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A B S T R A C T   

The classical role of C-terminal binding protein (CtBP) is that of a global corepressor. However, its exact 
mechanism of repression is not known. In this review, we elucidate the repression motif used by CtBP. Further, 
we provide other unifying features of its mechanism of action. For example, in the presence of a high NADH/ 
NAD+ ratio in the cell, causing a low glycolytic condition, the NADH-bound dimeric form of CtBP causes global 
repression, maintaining balances and homeostases of many cellular processes, under the cell surveillance of p53 
and NFkB. In contrast, in the presence of a low NADH/NAD+ ratio, causing a high glycolytic condition, the 
NADH-free monomeric form of CtBP blocks p53 function and NFkB-mediated transcription. Further, a low 
NADH/NAD+ ratio upsets the homeostases and balances in the absence of the cell surveillances of p53 and NFkB, 
causing global instability, the dominant outcome of CtBP's action in carcinogenesis, in cells in a high glycolytic 
state.   

1. Introduction 

C-terminal binding proteins (CtBPs), which are highly conserved 
among vertebrates and invertebrates, share amino acid homology with 
NAD-dependent 2-hydroxy acid dehydrogenases (Fig. 1A) [1]. CtBP1 
was originally identified based on its interaction with the C-terminal 
region of the human adenovirus E1A proteins [1]. Subsequently, a 
highly homologous human protein CtBP2 was identified [1]. Further, an 
N-terminally truncated version of CtBP1 (named CtBP3), exhibiting 
acyltransferase activity, has been found [1] [2]. Using acyl CoA in Golgi, 
CtBP3 selectively catalyzes the acylation of lysophosphatidic acid [1] 
[2]. 

CtBP links DNA/histone modifying proteins to sequence-specific 
DNA binding proteins and functions as a corepressor [3]. The core
pressor activity of CtBP is NADH-dependent [4]. NADH induces dimer
ization of CtBP, thereby, regulating its function [5], which differs from 
that of the monomeric form of the protein. Further, CtBPs act as sensors 
of the oxygen level of the microenvironment [6]. The oxygen level of a 
cell's microenvironment is inversely correlated with the NADH con
centration within the cell [7]. Thus, the hypoxic conditions increase 
NADH levels and dimerization of CtBP in the cell. 

Several corepressors function by inducing the removal of the acetyl 
group from the N-terminal tails of histones through histone deacetylases 
(HDACs), causing chromatin condensation and restricting access of the 
transcription factors to the promoter [1]. CtBP can interact with histone 

deacetylase HDAC1 [8]. Further, CtBP has been shown to act as a 
corepressor along with the ternary complex factor, Net [9]. CtBP-Net 
complex represses target genes in a deacetylase activity-dependent 
manner [9]. On the other hand, it can also repress some promoters in 
deacetylase independent manner [10] [11]. Thus, there are different 
mechanisms of repression used by CtBP, and further clarity on its 
mechanism of action is required. 

Repressors can be distinguished based on the range of their repressor 
activity [12]. Short-range repressors bind close to (≤100 bp) the acti
vators within enhancers, acting on the element only to which they are 
directly bound [12]. On the other hand, long-range repressors can 
repress over distances of >1 kbp and can repress many enhancer ele
ments simultaneously [12] [13]. Short-range repressors usually recruit 
evolutionarily conserved corepressor CtBP [12]. Thus, CtBP may be 
called a global corepressor. 

Here, we found that CtBP uses a common regulatory motif for 
repression in many different contexts (Fig. 1B). A common structure of 
its repression is that, at the promoter, both an activator complex and a 
repressor complex, having CtBP as a corepressor, form and both com
plexes share a protein. The likely role of this motif is to establish a 
balance between gene activation and repression due to the limiting 
availability of the shared protein, controlling the transcription rate. On 
the other hand, disturbing this balance may act as a switch. In agree
ment, we found that a common feature of CtBP-mediated repression is to 
maintain balances and regulate homeostasis of different kinds. 
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Due to its dependence on NADH, CtBP's function and activity are 
different in different glycolytic states, caused by the NADH/NAD+ ratio 
in the cells. Normal cells are usually in a low glycolytic state in which the 
maintenance of the balances of various biological processes, under 
proper cell surveillance, is important. On the other hand, cancer cells 
may be characterized by broken/overridden cell surveillance in a high 
glycolytic state. We elucidate the difference in the function of CtBP in 
high vs. low glycolytic states of the cells. These observations bring a 
unifying portrayal of the CtBP-mediated repressions, including that of 
the motif of the repression, the regulation of CtBP by NADH, the role of 
the oligomeric states of CtBP, and the biological function regulated by 
these states. 

2. The motif of repression used by CtBP 

Here, we have collated different phenomena of repression mediated 
by CtBP and found that it uses a common motif in many different kinds 
of repression (Fig. 1B). This motif is involved in balancing the tran
scription of the target genes and maintaining homeostasis. 

2.1. The control of the Wnt signaling in epidermal cells 

The homeodomain interacting protein kinase 2 (HIPK2) forms a 
complex with CtBP and represses β-catenin/LEF-1 mediated transcrip
tion of cyclin D1, which is involved in epidermal stem cell proliferation 
and increases susceptibility to develop squamous cell carcinoma [14]. 
HIPK2 forms a complex with β-catenin/LEF1 and CtBP and represses 
β-catenin/LEF1 mediated transcription [14] (Fig. 2A). Appropriate Wnt 
pathway activity is important in maintaining a balance between 
epidermal stem cell compartment and epidermal differentiation [14] 
[15]. This balance is maintained by the transcriptional activator β-cat
enin/LEF1 and the repressor complex LEF1/HIPK2/CtBP [14] [15] 
acting together on the Wnt target genes. The balance of the Wnt 
signaling is implicated in epidermal homeostasis [15], which is impor
tant in preventing squamous cell carcinoma development. Further, in 
this regulation, LEF1 is shared between the activator and the repressor 
complexes (Fig. 2A). 

2.2. The control of the Wnt signaling in gastrointestinal cancer cells 

Gastrins cause the proliferation of gastrointestinal cancer cells [16]. 
The gastrins, Gamide and Ggly, caused the dissociation of β-catenin from 
E-cadherin, translocation of β-catenin to the nucleus, and association of 
β-catenin to TCF4 in PAK1 dependent manner [16]. On the other hand, 
TCF4 also binds with CtBP and functions as a corepressor of Wnt target 
genes [17]. Thus, TCF4 is shared between the Wnt activator and the 
repressor complexes (Fig. 2B). Further, a kinase-inactive mutant of 
PAK1 blocked the effect of gastrins on β-catenin's association with TCF4 
and expression of β-catenin target genes, c-Myc and cyclin D1 [16]. 

Furthermore, PAK1 binds and phosphorylates CtBP at the Ser158 posi
tion, causes its cellular redistribution, and blocks its corepressor func
tion [3]. Thus, the activator complex β-catenin-TCF4/LEF and the 
repressor complex TCF4-CtBP maintain a balance of the Wnt signaling 
and PAK1 can tilt this balance in the favor of the transcription of Wnt 
target genes by blocking the corepressor function of CtBP (Fig. 2B). 
Therefore, PAK1 acts as a signaling switch in the TCF4 and CtBP 
implemented balance of the Wnt signaling in gastrointestinal cancer 
cells. 

2.3. The control of cell cycle by BRCA1 

RB Binding Protein 8 (RBBP8)/CtIP, a protein involved in DNA 
double-strand break repair, interacts with CtBP and BRCA1, increases 
cyclin D1 and CDK4 levels facilitating G1-S transition, and is upregu
lated in gastric cancer tissues [18]. Further, BRCA1 transactivates p21 
[19]. On the other hand, CtIP-CtBP-BRCA1 causes p21 promoter 
deacetylation, inhibiting p21 transcription and promoting the G1-S 
transition of gastric cancer cells [18]. Thus, CtBP maintains a balance 
of cell cycle through the control of p21 transcription (Fig. 2C) and 
BRCA1 is shared between the activator and the repressor complexes. 

2.4. The control of TGFβ signaling 

TGFβ signaling is important in balancing the differentiation and 
proliferation of cells [20]. In this context, TGFβ/BMP signaling causes 
activation and nuclear translocation of Smad, which activates tran
scription by recruiting P/CAF and p300 [20] (Fig. 2D). Further, TGFβ/ 
BMP signaling is affected in opposite ways by the EB family of zinc finger 
proteins, ZEB1 and ZEB2 [20]. ZEB1 helps the Smad-mediated tran
scriptional activation by binding with p300, while ZEB2 represses it by 
making a complex with CtBP [20]. Further, ZEB1 also forms a repressor 
complex with CtBP [21]. Thus, ZEB proteins form an activator complex, 
Smad-p300-P/CAF-ZEB1, and a repressor complex, ZEB1/ZEB2-CtBP, 
balancing TGFβ signaling (Fig. 2D). This model of regulation of the 
TGFβ signaling by ZEB proteins is found in Xenopus development [20]. 

2.5. The control of E-cadherin gene expression 

Pinin/DRS (Pnn), a nuclear protein involved in mRNA processing 
and cell adhesion, associates with transcription machinery causing E- 
cadherin expression while CtBP1 represses the E-cadherin promoter 
[22] (Fig. 2E). On the other hand, Pnn binds CtBP1 and blocks CtBP 
mediated repression of E-cadherin [22], acting as a switch (Fig. 2E). 
Further, Pnn positively affects E-cadherin mRNA splicing whereas CtBP 
affects it negatively [23]. Thus, Pnn and CtBP maintain a balance of E- 
cadherin expression both at the transcription and post-transcription 
levels, and the Pnn-mediated block of the CtBP repression activity tilts 
this balance in the favor of E-cadherin transcription (Fig. 2E). 

Fig. 1. Domain structure of CtBP and the general regulatory motif used by CtBP in repression. (A) Domain structure of human CtBP1 [1] (More detailed structure in 
[1]). The regions of highest homology with 2-hydroxy acid dehydrogenases have been shown in yellow [1] (B) The regulatory motif used in CtBP-mediated 
repression. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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In the section above, we have shown that CtBP-mediated repression 
uses a common motif, sharing a protein between the activator and the 
repressor complexes regulating a gene (Fig. 1B). This factor may connect 
the repression motif to additional regulatory networks (Fig. 1B). 
Further, in this motif, CtBP may be negatively regulated, blocking its 
repressor activity and creating a switch (Fig. 1B). Notably, CtBP re
presses Wnt target genes, which are pro-proliferation. In contrast, it also 
represses p21, which blocks cell cycle progression. Thus, CtBP's role in a 
cell may be diverse and complex while it maintains a balance between 
activation and repression of a gene, controlling its transcription rate. 

2.6. The role of the dimeric form of CtBP 

NAD+ and NADH regulate the binding of CtBP to partner proteins, 
which makes the repression complex with CtBP [24]. In this process, 
NADH is 2-3 orders of magnitude more effective in promoting CtBP- 
partner (e.g., ZEB) interaction than NAD+ [24]. Further, CtBP has at 
least a 100-fold higher affinity for NADH than for NAD+, supporting the 
role of NADH in affecting CtBP-mediated repression [25]. Further, since 
NADH/NAD+ ratio affects the repression mediated by CtBP, CtBP acts as 
a redox sensor for the transcription [24]. Consistent with the role of 
NADH in promoting CtBP's repressor function, the hypoxic condition 
induced NADH levels in cancer cells and promoted CtBP's binding to the 
E-cadherin promoter causing the repression of the E-cadherin gene, 

reducing cell-cell adhesion, promoting cell migration and metastasis [7]. 
These effects were inhibited by pyruvate, which prevents NADH in
crease [7]. Notably, NADH causes CtBP dimerization [5] [26]. Thus, 
CtBP is in the monomeric form under a low NADH/NAD+ ratio and a 
dimeric form under a high NADH/NAD+ ratio in the cell. Further, the 
usual corepression activity of CtBP is due to its dimeric form [26]. 

2.7. A reduction in NADH/NAD+ ratio has been implicated in cancer 

High rates of glycolysis correspond to a low NADH/NAD+ ratio 
because a high NADH/NAD+ ratio inhibits GAPDH [27], which is 
required for glycolysis. Thus, there is an inverse relationship between 
the glycolysis rate and NADH/NAD+ ratio. Further, cancer cells are 
characterized by high rates of glycolysis [27], corresponding to a low 
NADH/NAD+ ratio and the presence of the monomeric form of CtBP. In 
this context, cytosolic malate dehydrogenase 1 (MDH1) regenerates 
NAD+ from NADH [28], decreasing the NADH/NAD+ ratio. Further, 
MDH1 is overexpressed in human tumors and correlates with poor 
prognosis [28], suggesting a role of the decreased NADH/NAD+ ratio in 
tumor progression. Similarly, when mitochondrial oxidation of NADH 
by the respiratory chain is impaired, cytosolic carboxylation of gluta
mine, as a part of the MDH1 catalyzed regeneration of NAD+ in the 
cytosol, takes place so that NADH/NAD+ ratio decreases and the rate of 
glycolysis increases in the cells [29]. Further, the hydride transfer 

Fig. 2. The motif used in CtBP-mediated repressions. (A) The motif used in epidermal homeostasis. (B) The motif used in the control of the Wnt signaling in 
gastrointestinal cancer cells. (C) The motif used in the cell cycle control by BRCA1 (D) The motif used in the TGFβ signaling (E) The motif used in the control of E- 
cadherin gene expression. 
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complex (HTC), a multi-enzymatic complex of malate dehydrogenase 1, 
malic enzyme 1, and cytosolic pyruvate carboxylase, transfers reducing 
equivalents from NADH to NADP+, thereby regenerating NAD+ [30]. 
Furthermore, HTC blocks senescence and confers fitness to the cells 
under hypoxia or mitochondrial dysfunction [30]. Moreover, the HTC- 
mediated rewiring of metabolism may reduce the NADH/NAD+ ratio 
in the cell and have a role in carcinogenesis [30]. Thus, a reduction in 
NADH/NAD+ ratio has been implicated in cancer. 

2.8. The mechanisms of CtBP-mediated repression 

2.8.1. The histone deacetylase-dependent repression 
An inappropriate expression of Evi1, a zinc finger nuclear protein, 

has been implicated in leukemic transformation [31]. Further, Evi1 re
presses the TGFβ signaling through CtBP1 in a histone deacetylase 
(HDAC)-dependent manner [31]. Similarly, the activity of the tran
scription factor, myocyte enhancer factor-2 (MEF2), is repressed by 
MEF2-interacting transcription repressor (MITR) through CtBP in a class 
II histone deacetylase (HDAC) dependent manner [32]. Further, CtBP 
has been shown to recruit cofactor ZEB and HDAC [33]. This complex 
represses in a CtBP-dimer-dependent manner while the monomer is 
defective in its corepression activity [33]. Interestingly, mutant CtBP 
that could not form dimer was unable to repress Dpp signaling in 
Drosophila [34]. Although there is considerable support for the idea of 
the involvement of the dimeric form of CtBP in HDAC-dependent core
pressor activity, the question that remains to be addressed is whether, in 
HDAC-dependent corepressor activity of CtBP, the mechanism requiring 
a dimerized form of CtBP is dispensable (Fig. 3A). Since CtBP dimer
ization is caused by NADH, linking the cell metabolism with transcrip
tional regulation, the resolution of the question of the oligomeric state of 
CtBP will help clarify the functional relevance of CtBP-mediated 
repression and its link with metabolism. 

2.8.2. Involvement of HIC1 and SIRT1 
Hypermethylated in cancer 1 (HIC1) is epigenetically inactivated in 

cancer and acts as a corepressor [35]. HIC1 causes the nuclear trans
location of CtBP1 [35]. Further, HIC1 binds with the histone deacetylase 
sirtuin-1 (SIRT1) and the HIC1-SIRT1 complex represses the SIRT1 
promoter [36] (Fig. 3B), creating a feedback loop. Similarly, a high 
NADH/NAD+ ratio decreases the expression and activity of the SIRT1 

[37]. Thus, NADH and HIC1 independently decrease SIRT1 expression 
and CtBP involves with both NADH and HIC1, suggesting an NADH- 
dependent involvement of CtBP in the HIC1-mediated repression. In 
agreement, the HIC1-CtBP complex binds with the SIRT1 promoter [38]. 
Although, further investigation is required to clarify the role of NADH 
and the dimeric CtBP in HIC1-mediated repression (Fig. 3B). In this 
context, it is suggested that in the HIC1-mediated repression, the 
involvement of the CtBP makes the repressor complex more effective 
[35] although CtBP may be dispensable in HIC1-mediated repression. 

2.9. The histone deacetylase independent repression 

2.9.1. The involvement of CtIP 
E2F-Rb or E2F-p130 complexes repress in both HDAC-dependent and 

-independent manners [39]. In HDAC-independent repression activity, 
they recruit CtBP and CtIP [39] (Fig. 3C). CtIP contains LXCXE sequence, 
which is required for its binding to Rb, and PLDLS sequence, which is 
required for its binding to CtBP [39]. These interactions may overlap 
[39]. Thus, the CtBP dimer may be required for the CtIP-dependent 
repression activity of CtBP [39]. Similarly, Ikaros can repress both in 
HDAC-dependent and -independent manners [11]. The recruitment of 
CtBP by Ikaros is an HDAC-independent mechanism of Ikaros-mediated 
repression [11]. In this mechanism, Ikaros also recruits CtIP along with 
CtBP [40]. Thus, the involvement of CtIP is an HDAC-independent 
mechanism of CtBP-mediated repression and the role of the oligomeric 
state of CtBP in this mechanism requires further investigation (Fig. 3C). 

2.10. Other mechanisms in which CtBP does not participate as a 
corepressor but affects the transcription 

2.10.1. Monomeric form of CtBP blocks NFkB-mediated transcription 
Monomeric CtBP directly binds with acetyltransferase p300 and in

hibits the p300-mediated histone acetylation and transcriptional acti
vation [41]. In agreement, the monomeric form of CtBP, which is found 
when the NADH/NAD+ ratio is low, inhibits NF-kB transcriptional ac
tivity and activation of pro-inflammatory gene expression in macro
phages and microglia in a p300-dependent manner [42], blocking the 
innate immune response. Consistently, inhibition of the CtBP dimer
ization replicated the effect of the reduced NADH/NAD+ ratio [42], 
suggesting an involvement of the monomeric form of CtBP in blocking 

Fig. 3. The mechanisms of CtBP-mediated repression. (A) HDAC-dependent mechanism. (B) SIRT1-dependent mechanism. (C) HDAC-independent mechanism.  
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NFkB transcriptional activity. Further, the monomeric form of CtBP 
blocks NFkB transcriptional activity by directly affecting p300 and not 
by functioning as a corepressor (Fig. 4A). 

In contrast, when NADH/NAD+ ratio is high due to a low level of 
occludin, which is an NADH oxidase, the expression, and activity of the 
histone deacetylase sirtuin-1 (SIRT1), which deacetylates NFkB, is low 
while the level of the acetylated, transcriptionally active NFkB is high 
[37]. Thus, a high NADH/NAD+ ratio increases the NFkB transcrip
tional activity by reducing the histone deacetylase SIRT1 activity. 
Further, a high NADH/NAD+ ratio increases the NFkB transcriptional 
activity by relieving the inhibition of the acetyltransferase p300 by the 
monomeric CtBP (Fig. 4A), since the monomeric CtBP is not found in the 
high NADH/NAD+ ratio condition. In contrast, a low NADH/NAD+
ratio blocks the NFkB activity. 

2.10.2. Monomeric form of CtBP blocks p53 activity 
The dimeric form of CtBP, found in a high NADH/NAD+ condition, 

causes p53 accumulation, implementing a glycolytic stress response 
[27]. In contrast, the monomeric form, found in the cells with a low 
NADH/NAD+ ratio, blocks the p53 function through HDM2 (Fig. 4B), 
which causes the degradation and nuclear expulsion of p53. Similarly, 
the inactivation of HIC1 [36] or a low NADH/NAD+ [37] causes SIRT1 
upregulation (Fig. 3B), resulting in deacetylation and inactivation of 
p53, allowing cells to bypass apoptosis during DNA damage. Thus, in the 
cells that are in a high glycolytic state with a low NADH/NAD+ ratio e. 
g., during carcinogenesis, the p53-mediated surveillance mechanism is 
absent due to either the monomeric form of CtBP affecting p53 through 
HDM2 or a low NADH/NAD+ ratio causing the p53 deacetylation 
through SIRT1. 

In agreement, metformin, which inhibits the NADH dehydrogenase, 
the mitochondrial complex I, reduced proliferation and induced 
apoptosis in cancer cells [43]. Since metformin inhibits the mitochon
drial complex I, its effect on cell proliferation and apoptosis may be due 
to the increased NADH/NAD+ in the cell under metformin treatment. 
Further, silencing of lactate dehydrogenase-A (LDH-A), which oxidizes 
NADH to NAD+, increased the NADH/NAD+ ratio and caused p53- 
dependent apoptosis in cancer cells [44]. Further, LDH-A silencing 
decreased SIRT1 activity and increased the accumulation of acetylated/ 
active form of p53 [44]. 

In summary, the dimeric form of CtBP regulates the global repression 

activity of CtBP implementing balances and homeostases while the 
monomeric form or the absence of the dimeric form upsets the cell's 
balances. Further, the monomeric form of CtBP does not participate as a 
corepressor but affects transcription negatively by other miscellaneous 
mechanisms e.g., by interfering with the action of the histone acetyl
transferase p300. Interestingly, the NADH-free form of the monomeric 
CtBP blocks both the p53 function, which implements a stress response, 
and the NFkB transcriptional activity, which implements the innate 
immune response. Thus, two critical cell surveillance mechanisms are 
compromised by the monomeric CtBP in cells with a low NADH/NAD+
ratio or high glycolysis rate. 

3. The balancing acts of CtBP in stem cells 

3.1. The maintenance of lateral inhibition between intestinal stem cells 
and enteroblasts in Drosophila 

In the Drosophila midgut, when intestinal stem cells (ISCs) divide into 
two daughter cells, one cell retains the expression of delta, a notch 
ligand, and remains ISC while the other daughter cell loses delta 
expression through lateral inhibition and becomes enteroblast (EB) 
[45]. In ISCs, CtBP represses the targets of the suppressor of hairless, Su 
(H), the Drosophila homolog of the notch pathway activator RBP-Jk, 
maintaining the ISC fate [45] (Fig. 5A). On the other hand, the EB fate 
is maintained due to an inhibition of the delta expression. In EBs, delta 
expression is inhibited by Groucho (Gro), another evolutionarily 
conserved corepressor, through its cooperation with the Enhancer of split 
complex, E(spl)-C, inhibiting their cell-cycle entry and causing their 
differentiation. Thus, while CtBP-mediated repression of the notch 
pathway maintains the ISCs fate, Groucho-mediated inhibition (the 
lateral inhibition) of the delta expression in EBs, maintains the EB cells 
fate [45], and the two repressors maintain ISCs-EBs homeostasis 
(Fig. 5A). The Groucho-mediated inhibition of the delta expression in 
EBs is called a lateral inhibition because this inhibition is caused by the 
activation of the notch pathway in EBs due to the expression of delta in 
the neighboring ISCs (Fig. 5A). Further, at the promoter of the notch 
target genes, both an activator complex, involving Su (H)/RBP-Jk, and a 
repressor complex, involving Su (H)/RBP-Jk-CtBP, form (Fig. 1 in [15]) 
and the repressor complex is required for maintaining the ISC fate. 

3.2. The maintenance of antineuronal specification of the roof plate of the 
neural tube 

A high level of HES1, a notch target gene, is required to block neu
rogenesis in the roof plate region of the neural tube [46]. The oxygen 
level in the roof plate of the neural tube is higher than that in the 
neurogenic regions [6]. The high oxygen level decreases the NADH level 
and the repression of HES1, caused by CtBP [6] involved in the notch 
repressor complex, maintaining antineuronal specification of the roof 
plate of the neural tube (Fig. 5B). Since a high level of oxygen blocks the 
notch repressor complex, which represses HES1 through CtBP, the ox
ygen level acts as a switch in this regulation of the neural tube, causing 
HES1 transcription, blocking neurogenesis in the roof plate. 

3.3. The maintenance of cyst and germline stem cells and their niche in 
Drosophila testis 

Hub cells, the primary component of the stem cell niche in Drosophila 
testis, are required to regulate the cyst stem cells (CySCs) and the 
germline stem cells (GSCs) [47]. In this context, the evolutionarily 
conserved transcription factor Escargot (Esg) maintains the CySC state 
and causes the proliferation of CySCs [48] (Fig. 5C). On the other hand, 
Esg through its interaction with CtBP is required for the maintenance of 
the hub cell fate [47], the niche of CySCs and GSCs (Fig. 5C). The niche, 
in turn, maintains the two types of the stem cells. Consistently, the 
depletion of Esg causes the hub cells to convert to CySCs and 

Fig. 4. The role of the monomeric CtBP in transcription. (A) The effect on NF- 
kB mediated transcription (B) The effect on p53 activity. 
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Fig. 5. The role of CtBP in stem cells. (A) The motif used in the maintenance of lateral inhibition between the intestinal stem cells and the enteroblasts in Drosophila 
(B) The motif used in the maintenance of antineuronal specification of roof plate of the neural tube (C) The motif used in the maintenance of cyst and germline stem 
cells and their niche in Drosophila testis (D) The motif used in the maintenance of pluripotency of embryonic stem cells (E) The motif used in the α-catenin-mediated 
control of the Wnt target genes through CtBP in human embryonic stem cells (F) The motif used in the maintenance of self-renewal of the hepatic progenitor cells (G) 
The motif used in the control of the differentiation of myoblasts, the maintenance of skeletal muscle development, and the control of muscle atrophy genes (H) The 
motif used in the control of osteoclast differentiation (I) The motif used in the maintenance of the hematopoietic stem cells. 
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differentiate as cyst cells, causing a complete loss of the hub cells as well 
as those of the two types of stem cells, CySCs, and GSCs [47]. Thus, Esg 
and Esg-CtBP together maintain the cyst and the germline stem cells, and 
their niche, the hub cells (Fig. 5C) in Drosophila testis. 

3.4. The maintenance of pluripotency of embryonic stem cells 

In mouse embryonic stem cells, the Wnt pathway regulates their 
pluripotency positively. On the other hand, the Wnt pathway effector 
TCF3 represses pluripotency factor OCT4 in corepressors Groucho and 
CtBP dependent manner, suggesting that CtBP affects the maintenance 
of pluripotency of these cells negatively [49] (Fig. 5D). Consistently, in 
these cells, CtBP2 causes β-catenin destruction and CtBP depletion pre
vents an exit from pluripotency of ESCs [50]. Upon CtBP knockdown, 
β-catenin was enriched at the Nanog, Oct4, Rex1, Esrrb, Klf2, Nr5a2, and 
Dax1 loci, also the sites of CtBP2 occupation, preventing an exit of the 
ESCs from pluripotency [50]. Therefore, CtBPs are involved in the exit 
from pluripotency of ESCs cells, causing their fate specification, and 
maintaining ESC-progeny homeostasis. In mouse embryonic stem cells 
(mESCs), CtBP2 is highly expressed and its expression decreases during 
differentiation while CtBP1 is expressed at a low but constant level [51]. 
Both isoforms cause an exit from pluripotency in mESCs [51]. 

3.5. The α-catenin-mediated control of Wnt target genes through CtBP in 
human embryonic stem cells 

Catenin inhibitory domain (CID) in adenomatous polyposis coli 
(APC) is essential for β-catenin degradation [52]. α-catenin interacts 
with APC CID and stabilizes APC-β-catenin interaction promoting 
β-catenin ubiquitination and degradation [52]. Further, α-catenin re
cruits both β-catenin-LEF1/TCF and APC in complex with CtBP-CoREST- 
LSD1 [52]. Thus, α-catenin helps form both an activator complex 
involving β-catenin and a repressor complex involving APC and CtBP, 
regulating transcription of Wnt target genes (Fig. 5E). Further, APC 
negatively regulates the Wnt signaling both by the direct degradation of 
β-catenin and by repression of the target genes through CtBP. On the 
other hand, the phosphorylation of α-catenin at the Y177 position pre
vents its association with APC in the repressor complex but not with 
β-catenin in the activator complex, and prevents repression of the Wnt 
target genes [52]. Thus, phosphorylation of α-catenin at the Y177 po
sition tilts this balance toward higher Wnt activity and may act as a 
switch regulating the Wnt pathway. 

Further, the depletion of α-catenin in hESCs prevents repression of 
Wnt target genes and promotes endodermal differentiation [52], which 
requires the Wnt activation [53], suggesting that α-catenin is dispens
able for the activator complex but not for the repressor complex. Thus, 
the activator and the repressor complex mediated control of the Wnt 
target genes plays an important role in the hESC fate maintenance and 
differentiation, and α-catenin is shared between the two complexes. 

3.6. The maintenance of self-renewal of hepatic progenitor cells 

β-catenin signaling is required for the expansion and self-renewal of 
hepatic progenitor cells (HPCs) [54]. On the other hand, Smad6 
inhibited the proliferation and self-renewal of these cells by promoting 
interaction between TCF and CtBP, repressing β-catenin target genes 
[54]. Thus, like the pluripotency in ESCs, in HPCs, CtBP inhibits the self- 
renewal of the cells by repressing the Wnt pathway (Fig. 5F). Further, in 
HPCs, Smad6 connects the Wnt pathway regulation to the TGFβ 
signaling network through CtBP. 

3.7. The control of the differentiation of myoblasts, the maintenance of 
skeletal muscle development, and the control of muscle atrophy genes 

Myogenic factor MyoD regulates skeletal muscle development [55]. 
Further, MyoD promotes myoblasts' differentiation into myotubes [56]. 

MyoD is a target gene of the transcription factor FOXO [57]. In contrast, 
ZEB1, a transcriptional repressor, represses the muscle differentiation 
genes through CtBP as a corepressor in myoblasts [55] (Fig. 5G). Indeed, 
the depletion of ZEB1 causes an accelerated formation of myotubes and 
precocious expression of myogenic differentiation genes [55]. 

Like the differentiation of myoblasts into myotubes, the muscle at
rophy genes are activated by FOXO transcription factors while ZEB1 
through CtBP represses these genes [58]. For example, ZEB1 represses 
the muscle atrophy genes Fbxo32 and Trim63 [58]. Especially, ZEB1 
represses Fbxo32 in undifferentiated myoblasts and atrophic myotubes 
[58]. Thus, ZEB1-CtBP-mediated repression regulates myoblast fate and 
muscle atrophy (Fig. 5G) in myoblasts and atrophic myotubes. 

3.8. The control of osteoclast differentiation 

During osteoclast differentiation, the transcription factors MITF and 
PU.1 increase the expression of cathepsin K (Ctsk) and acid phosphatase 
5 (Acp5) [59]. However, in myeloid precursor cells, which form either 
macrophages or osteoclasts, MITF and PU.1 form a repressor complex 
with EOS, CtBP, and Sin3A [59] (Fig. 5H). This complex represses the 
expression of Ctsk and Acp5 [59], maintaining myeloid precursor cell 
fate (Fig. 5H). Thus, in committed myeloid progenitors before the 
initiation of osteoclast differentiation, the repressor complex, involving 
CtBP, represses the differentiation genes [59]. On the other hand, during 
osteoclast differentiation, the association of the repressor complex with 
Ctsk and Acp5 promoter decreases [59], suggesting the involvement of a 
switch mechanism in this regulation. 

3.9. The maintenance of hematopoietic stem cells 

GATA2 is important for the maintenance of hematopoietic stem cells 
[60]. Further, ecotropic viral integration site 1 (EVI1) activates GATA2 
[60]. Furthermore, the p300/CBP association factor (P/CAF) causes the 
acetylation of EVI1 and the acetylation is important for its activator 
function [60]. On the other hand, EVI1 also forms a repressor complex 
with the corepressor CtBP [60] (Fig. 5I). Further, P/CAF relieves the 
repressive effect of EVI1-CtBP complex on GATA2, maintaining the 
hematopoietic stem cells [60]. Thus, P/CAF acts as a switch that tilts the 
balance toward GATA2 activation and maintenance of hematopoietic 
stem cells (Fig. 5I). 

In summary, since CtBP is involved in maintaining homeostasis of 
processes in stem cells, an aberration, leading to a lower NADH/NAD+
ratio, may disturb the homeostasis maintained by CtBP and cause 
carcinogenesis. 

4. CtBP and Cancer 

4.1. The malignant transformation of the hematopoietic stem cells 

AML1 is important for hematopoietic cell development in the fetal 
liver and the differentiation of hematopoietic cells in adults [61]. 
Further, EVI1 is expressed at a very low level in normal hematopoietic 
cells but is highly expressed in chronic myelocytic leukemia [61]. AML1- 
EVI1 chimeric gene plays an important role in hematopoietic stem cell 
malignancies e.g., chronic myelocytic leukemia [61]. The repressive 
effect of AML1-EVI1 in association with CtBP on AML1-induced tran
scription is a possible cause of the malignant transformation of he
matopoietic stem cells [61] (Fig. 6A). 

Further, the AML1-EVI1 chimeric protein causes a differentiation 
block of malignant myeloid progenitors inducing leukemic trans
formation in hematopoietic stem cell tumors [62]. In this context, 
AML1-EVI1 associates with C/EBPalpha, a transcription factor that 
causes granulocytic differentiation, and has a dominant negative effect 
on C/EBPalpha transcriptional activity via CtBP [62]. CtBP may induce 
its repressive effect via the recruitment of histone deacetylase, affecting 
the DNA binding activity of C/EBPalpha [62]. This repression of the C/ 
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EBPalpha function may be the cause of the leukemogenic potential of 
AML1-EVI1 [62] (Fig. 6B). 

Furthermore, the core binding factor (CBF) is involved in specifying 
the hematopoietic stem cell and regulates hematopoiesis [63]. Trans
location or point mutation in AML1/RUNX1, the DNA binding subunit of 
CBF, plays a critical role in the development of acute myeloid leukemia 
and myelodysplasia [63]. In a myelodysplasia patient, AML1 was found 
to be fused with FOG2/ZFPM2, and the fusion protein recruits CtBP 
[63]. This complex represses the transcriptional activity of CBF and 
GATA1 [63] (Fig. 6C). 

In addition, the chimeric transcription factor AML1-MDS1-EVI1 
(AME) encodes a protein found in patients with chronic myelogenous 
leukemia during the blast crisis (CML-BC), with myelodysplastic syn
drome (MDS), and with acute myeloid leukemia (AML) [64]. AME 
physically interacts with corepressors CtBP1 and HDAC1 [64]. The 
interaction between AME and CtBP1 causes growth upregulation and 
abnormal differentiation of murine bone marrow progenitors [64] 
(Fig. 6D). 

4.2. The control of CD133 expression in hepatocellular carcinoma 

Transcription factor ETS1 causes the transcription of CD133 [65], a 
cell surface protein and cancer stem cell marker in hepatocellular car
cinoma (HCC) [66]. On the other hand, Ikaros forms a repressor complex 
with CtBP and represses CD133 in these cells [66]. Further, Ikaros was 
upregulated by ETS1, which is regulated by the MAPK pathway [66]. 
Thus, the MAPK pathway through ETS1 affects CD133 expression 
positively while ETS1 negatively regulates the CD133 expression 
through the repression complex involving Ikaros and CtBP, establishing 
a balance of CD133 expression in HCC (Fig. 6E). Consistently, the 

reduction in Ikaros expression correlated with poor survival in HCC 
patients [66]. Thus, in HCC, CtBP has an anti-cancer effect. 

In summary, CtBP is a corepressor that may have both pro- and anti- 
cancer effects. 

5. CtBP and homeostasis 

5.1. The maintenance of a balanced inflammatory response of microglia 
and astrocytes in CNS 

Microglia and astrocytes are important in maintaining homeostasis 
of inflammatory responses within the central nervous system (CNS) 
[67]. 5-androsten-3β,17β-diol (ADIOL) through the estrogen receptor 
(ER)β recruits CtBP to AP-1-dependent promoters, repressing genes that 
amplify inflammatory responses of microglia and astrocytes and activate 
Th17 T cells [67]. In agreement, the addition of ADIOL or synthetic ERβ- 
specific ligands prevented experimental autoimmune encephalomyelitis 
in an Erβ and CtBP-dependent manner [67]. Thus, ADIOL/ERβ/CtBP 
maintains a balanced inflammatory response of microglia and astrocytes 
in CNS [67]. 

5.2. The maintenance of pH homeostasis in breast cancer cells 

Cancer cells maintain high levels of anabolism through glycolysis 
[68]. However, they also accumulate acidic metabolites such as pyru
vate and lactate due to incomplete glycolysis [68]. On the other hand, 
glutamine consumption by cancer cells is important in releasing the 
acidification pressure through the production of ammonia during glu
taminolysis, resisting acidification due to incomplete glycolysis [68]. 
CtBP plays an important role in metabolism and pH homeostasis by 

Fig. 6. The CtBP-mediated repression in cancer. (A, B, C, D) The motif used in the malignant transformation of the hematopoietic stem cells (E) The motif used in the 
control of CD133 expression in hepatocellular carcinoma. 
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repressing SIRT4, a repressor of glutaminolysis [68]. Consistently, 
tumor samples of breast cancer patients show a high level of CtBP 
expression while SIRT4 expression in these tissues was abolished [68]. 
Thus, cancer cells reduce acidification pressure through the promotion 
of glutaminolysis, regulated positively by CtBP through its repression of 
SIRT4, and maintain growth by maintaining metabolic homeostasis 
[68]. 

5.3. The maintenance of cholesterol homeostasis in breast cancer cells 

Reduction of the cholesterol amount leads to epithelial-to- 
mesenchymal transition (EMT) and increased migration of breast can
cer cells [69]. CtBP maintains cholesterol homeostasis in these cells by 
forming a complex with ZEB1 and repressing the sterol regulatory 
element-binding transcription factor 2 (SREBF2) [69], which activates 
the biosynthesis of cholesterol. In this context, TGFβ decreases the 
intracellular cholesterol level through ZEB1 and CtBP complex repres
sing the SREBF2 promoter [69], causing migration of the cells. Further, 
CtBP increases the activity of TGFβ signaling by reducing the membrane 
cholesterol level in these cells [69]. On the other hand, cholesterol re
duces the stability of TGBβ receptors, affecting the EMT and migration of 
breast cancer cells negatively. These interactions between TGFβ 
signaling and cholesterol homeostasis in which CtBP is a major player 
orchestrate metastasis of breast cancer cells [69]. 

5.4. The maintenance of skeletal muscle homeostasis 

Skeletal muscle maintains homeostasis by maintaining a balance 
between protein synthesis and proteolysis by balancing hypertrophic 
and atrophic signals [21]. Skeletal muscle atrophy is caused by the 
atrogenes including those of the ubiquitin-proteasome and autophagy- 
lysosomal systems induced by FOXO transcription factors [21]. ZEB1 
forms a complex with CtBP that represses the FOXO3 transcriptional 
activity [21]. Consistently, ZEB1 deficiency in mice induced a number of 
atrogenes, including Atrogin-1/Fbxo32, Psma1, MuRF1/Trim63, 
Gabarapl1, Ctsl, 4ebp1, and Nrf2 and caused higher muscle atrophy 
[21]. Thus, FOXO transcription factors activate the atrogenes while 
ZEB1/CtBP complex represses their promoter, maintaining skeletal 
muscle homeostasis [21]. 

6. Conclusions 

The paper shows that a specific type of motif is used repeatedly in 
CtBP-mediated repressions. In this motif, both an activator and a 
repressor complex form at the promoter of the target genes, and a 
cofactor is shared between the two complexes. Thus, the amount of this 
limiting cofactor may tilt the balance toward gene activation or 
repression, controlling the transcription rate. Similarly, other mecha
nisms of switches may also be present in this motif. Moreover, the 
cofactor and the switch may be further regulated through their link to 
the broader cell signaling network (Fig. 1B). 

CtBP is prominently involved in homeostatic processes, especially in 
stem cells, including the ESCs. In these cells, it maintains their stemness 
and differentiation. CtBP is also involved in hematopoietic malig
nancies. In this context, the transcription factor AML1 regulates he
matopoietic cell development. On the other hand, some chimeric/ 
translocation proteins involving AML1 make repressor complexes with 
the corepressor CtBP. These repressor complexes disrupt the normal 
hematopoietic cell development by AML1 and cause hematopoietic 
malignancies. 

There are two kinds of repression mechanisms of CtBP: (1) a specific 
global mechanism implemented by the dimeric CtBP. CtBP dimerization 
is caused by a high NADH/NAD+ ratio during the low glycolytic con
dition usually found in normal cells (2) miscellaneous mechanisms of 
the monomeric CtBP found in the cells having a low NADH/NAD+ ratio 
during the high glycolytic condition. 

In the former mechanism, CtBP is involved in balancing acts and 
maintaining homeostasis while the cell surveillance mechanisms, 
implemented by the stress response of p53 and innate immune response 
of NFkB, are present. In contrast, in the latter mechanism, in high 
glycolytic conditions, especially present in cancer cells, the monomeric 
CtBP blocks the responses implemented by p53 and NFkB. Moreover, the 
high glycolytic conditions with a low NADH/NAD+ ratio upsets the 
homeostasis and balancing acts of the dimeric CtBP, by decreasing its 
affinity for the binding partner in the repressor complex. Thus, the high 
glycolytic condition causes global instability in the cell by disturbing the 
homeostatic processes and blocking cell surveillance, which may be 
linked to carcinogenesis. 

On the other hand, hypoxia, which causes epithelial-to-mesenchymal 
transition and metastasis of cancer cells, increases the NADH level [7], 
causing repression of E-cadherin by the dimeric CtBP and migration of 
cells [7]. Due to an increase in NADH level, the creation of the hypoxic 
condition corresponds to a switch of cancer cells from a high glycolytic 
state to a low glycolytic state, restoring the homeostases implemented 
by the dimeric CtBP. This switch also restores the cell surveillances, 
blocked by the monomeric CtBP, while causing cell migration due to the 
repression of E-cadherin caused by the dimeric CtBP. It may be inter
esting to understand why restoration of the homeostases and cell sur
veillance mechanisms are important for cancer cells during EMT and 
metastasis. Intuitively, the underlying cellular stability may be useful 
during such profound changes in cell behavior. 

Further, since CtBP dimer-monomer induced stability-instability has 
a link with metabolism and cellular oxidative state, further explorations 
of this angle will be the key to understanding the CtBP-produced un
derlying instabilities that cause carcinogenesis. Furthermore, in the 
processes in which CtBP is involved, the delineation of the role of its 
oligomeric state, the cellular NADH level, and the metabolic and 
oxidative states of the cell will be crucial in substantiating the role of 
CtBP in carcinogenesis. 

Since cancer cells lack or have poor cell surveillance, they are more 
sensitive to agents that negatively affect their stability. In agreement, 
stem cell-like breast cancer cells that are resistant to metformin are 
sensitive to the inhibition of NADH-dependent CtBP dimerization [5], 
which maintains cellular stability by maintaining the underlying cellular 
balances and homeostases. 
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