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Abstract

The retinoblastoma (RB) protein is a well characterized tumor suppressor, which is found to be
mutated in various types of cancer. The best characterized role of pRB relates to its role as a key regulator
of the G1 checkpoint. However, recent studies have implicated pRB activity during later phases of the cell
cycle, when pRB is present in a hyperphosphorylated state. Recent work has experimentally identified
proteins that specifically interact with either hypophosphorylated pRB, as would be found during G1, or
hyperphosphorylated pRB, as would be found in G1, S, or G2 stages of the cell cycle. To better
understand the functional subcomplexes they may form, I used the web-based Search Tool for the
Retrieval of Interacting Genes (STRING) software to map and identify distinct protein subcomplexes
within the hypo- and hyperphosphorylated pRB interactomes. Next, to define the nature of the
interactions with pRB, I evaluated each protein within these two interactomes for the presence of an
LxCxE sequence motif, which has been demonstrated to moderate protein interactions with pRB.

Many of the best characterized pRB-associated proteins that cooperate with pRB in cell cycle
control contain an LxCxE motif. Consistent with this, my analysis identified LxCxE binding motifs in
20% of proteins within the hypophosphorylated pRB interactome, with at least one LxCxE domain-
containing protein in each identified interacting cluster, suggesting interactions of the remaining 80% of
proteins with pRB may be moderated through an LxCxE-containing protein. In contrast, less than 1% of
proteins and only a quarter of defined protein clusters within the hyperphosphorylated pRB interactome
contained LxCxE motifs. These analyses propose that the majority of proteins that interact with pRB at
later stages of the cell cycle, when pRB is hyperphosphorylated, do so in a manner that is independent of

pRB’s LxCxE binding domain.
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1. Background

1.1 pRB Protein Is An Important Tumor Suppressor.

Retinoblastoma (pRB) protein is a tumor suppressor encoded by the RB1 gene. The
protein functions as a key regulator of the G1 checkpoint of the cell cycle (Giacinti & Giordano,
2006), preventing the cell from progressing from G1 into S phase, where the cell synthesizes a
complete copy of its DNA (Harbour, 2000). Thus, cells containing mutation or functional
inactivation of pRB typically exhibit loss of cell cycle control and uncontrollable cellular
entry into S phase (Dick & Rubin, 2013). Since RB1 is a recessive gene, complete functional
loss occurs when both alleles of the gene are lost, thus, facilitating the initiation of cancer
formation. Mechanisms of mutation can occur through an entire deletion or direct mutation to the
protein-coding sequence (Giacinti & Giordano, 2006). Increased susceptibility to total functional
loss of RB1 occurs when there is a pre-existing hereditary germline mutation, where one RB1
gene is already mutated within all cells of the body (Goodrich, 2006). However, pRB, is much
more commonly misregulated as a result of mutations to upstream regulators that control the

activity of pRB.

1.2 pRB Contains Many Cellular Functions.

Although pRB is best known for its regulation of cell cycle progression, the protein forms

active complexes with over 300 proteins and has been implicated in dozens of cellular functions.

1.2.1 pRB Acts As A Transcriptional co-Regulator.
pRB’s best characterized function is in the modulation of the E2F family of

transcriptional regulators. Prior to entering S phase and committing to replicating the genome a



cell must ensure that the conditions are favorable (Harbour & Dean, 2000). pRb prevents a cell’s
progression to S phase by binding to and inhibiting E2F. The pRB-E2F complex binds to the
promoter of cell cycle genes, inhibiting their transcription (Bertoli et al., 2013). Since many of
the genes that are regulated by E2F transcription factors contain crucial roles in S phase
progression and DNA synthesis, cells where pRB is bound to E2F remain arrested within G1

(Foster et al., 2010).

1.2.2 Regulation of pRB Occurs Through CDK Phosphorylation.
In order to transition through the R point, and into S phase, a cell makes a growth factor-

dependent decision to express Cyclin D and E (Bertoli et al., 2013) (Figure 1.1)

S Phase G2

Mitosis
|

—
Growth factor-
dependent phase

Figure 1.1. pRB makes a growth factor dependent decision to express Cyclin D and E to allow cell progression

from G1 to S phase.

Cyclin D appears earlier in the G1/S phase transition, while Cyclin E is present in
late stages of G1 (Figure 1.1). Cyclins activate cyclin dependent kinases (CDKs) and pRB
phosphorylation is regulated through specified CDK phosphorylation. pRB contains 16

distinct CDK phosphorylation sites, which are differently phosphorylated at various stages



of the cell cycle (Knudsen & Wang, 1996). During early stages of G1, pRB remains in a
hypophosphorylated state. As the cell moves closer to S phase, pRB undergoes
phosphorylation by CDK4-Cyclin D and CDK2-Cyclin E (Gubern et al., 2016). Once pRB is
phosphorylated, the protein releases from E2F, allowing transcription of proteins necessary
for cell cycle progression to proceed (Komori et al., 2018). In presence of DNA damage,
p53 creates a transduction pathway to inhibit progression through G1 by activating p16 and
p21, which act as CDK inhibitors, prevent CDKs from phosphorylating pRB (Gubern et al.,

2016).

1.2.3 Structural Components of pRB Contain Crucial Binding Domains.
pRB contains a protein binding domain, termed the large pocket, to which many

interactors bind.

LXCxE Interactions
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Figure 1.2. Genomic map of RB1 containing small and large pocket domains. LxCxE interaction domain in right

arm of B pocket region.

The large pocket domain of pRB includes the small pocket plus additional sequence at
the C-terminus of the protein (Henley, 2012). Within the pocket domain of pRB is a sequence
referred to as the LxCxE binding domain (Dick & Rubin, 2013) (Figure 1.2). The role of the

LxCxE binding domain is to recognize and bidn to proteins that contain a six residue amino acid



sequence containing a Lysine (L), Cysteine (C), and Glutamic Acid (E), each separated by any
other amino acid (Chan, La Thangue & Smith, 2001). Some proteins which contain the LxCxE
motif include HPV E7, adenovirus Ela, HDACI and 2, and E2F (Dahiya et al., 2000). pRB’s
capacity to bind and restrict E2F transcription factor activity, a key aspect of pRB’s role as a
tumor suppressor, are dependent on the LxCxE binding domain (Dick, 2007). Phosphorylation of
pRB by CDKs disrupts binding of LxCxE motif-containing proteins. Additionally, the binding of
viral oncoproteins, such as adenovirus Ela and HPV E7, preclude pRB from associating with
LxCxE domain-containing proteins. Thus, the pocket domain is deemed the minimal growth

suppressing domain of pRB (Henley, 2012).

1.3 pRB Contains Other Non-LxCxE Binding Protein Interactors.

pRB can additionally interact with some proteins independent of the LxCxE domain.
Cyclin D forms a complex with CDK4, which directly interacts with pRB to hyperphosphorylate
the protein and further, induce entry into S phase (Kato et al., 1993). Cyclin D family proteins
bind to pRB via the functional T/E1A/E7-pocket and carboxy-terminal-terminal sequences.
Since entry into S phase is highly dependent on phosphorylation of pRB, cells where Cyclin D is

mutated or lost will disrupt efficient cell cycle entry (Kato et al., 1993).

1.4 Depletion of pRB in Cancer Cells Containing Hyperphosphorylated pRB.

Within a cancer context, pRB has been shown to be mutated in addition to highly
expressed in its hyperphosphorylated state. Cancerous cells containing hyperphosphorylated
pRB, also express a high level of pRB (Chatterjee, 2004). When pRB is overly phosphorylated,
the G1 regulatory capabilities are lost, but pRB still has functionality within G2/S/M phases.

Thus, cancer cells which express hyperphosphorylated pRB have slower cancer progression than

10



cells containing pRB depletions as pRB has some tumor suppressive ability (Tamrakar, 2000).
Since much of pRB’s activity in G2/M/S phase are unknown, discovering these binding partners

are essential to understanding the protein’s entire tumor suppressive capabilities.
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2. Project Goal

The goal of the project was to utilize recently identified pRB interactomes to predict
functional pRB complexes during G1 and S/G2/M phases of the cell cycle. Individual proteins
within the complexes were further analyzed to understand mechanism of interaction between
binding partners, with focus on interaction made with hyperphosphorylated pRB during S/G2/M

phases.
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3. Materials and Methods

STRING Protein Interaction Database.

In order to initially map pRB protein interactions, STRING was used to assess strong
interactions between pRB and known cell cycle binding partners. The Search Tool for the
Retrieval of Interacting Genes (STRING) is a protein interactome mapping database, which
maps strength of interactions based on a database of physical and functional interactions
(Szklarczyk et al., 2019). My analysis was based on a list of pRB-interacting proteins that were
experimentally defined by Sanidas et al. In this study, cell lines in which the endogenous RB1
gene had been homozygously deleted were used. The authors then rescued loss of endogenous
pRB protein through inducible expression of a construct carrying a wild-type RB1 allele, or one
carrying a mutated RB1 gene. (Sanidas et al., 2019). The mutated RB1, called RBAcdk,
contained alanine mutations at serine residues within the large pocket domain that are known to
be phosphorylated by cyclin dependent kinases (CDK). The authors analyzed cells that expressed
the wild type or CDK mutant pRB protein by mass spectrometry to identify protein interactors of
RB1 during G1 and S/G2/M phases (Sanidas et al., 2019). The authors confirmed they were
identifying pRB interactors through conducting immunoprecipitation of active RB. As shown in
Figure 3.1 below, the two sets of protein interactors, G1 and S/G2/M phase, were further

analyzed to understand the two pRB interactomes.
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Figure 3.1. Flowchart of overall methods containing STRING and ELM analyses.

To further explore specific RB interactions and define potential functional complexes, I
formed protein interactomes using the two lists of proteins containing RB1 interactors of either
hypophosphorylated or hyperphosphorylated pRB to understand interactions during G1 and
S/G2/M phases, respectively. STRING utilizes published databases of protein interaction
information to propose physical and functional relationships between two proteins (Szklarczyk et
al., 2019). To visualize and compare interactomes of 27 proteins experimentally determined to
interact with the RBAcdk and 243 proteins experimentally determined to interact with wildtype
RBI1, but not with RBAcdk mutant, each list of proteins was uploaded into STRING. As depicted

in Figure 3.2 below, parameters were set in STRING, such that confidence cutoff for shown
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interaction links was 0.400, or the medium setting for confidence. The scores were calculated

based on the interaction sources listed below.

active interaction sources:
v Textmining v Experiments v Databases v Co-expression
v Neighberhood (v Gene Fusion v Co-occurrence

minimum required interaction score:

medium confidence (0.400) *

Figure 3.2. The parameters were set as shown above in STRING for the initial wildtype RBI and RBAcdk mutant

interactomes. The minimum required interaction score was 0.400, which was the medium confidence setting within

STRING.

In order to understand the role pRB may play in binding these proteins in S/G2/M phases,
I next used STRING to define clusters of proteins that interact physically or functionally with
each other, independent of pRB. I conducted the same STRING analysis for the RBAcdk mutant
interactors (ie those that interact with pRB in G1) to act as a control for the wildtype-only pRB
interactome data (ie those that interact with pRB in S/G2/M). In my analysis, clusters were
defined as protein groups containing interactions with a high confidence score of at least 0.900.
To do this, I exploited a clustering mechanism provided within STRING where the user may
alter the number of clusters present within the interactome; the software forms these clusters
based on confidence score, which is generated by experimentally defined interactions amongst
two proteins (Szklarczyk et al., 2019). STRING visually signifies strength of interaction through
the node thickness, in that a thicker node indicates a more statistically significant interaction
(Szklarczyk et al., 2019).

To find the most robust interactions, the number of clusters was tested from a range of

two to twelve clusters until proteins within a cluster had a high confidence score of at least

15



0.900. After testing the range of possible clusters for the S/G2/M phase interactors, eight
clusters were chosen for further analysis as this proved to be the optimal number to show nodes
with desired confidence interval. Four clusters were chosen for further study for the G1 protein
interactors as this number of clustering provided interactions with a confidence of 0.900 or

greater.

To further explore the initial STRING data, the eight clusters identified in the complete
pRB protein interactome were subsequently analyzed for smaller secondary clusters. The set of
proteins within a single cluster were first input into STRING in order to identify protein
complexes within the secondary clusters. Performing this tiered clustering, rather than simply
defining a large number of clusters in the first level of analysis allowed me to analyze functional

units of protein interactions, or potential complexes.

3.2 ELM Protein Domain Binding Database.

To further analyze STRING secondary clusters, the Eukaryotic Linear Motifs (ELM)
database was used to identify proteins containing an LxCxE motif sequence. The ELM database
is a large database of previously defined short linear motifs (SLiMs), which are prevalent in
functional regions of proteins (Kumar et al., 2020). Thus, the database can be exploited to search
for a specified motif of interest. In order to understand pRB binding interactions, the ELM
database was used to identify presence of the LxCXE sequences binding cleft within the proteins
included in the G1 and S/G2/M phase interactomes.

To determine if LxCxE domain containing proteins may function as intermediate ‘hubs’
through which proteins that lack an LxCxE domain may interact with pRB, LxCxE domain-

containing proteins were input into STRING individually and analyzed for their capacity to form

16



complexes with other proteins in their respective G1 or S/G2/M interactome lists. Clusters that
emerged from this analysis were taken to indicate subcomplexes which could be linked to pRB

indirectly via an LxCxE domain-containing protein.
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4. Results and Discussion.

4.1 Identification of Subcomplexes Within the pRB Interactome.

The two protein lists to be analyzed for pRB binding activity, were generated from data
produced by Sanidas et al, where scientists induced removal of endogenous RB1 and further
rescued the lost protein to express a wild-type RB1 allele or a mutated RB1 allele; the mutated
RBI1, termed RBAcdk, contained alanine mutations at known CDK phosphorylation sites, which
further minimize phosphorylation of pRB (Sanidas et al., 2019). Co-immunoprecipitations of
pRb and any interacting proteins were then analyzed using mass spectrometry to identify protein
interactors of hyperphosphorylated and hypophosphorylated pRB, which I interpreted to reflect
binding partners during S/G2/M phases and G1, respectively. To enable this analysis, the
hypophosphorylated RB1 (ie G1) interactome and hyperphosphorylated RB1 (ie S/G2/M)
interactome were first redefined by replacing protein names for the respective gene codes and the
input into STRING. As shown in Figure 4.1 below, the hypophosphorylated RB1 (G1)
interactome contained 27 proteins in addition to RB1.

Within STRING, clustering of proteins is calculated through a confidence score and
visually represents strength of interaction through the thickness of the edge connecting two
protein nodes. I experimentally defined a confidence cutoff of 0.900 that resulted in the
generation of 4 distinct clusters of proteins that interact with hypophosphorylated pRB. Within
the hypophosphorylated pRB interactome (Figure 4.1), the clustering appears to be most robust,
in terms of edge strength, within the red and green clusters. pRB’s role in G1 regulation is very
well understood, with many binding partners extensively studied. HDAC and E2F family
proteins are amongst the known binding partners of pRB during G1; E2F forms the active

transcriptional complex with pRB, which regulates the R point of the cell cycle. Consistent with

18



these functional studies, my identified G1 clusters contained E2F family proteins, E2F2 and 4,

and HDAC proteins, HDAC 1 and 2.
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Figure 4.1. Hypophosphorylated pRB interactome containing protein interactors during G1 phase of the cell
cycle. Same colored nodes belong to the same cluster and clustering is dependent on the statistical significance of

functional relationships. Thus, proteins may not contain an edge, and identify with a cluster.

In contrast to well-studied roles for hypophosphorylated pRB during G1, there is
considerably less known about the functional complexes formed by hyperphosphorylated pRB
during later stages of the cell cycle. The proposed interactome, shown in Figure 4.2, contains 243

proteins and includes many previously unknown binding partners. Using the same 0.900
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confidence cutoff, I defined 8 clusters of RB interacting proteins from the S/G2/M list for further
analysis.

Amongst the defined clusters above for this interactome, tight binding was observed
amongst protein interactors within the orange and olive green clusters, which is indicative of
close physical and functional relationships amongst proteins. The initial 8 clusters in the
hyperphosphorylated pRB interactome were further analyzed in STRING for the capacity to

form secondary or sub-clusters of interacting proteins.

4.2 STRING Analysis of S/G2/M Phase Interactors For Secondary Clusters.

In order to highlight how each cluster is interacting with pRB during S/G2/M phases,
STRING was used to separately plot pRB and the proteins within each cluster. The secondary
interactomes for clusters 1 and 2, color coded red and yellow in Figure 4.2, are shown below
(Figure 4.3). The interactomes visually showed secondary clusters by same color coded nodes.

Cluster 1 contained 25 proteins, which could be clustered into 3 secondary clusters. As
depicted in Figure 4.3, cluster 1 shows RB1 in the lime green cluster where it contains many
strong binding partners; RB1 contains thick edges to FOS, ACTB, and CTNNB1, which are
implicated in maintaining the structural cytoskeleton of cells. Additionally, cluster 2 contained
39 proteins, which were subclustered to show 4 distinct secondary clusters. Cluster 2 localizes
RB1 in the red cluster where the protein appears to show strong binding to HISTIH1B and

CBXS; both proteins contain functionality in interacting with chromatin.

20
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Figure 4.2. pRB interactome containing 243 proteins found to interact with pRB during S/G2/M phases. Same
colored nodes belong to the same cluster. Clustering is dependent on the strength of interactions between proteins,
which is indicated by the statistical significance of functional relationships. Thus, some proteins do not contain an

edge, but identify in a cluster. RB1 is indicated by the magenta node.
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Figure 4.3. Cluster 1 (left) and cluster 2 (right) interactomes for secondary cluster analysis. In reference to the
original pRB interactome for S/G2/M phases shown in Figure 4.2, red is cluster 1 and yellow is cluster 2. Cluster 1

contained 3 secondary cluster and cluster 2 depicted 4 distinct subclusters.

The secondary interactomes for clusters 3 and 4, color coded olive and green,
respectively in Figure 4.2, are depicted in Figure 4.4. Cluster 3 contained 32 protein interactors,
which were further grouped into 4 subclusters. As shown in Figure 4.4, pRB is present within the
blue subcluster; since there are no connected protein interactors and pRB is the sole protein of
the cluster, pRB does not have any statistically significant binding partners within this cluster. In
addition, cluster 4 was comprised of 13 proteins that were subclustered for 4 secondary clusters.
Cluster 4 shows pRB within the red secondary cluster, where it shows functional interactions

with EFHD2, PTPLADI, SYPL1, and PTH2 in regulation proliferative pathways.

22



PLXNB2

o

RB1 \ ’
6 ﬂECEl [\BTAH RB1
C J \hOSBPLS 6
TMISF3
f\/ \ J PTPLAD1
./ EFHD2 6
6 SYPL1 PTH2

SNTB2 TMEM43

Figure 4.4. Cluster 3 (left) and cluster 4 (right) interactomes for secondary cluster analysis. In reference to the
original pRB interactome for S/G2/M phases shown in Figure 4.2 olive is cluster 3 and green is cluster 4. Cluster 3

contained 4 secondary cluster and cluster 4 showed 3 subclusters.

The secondary interactomes for clusters 5 and 6, color coded lime green and sky blue,
respectively in Figure 4.2, are shown in Figure 4.5. Cluster 5 contained 31 protein interactors,
which were distributed into 4 subclusters. As shown in Figure 4.5, pRB is present within the
green cluster. Although there are no physical edges present in connecting pRB to another
interactor, the protein does belong to a cluster with MYOF, ATP1B3, RAB11B, HLA-B,
PCSK1, PEF-1, APCH, and RAB2A, which indicates related function in protein transport.
Additionally, cluster 6 contained 31 proteins, that were subclustered into 5 secondary clusters.
As depicted in Figure 4.5, pRB is shown within the green subcluster. Although pRB does not
have any edges within the interactome, the protein clusters with WDR1, ACSL3 and RALB,

which is indicative of shared functions within KRAS-driven tumorigenesis.
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Figure 4.5. Cluster5 (left) and cluster 6 (right) interactomes for secondary cluster analysis. In reference to the

original pRB interactome for S/G2/M phases shown in Figure 4.2 lime green is cluster 5 and sky blue is cluster 6.

Cluster 5 contained 4 secondary cluster and cluster 6 showed 5 subclusters.

The secondary interactomes for clusters 7 and 8, color coded blue and purple in Figure
4.2, are shown in Figure 4.6. Cluster 7 contained 17 protein interactors, which were further
distributed into 3 secondary clusters. As shown in Figure 4.6, pRB appears within the red

subcluster, where it shares function with MLEC, RPN2, RPN1, TMED10, VAPA, VAPB,

DDOST, DNAJCS, RAP1B, and COX4I1, in maintaining integrity of endoplasmic reticulum. In

addition, cluster 8 contained 13 protein interactors, which were grouped into 3 subclusters.

Within Figure 4.6, pRB is localized in the green subcluster along with 5 other proteins, where the

protein appears to show strong binding to PHB. PHB functions in acting as a chaperone for

respiration chain protein in the mitochondria.
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Figure 4.6. Cluster 7 (left) and cluster 8 (vight) interactomes for secondary cluster analysis. In reference to the
original pRB interactome for S/G2/M phases shown in Figure 4.2 blue is cluster 5 and purple is cluster 6. Cluster 5

contained 3 secondary cluster and cluster 6 showed 3 subclusters.

4.3. ELM Protein Domain Analysis For LxCxE Binding Motif.

The Eukaryotic Linear Motif (ELM) software is a protein motif mapping database. ELM
allows the user to input a given gene sequence, gene name, or protein code for which it analyzes
the amino acid sequence and identifies short motifs that are characterized as being recognition
motifs for regulatory proteins or binding partners.

The ELM software was used to analyze pRB binding partners in G1 phase, for the
presence of the LxCXE domain. The LxCxE motif was chosen for study since RB contains the
recognition domain for this sequence and many well-characterized pRB binding partners have
already been demonstrated to contain the motif (Dahiya et al., 2000). This analysis indicated
only five of the twenty-seven proteins that interact with hypophosphorylated pRB contain an
LxCxE domain (CCND1, DST, HDAC1, HDAC2, and PSMD10). The remaining twenty-two
proteins do not contain motifs that are known to moderate direct binding to pRB, suggesting they
may interact with pRB through a novel, LxCxE-independent mechanism. Alternatively, these

proteins may interact with pRB indirectly by associating with an LxCxE-containing protein
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which in turn binds to pRB. Consistent with this possibility, three of the four functional
subcomplexes defined by STRING analysis of the hypophosphorylated pRB (Figure 4.1) contain
one or more LxCxE-domain containing protein.

Proteins that express an LxCxE motif and are included within the hypophosphorylated
pRB interactome, fall into two main categories: proteins which regulate pRB function through
phosphorylation and those that link pRB to chromatin modification (Table 4.1). The first
category, regulation of pRB phosphorylation, contained the protein, Cyclin D (CCND1). This
protein is a regulatory subunit of a holoenzyme, which phosphorylates and inactivates pRB,
enabling cell cycle progression from G1 to S phase (Fu et al., 2004). The second category,
proteins with function in chromatin modification, include HDAC1 and 2, PSMD10, and DST.
HDACI and HDAC?2 respond to DNA damage and interact directly with core histones (Miller et
al., 2010). The two proteins deacetylate lysine residues on the N-terminal portion of histones,
H2A, H2B, J3, and H4. Thus, both proteins are Class I deacetylases, since they have the ability
to remove lysine-acetyl marks (Miller et al., 2010). PSMD10 is a subunit of the PA700/19S
complex, which acts as a regulatory unit of the 26S proteasome (Dawson et al., 2002). This
proteosome is essential for ubiquitin-dependent protein degradation within cells (Dawson et al.,
2002). Finally, the LxCxE containing protein, DST, is a cytoskeletal linker protein; DST aids in
integrating intermediate filaments to the actin cytoskeleton and regulating the overall stability of

the microtubule network (Yang et al., 1999).
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Protein Name Function

CCND1 Encodes cyclin D1 protein, which
phosphorylates & inactivates RB allowing

progression from G1 to S phase

DST Acts as integrator of filaments, actin &

microtubule cytoskeleton networks

HDACI1 Deacetylates lysine residues on N-terminal

part of cores histones

HDAC2 Deacetylates lysine residues on N-terminal
part of cores histones (H2A, H2B, H3, H4),

acts with HDAC1

PSMD10 Proteosome assembly chaperone

Table 4.1. G interactors containing LxCxE domain. The 5 proteins reported to contain the motif were CCNDI,

DST, HDAC1, HDAC2, and PSMDI0.

I next performed the same ELM analysis on the S/G2/M phase pRB interactome.
Interestingly, only 2 of the 243 proteins identified to interact with hyperphosphorylated pRB
were identified as having an LxCxE motif (CBXS5 and DLDH) (Table 4.2). The two LxCxE-
containing proteins in the hyperphosphorylated pRB interactome, CBX5 and DLDH, are part of
cluster 2 and 3, respectively.

The gene CBXS5 encodes a highly conserved protein, which is localized in the
heterochromatin and associates with centromeres (Ligresti et al., 2019). The functional CBXS5
protein binds to crucial kinetochore proteins, such as MIS12, and further aids in proper
kinetochore formation. Additionally, CBXS5 can cause epigenetic repression by binding to
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methylated lysine 9 residue H3 (H3K9me) (Ligresti et al., 2019). When the protein binds to
H3K9me, it forms a transcriptional repressor complex, which prevents transcription of
downstream genes. The second protein found to contain LxCxE was DLDH. DLDH encodes the
protein product, dihydrolipoamide dehydrogenase, which is a highly essential oxidoreductase.
This enzyme forms the E3 component, which binds to various other enzymes (Babady et al.,
2007). One prominent role of DLDH is to produce lipoic acid and NADH from dihydrolipic acid
and NAD+ through a reduction reaction. NADH is essential in catabolic respiration reaction
necessary to further produce energy for the cell (Babady et al., 2007). Thus, DLDH activity is
necessary to form crucial complexes in maintaining proper metabolism, in terms of NADH

levels.

Protein Name Function
CBXS5 Mediates Gene Silencing
DLDH Converts dihydrolipic acid and NAD+ to
lipoic acid and NADH

Table 4.2. S/G2/M RB interactors containing LxCxE domain. The 2 proteins reported to contain the motif were

CBX5 and DLDH.

While the presence of CBX5 and DLDH in STRING clusters two and three could
potentially serve to link pRB to the remaining proteins in each of these two clusters, they cannot
explain the manner by which proteins in the remaining 6 clusters were able to interact with
hyperphosphorylated pRB (Figure 4.2). Instead, the absence of an LxCxE motif in the remaining
241 proteins suggests many of these proteins may employ a yet unappreciated, LxCxE-

independent manner of associating with pRB.
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Figure 4.7. STRING analysis for CBX5 protein. CBX3 is located in the green colored STRING cluster. It’s predicted

cluster, which contains proteins HISTHIB and CBXI1, is denoted by the large oval.

4.4 STRING Analysis For LxCxE Domain S/G2/M Proteins Found In ELM.

Since RB contains an LxCXE recognition site, I hypothesized that proteins containing
LxCxE motifs could function as the link between pRB and proteins that lack an LxCxE motif. To
assess this possibility, I performed further STRING analysis of the LxCxE containing proteins
from the hyperphosphorylated pRB interactome. For this secondary STRING analysis, clusters
function was set to 4 to allow for optimal clustering. This analysis indicated that CBXS interacts
strongly with HIST1HI1B and CBX2 (Figure 4.7). Similar analysis of DLDH predicts strong
interactions with ATP5A1, ATP5B, ATP5C1, ATP5D, ATPSE, ATP5F1, ATP5SH, ATP5J2,

ATPSL, ATP50, ATP6V1EL, COX5A, PDHB, SDHB, SLC25A3, UQCRC1, and UQCRC2
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(Figure 4.8). These data support the model that some interactions of proteins that lack an LxCxE

motif with hyperphosphorylated pRB may be moderated by binding first to CBXS5 or DLDH.

Figure 4.8. STRING analysis for DLDH protein. DLDH is recognized by its alias DLD within STRING; it is located
in the yellow-colored set of nodes. It’s predicted cluster, is denoted by the large oval, which contains all nodes

within the yellow cluster.
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5. Conclusion

In conclusion, the presence of an extensive protein interactome specific to
hyperphosphorylated pRB indicates that pRB contains abundant cellular functions aside from
regulating the G1 checkpoint. Through utilizing STRING and ELM, the data showed that pRB’s
LxCxE recognition domain is prominent in mediating protein interactions during G1 of the cell
cycle but not in S/G2/M phases; only 2/243 proteins within the hyperphosphorylated pRB
interactome were found to contain LxCxE motifs, while 5/27 of the proteins within the

hyperphosphorylated pRB interactome contained the motif.

Amongst the proteins which contained LxCxE motifs in the hyperphosphorylated pRB
interactome, CBXS5 and DLDH showed high binding capacity to numerous binding partners
within respective interactomes. CBXS5 appears to form a complex with CBX1 and HISTH1B,
which could further interact with pRB. Although DLDH contains a large network of binding
partners, the strength of edges is apparent throughout interactions within the subcluster, which
could indicate presence of various complexes that interact with each other. Through the strong
interactions represented within the data, it is suggested that some interactions with pRB are
moderated by DLDH and CBXS. Nevertheless, the vast majority of proteins in the
hyperphosphorylated pRB interactome have neither an LxCxE motif, nor demonstrate a strong
affinity for an LxCxE motif-containing protein that could otherwise explain their interaction with
pRB. These ~252 proteins must instead interact with pRB directly or indirectly through a yet
unknown mechanism. To better understand the function of pRB at later stages of the cell cycle,
and the role each of these interacting proteins play in those functions, it will be important to
determine the mechanisms of interaction for each, and the manner by which these interactions

are regulated to enable complex formation during S/G2/M, but not during G1.
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