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Inhibition of the mutationally activated Wnt cascade in colorectal cancer cell lines induces a rapid G1 arrest
and subsequent differentiation. This arrest can be overcome by maintaining expression of a single Tcf4 target
gene, the proto-oncogene c-Myc. Since colorectal cancer cells share many molecular characteristics with
proliferative crypt progenitors, we have assessed the physiological role of c-Myc in adult crypts by conditional
gene deletion. c-Myc-deficient crypts are lost within weeks and replaced by c-Myc-proficient crypts through a
fission process of crypts that have escaped gene deletion. Although c-Myc�/� crypt cells remain in the cell cycle,
they are on average much smaller than wild-type cells, cycle slower, and divide at a smaller cell size. c-Myc
appears essential for crypt progenitor cells to provide the necessary biosynthetic capacity to successfully
progress through the cell cycle.

The mouse adult intestine is covered with a simple epithe-
lium that bears finger-like extrusions and invaginations called
villi and crypts of Lieberkühn. Proliferation of intestinal pro-
genitor cells is restricted to the crypt area, while the villi are
populated with differentiated cells. Self-renewal of the intesti-
nal epithelium is a continuous process in which complete ep-
ithelial turnover along the crypt-villus axis takes 4 to 5 days
(18). This process is driven by a rapidly dividing transit-ampli-
fying population that originates from slowly dividing stem cells
residing near the crypt bottom. Multiple studies have attrib-
uted a crucial role to the canonical Wnt pathway in normal
epithelial homeostasis (24, 25, 31) as well as in colorectal
tumorigenesis which is initiated by activating mutations in the
Wnt cascade (23, 28, 32).

The transcription factor c-Myc has been identified as a tar-
get of the Wnt pathway in colorectal cancer (CRC) cells in
vitro (17) and in normal crypts in vivo (42), as well as in
intestinal epithelial cells acutely transformed upon in vivo de-
letion of the APC gene (37). A role for c-Myc in the prolifer-
ation of CRC cells was further suggested from in vitro cell
culture experiments. CRC cell lines in which the Wnt pathway
is blocked by means of a dominant-negative form of Tcf4 arrest
in the G1 phase of the cell cycle and begin to differentiate (42).
c-Myc is rapidly downregulated in this process. Moreover,
when the expression of c-Myc is artificially maintained during
Wnt pathway inhibition, the growth arrest phenotype does not
ensue (42). This experiment implied that c-Myc plays a crucial

role downstream of the Wnt cascade in maintaining the pro-
liferative status of CRC cells.

Since the molecular characteristics of CRC cells and normal
crypt progenitor cells are comparable (34), a similar role would
be predicted for c-Myc in crypt proliferation. In this light, it
was unexpected that conditional deletion of c-Myc in adult
intestinal epithelium did not induce an overt phenotype (3).
That study utilized a Cre-estrogen receptor fusion transgene
driven by the intestine-specific villin promoter, inducible by
tamoxifen injection. In the current study, we have pursued the
induced deletion of c-Myc in adult crypts using a different Cre
transgene that is inducible in the intestine.

MATERIALS AND METHODS

Mouse maintenance and Cre induction. Mice were maintained on an outbred
background segregating for C57BL6, Ola129, and C3H genomes. Mice were
genotyped according to published protocols for the Mycfl allele (8), the Rosa26R
allele (39), and the AhCre transgene (37). Cre activity was induced by daily
intraperitoneal exposure to 80 mg of �-napthoflavone/kg of body weight as
described by Sansom et al. (37).

�-Galactosidase analysis. To determine the pattern of recombination at the
Rosa26R reporter locus, both whole mounts and sectioned material were ana-
lyzed. Intestinal whole mounts were prepared on wax plates as previously de-
scribed (44) and were fixed in ice-cold 2% formaldehyde–0.2% glutaraldehyde in
phosphate-buffered saline (PBS; pH 7.4) for 1 h. For the generation of sections,
1- to 2-cm lengths of intestine were fixed on ice in 4% paraformaldehyde (PFA)
for 4 to 6 h, subsequently immersed in 20% sucrose–PBS for 48 to 72 h at 0 to
4°C, and then snap-frozen and mounted in cryomountant (OCT) prior to cryo-
sectioning. Air-dried sections and intestinal whole mounts were stained for
�-galactosidase using 0.08% 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside
(X-Gal) substrate [in 2 mM MgCl2, 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6 · 6H2O,
0.1 M PBS, pH 7.4, and prepared from a 2% stock of X-Gal in dimethyl-
formamide] overnight at 37°C and room temperature, respectively.

Histology, immunohistochemistry, BrdU labeling, and in situ hybridization.
Tissues were fixed in 10% formalin or 4% paraformaldehyde, paraffin embedded,
and sectioned at 3 to 6 �m for hematoxylin and eosin (H&E) staining, argyro-
philic nucleolar organizer region (AgNor) staining, or immunostaining as de-
scribed elsewhere (37). The primary antibodies used were rabbit anti-lysozyme
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(1:500; DAKO), mouse anti-Ki67 (1:100; Novocastra), mouse anti-bromode-
oxyuridine (BrdU; 1:500; Becton Dickinson), rabbit anti-synaptophysin (1:100;
DAKO), rabbit anti-c-Myc (1:500; Upstate Biotechnology), and mouse anti-B23
(1:2,000; Sigma). The peroxidase-conjugated secondary antibodies used were
mouse or rabbit EnVision� (DAKO). For BrdU labeling, mice were injected
with 100 �g of BrdU (Sigma) per kg body weight and killed after 2, 12, 24, 36,
or 48 h. AgNor staining was performed as described elsewhere (40). For in situ
hybridization, paraffin-embedded tissue was sectioned at 10 �m and processed
for hybridization as previously described (14).

Cell size measuring. All morphological parameters were quantified using a
macro, written in the Pascal-based macro language of Scion Image, a Windows-
based version of NIH Image (Scion, Frederick, Md.). Color images (RGB) were
imported into the program. The second image plane (eight-bit gray) was selected
and calibrated for magnification. Cell boundaries were marked with the selection
tool using a digitizer board (Wacom Co., Ltd., Japan). All parameters (i.e., cell
surface areas) were quantified with the measure option of the program. On
average, 800 cells from 60 crypts per mouse were analyzed, with at least three
mice representing the given genotype.

Analysis of cell cycle kinetics. After BrdU labeling, paraffin sections from
mouse small intestines were prepared and stained with anti-BrdU antibody (Ab).
Cells were scored per entire crypt and villus unit. At least 60 crypts and corre-
sponding villi were analyzed per time point per mouse. Each genotype was
represented with three animals. BrdU-labeled cells were normalized to total cell
number per crypt or villus. The resulting percentage was then plotted against the
induction time.

RESULTS AND DISCUSSION

Conditional deletion of c-Myc in adult crypts. Deletion of
c-Myc by gene targeting in mice causes mid-gestation lethality
(7). Therefore, assessment of the role of c-Myc in specific tissue
types in the adult mouse requires a conditional genetic ap-
proach. In order to address the role of c-Myc in the adult small
intestine, we utilized a recently developed transgenic line in
which expression of the Cre-recombinase is under the control
of the Cyp1a promoter (19). Conditional deletion of c-Myc was
achieved by crossing these mice with a loxP-flanked c-Myc
allele (2). Using this approach, inducible Cre-mediated exci-
sion of the c-Myc allele in Cre� Mycfl/fl mice occurs following
intraperitoneal injection of �-naphthoflavone, which induces
Cre activity within the crypts of the small intestine, including in
the stem cells (19). When using a regimen which yields maxi-
mal recombination (either three injections in a single day or
four daily injections of �-naphthoflavone), this results in near
100% recombination when scored using a surrogate marker of
recombination (e.g., Rosa-26) (20, 39). This level of recombi-
nation remains stable in the intestinal epithelium for at least 1

FIG. 1. Assessment of c-Myc deletion in �-napthoflavone-induced Cre� Mycfl/fl intestines over a 5-day time course. (A) �-Galactosidase staining
on intestinal whole mounts 3 days p.i. �dpi�, indicating near-100% recombination at the Rosa26 reporter allele. Left, Cre� Myc�/�; right, Cre�

Mycfl/fl. (B and C) c-Myc staining at days 1 and 2 p.i., showing reduced levels of c-Myc protein but still significant numbers of c-Myc-positive cells
decorating the crypts. (D to F) Large areas of c-Myc-deficient epithelium at later time points (white arrows). Black arrows in panels E and F depict
occasional c-Myc-proficient cells. Note that at later time points c-Myc-proficient cells clustered. (G) Representative section of Cre� Myc�/� control
mice, where c-Myc protein was uniformly expressed at the lower half of the crypt region.
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year following induction, unless the recombination event (such
as loss of Brca2 or �-catenin) is deleterious to the cell (16, 19).

Mice 10 weeks of age were injected three times with �-naph-
thoflavone on the same day, and their intestines were analyzed
on days 1, 2, 3, 4, 5, 7, and 14 postinduction (p.i.) by in situ
hybridization (ISH) and immunohistochemistry (IHC) for c-
Myc RNA and protein. During the first 2 days, levels of c-Myc
RNA and protein gradually decreased compared to controls
(Fig. 1B and C; see also Fig. S1A and B in the supplemental
material). On serial sections, IHC results correlated well with
those of ISH (see Fig. S1 in the supplemental material). At
days 3 to 5, c-Myc RNA and protein became undetectable in
virtually all crypts (Fig. 1D to F; see also Fig. S1C and D in the
supplemental material). Occasional crypts showed clusters of
c-Myc-positive cells, most notably at the latest time points
(Fig. 1E and F). The near-complete c-Myc gene deletion at
day 3 compared well to the highly efficient recombination

frequency at the surrogate marker allele Rosa26R at day 3 in
the same experiment (Fig. 1A).

Histological analysis revealed no major alterations in crypt-
villus architecture during the first 5 days (see Fig. S2A to J in
the supplemental material). Moreover, c-Myc-deficient cells
remained in cycle, as indicated by IHC for the proliferation
marker Ki67 (see Fig. S2B and G in the supplemental ma-
terial).

c-Myc-deficient crypts are replaced by c-Myc-proficient
crypts through crypt fission. The observation of clusters of
cells with high levels of c-Myc at days 4 and 5 postinduction
indicated the possible expansion of rare unrecombined Mycfl/fl

cells within an otherwise-c-Myc-deficient environment. This
notion was confirmed upon histological analysis at days 7 and
14. H&E staining revealed the presence of a subset of crypts
that were hyperplastic, highly reminiscent of repopulating
crypts observed following exposure to DNA damage (5, 33).

FIG. 2. c-Myc-proficient cells in Cre� Mycfl/fl mice are dominant over c-Myc-deficient cells and form enlarged crypts. (A and E) Representative
sections from Cre� Mycfl/fl mice at 7 and 14 days p.i. �dpi�, respectively, stained with anti c-Myc antibody. Enlarged crypts are composed exclusively
of c-Myc-proficient cells (black arrows), while the significantly smaller crypts contain cells expressing no c-Myc protein (white arrows). (B and F)
Ki-67 staining showed cell proliferation in both c-Myc-proficient and -deficient crypts in Cre� Mycfl/fl mice (black arrows versus white arrows). Note
that c-Myc staining and Ki-67 staining were performed on consecutive sections. (C) Consecutive paraffin section of Cre� Mycfl/fl mice at 7 days p.i.
stained with antibody to �-catenin. The dashed lines depict the position until nuclear �-catenin translocation could be observed. A much higher
cell position with nuclear �-catenin from a c-Myc-proficient crypt is also presented as a magnification of the squared area (left lower panel). In
contrast, similar cell positions in a Myc-deficient crypt have no nuclear �-catenin (right lower panel). (D) Serial paraffin sections of Cre� Mycfl/fl

mice at 7 days postdeletion stained with antibody to CD44. The CD44 staining pattern follows that of nuclear �-catenin (dashed lines). Expanded
CD44 expression in c-Myc-proficient crypts is marked with black arrows. Cells at equivalent positions in c-Myc-deficient crypts have no CD44
expression (white arrows).
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These crypts appeared to generate new crypts by fission as seen
post-DNA damage (4). Virtually all enlarged crypts showed
high levels of c-Myc expression (Fig. 2A and E). Somewhat
unexpectedly, cells in c-Myc-deficient as well as in c-Myc-pro-
ficient crypts were cycling, as indicated by Ki67 positivity (Fig.
2B and F). Since Wnt signaling represents a dominant mitogen
in the adult intestinal epithelium (31), we investigated the
presence of nuclear �-catenin as an indicator of active Wnt
signaling in the enlarged, c-Myc-proficient crypts (Fig. 2C).
These crypts displayed nuclear �-catenin throughout the crypt
region (Fig. 2C), while nuclear �-catenin is normally only ob-
vious at crypt bottoms (42). This observation suggests that the
mechanism underlying the intestinal repopulation involved in-
creased activity of the Wnt pathway, a notion further sup-
ported by the increased expression domain of the Wnt target
gene CD44 (42) in c-Myc-proficient crypts (Fig. 2D).

To determine the extent of competition between c-Myc-
deficient and -proficient cells, we analyzed the pattern of re-
combination at a surrogate marker of Cre-mediated recombi-
nation by using mice additionally transgenic for the Rosa26R
reporter line (39) at days 5, 7, and 28 p.i. LacZ whole-mount

stains showed that recombined crypts were lost in the Cre�

Mycfl/fl mice after 28 days p.i., indicating a strong selection
against c-Myc deficiency (Fig. 3A to C, tissue samples on
right). By contrast, the pattern of Cre-mediated recombination
as reported with Rosa26R remained unchanged over the course
of 28 days in Cre� Myc�/� mice (Fig. 3A to C, tissue samples
on left), implying that the expression of active Cre enzyme per
se did not affect crypt homeostasis. The process of crypt fission
by which c-Myc-deficient crypts are replaced is shown in Fig.
3D to F. Quantification of the frequency of crypt fission is
given in Table 1.

Loss of c-Myc leads to decreased cell numbers per crypt. To
address the difference in size between c-Myc-deficient and
c-Myc-proficient crypts, we determined cell numbers in c-Myc-
deficient versus c-Myc-proficient crypts from induced Cre�

Mycfl/fl mice. As a control, we included crypts from induced
Cre� Myc�/� control mice. Cell number per crypt was analyzed
by counting nuclei from c-Myc-stained sections at day 7, which
contained both c-Myc-deficient crypts and repopulating c-Myc-
proficient crypts, facilitating a direct comparison within the
same animal. It was thus observed that c-Myc-deficient crypts

FIG. 3. Mycfl/fl crypts are lost in Cre� Mycfl/fl mice after 4 weeks of induction and are replaced by Myc�/� crypts through crypt fission. (A to C)
LacZ-stained whole-mount preparations from Cre� Mycfl/fl and control mice at day 5 (A), day 7 (B), and day 28 (C) p.i., indicating preferential
repopulation with unrecombined cells in the induced Cre� Mycfl/fl mice (right intestinal strip in each panel) which was almost complete at 28 days
p.i. (D, E, and F) c-Myc staining at 7, 14, and 28 days p.i., respectively, in sections from Cre� Mycfl/fl mice, indicating repopulation from
c-Myc-proficient, hyperplastic crypts through crypt fission (black arrows). (G) Cre� Myc�/� control mice. (H) Graph showing reduced cell numbers
per crypt in c-Myc-deficient crypts (myc-) from Cre� Mycfl/fl mice compared to c-Myc-expressing crypts (myc�) of control Cre� Myc�/� mice at
7 days p.i. (Cre� Mycfl/fl, 25 � 6 [n � 2]; Cre� Myc�/�, 40 � 7 [n � 3]; *, P � 0.025 by Mann-Whitney U test). Data are means � standard
deviations; n is the number of mice analyzed. The first bar in the graph represents numbers of cells in c-Myc-proficient crypts (MycP) in Cre� Mycfl/fl

mice (103 � 24; n � 2). A total of 100 crypts was analyzed per mouse.
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contained fourfold-fewer cells per crypt than c-Myc-proficient,
hyperplastic crypts in the same animal (Fig. 3H) (Mann-Whit-
ney U test, P � 0.01). c-Myc-deficient crypts from the Cre�

Mycfl/fl mice also contained fewer cells than Cre� Myc�/� con-

trol mice (Fig. 3H) (Mann-Whitney U test, P � 0.025), while
hyperplastic crypts in Cre� Mycfl/fl mice contained two- to
threefold more cells than crypts in control mice.

c-Myc deletion does not affect apoptotic rates in the intes-
tinal epithelium. Numerous studies in diverse model systems
have linked either upregulated or downregulated c-Myc ex-
pression to apoptosis (30). We therefore performed IHC
against the cleaved form of caspase-3, as a marker for cellular
apoptosis, in our time course experiment. Activated caspase-
3-positive cells were seen at the tip of the villus, and occasional
positive cells were observed in the crypt area in both Cre�

Mycfl/fl and Cre� Myc�/� mice at all time points (see Fig. S3A
to D in the supplemental material). Counting of apoptotic cells
in Cre� Myc�/� and Cre� Mycfl/fl epithelium at 3, 5, and 7 days

FIG. 4. Size and biosynthetic capacity are reduced in c-Myc-deficient cells. (A) Graph summarizing cell size reduction in c-Myc-deficient cells (myc-). Data
were analyzed at two time points after induction, and similar results were obtained (Cre�Mycfl/fl, 459 � 46 �m2, 4 days p.i. �dpi�; Cre� Myc�/�, 662 � 61 �m2,
4 days p.i.; Cre� Mycfl/fl, 437 � 43 �m2, 5 days p.i.; Cre� Myc�/�, 672 � 53 �m2, 5 days p.i., n � 3). The last bar represents the cell size of c-Myc-proficient cells
(MycP) of Cre� Mycfl/fl mice at 7 days p.i. (611 � 70 �m2; n � 2). Data are means � standard deviations, and n is the number of mice analyzed per time point.
(B) Underrepresentation of AgNor dots, regions of ribosomal gene synthesis, in c-Myc-deficient cells and crypts of Cre� Mycfl/fl mice at 4 days p.i. (C) Corre-
sponding control Cre� Myc�/� mice with multiple large AgNor dots per nucleus. Insets are magnifications of representative squared areas. (D) Sections from
Cre�Mycfl/fl mice at 7 days p.i. and incubated with AgNor. Note that at this stage, smaller c-Myc-deficient crypts (white arrows, right-hand magnification inset)
clearly have fewer and smaller AgNors compared in the same section with c-Myc-proficient crypts (black arrows, left-hand magnification inset). (E) Consecutive
paraffin section stained with c-Myc Ab, showing smaller crypts with fewer AgNors being c-Myc negative (white arrows).

TABLE 1. Crypt fission frequency

Genotype
Crypt fission frequency (%)a

1 dpi 4 dpi 7 dpi 14 dpi 28 dpi

Cre� Mycfl/fl 0, 0 0, 0 4, 3 12, 8 8, 6
Cre� Myc�/� 0, 0 0, 0 0, 0 0, 0 0, 0

a A total of 100 crypts were analyzed in each of two mice at each of the
indicated days p.i. (dpi). Crypt fission was first detected at 7 dpi and affected up
to 12% of the crypts at various time points.
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revealed no significant differences between c-Myc-proficient
and -deficient crypts, and indeed the apoptotic index was not
elevated over basal levels (see Fig. S3E in the supplemental
material) (Mann-Whitney U test, P 	 0.2). Apparently, loss of
c-Myc in the small intestine did not affect the rate of apoptosis.

c-Myc-deficient crypt cells are smaller than c-Myc-profi-
cient crypt cells and enter mitosis with decreased cell size. As
we observed that c-Myc-proficient crypts were larger than their
c-Myc-deficient counterparts, we determined cell size in serial
paraffin sections stained for both c-Myc and �-catenin. This
double labeling allowed us to identify cell boundaries (�-cate-
nin), as well as identify c-Myc-proficient and -deficient crypts.
c-Myc-deficient cells were smaller in longitudinal crypt sections
than control c-Myc-proficient cells from Cre� Myc�/� mice
(Fig. 4A) (459.5 �m2 [n � 4] and 661.9 �m2 [n � 3], respec-
tively; Mann-Whitney U test, P � 0.02) at 4 day p.i. There was

no difference in cell size between c-Myc-proficient cells from
Cre� Mycfl/fl mice (Fig. 4A) and from Cre� Myc�/� mice (611
�m [n � 3] versus 661.9 �m2 and 672 �m2; Mann-Whitney U
test, P � 0.66). These differences were also apparent if scored
in transverse sections: c-Myc-deficient cells were smaller than
c-Myc-proficient cells from Cre� Myc�/� mice (Fig. 4B) (437
�m2 [n � 4] and 672 �m2 [n � 4], respectively; Mann-Whitney
U test, P � 0.01) at 5 days p.i.

We next determined the size of the cells undergoing mitosis
from Cre� Mycfl/fl and Cre� Myc�/� mice. Mitotic cells are
easily identifiable in H&E-stained sections because they mi-
grate towards the crypt lumen and round up before initiating
cell division. Serial paraffin sections of the intestines of mutant
and control mice were stained with H&E and for c-Myc. The
size of mitotic cells was measured directly from H&E-stained
sections using Scion imaging software. Only cells from com-

FIG. 5. Nucleophosmin (B23) protein, involved in ribosomal gene synthesis and a component of AgNor dots, is downregulated in Cre� Mycfl/fl

mice. (A) Northern blot showing downregulation of B23 RNA in Cre� Mycfl/fl mice (two left lanes, upper panel) compared with Cre� Myc�/� mice
(two right lanes, upper panel). Lower panel: ethidium bromide-stained 1% denatured agarose gel. (B and C) IHC for B23 protein in mouse small
intestine samples. Crypt cells from Cre� Mycfl/fl mice express almost undetectable levels of B23 protein (white arrows in panel B), and expression
in the villus is reduced (black arrows in panel B). Cre� Myc�/� control intestine samples show uniform B23 expression throughout crypt villus units
(white arrows in panel C). (D) B23 IHC at 14 days p.i. of intestine from Cre� Mycfl/fl mice, clearly underscoring the difference in B23 levels between
c-Myc-deficient (black arrows, left inset) and -proficient crypts (white arrows, right inset). (E) IHC with c-Myc Ab on a consecutive paraffin section,
confirming that B23-negative crypts are also c-Myc negative. dpi, days p.i.
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pletely c-Myc-deficient crypts were scored. Dividing c-Myc-
deficient cells were significantly smaller than their c-Myc-pro-
ficient counterparts (633 �m2 [n � 3] versus 747 �m2 [n � 4];
Mann-Whitney U test, P � 0.03).

Reduced biosynthetic activity in c-Myc-deficient crypt cells.
To assess the biosynthetic activity of c-Myc-deficient cells in
our system, we used AgNor staining (40). AgNor proteins are
argyrophillic (silver-stainable) acidic fibrillar proteins that sur-
round interphase nucleolar organizer regions. No rRNA syn-
thesis takes place in the absence of AgNor proteins, and rRNA
biosynthesis is directly proportional to the AgNor protein con-
centration. Image analysis of the size and number of these
regions can be used to distinguish metabolically active cell
populations from less active ones (9, 38). AgNor staining of
sections from induced Cre� Mycfl/fl and Cre� Myc�/� mice
revealed a dramatic decrease of AgNor� regions in c-Myc-
deficient cells and crypts. The difference was most directly
apparent when adjacent c-Myc-proficient and -deficient crypts
in Cre� Mycfl/fl mice were examined (Fig. 4B to D).

A major component of AgNors is nucleophosmin (B23) (35,
36), which is a direct c-Myc target gene product (13, 46; http:
//www.myc-cancer-gene.org/index.asp). Nucleophosmin is in-
volved in the late steps of ribosomal particle organization. To
investigate if nucleophosmin behaves as a c-Myc target gene in
our model system, we performed Northern blot analysis on
intestinal RNA samples and IHC and found that the expres-

sion of nucleophosmin was greatly reduced in the c-Myc-defi-
cient crypts (Fig. 5A to D).

Loss of c-Myc leads to reduced cell cycle kinetics. The dif-
ference in AgNor staining and nucleophosmin expression sug-
gested that reduced protein synthesis in c-Myc-deficient cells
caused a reduced cellular growth rate, resulting in a smaller
cell size (see above) and slower cell cycle kinetics. Ki67 is a
nuclear antigen marking actively cycling cells in all phases of
the cycle. As in c-Myc-proficient crypts, essentially all cells in
c-Myc-deficient crypts were Ki67�, indicating that cells were
actively in cycle. Of note, no expression differences were found
in the putative Myc target genes cyclin D1, cyclin D2, and
CDK4 (6, 29) between c-Myc-proficient and -deficient crypts
(see Fig. S4 in the supplemental material). We have reported
previously that c-Myc in colorectal cancer cells represses the
expression of p21, which is also a good marker of terminally
differentiated villus cells (42). The p21 expression domain was
not extended into c-Myc-deficient crypts (see Fig. S4 in the
supplemental material), which may be explained by the fact
that cells in c-Myc-deficient crypts cycle, albeit at a slower
pace, and do not differentiate.

The rate at which crypt progenitor cells transit into the
postmitotic villus compartment is directly correlated to the rate
of cell division in the crypt (18). To investigate whether the loss
of c-Myc would result in slowing down of the cell cycle, we
pulsed c-Myc-proficient and c-Myc-deficient mice at 4 days

FIG. 6. c-Myc-deficient crypt cells from Cre� Mycfl/fl mice cycle
profoundly slower than c-myc-expressing cells from Cre� Myc�/� con-
trol mice. (A and B) BrdU time course. Mice at 4 days p.i. (dpi) were
injected with BrdU and harvested 2, 12, 24, 36, and 48 h later. BrdU-
positive cells were scored as a percentage where the number of positive
cells was normalized with the total number of cells per crypt (blue
lines) or villus (red lines). Villus BrdU� cells reached maximum num-
bers at 36 h, while the maximum number for control Cre�Myc�/� mice
was already reached at 24 h. (C and D) IHC to BrdU antibody 24 h
postinjection. Significant numbers of BrdU� cells did not exit the crypt
in Cre� Mycfl/fl mice (C, black arrows), while only a few cells decorated
the crypts in Cre� Myc�/� mice (D, black arrows), with the majority of
cells present in the villus (D, white arrows). (E) Graph summarizing
the percentage of BrdU-labeled cells in the crypt and villus in Cre�

Mycfl/fl and Cre� Myc�/� mice induced for 6 days and pulsed for 24 h.
Data are means � standard deviations, and a minimum of three mice
were analyzed per genotype per BrdU time point.
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postdeletion with BrdU to label S-phase cells in the crypts and
followed the kinetics of the migrating crypt cells. As shown in
Fig. 6, virtually all BrdU-labeled cells left the crypts within
24 h, while c-Myc-deficient cells were retained within the crypts
for at least 50% longer. Thus, all crypts cell cycle in the ab-
sence of c-myc, yet c-Myc-deficient crypts contain fewer cells
which are retained for a longer period of time within the crypt.
Together, this implies that cell cycle kinetics are strongly re-
duced in the absence of c-Myc. This was further confirmed by
BrdU pulsing at 6 days postinduction of Cre� Mycfl/fl mice
followed by analysis 24 h later (Fig. 6E and F).

The current study establishes a central role for c-Myc in the
rate of self-renewal within the intestinal epithelium. Crypt pro-
genitor cells that lack c-Myc are smaller, have less protein
translation machinery, and appear to cycle slower than their
wild-type counterparts. Consequently, c-Myc-deficient crypts
are competed out by c-Myc-proficient crypts within weeks. The
Wnt cascade is the primary driver of cell proliferation in in-
testinal crypts. Our study implies that c-Myc, as a target of Tcf4
(17), is a crucial component of the intestinal genomic program
driven by the Wnt cascade.

A role for c-Myc in the accumulation of cell mass was ini-
tially suggested through studies of wing patterning in Droso-
phila melanogaster (22) and was subsequently also confirmed in
several mammalian tissues in vivo, e.g., in B lymphocytes, in
hepatocytes, and in epidermis (2, 21, 45). c-Myc is considered
to exert this effect by regulating gene transcription by all three
RNA polymerases (1, 11, 12, 15, 26), thus regulating many
target genes directly involved in cellular metabolism and pro-
tein synthesis (10). The smaller cell size of c-Myc-deficient cells
that we reported above is predicted to be a reflection of re-
duced protein synthesis and a consequent reduced rate of cell
growth.

In contrast to the current study, loss of c-Myc had no effect
on cell size in some other settings. An allelic series of c-Myc
hypomorph/null mice demonstrated that c-Myc regulates body
size in mice (41). Yet, this study uncovered no size difference
in either hematopoietic cells or primary embryo fibroblasts.
Rather, primary fibroblasts of embryos with decreased c-Myc
levels displayed an elongated cell cycle. Another study re-
ported a similar situation for c-Myc-deficient fibroblasts that
exhibited significant prolongation of the cell cycle without any
change in cell size. Notably, the rate of protein synthesis in
these cells was two- to threefold lower than in the c-Myc�/�

parental cell line (27). One interpretation of these data is that
cell division is coupled to cell size in these situations. There-
fore, any defect in cell growth would inevitably result in fewer
cells.

The difference between our study and that of Bettess and
colleagues (3) most likely relates to deletion efficiency accom-
plished with the different Cre transgenes in the earliest crypt
progenitors. We recently used the same two Cre transgenes
within one study to inducibly delete the Notch pathway CSK/
RBP-J
 gene from intestinal epithelium (43). We found that
the Cyp1a-Cre transgene deleted the CSK/RBP-J
 gene highly
efficiently throughout the small intestinal epithelium, while the
villin Cre-ER transgene yielded patchy gene deletion in only a
subset of the treated animals.

In conclusion, our data indicate that cell proliferation in the
intestinal epithelium is reduced in the absence of c-Myc. The

c-Myc deficiency leads to a reduction in cell size which appears
linked to biosynthetic capacity. Apparently, intestinal progen-
itor cells are not subject to an absolute cell size checkpoint for
entry into mitosis, a characteristic in which they may differ
from other cell types, such as primary embryo fibroblasts. The
failed perpetuation of c-Myc-negative crypts triggers a regen-
erative response in crypts that have escaped c-Myc gene dele-
tion, which is reminiscent of postirradiation repair. Finally,
c-Myc plays no role in the regulation of apoptosis under our
experimental conditions.
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