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Gfil functions downstream of
Math1 to control intestinal
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Gfil is a transcriptional repressor implicated in
lymphomagenesis, neutropenia, and hematopoietic
development, as well as ear and lung development.
Here, we demonstrate that Gfil functions downstream
of Math1 in intestinal secretory lineage differentiation.
Gfi1~~ mice lack Paneth cells, have fewer goblet cells,
and supernumerary enteroendocrine cells. Gfi1~~ mice
show gene expression changes consistent with this
altered cell allocation. These data suggest that Gfil
functions to select goblet/Paneth versus
enteroendocrine progenitors. We propose a model of
intestinal cell fate choice in which B-catenin and Cdx
function upstream of Math1, and lineage-specific genes
such as Ngn3 act downstream of Gfil.
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The epithelium of the small intestine is a highly prolif-
erative tissue composed of four distinct cell types: ab-
sorptive enterocytes and three secretory lineages consist-
ing of mucus-secreting goblet cells, hormone-secreting
enteroendocrine cells, and antimicrobial peptide-secret-
ing Paneth cells. All of these cell types derive from mul-
tipotent stem cells residing near the base of the Crypts of
Liberkiihn, the proliferative compartment of the intesti-
nal epithelium (Madara and Trier 1994).

Differentiation within the crypts follows a spatial dis-
tribution: The stem cells are located near the base of the
crypts and give rise to daughter cells that migrate up as
they proliferate. Near the top of the crypt, these daughter
cells terminally differentiate into the four main cell

[Keywords: Intestinal mucosa; developmental gene expression regula-
tion; cell differentiation; Paneth cell; goblet cell; enteroendocrine cell]
SPresent address: Deeann Wallis Schultz, National Human Genome Re-
search Institute-Contractor, National Institutes of Health, 35 Convent
Drive-MSC 3717, Building 35, Room 1B-407, Bethesda, MD 20892-3717,
USA.

7Corresponding author.

E-MAIL hzoghbi@bcm.tme.edu; FAX (713) 798-8728.

Article and publication are at http://www.genesdev.org/cgi/doi/10.1101/
gad.1353905.

types of the intestinal epithelium. Absorptive entero-
cytes, goblet, and enteroendocrine cells migrate up the
villus, whereas Paneth cells migrate down to reside at
the crypt base.

The molecular mechanisms that underlie crypt forma-
tion and intestinal cell fate specification remain incom-
pletely defined. Several genes have been implicated in
crypt morphogenesis and proliferation, including Wnt/B-
catenin pathway members and target genes such as Cdx1
and Cdx2 (Korinek et al. 1998; Beck et al. 1999; Soubey-
ran et al. 1999). B-Catenin signaling is also necessary for
stem cell renewal, proliferation, and differentiation
(Pinto et al. 2003). The current model of intestinal epi-
thelial differentiation suggests that B-catenin drives pro-
duction of a pool of multipotent progenitors that use
Notch signaling to select between Math1 or Hes1 expres-
sion (Yang et al. 2001; Sancho et al. 2004). Progenitors
that express Hesl will differentiate into absorptive en-
terocytes, whereas progenitors that express Mathl are
committed to the secretory lineage and thus fated to be-
come goblet, Paneth, or enteroendocrine cells. Addi-
tional transcription factors such as Ngn3, Pdx1, and
Neurod1 are required for terminal differentiation of en-
teroendocrine cells (Schonhoff et al. 2004). The mechanism
of selection between enteroendocrine, goblet, and Paneth
cells remains unclear, and additional factors are hypoth-
esized to direct differentiation of goblet and Paneth cells.

Math1 is a basic helix-loop-helix (bHLH) transcrip-
tion factor important in cell fate determination (Aka-
zawa et al. 1995; Ben-Arie et al. 1997). Math1-null em-
bryos die at birth due to respiratory failure and lack
many specific cell lineages, including cerebellar granule
neurons, spinal cord interneurons, inner ear hair cells,
and intestinal secretory cells (Ben-Arie et al. 1997; Ber-
mingham et al. 1999, 2001; Yang et al. 2001).

Gfil is a zinc-finger transcriptional repressor essential
for hematopoietic stem cell function and differentiation
of immune cells and a proto-oncogene that is a frequent
target of retroviral insertions in lymphoid tumors
(Schmidt et al. 1996; Karsunky et al. 2002; Hock et al.
2003, 2004). Recently, Gfil was shown to be essential for
formation of lung neuroendocrine cells and may cooper-
ate with Mash1 to promote neuroendocrine lung tumors
(Kazanjian et al. 2004). In the inner ear, Gfi1 is dependent
on Mathl for its expression, and is important for both
differentiation and survival of the sensory hair cells
(Wallis et al. 2003). Thus, Gfil functions downstream of
and cooperates with Notch-regulated bHLHs (Math1 and
Mash1) to promote differentiation of bBHLH-specified cell
types, similar in function to its Drosophila homolog
senseless (Jafar-Nejad et al. 2003; Jafar-Nejad and Bellen
2004). Here we show that Gfil functions downstream of
Math1 in the intestinal epithelium, where it functions to
select Paneth/goblet versus enteroendocrine cell fates
among intestinal secretory progenitors.

Results and Discussion

GFI1 is expressed in the secretory lineage of the
intestine and is absent in Math1'2¢%/1acZ
mutant intestine

To identify genes regulated by Mathl, we assessed gene
expression in Mathl ™/~ embryonic intestine using oligo-
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nucleotide microarrays and identified 192 genes that
were significantly misexpressed in Mathl™/~ intestine
(N.F. Shroyer and H.Y. Zoghbi, unpubl.). We next per-
formed Northern blot and quantitative real-time RT-
PCR analysis of gene expression in Math1'e¢%/* and
Math1'ac?/1a¢Z intestines from two embryonic stages,
confirming significant expression changes in 11 genes
(Supplementary Fig. 1; Supplementary Table 1). We ob-
served reduced expression of secretory lineage-specific
transcripts (i.e., Agr2, Neurod1, Ngn3, Pdx1, Sct, Spdef),
in agreement with the proposed function for Mathl in
intestinal secretory cell specification (Yang et al. 2001).

We found that Gfil expression was reduced 4.4- to
7.6-fold in Math1'e¢#/14Z embryonic intestine (Supple-
mentary Table 1). Previously, we showed that Gfil
mRNA is expressed in the developing intestine at em-
bryonic day 12.5 (E12.5) (Wallis et al. 2003). To further
investigate GFI1 expression in the intestine, we per-
formed immunohistochemical analyses (Fig. 1). In wild-
type mice, robust GFI1 expression can be detected at
E14.5 in scattered cells throughout the developing intes-
tinal epithelium (Fig. 1A). At E18.5, GFI1 is found pri-
marily on the villus epithelium (data not shown). As
expected from our microarray and real-time RT-PCR re-
sults, GFI1 protein is not detectable in Math1@#/1acZ
epithelium (Fig. 1B). In the mature intestine, GFII is
found in the small and large intestines, primarily in the
crypt but also in some villus cells (Fig. 1C,D).

To determine which cell types within the intestinal
epithelium express GFI1, we performed double-labeling
experiments with cell-type-specific markers. We per-
formed confocal immunofluorescence with antibodies
for GFI1 and B-galactosidase in intestines from adult
Math1'@%/* mice (Fig. 1E-G). In Math1'@°%/* mice, B-ga-
lactosidase acts as a lineage marker for cells that have
expressed MATHI (Ben-Arie et al. 2000); we find that

Figure 1. GFIl expression in intestine. (A-D) Immunohistochem-
istry for GFI1 protein, in brown. (A) E14.5 wild-type (wt) intestine.
GFI1 is expressed throughout the developing intestinal epithelium.
(B) E14.5 Math1'¢?/1a¢Z intestine. GFIl expression is absent. (C,D)
GFI1 expression in adult ileum and colon. GFI1 is expressed in the
crypt and villus in both small intestine and colon (arrowheads).
(E-G) Confocal images of a crypt from Math1“**/* ileum showing
colocalization of GFI1 and the Math1%% product B-galactosidase. (E)
GFI1 (red). (F) B-Galactosidase (green). (G) Merge of E and F with
TOTO-3 DNA stain (blue). A cell expressing both GFIl and -ga-
lactosidase is indicated by the white arrowhead. (H) Colocalization
of MATH]1 and GFI1 in an ileal crypt. GFI1 (red) and MATH] (green)
are coexpressed. (I,]) Serial sections showing colocalization of GFI1
and NGN3. Three-micrometer serial sections were stained for GFI1
(I) or NGNB8 (/). A cell coexpressing both proteins is indicated by the
arrow. A cell expressing only GFI1 protein is shown by the arrow-
head. (K-M) Colocalization of GFI1 and CgA. Low-power (K) and
high-power (L) images of wild-type ileum stained for GFI1 (brown)
and CgA (blue). Cells expressing only CgA are indicated by blue
arrows; cells expressing only GFII are indicated by the brown ar-
rowheads; cells expressing both CgA and GFI1 are indicated by black
arrowheads. (M) Confocal images of crypts from wild-type ileum
showing colocalization of GFI1 and CgA. A merged image similar to
G is shown, with TOTO-3 in blue, GFIl in red, and CgA in green.
The arrowheads show cells that coexpress GFI1 and CgA. (N) Colo-
calization of GFI1 (green) with serotonin (5HT, red). Cells expressing
both GFI1 and serotonin are indicated by white arrowheads; a cell
expressing only GFI1 is indicated by the green arrow. (O) No colo-
calization of anti-GFI1 (brown) and alcian blue (AB; blue), a marker
for goblet cells, in wild-type adult jejunum. (P) No colocalization of
anti-GFI1 (brown) and anti-lysozyme (Lys; purple), a marker for Pan-
eth cells, in wild-type adult ileum.

Math1-Gfil in intestinal differentiation

GFI1 is expressed in a subset of these secretory progeni-
tors (Fig. 1G). Colabeling for both GFI1 and MATHI pro-
teins identified coexpression in a subset of crypt progeni-
tors (Fig. 1H). We also found coexpression of GFI1 with
NGNS, a marker of enteroendocrine precursors (Fig. 11,]).
Thus, within the crypt, GFI1 is expressed in a subset of
secretory progenitors that includes enteroendocrine pre-
cursors.

Expression of GFI1 on villi (Fig. 1C) suggested that
GFI1 is also expressed in some mature epithelial cells.
We performed colabeling studies utilizing chromogranin
A (CgA) as a panendocrine marker (Fig. 1K-M), alcian
blue to mark goblet cells (Fig. 10), and lysozyme to mark
Paneth cells (Fig. 1P). We found that GFIl expressing
cells colabeled with CgA in both crypts and villi (black
arrowheads in Fig. 1K,L), whereas we were unable to find
GFI1 expression in alcian blue- or lysozyme-positive
cells (Fig. 10,P). This indicates that GFI1 is expressed in
enteroendocrine cells, but not goblet or Paneth cells. Im-
munofluorescence microscopy confirmed colocalization
of GFI1 and CgA (Fig. 1M). Quantification showed that
among villus cells expressing CgA or GFI1, 50% coex-
press GFI1 and CgA, 10% express GFIl only, and 40%
express CgA only; within the crypt, 60% coexpress GFI1
and CgA, 20% express GFII only, and 20% express CgA
only. Analysis of GFI1 coexpression with the secretory
products of mature endocrine cells showed that GFI1 is
coexpressed with serotonin (Fig. 1N) but we detected no
coexpression with PYY, Neurotensin, Secretin, nor CCK
producing enteroendocrine subsets (data not shown). To-
gether these results show that GFI1 is expressed within
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the crypt in Math1-dependent progenitor cells, including
NGN3-expressing enteroendocrine precursors, as well as
a subset of enteroendocrine cells on the villus.

Gfil mutant mice have abnormal secretory
lineage production

Based on the expression pattern of GFI1 in the intestinal
epithelium, we hypothesized that Gfi1~/~ mice may have
differentiation defects. The overall crypt—villus structure
of the intestine from Gfil~/~ mice is normal, including
the presence of Peyer’s patches (Fig. 2; Supplementary
Fig. 2; data not shown). However, we found an overt

Figure 2. Gfil is required for secretory cell lineage specification.
(A,B) Anti-lysozyme staining (brown) shows a lack of immunoreac-
tivity in Gfi1~~ ileum, suggesting the absence of Paneth cells. (C,D)
BrdU labeling of proliferating cells following a 2-h BrdU pulse. (C) In
wild-type ileum, proliferating cells are excluded from the Paneth
cell zone at the base of the crypt. (D) In Gfi1~/~ ileum, proliferating
cells are found throughout the crypt base, consistent with an ab-
sence of the Paneth cell zone. (E,F) Alcian blue staining is reduced in
Gfi1~~ ileum (F) compared with wild-type littermates (E). (G,H)
Anti-CgA immunohistochemistry marks more cells in Gfil~~ il-
eum (H) than wild-type littermates (G).
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reduction in the number of secretory cells. Gfi1~~ mice
have no apparent Paneth cells, as determined by hema-
toxylin and eosin, alcian blue, periodic acid Schiff/alcian
blue, and anti-lysozyme staining (Fig. 2A,B; data not
shown). In wild-type crypts, proliferating cells are largely
excluded from the Paneth cell zone at the base of the
crypt (Cheng and Leblond 1974). Two hours following
injection with BrdU, labeled cells are primarily found
above the crypt base in Gfi1*/~ mice (Fig. 2C), whereas in
Gfil~~ mice, BrdU-labeled cells are observed throughout
the crypt base (Fig. 2D), consistent with the apparent
absence of Paneth cells. Gfi1~~ mice had approximately
one-third the normal number of goblet cells throughout
the small intestine (p < 0.0001), as shown by alcian blue
staining (Figs. 2E,F, 3). This reduction in goblet cell num-
ber was also observed in the colon (Supplementary Fig.
2C,D). In contrast to goblet and Paneth cells, we ob-
served a significant increase in the number of enteroen-
docrine cells in Gfil~/~ mice (Fig. 2G,H; Supplementary
Fig. 2E,F), with 3.6-fold more enteroendocrine cells
across the small intestine as determined by CgA immu-
nohistochemistry (p < 0.0001) (Fig. 3), as well as a signifi-
cant increase (p <0.0001) in all enteroendocrine sub-
types examined across the small intestine and colon (se-
cretin, fivefold increase in jejunum; neurotensin,
eightfold increase in ileum; CCK, fourfold increase in
jejunum; PYY, sixfold increase in colon) (Supplementary
Fig. 3).

We next examined expression of known intestinal epi-
thelial genes in Gfil~/~ intestine by real-time RT-PCR.
As shown in Table 1, expression of genes specific to the
four intestinal epithelial lineages reflects the lineage al-
location defect in Gfil~/~ intestines. Tff3, encoding a
goblet-specific trefoil factor, is reduced threefold across
the intestine; Lyzs and Mmp7, encoding Paneth genes,
are reduced 5.9- and 5.1-fold, respectively, in the ileum,
where Paneth cells are most prominent; no change was
detected in expression of the absorptive enterocyte-spe-
cific sucrase-isomaltase gene. We analyzed several
genes known to be important for enteroendocrine speci-
fication and differentiation, including Isletl, Neurodl,
and Ngn3. As expected from the increase in enteroendo-
crine cell numbers, these genes showed significantly in-
creased expression in Gfil~/~ intestines (Table 1). Thus,
loss of Gfil results in a reduction of the RNA levels of
goblet- and Paneth-specific genes and an increase in the
RNA levels of genes important for the differentiation of
enteroendocrine cells. These results provide strong evi-
dence that Gfil is essential for normal lineage allocation
in the intestine, and suggest that it functions in early
crypt progenitors prior to cell-specific differentiation
genes such as Ngn3, Neurod1, and Isl1.

To determine whether the secretory lineage abnor-
malities in Gfi1~/~ mice were due to abnormal prolifera-
tion or apoptosis, we performed anti-Ki67, anti-BrdU
staining after a 2-h BrdU pulse and TUNEL staining. No
significant alteration in Ki67, BrdU, or TUNEL staining
was observed (data not shown), indicating an overall nor-
mal production of epithelial cells and no evidence of in-
creased apoptosis of crypt progenitors. Although our data
cannot exclude the possibility that GFI1 might regulate
proliferation of a subset of progenitor cells within the
crypt, the data are consistent with a change in secretory
progenitor cell fate in Gfi1~/~ mice from goblet/Paneth to
enteroendocrine. We tested this possibility by examining
secretory lineage fate in [Math1'e°%/*; Gfi1~/"] mice. By
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Figure 3. Quantification of goblet and enteroendocrine cells in
Gfil~~ mice. (Top) Quantification of goblet cells, derived from
counting alcian blue-positive cells. Cell numbers are graphed as a
percentage of total villus epithelial cells. Open bars represent
Gfil*~, black bars represent Gfil~~, and error bars represent the
standard error (N = four animals per genotype). Subregions of the
small intestine are indicated on the X-axis. (P) proximal; (D) distal.
(Bottom) Quantification of enteroendocrine cells, derived from
counting CgA-positive cells; graphs are shown as above.

following the fate of B-galactosidase-positive cells in
these Gfil~/~ mice, we show that all MATHI-expressing
cells retain their commitment to the secretory fate and
do not switch to an absorptive enterocyte fate (Fig. 4A).
Thus, we conclude that Paneth and goblet progenitors
adopt an enteroendocrine fate in the absence of GFII.

Pathway analysis for secretory cell production

To position Mathl and Gfil in the genetic hierarchy of
intestinal specification, we examined the expression of
genes known to be important for intestinal epithelial
differentiation by real-time RT-PCR. Analyses of experi-
mentally induced intestinal metaplasias suggest that
B-catenin and Cdx2 can induce Mathl and Gfil (Mutoh
et al. 2002; Okubo and Hogan 2004). We found that
B-catenin target genes Cdx2, Ephb2, and Ephb3 (van de
Wetering et al. 2002) are unchanged in Mathi!@c#/1acZ
embryonic intestine (Supplementary Table 1), support-
ing the hypothesis that Math1 functions downstream of
B-catenin and Cdx2, and consistent with our hypothesis
that Math1 is expressed at an early progenitor stage in
crypt differentiation in cells that are selecting between
absorptive and secretory fates (Yang et al. 2001). In
Gfil~~ intestine we found up-regulated expression of
Ephb2 and Ephb3 (Table 1) and continued expression of
EPHB3 protein at the crypt base in the absence of mature
Paneth cells (data not shown). EPHB3, thought to be Pan-
eth cell-specific, and EPHB2, expressed in proliferating
crypt progenitors, are important for vectorial migration
of differentiated cells within and out of the crypt—in
their absence migration is aberrant and Paneth cells are
displaced (Batlle et al. 2002). Our results suggest that
expression of Ephb2 and Ephb3 is not dependent upon
differentiation of secretory cells, and that crypt morpho-
genesis and directional migration is independent of nor-
mal cellular specification. Further, Ephb3 may not be
unique to Paneth cells as suggested by van Es et al.

Math1-Gfil in intestinal differentiation

(2005), but rather to cells at the crypt base regardless of
identity. Thus, these B-catenin targets may be expressed
independently of Paneth cell maturation in Gfil™/~ in-
testine.

Other genes previously implicated in intestinal epithe-
lial differentiation (EfnB1, EfnB2, KIf5, Cdx2, EIf3/Ets1)
are unchanged in both Gfil~~ and Math1/e¢#/1a°Z intes-
tines. These results suggest that Cdx2, EIf3, and KIf5 are
upstream or independent of Math1 and Gfil. We found a
1.4- to 2.4-fold reduction in Mathl expression in Gfil~/~
intestine, consistent with the overall reduction in secre-
tory cells (which normally continue to express Mathl as
they migrate up the villus); this result was confirmed by
immunohistochemistry with anti-MATHI1 antibodies
that show continued expression of MATHI protein in
Gfi1™~ intestines (Table 1; data not shown). This con-
tinued expression at near normal levels demonstrates
that Math1 is not dependent upon Gfil for its expres-
sion, although these data do not exclude the potential for
GFI1 to regulate Math1 levels. KiIf4, required for normal
goblet cells and absorptive enterocytes (Katz et al. 2002),
is slightly down-regulated in both Mathi1!ac?/acZ gand
Gfi1™~ mice, likely reflecting the loss of goblet cells in
these mice. Hesl is unchanged in Gfil~/~, consistent
with normal Notch-based selection of secretory versus
absorptive progenitors in Gfil mutant mice. We propose
an extended model for differentiation of intestinal secre-
tory cells: Stem cell renewal and normal differentiation
is dependent upon Wnt/B-catenin signaling and Cdx
genes, specification of a secretory-specific progenitor is
dependent on Math1, and selection between goblet/Pan-
eth and enteroendocrine progenitors is dependent on
Gfil (Fig. 4B). Consistent with this model are findings
from studies of Ngn3~/~ mice that revealed a balance
between production of enteroendocrine and goblet cells

Table 1. Gene expression changed in Gfil~/~

Gene Jejunum Ileum Colon Overall
Cdx2 1.17¢ 1.1m 1.0 1.1m8
EfnB1 1.17¢ 1.17¢ -1.1m 1.0
EfnB2 1.6 1.3m8 -1.47 1.278
EIf3 1.77 1.2m -1.17¢ 1.37¢
Ephb2 2.8> 2.3° 2.6 2.64
Ephb3 2.12 1.57 1.9ms 1.8P
Hesl 1.47¢ 1.1m -1.5™ 1.1m
Isl1 7.9¢ 13.4¢ 6.3P 9.24
Klif4 -1.2m¢ -1.2m -1.42 -1.3b
KIf5 1.47 1.178 -1.17 1.178
Lyzs -1.5m¢ -5.9¢ 1.3" -1.4¢
Math1 =217 -2.4b -1.47 -2.0¢
Mmp7 -1.6™ -5.1P -4.6" -3.8°
Neurodl 9.2b 17.9® 9.7 12.3¢
Ngn3 6.2° 8.1b 16.3° 10.2¢
Pdxl -1.47 8.1P 1.0 3.3™
Si -1.47 -1.37 -2.378 -1.7°¢
T3 -3.04 -3.3¢ -3.24 -3.24

Values are the ratio (Gfil~-/Gfi1*"~) of normalized expression
levels. Negative values indicate reduced gene expression in
Gfil~~ intestines compared to wild type.

ap < 0.05.

by < 0.01.

p < 0.001.

4 < 0.0001.

"Not significant.
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Figure 4. (A) Secretory cells remain lineage committed in Gfil~/~ intestine. Ileum from [Gfi1~/~; Math1'“*?/*] mice is shown. The intestine was
stained with Xgal (blue) for cells that expressed B-galactosidase under the control of the Math1 locus to mark intestinal secretory cells, periodic
acid-Schiff (pink) to mark goblet and Paneth cells, and anti-serotonin immunohistochemistry (brown) to mark enteroendocrine cells. All cells
marked by Xgal are marked by periodic acid-Schiff (purple arrows) or serotonin (brown arrowheads), indicating secretory lineage restriction in
Gfil~"~ intestine. Note also the lack of periodic acid-Schiff-positive Paneth cells at the crypt base. (B) Model for intestinal epithelial differen-
tiation. (Left) A cartoon drawing of a crypt and adjoining villus epithelium is shown. (Right) A diagram detailing the cellular and molecular
events in epithelial differentiation. Enteroendocrine, Paneth, goblet, and absorptive enterocytes are indicated by name. Self-renewing stem
cells, shown in red, are located near the base of the crypt and show nuclear localization of B-catenin. Stem cells produce highly proliferating
multipotent progenitors, which employ Notch signaling to select HesI-expressing cells versus Math1-expressing cells. Hes1-expressing cells
(gray) go on to differentiate into absorptive enterocytes (white), which constitute the majority of the mature epithelium. Math1-expressing cells
(orange) constitute the secretory progenitors. These cells subsequently coexpress Gfil (purple), which functions to select between goblet/Paneth

progenitors (green) and enteroendocrine precursors (brown). Enteroendocrine precursors express Ngn3 and Gfil; Gfil continues to be expressed

in a subset of mature enteroendocrine cells.

(Jenny et al. 2002). Our model proposes that GFI1 expres-
sion must be extinguished for normal differentiation of
goblet/Paneth progenitors. Alternatively, GFI1 may be
expressed only in MATHI1/NGN3-positive enteroendo-
crine precursors that, in the absence of Gfil, are over-
produced and inhibit production of goblet/Paneth cells
from adjacent progenitors. Fate mapping studies of GFI1-
positive progenitors will distinguish these mechanisms.

In sum, we suggest that Gfil functions in a Mathl-
specified, secretory lineage-committed progenitor to se-
lect between goblet/Paneth and enteroendocrine cell
fates. These data are the first to demonstrate a step in
secretory lineage allocation separating enteroendocrine
and Paneth/goblet fates, and provide additional evidence
to support the close ontogenic relationship between Pan-
eth and goblet cells. That the oncogene Gfil is a key
player in the proliferative intestinal crypt suggests a po-
tential role for Gfil in intestinal malignancies. Further
work to identify additional targets of Mathl and Gfil in
the intestine will likely identify additional factors im-
portant for the differentiation of secretory lineages and
clarify the molecular hierarchy of intestinal epithelial
differentiation. Our findings support the concept that
Gfil/senseless homologs cooperate with bHLH factors to
direct cell fate decisions in multiple tissues, and that
this genetic partnership may be utilized throughout the
animal kingdom to specify cell fates.

Materials and methods

Additional materials and methods are available as Supplemental Mate-
rial.
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Animals
Gfil mutant and Mathl mutant mice were bred and genotyped as previ-
ously described (Ben-Arie et al. 2000; Hock et al. 2003).

Embryo collection, RNA extraction, and gene expression analysis
Tissues from Gfil~/~ and Gfil*/~ animals and from Math1'@%/* and
Math1'a¢#/1a°Z embryos were dissected and stored in RNAlater (Ambion).
RNA was extracted from intestines with Trizol (Invitrogen) followed by
purification on RNeasy columns (Qiagen). RNA quality was assessed by
formaldehyde-agarose gel electrophoresis and Bioanalyser 2100 (Agilent)
analysis. For Northern blots, 5 pg of total RNA was separated, trans-
ferred to a nylon membrane, and hybridized with the appropriate 32P-
labeled DNA probe corresponding to each gene. Signal intensities were
measured by densitometry and expression levels were normalized to
Gapdh. For real-time RT-PCR, cDNA equivalent to 100 ng of total RNA
was PCR-amplified in an ABI PRISM 7300 detection system. The primers
and probes for each gene analyzed are listed in Supplementary Table 2.
The relative level of each RNA was calculated using the standard curve
method and normalized to the corresponding Gapdh RNA levels.
ANOVA and t-tests were performed to measure variations in gene ex-
pression between groups.

Tissue preparation and Immunohistochemistry

Tissues were dissected and fixed overnight in 4% paraformaldehyde,
then embedded in paraffin for sectioning. Five-micrometer sections were
collected and analyzed by immunohistochemistry. For serial sections,
3-um sections were collected and alternate sections stained for GFI1 or
NGNB. For confocal microscopy, 12-um frozen sections were collected
onto slides, post-fixed in formalin for 1 min, then processed directly for
immunofluorescent labeling.

Antibodies and concentrations used were as follows: anti-GFII at 1:
1000 to 1:2000 (Wallis et al. 2003), anti-NGN3 at 1:500 (a gift from Doris
Stoffers, University of Pennsylvania, Philadelphia), anti-CgA at 1:2000
(ImmunoStar, Inc.), anti-Ki67 at 1:1000 (Novacastra Laboratories Ltd.),
anti-BrdU at 1:50 (DakoCytomation), anti-muramidase/lysozyme at



1:2000 to 1:10,000 (Novacastra Laboratories Ltd), anti-ATH-1 (MATHI)
at 1:200 (Chemicon International), anti-B-galactosidase at 1:250 (Rock-
land), anti-neurotensin at 1:2000 (ImmunoStar), anti-NPY (which cross-
reacts with PYY) at 1:2000 (ImmunoStar), anti-secretin at 1:200 (Chemi-
con International), anti-CCK at 1:500 (ImmunoStar), anti-serotonin at
1:10,000 (ImmunoStar), and anti-B-galactosidase (1:250, Rockland). Apo-
ptotic cells were identified with the Apoptag peroxidase kit (Chemicon).

Quantification of cell numbers and statistical methods

Images of alcian blue/nuclear fast red- or antibody/hematoxylin-stained
tissue were acquired and counts of villus nuclei and alcian blue-positive
or CgA-positive cells were performed. The percentage of alcian blue- or
antigen-positive villus cells was determined for each intestinal region
from each animal, and an average percentage for Gfi1*/~ and Gfil™/~ tis-
sues was determined. A standard deviation was calculated for each av-
erage and ANOVA and post-hoc t-tests were performed to measure sta-
tistical significance.
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