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SUMMARY

Previously, we used a genetic mosaic system to conduct ancytoplasmic accumulation of p21l-activated kinase. c-Jun,

in vivo analysis of the effects of Racl activation on the
developing intestinal epithelium (Stappenbeck, T. S.
and Gordon, J. I. (2000) Development127, 2629-2642).
Expression of a constitutively active human Racl
(RacllLeu6l) in the 129/Sv-derived small intestinal
epithelium of C57BIl/6-ROSA26- 129/Sv chimeric mice
led to precocious differentiation of some lineages with
accompanying alterations in their apical actin. We have

a downstream nuclear target of p-Jnk, does not
show evidence of enhanced phosphorylation, providing
functional evidence for cytoplasmic sequestration of p-Jnk
in RacllLeu6l-expressing epithelium. In adult chimeras,
Racl activation augments cell proliferation in crypts of
Lieberkiihn, without a compensatory change in basal
apoptosis and produces a dramatic, very unusual widening
of villi. These results reveal a novel in vivo paradigm for

now explored the underlying mechanisms. Raclleu6l
leads to accumulation of the 46 kDa form of
phosphorylated Jun N-terminal kinase (p-Jnk) in the apical
cytoplasm, but not in the nucleus of E18.5 proliferating and
differentiating intestinal epithelial cells. The effect is cell-
autonomous, selective for this mitogen-activated protein
kinase family member, and accompanied by apical

Racl activation involving p-Jnk-mediated signaling at a
distinctive extra-nuclear site, with associated alterations in
the actin cytoskeleton. They also provide a new perspective
about the determinants of small intestinal villus
morphogenesis.
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INTRODUCTION form a mature brush border. As enterocytes, goblet and
enteroendocrine cells approach the apex of a villus, they are
The mouse small intestinal epithelium is an appealing systefost by apoptosis and/or exfoliation (Hall et al., 1994).

for studying the influence of specific signal transduction The crypt-villus units that support this epithelial renewal are
pathways on proliferation, differentiation and migration. In thefully formed by the second postnatal week. In late fetal life,
adult, proliferation is confined to well-defined anatomic unitsudimentary villi appear, cell division is confined to the
known as crypts of Leiberkiihn. Several active, long-livedntervillus region, and differentiated members of the
multipotential stem cells are anchored at or near the base effiterocytic, goblet and enteroendocrine lineages arise. Crypt
each crypt (Wong et al.,, 2000). These stem cells produagaorphogenesis takes place during the first two postnatal weeks
committed daughters that form a transit amplifying populatior{Calvert and Pothier, 1990; Schmidt et al., 1988), at which time
of rapidly dividing cells located in the middle of the crypt mature Paneth cells become evident (Bry et al., 1994). Proper
(Wong et al., 2000; Bjerknes and Cheng, 1999; Booth andevelopment of crypt-villus units reflects a complex crosstalk
Potten, 2000). Differentiation occurs rapidly and is associatebetween the epithelium and the underlying mesenchiqore

with an orderly migration of the four epithelial cell lineages ofexample, it appears that platelet-derived growth factor A
the small intestine. Members of one lineage (Paneth cel(PDGF-A) secreted from the fetal epithelium stimulates
complete their differentiation as they move to the crypt basproliferation and clustering of PDGF receptoexpressing
(Cheng, 1974b). Members of the other three lineagesiesenchymal cells that serve as signaling centers to promote
(enterocytic, goblet and enteroendocrine) differentiate as thdgrmation of villi (Karlsson et al., 2000). Indian hedgehog also
move out of crypts, onto and up adjacent finger-like villifunctions as an important mediator of the endodermal
(Cheng, 1974a; Cheng and Leblond, 1974a; Cheng amdesenchymal crosstalk required for proper villus development
Leblond, 1974b; Cheng and Leblond, 1974c; Schmidt et alin late fetal life (Ramalho-Santos et al., 2000). In addition,
1985). Enterocytes represent the dominant lineage. A kdyuminal factors are important. Studies of gnotobiotic mice
feature of their differentiation is assembly of an actinindicate that during postnatal life, members of the commensal
cytoskeleton and associated proteins in the apical cytoplasmtaicroflora play an instructive role in regulating villus
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morphology and epithelial gene expression (Hooper et al., In this report, we have examined the impact and effectors of
2001). Racl signaling in the developing and adult mouse small
Members of the Rac GTPase family are potential candidatéstestinal epithelium of chimeric mice. Racl activation
for processing signals that emanate from the mesenchyme moceeds through a pathway that shares some similarities with
lumen, and integrating them into pathways that affect intestindhe one that operates during dorsal closure. p-Jnk induced by
epithelial proliferation and differentiation. Racl-3 are aRacl activation in the small intestinal epithelium is directed to
subfamily of the Rho GTPases (Mackay and Hall, 1998). Racn unusual location: the apical cytoplasm rather than the
play important roles in cellular functions that require focalnucleus. Racl activation augments proliferation in the crypt
alterations in actin cytoskeletal organization, such as ce#pithelium, and produces remarkable alterations in villus
migration and chemotaxis (Nobes and Hall, 1999; Roberts @ebhorphology.
al., 1999; Chung et al., 2000), assembly of cell junctions (Eaton
et al., 1995; Jou et al., 1998, Sussman et al., 2000), exocytosi
(Price et al., 1995) and phagocytosis (Caron and Hall, 1998). TERIALS AND METHODS
Depending upon the system studied, Rac signaling can al ' o
affect proliferation, differentiation and/or death (Olson et al”rqA:Oenerayon of chimeric mice ,
1995: Lores et al., 1997; Li et al., 2000; Mira et al, 2000). previous report (Stappenbeck and Gordon, 2000) describes

. S construction of pabptRaclLeu6lhGH-pgkneo. This plasmid
We recently examined the effects of Racl activation Ogntains nucleotides596 to +21 of the rafeabpl gene linked to an

mouse intestinal _epithelial homeostasis (Stappenbeck aRskr encoding a human Racl mutant (Glau; Lamarche et al.,
Gordon, 2000). To do so, we generated chimeric mice bygge) with an N-terminal c-Myc tag, followed by nucleotides +3 to
introducing genetically manipulated embryonic stem (ES}2150 of the human growth hormone geh&lf) and apgkneo

cells into normal blastocysts. The chimeras contained tweelection cassette. D3 129/Sv ES cells (Hermiston and Gordon, 1995a)
populations of intermingled/juxtaposed intestinal epithelialere transfected with purifieabptRaclleu61-pgk neo DNA. After
cells. One population was derived from normal blastocysts arfd418 selection, stably transfected cells were identified by PCR
provided a reference internal control. The other (experimentali$ing primers that recognize Racl sequences and sequences in

population was derived from ES cells programmed to producgon 2 ofhGH (5-AAATACCTGGAGTGCTCGGC-3 5-GACAG-
a constitutively active mutant (RacllLeu6l) in descendan GTTTGACGAAGCGA-3, respectively). Cloned RacllLeu6l ES
cell ‘lines’, or control non-transfected ES cells were then injected into

intestinal ~ epithelial cells. Expression occurred in bothog7py6 ROSA26 (B6-ROSA26) blastocysts (Wong et al., 1998)
proliferating and differentiating components of the epithelium,, produce B6-ROSA26 129/Sv-RacllLeu6l chimeric-transgenic

beginning at the onset of villus morphogenesis in late fetal lifemice. Chimeras described in this report were produced from three
By comparing the control and experimental cell populations, weifferent Fabpl-RaclLeusl ES cell lines. Normal chimeras were
determined that RacllLeu6l signaled precocious differentiatiogenerated using non-transfected ES cells.
of Paneth cells and enterocytes in the intervillus epithelium. All mice were housed in microisolator cages, in a barrier facility,
Alterations in apical actin were evident in enterocytes overlyingnder a strict 12-hour light cycle. Mice were fed a standard irradiated
nascent villi (Stappenbeck and Gordon, 2000). UnfortunatelﬁhOW dlet_ (PlpoLab_ Rodent C_h_ow 20, Purina Mills) ad Ilblyum. Mice
most chimeras expressing the constitutive active mutant di erpeati?salntal{;]i?eln L?/msgr?cfg?ig pgm)?%en?:rrﬂenegitsi;ateEg{ch;nI{e?iz of
at birth, before .completlon of crypt—VII_Ius morphc’geneS'S'Polyoma, Sendai, Pneumonia, and of mouse adenoviruses, enteric
Moreover, we did not know which signaling pathway(s),,cterial pathogens and parasites).
downstream of Rac produced these effects.

Many potential downstream modulators of Rac GTPaselistochemistry
have been described in a number of different, largely ex vivayhole-mount preparations of the small intestine were prepared from
experimental systems (Bishop and Hall, 2000). Members of thadult normal and B6-ROSA26129/Sv-RaclLeu6l chimeras as
MAP kinase family have been found to mediate Rac effects ottescribed (Wong et al., 1998). Periodate-lysine-paraformaldehyde-
differentiation and migration in two in vivo systems. In thefixed and X-Gal-stained intestine was embedded in paraffin and 5

mouse, p38 appears to play a critical role in Rac2-mediated tick serial sections were prepared, according to protocols reported
helper 1 cell differentiation (Li et al., 2000). Drosophila a earlier (Stappenbeck and Gordon, 2000). Sections were stained with

~ . - nuclear Fast Red, Hematoxylin and Eosin, periodic acid Schiff, Alcian
Jun N-terminal kinase (Jnk) homolog (BASKET) plays a I’OIeBIue or Phloxine and Tartrazine (Luna, 1968). Adjacent, unstained

downstream of Rac to effect dorsal closure of the embry ections were used for immunohistochemical studies.

Closure occurs at stages 11-15, as ventral ectodermal cells

change shape and migrate to cover the dorsal side of th@munohistochemistry

embryo. Expression of a dominant negative DRAC inhibitseriodate-lysine-paraformaldehyde-fixed, paraffin-embedded sections
movement of leading edge cells (Harden et al., 1995)f intestine were de-paraffinized with xylene, rehydrated and pre-
Inactivating mutations dbasketandhemipteroughomolog of  treated for 15 minutes at room temperature with blocking buffer (1%
MKK?7) phenocopy the defective dorsal closure observed witovine serum albumin, 0.3% Triton X-100, and 1mM Ga€PBS).
DRAC inhibition (Riesgo-Escovar et al., 1996; Sluss et al.Sections of E18.5 or adult small intestine were stained with the
1996). These and other observations have led to the propo |owing antisera: (1) rabbit anti-human/mouse Racl (final dilution in

. - : ocking buffer was 1:100; obtained from Santa Cruz Biotechnology,
thatl CIOSLt”e Int\.IOht/eS DI?]EQC Slgnallgg throutgfh JNK[B';% theSanta Cruz, CA); (2) mouse anti-c-Myc epitope (1:100; clone 9E10.2;
nucieus 1o activate and subsequently a R . albiochem); (3) fluorescein isothiocyanate (FITC)-labeled mouse
pathway (Goberdhan and Wilson, 1998). This Rac-activateghonocional antibodies t@-actin (1:400; clone AC-40; Sigma, St

pathway appears to promote proper remodeling of the actihuis, MO); (4) mouse anti-human Thri83- and Tyrl85-

cytoskeleton in migrating, leading edge ectodermal cells anghosphorylated Jnk1-3 (recognizes the 46 and 55 kDa forms of p-Jnks
to inhibit remodeling in lagging cells. 1,2 and 3; 1:100; clone G-7; Santa Cruz Biotechnology); (5) rabbit



Fig. 1.Increased phosphorylation of 46
kDa Jnk in the apical cytoplasmic
compartment of E18.5 129/Sv-RacllLel
intestinal epithelium. (A) Replicate
immunoblots of small intestinal extracts
(50 ug protein/lane) from E18.5
RaclLeu61 and normal chimeric mice
were probed with antibodies that
recognize Racl, p-Jnk, the 46 kDa or 5
kDa forms of Jnk (designated Jnk-Ab1
and Jnk-Ab2, respectively), and p-c-Jur
(B-S) Sections of E18.5 jejunum from
RaclLeu61l (B-l; L-S) and normal (J,K)
chimeric mice. Each antibody staining
(C,E,G,I,LK,M,0,Q,S) is paired with X-G.
staining (B,D,F,H,J,L,N,P,R) of the sam
section to show the epithelial cell
genotype. At E18.5, the proliferative zol
lies in the intervillus region (below broke
line) positioned between rudimentary vi
(above broken line). Sections from
RaclLeu61 (C,E) and normal chimeric
jejunums (K) were stained with rabbit
anti-p-Jnk, Cy3-tagged sheep anti-mou
Ig (red) and bis-benzimide (dark blue).
129/Sv epithelial cells in the RacllLeu6:
chimera show markedly enhanced p-Jn
staining localized principally to the apici
cytoplasm (arrows). (G) High-power vie
of 129/Sv villus epithelial cells from a
RaclLeu61 chimera, stained with rabbi
anti-Racl, donkey anti-rabbit Ig and bis
benzamide. Although most of the
immunoreactive protein is cytoplasmic,
small fraction localizes to the apical cell
surface (arrow). (I) Section from a
RacllLeu61 chimera stained with the se
reagents as in C,E, except that the p- J
mAb was pre-incubated with
phosphorylated Jnk peptide. (M) Sectio
stained with Jnk-Ab1 that recognizes to
cellular 46 kDa Jnk, Cy3-tagged donke
anti-rabbit 1g, and bis-benzimide. Jnk (r
localizes to the apical cytoplasm, cell-ct
and cell-substrate borders of both 129/
RacllLeu6l1 and B6-ROSA26 villus and
intervillus epithelial cells. (O) Section
incubated with Jnk-Ab2 that recognizes
total cellular 55 kDa Jnk, Cy3-labeled
donkey anti-rabbit Ig and bis-benzimide

55 kDa Jnk localizes to the cytoplasm and
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nuclei of both 129/Sv-Rac1Leu6l1 and B6-ROSA26 villus and intervillus epithelial cells. (Q) Section stained with mousdumtiqy&-sheep
anti-mouse Ig and bis-benzimide. The nuclear staining for p-c-Jun is not appreciably different between the 129/Sv-Rac B&&E1SH2H
epithelial populations (compare B6-ROSA26 cells indicated by arrows to 129/Sv-RacllLeu6lcells indicated by a box). ($pi@extion f
RacllLeu61 chimera stained with the same reagents as in Q, except that the p-c-Jun mAb was pre-incubated with phospimopgptiel c-J

Scale bars: B,C,H-S, 28n; D-G, 10um.
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anti-human Jnk1 (raised against Jnk1 but crossreacts with Jnk2 aregulatory elements from a fatty acid-binding protein gene
Jnk3; 1:100; Biosource International, Camarillo, CA); (6) rabbit anti-(Fabpl) linked to a constitutively active Racl mutant
human Jnk2 (cross reacts with Jnkl and 3; 1:50; Santa CryRacllLeu61; Lamarche et al., 1996). Previous studies showed
Biotechnology); (7) mouse anti-human Ser63-phosphorylated c-Juikhat expression of transgenes containing tRabel regulatory
(1:100; clone KM-1; Santa Cruz Biotechnology); (8) rabbit anti-hnumany e ments is initiated by E15, involves all epithelial cells in the

%,Jrgg é;#&%hf;g?edcgil E:r?éeé?cg l?lg)ll)o;o-(gc)l Orl‘?eOLIJES-i' gl;ltrl]-tlguga tervillus and nascent villus epithelium, and occurs at highest
Biotechnology); (10) mouse anti-human Tyr182-phosphorylated p3 vels in the middle third of the small intestine (jejunum).
(1:100; clone D-8; Santa Cruz Biotechnology); (11) rabbit anti-rat p21EXPression is sustained throughout adulthood (Hermiston and

activated kinase 1 (Pakl, 1:100; Santa Cruz Biotechnology); (1Zpordon, 199551; Hermiston and _Gordon, 1995b; Wong et al.,
rabbit anti-human Tyr215-phosphorylated c-Src (1:100; Biosourcd998). Chimeras produced using nontransfected ES cells
International); (13) rabbit anti-human Tyr418-phosphorylated c-Srserved as controls to evaluate whether B6-ROSA26 and 129/Sv
(1:100, Biosource International, (14) rabbit anti-human Tyr529-ntestinal epithelial cells normally exhibit any strain-specific
phosphorylated c-Src (1:100, Biosource International); (15) mousgifferences in their properties.

anti-human Tyr705 phosphoryla_ted Stat3 (1:50; clone B-7; Santa Cruz

Biotechnology); (16) mouse anti-human Stat3 (1:50; clone F-2; San@ytoplasmic Jnk is a target of activated Rac1l in the

Cruz Biotechnology; (17) mouse anti-human R&{1:50; clone F-6;  E£18.5 small intestinal epithelium

Santa Cruz Biotechnology; (18) mouse anti-CDC47 (1:100; clon . . N
47DC141; NeoMarker, Fremont, CA); and (19) rabbit anti-humar?Ne began our analysis of the effectors of Racl signaling in the

cyclin D1 (1:50; Santa Cruz Biotechnology). intestine by examining expression of the activated forms of
Prior to staining with antibodies to Racl, c-Myc, p-Jnk, p-Erk, p-three MAP kinase family members: p-Jnk, p-p38 and p-Erk.

p38, and p-c-Jursections were incubated at°@5for 15 minutes in ~ Embryonic day (E) 18.5 B6-ROSA26129/Sv-RacllLeu6l

10 mM sodium citrate, pH 6.0. Before incubation with antibodies tachimeric-transgenic mice generated with three different

B-actin, antigen was retrieved by treating sections with 0.1%loned, stably transfecté@bpl RaclLeu61l ES cell lines, and

chymotrypsin (in 0.1% Cag)l for 10 minutes at 3T. Blocking  age-matched mice produced from non-transfected ES cells

controls were performed for p-Jnk and p-c-Jun staining by préyere studiedr=3-10 mice/ES cell line/time point).

incubating each antibody preparation for 1 hour &iC24ith a RacllLeu61 expression was robust in the intestines of mice

fivefold molar excess of the corresponding phosphorylated pepti
(obtained from Santa Cruz Biotechnoiogy). Antigen-antibody enerated from each of the three transfected ES cell clones at

complexes were detected with indocarbocyanine (Cy3)- or FIT this developmental stage (see Fig. 1A). Immunoblots of proteins

conjugated donkey or sheep anti-rabbit or anti-mouse Ig (1:50¢Xtracted from the entire small intestine of E18.5 B6-
Jackson ImmunoResearch Laboratories, West Grove, PA). Nucl@?OSAzef-> 129/Sv-RacllLeu61 and normal chimeric mice were

were stained with bis-benzimide (50 ng/ml PBS). probed with antibodies that react with the phosphorylated forms
. of Jnkl, Jnk2 and Jnk3 (p-Jnk). This antibody preparation
Immunoblotting recognizes both the 46 kDa and 55 kDa forms of each Jnk that

Proteins were extracted (Stappenbeck and Gordon, 2000) from thge generated through alternative mRNA splicing (Gupta et al.,
small intestines of E18.5 RaclLeu61 and normal chimeras, fractionatq®gg). The immunoblotting results revealed that RacllLeu6l
by SDS-PAGE (50 pg protein/sample), and transferred 10 chimeric-transgenic and normal chimeric mice both contain

polyvinylidene difluoride membranes. Membranes were then pretreat ) oo .
for 16 hours at % with blocking buffer (5% powdered nonfat milk in kDa p-Jnk. The relative intensity of the p46kDa Jnk band was

PBS), and probed for 16 hours, &C4with rabbit anti-Racl (source reprOdUCIny greater n RaC1LEUG1. when compared W.Ith
listed above; final dilution in blocking buffer was 1:1000). DuplicateNormal chimeras (Fig. 1A). A 55 kDa immunoreactive species
blots were probed with mouse anti-human p-Jnk (1:100), rabbit antas only barely detectable in either group, even after prolonged
human Jnk 1 (1:2000), rabbit anti-human Jnk 2 (1:2000), mouse ang@xposure of the probed immunoblots (data not shown).

human Tyr204-phosphorylated Erk1,2 (1:100), mouse anti-human Replicate immunoblots of mouse intestinal extracts from
Tyr182-phosphorylated p38 (1:100), rabbit anti-rat Pak1 (1:500), rabbitormal and RacllLeu61 chimeras were probed with two other
anti-human Tyr215-phosphorylated c-Src (1:1000) or mouse antgntibody preparations: one raised against residues 122-131 of
human Ser63-phosphorylated c-Jun (1:500). In each case, antiggfyman JNK1, and the other agaifsicherichia coliderived
antibody complexes were visualized with - alkaline phosphatasgyman JNK2. Both these commercial antibody preparations
conjugated donkey anti-mouse or anti-rabbit 1g, using protocols ar?érossreact with each of the three known mouse Jnks. The

reagents provided in the Tropix chemilumiscence detection kit (Tropix; . . X . - -
Bedford, MA). Note that a control experiment was used to confirm thf:r|thOdIes raised against the peptide only recognized 46 kDa

specificities of the commercially available p-Jnk and p-c-Jun mAbsJNK(S) (Ink Abl in Fig. 1A), while the other antibody
Western blots were prepared containing cellular extracts from a mougé€paration reacted principally with 55 kDa Jnk(s) (Jnk Ab2 in
cell line (RAW 264.7; Santa Cruz Biotechnology) known to activate JniEig. 1A). There were no detectable differences in the steady
and c-Jun in response to LPS (Hambleton et al., 1996). The resufitate levels of either 46 kDa or 55 kDa Jnk between normal
confirmed the expected LPS-induced increase in levels of 46 kDa amthd RacllLeu6l1 chimeras.
55 kDa p-Jnk and 42 kDa p-c-Jun. Follow-up immunohistochemical studies were performed
with the same Jnk antibody preparations to assess the relative
cellular levels and intracellular location of 46 kDa p-Jnk, 46
RESULTS kDa total Jnk and 55 kDa total Jnk in normal and RacllLeu61-
expressing epithelium. B6-ROSA26 cells can be identified
Chimeric-transgenic mice were produced by injection obased on their production &f coli B-galactosidasedc2). In
genetically manipulated 129/Sv ES cells into B6-ROSA26&ontrast, 129/Sv cells atacZ negative. At this stage of gut
blastocysts (Wong et al., 1998). The ES cells had been staldgvelopment, 129/Sv and B6-ROSA26 cells are intermingled
transfected with a recombinant DNA containing transcriptionain the intervillus and villus epithelium. Sections of small
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intestine prepared from E18.5 RacllLeu6l chimeras wer®r phosphorylated c-Jun were used to probe immunoblots
genotyped with X-Gal and stained with p-Jnk antibodies.  of proteins extracted from the small intestines of E18.5
The results revealed that 129/Sv-RacllLeu6l jejundRacllLeu6l and normal chimeras. There were no detectable
epithelial cells in both the intervillus and villus compartmentddifferences in the levels of p-c-Jun (Fig. 1A). In addition, the
contained markedly higher levels of p-Jnk than did neighboringame antibodies to p-c-Jun showed that there was no difference
B6-ROSA26 cells (Fig. 1B,C). Thus, the modest increase im the intensity of nuclear phosphorylated c-Jun staining
the intensity of 46kDa p-Jnk noted in immunoblots (Fig. 1A)between E18.5 B6-ROSA26 and 129/Sv intervillus or villus
underestimated the extent of change in p-Jnk accumulatiepithelial cells in either chimeric-transgenic or normal
because only a fraction of the epithelium in these chimeras wakimeric mice (Fig. 1P,Q; data not shown). Nuclear p-c-Jun
129/Sv-RacllLeu6l. Higher power views show that p-Jnk wastaining was eliminated in all epithelial cells of the RaclLeu61
localized primarily to the area that underlies the apical celkhimeric small intestine when the p-c-Jun mAb was pre-
membrane of 129/Sv-RacllLeu61l cells, with small amounts dhcubated with the phosphorylated peptide to which it had been
immunoreactive protein positioned at cell-cell bordersraised (Fig. 1R,S). Likewise, antibodies that recognize both the
Remarkably, there was no detectable nuclear p-Jnk (Fig. 1D,F)hosphorylated and nonphosphorylated forms of c-Jun showed
Although most immunoreactive RacllLeu6l is diffuselyno difference in the accumulation of this p-Jnk substrate in the
distributed within the cytoplasm of 129/Sv epithelial cells,nuclei of B6-ROSA26 and 129/Sv-RacllLeu6l epithelial cells
higher power views also revealed that a small fraction of th@ata not shown). These results support our observation that p-
protein is concentrated at the apex of these cells (Fig. 1F,G)nk is functionally sequestered in the apical cytoplasm of
The localization of a small portion of total active cellular RacRacllLeu61-expressing cells.
to areas where downstream responding molecules are present o o
has been described in cultured cells using GFP-labelddacl shows specificity in its activation of MAP
RaclLeu6l and fluorescence resonance energy transtépase family members
techniques (Kraynov et al., 2000). To test for the specificity of RaclLeu6l Jnk activation, we
Three additional experiments were performed toprobed immunoblots of small intestinal proteins and sections
demonstrate the specificity of the observed apical/cytoplasmif small intestine with antibodies specific for the
p-Jnk staining. First, pre-incubation of the p-Jnk mAb with thgphosphorylated forms of two other MAP kinase family
phosphorylated peptide to which it was raised, abolished thmembers, Erk1/Erk2, and p38. The immunoblots established
p-Jnk signal in 129/Sv-RaclLeu61l epithelial cells (Fig. 1H,I)that these antibodies react with proteins of the appropriate
Second, p-Jnk levels and cellular distribution were similar ilmass, and that there were no appreciable differences in steady-
B6-ROSA26 and 129/Sv jejunal epithelial cells of normalstate levels of either p-Erkl/2 or p-p38 between E18.5
E18.5 chimeras (Fig. 1J,K), indicating that the Racl-associatdtlaclLeu61 chimeric-transgenic or normal chimeric mice (Fig.
effect on p-Jnk seen in RaclLeu6l epithelial cells can not BA; n=3 animals surveyed/group). p-Erk was present
ascribed simply to their 129/Sv genetic background. Third, ththroughout the cytoplasm and in the nucleus of both B6-
antibody preparation that recognizes total cellular 46 kDa JNROSA26 and 129/Sv-RaclLeu61l epithelial cells. Levels were
(Jnk Abl) revealed equivalent staining of the area thatquivalent in the two populations (Fig. 2B,C). p-p38 had a
underlies the apical cell membrane, sites of cell-cell contadimilar intracellular distribution as p-Erk and levels did not
and cell-substrate interfaces, but no nuclear staining inhange with RaclLeu6l expression (data not shown). Thus,
RacllLeu6l1 chimeras. Importantly, there were no detectableeither of these MAP kinases appears to be phosphorylated in
differences in levels or subcellular distribution of 46 kDa Jnka Racl-dependent fashion to the same degree as Jnk.
between B6-ROSA26 and 129/Sv-RacllLeu6l epithelial cells o o o
(Fig. 1L,M). Antibodies specific for the 55kDa form of Jnk Pakl: a potential intermediate in Racl activation of
(Ink Ab2) disclosed its presence in the nucleus, as well, as 8k
diffuse distribution in the cytoplasm. This was true in both B6-The intermediate signaling components that connect Rac with
ROSA26 and 129/Sv-RacllLeu6l intervillus and villusJnk have yet to be definitively determined. Possible candidates
epithelial cells (Fig. 1N,O), emphasizing the uniqueness of theclude MAP/ERK kinase kinases (MEKK)1 and 4, POSH
peripheral cytoplasmic location of 46 kDa Jnk. (Plenty of SH3s), mixed lineage kinases (MLK) 2 and 3, p21-
Together, these findings allowed us to draw the followingactivated kinases (Pak) 1-3 and c-Src (reviewed by Bishop and
conclusions. Racl activation does not lead to an increase in thiall, 2000).
total cellular pool of 46 kDa (Fig. 1A), or to its gross Immunoblots disclosed that there were no appreciable
intracellular redistribution. However, activation does producelifferences in Pakl levels between E18.5 normal chimeric and
increased phosphorylation of a subset of cellular 46 kDa JriRaclLeu6l chimeric-transgenic intestine (Fig. 2A). Pakl
in both intervillus and villus epithelial cells. This subset isshows increased accumulation in the apical cytoplasm of
restricted to a very discrete location within these cells: the ard@aclLeu6l-expressing intervillus and villus epithelial cells

underlying their apical cell membranes. relative to neighboring B6-ROSA26 cells, where the protein is

) ) ) o distributed throughout the cytoplasm (Fig. 2D,E). The
Functional evidence for the cytoplasmic localization localization of Pakl to the apical cytoplasm is not an effect
of p-Jnk ascribable to the 129/Sv background, as it was not observed in

Normally, p-Jnk activates c-Jun within the nucleus bythe 129/Sv epithelium of normal chimeras (Fig. 2F,G).
phosphorylation of serine residues. The half-life of p-c-JurRedistribution of Pakl from the cytoplasm to plasma
increases dramatically, resulting in increased accumulatiomembranes occurs with Racl activation in cultured fibroblasts
within the nucleus (Ip and Davis, 1998). Antibodies specifidLu and Mayer, 1999; del Poso et al., 2000)Dhosophilg
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DPAK localizes to dynamic actin structures in leading edgeedistribution of Pakl to the actin cytoskeleton (Sussman et al.,
cells undergoing dorsal closure (Harden et al, 1996). Moreove2000). These results are consistent with the notion Pakl is a
activation of Racl in mouse cardiomyocytes causedownstream target of activated Racl in the E18.5 mouse
intestinal epithelium.

Activated c-Src has recently been shown to activate DINK
during Drosophila embryo closure (Tateno et al., 2000). In
addition, c-Src is activated by Racl in cardiac muscle
(Sussman et al., 2000). Our analysis did not provide any
evidence for c-Src-Jnk signal transduction in RacllLeu6l
intestinal epithelium. Immunoreactive p-c-Src was only
detectable in the intervillus epithelium, where it was positioned
at the cell-cell and cell-substrate interfaces of both 129/Sv and
B6-ROSA26 intervillus epithelial cells in E18.5 chimeric-
transgenic and normal chimeric mice. The intensity of p-c-Src
staining was the same irrespective of cellular genotype (Fig.
2H,1).

Auditing gene function in adult chimeric mice: an
internally controlled in vivo experiment

The intervillus epithelium in E18.5 normal chimeras is
composed of a mixed population of dividing B6-ROSA26 and
129/Sv cells (e.g. Fig. 2B,F,H). As crypts form during the first
two postnatal weeks, a poorly understood ‘purification’ of the
stem cell population occurs so that by postnatal day 14, each
crypt in a normal chimeric mouse contains either a wholly B6-
ROSAZ26 or a wholly 129/Sv population of cells (i.e. all active
stem cells in mature crypts are of a single genotype, and are
presumably descended from a single progenitor that survives
the purification process; Wong et al., 1998). As each villus is
supplied by several crypts that surround its base, these chimeric
mice will contain a subset of villi that are ‘polyclonal’ (Fig.
3A). A polyclonal villus consists of a coherent vertical column
of 129/Sv epithelial cells, extending from a monoclonal 129/Sv
crypt up to the villus tip, and an adjacent column of B6-
ROSA26 cells emanating from a neighboring monoclonal
B6 crypt (Fig. 3A,B). In a chimeric-transgenic mouse,
each polyclonal villus represents an internally controlled
experiment. The effects of transgene expression can be
surmised by comparing the experimental 129/Sv population
with the adjacent normal B6-ROSA26 population. Polyclonal
villi from adult normal chimeras are used to determine whether
any observed differences are simply due to differences between
Fig. 2.RaclLeu61 does not activate other MAP kinases and is 129/Sv and B6-ROSA26 cells.

associated with Pak1 redistribution in E18.5 mice. (A) Replicate

immunoblots of small intestinal extracts from E18.5 RacllLeu6l andRacl1lLeu61 perturbs villus architecture in adult

normal chimeric mice (lanes 1 and 2, respectively) were probed withthimeras

antibodies to p-Erk, p-p38, Pakl, and p215Tyr-c-Src. (B,C) Section . . . . .
from a Racngu61 cﬁ)ﬂﬁwera stained Wifh X-G)z/ﬂl (B) ané Witl)’l mouse Chimeric-transgenic mice der!ved frqm two of the three
anti-p-Erk, Cy3-tagged sheep anti-mouse Ig, plus bis-benzimide (C)R@cllLeubl ES cell lines typically die shortly after birth
There is no detectable difference in nuclear and cytoplasmic stainin/ithout gross histopathological lesions. A total of eight litters
between neighboring 129/Sv-Racl1lLeu61 and B6-ROSA26 epitheliaivere produced with these two cell lines. Only nine B6-
cells. (D-G) Sections from RaclLeu61 (D,E) and normal (F,G) ROSA26- 129/Sv-RacllLeu6l chimeras survived to adulthood
chimeric jejunum stained with X-Gal and rabbit anti-Pak1, Cy3- (129/Sv contribution to coat color=1-5%). X-Gal staining of
donkey anti-rabbit Ig, plus bis-benzimide. E shows that Pakl stainingshole-mount preparations of jejunum harvested from these
?Stmofl? promoilnelrllt in th(tahaf'iial <:I?/toptl1asm of 129/5&"3?}?&9”6} nine mice at postnatal day (P) 42 revealed that the 129/Sv
intervilius ana vilus epitnelial cells when, compared with normal i i iri i H i

?dé"?‘f‘;em lB%'_RtQEAtZSpPeLE (Se? inlset; argowflgaﬁ)-l G ﬁho"]ﬁ’i”t‘ﬁt Pa r.1{2|/l;.ut|on to their intestinal epithelium ranged from zero to
is diffusely distributed in the cytoplasm of epithelial cells of bo :
genotypeg in normal chimerag. (IE)LI) InterviI‘I)us region from a In contr_ast, BG'RQSA26 1_29/Sv-RaclLeu61 chimeras
RacllLeu61 mouse stained with X-Gal and rabbit anti-p215 Tyr-c- from the third ES cell line survived to at least 9 months of age.
Src, Cy3-donkey anti-rabbit Ig, plus bis-benzimide. RaclLeu61 has These animals had a similar 129/Sv contribution to their coat
no apparent effect on c-Src localization to cell-cell and cell-substrat€olor as mice produced with the other two lines (i.e. 1-5%).
interfaces. Scale bars: p#n. However, they had a higher 129/Sv contribution to their jejunal

Lt
b

-\\"'L“}{ —; ‘-'. ‘:.‘__ -
E18.5Raclleuls .=~
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Fig. 3.RacllLeu61l is associated with markedly widened

in adult chimeric mice (A) Idealized three-dimensional

drawing of the mouse small intestine from a normal
C57BI/6-ROSA26- 129/Sv mouse. The front of the intest

has been 'sectioned’ to show the relationship of individu.

crypts and adjacent villi. In the adult chimeras, crypts ar
‘monoclonal’: composed of either B6-ROSA26 or 129/S\
epithelial cells, but not a mixture of both. Some villi are
‘polyclonal’: supplied by crypts of both genotype. villi
(B) Whole-mount preparation of jejunum from a 9-month

old normal chimeric mouse. The intestine has been opel

fixed and stained with X-Gal. The white epithelium is

129/Sv. The blue epithelium is composed of B6-ROSA2(  crypts
cells that expredscZ (C) 9-month-old RaclLeu6lchimer
jejunum prepared as in B. Compared with the normal 12 &
villi in B, 129/Sv-RaclLeu61l villi are widened, in some 129/5v  B6-ROSAZ26
cases coalescing to form very unusual, undulating, slab- RaclLeu6 1
structures (arrowheads). The arrows point to sharply
demarcated stripes of blue cells that emanate from B6-ROSA26 crypts supplying two widened polyclonal villi. The inset stmvits thfea
RT-PCR analysis of normal and RacllLeu61 RNAs. The 250bp PCR product is freabfRacllLeu6l transcript. Scale bars: 285.

«€129/5vi—B6—> €129/Sv4i—B6—>

<€129/Sv4—B6—> €129/Svil—B6—>
c-myc C _-: c-myc

Aq h,f) -Gal B . c-myc

villus

\ g
129/Sv

A
}III ____-"'7
L

crypts crypts

Rac1lLeu61

<——129/Sv it B6 >

Fig. 4.129/Sv-RaclLeu61 crypts in adult chimeric mice are elongated and
show increased proliferation. (A-C) Sections from an adult RaclLeu61
chimeric jejunum. (A) X-Gal genotyping of 129/Sv and B6-ROSA26
epithelial cells. The broken line indicates the location of crypt-villus
junctions. (B) Same section as in A stained with mouse anti-c-Myc, Cy3- ‘s»
labeled sheep anti-mouse Ig and bis-benzimide. Cytoplasmic c-Myc staining:# A
(red) is more prominent in the 129/Sv villus epithelium (arrowhead) N 4
compared with crypt (arrows) epithelium. (C) High-power view of the 129/S '
and adjacent B6 crypts noted in B. The arrowhead highlights the modest
increase in c-Myc staining in the upper part of the 129/Sv-RaclLeu61 cryp
compared with the neighboring B6-ROSA26 crypt. (D,E) Section from a :
normal 9-month-old chimera. (D) X-Gal genotyping. (E) Section stained with7== ".

A

the same reagents as in B. Asterisks in B,E indicate Cy3-positive lymphocyte A .".--_1_

in the lamina propria that react with the mouse secondary antibody. This
lamina propria staining can be used as a reference internal control: even Wﬁﬁ_1 29/5‘.’._"_ BG_>
the increased exposure in E, no epithelial c-Myc staining is detectable in th =
normal chimera. (F,G) X-Gal plus Hematoxylin and Eosin (F), or nuclear Fasle — = — = =
Red (G) stained sections. The arrow in F denotes a 129/Sv crypt that appears .
elongated when compared to a neighboring B6-ROSA26 crypt (arrowhead).. » -
In G, arrowheads point to some of the increased M-phase cells present in a'ijf.r’j; %
129/Sv crypt. (H) Quantitative morphometric studies reveal a 2.5-fold o e
increase in mitotic index in 129/Sv-RacllLeu61l crypts. See text for definition* ’i '?T :}'
of the mitotic index. Scale bars: . AL

=
=

NL RacllLeu6l
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epithelium (range=1-5%0=3, examined at 9 months of age). positive cells in 129/Sv-RacllLeu6l crypts was directly
Expression of th&abptRacllLeu61 transgene was verified by correlated with the extent of crypt elongation, as was the
RT-PCR of jejunal RNA (Fig. 3C, inset). Each of the 9-month4increase in the number of cyclin D1-positive cells. Cellular
old RaclLeu61 chimeras exhibited widening of their 129/Svevels of cyclin D1 were not appreciably different in
but not B6-ROSA26 villi. The widening followed the known 129/SvRacllLeu61l compared with neighboring B6-ROSA26
cephalocaudal pattern of expression F#gbplk containing crypt epithelium (data not shown).
transgenes: changes in villus shape were most prominent in theQuantitative morphometric analysis of the same
middle third of the small intestine and less significant in théHematoxylin and Eosin-stained sections used to calculate the
proximal or distal thirds. In each animal, these widened villimitotic index revealed no significant differences in apoptotic
appeared to coalesce, forming distinctive undulating slab-likendices between the two groups of animals (data not shown).
structures in some areas of the jejunum (Fig. 3C). Histologicalhus, it appears that RaclLeu6l produces an increase in
analysis of the widened 129/Sv-RacllLeu6l villi failed toproliferation within crypts without a ‘compensatory’ increase
demonstrate any inflammatory infiltrates or other overin basal apoptosis. As discussed below, the net increase in crypt
pathological changes in their mesenchymal cores. Thisell production could contribute to the abnormal shape of
phenotype was not a unique feature of this 129/Sv-RacllLeu@P9/Sv-RacllLeu6l villi.
ES cell line. The rare 129/Sv-RacllLeu6l jejunal vili These changes in proliferation and villus shape were not
encountered in the few surviving P42 mice generated frorassociated with notable alterations in cell fate specification.
the other two ES cell lines were also widened relative t®&ections of 129/Sv, B6-ROSA26, and polyclonal jejunal crypt-
neighboring B6-ROSA26 villi. In contrast, widened villi were villus units from adult normal and chimeric-transgenic mice
not observed in any 9-month-old normal chimeras examinedere stained with histochemical reagents, and with well
(n=5; see Fig. 3B). characterized antibodies and lectins that react with
Surveys of polyclonal villi with widened 129/Sv differentiating and differentiated members of the goblet,
components (e.g. arrows in Fig. 3C), indicated that the orderlpaneth, enteroendocrine and enterocytic lineages (Falk et al.,
migration of epithelial cells was not grossly disordered1994; Hermiston and Gordon, 1995a; Wong et al., 1998). The
Coherent monophenotypic columns of either B6-ROSA26 oresults indicated that the fractional representation of each
129/Sv-Raclleu6l cells extended from crypts to the tip dfineage in the crypt and villus epithelium was not obviously
these villi. The borders between cellular columns were sharplyerturbed by RacllLeu6l. The proliferative abnormality was
demarcated. not accompanied by dysplasia (see Fig. 4F,G).
Immunohistochemical studies using antibodies directed o ]
against the c-Myc tag present at the N terminus of Rac1LeudiacllLeu6l affects the cellular distribution of actin
revealed that the mutant protein was present in 129/Sv-derivéd Jnk in adult Rac1Leu61 chimeras
jejunal epithelium and that levels were higher in villi comparedrhe intracellular location of p-Jnk and Pak1 in E18.5 129/Sv-
to crypts (Fig. 4A,B;n=3 9-month-old chimeras). c-Myc RacllLeu6l epithelial cells places them in a strategic position
staining in epithelial cells located in the upper half of 129/Svo influence the structure of the actin cytoskeleton. In normal
crypts was modestly increased when compared with cell§18.5 chimeras, the bulk of the actin cytoskeleton is localized
in neighboring B6-ROSA26 crypts (Fig. 4C). Control at the apex of 129/Sv and B6-ROSA26 jejunal villus
experiments showed no epithelial staining with the c-Mycenterocytes. RaclLeu61 expression is associated with a modest
antibody in 129/Sv or B6-ROSA26 crypt-villus units of age-decrease in apical actin staining that is limited to 129/Sv
matched normal chimeras (Fig. 4D,E). epithelial cells and not ‘exported’ to juxtaposed normal B6-
The majority of the 129/Sv-RaclLeu61l crypts in 9-month-ROSA26 cells (see Fig. 7 in Stappenbeck and Gordon, 2000).
old chimeras were elongated (up to twofold) when compared We used polyclonal villi in adult chimeras to determine
with adjacent B6-ROSA26 jejunal crypts (Fig. 4F). Thiswhether Racl activation had effects on cytoskeletal
difference was not observed in normal chimeras and thus @ganization and Jnk phosphorylation/localization that were
not simply a feature of the 129/Sv genetic backgroundsimilar to those observed in the E18.5 intestine. The
Raclleu61-positive crypts contained a greater number afytoskeletal effect was simila@-actin antibodies disclosed a
dividing (M-phase) cells (Fig. 4G). The total M-phase celldiminution of apical actin staining in the 129/Sv-RacllLeu
count for each crypt genotype was determined using an equadmponent of adult jejunal polyclonal villi (Fig. 5A). This
number of neighboring 129/Sv and B6-ROSAZ26 jejunal cryptslifference between 129/Sv and B6-ROSA26 epithelial cells
(n=500 well-oriented crypts/genotype/mouse; well-oriented isvas not apparent in the jejunal polyclonal villi of 9-month-old
defined as a sectioned crypt with a unbroken column afiormal chimeras (Fig. 5B). As in the E18.5 intestine,
epithelial cells extending from its base to the apex of adjacemintibodies to p-Jnk revealed an increase in the apical
villi). The quantitative morphometric study produced a mitoticcytoplasmic staining in 129/Sv-RaclLeu61 compared to B6-
index (ratio of M-phase cells in 129/Sv versus B6-ROSA26ROSA26 epithelium (Fig. 5C). Studies of normal chimeras
jejunal crypts) that was 2.5-fold increased in RaclLeu61 micdemonstrated that this increase was not an effect of the 129/Sv
compared with age-matched normal chimeras (Fig. 4H). Thgenetic background (Fig. 5D).
proliferative abnormality did not extend to the villus: M-phase Unlike E18.5 normal chimeras, p-Jnk and Pakl are
cells were not observed in 129/Sv-RacllLeu6l epitheliundetectable in the apical cytoplasm of normal adult 129/Sv and
CDC-47, a marker for S-phase cells, stains >90% of epitheli@6-ROSA26 villus epithelial cells (albeit at low levels; see Fig.
nuclei located in the middle portion of both 129/Sv and B65C-E). These differences may reflect the fact that in contrast
ROSAZ26 crypts, in normal and RaclLeu6l chimeras. Th& late fetal life, endogenous Racl is readily detectable in the
modest approx. twofold increase in the number of CDC-47nrormal adult mouse villus epithelium (Fig. 5F). Forced
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expression of RaclLeu6l does not appear to further augment
Raclleu61 Normal the apical cytoplasmic pool of Pak1 in adult chimeras (data not
p-Actin shown).

We examined the expression and intracellular distribution of
three known downstream components of Racl signaling.
Nuclear accumulation of p-c-Jun was the same in the 129/Sv-
RacllLeu6l and B6-ROSA26 components of adult polyclonal
villi, as it was in E18.5 chimeric-transgenic mice (see above).
Racl has recently been shown to interact with and activate
Stat3 (Signal transducers and activator of transcription 3) in
transfected COS-1 cells (Simon et al., 2000). Antibodies that
recognize Stat3, or its phosphorylated form, revealed no
detectable change in cytoplasmic or nuclear staining with
RacllLeu6l1 expression in either E18.5 or in adult polyclonal
villi (data not shown). Racl activation of the MB-pathway,
potentially through the scaffold protein POSH, leads to nuclear
localization of this regulator of pro-inflammatory responses
(Tapon et al., 1998). As with Stat3, immunohistochemical
studies of E18.5 and 9-month-old chimeric-transgenic and
normal chimeric intestine indicated that RaclLeu61 expression
had no detectable effects on NMB- levels or cellular
localization. In addition, antibodies to p-p-38 and p-Erk
produced no differences in staining between the 129/Sv and
B6-ROSA26 epithelium of E18.5 and adult RaclLeu6l and
normal chimeras (data not shown).

A= T28ISy i s——r

DISCUSSION

We have used chimeric mice to conduct an in vivo analysis of
the effects of Racl activation on the continuously renewing,
simple columnar epithelium of the intestine during and after
completion of mouse gut morphogenesis. Our results indicate
that expression of a constitutively active human Racl mutant
leads to accumulation of 46kDa forms of phosphorylated Jnk
in the apical cytoplasm, but not in the nucleus, of epithelial
cells. The effect is cell autonomous and selective for this
member of the MAPK family. The appearance of p-Jnk in the
apical cytoplasm is accompanied by the apical cytoplasmic
accumulation of Pakl, one of the postulated intermediates in
Racl-mediated activation of Jnk, and by redistribution of actin
in the cell periphery. The functional consequences of Racl

Fig. 5. The effect of RaclLeu61 on the intracellular epithelial
distribution of-actin and p-Jnk in adult mice. (A) Section

containing neighboring 129/Sv and B6-ROSA26 jejunal villi from a
9-month-old RacllLeu61 chimeric mouse, stained with FITC-labeled

mouse antp-actin and bis-benzimide. The apical cytoplasmic activation in the adult intestinal epithelium include augmented
staining in the 129/Sv-Rac1Leu61villus epithelium (arrow) is cell proliferation in crypts of Lieberkihn without a change in

diminished relative to the adjacent B6-ROSA26 epithelium apoptosis, plus a very unusual distortion of villus architecture.
(arrowhead). (B) Polyclonal villus from a normal chimera stained Our results suggest that an in vivo effect of Racl activation

with the same reagents as in A. Actin staining is equivalent in 129/Sin this model epithelium is to modulate p-Jnk-mediated
and B6-ROSA26 epithelium. (C) Polyclonal villus from an adult  sjgnaling at a distinctive extra-nuclear site. The role of Jnk in
chimeric-transgenic mouse stained with mouse anti-p-Jnk, Cy3-  stress responses has been characterized extensively in a variety
labeled sheep anti-mouse Ig and bis-benzimide. The p-Jnk staining i cyltured cell systems (Ip and Davis, 1998). Typically
increased in the apical cytoplasm of 129/Sv-RaclLeu61 villus these stress responses are associated with phosphorylation-

epithelial cells (arrow) compared to B6-ROSA26 cells (arrowhead). L . d
(D) Section from a normal chimeric jejunal villus stained with the dependent localization Jnk to the nucleus, where it activates

same reagents as in C. Increased exposure of D (compare the transcription factors such as c-Jun through Ser/Thr
intensity of staining of lamina propria lymphocytes in C) shows faintPhosphorylation. Two recent papers show that Jnk can be
but equivalent p-Jnk staining in the cytoplasm of 129/Sv and B6-  activated in specific cytoplasmic compartments. Almeida et al.
ROSAZ26 epithelial cells. (E,F) Pakl (E) and Racl (F) distribution in (Almeida et al., 2000) observed that culturing rabbit synovial

adult villus epithelium. In E, villi have been sectioned perpendicular cells on fibronectin leads to activation of a kinase cascade
to the crypt-villus axis. Pakl (red) is prominent in the apical within the focal adhesion. This cascade involves FAK,

cytoplasm of epithelial cells (arrow), irrespective of genotype (B6- pl30Cas, Ras, Racl, Pakl and MEK4, and produces
RC_)SA26 cells are shown in this example). Racl (red in panel F) is phosphorylated 55 kDa Jnk at the focal adhesion and in the
evident throughout the cytoplasm. Scale barqi25 nucleus. McDonald et al. (McDonald et al., 2000) used COS-
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7 cells to show that the 55 kDa form of Jnk3 is phosphorylateihcluding MEK kinase 1 and 4, p21l-activated kinases, POSH
in cytoplasmic vesicles in response to ligand activation of a Gand MLK2,3 are capable of mediating Rac activation of Jnk
protein-coupled receptor. Jnk3 activation occurs within gBishop and Hall, 2000). PAK and MEKK appear to activate
complex that includeB-arrestin 2 plus the upstream activating Jnk through independent pathways (Fanger et al., 1997; Xia et
MAPKKK and MAPKK (ASK1 and MEK4, respectively). al., 2000). Racl-activation of p-Jnk in the mouse intestinal
Release from this complex appears to allow p-Jnk3 to move &pithelium is associated with accumulation of apical
the nucleus. A family of Jnk-interacting proteins (JIP1-3) hagytoplasmic Pakl. This may be coincidence, or it may reflect
been identified that serve as scaffolds for coordinatingperation of Rac-Pak-MEK4-Jnk signaling in this epithelium
activation of Jnks in specific cellular compartments (reviewedh vivo. To date, we have been unable to detect a specific signal
in Davis, 2000). Other proteins structurally unrelated to the JIRor MEK kinase in either E18.5 or adult normal or chimeric-
family, such asB-arrestin, may provide an analogoustransgenic mouse intestine using commercially available
scaffolding function. antibodies, sensitive fluorescence detection systems, and a
The restriction of 46 kDa p-Jnk to the apical cytoplasm o¥ariety of antigen retrieval procedures (data not shown).
129/Sv RaclLeu61 intestinal epithelial cells is intriguing from Previous loss-of-function genetic experiments had not
several perspectives. First, the phosphorylated 46 kDa apiddentified a function for Jnks in the gut epithelium. Mice
cytoplasmic Jnk represents a component of a more broaddeficient in either Jnk1l or Jnk2 do not have any reported
distributed pool of total cytoplasmic 46 kDa Jnk. Ourhistopathological changes in their intestine. The principal
immunohistochemical and immunoblot analyses disclosed thahenotype is a defect in T-cell differentiation (Dong et al.,
RacllLeu61 did not produce a detectable change in pool sizE998; Yang et al., 1998). Compound homozygdokl™,
or in the intracellular distribution of the pool, but rather aJnk2’- mice die by E12.5 with severe hindbrain exencephaly,
selective phosphorylation of its apical cytoplasmic componentvell before initiation of villus and crypt morphogenesis (Kuan
One implication of these observations is that this epitheliunet al., 1999). Jnk3 expression is restricted to brain, heart and
may contain as yet unspecified JIP-like molecules that catestes: knockout animals have abnormal apoptotic responses in
function to direct Racl-activated Jnk phosphorylation in thehe hippocampus (Yang et al., 1997).
apical cytoplasm. Second, the cytoplasmic p-Jnk is not the Our gain-of-function experiment in adult chimeric mice
55 kDa form described in synovial or COS-7 cells (see above)eveals that Rac1/Jnk activation is associated with increased
46 kDa Jnks contain a truncated C terminus, owing tantestinal epithelial proliferation, and a marked abnormality
alternative splicing (Gupta et al., 1996). Our findings raise than villus architecture. This response differs from that
possibility that information encoded in the C-terminal tailobserved during late fetal life. Unlike the adult crypt, the
of Jnk may help define its cytoplasmic versus nucleamtervillus epithelium of E18.5 mice supports high levels
localization/function. Third, this is the first report of the inof RaclLeu6l expression, and displays precocious
vivo effects of Racl activation on p-Jnk localization in adifferentiation of Paneth cells and enterocytes (Stappenbeck
mammalian system. It will therefore be important to determin@nd Gordon, 2000). These differences may reflect a number
whether cytoplasmic restriction of (46 kDa) p-Jnk is a generadf factors, including the marked difference in levels of
feature of epithelial responses to Racl activation, and whethactivated Rac expression.
other, non-epithelial, lineages support comparable responses inThere are three notable features of the proliferative
Vivo. abnormality observed in adult mice: (1) it is restricted to crypts
Our studies reveal that RaclLeu6l1 causes reorganization @afid does not extend to villi; (2) it is not accompanied by an
actin in the periphery of intestinal epithelial cells in a cellincrease in basal apoptotic rates within the crypt; and (3) there
autonomous fashion. Based on this finding, we hypothesize no accompanying cellular dysplasia. The mechanisms
that p-Jnk localized to the periphery can act directly orunderlying the proliferative response in intestinal crypts are
cytoplasmic proteins to effect this reorganization. Inundoubtedly complex. Analyses of a variety of cultured cell
Drosophilag SPIRE, which has WH2 domains homologous tosystems have disclosed extensive cross-talk between Rac, Ras
mammalian Wiscott-Aldrich syndrome proteins (WASP),and Rho GTPases, and regulatory components of the cell cycle
binds to both Rac GTPase and actin. Mutantsspire  (Bar-Sagi and Hall, 2000).
phenocopy the effects of cytochalasin D treatment, leading to The determinants of villus development and shape are
the proposal thatpireencodes a protein involved in regulating poorly understood. As noted in the Introduction, recent studies
the actin cytoskeleton (Wellington et al., 1999). In additionpy Karlsson et al. (Karlsson et al., 2000) indicate that villus
this protein is phosphorylated by DJNK, providing a possibldormation is initiated in fetal life through an epithelial-
link between Rac activity and effects on actin organizatioomesenchymal crosstalk involving PDGF-A and PDGF receptor
(Otto et al., 2000). A mouse EST with homology to SPIRE haa. The villus architectural abnormality associated with
been identified (GenBank Accession Number, W54692; seexpression of RacllLeu6l in adult mice is very unusual. We
Wellington et al., 1999). Using this sequence and RT-PCRnow of no other report where a genetic or hormonal
assay spanning an intron-exon junction of the gene, we haweanipulation has produced such pronounced widening of villi,
found that this putative ortholog is produced throughout thevithout any histopathological changes in the mesenchymal
length of the small intestine and colon. It will be interesting tacore of the villus. Increased crypt cell proliferation without a
define its cellular and intracellular locations, in normal anccompensating apoptotic response, as observed in 129/Sv-
RacllLeu6l1 chimeric intestine once an antibody suitable fdRacllLeu61 crypts, is known to produce increased epithelial
immunochemistry is available. cell census in crypt-villus units. However, in other mouse
Racl does not directly activate Jnk. Studies in yeast andodels, these census increases are usually manifested by
cultured mammalian cells indicate that a number of moleculeslongated crypts, increases in villus length, or by villus
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bifurcation, but not by generation of such dramatically wideneong, C., Yang, D. D., Wysk, M., Whitmarsh, A. J., Davis, R. J. and Flavell,
villi (Druker et al., 1996; Wong et al., 1998). R. A.(1998). Defective T cell differentiation in the absence of J8kience

One interpretation of the widened villus phenotype is that it 282, 2092-2095.
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