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Abstract

BACKGROUND & AIMS: Gastric carcinogenesis develops within a sequential carcinogenic 

cascade from precancerous metaplasia to dysplasia and adenocarcinoma, and oncogenic gene 

activation can drive the process. Metabolic reprogramming is considered a key mechanism 

for cancer cell growth and proliferation. However, how metabolic changes contribute to the 

progression of metaplasia to dysplasia remains unclear. We have examined metabolic dynamics 

during gastric carcinogenesis using a novel mouse model that induces Kras activation in zymogen-

secreting chief cells.

METHODS: We generated a Gif-rtTA;TetO-Cre;KrasG12D (GCK) mouse model that continuously 

induces active Kras expression in chief cells after doxycycline treatment. Histologic examination 

and imaging mass spectrometry were performed in the GCK mouse stomachs at 2 to 14 weeks 

after doxycycline treatment. Mouse and human gastric organoids were used for metabolic enzyme 

inhibitor treatment. The GCK mice were treated with a stearoyl- coenzyme A desaturase (SCD) 

inhibitor to inhibit the fatty acid desaturation. Tissue microarrays were used to assess the SCD 

expression in human gastrointestinal cancers.

RESULTS: The GCK mice developed metaplasia and high-grade dysplasia within 4 months. 

Metabolic reprogramming from glycolysis to fatty acid metabolism occurred during metaplasia 

progression to dysplasia. Altered fatty acid desaturation through SCD produces a novel eicosenoic 

acid, which fuels dysplastic cell hyperproliferation and survival. The SCD inhibitor killed both 

mouse and human dysplastic organoids and selectively targeted dysplastic cells in vivo. SCD was 

up-regulated during carcinogenesis in human gastrointestinal cancers.

CONCLUSIONS: Active Kras expression only in gastric chief cells drives the full spectrum 

of gastric carcinogenesis. Also, oncogenic metabolic rewiring is an essential adaptation for high-

energy demand in dysplastic cells.

Keywords

Carcinogenesis; Fatty Acid Metabolism; Kras; Imaging Mass Spectrometry; Stearoyl-CoA 
Desaturase
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Gastrointestinal cancers are common life-threatening cancers and occur along the digestive 

tract epithelium, including the esophagus, stomach, and pancreas.1 Evolution of epithelial 

cancers involves a multistep carcinogenic process from precancerous metaplasia to dysplasia 

and adenocarcinoma involving alterations of genetic, epigenetic, and metabolic pathways.2–4 

Carcinogenesis often requires oncogenic gene activation, which initiates signaling pathways, 

including the RAS signaling pathway. In the stomach, metaplasia arises from zymogen-

secreting chief cell plasticity in response to severe gastric injury, which is potentially 

reversible.5–7 However, cell plasticity also permits the entry of metaplastic cells into a 

carcinogenic process, leading to dysplasia and adenocarcinoma.8 Also, previous studies have 

noted that Kras activation and amplification can lead to gastric carcinogenesis.9–12

Gastric dysplasia is the focal neoplastic lesion that has the highest risk of cancer 

development. Dysplasia is generally recognized by histologic features, such as changes in 

nucleus and cytoplasm in cells.13,14 Our group recently identified a stem cell population 

that is first present in the dysplastic stage and displays tumorigenic capacity.13 However, 

molecular and cellular mechanisms of precancerous metaplasia progression to dysplasia and 

even to adenocarcinoma still remain poorly understood.

Metabolism includes chemical reactions for cell homeostasis, energy production, or 

generation of biological building blocks in cells. Cells often stabilize or switch metabolic 

pathways to control signaling pathways. Recent studies have reported that bioactive 

metabolites, such as fatty acids (FAs), can regulate cellular heterogeneity, tumor growth, 

and immune response.15–18 FAs are an essential element for a variety of biological 

processes, including energy supply and storage, cell signaling, transcription control, 

phospholipid synthesis, and membrane fluidity.19 Also, FA metabolism is associated with 

tumor progression, metastasis, and drug resistance in cancer.19–21 However, whether FA 

metabolism occurs during early stages of carcinogenesis or even whether any specific 

metabolic pathways can regulate the process remains unidentified.

In this study, we used a novel mouse model that induces Kras activation in zymogen-

secreting chief cells leading to the development of high-grade dysplasia (HGD) in mouse 

stomachs. We performed imaging mass spectrometry (IMS) using the Kras-induced stomach 

tissues to examine dynamic changes in metabolites during carcinogenic transition of 

metaplasia to dysplasia. We identified an altered FA metabolic pathway that produces a 

novel eicosenoic acid (EA) as a major energy source required for dysplastic cell proliferation 

and survival.

Materials and Methods

Mice and Drug Treatment

All mice experiments in this study followed protocols approved by the Vanderbilt University 

Medical Center Institutional Animal Care and Use Committees.

Littermates or age-matched mice were randomly allocated to experimental or control groups. 

To generate the Gif-rtTA;TetO-Cre;KrasG12D (GCK) mice, the Gif-rtTA mice were crossed 

with TetO-Cre mice and Lox-Stop-Lox (LSL)-KrasG12D mice (no. 006234 and 008179, The 
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Jackson Laboratories). For the induction of Cre-mediated recombination, 6-week-old mice 

were administered with water containing doxycycline at a concentration of 1 mg/mL for 2 

weeks. Mice were humanely killed between 2 to 14 weeks after doxycycline treatment for 

histologic examination. A939572 (HY-50709; MedChemExpress) was dissolved in dimethyl 

sulfoxide as a 100 mg/mL stock. The GCK mice were administered A939572 daily for 

2 weeks by intraperitoneal injection (20 mg/kg diluted in corn oil) at 6 weeks after 

doxycycline treatment.

Organoid Culture and Treatment

Mouse gastric organoids were established from corpus mucosa in untreated or GCK mouse 

stomachs as described previously.22 Gastric organoids were passaged and cultured in ECM 

Gel (E1270, Sigma-Aldrich) or Cultrex Reduced Growth Factor Basement Membrane 

Extract, Type R1 (3433–005-R1, R&D Systems) with Mouse IntestiCult medium (06005, 

STEMCELL Technologies) supplemented with 1% penicillin/streptomycin (2441832, 

Gibco). Human gastric organoids were previously established from patients who underwent 

curative gastrectomy as described13,23 and cultured in Corning Matrigel Membrane Matrix 

(356231, Thermo Fisher Scientific) with Human IntestiCult medium (06010, StemCell 

Technology) supplemented with 1% penicillin/streptomycin, 0.2% MycoZap (VZA-2031, 

Lonza).

For metabolic enzyme inhibitor treatment, metabolic enzyme inhibitor-containing media was 

added 1 day after passaging and cultured for 3 days. Detailed information of inhibitors is 

provided in Supplementary Table 1. For metabolite cotreatment, media containing A939572 

with either cis-11- EA or cis-7,10,13,16-docosatetraenoic acid (DA) were added 1 day 

after passaging and cultured for 3 days. Detailed information on metabolites is provided in 

Supplementary Table 1. Phase-contrast images of organoids were captured using the EVOS 

M7000 inverted microscope (Thermo Fisher Scientific) or the JuLI stage (NanoEntek). The 

JuLI stage was also used to monitor the growth and morphologic changes of the organoids in 

real time. Quantitative data analyses were performed using images from at least 3 replicates 

at 4× magnification.

For measurement of organoid growth, the diameters of organoids were manually measured 

from 3 entire well images of each condition at 4× magnification using the ZEN 3.3 software 

measuring tool. For calcein acetoxymethyl/ethidium-1 staining, organoids were transferred 

to microfluidic-based flow chips (Protein Fluidics). Media containing A939572 with either 

cis-11-EA or cis-7,10,13,16-DA was added to the organoids and cultured for 3 days. The 

organoids were stained with 2 μmol/L calcein acetoxymethyl and 4 μmol/L ethidium-1 

(L3224, Thermo Fisher Scientific) for 30 minutes at 37° C and images were captured 

using a Zeiss LSM 880 using at 20× magnification. To prepare paraffin-embedded organoid 

sections, mouse or human gastric organoids in Matrigel were fixed in 4% paraformaldehyde 

for 30 minutes at room temperature and washed with 1X phosphate-buffered saline. The 

organoids were embedded in Epredia HistoGel (HG-4000–012, Thermo Fisher Scientific) 

and processed.
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Imaging Mass Spectrometry

Frozen stomach tissues from the GCK mice were sectioned at 12-μm thickness and 

thaw-mounted onto indium-tin oxide–coated glass slides. Matrix-assisted laser desorption/

ionization (MALDI) matrix 9-aminoacridine was spray-coated onto the MALDI target plates 

via an automatic sprayer (TM Sprayer; HTX Technologies). 9-Aminoacridine was made up 

as 5 mg/mL in 90% methanol, and 4 passes were used with a nozzle temperature of 85°C, 

a flow rate of 0.15 mL/min, 2-mm track spacing, and a stage velocity of 700 mm/min. 

Nitrogen was used as the nebulization gas and was set to 10-gauge pressure (psig). Images 

were acquired with a 15T Fourier transform ion cyclotron resonance mass spectrometer 

(SolariX; Bruker Daltonics) equipped with an Apollo II dual-ion source and Smartbeam II 

2 kHz neodymium:yttrium-aluminum-garnet laser that was frequency tripled to a 355-nm 

wavelength. Data were collected in the negative ion mode with the laser operating at 2 

kHz. The pixel spacing was 50 μm (center-to-center distance) in both x and y dimensions. 

Data were collected from mass-to-charge (m/z) ratio 100 to 1400 with a resolving power of 

190,000 at m/z 300.

Tentative metabolite identifications were made by accurate mass, typically better than 1 

ppm. The metabolites were identified by searching against the LIPID MAPS (Lipidomics 

Gateway, http://www.lipidmaps.org) and METLIN (The Scripps Research Institute, https://

metlin.scripps.edu) online databases, which are reported using total carbon: double bond 

nomenclature. Fleximaging 5.0 (Bruker Daltonics) was used for ion image visualization and 

data analysis. Relative quantification was performed by exporting the pixel intensities of the 

pooled data segments and excluding zero-intensity values using Fleximaging 5.0 and mMass 

software. The relative quantification data are summarized in Supplementary Table 2.

Further detailed methods are included in the Supplementary Methods.

Results

Expression of Active Form of Kras in Gastric Chief Cells Leads to the Development of 
Metaplasia and High-Grade Dysplasia

To determine whether an expression of active form of Kras only in gastric chief cells 

can lead to the entire process of gastric carcinogenesis, we generated the novel GCK 

novel transgenic mouse strain, Gif-rtTA;TetO-Cre;LSL-KrasG12D mice, by crossing the 

Gif-rtTA mice, a doxycycline-inducible and chief cell-specific driver mouse allele,7 with 

the TetO-Cre and LSL-KrasG12D alleles (Supplementary Figure 1A). The GCK mice 

developed metaplasia, followed by low-grade dysplasia (LGD) and HGD within 10 to 

14 weeks after doxycycline treatment (Figure 1A). These mice first developed pyloric 

metaplasia, consisting of distinct cell types, including spasmolytic polypeptide expressing 

metaplasia (SPEM) cells, positive for cluster of differentiation 44 variant 9 (CD44v9) and 

aquaporin-5, at the base of glands (Figure 1E) and foveolar cells above the SPEM cell 

zone (Supplementary Figure 1B and D). The pyloric metaplasia gradually progressed to 

intestinal-type metaplasia and dysplasia.

Trefoil factor 3 (TFF3) was usually expressed in the luminal cells of intestinal-type 

metaplastic glands.24,25 The TFF3 expression was significantly increased in the glands with 
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SPEM cells at the base at 5 to 6 weeks, which is a typical gland composition of incomplete 

intestinal metaplasia (In-IM)26 (Figure 1E–H). These In-IM glands progressed to LGD or 

even HGD in ~25% of the mucosa at 10 to 14 weeks (Figure 1A–C). The HGD displayed 

cytologic features of dysplastic glands, including loss of cell polarity, increased mitosis, 

pseudo-stratification, and prominent nucleoli, all features commonly seen in human patients 

(Figure 1B). Additionally, gland width in Kras-induced stomachs was increased between 

metaplasia and dysplastic stages (Figure 1D).

Although the number of TFF3-positive IM cells was dramatically decreased in HGD glands 

(Figure 1G and H), SPEM cells were still present at the base with a decreased coexpression 

of CD44v9 and aquaporin-5 (Figure 1E and F). The LGD glands exhibited a transitioning 

cell zone coinciding with cell lineage conversion from metaplastic to trophoblast cell surface 

antigen 2 (TROP2)-positive dysplastic cells27 above the SPEM cell zone (Figure 1I and J 

and Supplementary Figure 1C).

We also observed the expression of 2 additional markers in the apical membranes of 

dysplastic cells in HGD: CD133, a marker of dysplastic stem cells that contribute 

to adenocarcinoma development,13 and carcinoembryonic antigen-related cell adhesion 

molecule 5 (CEACAM5), a dysplasia and gastric adenocarcinoma marker in human28,29 

(Figure 1K and L and Supplementary Figure 1E, arrowheads). Also, the cell proliferation 

zone and level were expanded throughout the glands in HGD (Figure 1M and N and 

Supplementary Figure 1F) and aligned with a distribution of CEACAM5-positive dysplastic 

cells. We additionally observed that claudin 3, a major structural molecule of tight junctions, 

was substantially decreased at the very base of LGD and HGD, suggesting the loss of cell 

polarity and architectural changes in dysplastic glands by modifying tight junction structures 

(Figure 1O and P). Therefore, these data demonstrate that Kras activation only in chief cells 

is sufficient to drive the carcinogenic process to HGD with dynamic changes in cell lineage 

evolution as well as architectural changes in gland structures.

Metabolic Reprogramming Turns on Fatty Acid Metabolism During Metaplasia Progression 
to Dysplasia

To identify metabolic pathways involved in the carcinogenic process, we performed 

MALDI-IMS using the GCK stomach tissues30 (Figure 2A). A series of mass spectra 

(200–1400 m/z) for metabolites were collected over the tissue area (Supplementary Figure 

2A). We profiled ~300 key metabolites associated with major metabolic pathways, including 

glycolysis and FA, phospholipid, and glutathione metabolism. We then selected metabolites 

abundant in the metaplastic or dysplastic stages, or both, through in situ visualization 

of spatial distribution and relative quantitation (Figure 2B and Supplementary Figure 

2B–F). Hexose bisphosphates, glycolytic pathway-associated metabolites, were initially 

elevated in stomachs with pyloric metaplasia and gradually decreased during metaplasia 

progression (Figure 2B–D). In contrast, long-chain FAs were differentially accumulated 

during metaplasia progression.

Palmitate is the most common saturated FA, among long-chain FAs, in the human body.31 

Although the palmitate was abundant in normal stomachs, the level was significantly 

decreased in pyloric metaplasia and then increased in both In-IM and HGD (Figure 2E 
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and H). In particular, one unique form of monounsaturated FA (MUFA; free FA [FFA] 

20:1) (Figure 2G) showed a gradual increase during metaplasia progression and accumulated 

strongly in HGD (Figure 2F and H). Furthermore, the accumulation of this metabolite was 

most prominent at the base of glands where dysplastic cell lineage conversion occurs (Figure 

2H). It is important to note that oleate (18:1), a well-known form of MUFA produced from 

palmitate, was also abundant in the stomachs (Figure 2H). However, there was no correlation 

between oleate accumulation and metaplasia progression.

One polyunsaturated FA (PUFA, FFA 22:4) also displayed a similar accumulation pattern 

to the MUFA (FFA 20:1) (Supplementary Figure 2B). However, this PUFA (FFA 22:4) 

uses linoleate as a precursor, which is obtained only from the diet. Therefore, these results 

revealed that metabolic reprogramming from glycolysis to FA metabolism occurs during 

metaplasia progression to dysplasia and produces a unique form of MUFA (FFA 20:1).

Stearoyl-Coenzyme A Desaturase–Dependent Fatty Acid Desaturation Is Required for 
Dysplastic Cell Survival

Because we observed changes in concentration and distribution of key metabolites in 

dysplastic glands, we examined expression levels of metabolic enzymes important for 

glycolysis or FA metabolism by using gastric organoids established from each stage of 

GCK mouse carcinogenesis (Figure 3A and Supplementary Figure 3A–C). Genes associated 

with glycolysis were highly expressed in In-IM organoids compared with pyloric metaplasia, 

LGD or HGD organoids. In contrast, expression of genes associated with FA desaturation, 

including Scd1, were increased in LGD and HGD organoids (Figure 3B and Supplementary 

Figure 3D).

Stearoyl–coenzyme A desaturase (SCD) is a rate-limiting enzyme that produces MUFAs.32 

The SCD1 protein was prominently expressed in the transitioning cell zone in both LGD and 

HGD, often in cells copositive for Ki-67, a cell proliferation marker (Figure 3C and D and 

Supplementary Figure 3E).

We next targeted key steps of metabolic pathways in dysplastic organoids that expressed 

SCD1 (Figure 3E and Supplementary Figure 3F). We treated dysplastic organoids for 3 

days with small-molecule inhibitors that target glycolysis or FA metabolism. Inhibition of 

glycolysis did not affect organoid viability or growth, except for 2-deoxy-D-glucose (2-DG) 

treatment, which inhibits the first step of glycolysis (Figure 3F and G and Supplementary 

Figure 3G and H). However, normal gastric organoids also died within 3 days after 2-DG 

treatment (Supplementary Figure 3I). Inhibiting the first step of glycolysis can cause harsh 

conditions for the cells, because glucose can be converted to other types of metabolites. 

Moreover, 2-DG has toxic effects due to its ability to induce endoplasmic reticulum stress 

and to block protein glycosylation.33 Thus, this result indicates that the response to 2-DG 

inhibition was not dysplastic cell-specific.

Inhibition of the pentose phosphate pathway and glutamine metabolism reduced organoid 

growth only, compared with organoids treated with dimethyl sulfoxide (Figure 3F and G). 

Inhibition of de novo lipid synthesis and elongation, by targeting adenosine 5’-triphosphate 

citrate lyase, FA synthase, or elongation of very long-chain FAs protein (ELOVL) activity, 
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did not show any significant changes in organoids (Figure 3H and I and Supplementary 

Figure 3J and K). However, inhibition of FA desaturation only by targeting the SCD activity 

resulted in 100% organoid death (Figure 3H and I and Supplementary Figure 3L–N).

The inhibition of SCD activity using A939572 at 100 nmol/L rapidly impeded organoid 

growth and survival within 1 day, and only a few SCD1-expressing cells remained, but 

those cells were negative for Ki-67 (Figures 3J, 4A and B, and Supplementary Figure 3L). 

Organoids treated with A939572 showed an accumulation of cleaved caspase-3–positive 

apoptotic cells in the central lumen and a decrease in cell proliferation (Figure 4C). 

However, normal gastric organoids did not show any significant changes in response 

to A939572 treatment (Figure 4D–F). Furthermore, SCD inhibition specifically targeted 

dysplastic cells in vivo. We treated GCK mice with A939572 for 2 weeks at 6 weeks after 

doxycycline induction (Supplementary Figure 4A) and observed a dramatic change in the 

gastric mucosa (Figure 4G and Supplementary Figure 4B–D).

The GCK mice treated with vehicle showed metaplasia progression to LGD containing 

SPEM and transitioning cell zones as well as IM cells. In contrast, H&E staining in the 

GCK mice treated with A939572 revealed many dying or dead cells in the transitioning and 

surface areas of glands. The dying or dead cells were negative for both TFF3 and TROP2 

(Supplementary Figure 4B). SCD1-positive cells were rarely found in the transitioning area, 

and those cells were in the process of extrusion from glands (Supplementary Figure 4D).

Although the total number of Ki-67–positive cells per gland did not change (Supplementary 

Figure 4C), many Ki-67–positive cells were present in the gland lumens, and the nuclei 

of those Ki-67–positive cells were compressed or fragmented, consistent with an early 

apoptotic change in proliferating cells34 (Supplementary Figure 4D, arrowheads). The 

cell death was confirmed by both cleaved caspase-3 and terminal deoxynucleotidyl 

transferase–mediated deoxyuridine triphosphate nick-end labeling (TUNEL) (Figure 4H–K, 

arrowheads). However, SPEM cells were still present at the gland base and not copositive for 

TUNEL signal (Figure 4J).

We additionally observed that F4/80+CD68− macrophage infiltration was significantly 

increased in the transitioning and surface zones, indicating an increase in phagocytic 

activity in the mucosa (Supplementary Figure 4E and F). F4/80+CD68+ macrophages, 

which promote metaplasia progression,35 were slightly increased only at the base of glands 

(Supplementary Figure 4G and H). Additionally, we did not observe any noticeable changes 

in major organs, including the liver, spleen, kidney, and lung, in wild-type mice treated with 

A939572 (Supplementary Figure 4I). Therefore, these results indicate that SCD-dependent 

FA desaturation is required for dysplastic cell proliferation and survival.

Stearoyl-Coenzyme A Desaturase–Dependent Fatty Acid Desaturation Produces an 
Unsaturated Long-Chain Fatty Acid That Fuels Dysplastic Cells

To determine how the unsaturated long-chain MUFAs are used in dysplastic cells, we 

selected 2 metabolites, EA (20:1, n-9, MUFA) and DA (22:4, n-6, PUFA) (Figure 5A) 

based on the enhancement of ions detected from IMS (Figure 2H and Supplementary Figure 

2B). We cotreated dysplastic organoids with A939572, in combination with EA or DA, for 
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3 days. Organoids cotreated with A939572 and EA recovered from SCD inhibition and 

retained organoid growth and spheroidal structures. In contrast, organoids cotreated with 

A939572 and DA did not show any differences compared with the organoids treated only 

with A939572 (Figure 5B–D and Video 1). Moreover, dysplastic organoids did not grow 

and form organoid spheres when the Scd1 gene was silenced. However, EA supplementation 

reestablished the phenotypes even though the Scd1 gene silencing was still maintained 

(Figure 5E and Supplementary Figure 5A–C).

To determine the subcellular localization of EA in dysplastic cells, we conjugated EA 

with nitrobenzoxadiazole (NBD), a green-fluorescent compound (NBD-EA) (Figure 5F and 

Supplementary Figure 5D and E). NBD-EA was not detectable in 2-dimensional monolayer 

culture of dysplastic cells at 6 hours after treatment, but the fluorescent signal strongly 

accumulated in mitochondria at 24 hours and was weakly maintained until 48 hours (Figure 

5G).

Because EA is imported into mitochondria, we further examined whether EA undergoes 

FA oxidation, which occurs through mitochondrial aerobic metabolism and produces energy 

substrate for the trichloroacetic acid cycle.36 Carnitine palmitoyltransferase (CPT) shuttles 

long-chain FAs into the mitochondria, and the expression of Cpt1a, an isoform of CPT1, was 

up-regulated in dysplastic organoids (Figure 5H). The organoids cotreated with A939572, 

EA, and perhexiline, a mitochondrial FA oxidation inhibitor, did not display any significant 

increase in organoid growth (Figure 5I–K and Video 2), indicating that inhibition of FA 

oxidation abolished rescue effects of EA in dysplastic organoids. Thus, these data suggest 

that dysplastic cells use EA as a major substrate for energy production in mitochondria.

Metabolic Rewiring Pattern Is Observed Across Precancerous Lesions in Gastrointestinal 
Cancers

Epithelial cells in other gastrointestinal tract organs also undergo a sequential progression of 

carcinogenesis.37,38 We therefore investigated up-regulation of SCD as an indicator of SCD-

dependent FA desaturation during progression of precancerous stages to cancer across the 

human gastrointestinal tract. We immunostained for SCD in multiple sets of gastrointestinal 

patient tissue microarrays and sections composed of precancerous lesions and cancers from 

the stomach, esophagus, and pancreas (Figure 6). In gastric cancer tissues, SCD expression 

was significantly increased in IM and dysplastic lesions, both LGD and HGD compared with 

matched pairs of normal (Figure 6A).

Also, SCD was mostly expressed in CD44v9−/TROP2+ dysplastic cells, but was also 

observed in CD44v9+/TROP2+ transitioning cells, indicating that SCD prominently 

increased in the transition area between metaplasia and dysplasia (Figure 6B and 

Supplementary Figure 6A). SCD was highly expressed in intestinal-type gastric cancer, 

which develops within a carcinogenic cascade,39 compared with diffuse-type gastric cancer 

(Figure 6A and C). In pancreatic cancer, 3 predominant types, including mucinous cystic 

neoplasia, intraductal papillary mucinous neoplasia, and pancreatic intraepithelial neoplasia, 

are defined as precancerous lesions.40 SCD expression was elevated in HGD of all 3 

precancerous lesions and adenocarcinoma compared with normal or LGD lesions (Figure 

6D and E).
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Lastly, esophageal adenocarcinoma develops from precancerous metaplasia, known as 

Barrett’s epithelia, and dysplasia.41 The SCD expression was significantly increased in 

esophageal Barrett’s epithelia, dysplasia, and adenocarcinoma compared with matched pairs 

of normal (Figure 6F and G). Therefore, these results indicate that SCD up-regulation is a 

common feature observed during the precancerous metaplasia progression to dysplasia in the 

gastrointestinal tract.

To assess whether the SCD-dependent FA desaturation is necessary for human dysplastic 

cell survival, we treated 9 human gastric organoid lines, derived from patient samples 

with metaplasia or dysplasia,23 with A939572. Organoids exhibited a broad spectrum of 

sensitivity to SCD inhibition (Figure 6H–K and Supplementary Figure 6B–I). Dysplastic 

organoid lines, which expressed both SCD and TROP2,13,22 did not grow and died within 6 

days after the treatment (Figure 6H–J and L). However, the organoids that expressed SCD 

weakly and were negative for TROP2 did not respond to treatment (Figure 6H, K, L). These 

results collectively indicate that SCD function is important for dysplastic cell survival and 

that SCD-dependent FA desaturation might be activated during the carcinogenic transition 

from precancerous metaplasia.

Discussion

In this study, we focused on cellular changes in dysplasia induced by Kras activation 

in zymogen-secreting chief cells in the GCK mouse stomachs. Kras activation generally 

induces precancerous metaplasia in other gastrointestinal tract organs, and activation of 

additional oncogenic genes is necessary for progression of the precancerous lesions to 

malignant stages.10–12,42–44 In contrast, Kras activation in the GCK mice was sufficient to 

develop HGD through precancerous metaplasia progression. Histologic phenotypes of GCK 

stomachs faithfully recapitulated metaplastic and dysplastic gland structures seen in human 

patients. Continuous cell lineage conversion above the SPEM cell zone denoted a main event 

of carcinogenic transformation of precancerous cells and distinguished the transitioning cell 

zone with dysplastic cells. Also, an expansion of proliferating cells and changes in cell 

adhesion and tight junction molecules, such as CEACAM5 and claudin 3, demonstrated loss 

of cell polarity and asymmetric cell division that are key architectural and cytologic features 

indicating progression of metaplasia to dysplasia.

Metabolic processes in cancer cells are heterogeneous.45 Cancer cells generally use 

aerobic glycolysis, called the Warburg effect, but aberrantly activated lipid metabolism 

through increased lipogenesis can also fuel cancer cell proliferation.46–48 IMS allowed 

us to distinguish various types of metabolites present in gastric mucosa with different 

carcinogenic stages. Whereas glycolytic metabolites were abundant in metaplastic glands, 

FA metabolites were concentrated in dysplastic glands. In particular, high concentrations 

of a long-chain MUFA, EA (20:1, n-9), was observed in the transitioning cell zone of 

dysplastic glands, suggesting metabolic rewiring from glycolysis to FA metabolism during 

metaplasia progression. FAs can be desaturated by different enzymes such as the SCDs and 

the FA desaturases in mammals.49
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SCD can control stemness in cancer stem cells, cancer cell proliferation, and even acquired 

resistance to chemotherapy.50–52 We observed a distinct pattern of SCD up-regulation 

during metaplasia progression to dysplasia in the GCK mouse stomachs and in human 

dysplasia and adenocarcinoma across gastrointestinal tract organs. Inhibition of SCD activity 

using A939572 specifically targeted dysplastic cells in GCK mice and affected dysplastic 

organoid growth and survival. However, EA, which can be produced by SCD function, 

could rescue dysplastic organoids from the inhibition effect on SCD activity, suggesting 

that SCD-dependent FA desaturation is critical for dysplastic cell proliferation and survival. 

A synthesized fluorescence-conjugated EA in dysplastic cells revealed that EA can be 

translocated into the mitochondria, suggesting that the EA might be used as a substrate of 

FA oxidation to produce high-yield energy in cells.

It is important to note that inhibition of glycolysis did not affect dysplastic cell viability 

or growth. These findings strongly indicate that use of FA, rather than glucose, as a major 

energy source is a unique metabolic feature of dysplastic cells, and therefore, EA production 

might be a surrogate marker of metabolic rewiring in dysplastic cells. Mammalian cells can 

use 2 major sources of FFAs through de novo lipid synthesis or exogenous FFAs. However, 

how dysplastic cells generate the EA is not yet clear. Thus, further studies are needed to 

evaluate the mechanisms of FFA influx into the dysplastic cells and its relative contributions 

to generating long-chain FAs. Also, ELOVLs are potential candidates, which can add carbon 

chains up to 20 to produce long-chain FAs.49 Nevertheless, no significant effects on viability 

or growth in dysplastic organoids were observed after inhibition of ELOVL1 or ELOVL6 

(Supplementary Figure 3J and K), and further studies are required to elucidate specific 

functions of FA elongation steps in dysplastic cells.

Conclusion

In summary, our study confirms that Kras activation in chief cells is sufficient for the 

full process of carcinogenesis to HGD in the stomach.9 Unlike cancer cells, which display 

diverse cell populations with distinct molecular and metabolic signatures, characteristics of 

dysplastic cells are relatively simple. SCD up-regulation leads to metabolic rewiring during 

metaplasia progression to dysplasia. Also, EA can be produced through SCD-dependent 

FA desaturation and fuels hyperproliferation and survival in dysplastic cells. Therefore, 

SCD-dependent FA desaturation is an essential adaptation in oncogenic FA metabolism for 

high energy demand in epithelial carcinogenesis.
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Abbreviations used in this paper:

2-DG 2-deoxy-D-glucose

AQP5 aquaporin-5

CD cluster of differentiation

CD44v9 cluster of differentiation 44 variant 9

CEACAM5 carcinoembryonic antigen-related cell adhesion molecule 5

CPT carnitine palmitoyltransferase

DA docosatetraenoic acid

EA Eicosenoic acid

ELOVL elongation of very long-chain fatty acids protein

FA fatty acid

FFA free fatty acid

GCK Gif-rtTA;TetO-Cre;KrasG12D

HGD high-grade dysplasia

IMS imaging mass spectrometry

In-IM incomplete intestinal metaplasia

LGD low-grade dysplasia

MALDI matrix-assisted laser desorption/ionization

MUFA monounsaturated fatty acid

m/z mass-to-charge

NBD nitrobenzoxadiazole

PM pyloric metaplasia
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PUFA polyunsaturated fatty acid

SCD stearoyl-coenzyme A desaturase

SPEM spasmolytic polypeptide expressing metaplasia

TFF3 trefoil factor 3

TROP2 trophoblast cell surface antigen 2

TUNEL terminal deoxynucleotidyl transferase–mediated deoxyuridine 

triphosphate nick end labeling
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

Gastrointestinal cancer commonly develops within a carcinogenic cascade from 

precancerous metaplasia to dysplasia and adenocarcinoma. Dysplasia is a focal neoplastic 

lesion and has the highest risk of cancer development.

NEW FINDINGS

Metabolic rewiring from glycolysis to fatty acid metabolism occurs during carcinogenic 

transition of precancerous metaplasia to dysplasia and is a critical adaptation to fuel 

dysplastic cell hyperproliferation and survival.

LIMITATIONS

An altered fatty acid metabolic pathway was identified during precancerous metaplasia 

progression to dysplasia; however, whether gastric cancer cells are also dependent on the 

altered metabolic pathway is unclear.

CLINICAL RESEARCH RELEVANCE

Although metabolism has become a promising chemotherapeutic target in cancer therapy, 

which metabolic pathways regulate gastric carcinogenesis remains undefined. The novel 

insights and clinical implications provided allow targeting the function of stearoyl-

coenzyme A desaturase before the gastric adenocarcinoma arises in patients.

BASIC RESEARCH RELEVANCE

Kras activation only in zymogen-secreting chief cells recapitulates the carcinogenic 

cascade in gastric cancer development seen and develops high-grade dysplasia. Metabolic 

rewiring from glycolysis to fatty acid metabolism can lead to precancerous metaplasia 

progression to dysplasia, and the altered fatty acid metabolism is needed for dysplasia 

cell proliferation and survival.
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Figure 1. 
Key stages of gastric carcinogenesis induced by Kras activation in gastric chief cells. (A) 

H&E-stained images from the GCK mouse stomachs at multiple times after doxycycline 

treatment: pyloric metaplasia (PM; 2–3 weeks), In-IM (5–6 weeks), and LGD/HGD (10–14 

weeks). (B) Cytologic features of dysplasia, observed in HGD, are indicated by arrowheads. 

(C) Proportion of gland types in GCK stomachs. We examined 100 glands in the proximal 

region of the corpus at 2 to 3 weeks (n = 5), 5 to 6 weeks (n = 8), and 10 to 14 weeks 

(n = 10). (D) Measurement of glands width in GCK stomachs. A total of 100 glands were 

examined in each group, 3 mice per group. Each dot indicates the width of glands. Unt, 

untreated. (E) Immunofluorescent (IF) staining for CD44v9 (red) and aquaporin 5 (AQP5, 

green) for SPEM cell lineage. (F) Quantitation of positive cells for CD44v9 or AQP5, or 

both. A total of 100 glands were examined in each group, 3 mice per group. (G) IF staining 

for TFF3 (red) for IM cells. (H) Quantitation of TFF3-expressing glands. (I) IF staining 

for TROP2 (green). (J) Quantitation of TROP2-expressing glands. (K) IF staining for 

CEACAM5 (red; arrowheads) and Ki-67 (green). (L) Quantitation of CEACAM5-expressing 
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glands. Each dot in H, J, and L indicates the percentage of positive glands per 20× field of 

images. (M) IF staining for phospho-histone H3 (pHH3; red) and Ki-67 (green). Arrowheads 

indicate copositive cells for pHH3 and Ki-67. (N) Quantitation of Ki-67–positive cells per 

gland. Each dot indicates the Ki-67–positive cells per gland. (O) IF staining for claudin 

3 (CLDN3) (green). (P) Quantitation of loss of CLDN3 expression (arrowheads). Each 

dot indicates the percentage of CLDN3-negative glands per 20× field image. All IF data 

are representative of n = 3 mice per group, and 100 glands per group were examined for 

quantitation. Hoechst was used for nuclear staining. The white dotted boxes denote enlarged 

regions. Scale bars: 25 μm (B) and 100 μm (A, E, G, I, K, M, and O). D, H, J, L, N, and 

P show the mean ± standard deviation. C and F show the mean ± standard error of the 

mean. Two-tailed unpaired t test (H, J, and P), 2-tailed Mann-Whitney test (L and N), or 

Kruskal-Wallis test with 2-sided Dunn’s multiple comparison test (D). **P < 0.01, ***P < 

0.001, ****P < 0.0001.
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Figure 2. 
Spatial and quantitative metabolic profiling reveals distinct patterns of metabolites during 

carcinogenesis. (A) Schematic for methodology of MALDI-IMS using GCK stomachs. The 

mass spectrum images were obtained per each ion by plotting m/z intensity collected from 

each spot. (B) Heat map displays relative values of average pixel intensity of the individual 

metabolite at untreated (Unt), pyloric metaplasia (PM), In-IM, and HGD stages. The color 

box indicates a relative pixel intensity value of total ion counts compared with untreated 

stomach. ARA, arachidonic acid; DHA, docosahexaenoic acid; PA, phosphatidic acid; PI, 

phosphatidylinositol. (C) An overlay of hexose bisphosphate intensities. (D) Ion images 
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of hexose phosphate and hexose bisphosphates in the GCK stomachs (left; H&E staining 

corresponding to the tissue section used for the IMS). An overlay of (E) palmitate or (F) 

MUFA (FFA 20:1) intensities. (G) Schematic for FA desaturation and elongation. (H) Ion 

images of long-chain FAs in the GCK stomachs. The abundance of individual metabolites is 

normalized to 100%. Scale bar: 500 μm.
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Figure 3. 
Specific expression of SCD1 in GCK stomachs. (A) Schematic for key steps in central 

metabolic pathways with associated enzymes. ACLY, adenosine 5’-triphosphate citrate 

lyase; FADS, FA desaturase; FASN, fatty acid synthase; GLS1, glutaminase; LDH, lactate 

dehydrogenase; MPC, mitochondrial pyruvate carrier; PDH, pyruvate dehydrogenase; 

TCA, tricarboxylic acid cycle. (B) Heat map displays relative messenger RNA levels 

of genes encoding metabolic enzymes or transporters in gastric organoid lines derived 

from GCK stomachs from 5 independent experiments. The color box indicates a relative 

Won et al. Page 21

Gastroenterology. Author manuscript; available in PMC 2024 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expression level of genes normalized to the Rplp0 at the pyloric metaplasia stage. All 

individual values are shown in Supplementary Figure 3D. (C and D) Immunofluorescent 

(IF) staining for SCD1 (green) and Ki-67 (red) or CD44v9 (red) in GCK stomachs. 

White dotted boxes denote enlarged regions. White dotted lines identify gland shapes. 

All IF data are representative images of n = 3 mice per group, and Hoechst was 

used for nuclear staining. (E) IF staining for SCD1 (green) in normal or dysplastic 

organoids. (F) Phase-contrast images of dysplastic organoids treated with dimethyl sulfoxide 

(DMSO; vehicle), GSK2837808A (LDH inhibitor; 10 μmol/L), 6-aminonicotinamide (6-

AN, glucose-6-phosphate dehydrogenase [G6PD] inhibitor; 50 μmol/L), telaglenastat (GLS1 

inhibitor; 1 μmol/L) for 3 days. (G) Quantitation of organoid diameters in dysplastic 

organoids treated with inhibitors of glycolysis metabolic enzymes for 3 days. (H) Phase-

contrast images of dysplastic organoids treated with dimethyl sulfoxide (DMSO) (vehicle), 

BMS-303141 (ACLY inhibitor; 1 μmol/L), C75 (FASN inhibitor; 1 μmol/L), A939572 (SCD 

inhibitor; 100 μmol/L), or SC-26196 (FA desaturase [FADS2] inhibitor; 1 μmmol/L) for 3 

days. (I) Quantitation of organoid diameters in dysplastic organoids treated with inhibitors 

of lipid metabolic enzymes for 3 days (n = 50). (G and I) organoids from 3 independent 

experiments. (J) IF staining for Ki-67 (red) and SCD1 (green) in dysplastic organoids treated 

with DMSO or A939572 for 1 day. Scale bars: 100 μm (C, D, E, and J) and 1000 μm (F and 

H). All panels show mean ± standard deviation. Two-tailed Mann-Whitney test. *P < 0.05, 

**P < 0.01, ****P < 0.0001.
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Figure 4. 
SCD1 regulates dysplastic cell proliferation and survival both in vivo and in vitro. (A and 

D) Phase-contrast images of organoids treated with dimethyl sulfoxide (DMSO; vehicle) 

or A939572 (100 nmol/L) at 0, 1, or 3 days after treatment. (B and E) Quantitation of 

organoid diameters (n = 50 organoids from 3 independent experiments). (C and F) H&E 

staining or immunofluorescent (IF) staining for cleaved caspase-3 (CC-3, green) or cell 

proliferation (Ki-67, red) in organoids treated with either DMSO or A939572 (n ≥ 3 

biological replicates). (G) H&E staining in GCK mouse stomachs treated with vehicle (n 
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= 3) or A939572 (n = 4). Arrowheads indicate dead cells. (H) IF staining for CC-3 (green) 

in GCK mouse stomachs treated with DMSO (vehicle) or A939572. Arrowheads indicate 

CC-3–positive cells. (I) Quantitation of CC-3–positive cells per 20× field of images. (J) 
IF staining for terminal deoxynucleotidyl transferase–mediated deoxyuridine triphosphate 

nick-end labeling (TUNEL, green) in the vehicle- or A939572-treated GCK stomachs. 

Arrowheads indicate TUNEL-positive cells. (K) Quantitation of TUNEL-positive cells per 

20× field of images. Each dot in I and K indicates the CC-3–positive or TUNEL-positive 

cells in each 20× field image. Scale bars: 50 μm (G, enlarged), 100 μm (C, F, H, and J, 200 

μm (G, left), and 1000 μm (A and D). Hoechst was used for nuclear staining. Dotted boxes 

denote enlarged regions. All panels show mean ± standard deviation. Two-tailed unpaired t 
test (E and K) or 2-tailed Mann-Whitney test (B and I). ****P < 0.0001.

Won et al. Page 24

Gastroenterology. Author manuscript; available in PMC 2024 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
EA is used a key energy substrate of FA oxidation. (A) Schematic for FA elongation 

and desaturation for EA (20:1, n-9) or DA (22:4, n-6). (B) Phase-contrast, H&E-stained 

images and (C) quantitation of organoid diameters of dysplastic organoids cotreated with 

A939572, in combination with EA or DA for 3 days (n = 50 organoids from 3 independent 

experiments). DMSO, dimethyl sulfoxide. (D) Live/dead (calcein acetoxymethyl/ethidium 

homodimer-1 [EthD-1]) cell staining of dysplastic organoids cotreated with A939572, in 

combination with EA or DA for 3 days. (E) Phase-contrast images of dysplastic organoids 
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treated with Scd1-small interfering (si)RNA or control-siRNA (C-siRNA) alone or in 

combination with EA at day 0 or 6 days after the treatment. (F) Chemical structure 

of synthesized NBD-conjugated EA (20:1, n-9). (G) Confocal images of dysplastic cell 

monolayers cultured with NBD or NBD-EA at 6, 24, and 48 hours after incubation. Cells 

were then stained with 100 nmol/L of MitoTracker Red CMXRos (Mito). Hoechst was used 

for nuclear staining (Nuc). (H) Relative messenger RNA (mRNA) expression levels of Cpt1a 
and Cpt2 genes in gastric organoid lines (n = 3 independent experiments). (I) Schematic 

for target molecules of perhexiline in the FA oxidation. (J) Phase-contrast images and (K) 

quantitation of diameters of dysplastic organoids after the cotreatment (n = 20–35 organoids 

from 3 independent experiments). Dotted boxes denote enlarged regions. Scale bars: 20 μm 

(G), 100 μm (C; H&E images, E and F), and 1000 μm (C; phase-contrast images and J). All 

panels show mean ± standard deviation. Two-tailed Mann-Whitney test. **P < 0.01, ****P 
< 0.0001.
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Figure 6. 
SCD up-regulation in human gastrointestinal carcinogenesis. (A) Immunohistochemistry 

(IHC) staining for human SCD in adjacent normal (n = 4), IM (n = 11), LGD (n = 7), 

HGD (n = 5), and intestinal- or diffuse-type gastric cancer (GC) tissues (n = 89). (B) 

Representative images of H&E and coimmunostaining for SCD (green), TROP2 (red), 

and CD44v9 (blue) in human stomach tissues. (C) The IHC H-score of SCD in human 

stomach tissues. (D) IHC staining for SCD in adjacent normal (n = 16), acinar-toductal 

metaplasia (ADM, n = 14), mucinous cystic neoplasia (MCN, n = 5), intraductal papillary 
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mucinous neoplasia (IPMN, n = 14), pancreatic intraepithelial neoplasia (PanIN, n = 18), 

and pancreatic ductal adenocarcinoma (PDAC, n = 10). (E) The IHC H-score of SCD in 

human pancreatic00 tissues. (F) IHC staining for SCD in adjacent normal (n = 9), Barrett’s 

esophagus (BE, n = 13), dysplasia (n = 6), and esophageal adenocarcinoma (ADC, n = 11). 

(G) The IHC H-score of SCD in human esophageal tissues. (H) Quantitation of diameters 

of human precancerous organoids (hPCOs) at 6 days after treatment with dimethyl sulfoxide 

(DMSO) or A939572 (n = 57–84 organoids from 3 independent experiments). (I–K) Phase-

contrast and H&E-stained images of hPCOs treated with DMSO or A939572 (1 μmol/L). 

(I) High, (J) moderate, or (K) low response to A939572 treatment. (L) Immunofluorescent 

staining for SCD (green) and TROP2 (red), and Ki-67 (blue) in hPCOs (n ≥ 3 independent 

experiments for A939572 treatment in hPCOs). Scale bars: 50 μm (A and F), 100 μm (B, 
D, L, and I–K; H&E images), and 1000 μm (I–K; phase-contrast images). All panels show 

mean ± standard deviation. Two-tailed unpaired t test (C; left), 2-tailed Mann-Whitney test 

(C; right, E, and H), or Kruskal-Wallis test with 2-sided Dunn’s multiple comparison test 

(G). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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