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In self-renewing tissues such as the skin epidermis and the bone marrow, Myc proteins control differenti-
ation of stem cells and proliferation of progenitor cell types. In the epithelium of the small intestine, we show
that c-Myc and N-Myc are expressed in a differential manner. Whereas c-Myc is expressed in the proliferating
transient-amplifying compartment of the crypts, N-Myc is restricted to the differentiated villus epithelium and
a single cell located near the crypt base. c-Myc has been implicated as a critical target of the canonical Wnt
pathway, which is essential for formation and maintenance of the intestinal mucosa. To genetically assess the
role of c-Myc during development and homeostasis of the mammalian intestine we induced deletion of the
c-mycflox allele in the villi and intestinal stem cell-bearing crypts of juvenile and adult mice, via tamoxifen-
induced activation of the CreERT2 recombinase, driven by the villin promoter. Absence of c-Myc activity in the
juvenile mucosa at the onset of crypt morphogenesis leads to a failure to form normal numbers of crypts in the
small intestine. However, all mice recover from this insult to form and maintain a normal epithelium in the
absence of c-Myc activity and without apparent compensation by N-Myc or L-Myc. This study provides genetic
and molecular evidence that proliferation and expansion of progenitors necessary to maintain the adult
intestinal epithelium can unexpectedly occur in a Myc-independent manner.

Precise control of cell renewal, lineage commitment, differ-
entiation, and apoptosis are all required to maintain the ho-
meostasis of the mammalian intestinal tract. In the mouse, the
basic structure of the intestinal epithelium is established during
late gestation (9, 29, 51). Around embryonic day (E) 16, the
upward growth of underlying mesenchymal tissue creates the
nascent, fingerlike epithelial villi that protrude into the lumen
of the gut. This formation is concomitant with physical sepa-
ration of the differentiated epithelial cells to the nascent villi
and proliferative epithelial cells to the lower regions that sep-
arate respective villi. Intervillus regions are the precursor
structures of the crypts of Lieberkühn that form around day 7
of postnatal life (P7) by invagination through the mesenchyme
towards the lining of the gut. These structures (crypts and
intervillus regions) also contain the self-renewing intestinal
stem cells (ISCs) that permanently produce a population of
rapidly proliferating progenitor cells that migrate toward the
lumen of the intestine, where they undergo cell cycle arrest and
commit to different cell lineages by terminal differentiation
(31, 44).

The differentiation of progenitor cells in the intestine is
restricted to four different cell fates–the absorptive enterocytes
and the secretory goblet, enteroendocrine, and Paneth cell
lineages. The migration of differentiated intestinal cells follows

a bidirectional pathway, where goblet cells, enteroendocrine
cells, and enterocytes migrate from the intervillus regions or
crypt towards the villi, while Paneth cells descend to the base
of the crypts. Differentiation of proliferative intestinal cells is
accompanied by down-regulation of c-myc expression and up-
regulation of the cell cycle inhibitor p21cip/waf, which is con-
comitant with cell cycle arrest (38, 53). Differentiated cells in
the villi perform their respective functions and are then
sloughed into the lumen, following induction of apoptosis,
after some 2 to 5 days (6, 8, 10, 17, 42, 45).

These events entail the normal developmental and homeo-
static events of the mammalian intestine. Recent reports sug-
gest that intestinal development and homeostasis are largely
controlled via the canonical Wnt pathway. Interestingly, the
proto-oncogene c-myc has been proposed as a key downstream
Wnt target gene that may control proliferation, differentiation,
and transformation in the adult intestine (26, 38, 53). However,
the endogenous role of c-Myc in the adult intestine is un-
known.

The c-myc gene encodes a short-lived transcription factor
(c-Myc) with a basic/helix-loop-helix/leucine zipper (bHLH-
LZ) domain, that mediates DNA binding and heterodimeriza-
tion with its partner Max. c-Myc/Max heterodimers activate or
repress two distinct pools of target genes that elicit a variety of
biological responses, including cell cycle progression, cellular
growth, differentiation, and apoptosis/survival (2, 12, 18, 28, 32,
37). Deletion of c-myc by gene targeting in mice causes mid-
gestation lethality, and mutant embryos fail to develop a prim-
itive hematopoietic system (11, 32, 52). Therefore, assessment
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of the role of c-Myc in specific cell and tissue types in the adult
or juvenile mouse requires a conditional knockout approach.

Recently, we have shown that conditional loss of c-myc in the
adult bone marrow severely disrupts normal homeostasis of the
hematopoietic system. Hematopoietic stem cells lacking a
functional copy of c-myc self-renew but fail to initiate normal
differentiation, resulting in the accumulation of hematopoietic
stem cells in situ combined with severe cytopenia (56). Con-
versely, overexpression of c-myc in skin or hematopoietic stem
cells leads to loss of the stem cell pool, presumably via prema-
ture differentiation (55, 56). These reports highlight a central
role for c-Myc in the balance between stem cell self-renewal,
differentiation, and maintenance of homeostasis in at least
some self-renewable tissues (32). However, despite the known
expression of c-Myc in the proliferating cells of the intestinal
crypts, the role of c-Myc during the development and ho-
meostasis of this tissue remains unknown.

MATERIALS AND METHODS

Mice. c-myc�ORF/� mice (52) were crossed with transgenic villin::CreERT2

mice (13), to generate villin::CreERT2, c-myc�ORF/� founders. These mice were
crossed with c-mycflox/flox mice (52) to generate experimental (villin::CreERT2,
c-myc�ORF/flox) and control (c-myc�ORF/flox, c-myc�/flox or villin::CreERT2;
c-myc�ORF/�) mice. Mice were injected intraperitoneally with 1 mg of tamoxifen per
20 g body weight into 7-day postnatal mice for 4 consecutive days. We assessed the
efficiency of the deletion of c-myc by Taqman PCR of cDNA and genomic DNA
from scrapings of intestinal tissue. Mice were of mixed genetic background and only
littermates were used for the analysis.

RNA analysis. Deletion of the c-myc allele was assessed by Taqman real-time
PCR on scrapings of intestinal tissue that separate the crypt and villi from
surrounding tissue. Taqman reverse transcription (RT)-PCR was also performed
to analyze c-myc, L-myc and N-myc expression. Primers and conditions were as
described (52), except for L-myc, where primers LmycF (ACGGCACTCGTCT
GGAA) and LmycR (GTGACTGGCTTTCGGATGTC) were used. All cDNAs
were normalized using �2microglobulin expression with �2mF (GTGTATGC
TATCCAGAAAACCC) and �2mR (TCACATGTCTCGATCCCAGTAG).

Southern blotting. DNA was isolated from epithelial scrapings of intestinal
tissue, digested with HindIII and XbaI and hybridized with 32P-labeled probes as
described (52). The c-myc probe was generated by PCR amplification from
pATmyc11 using cmycsouthp 1(ATTCCAGCGAGAGACAGAGG) and cmyc-
southp 2 (CCAACATCAAGTCCATGTGC).

Histology, immunohistochemistry, and bromodeoxyuridine labeling. All tis-
sues were fixed in 10% formalin or 4% paraformaldehyde, paraffin embedded,
and sectioned at 3 to 6 �m for hematoxylin/eosin staining or immunostaining
procedures as previously described (3). The primary antibodies used were rabbit
anti-FabpL (1:500; kind gift of Jeffery Gordon), rabbit antisynptophysin (Dako;
1:100), rat anti-CD44v6 (1:100; Pharmingen), rabbit antilysozyme (1:500;
DAKO), mouse anti-Ki67 (1:100; Novocastra), mouse antibromodeoxyuridine
(1:500; Sigma), mouse anti-p21cip/waf (1:100, Santa Cruz), rabbit anti-c-Myc (1:
500; Upstate Biotechnology) or anti-c-Myc (1:250; N262, SantaCruz), and rabbit
anti-N-Myc (1:200; Santa Cruz). The peroxidase-conjugated secondary antibod-
ies used were mouse or rabbit EnVision� (Dako) or mouse anti-rat-horseradish
peroxidase (1:250; Biosource). For bromodeoxyuridine labeling, mice were in-
jected with 100 �g of bromodeoxyuridine (Sigma) per gram of body weight and
sacrificed 2 h postinjection.

RESULTS

Expression of c-Myc and N-Myc in the intestinal epithelium.
Previous studies have detected c-myc and N-myc expression in
E14.5 gut epithelium. At E16.5 of development c-myc tran-
scripts are restricted to the proliferative cells of the embryonic
gut while N-myc transcripts localize to the differentiated cell
types of the villi (22). Expression of both c-myc and N-myc, but
not L-myc, is detectable by Northern blotting in the newborn
and adult intestine (47, 57). We have further investigated ex-

pression of Myc family members in the intestine using real-
time PCR on whole pieces of proximal duodenal tissue derived
from wild-type 8-day-old (P8) mice or epithelial cell scrapings
from P14 and P60 (adult) mice. Similar to what has been
reported previously (38, 47, 53, 57), we detected c-myc and
N-myc expression in the duodenum of the small intestine in all
age groups of mice, while L-myc expression was not detected
above background levels (data not shown).

To determine the specific expression pattern of c-Myc and
N-Myc proteins in the intestinal epithelium, immunohisto-
chemical analysis was performed. This analysis revealed c-Myc
expression in the proliferating cells of the juvenile and adult
crypts, confirming the results of others (Fig. 1A) (38, 53). In
contrast, juvenile mice expressed high N-Myc in differentiated
epithelial cells of the villi, which gradually decreased as mice
matured (Fig. 1B and data not shown). In addition, individual
N-Myc-expressing cells located at the bottom of the crypts
directly adjacent to Paneth cells were detected in some crypts
(Fig. 1B). Taken together these data show that with the excep-
tion of the Paneth cells, all cells of the crypt/villus axis express
either c-Myc or N-Myc. Their expression appears mutually
exclusive and the c-Myc expression domain of the crypt is
flanked by differentiated N-Myc-expressing epithelial cells.

Conditional ablation of c-myc in the crypts of the mouse
small intestine. To genetically investigate the role of c-Myc
during small intestinal development and maintenance, we used
mice carrying the c-mycflox allele (Fig. 1C), which has its open
reading frame flanked by loxP sites (52). To induce c-Myc
elimination in the small intestine, villin::CreERT2 mice were
used, in which the villin promoter targets the tamoxifen-induc-
ible CreERT2 recombinase to the intestinal epithelium (13). To
first assess the recombination efficiency of villin::CreERT2 at
the c-mycflox locus, villin::CreERT2; mycflox/� mice were gener-
ated. Instead of using mice with two c-mycflox alleles, animals
with only a single copy of the c-mycflox allele were chosen to
avoid putative selection against cells losing all c-Myc activity.
After tamoxifen-induced Cre activity in P7 pups recombination
was assessed by Southern blotting using DNA obtained from
intestinal epithelial scrapings (containing epithelium and villin-
negative mesenchyme) 6, 21, and 90 days post-first tamoxifen
injection (dpi).

The c-myc probe utilized hybridizes to the floxed and wild-
type alleles (1,926 bp) and to the deleted c-myc�ORFrec allele
(�ORFrec: 1,170 bp) in recombined cells (Fig. 1C and D).
Thus, a 50% loss of the c-mycflox allele in c-mycflox/� mice is
equivalent to 100% recombination. At 6 dpi mutant mice
showed 84% (2 � 42%) recombination in the duodenum and
a 90% and 98% recombination in the jejunum and ileum,
respectively (Fig. 1D). These data indicate that shortly after
the termination of tamoxifen injection, villin::CreERT2 has in-
duced high-level recombination of the c-mycflox allele in the
small intestine. This is expected due to the strong expression of
villin in the differentiated epithelium of the villus as well as
crypt cells (13, 39). However, by 21 dpi, the recombination
level in duodenum drops to 44% (Fig. 1D) and remains at
similar levels thereafter (data not shown). Shortly after the
completion of tamoxifen injections CreERT2 becomes inactive
as tamoxifen is degraded and over time only cells derived from
either recombined or unrecombined ISCs will populate the
intestine. The persistence of recombined cells over time dem-
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onstrates recombination of the c-mycflox allele in close to half
of all crypt based ISCs (13). This explains the drop in recom-
bination frequency that is observed shortly after the comple-
tion of tamoxifen injections.

To further determine the extent of c-Myc protein elimina-
tion immunohistochemical analysis was performed on
villin::CreERT2; c-mycflox/�ORF mice following tamoxifen injec-
tion (mutant mice). As shown in Fig. 1E and F, a significant
number of crypts in mutant mice lack c-Myc expression even
three weeks after Cre induction. Crypts in mutant mice contained
either many c-Myc-expressing cells or none at all. Intervillus re-
gions of juvenile mice are initially polyclonal with respect to ISCs
but by 2 weeks of age a crypt progenitor cell and its descendants
displace all other cells from the crypt to attain stem cell based
monoclonality (40, 46). This monoclonality of crypts allows visual
distinction between ISCs, suggesting clonal derivation from either
c-Myc� (escapers) or c-Myc� (deleted) ISCs. Since both types of
crypts appear indistinguishable c-Myc is dispensable for normal
intestinal epithelium homeostasis (Fig. 1E and F and 2A and B).

Induced loss of c-Myc activity in small intestinal crypts does
not alter cell proliferation or fate of crypt/villus cells. The
differentiation fate of ISCs in the small intestine is limited to
the formation of either adsorptive enterocytes or the secretory
cell lineages of goblet cells, enteroendocrine cells, or crypt-
based Paneth cells (50). Recently, it has been shown that in-
hibition of in vivo Wnt signaling in the small intestine, through
the use of transgenic mice ectopically expressing the secreted
Wnt inhibitor Dickkopf1 (Dkk1) inhibits the formation of se-
cretory cell lineages without affecting the formation of entero-
cytes. Furthermore, inhibition of Wnt signaling leads to a re-
duction of epithelial proliferation and a greatly reduced
number of visible crypts. Disrupted intestinal homeostasis was
accompanied by strongly reduced c-myc expression, reduced
cellular proliferation and a subsequent up-regulation of the
cell cycle inhibitor and c-Myc target p21cip1/waf1 (38).

To assess the effect of c-Myc loss on the fate and prolifera-
tion of intestinal crypt cells, small intestines derived from mice
injected with tamoxifen at P7 were assessed for crypt formation
and expression of numerous markers. Adult mice showed no
change in small intestinal development between control and
mutant mice (Fig. 2A and B). Sections from mice 21 dpi were
assessed for expression of the crypt marker CD44v6 and incor-
poration of bromodeoxyuridine. All crypts in mutant duode-
num retain normal expression of the crypt marker CD44v6
(Fig. 2C and D) and proliferate normally as assessed by bro-
modeoxyuridine incorporation (Fig. 2E and F). Unfortunately,
the antigen retrieval systems differ between c-Myc and the
other markers, preventing double labeling with c-Myc. Despite

the fact that c-Myc negative crypts were present in all mutant
mice as was regularly assessed by immunohistochemistry (Fig.
1E and Fig. 5A and B and data not shown), serial sections were
performed to explicitly demonstrate that proliferation was un-
affected in the crypts lacking c-Myc expression (Fig. 2G to J).

To identify the differentiation status of small intestine mo-
saic for c-myc expression, sections derived from control and
mutant mice 21 dpi, were stained for the goblet cell markers
Pas/Schiff (data not shown) and Alcian blue (Fig. 3A and B) or
subjected to immunohistochemical analysis for the enterocyte
marker fatty acid-binding protein liver (Fabp-L) (Fig. 3C and
D) (49) the Paneth cell marker lysozyme (Fig. 3E and F) and
the enteroendocrine cell marker synaptophysin (Fig. 3G and
H). Immunohistochemical analysis of these markers showed
that both control and mutant small intestine have normal pro-
duction of both enteroyctes and secretory lineages. In addition,
loss of c-myc did not alter the expression of the cell cycle
inhibitor p21Cip1/Waf1 (Fig. 3I and J). Collectively, these data
indicate that loss of c-Myc does not alter differentiation or cell
fate in the small intestine.

Apoptosis is a fundamental cellular process for the ho-
meostasis of self-renewable tissues and overexpression of c-
myc in normal cells is a potent inducer of apoptosis while
fibroblasts lacking c-Myc are resistant to certain apoptotic
stimuli (1, 4, 14, 15). In the intestine differentiated cells apo-
ptose and slough into the lumen as they reach the tip of the
villi. To assess the apoptotic pathway in mammalian intestine
lacking c-Myc, we performed immunohistochemical analysis
for the cleaved form of caspase-3 as a marker of cellular apo-
ptosis (35) on duodenal tissue derived from mice 6, 10, 14, 21
and 90 days after c-Myc deletion (day 21 results shown in Fig.
3K and L). Activated caspase-3 positive cells were seen at the
tip, and/or middle sections, of a small and equivalent number
of villi in both control and mutant mice. These data indicate
that loss of c-Myc in the small intestine does not alter the
normal apoptotic fate of differentiated cells.

c-Myc is required for the induction of crypt formation. Dur-
ing the first two weeks of life, the postnatal intervillus regions
invaginate to form the crypts. These intervillus regions contain
the actively dividing, c-Myc-expressing TA cells and ISCs.
Crypt formation commences around day 7 and culminates
around the suckling/weaning transition, when the crypts ac-
quire their mature structure (21 days postnatal) (10). Little is
known of the process of intestinal crypt invagination. In the
skin, invagination of hair follicles requires the action of the
canonical Wnt pathway acting through alterations in cadherin
gene expression (24). c-myc is a known target of the Wnt
pathway in intestinal cells (19, 38, 53) and has been shown to

FIG. 1. Myc expression and villin::CreERT2-mediated recombination of the c-mycflox allele in the small intestine. (A) Immunohistochemical
analysis of c-Myc in the adult duodenum. Enlargement of the indicated box is shown in A�. (B and B�) Immunohistochemistry of N-Myc in adult
duodenum. (C) Schematic representation of the villin::CreERT2 and c-mycflox alleles used. The c-myc�ORFrec allele represents the locus after Cre
mediated recombination. The three c-myc exons are illustrated as boxes; regions in black indicate the open reading frame. Restriction sites are
shown on top. Red ovals indicate probe used for Southern blot analysis. Arrows below each scheme indicate locations of the primers used for
genotyping. (D) Southern blot analysis of villin::CreERT2; c-mycflox/� mice in the small intestine 6 days (duodenum, ileum, and jejunum) and 21
days (duodenum) after the first of four consecutive tamoxifen injections. The c-myc probe hybridizes to the floxed and wild-type alleles (1,926 bp)
and to the deleted c-myc�ORFrec allele (�ORFrec: 1,170 bp) in recombined cells. (E and F) Immunohistochemical analysis of c-Myc in duodenal
tissue sections derived from villin::CreERT2, c-myc�ORF/flox mice 21 days following the first injection of tamoxifen. Solid arrows indicate c-Myc-
expressing crypts (c-myc�ORF/flox). Open arrows indicate c-Myc-negative crypts (c-myc�ORF/ORFrec).
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alter the expression of cell adhesion genes such as cadherins
and integrins in the skin and bone marrow (16, 55, 56).

Immunohistochemical analysis of histological tissue sections
showed expression of c-Myc at P8 (Fig. 4A and B). To inves-
tigate the role of c-Myc during crypt invagination in normal

and mutant duodenum, pups were injected with tamoxifen at
P7, sacrificed and intestines histologically analyzed 2, 4, 6, 8
and 10 dpi. At 2 dpi, no disorganization of intervillus regions
was observed (Fig. 4C and D) while mice sacrificed between 4
and 8 dpi showed numerous regions with a reduced number of

FIG. 2. Histological analysis and marker gene expression in small intestines of control (A, C, E, G, and I) and mutant (B, D, F, H, and J) mice.
(A and B) Hematoxylin/eosin staining. Magnification, 100�. (C and D) Immunohistochemical analysis of CD44v6 expression. (E and F)
Bromodeoxyuridine (BrdU) incorporation. (G to J) Immunohistochemical analysis of serial sections of the duodenum detecting c-Myc expression
(G and H) and bromodeoxyuridine incorporation (I and J). Solid arrows indicate c-Myc-expressing crypts (c-myc�ORFrec/flox) and open ones
indicate c-Myc-negative crypts (c-myc�ORFrec/�ORFrec). (A to F) Adult mice (G to J) P14 juvenile mice. Magnification, 200�.
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invaginating crypts when compared to control intestines (Fig.
4E to H and M and 5C to H and Table 1). Quantification of the
number of crypts in histological sections at 6 dpi revealed a
34.2 � 18.7% (n 	 395/600) decrease in crypt number in
mutant duodenum across 6 littermate pairs of control and
mutant mice (Fig. 4M). Unexpectedly, by 10 to 90 dpi both
mutant and control mice show indistinguishable intestinal
crypt morphology (Fig. 4L). Table 1 shows an analysis on the
prevalence of the crypt formation defect over time.

Highly proliferative epithelial cells are involved in the crypt
invagination process. Since c-Myc is thought to be a master
regulator of cell division, the proliferative status of these cells

FIG. 3. Expression analysis of differentiation and apoptosis mark-
ers in control (A, C, E, G, I, and K) and mutant (B, D, F, H, J, and L)
duodenum. (A and B) Alcian Blue staining to detect goblet cells. (C
and D) Fabp-L expression to detect enterocytes. (E and F) Lysozyme
expression in Paneth cells. (G and H) Synaptophysin expression in
endocrine cells. (I and H) Expression of the CDK inhibitor p21cip/waf.
(K and L) expression of activated caspase-3 to monitor apoptotic cells.
Arrows indicate lysozyme, synaptophysin or activated caspase-3-posi-
tive epithelial cells.

FIG. 4. Kinetic analysis of the crypt formation process in normal
(A, B, C, E, G, I, and K) and mutant (D, F, H, J, and L) mice. (A and
B) c-Myc expression in the intervillus region of seven-day-old mice. (C
to L) Seven-day-old control or mutant mice were injected with tamox-
ifen and the duodenum was analyzed by hematoxylin/eosin staining
every second day for 10 days. (M) Graphical representation of the
percentage of crypts per phase contrast image (100� objective) of
tissue sections derived from six different littermates of control (100%)
and mutant mice (red bar) 6 days after the first tamoxifen injection.
Solid arrows in F, H, and J indicate areas in which crypt formation has
not occurred.
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was investigated in normal and mutant duodenum. Immuno-
histochemical analysis for c-Myc expression showed that mu-
tant mice either expressed c-Myc in most or in none of their
TA cells, suggesting a clonal origin of the mutant crypts or a

clonal expression pattern of villinCreERT2 (Fig. 5A and B).
Both c-Myc positive and c-Myc negative crypts expressed the
crypt marker CD44v6 (Fig. 5C and D), the proliferation mark-
ers Ki67 (Fig. 5. E,F) and incorporated bromodeoxyuridine
(Fig. 5G and H and Fig. 2G to J). While this marker analysis
underscores again the failure to form crypts in numerous areas
of the intestine (arrows in Fig. 5D, F, and H), all crypts that do
form in mutants (carrying a mix between c-Myc-expressing and
-nonexpressing crypts) display a consistent number of Ki67 or
bromodeoxyuridine positive cells per crypt (control: 10.0 � 2;
mutant: 9.2 � 1.1). These data indicate that deletion of c-Myc
activity, just prior to crypt invagination, inhibits normal crypt
formation but does not affect proliferation and maintenance of
already formed crypts.

Expression of N-myc in the intestine following loss of c-Myc
expression. The transient nature of the crypt formation phe-

FIG. 5. Immunohistochemical analysis of c-Myc and crypt markers in juvenile duodenal tissue sections of control (A, C, E, and G) and mutant
(B, D, F, and H) mice 6 days after Cre induction. (A and B) c-Myc; (C and D) CD44v6; (E and F) Ki67; (G and H) bromodeoxyuridine (BrdU).
Solid arrows indicate c-Myc-positive crypts. Open arrows indicate c-Myc negative crypts. Solid pointed arrowheads in panels D, F, and H indicate
areas lacking normal crypt formation.

TABLE 1. Prevalence of the reduced crypt number phenotype

Day after first
tamoxifen injection

Age of
mice (days)

No. of mutant mice
with reduced crypt

numbers/no. examined

2 9 0/5
4 11 3/4
6 13 8/9
8 15 4/7
10 17 0/2
14 21 0/2
21 28 0/2
90 97 0/3
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notype as well as the absence of long-term defects in mouse
intestine lacking a functional copy of the c-myc gene suggests
redundancy by other Myc family members. N-myc has been
shown to functionally replace c-myc in vivo (30) suggesting that
the presence of N-Myc in crypt cells lacking c-Myc could pro-
vide a functional rescue. However, N-Myc is normally not
present in the crypt cell types expressing c-Myc (Fig. 1A). RNA
analysis using real-time RT-PCR did not show any significant
increase of N-Myc in c-Myc mutant intestinal epithelia isolated
from 2, 6, and 21 dpi (data not shown).

To further investigate whether N-Myc protein is ectopically
expressed in c-Myc-deficient crypts immunohistochemical
analysis on sections from c-Myc mutants (6, 10, and 21 dpi) was
performed. As shown in Fig. 6, N-myc expression in mutant
intestine remained restricted to the villi and a single cell at the
bottom of the crypt. Importantly, no significant ectopic N-Myc
expression was detected in the c-Myc expression domain. In
addition L-myc transcripts did not increase above background
levels detected in normal intestinal tissue (data not shown)
(47). Taken together these data suggest that proliferation and
maintenance of the intestinal crypts are not dependent on Myc
(c-Myc, L-Myc, and N-Myc) activity.

DISCUSSION

With the exception of Paneth cells, all epithelial cells of the
crypt-villus unit express either N-Myc or c-Myc. The strong
expression of c-Myc in the proliferative cells of the crypt and its
known role in proliferation and differentiation has strongly
suggested a significant role for this factor during intestinal
homeostasis. However, unexpectedly this study demonstrates
that conditional loss of functional c-myc in the intestinal mu-
cosa of adult and juvenile mice has no effect on the normal
homeostasis of this rapidly self-renewing tissue. These results
are surprising in light of a number of studies, suggesting c-Myc
is a key regulator of crypt proliferation and differentiation. For
example, expression profiling of microdissected early progen-
itor populations from intestinal crypts had identified a number
of genes either controlling or controlled by c-Myc (50).

In addition, c-myc has also been identified as a target of the
canonical Wnt-�-catenin-TCF4 pathway (19, 53). Inhibition of
this pathway in the mouse intestinal mucosa, via overexpres-
sion of the extracellular Wnt inhibitor Dkk1, revealed a phe-
notype in adult mice with a reduced number of crypts, con-
comitant with a loss of proliferation (27, 38). Loss of
proliferating cells correlated with loss of c-Myc expression and

FIG. 6. Immunohistochemical analysis of N-Myc expression in control (A, C, and E) or mutant (B, D, and F) duodenum after Cre induction
at the time points indicated. Arrowheads indicate single N-Myc-expressing cells at the bottom of crypts.
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an increase in expression of p21cip/waf, a well-known target
gene repressed by c-Myc. Finally, mice lacking the Wnt signal-
ing component TCF4 show a proliferation defect of perinatal
crypt stem/progenitors concomitant with a lack of c-Myc ex-
pression (26, 53). Collectively, these data indicated that the
Wnt pathway plays a role in the regulation of crypt homeosta-
sis and cellular proliferation in the intestine and that c-myc is
a likely candidate target gene that controls these processes.

Tight control of Wnt pathway signaling and c-Myc expres-
sion levels has also been demonstrated to alter the differenti-
ation fate of intestinal cells. Mouse intestine inhibited in Wnt
pathway signaling fails to form secretory lineages correctly (26,
38), while in vitro cultures of colorectal carcinoma cells that
respond to Wnt signaling can be induced to have a twofold
difference of c-myc levels that determines whether these cells
proliferate or differentiate (53). In contrast, results presented
here show that loss of c-Myc in intestinal crypt cells in vivo
does not lead to an alteration of cell fate away from secretory
cell lineages and that expression of p21cip/waf, epithelial cell
differentiation, and apoptosis remain unchanged. This suggests
that other TCF4 target genes must mediate the essential func-
tion of the canonical Wnt signaling pathway during intestinal
development and maintenance (53).

The lack of a notable homeostatic phenotype in the small
intestine of c-myc-deficient mice could most easily be ex-
plained by a compensatory up-regulation of another Myc fam-
ily member. N-Myc has been previously shown to functionally
replace c-Myc in vivo (30) and in contrast to L-Myc, N-Myc is
expressed in the intestine (Fig. 1B) making this protein a likely
candidate. However, in the normal intestinal epithelium N-
Myc expression is spatially distinct from the c-Myc expression
domain and is restricted to the differentiated cells of the in-
testinal villi and a single cell at the crypt base. These data
indicate that N-Myc and c-Myc in the intestinal epithelium
seem to be expressed in a differential and possibly mutually
exclusive manner. In addition, despite the fact that c-myc;N-
myc double-knockout intestines need to be generated to for-
mally exclude the possibility of N-Myc compensation for c-Myc
deficiency, neither N-Myc nor L-Myc is ectopically expressed
in the c-Myc expression domain of mutant intestines, making it
very unlikely that the lack of a phenotype is due to a compen-
satory mechanism. Instead, our data indicate the presence of a
crypt proliferation program independent of general Myc activ-
ity.

Similarly, hematopoietic stem cells in the bone marrow pro-
liferate without c-Myc, while more differentiated progenitors
depend on c-Myc activity for cell cycle progression. Recent
genetic data obtained from mouse mutants lacking several
components of the cell cycle machinery such as cyclins D1 to
D3, cyclins E1 and E2, or CDKs 4 and 6 also suggest a more
complex cell cycle regulation in vivo compared to what is
known from studies in cultured cells (48). It remains to be
shown whether several independent cell cycle programs exist in
vivo or whether the system is highly redundant and thus can
compensate by various means for the lack of any active com-
ponent, making the system highly flexible and extraordinarily
stable.

Deletion of c-myc in juvenile mice leads to a temporary
reduction in crypt numbers. Specific deletion of c-myc in ju-
venile mice induced a temporary failure to form correct num-

bers of invaginated crypts within the small intestine. This phe-
notype was transient in nature and appeared in small but
distinct regions of the intestine. Affected regions of tissue oc-
curred with a high penetrance and were only observed if mice
were injected around the commencement of crypt morphogen-
esis, which initiates around 7 days of age (54). All mice recover
to form histologically normal intestines.

This is not the first report of transcription factor loss causing
an effect on crypt morphogenesis. Homozygous loss of the Ets
transcription factor Elf3 has been reported to have inhibitory
effects on mouse crypt morphogenesis in the absence of effects
on cellular proliferation or apoptosis. However, this phenotype
is also coupled with abnormal extracellular matrix deposition
and differentiation (34). While little is known about the mor-
phogenesis of crypts, invagination of hair follicles in the skin is
known to be regulated via the Wnt pathway and is dependent
on a change in expression of E-cadherin to P-cadherin on the
surface of invaginating cells. Forced elevation of E-cadherin
levels in the skin blocks follicle invagination (24). However,
this mechanism is unlikely to be in place during crypt morpho-
genesis, as forced expression of E-cadherin along the length of
the crypt-villus axis in the mouse small intestinal epithelium
does not alter differentiation or crypt morphogenesis but does
slow cell migration and proliferation and induce apoptosis in
the crypt (21). In this respect it is highly relevant to note that
adhesion molecules and other proteins involved in migration
and cytoskeletal organization are controlled by c-Myc (16, 56).
Future studies, using less mosaic Cre lines, need to investigate
whether some of these may be crucially involved in the failure
of crypt invagination of c-Myc mutants.

c-Myc as a specific intestinal cancer target. The c-myc gene
is overexpressed in approximately one out of five human can-
cers (33). In addition, c-myc has been identified as a target of
the canonical Wnt-�-catenin-TCF4 pathway (19), and 85% of
human intestinal tumors contain activating mutations in this
pathway (3). Interestingly, 70% of these intestinal tumors have
up-regulated c-myc expression, without significant gene ampli-
fication (5). These data suggest that uncontrolled Wnt-induced
activation of cell proliferation requires c-Myc activity. The
direct role of c-Myc in the development of adenomatous pol-
yposis coli (APC)-like tumors in mice is currently under inves-
tigation. However, our data showing that c-Myc is not essential
for the homeostasis of the crypt and intestine would suggest
that specific targeting of c-Myc function in the intestine of
patients with APC-activated intestinal tumors may be delete-
rious to tumor proliferation without affecting normal intestinal
homeostatic mechanisms.

Myc and intestinal stem cells. Our recent report on the
deletion of c-myc in the bone marrow revealed a requirement
for this proto-oncogene in controlling the balance between
hematopoietic stem cell self-renewal and differentiation by in-
hibition of differentiation while stem cell self-renewal remains
c-Myc independent. This phenotype is mediated by interac-
tions with the stem cell niche and is apparent despite the
presence of detectable N-Myc expression, suggesting a specific
role for c-Myc and potentially also N-Myc in adult stem cell
biology. A role for c-Myc in the control of progenitor cell fate,
independent of its known function in division and survival, has
also been uncovered in other systems such as the neural crest
and the skin epidermis (7, 32, 55).
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Recent studies using microarray analysis of various stem cell
populations revealed N-Myc as a general stem cell marker (23,
43). It is therefore intriguing that we have uncovered N-Myc
expression in individual cells at a position previously suggested
to be the location of ISCs (31). Very little is known about how
ISCs are controlled. Conditional inactivation of the Bmpr1a
gene in the mouse intestine has recently been shown to in-
crease the number of putative ISCs, which in turn leads to an
increased number of crypts and intestinal polyposis (20). Anal-
ysis of this phenotype uncovered a homeostatic mechanism in
the intestine regulated by a complex interaction between the
canonical BMP and Wnt pathways as well as activity of the
tumor suppressor Pten. This study also suggested novel puta-
tive ISC markers including BmpR1a, 14-3-3
, P-Pten, and P-
Akt, which, together with N-Myc, may complement previously
suggested markers such as Musashi-1 and Hes1 (25, 36, 41).
Thus, the elimination of N-Myc function in the intestinal epi-
thelium will be crucial to shed more light on the role of the
Myc family members in adult tissue stem cell biology in vivo.
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