Epithelial and Mesenchymal Cell Biology

The American Journal of Pathology, Vol. 174, No. 4, April 2009
Copyright © American Society for Investigative Pathology
DOI: 10.2353/ajpath.2009.080409

Ets Transcription Factors Control Epithelial
Maturation and Transit and Crypt-Villus
Morphogenesis in the Mammalian Intestine

Paul Jedlicka,* Xiaomei Sui,*T Lori Sussel,¥
and Arthur Gutierrez-Hartmann™#

From the Departments of Pathology,* Medicine,! and
Biochemistry and Molecular Genetics,* University of Colorado
Denver, Aurora, Colorado

Members of the Ets transcription factor family are
widely expressed in both the developing and mature
mammalian intestine, but their biological functions
remain primarily uncharacterized. We used a domi-
nant repressor transgene approach to probe the func-
tion of epithelial Ets factors in the homeostasis of the
crypt-villus unit, the functional unit of the small in-
testine. We show that targeted expression in small
intestinal epithelium of a fusion protein composed of
the Engrailed repressor domain and the Erm DNA-
binding domain (En/Erm) results in marked disrup-
tion of normal crypt-villus homeostasis, including a
cell-autonomous disturbance of epithelial matura-
tion, increased epithelial transit, severe villus dys-
morphogenesis, and crypt dysmorphogenesis. The
epithelial maturation disturbance is independent of
the regulation of TGFBRII levels, in contrast to Ets-
mediated epithelial differentiation during develop-
ment; rather, regulation of Cdx2 expression may play
a role. The villus dysmorphogenesis is independent
of alterations in the crypt-villus boundary and inap-
propriate 3-catenin activation, and thus appears to
represent a new mechanism controlling villus archi-
tectural organization. An Analysis of animals mosaic
for En/Erm expression suggests that crypt nonauto-
nomous mechanisms underlie the crypt dysmorpho-
genesis phenotype. Our studies thus uncover novel
Ets-regulated pathways of intestinal homeostasis in
vivo. Interestingly, the overall En/Erm phenotype of
disturbed crypt-villus homeostasis is consistent with
recently identified Ets function(s) in the restriction of
intestinal epithelial tumorigenesis. (4m J Pathol 2009,
174:1280—-1290; DOI: 10.2353/ajpath.2009.080409)
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Ets factors comprise a large family of transcription factors
found in metazoans.m® Numbering as many as 27 in
humans, Ets factors are related to each other by a con-
served DNA-binding domain (DBD), the Ets domain.’>
The Ets domain is a winged helix-turn-helix structural
motif, which binds to a core GGA(A/T) DNA sequence.’*
On binding to DNA, Ets factors regulate gene promoter
activity directly via intrinsic activation or, less commonly,
repression domains, or indirectly through interactions
with other transcription factors.™? Frequently acting as
nuclear effectors of growth factor receptor-mediated sig-
naling pathways, Ets factors control the expression of
genes involved in diverse cellular processes, including
cell proliferation, apoptosis, differentiation, and cell-cell/
cell-matrix interactions.’#°€

Ets factors are widely expressed in a variety of devel-
oping and adult mammalian tissues.” Genetic inactiva-
tion of individual Ets factors in the mouse has revealed
unique, essential Ets functions in diverse biological
processes, including hematopoiesis, immune function,
lymph/angiogenesis, neurogenesis/neuromuscular func-
tion, spermatogenesis, early embryonic patterning, and
development of extraembryonic tissues.”” '® Interest-
ingly, such studies have been remarkable for the ab-
sence of phenotypes in a number of tissues with Ets
expression, especially those comprising solid organs.
The relative paucity of Ets phenotypes in such tissues
appears to be attributable to the multiplicity of expression
of different Ets factors in the same cell, combined with the
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ability of co-expressed Ets factors to compensate for
each other’s function.* 1718

Most Ets genes are expressed in the developing
and/or mature mammalian intestine, frequently in a tissue
compartment-specific and/or temporally dynamic man-
ner.'® However, of the 16 (of 26 total) murine Ets genes
inactivated to date, only 1, EIf3/ESE1/ESX/ERT/JEN, has
been reported to have an intestinal phenotype.?® As in
other systems,?" the absence of phenotypes in other Ets
knockout mice is likely attributable to Ets genetic com-
pensation in vivo. The use of genetically manipulated Ets
factors with dominant activity has proven an effective way
to overcome Ets genetic compensation. Such an ap-
proach has been used successfully to uncover and char-
acterize Ets functions in a number of in vivo and in vitro
systems, including lung morphogenesis, mammary tu-
morigenesis, and neuromuscular synapse function in the
mouse,?' 2% neural crest differentiation,?*2° Schwann
cell survival,®® and oncogenic cellular transforma-
tion.2”2® In the present study, we used the dominant Ets
approach to probe the spectrum of functions of Ets tran-
scription factors in the epithelial compartment of the
mammalian intestinal crypt-villus unit. Specifically, we
used an Ets-dominant repressor, composed of the re-
pressor domain of the Drosophila Engrailed (En) protein
fused to the DNA-binding domain of the Ets factor Erm/
Etvb, to block endogenous Ets activity in vivo. As shown
herein, En/Erm expression in the small intestinal epithe-
lium under control of the well-characterized villin promot-
er/fenhancer reveals Ets functions in multiple aspects of
crypt-villus homeostasis, including epithelial maturation,
epithelial transit, and complex architectural organization
of the crypt-villus unit.

Materials and Methods

DNA Constructs

The expression constructs pSG5-HA/En/Erm, pSG5-HA/
ErmDBD, and pSG5-HA/EnRD were derived from the
construct pTRE-HEEN (generously provided by John Sh-
annon, Cincinnati Children’s Hospital Medical Center,
Cincinnati, OH). pTRE-HEEN contains the murine Erm
DNA-binding domain (DBD) (amino acids 364 to 449)
and the Drosophila Engrailed repressor domain (EnRD;
amino acids 2 to 298). pSG5-HA/ErmDBD and pSG5-HA/
EnRD were generated by polymerase chain reaction
(PCR) amplification of the ErmDBD and EnRD, respec-
tively, from pTRE-HEEN and subcloning into pTRE-HA
(Clontech, Palo Alto, CA), followed by PCR amplification
of the HA-tagged inserts and subcloning into pSG5.2°
pSG5-HA/En/Erm was generated by PCR amplification of
both the EnRD and ErmDBD from pTRE-HEEN and sub-
cloning into pTRE-HA, followed by PCR amplification of
the HA-tagged En/Erm fusion and subcloning into pSG5.
A seven amino acid (GGGSGGG) spacer was added
between the EnRD and ErmDBD of the En/Erm fusion
during the first PCR cloning step. All constructs also
contained a C-terminal nuclear localization sequence
(NLS; PKKKRKYV, from the SV40 large T antigen), added
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during the first PCR amplification step. pSG5-HA/Erm
was generated by subcloning a full-length Erm cDNA,
amplified from a mouse embryonic brain library by re-
verse transcriptase (RT)-PCR, into pTRE-HA (Clontech),
and then subcloning of the HA-tagged insert into pSG5.
pSG5-HA/Ets2 was generated by subcloning a full-length
mouse Ets2 cDNA (generously provided by James Hag-
man, National Jewish Medical and Research Center,
Denver, CO) into pCGN2-HA *° and then subcloning the
HA-tagged insert into pSG5. pSG5-HA/EIf3 was gener-
ated by subcloning HA-tagged full-length human EIf33’
into pSG5. The reporter construct 8x(EBS)-TK-luciferase
was generated by subcloning the 8xpal sequence (con-
taining eight copies of the DNA-binding site GCAG-
GAAGCA from the rat stromelysin promoter) from 8xpal-
pPBLCAT®" into pAs-TK-luciferase.®® The transgenic
construct villin-En/Erm was generated by subcloning the
HA-tagged En/Erm fusion (also containing the C-terminal
NLS) from pTRE-HA/En/Erm into the p12.4-kb Vill plasmid
(generously provided by Deborah Gumucio, University of
Michigan, Ann Arbor, MI). All plasmid DNA constructs
were confirmed by diagnostic restriction enzyme diges-
tion and, when PCR was used in the cloning process,
DNA sequencing.

Cell Culture, Transfection, Reporter Assays,
and Immunoblotting

Hela cells were grown as previously described.®' For
assays of transcriptional activity, cells were plated in
96-well plates at a density of 4 X 10* cells per well, and
were transfected 15 to 18 hours later with 100 ng of the
8xEBS-TK-luciferase reporter plasmid, 1 ng of Renilla-
luciferase plasmid, and varying amounts of expression
plasmid(s), with the total amount of DNA kept constant by
the addition of empty pSG5 expression vector. The cells
were harvested 18 to 24 hours later, and luciferase ac-
tivity was measured as previously described.®" For pro-
tein expression analysis, HelLa cells (3 X 10° cells in 200
wul of medium) were mixed with varying amounts of ex-
pression plasmid(s), the total amount of DNA being kept
constant at 10 ug by the addition of empty pSG5 expres-
sion vector. Cells were transfected by electroporation
using a Bio-Rad (Hercules, CA) Gene Pulser set at 220 V
and 500 wF. Electroporated cells were diluted into 3 ml of
medium in 60-mm plates and incubated for 24 hours.
Cells were harvested in 0.5 ml of phosphate-buffered
saline (PBS)/ethylenediaminetetraacetic acid, pelleted,
and lysed in 100 ul of hot (65°C) TEA lysis buffer (55
mmol/L triethanolamine, pH 7.5, 111 mmol/L NaCl, 2.2
mmol/L ethylenediaminetetraacetic acid, and 0.44% so-
dium dodecyl sulfate) with the complete protease inhib-
itor cocktail (Roche, Indianapolis, IN). The lysates were
vortexed, placed on ice, boiled for 5 minutes, returned to
ice, and passed 7 to 10 times through a 27-gauge needle
using a 1-cc syringe. Lysate protein concentration was
determined by the Bradford assay, using the Bio-Rad
Protein Assay reagent. Equal amounts of total extract
protein were resolved on a sodium dodecyl sulfate-poly-
acrylamide gel and transferred to Immobilon-P mem-
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branes (Millipore, Bedford, MA). Immunoblotting was
performed as previously described.®' Primary antibodies
used were anti-HA mouse monoclonal (1:1000; Covance,
Princeton, NJ) and anti-tubulin mouse monoclonal (1:
1000; Oncogene, Cambridge, MA); secondary antibody
used was horseradish peroxidase-conjugated goat anti-
mouse IgG (1:5000, Bio-Rad). Detection was performed
using the SuperSignal West Pico chemiluminescent sub-
strate kit (Pierce, Rockford, IL).

Transgenic Animals

The villin-En/Erm transgenic construct, excised from the
vector backbone by digestion with Pmel, was injected
into the pronuclei of fertilized ova from FVB/N mice by the
University of Colorado Cancer Center Transgenic/Knock-
out Core Facility. Transgenic animals were identified by
PCR genotyping of tail-biopsy DNA using primers to the
Engrailed repressor domain (5'-TGGAGTTTAGCCG-
GCAACAG-3" and 5'-TGGCATCGCTCATCTTGGAG-3");
PCR of mouse actin DNA (primers 5’-TATCCTGACCCT-
GAAGTACC-3" and 5'-GGTCAGGATCTTCATGAGGT-
3'), performed in the same reaction, served as a control.
Transgenic animals were maintained in an FVB/N back-
ground. Adult transgenic animals were subjected to phe-
notypic analysis, with littermates or age-matched non-
transgenic animals serving as controls.

Histology and Immunohistochemistry

For BrdU-labeling experiments, animals were injected
intraperitoneally with 50 mg/kg body weight of BrdU
(Sigma, St. Louis, MO) in PBS, 2 or 24 hours before
euthanasia. All animals were euthanized using CO,. The
small intestine was immediately harvested and cut into
three segments of approximately equal length. Fecal
contents were gently expelled, the lumen was injected
with fixative (4% paraformaldehyde), and the intestine
was rolled concentrically and placed in a histology cas-
sette. Tissues were fixed for 24 hours in 4% paraformal-
dehyde at 4°C, after which the tissues were placed in
70% ethanol, processed further on a standard histology
processor, and paraffin-embedded. Sections 4-um-thick
were stained with hematoxylin and eosin (H&E), periodic
acid-Schiff (PAS), or processed further for immunohisto-
chemical staining. For immunohistochemical staining,
sections were deparaffinized and rehydrated. Antigen
retrieval was performed by incubating the slides in 10
mmol/L sodium citrate buffer, pH 6.0, for 1 hour in a
Biocare (Walnut Creek, CA) medical decloaker. Endoge-
nous peroxidase activity was blocked by incubation in
3% H,0, for 10 minutes. For BrdU immunostaining,
slides were incubated for 90 minutes in 2 N HCI, washed
with ddH,0, incubated for 5 minutes in 0.1 mol/L sodium
borate, and washed again with ddH,0O, before blockade
of peroxidase activity. Immunohistochemical staining
was performed using the Vectastain ABC or ImnmPRESS
kit (Vector Laboratories, Burlingame, CA), and developed
using diaminobenzidine (DAKO, Carpinteria, CA, or
Sigma). Primary antibodies used were: horseradish per-

oxidase-conjugated rat anti-HA (1:25, Roche) rabbit anti-
iAP (1:500; Abcam, Cambridge, MA), rabbit anti-iFabp
(Jeffrey Gordon, Washington University. St. Louis, MO);
goat anti-Mcm6 (1:1000; Santa Cruz Biotechnology,
Santa Cruz, CA), rabbit anti-Ki-67 (1:200; NeoMarkers,
Fremont, CA), mouse anti-BrdU (1:40; BD Biosciences,
San Jose, CA), rabbit anti-TGFBRII (1:100, Santa Cruz
Biotechnology), mouse anti-Cdx2 (1:25, Abcam), and
mouse anti-B-catenin (1:500; BD Biosciences/Transduc-
tion Laboratories). Biotinylated secondary antibodies
used were: goat anti-rabbit IgG and goat anti-mouse 1gG
(Vector Laboratories), and donkey anti-goat IgG (Santa
Cruz Biotechnology). All immunohistochemically stained
slides were counterstained with hematoxylin, dehy-
drated, mounted, and coverslipped.

Results

The En/Erm Dominant Repressor Potently
Blocks Promoter Activation by Ets Transcription
Factors

Most Ets transcription factors are expressed in the devel-
oping and/or mature mammalian intestine."® Although 16
(of 26 total) Ets genes have been genetically inactivated
in the mouse to date, only 1 (EIf3) has been reported to
have an intestinal phenotype.?° The absence of intestinal
phenotypes in the other Ets knockout animals is likely
attributable to genetic compensation by co-expressed
Ets factors. Ets genetic compensation can be overcome
by the use of genetically manipulated Ets factors with
dominant activity.?’?® We adopted this approach to
probe the spectrum of Ets functions in the homeostasis of
the intestinal crypt-villus axis in vivo. One possible dom-
inant Ets approach, previously used by some, is the use
of the Ets DNA-binding domain alone as a competitive
inhibitor.2®25-28 We considered such an approach, but
were concerned that it would rely too heavily on high
expression levels, which can be difficult to achieve in
transgenic systems. Because most Ets factors function
predominantly as transcriptional activators,’2# an alter-
native approach, used by others, is the use of an Ets
dominant repressor, composed of the Ets DNA-binding
domain (DBD) and the Drosophila Engrailed repressor
domain.?"?22* The Engrailed repressor domain func-
tions by an active repression mechanism,3® and should
thus effect more potent blockade of endogenous Ets
promoter activity than the Ets DBD alone at similar ex-
pression levels. To test this, we generated the HA
epitope-tagged construct En/Erm, composed of the En-
grailed repressor domain (EnRD) fused to the amino
terminus of the DNA-binding domain of the Ets factor Erm
(ErmDBD). As shown in Figure 1A, when tested in a
transient co-transfection assay, En/Erm was able to fully
block transcriptional activation of an Ets-responsive re-
porter construct by Ets1. In comparison, an equivalent
amount of the Erm DBD alone had a much weaker effect
(Figure 1A). Importantly, EnRD alone had little effect on
Ets activation (Figure 1A), indicating that the blocking
effect of the En/Erm construct requires DNA binding, and
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Figure 1. Transcriptional blocking activity of the En/Erm dominant repressor
in vitro. HeLa cells were transfected with the reporter plasmid 8x(EBS)-TK-
luciferase and the indicated plasmid DNA expression constructs. A: Trans-
fected DNA amounts were: Ets1, 50 ng; ErmDBD, 250 ng; En/Erm, 150 ng;
EnRD, 50 ng (chosen to normalize for differences in construct expression
levels). B: Transfected DNA amounts were as shown. Reporter activity,
determined by quantitative luminometry, was normalized to the activity of
the co-transfected Renilla-luciferase construct; results are expressed as mean
and SD of triplicate transfections. All constructs were expressed from the
plasmid pSG5, and all except Ets1 have an N-terminal HA epitope tag. Protein
expression (B, inset) was determined by immunoblotting with antibody
against HA, and tubulin (tub) as loading control. C: Modular organization of
the villin-En/Erm dominant repressor transgene. The transgene consists of
the 12.4-kbp villin promoter-enhancer fragment, a HA epitope tag, the
Drosophila Engrailed repressor domain (RD), a 7-amino acid (GGGSGGG)
spacer (sp), the Erm DNA-binding domain (DBD), a 7-amino acid
(PKKKRKYV) SV40 large T-antigen nuclear localization sequence (NLS), and a
SV40 intron and polyA tail.

is not attributable to nonspecific activity of the En repres-
sor domain alone. These findings are similar to those of
Liu and colleagues,®' who, of note, uncovered an Ets
pulmonary dysmorphogenesis phenotype using a trans-
gene expressing an Engrailed-ErmDBD fusion, but not
the Erm DBD alone. Based on these analyses, we se-
lected En/Erm for blocking Ets-dependent gene expres-
sion in vivo.

Because of the high conservation of the DBD through-
out the Ets family,* we expected that En/Erm would be
capable of blocking the activity of a number of different
Ets factors. To test this, we examined En/Erm blocking
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activity against Erm, Ets2, and EIf3, representative mem-
bers of different subfamilies expressed in the intestinal
epithelium."® Blockade by En/Erm was tested at both low-
and high-protein expression levels, relative to Erm, Ets2,
and EIf3, in a transient co-transfection assay. As shown in
Figure 1B, En/Erm was able to block activation of an
Ets-responsive reporter by all three Ets factors, at equiv-
alent (for Ets2) or lower (for Erm and EIf3) relative protein
expression levels. Thus, En/Erm has the ability to block
the activity of multiple different Ets factors, and should
therefore be a good reagent for probing the spectrum of
Ets functions in vivo.

Characterization of Villin-En/Erm Transgenic
Animals

En/Erm expression was targeted to intestinal epithelium
using the well-characterized 12.4-kbp villin promoter.34
This promoter drives gene expression in small intestinal
epithelium, and to a lesser extent colonic epithelium, from
approximately embryonic day 12.5 on through adulthood,
with expression greater in the villi than crypts. The mod-
ular organization of the villin-En/Erm transgene is shown
in Figure 1C. Multiple transgenic lines were analyzed.
Transgene expression was assayed by RT-PCR (not
shown) and immunohistochemical staining against the
HA epitope tag (Figure 2, A and B). Animals from one
stable transgenic line and two independent transgene-
positive mosaic founders manifested robust transgene
expression detectable by immunohistochemistry (Figure
2B) and similar phenotypes in the small intestine under
physiological conditions. These animals were thus further
analyzed in detail. The similarity of the phenotypes in
animals arising from three independent transgene inser-
tion events confirms that the phenotypes are attributable
to En/Erm expression, and not integration site effects. In
agreement with previous studies,®* transgene expression
was higher in the villi than the crypts (Figure 2B), and
greater in the small intestine than the colon (data not
shown). The transgene was expressed specifically in the
nuclei of epithelial cells (Figure 2B), as expected and
required for its dominant repressor effect on Ets-regu-
lated gene expression.

En/Erm Expression in Small Intestinal Epithelium
Reveals Novel Ets Functions in Villus Epithelial
Maturation and Transit

In animals stably expressing immunohistochemistry-de-
tectable En/Erm transgenic protein, the morphology of
enterocytes (absorptive epithelial cells) along the length
of the small intestine appeared abnormal on H&E-stained
histological sections. In enterocytes from nontransgenic
animals, a gradual histomorphological change could be
seen as the cells progressed from the villus base to the
villus tip, characterized by increasing cytoplasmic eosin-
ophilia, and rounding and more basal position of the
nucleus (Figure 2, C, E, and F). In contrast, in En/Erm-
expressing animals from the stable transgenic line, en-
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terocytes along the length of the villus maintained a
morphology that resembled the cells at the base, char-
acterized by darker, more amphophilic cytoplasm, and
more elongated and centrally positioned nuclei (Figure 2,
D, G, and H). By H&E histomorphology, this phenotype
thus suggested impaired enterocyte maturation.

To further characterize this phenotype, we examined
the expression of markers of enterocyte differentiation
and maturation. The transgenic enterocytes manifested a
well-formed PAS-positive glycocalyx, ultrastructurally
well-formed microvilli, and expression of intestinal alka-
line phosphatase (iAP) and intestinal fatty acid binding
protein (iFabp) (Figure 3, A-J; and data not shown);
indeed, as in control animals, there appeared to be an
appropriate gradient of increased iFabp expression from
villus base to tip in the transgenic intestines. Thus, com-

PAS iAP Mcm6

Figure 2. Transgene expression and impaired

enterocyte maturation in En/Erm-expressing
small intestine. HA immunostaining of small in-
testine from control (A) and transgenic (B) ani-
mals shows the expression of En/Erm protein
specifically in epithelial nuclei of transgenic an-
imals. En/Erm expression was strong in the vil-
lus epithelium (B, open arrowhead), and was
also observed in the superficial aspects of crypts
(B, filled arrowhead), but not the deep aspects
of crypts (B, arrow); no immunostaining was
observed in control animals (A). H&E-stained
sections of small intestine from control (C; de-
tailed views of villus in E and F) and transgenic
(D; detailed view of villus in G and H) animals;
note morphological resemblance of transgenic en-
terocytes at the villus tip to enterocytes at the
villus base (filled arrowheads, enterocytes
at villus base; open arrowheads, enterocytes
at villus tip).

mitment to the enterocyte lineage and some aspects of
enterocyte maturation were intact in the transgenic ani-
mals. However, in striking contrast to controls, transgenic
intestines showed inappropriately persistent expression
of Mcm6, a marker of villus epithelial immaturity,®® along
the entire villus axis (Figure 3, K-P); furthermore, in the
setting of high transgene levels, we observed residual
Ki-67 expression in more superficial villus epithelium, not
seen in controls (Figure 3, Q and R). Because the ex-
pression of these proteins is normally restricted to the
less mature cells in the crypt and more basal villus epi-
thelium (Figure 3, K-M, and Q), these findings support
the presence of a disturbance of maturation in the trans-
genic enterocytes. Interestingly, the overall findings of
histomorphological immaturity and misexpression of
some (eg, Mcme6), but not other (eg, iFabp), enterocyte

Ki67

Figure 3. Characterization of enterocyte matu-

ration disturbance in En/Erm transgenic ani-
mals. Histochemical (PAS) and immunohisto-
chemical (iAP, iFabp, Mcm6, and Ki-67) staining
of small intestine from control (Tg™: A, C, E--G,
K--M, and Q) and transgenic (Tg": B, D, H-J,
N--P, and R) animals. Arrowheads in A and B:
PAS-positive glycocalyx on enterocytes; arrow-
heads in C and D: iAP expression in superficial
aspect of enterocytes (insets: detailed views of
villus tips); arrowheads in E--J: iFABP expres-
sion in enterocyte cytoplasm (F and I: detailed
views of villus tips in E and H, respectively; G
and J: detailed views of villus bases in E and H,
respectively); arrowheads in K--P: Mcm6 ex-
pression in enterocyte nuclei at villus base
(filled arrowheads) and villus tip (open ar-
rowheads; L and O: detailed views of villus tips
in K and N, respectively; M and P: detailed
views of villus bases in K and N, respectively;
filled arrowheads in Q and R: upper limit of
residual Ki-67 immunopositivity in villus entero-
cytes; open arrowheads in Q and R: solitary
ectopic Ki-67 immunopositivity in transgenic su-
perficial villus enterocytes (inset: detailed
view).
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Figure 4. BrdU immunostaining of small intestine from control (Tg™: A, C,
and E) and transgenic (Tg™: B, D, and F) animals pulsed in vivo with BrdU
and analyzed 2 hours (A and B) or 24 hours (C--F) later (filled arrowheads:
crypt epithelial cells; open arrowheads: villus epithelial cells; arrows:
upper limit of epithelial cell transit after BrdU incorporation in the crypt; PSI:
proximal small intestine; DSI: distal small intestine).

maturation markers suggest that En/Erm expression re-
sults in enterocyte maturation dys-synchrony.

The disturbed maturation of the En/Erm-expressing en-
terocytes prompted us to examine the intestinal epithe-
lium for proliferative activity, which is normally restricted
to the crypt but can inappropriately spread to villi in the
context of some genetic manipulations.®® By H&E exam-
ination, no mitotic figures were detected in the villus
epithelium, and brief (2-hour) in vivo BrdU labeling re-
vealed epithelial proliferative activity appropriately re-
stricted to the crypt compartment, as in controls (Figure
4, A and B). Thus, the immature-appearing En/Erm-ex-
pressing enterocytes are postmitotic cells, and the trans-
genic intestine maintains a normal crypt-villus boundary.
We next examined the rate of epithelial transit along the
crypt-villus axis because this could in principle account
for altered epithelial maturation in the transgenic animals.
After cell division in the crypt, intestinal epithelial cells
normally migrate in an orderly manner out of the crypt,
and from villus base to tip, where they are ultimately shed
into the lumen.®® The rate of epithelial transit can be
assayed in vivo by a BrdU pulse followed by an extended
chase period (eg, 24 hours), which allows postmitotic,
BrdU-labeled cells to migrate up the axis.®” As shown in
Figure 4, C-F, En/Erm-expressing animals showed much
more rapid epithelial migration compared with nontrans-
genic animals. En/Erm expression thus results in more
rapid epithelial transit along the crypt-villus axis.

The identical disturbance of enterocyte maturation was
observed in En/Erm-expressing foci of the independent
transgenic founders with mosaic expression of the trans-
gene. This was evident by both histomorphological ex-
amination (Figure 5, A-D) and Mcm6 immunostaining
(Figure 5, E-H). Interestingly, individual mosaic villi in
these animals showed an abrupt transition between im-
mature En/Erm-positive cells and directly adjacent En/
Erm-negative cells, with the latter consistently exhibiting
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Figure 5. Characterization of enterocyte maturation disturbance in En/Erm
mosaic animals. H&E-stained (A) and HA-immunostained (B) small intestinal
focus mosaic for En/Erm expression (filled arrowhead: En/Erm expressing
villus; open arrowhead: nonexpressing villus; arrow: incipient villus
branch). Detailed views of the tips of the En/Erm expressing (C) and non-
expressing (D) from A (arrowheads: enterocytes). HA (E and F) and Mcm6
(G and H) immunostaining of a small intestinal focus mosaic for En/Erm
expression (arrowhead designations are as in A--D). As above, En/Erm
expression appears as immunopositivity in epithelial nuclei (filled arrow-
head; contrast with absence of nuclear immunopositivity, shown by open
arrowheads, in adjacent villus). Detailed view of H&E-stained (I) and
HA-immunostained (J) individual villus mosaic for En/Erm expression. Note
immature morphology of En/Erm-expressing enterocyte (filled arrowhead),
but maturation appropriate for position along villus axis (dashed line) of
adjacent nonexpressing enterocyte (open arrowhead).

maturation appropriate for their position along the villus
axis (Figure 5, 1-J). This indicates that the En/Erm-in-
duced disturbance of enterocyte maturation is cell-auton-
omous, and thus unlikely to be attributable to global
acceleration of epithelial transit alone.

Enterocytes represent one epithelial lineage in the
small intestine, the others being the secretory lineages,
composed of goblet cells, Paneth cells, and neuroendo-
crine cells.®® To determine whether En/Erm expression
affected these lineages, we performed quantitative mor-
phometric analysis of secretory epithelial cells. The over-
all number and localization of goblet cells, neuroendo-
crine cells, and Paneth cells were not significantly
different from nontransgenic controls (data not shown).
Thus, En/Erm expression does not affect secretory epi-
thelial cell specification.

Ets-regulated epithelial expression of transforming
growth factor-B type Il receptor (TGFBRII) has recently
been shown to play an important role in small intestinal
epithelial differentiation during embryogenesis.?®38 We
thus examined TGFBRII expression in En/Erm-expressing
small intestines with disturbed maturation. In contrast to
the dysmature embryonic small intestine of EIf3 knockout
mice,?® we did not see loss of TGFBRII expression in
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TGFRII

Figure 6. Analysis of potential mediators of the disturbed epithelial matura-
tion phenotype. TGFBRII (A and B)- and Cdx2 (C and D)-immunostained
small intestine from control (Tg™) and transgenic (Tg™*) animals. Note similar
level of expression of TGFBRII in control and transgenic animals (arrow-
heads in A and B), and inappropriate persistence of Cdx2 expression
throughout villi of transgenic animals compared with controls (arrowheads
in C and D). TGFBRII is cytoplasmic, whereas Cdx2 is nuclear. Insets:
Magnified views of villus epithelium.

adult En/Erm-expressing small intestine (Figure 6, A and
B). Thus, additional, TGFBRII-independent, Ets-mediated
pathways appear to regulate epithelial differentiation in
the adult small intestine. Interestingly, in the setting of
high-level En/Erm expression, we observed an inappro-

priate persistence of villus Cdx2 expression in the
proximal small intestine (Figure 6, C and D), suggest-
ing a possible role for this important regulator of intes-
tinal epithelial differentiation in the disturbed matura-
tion phenotype.

En/Erm Expression in Small Intestinal Epithelium
Results in Villus and Crypt Architectural Disorder

Small intestinal villi maintain an exquisitely ordered archi-
tecture under normal homeostasis, characterized by
even spacing, unidirectional (radial) growth, relatively
constant height for a given intestinal segment, and ab-
sence of branching. Compared with villi from nontrans-
genic animals (Figure 7A), villi in En/Erm-expressing an-
imals showed marked architectural disorganization
(Figure 7, B and C), including branch formation (arrows),
mid-villus changes in the direction of growth (arrow-
heads), and villus bridging. The degree of villus dysmor-
phogenesis correlated with the level of En/Erm expres-
sion in individual animals. On average, as many as 14.5%
of villi showed branching in a given intestinal segment
(Figure 7D). Villus branching was also observed in the
independent transgenic animals mosaic for En/Erm ex-
pression (Figure 7D). Recently, ectopic activation of
B-catenin in villus epithelium, either directly or secondary
to blockade of Hedgehog signaling, has been shown to
result in marked disruption of villus morphogenesis
during intestinal development.®®4° However, we did
not observe ectopic nuclear translocation, indicative of
activation, of B-catenin in the dysmorphogenic En/Erm-
expressing intestine (Figure 7, E-J; in control experi-
ments, the same antibody was able to robustly detect
inappropriate activation of pB-catenin in the setting of ep-
ithelial neoplasia (Supplemental Figure S1 available at

Figure 7. Villus architectural dysmorphogenesis
in En/Erm-expressing small intestine. A—C:
H&E-stained sections of small intestine from
control (Tg™) and transgenic (Tg™) animals (ar-
row: villus branching; arrowheads: villus
turns; asterisk: villus bridging). D: Quantitation
of villus branching in control (Tg™, 7 = 8) and

transgenic (Tg™, 7 = 3) animals, and transgene-
expressing foci in mosaic animals (Tg*m, n =

2), in proximal (PSD, mid (MSD), and distal (DSI)
small intestine. B-Catenin immunostaining in
control (E-G) and transgenic (H-J) animals.
Note nuclear staining (filled arrowheads, G
and J) limited to epithelial cells at bases of
crypts, and membranous (filled arrowheads, F
and D but no nuclear (open arrowheads, F
and D staining in villi, in both transgenic and
control animals.
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Figure 8. Crypt alterations in En/Erm-expressing small intestine. A and B:
H&E-stained small intestine from control (Tg™) and transgenic (Tg™) ani-
mals. Note crypt disorder, including increased variation in crypt position and
size in transgenic animals (B) relative to controls (A). C-E: HA immunostain-
ing of small intestine in mosaic transgenic animals (open arrowheads:
non-expressing crypts; black arrowheads: En/Erm-expressing crypts;
dashed line in E: crypt-villus boundary; dashed box in G: crypt dysmorpho-
genesis in a large En/Erm-expressing mosaic focus. Crypt mitotic (F) and
apoptotic (G) activity in proximal (PSD, mid (MSID), and distal (DSI) small
intestine of control (Tg ™, 7 = 7 and 8, respectively) and transgenic (Tg*, n =
3 for each) animals. Average mitotic (H) and apoptotic (I cells per En/Erm
nonexpressing (En/Erm ™, white bars) and expressing (En/Erm™, black bars)
crypts in mosaic animals (49 total expressing and nonexpressing crypts along
the entire small intestine were scored for each; values are expressed as
average and SD). Mitotic and apoptotic cells were scored by their character-
istic morphology on H&E-stained sections, in well-oriented, fully-visualized
crypts; none of the comparisons between experimental and control groups
yielded statistically significant differences (P < 0.05).

http.//ajp.amjpathol.org). These findings suggest that the
En/Erm-induced villus dysmorphogenesis occurs inde-
pendently of inappropriate B-catenin activation, and ap-
pears to uncover a novel pathway regulating normal villus
architecture.

Like the villi, the small intestinal crypts maintain an
orderly architecture, with relatively constant spacing, ori-
entation, and size of crypts along the length of the intes-
tine. In contrast to nontransgenic animals (Figure 8A), the
crypts in En/Erm-expressing animals showed greater
variation in number, size, and orientation (Figure 8B). As
in the case of the villus dysmorphogenesis, the crypt
phenotype correlated with the level of En/Erm expression
in individual animals. By morphometric analysis, we did
not observe statistically significant differences in crypt
epithelial proliferation or apoptosis, possible mecha-
nisms of altered crypt homeostasis (Figure 8, F and G).
There appeared to be an overall trend toward increased
crypt number and cellularity in En/Erm-expressing ani-
mals, but these differences did not reach statistical sig-
nificance (data not shown). Interestingly, in the mosaic
lines, similar crypt changes were observed, but were
dependent on the size of the En/Erm-expressing focus. In
areas with highly mosaic expression (ie, extensive inter-
mixing of En/Erm-positive and -negative crypts), there
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was little effect of En/Erm on individual crypt size and
morphology (Figure 8C). However, in larger foci of En/
Erm protein expression, alterations in the crypt compart-
ment were observed, including crypt branching and dis-
order of orientation (Figure 8, D and E). Morphometric
analysis of crypt epithelial proliferation and apoptosis in
the mosaic animals did not reveal statistically significant
differences between En/Erm-expressing and nonex-
pressing foci (Figure 8, H and I). Thus, the alterations in
crypt homeostasis in areas of En/Erm expression appear
to involve crypt nonautonomous mechanisms, indepen-
dent of significant effects on crypt epithelial proliferation
or apoptosis.

Discussion

Ets Factors and Intestinal Epithelial Maturation
and Transit

Our studies using targeted expression of the Ets domi-
nant repressor En/Erm in the intestine reveal multiple
novel roles for epithelial Ets transcription factors in small
intestinal crypt-villus homeostasis. First, En/Erm expres-
sion leads to disturbed maturation of the enterocyte ep-
ithelial lineage. This phenotype is interesting, and to our
knowledge unique, in that it shows features of dys-
synchrony, whereby some maturation steps, namely
accumulation of cytoplasmic iFabp, proceed normally,
whereas others, namely extinction of nuclear Mcm6, do
not. Indeed, this phenotype suggests that enterocyte
maturation in the adult intestine is controlled by multiple
parallel and independent pathways.

The Ets transcription factor Elf3 has recently been
shown to be an important regulator of intestinal epithelial
differentiation during embryonic development,2°-8 rais-
ing the possibility that the En/Erm phenotype is attribut-
able to blockade of EIf3 in the adult intestine. However,
although superficially similar (impaired epithelial differen-
tiation/maturation), the En/Erm phenotype differs from the
EIf37/~ phenotype in several respects. We do not ob-
serve the microvillus dysmorphogenesis or decreased
goblet cell numbers seen in EIf3/~ embryonic intestine.
Further, in contrast to EIf37/~ embryonic intestine, we do
not observe loss of TGFBRII expression in association
with the villin-En/Erm disturbed epithelial maturation phe-
notype. Interestingly, epithelial-specific deletion of
TGFBRII in the mouse small intestine is reported to be
free of phenotypic changes under conditions of ho-
meostasis.*" Together, these findings suggest that sig-
naling via TGFBRII, although apparently important in the
developing intestine, may have a less important role in
epithelial differentiation in the adult intestine. Interest-
ingly, our studies suggest a possible role for Cdx2 in
Ets-mediated epithelial maturation in the adult intestine.
Cdx2 is known to be able to promote intestinal epithelial
differentiation.®® However, in the proximal adult small
intestine, Cdx2 is expressed in a diminishing gradient
along the villus axis (Figure 6C),*? opposite to the gradi-
ent of epithelial maturation. Moreover, we observed inap-
propriately persistent Cdx2 expression in the setting of
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En/Erm-induced epithelial immaturity. Together, these
findings suggest that Cdx2 may function as a negative
regulator of intestinal epithelial maturation, and that the
role of Ets factors in adult intestinal epithelial matura-
tion may involve down-regulation of Cdx2 expression.
Whether the En/Erm epithelial dysmaturation phenotype
uncovers TGFBRII-independent activity of EIf3, and/or the
activity of other Ets factor(s) remains to be determined.

The increased intestinal epithelial transit in villin-En/
Erm animals is the first demonstration of a role for Ets
factors in epithelial movement along the crypt-villus axis,
an important parameter of intestinal homeostasis. Given
the villus-predominant pattern of En/Erm expression and
the lack of a crypt-autonomous En/Erm phenotype in the
transgenic animals, we think that the increased transit
phenotype uncovers a specific function of Ets factors in
the control of epithelial movement along the crypt-villus
axis, rather than a nonspecific effect of increased crypt
epithelial production. Little is currently known about
mechanisms specifically controlling epithelial transit in
the intestine. E-cadherin has been shown to be one im-
portant regulator of this process.*® However, by immuno-
histochemical staining, we did not observe alterations in
E-cadherin expression or localization in villin-En/Erm an-
imals with increased transit (data not shown). Thus, Ets
factors appear to regulate intestinal epithelial transit in-
dependently, or alternatively downstream, of E-cadherin.
The apparent absence of a compensatory increase in
epithelial production in response to the accelerated tran-
sit in the transgenic animals is somewhat surprising. We
suspect that this reflects our inability to detect small
changes in proliferation and/or apoptosis in our analyses;
indeed, although not statistically significant, there ap-
peared to be a trend toward increased crypt epithelial
proliferation in the mid-small intestine of transgenic ani-
mals, where phenotypes were also generally most pro-
nounced (Figure 8F). Interestingly, it is worthy of mention
that alterations in villus epithelial transit, apparently un-
accompanied by changes in crypt epithelial production,
have been reported in the setting of other genetic manip-
ulations of the intestine.®”**

Ets Factors and Architectural Organization of
the Crypt-Villus Axis

The crypt-villus unit of the small intestine forms relatively
late in development,®® and from here on maintains an
exquisitely organized architecture: individual units are
precisely spaced, and the separate identity, size (depth
of crypts and height of villi), and orientation (perpendic-
ular to the length of the intestine) of the crypt and villus
components are precisely maintained. Opposing activi-
ties of Wnt and Hh signaling, as well as Ephrin signaling,
itself regulated by the Wnt pathway, normally restrict
epithelial proliferation to the crypt compartment, and dif-
ferentiation to the villus compartment.®¢4° Disruption of
the Wnt and Hh pathways, directly or indirectly resulting
in ectopic activation of B-catenin, can give rise to marked
alterations in villus architecture and loss of the normal
crypt-villus boundary.®%° Interestingly, En/Erm expres-

sion causes villus dysmorphogenesis of similar severity,
but independent of alterations in the crypt-villus bound-
ary or inappropriate B-catenin activation. Little is currently
known about mechanisms specifically regulating param-
eters of villus morphology, including villus height, direc-
tion, and absence of branching. Our studies identify Ets
factors as novel regulators of villus morphology in the
mature adult small intestine. Our analyses further suggest
that Ets factors may regulate crypt number, position, and/or
size, by crypt nonautonomous mechanisms possibly involv-
ing epithelial-stromal communication pathways.

Summary and Perspectives

Our studies using the Ets dominant repressor En/Erm
identify Ets factors as important regulators of epithelial
maturation, epithelial transit, and crypt-villus architecture
in the adult small intestine. Little is currently known mech-
anistically about these important parameters of intestinal
homeostasis. Examination of candidate mechanisms,
namely TGFBRII expression, E-cadherin expression, and
B-catenin localization, suggests that these do not con-
tribute to the observed phenotypes. Thus, the mecha-
nisms by which Ets factors regulate adult intestinal
homeostasis appear to represent novel pathways. Un-
raveling of these pathways will in part require precise
knowledge of both segmental and subcompartmental Ets
expression in the adult intestine. Unfortunately, such in-
formation is not currently available, but existing data from
whole tissue expression analysis'® allow one to speculate
as to the relevant Ets factor(s). EIf3 appears to be the
most highly expressed Ets factor in the adult intestine,'®
and the En/Erm phenotype is dependent on robust trans-
gene expression. Given the demonstrated role of EIf3 in
epithelial differentiation in the developing intestine,?8
we suspect that the En/Erm phenotype may be attribut-
able to blockade, probably incomplete, of EIf3 and simul-
taneous blockade of other highly expressed Ets factor(s)
in the small intestine, such as Ehf/ESE-3 and/or Ets2.'®
What does the En/Erm phenotype reveal about possi-
ble Ets roles in intestinal pathology? The overall pheno-
type—increased cell transit, impaired differentiation, and
crypt-villus disorder—is that of a disturbed and overac-
tive crypt-villus axis. Ets factors are generally overex-
pressed in intestinal epithelial neoplasms, and appear to
be tumor promoting.'® Surprisingly, however, in the only
genetic study of Ets function in intestinal epithelial neo-
plasia published thus far, Ets2, at physiological or near-
physiological gene dosage, was shown to restrict rather
than enhance tumor multiplicity.*® Thus, in contrast to the
generally tumor-promoting effects of overexpressed Ets
factors in established tumors, the maintenance of crypt-
villus homeostasis by physiological levels of at least
some epithelial Ets factors may have an overall effect of
restricting tumor initiation and/or early promotion. Further
studies will be required to determine to what extent this
duality of function reflects inherent properties of different
Ets factors, promoter context-dependent transcriptional
activities (activation versus repression) of individual Ets,
and/or gain-of-function type phenomena (ie, promoter



effects via lower affinity sites) at supraphysiological ex-
pression levels. Finally, the En/Erm phenotype of dis-
turbed crypt-villus homeostasis also suggests possible
roles for Ets factors in the control of epithelial regenera-
tion/repair after injury.
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