
The Notch Ligand Delta-Like 1 Integrates Inputs from TGFBeta/
Activin and Wnt Pathways

Michael Bordonaroa, Shruti Tewaria, Wafa Atamnaa, and Darina L. Lazarovaa

Michael Bordonaro: mbordonaro@tcmedc.org; Shruti Tewari: stewari@tcmedc.org; Wafa Atamna: watamna@tcmedc.org;
Darina L. Lazarova: dlazarova@tcmedc.org
a Department of Basic Sciences, The Commonwealth Medical College, 501 Madison Avenue,
Scranton, PA 18510, USA

Abstract
Unlike the well-characterized nuclear function of the Notch intracellular domain, it has been
difficult to identify a nuclear role for the ligands of Notch. Here we provide evidence for the
nuclear function of the Notch ligand Delta-like 1 in colon cancer (CC) cells exposed to butyrate.
We demonstrate that the intracellular domain of Delta-like 1 (Dll1icd) augments the activity of
Wnt signaling-dependent reporters and that of the promoter of the connective tissue growth factor
(CTGF) gene. Data suggest that Dll1icd upregulates CTGF promoter activity through both direct
and indirect mechanisms. The direct mechanism is supported by co-immunoprecipitation of
endogenous Smad2/3 proteins and Dll1, and by chromatin immunoprecipitation analyses that
revealed the occupancy of Dll1icd on CTGF promoter sequences containing a Smad binding
element. The indirect upregulation of CTGF expression by Dll1 is likely due to the ability of
Dll1icd to increase Wnt signaling, a pathway that targets CTGF. CTGF expression is induced in
butyrate-treated CC cells, and results from clonal growth assays support a role for CTGF in the
cell growth-suppressive role of butyrate. In conclusion, integration of the Notch, Wnt, and
TGFbeta/Activin signaling pathways is in part mediated by the interactions of Dll1 with Smad2/3
and Tcf4.
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Introduction
Canonical Wnt/beta-catenin signaling plays a major role in the development and
maintenance of the intestinal architecture and the differentiation of secretory intestinal cells
[1]. However, constitutive activation of the pathway, due to mutations in Adenomatous
Polyposis Coli (APC), and less frequently, in CTNNB1 and Axin, promotes colorectal
carcinogenesis [2–5]. Whereas in most colorectal neoplasms Wnt activity is induced by
mutations in its intracellular components, in normal cells Wnt signaling is induced at the
plasma membrane level by the binding of Wnt ligands to cell surface receptors. This ligand-
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receptor binding is transmitted intracellularly, and results in the inhibition of glycogen
synthase kinase-3 beta (GSK-3beta). When active, GSK-3beta, in complex with APC and
Axin, promotes the phosphorylation and degradation of beta-catenin; however, when
GSK-3beta activity is inhibited, dephosphorylated beta-catenin accumulates and interacts
with Tcf/Lef DNA-binding proteins. Depending upon the cellular context and the levels of
dephosphorylated beta-catenin, the beta-catenin/Tcf transcriptional complexes control the
expression of various sets of genes [6,7].

During intestinal development and maintenance, the Wnt pathway interacts with the Notch
signaling pathway, which is required for the differentiation of enterocytic intestinal cells [8–
9]. The Notch receptor proteins and their ligands (e.g., Delta and Jagged) are cell surface
transmembrane molecules. The activation of Notch occurs when its extracellular domain
(NECD) interacts with the extracellular domain of a ligand on an adjacent cell; receptor-
ligand binding triggers cleavages that release the NECD and the Notch intracellular domain
(NICD). The NICD translocates to the nucleus, where it binds to the transcriptional factor
CSL, and transactivates promoters with CSL-binding sites (reviewed in [10]).

The Notch and Wnt pathways interact closely in the process of lateral inhibition (11), in
which slight variations in the expression levels of Notch and Delta in two adjacent cells are
amplified through cell-to-cell interactions. The resulting proteolysis of Notch produces
NICD, which suppresses the adoption of a new fate in the cells with higher NICD levels. In
the cells with higher Delta levels and lower NICD levels, Wnt signaling promotes the
adoption of an alternative cell fate. Thus, goblet cells in the human colon express Delta-
like1 (Dll1), and the intracellular domain of this protein may function as a transcriptional
regulator promoting the acquisition of a goblet cell phenotype [12]. The process of lateral
inhibition, which mediates intestinal cell specification in vivo [9], may also take place to a
limited extent in colon cancer (CC) cell populations in vitro. For example, interaction
between the Notch and Wnt pathways is likely to maintain the heterogeneity of CC cell
populations and colonic neoplasms in terms of Wnt signaling levels. Flow cytometry studies
of CC cells expressing the enhanced green fluorescent protein under the control of a Wnt
signaling-sensitive promoter have established that the cells respond to butyrate and other
histone deacetylase inhibitors (HDACis) as heterogeneous populations, and only a fraction
of all cells hyper-activate Wnt signaling [13]. The high or low levels of Wnt activity are not
a permanent parameter of specific CC cells within the cell population, since after single cell-
sorting each cell regenerates a population with the original heterogeneous character of Wnt
activity (unpublished data). Similar heterogeneity of colonic neoplastic cells in terms of Wnt
signaling has been demonstrated in vivo [14–17], and this phenomenon represents an
obstacle to both cancer prevention and therapy based on compounds that target Wnt
signaling. Thus, we have discovered that HDACis hyper-activate Wnt signaling in CC cells,
and the fold induction of Wnt transcriptional activity correlates causatively with the
apoptotic levels in these cells [13,18–20]. Therefore, in a HDACi-treated cell population,
only the cells that undergo high fold changes in Wnt signaling commit to apoptosis; cells
that suppress the induction of the pathway are relatively resistant to apoptosis [13,20].

In this report, we demonstrate that exposure of CC cell populations to the HDACi butyrate
results in increased levels of phosphorylated Smad2/3 proteins, and that these proteins form
complexes with an endogenous Dll1 protein species, and an exogenously expressed Dll1-
intracellular domain (Dll1icd). Dll1icd exhibits two activities: (1) it moderately augments
Wnt/beta-catenin transcriptional activity, as measured by Wnt signaling reporter systems,
and (2) it increases the activity of the endogenous Connective Tissue Growth Factor (CTGF)
promoter in butyrate-treated CC cells. The second function of Dll1icd is most likely based
upon its ability to associate with the CTGF promoter, as indicated by chromatin
immunoprecipitation analyses. A role for CTGF in the high apoptotic response of HCT-116
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CC cells to butyrate is supported by results from clonal growth assays. Our findings
demonstrate that Dll1icd integrates inputs from the TGFbeta/Activin and Wnt pathways.

Materials and Methods
Cells, plasmids, transfections, luciferase assays, and clonal growth assays

Human CC cell lines were obtained from the American Type Culture Collection (Rockville,
MD) and grown in alpha-MEM with 10% fetal bovine serum. The following vectors were
provided by various researchers: the pcDNA 3.1-Zeo vector containing the sequence
encoding the human Delta-like 1 intracellular fragment, amino acids 569 to 723 (Dr. I.
Prudovsky, Maine Medical Center Research Institute, Scarborough, Maine), the human
CTGF promoter, −805 to +17 nt (Dr. A. Leask, Schulich School of Medicine and Dentistry,
Canada), pTOPFLASH (TOP) and pFOPFLASH (FOP), (Dr. H. Clevers, UMC Utrecht,
Utrecht, Netherlands), the mouse Dickkopf1 expression construct (Dkk1) (Dr. D. Wu, Yale
University, New Haven, Connecticut), the dominant negative (dn) TCF4 construct (Drs. Bert
Vogelstein and Ken Kinzler, Johns Hopkins University, Baltimore, Maryland), and
constitutively active Smad2 and Smad3 expression vectors (Dr. D. Danielpour, Case
Western Reserve University, Cleveland, OH). The human CTGF promoter was subcloned
into the Kpn-XhoI cloning sites of pGL3-Basic luciferase reporter vector (Promega).

Transfections were performed with Lipofectamine 2000 (Life Technologies, Rockville, MD)
or via nucleofection with Amaxa (Lonza). We applied the reverse Lipofectamine
transfection protocol: complexes between DNA and Lipofectamine are pre-formed in a 96-
well plate, and 50,000 cells were added per well. Treatment with sodium butyrate (Sigma,
St. Louis, MO) was carried out at 5 mM, and with lithium chloride (Sigma) at 20 mM.
Silencing of gene expression was performed with Dll1 ON-TARGETplus SMART pool
siRNAS (ThermoFisher), CTGF siRNA (sc-39329, Santa Cruz Biotechnology) and negative
control siRNA-A (sc-37007, Santa Cruz Biotechnology). The vector pRSV-TK (Promega
Corp., Madison, WI) was used for normalization of transfection efficiency in luciferase
reporter assays, which were performed using a Turner Luminometer and a Dual Luciferase
kit (Promega, Madison, WI). To evaluate the contribution of TGFbeta/Activin signaling to
the effects of butyrate on Wnt, we treated HCT-116 cells transfected with Lef-OT or Lef-OF
with an inhibitor of TGFbeta/Activin signaling (SB-505124, Santa Cruz Biotechnology,
sc-204341) at 20μM for 24 h.

Clonal growth assays were performed as described previously [13]. For these assays,
HCT-116 cells were nucleofected with CTGF siRNAs, and at five hours were mock treated
or exposed to 5mM sodium butyrate treatment for 17h. Equal numbers of cells from each
treatment were plated in triplicates in 6-well dishes. Ten days later the colonies were stained
with crystal violet solution and their numbers determined.

Immunoprecipitations
Nuclear lysates were prepared with the Nuclei EZ kit (N-3408, Sigma). Each
immunoprecipitation was carried out with 60–100 μg of nuclear protein and 1–2 μg of
normal IgG or Dll1 antibody (sc-8155 or sc-9102, Santa Cruz Biotechnology). After
overnight incubation, complexes were precipitated with 20 μl of Protein A/G PLUS-Agarose
(sc-2003, Santa Cruz Biotechnology). Four washes were performed with ice-cold phosphate
buffered saline; beads were resuspended in 40 μl of Laemmli buffer and protein extracts
were analyzed by Western blot analyses.
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Chromatin immunoprecipitation (ChIP)
ChIP with antibodies to endogenous Dll1 (sc-8155 and sc-9102, Santa Cruz Biotechnology)
were performed with reagents from Santa Cruz Biotechnology and with the EZ-ChIP
Chromatin Immunoprecipitation kit (cat. #17-371, Millipore). HCT-116 CC cells were
treated for 17h with 5 mM sodium butyrate and cross-linked. Sonicated chromatin
containing 60 μg of protein was used for each reaction. The chromatin was pre-cleared for
one hour with resin, and then incubated with either 2 μg of normal goat IgG or with 1–2 μg
of Delta-like1 antibody (sc-8155, Santa Cruz Biotechnology). Washes and elution of the
DNA were performed according to the protocol of the manufacturer. The PCR primers on
the CTGF promoter were designed to yield a 143-nucleotide product (5’ primer: 5’-
CAATGAGCTGAATGGAGTCCTACA-3’, and 3’ primer: 5’-
GTGAGCTGGAGTGTGCCAGC-3’.) PCR conditions were as follows: one cycle at 95°C
for 2 min, 50 cycles at 95°C for 1 min, 50°C for 30 seconds, 72°C for 1 min, and extension
at 72°C for 5 min. For ChIP with an antibody to the V5 tag of Dll1icd, HCT-116 cells were
nucleofected with an empty vector (control) or with a Dll1icd-V5 expression vector. Cells
were grown for 48h and treated with 5 mM of sodium butyrate for 17h. The procedure
followed the protocol of E. Soler et al. [21].

Western blot analysis
Cytoplasmic-nuclear cell fractionations were performed with the Pierce Nuclear and
Cytoplasmic Extraction Reagent Kit (NE-PER). Total cell lysates were obtained as
described previously [22]. Equal amounts of protein were subjected to SDS-polyacrylamide
gel electrophoresis (SDS-PAGE), transferred to nitrocellulose, and immunostained with
antibodies against Delta-like1 (sc-8155 or sc-9102, Santa Cruz Biotechnology), Activin A
(AF338, R&D Systems), anti-V5 (Invitrogen), total Smad2/3 (sc-8332, Santa Cruz
Biotechnology) and phospho-Smad2/3 (sc-11769-R, Santa Cruz Biotechnology), CTGF
(sc-14939, Santa Cruz Biotechnology), TCF-4 (clone 6H5-3, Millipore, and sc-8632, Santa
Cruz Biotechnology), or Actin (A5441, Sigma). Western blots were visualized with a
species-specific secondary antibody conjugated to horseradish peroxidase (Sigma) and a
chemiluminescence reagent (PerkinElmer Life Sciences, Boston, MA). The specificity of the
bands labeled by the goat Dll1 antibody from Santa Cruz Biotechnology (sc-8155) was
tested by blocking the antibody with a blocking peptide (sc-8155p) at 1:5 ratio by weight;
the Dll1 antibody was used alongside the blocked antibody on duplicate Western blots.

Apoptotic assays
HCT-116 CC cells were plated 24h prior to analyses, and exposed to the agents for 24h. All
cells (floating and attached) were harvested and stained for apoptotic and necrotic markers
with PE Annexin V Apoptosis Detection Kit I (BD Biosciences, #559763). Flow cytometry
analyses were carried out with FACS Aria II and DiVa software. The fold increase in
apoptosis was the ratio of percentage of apoptotic cells in butyrate-treated cells to
percentage of apoptotic cells in vehicle-treated cells.

Statistics
All P values indicated were calculated using the Student's t-test. Differences were
considered significant at P < 0.05.
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Results
HCT-116 CC cells exposed to the HDACi butyrate exhibit increased levels of
phosphorylated Smad2/3 proteins and nuclear-localized Delta-like 1 (Dll1) protein species

The TGFbeta/Activin pathway, which has been implicated in both the suppression and
promotion of carcinogenesis [23], is initiated by the binding of the secreted ligands TGFbeta
or Activin A to their cell surface receptors. This binding induces the phosphorylation of
Smad2 and Smad3 proteins, which subsequently associate with Smad4, translocate to the
nucleus, and activate gene transcription. The TGFbeta/Activin pathway is modified in some,
but not all, colon cancers (CCs) via mutation of Smad4, Smad2, TGFbeta receptor (RII), or
the Activin A receptor ACVR2 [24–31]. Despite these mutations, there is a significant
preservation of TGFbeta/Activin signaling in CC cells, most likely due to the redundancy of
TGFbeta/Activin receptors and the existence of Smad4-independent pathways [32–34]. Of
particular interest is whether Smad4-independent TGFbeta/Activin signaling exists in CC
cells exposed to HDACis (e.g., butyrate), since these agents induce Activin A expression
and augment the levels of phosphorylated Smad2 and Smad3 proteins in CC cell lines
[35,36]. To evaluate the role of TGFbeta/Activin A signaling in the response of CC cells to
butyrate, we have analyzed a pair of CC cell lines: HCT-116 cells, which are characterized
by a high level of induction of Wnt activity and apoptosis when exposed to HDACis, and
HCT-R cells, which are derived from HCT-116 cells and are resistant to the effects of
HDACis [13,18–20]. In agreement with reports on other CC cell lines [35,36], we detected
increased levels of phosphorylated Smad2/3, Activin A, and TGFbeta proteins in HCT-116
CC cells exposed to butyrate, but not in HCT-R cells that are resistant to the apoptotic
effects of this agent and other HDACis (Fig.1A and B, data not shown). Since exposure to
butyrate hyper-induces Wnt signaling and results in apoptosis in CC cells [13,20], we
ascertained whether the activation of Smad2/3 proteins contributes to these effects of
butyrate by utilizing an inhibitor of Activin receptor-like kinases (ALK) 4, 5, and 7
(SB-505124, Santa Cruz Biotechnology, sc-204341), (Fig.1C). In the absence of butyrate,
exposure to the ALK4,5,7-inhibitor did not change significantly Wnt activity: Lef-OT/Lef-
OF ratio in vehicle-treated cells was 13.9±3.49, and in inhibitor-treated cells was 15.9±4.56,
P>0.05. However, co-treatment of the cells with butyrate and ALK4,5,7-inhibitor decreased
the induction of Wnt activity: the Lef-OT/Lef-OF ratio in butyrate-treated cells was
625.0±72.7, and in inhibitor/butyrate-treated cells the ratio was 399.4±79.2, P<0.05. The
suppressed induction of Wnt activity in butyrate-treated cells was accompanied by decreased
apoptosis, a result that confirms our previous findings for a causal correlation between the
fold change of Wnt and the apoptotic levels in butyrate-treated CC cells [13,20]. In the
absence of TGFbeta/Activin inhibitor, the fold increase in apoptosis was 4.74±1.02;
whereas, in the presence of inhibitor, the fold increase in apoptosis was 2.41±0.62, P<0.05,
Fig.1C.

One of the “non-canonical” partners of the Smad2/3 proteins is the intracellular domain of
the Notch ligand Delta-like1 (Dll1) [38], and we have observed that HCT-116 CC cells
express Dll1 species, including these containing the intracellular domain (Figs.1D–F). In
addition to the full-length form of Dll1 (80kD) and a smaller 60kD form, we have observed
38kD and 40kD species that contain the intracellular domain of Dll1 (Dll1icd), Figs. 1D and
1E. These smaller carboxy-terminal forms of Dll1 are better detected in nuclear lysates (Fig.
1E), and have been previously reported [39–41]. The 38kD form was enriched in nuclear
versus cytoplasmic fractions of mock- and butyrate-treated HCT-116 CC cells (Fig.1F). In
the same fractionation experiments, we were able to detect the smallest predicted form of
Dll1icd, which is approximately 20kD (Fig.1E). The identity of the protein species
recognized by the Dll1 antibody was demonstrated by pre-absorbing the antibody with a
blocking peptide (supplementary Fig.1S).
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Dll1 associates with Smad2/3 and Tcf4 isoforms in HCT-116 CC cells
Dll1 associates with Smad2/3 in murine neural stem cells [38]. To test whether similar
interactions take place in CC cells, we immunoprecipitated the Dll1 protein species from
nuclear lysates of mock- and butyrate-treated HCT-116 cells, using an antibody to the
carboxy-terminal part of the ligand. These experiments revealed that endogenous Dll1
species co-immunoprecipitate with endogenous Smad2/3 proteins in butyrate-treated cells
(Fig.2A). Similar immunoprecipitation experiments also provided evidence for the binding
of Dll1 to the transcriptional factor Tcf4, a mediator of Wnt transcriptional activity (Fig.2A).
Thus, nuclear lysates of HCT-116 cells immunoprecipitated with Dll1 antibody exhibited
augmented presence of low molecular weight forms of Tcf4, and this association was most
pronounced in mock-treated cells (Fig.2A). Since Tcf4 has been reported to have multiple
alternative splice forms, some of which have a role in the differentiation of gastrointestinal
epithelium [42,43], we are currently investigating the precise nature of the Tcf4 isoforms
that are immunoprecipitated by the anti-Dll1 antibody. We have consistently detected the
low molecular weight forms of Tcf4 in nuclear lysates of HCT-116 cells (Fig. 2B), utilizing
two different anti-Tcf4 antibodies (clone 6H5-3, Millipore, and sc-8632, Santa Cruz
Biotechnology).

Dll1icd enhances Wnt/beta-catenin signaling activity in butyrate-treated HCT-116 cells
We have previously reported the ability of butyrate and other HDACis to upregulate Wnt/
beta-catenin transcriptional activity in ten CC cells lines [13,18–20]. Interestingly, Notch
ligands are targets of Wnt signaling [44–46]; however, the effects of their intracellular
domains on Wnt activity have not been analyzed. Recent data indicate that Dll1icd has
transcriptional activity [38,39]; therefore, we tested whether Dll1icd may modulate Wnt
signaling levels.

We utilized transient transfection assays to evaluate the effects of exogenously over-
expressed Dll1icd (Fig.3A) on the activity of two Wnt signaling reporter systems, TopFlash/
FopFlash and Lef-OT/Lef-OF (Figs. 3B and 3C). TOPFlash and Lef-OT contain wild-type
Lef/Tcf DNA-binding sites, and thus are Wnt signaling-dependent; FOPFlash and Lef-OF
are the corresponding controls, in which the Lef/Tcf DNA-binding sites are modified and
not functional. The ratios TopFlash/FopFlash and Lef-OT/Lef-OF are indicative of Wnt-
driven transcriptional activity. Wnt activity measured with either of the reporter systems was
not changed significantly by exogenous Dll1icd in mock-treated cells: TOP/FOP was
6.6±1.8 and 7.4±1.2 for pcDNA- and Dll1icd-transfected cells, respectively, and Lef-OT/
Lef-OF was 6.4±0.2 and 5.4±0.5 for pcDNA- and Dll1icd-transfected cells, respectively.
However, in butyrate-treated cells, the exogenous Dll1icd expression increased Wnt levels
in a statistically significant manner: TOP/FOP was 35.3±6.6 and 52.4±6.9 (P<0.05) for
pcDNA- and Dll1icd-transfected cells, respectively, and Lef-OT/Lef-OF was 16.3±2.7 and
34.8±2.4 (P<0.05) for pcDNA- and Dll1icd-transfected cells, respectively.

CTGF is an endogenous target of Dll1icd
It has been reported that the intracellular domains of Notch ligands activate gene reporters
[38–40,47], and Dll1icd upregulates the endogenous expression of p21 [47]. The
transcriptional activity of Dll1icd might be mediated by formation of complexes with the
Smad2/3 proteins [38]. During screening for genes that are regulated by butyrate-activated
Smad2/3 proteins (Fig.1A), we discovered that butyrate induces the expression of
Connective Tissue Growth Factor (CTGF), a secreted matrix-associated protein (Fig.4A).

The increased levels of CTGF protein in butyrate-treated cells is most likely due to the
increased gene transcription. Consistent with this, we observed that the exposure of
HCT-116 cells to butyrate increases the transcriptional activity of the CTGF promoter (Fig.
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4B). The increase in CTGF promoter activity is relatively lower than that observed for the
Wnt-sensitive reporter Lef-OT, which we have previously shown to be induced by butyrate
[13,18–20]. The Lef-OT/Lef-OF ratio was increased by butyrate exposure from 6.6±1.2 to
133.0±29.5 (P<0.05); whereas, the CTGF promoter activity increased from 580±200 to
5,194±1,490 (P<0.05), Fig. 4B.

It has been reported that the CTGF gene is a transcriptional target of TGFbeta/Activin A
signaling through Smad- and TGFbeta-response elements in the promoter [49–52]. In
agreement with these reports, the induction of CTGF in butyrate-treated HCT-116 cells is
concomitant with the phosphorylation of the Smad2/3 proteins by butyrate (Figs.1A and
4A). In addition, butyrate exposure of HCT-R cells, which are resistant to the apoptotic and
Wnt activity-inducing effects of butyrate [20] and do not activate the Smad2/3 proteins in
the presence of this agent (Fig.1A), does not result in induction of CTGF (Fig.4A). Taking
into account the ability of the Smad2/3 proteins to bind Dll1 in HCT-116 cells (Fig.2A), we
posited that Dll1 is involved in the transcriptional regulation of CTGF. First, we established
that the induction of human CTGF promoter by butyrate in the presence of control plasmid
(pcDNA3Neo) was 7-fold: 241±49 in mock-treated cells vs. 1,743±190 in butyrate-treated
cells, P<0.05 (Fig.4C). We then determined that the transcriptional induction of the
promoter by butyrate was augmented by Dll1icd to 10.3-fold: 369±33 in mock-treated cells
versus 3,818±950 in butyrate-treated cells, P<0.05 (Fig.4C). The induction of the CTGF
promoter by butyrate was suppressed by dominant negative (dn) Tcf4, a molecule that does
not bind to beta-catenin, but binds and blocks Lef/Tcf consensus sites on DNA (Fig.4C).
Thus, the induction of CTGF in the presence of dnTcf4 was only 1.8-fold (268±47 in mock-
treated cells versus 477±150 in butyrate-treated cells, P<0.05, Fig.4C) compared to the 7-
fold induction in the absence of dnTcf4. The validity of these results obtained with a
promoterless control vector pGL3Basic (cat. number E1751, Promega) was confirmed in
additional experiments that utilized a control luciferase reporter vector with the SV40
promoter (pGL3promoter, cat. number E1761, Promega, supplementary Fig.2S).

Since Tcf4 induces Wnt signaling-dependent promoters in a complex with active beta-
catenin, and the activity of the CTGF promoter in some cell types is induced by Wnt ligands
[53,54], we analyzed the effects of Dkk1 on CTGF promoter activity. Dkk1 is a secreted
protein that blocks the binding of Wnt ligands to their receptors; thus, we have demonstrated
that Dkk1 effectively suppresses the induction of Wnt activity in butyrate-treated HCT-116
cells by repressing the activation (dephosphorylation) of beta-catenin [20]. The induction of
CTGF promoter activity in the presence of Dkk1 was 2.3-fold (367±24 in mock-treated cells
vs. 860±176 in butyrate-treated cells, P<0.005). Therefore, compared to dnTcf4, Dkk1
suppresses the induction of CTGF by butyrate to a lesser extent: in the presence of butyrate,
the suppression by dnTcf4 is 3.7±0.8 fold, whereas, that by Dkk1 is 2.3±0.5 fold (Fig.4C).

To further evaluate the potential role of active beta-catenin in the butyrate-induced
expression of CTGF, HCT-116 cells were treated with 20 mM lithium chloride (LiCl), a
concentration which suppresses glycogen synthase kinase-3beta activity, resulting in
increased levels of active (dephosphorylated) beta-catenin [20]. There was no statistically
significant difference between the CTGF activity in mock- and LiCl-treated cells (580±200
versus 693±250, P>0.05). In contrast, the same concentration of LiCl induced specifically
the expression of the Wnt-sensitive reporter Lef-OT: the Lef-OT/Lef-OF ratio was 6.3±1.3
and 27.1±4.0 in mock- and LiCl-treated cells, respectively (P<0.05). Therefore, whereas
LiCl treatment upregulates Wnt/beta-catenin activity more than 4-fold, it does not affect
significantly the CTGF promoter activity (Fig. 4D).

Since the inducing effect of Dll1icd on the human CTGF promoter was observed in
butyrate- but not in mock-treated HCT-116 cells, we hypothesized that the phosphorylation
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of Smad2/3 in the presence of butyrate is required for the ability of Dll1icd to induce the
promoter. Therefore, we tested whether the CTGF promoter is induced in mock-treated cells
by co-expression of Dll1icd with constitutively active (ca) Smad2/3 proteins [55,56]. Co-
expression of either ca-Smad2 or ca-Smad3 with Dll1icd resulted in the upregulation of the
CTGF promoter activity (Fig.4E). Compared to the transcriptional activity of the CTGF
promoter in the presence of a control vector (124±17) or Dll1icd (162±35), the activity of
CTGF in the presence of exogenous caSmad2 (216±26), caSmad3 (414±27), or the
combinations of caSmad2+Dll1icd (351±47) and caSmad3+Dll1icd (503±64) increased in a
statistically significant manner (P<0.05). The increase of CTGF promoter activity in the
presence of caSmad3+Dll1icd (503±64) compared to caSmad3 alone (414±27) was not
statistically significant; whereas, the increase of CTGF promoter activity in the presence of
caSmad2+Dll1icd (351±47) compared to caSmad2 alone (216±26), was statistically
significant (P<0.05).

The direct involvement of Dll1icd in the transcriptional control of CTGF was confirmed by
(i) chromatin immunoprecipitation (ChIP) analyses of the endogenous CTGF promoter, and
(ii) analyses of the CTGF protein levels in cells with modulated Dll1 protein levels. For the
ChIP analyses, we first utilized two antibodies to the carboxy-terminal part of Dll1 (sc-8155
and sc-9102, Santa Cruz Biotechnology). Although the results indicated occupancy of a Dll1
protein species on the CTGF promoter (Fig.5A), the performance of these antibodies varied
between lots. Since there are no other antibodies to the carboxy-terminal end of Dll1, we
undertook an alternative approach by examining the chromatin occupancy of a recombinant
Dll1icd tagged with a V5 sequence. In this second series of ChIP experiments, the
precipitation step was carried out with anti-V5 beads. Three independent experiments
ascertained that exogenous Dll1icd-V5 associates with the CTGF promoter region (Fig.5B).
The CTGF promoter region analyzed by these ChIP assays included the Smad-binding and
the TGFbeta-response elements, which have been previously reported [49–52]. Western blot
analyses of ChIP lysates precipitated with anti-V5 agarose beads revealed the presence of
Smad2/3, and Tcf4 (Fig.5C), which is consistent with the immunoprecipitation results
obtained with nuclear lysates of untransfected cells (Fig.2A). Finally, moderate
downregulation of the endogenous Dll1 expression levels through silencing RNA resulted in
a detectable decrease in CTGF protein levels of butyrate-treated HCT-116 cells (Fig.5D);
whereas, overexpression of Dll1icd in butyrate-treated HCT-116 cells resulted in a more
effective induction of CTGF protein expression (Fig.5E).

Suppression of CTGF expression promotes the survival of HCT-116 cells exposed to
butyrate

To evaluate the physiological significance of the butyrate-induced CTGF in CC cells, we
suppressed CTGF expression with specific siRNA introduced via nucleofection. The
nucleofection typically results in more than 80% transfection efficiency in HCT-116 cells, as
established by transfections with a GFP-expressing reporter vector (data not shown);
however, the maximal downregulation of CTGF expression was ~50% as estimated with
Western blot analyses (Fig.6, inset). Clonal growth assays with cells nucleofected with
control or CTGF siRNA established that the butyrate-induced CTGF expression contributes
to the sensitivity of HCT-116 CC cells to the growth suppressive effects of butyrate (Fig.6).
Thus, cells transfected with control siRNA and exposed to butyrate (5 mM, for 17 hours)
exhibited a level of clonal growth 29.2% of that observed in control siRNA-transfected cells
exposed to mock treatment. However, cells transfected with CTGF siRNA and exposed to
butyrate (5 mM, 17 hours) exhibited a level of clonal growth 43.4% of that observed for
CTGF siRNA-transfected cells that were mock treated (Fig.6). Therefore, the suppressed
CTGF protein levels augmented the resistance of HCT-116 cells to the growth-inhibitory
effects of butyrate.
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Discussion
A nuclear role for the intracellular domains of Notch ligands, including Dll1, has been
reported by several research groups [38–41,47,57] and reviewed by D’Souza et al. [58]. The
nuclear localization of Dll1icd is likely due to two motifs of positively charged amino acids,
since mutations in these amino acids impair the nuclear translocation of the protein [47]. We
have observed that butyrate treatment increases the steady-state levels of Dll1icd in nuclear
fractions of HCT-116 colon cancer cells (Fig.1F).

The Notch ligands Dll1 and Jagged1 are induced by Wnt/beta-catenin signaling [44–46].
However, our data suggest a positive feedback in butyrate-treated HCT-116 CC cells, since
the intracellular domain of Dll1 augments the induction of Wnt transcriptional activity in
these cells (Fig.3). The fold induction of Wnt activity by butyrate was increased moderately
in the presence of Dll1icd: 1.5-fold, when measured with the TopFlash and FopFlash
reporters, and 2.2-fold, when measured with the Lef-OT and Lef-OF reporters. The increase
was due to the augmented Wnt transcriptional activity in butyrate-treated cells. These
findings, combined with the observation that Dll1 species co-immunoprecipitate with
Smad2/3 and Tcf4 proteins (Fig. 2), suggest that Dll1icd may affect Wnt activity through
various mechanisms. Since the binding between Tcf4 and Dll1 protein species is strongest in
mock-treated HCT-116 cells, it is possible that in these cells, Dll1 participates in repressive
transcriptional complexes with Tcf4. However, in butyrate-treated HCT-116 cells, Dll1
species may bind phosphorylated Smad2/3 proteins to form activating transcriptional
complexes. A direct induction of Wnt transcriptional reporters by Smad2/3 and a Lef/Tcf
protein has been reported [56,57]; therefore, it is possible that complexes between Dllicd1,
Smad2/3, and Tcf4 directly modulate some Wnt-targeted promoters through their Lef/Tcf
DNA-binding sites. Alternatively, the effect of Dll1icd on Wnt activity might be indirect;
complexes between Dll1icd and phosphorylated Smad2/3 proteins may target only genes
with Smad-binding elements [38]; subsequently, the TGFbeta/Activin transcriptional
activity can alter the expression of modulators of Wnt activity. Thus, microarray analyses
have revealed that TGFbeta/Activin signaling augments the expression of Wnt receptors,
and suppresses the expression of Wnt signaling inhibitors [59]. Regardless of the
mechanism, we have shown that the pharmacological inhibition of TGFbeta/Activin
signaling decreases Wnt activity and Wnt-dependent apoptosis in butyrate-treated HCT-116
CC cells (Fig.1C), demonstrating a cooperation between TGFbeta/Activin and Wnt
signaling in the effects of a histone deacetylase inhibitor such as butyrate.

The induction of the CTGF promoter by Dll1icd (Fig.4) may also be accomplished by direct
and indirect mechanisms, which are not mutually exclusive. The direct mechanism is
supported by our finding of the chromatin occupancy of the CTGF promoter by Dll1icd
(Figs. 5A and 5B). The association of Dll1icd with the CTGF promoter sequence is likely
mediated by Smad2/3 proteins, which target the Smad-binding element (SBE) on the CTGF
promoter [49–52]. Corroborating this hypothesis is our finding that both endogenous Dll1
species and recombinant Dll1icd co-immunoprecipitate with endogenous Smad2/3 proteins
from nuclear lysates of butyrate-treated HCT-116 cells (Fig.2A and 5C). These findings are
in agreement with the report of Hiratochi et al. that SBEs are a prime target of Dll1icd [38].
The transcriptional function of Dll1icd through SBEs may not be unique to the CTGF
promoter; thus, p21, the first reported endogenous target of Dll1icd [47], is also a TGFbeta-
regulated gene with imperfect matches of the SBE and TGFbeta-response element within its
regulatory regions [60,61]. Therefore, it will be of interest to determine whether Dll1icd and
Smad2/3 cooperatively induce the p21 promoter.

We have demonstrated that Dll1 protein species co-immunoprecipitate with short Tcf4
isoforms (Figs.2A and 5C). The levels of Tcf4 immunoprecipitated by anti-Dll1 antibody
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decrease in butyrate- versus mock-treated HCT-116 cells (Fig.2A); however, the association
between Dll1icd and Tcf4 species in nuclear lysates from butyrate-treated cells was
confirmed by immunoprecipitations with ChIP lysates from Dll1icd-transfected cells (Fig.
5C). The decreased binding of endogenous Dll1 species to Tcf4 in butyrate-treated cells
might be due to the decreased steady-state levels of Tcf4 [Fig.2B and ref.20]. Since dnTcf4
(Fig.4C) and full length Tcf4 (data not shown) decrease the induction of the CTGF promoter
activity by butyrate, it is possible that Dll1icd-Tcf4 complexes act as transcriptional
repressors of CTGF and other genes in the absence of phosphorylated Smad2/3 proteins (as
in mock-treated HCT-116 cells). Such transcriptional repression may occur in differentiated
intestinal cells; thus, Tcf4 is expressed at the highest levels in non-cycling differentiated
cells of the colonic epithelium [62,63]. Interestingly, Nawshad et al. have reported that Lef1,
another Lef/Tcf factor, forms transcriptionally repressive complexes with Smad2 and Smad4
[64]; therefore, the repressive complexes of Dll1icd and Tcf4 may include non-
phosphorylated Smad2/3 proteins. Butyrate treatment may promote the transition from
repressive to activating Dll1icd-complexes by (i) decreasing the steady-state levels of Tcf4
protein (see Fig.2B and ref.20), (ii) titrating Tcf4 away from Dll1icd due to increased
binding of Tcf4 to beta-catenin [20], and (iii) increasing the levels of phopshorylated
Smad2/3 proteins.

The indirect mechanism, by which Dll1icd induces the CTGF promoter activity, is likely
based upon the ability of Dll1icd to moderately enhance Wnt signaling (Fig.3). Thus, the
ability of Wnt signaling to maintain and/or upregulate the expression of CTGF has been
observed in different experimental models [65,66], and Wnt10b and Wnt3 ligands
upregulate the CTGF promoter activity in NIH 3T3 fibroblasts via the SBE [53,54]. We
demonstrated that Dkk1, a molecule that inhibits the activation (dephosphorylation) of beta-
catenin in butyrate-treated CC cells [20], moderately suppresses the induction of CTGF
promoter by butyrate. However, lithium chloride, which activates beta-catenin, is unable to
induce the CTGF promoter (Fig.4C and D); therefore, Wnt transcriptional complexes
between active beta-catenin and Tcf4 are insufficient for the direct induction of CTGF.
Compared to Dkk1, dnTcf4, another inhibitor of Wnt signaling, more effectively suppressed
the induction of CTGF by butyrate (Fig. 4C); however, as discussed above, exogenous full
length Tcf4 mimics the effect of dnTcf4 on the CTGF promoter (data not shown). Therefore,
dnTcf4 most likely suppresses the CTGF promoter activity not by downregulating Wnt
signaling, but by binding Dll1icd, and/or non-phosphorylated Smad2/3. This possibility is in
agreement with the report of Labbe et al. that the activity of Smad3-Lef1 complexes requires
Smad- and Lef/Tcf DNA-binding elements, but is independent of beta-catenin [67].
Although we were unable to detect immunoprecipitation of beta-catenin by anti-Dll1
antibody (data not shown), it is possible that under different conditions beta-catenin
participates in a complex with Smad2/3 proteins and Tcf4 [68,69].

Consistent with a role of Dll1icd in the induction of CTGF expression by butyrate, moderate
modulation of Dll1 expression resulted in corresponding changes in CTGF protein levels.
Thus, a moderate suppression of endogenous Dll1 expression resulted in a decreased
induction of CTGF by butyrate (Fig.5D); whereas, overexpression of recombinant Dll1icd
resulted in detectable upregulation of the CTGF induction by butyrate (Fig.5E). The modest
effects of Dll1 modulation on CTGF protein levels may be due to the fact that the cells
already express sufficient amounts of endogenous Dll1icd (Fig.1E, nuclear fraction of
butyrate-treated HCT-116), and the levels of phosphorylated Smad2/3 proteins is a limiting
factor.

Evidence supporting transcriptional cooperation between the TGFbeta/Activin and Wnt
signaling pathways was first provided by an oligonucleotide microarray assay that identified
common Wnt and TGFbeta target genes in normal murine mammary gland epithelial cells
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[70]. The combined treatment of these cells with TGFbeta and Wnt revealed a novel
transcriptional program that differed from that of single ligand treatments; interestingly,
among the cohort of genes that were cooperatively induced by both pathways was the
murine Ctgf gene. Based upon our findings, we propose that cooperativity between
TGFbeta/Activin and Wnt signaling pathways is in part mediated by the intracellular domain
of Delta-like 1, and its association with Tcf4 and Smad2/3.

CTGF has been reported to increase the migration and invasion of some types of cancer cells
[71–74]; however, there are also reports that CTGF inhibits cancer metastasis and invasion
[75], acts as a tumor suppressor [76], and contributes to apoptosis of various cell types [77–
79]. The dual function of CTGF in proliferation and apoptosis of cancer cells [52] prompted
us to determine the role of CTGF induction in butyrate-treated HCT-116 cells. We have
previously reported that among ten CC cell lines, HCT-116 cells exhibit one of the highest
sensitivities to the growth inhibitory and apoptotic effects of butyrate [13]. The role of
CTGF in the response of HCT-116 CC cells to butyrate was evaluated by clonal growth
assays of cells with suppressed CTGF expression. Moderate silencing of CTGF expression
in HCT-116 cells was accompanied by decreased sensitivity of the cells to the growth
inhibitory effect of butyrate (Fig.6). In agreement with the role of CTGF in mediating
butyrate-induced cell growth suppression, HCT-R cells, which are resistant to the apoptotic
and growth-suppressive effects of butyrate [20], exhibit suppressed induction of CTGF in
the presence of butyrate (Fig.4A). Although our findings suggest that CTGF contributes to
the growth suppressive effect of butyrate in HCT-116 CC cells, we have not observed
induction of CTGF by butyrate in other butyrate-sensitive CC cell lines (data not shown);
therefore, the cell growth-suppressive effects of butyrate take place even in the absence of
CTGF expression.

Conclusions
Based upon our findings, we propose a hypothetical model for the integration of three
signaling pathways: Wnt, Notch, and TGFbeta/Activin. This integration may explain how
colon cancer cell populations maintain heterogeneous levels of Wnt signaling (Fig.7).
According to the model, a process similar to lateral inhibition translates the fluctuations in
Notch and Dll1 levels among neighboring cells into different levels of Wnt activity in these
cells. Thus, Smad2/3 proteins bind to the intracellular domains of Dll1 or Notch (Nicd or
Dll1icd), dependent upon the availability of these molecules in the individual cells. The
Dllicd1-Smad2/3 and Nicd-Smad2/3 complexes, which may form to different extent in
adjacent cells of a cell population, act either as gene repressors or activators dependent upon
the phosphorylation status of the Smad2/3 proteins. Cells, in which the Nicd-Smad2/3
complexes are at higher levels, suppress Wnt activity. The Nicd-Smad2/3 complexes may
modulate gene expression through both CBF1 and Smad consensus binding elements [80–
82]. Cells, in which the Dllicd1-Smad2/3 complexes are predominant, hyper-activate Wnt
signaling in the presence of HDACis such as butyrate [13,18–20]. Since we have established
that the fold induction of Wnt signaling correlates causatively with the levels of apoptosis in
CC cells exposed to HDACis [13,18–20], understanding the mechanism for Wnt signaling
heterogeneity in cancer cell populations may allow for the design of more effective anti-
cancer approaches that eliminate malignant cells despite their different levels of Wnt
signaling.
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Refer to Web version on PubMed Central for supplementary material.
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ALK Activin receptor-like kinases

APC adenomatous polyposis coli
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Dll1 Delta-like 1
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Fig. 1.
Evidence for TGFbeta/Activin signaling and expression of Dll1 species in HCT-116 colon
cancer cells. (A). Butyrate induces the phosphorylation of Smad2/3 proteins in butyrate-
sensitive HCT-116, but not in butyrate-resistant HCT-R cells. A representative Western blot
of total and phosphorylated Smad2/3 in HCT-116 and HCT-R cells exposed to 24h of mock
(M) or 5 mM sodium butyrate (B) treatment. The anti-phospho Smad2/3 antibody
(sc-11769-R, Santa Cruz Biotechnology) recognizes the phosphorylated forms of both
Smad2 and Smad3 (53kD and 60kD). (B). TGFbeta and Activin A expression is augmented
in butyrate-treated HCT-116 cells. A representative Western blot analysis of Activin A
expression in HCT-116 cells exposed to a 24-h mock (M) or 5 mM of sodium butyrate (B)
treatment. Goat anti-Activin A antibody (R&D Systems, #AF338, used at 0.4 μg/ml),
recognizes the Activin A dimer (28 kD), consisting of two inhibin beta-chains, as described
by others [37]. (C) Suppression of TGFbeta/Activin signaling counteracts the induction of
Wnt activity and apoptosis in butyrate-treated HCT-116 cells. Cells were transfected with
the Wnt-sensitive luciferase reporters Lef-OT or Lef-OF, and the pRL-null vector, added as
a measure for transfection efficiency. Transfected cells were exposed for 24h to mock
treatment (M), 5mM butyrate (B), 20μM TGFbeta/Activin inhibitor SB-505124 from Santa
Cruz Biotechnology (T), or 20μM inhibitor and 5mM butyrate (BT). Luciferase activity was
assayed with dual luciferase kit (Promega), and the ratios of LefOT/LefOF, indicative of
Wnt transcriptional activity were calculated. The B/M ratio is the fold increase of Wnt
activity in butyrate- vs. mock-treated cells (625.0±72.7/13.9±3.49); whereas the BT/T ratio
is the fold increase of Wnt activity in butyrate+inhibitor-treated cells versus inhibitor-treated
cells (399.4±79.2/15.9±4.56), P<0.05. The data are the mean of three independent
experiments with duplicate samples in each experiment. Apoptosis was measured in cells
exposed to the same treatments (see Materials and Methods). The ratio B/M is the ratio of
the percentages apoptotic cells in butyrate- vs. mock-treated samples (4.74±1.02); the ratio
BT/T is the ratio of the percentages apoptotic cells in butyrate+inhibitor- treated samples vs.
inhibitor-treated samples 2.41±0.62, P<0.05. We analyzed three samples per treatment in
each of three independent experiments. Bars, SDs. (D). Highest levels of a Dll1icd-
containing species are detected in floating fractions of butyrate-treated HCT-116 cells.
Exposure of HCT-116 cells to 5 mM sodium butyrate for 48h results in a fraction of floating
cells (F) and a fraction of substrate-adherent cells (A). Total protein lysates (150 μg) from
these two cell fractions and mock-treated cells (C) were analyzed by Western blotting. The
anti-Dll1 antibody detects the full length ligand (80kD), a form of the ligand with partially
shed ectodomain (60kD), and a carboxy-terminal form of 38–40kD. (E) Butyrate-treated
HCT-116 cells express higher levels of carboxy-terminal 38–40kD Dll1 species compared to
mock-treated cells. A representative Western blot analysis of nuclear lysates (80 μg) of
HCT-116 cells exposed to mock or 5 mM sodium butyrate treatment for 17h. Detection was
achieved with a goat anti-Dll1 antibody (sc-8155, Santa Cruz Biotechnology) and a beta-
Actin antibody (Sigma). (F) Highest levels of Dll1icd (20kD) are detected in nuclear
fractions of butyrate-treated HCT-116 cells. Cytoplasmic-nuclear fractionation of HCT-116
cells exposed to mock (M) or 5 mM butyrate (B) treatment for 17h was performed with the
Pierce Nuclear and Cytoplasmic Extraction Reagent Kit (NE-PER). A total of 100 μg of
cytoplasmic or nuclear proteins were analyzed on 12% SDS gels. Western blot detection of
Dll1 species was carried out with a rabbit anti-Dll1 antibody (sc-9102, Santa Cruz
Biotechnology).
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Fig. 2.
Dll1 associates with Smad2/3 and Tcf4 in lysates of HCT-116 CC cells. (A)
Immunoprecipitation (IP) analyses with an anti-Dll1 antibody. Nuclear protein lysates (100
μg) from HCT-116 cells, exposed to mock (M) or 5 mM butyrate (B) treatment for 17h,
were used for IPs with 2 μg of normal IgG (control) or with 2μg of anti-Dll1 antibody
(sc-9102, Santa Cruz Biotechnology). Smad2/3 proteins were detected with a polyclonal
antibody that recognizes both proteins (sc-8332, Santa Cruz Biotechnology), Tcf4 was
detected with a monoclonal antibody from Millipore (clone 6H5-3). Control experiments
confirmed that the anti-Dll1antibody immunoprecipitates the 40kD form of Dll1; we were
unable to detect this form in the input, due to its low abundance. (B) Nuclear (N), but not
cytoplasmic (C) fractions of HCT-116 cells exhibit the presence of low molecular weight
Tcf4 isoforms (30–45 kD). Fractionation of HCT-116 cells exposed to mock (M) or 5 mM
butyrate (B) treatment for 24h was performed with the Pierce Nuclear and Cytoplasmic
Extraction Reagent Kit (NE-PER). Detection of Tcf4 was carried out as in (A).
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Fig. 3.
The butyrate-induced Wnt activity is augmented by Dll1icd in HCT-116 CC cells. (A)
Representative Western blot analyses of HCT-116 CC cells transiently transfected with
pcDNA3.1 or a construct expressing Dll1icd. The exogenous protein was detected with a
Dll1-specific antibody (sc-8155, Santa Cruz Biotechnology). (B) Dll1icd augments the
induction of Wnt signaling by butyrate, as measured with the TopFlash and FopFlash
reporter constructs. HCT-116 cells were co-transfected transiently with one of the Wnt
signaling reporters (TopFlash or FopFlash), pcDNA3.1 or Dll1icd-expression vector in a 96-
well plate. pRL-TK was co-transfected as a measure for transfection efficiency. The ratio
between the reporters and the effector vectors was 1:3, the total amount DNA per well was
0.32 μg. Transfections were carried out with Lipofectamine 2000, and treatment with 5 mM
butyrate was for 17h. Each transfection was performed in duplicate wells; data represent the
mean from results of at least three experiments. Wnt signaling was calculated as the ratio
TopFlash/FopFlash (Top/Fop). There was no statistically significant difference between Wnt
activity in mock-treated cells transfected with pcDNA3.1 or Dll1icd-expressing construct.
For butyrate-treated cells, Top/Fop was 35.3±6.6 and 52.4±6.9 (P<0.05) for pcDNA- and
Dll1icd-transfected cells, respectively. (C) Dll1icd augments the induction of Wnt signaling
by butyrate, as measured with the Lef-OT and Lef-OF reporter constructs. The transfections
were performed as described in 3B. The ratio Lef-OT/Lef-OF is a measure of Wnt activity.
There was no significant difference between Wnt levels in mock-treated cells transfected
with empty vector or Dll1icd-expressing construct. In butyrate-treated cells, Lef-OT/Lef-OF
was 16.3±2.7 and 34.8±2.4 (P<0.05) for pcDNA- and Dll1icd-transfected cells, respectively.
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Fig. 4.
Butyrate induces CTGF expression in HCT-116 cells, and this effect is modulated by
components of Wnt signaling and Dll1icd. (A) CTGF expression is induced by butyrate in
butyrate-sensitive HCT-116 cells, but not in butyrate-resistant HCT-R cells. HCT-116 and
HCT-R cells were exposed to mock (C) or 5 mM butyrate (B) treatment for 24h. In addition,
HCT-116 cells were treated for 48h with 5 mM butyrate, and lysates from the floating (F)
and substrate-adherent (A) cells were analyzed along with lysates of mock-treated (C) cells.
Total protein lysates (100μg) were analyzed by Western blot analyses, CTGF and beta-Actin
were detected with antibodies from Santa Cruz Biotechnology (sc-14939) and Sigma
(A5441), respectively. The production of two CTGF isoforms of 35 and 38 kD, and smaller
proteolytically processed forms have been previously reported [48]. (B) Butyrate treatment
of HCT-116 cells upregulates the activity of the CTGF promoter. HCT-116 cells were co-
transfected with the CTGF reporter and the normalization plasmid pRL-TK, or with the
promoterless pGL3Basic and pRL-TK, in a 96-well plate format, following the
Lipofectamine 2000 quick transfection protocol (see Materials and Methods). Cells were
assayed for luciferase activity after 17-h exposure to mock (M) or 5 mM butyrate (B)
treatment. For comparative analyses, the same transfection protocol was applied for Wnt
signaling reporters (Lef-OT and Lef-OF). Each transfection was performed in duplicate
wells; data represent the mean from results of at least three experiments. (C) Exogenous
expression of Dll1icd, dnTcf4, and Dkk1 modulate the induction of CTGF by butyrate.
HCT-116 cells were co-transfected with the CTGF promoter reporter (CTGF) or with its
promoterless version (CTRL) and one of the following plasmids: pcDNA3Neo (empty
vector), Dkk1-expression vector, dnTcf4-expression vector, or Dll1icd (Dicd)-expression
vector. All transfections included pRL-TK as a control for transfection efficiency. We
applied the quick transfection protocol for Lipofectamine 2000 in 96-well plates.
Approximately 60,000 cells were transfected with reporter to effector plasmid ratio at 1:3, to
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a total of 320ng DNA per well and 0.8 μl of Lipofectamine. After six hours of incubation
with the transfection mixture, cells were exposed to mock or 5 mM butyrate treatment for
17h. The ratio of CTGF promoter activity to that of the promoterless reporter was calculated
for cells in absence or presence of butyrate. Data represent the mean from results of at least
three transfections; each transfection was performed in duplicate wells. There were
statistically significant differences between the CTGF promoter activities in butyrate-treated
cells expressing Dkk1, dnTcf4, or Dicd and the CTGF promoter activity in butyrate-treated
cells transfected with an empty pcDNA vector, (P-values were 0.001, 0, and 0.021,
respectively). (D) Increase in active (dephosphorylated) beta-catenin is not sufficient for the
induction of CTGF by butyrate. HCT-116 cells were transfected with CTGF or Wnt
reporters as described in (B) and exposed to 20mM lithium chloride (LiCl) for 17h. Each
transfection was performed in duplicate wells; data represent the mean from results of at
least three experiments. There was no statistically significant difference between the
activities of the CTGF promoter in mock- and LiCl-treated cells (P>0.05); however, control
transfection experiments confirmed the ability of LiCl to induce the Wnt-sensitive promoter
Lef-OT (P<0.05). (E) Co-expression of Dll1icd (Dicd) with constitutively active (ca) Smad2
(S2) or constitutively active Smad3 (S3) activates the CTGF promoter in the absence of
butyrate. HCT-116 cells were co-transfected with the CTGF promoter reporter (CTGF) or
the control pGL3Basic, and one of the following combinations of plasmids: pcDNA3Neo
(empty vector), Dll1icd (Dicd)-expression vector, Dll1icd and caSmad2, or Dll1icd and
caSmad3. We utilized the reverse Lipofectamine protocol in a 96-well format; the reporters
were used at 80 ng per well, the effectors were used at total of 240 ng. pRL-TK was co-
transfected at 1:200 ratio for transfection efficiency. Fresh medium was added at five hours
post-transfection, and luciferase assays were performed at 24h post-transfection. Data
represent the mean from results of at least three transfections; each transfection was
performed in duplicate wells. Bars are SDs; statistically significant differences are marked
with asterisks.
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Fig. 5.
Dll1icd modulates directly the activity of the CTGF promoter in butyrate-treated HCT-116
cells. (A) Endogenous Dll1 protein species is associated with the CTGF promoter region.
Chromatin immunoprecipitation (ChIP) analyses were performed with goat anti-Dll1 or
normal goat IgG preparations (Santa Cruz Biotechnology) and lysates of butyrate-treated
HCT-116 cells, as described in Materials and Methods. One-fifth of each
immunoprecipitation reaction was used as a template for the PCR with CTGF promoter-
specific primers. One-half of the PCR products were analyzed on 1.7% agarose gels. On
panel A, lane 1 has no DNA template, lane 2 - template precipitated with 2 μg of normal
goat IgG, lane 3 - template precipitated with 1 μg of anti-Dll1 antibody, lane 4 - template
precipitated with 2 μg of anti-Dll1 antibody, lane 5 – input (0.2% of the input for the ChIP
reactions). The PCR product is 143 nucleotides long. (B) Exogenously expressed Dll1icd is
associated with the CTGF promoter. ChIP analyses were performed with anti-V5 beads
(Sigma) and lysates of butyrate-treated HCT-116 cells nucleofected with an empty vector
(pcDNA, control) or with a Dll1icd-expression construct. On panel B, lane 1 has no DNA
template, lane 2 - template precipitated from pcDNA-transfected HCT-116 cells, lane 3 -
template precipitated from Dicd-transfected HCT-116 cells, lane 4 - template from input,
pcDNA-transfected cells, lane 5 - template from input, Dll1icd-transfected cells. (C)
Exogenous Dll1icd associates with Smad2/3 and Tcf4 proteins in ChIP lysates of butyrate-
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treated HCT-116 cells. ChIP lysates from cells transfected with empty vector (pcDNANeo)
or Dll1icd-expressing constract were immunoprecipitated with V5-agarose beads (Sigma).
The precipitated material was eluted from the beads by adding 2x Laemmli buffer and
analyzed via Western blotting. The antibodies for total Smad2/3 and Tcf4 are described in
the legend of Fig.2A. (D) Downregulation of endogenous Dll1 levels results in a suppressed
induction of CTGF. Nucleofection of HCT-116 cells was carried out as described in
Materials and Methods. Cells were exposed to mock treatment or 5 mM butyrate for 17h and
total cell lysates were analyzed by Western blotting with a CTGF antibody. (E).
Overexpression of Dll1icd in HCT-116 cells results in enhanced induction of CTGF. Dll1icd
was overexpressed in HCT-116 cells were nucleofected with pcDNA or Dll1icd expression
vector, exposed to mock or 5 mM butyrate for 17h, and total cell lysates were analyzed via
Western blotting for CTGF protein expression. The signal for beta-Actin was used as a
loading control.
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Fig. 6.
Suppressed CTGF expression contributes to the resistance of HCT-116 cells to the growth
inhibitory effects of butyrate. HCT-116 cells (106) were nucleofected with 175 pmol of
control (non-specific) or human CTGF siRNA (Santa Cruz Biotechnology) and incubated in
two wells of a 6-well plate. At six hours post-transfection the cells were mock-treated or
exposed to 5 mM sodium butyrate for 17 hours. The inset is a representative Western blot
analysis of the CTGF protein levels in control and CTGF siRNA-nucleofected cells exposed
to 5 mM butyrate for 17h. Clonal growth assays were performed as described in Materials
and Methods. The clonal growth of butyrate-treated cells is expressed as a percentage of the
clonal growth of the mock-treated cells. The clonal growth assays were repeated at least
three to six times. Statistically significant differences are marked with asterisks. Bars, SDs.
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Fig. 7.
Integration of three signaling pathways. Wnt signaling results in formation of Tcf-4/beta- -
catenin complexes which activate expression from Wnt targeted genes; TCFbeta/Activin
signaling is mediated by phosphorylated Smad2/3. In mock-treated HCT-116 cells, a limited
amount of Dll1icd is bound to Tcf4 species, and likely to dephosphorylated Smad2/3; these
transcriptional complexes might be repressive. In butyrate-treated HCT-116 cells, the
steady-state levels of the Tcf4 species decrease, and some of the Tcf4 protein pool is
recruited to Wnt signaling complexes with dephosphorylated beta-catenin. Butyrate-treated
cells also exhibit increased levels of phosphorylated Smad2/3 (pSmad2/3) proteins. In a
fraction of the cell population, the pSmad2/3 proteins are bound to Dll1icd, and the resulting
complexes may activate a specific set of genes (e.g., CTGF, p21, etc). In the remainder of
the cell population, the pSmad2/3 proteins bind to Nicd, and these complexes may modulate
a different set of genes [80–82]. Our preliminary data suggest that cells with higher levels of
Dll1icd respond to butyrate with greater hyper-activation of Wnt signaling, and higher levels
of apoptosis. The cells with higher levels of Nicd may suppress the hyper-activation of Wnt/
beta-catenin by butyrate, and are likely more resistant to apoptosis.
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