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Abstract

Background & Aims—The Atonal Homolog 1 (Atohl or Mathl) transcription factor is
required for intestinal secretory (goblet, Paneth, enteroendocrine) cell differentiation. Notch/y-
secretase inhibitors (GSIs) block proliferation and induce secretory cell differentiation in the
intestine. We used genetic analyses of mice to determine whether Atoh1 mediates the effects of
GSls in normal and cancerous intestinal epithelia.

Methods—We studied mice with intestine-specific disruption of Atohl (Atoh14intestine) the
APCMIN mutation, both mutations [Atoh14intestine: ApCMIN] or littermate controls; mice were given
GSI or vehicle. Colorectal cancer (CRC) cell lines were treated with GSI or vehicle and with small
hairpin (sh) RNAs to reduce ATOHL. Differentiation and homeostasis was assessed by protein,
RNA, and histologic analyses.

Results—GSils failed to induce secretory cell differentiation or apoptosis or decrease
proliferation of Atoh1-null progenitor cells, compared with wild-type cells. Exposure of APC™MIN
adenomas to GSls decreased proliferation and increased secretory cell numbers in an Atoh1-
dependent manner. In CRC cells treated with GSI, ATOH1 levels were inversely correlated with
proliferation. ATOH1 was required for secretory cell gene expression in cell lines and in mice.

Conclusions—ATOHL1 is required for all effects of GSls in intestinal crypts and adenomas;
Notch has no unique function in intestinal progenitors and cancer cells other than to regulate

© 2010 The American Gastroenterological Association. Published by Elsevier Inc. All rights reserved

Address correspondence to: Noah F. Shroyer, Ph.D., Division of Gastroenterology, Hepatology, and Nutrition, Cincinnati Children’s
Hospital, MLC 2010, 3333 Burnet Ave, Cincinnati OH 45229, noah.shroyer@cchmc.org, Office: (513) 636-0129, Laboratory: (513)
636-7082, Fax: (513) 636-5581.

The authors have no disclosures to report.

Author contributions: AK, NFS conceived and designed the experiments
AK, TN, DB, JB, NFS performed and interpreted the experiments
AK and NFS wrote the manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kazanjian et al. Page 2

ATOH1 expression. Reducing ATOH1 activity might mitigate intestinal toxicity from systemic

GSI therapy for non-intestinal diseases. Among gastrointestinal malignancies, ATOH1 mediates
the effects of GSls, so ATOH1 expression levels might predict responses to these inhibitors. We
propose that only the subset of CRCs that retain ATOH1 expression will respond to GSlIs.
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domain

Molecular pathways that regulate normal development and homeostasis are frequently
misregulated in cancers and represent potential targets for clinical intervention. The Notch
signaling pathway is key to determining self-renewal versus differentiation of intestinal stem
cells. The importance of Notch signaling in colorectal cancer (CRC) tumorigenesis has only
recently been recognized, suggesting that this pathway is a target for new CRC

therapeutics 1.

The intestinal epithelium is composed of three main cell types: “absorptive” enterocytes, and
three “secretory” cell types: Paneth, enteroendocrine, and goblet cells. Notch signaling
controls the fate of intestinal progenitors by differentially regulating two opposing basic
helix-loop-helix (bHLH) transcription factors, HAIRY/ENHANCER OF SPLIT 1 (HESL1, also
called HRY)Z and ATONAL HOMOLOG 1 (ATOH1, also called Math1 or HATH1)3.
Progenitors with low levels of Notch express high levels of ATOH1 and commit to a
secretory cell fate, whereas progenitors with high levels of active Notch express HES1,
which in turn repress ATOH1, and become absorptive enterocytes! 4=, This model of
alternate fate selection is based upon regulation of Notch, atonal, and enhancer-of-split
genes via lateral inhibition in Drosophila melanogaster 19-11, Thus, ATOH1 is thought to be
a critical gatekeeper for the program of Notch-directed differentiation of intestinal stem
cells.

Recent studies report loss of ATOH1 expression in human CRCs 12. We recently confirmed
that ~80% of human CRCs silence ATOH1, and showed that the mechanism includes both
genetic and epigenetic silencing 13 Moreover, we showed that Atohl mutant mice
(Atoh14intestine) gre highly susceptible to tumor formation using both azoxymethane and
APCMIN+ mouse models of CRC 13. Taken together, these results suggest that ATOH1 may
be the key target of the Notch pathway regulating differentiation and proliferation within
CRCs.

y-secretase inhibitors (GSIs) are small molecules first developed for their ability to inhibit
processing of the Alzheimer’s related B-amyloid peptide (AB) from the amyloid precursor
protein (APP) 14, Subsequently, these drugs were shown to also inhibit ligand-dependent
Notch cleavage and activation 2. More recently, Notch-sparing GSls have been developed
that selectively inhibit APP processing but have less effect on Notch processing, and thus
avoid potential side effects on Notch-regulated organ systems such as the intestine 16. In
contrast, nonselective GSlIs cause a dose-dependent conversion of small intestinal and
colonic progenitors to the secretory cell fate, accompanied by activation of Atohl and
downregulation of Hes1 expression in intestinal crypt progenitors 1 1719, Additionally,
treatment of APC™M"*+ mice with GSls resulted in reduced proliferation, Atoh1
overexpression, and differentiation of some adenoma cells to nonproliferating goblet cells 1,
More recently, GSI treatment was shown to quantitatively shrink adenomas in APCMIn/*
mice 20, Experiments in CRC cell lines showed a minimal effect of GSI alone, but a pro-
apoptotic effect when given in combination with cytotoxic drugs such as taxanes or platinum
compounds 21-23, In addition to these effects, GSIs have been proposed as chemotherapeutic
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agents in Barrett’s esophagus, gastric cancer, and several non-GlI cancers 23-25, Thus,
Notch-targeted GSls are a promising class of small molecules for treatment of
gastrointestinal neoplasias. However, in these studies the role of ATOH1 in mediating these
effects of Notch inhibitors was not examined. Here we test the hypothesis that GSI mediated
Notch inhibition critically requires ATOH1, in normal and cancer cells, for growth arrest
and differentiation into secretory cells.

Materials and Methods

Complete materials and methods are available in the online supplementary methods.

Mice and treatments

Atoh1WT, Atoh4intestine ApCmin and APCMIN: Atoh14intestine mice were treated either with
vehicle or Gamma secretase inhibitor-20 (GSI-20; EMD) at 10uM/kg once (1xGSlI) or twice
(2xGSlI) a day for five days.

Immunohistochemistry

Sections were stained for BrdU (Developmental Studies Hybridoma Bank), cleaved
caspase-3 (Cell Signaling Technology), lysozyme (Invitrogen) and chromogranin A
(ImmunoStar incorporated). Two-way ANOVA and Bonferroni posthoc analysis was used
to measure significance (for BrdU and C-caspase-3 analysis).

Cell culture and treatments

HCT116, HT29, LOVO, LS174T, RKO, and SW480 were treated with DMSO or 5uM
DAPT (SIGMA) for four days. Non-targeting and ATOH1-shRNA constructs (SIGMA)
packaged into lentivirus were used to infect cells before treatment. Cell Counting-8 Kit
(Dojindo) and BrdU cell proliferation kit (Millipore) were used to measure proliferation.

Immunobloting

CRC cell and intestinal protein lysates were used for immunoblotting. The following
antibodies were used mouse IgM anti- actin (Developmental Studies Hybridoma Bank),
rabbit polyclonal anti- HES1 (Dr. Nadean Brown, Cincinnati Children’s Hospital), rabbit
polyclonal anti-cleaved Notch 1 (Val1744; Cell Signaling Technology), mouse monoclonal
anti-Notchl (mN1A; Santa Cruz Biotechnology), mouse monoclonal anti-p27[Kip1] (BD
Transduction Laboratories) rabbit polyclonal anti-TFF3 (Dr. Daniel Podolsky, University of
Texas), and rabbit polyclonal anti-poly-ADP ribose polymerase (PARP) (Cell Signaling
Technology).

Quantitative (Q)RT-PCR

CRC cells treated with DMSO or DAPT (and shRNA) were harvested and used for RNA
purification (Qiagen), DNase digestion, cDNA synthesis (Invitrogen) and SYBR Green-
based qRT-PCR (Stratagene). A similar procedure was used for gRT-PCR from intestinal
tissues treated with vehicle or GSI (GSI-20, 10uM/kg once a day for five days). The primers
for the gqRT-PCR are listed in the supplementary Tables 1 and 2. Two tailed Student’s T-test
and two-way ANOVA with Bonferroni posthoc test was used for bivariate analysis.

Results

Atohlis required for the effects of Notch inhibition on differentiation in the intestine

To genetically determine the role of Atohl in mediating the effects of Notch inhibition in the
intestine, we treated Wild type (WT) and Atoh14intestine mjce with vehicle or GSI. GSI
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treatment effectively inhibited Notch activation, as determined by a significant decrease in
NICD (supplementary Figure 2). Atoh14intestine mice are mosaic, such that in the distal ileum
and colon they harbor ~75% Atoh1-null crypts that lack all secretory cells, with ~25% of
adjacent crypts retaining a functional copy of Atoh1 (Atoh1-WT crypts) 26. Histological
analysis of intestines from WT and Atoh14inestine mice treated with vehicle or GSI showed
no overt architectural changes to the mucosa in any of the mice (Figure 1A). Next, we
stained the carbohydrate-rich goblet cell mucins with PAS/Alcian blue. As expected 1 17-19,
GSI treatment of WT mice results in a dramatic increase in the number of goblet cells in the
distal ileum (Figure 1B). However, neither vehicle-nor GSl-treated Atoh1-null crypts
produced goblet cells, confirming the requirement of Atohl for goblet cell differentiation
and indicating that GSI treatment cannot overcome this requirement. Similarly, GSI
treatment of WT animals results in increased production of Paneth cells (stained for
Lysozyme; Figure 1C) and enteroendocrine cells (stained for Chromogranin A; Figure 1D).
GSI treatment of Atohl-null crypts shows no such increase in Paneth nor enteroendocrine
cell differentiation (Figure 1C and D). Similar results for goblet and enteroendocrine cells
were observed in the colon (data not shown). Of note, the remaining Atoh1-WT crypts in
GSl-treated Atoh14intestine mice showed similar increases in secretory lineage cells as shown
for WT mice, indicating a cell-autonomous role for Atohl in mediating these effects (data
not shown). Gene expression analyses of ileum and colon from GSI treated WT and
Atoh14intestine mice confirmed these observations: Atoh1 and secretory cell markers (Agr2,
Spink4, Tff3) and differentiation factors (Insm1, Spdef) were upregulated by GSI treatment
of WT mice, but were dramatically reduced in Atoh14intestine mice (Figure 2). We also
observed reduced expression of the Notch target Hes1 in the ileum of GSI treated WT mice,
but no effect in GSI treated Atoh14inestine mice. Interestingly, we observed increased
colonic expression of the Notch ligand DII1 in GSI-treated WT mice, which was also
dependent upon Atohl for its expression. Together, these results demonstrate that Atoh1 is
critically required for the effects of Notch/y-secretase inhibitors on intestinal epithelial
differentiation.

We next tested if Notch inhibition resulted in upregulation of ATOH1 and markers of
secretory cell differentiation in human CRC cells, in a manner similar to the effect in mouse
adenomas 1. We chose the mucinous adenocarcinoma cell line LS174T, which was reported
to express low but detectable levels of ATOH1 mRNA 12, to characterize the effect of Notch
inhibition and the role of ATOHL1 in regulating secretory cell marker expression. Figure 3A
shows an increase in mucin production after GSI treatment compared to DMSO vehicle,
evident by increased Alcian blue staining of the cells. A time course study of GSI treatment
showed significant accumulation of ATOH1 mRNA levels over 4 days (Figure 3B). Notch
activation was inhibited as indicated by loss of the activated form of Notch (NICD; Figure
3D) and down regulation of its transcriptional target HES1 (Figure 3B and 3D). Several
secretory cell MRNAs were upregulated, including the goblet cell markers SPDEF, MUC?2,
RETNLB and SPINK4; and the enteroendocrine progenitor cell marker NEUROG3 (Figure
3B). The secreted goblet cell protein TFF3 was similarly upregulated upon GSI treatment of
LS174T cells (Figure 3D).The accumulation of secretory cell MRNAs correlated with the
accumulation of ATOH1 mRNA. Interestingly, ATOH1 mRNA accumulation also correlated
with increased expression of DLL1 (Figure 3B). Thus Notch/y-secretase inhibition in CRC
cells activates expression of ATOH1 and secretory cell markers.

Next, we tested whether upregulation of ATOH1 upon Notch inhibition is required for
activation of secretory cell markers. We measured the effect on GSI-induced gene
expression of two different sShRNAs that specifically reduce ATOH1 expression. Figure 3C
shows 30-40% reduction in GSI-induced ATOH1 mRNA levels following sShRNA
treatment. Knockdown of endogenous ATOH1 expression in these cells results in
upregulation of HES1 mRNA levels as shown for day 0 and day 4 for the vehicle treatment
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(Figure 3C). HES1 levels are reduced following GSI treatment in both non-targeting
(control) and ATOH1-targeting ShRNA treatments. The secretory cell markers SPDEF,
MUC2 and NEUROGS3 are significantly reduced with the ATOH1 shRNA knockdown but
not in the non-targeting ShRNA treatments (Figure 3C). Similarly, DLL1 levels are also
reduced with ATOH1 shRNA knockdown (Figure 3C). These data indicate 1) that ATOH1
and HES1 are reciprocally regulated, and 2) that ATOHL is required for secretory cell gene
activation by Notch/y-secretase inhibitors in LS174T colon cancer cells.

Atohlis required for the effects of Notch inhibition on intestinal proliferation and

apoptosis

Notch/y-secretase inhibitors have been reported to reduce proliferation and enhance
apoptosis of intestinal epithelial cells in vivo 117,20 To test whether these effects of GSI are
dependent upon Atoh1, WT and Atoh14intestine mice were treated with vehicle or GSI and the
effect on proliferation and apoptosis was measured in both the distal ileum and colon.
Consistent with previous reports, GSI treatment showed a 20-50% reduction in proliferating
crypt cells both in WT mice and in Atoh1-WT crypts from Atoh14inestine animals, with no
difference between these two control groups (Figure 4; white and grey bars, respectively).
By contrast, Atoh1-null crypts treated with GSI did not show reduced proliferation and in
fact we observed higher proliferation in 2xGSI treated Atoh1-null colon crypts (Figure 4;
black bars). A similar pattern of GSl-induced, Atoh1l-dependent reduction in proliferation
was observed in both ileum and colon (Figure 4B and D). This striking difference in
proliferative response to GSI was particularly apparent in Atoh14intestine mice where Atoh1-
WT and Atoh1-null crypts appeared adjacent to each other (Figure 4A and C). We also noted
higher levels of proliferation in the ileum of vehicle-treated Atohl-null crypts compared to
WT and Atoh1-WT, consistent with our previous reports 13 26, We next assessed GSI-
induced apoptosis in ileum and colon sections by quantifying crypt cells stained by cleaved
caspase 3 (CC3) in WT and Atoh14Intestine mice. [leal crypts showed a significant increase in
CC3-positive cells in WT and Atoh1-WT crypts (Supplemental Figure 3A; white and grey
bars), whereas Atoh1-null crypts showed no increase in apoptosis (Supplemental Figure 3A;
black bars). A similar pattern of Atohl-dependent, GSI-induced apoptosis was observed in
the colon (Supplemental Figure 3B). Together, these results demonstrate that Atohl
mediates the effects of Notch/y-secretase inhibitors on intestinal crypt progenitor
proliferation and apoptosis.

ATOHL1 induction is tightly correlated with the growth inhibitory effects of Notch inhibition
in colorectal cancer cells

Given the requirement for Atohl to mediate the growth inhibitory properties of GSIs on
normal intestinal cells (shown above), and recent reports that ATOH1 functions as a tumor
suppressor in colorectal cancers 1213, we next investigated the role of ATOH1 in the growth
inhibitory properties of GSlIs in human CRC cell lines. We treated six different cell lines
(LS174T, HT29, LOVO, RKO, SW480 and HCT116) for four days with vehicle or GSI to
assess the effects on cell viability. Active Notchl (NICD1) was significantly reduced upon
GSI treatment in all cells where it was measurable (Figure 5A). LS174T cells showed the
greatest reduction in cell viability when treated with GSI (~40%, Figure 5A). Similarly,
HT29, LOVO, SW480 and HCT116 each showed small but significant reductions in
viability when treated with GSI (10-20%, Figure 5A). In contrast, RKO showed no change
in growth with GSI treatment compared to vehicle control (Figure 5A). We confirmed that
these growth inhibitory effects of GSI were due to inhibition of proliferation with a BrdU
incorporation assay: LS174T, LOVO, and HT29 cells showed a reduction in proliferation
corresponding to reduced cell viability; RKO, SW480, and HCT116, which showed little or
no effect of GSI on viability, showed no change in BrdU incorporation (Figure 5A). GSI can
induce apoptosis in vivo (supplemental figure 3 A and B), therefore, we examined whether a
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similar response is observed in CRC cells. Immunoblot analysis for cleavage of poly ADP-
ribose polymerase (PARP), a marker of apoptosis, showed no increase in the major cleavage
product upon GSI treatment, consistent with related reports 21-22 (Supplemental Figure 4).
Thus, GSI treatment has variable potency to inhibit growth of CRC cell lines.

Next, we used GSI- and vehicle-treated CRC cells to quantify Notch pathway related mRNA
levels. With few exceptions, NOTCH receptor and JAGGED ligand expression was
unchanged by GSI treatment (Table 1). HES1 expression was reduced by GSI treatment of
LS174T, LOVO, and RKO cells, but did not correlate closely with NICD1 expression in all
cell lines (Table 1 and Figure 5A). ATOH1 induction by GSI was greatest in LS174T cells
(~16 fold), whereas HT29 and LOVO cells showed modest induction, and RKO, SW480,
and HCT116 had very low basal ATOH1 expression and no induction upon GSI treatment
(Table 1). Interestingly, only those cells that induced ATOH1 upon GSI treatment increased
expression of MUC2, DLL1, and DLLA4. In contrast, HES1 repression was not tightly
correlated to this response (see HT29 and RKO cells). Thus, ATOH1 expression was the best
predictor of GSI-dependent gene expression changes.

Given the effect of GSI on proliferation and the concomitant upregulation of ATOH1 mRNA
levels, we wanted to examine the relationship between the GSl-induced growth inhibition
and increased ATOH1 expression. Using a log-linear comparison of the GSI effect on cell
growth versus ATOH1 expression for each CRC cell line, regression was used to derive a
model (shown in Figure 5B) for which the coefficient of determination, R? = 0.93. These
data suggest a strong inverse relationship between GSl-induced ATOH1 expression and
growth inhibition in CRC cells.

Atohlis required for the growth inhibitory effects of Notch inhibition on intestinal

adenomas

Previous studies showed that GSI treatment of small intestinal adenomas reduced
proliferation and enhanced differentiation into goblet cells 1. We examined whether these
effects require Atohl in GSI treated APC™ and APC™MIN: Atoh14intestine agenomas 13, First,
we assessed goblet cell differentiation by Alcian blue/PAS staining of GSI treated APC™in
and APCMin: Atoh14intestine adenomas (for reference, H&E stained sections of these
adenomas are shown in Supplemental Figure 5). Small intestinal adenomas from APCMIN
mice treated with GSI showed enhanced goblet cell differentiation (Figure 6C). In contrast,
goblet cells were absent in Atoh1-null ileal adenomas both in vehicle and GSI treated
APCMIN: Atoh14intestine mice (Figure 6C). Similarly, colonic APC™" adenomas showed an
increase in goblet cell differentiation upon GSI treatment, but no such induction was
observed in Atoh1-null colonic adenomas (Figure 6D). Given the Atohl-dependent increased
apoptosis in GSI treated ileal and colonic crypts (Supplemental Figure 3A and B), we
examined the effect of GSI treatment on APC™I" and APCMIN: Atoh14intestine adenomas. In
agreement with our previous finding that ATOH1 regulates apoptosis in cancer cells 13, we
find that Atoh1-null adenomas contain less apoptotic cells than control tumors (supplemental
Figure 3C and D). However, in contrast to normal crypts we found no induction of apoptosis
upon treatment with GSI in ileal or colonic adenomas, regardless of Atoh1 genotype
(supplemental Figure 3C and D).

Finally, we measured proliferation by BrdU incorporation of neoplastic cells in adenomas
from the colon and small intestine (Supplemental Figure 6). We observed higher
proliferation in Atoh1-null ileal adenomas compared to Atoh1-WT adenomas (Figure 6A).
Quantitation of BrdU-positive cells showed a significant 20-25% reduction in proliferation
in GSl-treated adenomas from the small intestine of APC™" mice and from Atoh1-WT
adenomas in the proximal small intestine of APC™MM: Atoh14intestine mjce (Figure 6A).
Similar analysis showed a complete absence of effect of GSI on proliferation in Atohl-null
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ileal adenomas from APC™MiN; Atoh14intestine mice (Figure 6A). In the colon, there was a
pronounced 45% reduction in proliferation in GSI treated APC™" adenomas compared to
vehicle treated colon adenomas (Figure 6B). In contrast, Atoh1-null colonic adenomas from
APCMIN: Atoh14intestine mice treated with GSI showed no such reduction in proliferation
(Figure 6B). Thus Atohl is essential for differentiation and growth inhibition by Notch/y-
secretase inhibitors in intestinal tumors.

Discussion

In this study we show that ATOHL is critically required for all effects of Notch/y-secretase
inhibitors on intestinal progenitor cells. Our results suggest a model in which the primary
function of Notch in intestinal stem cells is to prevent ATOH1 expression: when Notch is
inhibited, ATOHL1 is activated and drives cell cycle arrest, apoptosis, and terminal
differentiation of progenitors into secretory cells. When both Notch and ATOH1 are
inhibited, no change in proliferation or apoptosis is observed, and absorptive enterocyte
differentiation proceeds normally. Therefore, Notch has no unique function in intestinal
progenitors other than to regulate appropriate ATOH1 expression.

Our findings provide new insights into the mechanism of Notch signaling in the intestine.
We found that Delta-like Notch ligands are targets of ATOH1 activation in the intestine
(Figures 2 & 3, Table 1). These ligands likely mediate lateral inhibition in the crypts (e.g.,
restriction of a subset of progenitors to the secretory fate), as shown in the zebrafish
intestine 27. Interestingly, we found that Jagged ligands were not regulated by Notch-
ATOHL1 (Table 1 and unpublished observations), consistent with previous reports that they
are targets of the WNT/B-catenin pathway 28. Whether differential responses to distinct
Notch ligands regulates the fate of differentiating progenitors or “quiescent” label-retaining
stem cells versus “active” crypt-base columnar stem cells is an outstanding question for
future investigation. We also found that reduction of ATOH1 induced HES1 expression in a
Notch-dependent manner (Figure 3C). This indicates that ATOH1 and Notch reciprocally
inhibit one another, suggesting a model of cell fate determination by lateral inhibition in
which reciprocal inhibition and positive autoregulation combine to lock in secretory versus
absorptive progenitor status.

Our results confirm that ATOHL1 is critical for normal differentiation and homeostasis of
intestinal progenitors 4 26, Recently, the cell cycle inhibitor p27KiP1 was identified as a
target of Notch repression via Hes1, and was found to be de-repressed upon GSI treatment 2.
We found reduced p27 expression in Atohl-mutant colons, which was not restored by Notch
inhibition (Supplementary Figure 2 and Bossuyt et al 13). Together, these data suggest a
model for regulation of intestinal progenitor proliferation where p27 expression is activated
by Atohl and repressed by Hes1. De-repression of p27 as a result of Notch/Hes1 inhibition
allows increasing Atohl to enhance p27 expression and block proliferation. In Atoh1-null
cells, reduced p27 is associated with increased proliferation; de-repression of p27 by Notch/
Hes1 inhibition is insufficient without coordinate activation of p27 by Atohl, and thus
proliferation is maintained.

Our findings support the hypothesis that ATOH1’s tumor suppressive function 12-13. 29 jg
mediated by its effects on intestinal progenitors and/or cancer stem cells. Consistent with
this tumor suppressive function, we find hyperproliferation and reduced apoptosis of Atoh1-
null adenomas (Figure 6 and supplemental Figure 3). Of note, cancer cells respond to GSI
not by inducing apoptosis but instead by reducing proliferation in an Atoh1l-dependent
manner (compare normal progenitors in Figure 4 and Supplemental Figure 3 to cancer cells
in Figures 5 and 6 and Supplemental Figure 3 and 4). Atohl-dependent, GSI-induced cell
cycle arrest may enhance tumor cell killing by cytotoxic drugs 21-23; whether ATOH1
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mediates the synergistic effect of GSI and chemotherapeutics should be examined in the
future.

Our results have several therapeutic implications. GSI therapy for non-intestinal
malignancies and other diseases has been limited due to toxicity in the intestine 1830, Qur
results suggest that targeted reduction of ATOH1 may prevent these side effects, and also
that the expression level of ATOHL1 is predictive of any approach to mitigating intestinal
toxicity. As one approach to mitigate intestinal toxicity of GSls, Real et al. showed that
glucocorticoid treatment blocked the effects of GSls in the intestine while enhancing the
anti-leukemic and lymphoid effects 3. The ability of glucocorticoid to block intestinal
toxicity of GSls was suggested to be mediated by downregulation of the transcription factor
KIf4; whether Atohl is involved in this process remains to be determined. Recently, Notch-
sparing GSls have been developed to selectively inhibit processing of AB in Alzheimer’s
disease 16. We suggest that ATOH1 expression may be a useful functional marker of
intestinal side effects when determining the relative selectivity of the GSIs for Ap over
Notch. Among GI malignancies, we show that ATOHL1 is a critical mediator of GSI effects.
Therefore, the ability to induce ATOHL1 is key for these therapies to be effective.
Importantly, we recently showed that ATOHL1 is silenced in ~80% of sporadic colorectal
cancers 13; therefore GSI therapy of these silenced tumors will be ineffective since they lack
expression of the critical mediator of GSI treatment (ATOHL). To utilize GSls in GI
malignancies, we suggest that patients should first be stratified according to ATOH1
silencing status. For example, we predict that ~20% of CRCs that retain ATOH1 expression
will respond to GSI therapy. Furthermore, we predict that gastric and esophageal tumors will
respond to GSI therapy when they include ATOHZ1-positive intestinal metaplasia, but will
become resistant to GSI therapy if they progress further and silence ATOH1. Together, our
results demonstrate that ATOHL1 is essential for all effects of Notch/y-secretase inhibitors in
normal and cancerous intestinal cells, and suggest that selective targeting of ATOH1 will
allow for tissue specific therapeutic modalities. More broadly, our results support the
concept of targeting tissue-specific differentiation factors as an important approach to
inhibiting growth of cancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ATOH1 Atonal homolog 1
CRC colorectal cancer
BrduU Bromodeoxyuridine
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RT-PCR reverse-tanscriptase-PCR
CC3 Cleaved caspase 3
APC adenomatosis polyposis coli
min multiple intestinal neoplasia
HES1 Hairy/Enhancer of Split 1
GSI y-secretase inhibitor
DAPT N-[N-(3,5-difluorophenacetyl)-I-alanyl]-S-phenylglycine t-butyl ester
PAS periodic acid Schiff’s
NICD Notch IntraCellular Domain
SPDEF SAM Pointed Domain containing ETS transcription Factor
MUC?2 MUCIN2
RETNLB Resistin Like B
SPINK4 Serine Peptidase Inhibitor, Kazal type 4
TFF3 TreFoil Factor 3
DLL1 Delta Like 1
DLL4 Delta Like 4
JAG1 Jagged 1
JAG2 Jagged 2
cPARP cleaved poly-ADP ribose polymerase
Agr2 Anterior gradient homolog?2
Insm1 Insulinoma-associated 1
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Atoh1 lintestine

Atoh1 lintestine

Figure 1. Atohl mediates GSI differentiation into secretory cells

A) H&E staining of distal ileum. Vehicle and GSI treated (GSI-20, 10puM/kg twice a day for
5 days) Wild type and Atoh14intestine mice B) Alcian blue/PAS staining of ileal sections.
Arrows point to goblet cells in the villi and crypts. C) lysozyme staining of paneth cells.
Middle panels represent magnification of ileal crypts of the smaller highlighted boxes. D)
Chromogranin staining of the ileal tissues. Middle panels represent magnification of the
smaller highlighted boxes; arrow point to chromogranin positive cells.
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Figure 2. Atohl mediates GSl-induced secretory cell gene expression in the intestine

Quantitative RT-PCR for gene expression in ileal and colonic tissues treated with vehicle or
GSI (10uM/kg once a day for five days), normalized to Gapdh expression. White bars

represent WT tissues and black bars Atoh14intestine tjssyes, P values shown were calculated

using 2-way ANOVA for Drug (GSI) and Genotype (WT vs Atoh14intestine) effects, * p<
0.05, ** p< 0.001, *** p< 0.0001, **** p< 0.00001, NS (not significant). The error bars

represent standard error of the mean.
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Figure 3. ATOH1 mediates GSI-induced secretory cell gene expression in colon cancer cells

A) Alcian blue/PAS staining of LS174T cells treated either with DMSO or GSI (5uM
DAPT) for 4 days. The insets are higher magnification of stained cells. B) Quantitative RT-
PCR for gene expression in LS174T cells treated with DMSO or GSI (5uM DAPT),
normalized to expression at day 0. P values represent GSI effect using 2 way ANOVA
analysis. C) Quantitative RT-PCR for gene expression in LS174T cells transduced with
lentivirus encoding either non-targeting (white bars), or ATOH1-targeting (grey and black
bars) sShRNA, normalized to expression of cells transduced with non-targeting ShRNA at day
0. 48 hours post transduction (Day 0) cells were treated with DMSO or GSI (5uM DAPT)
for four days. P values shown were calculated using 2-way ANOVA for shRNA effect,
Bonferroni posttests calculated individual group differences, * p< 0.05, ** p< 0.001. The
error bars represent standard error of the mean. D) A representative immunoblot of LS174T
after 4 days of treatment with DMSO or GSI (5uM DAPT). Antibodies recognized the
Notch intracellular domain (NICD), HES1, TFF3, and ACTIN (as a loading control).
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Figure 4. Atohl mediates GSl-induced growth inhibition in normal intestinal epithelia

A) S-phase cells (marked by BrdU) were stained brown in ileal sections from Wild type and
Atoh14intestine mice treated with vehicle or GSI (GSI-20, 10pM/kg twice a day for 5 days).
White lines underline Wild type crypts form Wild type animals; grey line underlines Atoh1-
WT crypts in Atoh14intestine mice and black lines underline Atoh1-null crypts in
Atoh14intestine mice B) Quantification of BrdU positive ileal cells from vehicle or GSI
treated Wild type and Atoh14intestine mice. Animals were treated for 5 days with 10uM/kg
once a day (GSI) or twice a day (2xGSl). The white, grey and black bars represent counts
from different set of crypts as described in A. [Wild type animals: n=5 for vehicle, n=4 for
GSI, and n=7 for 2xGSlI; Atoh14intestine animals: n=4 for vehicle, n=8 for GSI, and n=5 for
2xGSI]. A significant difference in proliferation was measured for vehicle treated Wild type
versus Atohl-null crypts (p<0.01), and Atoh1-WT versus Atoh1-null crypts (p<0.001). C)
Colonic sections from mice as shown in A. D) Quantification of BrdU positive colonic cells
from mice as shown in B. [Wild type animals: n=3 for vehicle, n=8 for GSI, and n=6 for
2xGSI; Atoh14intestine animals: n=4 for vehicle, n=4 for GSI, and n=5 for 2xGSl]. (B and D)
Error bars represent standard error of the mean. Significance was calculated using 2-way
ANOVA for GSI and genotype effects. Bonferroni posttest analysis was used for calculating
significance for individual groups. * p< 0.05, ** p< 0.001.
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Figure 5. GSI induced Atoh1 expression levels is associated with CRC growth inhibition

A) CRC cell lines are named above immonoblots and pairs of bar graphs representing cell
growth (upper bar graph) and BrdU incorporation (lower bar graph) following 4 days of
treatment with DMSO or GSI (5pM DAPT). Antibodies recognized the Notch intracellular
domain (NICD), and ACTIN (as a loading control) for the representative immunoblots. Cell
growth and proliferation were quantified by cell viability and BrdU incorporation assays and
normalized to growth or BrdU incorporation of DMSO treated cells. B) log-linear
comparison of the GSI effect on cell growth versus ATOH1 expression (determined by
quantitative RT-PCR, Table 1) for CRC cell lines. Linear regression was used to determine
the model shown and to determine R2. GSI induced ATOH1 expression represent the ratio
of DMSO/DAPT for normalized expression levels of ATOHL1. The GSI induced growth
arrest represents the ratio of DMSO/DAPT for the normalized average cell count for each
treatment. Error bars represent standard error of the mean. Significance was calculated using
2 tailed student T-tests comparing DMSO to GSI treatment. * p< 0.05, ** p< 0.001.
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Figure 6. Atohl mediates GSl-induced differentiation and growth inhibition in intestinal tumors
A) Quantification of proliferation in ileal adenomas from mice treated with vehicle or GSI
(GSI-20, 10uM/kg twice a day for 5 days). White bars represent adenomas from APC™n
animals. Grey bars represent Atoh1-WT adenomas in APC™N; Atoh14intestine mice, Black
bars represent Atoh1-null adenomas from APC™MN; Atoh14intestine mjce, [APC™IN adenomas:
n=21 for vehicle, n=33 for GSI; APC™M: Atoh1-WT adenomas: n=27 for vehicle, n=25 for
GSI; APCMin: Atoh1-null adenomas: n=15 for vehicle and n=14 for GSI] A significant
difference in proliferation was measured for vehicle treated Wild type versus Atoh1-null
adenomas (p<0.001), and Atoh1-WT versus Atoh1-null adenomas (p<0.001). B)
Quantification of proliferation in colonic adenomas from mice treated with vehicle or GSI
(GSI-20, 10puM/kg twice a day for 5 days). The color scheme for bars is the same as in A.
[APC™MN adenomas: n=9 for vehicle, n=16 for GSI; APC™"; Atoh1-null adenomas: n=10 for
vehicle and n=19 for GSI]. Error bars represent standard error of the mean. Significance was
calculated using 2-way ANOVA for GSI and genotype effects. Bonferroni posttest analysis
was used for calculating significance for individual groups. * p< 0.05, ** p< 0.001. (C and
D) Representative Alcian blue/PAS staining of APC™MM and APC™N: Atoh1-null ileal and
colonic adenomas treated with vehicle and GSI (GSI-20, 10uM/kg twice a day for 5 days).
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