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Abstract
Transcriptional corepressor proteins have emerged as an
important facet of cancer etiology. These corepressor proteins are
often altered by loss- or gain-of-function mutations, leading to
transcriptional imbalance. Thus, research directed at expanding
our current understanding of transcriptional corepressors could
impact the future development of new cancer diagnostics, prognostics, and therapies. In this review, our current understanding of
the CtBP corepressors, and their role in both development and
disease, is discussed in detail. Importantly, the role of CtBP1
overexpression in adult tissues in promoting the progression of
multiple cancer types through their ability to modulate the
transcription of developmental genes ectopically is explored.

CtBP1 overexpression is known to be protumorigenic and affects
the regulation of gene networks associated with "cancer hallmarks" and malignant behavior, including increased cell survival,
proliferation, migration, invasion, and the epithelial–mesenchymal transition. As a transcriptional regulator of broad developmental processes capable of promoting malignant growth in adult
tissues, therapeutically targeting the CtBP1 corepressor has the
potential to be an effective method for the treatment of diverse
tumor types. Although efforts to develop CtBP1 inhibitors are still
in the early stages, the current progress and the future perspectives
of therapeutically targeting this transcriptional corepressor are
also discussed. Mol Cancer Ther; 16(6); 981–90. 2017 AACR.

CtBPs Are Transcriptional Corepressors
That Play Important Roles in Development

ing, cellular proliferation, and differentiation within many
organs, including the eyes, heart, brain, placenta vasculature, and
muscle (10–13). Loss- and gain-of-function studies have conﬁrmed the CtBP proteins as regulators of sequence-speciﬁc DNAbinding transcription factors that control segmentation, epithelial–mesenchymal transition (EMT), and apoptosis (9, 14).
Genetically engineered mutations in CtBP have adverse consequences on the development of organs/tissues, conﬁrming their
role as critical regulators of organogenesis and tissue morphogenesis (10–12). For example, CtBP1-null mice, albeit viable,
have a signiﬁcantly smaller body size and shorter life span relative
to the wild-type control (10). CtBP2-null mice are embryonic
lethal and often exhibit axial truncations, heart defects, and
incomplete neural development (10).
A naturally occurring mutation in the CtBP recognition
sequence of the three amino acid loop extension (TALE) family
of homeobox transcription factors is implicated in at least one
developmental disorder, consistent with the role of CtBP in
organogenesis. Normally, TALE works in concert with CtBP to
repress genes activated by TGFb (15). Mutations within TALE can
result in holoprosencephaly (HPE), a defect in craniofacial development due to brain malformations (15). One of the known HPE
mutations within the TALE transcription factor is a single amino
acid substitution in the CtBP-binding motif, from PLDLS to
PLDLC, which abolishes its ability to interact with CtBP. To date,
there are no known genetic mutations within CtBP itself. However, a natural mutation within a CtBP–protein partner conﬁrms
that the CtBP corepressors are critical for normal organ development in humans.

The C-terminal–binding proteins are encoded by two genes,
CtBP1 and CtBP2, in mammals (1). CtBP1 has two splicing
variants, CtBP1 (also known as CtBP1-L) and CtBP1-S/BARS (also
known as CtBP3/BARS; ref. 2). CtBP2 has three splicing variants,
CtBP2, CtBP2-S, and RIBEYE (3–5). CtBP1 and 2 are primarily
nuclear transcriptional corepressors evolutionarily conserved
from C. elegans to H. sapiens (6) and will be the focus of this
review. We will use either CtBP1 or CtBP2 when it is clearly
indicated in the research being discussed, and use CtBP otherwise
to represent both CtBP1 and CtBP2. BARS and CtBP2-S are largely
cytosolic and RIBEYE is mostly localized in synaptic ribbons, and
these isoforms likely have functions unrelated to transcription
(see ref. 1 for more information).
The CtBP proteins were originally identiﬁed through their
ability to bind to the C-terminus of the adenovirus protein,
E1A (7, 8). Subsequently, the CtBP proteins were determined to
be a family of transcriptional corepressors that are recruited by
various DNA-binding transcription factors to speciﬁc promoter/
enhancer regions to carry out diverse functions in both developmental and oncogenic processes (9). CtBP proteins are expressed
at high levels during development, participating in axial pattern-

1
Department of Biochemistry and Molecular Genetics, University of Colorado
School of Medicine, Aurora, Colorado. 2Department of Dermatology, University
of Colorado School of Medicine, Aurora, Colorado.

Corresponding Authors: Rui Zhao, University of Colorado School of Medicine,
12801 E. 17th Ave., Aurora, CO 80045. Phone: 303-724-3269; Fax: 303-724-3215;
E-mail: rui.zhao@ucdenver.edu; and Mingxia Huang, Phone: 303-724-3204; Fax
303-724-4048; E-mail: mingxia.huang@ucdenver.edu
doi: 10.1158/1535-7163.MCT-16-0592
2017 American Association for Cancer Research.

Structural and Functional Analyses of CtBP
The crystal structures of the N-terminal two thirds of both
human CtBP1/2 (16, 17) and rat CtBP/BARS (18) have been
solved, providing insights into their structure and function, and
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Figure 1.
Molecular details of the rat CtBP1–S/E1A peptide interaction. A, A domain
organization map of CtBP1. Each domain and their corresponding amino acid
ranges are listed below the linear map, whereas the binding interfaces and their
corresponding amino acid residues or ranges are listed above. B, The crystal
structure of the rat CtBP1-S dimer (blue and purple ribbons) in complex with the
PIDLSKK E1A peptide (green; PDB:1HL3; ref. 18). The NADH cofactor is
represented as orange sticks in the center of each CtBP1-S molecule. C, An
electrostatic surface representation of CtBP1-S at the peptide interface. The
PIDLSKK peptide is shown as green sticks. D, A surface representation of CtBP1S highlighting the location of the two residues, V55 and A41 (orange). Mutation
of these residues disrupts the ability of CtBP1-S to interact with E1A. E, A
sequence alignment of different dehydrogenase family members in the CtBP1
region that binds its transcription factor partners. The sequence alignment of
CtBP family members and the two other dehydrogenases: lactate (LDH) and
malate (MDH) dehydrogenases, was performed using Clustal Omega (120).
Residues that make up the hydrophobic binding pocket are italicized, and those
that are involved in hydrogen bonds are underlined.

the possibility of inhibiting this protein family (Fig. 1). Considering the substantial sequence homology between CtBP and other
NADH-dependent dehydrogenases (8), it is not surprising that the
overall structure of CtBP is similar to the D-2-hydroxyacid family
of dehydrogenases that utilize nicotinamide adenine dinucleotide (NADH/NADþ) as a cofactor (Fig. 1B). CtBP1/2 are composed of two structured domains, the substrate-binding domain
(SBD) and the nucleotide-binding domain (NBD), with the
C-terminus being predicted to be disordered (Fig. 1A; ref. 19).
A deep cleft between the two domains encompasses both the
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active site and the NADH-binding pocket. Previous binding
studies have shown that CtBP1 binds NADH with a 100-fold
higher afﬁnity than NADþ (20, 21). Although both NADH and
NADþ are capable of enhancing CtBP1's dimerization and interaction with target transcription factors, NADH has a more prominent effect (21, 22). Consistent with the in vitro binding data, an
increase in nuclear NADH under hypoxic conditions stimulates
the recruitment of CtBP to target promoters through transcription
factor interactions resulting in enhanced transcriptional repression (23). These ﬁndings suggest a role for the CtBP proteins as a
metabolic sensor of redox status. Interestingly, Kumar and colleagues demonstrated that mutations disrupting only the enzymatic activity showed no effect on CtBP1 transcriptional regulation using an in vitro reporter assay, suggesting that NADH/NADþ
binding, not the dehydrogenase activity of CtBP1, is important for
its repressor activity (17, 24). On the other hand, a study by Zhang
and colleagues found different phenotypes for Drosophila CtBP
with impaired enzymatic activity (25). Consequently, the true
biological importance of the CtBP dehydrogenase activity still
remains unclear.
To date, the best known endogenous substrate of CtBP is an
intermediate within the methionine salvage pathway, 4methylthio-2-oxobutyric acid (MTOB; ref. 26). However, CtBP1
was shown to display only weak catalytic activity, reducing MTOB
with a kcat of 0.075/s. As the enzymatic product, 2-hydroxy-4methylthiobutyrate, has no known biological function other than
being reconverted to MTOB, the enzymatic activity of CtBP is
currently viewed as secondary to its function as a transcriptional
corepressor.
As mentioned previously, the CtBP corepressors were identiﬁed
through their ability to bind to the C-terminus of the E1A
adenoviral protein. This binding is predominately mediated by
a conserved peptide motif in E1A, PXDLS (8), which has subsequently been found in many CtBP-binding transcription factor
partners (27). The cocrystal of the CtBP1-E1A peptide (PIDLSKK;
ref. 18), 1D and 2D 1H-NMR and biochemical analyses of 20residue E1A peptides containing the PXDLS residues (28, 29)
reveal additional details regarding the CtBP1–PXDLS interaction.
In the cocrystal structure, the short peptide binds in an extended
conformation docking the isoleucine and leucine side chains
into a hydrophobic cleft on the SBD end of the molecule (Fig.
1C; ref. 18, 30). Individual mutations of two residues lining the
recognition cleft on rat CtBP/BARS, A41E, and V55R (Fig. 1D)
abolished the interaction between CtBP/BARS and E1A, thereby
conﬁrming the location of the E1A interface (18). NMR experiments using much longer peptides encompassing the PXDLS
motif found that these peptides contain a series of C-terminal
b-turns (including the PXDLS motif) and an N-terminal a-helix in
solution. Interestingly, upon binding to CtBP1, these peptides
undergo a b!a conformational rearrangement that extends the
a-helix across the PXDLS motif in place of the b-turn. The
signiﬁcance of this b!a structural rearrangement upon CtBP1
binding within the context of full-length E1A (and other
transcription factor partners) awaits further investigation.
At the other end of the molecule, CtBP dimerizes through a
large predominately hydrophobic dimerization interface within
the NBD (Fig. 1B). As a result, dimeric CtBP could recruit two
PXDLS-containing targets at opposite ends of the dimer. One
predominant model of how CtBP fulﬁlls its corepressor functions
suggests that one CtBP molecule within the dimer is recruited to
speciﬁc promoter regions via their interaction with the PXDLS
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motif in DNA-binding transcription factors, while the other CtBP
protein molecule recruits epigenetic modiﬁers, such as HDAC3/4
and PcG (31–35), also through the PXDLS motif in most cases,
thereby facilitating the epigenetic silencing of target promoters.
Interestingly, there are several known CtBP partners that do not
contain the canonical PXDLS motif (36), possibly interacting
through a secondary interface on CtBP. This theory could allow
a way for CtBP to distinguish between partners involved in
recruiting CtBP to promoters and those involved in epigenetic
modiﬁcations. For example, HDAC1/2, histone demethylase
LSD1, and histone methyltransferase G9, do not contain the
PXDLS motif, suggesting they interact with CtBP at an alternative
interface or associate with CtBP indirectly. Furthermore, a secondary interface located in a nonconserved region between CtBP1
and CtBP2, such as the N-terminus, could impart differing functions between the two family members, unlike the highly conserved PXDLS-binding cleft. Therefore, an additional model has
been proposed where the CtBP dimer is targeted to a speciﬁc
promoter region via two PXDLS-containing transcription factors,
where it further recruits additional corepressor proteins through a
different interface. This theory is supported by work from Quinlan
and colleagues who found that in addition to its PXDLS motif,
ZNF217 is also able to bind CtBP2 through a second Arg-Arg-Thr
(RRT) motif, also found in other zinc ﬁnger proteins (37). The
crystal structure of the RRT-containing peptide in complex with
CtBP1-S identiﬁes a second site, distinct from the PXDLS-binding
cleft, for additional protein–protein interactions. However, the
RRT binding groove appears redundant to the PXDLS motif, as all
known RRT motif–containing proteins also contain PXDLS
motifs. In addition to these two binding sites, the unstructured
C-terminal region also contains a PDZ-binding motif and a target
site for SUMO modiﬁcation (38–40). Interestingly, SUMO modiﬁcations have been shown to interact with histone deacetylases
(HDAC), Co-REST, and LSD1 (41–43). Thus, the C-terminal
region of CtBP proteins is also a potential site that could attract
additional protein partners to the corepressor complex.
Because of its numerous protein partners and mechanisms of
interaction, it is not surprising that the precise mechanism by
which the CtBP family mediates transcriptional repression is
both multifaceted and context-dependent. For example, the CtBP
transcriptional complex can mediate transcriptional repression
in a manner that is both HDAC dependent and independent, as
CtBP target promoters display both sensitivity and insensitivity to
the HDAC inhibitor, trichostatin A (34, 44). In addition to
altering the expression levels of proteins, CtBP1 can regulate the
expression of numerous miRNAs involved in cell cycle, cell
communication, and primary metabolic processes (45). CtBP
can also antagonize the activity of the global transcriptional
coactivators, p300/CBP, through possible inhibition of its HAT
activity (46, 47). An excellent review by Chinnadurai in 2007
details the diverse mechanisms underlying CtBP-mediated transcriptional regulation, mainly examining its role as a transcriptional repressor (1).
Since the earlier studies implicating CtBP as a transcriptional
corepressor, several studies have also revealed context-speciﬁc
roles of CtBP in transcriptional activation. For instance, CtBP2
has been shown to directly activate the expression levels of Tiam1
in an NADH-dependent manner (48), as well as activate the
transcription factor 4 (TCF-4) signaling pathway (49). In human
multidrug resistance (MDR) cancer cell lines, CtBP1 has been
shown to directly activate the expression of the MDR1 gene,
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thereby increasing the levels of the P-glycoprotein and drug
resistance (50). In gastrointestinal endocrine cells, CtBP can
activate the transcription of NeuroD1 target genes in collaboration with other CtBP-associated proteins, including LSD1 and
PCAF (51). In differentiating epidermal keratinocytes, the DNAbinding transcription factor, ZNF750, requires the CtBP complex
to regulate both the activation of differentiation genes and the
repression of progenitor genes (52). Interestingly, the NADHunbound form of CtBP has also been implicated in distinct
transcriptional activities unique to apo-CtBP, including the interaction with speciﬁc transcriptional regulators, p300 and Hdm2
(53, 54), and the transcriptional activation of Wingless pathway
targets (55).

The CtBP Corepressors Play Multiple and
Context-Dependent Roles in Oncogenic
Processes
In normal cells, proper temporal and spatial regulation of the
myriad of transcription factors ensures a balance between proliferation and differentiation. Perturbation of the regulation of these
transcription factors, especially those capable of modulating
entire gene networks, can promote a tumorigenic phenotype
(56). In cancer, transcriptional corepressors are often altered by
either loss- or gain-of-function mutations that lead to transcriptional imbalance (57, 58); thereby, corepressor proteins have
emerged as an important facet of cancer etiology (59). Consequently, further research directed to expand our current understanding of transcriptional corepressors in oncogenesis could
impact the future development of new therapies.
The importance of the CtBP corepressor complex in multiple
developmental programs suggests that the overexpression of CtBP
proteins in adult tissues could play a role in both tumorigenesis
and tumor progression. Tumorigenic cells frequently exhibit a
more embryonic phenotype, having been reprogrammed to activate survival, proliferation, and other cancer hallmark pathways
(60), suggesting that inhibiting developmental transcriptional
pathways in cancerous tissue may be an effective therapeutic
approach. In addition to overexpression, CtBP can also be hyperactivated in cancer cells through other means. Cancer cells typically have higher levels of NADH due to both hypoxia and
pseudohypoxia (NADH production when oxygen is not limited;
refs. 21, 23, 61, 62). NADH binds to the CtBP proteins with a high
afﬁnity (Kd ¼ 100 nmol/L), triggering a conformational change that
favors its binding to transcriptional repressors (21) and promotes
the homo- and heterodimerization of CtBP proteins (4, 18, 22, 63).
Consistent with these ﬁndings, elevated NADH levels under hypoxic conditions associated with solid tumors repress the transcription of the CtBP target gene, E-cadherin, and increases cell migration, both of which are reversed by CtBP knockdown (23). Furthermore, increased NADH levels resulting from high-caloric
intake, promotes both prostate and breast carcinogenesis in a
CtBP1-dependent manner in vivo (45, 64, 65). As CtBP1 is the
more commonly studied CtBP family member in cancer, the
remainder of this review will focus on CtBP1, its known oncogenic
roles, and the possibility of therapeutically targeting this protein.
The oncogenic ramiﬁcations of CtBP1 overexpression were ﬁrst
glimpsed in early studies investigating its ability to interact with
the adenovirus E1A oncogene (7, 8). Chinnadurai and colleagues
reported that mutations within the PLDLS motif of E1A enhanced
primary epithelial cell transformation and metastasis in
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cooperation with the Ras oncogene (66). These studies found that
the E1A–CtBP1 interaction restricted tumorigenesis by antagonizing CtBP1 activity. Furthermore, expression of E1A in several
cancer cell lines suppresses their oncogenic phenotypes by activating the expression of multiple epithelial genes that are normally suppressed by CtBP1. For example, the E1A–CtBP1 interaction was important for the reexpression of the cell adhesion
proteins, E-cadherin, desmoglein-2, and plakoglobin, suggesting
that E1A alleviates transcriptional repression of these genes by
disrupting CtBP's ability to interact with its endogenous transcription factor partners (67).
Following these early studies, CtBP1 overexpression has been
observed in a number of different cancers, including prostate (64,
68), melanomas (69), colon (70), leukemia (71–73), ovarian (74,
75), and breast cancer (76, 77) among others. In most cases,
CtBP1 overexpression is protumorigenic. It is of note however,
that Takayama and colleagues found that in androgen receptor
(AR)-positive prostate cancer cells, CtBP1 exhibited tumor-suppressive effects (78), as opposed to Wang and colleagues who
found CtBP1 overexpression promoted cellular proliferation in
predominately AR-negative prostate cancer cell lines (68). In
addition, Poser and colleagues found that a large percentage of
melanomas express low mRNA levels of CtBP1, increasing their
invasive potential (but not cell proliferation) through the downregulation of the melanoma inhibitory activity (MIA) protein (79,
80). However, on the protein level, Deng and colleagues observed
overexpression of CtBP1 in a large percentage of melanomas and
found that CtBP1 overexpression contributed to an increase in
cellular proliferation and a decrease in genome instability (69). In
breast cancer cells, ERa upregulates the expression of multiple
growth factors, growth factor receptors, and cell-cycle regulators,
and downregulates antiproliferative and proapoptotic genes in an
estrogen-dependent manner. CtBP1 has been shown to regulate
the transcriptional repression of the ERa-repressive genes through
p300 (81). However, CtBP1 can also inhibit the ERa-responsive
genes through ZNF366 (82), suggesting that CtBP1's oncogenic
role is context-dependent and that the concurrent expression
pattern of its transcription factor partners could modulate multiple aspects of its oncogenic properties.
Nevertheless, in the numerous cancers where CtBP1 overexpression is protumorigenic, CtBP1 has been implicated in multiple "hallmarks of cancer" through its transcriptional regulation
of gene networks associated with malignant behavior (Fig. 2). In
these cancers, CtBP1 promotes a broad range of protumorigenic
and cancer stem cell phenotypes, including increased cell survival,
proliferation, migration/invasion, EMT, and other stem cell–like
features. This is consistent with its ability to inﬂuence tumor
evolution and progression through suppressing the expression of
multiple epithelial and proapoptotic genes (14). In the remainder
of this section, we will discuss the oncogenic roles of CtBP1 from
the context of the established cancer hallmarks.
To date, the most well-understood cancer hallmarks associated
with CtBP1 overexpression are the evasion of cell death and
increased EMT. In addition to these two hallmarks, CtBP1 proteins play critical roles in promoting cellular proliferation,
genome instability, as well as evading growth suppressors. In the
ﬁrst hallmark mentioned above (evasion of cell death), CtBP1 can
promote cell survival through the transcriptional suppression of
multiple proapoptotic genes, including Bax, Bik, Bim, Bmf, Noxa,
p21, Puma, and PERP (14, 83, 84). CtBP1-null mouse embryonic
ﬁbroblasts are hypersensitized to apoptosis triggered by diverse
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Figure 2.
The CtBP1 transcriptional corepressor inﬂuences a number of cancer hallmarks
to carry out its tumor-promoting functions. CtBP1 has been shown to play a role
in ﬁve of the six original cancer hallmarks and one of the two enabling
characteristics, highlighting the potential importance of therapeutically
targeting this transcriptional complex.

stimuli (such as Fas ligand and UV radiation) as compared with a
CtBP1 rescue, and this hypersensitization to apoptosis is mediated through the release of transcriptional suppression of Bax,
Noxa, p21, and PERP (14, 83, 84). In addition, siRNA knockdown
of CtBP2 enhanced Bim and Bmf expression in osteosarcoma cells
(84). In colon cancer cells, proteasome-dependent CtBP protein
degradation, mediated through its interaction with p19ARF,
induces p53-independent apoptosis (85). CtBP1 also represses
epithelial gene programming associated with insensitivity to
anoikis (a speciﬁc type of apoptosis triggered by the loss of cell
adhesion) by repression of E-cadherin, keratin 8, occluding, and
plakoglobin (14, 67). The repression of epithelial genes, such as Ecadherin, is an important process in attaining anoikis insensitivity, allowing cells to survive proceeding detachment from the
extracellular matrix (86).
The loss of cellular adhesion molecules and the acquisition of
anoikis resistance are also signiﬁcant for the second cancer hallmark in which CtBP1 has been implicated, the ability to initiate
cancer invasion and metastasis. The acquisition of these traits
often leads to a more motile and invasive mesenchymal phenotype. EMT is believed to be a prominent means by which transformed epithelial cells acquire the ability to invade, resist apoptosis, and disseminate (87). In particular, CtBP1 has been shown
to promote a more mesenchymal phenotype through the repression of the epithelial marker, E-cadherin, by recruiting the EMTinducing transcription factor, ZEB1/2, to the E-cadherin promoter
(33, 88) and promoting epigenetic modiﬁcations through histone
deacetylases (34, 89). Interestingly, ZEB1 overexpression and
associated E-cadherin downregulation have been found in several
cancers, including, breast, uterine, and colon cancers (90–94);
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thus, the role of CtBP1 in EMT may be particularly critical in these
cancers that also overexpress the ZEB family of transcription
factors. Interestingly, in hepatocellular carcinomas, both CtBP1
and 2 increase cellular invasion independent of EMT, and this
action is reversible though their interaction with the INK4 family
member, p19ARF (95). However, the exact mechanism through
which CtBP1 is able to promote the EMT-independent invasive
phenotype is still unclear.
Other hallmarks with which CtBP1 is associated are an increase
in cell proliferation and the evasion of growth/tumor suppressor
functions. CtBP1 has been shown to negatively regulate numerous tumor suppressor genes, including PTEN (14, 96), Wnt (97,
98), and several cyclin-dependent kinase inhibitors (99–101).
PTEN is a known regulator of the cell cycle, and its repression
results in increased cell migration and proliferation (102). PTEN
expression is repressed by the Snail transcription factor in a CtBP1dependent manner, which results in a prosurvival effect (103).
CtBP1 has also been shown to interact with the adenomatous
polyposis coli (APC) tumor suppressor to repress the expression
of Wnt target genes (97). In colorectal cancer cells, mutations in
APC disrupting the CtBP–APC complex result in aberrant Wnt
signaling and cancer progression (98). Finally, CtBP1 modulates
the expression and activities of the Ink4 family of tumor suppressors. The Ink4 family of cyclin-dependent kinase inhibitors
regulates their oncosuppressive properties by triggering cell-cycle
arrest (104). Speciﬁcally, CtBP2 represses the tumor suppressor
p16INK4a and prevents senescence in human esophageal squamous cell carcinomas (100), suggesting that CtBP overexpression
promotes the evasion of cell-cycle regulation. Deng and colleagues made similar observations in melanoma where the overexpression of CtBP1 repressed the expression of p16INK4a,
potentially contributing to increased proliferation (69). Moreover, in prostate adenocarcinomas CtBP1 represses the transcription of the p21waf1/cip1 gene, likely through formation of a corepressor complex with PARP, which is disrupted following DNA
damage signals (101). The implications of CtBP1-dependent
repression of these proteins highlight a key role for CtBP1 in the
evasion of cell-cycle checkpoints and enhanced tumor progression. In murine bone marrow progenitor cells, the direct interaction between the AML1/MDS1/EVI1(AME) leukemia-associated fusion gene and CtBP1 is important and required for an
increase in cell proliferation and abnormal differentiation (77).
Thus, the improper recruitment of CtBP1 to a promoter site is
critical for the transformation of these leukemic cells, and its
disruption may be a way to restore their normal growth and
differentiation patterns.
CtBP1 is implicated in the cancer hallmark of genome instability through its effect on the breast cancer 1 and 2, early onset
(BRCA1 and 2) genes. BRCA1 and 2 play crucial roles in the
homologous recombination repair pathway of DNA doublestrand breaks and in DNA damage signaling. Deﬁciencies in
BRCA1 lead to accelerated proliferation, abnormal mitosis,
increased genomic instability, and tumorigenesis (105). In breast
cancer cells, CtBP1 assembles on the BRCA1 promoter as part of a
corepressor complex, containing p130 and HDAC1, which alters
local histone acetylation at the BRCA1 promoter and subsequent
transcription (106). Disruption of this repressor complex (either
through estrogen induction or NADþ/NADH ratios) leads to
eviction of CtBP1 and HDAC1, increased histone acetylation and
subsequent BRCA1 transcription, thereby associating CtBP1 overexpression with genome instability, an enabling characteristic of
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cancer hallmarks. Furthermore, a decrease in BRCA1 expression
levels correlated with an increase in CtBP1 levels in both head and
neck cancers and melanomas, where CtBP1 was shown to repress
BRCA1, contributing to an increase in DNA damage (69, 107). In
the case of BRCA2, its deﬁciency has also been linked to many
cases of breast, pancreatic, and ovarian carcinomas (108), and
similar to BRCA1, the BRCA2 gene can be epigenetically silenced
in breast cancer cells, through the recruitment of the SLUG–
CtBP1–HDAC1 repressor complex (109).
The above data illustrate that CtBP1 plays a critical role in the
development and progression of multiple cancer types through
the regulation of several cancer hallmarks. Understanding and
predicting the consequences of altered corepressor expression
patterns in cancer cells has diagnostic and prognostic implications, and disrupting CtBP1-mediated transcriptional repression,
in particular, represents a unique therapeutic opportunity to
cripple multiple oncogenic pathways.

Targeting the CtBP1 Transcriptional
Corepressor Complex for Cancer Therapy
As a transcriptional regulator of broad developmental processes capable of promoting malignant growth in adult tissues, the
CtBP1 transcriptional corepressor complex is an attractive therapeutic target for the treatment of diverse tumor types. Although
therapeutically targeting transcription factors is typically considered a challenging endeavor, there has been increasing progress
made in exploiting various modes of transcriptional regulation,
including protein–protein interactions, enzymatic activity, DNA
binding, and epigenetic alterations. In the remaining section, we
will focus on the advantages and feasibility of targeting the CtBP1/
transcription factor interaction, the dehydrogenase activity, and
the CtBP1 dimerization in CtBP1-mediated tumor progression.
The ﬁrst approach to decrease CtBP1 activity is to identify small
molecules inhibiting the interaction between CtBP1 and its protein partners. Despite the recent advancements in high-throughput fragment-based, in silico, and in vitro screening technologies,
identifying inhibitors of protein–protein interactions is still a
challenging endeavor. Unlike many ligand–receptor or substrate–enzyme interactions, most protein–protein interactions
have not evolved to accommodate small molecules, so the druggability of each protein must be evaluated individually. Nevertheless, mounting efforts from many research groups targeting protein–protein interactions have led to the establishment of a more
solid framework regarding the conceptual and technical fundamentals required for the development of a successful protein–
protein interaction inhibitor.
Current evidence indicates that small molecules can interfere
with "hotspots" on protein interfaces, to disrupt protein–protein
interactions (110). The CtBP1–transcription factor interaction has
some characteristics that suggest it contains such "hotspots" and is
amenable to small-molecule intervention, when examining the
crystal structure of the CtBP1/PXDLS complex and mutational
analyses (18, 28, 29). The PXDLS peptide interacts with the SBD of
CtBP1 primarily through two hydrophobic side chains docking
into a hydrophobic pocket (Fig. 1C; ref. 18). The interface is
relatively small and a single amino acid mutation in either the
hydrophobic cleft of CtBP1 or the conserved PXDLS motif is able
to disrupt the protein interaction and subsequent transcriptional
repression (28, 36). In particular, when the residues Pro, Leu, and
Ser within the PXDLS motif are mutated to an Ala residue, there is

Mol Cancer Ther; 16(6) June 2017

Downloaded from mct.aacrjournals.org on October 16, 2018. © 2017 American Association for Cancer Research.

985

Blevins et al.

10- to 35-fold loss in binding (28). Although the SBD has
structural homology to other 2-hydroxyacid dehydrogenases, this
interface has little to no similarity compared with two other wellknown 2-hydroxyacid dehydrogenases, lactate and malate dehydrogenase (Fig. 1E), and currently, there are no known dehydrogenases involved in protein–protein interactions through this
interface. This suggests that it is possible to develop highly
selective small molecules capable of disrupting the CtBP/transcription factor interaction. This hydrophobic groove is also fully
conserved between CtBP1 and 2 (Fig. 1E). Because these grooves
can form pockets more comparable with an enzyme active site,
this suggests that small-molecule inhibitors could be engineered
that bind in this cleft to perturb CtBP-mediated transcriptional
repression. This, in combination with the recognized importance
of the CtBP1 transcription factor interactions (through single
amino acid mutations in the PXDLS sequence or the CtBP1binding cleft) in gene repression and tumorigenesis (28, 36),
suggests a small-molecule inhibitor targeting this protein interaction may be an effective therapeutic approach.
Screening of pharmacologically active compounds using an
AlphaScreen assay led to the identiﬁcation of a selective inhibitor
of the CtBP1–E1A complex, NSC95397 (Fig. 3A; ref. 111).
NSC95397 clearly inhibited the CtBP1–transcription factor interaction in both in vitro assays and in a luciferase reporter assay using
a CtBP1-speciﬁc promoter. Although NSC95397 displayed speciﬁcity toward the CtBP1–E1A interaction in secondary protein–
protein interaction, enzymatic, and in vitro assays, NSC95397
does have other known activities. Considering that NSC95397
also targets cdc25 (112) and the spliceosome (113), the effect of
NSC95397 in cell culture could come from the inhibition of
multiple pathways by this compound. For NSC95397 to be a
useful CtBP1 inhibitor, as a chemical probe or therapeutic agent,
future medicinal chemistry efforts will be required to improve the
potency and speciﬁcity of this compound. Importantly, these
results suggest that a larger high throughput screening campaign
may be a useful strategy for generating additional and more
promising inhibitors of CtBP1.

Figure 3.
Chemical structures of the current compounds identiﬁed as inhibitors of CtBP1
transcriptional activity. A, NSC95397 was discovered through high-throughput
screening. B, MTOB was identiﬁed through screening known substrates of other
dehydrogenases. C, Phenylpyruvate and 2-hydroxyimino-3-phenylproanoic
acid are MTOB derivatives generated through structure-based design. D, The
cyclic peptide-61 (CP61) amino acid sequence identiﬁed from screening a cyclic
peptide library.
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A second opportunity for targeting the CtBP1 corepressor
activity is through its dehydrogenase activity. Structurally, the
CtBP proteins have a deﬁned active site capable of accommodating either an endogenous substrate or a small-molecule inhibitor
(16). However, the structural similarity and identical catalytic
mechanism between CtBP1 and other NADH-dependent dehydrogenases could make the identiﬁcation of speciﬁc enzymatic
inhibitors challenging. Nonetheless, efforts have been made
targeting the enzymatic activity of CtBP1 as a means to inhibit
CtBP1-mediated tumorigenesis. The compound, MTOB (Fig. 3B),
and a few of its derivatives are the most thoroughly investigated
substrate-based inhibitors of the CtBP family (16, 26, 65, 111,
114). These substrates were originally identiﬁed through the
enzymatic screening of other known dehydrogenase substrates
and a few derivatives. MTOB displays a biphasic saturation curve
with substrate inhibition at higher concentrations. Treatment
with high concentrations (4 and 10 mmol/L) of MTOB can disrupt
CtBP1 recruitment to target promoters, thereby antagonizing
CtBP1-mediated transcriptional regulation (65, 114). In HCT116
colon cancer cells, MTOB can induce apoptosis through eviction
of CtBP1 from the Bik promoter (114). In addition, MTOB can
shift breast cancer cells from a more mesenchymal to an epithelial
phenotype by preventing CtBP localization to target promoters
(65). The crystal structure of MTOB bound within the active site of
CtBP1/2 does not reveal any large conformational changes from
the apo structure (16). Furthermore, MTOB is unable to disrupt
the CtBP1–E1A interaction in an AlphaScreen or ﬂuorescence
polarization assay at 100 mmol/L (111). A possible explanation
for the mechanism of inhibition is that MTOB alters the NADH/
NADþ ratio by consuming NADH in the dehydrogenase reaction,
consequently shifting the monomeric and dimeric state of CtBP1,
thereby regulating its transcriptional activities.
Although high MTOB concentrations are required for inhibition of CtBP transcriptional repression, MTOB's clear antitumorigenic effect on cancer cells provides evidence that small
molecules could be developed to treat tumors dependent upon
CtBP activity. Very recently, using a structure-guided approach,
Hilbert and colleagues designed several high-afﬁnity MTOB
derivatives by taking advantage of an active site tryptophan
unique to CtBP1 and stabilizing the carboxylic acid moiety of
MTOB (Fig. 3C; ref. 16). Isothermal calorimetry and enzymatic
experiments revealed that these chemical modiﬁcations
improved the binding afﬁnity 1,000-fold over MTOB and were
also able to inhibit CtBP1 enzymatic activity. However, the in
vivo impact of these enzymatic inhibitors on CtBP1-mediated
transcription and tumorigenesis has yet to be determined.
A third approach to inhibit CtBP1 activity is to target the
CtBP dimerization interface. NADH-dependent dimerization of
CtBP1 is essential for many of its corepressive functions (115).
CtBP1 homodimerizes and heterodimerizes with CtBP2 through
a predominately large hydrophobic interface in its nucleotidebinding domain, to unite DNA-associated transcription factors
with epigenetic regulators. Birts and colleagues exploited this
feature and identiﬁed another class of CtBP1 inhibitors through
screening a cyclic peptide library (Fig. 3D; ref. 116). The cyclic
peptide, CP61, inhibits CtBP dimerization and NADH binding
in vitro and in vivo with an IC50 value of 19 mmol/L. After fusion to
the TAT cell-penetrating peptide, CP61 can internalize into cells
and antagonize CtBP-associated proliferation and maintenance
of mitotic ﬁdelity in the highly glycolytic MCF-7 breast cancer
cells. However, the direct effect of the peptide on either the
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enzymatic or transcriptional activity of CtBP1 was not explored in
this study. Regardless, this work further demonstrates the validity
of the CtBP1 corepressor as a target for anticancer therapeutics,
and although the full implication of this cyclic peptide on the
repressive activity of CtBP1 in cancer cells remains to be explored,
this peptide could serve as a useful tool to further our understanding of the biological importance of the monomeric and
dimeric forms of CtBP1.
A major advantage of targeting CtBP1 is that CtBP1 expression levels are generally low or absent in many adult tissues,
with the exception of the brain, adipose tissue, and skeletal
muscle (3, 117, 118); therefore, negative side effects in
response to a CtBP1-targeting therapy would likely be limited.
CtBP is expressed in both the nucleus and the presynaptic
terminals of cultured hippocampal neurons, suggesting a
potential function for CtBP in learning and memory that is
distinct from its role as a transcriptional corepressor; however, a
mechanistic understanding of the nontranscriptional role of
CtBP is lacking (117). Furthermore, treatment of primary
cerebellar granule neurons with 5 mmol/L MTOB induces
signiﬁcant neuronal apoptosis, suggesting that the enzymatic
activity of CtBP may play a role in the survival of primary
neurons (84). In adipose tissue, CtBP has been shown to induce
the phenotypic conversion of white adipocytes to a brown
phenotype through the transcriptional repression of a set of
white fat genes (118). White adipose tissue secretes stressrelated cytokines that can contribute to insulin resistance in
obese subjects unlike brown adipose tissue (119). Although the
full physiologic effect of CtBP inhibition in either of these
systems is not yet fully understood, one would want to carefully
monitor these tissues in response to any inhibitors developed
targeting the CtBP transcriptional complex. In general, because
we do not anticipate that the inhibition of CtBP1 transcrip-

tional repression will have an adverse effect in most tissues
(due to low CtBP1 expression levels in adult tissue), inhibitors
targeting the CtBP1 complex are overall expected to be well
tolerated.
In conclusion, targeting the CtBP1 corepressor complex still
remains a relatively unexplored opportunity. To date, much
progress has been made to understand the role of the CtBP
transcriptional complex in tumorigenesis, and it remains an
appealing target due to its limited expression in most adult tissues
and its ability to reactivate developmental programs critical for
tumorigenesis/metastasis when aberrantly reexpressed. Current
CtBP1 inhibitors are promising leads that target CtBP1 activity
from unique angles, each of which could potentially be developed
into highly speciﬁc and effective therapeutic agents targeting
tumors overexpressing CtBP1.
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