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A multiparametric approach to monitor the effects of
-secretase inhibition along the whole intestinal tract

Laure Droy-Dupré? Mickaél Vallée Céline Bossatd, Christian L. Laboisséand Anne Jarri

SUMMARY

-secretase inhibitors (GSIs) have been recently proposed as chemopreventive agents in gastrointestinal neoplasia, because they lead, through
inhibition of the Notch signaling pathway, to goblet cell conversion in some intestinal adenomas ofh&'™ mice, and halt epithelial cell proliferation.

In this study, we examine in depth, in normal mice, the effects of a GSI, dibenzazepine (DBZ), intraperitoneally administered for 8 days at a non toxic
dose, on the gene expression pattern of secretory mucin (MUC), goblet cell conversion, organization of the crypt structlifafgiiee units, stem

cell niche and apoptotic compartments, along the entire length of the small intestine and colon. We demonstrate that DBZ allvitmogeneous

goblet cell conversion all along the mouse intestinal tract, associated with an overexpression of the lden2without ectopic expression of the

gastric genes Mucbaand Muc6, and with the emergence of lysozyme-positive sintermediate cellse in the colon. Furthermore, DBZ treatment induces

a heterogeneous reorganization of the crypt structural-proliferative units along the intestinal tract and of the stem cel micthe colon, without
disturbing the apoptotic compartment. These findings point to uncoupled effects of a GSI on goblet cell conversion and repagjani of the
intestinal crypt structural-proliferative units and stem cell niche, and suggest caution in the use of GSIs as chemopreegetiis for intestinal
neoplasia.

INTRODUCTION ATOH1; an important factor for epithelial cell fate determination,
The self renewing intestinal epithelium is ordered into structuralwhich is repressed by Notch activation) and to a massive conversion
proliferating and differentiated units that are tightly regulated by of crypt epithelial cells into goblet cells in the murine intestine
signaling pathways, including the-secretase-Notch pathway (Van (Milano et al., 2004; van Es et al., 2005; Okamoto et al., 2009). GSls
der Flier and Clevers, 2009).secretase is a multi-protein complex also induce goblet cell differentiation in some intestinal adenomas
that proteolyzes the transmembrane region of the Notch-receptorof mice with a mutation in the Apcumor suppressor geneApc/in
intracellular domain (NICD), and of other proteins such as themice) (van Es et al., 2005). This effect on epithelial differentiation
amyloid precursor protein (APP) and CD44 in various cell typedas been shown to be associated with a cessation in cell division,
(for a review, see Artavanis-Tsakonas et al., 1999; lwatsubo, 20048. with the loss of Ki67-positive cells at the crypt base in the small
Recently, -secretase inhibitors (GSIs) have been developed, whidhtestine of normal mice, and in the adenomas of tAgc"" mice
are of considerable interest because of their potential use in sevei@an Es et al., 2005). In other words, GSls indudéaah1-positive,
disease states including Alzheimeres disease and cancer. Muchgahblet cell (Alcian Blue positive, PAS positive), Ki67-negative
their pharmacological interest stems from the fact that they targephenotype in the crypt epithelial cells of the small intestine.
the Notch signaling pathway. In particular, because aberrant Notch In this context, the aim of the present study was to examine
signaling has been implicated in tumorigenesis, GSIs have beehether the phenotypic conversion of epithelial cells elicited by
proposed as chemopreventive and/or chemotherapeutic agents i@Sls is a homogeneous or heterogeneous feature along the length
colon cancer (Meng et al., 2009), Barrettes esophagus (Menke et af.the mouse intestinal tract. To this end, we examined the effects
2010) and several non gastrointestinal cancers (Real et al., 2008; the whole intestinal tract (from duodenum to left colon) of a
Wei et al., 2010; Al-Husaini et al., 2011). This therapeutic potentialvell-known  -secretase inhibitor, dibenzazepine (DBZ),
of GSls is based on Notch signaling being essential to maintain treministrated to mice daily for 8 days at an efficient and nontoxic
undifferentiated, proliferative state of intestinal crypt progenitors dose. Using a multiparametric approach, we studied the effects of
(Fre et al., 2005). By inhibiting Notch signaling, GSls lead to abBZ on the expression of secretory mucin (MUC) genes, on the
increase in the BHLH transcription factor Mathl (also known asconversion of epithelial cells into goblet cells and on the
disorganization of the crypt proliferative compartment. This was
1EA 4273 Biometadys, Université de Nantes, Faculté de Médecine, Nantes F-440@$S€ssed both in situ and on the different fractions of the colonic
France crypts after sequential isolation of colonic epithelial cells, using Ki67
2CHU Nantes, Service d-Anatomie et de Cytologie Pathologiques, Nantes F'44°9?1'nmunostaining and markers of the stem cell niche. We
f,;i?ﬁg, for correspondence (ajarry@univ-nantes.fr) demonstrate that, although -secretase inhibition elicits a
homogeneous goblet cell conversion and overexpression of the
Muc2 gene only, all along the mouse intestinal tract, it has
?hizso?-52;;1:1)Lg)plalesz2e:cEZszhzrtcii:cl)gqgiz?rxi/bzfte%ilOJ?]%IS:S‘thLédterms of the Creative Commons AttributiQr?terpgeneous effects O,n ,the structurgl-pro!lferatlve units Of
Non-Commercial Share Alike License (http://creativecommons.org/licenses/by-nc-sa/3.0), whibtestinal crypts ... the majority of crypts displaying an upward shift
permits unrestricted non-commercial use, distribution and reproduction in any medium providggf tha proliferative compartment ... paralleled by an alteration of

that the original work is properly cited and all further distributions of the work or adaptation are L . A
subject to the same Creative Commons License terms. stem cell activity in the colon, and does not disturb the apoptotic

Received 6 January 2011; Accepted 28 July 2011

Disease Models & Mechanisms 107



RESEARCH ARTICLE Monitoring the effects of -secretase inhibition on the intestinal tract

compartment. These findings point to a differential sensitivity of compared with the level in control mice, in the small intestine
the intestinal secretory lineage and the crypt renewal (proliferative)threefold increase over the controls) and colon (1.5-fold increase).

status to -secretase inhibition. In parallel, Math1mRNA levels were greatly increased in both small
intestine and colon compared with controls (threefold increase; Fig.
RESULTS 1B).Mucbacand Muc6 mRNAs remained undetectable in the small
Expression of Mucand Mathl mRNA along the mouse intestine and colon after DBZ treatment. Results were similar in the
gastrointestinal tract proximal small intestine and colon (duodenum and right colon; Fig.

We first determined the expression profile of secretory MUC gened B) and in the distal small intestine and colon (ileum and left colon).
along the gastrointestinal tract (GIT) of wt C57BL6 mice. To this
end, quantitative RT-PCR (Q-PCR) was performed after RNAEffect of DBZ treatment on the secretory phenotype of epithelial
extraction from the stomach and the various regions of smaltells in the small intestine and colon
intestine (duodenum, jejunum, ileum) and colon (right and left We assessed morphologically the effects of DBZ treatment on two
colon). As shown in Fig. 1A, Muc5aand Muc6 mRNAs were major secretory phenotypes of intestinal epithelial cells: mucus
restricted to the stomach, and not expressed in the small intestinproduction, visualized by Alcian Blue staining, and lysozyme
and colon. Conversely, MucInRNAs were not detected in the production (by immunostaining), a feature of Paneth cells, normally
stomach, but expressed along the small intestine and colon, witfound only in the base of the crypts of Lieberkiihn in the small
a maximal expression in the right colon (Fig. 1A, left pan&fathl intestine. Alcian-Blue-positive cells substantially increased in the
MRNA was hardly detectable in the stomach, and paralleled thagmall intestine upon DBZ treatment (Fig. 2B) compared with those
of Muc?2 in the small intestine and colon (Fig. 1A, right panel). in control mice (Fig. 2A), in the elongated crypts and to a lesser
extent in the villi, and greatly increased in the colon, mainly at the
Regulation of Muc2 and Mathl mRNA levels by the -secretase base of the enlarged crypts (Fig. 2E,F). Remarkably, in the colon,
inhibitor DBZ all crypts exhibited a massive conversion of epithelial cells into
To evaluate the in vivo effects ofsecretase inhibition on Mathl Alcian-Blue-positive goblet cells (Fig. 2F). The number of Paneth
and Muc gene expression along the intestine and colon, DBZ wasells, visualized by lysozyme immunostaining (Fig. 2C,D), increased
administered to C57BL6 mice by daily intraperitoneal injections ofin the small intestine of DBZ-treated mice [9+0.5 (mean + s.e.m.)
5 mol/kg for 8 days. At this dose, DBZ was nontoxic, as the miceysozyme-positive cells per crypt in DBZ-treated mice versus
did not display any weight loss, neurological signs, or diarrhea. A5.3+0.07 positive cells per crypt in control mice; 0.02;n 4 mice
shown in Fig. 1B, DBZ significantly increasé&duc2 mRNA levels per condition]. Surprisingly, a few lysozyme-positive cells appeared

Fig. 1. Expression of various Muand Mathl mRNAs along the entire mouse gastrointestinal tract of normal mice and mice treated with the GSI DBZ.
(A,BMucand MathImRNAs levels were quantified by Q-PCR and expressed relative to the levelsctin mMRNA. Values are means + s.e.m. of normal C57BL6
mice (An 4), and of mice treated or not with DBZ (5nol/kg, daily intraperitoneal injection for 8 days; B;4 per condition).
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small intestine colon Flg 2. Effect of DBZ on the Secretory

functions of mouse small intestine and
control bz control DBZ colon. Small intestine and colon sections of
& S ‘ E F control and DBZ-treated mice were stained
with Alcian Blue (A,B,E,F) or immunostained
with anti-lysozyme antibody (brown;
C,D,G,H). DBZ treatment elicited an increase
in Alcian-Blue-positive goblet cells of the
small intestine (B) and colonic crypts (F)
compared with control mice (A,E). DBZ also
led to an increase in lysozyme-positive
Paneth cells (P) in the small intestine (D)
compared to controls (C), and to an ectopic
expression of Paneth cells in the colon (H).
Images are representative of eight mice per
group. Original magnification 200 .

alcian 'y

focally in the colon in DBZ-treated mice, interspersed with mucus-there was a 50% significant decrease in Ki67-positive cells in F3
secreting cells in the dilated crypts (Fig. 2H), whereas they wermpared with control mice (Fig. 3D). Moreover, DBZ treatment
never found in control mice (Fig. 2G). The number of lysozymeded to an overall decrease in Ki67-positive cells of ~20%. These
positive cells was 27+15 per 100 colonic crypts in DBZ-treatefindings paralleled the immunostaining on whole tissues.
mice, and 0 in control micer{ 4 mice per condition).

CD24 and Lgr&xpression
Effect of DBZ treatment on the organization of the crypt In the small intestine of control mice, CD24 expression was
structural-proliferative units along the intestinal tract restricted to cells at the crypt base, including Paneth cells. The same
The organization of the crypt renewal (proliferative) compartment pattern of expression was observed in the small intestine of DBZ-
was examined in both small intestine and colon in two ways: (ireated mice, and was present in all crypts (Fig. 4A, upper panel).
the organization of the transit-amplifying compartment was In the colon of control mice, CD24 was restricted to the base of
assessed by Ki67 immunostaining; (2) the organization of the stewl crypts. By contrast, in DBZ-treated mice, a heterogeneous
cell niche was examined by assessing, (i) the topography of CD2&beling was observed, with some crypts devoid of CD24 labeling
positive cells, which provide essential support to the leucine-rich(Fig. 4A, lower panel). Interestingly, in crypts maintaining CD24
repeat-containing G-protein-coupled receptor 5 (LGR5) stem cellsexpression, positive cells were restricted to the base (Fig. 4A, lower
(Sato et al., 2011), and (ii) tHegr5 MRNA expression levels in the panel). CD24 and Ki67 stainings on serial sections (Fig. 4B), as well

isolated fractions of colonic crypts. as double immunostaining for CD24 and Ki67 (Fig. 4C) showed
that the majority of CD24-negative crypts were also Ki67 negative.
Ki67 immunolabeling Indeed, counting at least 100 crypts on double stained sections

In both the small intestine (not shown), and in the right and leftshowed that 17+2% crypts were CD24 negative and 80+5% of them
colon (Fig. 3A,B), DBZ treatment led to a redistribution of thewere Ki67 negative (mean + s.e.m. of four DBZ-treated mice).
proliferative compartment, as determined by Ki67 staining. In To examine whether this alteration of CD24 expression in the
control mice, Ki67-positive cells were restricted to the crypt basecolon of DBZ-treated mice was paralleled by an alteration of stem
(Fig. 3A). In the right colon of DBZ-treated mice, only 10% of cryptsell activity, we studied.gr5mRNA levels in the isolated fractions
had Ki67-positive cells in the normal location (predominant at theof colonic crypts. As shown in Fig. £gr5 mRNAs were mainly
crypt base), 30% of crypts were devoid of Ki67-positive cells arfdund in the F3 fraction of colonic crypts in control mice. DBZ

in 60% of the crypts the Ki67-positive cells had shifted to the uppetreatment led to a significant downregulation of LgraRNA levels
two-thirds of the crypts (Fig. 3A,B). The results were similar in thein the F3 fraction (Fig. 5).

left colon (Fig. 3B, right). To obtain more insight into the effects

of DBZ on proliferation in the different fractions of the colonic Effect of DBZ on epithelial apoptosis of mouse small intestine and
crypt, we performed a fractionation of colonic epithelial cells fromcolon

the surface (fraction 1, named F1) to the base of crypts (fractiom order to assess apoptosis, immunostaining of active caspase-3
3; F3). In control mice, Ki67 immunostaining of cytospinwas performed on mouse small intestine and colon sections. In
preparations of the three fractions showed, as expected, the highesbntrol mice, caspase-3 immunostaining was observed in the
number of positive cells in F3 (Fig. 3C,D). In DBZ-treated micesurface exfoliating epithelial cells, serving as an internal positive
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Fig. 3. Heterogeneous effect of DBZ on the structural-proliferative units of mouse colonic crypts. (A)Sections of colon from control and DBZ-treated mice
were immunostained with anti-Ki67 antibody (A; Ki67-positive cells are brown) and counterstained with Hematoxylin (bluepdsi@ve cells are located at the
base of crypts in control mice. DBZ elicited a loss of Ki67+ cells in some colonic crypts (*) and an upward shift of Ki&¥ qadisitin the majority of colonic
crypts (arrowheads). (Bercentage of crypts with normal, upward shifted or absent proliferative cells, in both the right and left colon, as determjnealnting
Ki67-positive crypts as described in the Methods. (&Dlpnic crypt fractions (F1-3) were obtained after EDTA treatment. Cytospin preparations of the three
fractions were immunostained with Ki67 (C), and the percentage of Ki67-positive cells in each fraction was calculated é3)akéatueans + s.e.m. of four mice
per group (B,D). Original magnification 200

control. We particularly focused on caspase-3-positive cells at theecretory lineage differentiation, and on the structural-proliferative
crypt base. In control mice, crypt bases containing at least onenits, organization of the stem cell niche and apoptotic
caspase-3-positive cell were rare in small intestine and colon (Figompartments of the mouse gut epithelium.

6). In DBZ-treated mice, no significant difference in the percentage Surprisingly, although the expression of MUC genes is well
of caspase-3-positive crypts was noted, either in the small intestinestablished in the human GIT (Allen et al., 1998; Van Seuningen

or in the colon (Fig. 6). et al.,, 2001), there has been, to our knowledge, no thorough
investigation of the expression pattern of these genes in the mouse
DISCUSSION GIT, except one study at the protein level (Linden et al., 2008). We

This multiparametric approach produced new findings about (1)show here an organ specificity of MUC gene expression along the
the cephalo-caudal gene expressiadc2, Muc5acand Muc6) of mouse GIT, with a restricted expression dluc5acand Muc6 in
secretory mucins in the mouse gastrointestinal tract (GIT) and (2Xhe stomach, and oMuc?2 in the small intestine and colon with a
the heterogeneity of the effects ofsecretase inhibition on the cephalo-caudal axis gradient. Interestingly, we also found that
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Fig. 5. Effect of DBZ treatment onLgr5 expression. LgrsmRNA levels were

quantified by Q-PCR in fractions of isolated colonic crypts from control and
DBZ-treated mice, and expressed relative tactin levels (means + s.e.m. of
four mice per group).

situations (Van Seuningen et al., 2001). In addition, lsthl
transfection in some human cancer cell lines strongly enhanced
Muc5ac and Muc6 (Sekine et al., 2006), we examined whether
overexpression of Muc2mRNA upon DBZ treatment was
accompanied byMuc5ac or Muc6 induction. This is the first
demonstration that -secretase inhibition quantitatively alters
Muc?2 expression along the mouse intestinal tract, but does not
induce an ectopic expression dflucsac or Muc6, and thus does
not qualitatively alter MUC genes expression.
Next, we demonstrated, on the basis of morphological analysis
Fig. 4. Effect of DBZ treatment on the stem cell niche(A)Small intestine or ~ Of paraffin-embedded swiss rollse prepared from the intestinal tracts
colon sections of control and DBZ-treated mice were immunostained with ~ of DBZ-treated mice, that thisMuc2 overexpression is associated
CD24 and counterstained with Hematoxylin. In the small intestine, CD24-  with a massive and homogeneous goblet cell conversion, all along
positive cells (brown), including Paneth cells, were found at the base of all  the small intestine and colonic crypts. Interestingly, at a high
crypts both in control and DBZ-treated mice (upper panel). In the colon of  concentration of DBZ, this goblet cell conversion has been reported
control mice, CD24-positive cells were also restricted to the base of all CIYPISy he partial and heterogeneous in the intestinal adenomaApxﬁN""

whereas in DBZ-treated mice they were absent from some crypts (*; lower . . .
panel). (Bytaining of CD24 and Ki67 on serial sections of the colon from ppzmice (van Es et al., 2005), suggesting that some neoplastic cells could

treated mice showed that the majority of crypts devoid of CD24 were Kig7 D€ resistant to GSI. Altogether, these findings suggest that the early

negative (¥). Ki67-positive cells were restricted to CD24-positive crypts steps of intestinal neoplasia are characterized by the resistance of

(arrows). (CPequential double staining for CD24 (brown) and Ki67 (purple) onsome intestinal epithelial cells to the effect of GSI on goblet cell

a section from the colon of a DBZ-treated mouse. A CD24-negative, Ki67-  conversion, even at high concentrations. Finally, we also showed

negative cryp@ is shqwn *), as well as CD24-positive, Ki67_—positive crypts withhat DBZ elicits a homogeneous increase in lysozyme-positive

an upward shift of Ki67-positive cells (arrows: purple nuclei above the CD24- paneth cells in their normal location, the small intestine, a finding

positive staining at the crypt base). Representative images of four mice. - - . .. . .

Original magnification 200 . in I|ne_W|th r(_eports using Mathl-_deflme_nt_mlce, showing that
Math1 is required for Paneth cell differentiation (Yang et al., 2001,
van Es et al., 2010). Surprisingly, we found that DBZ induces ectopic
lysozyme-positive cells in the colon, whereas it does not modify

Mathl expression paralleled that dfluc2, a finding in line with  MUC gene organ specificity. These lysozyme-positive cells in the

gene targeting studies in mice showing that Mathl drives gobletolon could be the sintermediate cellse in transition between Paneth

cell differentiation (Yang et al., 2001; van Es et al., 2010). Then, wells and goblet cells, described previously in the mouse intestine

used a well-known -secretase inhibitor, DBZ, at a dose that wagTroughton and Trier, 1969).

efficient and nontoxic, i.e. without inducing weight loss, It is generally accepted that-secretase inhibition, by inducing

neurological signs or diarrhea. Such a concentration of DBZ igjoblet cell conversion, halts epithelial proliferation in the mouse

effective in blocking the Notch signaling pathway in the smallintestine (van Es et al., 2005; Okamoto et al., 2009), and in the
intestine and colon, as demonstrated by the threefold increase indenomas ofApc"" mice (induction of Mathl-positive, PAS-

Math1. positive, Ki67-negative cells) (van Es et al., 2005). We therefore

We then addressed the issue of whether the GSI DBZ can altexamined whether the homogeneous conversion of epithelial cells
the expression of the mucin genes, quantitatively and qualitativelyinto goblet cells is accompanied by a homogeneous modification

We found an overexpression dfluc2 and of Mathlin parallel, all of the intestinal structural-proliferative units. We used two

along the intestinal tract (from duodenum to left colon) upon DBZ complementary methods to address this issue, i.e. an in situ

treatment. Interestingly, ectopic expression of gastric MUC genespproach and a fractionation of the colonic epithelial cells and
has been reported in the human intestine when in stressfusubsequent analysis of Ki67-positive cells on cytospin preparations
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suggest a differential sensitivity to GSI of intestinal secretory
lineage differentiation and crypt cell proliferation state. It is also
possible that the effect of a GSI on epithelial proliferation cannot
be inferred from its effect on a homogeneous phenotypic, e.g. goblet
cell, conversion. In addition, this disturbance of the proliferative
compartment might be linked to Mathloverexpression in DBZ-
treated mice, because recent experiments in transgéviathl mice
have shown a reduced and displaced epithelial cell proliferation
(VanDussen and Samuelson, 2010).

Another example of the heterogeneous response of colonic
crypts to DBZ treatment is in the pattern of CD24 expression in
the colon. In fact, CD24 is a marker of cells that are feeders for
Lgr5-expressing stem cells in in vitro experiments of intestinal crypt
reconstitution (Sato et al., 2011). At the cellular level, CD24
expression is normally restricted to the crypt base, mainly in Paneth
cells in the small intestine. In the colon, CD24 is expressed in cells
at the crypt base that are equivalent to Paneth cells (Sato et al.,
2011). Our findings confirm these data in control mice.
Interestingly, we show here that DBZ treatment leads to a
heterogeneous expression of CD24 in the colon, some crypts being
devoid of CD24. The majority of CD24-negative crypts have lost
proliferative cells, as assessed by double immunostaining for CD24
and Ki67. Our findings fit well with the decreased expression of
Lgr5, a stem cell marker (Barker et al., 2007), as the mRNA levels
were decreased in the F3 fraction of isolated colonic crypts in DBZ-
treated mice compared with those of control mice. This
downregulation of Lgr5 could hypothetically result from the
disappearance of some CD24-positive cells, specific feeder cells for
Lgr5stem cells.

Finally, we examined whether the alterations in the proliferative

Fig. 6. DBZ does not modify the apoptotic compartments in the mouse compartmer_n elicited by DBZ Were accompanied ny aueratlons n
small intestine and colon. Small intestine and colon sections of control and the apOPtOt'C compartmen'ts, .e. the surface eplthellu.m where
DBZ-treated mice were immunostained with anti-active-caspase-3 antibody differentiated cells are exfoliated, and the base of crypts, in the stem
(positive cells; brown) and counterstained with Hematoxylin (blue). Only a fewcell compartment (Potten, 1997). Our finding (using cleaved
caspase-3-positive cells (arrowheads) were observed at the base of the cryptsaspase-3 immunohistochemistry, a validated method in the
in control and DBZ-treated mice. Original magnification 400The histogram  intestine) that DBZ does not modify the number of apoptotic cells,
shows the percentage of c_rypts contaip?ng at least one caspase-3-positive celhjther in the surface epithelium or at the base of crypts, strongly
(means  s.e.m. of four mice per condition). suggests that-secretase inhibition does not disturb the apoptotic
compartments of the intestinal crypts.

Altogether, these findings point to a differential sensitivity to GSI
of the different fractions. Both techniques lead to a uniqueon goblet cell conversion and reorganization of the intestinal crypt
conclusion: DBZ causes an overall decrease in Ki67-positive cellsructural-proliferative units, and thus suggest caution for the use
but this effect on the proliferative compartment is heterogeneousof GSIs as chemopreventive agents for intestinal neoplasia.
Indeed, DBZ has three different effects on the colonic crypts: (1)
as expected from previous studies (van Es et al., 2005; OkamotoMETHODS
al., 2009), DBZ (5 mol/kg) suppresses epithelial cell proliferation, Animal treatment and tissue preparations
but in only 30% of colonic crypts; (2) DBZ shifted the proliferativeC57BL6 female mice (Charles River) that were 9- to 10-weeks old,
compartment upwards in 60% colonic crypts; and (3) DBZ doesvere maintained under standard conditions, according to the
not alter the location of the proliferative compartment (crypt base)guidelines of the French and local ethical committees. A total of
in 10% colonic crypts. Several explanations can be proposed fad wild-type C57BL6 mice were separated in two groups: (1) four
these findings. Simple ones would be that the dose of DBZ usediisice were used for analysis bfuc and Mathl mRNA expression
insufficient, or that there is a microenvironment-induced restricted along the gastrointestinal tract; (2) 17 mice were used for
access for DBZ. However, these hypotheses can be ruled aahibition of Notch activation. Eight were injected
because, at the dose used in this study, a homogeneous aimtraperitoneally daily for 8 days consecutively, with either DBZ
massive goblet cell conversion is observed in all crypts along tH®& mol/kg dissolved in DMSO) and nine with DMSO (control
intestinal tract. A more probable explanation for the heterogeneousnice). The -secretase inhibitor DBZ was custom-synthesized by
effect of DBZ on the proliferative compartment is that some cryptsSyncom (Groningen, Netherlands). Whole body weights of mice
are resistant to -secretase inhibition. Hence, our results stronglywere measured every 2 days. Stomach, small and large intestine
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were removed immediately after the mice were killed by cervica’
dislocation.

Isolation and fractionation of colonic epithelial cells

Isolation and fractionation of colonic epithelial cells was performed
as previously described, with slight modifications (Flandez et al
2008). Briefly, 35 mm of the right colons were dissected, flushes
everted and filled to distension with PBS before closing the remainin
open end. Right colons were washed with shaking in BBS buffer

+ 1 mM dithiothreitol (DTT) and then transferred into EDTA buffer
(I mM EDTA in PBS + 0.5 mM DTT) and placed on a shaking
platform at room temperature. Three fractions of colonic epithelial
cells were obtained after three consecutive incubation steps i
EDTA buffer (30 minutes each): fraction (F)1 (superficial epithelial
cells), F2 (middle of crypts) and F3 (bases of the crypts; Fig. 3C).
few cytospin preparations were performed for Ki67 immunostaining
(see below). The remaining cells were harvested by centrifugatic
and resuspended in lysis buffer for RNA extraction.

Histology, immunohistochemistry, immunocytochemistry and

scoring

The stomach as well as the entire small intestine and color
processed as *swiss rollse (Moolenbeek and Ruitenberg, 1981), w
fixed in 4% formalin. Paraffin sections were stained with
Hematoxylin-Eosin and Alcian Blue (for staining of mucins).
Immunohistochemistry was performed after antigen retrieval with
citrate buffer. Ki67 and CD24 stainings were performed using
monoclonal rat anti-mouse antibodies [1:100 (Dako) and 1:50(
(eBiosciences), respectively], biotinylated anti-rat antibodies (1:80(
Dako) and streptavidin peroxidase (Thermo Scientific). Lysozyme
and active-caspase-3 stainings were performed using polyclon
antibodies [1:2000 (Dako) and 1:150 (Cell Signaling), respectivel
followed by the Histofine rabbit to mouse kit (Nichirei Biosciences,
distributed by Microm-Microtech, France). Diaminobenzidine

(DAB) was used as a chromogen. Sections were lightl
counterstained with Hematoxylin. In addition, sequential double
immunostaining was performed on the same paraffin section fol
CD24 and Ki67, according to published protocols (Van der Loos

RESEARCH ARTICLE

TRANSLATIONAL IMPACT

Clinical issue

-secretase is a ubiquitous integral membrane multimolecular protease
complex. The most well known-secretase substrates are amyloid precursor
protein (APP) and Notch receptors. Given that aberrant Notch activation has
been implicated in various epithelial cancers, including breast cancer, Barrettss
adenocarcinoma of the oesophagus and colon cancesecretase inhibitors
(GSils; which block the Notch signaling pathway) are a current focus of
pharmacological research. Th&p¢™" mouse model of colon cancer has been
validated to assess the chemopreventive and/or chemotherapeutic potential
of GSls in intestinal neoplasia: previous studies indicated that these agents
convert proliferating cells into arrested, terminally differentiated goblet cells in
intestinal adenomas.

Results

In this study, the authors take a complementary approach to previous studies
and address the effects ofsecretase inhibition in healthy mice, along the full
length of the intestinal tract. They focus on identifying the effects of a GSI
called dibenzazepine (DBZ) using multiple assays. Their results show that 8
days of DBZ treatment elicits homogenous goblet cell conversion throughout
the small intestine and colon, which is associated with a quantitative but not
qualitative modulation of the genes encoding secretory mucins (MUC2s
overexpressed without ectopic expression of gastilJC5A@nd MUC6

genes). Furthermore, DBZ treatment leads to the appearance of ectopic
lysozyme-producing cells, so-called sintermediate cellss, in the colon. Although
the overall effect of DBZ is to suppress intestinal epithelial proliferation, its
effects on intestinal crypts are found to be heterogeneous: proliferation is
decreased in only 30% of crypts, and the structural-proliferative compartment
in most crypts is shifted upwards. Finally, DBZ treatment is found to perturb
the stem cell niche in the colon.

Implications and future directions

The heterogenous effects of DBZ on the proliferative compartment suggest
that some crypts are resistant tesecretase inhibition. Hence, these results
suggest that GSls have different effects on intestinal secretory lineage
differentiation and crypt cell proliferation state, and that the effect of these
agents on epithelial proliferation cannot be inferred from their ability to
induce goblet cell conversion. Therefore, a thorough and multiparametric
investigation of the intestinal tract is important for assessing the
heterogeneous response to potential therapeutic agents. In addition, the
finding that the effects of DBZ on differentiation and proliferation can be
uncoupled should encourage caution in administering this drug as a therapy.

2008). CD24 was detected as a brown stain using DAB, and Kit.

as a purple stain using the VIP peroxidase substrate kit (\VectdRNA isolation and Q-PCR

Laboratories). To assess the distribution of the proliferative cell§otal RNA was extracted from the stomach, small intestine
along the colonic crypts, a semi-quantitative analysis was performe¢broximal and distal) and colon (right and left) using Tri reagent
by counting, on a given section of colon, the number of crypts wit{Euromedex, Souffelweyersheim, France) and the Fastprep
proliferative cells in the normal location (crypt base), the numberDisrupter (Bio 101, MP Biochemicals, llikirch, France). For isolated
with proliferative cells higher up and those devoid of Ki67-positiveepithelial cells, total RNA was extracted using nucleospin RNA Il
cells. At least 150 randomly selected longitudinal sections of cryptkit (Macherey-Nagel, Hoerdt, France)Complementary cDNA
were examined. In the small intestine, the number of lysozymesynthesis was performed as previously described (Jarry et al., 2008).
positive cells per crypt was assessed in 150 randomly selectbtlic2 (Mm00458299 m1),Muc5ac (Mm01276725_g1),Muc6
longitudinal sections of crypts. In the colon, the number of(MmM00725165_m1), Mathl (MmO00476035 s1) and -actin
lysozyme-positive cells per 100 crypts was counted. The percentag®Im00607939_s1) mRNAs were quantified using TagMan Gene
of active-caspase-3-positive crypts was assessed in the smBNpression Assays and a 7700 thermocycler (Applied Biosystems).
intestine and colon by counting the crypt bases containing at leadtgr5 mRNA quantification was performed on a Rotorgene 2000
one positive cell. At least 500 crypts were examined. Ki6ihstrument (Corbett Research), using primers for mouse Lgr5, sense
immunostaining was performed on cytospin preparations of the5 -GGGCCTTCAGGTCTTCCTAAAGTCA-3 and antisense 5
three fractions of isolated colonic epithelial cells, after acetoneCCAATGGAATAAAGACGACGGCAACA-3 . PCR amplification
fixation and Triton X-100 treatment (0.1% in PBS for 5 minutes).was performed using Titanium Tagq DNA polymerase (Clontech)
The percentage of Ki67-positive cells was assessed on six randoraly previously described (Jarry et al., 2006). The ratio of each specific
selected fields using a 200bjective lens. transcript to -actin was calculated.
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Statistical analysis Menke, V., van Es, J. H., de Lau, W., van den Born, M., Kuipers, E. J., Siersema, P. D.,

Statistical analyses were performed with GraphPad Prism versionde Bruin, R. W., Kusters, J. G. and Clevers, {2010). Conversion of metaplastic

40 (G hPad Sof | . he M Whi test. A Barrettes epithelium into post-mitotic goblet cells by gamma-secretase inhibition.
.0 (GraphPad Software Inc.) using the Mann-Whitney-tesst. Dis. Model, Mech, 104-110.

P-value less than 0.05 was considered significant. Milano, J., McKay, J., Dagenais, C., Foster-Brown, L., Pognan, F., Gadient, R.,
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