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Abstract
We aimed to examine the physical interaction between CtBPs and KLF4 and the potential importance
of this interaction. Co-immunoprecipitation indicated that CtBP1 indeed interacted with KLF4. This
was supported by the co-localization of both KLF4 and CtBP1 in the promoter regions of KLF4
downstream target genes. In addition, overexpression of CtBP1 significantly decreased KLF4-
mediated transcriptional activation in both an artificial (pGL5) and genuine (IAP and Keratin-4)
reporter system. Mutations in the potential CtBP binding motif in KLF4 were accompanied by loss
of the inhibitory effect of CtBP1 in the reporter assay and of the physical interaction with CtBP1.
Overall, our results suggest that CtBPs attenuate KLF4-mediated transcriptional activation through
the physical interaction with KLF4.

Keywords
CtBPs; KLF4; transcription; co-immunoprecipitation; chromatin immunoprecipitation; transient co-
transfection

1. Introduction
Regulation of gene expression is a fundamental cellular process. Critical to the control of gene
expression are transcription factors that bind to specific DNA sequences and subsequently
modulate gene transcription. A family of the C2H2-zinc finger proteins exhibits homology to
the Drosophila melanogaster segmentation gene product, Krüppel 3, hence the name Krüppel-
like factors (KLFs). KLFs play important roles in many fundamental biologic processes,
including development, proliferation, differentiation and apoptosis (1). One member of this
family, Krüppel-like factor 4 (KLF4), also known as gut-enriched Krüppel-like factor (GKLF),

§Address correspondence to: Dr. Walden Ai, PhD, Department of Pathology, Microbiology and Immunology, University of South
Carolina School of Medicine, 6439 Garners Ferry Road, Columbia, SC 29208, Phone: 803-253-5850, Fax: 803-733-1515,
Walden.Ai@uscmed.sc.edu.
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.
Structured summary:
MINT-7261981, MINT-7261995:
KLF4 (uniprotkb:O43474) physically interacts (MI:0915) with CTBP1 (uniprotkb:Q13363) by anti tag coimmunoprecipitation (MI:
0007)
MINT-7262008, MINT-7262023:
CTBP1 (uniprotkb:Q13363) physically interacts (MI:0915) with KLF4 (uniprotkb:O43474) by anti bait coimmunoprecipitation (MI:
0006)

NIH Public Access
Author Manuscript
FEBS Lett. Author manuscript; available in PMC 2010 October 6.

Published in final edited form as:
FEBS Lett. 2009 October 6; 583(19): 3127–3132. doi:10.1016/j.febslet.2009.09.013.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



was found to be highly expressed in epithelial cells of many tissues, including small intestine
and skin (2). In these tissues, by directly binding to CACCC motif in the promoter region of
its target genes, KLF4 transcriptionally regulates its target genes resulting in inhibition of
proliferation and promotion of terminal differentiation (3,4).

C-terminal binding proteins (CtBPs) family proteins are modulators of several essential cellular
processes (5). Vertebrate genomes code for two related proteins, CtBP1 and CtBP2. CtBP
family proteins are highly conserved. The founding member of this family, CtBP1 was
discovered as a cellular protein that interacted with the C-terminus of adenovirus E1A proteins
(6). CtBPs function as transcriptional co-repressors. A large number of sequence-specific
DNA-binding transcriptional repressors of Drosophila and mammalian species mediate their
activity in a CtBP-dependent manner (7). At present, more than thirty different vertebrate
transcriptional regulators have been reported to modulate their activity through recruitment of
CtBPs.

The various DNA-binding repressors recruit CtBP through a conserved CtBP-binding motif,
a Pro-X-Asp-Leu-Ser (PXDLS) CtBP interaction domain (Fig. 1A) originally identified in
adenovirus E1A protein (8). A PYDLA motif was also found in the N-terminal region of human
KLF4 protein (aa53-57, Fig. 1A). In the present study, we aimed to examine the physical
interaction between CtBPs and KLF4 and the potential importance of this interaction. Our
findings suggest that CtBPs attenuate KLF4-mediated transcriptional activation, and this
attenuation is most likely fulfilled through directly interacting with KLF4 via PYDLA motif.

2. Materials and Methods
2.1 Cell culture

AGS cells and KLF4 Mouse embryo fibroblasts (MEFs) (KLF4+/−, KLF4 −/−) cells or CtBP
MEFs (CtBP+/−, CtBP−/−) cells were cultured in complete Dulbecco’s modified Eagle’s
medium (DMEM) similarly as described (9). Human colon cancer HCT116 cells were grown
in complete McCoy’s medium.

2.2 Plasmids
Plasmids used for artificial promoter reporter assay were as follows: pGL5-Luc reporter
plasmid, pM vector, pM/KLF4, pFLAG vector, pFLAG-CtBP1, pFLAG-CtBP2 (from Dr. G.
Chinnadurai), and pM/KLF4FM, a mutated version of KLF4 that harbors point mutations in
potential CtBP binding motif (Fig. 1A), IAP and KRT luciferase reporter constructs (from Drs
C. Liu and A. Rustgi respectively), pcDNA 3/Myc-His B vector (pMyc), pMyc-KLF4, and
pMyc-KLF4FM. All the cloned plasmids have been sequence confirmed.

2.3. Transient transfection and co-immunoprecipitation assays
Plasmids were transfected into indicated cells using Lipofectamine 2000 (Invitrogen). Proteins
were extracted, followed by Western blotting analysis using mouse anti-FLAG tag (SIGMA),
rabbit anti-Myc tag (ABR), rabbit anti-human β-actin (SIGMA) antibodies. Endogenous Co-
IP experiments were similarly performed using an anti-KLF4 antibody (Santa Cruz) and an
anti-CtBP1 antibody (Santa Cruz) together with IgG controls.

2.4. Chromatin immunoprecipitation (ChIP) assays
CHIP assays using AGS or KLF4 MEFs cells were performed as previously described (9).
Extracted DNA samples from transfected AGS cells were used to amplify promoter fragments
of KLF4 target genes. The promoter fragments of target human genes were amplified and the
primer pairs were as follows: CCND1 (Upper: 5’-TCTACACCCCCAACAAAACCAA-3’;
Lower: 5’-ACTCTTCGGGCTGCCTTCCTAC-3’), p21 (Upper: 5’-
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GACCGGCTGGCCTGCTGGAACT-3’; Lower: 5’-
GCACGCTTGGCTCGGCTCGGCTCTGG-3’), IAP (Upper: 5’-GGG CCC ATG GAA AAC
AGA CTC A-3’; Lower: 5’-AGACGCGTTGCCACTCCTTCAT-3’), Laminin α 1 (Upper: 5’-
GGCAAACAAAGTCGGGAACAAG-3’; Lower: 5’-TAGGAGGTGGGC
AGAGAAGGTG-3’), HDC (Upper: 5’-GAACTGAGGGCTCTTTTACG-3’; Lower: 5’-
CAGTGTGGGCCCTTTATTTA-3’ ) and Keratin-4 (Upper: 5′-
GATCGCCACCTACCGCAAACTG-3′; Lower: 5’-
GAGCCGGAGCCAAAGCCACTAC-3’). Extracted DNA samples from transfected KLF4
MEFs cells were used to amplify promoter fragments of KLF4 targets mouse genes. The primer
pairs used were as follows: CCND1 (Upper: 5’-CCCCCAGCGAGGAGGAA-3’; Lower: 5’-
AGGCGGACCCATTGCTTAGA-3’), IAP (Upper: 5’-CACCCAACCTGCAGGAGACAT A
-3′; Lower: 5’-GCTAGGGAACCAAGGCACCAG-3′), p21 (Upper: 5’-CTG CCT CCC GAG
TGC TGT G -3′; Lower: 5’-GGG GCC CCG ATG GTA CCG -3’), HDC (Upper: 5’-
TGGCAATTCTTCCCCCTTACG -3′; Lower: 5’-GCTCCTGCCCTGGCTTCTCTAT-3’)
and Keratin-4 (Upper: 5′ CTTGGCCTGGGTAGCGGTTTTT 3′; Lower: 5’
TGATGGTGGCGGAAGAGGTGAT3’). PCR products were analyzed on 2.0% agarose gels
containing ethidium bromide (0.25μg/ml).

2.5. Transient cotransfection and dual luciferase assays
HCT116 cells were used for transient co-transfection and dual luciferase assay using a previous
published protocol (9).

2.6. Total RNA isolation and quantitative Real-Time PCR
CtBP MEFs cells were grown to 80% confluence in 6-well plates and then the culture medium
was replaced by DMEM without FBS for another 1h, 2h, 4h and 8h, respectively. RNA samples
were then prepared, followed by the complimentary DNA (cDNA) synthesis, and quantitative
real-time PCR (qRT-PCR) analysis using the following primer pairs of mouse origin:
KLF4-5RT (5′ CAAGTCCCGCCGCTCCATTACCAA 3′) and KLF4-3RT (5′
CCACAGCCGTCCCAGTCACAGTGG 3′) for KLF4 gene, IAP-5RT (5′-
CGCCTATCTCTGTGGGGTCAAG -3′) and IAP-3RT (5′-TAGGTGCCGGCTGGAGAGG
-3′) for the IAP gene, Keratin-4-RT5 (5′ CTTGGCCTGGGTAGCGGTTTTT 3′) and
Keratin-4-RT3 (5′ TGATGGTGGCGGAAGAGGTGAT 3′) for Keratin-4 gene, CCND1-RT5
(5′ AGCCCCAACAACTTCCTCTCCT 3′) and CCND1-RT3 (5′
TTCCCCCTCCTCCTCAGTGG 3′) for CCND1 gene, and GAPDH-5RT (5′ GACATCAA
GAAGGTGGTGAAGC 3′) and GAPDH-3RT (5′ GTC CACCACCCTGTTGCTGTAG 3′)
for GAPDH gene. Transcript abundances were first normalized to the levels of GAPDH RNA,
and then to their own levels at the 0 time point in the presence of CtBP.

3. Results and Discussion
3.1 KLF4 interacts with CtBP1

Two Krüppel like family members, BKLF/KLF3 and KBKF3/KLF8 have been reported to
interact with CtBP through a PVDLT motif, which is highly similar to CtBP consensus binding
motif PXDLS (10,11). Sequence analysis revealed a potential CtBP binding motif at the N-
terminal of KLF4 (PYDLA, Fig 1A). To test the putative KLF4 and CtBP1 interaction, Co-
immunoprecipitation was performed. AGS cells, human gastric cancer cells where KLF4 is
expressed, were cotransfected with pMyc-KLF4 and pFLAG-CtBP1 expression vectors. Cell
lysates from transfected cells were then immunoprecipitated with an anti-Myc antibody and
an anti-FLAG antibody followed by immunoblotting with an anti-Flag antibody and an anti-
Myc antibody respectively. Immunoprecipation of pMyc-KLF4 was accompanied by detection
of pFLAG-CtBP1, and vice versa (Fig 1B). Consistently, endogenous Co-IP also showed the
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physical association between KLF4 and CtBP1 (Fig 1C). Taken together, these results indicated
that CtBP1 interacts with KLF4.

3.2 KLF4 and CtBP1 co-localized in promoter regions of some KLF4 downstream target
genes

CtBPs have been shown to act as transcriptional corepressor of many transcription factors that
are involved in important signaling transduction pathways, including transforming growth
factor beta (TGF-beta) signaling (12,13) and Notch signaling (14). If CtBP1 indeed interacts
with KLF4, it is expected that both proteins colocalize on the promoter regions of KLF4
downstream target genes. To test this possibility, chromatin immunoprecipitation assays were
performed using a colon cancer cell line (HCT 116 cells). These cells were transfected with
pMyc-KLF4 or pFlag-CtBP1 together with vector controls, followed by ChIP assays using an
anti-Myc or an anti-Flag antibody. As shown in Fig. 2A, DNA fragments of promoter regions
of some KLF4 human target genes, including Intestinal alkaline phosphatase (IAP) (15),
Keratin-4 (KRT4) (16), p21 (17), Cyclin D1 (CCND1) (18), Histidine decarboxylase (HDC)
(19), and Laminin α1 (LAMA1) (20), were amplified from both Myc IPs using pMyc-KLF4-
transfected elutes and Flag IPs using pFLAG-CtBP1-transfected elutes. Under the same
condition, no bands were seen from control vectors-transfected elutes, indicating that KLF4
and CtBP1 both are localized on the promoter regions of these KLF4 target genes. To further
examine the binding of CtBP1 with the promoters are dependent on KLF4, KLF4 knockout
MEFs were used for CHIP assays. As shown in Fig. 2B, whereas DNA fragments of promoter
regions of some KLF4 mouse target genes, including IAP, KRT4, p21, CCND1, and HDC,
were amplified after KLF4 transfection. These fragments were barely seen from Flag IPs using
pFLAG-CtBP1-transfected elutes without KLF4 transfection. However, after pMyc-KLF4 and
pFLAG-CtBP1 cotransfection, these bands are robustly amplified, indicating that CtBP1
binding with these promoters are KLF4-dependent, which further supports the interaction
between CtBP1 and KLF4.

3.3. CtBPs attenuated KLF4-mediated transcriptional activation
To analyze the role of CtBP1 in KLF4-mediated gene transcription regulation, we first used
an artificial reporter system, where KLF4 was recruited to the promoter region to activate
transcription (Fig 3A) (9), to perform a reporter assay. Since CtBP1 and CtBP2 have
overlapping functions (21), we used both CtBP1 and CtBP2 expression constructs. As seen in
Fig 3B, while CtBP1 and CtBP2 slightly activated the promoter activity, they significantly
compromised KLF4-mediated transcriptional activation (about 50% decrease). Interestingly,
when we introduced mutations in CtBP binding motif within KLF4, it did not significantly
influence KLF4-induced transcriptional activation. However, either CtBP1 or CtBP2
attenuated KLF4-mediated activity, suggesting that CtBP binding motif in KLF4 is critical for
CtBPs to regulate the activity of KLF4. Similarly, when the reporter constructs of two KLF4
target genes, including IAP and KRT4, were used in the same assay, CtBP1 significantly
compromised KLF4-mediated reporter activation. In addition, when the same mutant KLF4,
which harbors mutations in CtBP binding motif, was used, CtBP1 no longer inhibited KLF4-
mediated reporter activation (Fig 4A and 4B). All these data suggest that CtBP inhibited KLF4-
mediated transcriptional activation through CtBP binding motif. In order to examine if the
mutant KLF4 used in the reporter assay lost its ability to interact with CtBP1, co-
immunoprecipitation assay was performed. As shown in Fig 4C, while wild type pMyc-KLF4
was co-immunoprecipitated with pFLAG-CtBP1, the mutant KLF4 was not able to do so,
indicating that mutations in CtBP binding motif in KLF4 abolished the physical interaction
between KLF4 and CtBP1.
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3.4. Expression of KLF4 downstream target genes is dependent on the status of CtBPs
Overexpression of CtBP1 or CtBP2 or in combination of both in vitro resulted in no significant
changes of KLF4 expression (data not shown). We then serum starved the cells, which is an
efficient way to induce KLF4 expression. In order to further examine the importance of physical
interaction between KLF4 and CtBPs, we measured the expression of KLF4 downstream target
genes by quantitative RT-PCR (qRT-PCR) after KLF4 upregulation and in the presence and
absence of CtBP. CtBP+/− MEFs and CtBP−/− (CtBP1-CtBP2 -) MEFs were serum-starved for
1h, 2h, 4h and 8h. The RNA samples from these serum-starved and normally cultured cells
were used in qRT-PCR to study the changes in RNA levels of KLF4 and some of its target
genes. KLF4 RNA levels of both CtBP−/− and CtBP+/− MEFs were steadily increased when
cells were serum-starved from 1h toward 8h, with the highest RNA level at 8h time point (4.59
fold and 12.83 fold increase respectively when compare to that of 0h time point, Fig. 5A).
Consistent with the upregulation of KLF4 upon serum starvation, KRT4 mRNA levels were
similarly increased from 1hr to 8hr serum starvation. However, while the basal levels of KLF4
and KRT4 are very similar when cells are not serum starved in both CtBP−/− and CtBP+/−
cells, with serum starvation, the fold increase of KRT4 in CtBP−/− MEFs are much higher
than CtBP+/− MEFs (Fig 5B), that is significantly different from KLF4 increase upon serum
starvation. It appears that fold increase are very similar in both CtBP−/− and CtBP+/− MEFs
(Fig 5A). Although there might be other mechanisms for this difference, based on our studies
we would argue that CtBPs downregulate KLF4-mediated transcriptional activation. In the
absence of CtBP, this inhibitory effort is relieved, resulting in the upregulation of the
downstream target genes such as KRT4. A similar observation was also seen for p21, another
KLF4 target gene (Fig 5C). It should be noted that not all KLF4 downstream target gene behave
the same as KRT4 and p21, such as IAP and CCND1 (Fig 5D and data not shown), which
suggests the complexity of transcriptional regulation mediated by KLF4. For example, KLF3,
another known CtBP binder (22), is activated by KLF4 (23) which also binds CtBP from our
current study. It is likely that the CtBP-dependent effects may be mediated through KLF3 rather
than KLF4. On the other hand, we can not exclude the possibility that KLF4 mediates the
repression. Furthermore, KLF4 downstream target genes are not necessarily solely, or
exclusively KLF4 targets. KLF3, which can be activated by KLF4, also represses KLF8, and
KLF8 is also involved in the regulation of KLF4, so the situation is complex, and it may be
difficult to separate the effects (24,25). The existence of such cross-regulation and potential
redundancy between KLF family members makes it difficult to precisely explain how KLF4
represses gene expression through CtBPs.

In summary, our current study provides evidence of directly interaction between KLF4 and
CtBPs. It appears that this interaction is critical for CtBPs to attenuate KLF4-mediated
transcriptional activation, since mutations within the CtBP binding motif in KLF4 not only
abrogated the physical interaction between KLF4 and CtBP1, but also abolished the inhibitory
effort of CtBPs. At the present time, the physiological importance of the interaction remains
unknown. However, given the importance of the downstream target of KLF4, including p21
and CCND1, in the cell cycle control and tumor progression (26), it is likely that CtBP-mediated
attenuation of KLF4 activity plays an critical role in these processes. Recently, KLF4 has been
shown to have important functions in stem cell biology (27,28). On the other hand, CtBP
partially mediated the effect of TCF3 in maintaining pluripotency and self-renewal of mouse
embryonic stem cells (29). It will be very interesting to examine if the regulation of KLF4 by
CtBPs plays any roles in stem cell self-renewal or differentiation.
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Figure 1.
CtBP1 associated with KLF4. A: The sequences of CtBP consensus binding motif, potential
hKLF4 CtBP binding motif and the mutant hKLF4 binding motif. B. Co-IP and Western Blot
analysis to examine the physical interaction between pMyc-KLF4 and pFLAG-CtBP1.
Transient transfections using AGS cells, Co-IP, and Western blotting were performed as
described in Materials and Methods. C. Endogenous Co-IP and Western Blot analysis. Protein
extracts from AGS cells and anti-KLF4 and anti-CtBP1 antibodies were used for the assay.
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Figure 2.
CtBP1 co-localized with KLF4 on the promoters of KLF4 downstream target genes. A. AGS
cells were transfected by pMyc-KLF4, pFLAG-CtBP1, and the respective vectors. CHIP assays
were performed to examine the occupancy of KLF4 and CtBP1 on the promoters of KLF4
downstream target genes, including IAP, KRT4, p21, CCND1, HDC and LAMA1. (B). pMyc-
KLF4, pFLAG-CtBP1 KLF4, and the respective vectors with different combinations were
transfected into KLF4 null MEFs for CHIP assays. Occupancy of CtBP1 on the promoters of
IAP, KRT4, p21, CCND1, and HDC were examined to test the dependence of KLF4.
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Figure 3.
CtBPs attenuated KLF4-mediated transcriptional activation. (A): A diagram of an artificial
pGL5-Luciferase reporter system was shown, where KLF4 is recruited to the proximal
promoter region to activate transcription. (B): Overexpression of CtBP1 and CtBP2
significantly reduced KLF4-mediated transcriptional activation. Transient co-transfections
with pGL5 reporter construct and pM vector, pM/KLF4, pM/KLF4 and pFLAG-CtBP1 and
pFLAG-CtBP2 with different combination were performed in HCT116 cells, followed by dual
luciferase assay as described in Materials and Methods. Means ± SD for 3 independent
experiments were shown.
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Figure 4.
CtBPs attenuated KLF4-mediated IAP and KRT4 reporter activation. Similar to Fig 3B except
IAP promoter reporter (A) or KRT4 reporter (B) construct was used instead of pGL5 reporter.
C. Mutations in CtBP binding motif in KLF4 abolished interaction between KLF4 and CtBP1.
Wild type (pMyc-KLF4) and mutant KLF4 (pMyc-KLF4M) that harbors mutations in CtBP
binding motif were cotransfected with pFLAG-CtBP1 and co-immunoprecipatation assays
were performed to examine the interaction between KLF4 and CtBP1 as described in Figure
1B.
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Figure 5.
Expression of KLF4 downstream target genes is dependent on the status of CtBPs. CtBP+/-

and CtBP−/− MEFs were cultured in the presence and absence of serum for 1 to 8 hrs. Total
RNA samples were prepared at each time point followed by quantitative RT-PCR analysis to
examine the expression levels of KLF4 (A), KRT4 (B), p21 (C), and IAP (D). Transcript
abundances were normalized to levels of GAPDH RNA and were expressed as relative values.
Means ± SD for 3 independent experiments were shown.
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