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ABSTRACT
KRAS is the most frequently mutated oncogene in human neoplasia. Despite a large investment to
understand the effects of KRAS mutation in cancer cells, the direct effects of the oncogenetic KRAS
activation on immune cells remain elusive. Here, we report that extracellular KRASG12D is essential for
pancreatic tumor-associated macrophage polarization. Oxidative stress induces KRASG12D protein release
from cancer cells succumbing to autophagy-dependent ferroptosis. Extracellular KRASG12D packaged
into exosomes then is taken up by macrophages through an AGER-dependent mechanism. KRASG12D

causes macrophages to switch to an M2-like pro-tumor phenotype via STAT3-dependent fatty acid
oxidation. Consequently, the disruption of KRASG12D release and uptake can abolish the macrophage-
mediated stimulation of pancreatic adenocarcinomas in mouse models. Importantly, the level of
KRASG12D expression in macrophages correlates with poor survival in pancreatic cancer patients. These
findings not only identify extracellular KRASG12D as a key mediator of cancer cell-macrophage commu-
nication, but also provide a novel KRAS-targeted anticancer strategy.

Abbreviations: DAMP, damage-associated molecular pattern; PBMCMs, peripheral blood mononuclear
cell-derived macrophages; PDAC, pancreatic ductal adenocarcinoma; s.c., subcutaneously; TAMs, tumor-
associated macrophages; TME, tumor microenvironment.
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Introduction

The tumor microenvironment (TME), a dynamic network
composed of malignant cells, immune cells, and other com-
ponents, shapes cancer progression and therapeutic responses
[1]. Usually, the immune system protects against the appear-
ance of neoplasia. However, genetic and epigenetic adapta-
tions of malignant cells can result in their escape from
immune surveillance via multiple biochemical and metabolic
mechanisms, finally facilitating tumor initiation, progression,
and metastasis [2]. Novel anticancer therapeutic strategies are
being designed to target the signaling and molecular commu-
nications between cancer cells and the surrounding immune
cells within the TME [1].

The RAS protein family, encoded by KRAS, NRAS and
HRAS genes, is part of the small-GTPase superfamily that
cycles between inactive GDP-bound and active GTP-bound
conformations [3]. KRAS is among the most commonly
mutated oncogenes in human cancers, especially in pancrea-
tic, lung and colorectal carcinomas [4]. The activation of
oncogenic KRAS signaling results in oncogenesis and tumor

progression linked to alterations in the TME. It is of great
interest to understand how mutant KRAS oncoprotein may
affect immunometabolism in the TME [3].

Pancreatic ductal adenocarcinoma (PDAC) is one of the few
KRAS-driven cancers for which survival has not improved over
the past decades in spite of multiple clinical trials [5]. In PDAC,
G12D is the most frequent mutation in KRAS (referred as
KRASG12D), correlating with distinctive features of the TME
[5]. Tumor-associated macrophages (TAMs) are bone marrow-
derived immune cells recruited into the TME, which contribute
to the initiation and progression of PDAC through metabolic
reprogramming-mediated polarization [6]. Depending on the
environmental stresses they receive, resting macrophages can
be polarized into two major subtypes: antitumor M1 and pro-
carcinogenic M2 [7]. However, it is not known how the
KRASG12D mutation affecting malignant cells may contribute
to M2 macrophage polarization and TAM formation.

Here, we provide the first evidence for a novel mode of
KRASG12D-mediated pro-tumorigenic M2 macrophage polar-
ization. Autophagy, a homeostatic mechanism in response to
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stress conditions [8–10], plays multiple roles in PDAC biology
[11–18]. We demonstrate that oxidative stress induced autop-
hagy-dependent KRASG12D protein release from PDAC cells.
The released KRASG12D protein is further taken up by macro-
phages via AGER/RAGE (advanced glycosylation end pro-
duct-specific receptor), a cell surface receptor accelerating
inflammation and tumor growth [19]. KRASG12D protein
then drives macrophages into pro-tumor M2-like TAMs via
inducing fatty acid oxidation. The inhibition of the release of
KRASG12D from tumor cells and that of its uptake by immune
cells subverted macrophage-induced PDAC tumor growth
in vivo. Importantly, the abundancy of KRASG12D in TAMs
is associated with dismal prognosis of PDAC patients, sup-
porting the contention that the voyage of KRASG12D from
malignant to immune cells could be therapeutically targeted.

Results

Extracellular release of KRASG12D during
autophagy-dependent ferroptotic cancer cell death

The initiation and progression of PDAC are linked to oxida-
tive stress, an imbalance of free radicals and antioxidants
[20,21]. To determine whether oxidative stress induces onco-
protein release, we used two human PDAC cell lines (PANC1
and AsPC1) that both harbor KRASG12D mutations. Hydrogen
peroxide (H2O2) induced KRASG12D release from PANC1 and
AsPC1 cells as well as from primary human PDAC cells (to
which we will refer as “pHsPDAC”) (Figure 1A) in a time-
dependent manner. These results suggest that oxidative stress
causes KRASG12D release from PDAC cells.

Because H2O2 can trigger various forms of regulated cell
death, such as apoptosis, necroptosis, and autophagy-
dependent cell death, in a context-dependent manner
[22,23], we next investigated whether the type of H2O2-
induced cell death influences KRASG12D protein release. H2

O2-elicited cell death (Figure 1B) and KRASG12D release from
PDAC cells (PANC1, AsPC1, and pHsPDAC). (Figure 1C)
were blocked by an autophagy inhibitor (e.g., chloroquine),
but not by inhibitors of apoptosis (e.g., Z-VAD-FMK) or
necroptosis (e.g., necrosulfonamide). As expected, Z-VAD-
FMK efficiently blocked cell death induced by staurosporine,
and necrosulfonamide prevented the lethal effects of TNF
(tumor necrosis factor) + Z-VAD-FMK + cycloheximide in
PANC1 cells (Figure 1D). Furthermore, the knockdown of
autophagy-related (ATG) genes, such as ATG5 or ATG7, by
shRNAs (Figure 1E) limited H2O2-induced cell death (Figure
1F) and KRASG12D release (Figure 1G) from PANC1 and
AsPC1 cells, supporting the idea that autophagy-dependent
cell death facilitates the KRASG12D protein release during
oxidative stress.

Recent studies indicate that autophagy-dependent cell
death is a distinct mode of regulated cell death required for
lipid peroxidation-mediated ferroptosis [24]. Ferroptosis inhi-
bitors (ferrostatin-1 and baicalein) not only blocked the H2O2

-induced formation of puncta containing MAP1LC3B (micro-
tubule associated protein 1 light chain 3 beta), an autophago-
some marker (Figure 1H), but also limited H2O2-induced cell
death (Figure 1B) and KRASG12D release (Figure 1C) in

PDAC cells. Ferroptosis inducers such as erastin and RSL3
also induced MAP1LC3B puncta (Figure 1I), the lipidation of
MAP1LC3B (which leads to an increase of it electrophoretic
mobility, generating the MAP1LC3B-II band) (Figure 1J), and
cellular KRASG12D release (Figure 1K). All of these effects
were reversed by the knockdown of ATG5 by shRNA
(Figure 1I–1K). These findings suggest that ferroptosis can
result in the release of KRASG12D protein from PDAC cells.

AGER is required for exosome uptake of KRASG12D by
macrophages

Exosomes are endosomal-derived extracellular vesicles that
mediate cell-to-cell communication during oxidative stress
and cell death [25–29]. Because GTPases normally are
involved in exosome biology [30], we investigated whether
the KRASG12D protein is present in exosomes. Using
a commercial exosome isolation kit, we first tested the purity
of our exosome isolation approach with electron microscopy,
nanoparticle tracking analysis, and western blot assays accord-
ing to guidelines of the International Society of Extracellular
Vesicles [31]. As expected, the size of isolated exosomes was
50–150 nm (Figure 2A,B) and they expressed positive mar-
kers, such as CD63, CD81, PDCD6IP/ALIX (programmed cell
death 6 interacting protein), and TSG101 (tumor susceptibil-
ity 101), but not negative markers, such as HSP90B1/GRP94
(heat shock protein 90 beta family member 1) and CYCS
(cytochrome C, somatic) (Figure 2C). Importantly, H2O2 sti-
mulation resulted in an increase of KRASG12D protein (but
not CD63 and PDCD6IP/ALIX) in isolated exosome fractions
in PANC1 and AsPC1 cells (Figure 2D). Chloroquine and
ferrostatin-1 blocked the H2O2-induced KRASG12D protein
accumulation in exosomes (Figure 2D). Knockdown of
ATG5 by shRNAs inhibited the H2O2-induced KRASG12D

protein accumulation in exosomes derived from PANC1 and
AsPC1 cells (Figure 2E). GW4869, an inhibitor of exosome
biogenesis and release, inhibited the H2O2-induced KRASG12D

release from PANC1 and AsPC1 cells (Figure 2F). Similarly,
the knockdown of RAB27A, a key regulator of exosome secre-
tion [32], also inhibited H2O2-induced KRASG12D release
from PANC1 cells (Figure 2G). The vast majority of the pellet
after 10K (10,000 × g) or 100K (100,000 × g) centrifugation
are exosomes [33]. After gradient separation of crude extra-
cellular vesicles, we observed that KRASG12D protein was
a major presence in the proteins pelleted after 10K or 100K,
but not 2K (2,000 × g) centrifugation (Figure 2H). These 100K
exosome pellets were further treated with proteinase K (a
protease) or Triton X-100 (a typical nonionic detergent).
Both KRASG12D and PDCD6IP/ALIX were insensitive to pro-
teinase K digestion, but were degraded by Triton X-100
(Figure 2I). Overall, these findings suggest that autophagy-
dependent ferroptosis results in the exosomal release of
KRASG12D.

We next investigated whether extracellular KRASG12D pro-
tein from tumor-derived exosomes can be taken up by macro-
phages. Human peripheral blood mononuclear cell-derived
macrophages (PBMCMs) normally are devoid of KRASG12D

(Figure 2J), yet take up H2O2-generated cancer exosomes
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Figure 1. The extracellular release of KRASG12D during autophagy-dependent ferroptotic cancer cell death. (A) The indicated human PDAC cells were treated with H2

O2 (500 µM) for 6–48 h and the level of KRASG12D in the supernatants was assayed as described in the Materials and Methods (n = 3, *P < 0.05 versus control group).
(B, C) Heat map of levels of cell death (B) and KRASG12D release (C) in the indicated PDAC cells following treatment with H2O2 (500 µM) in the absence or presence of
chloroquine (50 µM), Z-VAD-FMK (20 µM), necrosulfonamide (1 µM), ferrostatin-1 (1 µM), or baicalein (10 µM) for 24 h (n = 3). (D) Analysis of cell death in PANC1 cells
following treatment with staurosporine (1 µM) or TNF (50 nM) + Z-VAD-FMK (20 µM) + cycloheximide (10 µg/ml) (TZC) in the absence or presence of Z-VAD-FMK
(20 µM) or necrosulfonamide (1 µM) for 24 h (n = 3, *P < 0.05). (E) Western blot analysis of protein expression of ATG5 or ATG7 in the indicated PDAC cells. (F, G) Cell
death (F) and KRASG12D release (G) in the indicated PDAC cells following H2O2 (500 µM) treatment for 24 h (n = 3, *P < 0.05 versus control shRNA group). (H)
MAP1LC3B puncta in the indicated PDAC cells following H2O2 (500 µM) treatment in the absence or presence of ferrostatin-1 (1 µM) or baicalein (10 µM) for 24 h
(10–15 random fields, *P < 0.05 versus H2O2 group). Representative images of MAP1LC3B staining in PANC1 cells are shown in the right panel. Bar: 10 µm. (I)
MAP1LC3B puncta in control and ATG5-knockdown PANC1 cells following treatment with erastin (10 µM) or RSL3 (0.5 µM) for 24 h (10–15 random fields, *P < 0.05
versus control group). Representative images of MAP1LC3B staining are shown in the right panel. Bar: 10 µm. (J) Western blot analysis of protein expression in the
indicated PANC1 cells following treatment with erastin (10 µM) or RSL3 (0.5 µM) for 24 h. (K) The level of extracellular KRASG12D in the indicated PANC1 cells following
treatment with erastin (10 µM) or RSL3 (0.5 µM) for 24 h (n = 3, *P < 0.05 versus control group).
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Figure 2. AGER is required for exosome uptake of KRASG12D by macrophages. (A) Transmission electron microscopy image of the exosomes isolated from PANC1
cells. (B) nanoparticle tracking analysis for the exosomes isolated from PANC1 cells. (C) Western blot analysis of exosome markers in PANC1 cells. CD63, CD81,
PDCD6IP/ALIX, and TSG101 are used as exosome markers, and HSP90B1/GRP9 and CYCS are used as markers of cellular contamination. WCL, whole cell lysate; Exo,
exosome. (D) Western blot analysis of KRASG12D, CD63, and PDCD6IP/ALIX expression in isolated exosomes from PDAC cells following treatment with H2O2

(500 µM) in the absence or presence of chloroquine (50 µM) or ferrostatin-1 (1 µM) for 24 h. (E) Western blot analysis of KRASG12D, CD63, and PDCD6IP/ALIX
expression in isolated exosomes from wild-type and ATG5-knockdown PDAC cells following treatment with H2O2 (500 µM) for 24 h. (F) Analysis of KRASG12D release
in the supernatant in PDAC cells following treatment with H2O2 (500 µM) in the absence or presence of GW4869 (10 µM) for 24 h (n = 3, *P < 0.05 versus H2O2

group). (G) Analysis of KRASG12D release in the supernatant in wild-type and RAB27A-knockdown PANC1 cells following treatment with H2O2 (500 µM) for 24 h
(n = 3, *P < 0.05 versus wild-type group). (H) Western blot analysis of indicated protein expression in the successive pellets (2K, 10K, and 100K) of extracellular
vesicles isolated from H2O2-treated PANC1 cells. (I) Proteinase protection assay of 100K pellets in the absence or presence of proteinase K (1 mg/mL) or 1% Triton
X-100 for 30 min at 37°C. (J) Western blot analysis of KRASG12D and ACTB expression in PBMCMs following treatment with 100 μg/ml exosomes isolated from H2O2

(500 µM, 24 h)-treated PANC1 cells for 6–24 h. (K) Western blot analysis of KRASG12D and ACTB expression in PBMCMs following treatment with 100 μg/ml
exosomes isolated from H2O2 (500 µM)-treated PANC1 cells in the absence or presence of AGER Ab (50 µg/ml) and control IgG (50 µg/ml) for 24 h. (L) Western blot
analysis of KRASG12D and ACTB expression in wild-type and AGER-knockdown PBMCMs following treatment with 100 μg/ml exosomes isolated from H2O2 (500 µM)-
treated PANC1 for 24 h.
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(Figure 2J) in a time-dependent manner, suggesting that
tumor KRASG12D can enter macrophages.

In a previous study, we found that AGER (advanced gly-
cosylation end-product specific receptor), a transmembrane
protein that belongs to the immunoglobulin superfamily, can
bind mutant KRAS to sustain hypoxia and pro-survival sig-
naling in PDAC cells [34]. AGER is expressed by macro-
phages and epithelial cells to regulate inflammation,
immunity and exosome uptake [35–38]. To determine
whether AGER is required for KRASG12D uptake by macro-
phages, we used a neutralizing AGER antibody. This anti-
AGER antibody (but not control IgG) inhibited KRASG12D

uptake by PBMCMs cultured with H2O2-generated cancer
exosomes (Figure 2K). Similarly, the knockdown of AGER
by shRNAs in PBMCMs impaired KRASG12D uptake from
tumor-derived exosomes (Figure 2L). These findings indicate
that AGER mediates KRASG12D uptake by macrophages.

KRASG12D promotes macrophage M2 polarization via
STAT3-dependent fatty acid oxidation

The uptake of KRASG12D by macrophages suggested that it
might influence their polarization. To explore this possibility,
we knocked in KRASG12D in PBMCMs and measured biomar-
kers of M1 differentiation (IL12A [interleukin 12A], TNF, and
NOS2/iNOS [nitric oxide synthase 2]) or M2 polarization
(IL10 [interleukin 10], ARG1 [arginase 1], and TGFB1 [trans-
forming growth factor beta 1]). The mRNA expression of
IL10, ARG1, and TGFB1 (but not IL12A, TNF, and NOS2)
was upregulated in PBMCMs expressing KRASG12D

(Figure 3A). H2O2-generated cancer exosomes also increased
the mRNA expression of M2 (but not M1) markers by
PBMCMs, and this process was reversed by the knockdown
of AGER (Figure 3A). Thus, KRASG12D uptake may drive the
pro-carcinogenic M2 polarization.

Fatty acid oxidation, the mitochondria-mediated aerobic
process that results in the fragmentation of long-chain fatty
acids into acetyl-CoA units, can promote M2 macrophage
polarization [39,40]. Importantly, forced expression of
KRASG12D increased fatty acid oxidation in PBMCMs
(Figure 3B). Similarly, H2O2-generated cancer exosomes
increased fatty acid oxidation in PBMCMs, and this process
was inhibited by the knockdown of AGER (Figure 3B).
Furthermore, etomoxir, a pharmacological inhibitor of fatty
acid oxidation (Figure 3B), reduced mRNA expression of
IL10, ARG1, and TGFB1 in PBMCMs that were forced to
express KRASG12D or were treated with PDAC cell-derived
exosomes (Figure 3A). Thus, fatty acid oxidation contributes
to KRASG12D-mediated M2 macrophage polarization.

To understand the mechanism accounting for exacerbated
fatty acid oxidation in KRASG12D-driven macrophages, we
focused on STAT3 (signal transducer and activator of tran-
scription 3), a master transcription factor that acts down-
stream of KRASG12D to drive pancreatic tumorigenesis [41–
43]. Western blot analysis found that the phosphorylation of
STAT3 was upregulated in PBMCMs that were expressing
KRASG12D or that had been treated with cancer exosomes.
STAT3 phosphorylation was inhibited by the knockdown of
AGER (Figure 3C). Similar to the knockdown of AGER,

depletion of STAT3 by shRNA diminished fatty acid oxidation
(Figure 3B) and M2 macrophage polarization (Figure 3A) in
PBMCMs responding to KRASG12D or H2O2-elicited cancer
exosomes. Thus, AGER-mediated STAT3 activation is
required for KRASG12D-induced fatty acid oxidation and M2
polarization.

We next determined whether genes involved in the fatty
acid oxidation metabolic pathway would be regulated by
AGER-mediated STAT3 activation. Proteins from the CPT
(carnitine palmitoyltransferase) family are required for the
transport of long-chain fatty acids from the cytosol into
mitochondria for β-oxidation, whereas enzymes from the
ACAD (acyl-CoA dehydrogenase) family catalyze the initial
step of each cycle of β-oxidation in the mitochondria [44].
Moreover, the final step in the fatty acid oxidation spiral is
performed by ACAA2 (acetyl-CoA acyltransferase 2) [44].
A screening assay based on quantitative real-time PCR (qRT-
PCR) revealed that the mRNA expression of CPT1A (carnitine
palmitoyltransferase 1A) and ACADM (acyl-CoA dehydro-
genase medium chain), but not that of other fatty acid oxida-
tion-related genes (e.g., CPT1B, CPT1C, CPT2, ACADL,
ACADSB, ACAD9, ACAD10, ACAD11, ACADS, ACADVL,
and ACAA2) was upregulated in KRASG12D-expressing
PBMCMs compared to wild-type PBMCMs (Figure 3D).
This effect was inhibited by the knockdown of AGER or
STAT3 (Figure 3D). Of note, the knockdown of CPT1A and
ACADM by shRNAs limited fatty acid oxidation (Figure 3B)
and the mRNA expression of IL10, ARG1, and TGFB1
(Figure 3A) in PBMCMs expressing by KRASG12D or respond-
ing to cancer exosomes.

Collectively, these findings indicate that the AGER-STAT3
pathway is critical for KRASG12D-induced fatty acid oxidation
and subsequent macrophage M2 polarization.

Blocking KRASG12D release and uptake suppresses
macrophage-mediated pancreatic tumor growth in vivo

We took advantage of a xenograft model in which human
PANC1 cells are implanted in immunodeficient NOD SCID
mice to explore the possible voyage of KRASG12D protein
from cancer cells to macrophages. PANC1 cells alone
(7 × 106 cells) or PANC1 cells (5 × 106) plus PBMCMs
(2 × 106) were subcutaneously injected into the dorsal flanks
of NOD SCID mice. Compared with PANC1 cells alone,
PBMCMs promoted pancreatic tumor growth (Figure 4A).
Local injection of chloroquine, ferrostatin-1, or anti-AGER
antibody suppressed the growth of tumors arising from
PANC1 plus PBMCMs (Figure 4A). The knockdown of
ATG5 in PANC1 cells (Figure 4B) or the knockdown of
AGER in PBMCMs (Figure 4B) reduced the growth of tumors
generated from PANC1 cells plus PBMCMs. Furthermore,
KRASG12D-driven PBMCMs promoted pancreatic tumor
growth more efficiently than wild-type PBMCMs
(Figure 4C). This tumor-accelerating effect of KRASG12D

expression by PBMCMs was lost upon knockdown of
STAT3, ATG5, CPT1A, or RAB27A (Figure 4C). These find-
ings indicate that the transfer of the KRASG12D or KRASG12D

protein into PBMCMs can drive PDAC progression through
a pathway that involves ATG5, STAT3, CPT1A, and RAB27A.
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High KRASG12D expression in macrophages correlates
with poor survival in PDAC patients

To determine whether KRASG12D expression in macrophages is
aberrant in human pancreatic cancer, we used a pancreas tissue
microarray to analyze a cohort of 59 patients with PDAC
(Table 1). The expression of KRASG12D was detected in
CD68+ macrophages (Figure 5A). Patients bearing PDACs
with higher than median KRASG12D expression in CD68+

macrophages (high KRASG12D macrophage group) exhibited
a shorter overall survival than patients with low KRASG12D

expression in tumor infiltrating CD68+ macrophages (low
KRASG12D macrophage group) (Figure 5B). These findings
indicated that increased KRASG12D uptake by macrophages
may contribute to human PDAC progression.

Discussion

Although KRAS mutations have been studied intensively in
cancer cells, the effects of mutated KRAS proteins on tumor-
infiltrating immune cells have been largely elusive. In the

Figure 3. KRASG12D promotes macrophage M2 polarization via STAT3-dependent fatty acid oxidation. (A) Heat map of mRNA expression of M1 and M2 genes in the
indicated wild-type (WT) or KRASG12D-driven PBMCMs in the absence or presence of exosomes (100 μg/ml) or etomoxir (5 µM) for 24 h. (B) Analysis of fatty acid
oxidation level in WT or KRASG12D-driven PBMCMs in the absence or presence of exosomes (100 μg/ml) or etomoxir (5 µM) for 24 h. (C) Western blot analysis of STAT3
and p-STAT3 expression in the indicated PBMCMs with or without KRASG12D transfection or exosome treatment (100 μg/ml) for 24 h. (D) Heat map of mRNA
expression of fatty acid oxidation-related genes in indicated WT or KRASG12D-driven PBMCMs.
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current study, we show that pro-carcinogenic macrophage
polarization relies on the uptake of KRASG12D protein from
cancer cells succumbing to autophagy-dependent ferroptosis
(Figure 6). These findings not only reinforce the notion that
an aberrant regulation of cell death and autophagy contribute
to the pathogenesis of cancer [45–47] but also suggest new
approaches for therapeutic inhibition of the voyage of released
mutated KRAS protein from cancer cells to macrophages.

First, we determined that KRASG12D, as a damage-
associated molecular pattern (DAMP), is released from cells
during oxidative stress. DAMPs are endogenous molecules
liberated by dead, dying or stressed cells [48]. DAMP-
mediated immunogenic or tolerogenic cell death can either
suppress or promote tumor growth, respectively, depending
on the context of the TME and the type of DAMP [49]. As
a homeostatic control mechanism, autophagy plays dual roles
in the regulation of cell survival and cell death. Autophagy-
mediated DAMP release is tightly connected to inflammation,
immunity and cell death [50]. Ferroptosis was originally iden-
tified as a form of ROS-dependent regulated cell death

characterized by iron accumulation and lipid peroxidation
[51–53]. In addition, ferroptosis may be a type of autophagy-
dependent cell death [24]. Although the causal mechanism
remains obscure, excessive autophagy activation (e.g., ferriti-
nophagy, lipophagy, and clockophagy) and increased lysoso-
mal activity can promote ferroptotic cell death through the
degradation of antioxidant proteins, inhibition of SLC7A11/
cystine-glutamate antiporter activity, or upregulation of lyso-
somal membrane permeabilization [54–62]. In the current
study, we demonstrated that autophagy-dependent ferroptotic
cancer cell death is required for ROS-induced KRASG12D

release from PDAC cells.
Second, we demonstrated that extracellular KRASG12D is

packaged into exosomes that are engulfed by macrophages via
AGER. Exosomes are nanovesicles used to transfer bioactive
molecules between cancer cells and normal neighboring cells
[63]. They are generally released from normal cells; however,
dying cells can also release exosomes for cell-cell communication
[64]. Our current data suggest that KRASG12D can be delivered
from ferroptotic cancer cells to macrophages through exosomes.

Figure 4. Blocking KRASG12D release and uptake suppresses macrophage-mediated pancreatic tumor growth in vivo. (A) NOD SCID mice were injected subcutaneously
(s.c.) with PANC1 cells (7 × 106) or PANC1 cells (5 × 106) plus PBMCMs (2 × 106) and treated with chloroquine (50 mg/kg, s.c., twice a week), ferrostatin-1 (50 mg/kg, s.
c., twice a week), anti-AGER antibody (10 mg/kg, s.c., twice a week) or control IgG (10 mg/kg, s.c., twice a week). Tumor volume was calculated weekly (n = 5 mice/
group, *P < 0.05, ANOVA LSD test). (B, C) NOD SCID mice were injected s.c. with the indicated gene knockdown PANC1 cells (5 × 106) plus wild-type or KRASG12D-
driven PBMCMs (2 × 106). Tumor volume was calculated weekly (n = 5 mice/group, *P < 0.05, ANOVA LSD test).
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The genetic or pharmacological inhibition of autophagy blocked
exosome-associated KRASG12D release during ferroptotic cell
death. Autophagosomes and exosomes share common compo-
nents, and their interplay is important for the selective release of
harmful proteins (e.g., DAMPs) in various diseases including
neurodegeneration and cancer [65–68]. AGER is a multiligand
receptor that is able to bind to DAMPs such as HMGB1, histone
and DNA [69]. AGER plays an oncogenic role in promoting
PDAC growth and chemotherapy resistance [70–73]. AGER
depletion limits KRASG12D-driven PDAC development and
increases chemotherapy-induced cell death [71–74]. The

excessive activation of AGER signaling in PDAC creates an
inflammatory and hypoxic TME [34,75]. Our current results
show that AGER expression in macrophages is essential for
tumor-released KRASG12D uptake and the subsequent polariza-
tion of macrophages into an M2 tumor-promoting state. These
findings indicate that AGER sustains cell-cell communication in
the pancreatic TME and that targeting AGER could inhibit the
tumorigenic action of oncogenic KRAS protein onmacrophages.

Third, we revealed a previously unknown function of
KRASG12D in promoting macrophage polarization through
the STAT3-dependent activation of fatty acid oxidation. The

Table 1. Clinical characteristics.

Sex Age Grade Stage TNM Survival status Survival months Group

M 63 G3 IV T3N0M1 deceased 3 1
F 74 N/A IIB T2N1M0 deceased 6 1
M 59 N/A IB T2N0M0 deceased 10 1
M 73 G2-G3 IB T2N0M0 deceased 7 1
M 66 G2 IIB T2N1M0 deceased 3 1
M 59 G2-G3 IIA T3N0M0 deceased 2 1
M 49 G2-G3 IA T1N0M0 deceased 8 1
M 80 G2-G3 IIB T2N1M0 deceased 2 1
M 57 G2 IB T2N0M0 deceased 4 1
M 57 G2 IIB T2N1M0 deceased 10 1
M 80 G2 IIB T3N1M0 deceased 0 1
M 67 G2 IIB T2N1M0 deceased 4 1
F 65 G2 IIB T2N1M0 deceased 8 1
M 62 G3 IB T2N0M0 deceased 1 1
M 61 G2 IA T1N0M0 deceased 20 1
M 81 G2 IB T2N0M0 survival 44 1
F 62 N/A IIB T2N1M0 deceased 9 1
F 58 G3 IB T2N0M0 survival 43 1
M 55 G3 IIB T2N1M0 deceased 17 1
F 80 G2 IB T2N0M0 deceased 0 1
F 85 G2 IIA T3N0M0 deceased 6 1
M 64 G3 IIA T3N0M0 deceased 7 1
M 77 G2 IB T2N0M0 deceased 8 1
M 56 G2 IIB T2N1M0 deceased 6 1
F 71 G2 IA T1N0M0 survival 36 1
M 62 G2 IIB T2N1M0 deceased 11 1
F 68 G2 IIB T2N1M0 deceased 24 1
M 60 G3 IB T2N0M0 deceased 10 1
F 77 G2-G3 IB T2N0M0 deceased 10 1
M 65 G2 IB T2N0M0 deceased 15 1
M 68 G2 IIB T2N1M0 survival 55 1
M 62 G3 IB T2N0M0 survival 56 1
M 57 G2 IB T2N0M0 deceased 30 1
M 78 G2 I-II T2M0 deceased 37 1
F 62 G2 IB T2N0M0 survival 50 1
M 73 G2 IB T2N0M0 survival 48 1
M 71 G2-G3 II T3?M0 deceased 6 1
F 59 G2 IIB T2N1M0 deceased 7 1
F 58 G2 IIB T2N1M0 deceased 11 2
F 56 G2 IIB T2N1M0 deceased 11 2
M 51 G2 IIB T1N1M0 deceased 10 2
F 59 G2 IB T2N0M0 survival 58 2
F 68 G2 IB T2N0M0 survival 54 2
F 68 G1 IIB T2N1M0 survival 52 2
M 65 G2 IIB T2N1M0 survival 86 2
M 71 G2 IIB T2N1M0 deceased 10 2
M 68 G2 IB T2N0M0 survival 53 2
F 43 G2 IIB T3N1M0 deceased 43 2
M 75 G2 IB T2N0M0 deceased 33 2
M 50 G2 IIB T3N1M0 survival 45 2
F 56 G2 IB T2N0M0 survival 45 2
F 48 G2 IIA T3N0M0 survival 45 2
M 59 G2 IB T2N0M0 deceased 33 2
M 44 G2 IB T2N0M0 survival 43 2
F 38 N/A IB T2N0M0 survival 43 2
F 72 G2 IB T2N0M0 survival 42 2
F 74 G1-G2 IIA T3N0M0 survival 36 2
M 74 G2 IIB T2N1M0 survival 36 2

Group 1: high KRASG12D macrophage group; group 2: low KRASG12D macrophage group. F, female; M, male; The grade, stage, and TNM (tumor/node/metastases)
classification of pancreatic cancer were provided by The American Joint Committee on Cancer (https://www.cancer.org/cancer/pancreatic-cancer/detection-
diagnosis-staging/staging.html).
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pro-tumor macrophage M2 polarization is controlled by tran-
scriptional reprogramming [76]. STAT3 is often activated in
the tumor tissue and has been considered as a therapeutic in
a number of cancers. In particular, STAT3 supports KRAS-
dependent oncogenic transformation in the pancreas [41–43].
Here, we demonstrated that KRASG12D can activate STAT3 in
macrophages via AGER, leading to the selective upregulation
of CPT1A and ACADM, thus favoring fatty acid oxidation
and subsequent macrophage M2 polarization. Other studies
have shown that STAT3-mediated CPT1B expression is
important for fatty acid oxidation and subsequent stem cell
self-renewal and chemoresistance in breast cancer [77].
Together, these findings indicate that KRASG12D can favor
fatty acid oxidation both in malignant cells and in macro-
phages to support tumor progression.

Last, we provided in vivo evidence that the pharmacologi-
cal and genetic inhibition of KRASG12D transfer from cancer
cells to macrophages can suppress the macrophage-stimulated
growth of human PDACs in xenograft mouse models.
Tremendous efforts are underway to develop novel RAS inhi-
bitors through targeting its membrane association, effector

binding, conformational change or nucleotide exchange [78].
Unfortunately, these pharmacological strategies for targeting
RAS have mostly proven unsuccessful in clinical trials [78]. In
contrast, our in vivo studies indicate that targeting KRASG12D

release and uptake by means of existing drugs (e.g., chloro-
quine) may be a new approach for pancreatic cancer treat-
ment. Chloroquine, an anti-malarial drug, is a classic
autophagy inhibitor that blocks autophagic flux by decreasing
autophagosome-lysosome fusion. Recently, hydroxychloro-
quine, a less toxic metabolite of chloroquine, in combination
with other agents, has shown promise in the treatment of
patients with pancreatic cancer [79–82]. Although chloro-
quine and hydroxychloroquine may have multiple effects
[83], our current preclinical findings indicate their benefit in
the treatment of cancer patients may be partly explained by
the inhibition of autophagy-mediated KRASG12D release.

In summary, we uncovered a novel role for KRASG12D in
driving macrophage M2 polarization. A specific type of cancer
cell death can favor the exosomal release of KRASG12D pro-
tein, leading to its uptake by macrophages, which respond by
adopting a pro-tumorigenic phenotype. We observed that

Figure 5. High KRASG12D expression in macrophages correlates with poor survival in PDAC patients. (A) Representative images of KRASG12D (red) and CD68 (green)
staining in PDAC tissues. Bar: 100 µm. (B) Comparative survival analysis of KRASG12D expression in macrophages in PDAC patients (*P = 0.0001, log-rank test).
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KRASG12D expression in macrophages correlates with poor
survival in pancreatic cancer patients, suggesting that thera-
peutic measures targeting the voyage of KRASG12D protein
from malignant cells to macrophages might be envisaged.
Given that exosomes may share mechanistic elements with
other types of extracellular vesicles [84], it is important to
optimize the isolation method to achieve the maximum yield
and purity for exosomes [85].

Materials and methods

Reagents

Chloroquine (C6628), Z-VAD-FMK (V116), TNF (T6674),
staurosporine (S4400), cycloheximide (C7698), puromycin
(P9620), H2O2 (H3410), polybrene (TR-1003), and GW4869
(D1692) were obtained from Sigma-Aldrich. Ferrostatin-1
(S7243) and baicalein (S2268) were obtained from Selleck
Chemicals. The antibodies to ATG5 (2630), ATG7 (8558),
ACTB (3700), STAT3 (9139), p-STAT3 (9145), KRASG12D

(14429), and MAP1LC3B (3868) were obtained from Cell
Signaling Technology. The antibodies to CD63 (ab59479),
CD68 (ab955), CD81 (ab219209), PDCD6IP (ab88388),
TSG101 (ab125011), HSP90B1 (ab3674), CYCS (ab13575),
and AGER (ab89911) were obtained from Abcam.

Cell culture

The PANC1 (CRL-1469) and AsPC1 (CRL-1682) cell lines
were obtained from the American Type Culture Collection.
These cells were cultured in Dulbecco’s Modified Eagle’s

Medium (DMEM; Thermo Fisher Scientific, 11995073) or
RPMI 1640 (Thermo Fisher Scientific, 11875119) supplemen-
ted with 10% heat-inactivated fetal bovine serum (Millipore,
TMS-013-B) and 1% penicillin and streptomycin (Thermo
Fisher Scientific, 15070-063) at 37°C, 95% humidity, and 5%
CO2. Cell line identity was validated by STR profiling and
routine mycoplasma testing was negative for contamination.

PBMCs were isolated from blood buffy coats using
a Histopaque® 1077 density gradient (Sigma-Aldrich, 10771).
Subsequently, the PBMCs were washed and incubated in a red
blood cell lysis buffer (Sigma-Aldrich, 11814389001) for
3–5 min at room temperature. The PBMCs were suspended
in serum-free RPMI 1640 medium for 1 h to allow monocyte
adhesion. Non-adherent cells were removed and the adherent
monocytes were further incubated in ImmunoCult™-SF
Macrophage Medium (STEMCELL Technologies, 10961) for
6 days to produce PBMCMs.

Human clinical samples from patients with pancreatic
cancer who underwent surgery were collected from the
China-Japan Union Hospital of Jilin University. The collec-
tion of samples was approved by its institutional review board.
Primary PDAC cells were isolated by enzymatic digestion, as
described previously [86].

Animal study

NOD SCID mice (394) were purchased from Charles River
Laboratories. The mice were housed with their littermates in
groups of 4 animals per cage and kept on a regular 12-hour
light and dark cycle (7:00–19:00 light period). Food and water

Figure 6. Schematic depicting autophagy-dependent ferroptosis driving tumor-associated macrophage polarization via the release and uptake of oncogenic
KRASG12D.
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were available ad libitum. Experiments were carried out under
pathogen-free conditions and the health status of mouse lines
was routinely checked by veterinary staff. Experiments were
carried out with randomly chosen littermates of the same sex
and matched by age and body weight. PANC1 cells alone
(7 × 106 cells) or PANC1 cells (5 × 106) plus PBMCMs
(2 × 106) were subcutaneously injected into the dorsal side
of NOD SCID mice. We conducted all animal care and
experimentation in accordance with the Association for
Assessment and Accreditation of Laboratory Animal Care
guidelines (http://www.aaalac.org) and with approval from
institutional animal care and use committees.

Cell death assay

Trypan blue staining was used to identify dead cells. Only
cells with intact membranes could effectively exclude the dye,
so dead cells with compromised membranes became stained.
A Countess II FL Automated Cell Counter (Thermo Fisher
Scientific, AMQAF1000) was used to assay the percentages of
viable and dead cells after cell staining with 0.4% trypan blue
solution (Thermo Fisher Scientific, T10282).

Rnai and gene transfection

The following were obtained from Sigma-Aldrich in
a lentiviral format: human ATG5-shRNA (sequence: CCG
GCCTGAACAGAATCATCCTTAACTCGAGTTAAGGATG
ATTCTGTTCAGGTTTTTTG), human ATG7-shRNA
(sequence: CCGGGCCTGCTGAGGAGCTCTCCATCTCGA
GATGGAGAGCTCCTCAGCAGGCTTTTT), human AGER-
shRNA (sequence: CCGGGAACTGAATCAGTCGGAGG
AACTCGAGTTCCTCCGACTGATTCAGTTCTTTTTG), hu
man STAT3-shRNA (sequence: CCGGGCACAATCTACG
AAGAATCAACTCGAGTTGATTCTTCGTAGATTGTGCT-
TTTTG), human CPT1A-shRNA (sequence: CCGGGCCAT
GAAGCTCTTAGACAAACTCGAGTTTGTCTAAGAGCTT-
CATGGCTTTTTG), human ACADM-shRNA (sequence:
CCGGGTGCAGATACTTGGAGGCAATCTCGAGATTGC-
CTCCAAGTATCTGCACTTTTT), and human RAB27A-
shRNA (sequence: CCGGCCAGTGTACTTTACCAATATA
CTCGAGTATATTGGTAAAGTACACTGGTTTTT). We
seeded 5 × 105 cells in each well of a 12-well plate in 500 μl
of complete medium and transduced by lentiviral vectors at
a multiplicity of infection of 10:1. Transduction was carried
out in the presence of polybrene (8 μg/ml; Sigma-Aldrich, TR-
1003-G). After re-covering with complete culture medium,
puromycin was used for the selection of transduced cells.

KRASG12D plasmid was a gift from Dr. Channing Der
(Addgene, 58902) and electroporated into PBMCMs using
the Neon Transfection System (Thermo Fisher Scientific,
MPK5000,) according to the manufacturer’s protocol.

qRT-PCR assay

Total RNA was extracted using a QIAGEN RNeasy Plus Micro
Kit (74034) according to the manufacturer’s instructions. Briefly,
cell lysates were spun through gDNA Eliminator spin columns
to remove genomic DNA. Total RNA was purified using RNeasy

MinElute spin columns. First-strand cDNA was then synthesized
from 1 µg of RNA using the iScript cDNA Synthesis kit (Bio-
Rad, 1708890). Briefly, 20 μl reactions were prepared by combin-
ing 4 μl of iScript Select reaction mix, 2 μl of gene-specific
enhancer solution, 1 μl of reverse transcriptase, 1 μl of gene-
specific assay pool (20×, 2 μM), and 12 μl of RNA diluted in
RNase-free water. We carried out a qRT-PCR using synthesized
cDNA, primers (IL12A: 5ʹ- TGCCTTCACCACTCCCAAA
ACC-3ʹ and 5ʹ-CAATCTCTTCAGAAGTGCAAGGG -3ʹ; TNF:
5ʹ-CTCTTCTGCCTGCTGCACTTTG-3ʹ and 5ʹ- ATGG
GCTACAGGCTTGTCACTC-3ʹ; NOS2: 5ʹ- GCTCTACACC
TCCAATGTGACC-3ʹ and 5ʹ-CTGCCGAGATTTGAGCCTC
ATG-3ʹ; IL10: 5ʹ-TCTCCGAGATGCCTTCAGCAGA-3ʹ and
5ʹ- TCAGACAAGGCTTGGCAACCCA-3ʹ; ARG1: 5ʹ- TCA
TCTGGGTGGATGCTCACAC-3ʹ and 5ʹ-GAGAATCCTG
GCACATCGGGAA-3ʹ; TGFB1: 5ʹ-TACCTGAACCCGTGT
TGCTCTC-3ʹ and 5ʹ- GTTGCTGAGGTATCGCCAGGAA-3ʹ;
CPT1A: 5ʹ- GATCCTGGACAATACCTCGGAG -3ʹ and 5ʹ-
CTCCACAGCATCAAGAGACTGC-3ʹ; CPT1B: 5ʹ-TGTATC
GCCGTAAACTGGACCG-3ʹ and 5ʹ-TGTCTGAGAGGTG
CTGTAGCAC-3ʹ; CPT1C: 5ʹ- TGCCATGTCGTTCCAT
TCTCCC-3ʹ and 5ʹ-GCCGACTCATAAGTCAGGCAGA-3ʹ;
CPT2: 5ʹ-GCAGATGATGGTTGAGTGCTCC-3ʹ and 5ʹ-
AGATGCCGCAGAGCAAACAAGTG-3ʹ; ACADL: 5ʹ-GTT
TGGACTCCGCCACTGCTTG-3ʹ and 5ʹ- GGCTGAACTC
TGGCATCCACAT-3ʹ; ACAD10: 5ʹ- GCCTCTTCAGATGC
CACCAACA-3ʹ and 5ʹ-CACAGAGTTGGCAACGAGGATC-3ʹ;
ACADSB: 5ʹ-GCCACCTATTTGCCTCAGCTCA-3ʹ and 5ʹ-
GCTCAGCACTGCTGATCCACAT-3ʹ; ACAD11: 5ʹ- GTG
CAACCTCTGGCAGAAACTG-3ʹ and 5ʹ-CCTGACCTT
TCCGAGTCTGTAC-3ʹ; ACAD9: 5ʹ-GCCAAAGTGAGCACA
GTCATGG-3ʹ and 5ʹ- CCGAAGCAGTAGGTGTTCTCCT-3ʹ;
ACADS: 5ʹ- CACGCCTTTCACCAGTGGTGAC-3ʹ and 5ʹ-
GGCATTGGTGATCCAGGCTTTG-3ʹ; ACADVL: 5ʹ-TAG
GAGAGGCAGGCAAACAGCT-3ʹ and 5ʹ-CACAGTGGCA
AACTGCTCCAGA-3ʹ; and ACAA2: 5ʹ- GGCACTGAAG
AAAGCAGGACTG-3ʹ and 5ʹ- GTGACCCAAAGCAAT
GGCTCCT-3ʹ), and SsoFast EvaGreen Supermix (Bio-Rad,
172–5204). The data were normalized to RNA18S (5ʹ-
CTACCACATCCAAGGAAGCA-3ʹ and 5ʹ-TTTTTCGTC
ACTACCTCCCCG-3ʹ) and the fold change was calculated via
the 2−ΔΔCt method. Relative concentrations of mRNA were
expressed in arbitrary units based on the untreated group,
which was assigned a value of 1.

Exosome isolation and assay

For isolation of exosomes by commercial kits, the cell media
was centrifuged at 2,000 × g for 30 min at 4°C to remove cells
and debris. The supernatant fraction was transferred to a new
tube and then we added the Total Exosome Isolation reagent
(Thermo Fisher Scientific, 4478359) at a 2:1 ratio [87]. After
incubation at 4°C overnight, the culture media-reagent mix-
ture was centrifuged at 10,000 × g for 1 h at 4°C to pellet the
exosomes. The precipitated exosome pellets were resuspended
with phosphate-buffered saline (PBS; Sigma-Aldrich, P5493)
and either used immediately or stored at −80°C until required.
For isolation of exosomes by gradient purification [33], the
medium was centrifuged at 300 × g for 10 min at 4°C to
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remove cells. Next, the supernatant was collected and centri-
fuged at 2,000 × g for 10 min at 4°C to produce 2K pellets and
then at 10,000 × g for 40 min at 4°C to produce 10K pellets.
The resulting supernatant was then filtered through a 0.22-μm
filter (Sigma-Aldrich, SLGP033RS) and centrifuged at
100,000 × g for 90 min at 4°C to produce 100K pellets. All
ultracentrifugation steps were performed using a Sorvall WX
Ultra Series Ultracentrifuge (Thermo Scientific) with
a Fiberlite F50L-8 x 39 Fixed-Angle Rotor (Thermo
Scientific).

Exosome concentration and quantity were determined
using nanoparticle tracking analysis with a NanoSight NS300
instrument (Malvern Panalytical). Transmission electron
microscopy was used for the imaging of exosomes. In brief,
a 10 μL aliquot of freshly isolated exosomes was dried on
a 400 mesh formvar/carbon-coated copper grid (Electron
Microscopy Sciences, FCF400CU50) for 10 min and were
fixed in 2.5% glutaraldehyde in PBS, pH 7.4 (Electron
Microscopy Sciences, 1653708), for 10 min at room tempera-
ture, and contrasted in 2% uranyl acetate (Electron
Microscopy Sciences, 224002) for 10 min at room tempera-
ture. Finally, the samples were observed at 80 kV using a JEM
1010 transmission electron microscope (JEOL).

For a proteinase K protection assay, exosomal pellets were
resuspended in PBS in the absence or presence of 1 mg/mL
proteinase K (Thermo Scientific, EO0491) or 1% Triton X-100
(Thermo Scientific, BP151-100) for 30 min at 37°C.

Western blot analysis

Cells were lysed in Cell Lysis Buffer (Cell Signaling
Technology, 9803) with protease inhibitor cocktail
(Promega, G6521), phosphatase inhibitor cocktail (Sigma-
Aldrich, P0044), and 1 mM Na3VO4. Cleared lysates were
resolved by SDS-PAGE (Bio-Rad, 3450124) and then trans-
ferred onto PVDF membranes (Bio-Rad, 1704273). The mem-
branes were blocked with Tris-buffered saline Tween 20
(TBST; Cell Signaling Technology, 9997) containing 5%
skim milk for 1 h at room temperature and then incubated
with the indicated primary antibodies (1:1000–1:5000) over-
night at 4°C. After being washed with TBST, the membranes
were incubated with an HRP-linked anti-mouse IgG second-
ary antibody (Cell Signaling Technology, 7076) or HRP-linked
anti-rabbit IgG secondary antibody (Cell Signaling
Technology, 7074) for 1 h at room temperature. The mem-
branes were washed three times in TBST and then visualized
and analyzed with a ChemiDoc Touch Imaging System (Bio-
Rad, 1708370). The intensities of bands were analyzed with
Image Lab software (Bio-Rad, 1709690).

KRASG12D release analysis

Supernatants of PDAC cells were first concentrated on an
Amicon Ultra-15 Centrifugal Filter Unit (MilliporeSigma,
UFC901024) [88,89], with subsequent processing in Cell
Lysis Buffer (Cell Signaling Technology, 9803). The concen-
trated supernatants were resolved by SDS-PAGE and then
detected by specific anti-KRASG12D antibody (Cell Signaling
Technology, 14429). The KRASG12D standards (SignalChem,

R06-32BH-20) were used to quantify the concentration of
KRASG12D in the supernatants after comparing the density
of bands.

Image analysis

Cells were cultured on glass coverslips and fixed in 2% for-
maldehyde made in PBS solution for 15 min at room tem-
perature prior to detergent extraction with 0.1% Triton X-100
(Sigma-Aldrich, T9284) made in PBS solution, for 10 min at
room temperature [90]. Coverslips were saturated with 2%
bovine serum albumin (BSA; Sigma-Aldrich, 05470) made in
PBS solution, for 1 h at room temperature and processed for
immunofluorescence with anti-MAP1LC3B antibody (Cell
Signaling Technology, 3868), followed by Alexa Fluor 488-
conjugated secondary antibody (Thermo Fisher Scientific,
A32790).

The tissue microarray with clinical characteristics was pur-
chased from US Biomax (HPan-Ade180Sur-01). Pancreatic
cancer tissue immunofluorescence was performed with pri-
mary antibodies against the KRASG12D or macrophage marker
CD68, followed by Cy3-conjugated secondary antibody
(Thermo Fisher Scientific, A10520) or Alexa Fluor 488-
conjugated secondary antibody (Thermo Fisher Scientific,
A-21202). Images were taken with a ZEISS LSM 800 confocal
microscope (ZEISS, Germany).

Fatty acid oxidation assay

Fatty acid oxidation was assayed using the Seahorse XF24
Analyzer (Agilent Technologies) according to the manufac-
turer’s instructions [91]. Briefly, we used the increased oxygen
consumption rate immediately after exposing cells to palmi-
tate-BSA substrate (Agilent Technologies, 102720-100) as an
indicator for fatty acid oxidation in the XF24 Analyzer.

Statistical analysis

Data are presented as mean ± SD except where otherwise
indicated. Unpaired Student’s t tests were used to compare
the means of two groups. A one-way analysis of variance
(ANOVA) was used for comparison among the different
groups. When the ANOVA was significant, post hoc testing
of differences between groups was performed using the least
significant difference (LSD) test. The log-rank test was used to
compare differences in survival rates between groups.
A P value < 0.05 was considered statistically significant.
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