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Lung adenocarcinoma (LUAD) is an aggressive cancer defined by oncogenic

drivers and metabolic reprogramming. Here we leverage next-generation
spatial screens to identify glycogen as a critical and previously
underexplored oncogenic metabolite. High-throughput spatial analysis

of human LUAD samples revealed that glycogen accumulation correlates
withincreased tumour grade and poor survival. Furthermore, we assessed
the effect of increasing glycogen levels on LUAD via dietary intervention or
viaagenetic model. Approaches thatincreased glycogen levels provided
compelling evidence that elevated glycogen substantially accelerates
tumour progression, driving the formation of higher-grade tumours,

while the genetic ablation of glycogen synthase effectively suppressed
tumour growth. To further establish the connection between glycogen

and cellular metabolism, we developed a multiplexed spatial technique

to simultaneously assess glycogen and cellular metabolites, uncovering a
direct relationship between glycogen levels and elevated central carbon
metabolites essential for tumour growth. Our findings support the
conclusion that glycogen accumulation drives LUAD cancer progression and
provide aframework for integrating spatial metabolomics with translational
models to uncover metabolic drivers of cancer.

Lung adenocarcinoma (LUAD) represents a highly aggressive and lethal
subtype of lung cancer’. Despite advances in treatment, the progno-
sis for patients with LUAD remains poor?, as the disease is often diag-
nosed with advanced tumours?, limiting the effectiveness of existing
therapeutic options*’. An intense area of research emphasizes the
complex spatial and microenvironmental metabolic alterations that
support tumour growth and survival in LUAD. Cancer cells, including
those in LUAD, reprogram their metabolism to meet the increased
demands for energy and biosynthetic precursors®, facilitating rapid

proliferation’, and resistance to stress®. These metabolic adaptations
areinfluenced by multiple factors, including local and microenviron-
mental nutrient availability® and specific signalling pathways that can
drive oncogenesis'®". The continuing evolving landscape of cancer
metabolism, particularly in aggressive subtypes such as LUAD, pre-
sents promising avenues for the development of future prevention
and treatment strategies.

Cancer metabolism, characterized by alterations in the metabolic
pathways within tumour cells'>", is an area that has been the focus of
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intense research' ", Although central to metabolism, the direct role
ofglycogenin cancer metabolism has been less explored. Historically,
studying glycogen metabolism has been challenging due to its complex
biochemical properties and the difficulties in detecting and quantify-
ing glycogen in a tissue-specific context'. However, recent advances
in mass spectrometry imaging (MSI) have dramatically enhanced
our ability to assess glycogen and its metabolism within the tissue
microenvironment'®”. Although glycogen is not traditionally classi-
fied asan oncometabolite, increasing evidence suggests that glycogen
accumulation is pathogenic in lung, liver and ovarian cancers®". In
lung cancer, nuclear glycogen serves as a carbon source for acetyl
groupsinvolved inregulating histone acetylation, acritical processin
modulating gene expression®. Inliver cancers, glycogen liquid-liquid
phase separation canlead to Hippo signalling inhibition and increased
tumour incidence”. Furthermore, glycogen has been reported to foster
tumourigenesis in ovarian cancer by acting as a reservoir metabolite
that is channelled between tumour and stromal cells, facilitating the
exchange of nutrients and metabolites that favour tumour growthand
progression®. These findings highlight the complex and multifaceted
roles of glycogen in cancer metabolism that warrant further explora-
tion in the context of tumour initiation and progression.

Spatial biology is revolutionizing our ability to understand the
microenvironmental phenotypes and phenotypes of diseases, provid-
ing insights into how spatially organized molecular interactions give
rise to cellular neighbourhoods?. One rising application of spatial
biology is spatial metabolomics, which utilizes advanced imaging
to achieve single-cell, spatially resolved metabolic phenotypes™ .
Matrix-assisted laser desorption/ionization (MALDI) imaging hasbeen
applied to the visualization of metabolic landscapes in situ, captur-
ing the heterogeneity and complexity of metabolic reprogramming
within tumours®. Recent advancements have expanded MALDI imag-
ing capabilities to include single-cell metabolomics'®* and isotopic
tracing®®, making it possible to adapt this powerful technology to
dissect biomolecular mechanisms driving disease processes with
remarkable results'®”. In this study, we used advanced spatial metabo-
lomicstechniquesto investigate metabolic heterogeneity inacohort of
patients with non-small-cell lung cancer (NSCLC). Our findings identi-
fied glycogen asacritical metabolite specifically in patients with LUAD.
Subsequent analysis demonstrated thatincreased glycogen promotes
accelerated tumour progressionina LUAD mouse model. Conversely,
agenetic mouse model that cannot synthesize glycogen failed to form
mature tumours in the same mouse cancer model, further confirm-
ing the role of glycogen metabolism in LUAD. By integrating human
specimen analysis with genetically modified models, we underscore
the utility of spatial metabolomics inidentifying key metabolic vulner-
abilities, ultimately informing disease aetiologies and advancing our
understanding of tumour metabolism.

Results

Glycogenis a hallmark of LUAD tumours

Glycogenis challenging to study owing toits biophysical and biochemi-
cal properties. To overcome this challenge, we developed arobust and
sensitive method to study spatial glycogen tissue heterogeneity by
MALDI imaging'. To establish this method for translational research
inlung cancer, we first confirmed the spatial distribution of glycogen
between adjacently cut tissue sections using a classical immunohis-
tochemical method with an anti-glycogen antibody***°** (Extended
DataFig.1). Both methods displayed similar glycogen distribution pat-
terns in human lung tumours (Extended Data Fig. 1). Using the MALDI
imaging method for quantifying the spatial distribution of glycogen
and glycogen architecture (that s, glucose chainlength) in tissue sec-
tions (Extended DataFig. 2a,b and Supplementary Fig. 1), we analysed
atissue microarray (TMA) of NSCLC tumour samples from a cohort of
patients with lung cancer (Fig. 1a-c and Extended Data Fig. 2b). We
observed substantial heterogeneity in the amount of glycogen across

patients with lung cancer. To ascertain if the differences were related
to the subtype of lung cancer, we compared glycogen abundance in
LUAD and lung squamous cell carcinoma (LUSC) samples. LUAD patient
samples displayed substantially more glycogen than LUSC patient sam-
ples (Fig.1b,d), particularly with respect to chainlengths 6-9 (Fig. 1c).
Furthermore, glycogen architecture was shifted towards aberrant gly-
cogen with longer chain lengths in the LUAD samples (Fig. 1c). Thus,
glycogen accumulation was increased in LUAD patient samples, and
thearchitecture of the glycogen differed in LUAD compared with LUSC
tumour tissue. Spatial analysis revealed that the glycogen accumulates
uniquely in the tumour regions rather than in the stromal or vascular
regions (Fig. 1d,e). Finally, we performed absolute glycogen quanti-
tation in patient tissue sections and determined that the amount of
glycogenis 0.3-1.5 ng per pixel in LUAD compared with 0.04 ng per
pixelin LUSC (Extended Data Fig. 3 and Supplementary Figs. 2 and 3).

We then examined the relationship between glycogen and can-
cer grade in an expanded cohort of patients with LUAD (n =276). We
observed that increasing levels of glycogen correlate with a more
advanced grade of LUAD tumours, thatis, higher glycogen in poorly dif-
ferentiated LUAD cases (Extended Data Fig.4a,b). Inaddition, survival
analyses demonstrated that patients with LUAD with higher glycogen
content in their tumours exhibited shorter survival and worse prog-
nosis. This result is indicated by the separation of glycogen levels by
both medium as well as quartiles (Extended Data Fig. 4c). To further
assess whether glycogen is a good predictor of patient survival, we
performed area under the receiver operating characteristic (AUROC)
and area under the precision-recall curve (AUPOC) analyses with a
machine-learning algorithm (random forest model) in our patient
cohort. Glycogen predicted LUAD death withan AUROC score of 0.846
and AUPRC score of 0.888 (Extended Data Fig. 4d). Collectively, these
data highlight that glycogenis an excellent prognostic factor of LUAD
and warrants additional molecularinvestigationintoitsroleintumour
progression.

To determine whether specific driver mutations were associated
with glycogen accumulation, we analysed glycogen in human LUAD
tumours with loss-of-function mutationsin KRAS-only (K), EGFR-only
(E), KRAS/p53 (KP), KRAS/LKBI1 (KL), KRAS/LKB1/p53 (KPL) and KRAS/
KEAP/LKBI1 (KKL). Compared with glycogen abundance in normal
lung tissue or in LUSC samples, LUAD samples with any tested driver
mutation(s) exhibited increased glycogen (Fig. 1f,g). However, the
glycogen-rich phenotype is not unique to a specific mutation or com-
bination of mutations. Glycogen accumulationalso occurred in mouse
genetic models (K, KP, KL and E) of these lung cancers (Extended Data
Fig. 2c,d). These results suggest that the increased glycogen in LUAD
compared with LUSC is characteristic of the subtype of lung cancer
and not due to a genetically defined subset of LUAD samples. Fur-
thermore, the consistency between the mouse and human tumours
established the validity of using these mouse models to study this
glycogen phenomenon.

Based on promising clinical observations demonstrating that
increased glycogen correlates with higher tumour grade and worse
prognosis in patients with LUAD, we hypothesized that elevated
glycogen levels actively promote tumour progression. To test this
hypothesis, we utilized two distinct approaches to increase lung
glycogen content in the inducible Kras®?® and knockout of Tp53
(LSL-Kras®2°/p53"M; KP) mouse model of LUAD. The first approach
involved increased lung glycogen through dietary challenge, and the
second approach used a genetic model that predisposes to glycogen
accumulation, both creating a high-glycogen phenotype directly in
lung tissues.

Higher glycogen promotes increased tumour progression

Both carbohydrates and fats have been shown to impactliver glycogen
metabolism®?°, Given the unique metabolic environment of the lung
compared with the liver, we systematically tested different dietary
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Fig.1|Intratumoural glycogen uniquely accumulates in LUAD.

a, Representative heatmap of MALDI glycogen imaging in a TMA format.

b, Relative glycogen abundance correlating to glucose polymer 7 between
LUAD (n =77 patients) and LUSC (n = 68 patients) extracted from MALDI spatial
glycogen analysis from the lung cancer TMA shownina (Pvalueindicated,
two-tailed t-test). ¢, Glycogen chain length analysis between LUAD (n = 77)

and LUSC (n = 68) showing the greatest difference between chain lengths 6

and 9 (mean + s.e.m., Pvalue indicated, two-way ANOVA and Sidak’s multiple-
comparison test). d, Representative spatial glycogen analysis in normal lung,
LUSC and LUAD tumours. Corresponding haematoxylin and eosin (H&E)
images of each tumour are shown above the MALDI heatmap image of glycogen.
T, tumour; S, stromal; V, vascular. e, Relative glycogen abundance between
normal, LUAD and LUSC subregions such as tumour, stroma and endothelial
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lining extracted from MALDI spatial glycogen analysisind (mean + s.e.m.,
Pvalueindicated, two-way ANOVA). n =3 (average of 3 regions of interest of 500
pixels within each region). f, Representative spatial glycogen analysis in LUAD
tumours with different driver mutations. LUSC and normal lung are used for
control. Corresponding H&E images of each tumour are shown above the MALDI
heatmap image of glycogen chain length 6 (CL6) in human patient biopsies. Loss-
of-function mutations: KRAS-only (K), KRAS/p53 (KP), KRAS/LKB1 (KL), KRAS/
LKB1/p53 (KPL), KRAS/KEAP/LKBI1 (KKL) and EGFR-only (E). g, Relative glycogen
abundance from human patient LUAD tumours with different driver mutations
showninf. LUSC and normal lung are used for control (n = 3 individual patients;
mean +s.e.m., Pvaluesindicated, one-way ANOVA adjusted for Dunnett’s
multiple comparison). n.s., not significant.

compositions toidentify the optimal strategy that would drive glycogen
accumulation specifically in the lungs of mice. First, wild-type mice
were administered vehicle control (H,0), high-fructose corn syrup
(HFCS, arefined carbohydrate)***, corn oil (a fat)***° or acombination
of HFCS and corn oil (HFCS +corn oil, calorie matched) by oral gavage
to ensure consistent intake of these dietary components (Extended
Data Fig. 5a). After 2 weeks (14 days), mice receiving the combina-
tion diet (that is HFCS + corn oil) exhibited dramatically increased
glycogen levels in their lungs compared with mice receiving vehicle
or the HFCS or corn oil alone (Extended Data Fig. 5a,b). Furthermore,
mice on the combination diet exhibited increases in glycogen chain

lengths 5-10 in their lungs compared with mice on HFCS or corn oil
alone (Extended Data Fig. 5b). Comparable levels of lung glycogen
were observed between HFCS or corn oil alone and vehicle (Extended
Data Fig. 5a,b). Importantly, none of the diets administrated by oral
gavage triggered changes in glucose intolerance or body weight dur-
ing the 14 days (Extended Data Fig. 5c-f). However, each diet except
the vehicle control triggered glycogen accumulationin the liver, with
the HFCS cohort and the combination cohort displaying higher levels
thanthe corn oil cohort (Extended Data Fig. 5g,h). This tissue difference
between lung and liver suggests that the lung responds differently to
diets with high fat and high carbohydrate than the liver.
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Next, we examined whether the combination diet increased
prevalence of lung cancer. We administered either water (vehicle)
or the combination (HFCS + corn oil) daily for 2 weeks to KP animals
(Fig.2aand Supplementary Fig.4). Lung tumourigenesis was initiated
followingintranasal delivery of Adeno-Cre virus after dietary gavage
treatment to reduce confounding effects of oral gavage. We did not
continue the gavage treatment for the course of tumourigenesis to
(1) perform afocused assessment on the impact of glycogen on early
tumourigenesis and (2) to avoid confounding effects of gavage and
stress on tumour progression**2, After 100 days, mice administered
the combination diet developed more tumours, and the tumours were
larger thanthose that developed in the mice receiving water (Fig. 2b,c).
Spatial glycogen analysis identified higher glycogen accumulation
uniquely in the tumours of KP mice with diet treatment (Fig. 2¢c,d
and Extended Data Fig. 5i). Furthermore, histological assessment
found thatanincreased number of higher-grade tumours developed
in KP mice receiving the combination diet (Fig. 2e). The results indi-
cate that increased glycogen accumulation in the lung accelerated
early tumourigenesis, leading to the development of more advanced
tumours at the experimental endpoint.

Glycogen phosphorylation accelerates lung tumourigenesis
Tofurther test our findings fromthe dietary model, we utilized agenetic
model to assess the impact of high glycogen on tumour development.
First, we examined the impact of glycogen metabolic enzymes on
lung tumourigeneses. We performed immunohistochemistry (IHC)
inthe TMA cohort to analyse protein abundance of enzymesinvolved
in glycogen synthesis and metabolism. We found that the glycogen
phosphatase laforin (encoded by EPM2A) is markedly reduced in LUAD
compared with LUSC, whereas glycogen synthase1(GYS1) and glycogen
phosphorylase are similar (Fig. 2f and Extended Data Fig. 6a). Glycogen
phosphorylation impacts glycogen utilization through cytoplasmic
or lysosomal glycogen degradation routes®. Laforin is the glycogen
phosphatase that regulates glycogen phosphate levels*. Using the
same The Cancer Genome Atlas (TCGA) data, we found that low EPM2A
expression was associated with worse survival in LUAD, whereas there
was no significant difference in survival between patients with LUSC
with high or low expression of EPM2A (Supplementary Data Fig. 4d).
Using MALDI glycogen imaging of the cohorts, we determined that
the average glycogen phosphate level was higher in LUAD patient sam-
ples than LUSC patient samples with notable increases in phosphoryl-
ated glycogen of chain lengths 6-9 in the LUAD samples (Fig. 2g and
Extended Data Fig. 6b).

On the basis of the protein abundance and functional data from
human patients, laforin (Emp2a) knockout mice (LKO) were used to
examine if altered glycogen utilization and glycogen accumulation
contributed to oncogenesis. Strikingly, by 4 months of age, the LKO
mice exhibited increased glycogen across several chain lengths within

thelung (Extended DataFig. 6¢). To determine whether the difference
inglycogen abundance directly contributes to proliferative potentials,
we isolated bronchiolar stem cells from both wild-type mice and LKO
mice and differentiated the cells into bronchiolar and alveolar orga-
noids** (Extended DataFig. 7a). Both the number of organoid colonies
and the sizes of the colonies were larger when formed from LKO cells
than wild-type cells (Extended Data Fig. 7b,c), suggesting that loss of
laforinactivity and glycogen accumulation drive cellular proliferation
even in non-transformed cells. Building on these data, we bred LKO
mice with the KP mouse model to study the role of glycogenin tumouri-
genesis. We compared tumourigenesis and tumour growth in KP mice
and KP mice crossed with LKO mice (KPL) after intranasal delivery of
Adeno-Cretoactivate oncogenesis inthe lung only (Fig. 2h). Both mice
developed lung tumours (Fig. 2i), but the tumours were both larger and
more numerous in the KP/LKO mice than in the KP mice (Fig. 2i,j). As
predicted, the KPL tumours exhibited more glycogen accumulation
(Extended Data Fig. 7d). Histological examination also confirmed
increasing percentage of higher-grade tumours in the KPL cohort
similar to those observed in the KP animals administered combination
diet (Extended DataFig. 7e). Collectively, both diet gavage and the KPL
models supportthey finding that higher glycogen leads to accelerated
tumour progression.

Suppressing glycogen synthesis blunts lung tumourigenesis
Human LUAD and KP mouse models exhibita glycogen-rich phenotype
before diet or genetic challenge, suggesting active glycogen synthesis
denovo. Therefore, we further investigated whether impairing glyco-
gen synthesis could blunt tumourigenesis in the KP animal model. To
test this, we crossed the Gys1"" mouse model with the KP mouse model
to generate the KP/Gys"™ (KPG) mouse model (Fig. 3aand Supplemen-
tary Fig. 5b). GYSl1 is the predominate glycogen synthase isoformin
peripheral tissues other than the liver®. In this mouse model, intranasal
delivery of Adeno-Cre was used to trigger oncogenesis while simulta-
neously silencing Gysl gene expression and glycogen synthesis. Both
KP and KPG mice were administered intranasal delivery of Adeno-Cre,
and lung tumourigenesis was allowed to occur over 100 days (Fig. 3a).
At the midpoint, ~-day 50, as well as ~day 95, blunted tumourigenesis
was already obvious in the KPG animals compared with the KP cohorts
assessed by non-invasive 7 T magnetic resonanceimaging (Supplemen-
tary Fig. 5). At the endpoint, GYS1 was undetectable in the tumours
of KPG mice (Supplementary Fig. 5b). Assessment by haematoxylin
and eosin staining at the experimental endpoint showed that the KPG
cohorthad dramatically reduced tumour sizes and volumes compared
with the KP group (Fig. 3b,c and Extended DataFig. 7f,g); furthermore,
histological examination showed that the KPG cohorts exhibited much
lower-grade tumours (Fig. 3d).

If the administration of combination diet drives lung tumour-
igenesis through glycogen accumulation in the lung (Fig. 2a), then

Fig.2|Higher glycogen drives accelerated tumourigenesis. a, Schematics of
LSL-Kras®?/p53"" mice undergoing daily oral gavage of vehicle or HFCS + corn
oil (combination) for 2 weeks followed by Adeno-Cre introduction for tumour
initiation and tumourigenesis for 14 weeks (without gavage). b, Average tumour
size and tumour volume in vehicle or HFCS + corn oil (combination) treated
mice at the experimental endpoint (n = 6 animals per group; mean +s.e.m.,
Pvaluesindicated, two-tailed t-test). ¢, Spatial glycogen analysis of lung extracted
from mice gavaged with either vehicle or HFCS + corn oil (combination)
treatment before administration of Adeno-Cre. Corresponding H&E images

of each lung are shown above the MALDI heatmap image of glycogen CL6.

d, Intratumoural glycogen chain length analysis between vehicle and HFCS +
corn oil (combination) treatment groups showing major differences between
CL5and CL9 (n =9 animals per group; mean + s.e.m., Pvalues indicated, two-way
ANOVA and Sidak’s multiple-comparison test). e, The distribution of tumour
grades across vehicle or HFCS + corn oil (combination) treatment groups (n =3
animals per group fromb; mean + s.e.m., Pvalues indicated, two-way ANOVA and

Tukey’s multiple-comparison test). f, Immunohistochemical analysis of laforin,
glycogen synthase (GYS) and glycogen phosphorylase (GP) from the adjacent
TMA sections used in glycogen MALDI imaging (n = 66 patients for LUAD, 81

for LUSC, 12 for normal; mean +s.e.m., Pvalues indicated, one-way ANOVA and
Tukey’s multiple-comparison test). g, Loss of laforin in LUAD corresponds to
opposingincrease in glycogen phosphate (phosphorylated glucose polymer 7)
levels compared with LUSC measured by MALDI (n = 66 patients for LUAD,

77 for LUSC mean + s.e.m., Pvalue indicated, two-tailed ¢-test). h, Schematics of
induction of tumourigenesis in LSL-Kras®2®/p53"1 (KP) and LSL-Kras®?°/p53"1/LKO
(KPL) mice followed by tumour analysis. i, Representative H&E images of tumour
formation from LSL-Kras®2°/p53"" (KP) and LSL-Kras®?°/p53""/LKO (KPL) mice.
j, Average tumour size and tumour volume in LSL-Kras®?°/p53"% (KP, n = 5)

and LSL-Kras®?®/p53"f/LKO (KPL, n = 6) mice at the experimental endpoint
(mean +s.e.m., Pvaluesindicated, two-tailed ¢-test). Panels aand h created with
BioRender.com.
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the combination treatment should not enhance tumourigenesis and
tumour growth in KPG mice owing to their inability to synthesize gly-
cogen during tumourigenesis. Therefore, we performed dietary experi-
ments by administrating vehicle and combination diet to the KPG mice
before receiving the Adeno-Cre administration (Fig. 3a). In agreement
with the hypothesis, the additional combination diet did not increase
tumour sizein KPG mice at either day 50, day 95 or the 100-day endpoint

ofthe experiment (Fig. 3b-d, Extended Data Fig. 7fand Supplementary
Fig. 5). Glycogen MALDI imaging analysis also confirmed that KPG,
KPG:vehicle and KPG:combination diet cohorts all exhibit significantly
lower glycogen compared with KP mice when normalized to tumour
size (number of pixels) (Fig. 3e). Collectively, datafrom the genetically
modified mouse models and dietary treatment demonstrate that glyco-
gen synthesis is a key metabolic requirement of LUAD tumourigenesis.
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Fig. 3| Glycogen synthesis is required for tumourigenesis. a, Schematics of
induction of tumourigenesis in LSL-Kras®?°/p53%"" (KP); LSL-Kras®2°/p53%""/Gys™"
(KPG); LSL-Kras®?*/p53"1/Gys"™ (KPG):vehicle (V); LSL-Kras®?*/p537%/Gys""
(KPG):combination diet (C) mice followed by tumour analysis. b, Representative
H&E images and MALDI imaging of an adjacent tissue section showing tumour
formation and glycogen levels LSL-Kras®?/p53"1 (KP); LSL-Kras®'?*/p53"1/

Gys™ (KPG); LSL-Kras®2°/p53™"%/Gys™ (KPG):vehicle; LSL-Kras®2®/p531/f/Gys™"
(KPG):combination diet animals (n = 2 each). ¢, Average tumour size and tumour
volume in all four cohorts of mice at the experimental endpoint (n = 6 animals

forKP, 6 for KPG, 4 for KPG:V and 5 for KPG:C; mean £ s.e.m., Pvaluesindicated,
one-way ANOVA and Tukey’s multiple comparison). d, The distribution of tumour
grades across all four cohorts of mice (n = 6 animals for KP, 6 for KPG, 4 for KPG:V
and 5 for KPG:C; mean + s.e.m., Pvalues indicated, one-way ANOVA adjusted for
Tukey’s multiple comparison). e, Intratumoural glycogen chain length analysis
for all four cohorts showing major differences between CL5and CL9 (n=6
animals for KP, 6 for KPG, 4 for KPG:V and 5 for KPG:C; mean + s.e.m., Pvalues
indicated, two-way ANOVA adjusted for Tukey’s multiple comparison). Panel a
created with BioRender.com.

LUAD glycogen supplies substrate for cancer metabolism
Glycogen can drive tumourigenesis through signalling cascades” or
central carbon metabolism®. To delineate which of the two routes was
relevant in LUAD, we performed proteomic and phosphoproteomic
analysis from both KP and KPL tumours (Supplementary Table 1). We
did notidentify significant differences between the two tumour mod-
els using either principal component analysis or analysis of volcano
plotswith allog,(fold change) and1-log value cut-off (Extended Data
Fig.8a,b). These results suggest that the growth advantage of the KP/
LKO tumours was not through a change in signalling pathways but,
instead, through altered metabolism.

Toinvestigate spatial correlations between metabolites and glyco-
genintissue sections, we developed a multiplexed spatial technique to
assess the cellular metabolome and glycogen fromasingle tissue section
(Fig.4a). Using thisnew approach, we applied quantitative spatial metab-
olome analysis (Fig. 4b-d, Extended Data Fig. 8c,d and Supplementary
Fig. 6). We observed a positive correlation between relative glycogen
abundance in the tumours of both genotypes and relative glucose,
glucose-6-phosphate (G6P), citrate and adenosine diphosphate (ADP)
abundance (Fig. 4c) along with many other metabolites in the central
carbon metabolic pathway. Quantitative analysis of the abundance of
central carbon metabolites in tumours of each genotype revealed that
KPL tumoursdisplayed notable higher pools of central carbon metabo-
lites compared with KP alone, with glucose, citrate, G6P and ADP shown
as representative metabolites (Fig. 4d and Extended DataFig. 8c,d).

A positive correlation between glycogen and central carbon
metabolites raises the hypothesis that glycogen directly supports

cancer metabolism (Fig. 4e). To assess the contribution of glycogen to
cellular metabolism, we performed a pulse-chase experiment*® using
BC-glucose with a modified multiplex metabolome/glycogen assay
in a chamber-well format (Extended Data Fig. 9a-c). To accurately
capture Clabelling in glucose chains cleaved from glycogen, we used
two-dimensional ion mobility mass spectrometry that can align ions
onthebasis of collision cross section (CCS)". Using ion mobility mass
spectrometry, we identified *C-labelled glucose chain lengths with
CCS (Extended Data Fig. 10a-e and Supplementary Fig. 7). We first
performed a timeline experiment to define the isotopic steady state
of glycogen enrichment (Extended Data Fig. 9d,e) in the A549 lung
cancer cell line. Similar to m2 (number of ®*carbons) TCA metabolites
(citricacid, glutathione (GSH), malate and glutamate) and m3 glycolytic
metabolites (pyruvate, phosphoenolpyruvate, 3-phosphoglyceric
acid (3PG) and lactate), nearly 40% of glycogen chain length 7 was fully
labelled in 24 h (m42, 0.4 out of 1 fractional labelling), and remained
steady for 48 and 72 h (Extended Data Fig. 9d,e and Supplementary
Fig. 8). We then performed the pulse-chase experiment by pulsing
with ®C-glucose for first 24 h, then chasing with ?C-glucose for 12 h
(Fig. 5a,b). The contribution of *C-glycogen to downstream metabo-
lites was defined as the difference between vehicle or acarbose treat-
ment (Fig. 5b,c), apaninhibitor of GP*®, amylase*’ and both the acid and
neutral a-glucosidases®®. Acarbose blocked C-glycogen utilization
during the chase phase, resulting in a100% increase in *C-glycogen
remaining after the 12-h chase compared with the vehicle control
(Fig. 5d). Concurrently, in the cells exposed to acarbose, we observed
significant reductions in major central carbon metabolites, such asm2
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Fig. 5| Glycogen contribution to cancer metabolism traced with *C-glucose.

a, Schematic of the experimental workflow ina chamber well format designed

to track ®Clabelling in the metabolome and glycogen. b, Schematic of using
acarbose to block glycogen utilization and assess its contribution to cancer
metabolism. Left: the pulse phase involves C-glucose incorporation, followed
by a chase phase to monitor its incorporation from glycogen into other metabolic
pathways. Right: glycogen contribution to cancer metabolism can be blocked

by the addition of acarbose, a paninhibitor for glycogen utilization enzymes.

¢, Layout for the pulse and chase experiment using *C-glucose to pulse and
2C-glucose with or without acarbose as the chase phase is depicted in achamber

well format. The four experimental conditions are (1) >C-glucose negative (-)
control, (2) *C-glucose positive (+) control, (3) *C-glucose wash out after 24 h
of ®*C-glucose enrichment and (4) ?C-glucose washout after 24 h of ®*C-glucose
enrichment with acarbose. d, Fraction-labelled metabolites with unique
isotopologuesin different metabolic pathways between vehicle and acarbose-
treated groups. The group numbers correspond to what is showninc (n=6,243
unique pixelsin1, 6,387in2, 6,411in3and 6,674 in 4; mean * s.e.m., Pvalues
indicated, two-tailed ¢-test). PGUI, pan-glycogen utilization inhibitor; ND, not
detected. Panels aand b created with BioRender.com.

andm3citricacid, GSH, glutamate, glutamine and malate; m3 pyruvate,
phosphoenolpyruvate, 3PG and m5 AMP; and M2/4/6/8/20-C18 fatty
acid, suggesting a reduction in *C pools when glycogen utilization is
blocked (Fig. 5d). Collectively, these data support that glycogen utili-
zationdirectly contributes to cancer metabolism supporting multiple
metabolic processes.

Discussion

Our study leveraged high-throughput spatial metabolomics screen-
ing to identify glycogen as a key oncogenic metabolite in LUAD. We
demonstrated that glycogen accumulationis both pervasive in LUAD
tumours and exhibits a positive association with increased tumour
grade, highlighting its role in tumour progression. Furthermore,

our analyses revealed a significant correlation between higher gly-
cogen content and poorer patient survival outcomes, emphasizing
the clinical relevance of this metabolic signature. Machine learning
models, including AUROC and AUPRC, confirmed the robustness of
glycogen as a predictive marker of LUAD mortality, with AUROC and
AUPRC sscores of 0.846 and 0.888, respectively. These findings suggest
that glycogen could be a promising prognostic biomarker and points
to the clinical utility of glycogen, where glycogen could help improve
patient stratification and risk assessment.

We observed that increased glycogen levels in LUAD are asso-
ciated with higher tumour grade, which led us to investigate the
functional role of glycogen in driving tumour progression using
well-defined mouse models. To test our hypothesis, we implemented

Nature Metabolism | Volume 7 | May 2025 | 952-965

959


http://www.nature.com/natmetab
https://www.biorender.com/

Article

https://doi.org/10.1038/s42255-025-01243-8

two complementary approaches: a dietary intervention model and a
genetic model of lung cancer. In the dietary model, we exposed mice
to ahigh-fatand high-carbohydrate diet for 2 weeks. This dietary regi-
men successfully elevated lung glycogen levels before the initiation
of tumourigenesis in the KP LUAD mouse model. Importantly, this
approach allowed us to study the direct impact of pre-tumourigenic
glycogenaccumulation onearly tumourigenesis. In our genetic model,
we engineered mice with a predisposition to accumulate glycogenin
the lungs, providing a parallel system to examine the effects of sus-
tained glycogen elevation. Both models yielded consistent results:
elevated glycogen levels promoted the formation of higher-grade
tumours and accelerated tumour progression in KP LUAD mice. We
opted not to extend the dietary treatment beyond the initial 2 weeks
for several important reasons. First, prolonged oral gavage would
introduce additional stress to the mice, creating a variable that could
complicate the interpretation of tumourigenesis outcomes*. Stress
is a well-documented factor influencing cancer progression, and we
aimed to minimize this potential confounder in our experimental
design**2. Second, itis evident that both human and KP/G mice as well
astracer analysis revealed that established tumours sustain glycogen
synthesis de novo. Therefore, continuing treatment is not necessary.
Importantly, a2-week dietary exposure primed the lung tissue environ-
mentwithhigh glycogen, creating conditions that favoured accelerated
early tumourigenesis and higher-grade malignancies over the long
term. This designin combination with KPL and KPG models collectively
highlighted the critical role of glycogen during both early stages of
tumour development as well as tumour proliferation and progression.

Our findings suggest that glycogen supports LUAD tumourigen-
esis through both tumour initiation and proliferation. For example,
a high-fat and high-carbohydrate diet for only 2 weeks led to glyco-
gen accumulation in the lung that gave rise to significantly increased
tumour burden in the KP mice. The short dietary exposure before
viral delivery suggests major roles of glycogen driving tumour initia-
tion. This diet-induced glycogen accumulation may provide a critical
substrate for the biogenetic demands of tumour initiation' or could
influence epigenetic modifications necessary for epigenetic repro-
gramming®., However, once cancer cells are established, they maintain
high glycogen levels through sustained glycogen synthesis de novo,
independent of dietary input. This process is probably supported by the
availability of glucose within the tumour microenvironment, ensuring a
continuous supply of metabolic resources. Furthermore, it is plausible
that established tumours may uptake glycogen from their microenvi-
ronment through mechanisms such as macropinocytosis®'. However,
further studies are required to elucidate the interplay between glyco-
gen synthesis and external glycogen uptake in the tumour microenvi-
ronment, aswell asto delineate the molecular pathways that drive these
processes during different stages of tumour progression. Glycogen’s
rolein tumourigenesis may extend beyond its metabolic contributions
to include effects on epigenetic regulation and signalling pathways.
Glycogen hasbeen shown toinfluence compartmentalized regulation
ofacetyl-CoA, which canimpact histone acetylation and, consequently,
epigenetic reprogramming®. In addition, glycogen may promote
tumourigenesis through phase separation and in negatively regulat-
ing the Hippo-YAP pathway, which is a critical tumour suppressor
mechanism”. These multifaceted roles of glycogen could explain how
dietary interventions, such as a high-fat and high-carbohydrate diet,
exacerbate tumourinitiation, increase tumour burden and drive more
aggressive cancer phenotypes.

Phosphoproteomics and proteomics analyses of tumours from KP
and KPL micerevealed that the pathogenic role of glycogenin LUAD is
not through signalling. To further investigate the role of glycogen in
cancer cell metabolism, we developed a multiplexed spatial metabo-
lomics technique that enables simultaneous detection of glycogen
and cellular metabolites from the same tissue sample and pixel. This
approach allowed usto directly assess the spatial relationship between

glycogen accumulation and metabolic reprogramming within tumours.
Applying this approach, we observed strong correlations between
increased glycogen levels and elevated concentrations of central car-
bon metabolites, such as glucose, G6P, citrate and ADP in KP tumours
in vivo. These metabolites are essential for sustaining cellular prolif-
eration and metabolic demands in tumour cells**. To provide direct
evidence for this metaboliclink, we used isotopic tracing experiments
to visualize the carbon flow from glycogen to central carbon meta-
bolic pathways. By incorporating ion mobility mass spectrometry,
we accurately assessed isotopic labelling in complex molecules, such
asglycogen, and precisely tracked the distribution of labelled carbon
atoms across different metabolic pathways. In a high-throughput
multiwell format, our method allowed us to quantify the contribution
of glycogen-derived carbons to key metabolic processes, including
glycolysis, the tricarboxylicacid (TCA) cycle, nucleotide biosynthesis
and fatty acid synthesis. These findings underscore the role of glycogen
asametabolicdriver that fuels multiple biochemical pathways. Further
research should focus on which of these glycogen-supported pathways
are necessary for tumour growth and progression.

Thisstudy outlines ablueprint for leveraging next-generation spa-
tial metabolomics technologies to generate hypotheses from human
tissue samples and then rigorously test these hypotheses in mecha-
nistically relevant mouse models. Thisintegrated approach allows the
discovery and validation of key metabolic drivers, such as glycogen,
while uncovering mechanistic insights that advance scientific knowl-
edge. By applying spatial analysis to identify glycogen as an oncogenic
factorin LUAD, we tested a dietary model where high-carbohydrate and
high-fat intake induced a lung glycogen phenotype in mice; this diet
combination is akin to a western diet consumed in the USA®. These
findings raise the possibilities of metabolic vulnerabilities associated
with diet that should be intriguing avenues for future research, such
as studying the impact of dietary patterns on lung cancer survival
in human populations. Nonetheless, glycogen is not the only factor
contributing to tumourigenesis. Future studies shouldincorporate the
physiological complexity of the tumour microenvironment, including
immune interactions®’, hypoxic conditions® and extracellular matrix
components®, to provide a more comprehensive understanding of
cancer biology. Addressing these variables in conjunction with gly-
cogen metabolism will be crucial to develop effective therapeutic
strategies against LUAD.

Methods

Experimental models and subject details

A549 cells were purchased from ATCC (CCL-185) and maintained in
high-glucose Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 10% foetal bovine serum. Experiments were performed
at passages 5-7 from the original ATCC cell line. Deidentified human
patient tissues were obtained from the University of Kentucky Biospeci-
men Procurementand Translation Pathology Shared Resource Facility
and are institutional review board exempt. Human tissues were also
preservedinneutral-buffered formalin (NBF) and paraffinembedded
forlong-termstorage. AllH&E staining was performed by the University
of Kentucky Biospecimen Procurement and Translation Pathology
Shared Resource Facility*®. All animal experiments were approved by
the Institutional Animal Care and Use Committee at the University of
Kentucky (2017-2792) and Florida (202200000686) and conducted per
ethical guidelines. Mice were housed in a climate-controlled environ-
ment (14/10 h light/dark cycle, 22 °C, >30% humidity) with ad libitum
access towater and LabDiet 2018 chow. Animals were kept in shoebox
cages (18.5 cmwide x 30 cm deep x 12 cm high) with corncob bedding
and nesting material. Indirect sentinels monitored colony health.
Studies used ~4-month-old mice. The KP (LSL:KRASG12D/+/p53flox/
flox) model was obtained from the Brainson lab, while the Epm2a™~
(LKO) and Gys1fl/fl models were from prior studies’”*® and the Roach
laboratory, respectively. KP mice were crossed with LKO (KPL) and
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Gysl1fl/fl (KPG) models to study glycogen metabolism in lung cancer.
No statistical methods were used to predetermine sample sizes, but our
samplesizesare similar to those reported in previous publications®°.
Because no sex differences had been previously reported in these
mouse models, male and female mice were included and co-analysed
without exclusion or segregation. Formalin-fixed paraffin-embedded
(FFPE) lung tissue from KRAS (K), EGFR (E), KP, KL, KPL and KKL models
were gifts from Dr Christine Brainson. All mice were randomly assigned
to experimental groups, except for the KPG versus KP comparison,
where group allocation was predetermined due to genetic background
requirements. Mice were handled in a double-blind manner through-
out euthanasia, tumour counting and MALDI imaging. Investigators
conducting dataanalysis remained blinded to group assignments until
statistical evaluation was completed.

Adeno-Cre delivery for lung tumour initiation

Adeno-Cre adenoviral vectors were acquired from University of lowa
Viral Vector Core, lowa City, IA, USA. Vector concentration and func-
tionality were validated via quantitative PCR and plaque assays by the
manufacturer. Mice were anaesthetized using a ketamine-xylazine-
saline mixture (10 pl g™). Anaesthetized mice were laid in a supine
position, with their heads slightly elevated on a heating pad to maintain
core body temperature. A pipette was used to administer a 62.5 pl
(61.8 plAdvanced DMEM, 0.3 pl CaCl,and 0.416 pl Adeno-Cre) volume
of Adeno-Cre viral solution (titre of 1 x 10" plaque-forming units per
millilitre) intranasally. Mice were monitored daily for signs of distress,
changes in body weight and overall health status for endpoint eutha-
nasia or until they were 100 days old, in accordance with Institutional
Animal Care and Use Committee guidelines.

IHC

Deidentified humantissues were obtained from the University of Ken-
tucky Biospecimen Facility. Cancer and normal tissues were fixed in
NBF, paraffin-embedded and stored. Mice were euthanized by cervical
dislocation, and tissues were immediately resected, fixed, embed-
ded and stored. Sections (4 pm) were prepared for IHC*. Slides were
dewaxed and rehydrated, and antigen retrieval was performed in Ven-
tana CC2bufferat37 °Cfor1h. Primaryandsecondary antibodyincuba-
tions were conducted at room temperature (60 min each). Antibodies
included Laforin (Abcam), GYS1 (Cell Signaling) and PYGB (Protein-
tech). H&E staining followed standard protocols with haematoxylin,
eosin, graded ethanol dehydration and coverslipping. Digital images
were acquired using a ZEISS Axio Scan.Z1, and quantitative analysis
was performed with Halo software (Indica Labs) using multiplex IHC
and TMA modules.

Oral administration of HFCS and corn oil

D-Glucose, D-(-)-fructose and corn oil were all purchased form
Sigma-Aldrich. HFCS was made at 45% glucose and 55% fructose (w/w)
dissolved in autoclaved cage water before sterile filtering and admin-
istering 100 pl on the basis of a previous protocol®. Corn oil was sterile
filtered, and 150 pl was administered. The combination diet included
100 pl HFCS and 150 pl corn oil per dose. Control mice were gavaged
with 250 pl of sterile-filtered cage water. Mice were gavaged at the
same time every day, Monday to Friday for 2 weeks, and their weights
wererecorded to ensure the supplementation was maintained within
healthy parameters.

Multiplexed imaging of metabolome and glycogen from fresh
frozen specimens

Mouse lungs were resected and snap frozen in liquid nitrogen. Fresh
frozen lungs were cut at 10 um onto microscope slides without opti-
mal cutting temperature compound. Tissue sections were dried in a
desiccator immediately to terminate metabolism. Slides were then
sprayed with an N-(1-naphthyl) ethylenediamine dihydrochloride/70%

methanol matrix at 7 mg ml™ viaan HTX M5 Sprayer. Slides were then
run on Bruker timsTOF flex with a laser power operating at 10,000 Hz
and 60% laser energy, with 300 laser shots per pixel, and raster and
laser spot size of 50 pm to image for small molecules and lipids®'. Mass
acquisition was set from 50 to 2,000 m/zin negative mode. The matrix
was thenstripped off using ice-cold 100% methanol for 5 min, and the
tissue was fixed overnight in 10% NBF. The next morning, slides were
switched from NBF to 70% ethanol, and remained for 2 h before desic-
cating. The slides were then prepared according to our N-glycan and
glycogenimaging using enzyme assist release of N-linked glycans and
glycogen for MALDI ionization.

Fixed tissue sections were prepared using the HTX spray station
(HTX) was used to coat the slide with a 0.2 ml aqueous solution of
either isoamylase (3 units per slide), PNGase F (20 mg total per slide)
or both. The spray nozzle was heated to 45 °C, and the spray velocity
was 900 m min™. After enzyme application, slides were incubated
at37°Cfor 2 hin a humidified chamber, then dried in a desiccator
before matrix application with 0.04 g a-cyano-4-hydroxycinnamic
acid matrix (CHCA) in 5.7 ml 50% acetonitrile/50% water and 5.7 pl
trifluoroacetic acid) with the HTX sprayer. At the end of the sample
preparation, tissue sections were run using the Bruker timsTOF flex
with a laser power operating at 10,000 Hz and 60% laser energy, with
300 laser shots per pixel, and raster and laser spot size of 50 pum for the
integration of metabolome and glycome using x ,y laser coordinates
produced from the MALDIimaging files. Mass acquisition was set from
500 to 4,000 m/zin positive mode. Samples were analysed using the
SCiLS labs software (Bruker) using the manufacturer-recommended
settings, and pixel datawere exported using the SCiLS APl and plotted
using graphing software Prism.

Multiplexed imaging of metabolome and glycome in chamber
wells

Human lung cancer A549 cells were seeded at 60,000 cells per well
on LAB-TEK 8 chamber well slides and allowed to adhere and grow
overnight. For the enrichment analysis, cells were washed with 1x
phosphate-buffered saline (PBS),and DMEM medium with 10% dialysed
serumsupplemented with10 mM ®C-glucose was added for 24,48 and
72 h. Atthe end of the incubation periods, medium was aspirated, cells
were washed with 0.1x PBS and cells were quenched with dehydrationin
avacuumdesiccator until matrix applicationand MALDIimaging. For
the pulse-chase experiment, we used a modified protocol previously
described by Xie etal.*; first, A549 cells were seeded in chamber wells
and allowed to grow in DMEM medium supplemented with 10 mM
BC-glucose to achieve glycogen enrichment at isotopic steady state.
For the chase phase, A549 cells were left in either *C-glucose (positive
control), 1 mM 2C-glucose or 1 mM 2C-glucose with 1 uM acarbose, a
paninhibitor for glycogen utilization for 12 h. At the experimental end-
point, culture mediumwas aspirated, and cells were washed twice with
0.1x PBS and dehydrated in a vacuum desiccator. Sequential imaging
of metabolome and glycogen was similar to above, withamodifiedion
mobility setting to detect glycogen enrichment. Trapped ion mobil-
ity spectrometry analysis was performed using 150 V of trapped ion
mobility spectrometry collision cell, 1/K, (reduced ion mobility) start
of .10 Vs?ecm™?,1/K,end 0of 2.25 Vs™ cm™, ramp time of 200 ms, duty
cycle 0of 16.05% and ramp rate of 4.85. CCS values were used to deter-
mine enrichment of glycogen chain length 7 having an unenriched MO
peak at an m/z of 1,175 and isotopologues continuing through com-
plete enrichment of all 42 carbon atoms in the chain. >C-metabolites
and their detectable ®C-isotopologues were assigned using the SCILs
software (for m/zlists, see Supplementary Tables 1-4).

Glycogen MALDI MSIin FFPE tissues

FFPE tissues were sectioned (4 pum) and mounted on slides for MALDI
imaging as described®. Slides were heated (60 °C,1h), deparaffinized
inxylene and rehydrated in graded ethanoland water. Antigen retrieval
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was performed using citraconic anhydride buffer (pH 3) in avegetable
steamer (30 min). After cooling, buffer was gradually replaced with
water, and slides were desiccated before enzymatic digestion. For
absolute glycogen quantitation, serial dilutions of rabbit liver glycogen
(0.05-0.00061 mg m1™) were spotted onto slides using a mosquito
low-volume pipettor. Enzyme-coated slides were prepared using the
HTX spray station with isoamylase (3 units per slide), PNGase F (20 mg
perslide) or both, followed by incubation (37 °C, 2 h) and matrix appli-
cation. MALDI MSI was performed using a Waters SynaptG2-Xs, with
laser (1,000 Hz, 200 a.u., 50-pm spot), mass range (500-3,500 m/z)
and ion mobility. Mass drift correction and signal enhancement were
applied using high-definition imaging software®, leveraging matrix
and glycan peaks for calibration.

Fluorescence-activated cell sorting of murine lung and
three-dimensional organoid culture

Mice were anaesthetized with avertin, heart was removed and lungs
were inflated with 2 ml of dispase (Corning). All five lung lobes were
minced and incubated in 1x PBS with 2 mg ml™ collagenase/dispase
(Roche) for 45 min, rotating at 37 °C. Digested tissue was filtered,
pelleted and treated with red cell lysis buffer. Resulting single-cell
suspensions were stained with anti-mouse-Scal-APCCy7 (Fisher
Scientific BDB560654), anti-mouse-EpCAM-PECy7 (BioLegend
118216), anti-mouse-CD31-APC (Fisher Scientific BDB551262) and
anti-mouse-CD45-APC (Fisher Scientific BDB559864). Live cells
were gated by exclusion of 4’,6-diamidino-2-phenylindole (DAPI,
Sigma)-positive cells. All antibodies were incubated for 10-15 min
at 1:100 dilutions. Cell sorting was performed with a Sony iCyt
with a 100-um nozzle. Sorted bronchioalveolar stem cells (Scal’/
EpCAM’/CD317/CD45 /DAPI") were seeded at 2,500 cells per well with
low-passage murine lung endothelial cells (as feeder cells) embedded
in Matrigel (Corning, 50/50 v/v) in 0.4-pum pore transwell inserts. Orga-
noids derived from these cultures have both bronchiolar and alveolar
features®*®’. To the bottom chamber, 500 pl of DMEM/F12 with 10%
foetal bovine serum, 1x insulin-transferrin-selenium supplement
and 1x GlutaMAX was added and refreshed every other day. Organoids
grew over a period of 2 weeks, at which point they were quantified and
isolated by dispase for further analysis.

Sample preparation for proteomics mass spectrometry
Samples for total proteome and ‘mini-phos’ analysis were prepared®*®,
After lysis, protein precipitation, reduction/alkylation and digestion,
peptides were quantified by micro-BCA assay and 150 pg of peptide per
sample were labelled with tandem mass tag (TMT) reagents (Thermo
Fisher Scientific) for 2 h at room temperature. Labelling reactions
were quenched with 0.5% hydroxylamine and acidified with trifluoro-
aceticacid. Acidified peptides were combined and desalted by Sep-Pak
(Waters). Mini-phos enrichment was performed®* using the High Select
Fe-NTA Phosphopeptide Enrichment Kit (ThermoFisher Scientific).
Peptides fromthe flow-through were further fractionated for full pro-
teome analysis.

Basic-pH reversed-phase separation

TMT-labelled peptides corresponding to the total proteome were
solubilized in 5% acetonitrile/10 mM ammonium bicarbonate, pH 8.0,
and 300 pg of TMT-labelled peptides was separated by an Agilent 300
Extend C18 column (3.5 um particles, 4.6 mmID and 250 mmin length).
An Agilent1260 binary pump coupled with a photodiode array detec-
tor (Thermo Scientific) was used to separate the peptides. A 45-min
linear gradient from 10% to 40% acetonitrile in 10 mM ammonium
bicarbonate pH 8.0 (flow rate of 0.6 ml min™) separated the peptide
mixturesinto atotal of 96 fractions (36 s). The 96 fractions were con-
solidated into 24 samples in a checkerboard fashion, acidified with
20 pl of 10% formic acid and vacuum dried to completion. Twelve
fractions were desalted via Stage Tips and redissolved in 5% FA/5%

acetonitrile for liquid chromatography-tandem mass spectrometry
level 3 (LC-MS?®) analysis.

LC-MS?

Proteome data were acquired using an Orbitrap Eclipse mass spec-
trometer (ThermoFisher) withan EASY-nLC 1200. Peptides were sepa-
rated on a 35-cm in-house packed column (100 pm inner diameter,
Accucore, 2.6 pm, 150 A) using a 180-min gradient at 500 nl min™.
MS1 scans were collected in the Orbitrap (120,000 resolution, 50 ms
maximum injection, automatic gain control (AGC) 1 x 10°). MS2 scans
used collision-induced dissociation fragmentation in the ion trap
(0.5 Daisolation, normalized collision energy (NCE) 35%, 35 ms maxi-
mum injection, AGC 1.5 x 10*) with a 90 s dynamic exclusion. MS3
scans were triggered via Orbiter and collected in the Orbitrap (50,000
resolution, NCE 45%, 200 ms maximum injection, AGC 1.5 x 10°), with
a close-out of two peptides per protein per fraction®. Phosphoprot-
eomicsused an Eclipse with an EASY-nLC1000 and a120-min gradient.
High-field asymmetric waveformion mobility spectrometry voltages
were —40/-60/-80V (first shot) and —45/-65 V (second shot)®”. MS2
scans used higher-energy collisional dissociation (0.5 Da isolation,
50,000 resolution, NCE 36%, 250 ms maximum injection, AGC 1.5 x 10°)
witha 90 s exclusionand1.25 s cycle time.

Proteomic data analysis

Raw files were converted to mzXML, and monoisotopic peaks were
reassigned using Monocle®®. Peptide identification was performed
using the Sequest algorithm against a Uniprot mouse database (July
2014) with a 50-ppm precursor ion tolerance. Fragment ion toler-
ances were set to 1.0005 Da (ion trap) and 0.02 Da (Orbitrap). Static
modifications included TMT (+229.1629 Da, lysine/N-termini) and
carbamidomethylation (+57.0215 Da, cysteine), while oxidation
(+15.9949 Da, methionine) and phosphorylation (+79.9663 Da, ser-
ine/threonine/tyrosine) were variable. Peptide-spectrum matches
werefiltered to 1% false discovery rate, followed by protein-level false
discovery rate filtering. Phosphorylationsite localization was deter-
mined using AScore®. Reporter ion quantification used a 0.003 Da
window, selecting the most intense m/z, with correction for isotopic
impurities. Peptides with asummed signal-to-noise ratio 2100 across
TMT channels wereretained. Phosphorylated peptides were further
filtered for isolation purity >0.5. Protein and phosphorylation site
quantification was based on summed TMTpro signal-to-noise ratio
values, with total protein normalization applied across channels to
account for loading differences.

Blood glucose measurements

Blood glucose and glucose tolerance tests were performed using
a glucose meter’. In brief, mice were monitored daily for weight
and blood glucose levels. After a 6-h fast, blood glucose levels were
measured by a handheld glucometer (Nova Max Plus; received
from American Diabetes Wholesale), using 0.3 pl of blood from the
tail vein.

Kaplan-Meier survival analysis and gene expression analysis
from open-source databases

Kaplan-Meier survival analysis was performed using KM plotter”. In
brief, RNA sequencing expression and survival data from TCGA and
Genotype-Tissue Expression (GTEX) project were used to perform
the Kaplan-Meier survival analysis of Laforin (Affy ID 205231 _s_at) in
patients with LUAD (n =1308) and squamous cell carcinoma (n = 931).
Overall survival was used as the endpoint. Samples were stratified by
upper quartile. Gene expression analysis of normal and cancer sam-
ples was performed by Gene Expression Profiling Interactive Analysis
(GEPIA) with matched TCGA normal and GTEx datasets. Both LUAD
(tumour 483, normal 347) and LUSC (tumour 486, normal 338) were
used for this analysis.
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Magnetic resonance imaging and 'H lung imaging

Magnetic resonanceimageswere acquiredona7 TBruker BioSpec sys-
tem with a115-mm bore equipped with a maximum gradient strength
of 670 mT m™ and a risetime of 120 ps. Mice were anaesthetized with
isofluraneinhalation and kept warm using circulating water heated to
42 °C.Imageswere acquired with a59/36 mm quadrature'Hvolume TR
coil. T1-weighted coronal images used the gradient echo fast low-angle
shot (FLASH) sequence with 18 slices, repetition time 278 ms, echo
time 2.4 ms, flip angle (&) = 38°, 5 averages, field of view 30 x 30 mm?,
1 mmslice thickness and matrix size 256 x 256. Allimages were gated
to the animal’s respiratory cycle to remove breathing artefacts (SA
Instruments).

Random forest predictive model of glycogen

The lung cancer cohort, which consisted of 274 patients, was profiled
by TMA data focusing on nine glycogen peaks, which included ‘1175,
‘1337’,1499’,'1661’,1823’,1985’,°2147’ and ‘2309". To demonstrate that
glycogen can clinically diagnose the patients, we developed a predic-
tive model for the clinical outcome (for example, mortality status) to
evaluate the predictive power of glycan. Specifically, the mortality
status for the cohort, which include 128 alive and 146 dead patients
based on the last censoring time, was treated as the clinical outcome.
The features were normalized signals of nine glycogen peaks across all
274 patients. Without loss of generality, we adopted a random forest
model as the predictive model to use glycogen signals to predict the
mortality status. We adopted a leave-one-fold-out strategy to create
atraining and testing set by splitting the data evenly to five folds, with
each fold stratified by the mortality status according to the entire
cohort. One fold (20% of all patients) was used a testing set, and the
remaining four folds (80% of all patients) were used as the training set.
The average prediction was assessed by AUROC and AUPRC.

Quantification and statistical analysis

Allanimals and data points were included for statistical analysis. Data
distribution was assumed to be normal, but this was not formally tested.
Statistical analyses were carried out using GraphPad Prism. All numeri-
caldataare presented as mean + s.e.m. Column analysis was performed
using one-way or two-way analysis of variance (ANOVA) or Student’s
t-test. Pvalues are indicated in the graphs. The statistical parameters
for each experiment can be found in the figures and figure legends.

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

Data availability

All MALDI files in imzML format generated in this study are available
at https://sunlabresources.rc.ufl.edu. Proteomics datasets are avail-
able on ProteomeXchange at https://doi.org/10.25345/C5N01058W
and accession number PXD060090. Source data are provided with
this paper.
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Extended Data Fig. 1| Validation of MALDI glycogen imaging with anti-
glycogen antibody staining in lung adenocarcinoma (LUAD) and lung
squamous cell carcinoma (LUSC) tissues. a, Representative images of

MALDI glycogen imaging (left) and corresponding anti-glycogen antibody
staining (right) in two LUAD and one LUSC patient tissue samples. b, Detailed
view of various tumor regions stained with anti-glycogen antibody showing
predominately tumors positive for glycogen similar to MALDI analysis. Labels
indicate tumor (T), stroma (S), normal adjacent tissue (N), vessels (V), necrosis

SM: Smooth Muscle
C: Cartilage
Cc: Chondrocytes

T: Tumor S: Stroma Ne: Necrosis
V: Vessel N: Normal adjacent L: Lymphocytes

(Ne), smooth muscle (SM), cartilage (C), and chondrocytes (Cc). ¢, Tissue
overlays combining anti-glycogen antibody staining and MALDI glycogen
imaging performed in SCILs software. The upper panels show the antibody
staining with outlined regions for zoomed-in views, and the lower panels display
the corresponding MALDI imaging overlays. c and c represent three biological
replicates (individual patients). Black boxes indicate areas magnified in the
zoomed-inimages toillustrate the concordance between glycogen imaging and
antibody staining.
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Extended DataFig. 2| MALDI glycogen imaging workflow and profiling of
human tissue microarray (TMA) and mouse GEMM tumors. a, Schematic of
the MALDI glycogen imaging workflow. Tissue sections are subjected to antigen
retrieval, followed by treatment with isoamylase and application of the CHCA
matrix. The isoamylase enzyme digests glycogen into glucose polymers, which
are then detected and visualized using MALDI mass spectrometry. Created

with BioRender.com. b, Representative H&E staining (top row) and MALDI
glycogenimaging (bottom row) of lung adenocarcinoma (LUAD) and lung
squamous cell carcinoma (LUSC) tissue cores from a TMA, image represents

H&E

CL6

Total Glycogen

0.0001

e
3
=3
S
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=3
1=

Relative Abundanc
N »

single run from three repeats, Scale bar: 2 mm. ¢, Representative H&E staining
(top row) and MALDI glycogen imaging (bottom row) of normal lung tissue

and various genetically engineered mouse model (GEMM) tumors. The GEMM
tumorsinclude K (Kras), KP (Kras; Pten), KL (Kras; Lkb1), and E (Egfr). Scale bar
represents 3 mm. d, Quantification of total glycogen levels in normal lung tissue
and GEMM tumors, as measured by MALDI glycogen imaging. Bar graph shows
therelative abundance of glycogen in normal, K, KP, KL, and E tissues (n = 6/
group; mean +/-s.e.m. p-values indicated; one-way ANOVA and Tukey’s multiple
comparison test).
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Extended Data Fig. 3 | Determination of absolute glycogen concentration
using spotted standards by MALDI imaging. a, Scanned image showing the
location of spotted glycogen standards (0.06, 0.18, 0.55,1.6, and 5 ng) next to
atissue section onamicroscopeslide. b, Mass spectra of different glycogen
concentrations spotted on the slide, indicating the glucose polymer 7 m/z

peaks corresponding to varying amounts of glycogen. ¢, XY plots showing the
relationship between glycogen concentration (ng) and relative intensity per pixel
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glycogen concentration for the standards for different glucose chain length
indicated above. The linear regression lines indicate the strong correlation used
for glycogen quantification. R? values for each plot are shown, line equations
are displayed on top. e, Absolute quantification of glycogen in four human lung
adenocarcinoma (LUAD) and one lung squamous cell carcinoma (LUSC) tissue
sections (n =3 ROIs of 500 pixels/tissue; mean +/-s.e.m. p-values indicated; one-
way ANOVA adjusted for Tukey’s multiple comparisons).
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Glycogen accumulation correlates with tumor grade
and predicts survival outcomes. a, Representative immunohistochemical
staining of glycogen in well differentiated (top) and poorly differentiated
(bottom) tumour regions. T, tumour tissue; S, stromal tissue. b, Quantification

of normalized glycogen intensity (adjusted for stromal regions) across tumour
samples stratified by differentiation status: well, moderate, and poor in 247 LUAD
patients (mean +/-s.e.m. p-values indicated). ¢, Kaplan-Meier survival curves
illustrating the relationship between glycogen levels and patient survival.

Top: Patients divided by the median glycogen expression level (low vs. high).
Bottom: Survival analysis stratified into glycogen low (quartile), mid (50th
percentile), and high (quartile) groups. Log-rank test p-value indicates a
significant association between high glycogen content and decreased survival
(p<0.0001).d, Predictive performance of arandom forest model for glycogen
intensity in relation to survival outcomes, shown through the area under the
receiver operating characteristic (AUROC = 0.846) and the area under the
precision-recall curve (AUPRC =0.888).
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Extended Data Fig. 5| See next page for caption.
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Extended Data Fig. 5| Impact of different diets on glycogen and glucose
metabolismin C57BL/6 Jmice. a, Top: Schematic of the experimental design
where C57BL/6 ) mice were fed with vehicle, corn oil, high-fructose corn syrup
(HFCS), or acombination (Combo) diet for 2 weeks. Created with BioRender.
com. Bottom: MALDI glycogen imaging of lung tissues from mice subjected to
different dietary treatments. Scale bar: 2 mm. b, Glycogen structure analysis in
the lung tissues of WT mice treated with different diets. The graph shows the
relative abundance of glycogen chain lengths in mice fed with corn oil, HFCS, or
the Combo diet (n = 3 mice; mean +/-s.e.m. p-values indicated; two-way ANOVA
adjusted for Tukey’s multiple comparisons). ¢, Glucose tolerance test results
for mice on Day 1 (left) and Day 14 (right) post-treatment. The graphs show
changes inblood glucose levels (mg/dL) over time following glucose gavage.
No significant differences (ns) were observed among the different diet groups
(n =3 mice; mean +/-s.e.m. p-values indicated; two-way ANOVA adjusted for
Tukey’s multiple comparisons). d, Fasting blood glucose levels (mg/dL) in the
same cohort of mice. No significant differences (ns) were observed among the

different diet groups (n =3 mice; mean +/-s.e.m. p-values indicated; two-way
ANOVA adjusted for Tukey’s multiple comparisons). e, Body weight (g) of mice
over the 14-day treatment period, showing no significant differences among

the diet groups (n =3 mice; mean +/—s.e.m. p-valuesindicated; two-way ANOVA
adjusted for Tukey’s multiple comparisons). f, Changes in blood glucose levels
(mg/dL) over the 14-day treatment period, showing no differences among the
dietgroups (n =3 mice; mean +/-s.e.m. p-values indicated; two-way ANOVA
adjusted for Tukey’s multiple comparisons). g, Liver glycogen imaging using CL6
staining in mice fed with vehicle, corn oil, HFCS, or the Combo diet. Scale bar:

2 mm. h, Quantification of total glycogenin liver tissues from mice subjected to
different dietary treatments (n = 3 mice; mean +/-s.e.m. p-values indicated; one-
way ANOVA adjusted for Tukey’s multiple comparison).i, Glycogen chain length
analysis in normal adjacent tissues from KP and KP Combo-treated mice related
to Fig. 3. The graph shows the relative intensity of glycogen chain lengths, (n=6
mice; mean +/-s.e.m. two-way ANOVA for Tukey’s multiple comparison).
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Extended Data Fig. 6 | Laforin expression, phosphorylated glycogen analysis,
and glycogen dynamics in LKO animals. a, Representative IHC images of tissue
cores and zoomed-in views stained with antibodies against Laforin in LUSC
(leftmost), Laforin in LUAD (second from left), GP (glycogen phosphorylase),
and GYS (glycogen synthase,), image represents single replicates from three
repeats. b, Phosphorylated glycogen chain length analysis in LUAD and LUSC
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tissue cores from TMA (n = 67 patients for LUAD, 52 for LUSC, mean +/-s.e.m.
p-values indicated; two-way ANOVA adjusted for Tukey’s multiple comparisons).
¢, Glycogen chainlength analysis in the lungs of WT and LKO (Laforin knockout)
mice over 1-, 2, and 4- months (n = 4 animals/group mean +/-s.e.m. p-values
indicated; two-way ANOVA adjusted for Tukey’s multiple comparisons).
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7| Lung stem cell growth in vitro, H&E and MALDI glycogen
imaging of different mouse models. a, Schematic of isolating bronchoalveolar
stem cells and differentiation to bronchiolar and alveolar organoids in matrigel.
b, Representative bright field images of bronchiolar and alveolar organoids
derived from WT and laforin”~ (LKO) animals. ¢, Number of colonies and colony
size from bronchiolar and alveolar organoids derived from WT and laforin ™
(LKO) animals. Values are presented as mean +/-s.e.m. p-values were calculated
using two-tailed ¢-test. d, Additional representative H&E images and MALDI
imaging of an adjacent tissue section showing tumor formation and glycogen

levels LSL-Kras®2°/p53"M (KP) and LSL-Kras®?°/p53"1 /LKO(KPL) (n = 3 each).

e, Additional representative H&E images and MALDI imaging of an adjacent
tissue section showing tumor formation and glycogen levels LSL-Kras®°/p53%/%
(KP); LSL-Kras®2°/p53"M1/Gys"1 (KPG); LSL-Kras®?*/p53"%/Gys"™:Vehicle (KPG:V);
LSL-Kras®?*/p5371/Gys" ":Combination diet (KPG/C)animals (n = 2 each).

f, Distribution of tumor grades across KP and KPL cohorts of mice (n =3 mice;
mean +/-s.e.m. p-values indicated; one-way ANOVA adjusted for Tukey’s multiple
comparisons). g. Kaplan Meier survival analysis for mice in different groups.
Log-rank test stated.
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Extended Data Fig. 8| Comparative proteomics, phosphoproteomic,

and spatial metabolomics analysis in KP and KPL tumors. a, left: Principal
component analysis (PCA) of 5993 proteins from proteomics data, showing no
major changes between KP and KPL tumors. right: Volcano plot of proteomics
data, withlog2 fold change (log2FC) on the x-axis and -log10 p-value on the
y-axis, indicating no significant differential expression between KP and KPL
tumors. b, Left: Principal component analysis (PCA) of 5323 proteins from
phosphoproteomic data, showing no major changes between KP and KPL
tumors. Right: Volcano plot of phosphoproteomic data, with log2 fold change
(log2FC) on the x-axis and -log10 p-value on the y-axis, indicating no significant
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differential phosphorylation between KP and KPL tumors. ¢, H&E-stained images
ofadjacent tissue slices used on MALDI analysis from KP (left) and KPL (right)
tumors, image represents single analysis from three repeats. d, MALDI imaging
of various metabolites in the lungs of KP and KPL GEMM tumors. Metabolites
analyzed include glutamate, glycerol-3-phosphate (G3P), aspartate, glutathione
(GSH), aconitate, ascorbic acid, uridine monophosphate (UMP), cyclic adenosine
monophosphate (cAMP), glutamine, citric acid, adenosine monophosphate
(AMP), ADP, malate, succinate, adenosine triphosphate (ATP), pyruvate, glucose/
inositol, inosine, lactate, and arachidonic acid.
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Extended Data Fig. 9 | Multiplexed spatial metabolomics and glycogen
analysis with ®C-glucose tracer enrichment. a, Schematic of the multiplexed
spatial metabolomics and glycogen workflow. Cells grown in chamber are
grown in?C- or ®C-glucose. After enrichment period, cells in chamber wells are
imaged for metabolomics with NEDC, followed by antigen retrieval, isoamylase
treatment, and CHCA matrix application for glycogen imaging. Created with
BioRender.com.b, Layout of tracer enrichment in achamber well format.

Cells are exposed to 12C-glucose or 13C-glucose for 24,48, and 72 hoursin
different wells. ¢, Metabolic pathway of ®*C-glucose showing its incorporation
into glycolysis and the TCA cycle, and *C-glycogen formation. Key metabolic

intermediates such as pyruvate (P), phosphoenolpyruvate (PEP), citrate

(Cit), and oxaloacetate (OAA) are highlighted, along with enzymes pyruvate
carboxylase (PC) and pyruvate dehydrogenase (PDH). d, Enrichment of various
isotopologues in metabolites of glycolysis, TCA cycle, nucleotides, and glycogen.
Fraction labeled graphs for m42 (glycogen), mé (glucose and G6P), m5 (AMP),
m3 (pyruvate, PEP, 3PG, lactate), and m2 (citric acid, GSH, glutamate, glutamine,
malate) are shown at 0, 24,48, and 72 hours. (n = 6697 individual pixels measured
by MALDI imaging. e, Representative examples of ®C isotopologues detected
through MALDI imaging, with 2C-glucose wells as controls. Metabolites
visualized include citricacid, AMP, pyruvate, and glutamate.
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Extended Data Fig. 10 | See next page for caption.
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Extended DataFig.10 | lon mobility and MALDI imaging of 2C and C-labeled
glycogen species. a, Mass spectra showing both >C and 13C-labeled glycogen-
released glucose chain lengths. b, Schematic of ion mobility drift separation for
13C-labeled species. The diagramillustrates how '>C and *C glycogen species are
separated based on their drift times in the ion mobility spectrometer. Created
with BioRender.com. ¢, 2D plot of ion mobility drift time versus m/z (mass-
to-chargeratio), withazoomed-in view highlighting the separation between
12C-GP7 and *C-GP7 species. The plot shows similar drift times for both 2C and *C

glycogen species, indicating effective alignment. d, Overlay of mass spectra from
unlabeled (2C) and ®C-glucose labeled wells (24 hours) for glycogen. The overlay
highlights the differences in peak intensities, indicating the incorporation

of BC into the glycogen molecules. e, Detailed overlay of *C and *C-labeled
glycogen species, showing the enrichment of fully labeled *C-GP7 at m/z 42.
Representative MALDIimages are included to show the spatial distribution of
glycogen species at 0 (12 C), 24,48, and 72 hours of C labeling.
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experiments using distinct biological samples. Each experiment was conducted independently and repeated a minimum of two times,
producing consistent results.

Randomization  Randomization was applied at multiple levels to ensure unbiased experimental design. In vitro experiments were conducted under identical
initial conditions, with cells plated into culture dishes before treatment. Cells in different dishes or wells were randomly assigned to treatment
groups. Mice were randomly allocated into experimental groups for Western diet feeding and tumor growth studies, with the exception of
comparisons between KP and KPG cohorts, where group allocation was predetermined by genotype. Human tissue samples were randomly
spotted on tissue microarrays (TMA); however, subgroup selection was based on mutation status to facilitate targeted analyses.

Blinding Blinding was incorporated at multiple stages of the experimental process to minimize bias and ensure objectivity. Operators were blinded to
animal group assignments during euthanasia, sample collection, and subsequent analyses. MALDI imaging and data acquisition were
performed without prior knowledge of sample identity. Tumor number assessment and other quantitative evaluations were conducted under
blinded conditions, with investigators remaining unaware of group allocations until the final data analysis stage. This approach ensured that all
experimental procedures, from sample handling to data interpretation, were conducted without bias.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Antibodies used Laforin (Abcam,ab129321)
GYSI (Cell Signaling, #10371)
PYGB (Proteintech, 55380-1-AP)
anti-mouse-Scal-APCCy7 (Fisher Scientific BDB560654)
anti-mouse-EpCAM-PECy7 (BioLegend 118216)
anti-mouse-CD31-APC (Fisher Scientific BDB551262)
anti-mouse-CD45-APC (Fisher Scientific BDB559864).

Validation Laforin, GYS1, and PYGB antibodies were validated using knockout and/or knockdown cell lines and/or mouse tissues in previous
studies (PMID: 34043942; PMID: 31353261; PMID: 31523006). anti-mouse-Scal-APCCy7, anti-mouse-EpCAM-PECy7, anti-mouse-
CD31-APC, anti-mouse-CD45-APC were validated through positive isolations of BASC and AT2 cells from the lung during FACS sorting
in previouse studies(PMID: 36525966;PMID: 34622577).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) A549 cells were purchased from ATCC.
Authentication A549 line was freshly purchased from ATCC for this study, therefore, Lines were authenticated by ATCC
Mycoplasma contamination Mycoplasma was not detected by ATCC, as well as periodic testing by our laboratory.

Commonly misidentified lines  n/a
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals
- Kras( LSL-G 12D )/p53(fl/fl)

- Kras( LSL-G 12D )/p53(fl/fl )/LKO(-/-)
- Kras( LSL-G 12D )/p53(fl/fl)/Gysfl/fl
All Animals were induced around 10-12 weeks old.

Wild animals no wild animals were used in the study.

Reporting on sex For all experiments, mixture of male and female mice were used. Sex-based analysis was not performed as it was not within the
scope of the current study no previouse sex-differences were identified in this strain of mouse model of lung cancer.

Field-collected samples  no field collected samples were used in the study.

Ethics oversight All animal studies were completed under the guidance of University of Kentucky (UK)and university of florida (UF) Institutional Animal
Care and Use Committee (IACUC) and UK /UF Department of Laboratory Animal Resources (OLAR).

Note that full information on the approval of the study protocol must also be provided in the manuscript.




Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  This study did not involve a clinical trial.
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Study protocol This study did not involve a clinical trial.

Data collection This study did not involve a clinical trial.

Outcomes This study did not involve a clinical trial.
Plants

Seed stocks This study did not involve plant research.

Novel plant genotypes  This study did not involve plant research.

Authentication This study did not involve plant research.
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