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The ability to adapt to low-nutrient microenvironments is essential for tumor cell survival and progression in solid cancers,
such as colorectal carcinoma (CRC). Signaling by the NF-kB transcription factor pathway associates with advanced disease
stages and shorter survival in patients with CRC. NF-kxB has been shown to drive tumor-promoting inflammation, cancer cell
survival, and intestinal epithelial cell (IEC) dedifferentiation in mouse models of CRC. However, whether NF-kB affects the
metabolic adaptations that fuel aggressive disease in patients with CRC is unknown. Here, we identified carboxylesterase 1
(CES1) as an essential NF-kB-regulated lipase linking obesity-associated inflammation with fat metabolism and adaptation
to energy stress in aggressive CRC. CES1 promoted CRC cell survival via cell-autonomous mechanisms that fuel fatty acid
oxidation (FAOQ) and prevent the toxic build-up of triacylglycerols. We found that elevated CES1 expression correlated with
worse outcomes in overweight patients with CRC. Accordingly, NF-kB drove CES1 expression in CRC consensus molecular
subtype 4 (CMS4), which is associated with obesity, stemness, and inflammation. CES1was also upregulated by gene
amplifications of its transcriptional regulator HNF4A in CMS2 tumors, reinforcing its clinical relevance as a driver of CRC. This
subtype-based distribution and unfavorable prognostic correlation distinguished CES1 from other intracellular triacylglycerol
lipases and suggest CES1 could provide a route to treat aggressive CRC.

Introduction

Tumor cells must adapt to the low nutrient concentrations in the
tumor microenvironment (TME) in order to survive, proliferate,
and spread to distant sites (1-4). The availability of nutrients, such
as glucose, is generally lower in solid tumors than in normal tissues
because of the higher metabolic requirements of rapidly prolifer-
ating tumor cells and inadequate blood supply due to the abnor-
mal and inefficient tumor vasculature (5, 6). This poses a major
metabolic challenge for tumor cells, exacerbated by the presence
of driver mutations that commit these cells to a biosynthetic met-
abolic program while restricting their capacity to respond to meta-
bolic stress (2, 3). Tumor cell clones that are able to meet this chal-
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lenge have a significant growth advantage and greater metabolic
adaptability, which fuel malignant progression, epithelial to mes-
enchymal transition (EMT), and metastatic spread (4, 7).

Several adaptive metabolic mechanisms have been described
in colorectal carcinoma (CRC) (8-12). Early studies have shown that
glucose deprivation drives the acquisition of RAS-pathway muta-
tions, which promote CRC cell adaptation to low glucose availabil-
ity in part by increasing glucose uptake through the upregulation
of glucose transporter 1 (GLUTI) (8). Subsequent studies have
reported additional metabolic responses of CRC cells to starvation,
including glucose deprivation-induced MYC stabilization, which
enhances glycolytic flux by upregulating GLUTI and other glycol-
ysis-associated genes (9, 10), and alterations in the expression of
genes involved in glutamine metabolism (11, 12). Recent reports
have shown that metabolic adaptations also play an important role
in the EMT and in metastatic dissemination, which requires CRC
cells to migrate through and adapt to diverse metabolic tumor envi-
ronments, both upon entering the circulation and colonizing distal
sites (4, 7, 13, 14). Strong evidence also indicates that an upregula-
tion of oxidative metabolism and fatty acid oxidation (FAO) during
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Figure 1. NF-kB is activated in the mesenchymal CMS4 CRC subtype

and regulates lipid metabolism upon starvation. Box plots showing

the median z scores of the NF-kB-activation (A) and inflammatory (B)
gene signatures in each CMS subtype from patients with CRC (n = 296)

in The Cancer Genome Atlas (TCGA) data set. Shown in the box plots

are the median values (horizontal lines), 25th to 75th percentiles (box
outlines), and highest and lowest values within 1.5 times the interquartile
range (vertical lines). Notches denote the 95% confidence interval of the
medians. Samples from each CMS subtype were compared with other CRC
samples by using 2-tailed Student’s t test. ***P < 0.001. Statistical signifi-
cance for multiple comparisons was calculated using the Kruskal-Wallis
test (P < 2.2 x 107). (C) Hierarchical clustering of the 1795 metabolic genes
present in the Reactome database from the patients in A and B, arranged
according to CMS subtype. The z scores of gene expression are depicted as
a gradient from azure (low expression) to orange (high expression). Yellow,
CMS1; blue, CMS2; red, CMS3; green, CMS4. (D) Metabolite set enrichment
analysis of significantly deregulated biochemicals (g < 0.05) in MEFs
expressing RelA-specific (RelA) relative to nonspecific (ns) shRNAs (n = 5),
cultured under normal conditions (0) or for the indicated times under GL. P
values were corrected using the Benjamini-Hochberg false-discovery rate
(FDR) procedure. Orange, overenrichment (up); azure, underenrichment
(down). (E) Heatmap showing the log, fold change of metabolic species

in the indicated lipid classes in RelA-deficient relative to control MEFs
treated as in D. Shown are the lipid species having a value different from 0
in at least 1 of the time points investigated. Orange, increased abundance;
azure, decreased abundance. Framed in black are the lipid classes showing
statistically significant accumulation, as determined by a hypergeometric
test, corrected using the Benjamini-Hochberg procedure (CE: d2, g = 4.55 x
107?; triacylglycerol: d1, g = 4.44 x 107; d2, g=1.19 x 10°°). For D and E, meta-
bolic analysis were conducted at Metabolon.

energy stress is essential for EMT, metastatic spread, and therapy
resistance in many cancer types, including CRC (15-17). However,
the precise mechanisms underpinning this metabolic plasticity of
cancer cells and its influence on tumor behavior and clinical out-
comes in patients with CRC remain poorly understood.

NF-«B transcription factors are central regulators of immu-
nity and inflammation (18). They are also major drivers of
oncogenesis, disease recurrence, and therapy resistance, owing
to their capacity to upregulate genes that suppress cancer cell
apoptosis and orchestrate inflammation in the TME (18, 19).
Studies in mouse models of CRC have demonstrated an essen-
tial role for NF-xB in both tumor initiation and progression
(20, 21). During CRC initiation, NF-kB signaling enhances
WNT/B-catenin activation and stemness in intestinal epithelial
cells (IECs) (20), whereas in established tumors, NF-xkB medi-
ates a crucial link between malignancy and inflammation by
stimulating tumor-promoting inflammation and the survival of
intestinal tumor cells (21). Other reports have implicated NF-«xB
signaling in the regulation of energy metabolism, metabolic
stress adaptation, and EMT in both models of inflammation
and cancer, including CRC (18, 22-28). In keeping with these
findings, several clinical studies have identified a correlation
between higher NF-kB activity and shorter overall survival (OS),
as well as more advanced disease stages, in patients with CRC
(29-32). However, the paucity of the molecular clinical investi-
gations has limited the mechanistic understanding of the patho-
genic relationship of NF-«B signaling with tumor phenotype and
clinical evolution in CRC. Consequently, precisely how NF-«xB
activation drives aggressive disease progression in patients with
CRC remains poorly understood.
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The consensus molecular subtype (CMS) classification of
CRC recently provided a robust molecular subtyping system
for CRC and an important new tool for deciphering how NF-«B
impacts CRC evolution and clinical outcomes (33). Thus, we
sought to interrogate this classification system as a starting point
to investigate whether and how NF-«B activity relates to intrinsic
core biologic underpinnings of human CRC and features previ-
ously associated with NF-kB-driven colorectal tumors in mouse
models. We reasoned that this approach might reveal novel core
cancer cell vulnerabilities that could provide better treatments
for patients with CRC who are affected by hard-to-treat forms of
the disease. Using this approach, we identify carboxylesterase 1
(CES]) as an essential NF-kB-regulated lipase promoting cancer
cell survival and adaptation to energy stress conditions in aggres-
sive CRC. We found that elevated CES1 expression correlates with
worse prognosis in overweight patients with CRC and is enriched
downstream of NF-«B in mesenchymal consensus molecular sub-
type 4 (CMS4), which is associated with stemness, obesity, and
inflammation. Our results uncover a metabolic oncogenic path-
way that is mediated by NF-«xB via CES1-dependent lipid catab-
olism, revealing an intriguing association of NF-kB signaling and
inflammation with obesity, fat catabolism, and metabolic adap-
tation in aggressive CMS4 tumors. These results underscore the
clinical relevance of CES1 as a central driver of CRC and suggest
CES1 could provide an effective route to treat patients with CRC
with particularly poor prognosis.

Results

Inflammation and increased NF-«B activity cosegregate with the
aggressive mesenchymal CMS4 subtype. Our analysis of human data
sets demonstrated that the NF-«kB activation and inflammatory
gene signatures are significantly upregulated in the mesenchy-
mal CMS4 subtype of CRC (Figure 1, A and B), which is associ-
ated with stemness, EMT, TGF-f activation, and shorter OS and
relapse-free survival (33). This finding is consistent with the
reported correlation between enhanced NF-«kB activity and worse
clinical outcomes in patients with CRC (29-32). CMS4 tumors
also exhibited a distinctive pattern of metabolic gene expression
compared with other CRC subtypes (Figure 1C). Since NF-xB is a
transcriptional regulator of cell metabolism, in addition to being a
central regulator of inflammation and the EMT (18, 19, 22-28), this
suggested that increased NF-«B activation could contribute to the
distinct metabolic features of CMS4 tumors.

NF-xBinhibition markedly disrupts lipid metabolism under energy
stress conditions. To test this hypothesis, while excluding any
potential confounding effects resulting from the idiosyncratic
metabolic dependencies of cancer cells, we investigated the global
impact of NF-kB inhibition on the metabolism of nontransformed
mouse embryonic fibroblasts (MEFs) cultured under low glucose
conditions (24), mimicking the low-glucose concentrations pres-
ent in the tumor microenvironment (TME) (5, 6). As shown in Sup-
plemental Figure 1, A-C (supplemental material available online
with this article; https://doi.org/10.1172/JCI137845DS1), RNA
interference-mediated (RNAi-mediated) inhibition of the dom-
inant NF-«kB subunit RelA (18, 20, 34) altered the cellular abun-
dance of over 430 metabolites, assessed by mass spectrometry
(MS) before and/or after glucose limitation (GL) (Supplemental
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Figure 2. NF-kB inhibition impairs oxidative FFA metabolism and CRC
cell survival during starvation. (A) Box plots showing the relative TAG
abundance (n = 80) in CT-26 cells expressing RelA-specific versus ns
shRNAs and cultured under normal (0) or GL conditions, as shown. The
relative TAG abundance was derived by adding the peak area for each
TAG, identified by LC-MS and Lipostar software (Molecular Discovery Ltd).
(B) Western blots showing RelA and B-actin protein levels in CT-26 cells
from A. (C) Box plots showing the relative CE abundance (n = 16) in CT-26
cells from A during GL. The relative CE abundance was derived by adding
the peak area for each CE, identified as in A. (D) Box plots showing the
relative abundance of [?C]-labeled TAGs (n = 7), determined by LC-MS flux
analysis and Lipostar software in CT-26 cells expressing RelA-specific or
ns shRNAs, before or after [3C]-oleate addition in the presence of EG00
and etomoxir. (E) Box plots showing the TAG turnover calculated as in D,
using [?C]-oleate, in CT-26 cells expressing RelA-specific or ns shRNAs as
in A. TAG turnover reports the percentage of decrease of [*C]-labeled TAG
abundance (n = 40) at 8 relative to 0 hours, in the presence of triacsin C
and forskolin. (F) Trypan blue exclusion assays showing the percentage

of live CT-26 cells expressing RelA-specific or ns shRNAs as in A after 4
days under GL, in the presence of the indicated treatments. Values denote
mean + SD (n = 3). (G) SRC measured by Seahorse in cells from A, treated
as shown. (H) Mitochondrial ATP production rate (mito-ATP) measured

by Seahorse in cells from A, treated as shown. (A and C-E) Shown in the
box plots are the medians (horizontal lines), 25th to 75th percentiles (box
outlines), and highest and lowest values within 1.5 times the interquartile
range (vertical lines). (F-H) BSA and BSA-oleate, 200 uM. (F and G) Eto-
moxir, 10 pM. (G and H) Means report the percentages of the control values
+ SEM (n = 6). (B and F-H) Experiments were conducted at least 3 times.
(A and C-H) Statistical significance was calculated by 2-tailed Student’s t
test. *P < 0.05; **P < 0.01; ***P < 0.001.

Table 1). An enrichment analysis of these metabolites identified
fatty acid metabolism, glycerolipid metabolism, and lipid signal-
ing as the metabolic classes that were most significantly altered by
RelA inhibition over time (Figure 1D).

To determine in more detail the impact of NF-kB-dependent
gene transcription on lipid metabolism and its possible involve-
ment in the adaptation to low-glucose availability, we conducted
an additional profiling of 1028 lipid species, using MEFs. As shown
in Figure 1E, NF-kB/RelA knockdown affected metabolic species
from multiple lipid classes, including phospholipids, lysophospho-
lipids, and ceramides (Supplemental Table 1). However, the most
profound effect of RelA inhibition was a significant enrichment
of TAGs and, to a lesser extent, cholesteryl esters (CEs), with a
marked accumulation of several TAG and CE species during GL.
RelA depletion by RNAI similarly altered lipid metabolism in the
CT-26 CRC cell line, resulting in an increased cellular content of
both TAGs and CEs upon GL, and a lesser alteration of other lipid
species, such as phosphocholines (Figure 2, A-C, Supplemental
Figure 2A, and Supplemental Table 1) (35). The observed effects
of RelA depletion on phospholipids and ceramides were in keep-
ing with the NF-kB-dependent regulation of enzymes involved
in inflammatory and stress-related lipid signaling, such as phos-
pholipase A2 (36). However, the marked alteration of TAG and
CE metabolism seen in RelA-deficient cells was not expected and
suggested that NF-xB enhances lipolysis or reduces neutral lipid
synthesis during low-glucose availability. To distinguish between
these possibilities, we performed pulse-chase experiments using
[3C]-oleate and specific drug inhibitors to selectively block TAG
hydrolysis or free-fatty acid (FFA) re-esterification. Interesting-
ly, RNAi-mediated RelA inhibition had no effect on the rate of
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[*C]-oleate incorporation into TAGs in CT-26 cells, indicating that
NF-kB does not affect TAG synthesis or FFA cellular uptake (Fig-
ure 2D and Supplemental Table 1). In contrast, RelA deficiency
markedly reduced TAG turnover during GL (Figure 2E and Sup-
plemental Table 1), suggesting that NF-kB accelerates lipolysis.

NF-«B promotes energy homeostasis and CRC cell survival by
increasing oxidative FFA metabolism during starvation. Cancer cells
must adapt to low-glucose availability to survive in the poorly vas-
cularized TME (1-4, 37). Thus, we investigated whether NF-kB-
driven TAG catabolism could contribute to the metabolic adapta-
tion of CRC cells to GL, as TAGs derived from lipid droplets are the
preferred energy substrates used by cells under metabolic stress
conditions (3, 38). RelA inhibition markedly diminished CT-26
cell survival during GL (Supplemental Figure 2B), in keeping with
previous studies (24). However, treatment with BSA-bound oleate,
which circumvents the requirement for lipolysis, completely res-
cued RelA-deficient cells from GL-induced death (Figure 2F). Fur-
thermore, the cytotoxic effect of RelA depletion was recapitulated
by the FAO inhibitor etomoxir, suggesting a role for FAO in the
prosurvival function of NF-xB under GL (Figure 2F).

To clarify the mechanism by which NF-kB promotes cell survival
during GL, we compared the mitochondrial bioenergetic profiles of
RelA-deficient and control CT-26 cells. Notably, spare respiratory
capacity (SRC), which reflects the respiratory reserve available for
ATP production to support cell survival during energy stress condi-
tions (39), was significantly reduced by RelA inhibition (Figure 2G
and Supplemental Figure 2C). Treatment with etomoxir similar-
ly diminished SRC in CT-26 cells, abrogating the difference seen
between RelA-deficient and control cells (Figure 2G and Supple-
mental Figure 2C). Mitochondrial ATP production was correspond-
ingly impaired by the silencing of RelA (Figure 2H and Supplemen-
tal Figure 2D). Conversely, oleate supplementation reversed both
the reduced mitochondrial ATP production rate and the reduced
SRC observed in RelA-depleted cells. Together, these data demon-
strate the importance of lipolysis in NF-kB-dependent metabolic
homeostasis under GL conditions, while excluding a direct role for
NF-«B in the modulation of FFA mitochondrial import or FAO (Fig-
ure 2, G and H). We concluded that RelA deficiency reduces FFA
availability for FAO and oxidative phosphorylation (OXPHOS) by
impairing TAG hydrolysis under energy stress conditions, resulting
in a metabolic crisis and cell death.

CES1is a pivotal mediator of the effects of NF-«B on lipid catab-
olism. To understand how NF-kB-dependent gene transcription
regulated TAG catabolism, we analyzed the gene expression pro-
file of RelA-deficient and control MEFs, at baseline and under
GL, by using RNA sequencing. Among the 1792 metabolic genes
listed in the Reactome database, we isolated the top 7 genes that
were most markedly downregulated by RelA deficiency at all
time points investigated (Figure 3A, Supplemental Figure 3A,
and Supplemental Table 2). Notably, one of the genes in this
group encoded carboxylesterase 1d (Cesld), the murine ortho-
log of human CESI (also known as triacylglycerol hydrolase), a
TAG and CE lipase predominantly expressed in liver, adipose
tissue, intestine, and lung (40). We confirmed by quantitative
reverse transcription PCR (qRT-PCR) that CesId transcripts were
strongly upregulated by GL in control MEFs, but only weakly in
RelA-deficient MEFs (Supplemental Figure 3B), indicating that
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Cesld expression depends on NF-«B. The basal expression and
upregulation of Cesld transcript and protein levels in CT-26 CRC
cells under GL also required NF-«B, as shown by RelA knock-
down (Figure 3, B and C). Consistent with these results, RelA
depletion by RNAi ablated Cesld hydrolase activity, assessed by
using a serine esterase activity-based probe (41), thus establish-
ing the importance of NF-«B in promoting the Cesld enzymat-
ic function in CRC cells (Figure 3D). In contrast, NF-kB had no
effect on Ser660-specific phosphorylation of hormone-sensitive
lipase (Hsl) (Supplemental Figure 3C). Chromatin immunopre-
cipitation identified at least 10 NF-kB/RelA-binding (xB) DNA
elements in the promoter and intronic regions of the CesIld gene
(Supplemental Figure 3D). These DNA elements were frequently
occupied by RelA-containing NF-kB complexes at baseline, and
their occupancy by NF-kB invariably increased upon GL (Figure
3E and Supplemental Figure 3E). Luciferase assays and muta-
tional DNA analyses confirmed the functional relevance of at
least 6 of these kB elements for Cesld transcription (Supplemen-
tal Figure 3, F and G). Thus, Cesld expression is under direct
NF-kB-dependent transcriptional control in CRC cells, both
under basal and metabolic stress conditions.

Since Cesld/CES1 specifically hydrolyses TAGs and CEs
(40), we investigated whether it mediated any of the metabolic
effects of NF-kB in CRC cells. Upon Cesld depletion, CT-26
cells exhibited a marked accumulation of TAGs and CEs, but not
PCs, both at baseline and under GL (Figure 4, A-C, Supplemen-
tal Figure 4A, and Supplemental Table 1), mimicking the effects
of RelA deficiency on lipid metabolism. However, Cesld knock-
down appeared to impact neutral lipids more promptly and con-
spicuously than the silencing of RelA (see also Figure 2, A and C),
suggesting that other genes could mitigate the metabolic effects
of RelA deficiency. In pulse-chase labelling experiments using
[*C]-oleate, TAG turnover was markedly reduced in Cesld-
deficient compared with control CT-26 cells (Figure 4D and Sup-
plemental Table 1), and again this effect was more pronounced
than that seen in RelA-depleted cells (see Figure 2E). Thus, we
investigated whether Cesld/CES1 could contribute to NF-kB-
dependent metabolic adaptation to energy stress conditions. As
shown in Figure 4E, the silencing of Cesld markedly diminished
CT-26 cell survival following GL. Similar results were obtained
using 2 alternative Cesld-targeting hairpins (Cesld #2 and Cesld
#3; Supplemental Figure 4, B and C), the structurally distinct
Ces1d/CES1 inhibitors, GR-148672X (42) and WWL113 (ref. 41,
Figure 4F, and Supplemental Figure 4, D and E), or MEFs (Sup-
plemental Figure 4F). Reciprocally, ectopic Cesld expression
effectively rescued RelA-deficient cells from GL-induced death
(Figure 4G and Supplemental Figure 4G), mimicking the protec-
tive effect of oleate supplementation (Figure 2F). Moreover, a
silencing-resistant but not a wild-type Cesld-encoding lentivirus
reversed GL-induced death in Cesld-depleted CT-26 cells, thus
excluding any off-target effects of the Cesld-targeting hairpins
(Supplemental Figure 4, H and I). Thus, Ces1d/CES1 mediates
many of the metabolic effects of RelA on lipid catabolism and is
both required and sufficient to compensate for RelA loss in con-
trolling the response of CRC cells to starvation.

CESI1 depletion impairs metabolic adaptation by reducing oxida-
tive energy metabolism and enhancing toxic TAG accumulation. Given
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the essential role of Cesld/CES1 in the NF-kB-dependent reg-
ulation of lipid catabolism and CRC cell survival during starva-
tion, we sought to characterize the bioenergetic profile of Cesld-
deficient cells. As with etomoxir treatment, Cesld knockdown
ablated SRC in CT-26 cells, while oleate supplementation com-
pletely reversed this effect (Figure 4H and Supplemental Fig-
ure 4]), in keeping with our findings in RelA-deficient CRC cells
(Figure 2G). Cesld depletion also diminished the mitochondrial
ATP production rate (Figure 41 and Supplemental Figure 4K).
Surprisingly, however, oleate supplementation failed to rescue
this impaired mitochondrial ATP production in Cesld-depleted
cells (Figure 41 and Supplemental Figure 4K). Since marked TAG
accumulation was shown to induce ROS formation and mitochon-
drial damage, leading to cell death (43), we considered whether
these events could contribute to the mitochondrial dysfunction
observed in Cesld-deficient cells during GL. Indeed, Cesld inhi-
bition increased both nonmitochondrial respiration and ROS pro-
duction in CT-26 cells, with a corresponding depletion of cellular
reduced glutathione (GSH) levels (Figure 4, J-L and Supplemen-
tal Figure 4]J; see also Supplemental Figure 4, L and M). Compa-
rable results were obtained using spectrophotometric methods
to assess ROS and GSH levels (Supplemental Figure 4, N and O).
The increase in ROS formation induced by Cesld depletion was
associated with enhanced lipid peroxidation, which results in fer-
roptosis, assessed by using BODIPY 581/591 C11 and examining
4-hydroxynonenal (HNE) protein adducts, a major end-product
of polyunsaturated fatty acid (PUFA) peroxidation (Figure 4M,
Supplemental Figure 4, P and Q) (44-47). This increased lipid per-
oxidation in Cesld-deficient cells was accompanied by a deple-
tion of glutathione peroxidase 4 (Gpx4) levels, another hallmark
of ferroptosis (Supplemental Figure 4R) (46, 48). Interestingly,
enhanced ROS formation further correlated with a significant
decrease of the mitochondrial membrane potential (A¥Ym) and
a corresponding increase of the number of apoptotic cells upon
Cesld depletion, as shown by annexin V staining, TUNEL assays,
and the assessment of caspase-3/7 activity and nucleosomal DNA
fragmentation (Figure 4, N-P, Supplemental Figure 4, S-W) (44).
These data suggest that ROS accumulation in Cesld-deficient
cells results in the induction of both the ferroptosis and apoptosis
pathways of cell death during GL.

We reasoned that the cytotoxic effects of exaggerated TAG
accumulation could explain the failure of oleate supplementa-
tion to reverse the reduced mitochondrial ATP production rate
seen in Cesld-deficient cells (Figure 4I). Consistent with this
idea, the effect of Cesld depletion on the survival of starved CRC
cells was only partly recapitulated by treatment with etomoxir
(Supplemental Figure 4X). Moreover, oleate supplementation
failed to protect Cesld-deficient cells from GL-induced toxicity
(Figure 4Q). In contrast, the addition of Ferrostatin-1 (FR-1) and
z-VAD-fmk, which block ferroptosis and apoptosis, respectively,
together with oleate, completely rescued Cesld-depleted CRC
cells from GL-induced death (Figure 4Q; see also Supplemental
Figure 4X). Instead, FR-1 or z-VAD-fmk either alone or in combi-
nation, but without oleate, could only partly reverse GL-induced
toxicity in Cesld-deficient cells (Supplemental Figure 4X). Col-
lectively, these results suggest that the NF-kB-dependent upreg-
ulation of Ces1d/CES1 mediates 2 important cytoprotective func-
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Figure 4. Ces1d mediates NF-kB-dependent metabolic adaptation by
enhancing FFA catabolism and preventing TAG accumulation. (A and B)
Relative TAG (A; n = 92) and CE (B; n = 9) abundance in CT-26 cells express-
ing Ces1d or ns shRNAs at baseline (0) or under GL. (C) Western blots with
cells from A. (D) TAG turnover, reporting the percentage of decrease of
[3C]-labeled TAG abundance (n = 40) at 1 versus 0 hours, in cells from A.
(E and F) Trypan blue exclusion showing the percentage of live CT-26 cells
from A (E) or after a 4-day treatment as indicated (F) under normal (-) or
GL conditions. (G) Trypan blue exclusion showing the percentage of live
RelA-deficient or control CT-26 cells expressing eGFP or Ces1d after 4 days
under GL. (H-)) SRC (H), mito-ATP (1), and nonmitochondrial OCR (J) in cells
from A treated as shown. (K-0) FACS showing ROS levels (K), GSH levels
(L), lipid peroxidation (M), loss of mitochondrial potential (A¥m) (N), and
annexin V/7-AAD positivity (0) in cells from A after 2 (0), 3 (K and N) or 4
(L and M) days under GL. (P) Propidium iodide staining showing apoptotic
DNA fragmentation in cells from A after 4 days under GL. (Q) Trypan blue
exclusion showing the percentage of live cells from A treated as indicated
after 4 days under GL. (A, B, and D) Shown are the medians (horizontal
lines), 25th to 75th percentiles (box outlines), and highest and lowest
values within 1.5 times the interquartile range (vertical lines). (E, F, and Q)
Values denote means + SD (n = 3). (H-]) Values denote means + SEM (n
=6). (A, B, D-}, and Q) Significance was calculated by 2-tailed Student’s t
test. *P < 0.05; **P < 0.01; ***P < 0.001.

tions in CRC cells during metabolic stress: first, to maintain ATP
homeostasis and thus enable cells to meet their energy demand
by increasing the FFA supply to fuel FAO and OXPHOS; second,
to prevent the toxic build-up of neutral lipids that results in ROS
production and mitochondrial damage, triggering apoptosis and
ferroptosis (43).

CESI expression portends worse clinical outcomes in overweight
patients with CRC. The maintenance of energy homeostasis
is essential for malignant cell survival in the nutrient-insuf-
ficient TME (1-4). We therefore investigated whether CES1-
dependent TAG catabolism could contribute to the pathogen-
esis of CRC, since FAO is also involved in stem cell renewal,
anchorage independent growth, and metastatic spread (15-17).
Fifty-nine patients with CRC were stratified on the basis of
tumor-associated CESI expression and the lipid composition of
their tumors was analyzed by MS. These analyses showed that
elevated CESI expression correlated with a reduced abundance
of multiple TAG species in the tumor tissue, compared with
tumors exhibiting low CESI mRNA expression (Figure 5A, Sup-
plemental Figure 5, A and B, Supplemental Table 1), consistent
with our findings in CRC cell lines (Figure 4A). In the same CRC
patient cohort, elevated CESI expression also correlated with
shorter disease-specific survival (DSS) (Figure 5B), and interest-
ingly, this correlation demonstrated an increased significance in
overweight patients (Figure 5C). Notably, we found no prognos-
tic correlation with CESI expression in the nonoverweight CRC
patient subgroup (Figure 5C). Similar results, demonstrating a
significant association between elevated CESI expression and
both shorter progression-free interval (PFI) and shorter DSS in
overweight, but not nonoverweight patients, were obtained upon
analysis of an external CRC data set from The Cancer Genome
Atlas (TCGA) network using 25th percentile as cut-off value for
CES1 expression (ref. 49, Figure 5, D and E, and Supplemental
Figure 5, C and D). Together, these results identify CESI as a hall-
mark of aggressive disease in overweight patients with CRC.
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Since obesity is a major risk factor for CRC and increases both
the disease recurrence and mortality rates in patients with CRC
(50-52), we sought to investigate in more detail its association
with CES1 expression. Interestingly, the analysis of CRC data sets
demonstrated that the obesity gene signature and percentage of
overweight patients were both significantly increased in the mes-
enchymal CMS4 subtype compared with other CRC subtypes
(Figure 5, F and G and Supplemental Figure 5, E and F). Notably,
CESI expression was correspondingly upregulated in the aggres-
sive CMS4 subtype, in keeping with our findings of a correlation
between CESI expression and worse prognosis in CRC (Figure
5H and Supplemental Figure 5G). Of note, CESI expression was
also upregulated in the canonical CMS2 CRC subtype (discussed
below). Thus, our analyses of human data sets (33) demonstrated
a clear stratification of CESI expression with clinically relevant
core molecular subtypes of CRC, obesity-related inflammation,
and patient outcome. Notably, no other intracellular TAG lipase
displayed such a distinctive CRC subtype-based distribution, nor
a correlation with reduced survival in patients with CRC (Supple-
mental Figure 5, H-R). Together, these findings suggest a unique
role for CES1 in the pathogenesis of aggressive CRC.

Elevated CESI expression is driven by NF-kB activation in CMS4
CRC and by HNF4A amplifications in CMS2 CRC. The high CESI
expression observed in CMS4 CRCs was consistent with the
elevated NF-kB-activation and inflammatory gene signatures
characteristic of these tumors. However, the increased CESI
expression seen in the CMS2 subtype was unexpected, since
this subtype is not linked to inflammation nor NF-«kB activa-
tion (Figure 5H). We considered that CMS2 CRCs are enriched
in amplifications of the gene encoding the transcription factor,
hepatocyte nuclear factor 40 (HNF4a) (33), residing in the chro-
mosome 20q11-q13 amplicon, which correlates with worse clin-
ical outcomes in patients with CRC (49, 53). Since HNF4q is a
transcriptional regulator of CESI (54), this raised the possibility
that increased CESI expression in CMS2 CRCs could be driven
by HNF4A amplifications. Consistent with this idea, HNF4A was
expressed at significantly higher levels in the CMS2 than other
CRC subtypes (Figure 51 and Supplemental Figure 5S). Moreover,
CESI expression correlated with the presence of HNF4A ampli-
fications, as well as HNF4A mRNA expression in CRC data sets
(Supplemental Figure 5, T and U). Interestingly, CESI expression
in human CRCs also correlated with the NF-«B target-gene signa-
ture (Supplemental Figure 5V), which is upregulated in the CMS4
subtype along with CESI (Figure 1A and Figure 5H).

These analyses of patients with CRC suggested that elevated
CESI expression is largely driven by NF-«kB activation in the
CMS4 subtype and by HNF4A amplifications in the CMS2 sub-
type, underscoring the importance of CES1 upregulation in the
etiopathogenesis of CRC. Consistent with this idea, NF-kB/RelA
was activated by GL-induced Ser536 phosphorylation in 3 of the
6 human CRC cell lines evaluated (Supplemental Figure 6A).
Accordingly, RelA knockdown decreased CESI expression, result-
ing in TAG and CE but not PC accumulation and impaired meta-
bolic adaptation during energy stress only in the 3 CRC cell lines
in which NF-«B was activated by GL (Figure 6, A-C and Supple-
mental Figure 6, A-C). Strikingly, despite this cell-selective NF-kB
activation, all 6 CRC cell lines depended on CES1 expression for
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Figure 5. CES1is upregulated in CMS2 and CMS4 CRCs and denotes
aggressive disease in obese/overweight patients. (A) TAG abundance in
CRCs (n = 57) stratified based on CEST expression. Shown are the mean
(horizontal lines), mean + SEM (box outlines), or mean + SD (vertical
lines). Significance was calculated by 2-tailed Student’s t test. (B) DSS in
patients from A stratified based on tumor-associated CEST expression.
(C) DSS in obese/overweight (left; n = 30) and normal weight (right; n

= 23) patients from A stratified as in B. (D) DSS in obese/overweight
(left; n = 157) and normal weight (right; n = 272) patients with CRC from
the TCGA data set (n = 427) stratified based on tumor-associated CEST
expression using the 25th or 50th percentile as thresholds. (E) PFI

in obese/overweight (left; n = 161) and normal weight (right; n = 275)
patients from D stratified as in D. (F) Median z scores of the obesi-
ty-gene signatures in each CMS CRC subtype from Figure 1, A and B. (G)
Percentage of overweight patients with CMS subtypes from F. Samples
in each subtype were compared with all other CRC samples using Fisher’s
exact test. *P = 0.03. (H and 1) CEST (H) and HNF4A (1) mRNA expression
in CMS subtypes from F. (B-E) Significance was calculated using the
log-rank test. (F, H, and I) Shown are the medians (horizontal lines), 25th
to 75th percentiles (box outlines), and highest and lowest values within
1.5 times the interquartile range (vertical lines). Notches denote the 95%
confidence interval of the medians. Samples in each CMS subtype were
compared with all other CRC samples using 2-tailed Student’s t test.
Significance for multiple comparisons was calculated using the Kruskal-
Wallis test (P < 2.2 x 107). *P < 0.05; ***P < 0.001.

survival during GL, as shown by the marked toxicity produced by
CESI1 deficiency in starved CRC cells (Figure 6C). Similar results
were obtained using 2 independent CES1-targeting hairpins (CES1
#2 and CES1 #3; Supplemental Figure 6, D and E). These data sug-
gested that CES1 is the dominant effector of NF-kB-dependent
metabolic homeostasis in CRC cells during GL, because RelA
knockdown had no effect on CRC cell survival under energy stress
conditions, unless it resulted in a decrease of CESI expression
(Figure 6A and Supplemental Figure 6C). In contrast, HNF4A
expression was higher in the RelA-independent than RelA-depen-
dent CRC cell lines (Supplemental Figure 6F) and, corresponding-
ly, HNF4A knockdown diminished constitutive CESI expression
in the 3 RelA-independent but not the RelA-dependent CRC cell
lines (Figure 6D and Supplemental Figure 6G). Two alternative
HNFA4-targeting hairpins produced similar effects (Supplemen-
tal Figure 6G). Collectively, our results support the hypothesis that
CESI transcription is reciprocally controlled by NF-kB and HNF4a
in distinct subsets of CRC.

CES1 is a potentially actionable therapeutic target in aggressive
CRC. Given the profound effect of CES1 depletion on CRC cell
survival upon GL and the clinical relevance of CESI expression
in CRC pathogenesis, we hypothesized that blockade of the CES1
catalytic activity could provide an effective therapeutic strate-
gy to treat patients with aggressive forms of CRC. In support of
this hypothesis, treatment with the CESI inhibitor, GR148672X
(42), significantly increased GL-induced cell death in all human
CRC cell lines investigated, while demonstrating no overt tox-
icity under normal culture conditions (Figure 6E and Supple-
mental Figure 6H). Similar results were obtained using a second
CES1 inhibitor (WWL113; Supplemental Figure 6, I and ]) (41).
These results indicated that the effects of CES1 knockdown on
CRC cell survival after GL were due to reduced CESI enzymat-
ic activity rather than impaired CES1 adaptor function. These
findings also confirmed the contextual specificity of the CES1-
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targeting approach for metabolic stress conditions. Interestingly,
in a mouse allograft model of CRC, treatment with GR148672X
over a 10-day period significantly reduced tumor growth, with
no apparent adverse effects (Figure 7, A and B and Supplemen-
tal Figure 7A). At the endpoint, all control mice had developed
large tumors, whereas mice treated with GR148672X displayed
a significant reduction of both tumor volume and weight (Fig-
ure 7, B-D). Similar results showing a marked drug-dependent
inhibition of CRC oncogenesis with no apparent toxicities were
obtained with GR148672X in a second mouse xenograft model of
CRC, using the human cell line HCT-116 (Figure 7, E-H and Sup-
plemental Figure 7B). These results are broadly consistent with
a previous study, which reported a significantly reduced growth
of B cell tumors in Cesld-deficient mice (55). Collectively, these
data identify CESI as a potentially actionable therapeutic target
in aggressive core CRC subtypes and support the therapeutic
potential of blocking CES1 to counter colorectal carcinogenesis.

Discussion

Our findings uncover a metabolic mechanism mediated by CES1
that drives CRC pathogenesis downstream of inflammatory
NF-«B signaling and HNF4A amplification in the CMS4 and
CMS2 subtypes, respectively. CES1 enhances CRC cell survival
under energy stress conditions by cell-autonomously increasing
FFA availability for ATP production and preventing TAG-induced
cytotoxicity mediated by ROS and phospholipid peroxidation (Fig-
ure 7I). Our results also provide a mechanism for the role of NF-kB
in the etiopathogenesis of CRC, revealing an intriguing associa-
tion that links NF-kB activity and inflammation with obesity and
fat metabolism in the mesenchymal CMS4 subtype. Further, our
data provide a basis for the pathogenic role of prognostically unfa-
vorable HNF4A gene amplifications in patients with CRC (53).
Thus, despite using entirely different genetic and inflammatory
oncogenic pathways, respectively, CMS2 and CMS4 tumors both
rely on the same CESI-mediated downstream mechanism to with-
stand starvation and drive malignant CRC evolution. Future stud-
ies will clarify the precise mechanisms for the CESI transcriptional
regulation by NF-kB and HNF4o in human CRC. Notwithstand-
ing, our results underscore the central metabolic role of CESI in
CRC etiopathogenesis.

Strong epidemiological evidence demonstrates that the recur-
rence and mortality rates of patients with CRC markedly increase
in obese people, underscoring the importance of lipid metabo-
lism in CRC pathogenesis (50-52). A prominent feature of CRC
in obese patientsis a chronic state of low-grade inflammation that
is exacerbated by the anatomical proximity of tumors to abdomi-
nal hypertrophic adipose depots, resulting in alterations of cancer
cell metabolism and biology, which are thought to promote CRC
progression (51,52, 56). Yet surprisingly little is known about how
altered lipid metabolism contributes to the aggressive evolution
of CRC in obese patients. We find that, despite the remarkable
genetic and phenotypic heterogeneity of CRC (57), CES1 expres-
sion markedly increases in the metastasis-prone mesenchymal
CMS4 subtype and portends worse clinical outcomes in over-
weight/obese patients. It was previously suggested that cancer
cells use fatty acids released by TME-based adipocytes and stro-
mal cells to support rapid tumor growth (17, 58). Our data do not
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Figure 6. CES1-dependent metabolic adaptation is reciprocally controlled
by NF-kB and HNF4g, in distinct CRCs. (A) gRT-PCR showing CEST mRNA
expression in the indicated human CRC cell lines expressing RELA-specific
(RELA) or ns shRNAs. (B) Heatmap showing the log, fold change of met-
abolic species in the indicated lipid classes in RELA-deficient (RELA) rel-
ative to control cells in the indicated human CRC cell lines, cultured under
normal conditions (0) or GL for 4 days, identified by LC-MS and Lipostar
software. Shown are the lipids having a value different from zero at the
time points investigated. Orange, increased abundance; azure, decreased
abundance. Statistical significance of the lipid accumulation during GL
was determined by a hypergeometric test, corrected using the Benjami-
ni-Hochberg procedure (triacylglycerols in RKO cells at d4, g = 5.47 x 107%2).
(C) Trypan blue exclusion assays showing the percentage of live cells from
the indicated human CRC cell lines expressing CEST-specific (CEST) or ns
shRNAs after a 4-day culture under GL (top). Western blots showing CES1
and B-actin protein levels in the same cells (bottom). (D) gRT-PCR showing
the CESTmRNA expression in the human CRC cell lines from A expressing
HNF4A-specific (HNF4A) or ns shRNAs. (E) Trypan blue exclusion assays
showing the percentage of live cells from the indicated human CRC cell
lines after a 4-day treatment with GR-148672X (10 uM) or vehicle during
GL (top). Values denote mean + SD (n = 3). Images of representative

cells (bottom). Scale bar: 50 pm. (A and D) Experiments were conducted
twice. (C and E) Experiments were conducted at least 3 times. (A and C-E)
Values denote mean + SD (n = 3). Statistical significance was calculated by
2-tailed Student’s t test. **P < 0.01; ***P < 0.001.

exclude a role for this metabolic symbiosis between cancerous
and noncancerous cells in CRC, nor an additional role for CES1
in tumor-associated adipocytes. However, our findings from the
investigations of patients with CRC and preclinical cellular and
animal models underscore the importance of the cell-autono-
mous mechanism mediated by CES1 in mobilizing FFAs from
endogenous lipid reservoirs for supporting CRC cell survival
under energy stress conditions. Indeed, these endogenous FFAs
would presumably represent the only source of FAO fuels avail-
able to CRC cells for maintaining metabolic homeostasis upon
loss of attachment or migration outside the TME during the ini-
tial stages of metastasis (15). By increasing FFA availability and
oxidative energy metabolism, elevated CES1 expression could
also link inflammation with the EMT in inflamed CMS4 tumors,
in keeping with the roles of FAO and inflammation in both driving
and maintaining stemness in cancer (15, 18).

The identification of actionable therapeutic targets that are
linked to the pathogenesis of core molecular tumor subtypesis an
area of major interest and clinical need, particularly in obesity-
associated mesenchymal tumors, given their higher risk of
metastasis, relapse, and resistance to cancer therapy (57). How-
ever, translating oncological metabolic targets to the clinical
setting has been complicated by the frequent toxicities pro-
duced by the suppression of mechanisms that are also required
for normal cell function (59, 60). Interestingly, in this regard,
CES1 appears to be a promising therapeutic target in CRC, given
its contextual specificity for energy stress conditions and its
selective overactivation in microsatellite stable/nonhyper-
mutated CMS4 (mesenchymal) and CMS2 tumors, which are
generally refractory to immune-checkpoint blockade immuno-
therapy. Accordingly, as well as systemic pharmacologic inhi-
bition, genetic Cesld deletion appears to be well tolerated in
mouse models, because Cesld knockout mice are viable, lean,
and seemingly healthy (61). Indeed, the short half-life and poor
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stability of the tool compounds used in our study underscore the
therapeutic potential of the CES1-dependent metabolic mecha-
nism in CRC and the need for developing novel CES1 inhibitors
with improved bioavailability. Thus, while further investiga-
tions will determine whether CES1 blockade can be developed
into an effective treatment strategy in obese patients with CRC,
our findings may serve as an example for developing tumor
subtype-based interventions that target core tumor cell vulner-
abilities also in cancers beyond CRC.

Methods
A detailed discussion of the Methods is reported in the Supplementary
Material.

Data availability. mRNAseq data set generated in the current
study (Figure 3A) is included in the Supplementary Material files as
Supplemental Table 2 and has been submitted to the European Nucle-
otide Archive under accession number PRJEB32382.

The Metabolic Profiling data sets (general platform and lipid plat-
form) generated in the current study (Figure 1, D and E; Figure 2, A,
C-E; Figure 4, A, B, and D; Figure 6B; Supplemental Figure 2A; and
Supplemental Figure 4A) are included in the Supplementary Material
files as Supplemental Table 1.

The lipid profiling data set generated from patients with CRC is
included in the supplementary material as Supplemental Table 1.

Data from the analysis of The Cancer Genome Atlas (TCGA)
CRC (COADRED) program and the French National Cartes d’iden-
tité des Tumeurs (FNCIT) program were classified according to the
CMS algorithms described by the Colorectal Cancer Subtyping Con-
sortium (CRCSC) and downloaded using the Synapse browser (ID:
syn2623706). Additional information is available in the section “CRC
patients and human CRC data sets” of the Supplemental Methods.

Study approval. A prospective, observational study of patients at
serial stages along the CRC disease pathway was conducted between
January 2015 and January 2017. Ethical approval for this study was
provided by the Research Ethics Committee and Health Research
Authority (REC reference: 14/EE/0024). Informed written consent
was obtained from all the subjects involved in the studies. Mouse
experiments were conducted under the authority of UK Home Office
PPL P57F16A53. The PPL was approved by the Imperial College Ethi-
cal Review Process and the UK Home Office.
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Figure 7. Pharmacologic Ces1d/CES1 inhibition counters CRC tumorigenesis in
vivo. (A) Diagram summarizing the treatment schedule used in B. (B) Volumes
of subcutaneous CT-26 CRC allografts in mice treated by intraperitoneal injec-
tion of GR-148672X (50 mg/kg) or vehicle as shown (left). Images of represen-
tative tumors isolated from mice at day 13 (right). (C) Volumes of subcutaneous
CT-26 CRC tumors from B measured ex vivo at day 13. (D) Dot plots showing

the weight of tumors from the mice in B at day 13. (E) Diagram summarizing
the treatment schedule used in F. (F) Volumes of subcutaneous HCT-116 CRC
xenografts in mice treated by intraperitoneal injection of GR-148672X (50 mg/
kg) or vehicle as shown (left). Images of representative tumors isolated from
mice at day 27 (right). (G) Volumes of subcutaneous HCT-116 CRC tumors from

F measured ex vivo at day 27. (H) Dot plots showing the weight of tumors from
the mice in F at day 27. (1) Schematic representation of the reciprocal regulation
of CES1 expression by NF-kB and HNF4A in the CMS4 and CMS2 CRC subtypes,
respectively. Depicted is the CES1-mediated metabolic mechanism increasing
TAG breakdown to fuel FAO and OXPHOS during starvation, while preventing the
toxic build-up of neutral lipids that triggers apoptosis and ferroptosis. LD, lipid
droplet. (B-D and F-H) Values denote mean + SEM. (B-D) GR-148672X-treated
mice, n = 6; vehicle-treated mice, n = 8. (F-H) GR-148672X-treated mice, n =

9; vehicle treated mice, n = 8. (D and H) Horizontal lines and whiskers denote
median + SEM. (B-D and F-H) Statistical significance was calculated by 2-tailed
Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.001.
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