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Ketogenic diet mediatesintestinal
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Diet composition shapestissue function and disease risk by modulating nutrient

availability, metabolic state and cellular dynamics'. In the gastrointestinal

tract, obesogenic high-fat diets enhance small-intestinal stem cell activity and
tumorigenesis®. However, the impact of ketogenic diets (KDs), which contain

even higher lipid content but reduce circulating insulin and induce ketogenesis,
remains poorly understood®. This is particularly relevant for patients with familial
adenomatous polyposis who face a high risk of small-intestinal tumours*. Here we
combine dietary, genetic and metabolic manipulations in mouse models of
spontaneous intestinal adenoma formation to dissect the role of systemic and epithelial
ketogenesis inintestinal cancer. We show that KD accelerates tumour burdenand
shortens survival, independent of ketone metabolites. Through genetic manipulation
ofthe ketogenic pathway, we modulate the production of local and systemic ketone
metabolites; however, neither inhibition nor augmentation of the ketogenic enzyme

3-hydroxy-3-methylglutaryl-coenzyme A synthase 2 nor disruption of ketolysis altered
tumorigenesis. Combined intestinal loss of PPARa/6/y attenuates KD-driven intestinal
stem cell expansion, proliferation and clonogenicity, whereas inhibition of downstream

fatty acid oxidation through CPT1A loss limits adenoma formation specifically under
KD, linking tumour initiation to fatty acid oxidation of dietary lipids rather thanlipid
accumulation. These findings reveal that dietary lipid content, through fatty acid
oxidation rather than ketone metabolism, influences intestinal tumorigenesis and
highlight the need for nuanced consideration of dietary strategies for cancer
preventioningenetically susceptible populations.

Diet composition directly influences tissue homeostasis and can-
cer risk’. The intestinal epithelium is among the most metabolically
dynamic tissues in the body, undergoing complete renewal every
4-5 days under homeostatic conditions®. This regenerative process
isorchestrated, in large part, through LGR5" intestinal stem (IS) cells
residing at the base of the small-intestinal and colonic crypts”®. Nutri-
entavailability and dietary composition are increasingly recognized as
criticalmodulators of IS cell behaviour, withemerging evidence indicat-
ing that metabolic state directly influences stemcell fate, regenerative
capacity and tumorigenic potential®>.

Obesogenic high-fat diets (HFDs), characteristic of Western dietary
patterns, have beenshownto exert pleiotropic and tumorigenic effects

throughout the intestinal epithelium?®2, Inmany mouse models, HFD
promotesthe expansion of small-intestinal LGR5" stem cells, enhances
their clonogenic potential and increases the likelihood of malignant
transformation® Mechanistically, these effects have been linked to
alterations in IS cell metabolism including activation of peroxisome
proliferator-activated receptor (PPAR) signalling, increased fatty
acid oxidation (FAO) and alterations inimmune signalling and IS cell-
nicheinteractions**", Conversely, caloric restriction and fasting also
enhance S cell function and intestinal regeneration'®, With respect
to tumorigenicity, the relationship in fasting interventions is more
complex. We recently found that postfast refed IS cells, in a manner
dependent on polyamine-induced protein synthesis, initiate more
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tumours in the small intestine and colon on loss of the Apc tumour
suppressor gene than in the ad libitum or fasted states®.

KDs represent a distinct dietary intervention characterized by
extremely low carbohydrate intake and (most commonly) high fat
content that promotes systemic ketone metabolite production and
has been associated with prolonged healthspan in mice**?. Although
the KD shares some metabolic features with fasting and CR, including
reduced circulating insulin and increased ketone metabolites, it dif-
fers fundamentally in that it delivers sustained high levels of dietary
lipid. Ketone metabolites (also known as ketone bodies) have been
implicated as signalling metabolites that can influence stem cell
function®. The rate-limiting mitochondrial enzyme in ketogenesis,
3-hydroxy-3-methylglutaryl-CoA synthase 2 (HMGCS2), catalyses the
conversion of acetyl-coenzyme A (CoA) into the ketone metabolites
acetoacetate (AcAc) and B-hydroxybutyrate (BHB)?. Although the
liver is the principal site of systemic ketone metabolite production,
HMGCS2 is also highly expressed in small-intestinal stem cells. It is
further induced by fasting and KDs, facilitating the local production
of ketone metabolites that promote IS cell maintenance, proliferation
and regenerative responses'®”.

Despite increasing interest in dietary modification and the effects
ofthe KD ontissue regeneration, their effects onintestinal tumorigen-
esis remain incompletely understood®. This question is particularly
relevantinthe context of hereditary cancer predisposition syndromes
such as familial adenomatous polyposis (FAP), in which germline Apc
mutations drive IS cell-mediated adenoma formation and in which
small-intestinal neoplasia remains a major clinical challenge*. Here
the consequences of enhanced IS cell function are not straightforward,
as despite prophylactic colectomy mitigating colorectal cancer risk
in FAP, extracolonic malignancies have become the leading source
of morbidity, with small-intestinal, especially duodenal, adenomas
and cancer developing in 90% and 10% of patients, respectively**°-33,

Understanding the differential impact of KDs on small-intestinal
versus colonic tumorigenesis is therefore warranted, especially for
patients with FAP. Although recent work proposes that ketone metabo-
lites such as BHB suppress colorectal cancer development, their role
inthe smallintestine, where patients with FAP face the highest cancer
risk after prophylactic colectomy, remains undefined®. This knowledge
gapis particularly important as dietary interventions, including KD,
areincreasingly considered as adjunctive strategiesin cancer manage-
ment**. Thus, a paradox exists between the lipid-driven enhancement of
stemness and the proposed ketone-mediated suppression of tumours?.
To explore this dichotomy, we combine dietary, genetic and metabolic
manipulations of ketone metabolite production with inducible Apc
loss to determine how modulation of epithelial and systemic ketone
metabolite production and use affects tumorigenesis.

KD augmentsIS cell function and tumorigenesis

To study the effects of ketogenesis and ketone metabolites on the small
intestine, we used a purified 80% lard-based KD (Fig. 1a and Extended
DataFig.1a).Inkeeping with previous findings, mice on aKD showed sig-
nificantly higher amounts of tissue BHB compared with mice on a puri-
fied control diet (CD) (Fig.1b). When compared withboth CD and HFD
mice, mice on KD showed modest weight changes (Extended DataFig. 1b)
and, although no significant changes in glucose were noted (Extended
DataFig. 1c), KD mice had higher levels of circulating BHB (Extended
DataFig.1d) and decreased circulating insulin when compared with both
HFD and CD mice (Extended Data Fig.1e). Using the recently engineered
Lgr5-2A-eGFP2A-Creff reporter mouse® with green fluorescent protein
(GFP) expressioninall IS cells (Fig.1a), we observed anincrease in LGR5-
GFP* crypt base IS cells and augmented proliferation as seen by BrdU*
staining (Fig. 1c,d). KD also significantly increased the expression of
key ketogenic enzymes, suchas HMGCS2 and the rate-limiting enzyme
forlong-chain FAO, CPT1A (Extended Data Fig.2a,b). Paneth niche cells
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were decreased (Extended Data Fig. 2c,d), indicating that KD IS cells
acquire nicheindependence as observed inan obesogenic HFD model*.
Supporting this notion further, in vitro organoid-forming ability was
significantly increased in mice exposed to KD (Fig. 1e,f), and isolated
GFP-expressing stem cells (Extended Data Fig. 2e,f) showed increased
invitro clonogenic growth (Extended Data Fig. 2g).

Toassess theimpact of dietary lipid content and ketone metabolites
on intestinal tumorigenesis, we used Vil-Cre®®? mice that also carry a
single Apc floxed allele, allowing for the timed loss of a single copy of
Apc on exposure to tamoxifen. The spontaneous loss of the second
Apc allele through loss of heterozygosity leads to adenoma forma-
tion. After tamoxifen administration, mice were then placed on either
CD or KD for roughly 150 days (Fig. 1g). During this period, a notable
increase in premature death was observed, which correlated with the
dietarylipid content. KD-exposed mice have shortened survival curves
when compared with CD mice and HFD mice (Fig. 1hand Extended Data
Fig. 1f). Tumour burden was increased in KD with a high number of
individualadenomas and, onaverage, higher tumour burden (Fig. 1i-k
and Extended Data Fig.1g-i). The protumorigenic effect of KD was also
pronounced at 90 days before the survival curves diverged, indicating
that tumour burden probably has a direct effect on mouse survival
(Extended DataFig.2h-k). A higher tumour burden showed a positive
association with serum ketone measurements and a negative associa-
tionwithserumglucose levels measured at the time of tissue collection,
with the expected effects of a KD marked by high circulating ketones
and lower glucose (Extended Data Fig. 2I,m). Aligning with ketone
metabolite alterations in intestinal tumour formation and progres-
sion, we foundincreased circulating ketone metabolite abundancesin
primary human patient cohorts® (Extended Data Fig. 3a). Across two
independent cohorts comprising 289 patients, serum abundances of
the ketone metabolites acetoacetate and BHB were higher in patients
with colorectal adenomas and carcinomas®. However, in our mouse
model, the strongest association was between tumour burden and
circulating lipids, with KD mice showing higher circulating lipids and
moreintestinal tumours (Extended Data Fig.2n). To extend our mouse
findings, we analysed published serum lipid abundances from primary
human patient cohorts® (Extended Data Fig. 3b). Fatty acids and acyl
carnitine lipid species showedincreased abundancesinthe serum from
patients with colorectal cancer, which align with increased usage of
FAO duringintestinal tumorigenesis and development.

Previous work has attempted to shed light on the relationship
betweenKD, circulating ketones and tumour progression®. Hydroxy-
carboxylic acid receptor 2 (HCAR2) has been previously implicated
as a BHB receptor that drives the anti-tumorigenic effects of ketone
metabolites in the colon®. In the small intestine, HCAR2 expression
appeared restricted and was absent from early adenomas where
nuclear 3-catenin, a hallmark of adenomatous polyposis coli (APC)
loss and adenoma development, does not colocalize with HCAR2
(Extended Data Fig. 3c,d). This indicates that HCAR2 is of minimal
importance in the small intestine. We next examined which cell types
expressed Hcar2.In asingle-cell RNA sequencing (scRNA-seq) dataset
of mouse small-intestinal epithelial cells (ref. 37; four mice on a high-fat
high-sucrose diet, 4,205 cells), Hcar2 was detected in 0.2-0.5% of goblet
and enteroendocrine cells, but notin stem cells or other epithelial cells
(Extended Data Fig. 3e-i). Hcar2 was also not detected in a separate
mouse scRNA-seq intestinal epithelial cell dataset (ref. 14; eight mice,
62,687 cells) and only a single Hcar2 transcript was detected across
15,053 cells in our scRNA-seq of mice on KDs versus CDs (this study)™.
Assuch, inthe smallintestine, a KD probably exerts tumour-modulating
effectsinan HCAR2-independent manner.

Ketones are dispensable for KD tumorigenesis

To further characterize how KD exposure modulates intestinal epi-
thelial biology, we performed scRNA-seq on intestinal epithelial cells
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Fig.1|KDenhancesIS cell activity and promotes tumorigenesis. a, Schematic
of KD experimental designin Lgr5-2A-eGFP-2A-Cre®™? mice. b, Normalized BHB
levelsinwhole smallintestine from CD-fed and KD-fed mice. CD, n=5mice; KD,
n=7mice.c,Representativeimmunohistochemistry of LGR5-GFP* crypt base
cellsand BrdU* cells in CD-fed and KD-fed mice. d, Quantification of BrdU"
proliferative cells per cryptin CD-fed and KD-fed mice.n=7 mice per group.

e.f, Representative images (e) and quantification (f) of in vitro organoid-forming
assaysusing cryptsisolated from CD-fed and KD-fed mice.n =4 mice per group.
g, Schematic of tumorigenesis protocolin Vil-Cret*?; Apc™** mice following
tamoxifeninductionand dietary randomization. h, Kaplan-Meier survival
curves comparing CD-fed and KD-fed cohorts by log-rank (Mantel-Cox) test.

isolated from CD-treated and KD-treated mice. A total of 15,053 cells
were captured and analysed across conditions (Fig. 2a and Extended
DataFig.4a). Gene set enrichment analysis identified top upregulated
pathways to involve lipid handling with increases in lipid oxidation,
fatty acid B-oxidation and other lipid catabolism pathways (Extended
Data Fig. 4b). Top downregulated pathways primarily involved anti-
gen processing and presentation (Extended Data Fig. 4c). Among the
differentially expressed genes, Hmgcs2, the rate-limiting enzyme in
ketogenesis, was markedly upregulated in IS cells from KD-fed mice

CD, n=27mice; KD, n=20mice. i-k, Quantification of tumour burden (number (i)
and area (j)) and representative images (k) in CD-fed and KD-fed cohorts.

CD, n=9mice;KD,n=7mice. Thetumour studies shownini,jwere performed
alongside the HFD group; the complete dataset is presented in Extended Data
Fig.1g,h.Significance was determined by two-tailed unpaired Student’s
t-test(b,d,fi,j) and log-rank (Mantel-Cox) test (h). Data (b,d,fi,j) are shown
as box-and-whisker plots: boxes indicate the 25th-75th percentiles, central lines
indicate medians and whiskers indicate minimum to maximum values. Individual
datapointsareoverlaid. Scale bars, 20 pm (c); 1mm (e); 2 mm (k, top row);

200 pum (k, middle and bottom rows).

(Fig. 2b,c). This finding is consistent with previous observations that
Hmgcs2 expression is enriched within Lgr5* IS cells, with expression
declining as cells exit the stem cell compartment and differentiate®.
To investigate the contribution of epithelial-derived ketone
metabolites, we generated an inducible intestinal-specific Hmgcs2
knockout model (iKO) by crossing Vil-Cret*™ mice with Hmgcs2™?
mice, enabling loss of Hmgcs2in all intestinal epithelial cells follow-
ing tamoxifen administration (Fig. 2d,e). KD-induced upregulation of
epithelial HMGCS2 was abolished iniKO mice (Fig. 2f). Loss of epithelial
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¢, Hmgcs2 expressioninlS cells from CD-fed and KD-fed mice.CD, n =2 mice,
with312and 557 stemcells; KD, n =2 mice, with254 and 460 stem cells.
***P<0.001; two-sided non-parametric Mann-Whitney U-test with Benjamini-
Hochbergadjustment; adjusted P=4.3 x107%°. TP10K + 1 denotes transcripts
per10,000 plus1,astandard gene-expression normalization for scRNA-seq
data. d,e, Schematic of B-oxidation and ketogenesis (d) and the Hmgcs2iKO
model (e). f, Immunohistochemical confirmation of HMGCS2 loss in intestinal
epithelium of iKO mice. Experiments were repeated three timesindependently,
five mice per condition eachtime. g, Normalized BHB levels in whole
intestinal tissue from KD-fed WT and iKO mice. WT, n =7 mice; iKO, n =4 mice.
h, Schematic of LiKO mice. i, Confirmation of HMGCS2 loss in hepatocytes of
LiKO mice. Experiments were repeated three timesindependently, five mice
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HMGCS?2 significantly reduced intestinal BHB production without
appreciably altering local lipid species (Fig. 2g and Extended Data
Fig.4d,e), indicating that a substantial fraction of ketone metabolites
within the intestinal epitheliumis produced locally and that lipid flux
was unlikely to be significantly affected. To complement these find-
ings and examine systemic contributions, we used Alb-Cremice, which
constitutively express Cre recombinase under the Albumin promoter,
to delete Hmgcs2 specifically in hepatocytes, generating liver-specific
knockout (LiKO) mice (Fig. 2h,i and Extended Data Fig. 4f-i). LiKO mice
showed markedly reduced circulating ketone levels under both fasting
and ketogenic dietary conditions whereas iKO mice did not (Fig. 2j),
thereby enabling us to model reductions in systemic ketogenesis and
local epithelial ketogenesis.

Tospecifically evaluate therole of local and systemic ketogenesis on
tumour development with KD feeding, we crossed both Hmgcs2iKO
and LiKO models into the established Apc”“* heterozygous background,
which sensitizes mice to intestinal adenoma formation following
single allele loss of Apc (Fig. 2k). To modulate systemic ketogenesis
and intestinal tumorigenesis while on aKD, we used a double knockout
(dKO) model whereby both Vil-Cre®™ and Alb-Cre are co-expressed
alongside Hmgcs2""and Apc”** alleles (dKO). In this manner, ketogen-
esisis controlled genetically while still allowing spontaneous adenoma
formation. As expected, the liver showed no significant histopathologic
changes following loss of asingle Apc allele, probably due to differences
inproliferative kinetics between hepatic and intestinal tissues. On the
basis of previously published work suggesting a tumour-suppressive
effect of BHB, we proposed that loss of ketogenesis would exacerbate
KD-induced tumour burden. Neither intestinal (iKO) nor systemic
(dKO) loss of ketone metabolite production attenuated the protu-
morigenic effects of a KD with no changes in either tumour number
or size (Fig. 2k-n).

Giventhatketone metabolites can also serve as energetic substrates
by means of ketolysis (that is, a process whereby ketone metabolites
areconverted toacetyl-CoA), we next investigated whether impairing
ketone metabolite use would affect tumour burden. BHB is oxidized to
acetoacetate by the mitochondrial enzyme 3-hydroxybutyrate dehy-
drogenase 1 (BDH1) and further activated to acetoacetyl-CoA by the
enzyme succinyl-CoA:3-ketoacid CoA transferase 1(OXCT1), enabling
entryintothe tricarboxylicacid cycle for energy production (Extended
Data Fig. 5a). Unlike HMGCS2, which shows a restricted expression
profile, both BDH1 and OXCT1 were found to be broadly expressed
throughout theintestinal epithelium (Extended Data Fig. 5b-d). Loss of
BDH1and OXCT1allows manipulation of the ketogenic-ketolytic path-
ways without affecting circulating BHB levels (Extended DataFig. Se,f).

To disrupt ketolytic capacity, we crossed Bdh?™" and Oxct?** mice
into the Vil-Cre®®™; Apcd*“* background (Extended Data Fig. 5g). Con-
sistent with observations from the HMGCS2 iKO models, loss of BDH1
or OXCT1did not significantly affect tumour burden under either CD
or KD conditions (Extended Data Fig. 5g-k). The protumorigenic KD
effect on tumour burden persisted despite loss of BDH1 and OXCT1
(Extended DataFig. 5g-k). These data demonstrate that neither canoni-
cal ketogenesis nor ketolytic pathways are required for KD-induced
tumorigenesis, indicating that the tumorigenic effects of KD feeding
are probably mediated by mechanismsindependent of local or systemic
ketone metabolism.

Enforced ketones do not affect tumorigenesis

AKD is characterized by low carbohydrate content and is primarily
defined by its high fat composition. Toisolate the effects of increased
ketone metabolite production from the confounding influence of high
dietary lipidintake, we generated anew Rosa26-**-Hmgcs2-2A-mCherry
mouse model (hereafter referred toasHMGCS2iOE), wherein Hmgcs2
expression is placed under Cre recombinase control (Extended Data
Fig. 6a). By crossing these mice to the tamoxifen-inducible Vil-Cre®™

line, we achieved spatial and temporal control of Hmgcs2 expression
specifically within theintestinal epithelium, thereby allowing modula-
tion of ketone metabolite production independent of dietary manip-
ulation. On tamoxifen induction, HMGCS2 iOE mice showed broad
expression of HMGCS2 and the linked mCherry reporter throughout
the intestinal epithelium (Fig. 3a,b and Extended Data Fig. 6b).

Ectopic overexpression of Hmgcs2 in the intestinal epithelium led
to asignificant elevation of local BHB concentrations compared with
control animals, despite maintenance on a standard CD (Fig. 3c).
Indeed, HMGCS2iOE mice showed significantly higher tissue BHB than
wild-type (WT)-CD or HFD mice and approached that seenin mice onKD
inwhichthere are systemic metabolic changes, includingin other tissue
types. Tissue-specific HMGCS2 overexpression is therefore sufficient
toelevate ketone metabolite productionin vivo without the need for a
lipid-enriched or carbohydrate-restricted diet. Because BHB is gener-
ated downstream of free fatty acid (FFA) oxidation, elevated HMGCS2
expressionisaccompanied by selective lipid remodelling that favours
FFA availability through lipolysis of triglycerides and other phospho-
lipids, including phosphatidylcholine and phosphatidylethanolamine.
Consistent with this, we observed increased lipolysis-associated spe-
cies (FFAs, lysophosphatidylcholine and lysophosphatidylethanola-
mine) alongside reduced levels of triglycerides, phosphatidylcholine
and phosphatidylethanolamine (Extended Data Fig. 6¢). Thus, the
HMGCS2iOE model enables dissection of the epithelial-intrinsic effects
ofincreased ketone metabolismin the absence of systemic metabolic
alterations associated with KDs defined by high dietary lipid content.

Todetermine whether enhanced epithelial ketone metabolite produc-
tioninfluences tumorigenesis, we next assessed spontaneous adenoma
formation in Vil-Cre*?: Apc”** mice with or without concurrent Hmgcs2
overexpression, all maintained on a purified CD (Fig. 3d). Enforced
Hmgcs2 expression, despite increasing intestinal ketone levels, had no
effect onsurvival (Fig. 3e). Similarly, there was no difference in tumour
number or tumour burden compared with WT littermates (Fig. 3f-h).
These dataindicate that whereas epithelial ketone metabolite produc-
tion can be augmented independently of dietary fat intake, such aug-
mentationaloneisinsufficient to modify basal intestinal tumorigenesis
or clonogenic potential under homeostatic conditions.

Colonic KD effects are ketone independent

The smallintestine and colon have essential, coordinated roles in sus-
taining organismal physiology. The small intestine is the primary site
of nutrient absorption whereas the colon has alarger role in fluid bal-
anceandinteractions with the resident microbiome. HMGCS2 expres-
sion is dynamically altered in the small intestine in response to KD
(Extended Data Fig. 7a). In the colon, such extreme changes are not
seen.Indeed, HMGCS2 expression in the proximal colonis unchanged,
and distal colon HMGCS2 expression increases minimally in response
to KD (Extended Data Fig. 7a,b). Lipidomic profiling of colonic crypts
from KD-exposed mice revealed only modest increasesin triglycerides
and lysophosphatidylethanolamine, with the overall lipid landscape
largely indistinguishable from CD controls (Extended DataFig. 7c). This
contrasts with the more extensive induction of diacylglycerols, FFAs
and triglycerides observed in the small intestine under KD (Extended
DataFig. 7d), underscoring the distinct metabolic responses of these
two compartments to dietary lipid excess. Colonic tissue BHB levels
are elevated by KD and increased by intestinal HMGCS2 overexpression
(iOE) on CD (Extended Data Fig. 7e-g).

In contrast to the smallintestine, KD reduces colonic tumour burden,
an effect recapitulated by HFD alone (Extended Data Fig. 7h,i). How-
ever, in contrast to a previous study?, this anti-tumorigenic phenotype
isindependent of ketone metabolites: neither loss of epithelial or sys-
temicketogenesis nor augmented epithelial ketone production altered
colonic tumour outcomes, indicating that dietary lipid content drives
the colonic response (Extended Data Fig. 7j,k). The divergent effects of
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Fig.3|Hmgcs2 overexpression elevatesintestinal ketones without
promoting tumorigenesis. a, Schematic of the Rosa26-LSL-Hmgcs2-
2A-mCherry (HMGCS2iOE) mouse. b, Representativeimmunohistochemistry
images showing HMGCS2 and mCherry expression throughout the intestinal
epithelium after Vil-Cre®?induction. Experiments were repeated three times
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onCD. e, Kaplan-Meier survival curves for WT and HMGCS2 iOE mice on CD.

dietarylipid on small-intestinal versus colonic tumorigenesis probably
reflect tissue-specific differences in epithelial metabolism, immune
composition and microbiomeinteractions that warrant further investi-
gation®. These findings challenge the assumption that ketone metab-
olitesare uniformly protective against intestinal cancer, demonstrating
instead that the biological consequences of KDs are tissue-dependent
and driven by lipid availability rather than ketone signalling.

PPAR-FAO drives KD intestinal tumorigenesis

To define the impact of a KD on IS cell states and metabolism, we
conducted transcriptomic analyses of IS cells from mice maintained
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WT, n=27 mice;iOE, n = 20 mice. f-h, Quantification of tumour burden (f),
tumour size (g) and representative tumour images (h) in WT and iOE mice.
WT, n=9 mice;iOE, n=13 mice. The CD tumour studies in f,g were shared with
the CD-treated WT cohort shown in Fig. 1i,j. Significance was determined by
ordinary one-way ANOVA with Tukey’s multiple-comparisons test (c), log-rank
(Mantel-Cox) test (e) and two-tailed unpaired Student’s t-test (f,g). Data (c,f,g)
areshownas box-and-whisker plots: boxes indicate the 25th-75th percentiles,
centrallines indicate medians and whiskers indicate minimum to maximum
values. Individual data points are overlaid. Scale bars, 50 pm (b), 2 mm (h, left
column), 200 pum (h, middle and right columns). RFP, red fluorescent protein.

on either a KD or a CD. Using CollecTRI*, we aimed to identify tran-
scription factors whose genome-wide targets changed in expression
with KD. KD exposure significantly increased the activation of several
PPARs and PPARY coactivator 1B (Ppargclb) (Fig. 4a). Furthermore,
we found that SMADs and SREBF2 were predicted to be more active.
By contrast, RFXAP/RFANK were predicted to have less activity, sug-
gesting a trade-off with the upregulation of programs involved in
lipid metabolism and stem cell maintenance at the expense of MHC
class Il expression. We complemented these findings by specifically
scoring for markers of PPARs from many sources that repeatedly
demonstrated a significant increase in PPAR signature in KD samples
(Fig.4b-d).
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e,Schematic of Ppara™; Ppard™; Pparg™"; Vil-Cret*™? (PPAR-3KO) mice.

f, Immunoblot of small-intestinal cryptsisolated from WT and PPAR-3KO mice
onCDandKD. Experiments wererepeated three timesindependently, with
three mice per condition each time. g, h, Representativeimmunohistochemistry
images (g) and quantification (h) of BrdU" cellsin WT and PPAR-3KO mice on CD
orKD.WT-CD, n=5mice; WT-KD, n=5; PPAR-3KO-CD, n = 6; PPAR-3KO-KD,n=7.
i, Schematic of the tumour model in which mice were treated after tumour

To query whether PPAR signalling is required for the KD effect
onlS cellsin vivo, we generated an intestinal triple PPAR knockout
model (PPAR-3KO) by crossing Ppara™ mice with Ppard™”; Pparg™”;
Vil-Cre™™ mice, enabling combined loss of all three PPAR family mem-
bersintheintestinal epithelium (Fig. 4e). KD normally induces CPT1A,

KD + GSK3787

initiation with the PPAR agonist (GW501516) or antagonist (GSK3787) under
CD or KD conditions. j-1, Representative 3-cateninimmunohistochemistry
images (j) with quantification of total tumour number (k) and tumour size (I)
inmice treated with PPAR agonist or antagonist under CD or KD conditions.
Control CD, n=5mice; control KD, n=5;CD + GW501516, n = 6; CD + GSK3787,
n=6.Significance was determined by two-way ANOVA with uncorrected Fisher’s
LSD (h) and ordinary one-way ANOVA with Tukey’s multiple-comparisons

test (k,1). Data (h,k,I) are shown as box-and-whisker plots: boxes indicate the
25th-75th percentiles, central lines indicate medians and whiskers indicate
minimum to maximum values. Individual data points are overlaid. Scale bars,
10 pm(g), 2 mm (j, left column), 200 um (j, right column).

HMGCS2, FABP1and other lipid-handling enzymes inintestinal crypts;
in PPAR-3KO mice, this induction was abolished (Fig. 4f), consist-
ent with a profound impairment of downstream lipid oxidation and
ketogenic programs. Functionally, PPAR-3KO mice on a KD showed
reduced crypt cell proliferation (BrdU; Fig. 4g,h), fewer OLFM4" IS cells
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or early progenitors (Extended Data Fig. 8a,b), decreased LGR5" IS cell
numbers (LgrSinsitu hybridization; Extended Data Fig. 8c,d) and dimin-
ished ex vivo clonogenicity (Extended DataFig. 8e,f). Together, these
data demonstrate that PPAR signalling is required for the KD-driven
enhancement of IS cell function.

Todetermine whether PPAR signallingis both sufficient and necessary
for KD-driven tumorigenesis, we combined the Apc™: Vil-Cref*™? tumour
model with pharmacologic PPAR modulation. CD-fed mice received
the PPAR&-selective agonist GW501516, while KD-fed mice received
the PPARS antagonist GSK3787 (Fig. 4i). PPARS activation on CD was
sufficient to increase tumour size, whereas PPARS inhibition on KD
reduced bothtumour number and size (Fig.4j-1), establishing that PPAR
signalling actuates the protumorigenic effects of dietary lipid excess.

FAO loss impairs KD tumorigenesis

Gene set enrichment analysis (GSEA) of IS cells from KD-fed mice
revealed robust enrichment of lipid catabolism and FAO pathways, with
marked upregulation of genes involved in mitochondrial long-chain
fatty acid transport and 3-oxidation and corresponding downregu-
lation of antigen presentation programs (Extended Data Fig. 4b,c).
Among FAO-associated transcripts, Cptla, encoding the rate-limiting
enzyme for mitochondrial long-chain fatty acid import, was signifi-
cantly elevated in KD IS cells (Fig. 5a) and CPT1A protein was corre-
spondinglyincreasedin cryptepithelialisolates (Extended Data Fig. 2b).

To interrogate the functional requirement for FAO, we generated
inducible intestinal-specific Cptla knockout mice (CPT1AiKO; Cpt1a™;
Vil-Cref®™) (Fig. 5b). Lipidomic profiling revealed two distinct classes of
lipid changes on CPT1A loss (Fig. 5c and Extended Data Fig. 9f). Class |
species (51lipids), predominantly membrane phospholipidsincluding
phosphatidylethanolamine, phosphatidylglycerol and phosphatidyl-
choline, werereduced by KD in WT epithelium, and thisreduction was
prevented by CPT1A loss. Class Il species (315 lipids; 79% triglycerides,
withdiglycerides and fatty acyls) wereinduced by KDin WT epithelium,
and thisinduction also required CPT1A. Because CPT1A loss prevents
bothKD-induced lipid changes, our data do not resolve whichlipid pool
is causally relevant to tumour initiation. The genetic requirement for
CPTI1A nonetheless establishes mitochondrial long-chain FAO as the
rate-limiting metabolic step linking dietary lipid exposure to KD-driven
tumorigenesis. Last, CPT1A loss abolished the KD-induced rise in tis-
sue BHB to CD levels (Fig. 5d) and reduced OLFM4" IS cell numbers
on KD (Extended Data Fig. 9a), indicating that FAO loss prevents both
KD-induced ketogenesis and IS cell expansion.

To assess the impact on tumorigenesis, we crossed CPT1A iKO mice
into the Apc™; Vil-Cref®™background (Fig. 5¢). On KD, CPT1A iKO mice
showed significantly prolonged survival, with both fewer tumours and
decreased total tumour burden compared with WT controls (Fig. 5f-i).
Critically, CPT1A loss had no effect on tumour number or area under
CD conditions (Extended Data Fig. 9b—-e), establishing that FAO is a
rate-limiting metabolic requirement for tumour initiation specifically
in the context of dietary lipid excess. This dissociation—constitutive
lipid remodelling (Class I) under both diets, but tumour suppression
restricted to KD—demonstrates that FAO, rather thanlipid accumulation
orremodelling per se, mediates the protumorigenic effects of dietary
lipid. Concordant findings in Cpt1a™"; Apc™; 1 gr5-EGFP-IRES-Cref®™?
mice onthe obesogenic HFD further support this conclusion™. Together,
these data place CPT1A-mediated FAO downstream of PPAR signalling
as the critical metabolic effector linking dietary lipid exposure to IS
cell adaptation and intestinal tumorigenesis, through a mechanism
independent of ketone metabolite production or use (Fig. 5j).

Discussion

Here we demonstrate that aKD, despite its physiological and hormonal
profile as distinct from an obesogenic HFD, shares key tumorigenic
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features within the small-intestinal epithelium (Fig. 1 and Extended
Data Fig. 1). Using complementary dietary interventions together
with genetic models that selectively disrupt epithelial ketogenesis
and ketone metabolite use, we directly dissect the relative contribu-
tions of lipid metabolism and ketone metabolite signalling on intestinal
tumorigenesis (Figs. 2-5). Across experimental conditions, increasing
dietary lipid exposure associates with reduced survival and acceler-
ated tumour burden. These effects occurred despite reductions in
circulating insulin seen with KD*°. Notably, unlike obesogenic HFD, KD
does not induce obesity or hyperinsulinaemia, yet the persistence of
FAO-driven tumorigenesis under these conditions demonstrates that
lipid-driven metabolic reprogramming can override the otherwise
protective metabolic milieu of ketosis. This distinction represents akey
conceptualadvance, demonstrating that dietary lipid availability and
mitochondrial FAO are sufficient to promote intestinal tumorigenesis
independent of classical obesity-associated pathways.

A main strength of this study lies in the systematic genetic inter-
rogation of ketone metabolism across many tissues and pathways. By
combining dietary interventions with complementary mouse mod-
els thatindependently disrupt epithelial ketogenesis (Hmgcs2 iKO),
ketone metabolite oxidation (Bdhl and Oxct1iKO) and epithelial ketone
production throughinducible Hmgcs2 overexpression, we can experi-
mentally decouple dietary lipid exposure from ketone metabolite sig-
nalling. Genetic disruption of epithelial ketogenesis or ketolysis failed
toattenuate KD-induced tumour burden. These findings illustrate that,
although ketone metabolite production canbe modulated by diet and
genetic perturbation, ketone metabolites are neither necessary nor
sufficient to mediate KD-induced tumorigenesis. These experiments
reveal that dietary lipid exposure and the resulting PPAR-mediated
FAO, rather than ketone metabolite production itself, represent the
dominant drivers of KD-associated tumorigenesis (Fig. 5j).

Our observations reconcile previous paradoxes in the field. Die-
tary interventions, such as fasting, caloric restriction and exogenous
ketone supplementation have been associated with enhanced IS cell
regenerative capacity and reduced tumorigenesis. However, these
physiological states differ fundamentally from KD in that they mobilize
endogenous lipid stores transiently, whereas KD imposes sustained
dietary lipid overload. As a consequence, although these states may
share features such as induction of ketogenesis and reduced insulin
signalling, the underlying substrate availability differs. Indeed, recent
work has demonstrated that ketogenesis itself may be dispensable for
many of the metabolic adaptations associated with caloric restriction,
demonstrating that ketone metabolites are bystanders rather than
required intermediaries*.

KD effects on tumorigenesis are context-dependent: KD accelerated
disease in an acute myeloid leukaemia model*?, promoted tumour
growth in BRAF-V600E melanoma* and failed to suppress pancreatic
cancer growth where caloric restriction succeeded**. Recent work has
proposed that KD exerts anti-tumorigenic effects in the colon medi-
ated by ketone metabolites, particularly BHB, which acts through the
hydroxycarboxylic acid receptor 2 (HCAR2) to suppress colorectal
cancer development®. The therapeutic potential of these findings is
further highlighted by ongoing clinical investigation of BHB as achemo-
preventive agentin FAP syndrome (NCT06578637). However, our data
demonstrate that the anti-tumorigenic effects observedinthe colonare
recapitulated by HFD alone and are independent of ketone metabolites,
as genetic modulation of ketogenesis does not alter colonic tumour
outcomes. These findings establish that dietary lipid context, rather
than BHB-HCAR2 signalling, is the primary determinant of the colonic
phenotype. Moreover, in the small intestine, where patients with FAP
facethe greatest cancer risk after preventative colectomy, KD promotes
tumorigenesis through FAO-dependent mechanisms alsoindependent
of ketone metabolite production.

Lipidomic profiling of CPT1A-deficientintestinal crypts shows that
both the KD-induced reduction of membrane phospholipids (Class I)
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and the KD-induced accumulation of neutral lipids (Class II) require
CPT1A, however the present data do not resolve which of these pools
is causally relevant to tumour initiation. The downstream mechanism
by which FAO sustains IS cell tumorigenic function, whether through
acetyl-CoA availability for epigenetic reprogramming, metabolic com-
petition with adjacent immune populations or generation of lipid-
derived signalling intermediates, remains to be defined. Genetic and
pharmacologic perturbation of this pathway (CPT1AiKO, PPAR-3KO and
PPAR® agonism and antagonism) extends previous correlative observa-
tions linking circulating lipids to tumour progression by establishing
intestinal FAO as genetically required for, rather than merely associated
with, KD-driven tumorigenesis®.

These observations have directimplications for dietary interventions
in cancer-susceptible populations. KDs and ketone supplementation
areincreasingly explored as therapeutic strategies for neurological
disorders, metabolic disease and cancer. Our data demonstrate that
the consequences of sustained dietary lipid exposure differ by tis-
sue:intheintestinal epithelium, high dietary lipid favours FAO-driven
stemness and tumour initiation. This distinction is particularly rel-
evantin FAP, in which prophylactic colectomy has notably reduced
colorectal cancer risk whereas extracolonic malignancies, especially
small-intestinaladenoma and/or carcinoma, have emerged asaleading
cause of long-term morbidity. Although colonic adenoma burden is
reduced under KD, the same effect is observed with HFD and is inde-
pendent of both epithelial and systemic ketone metabolite production.
These findings raise important questions about dietary guidance for
patients with hereditary cancer predisposition.

Inconclusion, our findings demonstrate that KDs influence intestinal
tumorigenesis through lipid-driven metabolic reprogramming rather
than ketone metabolite signalling. Lipid availability, PPAR signalling
and FAO activation emerge as central determinants of tumour initiation
intheintestinal epithelium, underscoring the need to distinguish the
metabolic consequences of KDs from those of physiological ketosis.
Collectively, these dataindicate that dietary interventions capable
of promoting tissue regeneration may simultaneously reshape the
metaboliclandscape favouring tumour initiation and that the biologi-
cal consequences of KDs cannot be reduced to the effects of any single
metabolite class.
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Methods

Mouse strains

Mice were under the husbandry care of the Department of Compara-
tive Medicine at the Koch Institute for Integrative Cancer Research at
Massachusetts Institute of Technology ona12 hlight/12 hdark cycle at
20-22 °Cwith30-70%relative humidity. All procedures were conducted
accordingto Association for Assessment and Accreditation of Labora-
tory Animal Care guidelines and approved by the MIT Committee on
Animal Care. Lgr5-2A-eGFP-2A-Cre®®™ were created and previously
described in ref. 35. LgrS-eGFP-IRES-Cre™'? (strain name: B6.129P2-
LGR5mcre/ERT2)Cle /) stock number 008875) mice were purchased from
the Jackson Laboratory. Apc-het mice were created by crossing the
previously described Apc’® exon 14 (Apc™®) mice to mice carrying a
WT Apcallele®. Villin-Cre™™™ (Vil-Cre®®™) mice were a gift from S. Robine
and previously described inref. 47. Hmgcs2"? were originally generated
and described previously in ref. 19. Albumin-Cre mice (strain name
B6.Cg-Speer6-ps1™&Aibre2iMen /|- stock number 003574) were purchased
fromJackson Laboratory. BdhF*" mice were a gift from D.Kelly and des-
cribed previously in ref. 48. Oxct?" mice were a gift from P. Crawford
and previously described in ref. 49. Rosa26-LSL-Hmgcs2-mCherry
mice were created by co-injecting Cas9 mRNA and a donor vector
containing ‘CAG promoter-loxP-3*polyA-loxP-Kozak-mHmgcs2 CDS-
2A-mCherry-polyA’ cassette into fertilized eggs to generate tar-
geted conditional knock-in offspring. Cpt1a™ mice were a gift from
P. Carmeliet and described previously in ref. 50. Ppara™ mice (stock
number 003580), Ppard™ mice (stock number 005897) and Pparg™*
mice (stocknumber 004584) were purchased from the Jackson Labora-
tory.Thefollowingstrainswerebredin-house: (1) Lgr5-2A-eGFP-2A-Cre™*™,
(2) LgrS-eGFP-IRES-Cret®™, (3) Apd"*: Vil-Cret®™, (4) Hmgcs2™; Vil-Cref*™,
(5) Hmgcs2"™: Albumin-Cre,(6) Hmgcs2":Apc™:: Vil-Cref*™, (7) Hmgces2™:
Apc”: Vil-Cref®™; Albumin-Cre, (8) BAhI": Apc™™; Vil-Cret* ™, (9) OxctP";
Apcet; Vil-Cre®™2, (10) Rosa26-LSL-Hmgcs2-mCherry; Vil-Creff™,
(11) Rosa26-LSL-Hmgcs2-mCherry; Apd™; Vil-Cret*™, (12) Cptld™”;
Vil-Cret*™, (13) Cpt1a™; Apcd™; Vil-Cre™™™ and (14) Ppara™; Ppard™”;
Pparg™®; Vil-Cre™®™, All mice were age-matched and sex-matched
with both male and female mice used. Food was provided ad libitum.
CD with 10% fat (Research Diet D12450J), HFD with 60% fat (Research
Diet D12492) and KD with 80% fat (Research Diet D06040601) were used
throughout experimental conditions with the exception of metabo-
lomic profiling of conventional and Hmgcs2iOE mice for which standard
chow (LabDiet, 5P76) was used. Mice were euthanized 5 months after
tamoxifeninduction of tumour formation, or after 3 months for experi-
ments shown in Extended Data Fig. 2h-k, unless humane endpoint
criteriawerereached earlier. Humane endpoints included body weight
loss greater than 20%, a body condition score below 2 or signs of dis-
tress. These institutional limits were not exceeded in any experiment.

Invivo treatments

Tamoxifen-induced Cre activation was obtained through intraperi-
toneal (i.p.) tamoxifen injection suspended in 1 part 100% ethanol
to 9 parts sunflower seed oil (Spectrum S1929) at a concentration of
10 mg ml™ and dosed at 100 mg kg™. For tumour studies, mice har-
bouring conditional alleles plus Apc¢™** were administered tamoxifen
twice within 1 week. GW501516 (HY-10838, MedChemExpress) and
GSK3787 (HY-15577, MedChemExpress) were provided throughii.p.
injection (10 mg kg™) twice per week for 30 days after tamoxifen
(3 mg kg™ induced Apc™” depletion. For extra non-tumour studies,
mice were administered tamoxifen three times within 1 week. BrdU
(Sigma-Aldrich,19-160) was prepared at 10 mg ml™in phosphate buff-
eredsaline (PBS) and injected at 100 mg kg4 h before tissue collection.

Tumour analysis
Intestine was dissected out and flushed with 4 °C PBS before being
placedin histology cassettes and fixed overnightin10% formalin. Tissue

was then transferred to 70% ethanol before further dehydration steps
and embedding. Then 4-5-um sections were stained with haematoxylin
and eosin (H&E) or underwentimmunohistochemistry with 3-catenin
staining and scanned in at x20 magnification using Leica Aperio Slide
Scanner. SVSfiles were then analysed using QuPathin ablinded manner.

Serum measurements

Circulating glucose and ketones were measured by collectingtail vein
blood and using FreeStyle Precision Neo System Kit with Blood Glu-
cose and Ketone Test Strips (Abbott). Plasma was collected by cardiac
punctureinto capillary blood collection vial (Microvette, 20.1292.100)
before separation through centrifugation. Circulating insulinwas then
quantified by means of wide-range ultra-sensitive enzyme-linked immu-
nosorbent assay (Crystal Chem, 90080). Non-esterified fatty acids
were measured using colorimetric assay (FUJIFILM Wako, 999-34691,
995-34791,991-34891, 993-35191, 276-76491, 997-76491).

Tissue BHB measurement and lipidomics analysis

For BHB measurement with liquid chromatography-mass spectrom-
etry, intestine tissue was quickly dissected out, washed twice with
150 mM ammonium acetate and snap frozeninto liquid nitrogen. The
snap-frozen tissue was then homogenized into powder using mortar
and pestle in liquid nitrogen. About 50 mg of the tissue powder was
used for metabolites extraction in 80% methanol (MeOH) with Omni
bead homogenizer. The tissue:80%MeOH mixture was incubated for
24 hat -80 °C and then centrifuged (16,000g) for 20 min at 4 °C. The
MeOH supernatants were transferred into new tubes and placed on
ice. The sample pellets were resuspended in 500 pl of 0.2 M NaOH,
heated at 95 °C for 10 min and the protein concentration measured
by bicinchoninic acid assay using a 1:10 dilution. Finally, the 500 pg
protein equivalent of MeOH supernatants were dried using a multi-
vap nitrogen evaporator. Dried metabolites were resuspendedin 50%
ACN:water at 50 mgtissue extract per ml. Of this, 5 pl wasloaded onto a
LunaNH23 pm100 A (150 x 2.0 mm) column (Phenomenex) using Van-
quish Flex ultrahigh-performance liquid chromatography equipment
(Thermo Scientific). The chromatographic separation was performed
with mobile phases A (5 mM NH4AcO pH 9.9) and B (ACN) at a flow
rate of 200 pl min™. Alinear gradient from 15% A to 95% A over 18 min
was followed by 7 min of isocratic flow at 95% A and re-equilibration to
15% A. Metabolites were detected with a Thermo Scientific Q Exactive
mass spectrometer runwith polarity switchingin fullscan mode usinga
range of 70-975 m/zand 70.000 resolution. Maven (v.8.1.27.11) was used
to quantify the targeted polar metabolites by AreaTop, using expected
retention time and accurate mass measurements (less than 5 ppm) for
identification. Data analysis, including principal component analysis
and heat map generation was performed usingin-house R scripts. For
absolute quantification of BHB, a series of BHB standards at known
concentrations was analysed in parallel with the samples.

For lipidomics, isolated intestine tissue was snap frozen in liquid
nitrogen. Then 50 mg ofhomogenized tissue was then sent to UCLA Lipi-
domicsin2-mlhomogenizer tubes preloaded with (6) 2.8 mm ceramic
beads (Omni no. 19-628). Following that, 750 pl of PBS was added to
the tube and homogenized in the Omni Bead Ruptor Elite (3 cycles of
10 s at 5ms™ with a10 s dwell time). Homogenate containing 1-8 mg
of original tissue was transferred to aglass tube for extraction. A modi-
fied Bligh and Dyer extraction was carried out on all samples®.. Before
biphasicextraction, astandard mixture of 75 lipid standards based on
Avanti Ultimate Splash ONE mix was used (Avanti, 330820, 861809,
330729,330727,791642,330726). Following 2 successive extractions,
pooled organic layers were dried down in a Thermo SpeedVac SPD-
300DDA using ramp setting 4 at 35 °C for 45 min with atotal run time of
90 min. Lipid samples were resuspendedin 1:1MeOH:dichloromethane
with10 mM ammonium acetate and transferred to robovials (Thermo,
10800107) for analysis. Samples were analysed on the Sciex 6500+ with
adifferential mobility spectroscopy device with an expanded targeted
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acquisitionlist consisting of 1,450 lipid species across 17 subclasses. The
differential mobility spectroscopy device was tuned with EQuUiSPLASH
LIPIDOMIX (Avanti, 330731). Data analysis performed on an in-house
data analysis platform comparable to the Lipidyzer Workflow Man-
ager withinstrument method including settings, tuning protocol and
multiple reaction monitoring list as described in ref. 52. Quantitative
values were normalized to milligrams of tissue.

Human serum metabolite and lipid analysis

Serum metabolomic data were downloaded from the supplemental
datainref. 36, including a ‘test’ cohort of 100 patients and a ‘valida-
tion’ cohort of 189 patients. For ketone body analyses (Extended Data
Fig.3a), differencesin serum metabolite abundances were tested using
the Mann-Whitney U-test (two-tailed). We note that acetoacetate was
notreportedinthe validation cohortinref.36. For lipid species analyses
(Extended Data Fig. 3b), lipid species were prioritized on the basis of
concordantsigns of differential abundances across the test and valida-
tion cohorts. Differencesin serum metabolite abundances were tested
using the Mann-Whitney U-test (two-tailed).

Cryptand IS cellisolation and culturing

Intestine was removed and flushed with 4 °C PBS (no calcium, no magne-
sium), opened laterally and gently cleaned and cutinto sections before
rinsing and incubation at4 °Cin 10 mM EDTA for 40 min. Crypts were
then mechanically separated by shaking and filtering through 70-pm
mesh to remove villi and tissue fragments. Isolated crypts and flow
isolated IS cells were counted and embedded in Matrigel (Corning,
356231) as previously described in ref. 14.

Flow cytometry

Following cryptisolation, crypt suspensions were pelleted (100g, 5 min,
4 °C)and supernatant was discarded. Crypts wereresuspended in Try-
pLE (GIBCO, no phenol red, 1264039) and dissociated into individual
cellsbywarming cryptsina32 °Cwater bath for 60 s. Dissociated single
cellswereincubated with the following antibodies for flow-cytometry
analysis: CD45-PE (1:300, eBioscience, 12-0451-83), CD31-PE (1:300,
BioLegend,102514), Ter-119PE (1:300, BioLegend, 116208), CD24-Pacific
Blue (1:300, BioLegend, 101820), CD117-APC/Cy7 (1:300, BioLegend,
105826) and EpCAM-APC (1:300, eBioscience, 17-5791-82). 7AAD (1:500,
Invitrogen, A1310) was used as a viability dye to exclude dead cells from
analysis. IS cells and progenitors were isolated as LGR5-eGFP"EpCAM*
CD24"°%-CD31 Ter119 CD45 7AAD”and LGR5-eGFP"*EpCAM*CD24"""
CD31 Ter119°CD457AAD", respectively. Cells were sorted using a BD
FACSIISORP cell sorter.

scRNA-seq processing

Cellswere sorted with the same parameters as described above for flow
cytometry into an Eppendorf tube containing 50 ml of 0.4% BSA-PBS
and stored on ice until proceeding to the Chromium Single Cell Plat-
form. Single cells were processed through the Chromium Single Cell
Platformusing the Chromium Single Cell 3’ Library, Gel Bead and Chip
Kits (10X Genomics), following the manufacturer’s protocol. Briefly,an
input of 7,000 cells was added to each channel of a chip witharecovery
rate of1,500-2,500 cells. The cells were then partitioned into gel beads
inemulsionin the Chromium instrument, where cell lysis and barcoded
reverse transcription of RNA occurred, followed by amplification, tag-
mentation and 50 adaptor attachment. Libraries were sequenced on
an Illlumina NextSeq 500.

The CellRanger pipeline was used to align sequencing reads to
the mm10 genome according to the manufacturer’s recommenda-
tions. Cells were preprocessed to remove cells with fewer than 1,750
unique molecular identifiers (UMIs) detected (probably correspond-
ing to detection of ambient RNA or low-quality cells) or more than
75,000 UMIs (probably corresponding to doublets). Data were then
analysed using Seurat in R with normalization implemented by use of

SCTransform’s regularized negative binomial regression. For down-
streamvisualization and clustering, principal component analysis was
performed on the highly variable genes returned from SCTransform,
with the number of principal components made by examining the
elbow plot of variance explained by each principal component (results
robust against alternate choices of quality control and visualization
parameters). Uniform manifold approximation and projection visu-
alization was implemented using the uwot R package. Stem cells were
identified using a module score of core IS cell genes calculated with
Seurat’s AddModuleScore function (Lgr5,Axin2, Olfm4, Lrigl, Fzd?7), as
previously described inref. 14. Stem cells were also scored for modules
of PPAR target genes (Hmgcs2, Angptl4, Pdk4,Acsl3,Mel, Acot1, Reg3g,
Plin2),FAO-related genes regulated by PPAR (Cptla, Acadvl, Cact,Acadl,
Hadha, Hadhb, Eci2) and the WikiPathways PPAR Signaling gene set, as
previously described in ref. 14. GSEA was run through the fgsea pack-
age®. CollecTRIwas run through the decoupleR package®, and effect
sizes were calculated as signed Cohen'’s D effect sizes. Statistical sig-
nificance was calculated for differential gene expression, differential
modaule scores and differential transcription factor activities using
the non-parametric Mann-Whitney test and adjusted for multiple
hypothesis testing using the Benjamini-Hochberg correctionin Figs. 2b
and 4a. GSEA Pvalues calculated with fgsea package, two-sided, with
Benjamini-Hochberg adjustment for multiple testing comparisonin
Extended Data Fig. 4b,c.

Immunohistochemistry and immunofluorescence

Tissue was fixed in 10% normal buffered formalin before paraffin-
embedding. Then 4-5-pum sections underwent deparaffinization and
rehydration before antigen retrieval using Borg Decloacker RTU solu-
tion (Biocare Medical, BD1000G1) and a pressurized Decloaking Cham-
ber (Biocare Medical, NxGen). Antibodies and respective dilutions
used for immunohistochemistry are as follows: mouse monoclonal
anti-B-catenin (1:200, BD Biosciences, 610164), goat polyclonal anti-GFP
(1:1,000, Abcam, ab6673), ratanti-BrdU (1:2,000, Abcam, 6326), rabbit
polyclonal anti-lysozyme (1:2,000, ThermoFisher, RB-372-Al), rabbit
monoclonal anti-HMGCS2 (1:2,000, Abcam, ab137043), rabbit poly-
clonal anti-OXCT1 (1:1,000, Sigma-Aldrich, HPA012047) and rabbit
polyclonal anti-BDH1 (1:500, Proteintech, 15417-1-AP), with dilutions
performed in Signalstain Antibody Diluent (Cell Signaling Technol-
ogy, 8112). Biotin conjugated secondary donkey anti-rabbit antibodies
(1:500, Jackson ImmunoResearch) were used before the Vectastain Elite
ABCimmunoperoxidase detection kit (Vector Laboratories, PK6100).
Visualization was performed using Signalstain DAB substrate kit (Cell
Signaling Technology, 8049). Counterstaining was performed with 50%
GillNo.1haematoxylin solution (Sigma-Aldrich, GHS116). Images were
acquired using an Olympus BX43 microscope with x4 and x10 objec-
tives (Olympus UPlanSApo). The following primary antibodies were
used for immunofluorescence: rabbit polyclonal anti-HCAR2 (1:200,
ThermoFisher, PA5-50671) and mouse monoclonal anti-f-catenin
(1:200, BD Biosciences, 610164). Alexa Fluor secondary antibodies,
anti-mouse 488 and anti-rabbit 568 were use for visualization. Tissue
was mounted using Invitrogen Prolong Gold mounting medium con-
taining4,6-diamidino-2-phenylindole. Images were acquired using an
Olympus FV1200 Laser Scanning Confocal Microscope.

Immunoblotting

Snap frozen tissue was crushed into a fine powder before elution with
RIPA buffer and tissue homogenizer. Isolated crypts were resuspended
in RIPA buffer for lysis. In both cases, after centrifuging at 10,000 rpm
for 15 min at 4 °C, the resulting supernatant was quantified using the
Pierce BCA (bicinchoninicacid) proteinassay kit (23225, ThermoFisher
Scientific) then suspended in Laemmli SDS sample buffer (J61337-AC,
VWR) at a concentration of 2 pg pl™ and boiled for 5 minat 95 °C. Then
20 pg of protein per sample was separated on 4-12% gradient gel
(NuPAGE Bis-Tris Mini Protein, Invitrogen, NP0336BOX) and transferred



onto a 0.45-pl polyvinyl-difluoride membrane (Immobilon-P transfer,
Millipore, ipvh00010) and analysed by immunoblotting using rab-
bit monoclonal anti-HMGCS2 (1:1,000, Abcam, ab137043), mouse
monoclonal anti-CPT1a (1:1,000, Abcam, ab128568), rabbit poly-
clonal anti-BDH1 (1:1,000, Proteintech, 15417-1-AP), rabbit polyclonal
anti-OXCT1(1:1,000, Sigma-Aldrich, HPA012047) and rabbit monoclo-
nal anti-vinculin (1:1,000, Cell Signaling Technology, 13901) followed
by horseradish peroxidase (HRP)-conjugated IgG secondary antibodies
(1:3,000, Cell Signaling Technology, 7076, 7074) and ECL detection kit
(ECL K-12045-D20 and Sirius K-12043-D20, Advansta). Quantitative
chemiluminescentimaging was performed using the ImageQuant LAS
4000 (GE Healthcare).

Statistics and reproducibility

Unless otherwise specified in the main text or figure legends, all experi-
mentsreported in this study were repeated at least threeindependent
times. Unless otherwise specified in the main text or figure legend,
all sample numbers (n) represent biological replicates. No sample or
animals were excluded from analysis, and sample size estimates were
not used. Studies were not conducted blind with the exception of all
histological analyses. Age-matched and sex-matched mice were ran-
domly assigned to groups. In all figures, a box-and-whiskers plot is
used in which the box extends from the 25th to the 75th percentile,
the central line indicates the median and whiskers extend from the
minimum to the maximum values. Allindividual data points are shown
and overlaid onthe plots. Unless otherwise specified in the figure leg-
end, intergroup comparisonwas performed using unpaired two-tailed
t-tests. In the case of more than two comparison groups, ANOVA with
Tukey’s multiple-comparisons test was performed. Statistical analysis
was performed using GraphPad Prism v.11. Statistical details can be
found in the figure legends.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The scRNA-seqdataset generated in this study is available with interac-
tive visualizations at the Broad Institute Single Cell Portal (project ID
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generated and used for this project are available at Metabolomics Work-
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further information required to reanalyse the data reported in this
paperisavailable onrequest. Source dataare provided with this paper.
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Extended DataFig.1|Metabolic and histological changes following
ketogenic diet exposure. (a) Composition of the control diet (CD), 60% lard-
based high fatdiet (HFD) and 80% lard-based ketogenic diet (KD). (b-e) Body
weight (b), circulating glucose (c), BHB (d) and insulin (e) in male and female
mice fed CD, HFD, or KD over the experimental timeline. For b, CD, n = 8 mice;
HFD,n=8;KD,n=9.Forc,CD,n=10; HFD,n=10;KD,n=8.Ford,CD,n=14;
HFD,n=8;KD,n=17.Fore,CD,n=8;HFD,n=8;KD, n=8. (f) Kaplan-Meier
survival curves with log-rank Mantel-Cox test for CD-, HFD- and KD-fed

Vil-Cre®®™; Apc™** mice cohorts. CD, n =27 mice; HFD, n =20; KD, n = 20.
(g-i) Quantification of tumour burden (g-h) and representative images (i)

in CD-, HFD-, and KD-fed Vil-Cret®?; Apc"** mice cohorts. CD, n = 9 mice;
HFD, n=8;KD, n=7.Significance was determined by one-way ANOVA with
Tukey’s multiple comparisonstest (b, ¢, d, e, g, h) and Mantel-Cox test (f).
Data(b, ¢, d, e, g, h) are shown as box-and-whisker plots: boxesindicate the
25th-75th percentiles, central lines indicate medians, and whiskers indicate
minimum to maximum values. Individual data points are overlaid.
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Extended DataFig.2|KD enhancesIS cell activity and tumorigenesis.

(a) Schematic of LgrS-eGFP-IRES-Cre®™ " mice fed CD or KD. (b) Immunoblot of
isolated crypts from CD- and KD-fed mice. Experiments were repeated three
timesindependently, three mice per condition each time. (c-d) Representative
image (c) and quantification (d) of Paneth cell numbersin crypts from CD-and
KD-fed mice.CD, n =4 mice; KD, n =3 mice.Scalebar, 20 pm. (e-f) Representative
sorting plot (e) of LGRS-IRES-EGFP from mice fed CD or KD and quantification (f)
of Paneth Paneth, GFP", and GFP"° populations. CD, n = 5 mice; KD, n =7 mice.
(g) Invitro clonogenicity of GFP*ISCsisolated from CD- and KD-fed mice.

CD, n=5mice; KD, n=7mice. (h) Schematic of the 90-day Vil-Cret*™: Apc/"

tumour model. (i-k) Representative H&E images (i) and quantification of tumour
number (j) and size (k) in CD- and KD-fed mice. CD, n =7 mice; KD, n =14 mice.
(I-n) Correlation of tumour burden with circulating BHB (I), glucose (m), and
NEFAs (n) atsacrifice. BHB, n =34 mice; glucose, n =34 mice; NEFAs, n =33 mice.
Significance was determined by unpaired two-tailed Student’s t-test (d, j, k),
two-way ANOVA withuncorrected Fisher’s LSD (f, g) and simple linear
regression (I, m,n). Data(d, f, g, j, k) are shown as box-and-whisker plots:
boxesindicate the 25th-75th percentiles, central linesindicate medians,

and whiskers indicate minimum to maximum values. Individual data points
areoverlaid.
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Extended DataFig.3|HCAR2 expressioninintestinal tissues and early
adenomas. (a) Serum acetoacetate (AcAc) and BHB levels across two
independent cohorts comprising 289 patients with colorectaladenomas and
carcinomas, including atest cohort (n =100) and a validation cohort (n =189).
Significance was determined by Non-parametric Mann-Whitney U test,
two-sided. (b) Serum lipid abundances in 289 participants with colorectal
adenomas or carcinomas from Gao et al. The training cohortincluded 100
participants: 34 healthy controls, 31 withadenomas and 35 with carcinomas.
Thevalidation cohortincluded 189 participants: 76 healthy controlsand 113
with carcinomas. Triangles indicate Benjamini-Hochberg-adjusted P < 0.05in
the validation cohort. (c) Immunofluorescence co-staining for $-cateninand

HCAR2in early adenomas from CD- and KD-fed mice. Experiments were
repeated three times independently, five mice per condition each time.
Scalebar, 25 pm. (d) Representative immunohistochemistry for HCAR2 in early
intestinaladenomas from CD- and KD-fed mice. Experiments were repeated
three timesindependently, five mice per condition each time. Scale bar,

200 pm. (e) UMAP of mouse intestinal cell populations from the Aliluev dataset.
(f-i) Hcar2 expression across annotated cell populations (f), corresponding
marker-gene dot plot (g), number of detected genes (h), and UMI counts (i),
stratified by cell type. Data (a, b) are shown as box-and-whisker plots: boxes
indicate the 25th-75th percentiles, central lines indicate medians. Whiskers
extend 1.5xinterquartile range above and below the box.
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Extended DataFig. 4| Characterization of ketogenesis-deficient mouse
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mice. Gene set enrichment analysis p-values calculated with fgsea package, two-
sided, with Benjamini-Hochberg adjustment for multiple testing comparison.
(d) Schematic of HMGCS2iKO mice maintained onKD. (e) Lipidomic profiling
ofiintestinal crypts from WT and HMGCS2 iKO mice under KD conditions.
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WT, n =4 mice;iKO, n=5mice. (f) Schematic of hepatocyte-specific HMGCS2
knockout (LiKO) mice. (g-i) Characterization of LiKO mice, including body
weight (g), circulating glucose (h), and insulin (i). WT, n = 5mice; LiKO,n=8
mice. Significance was determined by two-way ANOVA with Sidak’s multiple
comparisontest (e) and unpaired two-tailed Student’s t-test (g, h,i). Data (e, g, h, i)
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centrallinesindicate medians, and whiskers indicate minimum to maximum
values. Individual data points are overlaid.
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Extended DataFig. 5| Characterization of ketolysis-deficient mouse models.
(a) Schematic of BDH1-and OXCT1-mediated ketolysis. (b-d) Immunoblot (b) and
immunohistochemistry (c-d) validation of BDH1iKO and OXCT1iKO cohorts.
Experiments wererepeated three timesindependently, with three mice per
conditioneach time.Scale bar, 50 um.(e) Circulating BHB in BDH1iKO mice on CD
andKD. CD, n=6 mice; KD, n=8mice. (f) Circulating BHB in OXCT1iKO mice on
CDandKD.CD, n=7mice; KD, n=6mice.(g) Breeding scheme for BDH1iKO and
OXCT1iKO tumour cohorts. (h-k) Quantification of tumour number (h) and size
(i), with representative H&E and B-catenin images (j-k),in WT,BDH1iKO, and

OXCT1iKO mice on CD or KD. WT-CD, n =9 mice; BDH1iKO-CD, n =10 mice;
OXCT1iKO-CD, n=15mice; WT-KD, n =12 mice; BDH1iKO-KD, n = 8 mice; OXCT1
iKO-KD, n=6 mice. The CD tumour studiesin h-iwere shared with the CD-treated
WT cohortshowninFig.1i,j. Significance was determined by unpaired two-tailed
Student’s t-test (e, f) and two-way ANOVA with Tukey’s multiple comparison

test (h, i). Data (e, f, h, i) are shown as box-and-whisker plots: boxes indicate

the 25th-75th percentiles, central linesindicate medians, and whiskers indicate
minimum to maximum values. Individual data points are overlaid.
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Extended DataFig.7 | KD suppresses colonic tumorigenesisindependently
ofketones. (a) Immunohistochemistry of HMGCS2 in small intestine (SI),
proximal colon (pCO), and distal colon (dCO) from CD- and KD-fed mice.
Experiments were repeated three times independently, with five mice per
conditioneachtime.Scalebar, 50 um. (b) RNA insitu hybridization of Hmgcs2
inpCOand dCO from CD-and KD-fed mice. Experiments were repeated three
timesindependently, with five mice per condition each time. Scale bar, 50 pm.
(c-d) Lipidomic profiling of colonic crypts (c) and small-intestinal crypts (d)
from CD-and KD-fed mice.CD, n =5mice; KD, n = 5mice. (e) Whole-colon BHB
levelsin WT mice fed CD, HFD, or KD, and in CD-fed HMGCS2 iOE mice. CD, HFD,
and KD, n=5mice each; CD-iOE, n =8 mice. (f) Inmunoblot of snap-frozen pCO
and dCO from WT,HMGCS2iKO,and HMGCS2iOE mice. Experiments were
repeated three timesindependently, with three mice per condition each time.

(g) Normalized BHB levelsin whole pCO and dCO from WT and HMGCS2iOE
mice. n=5miceper group. (h-i) Quantification of total tumour number (h) and
tumour area (i) in colons from CD-, HFD-, and KD-fed mice. CD, n =10 mice;
HFD, n =9 mice; KD, n =7 mice. (j) Total colonic tumour numberin WT mice on
CD orKD,HMGCS2iKO and dKO mice on KD, and HMGCS2 iOE mice on CD.
WT-CD, n=10 mice; WT-KD, n=7mice; iKO-KD, n =7 mice;iOE-CD, n = 14 mice;
LiKO-KD, n =8 mice. (k) Representative H&E images corresponding to (h-j).
Significance was determined by two-way ANOVA with Sidak’s multiple
comparisontest (c,d, g) and ordinary one-way ANOVA with Tukey’s multiple
comparisontest (h,1,j). Data(c,d, e, g, h,i,j) are shown as box-and-whisker
plots: boxesindicate the 25th-75th percentiles, central lines indicate medians,
and whiskersindicate minimum to maximum values. Individual data points
areoverlaid.
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Extended DataFig. 8| PPARs mediate KD-induced IS cell enhancement.
(a-b) Representativeimmunohistochemistry images (a) and quantification (b)
of OLFM4* cellsin WT and PPAR-3KO mice on CD or KD. WT-CD, n = 5 mice;
WT-KD, n=5mice; PPAR-3KO-CD, n = 6; PPAR-3KO-KD, n=7.Scale bar, 10 pm.
(c-d) Representative insitu hybridizationimages (c) and quantification (d)

of Lgr5+cellsin WT and PPAR-3KO mice on CD or KD. WT-CD, n = 5 mice;
WT-KD, n=5; PPAR-3KO-CD, n = 6; PPAR-3KO-KD, n=7.Scale bar, 10 pm.

(e-f) Representative images (e) and quantification (f) of organoid clonogenicity
fromcryptsisolated from WT and PPAR-3KO mice on CD or KD.n =10 treatment
per group.Scalebar,2 mm. Significance was determined by two-way ANOVA
withuncorrected Fisher’sLSD (b, d, f). Data (b, d, f) are shown as box-and-
whisker plots: boxesindicate the 25th-75th percentiles, central lines indicate
medians, and whiskersindicate minimum to maximum values. Individual data
points are overlaid.
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Extended DataFig. 9| CPT1Aloss does not affect small-intestinal
tumorigenesis on control diet. (a) Quantification of OLFM4* cryptlength

of KD-fed WT and CPT1AiKO mice. WT, n =8 mice; CPT1AiKO, n = 6 mice.

(b) Schematic of inducible CPT1A knockout tumour model on control diet.
(c-d) Quantification of tumour number (c) and tumoursize (d) in WTand CPT1A
iKO miceon CD.WT, n=10 mice; CPT1AiKO, n =14 mice. (e) Representative

H&E and 3-cateninimages of tumours from CD-fed WT and CPT1A iKO mice.

WT,n=10 mice; CPT1AiKO, n =14 mice. (f) Lipid species composition of the
Classland Classliclustersidentified in Fig. Sc. Significance was determined by
unpaired two-tailed Student’s t-test (a, ¢, d). Data (a, ¢, d) are shown as box-and-
whisker plots: boxes indicate the 25th-75th percentiles, central lines indicate
medians, and whiskers indicate minimum to maximum values. Individual data
pointsareoverlaid.
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Data collection Based on FACS analysis using a BD FACS I SORP cell sorter, intestinal crypt epithelial cells from mice fed with control and ketogenic diets were
sorted into 1.5 ml low-binding tubes with 500 ul FACS buffer. Single cells were processed through the Chromium Single Cell Platform using the
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amplification, tagmentation and 50 adaptor attachment. Libraries were sequenced on an lllumina NextSeq 500.




Data analysis The CellRanger v10.0 pipeline was used to align sequencing reads to the mm10 genome according to manufacturer recommendations. Cells
were pre-processed to remove cells with fewer than 1,750 UMIs detected (likely corresponding to detection of ambient RNA or low-quality
cells) or more than 75,000 UMIs (likely corresponding to doublets), Data was then analyzed using Seurat in R with normalization implemented
via 5CTransform’s regularized negative binomial regression. For downstream visualization and clustering, principal component analysis was
performed on the highly variable genes returned from SCTransform, with the number of principal components made by examining the elbow
plot of variance explained by each principal component (results robust against alternate choices of QC and visualization parameters). UMAP
visualization was implemented using the “uwot” R package. Stem cells were identified using a module score of core intestinal stem cell genes
calculated with Seurat’s “AddModuleScore” function (LerS, Axin2, Olfmd, Lrigl, Fzd7), as previously described 13. Stem cells were additionally
scored for modules of PPAR target genes (Hmgces2, Angptld, Pdkd, Acsl3, Mel, Acotl, Reg3g, Plin2), fatty acid oxidation-related genes
regulated by PPAR (Cptla, Acadvl, Cact, Acadl, Hadha, Hadhb, Eci2], and the WikiPathways PPAR Signaling gene set, as previously described
13. GSEA was run through the fgsea package. CollecTRI was run through the decoupleR package, and effect sizes were calculated as signed
Cohen's D effect sizes 54. Statistical significance was calculated for differential gene expression, differential module scores, and differential
transcription factor activities using the non-parametric Mann-Whitney test and adjusted for multiple hypothesis testing using the Benjamini-
Hochberg correction. Statistical analysis was performed using GraphPad Prism 11. Flow cytometry data were analysed with BD FACSDiva 9.0.1.
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Life sciences study design
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Sample size No statistical methods were used to predetermine sample size. Sample sizes were based on those used in previous and preliminary studies
from our lab (PMIDs:39169180, 41034585).

Data exclusions  No data were excluded from the analyses,

Replication The reported data reflects at least three independent experiments, and one representative image is shown. All attempts at replication were
successful, All the data are used for guantitative analysis.




Randomization  Samples (i.e. allocation of sex and age-matched animals to groups) were randomized wherever possible.

Blinding Blinding was not performed in this study due to the low likelihood of author's bias in the final readouts. Analysis of the metabolite data was
done automatically. The authors also fallowed specific and fixed criteria in analyzing the arganoid cultures and histology data according to
existing protocols in the lab {used in previous publications).

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 methed listed is relevant to your study. |f you are not sure if a list item applies to your research, read the appropriate section before selecting a response,

Materials & experimental systems Methods
n/a | Involved in the study n/a | Involved in the study
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Antibodies

Antibodies used IHC/IF:
IHC-FFPE section: mouse monoclonal anti-B-catenin (1:200, BD Biosciences, 610164), goat polyclonal anti-GFP {1:1000, Abcam,
ab6673), rat anti-BrdU (1:2000, Abcam, 6326), rabbit polyclonal anti-lysozyme (1:2000, ThermoFisher, RB-372-A1), rabbit monoclonal
anti-HMGCS2 (1:2000, Abcam, ab137043), rabbit polyclonal anti-OXCT1 (1:1000, Sigma-Aldrich, HPA012047), rabbit polyclonal anti-
BDH1 (1:500, Proteintech, 15417-1-AP) and rabbit polyclonal anti-HCAR2 (1:200, ThermoFisher, PAS-50671).
Immunoblotting:
rabbit monoclonal anti-HMGCS2 (1:1000, Abcam, ab137043, clone: EPR8642), mouse monoclonal anti-CPT1a (1:1000, Abcam,
ab128568, clone: 8F6AED), rabbit polyclonal anti-BDH1 (1:1000, Proteintech, 15417-1-AP), rabbit polyclonal anti-OXCT1 {1:1000,
Sigma-Aldrich, HPAD12047), rabbit monoclonal anti-vinculin {1:1000, Cell Signaling Technology, #13901), horseradish peroxidase
(HRP)-conjugated 1gG secondary antibodies: Anti-mouse lgG, HRP-linked Antibody (1:3000, Cell Signaling Technaology, #7076) and
Anti-rabbit 1gG, HRP-linked Antibody (1:3000, Cell Signaling Technology, #7074).
Flow cytometry:
CD45-PE (1:300, eBioscience, 12-0451-83), CD31-PE {1:300, BioLegend, 102514), Ter-119PE (1:300, Biolegend, 116208), CD24-Pacific
Blue (1:300, Biclegend, 101820), CD117-APC/Cy7 (1:300, Biolegend, 105826}, and EpCAM-APC (1:300, eBioscience, 17-5791-82).

Validation Primary antibodies used for IHC, IF, immunoblotting and flow cytometry were validated for the relevant species and applications
based on manufacturer documentation and, where applicable, additional experimental controls. Antibody validation details are vided
below.
*HHC/IF**

Mouse monoclonal anti-B-catenin (BD Biosciences, 610164) was used for IHC on mouse FFPE intestinal tissue sections. The antibody
is validated by the manufacturer for B-catenin detection and the staining pattern observed in this study was consistent with the
expected epithelial membrane/cytoplasmic B-catenin localization, with nuclear enrichment in tumour tissues where applicable.

Goat polyclonal anti-GFP (Abcam, ab6673) was used for IHC/IF on mouse FFPE intestinal tissue sections from GFP reporter mice, The
antibody is validated by the manufacturer for GFP detection, and staining was consistent with the expected reporter expression
pattern.

Rat anti-BrdU (Abcam, ab6326) was used for IHC on mouse FFPE intestinal tissue sections after BrdU labelling. The antibody is
validated by the manufacturer for BrdU detection, and staining was restricted to BrdU-labelled proliferative cells with the expected
crypt-associated distribution.

Rabbit polyclonal anti-lysozyme (ThermoFisher, RB-372-A1) was used for IHC on mouse FFPE intestinal tissue sections. The antibody
is validated by the manufacturer for lysozyme detection, and staining was consistent with the expected Paneth-cell localization at the
crypt base,

Rabbit monoclonal anti-HMGCS2 (Abcam, ab137043) was used for IHC, IF and immunoblotting in mouse intestinal tissues, The
antibody is validated by the manufacturer for the indicated applications and was further validated in this study using intestinal

epithelial-specific Hmges2 knockout tissue, which showed loss or marked reduction of the expected signal.

Rabbit polyclonal anti-OXCT1 (Sigma-Aldrich, HPAD12047) was used for IHC and immunoblotting in mouse intestinal tissues. The




antibody is validated by the manufacturer for OXCT1 detection, and the observed staining pattern and immunoblot signal were
consistent with the expected tissue distribution and molecular weight.

Rabbit polyclonal anti-BDH1 (Proteintech, 15417-1-AP) was used for IHC and immunoblotting in mouse intestinal tissues. The
antibody is validated by the manufacturer for BDH1 detection, and the ohserved staining pattern and immunoblot signal were
consistent with the expected tissue distribution and molecular weight,

Rabbit polyclonal anti-HCARZ2 [ThermoFisher, PAS-50671) was used for IHC on mouse FFPE intestinal tissue sections. The antibody is
validated by the manufacturer for HCAR2 detection, and staining was consistent with the expected tissue distribution.

**Immunoblotting**

Mouse monoclonal anti-CPT1A (Abcam, ab128568, clone 8F6AED) was used for immunoblotting of mouse intestinal tissues. The
antibody is validated by the manufacturer for immunoblotting and was further validated in this study using tissue-specific Cptla
knockout mouse tissue, which showed loss or marked reduction of the expected band.

Rabbit monoclonal anti-vinculin (Cell Signaling Technology, #13901) was used for immunoblotting as a loading contral. The antibady
is walidated by the manufacturer for immunaoblotting and detected a band at the expected molecular weight.

**Flow cytometry**

CDA5-PE (eBioscience, 12-0451-83) was used for flow cytometry of mouse intestinal cells. The antibody is validated by the
manufacturer for mouse reactivity and flow cytometry, and staining identified the expected haematopoietic cell population.

CD31-PE (BioLegend, 102514) was used for flow cytometry of mouse intestinal cells. The antibody is validated by the manufacturer
for mouse reactivity and flow cytometry, and staining identified the expected endothelial cell population,

Ter-119-PE (BioLegend, 116208) was used for flow cytometry of mouse intestinal cells. The antibody is validated by the manufacturer
for mouse reactivity and flow cytometry, and staining identified the expected erythroid-lineage cell population.

CD24-Pacific Blue (BioLegend, 101820) was used for flow cytometry of mouse intestinal epithelial cells. The antibody is validated by
the manufacturer for mouse reactivity and flow cytometry, and staining was consistent with expected CD24 expression in intestinal
epithelial subpopulations.

CD117-APC/Cy7 (BioLegend, 105826) was used for flow cytometry of mouse intestinal cells, The antibody is validated by the
manufacturer for mouse reactivity and flow cytometry, and staining was consistent with expected c-Kit/CD117 expression.

EpCAM-APC (eBioscience, 17-5791-82) was used for flow cytometry of mouse intestinal epithelial cells. The antibody is validated by
the manufacturer for mouse reactivity and flow cytometry, and staining identified the expected epithelial cell population.

Flow-cytometry staining was interpreted using appropriate unstained, single-stained and/or fluorescence-minus-one controls for
gating. HRP-conjugated anti-mouse 1gG and anti-rabbit 1gG secondary antibodies (Cell Sighaling Technology, #7076 and #7074) were
used for immunoblotting according to the manufacturer’s instructions.

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

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Male and female mice at the age of 8-18 weeks were used in this study. Mice were under the husbandry care of the Department of
Comparative Medicine in the Koch Institute for Integrative Cancer Research on a 12h light/12h dark cycle at 20-22 °C with 30-70%
relative humidity. All procedures were conducted in accordance with the American Association for Accreditation of Laboratory
Animal Care and approved by MIT's Committee on Animal Care.

Mouse Strains:

Lar5-2A-eGFP-2A-CreERT2; Lar5-eGFP-IRES-CreERT2 {JAX #008875); Villin-CreERT2, Apc fI/fl; Villin-CreERT2, Apc fl/wt; Villin-CreERT2,
Hmges2 fIffl; villin-CreERT2, Apc fl/wt, Hmges2 fI/fl; Villin-CreERT2, Bdh1 fi/fl; Villin-CreERT2, Apc fl/wt, Bdh1 fI/fl; Villin-CreERT2,
Oxctl fI/fl; Villin-CreERT2, Apc fl/wt, Oxctl fI/fl; Albumin-Cre, Hmges2 fl/fl; Albumin-Cre, Villin-CreERT2, Apc fl/wt, Hmges2 fI/fl; Villin-
CreERT2, Rosa26-LSL-Hmegcs2-mCherry; illin-CreERT2, Apc fl/wt, Rosa26-L5L-Hmges2-mCherry; Villin-CreERT2, Cptla flI/fl; Villin-
CreERT2, Apc fl/wt, Cptla fl/fl; Villin-CreERT2, Ppara-/~; Ppard fl/fl; Pparg fI/fl;

No wild animals were used in this study.
Both male and female mice were used in this study.
This study doesn't involve the field-collected samples.

All animal experiments were approved by the Massachusetts Institute of Technology Committee on Animal Care and were perfarmed
in accordance with all relevant institutional and federal guidelines and regulations. Mice were monitored according to the approved
protocol, and humane endpoint criteria and institutional limits were not exceeded in any experiment.

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

Plots

Confirm that:

[E The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

[E The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group’ is an analysis of identical markers).

[E All plots are contour plots with outliers or pseudocolor plots.
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Sample preparation

Instrument
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Cell population abundance

Gating strategy

Following crypt isolation, crypt suspensions were pelleted (100g, 5 min, 4 C) and supernatant was discarded. Crypts were
resuspended in TrypLE (GIBCO, no phenol red, 1264039) and dissociated into individual cells by warming cryptsina 32 C
water bath for 60 seconds. Dissociated single cells were incubated with the following antibodies for flow cytometry analysis:
CD45-PE (eBioscience, 12-0451-83), CD31-PE (Biolegend, 102514), Ter-119PE {Biclegend, 116208), CD24-Pacific Blue
(Biolegend, 101820), CD117-APC/Cy7 (Biolegend, 105826), and EpCAM-APC (eBioscience, 17-5791-82). 7AAD (Invitrogen,
A1310) was used as a viability dye to exclude dead cells from analysis, Intestinal stem cells {15Cs) and progenitors were
isolated as LGR5-eGFPhiEpCAM+CD24lowCD31-Ter119-CD45-7AAD- and LGR5-eGFPlowEpCAM+CD24lowD31-Ter119-
CD45-7AAD-, respectively.

BD FACS II SORP cell sorter
BD FACSDIVA, Flowlo

LGRS-eGFPhi stem cells: 5-7% of Epcam+CD24lowCD31-Ter119-C0D45-7AAD- epithelial cells; LGRS-eGFPlow progenitor cells:
8-13% of Epcam+CD24lowCD31-Ter119-CD45-7AAD- epithelial cells.

To visualize all populations: FSC-A/SSC-A. For doublet exclusion: FSC-W/F5C-A and SSC-W/SSC-A. To obtain live cells: 7-AAD
negative population was chosen. For crypt epithelial cells, we selected EpCAM4+CD24lowCD31-Ter119-CD45-7AAD-, LGRS-
eGFP-hi and LGRS5-eGFP-low stem and progenitor cells were gated based on the GFP intensity.

[E Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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