-test was 
used to determine statistical significance; a P value less than 0.05 was 

considered significant. Unless stated, experiments were repeated three 
times, and one representative experiment is shown. For metabolomic 
analyses, a mixed-effects one-way ANOVA was carried out. Metabo-
lites with a P value of <0.5 were considered significantly changed, 
and directional changes were depicted as network maps generated 
using Cytoscape 2.0. Significantly altered metabolites and genes were 
integrated to obtain a multi-omics dataset. Gene and metabolite path-
way over-representation analysis was performed using Integrated 
Molecular Pathway Level Analysis (IMPaLA)56. Enriched pathways were 
identified on the basis of FDR and adjusted P values ≤0.05. Hierarchi-
cal clustering of enriched pathways was subsequently carried out to 
identify significant networks and visualized using Kyoto Encyclopedia 
of Genes and Genomes pathways.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Metabolomic data are deposited in the metabolomics workbench 
(https://www.metabolomicsworkbench.org/) and can be queried 
using the project https://doi.org/10.21228/M82S3K. Raw and pro-
cessed microarray data are available in the Gene Expression Omnibus 
database (accession number GSE235641). Unique biological materials 
will be provided upon reasonable request. Source data are provided 
with this paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Untargeted metabolomic analysis of adipocytes 
after co-culture with ovarian cancer cells. (a) Network map showing altered 
levels (red = increased; green = decreased) of biochemically and structurally 
similar metabolites in adipocytes after co-culture with SKOV3ip1 OvCa cells 
for 18 h. Biochemically and structurally similar metabolites are clustered. 
Metabolites in the same biochemical pathway are connected by orange lines. 
Structurally similar metabolites are connected by blue lines. (b) Principle 
component analysis (PCA) showing lipidomic changes in SKOV3ip1 cells induced 
by conditioned media derived from patient matched adipocytes (Adi CM), 
fibroblasts (NOF CM) and preadipocytes (Pre-adi CM). (c) Venn diagram showing 
number of metabolites altered in adipocytes, cancer cells, and co-culture 

derived media (p < 0.05, two-way ANOVA, mixed model post hoc Tukey HSD). 
(d) Changes in metabolites in adipocytes, cancer cells, and co-culture derived 
media. C24-ceramide, C16-ceramide and 18:1 sphingosine were primarily 
secreted by adipocytes; endocannabinoids such as 2-Arachidonylglycerol and 
2-Linoleoylglycerol were increased in co-culture conditions (p < 0.05, one-way 
ANOVA). (e) Changes in phosphatidylcholine levels in the secretome of cancer 
cells (blue), adipocytes (green), and cancer cells co-cultured with adipocytes 
(red). Data extracted from metabolomics described in Fig. 1c. Statistical 
significance was calculated using two-way ANOVA, * p < 0.05, ** p < 0.01,  
*** p < 0.001.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Joint gene-metabolite analysis of adipocytes co-
cultured with cancer cells. Gene expression analysis. Heat map showing 
clustering of (a) cancer cells +/− adipocyte co-culture, (b) adipocytes +/− co-
culture with SKOV3ip1 cells for 12 h. Gene Set Enrichment Analysis (cell cycle) 
based on the gene expression (microarray) of (c) cancer cells +/− adipocyte 
co-culture and (d) adipocytes +/− SKOV3ip1 co-culture. (One-way ANOVA, 

FDR, q value < 0.05). Integration of gene expression and metabolites using 
IMPala, depicting changes in the (e) cancer cells +/− adipocyte co-culture 
and (f ) adipocytes +/− co-culture with SKOV3ip1 cells. Genes and metabolites 
increased with co-culture are in red, those reduced are in green. Fold changes of 
significantly altered genes from microarray analysis are shown in a table on left 
(One-way ANOVA, FDR, q value < 0.05). (E, F Created with BioRender.com (2023)).
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Seahorse and metabolomics of ovarian cancer cells 
co-cultured with adipocytes. (a) Glycolytic (ECAR) profiles of SKOV3ip1 cells 
treated with adipocyte conditioned media (Adi CM) for 18 h measured using 
a Seahorse XFe96 analyzer (n = 3 independent experiments, mean +/− SEM 
are plotted as bar graphs, two-way ANOVA, ** p < 0.05). (b) ECAR profile of 
OVCAR5 cells treated with Adi CM for 18 h (n = 3 independent experiments). 
(c–d), Ex-vivo culture of omental tumor explants. Stable isotope tracing using 
[13C]-glucose (data from Fig. 2c) for 24 h. Isotopologue prolife of (C) TCA cycle 

intermediates and (D) Lysophosphocholine (LPC) 18:1 for three patient tumors 
is plotted (n = 3 independent biological samples). Mean +/− SEM are plotted as 
bar graphs. (e) Stable isotope tracing. SKOV3ip1 cells were treated with either 
control or Adi CM for 6 h and glucose utilization traced using uniformly labeled 
[13C]-glucose. Bar graph depict contribution of 13C vs 12C carbon to the total pool 
of glycerol-3-phosphate under specific treatment conditions (n = 3 independent 
experiments). Mean +/− SEM are plotted as bar graphs. (p = 0.11, two-way ANOVA; 
and p = 0.001 unpaired T-test).
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Extended Data Fig. 4 | Knockdown of GPAT3 reduces metastatic tumor 
burden in mice. Scrambled (Control shRNA) or GPAT3 targeting shRNA (GPAT3 
shRNA) transduced, luciferase expressing, HeyA8 cancer cells were injected 

intraperitoneally into athymic nude mice and tumor burden visualized after 2 
weeks using the IVIS spectrum in vivo imaging system. Images show end-point 
difference in tumor burden.
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Extended Data Fig. 5 | See next page for caption.

http://www.nature.com/natmetab


Nature Metabolism

Article https://doi.org/10.1038/s42255-023-00879-8

Extended Data Fig. 5 | Adipocyte-induced HIF1α regulates glycolysis. (a) 
Immunoblot of HIF1α in ovarian cancer cell lines co-cultured with Adi for 16 h 
(n = 3 independent experiments). (b) Immunoblot for HIF1α, showing stable 
knockdown of HIF1α in SKOV3ip1 cells (n = 3 independent experiments). (c) 
Principal component analysis using adipocyte co-cultured samples (16 h) stably 
expressing either control shRNA or HIF1α shRNA cells. (d) qPCR analysis to 
determine glycerol-3-phosphate dehydrogenase (GPD1) mRNA expression in 
stable HIF1α knockdown SKOV3ip1 cells after 12 h adipocyte co-culture. Mean 
+/− SEM are plotted as bar graphs. (n = 3 independent experiments, two-tailed 
t-test, ** p < 0.005). (e-f) SKOV3ip1 HIF1α knockdown cells were treated with Adi 
CM for 18 h, followed by Seahorse analysis to determine changes in ECAR (n = 3 
independent experiments). (Mean +/− SEM, two-way ANOVA, *** p = 0.0005, 

**** p < 0.0001). g) Adi CM was fractioned into metabolite and non-metabolite 
fractions based on size (3 kd). SKOV3ip1 cells were treated with both fractions 
for 6 h and immunoblot carried out (n = 3 independent experiments). (h) 
Immunoblot for HIF1α after treatment of SKOV3i1p cells with 10 ng/ml of 
recombinant human cytokines (IL-6, IL-8, and MCP1) for 6 hr (n = 3 independent 
experiments. (i) Immunoblot of HIF1α expression in SKOV3ip1 cells treated with 
Adi CM (6 h) +/− neutralizing antibodies against human IL-6, IL-8, or MCP-1(n = 3 
independent experiments. (j) SKOV3ip1 cells were pretreated with the STAT-3 
inhibitor STATTIC (10 µM), the JAK2 inhibitor AZD-1480 (10 µM), or a MEK 
inhibitor, Trametinib (1 µM) for 30 min, followed by incubation with Adi CM for 
6 h. Immunoblot of HIF1α expression (n = 3 independent experiments).
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Adipocyte-induced HIF1α alters the lipidome of 
ovarian cancer cells. Lipidomics. HIF1α shRNA or control shRNA transduced 
SKOV3ip1 cells were co-cultured with primary omental adipocytes for 18 h, 
and mass spectrometry performed. The heat map depicts fold changes 
of significantly altered lipids (two-tailed t-test, p value of <s0.05) with 

adipocyte co-culture and HIF1α knockdown. Lipids: Triacylglycerol, 
TG; Phosphatidylethanolamine, PE; Lysophosphatidylcholine, LPC; 
phosphatidylcholine, PC; carnitine, CAR; ceramide, Cer; fatty acid, FA; 
diacylglycerol, DG; phosphatidylglycerol, PG; phosphatidylinositol, PI; 
phosphatidylserine, PS; sphingomyelin, SM.

http://www.nature.com/natmetab


Nature Metabolism

Article https://doi.org/10.1038/s42255-023-00879-8

Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Effect of HIF1α knockdown on ovarian cancer cells.  
(a, b) Explant assay. SKOV3ip1 cells transduced with either control shRNA or 
HIF1α shRNA were cultured with non-cancerous human omentum for  
(A) 18 h and (B) 72 h to measure cellular adherence capacity and proliferation, 
respectively (n = 3 biologically independent samples). Mean +/− SEM are plotted 
as bar graphs. (c) C11 Bodipy stained cells (control and HIF1α) were treated with 
adipocyte-derived conditioned media and mean fluorescent intensity measured 
after 24 h using Incucyte (data extracted from Fig. 5f). (n = 3 independent 
experiments, Mean +/− SEM are plotted as bar graphs, one-way ANOVA  
* p < 0.05, *** p = 0.0002, p < 0.0001.) (D-E) Lipid ROS measurements. HeyA8 
cells transduced with either scrambled shRNA (Control shRNA) or GPAT3 shRNA 
was labelled with C11-Bodipy dye was treated adipocyte-derived conditioned 

media (Adi CM). (d) Images were taken every 2 h using Incucyte and total green 
fluorescence intensity plotted. (n = 3 independent experiments, Mean +/− SEM 
are plotted). (e) Bar graph depicts green fluorescence intensity measured at the 
24 h time point. (n = 3 independent experiments, two-way ANOVA, ** p = 0.003, 
mean +/− SEM are plotted). (f) Immunohistochemistry for 4-HNE adducts in 
serial sections of xenograft omental tumors (from Fig. 3d). Staining intensities 
of the images (left) were quantified using ImageJ (right). (n = 3 independent 
experiments, two-tailed t-test, mean +/− SEM are plotted as bar graphs). (g) MTT 
assay to determine the viability of HeyA8 cells after treatment with the indicated 
compounds. (n = 3 independent experiments, two-way ANOVA, p < 0.05, mean 
+/− SEM are plotted as bar graphs).
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