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which we could induce NICD1 expression in a tetracycline- or
doxycycline (DOX)-dependent manner (TET-on NICD1 cells), we
examined whether the expression of DII1 and DIl4 was regulated
by intracellular Notch activity. Immunoblot analysis of TET-on
NICD1 cells confirmed that expression of NICD1 was induced upon
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the addition of DOX (Fig. 2A). We also found that the mRNA
expression of Hes1 was significantly upregulated upon the addi-
tion of DOX to TET-on NICD1 cells (Fig. 2B). Further analysis of
gene expression showed that DIl1, DIl4, MUC2, and Atoh1 expres-
sion were all significantly downregulated in these cells. In sharp
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Fig. 2. Both the goblet cell phenotype and expression of Delta-like ligands are downregulated upon activation of the Notch-Hes1 pathway in human colonic epithelial cells.
(A) Immunoblot analysis showing forced expression of Notch1 intracellular domain (NICD1) or FLAG-tagged Hes1 upon doxycycline (DOX) addition in TET-on NICD1 cells and
TET-on Hes1 cells, respectively. Parent LS174T cells (Parent) served as the control. Cell lysates were prepared 72 h after DOX addition. (B) Expression of the indicated genes
was analysed by quantitative RT-PCR. Data are means + SD, normalized to the expression level of p-actin. *P < 0.05. NS indicates that the comparison was not significant.
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contrast, Jagged-1 demonstrated slight upregulation (up to 2.6-
fold) when NICD1 expression was induced. These results suggested
that expression of DII1 and DIl4, but not Jagged-1 was regulated by
intracellular Notch activity and that this occurred in-parallel with
the expression of genes required for goblet cell differentiation.

To further confirm the role of the canonical Notch-Hes1 path-
way, we generated another sub-line of LS174T cells in which we
could induce FLAG-tagged Hes1 expression upon DOX addition
(TET-on FLAG-Hes1 cells). Immunoblot (Fig. 2A) and quantitative
RT-PCR analysis (Fig. 2B, which shows the total amount of both
endogenous Hes1 mRNA and FLAG-Hes1 mRNA in these cells) con-
firmed that Hes1 expression is upregulated upon DOX addition to
TET-on FLAG-Hes1 cells. We also found that the expression of
DIl1 and DIl4, and the expression of Atoh1 and MUC2, was signif-
icantly downregulated upon the addition of DOX to TET-on FLAG-
Hes1 cells (Fig. 2B). In sharp contrast, Jagged-1 expression re-
mained unchanged. These results further confirmed that the in-
parallel downregulation of Dlls and the genes required for goblet
cell differentiation were mediated by the Notch-Hes1 axis in hu-
man colonic epithelial cells.
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Both the goblet cell phenotype and DIl ligand expression are
upregulated upon inactivation of the Notch-Hes1 signaling pathway in
human colonic epithelial cells

The results of our previous experiments suggested that both DIl
ligand expression and the acquisition of goblet cell phenotype are
under control of the intracellular Notch-Hes1 signaling pathway.
To further confirm that this regulatory system exists in human co-
lonic epithelial cells, we next sought to examine the expression of
DII1 and D14 upon the induction of goblet cell differentiation. In
our previous report, we showed that treatment with a gamma-
secretase inhibitor, LY-411,575, completely blocked intracellular
Notch activity and thereby induced significant upregulation of
MUC2 expression in LS174T and HT29 cells [9]. Therefore, we
examined the expression of DII1 and DIl4 in this model of goblet
cell differentiation.

Following the protocol used in our previous study, we analysed
LS174T and HT29 cells by quantitative RT-PCR after they were trea-
ted with either DMSO or LY-411,575 (Fig. 3A). Treatment with
LY-411,575 led to a significant downregulation of Hes1 mRNA
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Fig. 3. Both the goblet cell phenotype and expression of Delta-like ligands are upregulated upon inactivation of the Notch pathway in human colonic epithelial cells. (A)
Expression of the indicated genes in LS174T cells and in HT29 cells was analysed by quantitative RT-PCR. Total RNA was prepared after 72 h of culture with either LY-411,575
(1 pM) or DMSO. Data are means + SD, normalized to the expression level of B-actin. *P < 0.05. NS indicates that the comparison was not significant. (B) Immunoblot analysis
showing upregulation of Delta-like ligand proteins (total DII1 and DIl4 content) upon Notch inactivation in LS174T cells. Cell lysates were prepared after 72 h of culture with

either LY-411,575 (1 pM) or DMSO.
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expression in both LS174T cells and HT29 cells, confirming that the
intracellular Notch-Hes1 pathway had been inactivated. Consistent
with our previous results, treatment with LY-411,575 upregulated
Atoh1 and MUC2 expression in both cell lines. Under these condi-
tions, expression of DII1 and DI14 was significantly upregulated in
both cell lines, whereas Jagged-1 expression remained unchanged.
This upregulation of Dlls was also confirmed at the protein level in
LS174T cells, as immunoblot analysis of cells treated with LY-
411,575 showed a significant increase in DIl protein levels
(Fig. 3B, total DII1 and DIl4 protein content). Thus, these results
further confirmed that both expression of Dlls and the acquisition
of the goblet cell phenotype are under the control of the intracel-
lular Notch-Hes1 signaling pathway in human colonic epithelial
cells. Also, these results are consistent with the results of our
immunohistochemical analyses (Fig. 1B) in which we found that
DII1 and DIl4 were expressed in a goblet cell-specific manner,
whereas Jagged-1 was expressed in a lineage-non-specific manner.

Upregulation of DII1 is required for the upregulation of the goblet cell
phenotype upon inactivation of the Notch-Hes1 signaling pathway in
human colonic epithelial cells

The results from the experiments described above demon-
strated that the expression of Dlls, Atoh1, and MUC2 are upregu-
lated in-parallel upon inactivation of intracellular Notch signaling
in human colonic epithelial cells. MUC2 has been reported to be
one of the direct targets of Atoh1 [5]. Thus, it remains unknown
whether the upregulation of DII1 and DIl4 expression has any role
in promoting cells to differentiate into goblet cells. If Dlls do play a
role in this process, it also remains unknown whether they do so
through the Atoh1-MUC2 axis.

To further study this process, we performed a knockdown
experiment targeting Dlls to examine the functional role that DIl
expression played in goblet cell differentiation. Despite our finding
that treatment with gene-specific siRNAs significantly downregu-
lated DIIT and DIl4 expression at the mRNA level, our primary
experiment showed a marked decrease of the total DII1 and D114
protein content by the siRNA targeted for DII1, but not for DIl4
(Supplemental Fig. 1). Thus, the dominant DIl protein expressed
by LS174T cells appeared to be DII1, not DIl4. Therefore, further
analysis was performed using the DIl1-specific siRNA.

Combined treatment with LY-411,575 and a Dll1-targeted siR-
NA was performed using LS174T cells. Immunoblot analysis
showed knockdown of DIl proteins in cells treated with DIl1-tar-
geted siRNA (Fig. 4A). Also, Hes1 protein was completely undetect-
able in LY-411,575 treated cells. Quantitative RT-PCR analysis
revealed that DIIT mRNA expression was also clearly knocked
down by treatment with the DIl1-specific siRNA, completely abro-
gating any increase in DII1 expression upon treatment with LY-
411,575 (Fig. 4B). In contrast, D14 expression was not affected by
treatment with the siRNA targeted to DII1. Knockdown of DII1 sig-
nificantly downregulated the expression of both Atoh1 and MUC2
in cells treated with DMSO alone (52% and 42% reduction for Atoh1
and MUC2, respectively). However, upon knockdown of DII1
expression, a significant downregulation of Atohl and MUC2
expression was also observed in cells treated with LY-411,575
(64% and 70% reduction for Atoh1 and MUC2, respectively). Knock-
down of DII1 completely abrogated the upregulation of MUC2
expression by LY-411,575, suggesting that induction of the goblet
cell phenotype in Notch-inactivated colonic epithelial cells is
dependent upon the upregulation of DII1 expression.

Based on these collective findings, we suggest a modified model
describing the cell fate decision pathway that determines if a hu-
man intestinal epithelial cell will develop into an absorptive or
goblet cell within the human intestinal epithelium (Fig. 4C). In this
proposed model, the development of the absorptive cell phenotype
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Fig. 4. Upregulation of Delta-like 1 is required for the upregulation of the goblet cell
phenotype upon inactivation of the Notch pathway in human colonic epithelial
cells. (A) siRNA-mediated knockdown of Delta-like 1 (DII1) downregulated Delta-
like ligand protein expression in LS174T cells. Cells were transfected with either
DIl1-specific siRNA or non-targeting siRNA (Control) and cultured for 72 h with
either LY-411,575 (1 uM) or DMSO. Immunoblot analysis was performed as
described in Fig. 3B. (B) Expression of the indicated genes in LS174T cells was
analysed by quantitative RT-PCR. Data are means + SD, normalized to the expres-
sion level of B-actin. *P < 0.05. NS indicates that the comparison was not significant.
(C) A modified scheme of absorptive versus goblet cell differentiation that was
derived from the present data.

is facilitated by the activation of the Notch-Hes1 pathway, the
downregulation of both Atoh1 and DII1 expression, and the subse-
quent downregulation of MUC2. However, the development of the
goblet cell phenotype is facilitated by both Notch inactivation and
DII1 expression, as both are required for sufficient levels of Atohl
and MUC2 expression. The present study raises the possibility that
DII1 might not only function in trans as a ligand that activates the
Notch-Hes1 pathway in neighboring cells but that it might also
function in cis to promote the differentiation of goblet cells in
Notch-inactivated colonic epithelial cells.

Discussion

In the present study, we demonstrated for the first time that
DII1 and DIl4 are selectively expressed in goblet cells, whereas Jag-
ged-1 is expressed in a lineage-non-specific manner within the hu-
man colonic epithelium. In a previous study, we showed that
NICD1 is expressed in cells other than goblet cells, and it is
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completely absent in mature goblet cells in the human colon [9].
Thus, the complementary expression of NICD1 and Dlls suggests
that Dlls and not Jagged-1, take part in the lateral inhibition of
Notch signaling within the colonic epithelium.

Previous reports by Crosnier et al. have shown that the genet-
ic disruption of DeltaD (a zebrafish homologue of DIl) increases
the number of secretory-type cells, including goblet cells, in
the zebrafish intestine [12]. In their report, however, the increase
in the number of secretory-type cells was minimal when the
DeltaD protein was completely absent. In contrast, disruption
of its ligand function alone resulted in upregulation of the Del-
taD protein and a marked increase in the number of secretory-
type cells in the intestinal epithelium. These findings are consis-
tent with our present results showing that DII1 might play a role
in promoting goblet cell differentiation in human colonic epithe-
lial cells that is distinct from its function as a ligand for Notch.
Previous reports have consistently shown that Notch ligands
may have functions other than acting merely as a ligand for
Notch. Notch ligands are also cleaved by gamma-secretase upon
binding to the Notch receptor, following which, the released
intracellular domain localizes to the nucleus [10]. This intracellu-
lar domain of Notch ligands might function in cis as a transcrip-
tional co-activator [17] and promote the expression of genes
such as Atoh1 and MUC2. Consistently, our immunostaining of
DIl1 and DIl4 revealed dominant staining in the nuclei of goblet
cells (Fig. 1B). However, because our in vitro studies of goblet
cell differentiation were based on the inactivation of Notch by
a gamma-secretase inhibitor, it is possible that the observed
function of DII1 might not be dependent upon release of the
intracellular domain. Notch ligands bound to the cell membrane
may bind with transcriptional co-activators containing a PDZ-do-
main and could potentially regulate their function by keeping
them away from the nucleus [10]. Thus, DII1 might function as
a regulator of intracellular transcription through such a
mechanism.

Another finding of the present study was that the expression of
the Dlls, Atoh1, and MUC2 were under the control of the Notch-
Hes1 axis. A previous report found that DII1 was a direct target
of Hes1 in mice [18]. Our results showed that DII1 and DIl4 might
be one of the downstream targets of Hes1 in human colonic epithe-
lial cells. Such regulation of Dlls, Atoh1 and MUC2 by the Notch-
Hes1 axis emphasizes their importance in lateral inhibition, there-
by contributing to promote absorptive cell differentiation (Fig. 4C).

Although we found that DII1 is required for proper goblet cell
development in Notch-inactivated cells, D114 appeared to be of less
importance in this context. Knockdown of DII1 downregulated to-
tal DIIT1 and DIl4 protein content in LS174T cells (Fig. 4A). Thus,
D114 might be expressed in low levels as compared to DII1 in colo-
nic epithelial cells. Also, previous in vivo studies have shown that
the administration of a neutralizing antibody for D114 had no effect
on murine intestinal epithelium [19]. Thus, although the impor-
tance of DIl4 expression remains to be elucidated, as compared
to DII1, its role may be minimal with regard to the induction of
goblet cell differentiation.

In conclusion, DII1 expression is upregulated upon Notch inac-
tivation, which is required for the proper acquisition of the goblet
cell phenotype. Further studies focusing on a potential cis-acting
function of the DII1 protein might reveal a yet unknown link be-
tween DII1 expression and the regulation of goblet cell
differentiation.
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