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Loss of imprinting (LOI) of the insulin-like growth factor II gene (IGF2) is an
epigenetic alteration that results in a modest increase in IGF2 expression, and
it is present in the normal colonic mucosa of about 30% of patients with
colorectal cancer. To investigate its role in intestinal tumorigenesis, we
created a mouse model of Igf2 LOI by crossing female H19þ/j mice with male
Apcþ/Min mice. Mice with LOI developed twice as many intestinal tumors as
did control littermates. Notably, these mice also showed a shift toward a less
differentiated normal intestinal epithelium, reflected by an increase in crypt
length and increased staining with progenitor cell markers. A similar shift in
differentiation was seen in the normal colonic mucosa of humans with LOI.
Thus, altered maturation of nonneoplastic tissue may be one mechanism by
which epigenetic changes affect cancer risk.

Genomic imprinting is a parent-of-origin gene-

silencing mechanism thought to be important

in growth regulation. Loss of imprinting (LOI)

of the human insulin-like growth factor II

gene (IGF2), or activation of the normally

silent maternally inherited allele, occurs in

many common cancers (1). About 10% of

the population shows LOI of IGF2, and this

molecular trait is associated with a personal

and/or family history of colorectal neoplasia

(2, 3).

To investigate the mechanism by which

LOI of IGF2 contributes to intestinal tumori-

genesis, we created a mouse model. Previous

analyses of mouse models by other groups

have shown that Igf2 is activated more than

25-fold in pancreatic tumors induced by the

SV40 large T antigen (4) and that forced

overexpression of Igf2 causes intestinal tumor

formation and hyperproliferation of crypt

epithelium (5, 6). Our model was designed

to more closely mimic the human situation,

where LOI causes only a modest increase in

IGF2 expression. We took advantage of the

fact that imprinting of Igf2 is regulated by a

differentially methylated region (DMR) up-

stream of the nearby untranslated H19 gene.

Deletion of the DMR leads to biallelic ex-

pression (LOI) of Igf2 in the offspring when

the deletion is maternally inherited (7–9) (fig.

S1). To model intestinal neoplasia, we used

Min mice with an Apc mutation (10). We

crossed female H19þ/j with male Apcþ/Min,

comparing littermates harboring Apc mu-

tations with or without a maternally inherited

H19 deletion, and thus with or without LOI.

In comparison with H19þ/þ Ehereafter re-

ferred to as LOI(j) mice^, the H19j/þ mu-

tant mice Ehereafter referred to as LOI(þ)

mice^ showed an approximate doubling in

Igf2 mRNA levels that did not vary with age

or Min status (fig. S2). This is consistent with

the two- to threefold increase in Igf2 mRNA

levels in normal human colonic mucosa or

Wilms tumors that are LOI(þ) (3, 11). The

amount of Igf2 protein was also doubled in

the intestine of LOI(þ) mice (fig. S2). The

LOI(þ) mice developed about twice as many

adenomas in both small intestine and colon as

did the LOI(j) mice, and this difference was

statistically significant (Table 1). Mice with

LOI also had longer intestinal crypts, the site

of epithelial stem cell renewal (12, 13) (fig.

S3). This increase in length was specific to

the crypts, progressed over time E1.2-fold

increase (P G 0.01) in mice at 42 days of

age and 1.5-fold increase (P G 0.0001) in

mice at 120 days^, and was independent of

Apc status. The increase in crypt length was

not due to differences in cell proliferation,

because there was no statistically significant

difference in proliferating cell nuclear anti-

gen labeling index between LOI(þ) and

LOI(j) Min mice (3.8 T 0.9 versus 3.1 T
1.5, respectively), nor was there a difference

in the distribution (14) of proliferative cells

within the crypt (0.39 T 0.04 versus 0.38 T
0.03, respectively; P 0 not significant). The

LOI(þ) and LOI(j) mice showed no differ-

ence in crypt apoptotic rates, as assessed

histomorphologically and by in situ termi-

nal deoxynucleotidyl transferase–mediated

dUTP nick-end labeling (TUNEL); both

genotypes had an average of 1 apoptotic cell

per 20 crypts. There was also no difference

in the rate of branching of intestinal crypts;

both LOI(þ) and LOI(j) mice had one or

two total branched crypts below the intesti-

nal surface.

We hypothesized that the increase in crypt

length of the small intestine was due to a shift

in the ratio of undifferentiated to differ-

entiated epithelial cells in the mucosa. To

test this, we immunostained for four antigens

that mark undifferentiated versus differenti-

ated epithelial cell development: villin, a

structural component of the brush border

cytoskeleton in gastrointestinal tract epithelia

(15); ephrin-B1, the ligand of the EphB2/

EphB3 receptors that play a role in allocating

epithelial cells within the crypt-villus axis in

intestinal epithelium (16); musashi1, an RNA-

binding protein selectively expressed in neu-

ral and intestinal progenitor cells and key to

Table 1. Increased adenoma number and surface area in LOI(þ) Min mice. Displayed are the adenoma
counts, as well as counts corrected for intestinal surface area alone or for both intestinal and adenoma
surface area. Values are given as the mean T SE; P value was calculated by Student’s t test.

Genotype N
Small

intestine
Fold increase;

P value
Colon

Fold increase;
P value

Number of adenomas
LOI(j) Min 81 27.7 T 1.3 2.2; 1.3 T 0.1 2.2;
LOI(þ) Min 59 60.4 T 3.7 G0.00001 2.9 T 0.3 G0.0001

Surface area of adenomas (% of intestine occupied by adenomas)
LOI(j) Min 81 2.2 T 0.1 2.4; 2.3 T 0.3 2.5;
LOI(þ) Min 59 5.5 T 0.4 G0.00001 5.8 T 0.9 G0.001

Number of adenomas/10 cm2 of intestine
LOI(j) Min 81 10.8 T 0.5 1.8; 3.7 T 0.5 1.9;
LOI(þ) Min 59 19.2 T 1.1 G0.00001 7.0 T 0.8 G0.0001
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maintaining the stem cell state (17, 18); and

twist, a transcriptional factor of the basic

helix-loop-helix family originally identified

as a mesodermal progenitor cell marker (19)

that is also involved in loss of differentiation

of epithelial cells (20, 21).

Consistent with their biological roles in

differentiated enterocytes, immunostaining

for both villin and ephrin-B1 was detected

within the cytoplasm of enterocytes lining

the villi of the small intestine and within

the villus-crypt interface in LOI(j) mice

(Fig. 1A, fig. S4). The LOI(þ) mice, in con-

trast, showed lower levels of villin and

ephrin-B1 and a contraction of the differen-

tiated epithelial cell compartment (Fig. 1B,

fig. S4).

Expression of the progenitor cell marker

musashi1 was observed in scattered cells

within the lower half of intestinal crypts in

LOI(j) mice (Fig. 1C), whereas numerous

musashi1-positive cells were identified within

the intestinal crypts of LOI(þ) mice (Fig. 1D).

The LOI(þ) mice also showed intense stain-

ing within enterocytes lining the intestinal

villi compared with LOI(j) mice (Fig. 1, E

and F). A semiquantitative analysis confirmed

increased musashi1 staining in the LOI(þ)

mice, independent of Apc status (table S1).

Immunostaining for twist also revealed a

marked increase in the number and inten-

sity of positively staining cells in the crypts

of LOI(þ) mice (fig. S5). These changes

were progressive over time (Fig. 1, figs. S4

and S5).

Because this shift affects normal mucosa,

one prediction of this dedifferentiation mod-

el is that the increased number of adenomas

is due to an increase in tumor initiation

rather than an increase in tumor progression.

Supporting this idea, there was no differ-

ence in the ratio of microadenomas EG5 crypts

each (22)^ to macroadenomas (Q5 crypts

each) between LOI(þ) Min mice (36 micro-/27

macroadenomas) and LOI(j) Min mice (16

micro-/14 macroadenomas) at 120 days. An

independent mouse model of LOI, in which

point mutations had been introduced in three

of the four CCCTC-binding factor (CTCF)

target sites within the H19 DMR (23) (figs.

S1 and S6), was also examined by immu-

nostaining. Another advantage of this model

is that, unlike the deletion model, H19 ex-

pression is intact in the DMR mutation model

(fig. S7). Loss of H19 might have independent

effects given its known role in mRNA trans-

lation in trans (24). Nevertheless, a shift in the

ratio of differentiated to undifferentiated cells

was also seen in the normal epithelium of

these LOI(þ) mice (Fig. 2, A to D, shows

immunohistochemical staining for musashi1

and villin in colon epithelium).

Finally, we compared the normal mucosa

of patients requiring biopsy during colono-

scopic screening, whose LOI status was pre-

viously determined (2). No morphological

differences were noted by conventional mi-

croscopy. However, 10 of 11 patients with

LOI in the colon showed increased musashi1

staining extending to the upper half of colonic

crypts and/or surface epithelium, compared

with 5 of 15 patients without LOI (P 0
0.004, Fisher_s exact test) (Fig. 2, E and F;

fig. S8). Altered colon epithelial maturation

was also found in all four patients with LOI

restricted to the colon (P 0 0.03) and in six

of seven patients with LOI in both periph-

eral blood lymphocytes and colon (P 0 0.03),

compared with patients without LOI.

The sensitivity was reduced but the speci-

ficity increased when musashi1 staining was

combined with a second marker, twist; in-

creased staining was seen in 6 of 11 patients

with LOI, compared with 1 of 14 patients

without LOI (P 0 0.02, Fisher_s exact test)

(Fig. 2, G and H). Although twist staining

alone did not attain statistical significance (P 0
0.07), the two markers were nonoverlapping,

suggesting heterogeneity in the downstream

effects of LOI.

In summary, this study suggests a cellular

mechanism by which epigenetic alterations

in normal cells may affect cancer risk, name-

ly, by altering the balance of differentiated

and undifferentiated cells. The epigenetically

mediated shift in normal tissue to a more

undifferentiated state, as described here,

might increase the target cell population for

subsequent genetic alterations or might act

alone in tumor initiation. In LOI-mediated

Wilms tumor in the rare disorder Beckwith-

Wiedemann syndrome (BWS), tumors arise

because of an expanded population of neph-

rogenic precursor cells (25). We observed

pancreatic islet cell hyperplasia, a feature of

BWS, in LOI(þ) Min mice (26), suggesting

that LOI may also predispose to the devel-

opment of other tumor types. Genetic mech-

anisms that alter cell differentiation and/or

disrupt crypt architecture have been de-

scribed (27–30), although these mechanisms

are not common in normal human tissue.

Whether the shift in epithelial maturation is a

more specific predictor of cancer risk than

LOI itself is an important question that will

require studies of large numbers of patients

using more molecular markers.

Fig. 1. Immunohisto-
chemical analysis of villin
and musashi1 in 120-
day-old LOI(j) and
LOI(þ) mice. (A) In
LOI(j) mice, villin pro-
tein expression is noted
in a cytoplasmic distri-
bution throughout dif-
ferentiated enterocytes
lining intestinal villi and
within the crypt-villus
interface. (B) In LOI(þ)
mice, villin expression is
markedly decreased. (C)
In LOI(j) mice, musashi1
expression is detected
within the cytoplasm
and nuclei in rare cells
within intestinal crypts
(arrow), the location of
intestinal stem cells and
the undifferentiated epi-
thelial cell compartment.
(D) In marked contrast,
musashi1 cytoplasmic
and nuclear labeling is
detected throughout
the intestinal crypts of
LOI(þ) mice. (E) In
LOI(j) mice, rare
musashi1-positive cells
are detected within the
overlying intestinal villi
representing the differ-
entiated epithelial com-
partment. (F) In LOI(þ)
mice, intense cytoplasmic
and nuclear expression
of musashi1 is detected
within enterocytes lin-
ing intestinal villi. Bars,
10 mm.
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Fig. 2. A shift to less
differentiated colon ep-
ithelium in a mouse
H19 DMR mutation
model and in colonos-
copy patients with LOI.
(A) Musashi1 immuno-
staining in LOI(j) mice
shows rare crypt epi-
thelial cells with cyto-
plasmic labeling. (B) In
contrast, LOI(þ) mice
show aberrant musashi1
staining in both a cyto-
plasmic and nuclear pat-
tern throughout the
colonic epithelium. (C)
Villin immunostaining
in LOI(j) mice shows
cytoplasmic labeling
that includes the brush
border. (D) In contrast,
in LOI(þ) mice, villin
staining of the brush
border on the surface
epithelial cells is absent.
(E) In colonoscopy pa-
tients without LOI, rare
musashi1-positive cells
are detected in crypt epi-
thelial cells (arrow). Low-
power view is available
in fig. S8. (F) In contrast,
in colonoscopy patients
with LOI, musashi1 label-
ing is present throughout
colonic crypts and ex-
tends to the surface
epithelium (see also fig.
S8). (G) In colonoscopy
patients without LOI,
only weak labeling for
twist is detected. (H) In
colonoscopy patients with LOI, patchy but strong twist labeling is present in the crypt and surface
epithelium. Bars, 10 mm.
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