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Abstract

Regulators of the tumour suppressor protein, p53 are promising anti-cancer drug candidates.
The retinoblastoma binding protein 6 (RBBP6), a p53 negative regulator, has emerged as an
important player in carcinogenesis and is essential for both invertebrate and vertebrate embryonic
development. It is a multi-domain protein associated with key cellular processes such as cell cycle
control and apoptosis. The mouse orthologue enhances the activity of the prototypical p53 negative
regulator, Mouse Double Minute 2. The biological functions of RBBP6 include cell proliferation, cell
differentiation, cell survival and angiogenesis. Consistent with these features, RBBP6 is implicated
in several cancers as a critical factor and offers opportunities for development of new approaches
to diagnosis and treatment. Currently, there are no drug candidates targeting RBBP6. There are,
however, experimental as well as approved drugs that target RBBP6 interactors. In this review,
rigorous analysis unveils important gaps that require urgent attention and RBBP6 is evaluated as a
potential drug target.
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Introduction

The multi-domain retinoblastoma binding protein 6 (RBBP6) belongs to a distinct eukaryotic
family and is absent in prokaryotes. It is essential for both vertebrate and invertebrate embryonic
development. The molecular functions of RBBP6 include nucleic acid metabolism (replication,
transcription and pre-mRNA splicing), E3 ubiquitin ligase activity and interaction with p53 and the
retinoblastoma protein (RB1). Evidence shows that the murine orthologue enhances the E3 ligase
activity of Mouse Double Minute (MDM?2), the prototypical p53 negative regulator

We analyse the structures of the RBBP6 gene and protein using raw data published in databases
and in literature. Furthermore, we examine the role RBBP6 plays in carcinogenesis and its potential
as a diagnostic tool and therapeutic target.

Studied vertebrate, invertebrate and plant orthologues include the mouse (variously known
as P2P-R or PACT (p53 Associated Cellular Protein-Testis-derived)), Drosophila melanogaster
(SNAMA), Caenorhabditis elegans (RBPL-1) and Saccharomyces cerevisiae (Mpe-1) [1]. Overall,
the RBBP6 family has, through evolution, gained complexity. In mammals, many isoforms are
generated from a single gene.

The Structure of the RBBP6 Gene and
Biological Functions

its Molecular and

The RBBP6 gene has 17 introns that are alternatively spliced to produce four transcripts
(Figure 1A). It has been reported that RBBP6 is regulated by two promoters [2]. The vertebrate and
invertebrate p53 genes also generate multiple isoforms by alternative splicing, alternative initiation
of translation, and by alternative promoter usage [3,4]. Our analysis suggests that all four transcripts
have the same transcriptional start site and untranslated region. There is no evidence of a transcript
produced by an alternative promoter.

Allmembers of the RBBP6 family possess an N-terminal Domain With No Name (DWNN) witha
ubiquitin-like three dimensional fold [5,6]. This domain can exist in humans as a single, independent
domain. Immediately downstream DWNN, is a zinc-finger and a RING (Really Interesting New
Gene) domain. This combination is called the DWNN catalytic module (DCM) [7]. Downstream
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Figure 1: Organization of the RBBP6 gene and domain organization of its protein product. A. Gene structure and configuration of exons in the spliced
transcripts. The locations of SNPs in intron 14 associated with glioma are indicated. Pre-mRNA sequences that are landmark for splicing reactions with their
associated binding proteins are shown. Location of exons are shown in the different RBBP6 isoforms B. RBBP6 isoforms and domains. Arrangement of several
domains in RBPP6. Domains contained in each isoform are shown.

the DCM, RBBP6 consists of a panoply of domains and motifs that
may include the p53-binding domain, the retinoblastoma protein
(Rb)-binding domain, the serine/arginine (SR)-region, a coiled-coil,
a lysine-rich region at the C-terminal end and a nuclear localisation
signal (Figure 1B). RBBP6 binds on co-proteins; p53 and Rb1 [8,9]
as well as the Y-box-binding protein 1 (YB-1), a multifunctional
transcription factor that is crucial for proliferation, differentiation
and apoptosis [10]. At the molecular level, the activities of Yb-1 have
an impact on DNA repair, mRNA transcription, splicing, translation
and mRNA stability [11]. Thus RBBP6 belongs to a small subset
of proteins that bind both tumour suppressor proteins. One study
reports that the C-terminal end (amino acid 1215 - 1404) is in fact a
topoisomerase 1 domain [12]. This has, however, not been pursued in
such that there is no experimental evidence. RBBP6 is thus implicated
in many biological processes and influences many cellular functions
and effects (Figure 2).

Certain similarities between RBBP6 and Mdm?2 attract attention
to their roles. Firstly, both proteins bind to and act as negative
regulators of p53 [5,8]. Secondly, they possess E3 ligase activity and
catalyse ubiquitination of substrates such as p53 [10]. Importantly,
both RBBP6 and Mdm2 null mutants die during embryogenesis
suggesting that each is essential for development. Both null mutants
can be rescued by concomitant deletion of p53. In rbbp6” p53”, the
lethal phenotype is partially rescued albeit with severe developmental
defects while mdm2/p53” double mutants are born viable and
develop normally. Even a heterozygous p53 background does not
rescue the mdm2 null phenotype. These results support an intimate
functional relationship between Mdm2 and p53 [13-15]. By the same
token a similar relationship between p53 and RBBP6 can be inferred.
These findings suggest that RBBP6 has Mdm2-independent activities

that are crucial for development.

There are four known RBBP6 isoforms (Figure 1B). Experimental
evidence reveals differential expression of isoform 1 (approximately
250kDa) and isoform 3 (approximately 13 kDa) both having influence
on carcinogenesis. The expression patterns of isoform 2 and 4 have
not been elucidated.

RBBP6 has been detected in the nucleus, nucleoli and in the
cytoplasm at different cell cycle stages [16]. Its role in cell cycle control
is rather complex with some isoforms exhibiting distinct molecular
functions. When isoform 1 is depleted, reduced cell proliferation is
observed [12]. On the other hand, isoform 3 (which comprised the
DWNN only) is downregulated in some cancers suggesting an anti-
apoptotic role. It appears to control G,/M phase as depletion slows
down G,/M cell cycle arrest [17]. The contrasting roles played by
these isoforms may be explained by events occurring during pre-
mRNA processing where isoform 3 is found to inhibit the full-length
by competitive binding to the polyadenylation cleavage complex.
The mechanism by which this interaction occurs appears to be via
the cleavage stimulatory factor (CstF46), and is independent of RNA-
binding. Notably, the DCM is sufficient for 3’ end cleavage during
polyadenylation but DWNN and the rest of the module possess
distinct functions. DWNN is responsible for binding to CstF while
the zinc finger and RING domain are required for RNA-binding.
Consequently, Isoform3 inhibits full length RBBP6 by competitive
binding to CstF [18].

The multi-domain structure of RBBP6 portrays a protein that
links molecular activities with cellular processes that are crucial for the
cell cycle. For instance, in addition to binding to p53 and Rb1l, RBBP6
catalyses ubiquitination and subsequent proteasomal degradation
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Figure 2: Biological processes and RBBP6 molecular interactions. A) Biological processes in which RBBP6 is involved. Blue coloured boxes indicate processes
that have been experimentally shown, whereas orange is yet to be proven. B) RBBP6 molecular interactions are shown. The diagram was generated using Gene
Mania. Interacting molecules are shown as nodes and the type of interaction or association is indicated by coloured edges as indicated in the colour key (insert).
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of the transcriptional repressor protein ZBTB38. This leads to the
depletion of the replication factor MCM10 and slowing down of the
replication fork movement [19]. Disturbance of this system could
have adverse impact on genome stability. A study on Saos2 cells
shows that the full-length murine orthologue, known as P2P-R,
promotes cell cycle progression and that its overexpression causes cell
cycle arrest at prometaphase and mitotic apoptosis independently of
both p53 and Rb. Furthermore, these activities occur in the absence of
transcription [20]. Thus, RBBP6 may induce apoptosis independently
of p53 and transcription by influencing a mitochondrial pathway.
Indeed, probable mitochondrial localization was observed. Moreover,
another study shows that an antibody to the Drosophila orthologue,
immunoprecipitates the voltage-dependent anion channels (VDAC)
localized on the outer mitochondrial membrane (OMM) [7]. VDAC
is a pivotal regulator of global mitochondrial function and is at the
frontier of cell life and death [21]. Physiologically, it facilitates the
exchange of metabolites (e.g. succinate, glutamate etc.,) and anions
between mitochondria and the cytosol. It is induced by wild type p53
to form high molecular weight multimers in the OMM to facilitate
release of apoptogenic molecules [22]. VDAC closure is associated
with mitochondrial outer membrane permeabilization (MOMP),
reactions leading to the release of cytochrome ¢ and apoptosis [23].
The precise manner by which RBBP6 interacts with VDAC is not
clear.

The mitotic spindle assembly checkpoint protein (MAD2L2),
was identified in a yeast two hybrid screen as an interactor with
RBBP6 forming part of a network of proteins involved in cell death,
cell differentiation, cell proliferation and protein modification [24].
MAD?2L2 controls mitotic check point [25]. It acts in complex with
other proteins to inhibit Cdc20 directly, preventing it from activating
the anaphase-promoting complex (APC), a ubiquitin ligase that
is important for initiation of chromosome segregation [26,27].
This implies that RBBP6 acts at the crucial step when chromosome
segregation occurs in mitosis and in meiosis. Failure of this could
result in aneuploidy.

RBBP6 is also found at nuclear matrix attachment regions
(MARs) indicating involvement in chromatin organization where it
recruits p53 and Rb, a member of the serine-arginine subfamily of
protein kinases known as SRPKla and matrix attachment factors,
SAF-B and nucleolin [28]. These features further reinforce the role
RBBP6 plays in chromatin organization.

Differential expression of RBBP6 has been observed in several
cancers including colon [29,30], lung [31], breast [32], cervical [33],
oesophageal [12], colorectal [34], brain [35], stomach [36], pancreatic
[37], prostrate [38] cancers and in susceptibility to glioma [35]
(Table 1). Accumulating evidence shows that the various isoforms
possess unique functions. Isoform 3 is a cell cycle regulator required
at the G2/M checkpoint and has anti-proliferative effects, because
its overexpression stabilizes p53 and inhibits growth. Interestingly,
the cell cycle arrest agent, As,O, induces the expression of both
isoforms 1 and 3 at G2/M in human Embryonic Kidney 293 (HEK
293) cells. However, unlike isoform 1, depletion of isoform 3 inhibits
G2/M cell cycle arrest, suggesting that the two isoforms perform
contrasting functions. The mechanism by which RBBP6 affects the
cell cycle checkpoints is not clear but some evidence point to probable
interactions with p53 and pRB. In addition to the specific cyclin-
dependent kinases at checkpoints, p53 controls both the G1/S and
G2/M phases since its transcriptional target, p21, inhibits the cyclin-
dependent kinases at G1/S checkpoint as well as the cdc2 kinase at
G2/M [39]. pRb, on the other hand, is the key regulator of the G2/M
boundary and its depletion leads to G2 arrest [40]. Since RBBP6
has the uncommon characteristic of interacting with both p53 and
Rbl, it probably influences both phases of the cell cycle. Generally,
experimental evidence shows that isoform 3 is deregulated in tumours
but abundantly expressed in tumour-associated normal tissue [17].

A study on the Chinese Han population, whereby all the common
tagging single nucleotide polymorphisms (SNPs) in RBBP6 were
genotyped, revealed that two of them were associated with either low
grade glioma or the highly aggressive glioma multiforme [35]. These
SNPs (rs2033214 and rs11860248) are located in intron 14 (Figure
1A). So far, the precise molecular underpinnings of these phenotypes
have not been elucidated. However, the location of intron 14
upstream of exons that encode key RBBP6 functional domains such
as the p53- and Rb-binding and RS domains implies that a truncated
transcript resulting from these mutations would have an impact on
cellular activities.

SNP rs2033214 occurs in a potential branch-point sequence
(CUAAAU) and rs11860248 is at the 5’ end of the poly-pyrimidine
tract (PPT). These SNPs may have an impact on splicing pathways.
Defective splicing pathways have serious pathological consequences,
with 15% of mutations implicated in hereditary disease affecting pre-
mRNA splicing. Often, these are point mutations in exonic splicing
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Table 1: Status of RBBP6 in various pathological conditions.

Role Indicator Reference
Cancer
Colon cancer Overexpressed (Chen et al., 2013; Dlamini et al., 2016)
Lung cancer Upregulated (Motadi et al., 2011)
Breast cancer Upregulated (Moela et al., 2014)
Cervical cancer Upregulated (Ledwaba and Dlamini, 2005)
Oesophageal cancer (Rbbp6, PACT,P2P-R) Genetic mutation, Upregulated (Mehlo and Dlamini, 2007) (Li et al., 2007) (Yoshitake et al., 2004)
Colorectal cancer Overexpressed (Wiese et al., n.d.)
Glioma Genetic variations (SNPs) (Hu et al., 2014)
Gastric cancer Upregulated (Yashiro et al., 2015)
Prostrate cancer Overexpressed (Singh et al., 2006)
Biomarker
Colon cancer Overexpressed (Chen et al., 2013)
Gastric cancer Upregulated (Yashiro et al., 2015)
Risk factor
Familial myeloproliferative neoplasms Germline mutations (Harutyunyan et al., 2016)
Other Conditions
Ovarian endometriosis Upregulated (Arimoto et al., 2003)
Neurological disorders Duplicated (Howell et al., 2013)
Myelodysplastic syndromes Mutated (Liu et al., 2015)
Embryonic lethality (PACT, SNAMA) Absent (Hull et al., 2015; Li et al., 2007)(Mather et al., 2005)
Infertility (RBPL-1) Absent (Huang et al., 2013)
Cell cycle progression during cancer (P2P-R) Absent (Gao and Scott, 2003)
Inability to synthesize nutrients Absent (Huang et al., 2013)

enhancers [41]. The branch-point, polypyrimidine tract and 3’ AG
dinucleotide facilitate the committing step in splicing through
binding of the branch point binding protein or splicing factor 1
(SF1) and the 65 kDa subunit of U2 auxiliary factor (U2AF®) [42-
44]. Since alternative splicing has a remarkable role in the brain
[45], an appreciable number of brain-specific disorders associated
with splicing defects can be expected. This tissue specific pre-mRNA
splicing has been observed in gliomas. The point mutations in the
polypyrimidine tract may alter initial stages of spliceosome assembly
by interfering with PTB binding. The polypyrimidine tract binding
protein (PTB) or hnRNP mediates neuron-specific splicing switch
by competing with U2AF for thecis-element, 5 UUCUCU 3'. This
regulates either exon selection or skipping [46,47]. Overexpression
of PTB seen in neoplastic transformation of glial cells leads to the
development of glioblastoma multiforme tumours [48].

Recently, five germline RBBP6 mutations were identified in
individuals with predisposition to familial myeloproliferative
neoplasms and absent in the general population [34]. At least three
of these mutations are in the p53-binding domain and the rest in the
adjacent downstream region. The mutations exhibit low penetrance
which is attributed to influence by stochastic factors such as somatic
mutations or germline mutations in the Janus kinase 2 (JAK2) GGCC
haplotype and a SNP in the telomerase reverse transcriptase (TERT)
genes since these mutations have an additive effect on the MPN risk
found in rbbp6 carriers.

Overexpression of RBBP6 in colon cancer patients is associated
with poor prognosis. Using quantitative real-time PCR, Western
blot analysis and immunohistochemistry it was determined that

simultaneous increase in RBBP6 and mutant Tp53 results in death
of a patient within a short period. Consequently, it is proposed that
this relationship is predictive of colon cancer. Importantly, RBBP6
was also found to be an independent prognostic factor for overall and
disease- free survival [29].

RBBP6 in Embryonic Development

RBBP6 is essential for both vertebrate and invertebrate
development since null mutants die as embryos [5,13]. New evidence
shows that it maybe involved in anterior-posterior patterning. Firstly,
the promoter region of the Snama possesses putative transcription
factor binding sites for genes involved in anterior posterior patterning
[7]. Secondly, mouse embryos lacking the pact gene display slowed
development and die before embryonic stage E7.5, with more
extensive apoptosis when compared to wild type littermates. These
embryos can be partially rescued by simultaneous deletion of p53
and develop past gastrulation but with obvious defects along the
anterior-posterior axis [13]. This phenotype is similar to but more
severe than the mdm2”/p53 " phenotype [15,49]. The severity of the
pact” phenotype suggests a more extensive role for RBBP6 in normal
physiology.

RBBP6 is also implicated in embryonic development of the frog.
This is based on expression profiles observed in key developmental
stages of Engystomopspustulosus [50], suggesting a potential role in
cell differentiation. At the blastula stage, RBBP6 is expressed highly in
the animal cap which represents the presumptive ectoderm. During
early neurulation RBBP6 transcripts are restricted to the presumptive
eye region and later throughout the neural tube. The expression

ScienceForecast Publications LLC., | https://scienceforecastoa.com/ 4

2018 | Volume 1 | Edition 1 | Article 1002



Ntwasa M, et al.,

Journal of Cancer Research Forecast

profile of the frog RBBP6 suggests that it is required in tissues of
ectodermal origin and in eye development. Similarly, SNAMA is
essential for cell proliferation and survival in the morphogenetic
furrow of the developing eye [51].

Although its role in differentiation is unclear RBBP6 is one of
the proteins with more than three-fold expression in the pluripotent
Human Embryonic stem cell RNA [52]. These findings reinforce the
fact that it is required for cell differentiation. The pre-implantation
embryo undergoes critical biological changes including, termination
of female meiosis, chromatin reorganization and absence of apoptosis.
Thus, the molecular functions of RBBP6 correlate with this critical
period. RBBP6 is expressed at early stages of human development and
is identified as an “early riser”: being just detectable in the oocyte and
highly upregulated at 2 — 8 cell stages. This expression is sensitive to
a-amanitin indicating embryonic transcription [53]. These findings
suggest that RBBP6 is required early in human development and may
be involved in cell differentiation since it is highly expressed when
pluripotency-related genes are normally upregulated. The Tagman
assay used in this study would have identified either isoform 1 or 2
but not isoform 3 and 4 since the probe spans exons 13 and 14.

RBBP6 as a Biological Marker

A biomarker is defined by the National Institute of Health as a
molecule found in body fluids, blood or tissues that may be employed
asa predictor of a normal, an abnormal process or disease. Biomarkers
may be useful in pathological contexts including; diagnosis
(especially early detection of disease), assessment of response to
treatment, identification of targets for therapy, prevention (assessing
risk to disease and as “surrogates” or substitutes) and use as clinical
endpoints [54].

RBBP6 was identified as a potential biomarker for oesophageal,
colon and gastric cancers. It is a potential stem cell marker for
gastric cancer as well as an independent prognostic factor for distant
metastasis and advanced clinical stage because overexpression
correlates with metastasis and tumour invasiveness (36). The current
view is that RBBP6 expression levels may be predictive and prognostic
indicators of gastric cancer.

RBBP6 may also be an independent prognostic factor for the
survival of colon cancer patients. It's elevated levels in cancerous colon
tissue are associated with advanced stage and metastatic tumours.
When RBBP6 is overexpressed, patients have a low survival rate [29].
The limitation of this study is in the use of the Abcam antibody as
it is not clear which isoform is detected. We assume that this was
Abcam (Cat # ab55787) as it detects a 38 kDa protein consistent with
information in the manufacturer’s brochure. However, there is no
isoform that matches this size. Since the antibody was raised against
the region spanning amino acids 1582 - 1692, isoforms 3 and 4 are
excluded. It probably represents either isoform 1 or 2.

Using cDNA microarray analysis comprising 9216 genes and
26 oesophageal cancer patients, RBBP6 (referred to in that article
as PP-RP) was identified as an oesophageal tumour associated
antigen (TAA) associated with HLA-A24. It was characterized by
immunocytochemical staining and xenograft rejection and found
to have higher expression in cancerous tissue in contrast to normal
tissue. Furthermore, RBBP6 contains 10 epitopes recognized by HLA-
A24-restricted cytotoxic T lymphocytes. Hence, adoptive transfer of
RBBP6-specific cytotoxic T lymphocytes caused rejection of lung
cancer xenograft in an HLA-A24-resctricted manor. However, it

might be more useful to immunotherapy and vaccination than to
diagnosis, since it is a nuclear protein. Although RBBP6 is expressed
in certain normal tissues such as testis and placenta, it has not been
detected in many others such as lung, spleen, kidney, lymph node,
brain and liver [12].

RBBP6 as a Drug Target

There are three broad considerations to be taken when evaluating
a drug target. Firstly, the biochemical pathway associated with it must
be studied sufficiently to decide if the target is essential for the cell.
This is important because issues of toxicity or safety are crucial in drug
discovery and development. Many drugs fail during development
for this key pharmacokinetic parameter [55]. Secondly, the target
should be potentially or actually drugable. It must possess potential
binding sites for putative drugs, especially for small molecules
whose interactions have an impact on molecular function that is
measurable in vitro and in vivo? Thirdly, for rational drug design, a
three dimensional structure of the target or its homologue must be
determined.

Current research suggests that RBBP6 is involved in important
biochemical pathways. The three-dimensional structures of DWNN
and the RING domain have been investigated and published [6,56].
A three dimensional structure of the p53-binding domain is possible
by molecular modelling if a suitable template is found. This domain
is attractive in the drug discovery process because its perturbation is
likely to affect apoptosis and have an impact on carcinogenesis.

Currently, there are no RBBP6 targeting drugs that are either
approved or at an experimental stage. There are drugs that target
molecules associated with RBBP6 in DRUGSURYV, a resource for
repositioning of approved and experimental drugs in oncology
based on patient survival information derived from clinical cancer
expression datasets [57]. These data can be used to search for lead
molecules with potential for development into therapeutic drugs. In
all, the space is open for discovery of drugs that target RBBP6.

Conclusion

The RBBP6 familyis emerging asanimportant player in embryonic
development and in carcinogenesis. This review brings into focus the
contrasting roles of the various isoforms. The independent DWNN
module (isoform 3) is anti-proliferative and is down-regulated in
cancers while the longer ones promote cell proliferation and are
overexpressed in cancers. Evidence suggests that isoform 3 is an
inhibitor of the longer ones.

This review exposes key areas that require more research; precise
elucidation of the functions of the various isoforms and the tertiary
structure of the p53- and Rb-binding domains. Biochemical features
of these proteins suggest that it is a potential drug target and biological
marker.
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