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C-terminal binding protein 2 (CtBP2) is a transcriptional co-repressor involved in cell migration, apopto-
sis, and tumorization. Up-regulation of CtBP2 is implicated in various human cancers including breast
cancers. In our present study, we found that the C-terminus of Hsc70-interacting protein (CHIP) regulated
the steady-state level of CtBP2. CHIP interacted with CtBP2 via a tetratricopeptide domain in the nucleus
and ubiquitinated CtBP2, marking it for proteasomal degradation. Depletion of CHIP resulted in stabiliza-
tion of the CtBP2 protein, which was not affected by ultraviolet irradiation. Finally, CHIP expression reg-
ulated the expression of CtBP2 target genes. Taken together, our data demonstrate that CHIP regulates the
steady-state level of CtBP2 as an E3 ubiquitin ligase and determines the expression levels of CtBP2 target
genes. Regulating CtBP2 levels with CHIP may be a useful therapeutic strategy in human cancers.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction Several reports suggest that CtBPs may play a role in tumoriza-
C-terminal binding proteins (CtBPs) were originally identified
as proteins that bind to the C-terminus of E1A proteins in human
adenovirus [1]. CtBPs are transcriptional co-repressors and are in-
volved in diverse cellular events including cell migration, apopto-
sis, and tumorization [2,3] during which CtBPs represses
expression of several epithelial genes such as E-cadherin [4,5], Ker-
atin 8 [4], and apoptotic genes such as Bax [4] and Bik [6]. CtBPs are
highly conserved among species, and two CtBP genes (CtBP1 and
CtBP2) have been identified in the human genome [7]. The human
CtBP1 and CtBP2 proteins share 78% amino acid homology [7] and
have common target genes [4–6]. Nevertheless, ctbp1�/� and
ctbp2�/� mice show clear phenotypic differences. ctbp2�/� mice
show embryonic lethality due to severe defects in early embryonic
development, whereas ctbp1�/� mice have a shorter but near nor-
mal lifespan [8], suggesting that the functions of these proteins
may be differentially regulated despite sequence homology and
partially redundant activities.
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; CHIP, C-terminus of Hsc70-
rotein kinase; XIAP, X-linked

n; TPR, tetratricopeptide; RT-
; BiFC, biomolecular fluores-

anopharmaceutical Sciences,
oegi-dong, Dondaemoon-gu,
4.
tion [3]. Genomic studies revealed CtBP1 and CtBP2 as biomarkers
in colon carcinoma [9] and prostate cancer [10]. Up-regulation of
CtBPs has been reported. Elevated CtBP1 protein is implicated in
initiation of human adenoma [11], and CtBP2 protein is highly ex-
pressed in breast [12] and ovarian cancers [13]. In addition, high
expression of both proteins has been reported in colon cancer
[14]. Recently, elevated CtBP2 has been shown to play a role in
ovarian tumorization by modulating histone deacetylase activity
[15]. Collectively, these studies indicate that abundance of CtBP
proteins is a crucial factor in tumorization and understanding
how CtBP proteins are regulated is important.

Regulation of CtBPs involves tumor suppressors and subsequent
proteasome activity. Adenomatous polyposis coli targets CtBP1 for
degradation [11]. CtBPs are phosphorylated by homeodomain-
interacting protein kinase-2 (HIPK2) upon ultraviolet (UV) irradia-
tion and subsequently targeted for proteasome-dependent degra-
dation [16]. Alternative reading frame also targets CtBPs for
proteasomal degradation and triggers Bik-dependent apoptosis
[6]. We previously identified X-linked inhibitor of apoptosis pro-
tein (XIAP) as an E3 ligase for CtBP1 and showed that the expres-
sion of CtBP1 target genes is affected by CtBP1 levels, which are
determined by XIAP [17]. However, how CtBP2 is regulated re-
mains unknown.

C-terminus of Hsc-70 interacting protein (CHIP) was originally
identified as a co-chaperone E3 ligase, which ubiquitinates mis-
folded or abnormal proteins presented by molecular chaperones
such as heat shock protein (Hsp)70 and is thereby implicated in
protein aggregation diseases [18]. However, recent reports have
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demonstrated that CHIP plays an important role in tumorization by
specifically regulating tumor-related proteins in oncogenic path-
ways [19–22].

Here, we investigated whether CHIP and/or XIAP affected the
steady-state level of CtBP2. We examined whether CHIP functioned
as an E3 ligase to regulate the levels of CtBP2 in ubiquitin–protea-
some-dependent manner. Finally, we investigated the role of CHIP
in the transcription of CtBP2 target genes.

2. Materials and methods

2.1. Antibodies and immunoprecipitation

Anti-CtBP2 and anti-XIAP (BD Biosciences), anti-Myc (Upstate),
anti-HA (Covance), anti-tetraHis (QIAGEN), anti-BAX (Cell Signal-
ing), anti-GST (Santa Cruz Biotechnology), and anti-actin (Bethyl)
were used for Western blotting (WB) or immunoprecipitation.
For immunoprecipitation, lysates were incubated with the indi-
cated antibody overnight at 4 �C, and immunocomplexes that were
recovered with protein-A Sepharose (Sigma) were washed three
times with washing buffer (20 mM Tris pH 8.0, 150 mM NaCl,
1 mM EDTA, 0.1% Triton X100) and analyzed with WB.

2.2. siRNA and UV irradiation

HeLa cells or MCF7 cells were transfected with 100 pmol XIAP
siRNA (Ambion), CHIP siRNA (Dhamacon), or scrambled RNA (Gen-
olution) using Lipofectamine 2000 (Invitrogen) or X-tremeGENE
HP DNA Transfection Reagent (Roche). After 48 h, cells were har-
vested and lysed for WB. U2OS cells were transfected with
100 pmol CHIP siRNA or scrambled RNA. After transfection for
48 h, cells were washed with phosphate-buffered saline (PBS)
and treated with 20 J/m2 UV/C. Twelve hours after irradiation,
the cells were harvested for WB.

2.3. Reverse transcription–polymerase chain reaction (RT–PCR)
analysis

Total RNA was isolated using easy-spin™ (iNtRON) according to
manufacturer’s instructions. Synthesis of cDNA was performed
with M-MuLV reverse transcriptase (MP Biomedicals). RT–PCR
was performed using a Maxime PCR PreMix kit (iNtRON) according
to manufacturer’s instructions. The primer sets used were Bik
(sense: 50-TCCTATGGCTCTGCAATTGTCA-30, antisense: 50-GGCAGG
AGTGAATGGCTCTTC-30), E-cadherin (sense: 50-TGCCCAGAAAATG
AAAAAGG-30, antisense: 50-GGATGACACAGCGTGAGAGA-30), Bax
(sense: 50-ACCAAGAAGCTGAGCGAGTGTC-30, antisense: 50-AGAA
AGATGGTCACGGTCTGCC-30), Sirt1 (sense: 50-GCAGATTAGTAGGC
GGCTTG-30, antisense: 50-TCTGGCATGTCCCACTATCA-30), p21
(sense: 50-TGGGGATCGCCGTCAGAACCC-30, antisense: 50-TTAG
GGCTTCCTCTTGGAGAA-30), and GAPDH (sense: 50-AGTCAACGGA
TTTGGTCGT-30, antisense: 50-TTGATTTTGGAGGGATCTCG-30). PCR
products were electrophoresed on 2% agarose gels followed by
staining with ethidium bromide.

2.4. Protein half-life

U2OS cells were transfected with empty vector or HA-CHIP.
Twenty-four hours after transfection, cells were treated with
200 lg/ml cyclohexamide and harvested at 0, 4, 8, and 12 h. Cells
were lysed with lysis buffer, and samples were subjected to WB.

2.5. GST pull-down assay

GST-CtBP2, CHIP-6His, and Hsp70-6His were generated by clon-
ing into pGEX4T-1 and pET 23a vectors and were purified. GST or
GST-CtBP2 on glutathione-agarose beads (GE Healthcare) were
incubated with CHIP-6His and/or Hsp70-6His in lysis buffer for
2 h at 4 �C in a rotator. The glutathione beads were washed three
times with 500 ll wash buffer. Precipitated proteins were eluted
by adding 1� sodium dodecyl sulfate (SDS) sample buffer and de-
tected by immunoblotting with anti-His antibodies.

2.6. His pull-down assay

Hsp70-6His on Ni–NTA-agarose beads (QIAGEN) were incu-
bated with GST, GST-CHIP, and GST-CtBP2 in lysis buffer for 2 h
at 4 �C in rotator. The Ni–NTA beads were washed three times with
500 ll wash buffer. Precipitated proteins were eluted by adding 1�
SDS sample buffer and detected by immunoblotting with anti-GST
antibodies.

2.7. Biomolecular fluorescence complementation (BiFC) assay

For this assay, we cloned CtBP2 into the pBiFC-VN 173 vector
and the CHIP gene into the pBiFC-VC 155 vector (a kind gift from
Dr. Lee K.H. at Chosun Univ.). HeLa cells were co-transfected with
BiFC expression vectors. After incubation for 18 h, cells were
washed with PBS, fixed in 3.7% paraformaldehyde, and washed
twice with PBS. After washing, cells were stained with DAPI and
mounted on glass slides. To capture BiFC images, samples were
analyzed with confocal microscopy.
3. Results and discussion

3.1. The CtBP2 protein level is inversely correlated with CHIP
expression

Previously, we demonstrated that XIAP functions as an E3 ubiq-
uitin ligase for CtBP1 and regulates the steady-state level of CtBP1
via the ubiquitin–proteasome pathway [17]. As CtBP1 shares high
homology in protein sequence with CtBP2, we tested whether
CtBP2 protein level was affected by XIAP expression. CtBP2 protein
levels did not decrease. Rather, they greatly increased when XIAP
was expressed in a dose-dependent manner in U2OS cells
(Fig. 1A, left). Similar results were obtained in HeLa cells (data
not shown). However, no change in CtBP2 protein level was ob-
served in cells depleted of XIAP by siXIAP compared to control cells
(Fig. 1A, right). Our results were confusing because XIAP expres-
sion somehow stabilized and increased CtBP2 protein, but on the
other hand, XIAP depletion showed no obvious change in the CtBP2
protein level. Therefore, we concluded that XIAP may regulate
CtBP2 differently than it regulates CtBP1.

Recently, CtBP2 and Hsp70 were shown to be associated, to-
gether with synaptic ribbons in photoreceptors and in hair cells
[23]. CHIP is a co-chaperone E3 ligase that regulates the client pro-
teins of Hsp70. Therefore, we hypothesized that CHIP may be in-
volved in regulating CtBP2, and tested whether overexpression of
CHIP affects CtBP2 level in U2OS cells. The protein level of CtBP2
decreased upon overexpression of CHIP in a dose-dependent man-
ner (Fig. 1B, left). The steady-state level of CtBP2 protein was also
significantly up-regulated when CHIP was depleted with siCHIP
(Fig. 1B, right).Taken together, these results demonstrate that the
steady-state level of CtBP2 is inversely correlated with CHIP
expression and suggest that CHIP, but not XIAP, may regulate the
level of CtBP2 protein as an E3 ubiquitin ligase.

3.2. CHIP interacts with CtBP2 via a tetratricopeptide (TPR) domain

To examine whether CHIP interacts with CtBP2, we expressed
Myc/His-CtBP2 and HA-CHIP in HEK293 cells and performed
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Fig. 1. The CtBP2 protein level is inversely correlated with CHIP expression. (A) U2OS cells were co-transfected with Myc/His-CtBP2 and increasing amounts of 6Myc-XIAP.
After transfection for 24 h, the cells were lysed for WB using anti-Myc and anti-actin. HeLa cells were transfected with scRNA (scrambled RNA) and siXIAP for 48 h. (B) U2OS
cells were co-transfected with Myc/His-CtBP2 and increasing amounts of HA-CHIP. After transfection for 24 h, the cells were lysed for WB using anti-Myc, anti-HA, and anti-
actin. HeLa cells were transfected with scRNA and siCHIP for 48 h. The steady-state level of CtBP2 was elevated in cells depleted of CHIP with siCHIP.

420 J.S. Lee, S.J. Yoo / Biochemical and Biophysical Research Communications 432 (2013) 418–424
co-IP experiments with anti-Myc for CtBP2. WB showed strong
binding of CHIP with CtBP2 (Fig. 2B). The interaction of CHIP with
target proteins is mostly mediated by Hsp70 via a TPR domain at
the N-terminus of CHIP [24]. The primary structure of CHIP protein
does not contain a typical PXDLS motif, which most CtBP-interact-
ing proteins have [2], collectively suggesting that their interaction
may require a mediator such as Hsp70. Therefore, we investigated
the region of CHIP required for its interaction with CtBP2 and
whether a mediator is necessary for interaction of CHIP with CtBP2.
We generated various CHIP deletion mutants (Fig. 2A, left), includ-
ing a U-box deletion mutant, which cannot bind to the E2 ubiquitin
conjugating enzyme, a TPR deletion mutant in which the Hsp70
interaction domain is deleted, and more specifically, a CHIP K30A
mutant that does not interact with Hsp70 [24]. Co-immunoprecip-
itation experiments revealed that CtBP2 interacted with the U-box-
deleted CHIP mutant and the CHIP K30A mutant but clearly not
with the TPR-deleted CHIP mutant. The interaction of CtBP2 with
the CHIP K30A mutant appeared weaker compared to the interac-
tion with CHIP WT (Fig. 2A, right). These results suggest that CtBP2
interacts with CHIP via a TPR domain, but the interaction of CtBP2
with CHIP may be partially dependent on Hsp70.

CHIP has recently been shown to interact with target proteins
independent of molecular chaperones [25], and CHIP and its target
protein physically interact [26]. Therefore, we further investigated
the interaction of CtBP2 with CHIP using in vitro binding assays.
First, we carried out GST pull-down assays using purified CHIP-
6His, Hsp70-6His, and GST-CtBP2 or GST beads to see if CHIP di-
rectly bound to CtBP2. WB showed that no CHIP-6His protein
bound to GST-CtBP2 beads in the absence or presence of Hsp70-
6His, indicating that neither CHIP or Hsp70 directly binds to CtBP2
(Fig. 2B). Second, to confirm that Hsp70 does not bind to CtBP2, we
carried out His pull-down assays using purified GST, GST-CHIP,
GST-CtBP2, and Hsp70-6His beads. GST-CtBP2 did not bind to
Hsp70-6His, whereas GST-CHIP bound to Hsp70-6His (Fig. 2C),
suggesting that Hsp70 may not mediate the interaction of CtBP2
with CHIP. These results indicate that CtBP2 does not directly bind
to CHIP and thus requires a mediator to interact with CHIP in vivo,
suggesting that another mediator rather than Hsp70 exists.

Next, to investigate where the interaction of CHIP and CtBP2 oc-
curs in cells, we performed BiFC assays [27], which are based on
the association of green fluorescent protein (GFP) fragments at-
tached to components of the same macromolecular complex. If
two proteins that are each attached to one half of the GFP (N-ter-
minus or C-terminus fragment) interact in the same macromolec-
ular complex in cells, the two GFP fragments combine to reform
the holoprotein, and a fluorescent signal is emitted. In the present
study, HeLa cells were co-transfected with VN173-CtBP2 and
VC155-empty vector or VC155-CHIP (see Section 2) for 18 h, and
the cells were visualized with confocal microscopy. GFP signals
generated by the interaction of CtBP2 and CHIP were detected in
the nucleus and in the perinuclear region (Fig. 2D, bottom). As a
transcriptional co-repressor, CtBP2 is exclusively localized in the
nucleus [28]. CHIP is localized mostly in the cytoplasm, but recent
reports indicate that CHIP also functions in the nucleus as an E3 li-
gase [29]. Altogether, these data demonstrate that CHIP interacts
with CtBP2 via a TPR domain in the nucleus, but another mediator
rather than Hsp70 may be needed for the interaction of CtBP2 with
CHIP.

3.3. CtBP2 is regulated by CHIP in a ubiquitin–proteasome-dependent
manner

Next, we tested whether CHIP ubiquitinates CtBP2 and modu-
lates its stability. HEK 293T cells were co-transfected with HA-Ub
and Myc/His-CHIP WT or the CHIP deletion mutants (Fig. 2A, left)
for 24 h and treated with the proteasome inhibitor, MG132 for an-
other 6 h. Co-IPs with anti-CtBP2 showed that endogenous CtBP2
was ubiquitinated by CHIP WT for proteasomal degradation
(Fig. 3A). Less ubiquitinated CtBP2 was detected when CHIP K30A
was expressed, indicating that the efficiency of CtBP2 ubiquitina-
tion may depend on the strength of the interaction between CtBP2
and CHIP (Fig. 2A). However, no ubiquitinated CtBP2 was detected
when the U-box-deleted CHIP mutant was expressed. Considering
that the U-box-deleted CHIP mutant interacted with CtBP2
(Fig. 2A), these results indicate that the U-box is responsible for
the ubiquitinating activity of CHIP on CtBP2 as an E3 ubiquitin
ligase.

Next, we examined the stability of CtBP2 in U2OS cells by mea-
suring its half-life following cyclohexamide treatment. The result
showed that the half-life of endogenous CtBP2 in cells overexpress-
ing CHIP was substantially shorter than in parental control cells
(Fig. 3B). Taken together, these results demonstrate that the CtBP2
protein level was regulated by a CHIP-dependent ubiquitin–pro-
teasome pathway.
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UV irradiation decreases the protein level of CtBPs in cancer
cells, and CtBPs are stabilized by MG132 treatment [15]. Our data
showed that CHIP depletion resulted in up-regulation of the stea-
dy-state level of CtBP2 (Fig. 1B) and that CHIP ubiquitinated CtBP2
for proteasomal degradation (Fig. 3A). Thus, we expected that CHIP
would negatively regulate the level of CtBP2 protein upon UV irra-
diation. Our result confirmed the previous finding and showed that
UV irradiation down-regulated CtBP2 in control U2OS cells with
scRNA and CtBP2 was up-regulated in CHIP-depleted U2OS cells
(Fig. 3C). As expected, we observed that the up-regulated CtBP2
protein was stabilized and not decreased in CHIP-depleted U2OS
cells upon UV irradiation (Fig. 3C), strongly suggesting that CHIP
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functions as an E3 ligase to negatively regulate CtBP2 upon UV
irradiation.

HIPK2 is the main mediator that phosphorylates and degrades
CtBPs via a UV-induced signaling pathway, and the kinase activity
of HIPK2 is essential for degradation of CtBPs [16]. These reports
and our results raised the possibility that CHIP may regulate CtBP2
via a HIPK2-dependent signaling pathway. We first examined
whether CtBP2 was degraded in the presence of HIPK2 without
UV irradiation. CtBP2 was significantly down-regulated when WT
HIPK2 was expressed, but when the HIPK2 KD (kinase dead) mu-
tant, which does not have kinase activity, was expressed, the level
of CtBP2 protein was increased (Fig. 3D, left), confirming that
CtBP2 was degraded in a HIPK2 kinase activity-dependent manner
as reported [16]. Next, we examined whether the regulation of
CtBP2 by CHIP was affected by co-expression of the HIPK2 KD mu-
tant in U2OS cells. Overexpression of CHIP only significantly down-
regulated CtBP2 (also shown in Fig. 1B, right), but co-expression of
CHIP with HIPK2 KD elevated CtBP2 protein to a level much higher
than in control cells (Fig. 3E). Thus, CHIP may negatively regulate
CtBP2 as an E3 ubiquitin ligase via a HIPK2-dependent signaling
pathway.

3.4. Regulation of CtBP2 by CHIP affects the expression of CtBP2 target
genes

Our results suggested that regulation of CtBP2 by CHIP may
influence the expression of CtBP2 target genes. To test our hypoth-
esis, we analyzed the transcript levels of CtBP2 target genes such as
E-cadherin [4,5], Bik [6], Sirt1 [30], and p21[4] in U2OS cells trans-
fected with scRNA or siCHIP. CHIP depletion resulted in up-regula-
tion of the steady-state level of CtBP2 protein (Fig. 4A, bottom),
consistent with the results shown in Figs. 1B and 3C. Consequently,
RT–PCR results showed that E-cadherin mRNA levels in CHIP-de-
pleted cells were significantly reduced compared to control cells,
and the mRNA levels of the other genes tested were also down-reg-
ulated (Fig. 4A), demonstrating that transcription of CtBP2 target
genes was greatly repressed by the up-regulated CtBP2 in CHIP-de-
pleted cells.

The pro-apoptotic protein Bax is negatively regulated by CtBPs
[4], and increased Bax expression sensitizes human breast cancer
MCF7 cells to a variety of stresses and induces apoptosis [31]. Thus,
we examined whether CHIP regulates the level of Bax in MCF7
cells. When we depleted CHIP with siCHIP in MCF7 cells, Bax mRNA
was significantly reduced compared to control cells. On the con-
trary, Bax mRNA increased in HA-CHIP-overexpressing cells
(Fig. 4B). In addition, the protein level of Bax was reduced in
CHIP-depleted cells but increased in CHIP-overexpressing cells
(Fig. 4C), suggesting that CHIP may determine the level of Bax by
regulating CtBP2 protein. Taken together, these results suggest that
transcription of CtBP2 target genes may be determined by the stea-
dy-state level of CtBP2, which is regulated by CHIP.

CtBP2 was recognized as an oncogenic protein that represses
pro-apoptotic genes, and elevated CtBP2 is implicated in various
human cancers including breast cancer [12–14], suggesting that
maintaining a proper level of CtBP2 is crucial for preventing tum-
orization. Our study provides the first evidence that CHIP as an E3
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ubiquitin ligase negatively regulates CtBP2 in a ubiquitin–protea-
some-dependent manner. CHIP was originally identified as a qual-
ity control E3 ubiquitin ligase, but recent evidence suggests that
CHIP functions as a tumor suppressor protein to regulate tumor-re-
lated proteins. CHIP protein is decreased in human breast cancer
tissues and is inversely correlated with their malignancy [21].
The physiological relevance of CHIP and CtBP2 to the pathogenesis
of human breast cancer has never been addressed, but our present
study implies that the elevated CtBP2 observed in human breast
cancer [12] may be due to inefficient regulation caused by low lev-
els of CHIP protein and may contribute to the anti-apoptotic prop-
erty of human breast cancer by repressing pro-apoptotic gene
expression.

In summary, our results demonstrate that CHIP negatively reg-
ulates the steady-state level of CtBP2 through its E3 ligase activity,
and thereby, regulates the transcription of CtBP2 target genes. Bet-
ter understanding of the regulatory mechanism of CtBP2 by CHIP
may provide a useful strategy for treating various human cancers.
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