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SUMMARY

KIf4 (formerly GKLF) is a zinc-finger transcription
factor expressed in the epithelia of the skin, lungs,
gastrointestinal tract and several other organs. In vitro
studies have suggested th#tlf4 plays an important role in
cell proliferation and/or differentiation. Mice homozygous
for a null mutation in Klf4 die within 15 hours of birth and
show selective perturbation of late-stage differentiation
structures in the epidermis, but the function ofKlIf4 in the
gastrointestinal tract has not been investigated. To address
this issue, we have generatelIf4~- mice by homologous
recombination in embryonic stem cells. In this study, we

exhibit normal cell proliferation and cell death rates in
the colon on postnatal day 1. HoweverKlf4~— mice
demonstrate a 90% decrease in the number of goblet cells
in the colon, show abnormal expression of the goblet cell-
specific marker Muc2 by in situ hybridization, have
abnormal staining of the colonic epithelium with Alcian
Blue for acidic mucins, and lack normal goblet cell
morphology by ultrastructural analysis. All other
epithelial cell types are present in the colon dflf4~"-mice.
In summary, Klf4 plays a crucial role in colonic epithelial
cell differentiation in vivo.

provide the first in vivo evidence that Klf4 is a goblet cell-

specific differentiation factor in the colon. KIf4~~ mice  Key wordsKIf4, Goblet cell, Cell differentiation, Colon, Mouse

INTRODUCTION of three cell types: colonocytes, goblet cells and
enteroendocrine cells. At the lumenal surface, cells enter a
The mammalian gastrointestinal tract undergoes continuoweath program characterized by senescence and/or apoptosis,
self-renewal throughout life (Stappenbeck et al., 1998). Stemand are sloughed into the lumen (Potten, 1997). More than
cells, specialized epithelial cells characterized by the abilitg0% of all epithelial tissue in the colon comprises
for self-maintenance, provide the basis for ongoing celtolonocytes (Chang and Leblond, 1971). Colonocytes have
replacement. These cells divide asymmetrically, producing ongoth absorptive and secretory functions, absorbing water,
stem cell, which remains multipotent and undifferentiated, andodium and short-chain fatty acids while secreting
one daughter cell, which is committed to differentiation (Bactbicarbonate and potassium. Goblet cells, meanwhile,
et al., 2000). Committed daughter cells undergo severalaborate mucins, trefoil proteins and other factors that help
additional rounds of cell division while migrating from the protect the intestinal mucosa from injury and facilitate tissue
proliferative to the differentiated compartment. Uponrepair (Deplancke and Gaskins, 2001). In the adult mouse
differentiation, cells lose the ability to divide and eventuallydescending colon, cells of this lineage form about 16% of the
die. The mature gastrointestinal system therefore comprises,tatal crypt cell population (Karam, 1999). Enteroendocrine
all times, both undifferentiated, pluripotent stem cells ancells, the least common of the colonic epithelial cells, secrete
differentiated, functional epithelial cells. various gastrointestinal hormones. Enteroendocrine cells
In the colon, stem cells are located at the base of the cryptsormally represent less than 1% of colonic epithelial cells
with proliferation occurring in the lower third of these (Tsubouchiand Leblond, 1979). The three cell lineages of the
epithelial folds. Epithelial cells migrate in ordered cohortscolon are first evident at the endoderm-intestinal transition,
towards the lumenal surface, differentiating to form onewhich occurs on embryonic day 15-16 in mice (Traber, 1999).
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The epithelium of the colon continues to mature after birthincorporation, whereas suppression of ¥4 gene with
with the expression of certain genes delayed until thantisense cDNA increases DNA synthesis (Shie et al., 2000).
suckling-weaning transition around postnatal day 17 (Trabdn the human colon cancer cell line RKO, inducible expression
and Wu, 1995; Traber, 1999). of KlIf4 leads to a block at thei(® transition phase of the cell
Cell proliferation, differentiation, and death in the cycle (Chen et al., 2001). In esophageal squamous epithelial
gastrointestinal tract are under tight genetic control. In theells, KIf4 transcriptionally activates the promoters for the late
intestine, complex signals mediate cellular differentiationdifferentiation genes keratin 4 and Epstein-Barr VEDsL2
programs, but up to now these signals have not been wéllenkins et al., 1998).
understood. The basic helix-loop-helix (bHLH) protein BETA2 In the embryo, expression &flf4 mRNA is seen in the
has been suggested to control terminal differentiation opithelium of the colon by embryonic day 15.5 (Garrett-Sinha
secretin-producing enteroendocrine cells (Mutoh et al., 1998t al., 1996). In the adult moud€f4 mRNA localizes to the
Hesl is a general repressor of bHLH factor-controlledupper region of the crypt epithelium, a region that consists of
endodermal endocrine cell differentiation in the stomach andells that have undergone growth arrest and begun to
proximal small intestine, aslestnull mice show excessive differentiate into mature colonocytes (Shields et al., 1996).
differentiation of multiple enteroendocrine cell types, as welMice homozygous for a null mutation Kif4 are born at the
as more intestinal goblet cells and fewer enterocytes (Jenseneagpected Mendelian ratio but die within 15 hours of birth and
al., 2000). A constitutively active form of the Rho GTPaseshow selective perturbation of the late-stage differentiation
Racl induces precocious differentiation of Paneth cells anstructures of the epidermis (Segre et al., 1999). The early
enterocytes in the small intestine, without affecting cellethality ofKIf4-null mice has been attributed to the loss of skin
division (Stappenbeck and Gordon, 2000). Recently, loss of tHgarrier function as no defects in any organ other than skin were
bHLH-factor Mathl (Atohl — Mouse Genome Informatics)noted. To date, nothing has been reported about the function
was shown to deplete intestinal goblet, enteroendocrine armd KIlf4 in gastrointestinal epithelial proliferation and
Paneth cells, but not enterocytes (Yang et al., 2001). Goblatjfferentiation in vivo.
enteroendocrine and Paneth cells may arise from a progenitorin this study, we provide the first in vivo evidence tkk
that expressddathl, while enterocytes arise from a progenitoris a goblet cell-specific differentiation factor in the colon.
that is Mathl independent. Taken together, these result¥Jsing gene targeting, we demonstrate Kiét is required for
suggest a hierarchical regulation of intestinal epithelial celthe terminal differentiation of colonic goblet cells. This role of
differentiation. Still, much of the complex regulatory networkKIf4 in the colon is specific to the goblet cell lineage, as both
of differentiation remains to be understood. colonocytes and enteroendocrine cells appear to undergo
The roles of the epithelial cells of the intestine have beenormal maturation.
studied in vitro and in vivo. Specific markers, sucfi#i3and
Muc?2 for intestinal goblet cells, have been identified, an
targeted ablation of Paneth cells and goblet cells usin
transgenic mice has yielded insight into the function of thes
different cell types (Garabedian et al., 1997; Itoh et al., 1999

:\t/IOh Zet ‘3'1 1999?’ Vt‘;’m dKlanI[<en e'.[ aI.,_ ]}99?)' '}A'Ce qeflc(lfntll a mouse 129SvEv library, and a targeting vector was designed to flank
uces, the most abundant murine intestinal mucin, diISplay,y s 2 and 3 of thilf4 gene with loxP sites in introns 1 and 3 as
aberrant intestinal crypt morphology, with altered celltgiows. A neomycin resistance/thymidine kinase cassette flanked by

maturation and migration (Velcich et al., 200BJucznull  two loxP sites was inserted into théndlll site in intron 1. An

mice develop small intestinal adenomas, which progress tligonucleotide containing a loxP site was synthesized and ligated
invasive adenocarcinomas, and rectal tumors, linking a specifiiato the Xba site in intron 3, destroying the originzba site. The
product of intestinal goblet cells to the suppression of canceargeting construct was then introduced into TL1 embryonic stem (ES)
While keratinocyte growth factor, which induces proliferationcells (Labosky etal., 1997), and the G418 resistant ES clones screened
of epithelial cells throughout the gastrointestinal tractfor homologous recombinants using a 400 Si#-Xhd fragment
promotes goblet cell differentiation in vitro (Housley et al.,located 5 to the A phage genomic clone and lacking repetitive

. - ; . sequences. ES clones containing the targéliddgene were selected
1994; Ilwakin and Podolsky, 2001a), the identification Ofand transiently transfected with a Cre-recombinase expression

d|ﬁerent|at|on facto.rs specific for the goblet cell lineage in VIVOjjasmid (Gu et al., 1994). ES cells with excision of the neomycin
has remained elusive. S o resistance/thymidine kinase cassette were then selected by culture in
KIf4 (formerly GKLF) is a zinc-finger transcription factor the presence of gancyclovir. These cells were subsequently screened
expressed in the epithelia of the skin, the lungs, they Southern blot analysis and PCR for clones in which the sequences
gastrointestinal tract and several other organs (Garrett-Sinhatettween the 'smost and the middle Cre-recombinase were deleted,
al., 1996; Shields et al., 1996; Ton-That et al., 1997). In vitreesulting in a functionally wild typ&lf4 gene flanked by loxP sites.
studies have suggested a role Kif4 in cell proliferation E_S cells from a ﬂOXGdKlM: clone were injected into blastocysts
and/or differentiation (Bieker, 2001). In cultured fibroblasts derived from CS7BL/6 mice. Blastocysts were fransferred to
KIf4 mRNA is found at high levels in growth-arrested cells andaseudopregfnant fef_“ﬁ'e_s a”g_Ch'“ﬁe“C cIJffsprlng were identified by the
is nearly undetectable in cells that are in the exponential pha$e sence of agouti hair. Chimeric males were mated to C57BL/6

) . . ales to obtain ES cell-derived offspring. Mice heterozygous for
of proliferation (Shields et al., 1996). Moreover, DNA the floxedKlf4 allele were mated with mice expressing Cre under the

synthesis is inhibited in fibroblasts transfected with &gnirol of theCMV promoter to generate the null allele (White et al.,
Klf4-expressing plasmid construct (Shields et al., 1996)1997). TheCMV-Cre transgene was then bred out, and heterozygous
Constitutive overexpression dkIf4 in a human colonic mutants KIf4*-) were matedinter se to generate homozygous

adenocarcinoma cell line (HT-29) decreas#@s]thymidine  mutants KIf4-"-). Mice studied were on a mixed genetic background.

ATERIALS AND METHODS

generation of Kilf4 mutant mice
\ A phage clone containing the muriké4 gene was isolated from
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Embryos and mice were genotyped by PCR using thre@ paraffin and 5um sections were applied to Probe-on BYuslides
primers:KIf4 exonl, CTGGGCCCCCACATTAATGACKIf4 exon2,  (Fisher). The primary antibodies used were mouse monoclonal anti-
TCAGACTGTACCGACAGTCGC; andlf4 intron3, TTTTGTCGG-  BrdU (1:500, Roche Diagnostics) and rabbit anti-chromogranin A
TCTTGCCGAGAC. PCR reactions were carried out for 32 cycleg1:3000, Diasorin). Apototic cells were detected using the In Situ
(95°C for 40 seconds; 8C for 40 seconds; 72 for 60 seconds) in Death Detection Kit (Roche Diagnostics) as per manufacturer's
a buffer containing 1.5 mM Mgel The wild-type allele produced a protocol. Anti-BrdU antibody was detected with biotinylated goat
band of 172 bp, the floxed allele a band of 296 bp and the null alleBnti-mouse secondary antibody (1:200, Vector), alkaline phosphatase-

a band of 425 bp. labeled avidin-biotin complex (Biostain Super ABC, Biomeda) and
) ) NBT/BCIP substrate (Roche Diagnostics). Anti-chromogranin
Histology and cell counting antibody was detected with biotinylated goat anti-rabbit secondary

Mice were sacrificed at postnatal day 1 and colons were removed aadtibody (1:200, Vector), peroxidase labeled avidin-biotin complex
fixed in 4% paraformaldehyde, embedded in paraffin, angm5  (Vectastain ABC Kit, Vector) and DAB substrate-chromogen solution
sections were applied to Probe-on PMislides (Fisher). Sections (Vector).

were deparaffinized in xylene, then rehydrated in ethanol and stained After wax removal and rehydration, slides were immersed in 0.01M
with either Hematoxylin and Eosin or Alcian Blue and nuclear fastitric acid buffer (pH 6.0) and microwaved to boil for 7 minutes,
red as previously described (Kaestner et al., 1997). For Hematoxylitooled, and washed twice in phosphate-buffered saline (PBS). Slides
and Eosin staining, sections were incubated in Hematoxylin for 2.8r chromogranin detection were incubated for 15 minutes in 1.5%
minutes and Eosin for 15 seconds. For Alcian Blue staining, sectiorig/drogen peroxide and washed twice in PBS prior to proceeding.
were incubated in 1% Alcian Blue in 3% acetic acid, pH 2.5, for 3O0Nonspecific binding of avidin-biotin was blocked (Avidin/Biotin
minutes and 0.1% nuclear Fast Red for 10 seconds. After staininBlocking Kit, Vector), and slides were washed once with PBS, then
sections were dehydrated in ethanol, cleared with xylene and mountettubated for 15 minutes at room temperature with Protein Blocking
with Cytoseal™ 60 (Stephens Scientific). Images were captured on &gent (Immunotech). Primary antibody diluted with 0.1% bovine
Nikon Microphot FX microscope. The ratio of goblet cells to totalserum albumin, 0.2% Triton X-100 in PBS (PBT) was applied and the
epithelial cells was obtained by counting, in a blinded fashion, totaissue incubated overnight atGtin a moist chamber. After washing
epithelial cells and Alcian Blue-positive cells with goblet morphologywith PBS, secondary antibody diluted with PBT was applied and the
from ten high-powered fields of well-oriented colonic cross-sectiongissue incubated for 40 minutes af@74n a moist chamber. The slides

(Itoh et al., 1999a). were developed using the avidin-biotin complex and substrate as per
) the manufacturer’s protocols, counterstained with Hematoxylin for
Electron microscopy 2.5 minutes or 0.1% nuclear fast red for 10 seconds, dehydrated and

Mice were sacrificed at postnatal day 1, and tissues were removed amdunted with Cytose®Y' 60 (Stephens Scientific). Images were
fixed overnight in 2% glutaraldehyde in 0.1 M sodium cacodylate, pHtaptured on a Nikon Microphot FX microscope.

7.4, at 4°C. Sections were then prepared for electron microscopy using

a standard protocol (Smith et al., 1985). Briefly, tissues were washed

with 0.1M sodium cacodylate, post-fixed with 2% osmium tetroxideRESULTS

in 0.1M sodium cacodylate and washed at 4°C. Tissues were stained

with 2% aqueous uranyl acetate, dehydrated in graded alcohol akéene targeting of the KIf4 gene

embedded in Embed 812 resin (Electron Microscopy Sciencesyy investigate the role of the zinc-finger transcription factor
Sections 210°%m thick were cut using a Leica Ultracut S microtome %IM in gastrointestinal proliferation and differentiation in vivo,

and mounted on 200 mesh thin bar copper grids, stained in 7 . : . :
aqueous uranyl acetate, and counterstained in bismuth subnitri%e generated mice lacking a functional product of this gene by

Digital Images were collected on a JEOL JEM 1010 equipped with omologous recombination in mouse embryonic stem cells.

Hamamatsu CCD camera and AMT 12-HR imaging software. he open-reading frame of tHé4 gene encodes a polypeptide
of 483 amino acids with a predicted molecular weight of 53

In situ hybridization kDa. The entire polypeptide sequence Kif4 with the
Tissues were fixed in Bouin's fixative (fé€lf4) or 4% PFA (for  exception of the first amino acid is encoded by exons 2, 3 and
Muc?), embedded in paraffin, and |Em sections were applied to 4 (Mahatan et al., 1999). Deletion of exons 2 and 3 produces
Probe-on PIU8" slides (Fisher). Sections were deparaffinized ing frameshift mutation in exon 4. Concerned that the lokf4f
xylene, then rehydrated in ethanol. Digoxigenin-labeled sense arlﬂight produce early lethality, we employed the Cre/loxP
antisense probes were transcribed in vitro from the foIIowingSystem to generate bokif4-null mice andKlf4 floxed mice,

plasmids: a 220 bp fragment of the moudst full-length cDNA which could be used for conditional knockout experiments

(GenBank Accession Number, U20344) containing the nucleotide . .
1360-1574 cloned into the pBluescript SK (Stratagene) and a 357 Jpagy, 2000). We chose to flank exons 2 and 3 .W'th lOXP sites,
in order to generate ouklf4 mutant mice. This targeting

fragment of the mous&luc2 partial cDNA (GenBank Accession . ) . \
Number, AJ010437) containing the nucleotides 337 to 694 cloned in@irategy is depicted in Fig. 1A. ES cells were screened by
PCRII (Invitrogen). In situ hybridization was performed as describedSouthern blot using a 400 bp probe external to the sequence of
by Wilkinson (Wilkinson, 1992). Anti-digoxigenin antibody (Roche the targeting vector.
Diagnostics) was used at a dilution of 1:2000. The slides were Of 345 stably transfected ES cell clones, five had undergone
developed overnight using NBT/BCIP substrate (Roche Diagnosticshomologous recombination to yield the targekdt# allele.
counterstained with 0.1% nyclear Fast Red for 5 secondslgr lessouthern blot analysis of a wild-type and targeted clone is
ﬂﬁgygrsa\tlsgr ;g‘; E?Eﬂtﬁﬂ ;V'It\lhikg%tﬁ/lgiff%étsfzeﬁ?ﬁi';foggc')er"at'f'c)- shown in Fig. 1B. Targeted clones were then transiently
9 P P pe. transfected with a Cre-expressing plasmid to yield the floxed
Immunohistochemistry, cell proliferation and cell death KIf4 allele containing loxP sites in introns 1 and 3. Germline
assays chimeras and mice heterozygous for the flaxid allele were
Mice on postnatal day 1 were injected 1 hour before sacrifice witbtained. Mice heterozygous for the flox<tl4 allele were
BrdU labeling reagent (Zymed) as per manufacturer's protocolthen crossed with@MV-Cre transgenic mouse line to generate
Tissues were removed and fixed in 4% paraformaldehyde, embeddKdf4-null mice (White et al., 1997). These mice were then bred
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A Wild-type Kif4 allele Kif4 floxed allele
15 1’|‘ Prube X = E X Probe =E E/X 1kb
= Ha .- = NI O —
e =& 5 8 T A 4
E :L"kl:l > & 6.1 kb
X . % 6.9 kb
Targeted Kif4 allele Kif4 null allele
E X Probe = E EE E/X lkh E X Probe SEX kb
= TR | Neo | — = 5> —
1 2, 3 4 4
& 7.5 kb 5 6.1 kb
< 9.9 kb % 4.8 kb
B W“d"yp“ T“rge“’d C ++  +/floxed  +- Fig. 1. Targeting strategy and in situ hybridization
E X E X for KIf4. (A) The four alleles used in the gene
—— : targeting ofKlf4 are shown with predicted band
sizes of restriction fragments used in Southern
blot analysis. Deletion of exons 2 and 3 produces
-— a frame shift in exon 4. Exon 1 encodes only the
' first amino acid of th&lIf4 protein. A 400 bp
— . fragment external to the targeting vector was used
D ™ i g E as the probe for Southern blot. White arrows
~a . depict PCR primer locations. (B) Southern blot
TR \ showing the wild-type and target&df4 bands.
Plie ‘ WG e (C) PCR screening fdflf4 revealed 172 bp wild-
o W ds type, 296 bp floxed and 425 bp null bands.
/4 p e (D,E) In situ hybridization foKIf4 in colon from

postnatal day 1 mice. (D) Wild-type mice
demonstrated expressionkif4 mRNA (arrows)
throughout the epithelium. (K)If4~-mice
s showed no expression Kff4 mRNA, confirming
> the successful deletion &if4. E, EcoRl; X, Xbd.

to remove th€MV-Cre transgene. Screening for mice carryingproliferation in vitro (Chen et al., 2001; Shie et al., 2000;
KIf4 floxed andKlf4 null alleles was performed by PCR (Fig. Shields et al., 1996), we investigated the rol&ié4 in cell
10). proliferation in vivo using immunohistochemistry for
The general appearance of the mice homozygous for a nidromodeoxyuridine (BrdU). BrdU injected into the peritoneum
mutation inKlf4 (KIf4—~-) has been previously noted (Segre etreaches the gastrointestinal epithelium within minutes and is
al., 1999). Our results were consistent with the prior reporincorporated into the DNA of cells in S phase. For our
KIf4~"- mice were born at approximately normal Mendelianexperiments, wild-type and mutant mice were injected with
frequency and were initially indistinguishable from wild-type BrdU and sacrificed 1 hour after injection. Staining for BrdU
littermates. However, aKIf4~—mice died on postnatal day 1. revealed no difference in the number of labeled cells in the
No differences were observed between heterozygous and wildelonic epithelium of wild-type mice (Fig. 2A) versi#4-/-
type animals in overall development, histology, growthmice (Fig. 2B). Moreover, no spatial differences in BrdU
characteristics or gene expression. staining were observed. Thu€f4~-mice on postnatal day 1
In situ hybridization forKlf4 was performed on colon of showed no change in the rate of cell proliferation in the colon.
wild-type andKIf4~-mice on postnatal day 1. In Fig. 1D, wild- Wild-type andKIf4~~ mice also showed no changes in the
type mice demonstrated epithelial-specific expressioflfdf  number or location of epithelial cells undergoing apoptosis in
mMRNA in the colon (arrows). In the colon of adult mik#f4  the colon (data not shown).
expression is confined to the upper third of the crypt epithelium _ ) o
(Shields et al., 1996). In newborn midgf4 expression was KIf4~'~ mice show abnormal differentiation of goblet
detected diffusely throughout the epitheliuiif4=/— mice  cells but not colonocytes or enteroendocrine cells in
showed no expression Kff4 mRNA in the colon, confirming the colon

the successful deletion &fif4 (Fig. 1E). Homozygous deletion dflf4 has been shown to affect late-

) ] ) stage differentiation in the skin (Segre et al., 1999)KK& is
Cell proliferation and cell death are normal in the highly expressed in the epithelial cells of the colon as well as
colon of KIf4=~ mice the skin, we postulated that the loss of functional KIf4 might

As Klf4 has been suggested to be a negative regulator of céthpact colonic differentiation as well. As théf4-'- mice die
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Fig. 2(A,B) Immunohistochemistry for BrdU,
indicating dividing cells in the colonic
epithelium of postnatal day 1 midelf4—"-
mice (B) were no different from wild-type (A)
littermates in rates of cell proliferation in the
colonic epithelium.

within 15 hours of birth, we examined these animals omBy contrast, the morphology of colonocytes was grossly
postnatal day 1, the latest stage of intestinal differentiationormal in the colon oKIf4~"-mice. To investigate whether the
before their death. Because the epithelium of the coloKlf4 null phenotype was specific for goblet cells, we examined
undergoes a continual and rapid renewal, both undifferentiatatle differentiation of enteroendocrine cells in the colon. Using
proliferative cells and fully differentiated epithelial cells areimmunohistochemistry for chromogranin A, a marker of
normally represented in the murine postnatal day 1 colon. enteroendocrine cells, we identified these cells (arrows) in the
The colonic mucosa of thglf4~'- mice on postnatal day 1 colon of both wild-type (Fig. 3C) anidIif4~"— mice (Fig. 3D).
was abnormal when compared with wild-type littermates (Figln both cases, enteroendocrine cells were seen at typically low
3A,B). The colons oKlIf4~'~mice appeared, in general, to have numbers, with only one to two enteroendocrine cells per cross-
subtle changes in epithelial contour. The most marked changection of the colon. Thus, among the three epithelial cell
in the KIf4~- mice was a dramatic decrease in the number dineages in the colon, only differentiation of goblet cells
mature goblet cells. Goblet cells are specialized epithelial cellsppeared to be altered Kif4—'- mice.
that elaborate mucins, trefoil proteins and other factors that To further characterize the reduction of goblet cells in the
help protect the intestinal mucosa from injury and facilitatecolon of Kif4~~ mice, we performed Alcian Blue staining.
tissue repair (Deplancke and Gaskins, 2001). Cells of thilcian Blue detects acidic mucins, which are normally
lineage normally undergo a specific differentiation programrestricted to pre-goblet and goblet cells in the colon. At low
first forming pre-goblet cells, also called oligomucous cellspower, staining of wild-type colons revealed numerous Alcian
that are characterized by a few mucous granules, occasionaByue-positive cells (Fig. 4A). By contrast, very few Alcian
grouped into a narrow theca (Karam, 1999). Pre-goblet celBlue-positive cells were seen in colons of #ié4—- mice,
are generally confined to the colonic crypt base or mid-crypindicating that goblet cell differentiation was dramatically
with some regional variation. Mature goblet cells form fromimpaired (Fig. 4B). Moreover, at higher power, Alcian Blue
the pre-goblet cells within 1-2 days and are recognized by theaining was seen only in goblet cells (arrows) of wild-type
large and numerous mucous granules that cause the thecaeaons (Fig. 4C). By contrastKIlf4~~ colons displayed
swell, giving the typical goblet appearance (Chang andumerous epithelial cells with small amounts of Alcian Blue
Leblond, 1971; Chang and Nadler, 1975). staining material (arrows) but no normal goblet cell
While wild-type mice (Fig. 3A) showed numerous gobletmorphology (Fig. 4D). This staining pattern in #ié——mice
cells (arrows) throughout the crypts and surface epitheliuntould represent either ectopic mucin expression or the presence
goblet cells were nearly absent in #k4~- mice (Fig. 3B). of numerous pre-goblet cells throughout the epithelium.

Fig. 3. Differentiation of goblet cells but not
colonocytes and enteroendocrine cells was abnor
in KIf4~'-mice. (A,B) Hematoxylin and Eosin
staining of the colon from postnatal day 1 mice.
(A) The colonic epithelium of wild-type mice

showed a normal contour and numerous goblet cel g ¥ -
(arrows) along the crypts and surface epithelium.
(B) By contrast, goblet cells were nearly absent from .

Klf4-"- epithelium, and mutant mice appeared to
have subtle changes in epithelial contour. C 32 T w1l P ™
Colonocytes appeared grossly normal. %

(C,D) Immunohistochemistry for chromogranin A, a ES o w ¥ £ #
marker of enteroendocrine cells, in colon from - ,". K ,') e 4 e B
postnatal day 1 mice. Enteroendocrine cells (arrows.,-);; ! " L e .
were identified in both wild-type (C) amdf4—" o i Tg\ AR

g XN : "
mice (D). In both cases, enteroendocrine cells Werw y’ : ‘u 1 :: 1
seen at typice_tlly low numbers, with only one to two v L% }-,a.t .‘ -§, ?(‘
enteroendocrine cells per transverse section. PELL 5 - TG At 5 = Y-
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Fig. 4.KIf4~-mice showed a dramatic decrease in th
number of goblet cells in the colon. (A-D) Alcian
Blue staining for acidic mucins in the colon of
postnatal day 1 mice. At low power, wild-type mice
(A) had numerous Alcian Blue-positive cells, but veryy,
few Alcian Blue positive cells were seen in #ié4—'-
mice (B). At higher power, Alcian Blue staining was
seen only in the goblet cells (arrows) of wild-type &
mice (C), whileKIf4~"~mice (D) displayed numerous E “®
epithelial cells with small amounts of Alcian Blue A
staining material (arrows) but no normal goblet cell

morphology. |

Periodic Acid Schiff (PAS) staining, which detects both neutrakpithelial cells was not significantly altered, and there was an

and acidic mucins, confirmed the results of the Alcian Bluéncrease in the number of cells having the morphological

staining (data not shown), demonstrating that the alterations appearance of colonocytes. As there are no specific markers for

colonic goblet cells were not due to changes in expression oblonocytes at this stage (Falk et al., 1994), it was unclear

acidic mucins alone. whether these cells represented mature colonocytes or
In order to quantify the reduction in colonic goblet cellimmature cells of the goblet cell lineage.

numbers in the&If4—— mice, we counted goblet cells as well ) ]

as total epithelial cells in the colonskif4~-mice and wild-  Epithelial cells in  KIf4~"- mice do not show the

type littermates. Only those epithelial cells with both Alciannormal goblet cell morphology by ultrastructural

Blue staining and mature goblet cell morphology wereanalysis

counted. In wild-type colons, 20% of epithelial cells wereAs the number and appearance of colonic goblet cells was

mature goblet cells; this fraction was reduced to 2%lfg~  abnormal inKIf4~"~ mice, we performed electron microscopy

mice. ThusKIf4~'~ mice showed a 90% decrease in the ratido better define the ultrastructure of goblet cells. In the wild-

of mature goblet cells to total epithelial cells compared witltype colon, cells with normal goblet cell morphology were seen

wild-type littermates R<1x108). The total number of (Fig.5A, arrows). The nucleus of the goblet cell (Fig. 5A, dark

Fig. 5.Electron microscopy revealed abnormal ultrastructural morphology in the colonic epithekiii#@-6fmice. (A) Colonic epithelium

from wild-type mice on postnatal day 1 showed the normal goblet cell morphology (arrows). The nucleus (black arrowheasBlyas den

packed and located at the base of the cell, while the apical portion of the cell was comprised largely of membrane-boynehsaoies

containing mucigen. Normal colonocytes (*) were interspersed. (B,C) Colonic epitheliurkifilorn mice on postnatal day 1. (B) Several

abnormally shaped or immature cells of the goblet lineage (arrows) were seen emptying their contents into the lumeno Atjaeerlis,

several cells had densely packed nuclei (black arrowheads) suggestive of a goblet cell lineage but lacked the typicahsaotesoand

normal goblet cell shape. Colonocytes (*), recognized by their paler cytoplasm and less condensed nuclei, appeared noersalo(@) T

epithelium of theKlf4~~mouse also demonstrated small clusters of secretory vacuoles (arrows) scattered throughout the epithelium. Scale bars:
2 um.
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Fig. 6. Altered expression of the goblet cell marl A - B oy
Muc2in Kif4--mice. (A.B) In situ hybridization § . j y .0 o
for Muc2in the colon at postnatal day 1. (A) Wil S e ’\_ , B Tk ) h " N S
type mice showed a goblet-cell specific express "!‘; ?f%{\ 1: o~ W" ._" o T ___; i«"! )
pattern ofMuc2mRNA (arrows) with abundant - —_—_ ) ! A N
- - ¢ i~y J f L]

expression adjacent to the apical mucigen gran 3
Staining was prominent only in surface epithelie = -
cells. (B)KIf4~-mice had expression duc2 _—
MRNA (arrows) in the epithelium, but this o ; \
expression was not confined to cells with goble bl
morphology. Patchy expression was seen in ce

throughout the epithelium. e

%
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arrowhead) is typically dark, dense and squeezed at the ba3ESCUSSION
of the goblet (Karam, 1999). The protein components of the
intestinal mucins are synthesized by the rough endoplasmin this study, we have identified the epithelial zinc-finger
reticulum and passed to the Golgi apparatus where they gpeotein Klf4 as a goblet cell specific differentiation factor.
combined with carbohydrate and packaged into membran&vhile Klf4 has been implicated in growth arrest and
bound secretory vacuoles (Burkitt et al., 1993). The apicalownregulation of cell proliferation in vitro (Chen et al., 2001;
portion of the cell was comprised largely of these secretorghie et al., 2000; Shields et al., 1996), losKi# is not
vacuoles. Normal colonocytes (Fig. 5B, *) are interspersed. lassociated with changes in colonic epithelial cell proliferation
the colons from KIf47/- mice, the normal goblet cell and apoptosis in postnatal day 1 mice. These results in the
morphology was not seen. Several abnormally shaped @blon are consistent with the findings previously reported in
immature cells of the goblet lineage (arrows) emptied theithe skin ofKIf4~-mice (Segre et al., 1999). In both cases, loss
contents into the lumen, and adjacent to these cells were sevesélfunctional KIf4 has a dramatic effect on epithelial cell
cells with densely packed nuclei (Fig. 5B, dark arrowheads}yifferentiation, while no changes in proliferation rates are
suggesting a goblet cell lineage, but lacking the typicabbserved.
secretory vacuoles and normal goblet cell shape. Adjacent toWe confined our studies to the colon as the goblet cell
these cells, several colonocytes (Fig. 5B, *), recognized bghenotype of theIf4—~- mice appears to be minimal in the
their paler cytoplasm and less condensed nuclei, appearsnhall intestine. This is not surprising K4 is more highly
normal. The colons from thi€lf4-/— mice also revealed small expressed in colon than small intestine (Shields et al., 1996).
clusters of secretory vacuoles scattered throughout thdoreover, while levels oKlIf4 transcript approach adult levels
epithelium (Fig. 5C, arrows). The spatial orientation of thesén the colon by postnatal day 4, they are markedly reduced
mucigen granules was reminiscent of the pattern of Alciamelative to the adult in the small intestine until at least postnatal
Blue staining described above Kiif4~"- mice (Fig. 4D). day 12 (Ton-That et al., 1997). Notably, targeted ablation of
. _ goblet cells using a muringff3 promoter driving expression
Altered expression of the goblet cell marker ~ MucZ2in  of an attenuated diptheria toxin produces a significant
Kif4="- mice reduction in the number of goblet cells in the colon (~60%) but
To further characterize epithelial differentiation in the colon oot the small intestine, suggesting distinct goblet cell
the wild-type andKIf4~~ mice, we performed in situ regulatory programs in each organ (Itoh et al., 1999a).
hybridization using the goblet cell lineage markduc2 In the colonKIf4 deletion alters the terminal differentiation
Epithelial mucins are large molecular weight glycoproteingorogram of goblet cells. Numbers of mature goblet cells
which play cytoprotective roles in many organs (Deplanckeelative to total epithelial cells are reduced by 909%lid—-
and Gaskins, 2001; Strous and Dekker, 1992). Muc2 is amice compared with littermate controls. This reduction is even
epithelial mucin expressed in the intestine, with particularlygreater than that reported by targeted ablation of intestinal
abundant expression in the colon (van Klinken et al., 1999poblet cells with attenuated diptheria toxin (Itoh et al., 1999a),
Muc2 appears to be the most prominent colonic mucin in thdemonstrating that goblet cell differentiation in the colon of
mouse and throughout the intestine is expressed exclusively if4—'-mice is severely perturbed. Numerous colonic epithelial
pre-goblet and goblet cells. cells in theKIf4~~ mice contain small amounts of acidic
In situ hybridization foMuc2in wild-type mice on postnatal mucins shown by Alcian Blue staining or show expression of
day 1 revealed a goblet-cell specific expression pattern (Fighe goblet cell specific markdtuc2 by in situ hybridization,
6A). Abundant expression dfluc2 mRNA (Fig. 6A, arrows) but lack normal goblet cell morphology by both histology and
was seen adjacent to the apical mucigen granules. Staining wagrastructural analyses. These cells probably represent pre-
prominent only in surface epithelial cellKIf4~— mice, goblet cells, immature cells of the goblet cell lineage. It is
however, showed expressiondfic2mRNA in the epithelium, unlikely that they represent colonocytes with ectopic mucin
but this expression was not confined to cells with mature gobleikpression as these cells have ultrastructural features
morphology (Fig. 6B). Patchy expression was seen in cellsharacteristic of a goblet cell lineage. Furthermore, this
throughout the epithelium (Fig. 6B, arrows). TMec2mRNA  explanation would provide no basis for the decrease in goblet
expression in th&lf4~"—mice invoked the abnormal pattern of cell numbers. In addition, as epithelial cell differentiation in
Alcian Blue staining and the mucigen granules detected omice begins at least 5 days earlier and differentiation of
electron microscopy. colonocytes and enteroendocrine cells is unaffected, the
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abnormal terminal differentiation of goblet celld4li4—/-mice  elucidated. The phenotype Miuc2-deficient mice, which lack
is not likely to be due solely to a developmental delay. terminally differentiated goblet cells, as assessed by Alcian
Several important questions remain to be answerd¢lf4f  Blue staining, is reminiscent of the phenotype of kiid—/-
is essential for terminal differentiation of goblet cells in themice (Velcich et al., 2002). The expressionTdf3 in some
colon, why are rare goblet cells observed inKifd~—mice? intestinal cells that lack mature goblet cell morphology
As KIf4~-mice die universally on postnatal day 1, what is therom the Muc2’~ mice demonstrates that the goblet cell
impact of the loss oKIlf4 in the colon at later stages of differentiation pathway is not completely ablated. Thus, it is
development? By what mechanism de&dil alter the goblet possible thatKIf4 directly or indirectly controlsMuc2
cell differentiation program? Several explanations exist for thexpression, thereby producing the phenotype observed in
first question. Our experiments are performed on mice of Klf4~- mice. AlternativelyKIf4 could control a whole set of
mixed genetic background, and regional differences in gengenes required for the terminal differentiation of goblet cells.
expression may be seen within the colon and throughout th&e cannot differentiate among these possibilities her€éffas
gastrointestinal tract (Clatworthy and Subramanian, 2001kxpression is not seen in the murine colon until postnatal day
leading to phenotypic variability. Nonetheless, the goblet cell8 (Mashimo et al., 1995), and no other markers exist at present
seen in theKIf4~"- mice are smaller and less elongated tharfor the terminal differentiation of goblet cells in newborn mice.
their wild-type counterparts, suggesting that even in these cells, Some evidence suggests a mechanism by wKizhmay
differentiation is perturbed. Most of these cells may, in factregulate the goblet cell differentiation program. The promoter
represent pre-goblet cells. In thdf4~'- mice, cells in the region of KIf4 contains binding sites for the Cdx2 protein
goblet lineage appear to be immature with failure to completéMahatan et al., 1999), which has been found to regulate
the goblet cell differentiation program. Y€lf4 mRNA is not  sucrase-isomaltase and lactase, markers of intestinal enterocyte
expressed in a goblet cell-specific manner in the colon, and tliferentiation (Fang et al., 2000; Suh et al., 1994). Forced
cells in KIf4~- mice do undergo cell fate specification andexpression of Cdx2 results in induction of enterocyte
begin a goblet cell differentiation program. Th#4 is not  differentiation, and heterozygous deletion@dx2 results in
crucial for initiation of goblet cell differentiation but rather for colorectal cancer in mice (Chawengsaksophak et al., 1997; Suh
the terminal differentiation of goblet cells. and Traber, 1996). As a positive regulator of differentiation and
The importance dKIf4 later in life can be addressed through a negative regulator of proliferation expressed in the intestinal
the generation of an intestine-specific knockowIé4. KIf4~-  epithelium, Cdx2 is thus a good candidate to dirg¢tf4-
mice were analyzed at the latest possible stage of intestinalediated goblet cell differentiation. In fact, expressioKléf
development, as all animals die by postnatal day 1. As all three the human colon cancer cell line RKO is dependent upon
colonic cell lineages are present in the murine colon bZdx2 (Dang et al., 2001).
embryonic day 15-16, the role oKIf4 on cellular Recently, Podolsky and colleagues recognized a goblet cell
differentiation has been addressed by this study. Howevesjlencer inhibitor element (GCSI) on DNA and identified a
many other effects cannot be determined irkifié-null mice.  GCSI binding protein (GCSI-BP), which is induced by
Targeted ablation of goblet cells results in a paradoxicdteratinocyte growth factor and promotes goblet cell
reduction in susceptibility to colonic injury (Itoh et al., 1999a).differentiation in vitro (Iwakiri and Podolsky, 2001a; Iwakiri
By contrast, goblet cell depletion is seen in inflammatoryand Podolsky, 2001b). Thus, one can postulate a pathway
bowel disease and loss dfluc2 in mice leads to the whereby Cdx2 bindKIf4, which can then transactivaBCSI-
development of small intestinal and rectal tumors (ChutkarBP and/or other genes crucial for terminal differentiation of
2001; Velcich et al., 2002). Owing to the premature death afolonic goblet cells. Investigation of this regulatory
the KIf4-/- mice, the functional role of the reduction in gobletrelationship will require the cloning of the GCSI-BP, which has
cell numbers on colonic epithelial injury and repair cannot b@éot yet been reported.
fully assessed. Future studies will use &Uid'oxP allele to KIf4 can now be put in the context of the emerging model
address these questions. of hierarchical regulation of intestinal epithelial cell
While KIf4 does not directly impact cellular proliferation in differentiation.MathlandHes1lmay act in opposing manners
the colon on postnatal day 1, it is possible 4 deletion  to direct cell fate decisions between the absorptive enterocytes
may result in tumor formation later in life. In humakdf4  and the other three cell lineages (Jensen et al., 2000; Yang et
mRNA levels are significantly decreased in the dysplastial., 2001)Raclinduces differentiation of both enterocytes and
epithelium of the colon, including adenomatous polyps anéaneth cells in the small intestine (Stappenbeck and Gordon,
cancer (Shie et al., 2000KIf4 is also downregulated in 2000). The Notch signaling pathway and several bHLH
intestinal adenomas from th&PCYin mouse, a model of proteins are crucial for enteroendocrine cell fate decisions
intestinal neoplasia, and colonic adenomas of patients witfdensen et al., 2000; Mutoh et al., 1998). In the cad{ifd, is
familial adenomatous polyposis (FAP) (Dang et al., 2000)required for the terminal differentiation of goblet cells, which
Individuals with FAP carry a germline mutation in the appears to place it downstreamhdéthl
adenomatous polyposis coRRC) gene. Many mouse models  In conclusion, we provide here the first evidence Kifdtis
of intestinal tumorigenesis, includidgPCMin, do not develop a goblet cell-specific differentiation factor in the colon. We
evidence of epithelial hyperproliferation until at least severatiemonstrate thalf4-'-~mice display a marked decrease in the
months of age (Donehower et al., 1992; Martin-Caballero etumber of goblet cells in the colon, altered expression of the
al., 2001; Shoemaker et al., 1997). Thus the roldfdfin the  goblet cell markeMuc2and abnormal goblet cell morphology.
adult colonic epithelium remains to be explored. These effects are specific to the goblet cell lineage, as both
The molecular mechanisms by whi#if4 regulates the colonocytes and enteroendocrine cells appear to undergo
terminal differentiation of goblet cells also remain to benormal maturation. No alterations are seen in cell proliferation
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or cell death. ThusKIf4 plays a crucial role in colonic Garrett-Sinha, L. A., Eberspaecher, H., Seldn, M. F. and de

epithelial cell differentiation in vivo. Crombrugghe, B.(1996). A gene for a novel zinc-finger protein expressed
in differentiated epithelial cells and transiently in certain mesenchymal cells.

; ; ; i ; J. Biol. Chem271, 31384-31390.
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