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Lgr5+ intestinal crypt base columnar cells function as stem cells 
whose progeny populate the villi, and Lgr5+ cells in which Apc 
is inactivated can give rise to tumors. Surprisingly, these Lgr5+ 
stem cell properties were abrogated by the lower dietary vitamin 
D and calcium in a semi-purified diet that promotes both geneti-
cally initiated and sporadic intestinal tumors. Inactivation of the 
vitamin D receptor in Lgr5+ cells established that compromise 
of Lgr5 stem cell function was a rapid, cell autonomous effect of 
signaling through the vitamin D receptor. The loss of Lgr5 stem 
cell function was associated with presence of Ki67 negative Lgr5+ 
cells at the crypt base. Therefore, vitamin D, a common nutrient 
and inducer of intestinal cell maturation, is an environmental fac-
tor that is a determinant of Lgr5+ stem cell functions in vivo. Since 
diets used in reports that establish and dissect mouse Lgr5+ stem 
cell activity likely provided vitamin D levels well above the range 
documented for human populations, the contribution of Lgr5+ 
cells to intestinal homeostasis and tumor formation in humans 
may be significantly more limited, and variable in the population, 
then suggested by published rodent studies.

Introduction

Lgr5+ crypt base columnar (CBC) stem cells of the mouse intestine 
can give rise to all cell lineages in the villi, and to tumors upon inac-
tivation of the Apc gene in these cells (1–3). Other intestinal stem cell 
populations such as Bmi1+, Lrig1+ and Dclk1+ marked cells share 
these properties, but Lgr5+ stem cells regularly divide, while these 
other populations are relatively quiescent except under stress condi-
tions (4–6). Therefore, under standard conditions, Lgr5+ cells are the 
principal cells in the mouse that maintain mucosal homeostasis and 
that are targeted by mutation to give rise to tumors (1,2). In contrast, 
the more quiescent stem cells have been considered reserve popula-
tions that can be recruited back into the cell cycle by radiation induced 
injury to the mucosa, or chemically induced damage and inflammation 
to directly give rise to intestinal epithelial lineages or to repopulate the 
Lgr5+ cell compartment (4,7,8). Here we report a major effect of nutri-
tional factors, and specifically vitamin D3 and its signaling through the 
vitamin D receptor (VDR), in determining stem cell associated proper-
ties and the ability to give rise to tumors of Lgr5+ cells in the mucosa.

NWD1, a rodent diet based on control semi-purified AIN76A diet 
(American Institute of Nutrition 76A), was formulated on the princi-
pal of nutrient density to adjust mouse consumption of key nutrients 
that are dietary risk factors for colon cancer to levels consumed by 
significant segments of the population with a high incidence of the 
disease (9,10). NWD1 is higher in fat than AIN76A, and lower in vita-
min D3, calcium, fiber, folate and methionine, factors all associated 
with elevated risk for colon cancer (Table I). Together, these nutri-
tional factors establish a highly protumorigenic state in the intestinal 
and colonic mucosa. This protumorigenic state is demonstrated by 
the acceleration and amplification of tumor phenotype in mice that 

inherit a mutant Apc allele as well as in other mouse genetic models of 
intestinal tumorigenesis investigated, regardless of etiology or aggres-
siveness (11–14). Further, as reported by three groups, the NWD1 
has the unique property of causing sporadic colon and small intes-
tinal tumors when fed to wild-type C57BL6 mice for 1–2 years with 
a lag, incidence, multiplicity and ratio of adenomas to carcinomas 
similar to that of sporadic human colon cancer; i.e. after two-thirds 
of their lifespan, 20% of the mice will develop one to two tumors, of 
which 10% are carcinoma (9,15,16). Such sporadic tumors represent 
the vast majority (~80%) of colon tumors in the human population. 
These sporadic tumors arise only after five to six decades of life, have 
no clear genetic risk factors, though many poorly understood loci may 
contribute to their probability of development, and their incidence 
is predominantly determined by long-term dietary patterns (17,18). 
Although there are data that individual nutrients that are altered in 
the NWD1 can amplify tumorigenesis initiated by genetic factors or 
carcinogens (e.g. higher fat, lower vitamin D), changing the consump-
tion level of any factor by itself in wild-type mice does not generate 
tumors upon long-term feeding. Thus, mice fed NWD1 are an impor-
tant model for dissecting altered homeostasis in the intestinal mucosa, 
including effects on stem cell biology that may contribute to higher 
probability of developing sporadic tumors.

Feeding the NWD1 increased relative utilization of fatty acids as an 
energy source compared to carbohydrates and induced glucose intoler-
ance (19), and was accompanied by extensive changes in expression 
in cells of the mucosa of genes involved in energy metabolism (15). 
However, the NWD1 does not cause obesity; NWD1 fed mice appear 
grossly normal for up to 2 years, and the intestinal and colonic mucosa 
appear normal until one to two sporadic tumors arise in about 20% of 
the mice. Although NWD1 lowers mouse serum 25(OH)D levels, serum 
calcium remains normal. Further, there is no loss of bone mineral density 
nor significant change in parathyroid hormone levels, demonstrating the 
mice do not exhibit common effects of vitamin D or calcium deficiency 
(19). There is, however, altered cell maturation in the mucosa of NWD1 
fed mice long before tumors develop. This includes: elevation and 
expansion of Wnt signaling throughout small intestinal villi and colonic 
crypts; altered gene expression profiles of epithelial cells in crypts and 
villi of the large and small intestine; increased absorptive and decreased 
secretory cell marker expression; and a prominent increase in ectopic 
expression of Paneth cell markers in intestinal villi and colonic crypt 
cells (15,20,21). These changes, as well as the protumorigenic effects of 
NWD1, are prevented by elevating vitamin D3 and calcium in the diet 
(i.e. NWD2 = NWD1, but with higher vitamin D3 and calcium, Table I).

To investigate further the perturbation in cell maturation caused 
by these diets, we determined effects on Lgr5+ stem cells caused by 
feeding the control AIN76A, NWD1 and NWD2 diets, and the effect 
of conditional inactivation of the VDR receptor specifically in Lgr5+ 
cells. These data demonstrate that canonical stem cell functions of 
Lgr5+ intestinal CBC cells in lineage tracing and as tumor initiat-
ing cells are dependent on high dietary vitamin D levels and intact 
VDR signaling. Thus, the biology of intestinal Lgr5+ stem cells and 
their role in tumor development cannot be separated from the diet fed 
to experimental mice. The data suggest that for significant segments 
of the population, and particularly for individuals with lower vitamin 
D levels who are at higher risk for colon tumor development, Lgr5+ 
stem cells may not play the same major role in intestinal homeostasis 
and tumor development reported for mice maintained under standard 
dietary conditions in which they are exposed to levels of vitamin D far 
higher than the range documented for human populations.

Materials and methods

Mice: C57BL6/J wild-type mice, C57BL6/J.129P2-Lgr5tm1(cre/ERT2)Cle/J mice 
(3) (Lgr5GFP+), C57BL/6J-ApcMin/J mice (ApcMin/+) (22) and C57BL6;129S6-
Gt(Rosa)26Sortm14(CAG-tdTomato)Hze mice (Rosa26RFP) were from Jackson 

Abbreviations:  CBC, Lgr5+ crypt base columnar; VDR, vitamin D receptor; 
TAM, tamoxifen.
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Laboratories (Bar Harbor, Maine). Villin-cre mice were from S. Robine (23). 
VDRflox/flox mice were from G. Carmeliet (24). Apc580S mice (Apcflox/+) were 
reported (25). Mice were maintained and bred in the Barrier Facility of the 
Albert Einstein College of Medicine. All experiments and procedures were 
approved by the Einstein IACUC. For breeding and strain maintenance, mice 
were fed 5058 diet (LabDiet, St Louis, MO). Mice were weaned to purified 

diets, as specified, for all experiments. The formulation and composition 
of the AIN76A, NWD1 and NWD2 diets were as described in detail (9) 
(Research Diets, New Brunswick, NJ). Dietary levels of key nutrients are 
compared in Table I.

In summary, the western diets are based on AIN76A control diet (American 
Institute of Nutrition76A). NWD1 was adjusted to provide higher fat, and 

Table I.  Comparative levels of key nutrients in chow diet 5808 and semi-purified diets AIN76A, NWD1 and NWD2

Mouse Diets

chow AIN-76A Western diet +Ca/vitD

(5058)a NWD1b NWD2b

Fat (corn oil,%) 9% 5% 20% 20%

Calcium, mg/g 8.1 5 0.5 7.0
Vitamin D, IU/g 3.3 1 0.11 2.3
Phosphorous, mg/g 6.1 4 3.6 3.6
Folic acid, ug/g 2.9 2 0.23 0.23
DL methionine, % 0.67 0.3 — —
Choline bitartrate, % 0.22 0.2 0.12 0.12
Fiber (cellulose), % 2.2 5 2 2
L-cysteine, % — — 0.3 0.3
kcal/g (approximate) 3.7 3.6 4.5 4.5

aLabDiets (St Louis, MO)
bNewmark,N.L. et al., (1990) Colonic hyperplasia and hyperproliferation induced by a nutritional stress diet diet with four components of the western-style diet. 
JNCI, 82, 491-496; Newmark et al., (9).

Fig. 1.  Dietary effects on Lgr5+ cells in the small intestine. (A) Lgr5GFP+ mice, four per dietary group were fed AIN76A, NWD1 or NWD2 diets from weaning for 
3 months. Single suspensions of epithelial cells were prepared from isolated intestinal crypts and percent of these cells exhibiting green fluorescence determined 
by FACS analysis (mean ± std; *P < 0.03, analysis of variance); (B) Lgr5GFP+, Rosa26RFP+ mice, nine per dietary group were fed diets from weaning for 3 months, 
then given a single injection of tamoxifen and three mice in each group killed at 1, 3 or 5 days later; (C) Lgr5GFP+, Rosa26RFP+ mice were fed diets from weaning 
for 1 year, then given a single injection of tamoxifen and killed 3 days later. In (B) and (C), frozen sections of the intestine were stained with DAPI.
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lower vitamin D3, calcium donors to the single carbon pool and fiber that 
produces mouse consumption levels similar to those common in segments of 
western societies with high incidence of colorectal cancer. NWD2 was identi-
cal to NWD1, but was repleted with higher vitamin D3 and calcium. Mice were 
provided food and water ad libitum. Tamoxifen was injected intraperitoneally 
(1mg TAM in 100μl sterile corn oil).
Histopathology.  Upon killing, intestines were rapidly dissected, separated into duo-
denum, jejunum, ileum and colon, and each region prepared as a swiss-roll fixed in 
formalin and paraffin embedded or frozen in OCT. Histopathology was evaluated on 
formalin and paraffin embedded sections stained with hematoxylin—eosin. Frozen 
sections were DAPI stained, analyzed for green, red and blue fluorescence and 
images overlayed using Cell Sense (Olympus). FACS analysis of Lgr5+ cells was 
based on their endogenous green fluorescence (BD FACS Aria, Becton-Dickinson).

Results

FACS analysis of single cell suspensions of isolated crypt cells 
from Lgr5GFP+ mice fed NWD1 for 3 months showed a significantly 
decreased percentage of GFP positive crypt cells compared to mice fed 
control AIN76A, which was prevented by elevating dietary vitamin D3 
and calcium (i.e. feeding NWD2) (Figure 1A, *P < 0.03). Lgr5GFP+, 
Rosa26RFP+ mice were then randomized to diets at weaning and 
received an injection of tamoxifen (TAM) to activate RFP expression 
in Lgr5+ cells and their progeny. In 3 month AIN76A fed mice, one 
day post-TAM, green (GFP+) and yellow (GFP+, RFP+) fluorescent 
cells were at the crypt bottom (Figure  1B, i). By 3  days post-TAM, 
Lgr5+ progeny had moved out of the crypts, populating the lower third 
of the villi (Figure 1B, ii), and by 5 days cells had reached the villus tip 
(Figure 1B, iii). This replicates lineage tracing of Lgr5+ cells that has 
been reported for mice in which diet was not specified, and was likely 
therefore a standard chow diet (3). In contrast, in 3 month NWD1 fed 
mice, at one day post TAM, there were fewer GFP+ cells at the bottom 
of the crypt (Figure 1B, iv) than in AIN76A fed mice, consistent with 
reduced number of Lgr-GFP+ cells (Figure 1A). At 3 days post-TAM 
(Figure  1B, v), RFP labeled progeny cells were still confined to the 
crypt. By 5 days, many fewer red-marked Lgr5+ progeny had moved 
into the villi of NWD1 fed mice (Figure 1B, vi) compared to mice fed 
AIN76A. This phenotype was also present in mice, fed the diets for 
1 year (Figure 1C, compare x to xi). The restricted appearance of Lgr5+ 
stem cell progeny in the villi in NWD1 fed mice was not present in par-
allel cohorts of genetically identical mice fed NWD2 from weaning for 
either 3 months or 1 year (Figure 1B, vii–ix; Figure 1C, xii).

NWD2 elevates vitamin D3 and calcium levels in NWD1, but leaves 
levels of all other components unchanged (Table 1). Feeding of NWD2 
prevents all of the effects of the NWD1 on intestinal cell maturation in 
vivo, the increased tumor phenotype in genetic models and the even-
tual tumor development in wild-type mice (15,21). Further, although 
NWD1 lowers 25(OH)D serum levels, serum calcium levels are main-
tained with no significant change in serum parathyroid hormone and 
no loss of bone mineral density (19), suggesting it is the lower vitamin 
D3 level that is an important contributer to tumor development and 
pretumor alterations caused by feeding NWD1. The VDR, through 
which vitamin D signals, is expressed at similar levels in Lgr5+ cells 
regardless of diet (Figure 2A). Therefore, population of the villi by 
progeny of Lgr5+ cells was investigated in Lgr5GFP+, Rosa26RFP+, 
VDRflox/flox or +/+ mice fed AIN76A control diet for 3 months, in which 
TAM injection simultaneously activated RFP expression and inacti-
vated the VDRflox alleles in Lgr5+ cells. At 3 days post-TAM, Lgr5+ 
progeny remained in the crypt compartment in mice in which the VDR 
was inactivated in Lgr5+ cells (Figure 2B, v) compared to Lgr5GFP+, 
Rosa26RFP+, VDR+/+ mice that received TAM in which the VDR gene 
was not inactivated (Figure 2B, ii). At 5 days post-TAM, fewer Lgr5+ 
cell progeny in which VDR had been inactivated had moved into the 
villi (Figure 2B, vi compared to Figure2B, iii). This recapitulates the 
effect of feeding NWD1, which are dependent on the levels of vitamin 
D and calcium in the diet. Thus, the effect on Lgr5+ stem cell function 
is a rapid, cell autonomous effect mediated by the vitamin D receptor.

Colonic mucosa was also investigated in these mice. Supplementary 
Figure 1A, available at Carcinogenesis online, illustrates that in mice 
fed AIN76A control diet, at 3 days post-TAM injection, the progeny of 

Lgr5+ cells had populated approximately two-thirds of the crypt length. 
However, the cells remained confined to the bottom of the crypt in mice 
fed NWD1 (Supplementary Figure  1B, available at Carcinogenesis 
online), or in mice in which the VDR was inactivated (Supplementary 

Fig. 2.  The VDR in intestinal stem cell function. (A) GFP marked cells 
were isolated by FACS from single cell suspensions of purified intestinal 
crypts of Lgr5GFP+ mice fed AIN76A, NWD1 or NWD2 diet from weaning 
for 6 months. mRNA levels for VDR and for GAPDH were determined 
by quantitative real-time PCR for the Lgr5GFP+ cells of three mice in each 
dietary group (mean ± std) with each sample assayed in quadruplicate; (B) 
Lgr5GFP+, Rosa26RFP+, VDRflox/flox or +/+ mice, nine mice per group were fed 
AIN76A diet for 3 months, given a single tamoxifen injection and three mice 
of each group killed 1, 3 or 5 days thereafter. Frozen sections of the intestine 
were stained with DAPI.
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Figure 1C, available at Carcinogenesis online). Therefore, the ability 
of Lgr5+ cells to give rise to cells that populate the colonic crypts was 
similarly dependent on dietary vitamin D3 intake and the VDR.

To determine whether altered maturation of Lgr5+ progeny altered 
the efficiency by which Lgr5+ cells can give rise to tumors, another 
important characteristic of stem cells, Lgr5GFP+, Apcflox/+ mice were ran-
domized to diets at weaning. After 3 months, each mouse received a 
single TAM injection to inactivate the Apcflox allele in Lgr5 cells, each 
continued on its specific diet for 6 more months and was then killed. 
Neoplastic intestinal growths, ranging from dysplasias to adenomas, 
were detected in mice fed AIN76A or NWD2 (Figure 3A and C), but no 
abnormal histopathology was identified in mice fed NWD1 (Figure 3A). 
The difference in tumors in mice fed AIN76A compared to NWD1 was 
statistically significant (Figure 3B, *P < 0.03). Thus, compromise of 
Lgr5+ cell movement out of the crypts (Figure 1B and C) was associated 
with decreased development of intestinal neoplasia and tumors.

To determine whether inactivation of the VDR in intestinal epithe-
lial cells altered intestinal tumorigenesis in general, ApcMin/+, VDRflox/

flox, villin-cre+ mice were bred in which the VDR was constitutively 
inactivated in most intestinal epithelial cells. When fed control 

AIN76A diet, there was no effect on small intestinal tumor multiplic-
ity in these mice compared to ApcMin/+ mice with an intact VDR gene 
(i.e. cre(-), Figure 3D), confirming prior reports that VDR inactivation 
did not alter ApcMin/+ mouse tumor multiplicity (26,27). Tumor mul-
tiplicity increased by ~53% in villin-cre(-) mice fed NWD1 (no VDR 
inactivation) compared to the genetically same mice fed AIN76A 
(Figure 3D). This was not significant, but was similar to the previ-
ously reported 55% increase in tumor multiplicity stimulated by a 
related western-diet in Apc1638N/+ mice (28). The important conclusion 
from these data was that although feeding the NWD1 abrogated intes-
tinal tumor development when an Apc allele was mutated specifically 
in Lgr5+ cells, this was not the case in ApcMin/+ mice in which muta-
tion of an Apc allele is present in all cells, and inactivation of the VDR 
in all epithelial cells of ApcMin/+ mice did not alter tumor frequency.

A characteristic of Lgr5+ CBC cells is that they proliferate regu-
larly. Therefore, intestinal sections of the Lgr5GFP+, Rosa26RFP mice 
that had been fed different diets from weaning for 3 months, and killed 
3 days after injection with TAM, were stained for Ki67, a marker of 
cell cycling that is expressed, though differentially localized subcellu-
larly, in all phases of the cell cycle. Figure 4 illustrates that in mice fed 

Fig. 3.  Effect of diet or vitamin D receptor inactivation on Apc initiated tumor development. (A–C) Lgr5GFP, Apcflox/+ mice, five mice per dietary group were fed diets from 
weaning for 3 months, received a single injection of tamoxifen and then continued on their respective diets for 6 more months before killing and evaluation of histopathology. 
(A) tumor incidence and histopathology for each of the five mice in each dietary group; (B) mean tumor incidence per dietary group ± std (*P < 0.03, analysis of variance); 
(C) examples of histopathology of tumors from mice fed AIN76A or NWD2; (D) ApcMin/+, VDRflox/flox mice that were cre(-) or villin-cre+ were fed AIN76A or NWD1 for 
4 months, killed, sections from formalin fixed swiss rolls of the small intestine were stained with hematoxylin/eosin and tumor multiplicity determined.
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control AIN76A or NWD2, in which Lgr5+ cells function as canoni-
cal stem cells, all Lgr5+ cells and their immediate progeny stained 
positive for Ki67 (Figure 4, top and bottom rows). However, in mice 
fed NWD1, crypts were identified in which Lgr5+ cells were negative 
for Ki67 (Figure 4, middle row). Note that these negative cells were 
always Lgr5+ cells at the very bottom of the crypt.

Discussion

The data establish that the diet consumed by mice profoundly influ-
ences stem cell functions of Lgr5+ CBC cells. In the purified diets 
used, the levels of vitamin D3 and calcium are the determining nutri-
ents of these effects. Serum 25(OH)D level is reduced significantly 
in mice fed the NWD1 compared to those fed AIN76A or NWD2 
(19); the latter differing from NWD1 only by higher levels of vitamin 
D3 and calcium (Table I). However, serum calcium levels do not dif-
fer among mice feed these three diets (19). Moreover, inactivation of 
the vitamin D receptor in Lgr5+ cells rapidly recapitulates the loss of 
Lgr5+ stem cell function, strongly suggesting that vitamin D is the 

key nutrient in this pretumorigenic effect of the NWD1. Therefore, 
vitamin D exposure, similar to the stress of radiation and chemically 
induced injury with subsequent inflammation, is a common environ-
mental variable that determines how Lgr5+ CBC cells function as 
stem cells in the intestinal mucosa. The effects of lower vitamin D 
level and inactivation of the VDR is consistent with an extensive liter-
ature that vitamin D is a potent regulator of growth and/or maturation 
of intestinal tumor cells in vitro and in vivo, possibly due to down-
regulation of Wnt signaling (e.g. ref. 29 and ref. 30) or Notch signal-
ing (31). However, since vitamin D regulates cellular calcium uptake 
(e.g. ref. 32), a contributing down-stream effect on intestinal intracel-
lular calcium levels cannot be ruled out in determining whether Lgr5+ 
cell progeny populate the villi and can serve as tumor initiating cells.

The compromise of Lgr5+ stem cell function in mice fed lower 
levels of vitamin D and calcium was associated with appearance of 
a subset of Lgr5+ CBC cells in the intestinal crypt that did not stain 
for Ki67. In regard to this, it is interesting that although all Lgr5+ 
cells cycle, only a subset has the property of self-renewal and there-
fore serve as stem cells (33). Moreover, we reported that there are 

Fig. 4.  Ki67 postive cells at the crypt base in mice fed different diets. Lgr5GFP+, Rosa26RFP+ mice were from the experiment shown in Figure 1B: mice were 
fed AIN76A, NWD1 or NWD2 diets from weaning, given a single injection of tamoxifen at 3 months and then killed 3 days later, three mice per dietary group. 
Frozen sections of the intestine were stained with antibody to Ki67 (rabbit anti-mouse, Novus Biologicals, 1:200) detected with a secondary goat anti-rabbit 
Ab conjugated to Alexa Fluor 350 (InVitrogen, 1:200). The crypts were photographed separately for green, red and blue emission, representing the GFP and 
RFP expressed in Lgr5+ cells and their progeny, and the expression of Ki67, respectively. Images at the three different wavelengths for each crypt shown were 
overlayed; shown next to each of these crypts is the isolated blue fluorescence, indicating expression of Ki67.
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rare cells at the crypt base that express the cyclin dependent kinase 
inhibitor p27Kip1 that regulates Rb phosphorylation and hence cell 
cycling (34), and that genetic inactivation of p27Kip1 can cause intes-
tinal tumors (12,35).

The sensitivity of Lgr5+ stem cell functions to vitamin D levels is 
important in the debate regarding which intestinal stem cells main-
tain intestinal homeostasis and serve as tumor initiating cells. As 
measured by serum 25(OH)D levels, the range of vitamin D expo-
sure in the US population from all sources (e.g. sunlight and dietary 
exposure) has been established by the Centers for Disease Control 
and Prevention, National Health and Nutrition Examination Survey 
(NHANES) (http://www.cdc.gov/nchs/nhanes/nhanes_products.htm). 
Figure 5 illustrates this range for males and females, age 31–50, and 
also shows that feeding AIN76A to mice, which is formulated with 
1IU of vitamin D3/g, establishes a 25(OH)D serum level of ~100 nM/l 
(19) at the very upper limit of the range and thus characterizes at most 
a few percent of individuals in the US population. Almost all publica-
tions that have established Lgr5+ stem cell functions in the mouse do 
not specify dietary conditions. Thus, the mice were likely fed standard 
chow diets that are convenient, relatively inexpensive, and therefore, 
routinely supplied by animal facilities. However, the level of vitamin 
D3 in standard chow diets is about 3-fold higher than in AIN76A 
(e.g. 3.3 IU/g for chow 5058 from LabDiet, St Louis, MO), and chow 
diets establish 25(OH)D levels even higher than those established by 
AIN76A (~125 nM/l in the mouse (36,37), well beyond the range 
documented for humans (Figure 5). Since the data presented demon-
strate that stem cell and tumor initiating functions of Lgr5+ cells are 
only seen at the higher levels of vitamin D3 exposure, the contribution 
of Lgr5+ cells to intestinal homeostasis and tumor development in 
human populations may be much more variable and less important 
than assumed from the published mouse data. This is especially true 
in individuals at risk for development of colon cancer, who generally 
have lower vitamin D levels (38,39). The data emphasize the funda-
mental importance of diet in generating mouse models that accurately 
reflect mechanisms of pathogenesis and that identify cellular, bio-
chemical or molecular targets for prevention or treatment that will 
translate well to human populations (40).

Since Lgr5+ cell contribution to mucosal function and tumor devel-
opment is compromised in mice fed NWD1, and yet the mice are 
healthy and the mucosa does not exhibit altered histology until solitary 
tumors form after 1–2 years, what cells maintain mucosal function and 
what is the cell of origin from which tumors arise? First, quiescent stem 
cell populations (Bmi1+, Lrig1+ or Dclk1+) may be mobilized, as they 
are in response to other stressors (4,7,8). Second, and not mutually 
exclusive, differentiated cells, such as Paneth cells may be recruited 
back into the cell cycle acquiring stem cell-like properties (41,42). 
This would be consistent with: the perturbed cell maturation of intes-
tinal epithelial cells in mice fed the NWD1, indicated by elevated Wnt 
signaling throughout intestinal villi and colonic crypts (21), a com-
mon characteristic of cells that exhibit a stem cell phenotype; altered 
balance of lineage marker expression; and ectopic Paneth cell marker 
expression throughout the intestinal villi and colonic crypts in cells 
without typical Paneth cell morphology (21). It was reported recently 
that epigenetic changes in differentiated intestinal cells are consist-
ent with this hypothesis in obesity induced changes in the intestinal 
mucosa (43). Support for the recruitment of differentiated cells to pro-
vide stem cell functions has also been published for the stomach (44), 
lung (45) and hair follicle (46), and plasticity of differentiated cells in 
acquiring stem cell functions has been reviewed recently (47). We sug-
gest that it is important to determine the biological functions of poten-
tial stem cells from different intestinal cell compartments across the 
range of vitamin D exposures that characterize the human population.

Supplementary material

Supplementary Figure 1 can be found at http://carcin.oxfordjournals.org/
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