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            SHORT REPORT Open Access Obesogenic high-fat diet heightens aerobic glycolysis through hyperactivation of oncogenic KRAS Dan Wang 1,2† , Yawei Bi 1,2† , Lianghao Hu 2† , Yongde Luo 3,4† , Juntao Ji 1,2 , Albert Z. Mao 1 , Craig D. Logsdon 5 , Ellen Li 1 , James L. Abbruzzese 6 , Zhaoshen Li 2 , Vincent W. Yang 1 and Weiqin Lu 1* Abstract Oncogenic KRAS plays a vital role in controlling tumor metabolism by enhancing aerobic glycolysis. Obesity driven by chronic consumption of high-fat diet (HFD) is a major risk factor for oncogenic KRAS-mediated pancreatic ductal adenocarcinoma (PDAC). However, the role of HFD in KRAS-mediated metabolic reprogramming has been obscure. Here, by using genetically engineered mouse models expressing an endogenous level of KRAS G12D in pancreatic acinar cells, we demonstrate that hyperactivation of KRAS G12D by obesogenic HFD, as compared to carbohydrate-rich diet, is responsible for enhanced aerobic glycolysis that associates with critical pathogenic responses in the path towards PDAC. Ablation of Cox-2 attenuates KRAS hyperactivation leading to the reversal of both aggravated aerobic glycolysis and high-grade dysplasia under HFD challenge. Our data highlight a pivotal role of the cooperative interaction between obesity-ensuing HFD and oncogenic KRAS in driving the heightened aerobic glycolysis during pancreatic tumorigenesis and suggest that in addition to directly targeting KRAS and aerobic glycolysis pathway, strategies to target the upstream of KRAS hyperactivation may bear important therapeutic value. Keywords: KRAS, Pancreatic cancer, Glycolysis, High-fat diet, Obesity, COX-2, Hexokinase 2, Lactate dehydrogenase Background Aberrant cell metabolism, such as the complex repro- gramming of glucose, glutamine, and tricarboxylic acid (TCA) cycle, has been recognized as a hallmark of cancer [1, 2]. Metabolic alterations allow cancer cells to sustain higher proliferation rates, to survive in the ad- verse tumor microenvironment, to gain invasive and metastatic abilities, and to resist drug treatment [2–4]. Among diverse metabolic alterations, cancer cells exhibit dramatically increased glucose uptake and lactate pro- duction even in the presence of oxygen and functional mitochondria, known as aerobic glycolysis. As a major fuel, glucose not only can be metabolized through the conventional anaerobic glycolysis but also can branch out to the pentose phosphate pathway for the syntheses of ribonucleotides and the reducing equivalent NADPH. NADPH is required for the reductive biosynthesis of fatty acid and the scavenging of reactive oxygen species (ROS) [5, 6]. In addition, glucose can be converted to glycerol or serine for lipids or amino acids biosynthesis. Thus, by providing building blocks and reducing equiva- lents, glucose can partly fulfill the diverse requirements of cancer cells through the rearrangement of the estab- lished metabolic pathways towards the enhancement of aerobic glycolysis [5, 7, 8]. The genetic landscape of pancreatic ductal adenocar- cinoma (PDAC) shows nearly ubiquitous mutations of KRAS, which are required for the initiation and progres- sion of pancreatic ductal adenocarcinoma (PDAC) [6, 9]. Oncogenic KRAS is a master regulator of pancreatic cancer metabolism, and mutant Kras copy number can define metabolic reprogramming and therapeutic sus- ceptibilities [7, 9, 10]. A critical function of oncogenic KRAS is to drive metabolic reprogramming towards aer- obic glycolysis, which is achieved in part through tran- scriptional up-regulation of multiple key rate-limiting * Correspondence: [email protected] † Dan Wang, Yawei Bi, Lianghao Hu and Yongde Luo contributed equally to this work. 1 Division of Gastroenterology and Hepatology, Department of Medicine, Stony Brook of University School of Medicine, Stony Brook, New York 11794, USA Full list of author information is available at the end of the article © The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated. Wang et al. Cell Communication and Signaling (2019) 17:19 https://doi.org/10.1186/s12964-019-0333-7 
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Obesogenic high-fat diet heightens aerobicglycolysis through
hyperactivation ofoncogenic KRASDan Wang1,2†, Yawei Bi1,2†,
Lianghao Hu2†, Yongde Luo3,4†, Juntao Ji1,2, Albert Z. Mao1, Craig
D. Logsdon5,Ellen Li1, James L. Abbruzzese6, Zhaoshen Li2, Vincent
W. Yang1 and Weiqin Lu1*

Abstract

Oncogenic KRAS plays a vital role in controlling tumor
metabolism by enhancing aerobic glycolysis. Obesity drivenby
chronic consumption of high-fat diet (HFD) is a major risk factor
for oncogenic KRAS-mediated pancreatic ductaladenocarcinoma (PDAC).
However, the role of HFD in KRAS-mediated metabolic reprogramming
has been obscure.Here, by using genetically engineered mouse models
expressing an endogenous level of KRASG12D in pancreatic
acinarcells, we demonstrate that hyperactivation of KRASG12D by
obesogenic HFD, as compared to carbohydrate-rich diet,is
responsible for enhanced aerobic glycolysis that associates with
critical pathogenic responses in the path towardsPDAC. Ablation of
Cox-2 attenuates KRAS hyperactivation leading to the reversal of
both aggravated aerobic glycolysisand high-grade dysplasia under
HFD challenge. Our data highlight a pivotal role of the cooperative
interactionbetween obesity-ensuing HFD and oncogenic KRAS in
driving the heightened aerobic glycolysis during
pancreatictumorigenesis and suggest that in addition to directly
targeting KRAS and aerobic glycolysis pathway, strategies totarget
the upstream of KRAS hyperactivation may bear important therapeutic
value.

Keywords: KRAS, Pancreatic cancer, Glycolysis, High-fat diet,
Obesity, COX-2, Hexokinase 2, Lactate dehydrogenase

BackgroundAberrant cell metabolism, such as the complex
repro-gramming of glucose, glutamine, and tricarboxylic acid(TCA)
cycle, has been recognized as a hallmark ofcancer [1, 2]. Metabolic
alterations allow cancer cells tosustain higher proliferation
rates, to survive in the ad-verse tumor microenvironment, to gain
invasive andmetastatic abilities, and to resist drug treatment
[2–4].Among diverse metabolic alterations, cancer cells
exhibitdramatically increased glucose uptake and lactate
pro-duction even in the presence of oxygen and
functionalmitochondria, known as aerobic glycolysis. As a
majorfuel, glucose not only can be metabolized through
theconventional anaerobic glycolysis but also can branchout to the
pentose phosphate pathway for the syntheses

of ribonucleotides and the reducing equivalent NADPH.NADPH is
required for the reductive biosynthesis offatty acid and the
scavenging of reactive oxygen species(ROS) [5, 6]. In addition,
glucose can be converted toglycerol or serine for lipids or amino
acids biosynthesis.Thus, by providing building blocks and reducing
equiva-lents, glucose can partly fulfill the diverse requirementsof
cancer cells through the rearrangement of the estab-lished
metabolic pathways towards the enhancement ofaerobic glycolysis [5,
7, 8].The genetic landscape of pancreatic ductal adenocar-

cinoma (PDAC) shows nearly ubiquitous mutations ofKRAS, which
are required for the initiation and progres-sion of pancreatic
ductal adenocarcinoma (PDAC) [6, 9].Oncogenic KRAS is a master
regulator of pancreaticcancer metabolism, and mutant Kras copy
number candefine metabolic reprogramming and therapeutic
sus-ceptibilities [7, 9, 10]. A critical function of oncogenicKRAS
is to drive metabolic reprogramming towards aer-obic glycolysis,
which is achieved in part through tran-scriptional up-regulation of
multiple key rate-limiting
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glycolytic enzymes, including hexokinase 2 (HK II) andlactate
dehydrogenase A (LDHA) [3, 7, 8]. However, pre-vious metabolic
studies either employed oncogenicKRAS overexpression models [7, 8]
or utilized endogen-ous levels of mutant KRAS for in vitro
metabolic studies[10]. Thus, it is not clear whether oncogenic KRAS
at anendogenous level that imitates a physiological conditionis the
sole driver for aerobic glycolysis in vivo.Glucose from the
carbohydrate-rich diet (CD) is

expected to be a major source to fuel aerobic glycolysis[7, 8].
On the other hand, obesity driven by chronicconsumption of high-fat
diet (HFD) is found to be animportant modifiable risk factor for
PDAC. Importantly,obesogenic HFD promotes oncogenic
KRAS-mediatedPDAC with high penetrance. However, it is
unknownwhether HFD will have any impact on oncogenicKRAS-driven
glycolysis. In this study, we utilized amouse model with an
endogenous level of KRASG12D/+

to present evidence that obesogenic HFD synergies withoncogenic
KRAS to promote aerobic glycolysis, leadingto critical pathogenic
responses in the path towardPDAC.

MethodsGenetically engineered mouse modelsKrasLSL-G12D/+ mice,
which possess the conditionalknock-in of mutant KrasG12D, were
obtained as described[11]. fElasCreERT mice, which express
tamoxifen-regulatedCre recombinase under full-length Elastase
promoterspecifically in pancreatic acinar cells, were developed
aspreviously described [12]. Upon TM treatment, nearly100% of
pancreatic acinar cells express Cre recombinase[12]. KrasLSL-G12D/+
mice and fElasCreERT mice werecross-bred to generate
fElasCreERT;KrasLSL-G12D/+ double-transgenic mice (called
fElasCreERT;KrasG12D/+ after TM)for targeted expression of
KrasG12D/+ in pancreatic acinarcells. In addition, Cox-2flox/flox
mice were crossed withfElasCreERT;KrasG12D/+ mice to generate
KrasLSL-G12D/+;Cox-2flox/flox;fElasCreERT mouse model (called
KrasG12D/+;Cox-2−/− after TM). All animal experiments werereviewed
and approved by the Stony Brook UniversityInstitutional Animal Care
and Use Committee (IACUC).

Animal treatmentfElasCreERT, fElasCreERT;KrasLSL-G12D/+, and
KrasLSL-G12D/+;Cox-2flox/flox;fElasCreERT mice were given TM by
peri-toneal injection for 5 days to fully activate Cre recom-binase
in pancreatic acinar cells when the mice were 70days old. According
to the treatment plan, KrasG12D/+

and fElasCreERT mice were fed with eithercarbohydrate-rich diet
diet (CD, 71.8% carbohydrateenergy intake, Test Diet DIO 58Y2) or
an isocalorichigh-fat diet (HFD, 60% fat energy intake, Test Diet
DIO58Y1 van Heek Series; Lab Supply, Fort Worth, TX).

KrasG12D/+;Cox-2−/− mice were fed with HFD. After 10weeks of
treatment, mice were euthanized, and thepancreata were harvested
for further experiments.

ImmunohistochemistryImmunohistochemical (IHC) staining was
performed onpancreatic sections. Briefly, pancreata were fixed
over-night in 4% paraformaldehyde and embedded in
paraffin.Paraffin-embedded tissues were cut into 5
μm-thicksections. After deparaffinization and rehydration,
tissuesections were subjected to antigen retrieval and thentreated
with 0.5% H2O2 to block the endogenous perox-idase. The treated
sections were then incubated with pri-mary antibodies against p-ERK
(1: 200, Cat #sc-136,521,Santa Cruz, Dallas, TX, USA) at 4 °C
overnight. Afterwashing, the sections were incubated with the
appropri-ate biotinylated secondary antibodies (Vector
Laborator-ies, CA, USA) for 1 h, washed again in PBS, incubatedwith
ABC reagent (Vector Laboratories, CA, USA) for30 min, and then
reacted with diaminobenzidine (DAB,Vector Laboratories, CA, USA).
Sections were viewedon an Olympus IX70 microscope. The resulting
sectionswere then counterstained with hematoxylin. Fiji
ImageJsoftware was used to obtain data for quantification
andstatistical analyses.

Quantification of Alcian blue stainingPancreatic tissues were
fixed, embedded in paraffin, andsectioned. Alcian blue staining was
performed to evalu-ate PanIN lesions as described [13]. Briefly,
pancreatictissue slides were hydrated in distilled water and
proc-essed with 3% acetic acid for 3 min, followed by incubat-ing
with Alcian blue solution (Sigma-Aldrich, Louis,MO, USA) for 30 min
at room temperature. The slideswere then washed in running water
for 2 min and sub-jected to nuclear-fast red for 1 min. To quantify
therelative Alcian blue-positive areas, five random,
non-overlapping images were obtained at a magnification of× 100.
For each image, the Alcian blue-positive area andthe total
pancreatic area were scanned using Fiji ImageJand the percentage of
the Alcian blue-positive area wascalculated.

Protein isolation and Western blot analysisSnap-frozen tissues
were homogenized in 0.5–1mlice-cold lysis buffer (Millipore, MA,
USA) with proteaseinhibitor cocktail tablets (Roche, Germany).
Tissuehomogenates were centrifuged at 15,000 g for 15 min at4 °C,
and the supernatant was collected. Protein lysatefrom tissue was
aliquoted to determine protein concen-tration using a protein assay
dye reagent concentrate(Bio-Rad, CA, USA). The lysates were
separated bySDS-PAGE and then transferred to
nitrocellulosemembranes. The membranes were rinsed with PBS
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containing 0.05% Tween 20 (PBS-T) and probed withantibodies
against HKII (1:500; Cat #sc-130,358, SantaCruz Biotechnology Inc.
Dallas, TX, USA), LDHA(1:1000; Cat #2012S, Cell Signaling
Technology,Danvers, MA, USA) and β-actin (1:5000, Cat
#A5316,Sigma-Aldrich, Louis, MO, USA). The membranes werethen
washed with PBS-T and probed with the respectivesecondary
antibodies conjugated to horseradish peroxid-ase for 1 h at room
temperature. Autoradiography or theOdyssey Imaging System (LiCor
Biosciences, Lincoln,NE) was used to visualize protein bands.
Stripping buffer(Thermo, MA, USA) was used for sequential
blottingand reprobing with other antibodies to provide a
loadingcontrol. ImageJ densitometry software was used to quan-tify
individual bands.

Ras activity assayLevels of GTP-occupied Ras from mouse
pancreaticlysates were measured using a Raf pull-down assay
kit(Millipore, MA, USA) as previously described [14].Briefly,
snap-frozen pancreatic tissues were homogenizedon ice in lysis
buffer. Cellular debris was removed bycentrifuging at 15,000 g for
20 min at 4 °C. Protein con-centrations were measured. About 1000
μg of lysate wereincubated for 50 min at 4 °C with agarose beads
coatedwith Raf-Ras binding domain, and the beads werewashed for 3
times with washing buffer. Active Ras wasanalyzed by immunoblotting
with an anti-Ras primaryantibody (1:2000, Cat #05–516, Millipore,
MA, USA)using β-actin as sample loading control. The intensity
ofthe bands generated from Western blot assay wasquantified using
ImageJ software, and the fold changesrelative to Ras activity from
fElasCreERT mice werecalculated.

Statistical analysisComparison between two groups was analyzed
byStudent’s t-test unless otherwise indicated. A p value ofless
than 0.05 was considered to be statistically signifi-cant. Results
are expressed as group mean ± SEM ormean ± SD. We used GraphPad
Prism 6.0 for dataanalysis.

ResultsHigh-fat diet enhances oncogenic KRAS-induced
aerobicglycolysis compared to carbohydrate-rich dietEvidence
supports that acinar cells are the cell of originfor PDAC [13]. To
determine the role of HFD in onco-genic KRAS-mediated aerobic
glycolysis in cancer, weemployed the KrasLSL-G12D/+;fElasCreERT
mouse modelthat expresses mutant KrasG12D in one allele at an
en-dogenous level in nearly 100% acinar cells upon tamoxi-fen
induction (hereafter called KrasG12D/+) [11, 12, 15].These mice
were exposed to either a CD containing

carbohydrates accounting for 71.8% of energy intake oran
isocaloric HFD containing saturated fat for 61.6% ofenergy intake
for ten weeks (Fig. 1a). The pancreata ofboth CD- and HFD-fed
fElasCreERT control mice withwild-type KRAS exhibited no
significant differences inthe levels of HKII, a key rate-limiting
enzyme thatcatalyzes the phosphorylation of glucose, and LDHA
thatconverts pyruvate to lactate in the aerobic glycolyticpathway
(Fig. 1b-e). These data reveal that regardless ofthe nature of the
diets, in the absence of oncogenicKRAS, levels of these two enzymes
remained constant,indicating that the CD and HFD diets play no
independ-ent role in promoting aerobic glycolysis. As expected,the
CD-fed KrasG12D/+ mice showed marked increases inboth HKII (Fig.
1b-c) and LDHA (Fig. 1d-e) comparedto the fElasCreERT mice,
indicating that oncogenic KRASat an endogenous level promotes
aerobic glycolysis.However, to our surprise, in the HFD-fed
KrasG12D/+

mice, both HKII (Fig. 1b-c) and LDHA (Fig. 1d-e) werefurther
increased significantly. These data suggest thatHFD cooperates with
KRASG12D to enhance aerobic gly-colysis to a significantly higher
level than CD, in whichcarbohydrate should be a more convenient and
directsource to feed into glycolysis.

Oncogenic KRAS hyperactivation underlies theheightened aerobic
glycolysis under obesogenic HFDchallengeOncogenic KRAS was viewed
as being locked in aconstitutively active state for the past thirty
years [16].However, recent studies have demonstrated thatoncogenic
KRAS, at an endogenous level, is not consti-tutively active and is
therefore insufficient to inducePDAC [14, 17]. Rather, it requires
to be further activatedby stimuli, such as the chronic consumption
of HFD, todrive PDAC [14, 15]. To determine whether the
elevatedglycolysis by HFD over CD corresponds to the
activationstate of RAS, we measured the changes in RAS
activity.Results showed that the pancreata of the HFD-fedKrasG12D/+
mice exhibited significantly higher levels ofGTP-bound RAS than
CD-fed KrasG12D/+ mice (Fig. 1f-g).Analysis of mitogen-activated
protein kinase (MAPK)pathway as the downstream effector of KRAS
importantfor the remodeling of glucose metabolism revealed thatthe
p-ERK level was markedly elevated in the HFD-fedKrasG12D/+ mice
compared to CD-fed KrasG12D/+ mice(Fig. 1h, upper panel, and i).
These data suggest that theHFD-promoted glycolysis is associated
with a hyperactiva-tion state of oncogenic KRAS. Consistent with
theelevated glycolysis and KRAS hyperactivation,
histologicalanalysis revealed that acidic mucins, which mark
meta-plastic ductal cells in pancreatic intraepithelial
neoplasia(PanIN) lesions, were substantially increased in
thepancreata of HFD-fed KrasG12D/+ mice (Fig. 1h, lower
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panel, and j), which were in marked contrast to sporadicPanIN
lesions in CD-fed KrasG12D/+ mice. All fElasCreERT

control mice were p-ERK negative and PanIN-free regard-less of
the nature of diets (Fig. 1h-j). These data suggest arapid and
wide-spread progression to PanIN lesions inaccordance with KRASG12D
hyperactivation and the eleva-tion of aerobic glycolysis in the
KrasG12D/+ mice under thechallenge of obesogenic HFD rather than
CD.

Suppression of oncogenic KRAS hyperactivationattenuates aerobic
glycolysis and inhibits PanIN lesionsunder chronic HFD
challengeAblation of COX-2 was reported to suppress
KRAShyper-activity [11]. To further confirm that KRAS
hyper-activation is a determinant of enhanced aerobic glycoly-sis
under obesogenic HFD challenge, we employed
theKrasLSL-G12D/+;Cox-2flox/flox;fElasCreERT (hereafter
calledKrasG12D/+;Cox-2−/−) mice fed a HFD for 10 weeks as inFig.
1a. As expected, COX-2 ablation led to a significantreduction in
KRAS activity (Fig. 2a-b). Correspondingly,levels of HKII and LDHA
were substantially reduced inthe KrasG12D/+;Cox-2−/− mice compared
to KrasG12D/+

mice under the same HFD challenge (Fig. 2c-e). Thesedata suggest
that the HFD-promoted oncogenic KRAShyperactivation can be
inhibited by COX-2 depletion,leading to a subsequent reduction of
both HKII andLDHA. Consistently, COX-2 ablation substantially
re-duced PanIN lesions induced by the synergistic inter-action
between HFD and KrasG12D (Fig. 2f-g), indicatingthe critical
importance of KRAS hyperactivation inheightening aerobic glycolysis
under HFD challenge.

DiscussionOur study reveals that obesogenic HFD cooperates
withoncogenic KRAS to aggravate aerobic glycolysis.
Mech-anistically, chronic consumption of HFD hyper-activatesmutant
KRAS to promote aerobic glycolysis comparedto CD, leading to rapid
and wide-spread PanIN lesions.Conversely, inhibition of oncogenic
KRAS hyperactiva-tion by abrogating COX-2 prevents the
HFD-enhancedaerobic glycolysis and high-grade dysplasia.
Previousstudies showed that oncogenic KRAS is a master regula-tor
of aerobic glycolysis [7, 8, 10], while our study

demonstrates that chronic consumption of HFD syner-gizes with
oncogenic KRAS to drive heightened aerobicglycolysis. Thus, our
data unravel a potential mechanismby which obesogenic HFD as an
important environmen-tal risk factor conspires with oncogenic KRAS
to fuelaerobic glycolysis that is associated with critical
patho-genic responses in the path toward PDAC.Currently, surgical
resection is the only potential

treatment that offers a cure for pancreatic cancer; how-ever,
only 15–20% of patients are eligible candidates forpancreatectomy.
Beyond surgery, treatment options arelimited to 5-fluorouracil or
gemcitabine-based regi-mens, such as the combination of
nab-paclitaxel (albu-min-conjugated paclitaxel) and gemcitabine,
thecombination of the epidermal growth factor receptor(EGFR)
inhibitor erlotinib and gemcitabine, and theFOLFIRINOX (folinic
acid, fluorouracil, irinotecan, andoxaliplatin) regimen [18–20]. In
addition, targeted in-hibition of KRAS and its downstream
effectors, such asthe PI3K-AKT and mTOR (the mammalian target
ofrapamycin) pathway, the RAC1 signaling network, theRAL small
GTPase effector signaling network, and theRAF-MEK-ERK pathway, have
been actively pursued[21]. Despite these tremendous efforts,
pancreatic can-cer remains an intractable disease. Given the
criticalrole of oncogenic KRAS in controlling cancer metabol-ism, a
growing number of studies have been focusingon targeting the
metabolic vulnerabilities conferred byoncogenic KRAS [7, 22–26].
Obesity, as a modifiablerisk factor for PDAC, has been increasing
at an alarm-ing rate and is reaching the epidemic proportion
[27].Our studies demonstrate that obesogenic HFD en-hances aerobic
glycolysis and pancreatic pathogenic re-sponses through
hyperactivation of oncogenic KRAS.COX-2, a known pro-inflammatory
enzyme responsiblefor the generation of several inflammation
mediatorsincluding prostaglandin E2, has been shown to
promotepancreatic cancer development [15, 28]. Importantly,out
studies have shown that COX-2 ablation dramatic-ally inhibited the
synergistic interaction between HFDand mutant KRAS in enhancing
aerobic glycolysis andpancreatic tumorigenesis, indicating that
targeted in-hibition of COX-2 might be an effective
intervention

(See figure on previous page.)Fig. 1 HFD hyperactivates
oncogenic KRAS to elevate aerobic glycolysis. a Diagram of mouse
treatment. TM, tamoxifen; CD (n = 8), carbohydrate-rich diet; HFD
(n = 8), high-fat diet. b-c Western blot analysis and
quantification of the expression levels of HKII in fElasCreERT and
KrasG12D/+ withthe indicated treatment. Three independent
experiments from three different mice per group were performed. d-e
Western blot analysis andquantification of the expression levels of
LDHA in fElasCreERT and KrasG12D/+ with the indicated treatment.
Three independent experiments fromthree different mice per group
were performed. f-g RAS activity assay followed by Western blot
analysis and quantification of the RAS-GTP levelsin mice harboring
fElasCreERT and KrasG12D/+ under both CD and HFD for 10 weeks.
Total RAS was used as a loading control. Three
independentexperiments from three different mice per group were
performed. h Representative IHC staining for p-ERK (upper panel)
and Alcian blue stainingfor acidic mucins (lower panel) as
indicated. Magnifications: 200x. (n = 6 mice per group). i
Statistical analysis of p-ERK (n = 6) as represented inFig. 1h
(upper panel). j Statistical analysis of the Alcian Blue staining
(n = 6) as represented in Fig. 1h (lower panel). Data are mean ±
SD. p valuesare determined by the Student’s t-test. *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001
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strategy for the suppression of oncogenic KRAS-drivenpancreatic
cancer metabolism in obese patients. Thus,our studies suggest that
in addition to directly targetingoncogenic KRAS and its downstream
effectors and

glycolytic pathways [29–32], targeting the upstream in-ducers of
KRAS hyperactivation may constrain theheightened aerobic glycolysis
for cancer prevention andtherapy (Fig. 3).

Fig. 2 Cox-2 ablation suppresses oncogenic KRAS hyperactivation
and aerobic glycolysis under obesogenic HFD challenge. a-b RAS
activity assayfollowed by Western blot analysis and quantification
of the RAS-GTP level in mice (n = 3 mice per group) harboring
KrasG12D/+ and KrasG12D/+;Cox-2−/−

under HFD conditions. Total RAS served as a loading control. c-e
Western blot and quantitative analyses of the expression levels of
HKII and LDHAin mice (n = 3 mice per group) harboring KrasG12D/+
and KrasG12D/+;Cox-2−/− under HFD conditions. f-g Representative
Alcian blue staining andquantitative analyses for acidic mucins in
the KrasG12D/+ mice (n = 8) and KrasG12D/+;Cox-2−/− mice (n = 8).
Eight mice from each group were used forquantification.
Magnifications: 200x. Data are mean ± SD. p values are determined
by the Student’s t-test. *p < 0.05; ***p < 0.001; ****p <
0.0001
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In addition to the elevation of aerobic glycolysis, onco-genic
KRAS also drives other metabolic alterations, suchas the
enhancement of nutrients uptake, fatty acids andnucleotides
synthesis, glutaminolysis, and glutathionesynthesis [33].
Mitochondria are metabolic hubs con-taining enzymes, metabolic
intermediates, and energycurrencies important for several key
metabolic circuit-ries, including fatty acid β-oxidation, TCA
cycle, electrontransport chain, and biosynthesis of building blocks
forcell proliferation [34, 35]. Therefore, mitochondria arealso
critically involved in cancer metabolism [34]. It isdesirable to
determine the alterations of the mitochon-drial TCA cycle, fatty
acid β-oxidation, and oxidativephosphorylation induced by HFD and
oncogenic KRAS.Recent studies have also shown that oncogenic
KRASsignaling activates NRF2, which is a key redox
regulatorimportant for cellular glutathione biosynthesis and playsa
critical role in pancreatic cancer cell transformation,survival,
proliferation, and metabolism [36, 37]. ChronicHFD consumption is
known to induce oxidative stress.Thus, understanding how HFD and
oncogenic KRASalter the redox status and cellular glutathione
levelsshould provide new insights into the design ofredox-based
cancer therapeutics.Several key signaling cascades, such as the
PI3K/AKT/

mTOR signaling axis, the 5′-AMP-activated proteinkinase (AMPK),
hypoxia and HIF1α, p53, and MYC,were shown to be invovled in
metabolic reprogramming

of cancer cells to achieve the proliferative state. Forexample,
AMPK, as a metabolic sensor, increases ATPlevels by promoting
glucose uptake [38], controls overallcellular lipid metabolism by
directly phosphorylatingACC1 (acetyl-CoA carboxylase 1) and ACC2
[39], andregulates mitochondrial homeostasis by controlling
mito-chondrial fission, mitophagy, and biogenesis [40]. AMPKcan
either repress or promote tumor growth dependingon the context [41,
42]. It would be of interest to investi-gate the roles of the
aforementioned metabolic signalingcascades in the context of HFD
and oncogenic KRAS.In short, our data indicate that oncogenic
KRAS

requires further activation to enhance aerobic
glycolysis,highlighting a pivotal role of HFD in augmenting
KRASactivity to promote metabolic rewiring during
pancreatictumorigenesis. In light of our new findings, we
suggestthat understanding the underlying mechanisms ofHFD-promoted
oncogenic KRAS hyperactivation is crit-ical for the design of
therapeutic strategies for KRAS-mediated metabolic reprogramming
and malignancies.
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Fig. 3 Targeting the synergistic interaction between HFD
andoncogenic KRAS to inhibit aerobic glycolysis. Previous studies
haveshown that oncogenic KRAS drives aerobic glycolysis to
facilitatePDAC development, and thus, targeting oncogenic
KRASdownstream pathways responsible for aerobic glycolysis or
directlyinhibiting aerobic glycolysis has been proposed as
therapeuticstrategies to hamper PDAC development. In this study,
wedemonstrate that chronic consumption of obesogenic high-fat
diet(HFD), but not carbohydrate-rich diet, synergizes with
oncogenicKRAS to induce heightened aerobic glycolysis in
PDACdevelopment. Therefore, targeted inhibition of this
synergisticcooperation would be a novel approach to inhibiting
aerobicglycolysis for the prevention and treatment of PDAC

Wang et al. Cell Communication and Signaling (2019) 17:19 Page 7
of 9


	
Ethics approval and consent to participateAll experimental
animal protocols were reviewed and approved by the StonyBrook
University Institutional Animal Care and Use Committee (IACUC).

Consent for publicationNot applicable.

Competing interestsThe authors declare that they have no
competing interests.

Publisher’s NoteSpringer Nature remains neutral with regard to
jurisdictional claims inpublished maps and institutional
affiliations.

Author details1Division of Gastroenterology and Hepatology,
Department of Medicine,Stony Brook of University School of
Medicine, Stony Brook, New York 11794,USA. 2Department of
Gastroenterology, Changhai Hospital, Shanghai, China.3School of
Pharmaceutical Science, Wenzhou Medical University,
Wenzhou,Zhejiang, China. 4Centeer BioTherapeutics Ltd Co, Houston,
TX, USA.5Department of Cancer Biology, University of Texas MD
Anderson CancerCenter, Houston, TX 77030, USA. 6Division of Medical
Oncology, Departmentof Medicine, Duke Cancer Institute, Duke
University, Durham, North Carolina,USA.

Received: 9 January 2019 Accepted: 22 February 2019

References1. Pavlova NN, Thompson CB. The emerging hallmarks of
cancer metabolism.

Cell Metab. 2016;23(1):27–47.2. Vander Heiden MG, DeBerardinis
RJ. Understanding the intersections

between metabolism and cancer biology. Cell.
2017;168(4):657–69.3. DeBerardinis RJ, Thompson CB. Cellular
metabolism and disease: what do

metabolic outliers teach us? Cell. 2012;148(6):1132–44.4. Cairns
RA, Harris IS, Mak TW. Regulation of cancer cell metabolism. Nat
Rev

Cancer. 2011;11(2):85–95.5. Liberti MV, Locasale JW. The Warburg
effect: how does it benefit cancer

cells? Trends Biochem Sci. 2016;41(3):211–8.6. Jones S, Zhang X,
Parsons DW, Lin JC, Leary RJ, Angenendt P, et al. Core

signaling pathways in human pancreatic cancers revealed by
globalgenomic analyses. Science. 2008;321(5897):1801–6.

7. Ying H, Kimmelman AC, Lyssiotis CA, Hua S, Chu GC,
Fletcher-Sananikone E,et al. Oncogenic Kras maintains pancreatic
tumors through regulation ofanabolic glucose metabolism. Cell.
2012;149(3):656–70.

8. Hu Y, Lu W, Chen G, Wang P, Chen Z, Zhou Y, et al.
K-ras(G12V)transformation leads to mitochondrial dysfunction and a
metabolic switchfrom oxidative phosphorylation to glycolysis. Cell
Res. 2012;22(2):399–412.

9. Collins MA, Bednar F, Zhang Y, Brisset JC, Galban S, Galban
CJ, et al.Oncogenic Kras is required for both the initiation and
maintenance ofpancreatic cancer in mice. J Clin Invest.
2012;122(2):639–53.

10. Kerr EM, Gaude E, Turrell FK, Frezza C, Martins CP. Mutant
Kras copy numberdefines metabolic reprogramming and therapeutic
susceptibilities. Nature.2016;531(7592):110–3.

11. Philip B, Roland CL, Daniluk J, Liu Y, Chatterjee D, Gomez
SB, et al. A high-fat diet activates oncogenic Kras and COX2 to
induce development ofpancreatic ductal adenocarcinoma in mice.
Gastroenterology. 2013;145(6):1449–58.

12. Ji B, Song J, Tsou L, Bi Y, Gaiser S, Mortensen R, et al.
Robust acinar celltransgene expression of CreErT via BAC
recombineering. Genesis. 2008;46(8):390–5.

13. Kopp JL, von Figura G, Mayes E, Liu FF, Dubois CL, Morris
JP, et al.Identification of Sox9-dependent acinar-to-ductal
reprogramming as theprincipal mechanism for initiation of
pancreatic ductal adenocarcinoma.Cancer Cell.
2012;22(6):737–50.

14. Huang H, Daniluk J, Liu Y, Chu J, Li Z, Ji B, et al.
Oncogenic K-Ras requiresactivation for enhanced activity. Oncogene.
2014;33(4):532–5.

15. Daniluk J, Liu Y, Deng D, Chu J, Huang H, Gaiser S, et al.
An NF-kappaBpathway-mediated positive feedback loop amplifies Ras
activity topathological levels in mice. J Clin Invest.
2012;122(4):1519–28.

16. Rodriguez-Viciana P, Tetsu O, Oda K, Okada J, Rauen K,
McCormick F. Cancertargets in the Ras pathway. Cold Spring Harb
Symp Quant Biol. 2005;70:461–7.

17. Guerra C, Collado M, Navas C, Schuhmacher AJ,
Hernandez-Porras I,Canamero M, et al. Pancreatitis-induced
inflammation contributes topancreatic cancer by inhibiting
oncogene-induced senescence. Cancer Cell.2011;19(6):728–39.

18. Moore MJ, Goldstein D, Hamm J, Figer A, Hecht JR, Gallinger
S, et al.Erlotinib plus gemcitabine compared with gemcitabine alone
in patientswith advanced pancreatic cancer: a phase III trial of
the National CancerInstitute of Canada clinical trials group. J
Clin Oncol. 2007;25(15):1960–6.

19. Von Hoff DD, Ervin T, Arena FP, Chiorean EG, Infante J,
Moore M, et al.Increased survival in pancreatic cancer with
nab-paclitaxel plus gemcitabine.N Engl J Med.
2013;369(18):1691–703.

20. Conroy T, Desseigne F, Ychou M, Bouche O, Guimbaud R,
Becouarn Y, et al.FOLFIRINOX versus gemcitabine for metastatic
pancreatic cancer. N Engl JMed. 2011;364(19):1817–25.

21. Waters AM, Der CJ. KRAS: The Critical Driver and Therapeutic
Target forPancreatic Cancer. Cold Spring Harb Perspect Med.
2018;8(9):a031435.

22. Wong CC, Qian Y, Li X, Xu J, Kang W, Tong JH, et al.
SLC25A22 promotesproliferation and survival of colorectal cancer
cells with KRAS mutations andxenograft tumor progression in mice
via intracellular synthesis of aspartate.Gastroenterology.
2016;151(5):945–60.

23. Shah YM, Lyssiotis CA. Mitochondrial amino acid metabolism
providesvulnerabilities in Mutant KRAS-driven cancers.
Gastroenterology. 2016;151(5):798–801.

24. Vander Heiden MG. Targeting cancer metabolism: a therapeutic
windowopens. Nat Rev Drug Discov. 2011;10(9):671–84.

25. Weinberg F, Hamanaka R, Wheaton WW, Weinberg S, Joseph J,
Lopez M, etal. Mitochondrial metabolism and ROS generation are
essential for Kras-mediated tumorigenicity. Proc Natl Acad Sci U S
A. 2010;107(19):8788–93.

26. Hosein AN, Beg MS. Pancreatic cancer metabolism: molecular
mechanismsand clinical applications. Curr Oncol Rep.
2018;20(7):56.

27. Stevens J, Oakkar EE, Cui Z, Cai J, Truesdale KP. US adults
recommended forweight reduction by 1998 and 2013 obesity
guidelines, NHANES 2007-2012.Obesity (Silver Spring).
2015;23(3):527–31.

28. Kamei K, Ishikawa TO, Herschman HR. Transgenic mouse for
conditional,tissue-specific Cox-2 overexpression. Genesis.
2006;44(4):177–82.

29. Le A, Cooper CR, Gouw AM, Dinavahi R, Maitra A, Deck LM, et
al. Inhibitionof lactate dehydrogenase a induces oxidative stress
and inhibits tumorprogression. Proc Natl Acad Sci U S A.
2010;107(5):2037–42.

30. Maurer T, Garrenton LS, Oh A, Pitts K, Anderson DJ, Skelton
NJ, et al.Small-molecule ligands bind to a distinct pocket in Ras
and inhibitSOS-mediated nucleotide exchange activity. Proc Natl
Acad Sci U S A.2012;109(14):5299–304.

31. Patra KC, Wang Q, Bhaskar PT, Miller L, Wang Z, Wheaton W,
et al.Hexokinase 2 is required for tumor initiation and maintenance
and itssystemic deletion is therapeutic in mouse models of cancer.
Cancer Cell.2013;24(2):213–28.

32. Ryan MB, Der CJ, Wang-Gillam A, Cox AD. Targeting RAS-mutant
cancers: isERK the key? Trends Cancer. 2015;1(3):183–98.

33. Biancur DE, Paulo JA, Malachowska B, Quiles Del Rey M, Sousa
CM, Wang X,et al. Compensatory metabolic networks in pancreatic
cancers uponperturbation of glutamine metabolism. Nat Commun.
2017;8:15965.

34. Vyas S, Zaganjor E, Haigis MC. Mitochondria and cancer.
Cell. 2016;166(3):555–66.

35. Cannino G, Ciscato F, Masgras I, Sanchez-Martin C, Rasola A.
Metabolicplasticity of tumor cell mitochondria. Front Oncol.
2018;8:333.

36. Chio IIC, Jafarnejad SM, Ponz-Sarvise M, Park Y, Rivera K,
Palm W, et al. NRF2promotes tumor maintenance by modulating mRNA
translation inpancreatic cancer. Cell. 2016;166(4):963–76.

37. DeNicola GM, Karreth FA, Humpton TJ, Gopinathan A, Wei C,
Frese K, et al.Oncogene-induced Nrf2 transcription promotes ROS
detoxification andtumorigenesis. Nature. 2011;475(7354):106–9.

38. Hardie DG. AMPK: a target for drugs and natural products
with effects onboth diabetes and cancer. Diabetes.
2013;62(7):2164–72.

39. Hardie DG, Pan DA. Regulation of fatty acid synthesis and
oxidation bythe AMP-activated protein kinase. Biochem Soc Trans.
2002;30(Pt 6):1064–70.

40. Herzig S, Shaw RJ. AMPK: guardian of metabolism and
mitochondrialhomeostasis. Nat Rev Mol Cell Biol.
2018;19(2):121–35.

Wang et al. Cell Communication and Signaling (2019) 17:19 Page 8
of 9


	
41. Eichner LJ, Brun SN, Herzig S, Young NP, Curtis SD,
Shackelford DB, et al.Genetic analysis reveals AMPK is required to
support tumor growth in murineKras-dependent lung cancer models.
Cell Metab. 2019;29(2):285–302 e7.

42. Faubert B, Boily G, Izreig S, Griss T, Samborska B, Dong Z,
et al. AMPK is anegative regulator of the Warburg effect and
suppresses tumor growth invivo. Cell Metab. 2013;17(1):113–24.

Wang et al. Cell Communication and Signaling (2019) 17:19 Page 9
of 9

AbstractBackgroundMethodsGenetically engineered mouse
modelsAnimal treatmentImmunohistochemistryQuantification of Alcian
blue stainingProtein isolation and Western blot analysisRas
activity assayStatistical analysis

ResultsHigh-fat diet enhances oncogenic KRAS-induced aerobic
glycolysis compared to carbohydrate-rich dietOncogenic KRAS
hyperactivation underlies the heightened aerobic glycolysis under
obesogenic HFD challengeSuppression of oncogenic KRAS
hyperactivation attenuates aerobic glycolysis and inhibits PanIN
lesions under chronic HFD challenge

DiscussionAbbreviationsAcknowledgmentsFundingAvailability of
data and materialsAuthors’ contributionsEthics approval and consent
to participateConsent for publicationCompeting interestsPublisher’s
NoteAuthor detailsReferences





					
LOAD MORE                                    

            


            
                
                

                

                
                
                                

                                    
                        
                            
                                                            
                                                        

                        
                        
                            Glycolysiscalslab.snu.ac.kr/mbiotech/download/259/menu/1310/33/1... · Glycolysis I. The Overall Pathway of Glycolysis 1. Overview of glycolysis Glycolysis: 1 molecule of glucose

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            Creating a less obesogenic environment

                            Health & Medicine
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            Glycolysis 1

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            Maternal weight and the obesogenic environment in Nova Scotia

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            Glycolysis. Summary of glycolysis. The pathway of glycolysis

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            8 glycolysis

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            Promoting Health in an Obesogenic Environment: Challenges ...s3.amazonaws.com/zanran_storage/hahp.healthprofessions.dal.ca/... · Obesogenic Environment: Challenges and Opportunities

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            Uncertainty heightens as SURE wobbles

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            Glycolysis, Gluconeogenesis, Pentose Phosphate Pathwaybiochemistry-stanislaus.wdfiles.com/local--files/biochemistry-ii/C14.pdf · Glycolysis vs. Gluconeogenesis • Glycolysis occurs

                            Documents
                        

                    

                                    
                        
                            
                                                            
                                                        

                        
                        
                            Obesogenic Environments for Children

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            TacklingObesities: FutureChoices– … Obesities: Future Choices – Obesogenic Environments – Evidence Review i Executive summary Introduction The term ‘obesogenic environment’

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Integrating Research and Teaching Heightens Value to and ... · Integrating Research and Teaching Heightens Value to and of Undergraduates Engaging students in activities outside

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Move to split Northern Govs' Forum heightens

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Big Pharma, Big Problems: COVID-19 Heightens Patent 

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Sadness, but not all negative emotions, heightens 

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Glycolysis Slides

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Glycolysis (cytoplasm)

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Obesogenic environments understanding the evidence for 

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            HIGH DEFINITION HEIGHTENS YOUR SENSESi.iinfo.cz/urs-att/...2009_light-125975210035639.pdf · HIGH DEFINITION HEIGHTENS YOUR SENSES MEZZO HD – SEPTEMBRE 2009 MEZZO HD : THE BEST

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            16 glycolysis

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Digestion glycolysis

                            Technology
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Glycolysis Notes

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Glycolysis lecture

                            Education
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Is the development of obesogenic food environments a self 

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Exposure to air pollution interacts with obesogenic ... · Exposure to air pollution interacts with obesogenic nutrition to induce tissue-speciﬁc response patterns* Michal Pardo

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            10 glycolysis

                            Science
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Lec03 glycolysis

                            Education
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Maternal Defense: Breastfeeding Heightens Aggression by 

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Possible Obesogenic Effects of Bisphenols Accumulation in 

                            Documents
                        

                    

                                    
                        
                            
                                                            

                                                        

                        
                        
                            Obesogenic Environment in Birmingham

                            Documents
                        

                    

                                            

        

    


















    
        
            	About us
	Contact us
	Term
	DMCA
	Privacy Policy


            	English
	Français
	Español
	Deutsch



            
                

				STARTUP - SHARE TO SUCCESS

									
							
	


					

				            

        

    












	



