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ABSTRACT
◥

New Western-style diet 1 (NWD1), a purified diet establishing
mouse exposure to key nutrients recapitulating levels that
increase human risk for intestinal cancer, reproducibly causes
mouse sporadic intestinal and colonic tumors reflecting human
etiology, incidence, frequency, and lag with developmental age.
Complex NWD1 stem cell and lineage reprogramming was
deconvolved by bulk and single-cell RNA sequencing, single-
cell Assay for Transposase-Accessible Chromatin using sequenc-
ing, functional genomics, and imaging. NWD1 extensively, rap-
idly, and reversibly, reprogrammed Lgr5hi stem cells, epigenet-
ically downregulating Ppargc1a expression, altering mitochon-
drial structure and function. This suppressed Lgr5hi stem cell
functions and developmental maturation of Lgr5hi cell progeny as
cells progressed through progenitor cell compartments, recapit-
ulated by Ppargc1a genetic inactivation in Lgr5hi cells in vivo.
Mobilized Bmi1þ, Ascl2hi cells adapted lineages to the nutritional
environment and elevated antigen processing and presentation
pathways, especially in mature enterocytes, causing chronic,
protumorigenic low-level inflammation. There were multiple
parallels between NWD1 remodeling of stem cells and lineages
with pathogenic mechanisms in human inflammatory bowel
disease, also protumorigenic. Moreover, the shift to alternate
stem cells reflects that the balance between Lgr5-positive and
-negative stem cells in supporting human colon tumors is
determined by environmental influences. Stem cell and lineage
plasticity in response to nutrients supports historic concepts of
homeostasis as a continual adaptation to environment, with the
human mucosa likely in constant flux in response to changing
nutrient exposures.

Implications: Although oncogenic mutations provide a competi-
tive advantage to intestinal epithelial cells in clonal expansion, the
competition is on a playing field dynamically sculpted by the
nutritional environment, influencing which cells dominate in
mucosal maintenance and tumorigenesis.

Introduction
Damage or ablation of Lgr5hi intestinal stem cells (ISC) dediffer-

entiates multiple cell types to function as stem-like cells, restoring
homeostasis (1, 2). However, original concepts of Bernard’s “milieu
interieur,” and Thompson in coining the term, defined homeostasis as
continual tissue adaptation to its environment, not a target state
returned to following disruption (3). Indeed, we established that
dietary patterns, continually changing in humans, can determine
which and how intestinal cells function as stem cells (4–6), and there
is rapid intestinal cell adaptation to higher dietary fat by upregulating
fat metabolism pathways (7).

Reflecting the complexity and variability of the human diet in the
mouse is a major challenge. New Western-style diet 1 (NWD1), a
purified diet, causes sporadic intestinal and colon tumors. Sporadic
tumors are themajority of human intestinal tumors, broadly defined as
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tumors with no clear inherited etiology or carcinogen exposure and are
the tumors strongly linked to dietary exposures (4, 6, 8, 5). In the
NWD1 model, multiple dietary components in control purified diet
AIN76A are adjusted to producemouse exposure to each nutrient at its
level linked to elevated incidence of colorectal cancer in high-risk
developed countries (9, 10). Fat is at 25%, levels characterizing human
high risk, in contrast to 60% in commonly used high-fat mouse diets
which causemetabolic alterations differing from those caused by levels
better reflecting human exposure (11, 12). NWD1 also is lower in
calcium, vitamin D, methyl donors, and fiber, at levels that elevate risk
for human colorectal cancer (13). As a result, NWD1 accelerates and
amplifies tumor phenotype in multiple genetically initiated
models (14–18), and in wild-type (WT) mice, reproducibly causes
sporadic small and large intestinal tumors reflecting the etiology,
incidence, frequency and lag with developmental age of sporadic
human colorectal cancer (19). In the NWD1 model, stem cell repro-
gramming is caused by interactive nutrient effects (6), important
because mouse diet studies are less common than studies of individual
nutrients, but it is overall dietary pattern that influences cell physi-
ology, disease risk, and progression (20–22). This is not surprising
because even strongly penetrant oncogenes and tumor suppressor
genes always depend on underlying cell programming, with very
different effects in different tissues.

NWD1 fed mice are not obese, but exhibit reduced energy expen-
diture without altered food consumption or physical activity, causing
glucose intolerance, and increased proinflammatory cytokines (23).
Protumorigenic Wnt signaling is elevated throughout the small and
large intestine (24–26), and the proliferative compartment
expands (27, 28) as in humans at elevated tumor risk (29–32). In
NWD1 fed mice, crypt base Lgr5hi ISCs are repressed in supporting
mucosal maintenance, show reduced mutation accumulation, and
reduced efficiency in producing tumors on introduction of an initi-
ating Apcmutation, but these increase for Bmi1þ cells (4, 6, 8, 5). Our
reports anticipate that both Lgr5-positive and -negative stem cells
support human colon tumor growth, with balance determined by
environmental factors (33), emphasizing significance of NWD1 in
determining which cells function as stem cells.

Here single-cell RNA sequencing (scRNA-seq), single-cell Assay for
Transposase-Accessible Chromatin using sequencing (scATAC-seq),
functional genomics and imaging, with rigorous bioinformatic and
statistical approaches, deconvolve complexNWD1 cellular andmolec-
ular mucosal remodeling that increases risk for the sporadic tumors.
Mechanistically, NWD1 epigenetic downregulation of Ppargc1a in
Lgr5hi ISCs altered mitochondrial structure and function that is rapid,
which compromised function of these ISCs and developmental mat-
uration of their daughter cells as they proceed along the crypt-villus
axis. A cascade of lineage remodeling includes recruitment of alternate
Bmi1þ, Ascl2hi cells to maintain the mucosa, but with key changes
resulting in protumorigenic inflammation. The NWD1 remodeling
parallels multiple pathogenic mechanisms in human inflammatory
bowel disease (IBD; refs. 34–36), also protumorigenic. Therefore, while
oncogenic mutations provide a stem cell with a competitive advantage
for clonal expansion (1), the competition is on a playing field sculpted
and continually remodeled by the nutritional environment, influenc-
ing outcome.

Materials and Methods
Organisms/strains

Micewere obtained from the Jackson Laboratories, BarHarborMaine,
backcrossed as necessary, and maintained on a C57Bl/6J background

(RRID:IMSR_JAX:000664). These are Lgr5tm1(cre/ERT2)Cle/J
(Lgr5cre:ER-EGFP) Bmi1tm1(cre/ERT)Mrc/J (Bmicre:ER); Ppargc1a tm2.1Brsp/

(Ppargc1aloxp/loxp); B6.CgGt(ROSA)26Sortm14. Mice were provided food
and water ad libitum in a barrier facility at the Albert Einstein
College of Medicine (Bronx, NY). For breeding, strains were fed a
chow diet (PicoLab 5058, Fisher Feed). Appropriate genotypes were
randomized to purified diets (AIN76A, D10011; NWD1, D16378C;
Research Diets Inc). Mice of both genders were used (a total of
25 male and 20 female mice). Hydroxy-Tamoxifen (TAM) was a
single injection of 1 mg in 100 mL corn oil (Sigma, T5648).
Experiments were approved by the Albert Einstein Institutional
Animal Care and Use Committee. All authors had access to the
study data.

Isolation of intestinal epithelial cells
On sacrifice, excised intestines were opened longitudinally, rinsed

with cold saline, crypts isolated, single-cell suspensions prepared, and
depending on the experiment, stained with EpCAM-FITC (Miltenyi
Biotec, Clone caa7–9G8, catalog no. 130-123-674), and CD45-PerCP
(Miltenyi Biotec, Clone 30F11, catalog no. 130-123-879), then
Epcamþ, CD45-negative cells epithelial cells collected by FACs on
a MoFlo instrument as described previously (6).

Bulk RNA-seq analysis
Construction of bulk RNA-seq libraries, sequencing, and data

analysis were as described previously (6).

scRNA-seq
scRNA-seq libraries were constructed by the Albert Einstein Geno-

mics Core using the 30 kit protocols of 10X Genomics with approx-
imately 10,000 single FACS collected cells from each mouse loaded
onto a Chromium Chip B microfluidic apparatus. Library quality was
verified by size analysis (BioAnalyzer; Agilent) and after passing
quality control assays, multiple libraries combined and pair-end
sequenced by HiSeq PE150 or NovaSeq PE150 with a readout length
of 150 bases (Novogene), and the data assigned to individual cells using
the sample indexes.

For sequence alignment and subsequent analysis, output Illumina
base call files were converted to FASTQ files (bcl2fastq), aligned to the
mouse mm10 genome v1.2.0 and converted to count matrices (Cell
Ranger software v3.0.2). Force-cell parameter was used, with 5,000–
8,000 individual cells identified for each sample, and uniquemolecular
identifiers used to remove PCR duplicates. Quality control and down-
stream analyses were in R v4.0.2, using Seurat package v3.2.2 (37). To
discard doublets or dead cells, cells with gene counts <200 or >5,000, or
amitochondrial gene ratio >20%,were filtered out. Cells fromdifferent
samples were integrated using Seurat FindIntegrationAnchors and
IntegrateData functions and clusters identified from each integrated
dataset using Seurat FindClusters. This calculates k-nearest neighbors
by principal component analysis, constructs a shared nearest neighbor
graph, then optimizes a modularity function (Louvain algorithm) to
determine cell clusters. Cell clusters were identified as cell intestinal cell
types using established cell-type markers and cluster identification in
Seurat FindMarkers function. Differential gene expression compared
samples among experimental groups: initial criteriawere an expression
change of ≥1.5-fold with associated adjusted P value of <0.01 in group
comparison (Seurat FindMarkers function). Pathway analysis of dif-
ferentially expressed genes used clusterProfiler (RRID:SCR_016884; R
package v3.16.1) and the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway database (RRID:SCR_012773; R package v3.2.4);
gene set enrichment analysis (GSEA) used the fgsea R package v1.14.0,
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theMSigDB (v5.2) hallmark gene set and the KEGG pathway database
(RRID:SCR_012773). Pathways atP<0.05were considered statistically
significant. Trajectory analysis used Monocle3 R package v0.2.3.3 (38)
with cluster information and cell-type identifications migrated from
Seurat, the integrated dataset divided among experimental conditions,
and trajectories generated for each experimental group.

RNA-seq data have been deposited in the NCBI Gene Expression
Omnibus database (GEO; RRID:SCR_005012): bulk RNA-seq
(Fig. 1) - GSE186811; scRNA-seq (Fig. 2, Ppargc1a inactivation) -
GSE188339; scRNA-seq (Fig. 3, rapid dietary crossover) - GSE188577;
scRNA-seq for Bmi1þ cells (Figs. 4 and 5) - GSE188338.

In situ analyses
Sections of mouse intestinal Swiss rolls fixed in 10% formalin were

dewaxed and rehydrated with reagents from Advanced Cell Diagnos-
tics. Endogenous peroxidaseswere quenched andheat epitope retrieval
done utilizing the RNAscope Multiplex Fluorescent Reagent Kit v2
(catalog no. 323100) and the RNAscope Multiplex Fluorescent Assay
v2 protocol followed. RNAscope target probes for Bmi1 and Ascl2
(catalog nos. 466021, 412211, respectively) were hybridized to sections
and amplified using the HybEZ Hybridization System (catalog no.
310010). Secondary TSA fluorophores from Akoya Biosciences were
Opal 620 (channel 1, catalog no. FP1495001KT) and Opal 570
(channel 2, FP1488001KT), sections counterstained with DAPI and
visualized using a Leica SP8 confocal microscope (20Xmagnification).

scATAC-seq
Total Epcamþ, CD45-negative epithelial cells from the small

intestine of mice were FACs isolated as for scRNA-seq. Nuclei were
isolated following the 10X Genomics protocol, scATAC-seq libraries
constructed using the 10XGenomics single-cell ATAC-seqChromium
reagents and protocol, and sequenced as for scRNA-seq. The scATAC-
seq data can be accessed at GSE228006.

IHC
Swiss roll sections were dewaxed, rehydrated, endogenous perox-

idases blocked (3% hydrogen peroxide inmethanol), and heat induced
epitope retrieval done with 10 mmol/L sodium citrate buffer (pH 6.0)
for all antibodies. Tissues were incubated overnight at 4�C with
primary CD3 antibody (Novus catalog no. NB600-1441, RRID:
AB780192, 1:10 dilution). Protein block and secondary antibody for
CD3 employed ImmPRESS- Horse Anti-Rabbit IgG Polymer Kit-
Alkaline Phosphatase (Vector Laboratories, catalog no. MP-5401).
F4/80 antibody (1:200, Cell Signaling Technology, catalog no. 70076)
was incubated on tissue overnight at 4�C. Secondary antibody was
SignalStain Boost IHC Detection Reagent (horseradish peroxidase,
Rabbit, Cell Signaling Technology, catalog no. 8114). For Pgc1a
staining, tissues were incubated overnight at 4�C with rabbit anti-
Pgc1a Ab (diluted 1:500, NBP1-04676, Novusbio) followed by bioti-

nylated goat anti-rabbit IgG (1:100, BA-1000; Vector Lab) for 30
minutes. Visualization used the Vectastain Elite ABC Kit (Vector Lab)
and DAB Quanto kit (Thermo Fisher Scientific). Counterstaining was
with hematoxylin and visualization by bright field microscopy, or a
CY5 filter for CD3.

Electron microscopy
Samples were fixed with 2.5% glutaraldehyde, 2% paraformalde-

hyde in 0.1 mol/L sodium cacodylate buffer, post-fixed with 1%
osmium tetroxide followed by 2% uranyl acetate, dehydrated through
a graded ethanol series and embedded in LX112 resin (LADDResearch
Industries). Ultrathin sections were cut on a Leica Ultracut UC7,
stained with uranyl acetate followed by lead citrate and viewed on a
JEOL 1400 Plus transmission electron microscope at 120 kV. Images
were captured at 800X magnification, and at 5,000X for quantitative
measurements of mitochondrial size and cristae density.

Mitochondrial membrane potential
Crypts were dispersed into single-cell suspensions and incubat-

ed with MitoTracker Red FM (Invitrogen, catalog no. M22425,
25 nmol/L) for 20 minutes at 37�C. Zombie NIR (Invitrogen, catalog
no. L10119) was then added to mark dead cells. Flow cytometry
used a Cytek Aurora Instrument (Cytek Biosciences) with analysis
using Flowjo 10 software (RRID:SCR_008520; Treestar Inc.).

Lineage tracing of Ppargc1a knockout mice
Induction of creERT2 activity was by a 100 mL intraperitoneal

injection of 1 mg freshly prepared TAM in sterile corn oil. Mice were
sacrificed 3 days later, intestinal tissues fixed with 4% paraformalde-
hyde for 2 hours, hydrated with 15% sucrose for 3 hours, and 30%
sucrose overnight. Fixed tissues were embedded in optimal cutting
temperature compound (Sakura), frozen on dry ice, cryostat sectioned,
and stained with DAPI for identification of nuclei before imaging.

Image analysis
Quantification of anti-Pgc1a Ab staining was at 60�magnification.

A threshold was applied for all slides, and the area above threshold
calculated and divided by total area. The crypt-villus axis was divided
by 20 mm increments from the crypt base and measured up to 80 mm.
For analysis of mitochondrial morphometry, crypt base columnar
cells, Paneth cells, and villus cells imaged at 5,000�magnificationwere
selected. Cristae density was calculated by the sum of individual cristae
divided by mitochondrial size. Mitochondrial size (mm2) and cristae
area (mm2) were manually traced using Fiji (RRID:SCR_002285). For
lineage tracing quantification, the crypt-villus axis was manually
traced and the threshold automatically adjusted for each crypt. Red
fluorescent positive area (mm2) was measured and divided by total
crypt-villus area (mm2).

Figure 1.
Dietary impact on ISCs: A, Lgr5EGFP.cre:ER mice fed AIN76A or NWD1 for 3 or 12 months from weaning, or NWD1 for 3 months then switched to AIN76A for 9 months
(cross-over);B–D, Ppargc1a expression by bulk RNA-seq of Lgr5hi cells of two differentmouse cohorts fed either NWD1 or AIN76A for 3months fromweaning (B and
D), or for NWD1 or AIN76 for 12months compared with NWD1 for 3 months and then switched to AIN76A for an additional 9 months (C - Arm 3,A). N-3 mice for each
group for each cohort. E and F, Pgc1a IHC and quantitation in crypts of mice fed AIN76A or NWD1 for 3 months.N¼ 3mice for each group.G, Ppargc1a expression in
Lgr5hi and Bmi1þ cells from bulk RNA-seq analysis of mice fed different diets for 3 months. N¼ 3 mice for each group. H, Examples of mitochondria in WT mice fed
AIN76A or NWD1, or mice fed AIN76A and Ppargc1a homozygously inactivated in Lgr5 cells (800X – yellow arrows indicate examples of cristae). I, Quantitation of
mitochondrial cristae density in CBC, Paneth, and villus cells, evaluated at 5,000Xmagnification.N¼ 3mice for each group. J, FACs analysis of Lgr5hi cell number.N¼
7mice for each diet group.K,Mitotracker staining ofmice fedAIN76AorNWD1 for 3months. (� ,P<0.05; �� , 0.01; ��� , 0.001).N¼ 7mice for each group.B, C,D, G, and
J, Mean � SD. F and I, Box and whiskers plot. K, Median � quartiles.
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Data availability
All bulk and scRNA-seq data and scATAC-seq data are available in

the NCBI GEO database, accession numbers GSE186811, GSE188339,
GSE188577, GSE188338, and GSE228006.

Results
NWD1 impact on Lgr5hi ISCs

Bulk RNA-seq analyzed Lgr5hi cells from Lgr5EGFP-creER mice fed
NWD1 or AIN76A control diet for 3 or 12 months from weaning, or
3months NWD1 then switched to AIN76A until 12months (Fig. 1A).
NWD1 increased expression of 164 genes, and decreased 63 at
3 months (≥50% and P ≤ 0.01; Supplementary Fig. S1A), expanded
>3-fold at 12 months to 551 and 229 genes, but reverted to more
limited perturbationwhen 3months NWD1 fedmice were switched to
control AIN76A until 12months (Supplementary Fig. S1A). By GSEA,
NWD1 significantly upregulated and downregulated 25 and 30 path-
ways, respectively, in Lgr5hi cells at 3 months, most persisting to
12 months, and reversed by shift to control AIN76A diet (Supple-
mentary Figs. S1B and S2). Thus, NWD1 had a major effect on
transcriptional profile of Lgr5hi cells.

The Oxphos and tricarboxylic acid (TCA) cycle pathways were
downregulated by NWD1 at 3 months, persisted until 12 months, and
reversed after switching to control diet at 3 months (Supplementary
Figs. S1B and S2). Oxphos is necessary for intestinal Lgr5hi cells,
hematopoietic, and embryonic cells to function as stem cells (39–43).
NWD1 downregulated 58 of 132 genes in the Oxphos pathway at
3 months, confirmed in an independent mouse cohort also fed NWD1
orAIN76A for 3months (6).Mean expression of these genes decreased
by 14% and 11% in the datasets (Supplementary Fig. S3A), but the
overall altered profile was highly significant (P ¼ 10�26, Fisher exact
test in comparison with the �8,000 genes expressed). The down-
regulated gene expression and pathway profiles persisted at 12months
(Supplementary Figs. S1B, S2, and S3B), encompassing multiple genes
encoding subunits of each mitochondrial electron transport chain
complex (Supplementary Fig. S3C). Greatest downregulation for both
cohorts were Cox6a2 and Cox7a1 of cytochrome oxidase, the terminal
respiratory chain enzyme, and Sdhb, and Sdhd of complex II, succinic
dehydrogenase (Supplementary Fig. S3A), downregulated in colorectal
cancer and other cancers causing succinate accumulation and tumor
development (44, 45). In shift to control diet (Arm 3), 52 (82%) of
downregulated Oxphos genes increased toward control levels (Sup-
plementary Fig. S3B; P ¼ 10�18), reflecting GSEA reversal (Supple-
mentary Figs. S1B and S2).

Ppargc1a encodes Pgc1a, a master regulator of metabolism and
mitochondrial biogenesis (46, 47) and Ppargc1a overexpression
elevates mitochondrial biogenesis and function of colonic epithelial
cells, altering their fate (48). NWD1 for 3 months reduced Lgr5hi

ISC Ppargc1a expression by ≥60% in both mouse cohorts (Fig. 1B
and D, P ¼ 0.008 and 0.030), similarly decreased after 12 months of

NWD1 feeding (P ¼ 0.06), and switch to control AIN76A produced
levels indistinguishable from mice continuously fed AIN76A
(Fig. 1C). Pgc1a, the encoded protein, was highly expressed in
crypt cells of control mice, but much lower in crypts of NWD1 mice,
paralleling decreased expression of the gene in Lgr5hi ISCs (Fig. 1E).
The decrease was significant in NWD1 mouse crypts (P < 0.01), but
there was much lower expression, and no difference with diet, at any
position above 20 mm from the crypt base (Fig. 1F), confirmed by
decreased Ppargc1a expression in Lgr5hi cells, but not in Bmi1þ
cells most abundant in cells further up the villi (Fig. 1G). Cristae
density in crypt base epithelial cells decreased in NWD1 mice
(P < 0.01), with no change in Paneth cells at the base, or in cells
higher up (Fig. 1H and I). GFPhi cells of Lgr5EGFP mice fed NWD1
decreased by 60% (Fig. 1J, P ¼ 0.03) and their retention of
mitotracker dye decreased (Fig. 1K, P < 0.0001), an index of
mitochondrial function. Therefore, NWD1 suppressed Ppargc1a
expression, the encoded Pgc1a protein, and expression of many
genes encoding proteins of the electron transport chain, which
altered mitochondrial structure and membrane potential in stem
cells at the crypt base.

Mechanistic role of Ppargc1a downregulation
Ppargc1awas inactivated heterozygously or homozygously in Lgr5hi

cells of mice fed control diet (Lgr5EGFP-cre:ER, Ppargc1aloxp/þ or loxp/loxp,
Rosa26tom mice) by a single TAM injection 3 days before sacrifice.
FACs isolated intestinal epithelial cells (Epcamþ, CD45-negative)
were analyzed by scRNA-seq.

Sequence analysis of the single-cell libraries showed transcripts
proceeding into exons 3 to 5, the region targeted for deletion, were
reduced by 80% (P ¼ 0.016) in Lgr5hi cells of the homozygous
knockout mice (Supplementary Fig. S4A). In contrast, there was a
nonsignificant reduction of approximately half that (30%) in Lgr5hi

cells of the heterozygotes, and no differences in the total cell population
of WT, homozygous or heterozygous mice (Supplementary Fig. S4A,
and figure legend). These data confirm the expected inactivation of
Ppargc1a in relation to both genotype and Lgr5hi cell targeting.
Homozygous inactivation phenocopied effects of NWD1: lineage
tracing from Lgr5-positive cells was suppressed (Fig. 2A and B,
P ¼ 0.02), and crypt base columnar (CBC) cell cristae density
decreased (P < 0.05) with no alteration in Paneth or in villus cells
(Fig. 1H and I).

scRNA-seq identified 20 cell clusters that aligned with intestinal
cell types and lineages and a minor cluster not aligned (UK; <1% of
cells in any single-cell library; Fig. 2C and D). Cell representation
across clusters was similar among genotypes, but homozygous
inactivation significantly increased early enterocyte populations,
EC1 and EC2 (Fig. 2D). By developmental trajectory analysis
(Monocle), EC1 was proximal to dividing cells and then EC2
emerged, with other EC cells and lineages appearing further down-
stream (Fig. 2E–G), consistent with markers identifying cell

Figure 2.
Genetic inactivation of Ppargc1a in Lgr5 cells: A, Suppressed lineage tracing from Lgr5hi cells by homozygous inactivation of Ppargc1a in Lgr5cre:er-GFP,
Ppargc1aF/þ or �/�, Rosa26tom mice fed AIN76A diet, 3 days after a single TAM injection. B, Quantification of lineage tracing. N¼ 2 mice for each genetic group.
C, Cluster map and cell types (nine scRNA-seq libraries). D, Epithelial cell distribution in clusters/lineages in WT mice or with heterozygous or homozygous
Ppargc1a inactivation targeted to Lgr5hi cells; shown are stem cells, Replicating cells (R1, R2), Dividing cells (Div), multiple enterocyte populations (EC), Goblet,
Enteroendocrine (EE1, EE2), Paneth and Tuft cells and a minor unknown population that could not be aligned with markers (UK). E–G, Trajectory analysis
from scRNA-seq of total intestinal epithelial cells from WT mice or 3 days after heterozygous or homozygous Ppargc1a inactivation: yellow arrow, Stem cell
cluster; abbreviations as in C and D. H and I, Cell type distribution at branch point “a” and “b”, respectively (red arrows in E–G) of WT, het and hom inactivation
of Ppragc1a and GSEA of pathways of Ppargc1a�/� compared with WT mice at those branch points (numbers are P values). For C–I, N¼ 3 mice for each genetic
group.
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position along the crypt-villus axis (Supplementary Fig. S4B; ref. 49).
Therefore, increased EC1 and EC2 cell number suggests that
Ppargc1a inactivation in Lgr5hi cells reprogrammed dynamics of
cell maturation as cells undergo differentiation.

Progressivematuration of progenitors begins at the stem cell cluster,
characterized by branch points. Mitochondrial function suppresses
ability of Lgr5hi cells to function as stem cells (39–43), determines the
balance between stem cell self-renewal or differentiation (50), and
mitochondrial fusion and hence activation is necessary for ISC prog-
eny to differentiate (51). Therefore, cell-type representation was
determined at early developmental branch points. At branch point
“a,” developmental trajectory from the Replicating 1 cell compartment
(R1) bifurcates to secretory goblet or R2 cells (red arrow, Fig. 2E–G).
For bothWTandPpargc1ahetmice, R1 cells were themajor cell type at
branch point “a” with few or no stem cells (Fig. 2H) indicating
transition from stem to R1. However, with homozygous Ppargc1a
inactivation, 100% of cells at “a” still identified as stem cells, a highly
significant repression of reprogrammingwithmaturation from stem to
R1 cells (Fig. 2H; P ¼ 10�5, by a weighted linear regression based on
cell number at each cluster for each mouse). This altered cell distri-
bution at branch “a” with homozygous inactivation was characterized
by significant suppression of Oxphos, TCA cycle, cell cycle, and
glycolysis pathways (Fig. 2H), reflecting the altered mitochondrial
structure and function (Fig. 1H and I).

With further cell developmental progression, branch point
“b” was transition from R1 to R2 cells that differentiate into
enteroendocrine and Tuft cells (Fig. 2E–G). At “b,” most cells in
WT or het mice had progressed to the R2 compartment, but with
homozygous Ppargc1a inactivation, 90% remained in R1 (P ¼
0.016), with significant repression of the Oxphos pathway persisting
(Fig. 2I). Therefore, Ppargc1a inactivation altered stem cell mat-
uration to R1 cells, and repressed transition out of R1 with down-
regulation of the Oxphos pathway, and a parallel enrichment in the
glycolytic pathway.

Rapidity and reversibility of dietary alterations
scRNA-seq analyzed intestinal epithelial cells of mice fed AIN76A

for 3 months (Fig. 3A, Arm 1), switched to NWD1 for 4 days (Arm 2),
or 4dNWD1mice switched back again to AIN76A for 4 days (Arm 3).
Stem and progenitor cells, and all lineages were identified, with no
significant changes in cell distribution for clusters in these short time
periods (Supplementary Fig. S5A and S5B), and cell trajectory con-
firmed by expression of genes that characterize different positions
(Supplementary Fig. S4C). For the stem cell cluster, 4 days of NWD1
altered 30 pathways with high significance (P ¼ 10�3 to 10�43)
including repression (negative Z-score) of the TCA cycle and Oxphos
(P¼ 10�6 and 10�43, respectively;Fig. 3B andC). A total of 19 of the 30
pathways reverted to control values in 4dNWD1mice switched back to
AIN76A for 4 days, including the TCA cycle pathway, downregulated
by 4 days of NWD1 (P¼ 10�6), then upregulated when switched back
to AIN76A ((Fig. 3B and C). Expression of eight genes encoding TCA
cycle enzymes were downregulated by 4dNWD1 and reversed by
4 days switch-back toAIN76A (Fig. 3D), accounting for the significant
GSEA for dietary shifts (Fig. 3B andC). Four days ofNWD1decreased
expression of 51 Oxphos pathway genes (Fig. 3E), consistent with the
significant negative GSEA (P ¼ 10�43; Fig. 3B and C), but only 15
reversed on AIN76A switch back (Fig. 3E), reflecting the absence of
reversal by GSEA (Fig. 3C). Therefore, by 4 days after shift to NWD1,
stem cells at the crypt base underwent significant mitochondrial
reprogramming, in large part, but not entirely, reversed after 4 days
back to control diet.

Using stringent criteria (P ≤ 0.001), pathway changes caused by the
4-day switch to NWD1 were compared with changes at 3 days after
homozygous Ppargc1a inactivation targeted to Lgr5hi cells (Supple-
mentary Fig. S5C). Focus was on the Stem 1 and Stem 2 clusters, since
the targeted Lgr5hi cells are in these clusters at early timepoints. For
Stem 1, 17 of 25 pathways (76%) altered byNWD1were also altered by
Ppargc1a genetic inactivation, and for Stem 2, 15 of 24 (64%; Sup-
plementary Fig. S5C). For pathways altered by both diet and genetic
inactivation, extent of increase or decreasewas similar for both datasets
in both Stem 1 and 2 (Supplementary Fig. S5C), with considerable
overlap for the two clusters. Mitochondrial dysfunction was the most
highly enriched for both Stem 1 and 2, also reflected in Oxphos as the
most negatively enriched pathway for both interventions in both stem
cell compartments (green arrows, Supplementary Fig. S5C). The next
most enriched pathway for both clusters was Granzyme A signaling
that drives cell death and induces inflammation (52), potentially linked
to commonly enriched pathways for immunogenic cell death signaling
(red arrows), The third most commonly enriched pathway was Sirtuin
signaling (orange arrows), linked to histone modification and growth
control in cancers (53), and regulated at multiple levels by miR-
NAs (54), also a commonly altered pathway (black arrows). Finally,
Bag2 signaling, a mediator of Myc, Erk, p53, and other signaling
pathways, and linked to apoptosis and cell survival in cancer (55), was
also commonly enriched (blue arrows).

Subsets of pathways are also altered in Stem1 or 2 byNWD1 but not
altered at this stringency by Ppargc1a inactivation (Supplementary
Fig. S5C). Therefore, there was extensive overlap for the most dom-
inant effects, with the combination of nutrient changes in NWD1 also
having a broader impact on both stem cell compartments. For this
subset in Stem 2, the cell cycle:G1–S checkpoint pathway is altered only
by NWD1, of potential significance since this compartment harbors
the Bmi1þ, Ascl2 cells mobilized as alternate stem cells by NWD1
(below, Fig. 4).

A cascade of cell remodeling by diet
NWD1 expands the mouse intestinal proliferative cell com-

partment (27, 28), as in humans at elevated colorectal cancer
risk (29–32). Consistent with this, NWD1 induced lineage tracing
from Bmi1þ cells above the crypt base that persists for as long
as mice are fed NWD1 (6, 8), and targeting Apc inactivation to
Bmi1þ cells increased tumor development when mice were fed
NWD1, demonstrating that plasticity for alternate cells to function
as stem cells takes place in cell adaptation to their nutritional
environment (4–6).

scRNA-seq data were generated for Bmi1þ cells and their marked
epithelial cell progeny isolated from Bmi1cre-ERT2, Rosa26tom mice fed
diets for 3 months from weaning (Tomþ, Epcamþ, CD45-negative
cells). The Bmi1 marker was activated at 3 months by a single TAM
injection, and each mouse continued on its diet for 3 or 66–70 days
before sacrifice to analyze cells soon after marking, or in cells accu-
mulated over 2 months (Fig. 4A; Supplementary Fig. S6A and S6B).
There was similar cell distribution for the stem, replicating, dividing
cells and all lineages regardless of diet (Supplementary Fig. S6B and
S6C), and developmental trajectory was confirmed by expression of
markers that identify cell position along the crypt-luminal axis (ref. 49;
Supplementary Fig. S4D). Therefore, although NWD1 repressed
Lgr5hi ISC functions, the mucosa was maintained.

The stem cell transcription factor Ascl2 drives dedifferentiation
of Bmi1þ cells to replace damaged Lgr5hi cells (1, 2). Regardless of
diet or time after Bmi1þ cell marking, Ascl2 was expressed in the
Bmi1þ Stem1 and 2, Replicating and Dividing cells of the mice
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Figure 3.

Rapid reprogramming of cells by dietary shift: A,Mice fed AIN76A for 3 months (Arm1), switched to NWD1 for 4 days (Arm 2), or then switched back to AIN76A
for 4 days (Arm 3), total Epcamþ, CD45-negative epithelial cells FACs isolated and analyzed by scRNA-seq. B, Pathways significantly altered by rapid dietary
shifts and their negative log P value for significance of pathway change. C, Magnitude of change of each pathway under the different dietary conditions;
D, TCA cycle genes repressed by switching mice from AIN76A to NWD1 for 4 days and then elevated when mice switched back to AIN76A control diet for
4 days. E, Altered expression of each gene in the Oxphos pathway by 4-day shift from AIN76A to NWD1, and response of each to subsequent switch back
to AIN76A for 4 days. For A–E, N ¼ 3 mice for each arm in A.
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Figure 4.

scRNA-seq of Bmi1þ intestinal epithelial cells in response to diet: A, Rosa26tom marked Epcamþ, CD45-negative epithelial cells FACs isolated from Bm1cre:er,
Rosa26tom mice fed AIN76A or NWD1 for 3 months, then sacrificed at 3 or 66–70 days after TAM injection to activate the Rosatom marker (shorter, longer term,
respectively) and analyzed by scRNA-seq (N¼ 2 for each group).B,Cell trajectory analysis as a function of diet and time aftermarking by TAM injection: Blue arrows,
Ascl2 expressing cells among stem and progenitor cells; or yellow arrows, in goblet and enteroendocrine cells. C and D, Expression of Ascl2 per cell in Stem1, 2,
Replicating andDividing cell clusters: red arrow inD for Stem 2 cells is a population that expressedAscl2 at a higher level. ��� Thiswas highly significant by a likelihood
ratio test (P ¼ 0.01), by a negative binomial regression-negative binomial mixed-effect model, with regression and fit using R functions glm.nb and glmer.nb,
respectively (84), assuming each cell as independent, and number of Ascl2 reads for each cell as response. Furthermore, Ascl2 expression for NWD1-LT differed
significantly from the other three groups (P¼0.002) by post hoc analysis by a similar negative binomial, and the potential that the difference between NWD1-LT and
the other groups was randomwas P¼ 0.11, tested by a negative binomial mixed-effect model with mice per dietary group treated as random effects, indicating the
alternate hypothesis that effects were random is false. E, Ascl2 and Bmi1 expression by ISH in mice fed diets for 3 months: white dotted lines demark the crypt base.
For each of the four diet-timepoint groups analyzed in A–D, N ¼ 2 mice per group.
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(Fig. 4B, blue arrows, quantified in Supplementary Fig. S6D). A
small number of Tuft and goblet cells also expressed Ascl2 where
goblet and enteroendocrine lineages diverged (Fig. 4B, orange
arrows; Supplementary Fig. S6D).

Mean Ascl2 expression per cell among the four progenitor cell
compartments was highest in Stem2 (Fig. 4C).Ascl2 expression across
individual cells was low per cell for Stem 1, Replicating and Dividing
cells, with no difference by diet or length of time after cell marking

Figure 5.

A, Trajectory analysis of Bmi1þmarked cells at 3 or 66–70 days after Tam activation of the Bmi1 marker, annotated with individual cell types: red arrows/numbers
denote branch points analyzed. Cell types identified are stem cells, Replicating cells (R1, R2), Dividing cells (Div), multiple enterocyte populations (EC), Goblet,
Enteroendocrine cells (EE1, EE2), Tuft and Paneth cells. B and C, Cell type distribution at branch points “1” and “2” (red arrows in A), D, Ascl2 expression per cell at
branch point 2. For each of the four diet-timepoint groups analyzed in A–D, N ¼ 2 mice per group.
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(Fig. 4D). In contrast, for Stem2, expression per cell was heteroge-
neous, and a subset of Stem2 cells expressed elevated Ascl2 that
accumulated longer term [red arrow, Fig. 4D: highly significant by
linked statistical tests (Fig. 4 legend)]. ISH identified Bmiþ, Ascl2hi

expressing cells at the crypt base in AIN76Amice, but in NWD1mice,
elevated Ascl2 was in Bmi1þ cells above the crypt base (Fig. 4E), as in
mice after acute Lgr5hi cell damage (1, 2), although in NWD1 mice,
these cells were further above the crypt base (Discussion).

Mucosal remodeling by mobilized Bmi1þ cells
There were two early branch points among progenitor cell popula-

tions in the developmental trajectory of Bmi1þ derived cells (Fig. 5A,
red arrows 1 and 2). At branch point “1”, Stem1 cells give rise to
secretory lineages (enteroendocrine, goblet, and Paneth cells). At this
branch point, there were no significant changes in cell type represen-
tation by diet, shorter or longer after Bmi1þ cell marking (Fig. 5B). In
contrast, at branch point 2 leading to absorptive cell differentiation, in
Bmi1þ cells shorter term after marking (Fig. 5C, top), cells from
AIN76A control mice were equally divided between R and Div cells,
but in NWD1 mice, all cells remained in R with none in the Div cell
compartment (P ¼ 0.001), with identical patterns from independent
mice. This becamemore pronounced in Bmi1þ cells that accumulated
longer term (Fig. 5C, bottom): nearly all cells at branch point 2 of
AIN76A mice are Div cells, but for NWD1 mice, 100% of the cells
retained a transcriptional profile of R cells (P ¼ 0.001, independent
mouse replicates identical). Notably, R cluster cells at branch point 2
longer term after marking express much higher Ascl2 levels
(Fig. 5D, P ¼ 10�8) similar to the Bmi1þ, Ascl2hi cells that express
higher Ascl2 in Bmi1þ cells that accumulate in Stem2 of NWD1
mice (Fig. 4D) and the cells above the crypt base in NWD1 mice
(Fig. 4E). This dietary suppression of cell developmental progres-
sion was also reported in mice in which genetic manipulation of
mitochondrial structure downregulated stem cell function (51) and
in human patients with IBD (36), and was also identified by us in
aging mice, reversed by geroprotectors (56).

NWD1 cell reprogramming is proinflammatory and adaptive
Although Bmi1þmarked cells give rise to all lineages at equivalent

levels in NWD1 and AIN76A mice, NWD1 altered gene expression
profiles in all Bmi1þ cell populations both long- and short-term after
marking (≥50% and P ≤ 0.01). Transcriptome alteration was most
pronounced in enterocytes, greatest in the most mature EC7 enter-
ocytes accumulating longer term (Fig. 6A).

The pathway most enriched in Bmi1þ marked EC7 cells was anti-
gen processing and presentation (Fig. 6B; NES 1.75, P ¼ 0.009). The
CD74 gene characterizing this pathway is expressed in epithelial
cells (57–66), mediating interaction of Lgr5hi ISCs and their immune
environment (66). The fraction of cells expressing CD74 was highly
enriched across all cell clusters derived from Bmi1þ cells that accu-
mulated with time (Fig. 6C), paralleled by elevated expression per cell,

with much higher expression in EC7 mature enterocytes compared
with all other clusters (Fig. 6D, P ¼ 10�25, by negative binomial
regression analysis). CD74 interacts with proteins of the MHCII
complex to process and present cell surface antigens (61), and MHCII
complex genes also exhibited greatest upregulation in EC7 cells
(Supplementary Fig. S7A). These expression patterns are consistent
with CD74 andMHCII expression predominantly in cells in the upper
third of human villi (67), suggesting a unique role in these differen-
tiated cells.

Cell surface expression of CD74 characterizes dysplastic cells of
the intestinal epithelium, and cells of human Crohn’s, Ulcerative, and
Amebic colitis (63, 68, 69), chronic inflammation in each elevating colo-
rectal cancer risk. NWD1 is also proinflammatory, elevating serum
levels of inflammatory cytokines (23), and there was a 2- to 3-fold signi-
ficant increase in cells expressing CD3, a pan T-cell marker, in 3-month
NWD1 compared with AIN76A mice (Supplementary Fig. S7B–S7D).

The second most highly NWD1-enriched pathway in EC7 cells is
“Intestinal Immune Network/IgA production” (Fig. 6B; NES ¼ 1.50,
P ¼ 0.027). IgA is abundant in the intestinal and colonic mucosa,
generating a SigA complex interacting with the proinflammatory
myeloid cell FcaRI receptor. NWD1 also elevated F/480þ myeloid
cells (P ¼ 0.01; Supplementary Fig. S7E and S7F), also characterizing
protumorigenic IBD (70).

Multiple metabolic pathways were also altered in EC7 cells, includ-
ing Ppar signaling, cholesterol metabolism, and fat digestion/absorp-
tion (Fig. 6B), adaptive responses to increased fat (25%) in NWD1. In
the independent scRNA-seq data from rapid dietary cross-over
(Fig. 3A), fatty acid metabolism was elevated in all cell clusters by
the 4-day switch to NWD1 from AIN76A, and except for Goblet2 and
EE2, reverted for the clusters within 4 days of switch back to AIN76A
(Fig. 6E), consistent with rapid shift of metabolic pathways (Fig. 3B).

Another adaptive response to NWD1 was increased enterocytes
expressing Trpv6 in Bmi1þ marked cells, especially longer term
(Fig. 6G). Trpv6 encodes the enterocyte brush border channel medi-
ating calcium uptake under low dietary calcium conditions (71).
Therefore, it is likely elevated Trpv6 expression contributes to NWD1
micemaintaining serum calcium levels (23), despite lower calcium and
vitamin D3 in NWD1.

scATAC-seq data of epithelial cells of replicate mice fed AIN76A
control diet for 4months showed no areas of open chromatin structure
for eitherCp4a10 in enterocytes, a gene common tomultiple pathways
of fat metabolism, nor for the Trpv6 gene, but substantial accessibility
of chromatin structure at and upstream of the promoter of each for
replicate NWD1 fed mice (Fig. 6F and H), demonstrating classic
epigenetic transcriptional activation of these genes underlie the adap-
tive dietary response.

scRNA-seq established that Stem 1 harbored the Lgr5hi ISCs at the
crypt base, consistent with trajectory analysis identifying Stem1 at
initiation ofmaturation of all cell types/lineages (Fig. 4B). The Signace
“ReferenceMapping” function (NYGenomeCenter) aligned 1 of the 13

Figure 6.
NWD1 reprogramming and adaptation of cells: A, number of differentially expressed genes (>50% and P ¼ 0.01) in Bmi1 cell clusters of Supplementary
Fig. S6B. B, Heatmap of genes differentially expressed by diet in EC7 cells and cell pathways enriched (GSEA) as a function of diet in Bmi1þ EC7 cells longer
term after marking of Bmi1þ cells (statistical analysis in text). C, Fraction of cells in each cluster expressing CD74. D, CD74 expression per cell, in each cell
cluster as a function of diet and time after marking of Bmi1þ cells. E, GSEA for each cell cluster for the fatty acid metabolism pathway in the rapid dietary
cross-over experiment (Fig. 3A)—red bars, pathway change in mice fed AIN76A for 3 months, then switched to NWD1 for 4 days before sacrifice; blue bars,
the mice then switched back to AIN76A for 4 more days. F, scATAC-seq data for Cyp4a10 in enterocytes. G, scRNA-seq data for Trpv6 Bmi1þ derived cells
from AIN and NWD1 fed mice 3 days or 66–70 days after cells were marked (Fig. 4A). H, scATAC-seq data for Trpv6 in enterocytes for mice fed either
AIN76A or NWD1 for 4 months from weaning. For each of the diet-time point groups analyzed in A–D, F, and H, N¼ 2 mice for each diet-time point group; for
E, N ¼ 3 mice per group.
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scATAC-seq clusters with Stem 1 from the scRNA-seq data (Fig. 7A).
The number of cells in this stem cell cluster identified by scATAC-seq
decreased 50% in NWD1 mice compared with AIN76A (Fig. 7B,
P ¼ 0.009), independently confirming NWD1 epigenetic suppression
of Lgr5hi cells. For Ppargc1a, downregulated in Lgr5hi cells by NWD1,
the position and magnitude of accessible chromatin regions at the
promotor (“P”) in the Stem 1 cluster is similar regardless of diet
(Fig. 7C). However, in the boxed region of Ppargc1a, expanded
in Fig. 7D, “a” and “b” are areas harboring open chromatin regions
in AIN76A mice absent or substantially reduced in NWD1 mice,
quantified and shown to be highly significant (Fig. 7E). These regions
of reduced accessibility in NWD1 mice correspond to location of a
strong enhancer in the gene that regulates gene expression in intestinal
epithelial cells (Fig. 7C and D; Enhanceratlas 2.0). The scATAC-seq
data confirm NWD1 epigenetic downregulation of Ppargc1a expres-
sion, but likely by a more complex mechanism than altering acces-
sibility of sites at promoter.

Discussion
NWD1 adjusts multiple nutrient exposures to levels elevating risk

for human sporadic colon tumors causing rapid, reversible and hence
dynamic adaptation of stem cells and lineages through epigenetic
mechanisms that also alter pathways establishing a protumorigenic
environment. The data herein establish that increasing risk by NWD1
parallels pathogenic mechanisms of human inflammatory bowel
disease and human tumorigenesis in multiple ways: (i) low-level
chronic inflammation that is protumorigenic; (ii) NWD1 epigeneti-
cally reduced Ppargc1a expression in Lgr5hi ISCs and lower expression
also represses Lgr5hi cell stem cell functions in IBD (72–74). Further-
more, downregulation of the encoded protein, Pgc1a, exacerbates
human IBD (35), with both diet and IBD altering mitochondrial
structure, metabolically reprogramming the cells. This establishes
a link between Ppargc1a and mitochondrial function to IBD (dis-
cussed in refs. 73, 74), and Ppargc1a role in chronic protumorigenic
inflammation; (iii) NWD1 or genetic inactivation of Ppargc1a in
Lgr5hi cells retarded developmental maturation of cells migrating
along the crypt-lumen axis, similar to retarded cell differentiation in
human IBD along this axis determined by scRNA-seq (36); (iv)
NWD1 altered expression profile most extensively in mature villus-
tip enterocytes, with the most prominent change elevated CD74/
MHCII pathways of antigen presentation and processing. Highest
expression of these pathways is in upper villi of the human small
intestine (67) and upper crypt colonocytes (34), and the elevation by
NWD1 in the mouse parallels elevation of the pathways in human
Crohn’s, ulcerative, and amebic colitis (63, 68, 69), confirmed by
single-cell analysis of human IBD tissue (34), and also in Helico-
bacter pylori–infected gastric tissue (60, 75), chronic inflammatory
states increasing risk for human tumor development. In NWD1
mice, as in IBD, this is associated with increased proinflammatory
cytokines (23), and CD3 and myeloid cell mucosal infiltration
(Supplementary Fig. S7); (v) NWD1 induces high ectopic expres-
sion of Lyz and other Paneth cell markers in mouse colon (26),
similar to Lyz elevation in human IBD (34). scRNA-seq documen-
ted expression of these markers in cells of the human mucosa that
are not Paneth cells (76) and there is rapid alteration of Paneth cell
markers in mice fed a 60% fat diet (7). (vi) NWD1 induced extensive
remodeling of stem cells and lineages parallels cell reprogramming
in both the involved and uninvolved mucosa in human IBD (34, 36),
and in the earliest benign human tumors (77), demonstrating
remodeling is initiated early in the mucosa at dietary risk; (vii)

Establishment that the nutritional environment determines which
stem cells function in mucosal maintenance anticipates the recent
report that both Lgr5-positive and -negative stem cells support
human tumor growth, with the balance determined by the muta-
tional signature and environmental signals (33).

The substantially increased CD74/MHCII pathways by NWD1,
similar to that in involved and uninvolved mucosa in human IBD,
contrasts with the repression of these pathways in Lgr5 ISCs in
mice fed a 60% fat diet, suggested to be protumorigenic by damp-
ening immune surveillance (78). This raises a major issue: while
modeling human dietary exposure in the mouse is complex and
not readily achieved, better attention to this is similar to the
importance of more closely recapitulating human genetic influences
and in pharmacologic studies, compound exposure levels relevant
to humans. Reported data establish this is fundamental. For exam-
ple, commonly used 60% dietary fat to cause mouse obesity exceeds
fat intake in even obese humans, causing metabolic alterations
differing from those induced by dietary fat levels more common
in humans (11, 12). Furthermore, common rodent diets, including
high-fat diets, expose mice to levels of vitamin D exceeding the
mean level in humans by 200%–300%, and well above even the 1%
of the population at very highest levels (4, 6, 8, 5). This is
fundamental since robust expression of the vitamin D receptor is
a core component of the Lgr5hi ISC signature (79), and we estab-
lished an essential role of vitamin D in Lgr5hi stem cell function, as
in hair follicle and other stem cells (5, 8). As discussed in
detail (4–6, 8), the much lower vitamin D in humans may con-
tribute to the fact that it takes 50-fold longer for CBC stem cells in
humans to reach crypt clonality than in the mouse (1, 80, 81). Thus,
commonly used mouse diets establish a nutritional environment
that strongly supports Lgr5hi ISC functions, but this environment
necessary for robust Lgr5hi ISC function is simply not present in
nearly all humans, potentially complicating how well data translate
to human physiology and disease.

The significance ofmetabolic reprogramming of Lgr5hi stem cells by
NWD1 is emphasized by necessity of Oxphos for stem cell functions of
mouse Lgr5hi and Drosophila ISCs (39–41) and hematopoietic stem
cells (42), for embryonic stem cell pluripotency (43), and a major role
of mitochondrial function in determining whether stem cells self-
renew or differentiate (50). The repression of Lgr5hi cells as ISCs
recruits alternate Bmi1þ, Ascl2hi cells above the crypt base formucosal
maintenance. Ascl2 is regulated by Wnt signaling (82), elevated by
NWD1 throughout mouse intestinal villi and colonic cells (24–26).
Ascl2 encodes a stem cell transcription factor essential for Bmi1þ cell
dedifferentiation in response to Lgr5hi cell damage (1, 2). However, the
roles of Bmi1þ, Ascl2hi cells may differ in NWD1 versus damage
induced plasticity. Acute damage purges Lgr5hi ISCs, Ascl2hi cells
mobilizing tomigrate into the crypt restoring the stem cell population.
However, limited crypt space establishes competition among crypt
Lgr5hi cells (1), and single-cell laser ablation of crypt base cells triggers
reorganization of remaining stem cells, confirming importance of
physical space in regulating stem cell dynamics (83). It is not clear
whether crypt space is available in NWD1 fed mice. More important,
cells migrating into the niche would still be repressed by NWD1, and
reduced Lgr5hi cell lineage tracing from the crypt base, and Oxphos
and TCA pathway repression, persist to at least 1 year of feeding
NWD1 (ref. 8; Supplementary Figs. S1 and S2), with Bmi1þ cells above
the crypt base lineage tracing for months in mice continuously fed
NWD1 (6).

Tumors reflect growth advantage of transformed cells (1), but
tumorigenesis is rare: lower-risk individuals develop no sporadic
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Figure 7.

scATAC-seq data, stem cells:A, Clusters from the scATAC-seq data. B, Per cent Stem 1 cells in mice fed AIN76A or NWD1 based on the scATAC-seq data. C, scATAC-
seq data for thePpargc1a gene in the Stem 1 cluster. Box delineates region of diminished peaks inNWD1 comparedwithAIN76A fedmice, and Pdenotes the promoter
region.D,Boxed region inC expanded, with “a” and “b” denoting areaswithin this regionwhere peaks in AIN fedmice are substantially diminished in NWD1 fedmice.
E,Quantification of reads in regions a andb relative to reads at the promotor formice fed the different diets; statistical analysis by aPoisson regression on aggregated
read counts over all cells permouse, normalized by coverageper sample in thepromoter region ofPpargc1a.E,Mean�SD. ForA–E,N¼ 2mice for eachdietary group.
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tumors, and those at higher risk only one to two tumors despite
billions of mucosal cell divisions over decades, suggesting mechan-
isms establishing risk are subtle and complex. Therefore, it is
fundamental that the nutritional environment, through metabolic
reprogramming of stem cells, dynamically and continually sculpts
the playing field on which ISC competition takes place, signifi-
cantly influencing outcome.

Study limitations
Nutrients are interactive in programming stem cells and lineages,

emphasizing the importance of dietary patterns as drivers of tumor risk
and development rather than individual nutrients. However, human
dietary complexity and variability would require understanding large
matrices of interactions for a clearer understanding of the impact of
dietary variables. Furthermore, exacerbation of IBD by downregulation
of Pgc1a that alters mitochondrial function in stem cells establishes the
link to protumorigenic chronic inflammation, but the mechanistic
determinants in this cascade can include multiple roles of mitochondria
and their interaction with other cellular compartments not yet clear.
Finally, understanding coordination of extensive dietary induced
changes of gene expression in stem cells and lineages requires inves-
tigation of higher-order interactions among genes and regulatory
elements throughout the genome, which is now technically possible.
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