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Summary  
 
 NWD1, a mouse purified western diet uniquely relevant to human nutritional exposures 

elevating risk for human sporadic colon cancer rapidly and reversibly altered the stem cell 

signature and transcriptome of Lgr5hi intestinal stem cells.  Down-regulated Ppargc1a 

expression altered mitochondrial structure and function, metabolically reprogramming Lgr5hi 

cells, suppressing developmental maturation of their progeny as they progress through 

progenitor cell compartments. This recruited Bmi1+, Ascl2 cells, remodeling the mucosa, 

including cell adaptation to the altered nutritional environment and elevated pathways of antigen 

processing and presentation, especially in mature enterocytes, a pathogenic mechanism in 

human Inflammatory Bowel Disease resulting in chronic low-level pro-tumorigenic inflammation. 

Plasticity of intestinal cells to function as stem-like cells encompasses a physiological and 

continual response to changing nutritional environments, supporting historic concepts of tissue 

homeostasis as a process of continual adaptation to the environment, with important 
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consequences for mechanisms establishing probability for tumor development. The data 

emphasize importance of better reflecting human nutritional exposures in mouse models of 

development and disease.  

Introduction:   

     Dietary patterns are the major driver of risk for sporadic colon cancer (Keum and 

Giovannucci, 2019), accounting for the vast majority of the disease.  Therefore, impact of 

nutritional risk factors on intestinal stem cells and mucosal homeostasis is fundamentally 

important (Wei et al., 2017).  However, it is well documented that commonly used rodent diets 

do not establish nutrient exposures reflecting those linked to risk (Augenlicht, 2017b; Li et al., 

2019a; Li et al., 2019b; Peregrina et al., 2015; Bastias-Perez et al., 2020; Speakman, 2019) and 

Discusson).  The importance of this disconnect is illustrated by the fact that mouse intestinal 

stem cells reach crypt clonality in 6 weeks, but it takes 6 years - 50 times longer - in humans 

(Hodder et al., 2018; Nicholson et al., 2018; Shivdasani, 2021), likely due to the different 

nutritional environments of mouse and humans (Hodder et al., 2018; Nicholson et al., 2018; 

Shivdasani, 2021).  Thus, though modeling complexity and variability of the human diet is a 

major challenge, the necessity to better reflect human nutritional exposures in the mouse is no 

different from the well-accepted mandate that recapitulating human genetic alterations and 

regulatory networks in mouse models is fundamental for understanding etiology and mechanism 

of human disease.      

     Therefore, we have used a novel purified western-style diet (NWD1) to better reflect 

nutritional exposures causing risk for human intestinal tumors. Formulated on the principal of 

nutrient density, NWD1 adjusts exposure for the mouse of key nutrients each at its level linked 

to higher risk for human CRC (Newmark et al., 2001).  NWD1 is highly pro-tumorigenic, 

amplifying intestinal tumor phenotype in mouse genetic models regardless of genetic drivers 

(Yang et al., 1998; Yang et al., 2008b; Yang, 2003; Yang et al., 2001).  Most important, wild-

type mice fed NWD1 are the only model that develops sporadic colon and intestinal tumors, with 
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the etiology, incidence, frequency and lag with age of human sporadic colon cancer (Aslam et 

al., 2010; Newmark et al., 2001; Yang et al., 2008a). Thus, data from NWD1 mice are relevant 

to mechanisms establishing risk for most human colon cancer.   

     NWD1 fed mice are not obese, maintain calcium levels and bone mineral density, and reflect 

human metabolic syndrome: reduced energy expenditure without altered food consumption or 

physical activity, causing glucose intolerance, and increased pro-inflammatory cytokines (Bastie 

et al., 2012).  NWD1 reduces intestinal Lgr5hi cell lineage tracing, their mutation accumulation, 

and efficiency in tumor initiation, increasing these for an alternate stem cell population 

(Augenlicht, 2017a; Li et al., 2019a; Li et al., 2019b; Newmark et al., 2009; Peregrina et al., 

2015; Wang et al., 2011; Yang et al., 2008a)  consistent with the expanded proliferative 

compartment in NWD1 mice (Newmark et al., 1990; Newmark et al., 1991),  recapitulating well-

documented expansion of this compartment in humans at environmental or genetic risk (Lipkin 

et al., 1983; Lipkin and Newmark, 1985; Lipkin et al., 1981b).  

     Here we establish NWD1, in dramatically reprogramming Lgr5hi stem cells, down-regulates 

Ppargc1a expression, a master regulator of mitochondrial biogenesis, altering mitochondrial 

structure and function and metabolically reprogramming the cells, recapitulated by Ppargc1a 

genetic inactivation in Lgr5 cells. Single cell RNAseq analysis of both the NWD1 model and the 

Ppargc1a genetic knockout mice, coupled with novel cell trajectory branch point analysis, 

demonstrate the altered metabolic programming suppresses developmental maturation of stem 

cell progeny as they transit through progenitor cell compartments. As a consequence, Bmi1+, 

Ascl2hi cells above the crypt base are mobilized to maintain the mucosa, but remodel lineages 

to adapt to the nutritional environment. This also elevated pathways of antigen presentation and 

processing, a pathogenic mechanism establishing pro-tumorigenic chronic inflammation in 

human inflammatory bowel disease (de Jong et al., 2001; Ishigami et al., 2001; Lawrance et al., 

2001), (Beswick and Reyes, 2009; Xia et al., 2005), with inflammation also seen in the NWD1 

model.    
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         The rapidity and reversibility of programming with dietary shift establish that plasticity of 

intestinal epithelial cells to assume stem cell functions is not solely a damage response to 

restore homeostasis (Murata et al., 2020; Shivdasani et al., 2021) but also encompasses rapid 

response to dietary changes. The data support historic concepts of the “milieu interiuer” of  

Claude Bernard in the 1800’s, and Cannon’s coining of the term homeostasis in the 1940’s 

(Davies, 2016), each emphasizing homeostasis not as a state, but a process of continual tissue 

adaptation to changing environments. Thus, the mucosa is in constant flux in response to 

nutrients, with competitive advantages that oncogenic mutations provide to stem cells 

(Shivdasani, 2021) carried out on a playing field metabolically and physiologically sculpted by 

the nutritional environment.  

Results:  

NWD1 Impact on Lgr5hi cells:  Bulk RNAseq analyzed Lgr5hi cells from Lgr5EGFP-creER mice fed 

NWD1 or AIN76A control diet for 3 or 12 months from weaning (Fig1a: Arms 1,2), or 3 months 

NWD1 then switched to AIN76A and sacrificed at 12 months (Arm 3 –crossover). >95% of Lgr5hi 

stem cell signature genes (Munoz et al., 2012) were down-regulated at 12 versus 3 months, 

regardless of diet (Fig 1B,C). Within this down-regulation, NWD1 elevated expression of 78 

sequences at 3 months, 73 also up-regulated at 12 months (Fig 1D). In the crossover Arm 3, 64 

of 73 sequences up-regulated at 12 months (88%) reverted towards expression in AIN76A fed 

mice (Fig1D). NWD1 down-regulated 15 Lgr5hi cell signature genes at 3 months, most not 

persisting to 12 months, with no effect of dietary crossover (Fig 1D).  

     For the Lgr5hi cell transcriptome (~8,000 genes), NWD1 elevated and decreased expression 

of 164 and 63, respectively, at 3 months (Fig 1D), increasing 4-fold at 12 months to 551 and 

229 (Fig 1D), and reverted to more limited perturbation by dietary cross-over (Fig 1D).  

    By gene set enrichment analysis (GSEA), NWD1 up- and down- regulated 25 and 30 

pathways at 3 months, key pathway changes persisted to 12 months, and reverted to control 

levels in the cross-over arm (Fig 1E,F). Up-regulated DNA mismatch, base excision and 
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nucleotide excision repair (Fig 1E) are associated with decreased Lgr5hi cell mutation 

accumulation (Li et al., 2019b). NWD1 repressed TCA cycle and oxidative phosphorylation 

(Oxphos) (Fig 1F), reversed by shift to AIN76A.  The significance is that fatty acid oxidation and 

intact mitochondrial function are necessary for intestinal, hematopoetic and embryonic cells to 

function as stem cells (Chen et al., 2020; Ito et al., 2012; Khoa et al., 2020; Koehler et al., 2017; 

Rodriguez-Colman et al., 2017).  Therefore, down-regulated Oxphos and TCA cycle can drive 

the NWD1 suppression of Lgr5hi cell lineage tracing and tumor initiation.  NWD1 down-regulated 

58 of 132 genes in the Oxphos pathway at 3 months (Fig 2A), encompassing multiple subunits 

of each mitochondrial electron transport chain complex (Fig 2B),  confirmed by interrogating 

data from an independent cohort of 3 month fed mice (Li et al., 2019b) (Fig 2A).  Greatest down 

regulation in both cohorts were Cox6a2 and Cox7a1 of cytochrome oxidase, the terminal 

respiratory chain enzyme, and Sdhb, and Sdhd of complex II, succinic dehydrogenase (Fig 

2A,C). These are down-regulated in CRC and other cancers causing succinate accumulation 

and tumor development (Bardella et al., 2011; Zhang et al., 2013). Mean decreased Oxphos 

gene expression was 14% and 11% in the two data sets (Fig 2A), reflecting the high 

significance for GSEA negative enrichment, and persisted at 12 months (65 of 67 genes (97%) 

decreased by a mean of 10% (Fig 2D).  In crossover to control diet (Arm 3), 52 (82%) of down-

regulated genes increased towards control levels (Fig 2D), reflecting GSEA reversal (Fig 1F).  

In comparison to changes in the 8,000 expressed gene set, NWD1 Oxphos gene down-

regulation was significant (P=10-26, Fisher’s exact test) and also for genes up-regulated when 

switched back to AIN76A (P=10-18). 

     NWD1 reduced Lgr5hi cell Ppargc1a expression by ≥60% in both cohorts (Fig 3A,C), 

persisted to 12 months and reversed by dietary crossover (Fig 3B). Ppargc1a encodes Pgc1a, 

a key regulator of metabolism and mitochondrial biogenesis (Puigserver and Spiegelman, 2003; 

Wu et al., 1999), with overexpression elevating mitochondrial biogenesis and function and 

altering cell fate of colonic epithelial cells (D'Errico et al., 2011). NWD1 down-regulated Pgc1a 
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protein in crypt base cells, but with no change in villus cells above the crypt base (Fig 3D,E), 

and no alteration in Ppargc1a expression in isolated Bmi1+ cells throughout the mucosa (Fig 

3F). NWD1 decreased mitochondria cristae density in crypt base columnar cells (Fig 3G,H), 

paralleling NWD1 suppressed Lgr5 CBC cell lineage tracing (Li et al., 2019a; Peregrina et al., 

2015), but there was no change in cristae density in crypt Paneth cells or villus cells (Fig 3H).  

Lgr5hi GFP marked cells decreased 60% in NWD1 mice (P=0.03, Fig 3I,J,K) and staining of 

Lgr5hi GFP cells with Mitotracker red, an index of mitochondrial function, decreased (P<0.0001; 

Fig 3L).  

      Ppargc1a was inactivated in Lgr5hi cells hetero- and homozygously in control diet fed 

Lgr5EGFP-cre:ER-, Ppargc1aloxp/loxp or loxp/+, Rosa26tom mice.  Homozygous Ppargc1a inactivation 

phenocopied NWD1 effects: Lgr5+ cell lineage tracing was suppressed (Fig 4A,B, P=0.02), and 

CBC cell cristae density decreased with no alteration in Paneth or villus cells (Fig 3G,H).  Thus, 

NWD1 down-regulation of Ppargc1a contributes to NWD1 suppression of Lgr5hi stem cell 

function.             

      Single cell (sc)RNAseq analyzed FACs isolated intestinal epithelial cells (Epcam+, 

CD45neg) from mice 3 days after Lgr5 cell Ppargc1a inactivation. Twenty cell clusters were 

aligned by marker expression with intestinal cell types and all lineages (Fig S1A,B). A minor 

cluster could not be aligned (UK; <1% of cells in any single cell library). Cell proportion in each 

cluster was similar for all genotypes, but with a progressive increase of EC1 and EC2 cells with 

het and hom inactivation (Fig S1B).  Trajectory analysis placed EC1 proximal to Dividing cells, 

with EC2 emerging on that trajectory, and other EC cells and lineages arising further down-

stream (Fig 4C), the predicted progression consistent with markers identifying cell position 

along the crypt-villus axis (Fig S1C, (Moor et al., 2018)). Therefore, altered EC1 and 2 cell 

number proximal to progenitor cells was consistent with the short 3 days between Ppargc1a 

genetic inactivation and scRNAseq analysis.   
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     Oxphos is necessary for stem cell functions, and mitochondrial function also can determine 

whether stem cells retain self-renewal capacity or differentiate (Iwata et al., 2020). Therefore, 

progression of immature cells through progenitor cell compartments was investigated. At branch 

point “a”, developmental trajectory from the Replicating 1 cell compartment (R1) bifurcates to 

secretory goblet cell lineages or R2 cells (red arrow, Fig 4C).  For WT and Ppargc1a het mice, 

R1 cells were the major cell type at point “a” with few or no Stem cells (Fig 4D,E), indicating 

transition from Stem to R1 when cells reached this early branching point. However, with 

homozygous Ppargc1a inactivation, 100% of cells at “a” were Stem cells, a major repression of 

the re-programming with maturation from Stem to R1 cells (P=10-5, by a weighted linear 

regression based on cell number at each cluster for each mouse). Altered cell distribution at 

branch “a” with hom inactivation was paralleled by suppression of Oxphos, TCA cycle, cell 

cycle, and glycolysis pathways (Fig 4F), demonstrating metabolic reprogramming, but these 

were not altered in het inactivated mice, paralleling absence of change in cell type distribution.  

    With further cell maturation, branch point “b” was transition from R2 to enteroendocrine and 

Tuft cells (Fig 4C). At “b”, most cells in WT or het mice had progressed to R2, but with 

homozygous Ppargc1a inactivation, 90% remained in R1 (Fig 4G,H,I; P=0.016), with repression 

of the Oxphos pathway.  Therefore, homozygous Ppargc1a inactivation altered Stem cell 

transition to R1 cells, and repressed transition out of R1, linked to down-regulation of the 

Oxphos pathway and repressed lineage tracing overall, as was effect of NWD1 on Lgr5hi stem 

cells.   

Rapidity of dietary alterations:   scRNAseq analyzed intestinal epithelial cells of mice fed 

AIN76A for 3 months (Fig 5A, Arm 1), these mice switched to NWD1 for 4 days (Arm 2), and 

the 4d NWD1 mice switched back again to AIN76A for 4 days (Arm 3).  Stem, replicating, 

dividing cells and all lineages were identified, with no significant changes in cell distribution for 

clusters among the 3 arms. However, there was a bias towards increased Stem, R, and Dividing 

cells in Arms 2 and 3 consistent with the short time frame of dietary alteration (Fig S2A,B).  For 
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the stem cell cluster, 4 days of NWD1 altered 30 pathways (P=10-3 to 10-45) including repression 

(negative Z-score) of the TCA cycle and Oxphos (Fig 5B,C): 19 of the 30 pathways reverted to 

control values in 4d NWD1 mice switched back to AIN76A for 4 days, including the TCA cycle, 

but not Oxphos (Fig 5C). Thus, 8 genes encoding TCA cycle enzymes were down-regulated by 

4d NWD1 switch and reversed by 4d switch-back to AIN76A (Fig 5D), reflecting the significant 

GSEA for dietary shifts (Fig 5B.C). However, while 4d of NWD1 decreased expression of 51 

Oxphos pathway genes, reflecting the significant negative enrichment, only 15 of these reversed 

on switch back to AIN76A, reflecting lack of significant reversal (Fig 5B,C; Fig S3).   

     Trajectory analysis of cell maturation for rapid dietary shifts, consistent with markers for cells 

along the crypt-villus axis (Fig S2C), identified three early branch points (Fig 5E).  In AIN76A 

mice, 80% of cells at branch point “a” were Stem cells and 20% R, but after 4d switch to NWD1, 

Stem cells increased to 100% with no R cells (Fig 5F,G), approaching significance (P=0.068), 

paralleled by significant negative enrichment for Oxphos, DNA replication and cell cycle 

pathways (Fig 5H).  4d switch back to AIN76A did not reverse the decreased Oxphos pathway, 

but did reverse DNA replication and Cell Cycle pathways, favoring progression of cell 

maturation from the Stem cell compartment (Fig 5G).  Branch point “b” was bifurcation of 

maturing cells to R or dividing cells (Fig 5E): 100% of cells were R with no Div cells in AIN76A 

mice (Fig 5I,J) shifting to 90% R, 10% Div by 4d NWD1, but changing back to AIN76A did not 

shift this, with further decreases. These patterns were not statistically significant, but were 

concomitant with highly significant decreased Oxphos, DNA replication, glycolysis and the TCA 

cycle by 4d of NWD1 feeding, but only glycolysis and the TCA cycle significantly reversed by 

switching back to AIN76A, consistent with the critical role of metabolic state as a determinant of 

cell maturation (Fig 5K). There were no differences at branch point “c” with rapid dietary shifts, 

a point between secretory and absorptive cell differentiation, consistent with the short time 

frame precluding cells reaching branch point “c” (Fig S4).   
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    Therefore, rapid dietary shifts induced rapid, significant metabolic re-programming of cells in 

their progressive maturation through progenitor cell compartments, but cell programming 

changes at branch points were less robust than those induced by Ppargc1a inactivation, 

suggesting a longer time frame for dietary shifts in cell identity to accumulate. This becomes 

clear in Bm1+ cells mobilized by the NWD1.   

NWD1 mobilization of Bmi1+ cells:  Despite repressed Lgr5hi stem cell function, Western-style 

diets expand the mouse intestinal proliferative cell compartment (Newmark et al., 1990; 

Newmark et al., 1991), recapitulating expansion in humans at elevated CRC risk (Lipkin et al., 

1983; Lipkin et al., 1989; Lipkin and Newmark, 1985; Lipkin et al., 1981a). This suggests NWD1 

mobilizes cells above the crypt base, and NWD1 induced lineage tracing from Bmi1+ positive 

cells above the crypt base, persisting for months (Li et al., 2019b; Peregrina et al., 2015).  

Moreover, tumor development following targeting Apc inactivation to Bmi1+ cells was increased 

by feeding NWD1, paralleling their NWD1 induced lineage tracing acquisition (Li et al., 2019a; Li 

et al., 2019b).  

     Mucosal Bmi1+ cells encompass multiple epithelial cell types, some induced by Lgr5hi cell 

damage to dedifferentiate to reconstitute the stem cell compartment (Murata et al., 2020; 

Shivdasani, 2021).  To dissect dietary impact on Bmi1+ cells, these cells and their marked 

epithelial cell progeny were isolated from Bmi1cre-ERT2, Rosa26tom mice fed diets for 3 months 

from weaning (Tom+, Epcam+, CD45neg), at 3 days after Tam injection (shorter), or after 

marked cells accumulated for 66-70 days after Tam (longer) (Fig 6A).  scRNAseq identified 

stem, replicating, dividing, and all cell lineages (Fig S5), with similar cell distributions among cell 

types regardless of diet (Fig 6B). Therefore, despite NWD1 repressing Lgr5hi stem cell 

functions, the mucosa was maintained.   

     Trajectory analysis, consistent with markers identifying cells along the crypt-villus axis (Fig 

S5C), predicted two main branches for enterocyte and secretory cells arising from stem, 

replicating and dividing cells, similar regardless of diet or time post Tam marking (Fig 6C).   
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     Expression of the stem cell transcription factor Ascl2 causes dedifferentiation of Bmi1+ cells 

to replace damaged Lgr5hi cells (Murata et al., 2020; Shivdasani, 2021).  Regardless of diet or 

time post Bmi1+ cell marking, Ascl2 expression was most abundant in Stem1 and 2, Replicating 

and Dividing cells (Fig 6D blue arrows,E,F).  A small number of Tuft and goblet cells also 

expressed Ascl2 where goblet and enteroendocrine lineages diverged (Fig 6D, orange arrows, 

and 6E).  

    Among progenitor cells, Ascl2 expression was highest in Stem2 (Fig 6F), with expression per 

cell heterogeneous, unlike for Stem1, R, or Div cells (Fig 6G). A subset of Stem2 cells in NWD1 

mice longer term after marking expressed higher Ascl2 (Fig 6G, red arrow), a pattern highly 

significant by multiple tests (Methods). 

     Ascl2hi expressing cells were confined to the crypt base in AIN76A mice (Fig 6H), but in 

NWD1 mice, elevated Ascl2 was in cells above the crypt base that co-expressed Bmi1+ (Fig 

6H), as in mice after acute Lgr5hi cell damage (Murata et al., 2020; Shivdasani, 2021) 

     There are 2 early trajectory branch points among progenitor cell populations (Fig 6C, red 

arrows). At branch point “1”, Stem1 cells give rise to secretory lineages.  In AIN76A mice, 80% 

of branch point “1” cells were Stem1, with 20% Stem2 in short term marked cells, but for NWD1 

fed mice 100% of cells were Stem1 (Fig 6I). Longer term after marking (66-70d post Tam), all 

cells at branch point “1” were Stem1 cells regardless of diet. At branch point “2”, Stem1 cells 

diverged to Replicating and Dividing cells (Fig 6C).  Shorter term after marking, for AIN76A 

mice, branch 2 cells were equally distributed between R and Div cells, but longer term, shifted to 

10-20% R and 80-90% Div. However, for mice fed NWD1 either shorter or longer term, 100% of 

cells at branch 2 were R cells (Fig 6I). Dietary differences at branch point 2 were highly 

significant longer and shorter term after cell marking (P=0.001). Bmi1+ cells in R longer term 

after marking express much higher Ascl2 levels (Fig 6J; P=10-8).  These R cells, predicted to 

produce Stem2 cells, thus already express Ascl2 at high levels, similar to the Stem2 subset in 
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NWD1 mice longer term after marking (Fig 6G), and may be their direct precursors 

accumulating in the NWD1 mice (Fig 6H).   

NWD1 Impact on enterocytes:   NWD1 altered expression profiles in all Bmi1+ cell populations 

both long and short term after marking, most pronounced in enterocytes, and greatest in EC7 

enterocytes accumulating longer term (Fig 7A). EC7 is predicted to be the most mature 

enterocyte cell population (Fig 6C), confirmed by markers that identify villus tip cells ((Moor et 

al., 2018), Fig S5B,C, arrows).  

    The EC7 cell pathway most extensively enriched by NWD1 mediates antigen processing and 

presentation (Fig 7B,C). CD74 in this pathway is expressed in epithelial cells (Beswick and 

Reyes, 2009; Biton et al., 2018; Collins et al., 1984; Gold et al., 2010; Ishigami et al., 2001; 

Jiang et al., 1999; Momburg et al., 1986; Schroder, 2016; Tamori et al., 2005; Volc-Platzer et 

al., 1984), and in mouse Lgr5hi stem cells, mediates interaction between stem cells and their 

immune environment (Biton et al., 2018). CD74 interacts with proteins of the major histo-

compatability II (MHCII) complex to process and present cell surface antigens (Schroder, 2016), 

and MHCII complex genes were also upregulated in EC7 cells (Fig S6). The percent of cells 

expressing CD74 in this pathway was elevated in every Bmi1+ cell cluster accumulating longer 

term (Fig 7D), but the much greater increase in level of expression per cell for EC7 cells was 

highly significant (Fig 7E; P=10-25
, by negative binomial regression analysis), consistent with 

reported expression of the CD74/MHCII complex predominantly in cells in the upper third of villi 

(Wosen et al., 2018), suggesting a unique role in these differentiated cells, 

     Cell surface expression of CD74 characterizes dysplastic cells of the intestinal epithelium, 

and cells of Crohn’s, Ulcerative, and Amebic colitis in the human (de Jong et al., 2001; Ishigami 

et al., 2001; Lawrance et al., 2001), with chronic inflammation in each linked to elevated CRC 

risk.  NWD1 is also pro-inflammatory, elevating serum levels of inflammatory cytokines (Bastie 

et al., 2012), and there was a 2-3 fold increase in cells expressing CD3, a pan T cell marker, in 
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3 month NWD1 compared to AIN76A mice, significant when quantified by CD3 cells/villus 

(P=0.008), or percent area/villus epithelial column expressing CD3 (P=0.015) (Fig S7A,B,C).  

       The second most highly enriched pathway in EC7 cells in NWD1 is “Intestinal Immune 

Network/IgA production” (Fig 7B,C).  IgA is abundant in the intestinal and colonic mucosa, 

modified as it traverses into and out of the lamina propria to form an SIgA complex interacting 

with the FcαRI receptor on myeloid cells, which is pro-inflammatory.  F/480+ myeloid cells in the 

mucosa were also elevated by NWD1 (P=0.010; Fig. S7D,E), also characterizing pro-

tumorigenic IBD (Breedveld and van Egmond, 2019).  

     The next three most highly enriched pathways in EC7 cells are Ppar signaling, cholesterol 

metabolism, and fat digestion/absorption (Fig. 7B,C), adaptive responses to increased fat (25%) 

in NWD1. With rapid dietary cross-over (Fig. 5A), fatty acid metabolism was elevated in all cell 

clusters after 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. 7F), consistent with rapid shift of 

metabolic pathways (Fig 5).  A second adaptive response was increased Trpv6 in enterocytes 

of 3-month NWD1 fed mice, shorter and longer term after Bmi1+ cell marking (Fig. 7G). Trpv6 

encodes the enterocyte brush border calcium channel, mediating calcium uptake under low 

dietary calcium conditions (Suzuki et al., 2008).  Therefore, elevated Trpv6 expression is how 

NWD1 mice maintain serum calcium levels (Bastie et al., 2012), despite lower calcium and 

vitamin D3 in NWD1.  Thus, lineages adapted to nutritional environments rapidly. 

Discussion:   

        Rapidity and reversibility of NWD1 altered stem cell signature genes and Lgr5hi cell 

expression profile overall establish that nutrient exposures impose continual flux on how cells 

function as intestinal stem cells, with important implications. First, cells cycling among states 

impacts mutation and epigenetic alterations and their penetrance, and NWD1 decreased Lgr5hi 

cell mutation accumulation while increasing mutational burden from the expanded Bmi1+ cell 

population (Li et al., 2019a; Li et al., 2019b). Second, epigenetic “history” of a cell dictates its 
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future course and responses to signals (Gonzales et al., 2021).  Third, impact of onco- and tumor 

suppressor genes and key regulators are always context dependent, with major differences in the 

role and regulation of such genes among tissues and lineages in both normal functioning and as 

drivers of disease.  Indeed, adjusting dietary vitamin D or calcium altered Lgr5hi cell expression 

profile, but altered profile was dependent on the overall dietary context in which these specific 

nutrients were changed (Li et al., 2019b). In this regard, adjusting individual components of 

NWD1, or feeding high fat diets, do not reproducibly cause mouse sporadic tumors, but the 

combination of nutrient adjustments in NWD1 does.  Thus, capturing complex nutrient 

interactions, while challenging, is fundamental (Steck and Murphy, 2020). 

      NWD1 rapidly and persistently down-regulated Ppargc1a in Lgr5hi cells repressing the 

Oxphos and TCA cycle pathways, recapitulated by genetic inactivation of Lgr5 cell Ppargc1a, 

and in both cases repressed the developmental maturation of stem cell progeny as they 

progressed through progenitor cell compartments.  The fundamental significance of this is 

emphasized by necessity of Oxphos for mouse Lgr5hi and Drosophila intestinal stem cells to 

function as stem cells (Chen et al., 2020; Rodriguez-Colman et al., 2017; Koehler et al., 2017), 

for hematopoietic stem cell functions (Ito et al., 2012),  for embryonic stem cell pluripotency 

(Khoa et al., 2020), and role of mitochondrial function in determining whether stem cells self-

renew or differentiate (Iwata et al., 2020).  

     NWD1 elevated Ascl2 expression in a Bmi1+ cell population above the crypt, a stem cell 

transcription factor essential for Bmi1+ cell dedifferentiation in response to Lgr5hi cell damage 

(Murata et al., 2020; Shivdasani, 2021).  Ascl2 is regulated by Wnt signaling (Schuijers et al., 

2015),  which is elevated by NWD1 throughout cells of the intestinal villi and the colonic mucosa 

(Augenlicht et al., 1991; Wang et al., 2011; Yang et al., 2008a). However, the role of Bmi1+, 

Ascl2hi cells likely differs in dietary versus damage induced plasticity. Acute damage purges 

Lgr5hi crypt base stem cells, with Ascl2 mobilized cells migrating into the crypt, restoring crypt 

organization. However, limited crypt space establishes competition among crypt Lgr5hi cells 
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(Shivdasani, 2021), and single cell laser ablation of crypt base cells triggers division and 

reorganization of remaining stem cells, confirming importance of physical space in stem cell 

dynamics (Choi et al., 2018). In contrast, with chronic NWD1 feeding, crypt space may be 

limited for replacement cells, and Lgr5hi stem cells migrating into the niche would still be 

repressed by NWD1. Potential selection for repopulating cells resistant to NWD1 repression is 

unlikely, since reduced Lgr5hi cell lineage tracing, and Oxphos and TCA pathway repression, 

persist to at least 1 year of feeding NWD1(Peregrina et al., 2015) (and figure 1F), and marked 

Bmi1+ cells above the crypt base lineage trace for months in mice continuously fed NWD1(Li et 

al., 2019b).  

      NWD1 altered expression profiles of all lineages, most extensively in mature, villus tip EC7 

enterocytes, with the greatest change elevation of CD74 and MHCII pathways that interact in 

processing and presenting antigens to the cell surface.  A 60% fat diet repressed these 

pathways in Lgr5hi cells, suggested to be pro-tumorigenic by dampening immune surveillance 

(Beyaz et al., 2021).  The contrasting results in the NWD1 and 60% fat diet models can be due 

to: first, substantial differences in dietary formulation; second, the dependence of pathway 

repression by 60% dietary fat on mouse microbiome composition, differing significantly among 

mouse rooms at the same institution (Beyaz et al., 2021), and likely different among institutions 

and with different diets; third, NWD1 pathway elevation is in cells derived from mobilized Bmi1+, 

Ascl2hi cells, not a feature of the 60% fat model, with the interesting possibility that response 

may be a function of stem cell of origin. Most important, however, the NWD1 increase in these 

pathways recapitulates results in humans, with highest expression reported in the upper villi of 

the human small intestine (Wosen et al., 2018).  Moreover,  NWD1 increased pro-inflammatory 

cytokines (Bastie et al., 2012), and CD3 and myeloid cell mucosal infiltration, paralleling 

elevation of the CD74/MHCII pathway in human Crohn’s, Ulcerative, and Amebic colitis, (de 

Jong et al., 2001; Ishigami et al., 2001; Lawrance et al., 2001), confirmed by single cell analysis 

of human IBD tissue (Parikh et al., 2019), and also in H.pylori infected gastric tissue (Beswick 
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and Reyes, 2009; Xia et al., 2005). Each arevchronic inflammatory states increasing risk for 

human tumor development. Extending the parallel, NWD1 altered CD74 expression 

most extensively in mature EC7 cells, similar to upper crypt colonocytes exhibiting 

greatest increase in IBD (Parikh et al., 2019), and NWD1 induces high ectopic expression of Lyz 

and other Paneth cell markers in mouse colon (Wang et al., 2011), similar to Lyz elevation in 

human IBD tissue (Parikh et al., 2019).    

    Thus, stem cell functions and homeostasis in NWD1 mice differ from reports on mice fed 

commonly used diets, but such diets do not reflect human nutrient exposures.  For example, 

60% fat diets modeling obesity greatly exceed fat consumed by even obese humans, inducing 

mouse metabolic alterations different than those induced by 45% fat also causing obesity but 

better reflecting fat consumption of humans at higher CRC risk (Bastias-Perez et al., 2020; 

Speakman, 2019).  Additionally, all commonly used mouse diets, including 60% fat diets, 

establish mouse vitamin D3 levels representing “zero” per cent of the human population: 200-

300% higher than the population mean, 500% higher than levels linked to higher risk for CRC, 

and ~50% higher than the highest level in only 1% of  the population (Augenlicht, 2017b; Li et 

al., 2019a; Li et al., 2019b; Peregrina et al., 2015). This is fundamental: Lgr5hi cell vitamin D 

receptor (Vdr) expression is down-regulated in Lgr5lower daughter cells leaving the stem cell 

niche (Munoz et al., 2012), suggesting Vdr requirement for Lgr5hi stem cell function, as in hair 

follicle stem cells (Demay et al., 2007).  Further, lower vitamin D3, or Lgr5 cell Vdr inactivation, 

reduces Lgr5 cell lineage tracing, concomitantly decreasing their tumor initiating efficiency (Li et 

al., 2019a; Li et al., 2019b; Peregrina et al., 2015). Therefore, mice fed common diets likely do 

not reflect the complexity of how and which intestinal stem cells function in humans, contributing 

to the fact that crypt stem cell clonality takes about 50 fold longer in humans than in mice 

(Hodder et al., 2018; Nicholson et al., 2018; Shivdasani, 2021).  
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       Nutrient induced field effects are a hallmark in prevention research (Lochhead et al., 2015), 

interactive with oncogenic mutations, such as the parallels between altered lineage tracing from 

Lgr5hi and Bmi1+ cells in mice fed different diets and their altered efficiencies in initiating tumors 

(Li et al., 2019b; Peregrina et al., 2015). Further, in clonal hematopoiesis and leukemia, extrinsic 

factors influence the fluctuating outgrowth of dominant clones with oncogenic mutations 

(Stauber et al., 2021). 

      Tumors reflect successful growth advantage of transformed cells (Shivdasani, 2021), but 

this is very rare: lower-risk individuals develop no sporadic tumors, but those at higher risk, only 

1-2  despite many billions of mucosal cell divisions over decades, suggesting mechanisms 

establishing risk are subtle and complex. Therefore, it is fundamental that the nutritional 

environment dynamically and continually sculpts the playing field on which intestinal stem cell 

competition takes place.  

 

Experimental Procedures:  

Mice:  Mice, all on a C57Bl/6J background, were provided food and water ad libitum in a barrier 

facility at the Albert Einstein College of Medicine.  For breeding, strains were fed a chow diet 

(Picolab 5058, Fisher Feed, Branchburg, NJ). Genotyping was by PCR of DNA from tail clips at 

5 days following birth, using published primers and methods.  Appropriate genotypes were 

randomized to purified diets (AIN76A, D10011; NWD1, D16378C; Research Diets Inc, New 

Brunswick, NJ).  Mice of both genders were used (a total of 25 male and 20 female mice). 

Tamoxifen in corn oil was given as a single injection (Sigma, T5648, 100µl, 1mg/µl).  

Experiments were approved by the Albert Einstein Institutional Animal Care and Use 

Committee.   

Isolation of intestinal epithelial and Lgr5hi cells:  Lgr5EGFP,cre:ERT2 mice were sacrificed, 

excised intestines opened longitudinally, rinsed with cold saline, crypts isolated, single cell 
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suspensions prepared, cells sorted by FACs, and the 2-3% of cells with highest green 

fluorescence collected, as described (Li et al., 2019) 

Bulk RNAseq analysis: construction of bulk RNAseq libraries, sequencing and data analysis 

were as described (Li et al., 2019).  

Single cell RNAseq:  Intestinal cells were isolated as above, re-suspended in antibody staining 

buffer, blocked with FcR Blocking Reagent (Miltenyi Biotec, 05244 T-30), washed and pelleted, 

then incubated for 20 minutes at 40C with, EpCAM-FITC (Miltenyi Biotec, Clone caa7-9G8, Cat 

No. 130-123-674) and CD45-PerCP (Miltenyi Biotec, Clone 30F11, Cat No. 130-123-879).  Cells 

were sorted by FACs on a MoFlo instrument and Epcam positive, CD45 negative total or Bmi1+ 

epithelial cells collected.     

      Single cell RNAseq (scRNAseq) libraries were constructed by the Albert Einstein Genomics 

Core using the 3’ kit protocols of 10X Genomics (San Francisco, CA) with approximately 10,000 

single FACS collected cells from each mouse loaded onto a Chromium Chip B microfluidic 

apparatus (10X Genomics). Library quality was verified by size analysis (BioAnalyzer; Agilent, 

Santa Clara, CA) and after passing quality control assays, multiple libraries were mixed and 

sequenced by HiSeq PE150 or NovaSeq PE150 using pair-end sequencing, with a readout 

length of 150 bases (Novogene; Sacramento, California), 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), these from each mouse 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 5000-8000 individual cells identified for each sample, and unique 

molecular identifiers (UMI) identified to remove PCR duplicates. Quality control and downstream 

analyses were done in R v4.0.2, using Seurat package v3.2.2 (Stuart et al., 2019). To discard 

doublets or dead cells, cells with gene counts <200 or >5000, or a mitochondrial gene ratio 

>20%, were filtered out. Cells from different samples were integrated using Seurat 
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FindIntegrationAnchors and IntegrateData functions, clusters identified from each of integrated 

data set using the Seurat FindClusters function. This calculates k-nearest neighbors according 

to Principle Component Analysis, constructs a shared nearest neighbor graph, and then 

optimizing 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 using Seurat FindMarkers function. Differential gene expression compared 

samples among experimental groups: initial criteria were an expression change of ≥1.5 fold with 

associated adjusted P-value of <0.01 in group comparison (Seurat FindMarkers function). 

Pathway analysis was performed on differentially expressed genes using clusterProfiler R 

package v3.16.1 and the KEGG pathway database (KEGG.db R package v3.2.4); gene set 

enrichment analysis (GSEA) used the fgsea R package v1.14.0, the MSigDB (v5.2) hallmark 

gene set and the KEGG pathway database.  Pathways at P <0.05 were considered statistically 

significant. Trajectory analysis used Monocle3 R package v0.2.3.3 (Trapnell et al., 2014) with 

cluster information and cell-type identifications migrated from Seurat using an in house 

computer script, the integrated dataset divided among different experimental conditions, and 

trajectories generated for each dietary or genetic condition.  

      RNAseq data have been deposited in the NCBI Gene Expression Omnibus (GEO) 

database: bulk RNAseq (Fig 1) - GSE186811; scRNAseq (Fig 4, Ppargc1a inactivation) - 

GSE188339; scRNAseq (Fig 5, rapid dietary crossover) - GSE188577; scRNAseq (Fig 6,7, 

Bmi1+ cells) - GSE188338. 

In situ analyses: Sections of Swiss rolls of mouse intestines fixed in 10% formalin were de-

waxed and rehydrated.  Reagents were from Advanced Cell Diagnostics (Newark, CA). 

Endogenous peroxidases were quenched and heat induced epitope retrieval done utilizing the 

RNAscope Multiplex Fluorescent Reagent Kit v2 (Cat. No.  323100) and the RNAscope 

Multiplex Fluorescent Assay v2 protocol followed.  RNAscope target probes for Bmi1 and Ascl2 

Cat No. 466021, 412211, respectively) were hybridized to sections and amplified using the 
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HybEZ Hybridization System (Cat No. 310010).  Secondary TSA fluorophores from Akoya 

Biosciences were Opal 620 (channel 1, Cat No. FP1495001KT) and Opal 570 (channel 2, 

FP1488001KT), sections counterstained with Dapi and visualized using a Leica SP8 confocal 

microscope (20X magnification).   

Immunohistochemistry:  Swiss roll sections were de-waxed, rehydrated, endogenous 

peroxidases blocked (3% hydrogen peroxide in methanol) and heat induced epitope retrieval 

done with 10 mM Sodium citrate buffer (pH 6.0) for all antibodies.  Tissues were incubated 

overnight at 40C with primary CD3 antibody (Novusbio, Littleton, CO, 1:10 dilution of NB600-

1441). Protein block and secondary antibody for CD3 employed ImmPRESS-Alkaline 

Phosphatase Horse Anti-Rabbit IgG Polymer Kit-Alkaline Phosphatase (Vector Laboratories, 

Burlingame, CA, Cat No. MP-5401).  F4/80 antibody (1:200, Cell Signaling, Denvers, MA, Cat 

No. 70076, Cell Signaling, Denvers, MA) was incubated on tissue overnight at 40C.  Secondary 

antibody was SignalStain® Boost IHC Detection Reagent (HRP, Rabbit, Cell Signaling, Cat No. 

8114).   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% paraformaldehyde in 

0.1 M 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 (LADD 

Research Industries, Burlington VT).  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 120kv. Images were captured at a magnification of 800X, and at 5000X for 

quantitative measurements of mitochondrial size and cristae density.  

Mitochondrial membrane potential: Crypts, isolated as reported, were dispersed into single-

cell suspensions, and cells incubated with MitoTrackerTM Red FM (Invitrogen, Cat # M22425, 

25nM) for 20 min at 37 °C.  Zombie NIR (Invitrogen, Cat # L10119) was added at the end of the 
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incubation to mark dead cells. Flow cytometry used a Cytek Aurora Instrument (Cytek 

Biosciences). Data were analyzed using Flowjo 10 software (Treestar Inc.).  

Statistical Analysis of Ascl2 expression in Stem2: Fig 6G of the manuscript shows higher 

expression of Ascl2 for a subset of cells in Stem2 for NWD1 mice longer term after Tam 

injection.  The statistical significance of this minor cell population was determined in comparison 

to the other 3 mouse groups. A likelihood ratio test was significant (P=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 (Bates et al., 2015), assuming each cell as 

independent, and number of Ascl2 reads for each cell as response). Post-hoc analysis by a 

similar negative binomial regression showed NWD1-LT differed significantly from the other 3 

groups in Ascl2 expression (P=0.002). Finally, potential that the difference between NWD1-LT 

and the other groups was random was tested using a negative binomial mixed effect model with 

mice per dietary group treated as random effects; the likelihood ratio test was P = 0.11, 

indicating the alternate hypothesis that effects were random is false. 
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Figure Legends: 

Figure 1: Bulk RNAseq analysis of Lgr5hi cells:  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, Expression ratio at 12 vs 3 months of 504 genes of an Lgr5hi stem cell signature 

(Munoz et al., 2012), for AIN76A or NWD1 fed mice. C, percent of the 504 genes with 

expression ratio greater or less than 1 at 12 vs 3 month; D, number Lgrhi cell sequences up or 

down-regulated for stem cell signature genes, or ~8,000 expressed genes in the  experimental 

arms; E, pathways upregulated (green) or F, downregulated (red), by GSEA analysis, in Lgr5hi 

cells after feeding NWD1 for 3 or 12 months, and in diet reversal.  For each pathway, columns 

are NES, P-value, and FDR (false discovery rate).   

Figure 2: Dietary Impact on Oxphos genes in Lgr5hi cells: A, Expression ratio of oxphos 

pathway genes in mice fed NWD1 vs AIN76A for 3 months (Fig 1A) and from interrogating an 

independent RNAseq data set (Li et al., 2019b); B, down-regulated expression of Oxphos genes 

in each complex of the mitochondrial electron transport chain; C, expression ratio at 3 months of 

feeding NWD1 vs AIN76A in each independent data set, or D, at 12 months, mean decrease, 

and number and % of genes reversed by dietary cross-over.  
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Figure 3: Dietary Impact on Ppargc1a and mitochondria:  Lgr5hi cell Ppargc1a expression 

from: A, B,  bulk RNAseq data bases of Fig 1A; C, interrogation of a previously reported bulk-

RNA seq data bases at 3 months of feeding;  D, immunohistochemical detection of Pgc1 in 

crypts of mice fed diets for 3 months; E, quantitation of Pgc1a immunohistochemistry by position 

along the crypt-villus axis; F, Ppargc1a expression in Lgr5hi and Bmi1+ cells from scRNAseq 

analysis of mice fed different diets for 3 months (Fig 6); G, crypt base cell electron microscopy 

in mice fed different diets, arrows indicate cristae (800X);  H, quantitation of mitochondrial 

cristae density in CBC, Paneth, and villus cells evaluated at 5000X magnification; I,J,K FACs 

analysis Lgr5hi cell number, and L, Mitotracker staining, of mice fed diets for 3 months. 

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

Figure 4: Genetic inactivation of Pprargc1a in Lgr5 cells: A, suppressed lineage tracing 

from Lgr5hi cells by homozygous inactivation of Ppargc1a in Lgr5cre:er-GFP, Ppargc1aF/F or F/+, 

Rosa26tom mice fed control diet, 3 days post a single Tam injection, and B, quantitation; C, 

trajectory analysis of cells analyzed by scRNAseq of total intestinal epithelial cells from wild-type 

mice or 3 days after hetero- or homozygous Ppargc1a inactivation: yellow arrow, Stem cell 

cluster, N=3 for each group; D,E, cell type distribution at branch point “a” in trajectory analysis 

(red arrow, Fig4C);  F, altered pathways and most significantly altered genes at branch a;  G,H, 

analysis of cell type distribution at branch point “b” ” (red arrow, Fig4C); J altered pathways and 

most significantly altered genes at branch b;   

Figure 5: 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, total 

Epcam+, CD45neg epithelial cells FACs isolated and analyzed by scRNAseq; B, C, pathways 

altered by rapid dietary shifts;  D, for the stem cell cluster, genes encoding TCA cycle enzymes 

repressed by 4d switch to NWD1 from AIN76A, and then reversed when mice were switched 

back to AIN76A for 4d; E, trajectory analysis of cells identified from the scRNAseq analyses: 
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yellow arrow, Stem cell cluster, N=3 each group; F,G. cell type distribution at branch point “a” 

(red arrow in trajectory analysis (Fig. 5E); H, altered pathways and most significantly altered 

genes in cells at branch a; I,J, cell type distribution at branch point “b” (red arrow, in trajectory 

analysis (Fig. 5E); K, altered pathways and most significantly altered genes in cells at branch 

point b. 

Figure 6: scRNAseq of Bmi1+ intestinal epithelial cells in response to diet: A, Rosa26tom 

marked Epcam+, CD45neg epithelial cells FACs isolated from Bm1cre:er, Rosa26tom mice fed 

AIN76A or NWD1 for 3 months, either 3 or 66-70 days after TAM injection to activate the Rosa 

marker (shorter, longer term, respectively) and analyzed by scRNAseq (N-2 for each group); B, 

intestinal epithelial cell type/lineage distribution by diet and time post tam marking of cells; C, 

cell cluster trajectory analysis as a function of diet and time post marking by tamoxifen injection; 

D, E  Ascl2 expressing cells among clusters: blue arrow, stem and progenitor cells; yellow 

arrows, goblet and enteroendocrine cells; F,G, Expression of Ascl2 per cell in Stem1, 2, 

Replicating and Dividing cells: red arrow in G denotes a Stem 2 cell population that expressed 

Ascl2 at a higher level; H, Ascl2 and Bmi1 expression by in situ hybridization in mice fed diets 

for 3 months: white dotted line demarks the crypt base; I, cell type distribution at branch points 

“1”  and “2” (red arrows, trajectory analysis (Fig. 6C); J, Ascl2 expression per cell at branch 

point 2  

Figure 7: NWD1 expansion of an enterocyte population: A, number of differentially 

expressed genes (>50% and P=0.01) in Bmi1 cell clusters of Fig S5B/Fig S6C; B, Heat map of 

genes differentially expressed by diet in EC7 cells; C, EC7 cell pathways enriched by GSEA 

analysis as a function of diet and time post marking of Bmi1+ cells; D, distribution of cells 

expressing CD74, and E, CD74 expression per cell, in cell types/lineages as a function of diet 

and time post marking of Bmi1+ cells; F,I  GSEA analysis of Fatty acid metabolism pathway for 
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all clusters by rapid dietary shift (Fig 5A); G, TrpV6 expression in each cell of Bmi1+ cell clusters 

in mice fed AIN76A or NWD1 (Fig 6A). 
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