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ABSTRACT

Protein phosphorylation is a reversible post-translation modification that is
essential in cell signaling. It is estimated that a third of all cellular proteins are
phosphorylated (reviewed in Ficarro et al., 2002), with more than 98% of those
phosphorylation events occurring on serine and threonine residues (Olsen et al., 2006).
Kinases are the necessary enzymes for phosphorylation and protein phosphatases
dynamically reverse this action. While the mechanisms of substrate recognition for kinases
have been well-characterized to date, the same is not true for phosphatases that play an
equally important role in opposing kinase function and determining global phosphorylation
levels in cells. This dichotomy has also translated into the clinic, where there has been a
persistently narrow research focus on the development of small-molecule kinase inhibitors
for use as chemotherapeutic agents, without an equal effort being placed into the generation
of the analogous phosphatase activators (reviewed in Westermarck, 2018).
Members of the phosphoprotein phosphatase (PPP) family of serine/threonine
phosphatases are responsible for the majority of dephosphorylation in eukaryotic cells,
with protein phosphatase 1 (PP1) and protein phosphatase 2A (PP2A) accounting for more
than 90% of the total phosphatase activity (Moorhead et al., 2007; Virshup and Shenolikar,
2009). Structurally, PP2A is a trimeric holoenzyme consisting of a scaffold (A) subunit, a
regulatory (B) subunit, and a catalytic (C) subunit. B55α is a ubiquitous regulatory subunit
that is reported to target many substrates with critical functions in processes including cell
division. A long-standing question that has persisted in the field of cellular signaling is as
to how the most abundant serine/threonine PP2A holoenzyme, PP2A/B55α, specifically
ii

recognizes substrates and presents them to the enzyme active site for subsequent
dephosphorylation. Such critical data have only recently become well understood for the
B56 family of ‘B’ regulatory subunits, where an LxxIxE short linear motif (or SLiM) has
been identified in a subset of protein targets and shown via crystal structure analysis to
dock into a 100% conserved binding pocket on the B56 surface (Hertz et al., 2016; Wang
et al., 2016a; Wang et al., 2016b; Wu et al., 2017).
Here, we show how B55α recruits p107, a pRB-related tumor suppressor and B55α
substrate. Using molecular and cellular approaches, we identified a conserved region 1 (R1,
residues 615-626) encompassing the strongest p107 binding site. This enabled us to
identify an “HxRVxxV619-625” SLiM in p107 as necessary for B55α binding and
dephosphorylation of the proximal pSer-615 in vitro and in cells. Numerous additional
PP2A/B55α substrates, including TAU, contain a related SLiM C-terminal from a proximal
phosphosite, allowing us to propose a consensus SLiM sequence, “p[ST]-P-x(5-10)-[RK]V-x-x-[VI]-R”. In support of this, mutation of conserved SLiM residues in TAU
dramatically inhibits dephosphorylation by PP2A/B55α, validating its generality.
Moreover, a data-guided computational model details the interaction of residues from the
conserved p107 SLiM, the B55α groove, and phosphosite presentation to the PP2A/C
active site. Altogether, these data provide key insights into PP2A/B55α mechanisms of
substrate recruitment and active site engagement, and also facilitate identification and
validation of new substrates, a key step towards understanding the role of PP2A/B55α in
many key cellular processes.
As

a

parallel

continuation

of

our

efforts

to

identify

novel

B55α

substrates/regulators, we generated mutant B55α constructs that occlude PP2A/A-C dimer
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engagement but retain substrate binding to the β-propeller structure (allowing us to
interrogate direct interactors). Our preliminary AP-MS data led to the identification of
several proteins that bound better to our “monomeric B55α” mutant compared to wild-type
B55α in the context of the PP2A/B55α heterotrimer, including the centrosomal proteins
HAUS6 and CEP170 (two substrates previously validated in a phosphoproteomic screen
by our lab), suggesting that these mutants trap substrates as they cannot be
dephosphorylated by PP2A/C. These analyses also identified an enrichment of T-complex
protein 1 subunits in the “monomeric B55α” mutant elutions, further supporting the notion
that these mutants may function as dominant negatives. Several additional proteins of
interest were identified in the two independent rounds of mass spectrometry, including
subunits of the DNA-directed RNA polymerases I, II, and IV, as well as the double-strand
break repair protein MRE11, which can be followed up as potential novel B55α substrates.
These studies can contribute to significant advances in our understanding of the network
of proteins that B55α interacts with, and thus the signaling pathways that can be modulated
by PP2A/B55α complexes in cells. Moreover, these advances can also provide translational
benefits as has been demonstrated through the study of PP2A activators termed SMAPs,
which demonstrate selective stabilization of PP2A/B56α complexes in cells that result in
selective dephosphorylation of substrates including the oncogenic target c-MYC.
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CHAPTER 1
INTRODUCTION

1.1. PP2A/B55α Holoenzyme Structure
PP2A is a major serine/threonine protein phosphatase of the phosphoprotein
phosphatase (PPP) family that is highly conserved from yeast to humans. PP2A makes up
close to 1% of total cellular protein in certain tissues, making it one of the most abundant
enzymes. In cells, PP2A can exist in two basic protein complex types: a heterodimeric
“core enzyme,” consisting of a scaffold (A) subunit and a catalytic (C) subunit; and a
heterotrimeric holoenzyme, in which the core dimer is in complex with a regulatory (B)
subunit (reviewed in Shi, 2009b) (Fig. 1). There are several genes encoding isoforms within
each of the three PP2A subunits that form the heterotrimeric holoenzyme, allowing for the
potential generation of up to 60 distinct PP2A holoenzymes. PP2A plays a key role in many
cellular processes including cell division, growth, and differentiation as it targets a large
fraction of the cellular substrates phosphorylated on serine and threonine residues
(reviewed in Eichhorn et al., 2009; Kurimchak and Graña, 2012; 2015). This introduction
will outline the present understanding of how PP2A complexes utilize both subunit
composition and structure to achieve substrate specificity and the role of PP2A (specifically
PP2A/B55α) in key processes including the cell cycle (reviewed in Fowle et al., 2019). It
will also review p107, a member of the retinoblastoma protein (pRB) family that represents
a critical PP2A/B55α substrate (making it a model for our studies) and a key negative
regulator of the cell cycle.
The scaffold subunit of PP2A holoenzyme (also known as the A or PR65 subunit)
1

Fig. 1. Composition of trimeric PP2A holoenzymes. The core PP2A dimer
containing the A scaffold and C catalytic subunits complexes with one of four
families of B regulatory subunits to form an active, trimeric PP2A holoenzyme.
The crystal structures of the core A-C dimer and the trimeric holoenzymes
containing B (B55α), B’ (B56γ), B" (PR70), and the coiled coil domain of SG2NA
(STRN3) have been solved (Xu et al., 2008; Cho & Xu, 2007; Wlodarchak et al.,
2013; Chen et al., 2014).
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functions as a bridge that connects the regulatory (B) and catalytic (C) subunits (Fig. 1).
There are two known isoforms of PP2A/A, PP2A/Aα and PP2A/Aβ, which share
approximately 87% sequence identity (Hemmings et al., 1990). In cells, the PP2A/Aα
isoform is approximately 10-fold more abundant than the PP2A/Aβ isoform. The tissuespecific expression of the two isoforms of PP2A/A is variable too, as the PP2A/Aα isoform
is expressed across many tissue types, while the PP2A/Aβ isoform is mostly expressed in
the testis (Zhou et al., 2003). Structural analysis has revealed that the PP2A scaffold subunit
contains 15 tandem HEAT (huntingtin-elongation-A subunit-TOR) repeats, each of which
is made up of a pair of antiparallel α-helices (Fig. 1), that come together to form an
elongated, horseshoe-shaped structure (Groves et al., 1999). This structural composition
allows for a high degree of flexibility, as the HEAT repeats are able to twist open to varying
degrees to accommodate the binding of the regulatory and catalytic subunits (reviewed in
Shi, 2009b). It has been shown that N-terminal HEAT repeats of PP2A/A interact with the
various regulatory subunits, while C-terminal HEAT repeats (11–15) mediate contacts with
the catalytic subunit (Cho and Xu, 2007; Wlodarchak et al., 2013; Xu et al., 2008; Xu et
al., 2006) (Fig. 2).
Like the scaffold subunit, the catalytic subunit of PP2A (also known as the C
subunit) exists in two isoforms, PP2A/Cα and PP2A/Cβ, with PP2A/Cα being about 10fold more abundant in cells than PP2A/Cβ. The two isoforms share approximately 98%
sequence identity, with the most variable region being the N-terminus (Stone et al., 1987).
Contacts between PP2A/C and the various regulatory subunits are unique for each of the
four families (Cho and Xu, 2007; Wlodarchak et al., 2013; Xu et al., 2008; Xu et al., 2006).
For example, crystal structure analysis has revealed very little contacts between PP2A/C
3

Fig. 2. B and C Subunit Contact to PP2A/A HEAT Repeats. The cartoon
depicts the B regulatory and C catalytic subunit contacts with the 15 HEAT
repeats of the scaffold A subunit of PP2A. B55α and PR70 contact HEAT repeats
1–7 of PP2A/A, while B56γ makes contact with HEAT repeats 2–8 of PP2A/A.
The catalytic C subunit interacts with HEAT repeats 11–15 of the scaffold A
subunit. *The coiled coil domain of G2NA is known to make contacts with HEAT
repeats 1–3 of PP2A/A, although it does not exclude possible contacts with
additional HEAT repeats.
4

and B-family regulatory subunits such as B55α (Xu et al., 2008). While it has been reported
that mutation or deletion of a small region in the PP2A/C C-terminal tail (residues 304–
309) can abrogate binding between B55α and the core enzyme (Ogris et al., 1997), this
likely reflects a role for the C-terminal tail in B-family recruitment to the core dimer for
holoenzyme assembly. In contrast, B56γ of the B’-family of regulatory subunits makes
extensive contacts with PP2A/C (Cho and Xu, 2007; Xu et al., 2006). Post-translational
modifications to the C-terminal tail can also have an impact on holoenzyme assembly, as
methylation of L309 has been shown to increase the binding affinity of the PP2A core
enzyme for B55α in cells (Longin et al., 2007; Yu et al., 2001).
The B regulatory subunit of PP2A is comprised of four major families (B, B’, B’’,
and B’’’), with each of these families consisting of three to five genes and many containing
multiple splice variants (Fig. 1). “B” subunits are responsible for subcellular localization
and are thought to be the key determinant of substrate specificity for the PP2A holoenzyme.
While sequence conservation within each regulatory subunit family is high, there is very
little sequence similarity across families and as such their structures deviate significantly.
In addition, the expression levels of different regulatory subunits vary greatly depending
on cell type and tissue (reviewed in Kurimchak and Graña, 2012; Kurimchak and Graña,
2015; Virshup and Shenolikar, 2009).
The B family of regulatory subunits (also referred to as B55, PR55, or PPP2R2) is
comprised of four major isoforms: B55α, B55β, B55γ, and B55δ. B55α and B55δ are
ubiquitously expressed, while B55β and B55γ are reported to be enriched in the brain.
Sequence identity among these four B family members is high, with the majority of the
structural differences occurring in the N-terminus (reviewed in Eichhorn et al., 2009;
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Kurimchak and Graña, 2015). The crystal structure of B55α complexed with the PP2A/AC
core dimer has been solved (Xu et al., 2008). B55α and the other B-family subunits are
seven-bladed β-propellers, with each of the blades being comprised of WD40 repeats. In
complex with the core dimer, B-family subunits make several contacts with HEAT repeats
1–7 in the N-terminus of the scaffold subunit but very few contacts with the catalytic
subunit (Xing et al., 2006). Further structural analysis of B55α revealed an acidic top that
was proposed to mediate binding to its various substrates (Fig. 3). In support of this notion,
mutation of residues within the acidic top has been shown in vitro to inhibit
dephosphorylation of TAU, a known B55α substrate (Xu et al., 2008). In contrast, binding
of B55α to one of its other substrates, p107, has been shown to be abrogated by a single
aspartic acid to lysine mutation in a deep groove adjacent to the top acidic surface, but not
other residues important for TAU dephosphorylation. Thus, it is conceivable that this acidic
top and groove uses substrate-specific sequences to discriminate between its various
binding partners, as TAU and p107 have been shown to share very little overlap between
residues necessary for binding (Jayadeva et al., 2010). Work reported here identifies a deep
groove adjacent to the acidic top as a docking platform for a number of B55α substrates
(Fowle et al., 2021).
1.2. PP2A Substrate Specificity as Determined by Regulatory ‘B’ Subunits.

Heterotrimeric PP2A holoenzymes are known to coordinate complex spatially and
temporally regulated functions within the cell, which requires a high degree of substrate
specificity. This has been studied in the context of many binding partners, most
prominently the microtubule-binding protein TAU (Drewes et al., 1993; Gong et al., 1994;
6
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Fig. 3. Crystal structures of B55α, B56γ, and PR70-containing PP2A
holoenzymes. PyMol surface structures of trimeric PP2A holoenzymes containing
B55α, B56γ, and PR70 are depicted in this figure. The scaffold A subunit is colored
light green and the catalytic C subunit is colored light orange with microcystin
(bright green) in the active site. Each of the B regulatory subunits are depicted with
their electrostatic potentials indicated (red indicates acidic, while blue indicates
basic). The surfaces of B55α and B56γ facing the active site are more acidic as
compared to PR70, supporting the notion that the pocket created by each B subunit
immediately adjacent to the active site of PP2A/C is unique in shape and
electrostatic nature. The top surface of B55α also features a deep groove
surrounding the central hole of the β-propeller in close proximity to the active site.
B56γ makes many contacts with the catalytic C subunit as compared to B55α and
PR70. The surface of PR70 appears less proximal to the active site of the enzyme
than that of B55α and B56γ.
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Xu et al., 2008), PRC1 (Cundell et al., 2016), and p107 (Jayadeva et al., 2010; Kolupaeva
et al., 2013; Kurimchak et al., 2013) for PP2A/B55α and SLiM-containing substrates (Hertz
et al., 2016) and tyrosine hydroxylase (Saraf et al., 2010) for PP2A/B56, all targeted to the
catalytic subunit of PP2A for dephosphorylation by the B regulatory subunits.
Crystallization studies of the B, B’, and B’’ regulatory subunits in the context of their
trimeric holoenzymes have revealed divergent structures, which is consistent with their
unrelated underlying sequence. In PP2A complexes, the B regulatory subunit acts as the
key determinant of substrate specificity and subcellular localization. This is in contrast to
PP1 and PP2B protein phosphatases, in which the regulatory and catalytic subunits both
participate in substrate determination (reviewed in Shi, 2009a). For these phosphatases, a
binding pocket distal from the active site on the catalytic subunit binds specific SLiMs with
the consensus sequences RVxF and PxIxIT, respectively (Bollen et al., 2010; Roy and
Cyert, 2009). There have been significant efforts to decipher the mechanisms of PP2A
substrate recognition in order to further clarify many phosphorylation-mediated eukaryotic
signaling processes.
1.2.1. PP2A/B55α Holoenzymes.
B55α is a ubiquitously expressed regulatory subunit of the B/B55 family and has
been reported to target many diverse protein substrates with critical functions in cell
division, differentiation, survival, as well as tissue-specific specialized processes (reviewed
in Eichhorn et al., 2009; Kurimchak and Graña, 2015). Many of these proteins have been
shown to interact with PP2A either by co-immunoprecipitation and/or mass-spectrometry
approaches (reviewed in Eichhorn et al., 2009; Kurimchak and Graña, 2015). In spite of an
9

abundance of information on the structure and biochemical properties of PP2A
holoenzymes (especially in the context of PP2A/B55α-mediated TAU recognition), the
molecular basis for how B55α contacts its substrates and how specific phosphorylated sites
are positioned for dephosphorylation by the catalytic subunit of PP2A remains elusive (Shi,
2009a; Xu et al., 2006; Xu et al., 2009). It has also been unclear whether B55α binds any
SLiM sequences present in substrates as is the case for B56 regulatory subunits. Among
the most well-studied substrates of B55α are TAU and p107.
TAU is one of three microtubule-associated proteins (MAPs) in the normal mature
neuron (Goedert et al., 1989). In normal cell physiology, TAU is responsible for
modulating the assembly and stabilization of the microtubules that support intra-neuronal
transport (Weingarten et al., 1975). In the pathology of Alzheimer’s disease (AD) and other
related neurodegenerative diseases called Tauopathies, TAU protein is abnormally
hyperphosphorylated, which results in its aggregation into filament bundles (GrundkeIqbal et al., 1986). This observation led to the discovery of PP2A as a key mediator of TAU
dephosphorylation in the brain and implicated its inactivity in Tauopathy disease
progression (Drewes et al., 1993; Gong et al., 1994). Using highly purified and
recombinant proteins in in vitro dephosphorylation assays as well as structure-guided
mutagenesis, the molecular basis for TAU binding to PP2A/B55α has become more clearly
understood. Specifically, two “Bα-binding repeats” were identified that had an enrichment
of positively charged amino acids, with one of these domains containing 11 lysine residues
within a 63 amino acid stretch. Importantly, this observation of basic residues being
required for PP2A/B55α-mediated dephosphorylation of TAU agrees well with what was
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found about the acidic nature of the putative substrate-binding top surface of B55α (Xu et
al., 2008) (Fig. 3).
Various PP2A holoenzymes have been shown to interact with the three members of
the retinoblastoma family of proteins (p107, p130, and pRB) in the context of extracellular
signals or stresses (Cicchillitti et al., 2003; Garriga et al., 2004; Voorhoeve et al., 1999;
Vuocolo et al., 2003). Interestingly, pharmacological inhibition of cyclin-dependent
kinases (or CDKs), which are responsible for pocket protein phosphorylation and
inactivation, results in rapid dephosphorylation of the three pocket proteins. Follow up
studies of this observation led to the hypothesis that PP2A holoenzymes and CDKs exist
in an equilibrium during the cell cycle that ultimately determines the phosphorylation status
of pocket proteins (Garriga et al., 2004). Cell-based assays using pharmacologic inhibitors
of PP1/PP2A and co-expression of SV 40 small t antigen, which is known to displace B
subunits from the PP2A core enzyme, implicated PP2A. p107 targeting by PP2A/C was
confirmed via immunoprecipitation assays. Finally, a candidate B regulatory subunit
approach using purified trimeric PP2A holoenzymes and GST-tagged p107, and an
unbiased proteomic approach using Flag-p107 pulldowns from RCS cell lysates,
demonstrated that the PP2A interaction with p107 is largely mediated by B55α and to a
much lesser extent by B55δ. Reciprocal proteomic analyses in RCS cells identified both
p107 and pRB in B55α immunoprecipitates (Jayadeva et al., 2010; Kurimchak and Graña,
2013). These findings were consistent with another catalog approach that independently
identified B55α as the B subunit targeting p107 upon FGF1 stimulation in RCS cells
(Kolupaeva et al., 2013). The preference of PP2A/B55α for p107 over pRB and p130 could
be caused by several factors, including differential innate binding affinities between the
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pocket proteins and/or subcellular and temporal expression constraints. Further exploration
of the precise targeting mechanism and binding properties of p107 and PP2A/B55α are
described later.
PP2A/B55 complexes play a major role in the temporal coordination of cell
division, particularly during mitotic exit (Glover, 2012; Grallert et al., 2015; Mochida and
Hunt, 2012; Wurzenberger and Gerlich, 2011). It has been previously shown that
dephosphorylation of the anaphase spindle protein PRC1 is controlled by PP2A/B55
holoenzymes (Cundell et al., 2013). During mitotic exit, PP2A/B55 has been also
implicated in the reassembly of the Golgi apparatus and nuclear envelope via its
interactions with substrates including the Golgi tethering protein GM130 (Lowe et al.,
2000; Schmitz et al., 2009). Negative regulation of PP2A/B55 during mitosis is controlled
by two key protein substrates, α-Endosulfine (ENSA) and ARPP19 (Cundell et al., 2013).
To understand the mechanisms through which its various mitotic substrates are both
recognized and differentially dephosphorylated, a combination of phosphoproteomics and
kinetic modeling strategies was employed in whole cell extracts. This strategy led to the
discovery that the identified B55 substrates have a defined bipartite polybasic motif in
which the number of basic residues present affects the observed dephosphorylation rate.
Thus, the rate of PP2A/B55-mediated dephosphorylation has been proposed to be encoded
into substrates via basic residues within this motif. During mitosis, this means that as cells
move through the transition from metaphase to anaphase, PP2A/B55 acts on progressively
fewer basic substrates by varying its rate of dephosphorylation. It is thought that the
different degrees of basicity within the target substrate protein can control the kinetics of
dephosphorylation by increasing its residence time on the PP2A/B55 surface (Cundell et
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al., 2016).
It is known that for effective mitotic exit, PP2A/B55 complexes must
dephosphorylate CDK1–Cyclin-B1-phosphorylated serine and threonine sites (SP and TP
sites, respectively) in target substrates such as CDC20 (Agostinis et al., 1992; Manchado
et al., 2010; Mayer-Jaekel et al., 1993; Mochida et al., 2009; Schmitz et al., 2009). While
phosphorylated SP and TP sites are often thought of as interchangeable post-translational
modifications, both kinases and phosphatases have been demonstrated to exhibit an
intrinsic preference for one over the other. Literature published over three decades ago
showed that the turnover rate of PP2A for short peptides containing TP sites is at least 34fold higher than for otherwise identical SP substrates (Cohen, 1989; Deana et al., 1982;
Deana and Pinna, 1988). In order to assess whether this was the case for B55-containing
PP2A complexes, biochemical approaches and more recently proteomic analyses were
employed to assess PP2A/B55-specific dephosphorylation during mitotic exit. It was found
that the preference of PP2A/B55 complexes for phosphothreonine is critically important
for the timely activation of the APC/C and the translocation of the chromosomal passenger
complex (CPC), which is essential for proper cytokinesis (Hein et al., 2017; van der Horst
and Lens, 2014). This result was underscored by the fact that substitutions of TP sites for
SP sites (and vice versa) in the APC/C co-activators CDC20 and CDH1 resulted in defects
in the temporal regulation of mitosis (Hein et al., 2017). Others performing similar kinetic
studies looking at mitotic exit found that there was an absolute requirement for threonine
residues for PP2A/B55-mediated dephosphorylation of substrates such as PRC1 and TPX2
(Cundell et al., 2016). It is thought that the preference of PP2A/B55 for phosphothreonine
is an inherent property of the PP2A catalytic subunit, as it has also been demonstrated for
13

B56-containing PP2A complexes (Deana et al., 1982; Deana and Pinna, 1988; Pinna et al.,
1976). To date, the molecular details that govern this preference remain unclear.
In studies using C. elegans and more recently vertebrate cells, PP2A complexes
have been shown to be involved in the regulation of centrosome biology. The centrosome
is a cellular organelle that serves as the major microtubule-organizing center of animal
cells. It is involved in key cellular processes including mitotic spindle formation, cell
motility, and cilia formation (reviewed in Hinchcliffe, 2014; Nigg and Raff, 2009). In a
process parallel to cell cycle progression, the centrosome goes through a life cycle that is
comprised of the following steps: (1) centriole disengagement, (2) centriole duplication
initiation, (3) procentriole elongation, (4) centrosome maturation and separation, and (5)
bipolar spindle assembly (Azimzadeh and Bornens, 2007; Fırat-Karalar and Stearns, 2014;
Wang et al., 2014). This series of events is tightly regulated by the phosphorylation of
various proteins that both preserve the temporal and spatial nature of these events as well
as minimize errors. Among the kinases and phosphatases that are involved in the regulation
of centrosomal proteins via post-translational modification is PP2A. In C. elegans, PP2A
has been shown to regulate centriole assembly in S phase (Song et al., 2011), centrosome
separation in mitotic entry (Boudreau et al., 2019), and active disassembly of the
pericentriolar material (or PCM) during mitotic exit (Enos et al., 2018), among others. A
recently published study using mammalian cell lines was the first to implicate vertebrate
PP2A/B55α to the control of centrosome biology via association with the centrosomal
proteins HAUS6, NEDD1, and CEP170 (Zhao et al., 2019). The authors further showed
that when B55α expression was reconstituted in prostate cancer cell lines in which
PPP2R2A is hemizygously deleted/mutated (such as PC3 and DU-145), this resulted in an
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overall reduction in the phosphorylation status of these essential centrosomal maintenance
proteins, inducing centrosome collapse and chromosome segregation failure and ultimately
culminating in cell death via apoptosis. Moreover, it has been proposed that this
vulnerability be exploited as a therapeutic avenue for patients with hemizygous PPP2R2A
loss (which represent approximately 42% of prostate adenocarcinomas according to TCGA
data), as B55α reconstitution via yet-to-be designed pharmacologic activators (described
later in more detail) could result in selective lethality of tumor cells but not normal cells.

1.2.2. PP2A/B56 Holoenzymes.

As indicated earlier, the B56 family of regulatory subunits is comprised of five
human isoforms (α, β, γ, δ, and ε), making it the largest of the four families (reviewed in
Shi, 2009b). In PP2A/B56 complexes, the surface of B56 makes extensive interactions with
the scaffold subunit and orients toward the active site of the catalytic subunit (Cho and Xu,
2007; Xu et al., 2006) (Fig. 3). Structural similarities to other well-characterized proteins
such as karyopherin and β-catenin led to the hypothesis that the surface of B56 subunits
acts as a sensor to recognize target substrates for dephosphorylation (Conti et al., 1998;
Graham et al., 2000). Deletion mutagenesis studies for two identified substrates, the kinesin
KIF4A and the RHOA exchange factor GEF-H1, in comparison to known binding
requirements of other substrates, revealed a putative, B56-binding motif termed the LxxIxE
motif (Hertz et al., 2016). These motifs are found in intrinsically disordered domains and
are highly conserved in essential proteins, classifying them as SLiMs (reviewed in Davey
et al., 2015). Further analysis showed that the amino acid composition of the motif
modulates the affinity for B56, with some residues conferring stronger binding affinities
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than others (e.g., L compared to F in position 1) and others being an absolute requirement
for binding (e.g., E in position 6). This ultimately determines the phosphorylation status of
associated substrates and has critical consequences on their in vivo functions. This was
illustrated for the transcription factor FOXO3, in which the authors demonstrated a
correlation between B56 binding affinity and the extent of FOXO3 dephosphorylation,
which determines its cellular localization and affects downstream target gene transcription
(Hertz et al., 2016). Moreover, this finding was validated in parallel by another group that
independently identified the motif (which they termed the LSPIxE SLiM) in the B56
substrates Repo-Man and BubR1 (Wang et al., 2016b). The authors went on to report the
crystal structures for three interactions (B56:pS-RepoMan, B56:pS-BubR1, and B56:pSpSBubR1), which provide structural explanations for the observations made in the peptide
studies (e.g., the requirement for E in position 6 of the LxxIxE SLiM being due to its
extensive interactions with H243B56). Finally, their identification of the LSPIxE SLiM for
B’ holoenzymes also led to the discovery of 104 instances of this motif in 98 human
proteins that could represent potential PP2A interactors.
Another independent study subsequently took an unbiased approach to the
identification of binding motifs for B′ regulatory subunits and holoenzymes (Wu et al.,
2017) using proteomic peptide phage display (ProP-PD), a technique designed to identify
SLiM-based protein–protein interactions among other things (Ivarsson et al., 2014). In
complete agreement with the findings detailed above, they found that the most common
SLiM recruiting B′ subunits to substrates is ‘LxxIxEx’, with variations being permitted at
positions 1 (LMFI) and 4 (ILV) and an enhancement of binding affinity observed by the
presence of S/T phosphorylation or acidic residues (D or E) at positions 2, 7, 8 and/or 9.
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Further analyses revealed the presence of intrinsic and phosphorylation-responsive B′binding motifs within hundreds of proteins that occupy distinct subcellular locations
including the midbody, pointing to tight spatiotemporal control of phosphorylation dictated
by kinase-induced recruitment of PP2A-B′ holoenzymes during mitosis and cytokinesis. In
support of this, they elucidate an elegant mitotic signaling loop whereby Plk1-mediated
phosphorylation of centralspindlin facilitates PP2A-B′ binding and subsequent
dephosphorylation of Cyk4, disrupting Ect2 complex formation and causing diffuse RhoA
activation resulting in poor cleavage furrow ingression during cytokinesis. For the B56
family of regulatory subunits, the discovery of the LxxIxE motif in many of its binding
partners provides a simple but elegant mechanism of substrate recognition that links
binding affinity with phosphorylation status and opens the door for subsequent substrate
identification that may provide novel insights into previously unidentified signaling
networks.
More recently, molecular characterization of a subset of LxxIxE-containing
PP2A/B56 substrates identified a second, positively-charged motif that enhances binding
via dynamic, charged:charged interactions (Wang et al., 2020). It was further demonstrated
that alterations within this “basic patch motif” had functional consequences on proteins
such as KIF4A, as mutations within this region affected both PP2A/B56-mediated
dephosphorylation as well as cellular localization. Analogously, secondary SLiMs have
previously been identified in PP1 and PP2B, which operate in a synergistic manner with
primary SLiMs to affect binding affinity between the substrate and respective PPP (Choy
et al., 2014; Grigoriu et al., 2013). Altogether, these observations point to the complex
nature of binding regulation exhibited by PP2A complexes at the level of the regulatory
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subunit, and also highlight the importance of similar substrate recognition characterization
studies across PP2A holoenzyme families for the broader purpose of understanding cellular
signaling.

1.2.3. INTAC, a Non-Canonical PP2A Holoenzyme

In a recently published study, a non-canonical PP2A holoenzyme has been
identified in which the metazoan specific Integrator protein serves as a multicomponent
regulatory subunit–termed INTAC (Zheng et al., 2020). Integrator is a known RNA
endonuclease that interacts with the C-terminal domain (CTD) of RNA polymerase II (Pol
II), cleaving various classes of RNAs and thus playing a role in regulating the transcription
of both protein-coding genes and noncoding elements (reviewed in Rienzo and
Casamassimi, 2016). Mass spectrometry analysis of HEK Expi293 nuclear extracts using
Protein A–tagged PP2A/A and PP2A/C as bait identified the majority of the 14 Integrator
subunits as interactors. Of note, similar analyses using Protein A–tagged INTS2 and INTS8
(two Integrator subunits) as bait confirmed the binding of Integrator to the PP2A/AC core
dimer but not to any known PP2A regulatory subunits. The authors go on to show that
Integrator recruits the PP2A core enzyme to chromatin-associated Pol II and facilitates
dephosphorylation of Pol II CTD at Ser-2, Ser-5, and Ser-7, thus suppressing transcription
of coding genes and noncoding elements and affecting transcription initiation, pausing, and
elongation. Conversely, the endonuclease of INTAC mainly modulates the pausingelongation transition and plays a more prominent role in regulating the transcription of
small nuclear RNAs (snRNAs). Thus, the RNA endonuclease and phosphatase play distinct
roles in the regulation of Pol II–mediated transcription, which is consistent with the
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architectural separation of these two modules within the INTAC structure (as determined
by cryo-EM).

1.3. PP2A’s Role in Proliferation, Differentiation, and Development

1.3.1. Cell Cycle
1.3.1.1. G2/M, Mitosis, and G1 reentry.
PP2A plays an important role throughout the cell cycle. During G2, PP2A activity
is high and Cyclin B/CDK1 activity is low. The inhibitory phosphorylation of CDK1 is
maintained by WEE1/MYT1 kinases and can be removed by the CDC25 phosphatase at
the G2/M transition. In Xenopus egg extracts, it was shown that PP2A/B55δ is the major
phosphatase responsible for dephosphorylation of CDK substrates (Mochida et al., 2009).
In fact, PP2A/B55δ dephosphorylates and keeps WEE1/MYT1 active and CDC25 inactive
in G2, preventing Cyclin B/CDK1 from being activated (Lorca and Castro, 2013). For
mitotic entry to occur, activation of Cyclin B/CDK1 is required; this necessitates
inactivation of PP2A/B55δ at the G2/M transition, which is mediated by the Greatwall
kinase. This relationship has been demonstrated in Greatwall kinase-knockdown cells,
which show cell cycle-related features such as G2 arrest and mitotic defects that can be
resumed by knockdown of PP2A/C or pharmacological inhibition of PP2A by okadaic acid
treatment (Burgess et al., 2010; Castilho et al., 2009). Thus, low PP2A/B55δ activity is
required for the Cyclin B/CDK1 activation threshold to be reached for cells to enter mitosis
(Burgess et al., 2010; Lucena et al., 2017; Tuck et al., 2013).
During mitosis, regulation of PP2A activity is critical to prevent mitotic collapse
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and coordinate mitotic exit. In prophase, each of the duplicated chromosomes condenses
into two linked sister chromatids, forming X-shaped structures. Pairs of sister chromatids
are held together at the centromere, a point of chromosome constriction with highly
condensed chromatin, as well as along the chromatids arms by Cohesins, which are multisubunit ring protein complexes (Brooker and Berkowitz, 2014). In these early stages of
mitosis, PP2A/B55α activity is inhibited by the Greatwall kinase substrates ENSA and
ARPP19; this inhibitory step is critical to prevent premature dephosphorylation of mitotic
CDK substrates. In support of this, depletion of Greatwall kinase in HeLa cells has been
shown to cause chromosomal abnormalities such as incomplete condensation or improper
congression to the metaphase plate, which results in mitotic defects including metaphase
arrest followed by cell death, metaphase delay followed by aberrant chromosome
segregation and cytokinesis, or exiting mitosis absent of metaphase (Burgess et al., 2010).
Of note, the defects on chromosome condensation caused by loss of Greatwall kinase can
be reversed by co-depletion of B55α isoforms in MEFs, implicating PP2A/B55 as the
primary mediator of mitotic collapse upon Greatwall kinase loss (Alvarez-Fernandez et al.,
2013).

1.3.1.2. G0/G1, G1/S.
The commitment of a eukaryote cell to a cell division cycle is made in late G1 when
cells become independent of extracellular factors and/or nutrients. In metazoans, with the
exception of certain embryonic cycles, progression from early G1 through the restriction
point requires the presence of extracellular mitogenic signals (Pardee, 1989). In the absence
of mitogenic stimulation prior to the restriction point, cells exit the cell cycle and become
quiescent in a stage known as G0. Upon re-stimulation by mitogens, cells re-enter the cell
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cycle in G1 and progress through the restriction point, committing them to a round of cell
division. The G1 restriction point is regulated by the phosphorylation status of the three
members of the pocket protein family (pRB, p107, and p130). In G0 and early G1, pocket
proteins remain active in their hypophosphorylated forms and restrict cell cycle progression
by forming a repressor complex with E2F and DP transcription factors at the promoters of
E2F-dependent genes (reviewed in Kurimchak and Graña, 2012; Kurimchak and Graña,
2015). Within these repressor complexes, pocket proteins recruit chromatin modifying
enzymes that help to compact the surrounding chromatin and thus silence these promoters.
In the presence of mitogenic stimulation, pocket proteins become hyper-phosphorylated
through the action of Cyclin/CDK complexes and thus inactivated, resulting in abrogation
of pocket protein/E2F/DP repressor complexes, chromatin de-condensation, and
transcription of E2F-dependent genes (which is further stimulated by the recruitment of
activating E2F complexes). Ultimately, this results in passage of cells through the
restriction point, with the expression of gene products and enzymes required for DNA and
histone synthesis as well as the control of subsequent cell cycle events. The fine-tuning of
pocket protein phosphorylation status is coordinated through the opposing actions of G1
Cyclin/CDK and PP2A complexes. As described previously, PP2A complexes can
dephosphorylate pocket proteins in all phases of the cell cycle, with pRB as a target of
PP2A/PR70 and p107, p130 and likely pRB as targets of PP2A/B55α (Jayadeva et al.,
2010; Kurimchak and Graña, 2013; Magenta et al., 2008). The hyper-phosphorylation
status of pocket proteins is promoted and maintained by Cyclin D/CDK4/6 in G1, Cyclin
E/CDK2 from G1 to S, Cyclin A/CDK2 in S/G2/mitosis and Cyclin B/CDK1 from G2/M
until late mitosis, when CDK activity decreases and pocket proteins become abruptly
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dephosphorylated in preparation for the next cell cycle (reviewed in Kurimchak and Graña,
2015). Of note, PP2A may also regulate progression through interphase via PP2A/B56,
which dephosphorylates Cyclin E on Ser384 to prevent Cyclin E degradation, potentially
mediating Cyclin E/CDK2 phosphorylation of substrates beyond the G1/S transition (Davis
et al., 2017).

1.3.1.3. Mitogen Stimulation and Other Signaling Cues.
Two well-studied signaling pathways that promote cell proliferation and growth
have been shown to be regulated by PP2A: mitogen-activated protein kinase (MAPK) and
PI3K/AKT pathways. In the MAPK pathway, PP2A/B family members B55α and B55δ
are the chief phosphatases responsible for dephosphorylation of RAF1 on Ser259 (Adams
et al., 2005; Ory et al., 2003), a residue that when phosphorylated inhibits RAF1 kinase by
binding to 14-3-3 proteins (Abraham et al., 2000; Jaumot and Hancock, 2001). Mass
spectrometry analysis of immunopurified RAF1 detected the co-occurrence of the three
subunits of the PP2A/B55α holoenzyme. Additionally, it was shown that PDGF stimulation
of NIH3T3 cells promoted the recruitment of B55α to the RAF1-PP2A/AC complex, which
in turn stimulated RAF1-Ser259 dephosphorylation (Ory et al., 2003). Another group
showed that loss and gain of B55α and B55δ function in serum-starved HEK T-Rex cells
re-stimulated with EGF further implicated PP2A/B55 trimeric holoenzymes in MEK1/2
and ERK1/2 activation via RAF1 activation (Adams et al., 2005). Follow-up studies
support a role for PP2A/B55α as well as PIN1 (peptidyl-prolyl cis/trans isomerase 1 or
PPIase 1) in the recycling of ERK-inactivated RAF1 and B-RAF (Dougherty et al., 2005;
Ritt et al., 2010).
In a mechanistic fashion akin to RAF1 activation, Kinase Suppressor of Ras 1
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(KSR1), the molecular scaffold that helps assemble MAPKs, is also a dephosphorylation
target of PP2A, as all three PP2A/B55α complex components were identified in mass
spectrometry analysis of immunopurified KSR1. In quiescent cells, KSR1 is
phosphorylated on Ser-297 and Ser-392 by C-TAK and sequestered in an inactivated form
by 14-3-3. Upon PDGF treatment, PP2A/B55 dephosphorylates KSR1 on Ser-392,
resulting in its release from 14-3-3 and allowing for translocation to the cell membrane
where it can facilitate MAPK pathway activation (Ory et al., 2003). Recent studies have
identified GEF-H1, a Rho guanine nucleotide exchange factor, as the bridge connecting
KSR1 to PP2A, as it is required for KSR1 dephosphorylation and oncogenic RAS signaling
via KSR1 (Cullis et al., 2014). However, another study found KSR1 to preferentially
interact with B56α, β and ε isoforms, as compared to B55α, and that this interaction was
dependent on GEF-H1 and mitogenic stimulation as well as promoted by oncogenic RAS
activation (reviewed in Kurimchak and Graña, 2015). Therefore, it is possible that this site
might be context-dependent and thus targeted by distinct PP2A holoenzymes in response
to different signals and/or in different cell types.
In the PI3K/AKT pathway, both PI3K and AKT downstream signaling factors are
substrates of PP2A (Kuo et al., 2008; Petritsch et al., 2000). Upon stimulation and
activation of the PI3K pathway, AKT is phosphorylated on Thr-308 at the activation loop
by PDK1 and on Ser-473 at a hydrophobic motif by TORC2 (target of rapamycin complex
2), DNA-PK (DNA-activated protein kinase), PDK2, and several other potential kinases.
This results in the activation of several downstream signaling pathways implicated in key
processes including cell survival, protein synthesis and cell growth, metabolism and
angiogenesis, among others (reviewed in Fayard et al., 2005). Experiments performed in
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serum-starved B55α-overexpressing cells showed that AKT phosphorylation on Thr-308
was decreased following serum restimulation, while knockdown of B55α resulted in
increased phosphorylation of the same site (Kuo et al., 2008). In agreement with this, in
vitro dephosphorylation assays have shown that PP2A/B55α dephosphorylates AKT on
Thr-308 preferentially over Ser-473, implicating PP2A/B55α as a selective and direct
regulator of AKT phosphorylation on Thr-308 (Kuo et al., 2008). Recent work has shown
that PP2A/B56β also targets Thr-308 and Ser-473 of AKT for dephosphorylation and thus
facilitates the attenuation of insulin signaling (Rodgers et al., 2011). Of note, the CLK2
kinase is stimulated by insulin/AKT-mediated phosphorylation of AKT-bound B56β,
which promotes the recruitment of the PP2A/AC dimer and subsequent dephosphorylation
and attenuation of AKT signaling. Moreover, the PH-domain-leucine-rich protein
phosphatase, PHLPP, also dephosphorylates AKT Thr-473, suppressing AKT-mediated
survival signaling (Gao et al., 2005). While it is still unclear which is the key phosphatase
targeting each of these two AKT phosphoresidues, it is possible that multiple phosphatases
are at play in response to varying attenuation signals. A better understanding of substrate
specificity should help resolve these issues.
Downstream substrates of the AKT signaling pathway such as p70S6K and PHD2
have also been reported to be negatively regulated by PP2A. Activation of p70S6K is
mediated by sequential phosphorylation on multiple sites by mTOR and PDK1, which is
counteracted by PP2A/B56γ (Hahn et al., 2010; Jastrzebski et al., 2007). It has also been
reported that p70S6K Thr-389 can be dephosphorylated by PHLPP protein phosphatase
(Liu et al., 2011), which further supports the notion that multiple phosphatases can act on
the same substrate in specific contexts. PP2A is also known to play a key role in autophagy.
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It has been reported that during amino acid starvation, PP2A is activated due to dissociation
of α4 from PP2A/C and increased formation of PP2A/B55α complexes, leading to
dephosphorylation and thus activation of the mTORC1 substrate ULK1, which promotes
the induction of autophagy (Wong et al., 2015). PP2A/B55α complexes have also been
shown to dephosphorylate PHD2 during hypoxia-induced autophagy. In normoxia, PHD2
is phosphorylated on Ser-125 by p70S6K and promotes degradation of the hypoxiainducible factor HIF-1α. Conversely, in hypoxic conditions, mTOR and p70S6K are
inactivated and PP2A/B55α acts to dephosphorylate Ser-125 of PHD2, leading to HIF-1α
stabilization (Di Conza et al., 2017).

1.3.2. Differentiation and Development

PP2A is critically important in the regulation of development and its dysfunction
has been implicated in developmental diseases. It has been shown that Ppp2r1a knockout
in mice is embryonic lethal (between E5 and E10.5), pointing to an essential role of the
scaffold subunit PP2A/Aα in embryonic development (Ruediger et al., 2011). Loss of
Ppp2r1a in mouse oocytes severely decreases the number of pups by 84% compared to
control mice, suggesting that Ppp2r1a is also critically involved in female fertility (Hu et
al., 2014). For the catalytic subunit, constitutive homozygous knockout of Ppp2ca is
embryonic lethal (E6.5) and has been shown to cause infertility in male mouse germ cells
(Pan et al., 2015), while heterozygous embryos develop normally (Gotz et al., 1998; Gu et
al., 2012). Alternatively, knockout of Ppp2cb is viable (Gu et al., 2012), which likely
reflects the fact that the Ppp2cb gene shares 97% sequence identity with Ppp2ca and its
product (PP2A/Cβ) is 10 times less abundant than PP2A/Cα. Finally, the role of B
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regulatory subunits in development has also been widely studied. PP2A/B55α has been
shown to be important for oocyte maturation and embryonic development. Knockdown of
PP2A/B55α in oocytes leads to defective spindle assembly, chromosome misalignment and
DNA damage response in MII stage. Moreover, knockdown of PP2A/B55α in mouse
embryos shows reduced number of cells developing to 8-cell and blastocyst stages,
accompanied by increased apoptosis (Liang et al., 2017). PP2A/B55γ is critical in the
differentiation of bone marrow mesenchymal stem cells (BM-MSCs) to osteoblasts.
Osteoblast differentiation is composed of three processes: proliferation, matrix maturation,
and matrix mineralization (Rutkovskiy et al., 2016). Knockdown of B55γ in BM-MSCs
reduced mineralization with insufficient calcium deposits and a lack of the characteristic
cuboidal cell morphology (Serguienko et al., 2017). It has been reported that mutations of
PP2A/B56 family genes correlate with childhood overgrowth and intellectual disability in
five individuals (Loveday et al., 2015). Although not embryonic lethal, B56γ-/- leads to
increased neonatal death in mice. In addition, B56γ is also critical for heart development.
Starting from E16, B56γ-/- mice exhibit ventricular septal defects in the heart due to
increased apoptosis (Varadkar et al., 2014).
Outside of embryonic development, PP2A/B55α plays a critical role in the
mediation of chondrocyte maturation in response to fibroblast growth factor (FGF1)
stimulation (Kolupaeva et al., 2013; Kurimchak et al., 2013). Upon FGF1 treatment, p107
is rapidly dephosphorylated in RCS cells followed by subsequent dephosphorylation of
p130 and pRB, leading to chondrocyte maturation and cell cycle exit. Moreover, the
formation of complexes between PP2A/B55α and p107, as well as p107 dephosphorylation,
increases following FGF1 stimulation. Furthermore, PP2A/B55α and simultaneous
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PP2A/B55α/δ knockdown was shown to delay p107 dephosphorylation, indicating that this
process is mediated by PP2A/B55α/δ holoenzymes. As a result of p107 dephosphorylation
1.5h after FGF treatment, p107 is increasingly recruited to the promoters of E2F-dependent
genes (such as MYC) and represses gene expression. Additionally, upregulation of p21
expression is detected about 10–15h post-FGF treatment coinciding with p130 and pRB
dephosphorylation, suggesting that this is a consequence of p21 inhibition of CDK2 and
CDK4 rather than a direct regulation by PP2A/B55α. Altogether, PP2A-mediated
dephosphorylation of pocket proteins following FGF stimulation promotes chondrocyte
maturation and cell cycle exit (Kolupaeva et al., 2013; Kurimchak et al., 2013).
1.4. PP2A Deregulation in Cancer
Early support for a role of PP2A as a tumor suppressor came from studies
demonstrating that okadaic acid and other potent toxins that inhibit PP2A cause tumors in
mice, as well as the observation that the small t antigen of SV 40, which disrupts PP2A
holoenzymes, was oncogenic (Hahn and Weinberg, 2002; Kurimchak and Graña, 2013).
Below, I outline the diversity of alterations targeting core subunits and PP2A inhibitors that
are associated mostly with its tumor suppressor function, but also with a context-dependent
oncogenic role.

1.4.1. PPP2R1A Mutations.
As described previously, the scaffold subunit of PP2A has two isoforms, PP2A/Aα
and PP2A/Aβ, which are encoded by two 86% identical genes PPP2R1A and PPP2R1B,
respectively (Zhou et al., 2003). Mutations in PPP2R1A have been frequently reported
across various cancer types including serous endometrial cancer (EC), in which incidence
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rates can range from 18.4% to 43.2% of all cases. Most of the cancer-associated mutations
encode for inactive PP2A/Aα or PP2A/Aβ scaffold proteins, which prevent proper PP2A
holoenzyme formation and promote carcinogenesis (Haesen et al., 2016). Anti-HA-tag
pulldown assays from cells transfected with HA-PP2A/Aα constructs based on 11
mutations observed in endometrial carcinomas identified 10 mutations with reduced
binding to the PP2A/C subunit. In addition, most PP2A/Aα mutants showed defects in
binding to B55α/β subunits, while certain PP2A/Aα mutants also lost the ability to bind to
other B regulatory subunits such as B56β/γ/δ and PR72. Of note, overexpressing patientderived PPP2R1A mutations R183G/Q and S256F in HEC-1-A uterine cancer cells, which
are wild type for PPP2R1A, promotes both anchorage-independent and tumor xenograft
growth (Haesen et al., 2016). PP2A/Aα subunit E64D and E64G mutations found in lung
and breast cancer, respectively, have also been shown to be defective in binding to B56
subunits but remain unaffected in binding to B55 and PR72 (Zhou et al., 2003).
Consistently, knock-in mouse models harboring PP2A/Aα E64D or E64G mutations are
prone to developing lung cancer (Ruediger et al., 2011; Walter and Ruediger, 2012). In
addition, PPP2R1A mutations are associated with poor prognosis of gastrointestinal
stromal tumors, and non-functional PP2A/Aα results in enhanced phosphorylation of
downstream oncogenic kinases such as AKT and ERK (Akaike et al., 2018; Toda-Ishii et
al., 2016).

1.4.2. B55α Mutations.
Deletions affecting the PPP2R2A gene (encoding the B55α regulatory subunit)
have been observed in a subset of epithelial tumors present in prostate, ovarian and breast
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cancer patients (Cheng et al., 2011; Watt et al., 2017; Youn and Simon, 2013).
Consistently, shRNA knockdown of PP2A/B55α, B56α and B56γ in breast cancer cells has
been shown to promote a hyper-proliferative cell phenotype in 3D culture (Watt et al.,
2017). Recently, another group has identified two rare loss-of-function mutations in the
PPP2R2A gene in three de novo acute myeloid leukemia (AML) patients (without
myelodysplastic syndrome or not preceded by chemotherapy and/or radiation treatment).
G247T and delG85 mutations in PPP2R2A result in premature stop codons and are
associated with apparent complete loss of B55α expression, despite the presence of a
wildtype PPP2R2A allele by an unknown mechanism. Interestingly, absence of B55α
expression is associated with increased phosphorylation of AKT on Thr-308 (Shouse et al.,
2016), which is consistent with this site being previously reported to be regulated by
PP2A/B55α (Kuo et al., 2008). Moreover, these AML mutant cells are also more sensitive
to AKT inhibitor treatment (Shouse et al., 2016).
In spite of growing evidence supporting a tumor suppressor role for PPP2R2A,
overexpression of B55α has been observed in pancreatic ductal adenocarcinoma tissues
and found to correlate with poor patient prognosis (Hein et al., 2016). Consistent with this
finding, B55α expression is also elevated in pancreatic cancer cell lines compared to
immortalized normal human pancreatic ductal cells. Moreover, shRNA-mediated
knockdown of B55α in CD-18/HPAF cells resulted in decreased mitogenic signaling as
well as reduced anchorage-independent growth and tumorigenicity in mice with tumor cells
orthotopically implanted into the pancreas (Hein et al., 2016). Given that PP2A/B55α
targets a variety of substrates with diverse cellular functions, it is conceivable that this key
phosphatase bears context-dependent tumor suppressive or oncogenic functions. In cancers
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where PP2A/B55α or other PP2A holoenzymes exhibit oncogenic function, selective
inhibitors of PP2A activity may have therapeutic potential. With this regard, it has been
reported that PP2A inhibition sensitizes cancer cells to kinase inhibitor treatment in
hepatocellular carcinoma (HCC) and BCR-ABL+ leukemia (Fu et al., 2016; Lai et al.,
2018). Combining the PP2A inhibitor LB-100 (a derivative of norcantharidin) with antiPD-1 blockage has also been shown to synergistically suppress tumor growth in mice (Ho
et al., 2018), suggesting a potential anti-cancer combination strategy.

1.4.3. Inhibitors SET, CIP2A, ENSA/Greatwall.

Aside from alterations within genes encoding the three different subunits of PP2A,
evidence continues to mount supporting the notion that deregulation of endogenous PP2A
inhibitors, including SET, CIP2A and Greatwall kinase, is associated with various human
cancers.
SET is a physiologic PP2A inhibitor that binds directly to the PP2A/C subunit
(Switzer et al., 2011). Consistent with the prevalent thought that a fraction of PP2A
holoenzymes exhibit tumor suppressor functions, SET appears to act as an oncogene. SET
overexpression has been frequently detected and associated with poor prognosis in a
variety of cancers including breast, non-small cell lung (NSCLC), and metastatic colorectal
cancer (mCRC) (Cristóbal et al., 2015; Huang et al., 2018; Liu et al., 2015; Pagano et al.,
2018). Other studies have also suggested that increased mRNA expression of SET is linked
to adverse outcomes in chronic lymphocytic leukemia (CLL) patients (Brander et al.,
2019). Strategies of restoring PP2A activity by inhibiting SET or the interaction between
SET and PP2A/C are actively being pursued. In human medulloblastoma cells, shRNA
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knockdown of SET decreases cell viability and proliferation in a p53-dependent manner
(Wei et al., 2019). Additionally, drugs disrupting the PP2A/SET complex appear promising
as a therapeutic option for cancer treatment. A peptide designated OP449 that binds SET
and activates PP2A has been shown to synergistically kill AML cell lines in combination
with selective tyrosine kinase inhibitors (Agarwal et al., 2014). FTY720 (Fingolimod) and
derivatives devoid of immunomodulatory function abrogate the SET/PP2A interaction
(thus increasing PP2A activity) and are active in combination with FLT3 inhibitors,
synergistically inducing cell death in AML cell lines (Smith et al., 2016). Novel derivatives
of FTY720 such as alkoxy phenyl-1-propanone derivatives (APPDs) have been shown to
induce cell death in CLL cells through displacement of SET from PP2A, triggering intrinsic
apoptosis (Pagano et al., 2018). A more extensive review of combination therapies that
target PP2A has been published recently (Mazhar et al., 2019).
Another endogenous inhibitor of PP2A with oncogenic properties is Cancerous
Inhibitor of PP2A (CIP2A), which was initially identified by mass spectrometry as a
protein immunopurified using PP2A/A as bait (Junttila et al., 2007). CIP2A has since been
shown to form stable homodimers that bind B56α and B56γ in cells (Wang et al., 2017).
CIP2A also interacts with and stabilizes c-MYC by protecting c-MYC Ser62 from PP2Amediated dephosphorylation (Junttila et al., 2007). In further support of an oncogenic role
of CIP2A in cells, ectopic expression of CIP2A can transform HEK-TERV cells, which
are a human cell transformation model using HEK cells that express a combination of
hTERT, SV 40 large t antigen (LT), and oncogenic H-RasV12. The authors showed that
HEK-TERV cells are not capable of malignant transformation themselves, but the addition
of SV 40 small t antigen (st) expression in the context of HEK-TERV cells (known as
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HEK-TERST cells) is tumorigenic in immunodeficient mice (Sablina et al., 2010). Thus,
CIP2A can substitute for SV 40 small t antigen (st) in human cell transformation. In patient
data, CIP2A is overexpressed in head and neck squamous cell carcinoma (HNSCC) and
colon cancers (Junttila et al., 2007). Elevated mRNA expression levels of CIP2A have also
been identified in many cancers, including 39% in breast cancer and 87% in gastric cancer
(Côme et al., 2009; Li et al., 2008). Moreover, it has been suggested that CIP2A mRNA
overexpression correlates with breast cancer aggressivity (Côme et al., 2009). CIP2A
siRNA knockdown has been shown to reduce clonogenic potential in HeLa cells and three
gastric cancer cell lines (Li et al., 2008). Consistently, CIP2A depletion in the triplenegative MDA-MB-231 breast cancer cell line significantly reduces tumor volume in
mouse xenografts (Côme et al., 2009).
As described previously, the primary function of the Greatwall kinase (known as
MASTL in mammals) is to inhibit PP2A/B55 by phosphorylating its endogenous inhibitors
ARPP19 and/or ENSA (reviewed in Castro and Lorca, 2018). Growing evidence suggests
that upregulation of MASTL can promote tumorigenesis (Rogers et al., 2018; Sun et al.,
2017; Uppada et al., 2018). Increased MASTL mRNA and protein expression levels have
been observed in colon cancer samples (relative to normal adjacent samples) and correlates
with worse overall survival (Uppada et al., 2018). With similar observations being made
in gastric and breast cancers (Rogers et al., 2018; Sun et al., 2017), it is conceivable that
MASTL expression could serve as a cancer biomarker. In a mechanism consistent with its
cell cycle function, the oncogenic role of MASTL is mediated by PP2A/B55 inhibition, as
MASTL depletion causes mitotic cell death through PP2A activation in breast cancer cells
(Youn and Simon, 2013). Conversely, it has been proposed that MASTL can also trigger
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AKT hyperactivation in a mechanism independent of PP2A activity (Vera et al., 2015).

1.4.4. Final Thoughts on Therapy.

In the past, targeted therapies have mainly focused on kinases, while phosphatases
that equally contribute to the phosphorylation balance in cells have long been neglected
(reviewed in Westermarck, 2018). Based on what has been discussed here, it is critical to
consider PP2A as both a diagnostic biomarker and a therapeutic target. Several PP2A
activating drugs have emerged as novel approaches to cancer treatment, especially in the
context of combination therapies (reviewed in Mazhar et al., 2019). Tricyclic neuroleptics
(e.g., phenothiazine and chlorpromazine) were found to interact with PP2A and increase
its activity after being identified in a screen for drugs that synergize with Notch inhibitors
to kill T-cell Acute Lymphoblastic Leukemia (T-ALL) cells (Gutierrez et al., 2014). This
discovery led to the re-engineering of these compounds to eliminate their neuroleptic
activities, thus generating a class of compounds known as small molecular activators of
PP2A (or SMAPs) (Kastrinsky et al., 2015). Subsequent studies have found that SMAPs
have activity toward a number of different cancer cell types, especially in combination
treatment (Kauko et al., 2018; McClinch et al., 2018; Sangodkar et al., 2017). For example,
treatment with SMAP DT-061 in combination with MEK inhibitor AZD6244 was shown
to effectively suppress KRAS-driven lung cancer cell line xenografts in mice, even if cMYC expression was forced (Kauko et al., 2018). This is consistent with the finding that
inhibition of PP2A confers MEK inhibitor and MEK/RAF resistance in these lung cancer
cells.
Recently, the group responsible for the development of SMAP DT-061 published a
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follow-up study in which they report on the cryo-EM structure of DT-061 in complex with
PP2A/B56α, after they found that H358 NSCLC cells treated with DT-061 resulted in a
significant, ~2-fold increase in the population of B56α-containing PP2A holoenzymes
compared to control (Leonard et al., 2020). The structure revealed that DT-061 binds in a
unique pocket formed at the junction of PP2A/A, PP2A/C, and B56α, making multiple
contacts with residues from all three subunits. In fact, the interaction between DT-061 and
Tyr-307 of the C subunit locks the C-terminal tail in the interface between the A and B
subunits, which contributes to the selective stabilization of the PP2A/B56α complex. They
extended their studies further to substrates, reporting that DT-061 treatment resulted in the
selective dephosphorylation of a subset of PP2A/B56α substrates including its well-known
oncogenic target, c-MYC.
In a process occurring in parallel to the SMAP development described above,
another group generated a novel class of PP2A-activating drugs termed improved
heterocyclic PP2A activators (or iHAPs) that are derived from the phenothiazine derivative
and antipsychotic drug perphenazine (Morita et al., 2020). They show that iHAPs exhibit
potent antileukemic activity in T-ALL cells by inducing an early prometaphase arrest,
prompted by the PP2A-mediated inhibition of transcriptional pathways that upregulate the
expression of proteins needed for cell cycle progression through the monopolarity stage of
prometaphase. Importantly, these effects occur without the concurrent inhibition of the
dopamine receptor D2, which is the main mediator of neurologic toxicity induced by
perphenazine and related neuroleptic drugs (thus preventing their clinical use as a
therapeutic agent). Upon interrogation of the potential substrates mediating this G2/M
arrest using stable isotope labeling using amino acids in cell culture (or SILAC) mass
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spectrometry, they found that treatment of T-ALL cells with iHAP1 results in
dephosphorylation of the MYBL2 transcription factor on Ser-241, prompting its
degradation. Of note, MYBL2 is a known regulator of cell cycle progression during
prometaphase (Sadasivam and DeCaprio, 2013; Werwein et al., 2019) and has been shown
to transactivate expression of genes involved in early mitosis, including those encoding
components of the centriole and other mediators of spindle bipolarity (Heinrichs et al.,
2013; Musa et al., 2017; Sadasivam and DeCaprio, 2013). Co-immunoprecipitation assays
using Flag-tagged PP2A/Cα or β indicate that treatment of T-ALL cells with iHAP1 results
in the allosteric activation of PP2A/B56ε holoenzymes, specifically. This is in contrast to
SMAP DT-061, which in the hands of this group appears to allosterically activate
PP2A/B55α complexes. Altogether, these data reinforce the notion that drug-induced
activation of selective PP2A holoenzymes can drive their respective mechanisms of
antitumor activity and support further investigation into this novel therapeutic avenue for
use in myriad disease contexts.
Together, these findings underscore the long postulated notion that selective
activation of phosphatases could be leveraged for a variety of translational applications
through the dephosphorylation of oncogenic, hyperphosphorylated substrates. Importantly,
it also provides the framework for the structure-based design of small molecules for other
PP2A holoenzymes including PP2A/B55α, which could be selectively stabilized and drive
dephosphorylation

of

protein

targets

including

hyperphosphorylated

TAU

in

neurodegenerative diseases such as AD. Given on one hand the preclinical success of small
compounds that activate PP2A activity but also the many alterations associated with
inhibition of subsets of PP2A holoenzymes in cancer, future work aimed at identifying
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selective PP2A compounds holds promise and should help prevent toxicities and unwanted
secondary effects.

1.5. Pocket Protein Structure and Function

The cell cycle is negatively regulated by the retinoblastoma family of proteins, also
known as “pocket proteins,” which play key roles in mediating the transcriptional
repression of many cell cycle genes (Dick and Rubin, 2013; Macdonald and Dick, 2012;
Viatour, 2012). The pocket protein family consists of the pRB tumor suppressor protein
and two closely related paralog proteins, p107 and p130 (also termed RBL1 and RBL2,
respectively). Structurally, pocket proteins are comprised of five major regions: a “pocket”
region formed by two domains termed “A” and “B,” the N- and C-terminal regions, and a
“spacer” region separating the two pocket domains (reviewed in Classon and Dyson, 2001;
Graña et al., 1998; Mulligan and Jacks, 1998; Wirt and Sage, 2010). The “pocket” domains
of all three pocket proteins share the highest degree of homology, while the “spacer” and
N-terminal regions are more divergent. Analysis of sequence homology revealed that p107
and p130 are most closely related with approximately 54% homology, while pRB is only
25% homologous to p107 and p130 (reviewed in Dick and Rubin, 2013). Within the
“pocket” region of the three pocket proteins are two domains, termed “A” and “B,” that
share close resemblance to cyclin folds (reviewed in Dick and Rubin, 2013; Lee et al.,
1998). These folds come together to form a structure that facilitates binding of many pocket
protein interactors, including D-type Cyclins, E2Fs, histone deacetylases, and c-MYC,
among others (reviewed in Classon and Dyson, 2001; Graña et al., 1998; Morris and
Dyson, 2001; Mulligan and Jacks, 1998). p107 and p130 contain a Cyclin E-A/CDK
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binding motif (or RXL motif) in their “spacer” region as well as CDK inhibitory regions
in their N-terminus that inhibit Cyclin/CDK2 complexes (Castaño et al., 1998; Woo et al.,
1997). Conversely, pRB does not contain a kinase inhibitory domain and its Cyclin EA/CDK binding site lies within its C-terminal domain (Adams et al., 1999; Pan et al.,
2001).
Pocket protein expression is differentially regulated throughout the cell cycle. p107
expression is either absent or low in quiescent cells due to repression of its E2F-dependent
promoter in G0 (Zhu et al., 1995). Its expression begins in mid-G1 following mitogenic
stimulation (Beijersbergen et al., 1995). Alternatively, p130 is expressed at high levels in
quiescent cells and is readily detected at promoters of genes required for cell cycle exit.
p130 becomes hyperphosphorylated in G1 to “form 3,” which refers to the slowest
migrating hyperphosphorylated form of p130 (Mayol et al., 1995), and is then quickly
downregulated due to targeted degradation by the ubiquitin ligase SCF-Skp2 (Bhattacharya
et al., 2003; Mayol et al., 1996; Smith et al., 1996; Tedesco et al., 2002). Levels of pRB
expression increase slightly in G1 as it is also an E2F responsive gene, although the
fluctuations in pRB expression levels are not as dramatic as compared to p107 or p130
(reviewed in Graña et al., 1998; Henley and Dick, 2012).
Pocket proteins get recruited to promoters when assembled into complexes with
members of the E2F family of proteins. E2Fs that interact with pocket proteins fall into
two major categories: “activator” E2Fs (consisting of E2F1, E2F2, and E2F3a); and
“repressor” E2Fs (consisting of E2F4 and E2F5). It has been reported that activator E2Fs
(or aE2Fs) interact mainly with pRB in G1 phase (Hurford et al., 1997; Zhang et al., 1999)
and initiate transcription of the E2F gene program from mid-late G1 to S phase following
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release from pocket proteins (Balciunaite et al., 2005). In mid to late G1, Cyclin D/CDK4/6
and Cyclin E/CDK2 complexes mediate the phosphorylation of pocket proteins,
dissociating them from E2Fs and allowing for the binding of positive transcription
cofactors such as p300, CBP, and other histone acetylases (Bertoli et al., 2013; Rowland
and Bernards, 2006). While less abundant than pRB/aE2Fs complexes (Kurimchak et al.,
2013; Lee et al., 2002), p107 and p130 have also been reported to interact with activator
E2Fs (Calbó et al., 2002; Lee et al., 2002). It is thought that fluctuations in expression
levels of E2Fs as well as the hypophosphorylated forms of pocket proteins play a role in
the regulation of their relative abundance. However, what remains unknown is whether
they function in a manner distinct from that of pRB/aE2F complexes.
Alternatively, p107 and p130 are the preferred binding partners of the “repressor”
E2Fs, E2F4 and E2F5. In fact, these E2Fs are completely absent from gene promoters
unless in complexes with pocket proteins (Hurford et al., 1997). Once p107 and p130 are
inactivated via Cyclin/CDK-mediated phosphorylation in mid-late G1, E2F4 gets exported
to the cytoplasm where it remains until it interacts with hypophosphorylated p107/p130
again as cells either exit mitosis and move through G1 phase or exit the cell cycle into G0
(Gaubatz et al., 2001). These newly formed E2F4/pocket protein complexes will then
translocate to the nucleus and repress the transcription of E2F-dependent gene programs
(Balciunaite et al., 2005). E2F5 has been less heavily studied but is thought to act in a
similar manner in cells in which it is expressed (reviewed in Bertoli et al., 2013; Gaubatz
et al., 2001).
Following the discovery of a dynamic equilibrium existing between CDKs and
PP2A holoenzymes that dictates the phosphorylation status of all three members of the
38

pocket protein family during the cell cycle (Garriga et al., 2004), our lab set out on
characterization studies to identify the specific PP2A holoenzyme(s) at play. To test this,
GST-p107 (which was previously shown to pull significantly more PP2A/A and PP2A/C
than GST-p130 or GST-pRB) was used in pulldown experiments to assess binding to
affinity-purified PP2A/B55α, B56γ, and PR48, which were arbitrarily chosen as
representative members of the B, B’, and B’’ families of regulatory subunits (Jayadeva et
al., 2010). These studies pointed to PP2A/B55α complexes as being the preferential
binding partner of GST-p107, with levels of PP2A/PR48 pulled being significantly lower
and PP2A/B56γ being undetectable by western blot analysis. The interaction between
B55α-containing PP2A complexes and p107 was recapitulated in vivo by performing
immunoprecipitation assays with whole cell lysates from U-2 OS cells. To determine the
domains in p107 that mediate this binding interaction, deletion mutants were generated via
PCR and used in analogous pulldown assays to assess binding to PP2A/B55α. These
studies revealed that the “spacer” region separating the “A” and “B” pocket domains of
p107 is sufficient for binding, while the presence of the C-terminus connected to the spacer
enhanced the binding interaction (to levels comparable to the full-length protein).
As briefly described in an earlier section, molecular characterization of the binding
interaction between the microtubule-associated protein TAU and PP2A/B55α identified
two regions termed “Bα-binding repeats” (containing an enrichment of positively charged
amino acids) that interact with the acidic groove of B55α. To define the requirements
further, the authors generated several B55α mutants with amino acid substitutions of select
positively charged residues within these regions to determine their effect on PP2A/B55αmediated dephosphorylation. They found that three mutants (B55α-D197K, B55α-E27R,
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and B55α-93EEK95-93AAA95) displayed a compromised ability to dephosphorylate pTAU
in in vitro dephosphorylation assays, pointing to a potential role of these residues in
substrate binding. With this information in mind, our lab sought to assess the effects of
these same B55α mutations (in the context of Myc-tagged B55α constructs) on binding to
Flag-tagged p107. Reciprocal immunoprecipitation assays showed that only the B55αD197K mutation (and not E27R and 93EEK95-93AAA95) diminished binding to Flag-p107.
This is in contrast to the requirements for TAU binding, suggesting that there is limited
overlap on the surfaces of B55α that contact these two substrates. Altogether, these data
point to the existence of residues within the top groove and/or hole of B55α that bind
particular substrates, at least in part, via interactions with uniquely located short clusters of
positively charged residues in the substrate. Insight gleaned from analysis of the crystal
structure of the PP2A/B55α holoenzyme has been instrumental in developing a
hypothetical mechanism for TAU recognition, but is insufficient to explain how the surface
of B55α can bind such a variety of unrelated substrates and what motifs (if any) exist within
these substrates for recognition by the regulatory subunit.

1.6. Hypotheses

Based on extensive background literature and our preliminary data, we hypothesize
that PP2A/B55α substrate specificity is mediated by discriminator surfaces within the top
groove and hole of B55α that consist of substrate-specific combinations of residues
targeting clusters of positively-charged residues within intrinsically-disordered domains in
substrates. This mechanism allows the B55α surface to orient substrates such that the
phosphosite is positioned in the enzyme active site.
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In chapter 3, we use a combination of molecular and cellular approaches to define
a short linear motif (SLiM) in p107 that is necessary for B55α binding and
dephosphorylation of the proximal pSer-615 in vitro and in cells. We validate the generality
of this SLiM for additional PP2A/B55α substrates including TAU, as mutation of
conserved SLiM residues dramatically inhibits dephosphorylation in vitro. Finally, we use
data-guided computational modeling to detail the interaction of residues from the
conserved p107 SLiM, the B55α groove, and phosphosite presentation.
In chapter 4, we describe the generation of wild-type or mutant Myc-tagged B55α
expressing cell lines for the purification of either intact PP2A/B55α holoenzymes or
monomeric B55α alone. We used purified eluates in preliminary proteomics analyses
(including LC-MS/MS) for the identification of direct B55α interactors.
In the appendix is a short description of the optimization of our recently developed
methodology for the efficient and rapid immortalization of normal human prostate
epithelial cells (hPrEC) for future studies including those aimed at interrogating the tumor
suppressor role of PPP2R2A in the context of specific oncogenic backgrounds.
Characterization studies of these newly-derived hPrEC clones are ongoing.
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CHAPTER 2
MATERIALS AND METHODS

2.1 2D Cell Culture and Cell Lines

HEK-293T and U-2 OS cells were cultured in DMEM supplemented with 10% FBS
and 100 U/ml Pen/Strep at 37 °C in a humidified atmosphere with 5% CO2. Human normal
primary prostate epithelial cells (hPrEC) (ATCC PCS-440-010) were cultured in prostate
epithelial medium supplemented with growth factors including 6 mM L-Glutamine, 0.4%
Extract P, 1.0 mM Epinephrine, 0.5 ng/mL rhTGF-α, 100 ng/mL Hydrocortisone
hemisuccinate, 5 mg/mL rh Insulin and 5 mg/mL Apo-transferrin (ATCC PCS-440-040).
All cell lines were obtained from ATCC and tested for mycoplasma annually.
For stable expression of Flag-tagged B55α, HEK-293T cells were transfected with
pCPP-Flag-B55α, followed by puromycin selection for clone generation. For stable
expression of Myc-tagged B55α, HEK-293T were transfected with pMSCV-puro-MycB55α, pMSCV-puro-Myc-B55α-C239G and pMSCV-puro-Myc-B55α-Δ-SNGE, followed
by puromycin selection for clone generation. For stable expression of GFP-p107-R1, HEK293T

cells

were

transfected

with

pCDNA5/FRT/TO-GFP-p107-R1

pCDNA5/FRT/TO-GFP-p107-R1-H/AxR/AV/AxxV/A,

followed

by

and

hygromycin

selection for clone generation (see Table 1 for full DNA sequence information).
Transient expression in HEK-293T cells was achieved using calcium phosphate
transfection. Briefly, 5 μg plasmid DNA was added dropwise to 2X HEPES-buffered saline
(HBS) solution (280 mM NaCl, 50 mM HEPES, 1.5 mM Na2HPO4, pH 7.05) with
bubbling, followed by addition to cells treated with 25 mM chloroquine after a 30-minute
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Table 1. DNA Sequence of wild-type and mutant GFP-p107-R1
GFP-p107-R1

CATGCAGGATCCACGGGCAGCACAGGATCTACAG
GATCTACGGGTTCTACTGGTAGCAGTCCTCTGATG
CACCCTCGAGTTAAGGAGGTTCGCACAGACTCCAC
GGGTTCCACGGGTTCCACAGGGTCAACAGGGTCCA
CAGGCTCCTCCCCATTGATGCACCCCCGGGTTAAA
GAAGTGAGGACCGACTCAACGGGTTCTACGGGTA
GCACCGGTAGTACGGGGTCAACAGGGTCTAGTCCA
TTGATGCATCCGAGAGTGAAAGAGGTCAGGACGG
ACAGTACGGGCTCAACGGGGTCAACGGGATCTAC
AGGAAGTACTGGGAGTTCCCCCCTTATGCATCCAC
GAGTCAAGGAAGTTCGAACTGATTCCTGAGCGGCC
GCGGAATTCTGCCCC

GFP-p107-R1
mutant

CACGCGGGATCCACTGGTAGCACGGGCTCTACAG
GCTCTACAGGATCTACTGGATCTTCCCCCCTGATG
GCACCAGCAGCCAAAGAAGCAAGAACCGATTCTA
CCGGTAGTACGGGCAGCACTGGTTCTACCGGTTCT
ACAGGAAGTTCCCCCCTCATGGCGCCTGCTGCCAA
GGAAGCTCGCACAGACTCAACAGGTTCTACGGGA
TCAACTGGTTCCACAGGGTCCACTGGGTCATCCCC
GCTTATGGCTCCTGCAGCAAAAGAGGCGCGCACT
GACTCAACAGGATCAACGGGTTCAACTGGAAGCA
CAGGGTCTACCGGCTCCAGCCCATTGATGGCTCCT
GCGGCAAAAGAGGCACGGACGGATTCCTGAGCGG
CCGCAGAATTCTGCCCA

(H/AxR/AV/AxxV/A)
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incubation period. For transient expression in U-2 OS cells, we used the Lipofectamine
3000 (Thermo Fisher) protocol per manufacturer’s instructions. Briefly, 5 μg plasmid DNA
was combined with 10 μL P3000 reagent in 500 μL Opti-MEM (Thermo Fisher), followed
by addition of the mixture to another tube containing 7.5 μL Lipofectamine 3000 reagent
in 500 μL Opti-MEM. This mixture was incubated at RT for 15 minutes and then added to
70% to 90% confluent U-2 OS cells, which were then incubated for 48–72 hr at 37 °C and
collected.
To immortalize hPrEC, HEK-293T cells were transfected with lentiviral pLVhTERT-IRES-hygro (Addgene#85140) and lentiCRISPRv2-sgCDKN2A targeting exon
1α (GTGGCCAGCCAGTCAGCCGA) or 1β (ACCACGAAAACCCTCACTCG or
GCACGCGCGCCGAATCCGGA) of CDKN2A as well as pCMV-ΔR8.2 and pCMVVSVg packaging constructs using the calcium phosphate method described above.
Subsequently, hPrEC cells were transduced with supernatants collected 48 h posttransfection and selected with 25 µg/mL hygromycin and 0.25 µg/mL puromycin.
For the contact inhibition assay, cells were seeded at 150,000 cells per plate in three
6-cm plates, collected at days 2, 4, and 6, and assessed by western blot analysis and flow
cytometry for DNA content cell cycle analysis.

2.2 Plasmids

pCPP-Flag-B55α was generated by removing Flag-B55α from pCDNA5/TO and
cloning it into the pCPP vector via the BamHI/EcoRI sites. pMSCV-puro-Myc-B55α was
generated by removing Myc-B55α from pCSM2T-Myc-B55α and cloning it into the
pMSCV-puro vector via the BglII/Xho sites. pCDNA5/FRT/TO-GFP-p107-R1 was
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generated by inserting wild-type or mutant p107-R1 gBlock Gene Fragments (IDT) into
the pCDNA5/FRT/TO-GFP vector via the BamHI/Not sites.
LentiCRISPRv2 based CRISPR vector targeting CDKN2A exon 1α or 1β was
generated as described (Shalem et al., 2014) with the following targeting oligos:
sgRNA_CDKN2A1α_F: GTGGCCAGCCAGTCAGCCGA and sgRNA_CDKN2A1α_R:
TCGGCTGACTGGCTGGCCAC,

for

exon

1α;

and

sgRNA_CDKN2A1β_F:

ACCACGAAAACCCTCACTCG

or

sgRNA_CDKN2A1β_R:

CGAGTGAGGGTTTTCGTGGT

GCACGCGCGCCGAATCCGGA

and
or

TCCGGATTCGGCGCGCGTGC, for exon 1β.

2.3 Antibodies
See Table 2. Primary Antibody List and Table 3. Secondary Antibody List.
2.4 Immunoblots

Western blot analysis was performed as previously described (Keskin et al., 2012),
using antibodies indicated in Table 2 and 3.

2.5 GST Pulldown Assays

GST-tagged constructs of interest were expressed in E. coli bacteria and purified
for use in pull-down assays. Briefly, 100 mL cultures of E. coli were treated with 0.25 mM
isopropyl β-D-thiogalactoside (IPTG) for 2 hours to induce expression of GST-fusion
proteins. Cells were then harvested by centrifugation and resuspended in NETN lysis buffer
(20 mM Tris pH 8, 100 mM NaCl, 1 mM EDTA, 0.5% NP-40, 1 mM PMSF, 10 μg/mL
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Table 2. Primary Antibody List
Primary Antibody

Company

Catalog #

Application

AR

CST

5153S

WB

CDK2

Santa Cruz

sc-163

WB

Cyclin A

Santa Cruz

sc-271682

WB

Sigma

C8831-.2ML

WB

Santa Cruz

sc-245

WB

Flag

Sigma

A8592-.2MG

WB

Flag

Genscript

50-272-474

IP

GAPDH

Santa Cruz

sc-47724

WB

GFP

CST

2956S

WB

GFP

Chromotek

gta-10

IP

GST

Santa Cruz

sc-138

WB

Keratin 5

BioLegend

905503

WB

Keratin 18

BioLegend

628401

WB

Myc

Sigma

A7470-1ML

IP

p14ARF

Santa Cruz

sc-8613

WB

p16INK4A

Santa Cruz

sc-468

WB

Santa Cruz

sc-471

WB

CST

2946S

WB

p27

Santa Cruz

sc-528

WB

p53

Oncogene

OP43-100UG

WB

p63

Santa Cruz

sc-25268

WB

PP2A Aβ subunit

Santa Cruz

sc-6113

WB

PP2A B subunit

CST

2290

WB

PP2A C subunit

Millipore

05-421

WB

Phospho-CDK
Substrate Motif

CST

9477S

WB

Phospho-pRB

CST

8516S

WB

Santa Cruz

sc-50

WB

CST

9313S

WB

Cyclin B1

p21

pRB
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Table 3. Secondary Antibody List
Secondary
Antibody

Company

Catalog #

Application

ECL Rabbit IgG,
HRP-linked whole
Ab (from donkey)

GE Healthcare

NA934V

WB

ECL Mouse IgG,
HRP-linked whole
Ab (from donkey)

GE Healthcare

NA931V

WB

Mouse anti-goat
IgG-HRP

Santa Cruz

sc-2354

WB
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Leupeptin) prior to sonication at 30% amplitude for 10 cycles. Supernatants were collected
and incubated with glutathione beads for purification, followed by NETN buffer washes
for sample clean-up. For pulldown assays, purified GST-p107 spacer and mutant constructs
were incubated with HEK-293T lysates for 3 hours or overnight at 4 °C, followed by
washes (5X) with complete DIP lysis buffer (50mM HEPES pH 7.2, 150 mM NaCl, 1 mM
EDTA, 2.5 mM EGTA, 10% glycerol, 0.1% Tween-20, 1 μg/mL aprotinin, 1 μg/mL
leupeptin, 1 μg/mL Pepstatin A, 1 mM DTT, 0.5 mM PMSF) and elution with 2X LSB.
Samples were resolved by SDS-PAGE and probed using antibodies against proteins of
interest.

2.6 Immunoprecipitations

Whole cell extracts (200-400 μg) were incubated with Myc-conjugated (Sigma),
Flag-conjugated (Genscript), or GFP-conjugated (Chromotek) beads for 3 hours or
overnight at 4 °C. Input samples were collected prior to antibody-conjugated bead
incubation, and supernatants were taken post-incubation following sample centrifugation.
Beads were then washed (5X) with complete DIP lysis buffer and proteins were eluted in
2X LSB. Proteins were resolved by SDS-PAGE and probed using antibodies against
proteins of interest.

2.7 Peptide Competition Assays

Synthetic peptides derived from the amino acid sequence of p107 were generated
(Biomatik) and used in competition assays with GST-tagged p107 R1R2. Briefly, purified
PP2A/B55α holoenzymes were pre-incubated with 30-300 μM synthetic p107 peptides for
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30 minutes at 37 °C to facilitate interaction. These pre-incubated PP2A/B55α complexes
were then incubated with GST-tagged p107 R1R2 for 3 hours or overnight at 4 °C,
followed by washes (5X) with complete DIP lysis buffer and elution with 2X LSB. Proteins
were resolved via SDS-PAGE and detected via western blotting using anti-B55α and GST
antibodies. Densitometric quantitation was performed using ImageJ software.
2.8 PP2A/B55α Purification

Stably-expressing Flag-B55α or Myc-B55α (wild-type, C239G, or Δ-SNGE) HEK293T cells were expanded into six 15-cm tissue culture plates until they reached
confluency. Cells were then harvested, washed 3X in cold 1X PBS, and then lysed in
complete DIP lysis buffer for one hour. Lysates were then incubated with Flag-conjugated
beads for 5 hours or overnight at 4 °C. After washing the beads 8X with complete DIP lysis
buffer, elution buffer containing 200 μg/mL DYKDDDDK peptide (Genscript) was added
to samples and incubated with shaking 2X for 30 minutes each (eluates were collected after
each incubation). Eluates containing purified PP2A/B55α complexes were combined with
25% glycerol and 1 mM DTT for -80 °C storage.

2.9 In vitro Kinase and Phosphatase Assays

GST-tagged p107 constructs loaded on glutathione beads were phosphorylated with
0.25 µg purified recombinant Cyclin A/CDK2 (Invitrogen) using 5 µCi γ-32P-ATP
(PerkinElmer, BLU002Z500UC) for hot kinase assays or 200 nM ATP in KAS buffer (5
mM HEPES pH 7.2, 1 mM MgCl2, 0.5 mM MnCl2, 0.1 mM DTT) for cold kinase assays.
We incubated samples with shaking at 37 °C for 2 hrs unless indicated. Reactions were
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stopped by adding 2X LSB and heated at 65 °C when used for PAGE or immunoblots. In
vitro phosphorylated substrates for phosphatase assays were washed 3X in complete DIP
buffer, followed by addition of indicated concentrations of purified PP2A/B55α. Reactions
were incubated with shaking at 37 °C for times indicated, followed by addition of 2X LSB
and boiling at 65 °C for PAGE or immunoblots.

2.10 Malachite Green Phosphatase Assay
The phosphatase activity of purified PP2A/B55α complexes was assessed using a
commercial Ser/Thr phosphatase assay kit (EMD Millipore). Briefly, phosphatasecontaining samples were incubated with synthetic p107- or TAU-derived phosphopeptides
for various time points at RT (up to 30 minutes). Malachite green reagent with 0.01%
Tween-20 was then added to quench the reaction. Absorbance was determined at 600 nm
on a microplate reader.
2.11 Molecular Modeling of a p107 peptide presented by the groove on B55α to the
active site of PP2A/C.
To dock R621p107 to B55α, our collaborators Dr. Roland Dunbrack and Dr. Qifang
Xu (Fox Chase Cancer Center) retrieved peptide structures with “xHPRVx” from the PDB,
then calculated dihedral angles (φ, ϕ and ω) of each residue of the HPRV motif. The
distance of each pair of peptide structures is the maximum distance of dihedral angles of
residue pairs as previously described (North et al., 2011). The peptide structures were
clustered

by

DBSCAN

function

in

the

R

project

(https://cran.rproject.org/web/packages/dbscan/index.html/). They used the structure with
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the best resolution (1G8M and chain A, resolution = 1.75 Å) in the largest cluster as our
reference peptide. The peptide structure was moved to D197B55α in PDB: 3DW8 by manual
rotations and translations in PyMOL, such that the NH1/NH2 atoms of R621p107 were
approximately 3 Å from OD1/OD2 atoms of D197B55α. This model was subsequently
refined with FlexPepDock web server (http://flexpepdock.furmanlab.cs.huji.ac.il/) (Fig.
15A-B).
To identify the likely phosphate position in the PP2A active site, our collaborators
retrieved 68 structures from the PDB containing a phosphate group (PO43-) and a pair of
Mn2+ ions from a search on the Mn2+ ion on our web site Protein Common Interface
Database

(ProtCID),

(http://dunbrack2.fccc.edu/ProtCiD/IPdbfam/PfamLigands.aspx?Ligand=MN) (Xu and
Dunbrack, 2020). These 68 structures contain 47 distinct UniProt proteins including four
human phosphatase proteins (PP1A_HUMAN: PDB: 4MOV, 4MOY and 4MP0,
PP1G_HUMAN:

PDB:

4UT2

and

4UT3,

PPP5_HUMAN:

PDB:

1S95

and

PR15A_HUMAN: PDB: 4XPN). For each Mn2+ ion, they calculated the distances from the
four oxygen atoms of the phosphate, and saved the shortest distance. The average distance
from PO43- to Mn2+ ions is 2.38 Å and the standard deviation is 0.59 Å. They also examined
a structure of PP5 (PDB: 5HPE) that contains a substrate peptide (expressed as a tag
separated by a linker from the C-terminus of PP5) with a Glu side chain as a
phosphomimetic. After aligning the proteins homologous to PP2A with bound phosphate,
the structure of 5HPE with a Glu residue, and PP2A in PDB: 3DW8, it is clear that the
oxygen atoms of the phosphates and the Glu are in very similar positions relative to the
Mn2+ ions (Fig. 17E). They defined a structure of PP2A/B55α with the Glu
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phosphomimetic from PDB: 5HPE and the HPRV peptide as “the two fragment model.”
To build the p107 peptide (MPMEPLMHPRV), our collaborators searched the
PDB and found 520 peptide structures that contain the sequence “EPxxxPR” which would
connect the phosphate (with E as a phosphomimetic of pSer) and Arg in the two binding
sites. They calculated the distances between the OE1/OE2 of Glu and NH1/NH2 of Arg
for these 520 structures to find peptides long enough to connect Glu and Arg residues. They
superposed 217 peptide structures with a distance ≥ 20 Å onto the “two-fragment model”
by minimizing the distances of the OE1/OE2 and NH1/NH2 atoms of the peptide with
those of the “two-fragment” model by pair_fit function in PyMOL (Fig. 16C), then
calculated the sum of the displacements of the OE and NH atoms for each peptide from the
equivalent atoms in the “two-fragment” model (Fig. 16B). The top 20 structures with
minimum distances to the OE1/OE2 atoms of Glu and NH1/NH2 of Arg residues within
the reference peptide fragments were selected and mutated into “EPLMHPR”, followed by
the addition of “MPM” residues and “V” residue to build the p107 peptide
“MPMEPLMHPRV” in PyMOL (Fig 16D). Each PP2A-B55α-p107 structure was refined
with the FlexPepDock server and the top 10 models with the best Rosetta energy scores
were saved (Alford et al., 2017). The model in which the OE1/OE2 atoms of Glu and
NH1/NH2 atoms of Arg of p107 peptide has the minimum distances to the Mn2+ ions and
D197B55α was selected. To assemble our PP2A-p107 complex model, they then superposed
3DW8 onto this model to add the PP2A/A scaffold subunit (Fig. 17A-B).

2.12 NMR Spectrometry
Plasmid Construction for NMR Studies
B55αM1-N447 gene was subcloned into a modified pcDNA3.4 vector (pcDNA3.452

KGFP-RP1B). The pcDNA3.4-K-GFP-RP1B vector contains a Kozak consensus
sequence, an N-terminal His6-green fluorescent protein-tag, a TEV cleavage site, and a
multiple cloning site following the pcDNA3.4 human cytomegalovirus (CMV) promoter.
This plasmid was amplified and purified using the NucleoBond PC 500 Plasmid Maxiprep
Kit (MACHEREY-NAGEL). p107M612-S687 was subcloned into an MBP-fusion vector
(pTHMT). The pTHMT vector contains an N-terminal His6-Maltose Binding Protein
(MBP)-tag, a TEV cleavage site, and a multiple cloning site following the T7 promoter.
Protein Expression and Purification for NMR studies.
B55α1-447 was expressed in Expi293F cells (ThermoFisher) at a ratio of 1.0 μg DNA
per mL of final transfection culture volume. Transfections were performed using 125 mL
medium (Gibco Expi293 Expression Medium) in 250 mL baffled flasks (Corning)
according to the manufacturer's protocol in a humidified incubator at 37 °C and 8.0% CO2
under shaking (125 rpm). On the day of transfection, the cell density was between 3-5 ×
106 cells mL−1. Prior to transfection, the Expi293F cells were seeded at 2.6 × 106 cells mL−1
in 85% of the final transfection volume. B55α DNA was mixed with Opti-MEM Reduced
Serum Medium (ThermoFisher); in a separate tube, polyethylenimine (PEI) reagent was
mixed with Opti-MEM medium. The DNA and PEI mixtures were combined and incubated
for an additional 10 min. The final transfection mixture was then added to the cells. 2 mM
(final concentration) valproic acid was added to the cells 18 h post-transfection. After an
additional 24–28 h, the cells were harvested and the pellet was stored at -80 °C. p107612-687
was expressed in E. coli BL21 DES cells (Agilent). Cells were grown in Luria Broth in the
presence of the selective antibiotic at 37 °C to an OD600 of ~0.8, and expression was
induced by addition of 1 mM IPTG. Induction proceeded for 5 h at 37 °C prior to harvesting
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by centrifugation at 6,000 xg for 15 min (ThermoFisher). Cell pellets were stored at -80 °C
until purification.
p107 cell pellets were resuspended in ice-cold lysis buffer (50 mM Tris pH 8.0, 0.5
M NaCl, 5 mM imidazole, 0.1% Triton X-100 containing an EDTA-free protease inhibitor
tablet (Sigma)), lysed by high-pressure cell homogenization (Avestin C3 Emulsiflex), and
centrifuged (35,000 xg, 40 min, 4 °C). The supernatant was loaded onto a HisTrap HP
column (GE Healthcare) pre-equilibrated with Buffer A (50 mM Tris pH 8.0, 500 mM
NaCl and 5 mM imidazole) and was eluted using a linear gradient of Buffer B (50 mM Tris
pH 8.0, 500 mM NaCl, 500 mM imidazole). Fractions containing the protein were pooled
and dialyzed overnight at 4 °C (50 mM Tris pH 7.5, 500 mM NaCl) with TEV protease to
cleave the His6-MBP-tag. The cleaved p107 was heated at 80 °C for 10 min and centrifuged
(29,000 x g, 20 min, 4 °C). The supernatant was concentrated to 3-4 mL and heated at 80
°C for 10 min and centrifuged prior to SEC purification (SEC buffer: 20 mM sodium
phosphate pH 6.5, 50 mM NaCl or 250 mM NaCl, 0.5 mM TCEP; column: Superdex 75
16/60, GE Healthcare).
B55α cell pellets were resuspended in ice-cold lysis buffer containing an EDTAfree protease inhibitor tablet (Sigma) and rocked at 4 °C for 20 min before centrifugation
(42,000 x g, 50 min, 4 °C). The supernatant was mixed with GFP-nanobody coupled
agarose beads (AminoLink Plus Immobilization Kit, Thermo Fisher Scientific) and rocked
at 4 °C for 2 h, followed by centrifugation (1,000 x g, 5 min, 4 °C). The resin was washed
twice with buffer (20 mM Tris, pH 7.5, 100 mM NaCl, 0.5 mM TCEP) by centrifugation.
The His6-GFP-tagged B55α loaded resin was then suspended in 20 mL of the wash buffer
and incubated with TEV protease overnight at 4°C. The cleaved product was centrifuged,
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and the supernatant was collected. The protein was further purified using anion exchange
chromatography (Mono Q 5/50 GL, GE healthcare) pre-equilibrated with ion exchange
buffer A (20 mM Tris, pH 7.5, 100 mM sodium chloride 0.5 mM TCEP) and eluted using
a linear gradient of buffer B (20 mM Tris, pH 7.5, 1 M sodium chloride 0.5 mM TCEP).
Fractions containing B55α were identified using SDS-PAGE, pooled, and concentrated to
designated concentration for experiments or stored at -80 °C.
NMR Spectrometry Data Collection and Processing.
NMR data were recorded at 283 K on a Bruker Neo 600 MHz or 800 MHz (1H
Larmor frequency) NMR spectrometer equipped with a HCN TCI active z-gradient
cryoprobe. NMR measurements of p107612-687 were recorded using either 15N- or 15N,13Clabeled protein at a final concentration of 6 or 200 μM in NMR buffer (20 mM sodium
phosphate pH 6.8, 250 or 50 mM NaCl, 0.5 mM TCEP) and 90% H2O/10% D2O. Unlabeled
B55α and

15

N-labeled p107 was mixed at 1:1 ratio to form the complex. The sequence-

specific backbone assignments of p107612-687 were achieved using 3D triple resonance
experiments including 2D [1H,15N] HSQC, 3D HNCA, 3D HN(CO)CA, 3D
HN(CO)CACB, 3D HNCACB, 3D HNCO, and 3D HN(CA)CO. All NMR data were
processed using Topspin 4.0.5 and analyzed using Cara. All NMR chemical shifts have
been deposited in the BioMagResBank (BMRB: 28091).

2.13 Label-free LC-MS/MS Analysis

Proteins from pull-downs were precipitated using either 20% tri-chloroacetic acid
(TCA), washed twice with acetone (Burdick & Jackson, Muskegon, MI) or the single-pot,
solid-phase enhanced method (Hughes et al., 2019). After precipitation, proteins were
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digested overnight in 25 mM ammonium bicarbonate with trypsin (Promega) for mass
spectrometric analysis.
Peptides were analyzed on a Q-Exactive Plus quadrupole equipped with Easy-nLC
1000 (ThermoScientific) and nanospray source (ThermoScientific). Peptides were
resuspended in 5% methanol / 1% formic acid and analyzed as previously described (Kruse
et al., 2020). Raw data were searched using COMET (release version 2014.01) in high
resolution mode (Eng et al., 2013) against a target-decoy (reversed) (Elias and Gygi, 2007)
version of the human proteome sequence database (UniProt; downloaded 2/2020, 40704
entries of forward and reverse protein sequences) with a precursor mass tolerance of +/- 1
Da and a fragment ion mass tolerance of 0.02 Da, and requiring fully tryptic peptides (K,
R; not preceding P) with up to three mis-cleavages.
Static modifications included carbamidomethylcysteine and variable modifications
included oxidized methionine. Searches were filtered using orthogonal measures including
mass measurement accuracy (+/- 3 ppm), Xcorr for charges from +2 through +4, and dCn
targeting a <1% FDR at the peptide level. Quantification of LC-MS/MS spectra was
performed using MassChroQ (Valot et al., 2011) and the iBAQ method (Schwanhäusser et
al., 2011). Statistical analysis was carried out in Prism by two-tailed Student’s t-test.

2.14 Biostatistics Analysis

All experiments were performed in biological triplicate unless specified. Graphs
depict calculated mean values with standard deviation (SD) of triplicates. To assess
significance, p-values were determined by student’s t-test and represented as follows: * for
p-values < 0.05, ** for p-values < 0.01, *** for p-values < 0.001, and **** for p-values <
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0.0001.

2.15 Cell Cycle Analysis

For DNA content cell cycle analysis, cells were trypsinized, washed with 1%
FBS/PBS, and fixed with ice-cold 70% ethanol. Cells were then washed once with 1%
FBS/PBS and stained with propidium iodide (PI) (50 µg/ml) and RNaseA (100 µg/ml) as
described earlier (Sotillo et al., 2009). Flow cytometric analysis was done using a BD
Calibur and analyzed with FlowJo.
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CHAPTER 3
PP2A/B55α SUBSTRATE RECRUITMENT AS DEFINED BY THE
RETINOBLASTOMA-RELATED PROTEIN p107

3.1 Results
3.1.1 The intrinsically-disordered spacer region of p107 contains 3 highly
conserved regions (R1, R2, and R3), of which R1 is required for B55α binding
and R2 enhances avidity interaction as determined via mutational analysis and
NMR.

As described in the introduction, our lab has previously shown that the
retinoblastoma related protein p107 is a substrate of PP2A/B55α that binds specifically via
the “spacer” region separating its two ordered pocket domains (Jayadeva et al., 2010).
Another study by our lab found that p107 is rapidly dephosphorylated in response to FGF
signaling in chondrocytes (Kurimchak et al., 2013), with kinetics comparable to other
unrelated key PP2A/B55α substrates in the MAP kinase pathway, RAF1 and KSR1 (Ory
et al., 2003). Additionally, a previous study by another group had identified domains in the
microtubule-associated protein TAU rich in positively charged lysine residues that are
required for PP2A/B55α-mediated dephosphorylation (Xing et al., 2006). This led to
speculation that the positively charged residues in the two binding domains of TAU may
interact with the negatively charged residues on the surface of B55α (Xing et al., 2006).
Based on these observations, we sought to characterize the determinants of
substrate specificity in B55α that mediate binding to p107 (acting as a model substrate) and
build a testable high-resolution docking model that explains B55α:substrate engagement
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as well as presentation of the phosphosite to the active site of the PP2A/C catalytic subunit.
To start, we performed IUPred2a bioinformatics analysis (Mészáros et al., 2018) on the
p107 sequence to identify predicted unstructured regions and found that the “spacer” region
as well as the C-terminus are intrinsically disordered (Fig. 4A). Next, our collaborator Dr.
Roland Dunbrack used the Clustal W program to align the amino acid sequence of the p107
spacer across 32 different species and identified three highly conserved, charged regions
(which we termed R1, R2, and R3) (Fig. 4B). When we aligned the amino acid sequences
of the spacers of p107 and the related retinoblastoma family member p130, we found R1
and R2 to be the most conserved, while R3 has very limited conservation (Fig. 4C). It is
also important to note that the comparative analysis of p107 and p130 revealed
conservation of three CDK phosphorylation sites (or SP sites) across multiple species
(S615p107, S640p107, and S650p107).
To assess if these conserved regions in the p107 spacer were required for
PP2A/B55α binding, we generated GST-p107-spacer constructs directing the expression
of fusion proteins with defined deletions based on the sequence conservation data described
above. The initial studies using these GST-p107 variants in GST pull-down assays of U-2
OS whole cell lysates were performed by former PhD student Dr. Ziran Zhao as described
previously (Jayadeva et al., 2010). Fig. 5A shows that a mutant spanning the aminoterminal end of the p107 spacer region through R2 binds B55α similarly to the entire spacer
(lane 4), indicating that residues C-terminal to the R2 domain (including R3) are
dispensable. The data also show that a mutant ending just after R1 binds B55α to a lesser
extent (lane 3), while spacer mutants lacking regions containing R1 show undetectable
levels of B55α binding (lanes 6 and 7), indicating that R1 contains residues required for
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Fig. 4. The intrinsically-disordered spacer region of p107 contains 3 highly
conserved regions (R1, R2, and R3), with conservation of 3 “SP” sites extending to
the related pocket protein family member p130. (A) The spacer and the C-terminus
of p107 are intrinsically disordered (IUPRED server). (B) Clustal W alignment of
conserved amino acid sequences of the p107 spacer from different species. Three highly
conserved regions within the spacer were identified, which are highlighted in grey and
named as Region I (R1), Region 2 (R2) and Region 3 (R3). Positively charged residues
are highlighted green. (C) Clustal W alignment of conserved amino acid sequences of
the p107 and p130 spacers from the indicated species. Conserved residues are
highlighted in shades of gray. Positively charged residues are highlighted green.
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binding. As expected, binding of these mutant constructs to CDK2 was dependent on the
R2 domain, which contains the “RXL” motif that mediates Cyclin/CDK binding (Adams
et al., 1996; Chen et al., 1996).
To further narrow down the binding requirements, we generated a new battery of
mutant constructs based on the p107 spacer region ending just after R2 (as GST-p107R1R2 showed equivalent B55α binding as the full-length GST-p107-spacer). Consistently,
elimination of the non-conserved domains had no effect on binding (Fig. 5B, lane 4 and 6)
while elimination of R1 abrogated binding completely (lane 5). Importantly, elimination
of R2 diminished binding significantly (lanes 2 and 7). Altogether, these data indicate that
the R1 region of the p107 spacer is essential for PP2A/B55α binding and the R2 region is
not essential but enhances binding mediated by R1.
Based on previously reported data indicating a contribution of positively charged
residues within the “Bα-binding repeats” regions of TAU for binding to the acidic top of
B55α, we wanted to assess whether the same held true for the p107:B55α interaction. Thus,
we generated point mutations substituting residues with positive charges within the GSTp107-R1R2 construct and tested them in analogous pulldown assays. We found that
mutation of R621A/K623A within R1 clearly diminished PP2A/B55α binding (lane 8), and
R647A within R2 had a noticeable effect (lane 10). Consistently, alanine substitutions of
positive residues within the “linker” separating R1 and R2 (such as R633A/R634A) had no
effect on binding to the β-propeller. These data suggested that similar to TAU,
charged:charged interactions within the conserved regions of p107 play a central role in
B55α:p107 substrate recruitment.
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Fig. 5. Mutational analysis reveals that p107 R1 is required for B55α binding
while R2 enhances the binding interaction. (A-B) A GST-p107 spacer construct
was used as a template to systematically delete indicated regions and mutate
positively charged amino acids in R1 and R2. Pull down assays with the indicated
fusion proteins from U2-OS lysates were performed and binding of the indicated
proteins was determined by western blot analysis. Experiments were performed in
triplicate and quantification values represent the mean ± standard deviation (SD).
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We also collaborated with Dr. Wolfgang Peti (University of Connecticut) to gain
further atomic resolution insights into the interaction between p107 and B55α using NMR
spectroscopy . The 2D [1H,15N] HSQC spectrum of

15

N-labeled p107 (residues M612-

S687, which include R1, R2 and R3) shows all hallmarks of an intrinsically disordered
protein (IDP), with a highly limited proton chemical shift dispersion due to the lack of a
hydrogen bond network in secondary structure elements. This experimentally validates the
bioinformatics data described in the previous section (Fig. 4A). An overlay of the 2D
[1H,15N] HSQC spectrum of

15

N-labeled p107M612-S687 in the presence and absence of

purified B55α shows that ~15 peaks have reduced intensity, an observation that is typical
for an IDP:protein interaction (Fig. 6A-B). Upon completion of the sequence-specific
backbone assignment of p107M612-S687, our collaborators identified that cross-peaks
corresponding to p107 residues M614-E624 were most significantly broadened upon
binding to B55α (Fig. 6B). This is consistent with our laboratory’s mutational data, as these
residues form the core of the R1 region. Furthermore, residues within the linker region as
well as R2 also showed peak intensity attenuations, consistent with additional weaker
interactions in R2 contributing and enhancing the interaction of R1. Taken together, the
NMR data reinforces that the p107 R1 region mediates key contacts with B55α while R2
contributes to binding via weaker charged:charged interactions.
3.1.2 Mutation of highly-conserved residues on the β-propeller top of B55α
have substrate specific effects on binding, supporting the notion that
substrates contact different surfaces on B55α.

The combination of mutational characterization (utilizing in vitro pulldown assays
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Fig. 6. Consistent with mutational analysis, p107 R1 mediates key contacts
with B55α while R2 contributes to binding via weaker charged:charged
interactions as determined by NMR spectroscopy. (A) Overlay of the 2D
[1H,15N] HSQC spectra of 15N-labeled p107 (M612-S687) in the presence (red) and
absence (black) of purified monomeric full length B55α (M1-N447) (see methods
for B55α purification). (B) p107 (M612-S687) sequence is shown above the peak
intensity ratios for data shown in (A). Prolines, residues not assigned (M612 and
R634), overlapping residue (V622) were labeled in grey. Residues corresponding
to R1, R2, and R3 regions are highlighted in blue.
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to assess differences in binding avidity) and NMR spectrometry allowed us to narrow down
B55α binding requirements to two regions of 16 and 17 residues respectively within the
p107 spacer (~74 amino acid stretch). We next wanted to shift our attention to B55α (Fig.
7A) to define the residues on the β-propeller top that participate in substrate binding. As
shown in Fig. 7B, we used the PSI-BLAST heuristic algorithm program to collect
homologous sequences of the B55α protein chain and map sequence conservation to its
3D-structure (PDB: 3DW8) at the Consurf server (Altschul et al., 1997; Ashkenazy et al.,
2010; Xing et al., 2006). Strikingly, we found that the most highly conserved residues
cluster at the top of the β-propeller. In fact, elimination of the most conserved sites removes
most of the β-propeller top surrounding the central hole (data not shown). Of note, surface
charge analysis of B55α reveals the highly acidic nature of the β-propeller top (Fig. 7C).
Based on this analysis and the observation of a prominent groove on the surface of
blade 4 that could serve as a potential docking site for substrate peptides given its proximity
to the catalytic site of PP2A/C, we selected 19 conserved sites and generated Myc-tagged
B55α mutants that were either alanine substitutions or charge reversals using site-directed
mutagenesis (Fig. 8A, see Table 4 for complete mutant list). Based on preliminary data
suggesting limited overlap between p107 and TAU for shared B55α binding sites (Jayadeva
et al., 2010), we sought to extend our analysis beyond p107 (which serves as our model
substrate due to its high avidity compared to other known B55α interactors) to define
substrate binding requirements on the B55α surface more generally. Thus, we included
KSR1, a MAPK pathway scaffold, and pRB, a related retinoblastoma family member, in
our subsequent analysis. For each substrate of interest, HEK-293T cells were cotransfected with the indicated Flag-tagged substrate (Flag-p107, Flag-KSR1, or Flag-pRB)
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Fig. 7. Analysis of PP2A/B55α Crystal Structure. (A) Structure of the
PP2A/B55α holoenzyme (PDB: 3DW8) (left panel), as well as a blow-up of B55α
groove and active site of catalytic subunit (right panel) (Xu et al., 2008). (B)
ConSurf depiction of PP2A/B55α mapping amino acid conservation (where amino
acids are color-coded by conservation). (C) Electrostatic predictions mapped to the
surface of the PP2A/B55α structure indicate an acidic top (red - acidic, blue - basic).
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Table 4. Comprehensive Myc-B55α Variant List
Myc-B55α Variant

p107 avidity

PP2A/C avidity

WT

++++

++++

D197K

-

+++/++++

K98A

++++

++++

D116A

+++

++++

H179A

+/++

++++

N181A

++

++++

L225A

+

++++

T226A

++++

++++

V228A

+

++++

K248A

++++

++++

E283A

+

++++

S287A

+

++++

T230A

++++

+++

S247A

++

+/++

F280A

++

++++

K345A

++++

++++

E347A

nd

++++

K418A

nd

++++

L420A

++++

++++

H421A

nd

++++

T436A

++

+++/++++

E27R

++++

++++

93EEK95-93AAA95

++++

++++

K48E

++++

+++/++++
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and wild-type Myc-B55α or the mutants listed in Table 4. We then used these lysates in
immunoprecipitation assays (using wild-type or mutant Myc-B55α as bait) to assess the
requirement of each residue for substrate binding. Wild-type or mutant Myc-B55α was
immunoprecipitated using anti-c-Myc agarose and western blotting was performed using
anti-Flag antibodies to detect binding to Flag-tagged substrates.
A representative immunoprecipitation assay for Flag-p107 binding and the
associated quantitation from triplicate experiments (following normalization of Myc-B55α
expression levels) are shown in Figures 8C-D. The western blot data indicates that
compared to binding to wild-type Myc-B55α (Fig. 8C, left panel, lane 1), the D197K and
L225A mutations (Fig. 8C, left panel, lanes 2-3) resulted in less Flag-p107 binding based
on lower Flag signal in the IP samples. This is in contrast to other substitutions such as
F280A and T436A (Fig. 8C, left panel, lanes 4-5), which appear to have no effect on Flagp107 binding to Myc-B55α. We ensured that mutations within these constructs did not
induce a significant change in overall protein conformation by assessing binding of all
variants to the PP2A/C subunit, and found that D197K was the only mutation that had a
minor effect on PP2A/A and PP2A/C recruitment (Fig. 8C, left panel, lane 2). Input
samples (shown in Fig. 8C, right panel) confirmed similar expression levels of Flag-p107
and Myc-B55α prior to immunoprecipitation. Similar analyses were repeated for the
remaining Myc-B55α mutants generated as shown in the quantification in Fig. 8D, where
additional residues such as V228 and E283 also appear to play a role in Myc-B55α binding
to Flag-p107.
Furthermore, we conducted analogous immunoprecipitation assays using the same
battery of Myc-B55α mutants (compared to wild-type Myc-B55α) to assess the effects on
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Fig. 8. Mutation of highly-conserved residues on the β-propeller top of B55α
have substrate specific effects on binding, supporting the notion that
substrates contact different surfaces on B55α. (A) Nineteen single point
mutations on the conserved top of the B55α β-propeller were generated. These are
shown in purple. Four mutations generated and analyzed previously are shown in
pink. (B) The surface structure of B55α is depicted, with residues that appear
important for p107 and pRB binding color-coded (in red and blue, respectively).
The two Myc-B55α mutants that affect binding of both p107 and pRB (D197K and
L225A) are colored purple. (C) Representative immunoprecipitation experiment to
test p107 binding requirements on Myc-B55α. Flag-p107 and wild-type and mutant
Myc-B55α mutant constructs were co-transfected into HEK-293T cells and used
for IPs with anti-Myc agarose conjugate. These assays were resolved via SDSPAGE and proteins were detected using anti-Flag, anti-B55α, and anti-PP2A/C. (D)
Quantification of cumulative immunoprecipitation assays for Flag-tagged p107
binding to Myc-B55α constructs. Statistics based on triplicate experiments unless
otherwise indicated. (E) Representative immunoprecipitation experiment to test
pRB binding requirements on Myc-B55α. Assays were performed as above. (F)
Quantification of cumulative immunoprecipitation assays for Flag-tagged pRB
binding to Myc-B55α constructs. Statistics were performed as above. (G)
Representative

immunoprecipitation

experiment

to

test

requirements on Myc-B55α. Assays were performed as above.
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KSR1

binding

binding to Flag-pRB and Flag-KSR1. The summary of these data is shown plotted on the
surface structure of B55α as in Fig. 8B, as well as representative immunoprecipitation
assays in Fig. 8E-G. Notably, D197 and L225 of Myc-B55α appear to contribute to binding
to all three substrates tested, as their mutation to lysine or alanine, respectively, had a
profound impact on binding to the B55α β-propeller top (Fig. 8B, shown in purple). We
found varying effects on substrate binding for most other Myc-B55α variants tested, as
illustrated by S247AB55α affecting only Flag-p107 binding while

93

EEK95-93AAA95B55α

affected Flag-pRB but not Flag-p107 or Flag-KSR1 binding (Fig. 8B).
Taken together, while all substrates use the highly conserved top and groove of
B55α for their interaction, our data demonstrate the contribution of distinct residues on the
B55α surface for binding to different substrates. Mapping of these requirements to the
B55α surface structure (as in Fig. 8B) reveals that each substrate makes discrete contacts
on the β-propeller top, spanning 3 of the 7 total blades. The two residues affecting binding
of all substrates tested (D197 and L225) are located at the mouth of the deep groove on
blade 4, which suggest that these two residues are invariably important for substrate
docking and subsequent presentation of the phosphosite to the adjacent active site of
PP2A/C. All other residues are an extension of this core binding interaction between
substrates and B55α.

3.1.3 Combination of in vitro enzymatic assays and mass spectrometry
identified S615 in p107 R1 as the major site of PP2A/B55α-mediated
dephosphorylation.
As described in a previous section, PP2A/B55α is known to counteract
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phosphorylation mediated by Cyclin/CDK complexes during mitosis (reviewed in
Kurimchak and Graña, 2015). Within the p107 spacer (specifically residues M612-S688),
there are three highly conserved SP sites (S615, S640 and S650, Fig. 4C) that can be
phosphorylated in cells (Hornbeck et al., 2015). To further elucidate the mechanism of
PP2A/B55α-mediated dephosphorylation of target substrates, we next sought to identify
the S/T residues within the GST-p107-R1R2 construct that can be dephosphorylated by
PP2A/B55α holoenzymes. We first tested phosphorylation of GST-p107-R1R2 in an in
vitro kinase assay using 0.25 µg recombinant Cyclin A/CDK2 and 5 µCi γ-32P-ATP. As
shown in Fig. 9A, we observed robust phosphorylation (as indicated by the appearance of
two bands corresponding to two phosphorylated species) by 30 minutes, with maximum
phosphorylation observed by the 30-45-minute timepoints as indicated by Coomassie Blue
staining following gel electrophoresis (left panel) as well as Phosphorimager detection
(right panel). The fastest migrating phospho-band corresponded with the GST-p107-R1R2
protein, while the slower migrating band corresponded with a newly shifting Coomassie
Blue band, suggesting that at least two different sites were phosphorylated.
Phosphorylation of GST alone was undetectable by either detection method (right and left
panels, lane 6).
As phosphorylation could be detected by Coomassie band shifting, we also
performed cold kinase assays using 0.25 µg recombinant Cyclin A/CDK2 and kinase assay
(or KAS) buffer supplemented with 100 μM ATP. To detect phosphorylation, we used
western blot analysis probing with antibodies raised against the phospho-CDK substrate
motif “K/HpSP” as well as Coomassie Blue staining of the membrane to observe band
shifts. As shown in Fig. 9B, we observed similar magnitudes and kinetics of Cyclin
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Fig. 9. Demonstration of in vitro Cyclin A/CDK2-mediated phosphorylation
and PP2A/B55α-mediated dephosphorylation of GST-p107 R1R2. (A)
Phosphorylation of purified GST-p107-R1R2 was performed using 0.25 μg
32

recombinant Cyclin A/CDK2 and 5 μCi γ- P. The indicated time points were
collected and samples were resolved via SDS-PAGE. Proteins were detected via
Coomassie gel staining and 15 second exposure to a Phosphorimager screen,
respectively. (B) Phosphorylation of purified GST-p107-R1R2 was performed
using 0.25 μg recombinant Cyclin A/CDK2 and 100 μM ATP. The indicated time
points were collected and samples were resolved via SDS-PAGE. Proteins were
detected by with anti-cyclin A and anti-pCDK substrate [(K/H)pSP], as well as
Coomassie Blue gel staining. (C) Representative Coomassie Blue-stained gel
depicting affinity purified PP2A/B55α holoenzymes. (D) Dephosphorylation of
GST-p107-R1R2 was performed using approximately 10 ng purified PP2A/B55α.
The indicated time points were collected and samples were resolved via SDSPAGE. Proteins were detected with anti-PP2A/A, anti-B55α and anti-pCDK
substrate [(K/H)pSP].
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A/CDK2-mediated phosphorylation of GST-p107-R1R2 by both phosphorylation
methods.
Next, we sought to assess the ability of purified PP2A/B55α complexes to
dephosphorylate pre-phosphorylated GST-p107-R1R2 in vitro. To this end, we first
developed a protocol for purifying PP2A/B55α holoenzymes from mammalian cells
(described in Zhao et al., 2019). Briefly, HEK-293T stably expressing Flag-B55α were
lysed and incubated with anti-Flag agarose, followed by elution from beads using an excess
of Flag peptide. A representative Coomassie Blue-stained gel depicting affinity purified
PP2A/B55α holoenzymes is shown in Fig. 9C, where three bands corresponding to
PP2A/A, Flag-B55α, and PP2A/C are clearly visible and migrating at the appropriate
molecular weights (note the purity of such elutions using our optimized protocol). We
confirmed efficient, time-dependent dephosphorylation of GST-p107-R1R2 using ~10 ng
purified PP2A/B55α by western blotting, with complete dephosphorylation occurring by
60 minutes as indicated by the absence of phospho-CDK substrate signal (Fig. 9D, left
panel, lane 5). Pre-treatment of purified PP2A/B55α with 10 nM okadaic acid (a selective
inhibitor of PP2A at low concentrations) resulted in robust inhibition of enzymatic activity
(Fig. 9D, left panel, lane 6), as phospho-CDK substrate signal was detectable at 60 minutes
(compare to Fig. 9D, left panel, lane 1).
To delineate which SP sites within the GST-p107-R1R2 construct are targeted by
PP2A/B55α complexes, we generated variants in which only a single SP site is available
for modification (e.g., S615A S640A, leaving S650 available; S615A S650A leaving S640
available; and S640A S650A, leaving S615 available), as well as a triple alanine construct
with no available SP sites (S615A S640A S650A). Following Cyclin A/CDK2-mediated
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phosphorylation, we assessed PP2A/B55α-mediated dephosphorylation of each construct
by Coomassie Blue staining and western blotting for phospho-CDK substrate signal. We
observed efficient phosphorylation and dephosphorylation of constructs with the S615 site
intact (e.g., wild-type GST-p107-R1R2 and the S640A S650A variant) by western blotting
(Fig. 10A, lanes 2-3 and 11-12, respectively), indicating that the anti-phospho-CDK
substrate antibody specifically recognizes P-S615 within the p107 spacer. The antibody
did not react when P-S640 and P-S650 were the only available SP sites, despite the clear
presence of a slower migrating band (labelled “2p-p107”) in the Coomassie Blue-stained
PAGE, indicating robust phosphorylation (Fig. 10A, lanes 8-9 and 5-6, respectively). Note
that basal signal levels for the anti-phospho-CDK antibody were detected in the “+
Cyclin/CDK2” lanes of the other three variants including the triple SP mutant, which is
indicative of phosphorylation on CDK2 itself. Indeed, we observe this phosphorylation
signal in the absence of substrate and the band co-migrates with CDK2 (data not shown).
To corroborate these data, we sought to independently identify the sites on the
GST-p107-R1R2 fragment phosphorylated/dephosphorylated in vitro by Cyclin A/CDK2
and PP2A/B55α, respectively, using mass spectrometry. A representative Coomassie
Blue-stained PAGE (Fig. 10B, left panel) shows the bands that were processed for mass
spectrometry analysis, as well as a schematic summarizing the findings from two
independent rounds of mass spectrometry (Fig. 10B, right panel). This analysis identified
P-S615 and P-S640 in the Cyclin A/CDK2-phosphorylated GST-p107-R1R2 samples.
Furthermore, a reduction of both phosphopeptides was observed when phosphorylated
GST-p107-R1R2 was incubated with purified PP2A/B55α. This reduction was clearest
for P-S615 (with an ~91% reduction in phosphopeptide counts following PP2A/B55α
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Fig. 10. Combination of in vitro enzymatic assays and mass spectrometry
identified S615 in p107 R1 as the major site of PP2A/B55α-mediated
dephosphorylation. (A) In vitro phosphorylation and dephosphorylation of GSTp107 R1R2 with single SP sites available was performed using 0.25 μg recombinant
Cyclin A/CDK2 and approximately 10 ng PP2A/B55α (each for one hour,
respectively). Proteins were resolved via SDS-PAGE and detected by Coomassie gel
staining and western blotting using anti-B55α and pCDK substrate antibodies. Note
basal levels of pCDK substrate signal in all “+CycA/CDK2” lanes which indicates
phosphorylation on CDK2 itself. Asterisk indicates bacterial contaminating band in
S650 mutant. (B) Representative Coomassie Blue-stained PAGE used for mass
spectrometry, with schematic summarizing the findings from two independent rounds
of analyses, is shown.
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incubation), which could indicate that this site is dephosphorylated more efficiently than
P-S640 (with an ~38% reduction). Of note, P-S650 was not readily identified, which is
likely the result of poor phosphorylation by Cyclin A/CDK2 given the proximity of this
site (~11 amino acids) to the RXL658-660 motif that mediates Cyclin A/CDK2 binding to
p107.
3.1.4 Residues critical for PP2A/B55α binding to p107 are critical for p107
spacer dephosphorylation.

Up until this point, I have described the characterization studies combining
mutational analysis and binding assays for GST-p107-R1R2 that aided us in defining the
regions as well as certain residues critical for its binding interaction with the B55α βpropeller. However, based on the enzymatic nature of PP2A/B55α and its key functions in
the dephosphorylation of cellular targets, we next sought to assess the effect of eliminating
these key residues on substrate dephosphorylation. To this end, we compared the kinetics
of PP2A/B55α-mediated dephosphorylation of wild-type GST-p107-R1R2 vs. GST-p107RxK variant (containing R621A and K623A substitutions, which were shown previously
to reduce B55α binding in pulldown assays) in an in vitro phosphatase assay. Following
Cyclin A/CDK2-mediated in vitro phosphorylation (Fig. 11A, left panel, lane 2), we found
that for the wild-type GST-p107-R1R2 construct, we saw a time-dependent collapse of the
upper “phospho” band with an almost complete disappearance by the two-hour time point,
indicating near complete dephosphorylation by PP2A/B55α (lanes 3-5). Conversely, for
the GST-p107-RxK variant, there was a significant delay in the kinetics of
dephosphorylation as evidenced by the presence of equal levels of the “phospho” and
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Fig. 11. Residues critical for B55α/PP2A binding to p107 are critical for p107
spacer dephosphorylation. (A) Approximately 10 ng of purified PP2A/B55α was
used to dephosphorylate wildtype GST-p107 R1R2 or mutant constructs (GST-p107
R621A K623A and GST-p107 RxK K657A R659A) in a time-course experiment.
Proteins were resolved via SDS-PAGE and detected by Coomassie Blue staining or
western blotting using anti-B55α and anti-phospho-CDK substrate. Quantifications
of the “phospho”-p107 band for each construct tested were performed using ImageJ
and plotted as a function of time, with statistics shown above. (B) Representative
assay in which purified PP2A/B55α was preincubated with either wildtype R1
peptide or R621A mutant R1 peptide and then used in time-course
dephosphorylation assays using GST-p107 R1R2 (native enzyme was used as a
positive control for dephosphorylation). Proteins were resolved via SDS-PAGE and
detected by Coomassie Blue. Quantification is shown right. (C) Purified
PP2A/B55α was preincubated with either wildtype R1 or R2 peptide and then used
in Malachite Green Phosphatase Assays with a p107-derived phosphopeptide (in
which S615 is the available phosphosite). The indicated time points were collected
and absorbance was read at 600 nm by microplate reader (quantification is shown
right).
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under-phosphorylated band by the two-hour time point by both Coomassie Blue staining
and western blotting against anti-phospho-CDK substrate (lanes 8-10), despite comparable
levels of phosphorylated starting material (lane 7, compare to wild-type in lane 2). When
additional positively charged residues were mutated to alanine within the GST-p107-RxK
construct (specifically K657A and R659A within the R2 domain), PP2A/B55α-mediated
dephosphorylation was further delayed (lanes 13-15), although not significantly by
statistical analysis (see quantitation in Fig. 11A, right panel). Note that this mutation
appears to have altered the RXL658-660 Cyclin A-recognition motif, as the two mutations
are interspersed within the motif and thus caused reduced Cyclin A/CDK2-mediated
phosphorylation (Fig. 11A, left panel, lane 12).
In an analogous manner, we also sought to test PP2A/B55α-mediated
dephosphorylation of GST-p107-R1R2 following competitive binding of peptides to the
complexes. To do so, we first generated two synthetic peptides derived from the native
sequence of the p107 spacer, a wild-type “R1” region peptide and a mutant R1 peptide with
an R621A substitution (termed “R621A”). Prior to use in dephosphorylation assays, we
pre-incubated purified PP2A/B55α holoenzymes with the “R1” or “R621A” peptide to
allow binding to occur (if any). The pre-incubated PP2A/B55α was then used in in vitro
phosphatase assays as before using GST-p107-R1R2 as the substrate. Compared to
untreated PP2A/B55α (Fig. 11B, left panel, lanes 3-5), dephosphorylation of GST-p107R1R2 using PP2A/B55α pre-incubated with wildtype “R1” peptide was significantly
inhibited (lanes 6-8). This suggests potent competitive peptide binding to the B55α surface
to occlude available substrate binding sites, thus inhibiting its ability to interact with GSTp107-R1R2. Alternatively, PP2A/B55α pre-incubated with the “R621A” mutant peptide
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was capable of dephosphorylating GST-p107-R1R2 with kinetics similar to that of the
untreated enzyme (lanes 9-12), suggesting that mutation of R621A within the “R1” peptide
prevented its interaction with PP2A/B55α and thus allowed for GST-p107-R1R2 binding
to B55α as in the control dephosphorylation assay (see quantitation in Fig. 11B, right
panel).
Next, we used malachite green assays to test the ability of PP2A/B55α to
catalyze substrate dephosphorylation directly. This assay is colorimetric in nature and
provides a linear quantitative read-out of the amount of free phosphate released in a
phosphatase assay (as measured by absorbance). For the substrate in our enzymatic assay,
we synthesized a phosphopeptide which was derived from the sequence of the “R1” region
of p107 in which S615 is the available phosphosite (which is the major phosphosite
recognized within the GST-p107-R1R2 construct as determined by mass spectrometry
analysis). As before, PP2A/B55α was pre-incubated with either wild-type “R1” or “R2”
peptides prior to use in dephosphorylation assays. Consistent with the phospho-GST-p107R1R2 assays described previously, we found a significant delay in the kinetics of
dephosphorylation (signified by a lesser amount of free phosphate released over the 30minute time course) when PP2A/B55α was first pre-incubated with the wild-type “R1”
peptide (Fig. 11C, left panel, middle row), compared to the untreated enzyme control (top
row) or the wildtype “R2” peptide pre-incubation (bottom row). This is reflected in the
measured absorbance values as shown plotted in Fig. 11C (right panel). Altogether, these
data indicate that limiting PP2A/B55α binding by elimination of critical residues or
competitive peptide binding results in delays in substrate dephosphorylation kinetics.

3.1.5 Identification of critical residues within the central 9-mer stretch of p10782

R1 for binding to PP2A/B55α (SPxxHxRVxxV).

Binding assays using a battery of GST-p107-spacer mutant constructs narrowed the
region on p107 required for binding to PP2A/B55α to “R1” of the intrinsically disordered
spacer. We confirmed this finding by testing PP2A/B55α binding to GST-p107-R1R2 after
first pre-incubating the enzyme with synthetic peptides derived from the “R1,” “R2,” and
smaller spacer “s1” sequences of the p107 spacer (depicted graphically as cyan lines above
the GST-p107-R1R2 construct in Fig. 12E). We found that increasing concentrations of
the “R1” peptide caused a reciprocal decrease in the amount of B55α being pulled with
GST-p107-R1R2 (Fig. 12A, middle panel, lanes 3-5), which did not occur with the “R2”
(lanes 6-8) and small spacer “s1” (lanes 9-11) peptide pre-incubations (see quantitation in
Fig. 12B). We also performed this binding competition assay using endogenous
PP2A/B55α from cellular extracts and observed similar results (Fig. 12C), highlighting that
the source of PP2A/B55α did not matter (see quantitation in Fig. 12D). Altogether, these
data suggest that the “R1” peptide occupies binding sites on the B55α surface that preclude
GST-p107-R1R2 binding and affirms this region as critical and necessary for the
p107:B55α interaction (depicted schematically in Fig. 12E).
To further examine the critical residues within the “R1” region, we generated a
second battery of synthetic peptides with scanning triple-alanine mutations along this
stretch of the p107 spacer and performed analogous peptide competition assays as above
(see peptide sequences in Fig. 13B, upper panel). We found that the three peptides
overlapping the central 9-mer stretch of the “R1” region of p107 were unable to bind
PP2A/B55α (Fig. 13A, middle panel, lanes 5-10), as evidenced by equivalent amounts of
B55α pulled as in the control pull-downs (no peptide or Flag peptide, lanes 2 and 14,
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Fig. 12. Competitive binding assays with p107-derived synthetic peptides
confirm that the “R1” region is the key B55α interaction domain. (A) Purified
PP2A/B55a was pre-incubated with synthetic p107 peptides and then used in
pulldown assays with GST-p107-R1R2 constructs. Proteins were resolved via SDSPAGE and detected via western blotting using anti-B55α and GST antibodies. (B)
Quantification of B55α pulled down relative to the wildtype pulldown was
performed using ImageJ, with statistics shown above. (C) Cellular PP2A/B55a was
pre-incubated with synthetic p107 peptides and then used in pulldown assays with
GST-p107 R1R2 constructs as before. (D) Detection and quantification of B55α
pulled down relative to the wildtype pulldown was performed as above. (E)
Schematic depicting the competitive binding of “R1”-encompassing synthetic
peptides to B55α, but not “s2” or “R2” peptides.
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respectively). The same was not true for the two peptides flanking this central region (lanes
3-4 and 11-12), which inhibited PP2A/B55α pulldown as in the wildtype “R1” peptide
control (lane 13). Because the native sequence of the central three peptides was
successively replaced with alanine residues, the inability of these peptides to bind
PP2A/B55α indicated that some or all of the substituted residues were important for the
interaction (see quantitation in Fig. 13B, lower panel). Thus, these binding assays further
reduced the region of B55α contact to residues M618-R626 within the p107 spacer.
Within this 9-mer stretch of sequence, we generated mutant peptides with single
alanine substitutions for each residue to define the binding interaction down to the single
amino acid level. In a series of replicate experiments, we showed that among the nine
residues tested, four (H619, R621, V622, and V625) appeared to play a role in facilitating
B55α binding, as their mutation to alanine bound poorly to PP2A/B55α (Fig. 13C-D).
Moreover, to confirm the requirement of each one of these residues for B55α binding, we
generated GST-p107-R1R2 point mutants and tested them in binding assays. GST-p107R1R2 variants H619A, R621A, V622A, and V625A were all shown to dramatically reduce
binding to PP2A/B55α holoenzymes compared to wild-type (Fig. 13F). These series of
experiments allow us to define a putative binding motif within the p107 spacer that mediate
contacts with critical residues within B55α: SPxxHxRVxxV. Note that the SP phosphosite
is specified to contextualize the spatial relationship between binding contacts and a
potential site of dephosphorylation presented by the bound peptide to the active site of the
PP2A/C catalytic subunit.
To assess the relationship between binding and dephosphorylation of p107 by
PP2A/B55α directly, we again utilized a malachite green assay. We used either wildtype
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Fig. 13. Identification of critical residues within the central 9-mer stretch of
the “R1” region of p107 for binding to B55α/PP2A (SPxxHxRVxxV). (A)
Pulldowns were performed using purified PP2A/B55α and GST-p107-R1R2 with
pre-incubations using mutant p107-derived synthetic peptides with scanning triple
Alanine substitutions. (B) Schematic of mutant p107-derived synthetic peptides
(upper panel), and quantification of B55α pulled down relative to the wildtype
pulldown was performed using ImageJ, with statistics shown above (lower panel).
(C-D) Pulldowns were performed as above using mutant p107-derived synthetic
peptides with single Alanine substitutions of the central 9-mer stretch of “R1”
(upper panels) as well as wildtype phosphopeptides (upper right panel).
Quantifications were performed as above (lower panels). (E) Purified PP2A/B55α
was used in time-course Malachite Green Phosphatase assays using wildtype or
mutant p107-derived phosphopeptides as substrates of dephosphorylation. The
indicated time points were collected and absorbance was read at 600 nm by
microplate reader (quantification of duplicate assays is shown below). (F)
Pulldown assay using GST-p107 R1R2 mutants substituting critical SLiM residues
for Alanine. Input shown is ~3% of total volume of PP2A/B55α eluate used in
pulldowns.
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“R1 pS615” phosphopeptide or a “R1 pS615” phosphopeptide with either H619A or
R621A mutations (as these residues were critical for the p107:B55α interaction according
to our peptide competition data). Prior to experimentation, we confirmed that the mutant
“R1 pS615” phosphopeptides both acted as their unphosphorylated counterparts in
competitive binding assays (Fig. 13D, lanes 8-10). In replicate 30-minute time-course
experiments, we found that “R1 pS615 H619A” and “R1 pS615 R621A” mutant
phosphopeptides were dephosphorylated by purified PP2A/B55α at a significantly slower
rate (Fig. 13E, top panel, middle and bottom rows) compared to the wildtype “R1 pS615”
phosphopeptide (as indicated by less free phosphate released) (Fig. 13E, top panel, top
row). This is reflected in the measured absorbance values as shown plotted in Fig. 13E
(bottom panel). These data provide us with direct evidence of delayed kinetics of
PP2A/B55α-mediated dephosphorylation of a p107-derived substrate when binding is
impeded (due to mutations within the putative motif). Altogether, these binding and
enzymatic assay data support a model whereby the HxRVxxV motif of p107 docks at the
mouth of the B55α groove (between blades 3 and 4 of the β-propeller) and the S615 site
within the active site of the PP2A/C catalytic subunit.
3.1.6 p107 R1 interaction with the B55α holoenzyme in cells depends on sites
required for binding and dephosphorylation in vitro.
To determine if the “R1” region of p107 is sufficient for binding to B55α in cells,
we generated two GFP-tagged “R1” constructs, a wild-type GFP-p107-R1 containing four
“R1” copies separated by linkers and a mutant GFP-p107-R1 (H/AxR/AV/AxxV/A
variant) where the four critical motif residues were mutated to alanine (depicted
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Fig. 14. p107 R1 interaction with the B55α holoenzyme in cells depends on sites
required for binding and dephosphorylation in vitro. (A) GFP-p107 R1 wildtype and mutant constructs were co-transfected with Myc-B55α wild-type and
B55α-D197K

mutant

constructs

into

HEK-293T

cells

and

used

for

immunoprecipitations with anti-GFP agarose conjugate. Input lysates and IPs were
resolved via SDS-PAGE and proteins were detected using anti-PP2A/A, anti-B55α,
and anti-GFP. Schematic of WT and MT GFP-p107 R1 constructs is shown below.
(B) Mass spectrometry analysis of EGFP WT/MT pulldowns led to enrichment of
B55/PP2A holoenzyme subunits with a -log10 p-value WT/MT >1.5 and a log 2
WT/MT ratio >1. (C) Flag-p107 was co-transfected with Myc-B55α wild-type and
B55α-D197K

mutant

constructs

into

HEK-293T

cells

and

used

for

immunoprecipitations with anti-Flag agarose conjugate. IPs and input/supernatant
lysates were resolved via SDS-PAGE and proteins were detected using anti-Flag
and anti-pCDK substrate antibodies. (Right) Quantification of pCDK substrate
signal (relative to Flag) is shown, with statistics shown above. (D) Myc-B55α wildtype and B55α-D197K mutant constructs were transfected into HEK-293T cells and
used in pull down assays using the indicated fusion proteins. Samples were resolved
via SDS-PAGE and proteins were detected using anti-B55α and anti-GST
antibodies.
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schematically in Fig. 14A, bottom panel) with input from Dr. Arminja Kettenbach
(Dartmouth College). Using co-transfection followed by immunoprecipitation, we show
that wild-type GFP-p107-R1, but not mutant GFP-p107-R1, immunoprecipitates both
endogenous B55α and exogenous Myc-B55α together with PP2A/A (Fig. 14A, top panel,
lane 1 vs. 2 under “GFP IP”). Note that the levels of co-immunoprecipitated PP2A/A are
based on the presence of endogenous and exogenous B55α in the extracts, hence the
elevated levels from cells expressing exogenous B55α (lane 1 under “GFP IP”). As
expected, GFP-R1 did not immunoprecipitate the Myc-B55α D197K mutant (lane 3 under
“GFP IP”). This demonstrates that R1 is sufficient to form a complex with PP2A/B55α
holoenzymes in cells, and that this interaction is dependent on B55α D197. The specificity
of the GFP-p107-R1 fusion protein pull down was additionally validated by mass
spectrometry, which resulted in the identification of B55α, B55δ, B55γ, B55β, PP2A/A
and PP2A/C subunits, but no other PP2A or phosphatase subunits (Fig. 14B). Thus, the
p107 R1 domain contains a highly specific SLiM for B55 family members. Consistent with
this result, GST-R1 and GST-p107-R1R2 pulled wild-type B55α, but not mutant B55α
D197K, from transfected HEK-293T cells lysates (Fig. 14D).
Moreover, to determine if PP2A/B55α is capable of modulating the
phosphorylation status of CDK sites on p107 in cells, we determined phosphorylation of
Flag-p107 with the phospho-CDK substrate antibody. Fig. 14C shows that wild-type B55α
expression (lane 1 under “Flag IP”), but not mutant B55α-D197K (lane 2 under “Flag IP”),
leads to reduced phosphorylation of p107 on sites recognized by the phospho-CDK
substrate antibody, which at least includes p107 S615 (the only site recognized by this
antibody in the p107 spacer, Fig. 10A). Altogether, these data strongly suggest that
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PP2A/B55α-mediated dephosphorylation of S615 in cells is dependent on specific residues
C-terminal from the target dephosphorylation site that mediate contacts with B55α D197
and/or neighboring residues in B55α.

3.1.7 Computational model of the p107 phosphopeptide (613-622) binding
B55α and the active site of PP2A/C is consistent with p107 spacer contacts to
B55α as determined by NMR spectroscopy.

Based on all of our established data, we collaborated with Dr. Roland Dunbrack
and Dr. Qifang Xu (Fox Chase Cancer Center, Temple University) to generate a
computational model that describes p107 recruitment by PP2A/B55α. This model is based
on the following premises: 1) Using HxRVxxV as a ruler, they assumed that either
H619p107 or R621p107 interacts with D197B55α; and 2) as we confirmed that pS615p107 is
dephosphorylated by PP2A/B55α, pS615p107 must be placed into the PP2A active site. In
order to place pS615p107, it became more likely that R621p107 interacts with D197B55α for
simple distance reasons (our data support a hypothesis that this interaction is stabilized by
the formation of a hydrogen-bonded salt bridge). This meant that pSPMLHPR will need to
connect the PP2A active site and D197B55α. To this end, they used the following three-step
workflow to achieve a structural model of substrate engagement and phosphosite
presentation for the p107:B55α interaction: first, they performed docking of the C-terminus
of the p107 peptide to D197B55α; next, they performed docking of the N-terminus of the
p107 peptide to the Mn2+ ions in the PP2A/C active site; and finally, they connected the
two ends to produce a single continuous peptide.
Starting with the C-terminus, our collaborators retrieved peptide structures with the
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Fig. 15. The “two-fragment” model of a p107 phosphopeptide making contacts
with B55α D197K and the Mn

2+

ions of PP2A/C. (A) The “two-fragment” model

depicting B55α and PP2A/C with two modeled peptide fragments. Distances
between the OE1/OE2 atoms of Glu and the NH1/NH2 atoms of Arg are shown
center. (B) A closer view of “two-fragment” model highlighting the distances
between Arg and D197 of B55α and between the Glu residue and the Mn2+ ions
within PP2A/C active site.
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sequence xHPRVx from the PDB and following dihedral angle calculations and clustering
using DBSCAN, they selected one motif structure with the most common conformation in
the largest cluster (1G8M and chain A, resolution = 1.75 Å). This peptide structure was
then superposed to B55α (PDB: 3DW8) towards D197 using PyMOL, such that the
NH1/NH2 atoms of R621p107 of HPRV were approximately 3 Å from the OD1/OD2 atoms
of D197B55α. This model was subsequently refined with the FlexPepDock web server
(London et al., 2011; Raveh et al., 2010; Raveh et al., 2011). The model with a 2.9 Å
distance between the NH1/NH2 of R621p107 and the OD1/OD2 of D197B55α, satisfying
minimum H-bonding distance requirements, was selected (Fig. 15A-B).
While there is no structure of the PP2A core domain with a peptide substrate, there
is a structure of the homologous protein PP5 with a phosphomimetic substrate sequence
attached to its C-terminus (PDB: 5HPE) (Oberoi et al., 2016). This sequence is IEVEDD,
where the second Glu residue represents the phosphosite. In the structure, the Glu sidechain
OE1/OE2 atoms interacts with the metal ions of the enzyme active site. Our collaborators
mutated the IEVEDD sequence to MPMEPL of p107 within PyMOL, in which the
OE1/OE2 of Glu makes contacts with two Mn2+ ions within a 3 Å distance. This structure
was then superposed onto the PP2A/C subunit of PP2A/B55α (3DW8, chain C) and
combined with the C-terminal peptide docked in the previous step (Fig. 15A). They call
this the “two-fragment” model. In the “two-fragment” model, the distance between the
OE1/OE2 atoms of Glu and the NH1/NH2 atoms of Arg is 27.5 Å.
The question remained whether it was possible for a peptide of the right length to
connect the Glu phosphomimetic in the active site with the R of HPRV bound to D197B55α.
To identify possible existing confirmations of such a peptide, our collaborators searched
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Fig. 16. Refinement of the “two-fragment” model to fit p107 phosphopeptide
constraints. (A) Density plot of distances between OE1/2 of Glu and NH1/2 of Arg
in 520 peptide structures with the consensus sequence EPXXXPR. The red dot is
the distance between OE1/2 of Glu and NH1/2 of Arg from two reference
fragments. (B) Density plot of sum of minimum distances (OE1/2 of Glu residues
and NH1/2 Arg residues) between each peptide and two reference fragments. The
red points are the minimum and maximum values (1.123294 and 8.840146,
respectively). (C) Pair fit OE1/2 of Glu residues and NH1/2 of Arg residues of 217
peptide structures to OE1/2 of Glu in MPMEPL fragment and NH1/2 of Arg residue
in HPRV fragment. Asp197 is colored in cyan and shown in sticks. Arg in HPRV
fragment is colored in magenta and shown in sticks. Glu in MPMEPL fragment is
colored in blue and shown in sticks. Peptides with EPXXXPR consensus sequence
are shown in ribbon, with their Glu residues are colored in blue and Arg residues
are colored in magenta. (D) (Right) The top 20 peptide structures were aligned to
the reference fragments by pair fitting OE1/2 of Glu residues and NH1/2 of Arg
residues in PyMOL. (Left) The p107 peptide substrate was built in PyMOL by
mutating residues XXX to LMH, and adding MPM residues before the EP and V
residue after PR.
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the PDB database for peptide fragments from existing proteins structure using the sequence
EPxxxPR (pS was exchanged to the E mimic to identify more peptides). When they
examined the distribution of distances between the oxygen atoms of the OE1/OE2 atoms
of the E side chain and the NH1/NH2 atoms of the R side chain, and compared these to the
distance between E in the PP2A active site and R621p107 bound to D197B55α (which was
27.5 Å as indicated above), they found that the majority of the 520 identified peptides with
the sequences xEPxxxPRx had distances between 15-25 Å (Fig. 16A). This indicated that
p107 pSPMLHPR must form a highly extended structure when bound to PP2A/B55α. In
any case, they superposed the peptide structures with a distance ≥ 20 Å (217 structures)
onto the “two-fragment” model by simultaneously minimizing the distances of the
OE1/OE2 and NH1/NH2 atoms of the peptide with those of the “two-fragment” model
(Fig. 16C). They calculated the sum of the displacements of the OE and NH atoms for each
peptide from the equivalent atoms in the “two-fragment” model (Fig. 16B). The top 20
structures with minimum distances to the Glu and Arg residues within the reference peptide
fragments were selected (Fig. 16D, right panel) and mutated to build the p107 peptide
MPMEPLMHPRV in PyMOL (Fig. 16D, left panel), which were then refined with the
FlexPepDock server and narrowed down to the top 10 models with the best Rosetta energy
scores. These models were superposed onto the previous PyMOL sessions containing the
PP2A/B55α complex and the two N- and C-terminal peptide fragments (from steps 1 and
2).
In the best PP2A/B55α/p107 model, the NH2 side chain of R621p107 is 3.2 Å apart
from D197B55α, while the OE1/OE2 of E615 (pS615 mimic) is 4.4 and 5.1 Å apart from the
two Mn2+ ions at the PP2A active site, respectively (Fig. 17A-B, D). These distances are
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Fig. 17. A computational model of the p107 phosphopeptide (613-622) binding
B55α and the active site of PP2A/C is consistent with p107 spacer contacts to
B55α as determined by NMR spectroscopy. (A-B) Peptide model depicting the
best alignments with the two reference fragments and the best distances to the Mn

2+

ions and D197. A closer view highlighting the distances between the NH2 of Arg
2+

residue and D197 of B55α, and the Glu residue with the Mn ions, is shown in (B).
(C) Close-up of pSer-621 (substituted for the Glu residue) and residues critical for
phosphate coordination (R630, H559, R655). Distances between residues where Hbonding is predicted to occur are shown. (D) Close-up of model in (A-B) showing
the peptide side chains and contacts to B55α surface.
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slightly longer than expected for this type of interaction, but replacing E615 with pS615
shows consistency with active site binding of PPPs [such as consistent interactions with
three residues (R530, H559, and R655) required for catalysis] (Fig. 17C) (Goldberg et al.,
1995). However, the distance to both Mn2+ ions and D197B55α suggests a high degree of
stretching would be necessary, which is predictably unstable. To explain this, we
hypothesize that upon peptide binding, the PP2A complex may change conformation in a
way that brings B55α and PP2A/C closer together to facilitate interactions with both sites.
This is biologically feasible given the inherent flexibility of the PP2A/A scaffold subunit,
which is known to bend several angstroms upon the B and C subunit binding, and the
binding level is dependent on the B subunit family (Fig. 18A-D) (reviewed in Shi, 2009a).
Thus, substrate binding to B55α may be accompanied PP2A/A bending, shortening the
distance between D197B55α and the PP2A/C active site and thus facilitating the
simultaneous contacts by the peptide required for catalysis. Taken together, our model
shows that p107 pSPLMHPRV can bind in a highly extended fashion to the PP2A/B55α
holoenzyme, in full agreement with our experimental data.

3.1.8 A derived p107 -pSPxxHxRVxxV- SLiM is conserved in other substrates
and functionally validated in TAU.

Up until this point, we have focused our characterization studies on identifying the
substrate specific motifs in p107 that bind B55α to elucidate its determinants of substrate
specificity, allowing us to construct a testable high-resolution docking model of substrate
engagement and phosphosite presentation. To broaden the scope of the motif to include
additional substrates (allowing us to classify it more generally as a consensus SLiM), we
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Fig. 18. Flexibility of PP2A/A HEAT repeats as determined by B-subunit
engagement. (A) Comparison of the flexibility of the PP2A/A scaffold upon
binding to the catalytic subunit and B subunits of the four distinct holoenzymes.
B55/B is colored red, B56/B’ is colored yellow, PR70/B’’ is colored lime, and
STRN3/B’’’ is colored blue. (B) Comparison of the flexibility of the PP2A/A
scaffold upon binding to TIPRL (colored teal) and small-T antigen (colored
orange). B55/B (red) is shown for reference. (C-D) Average distance over 25
residues of scaffold protein in PDB:3DW8 which are in contact with the PP2A
enzyme (PDB:3DW8 chain A as reference). (C) PP2A/A structures with no
regulatory subunits (PP2A/A noreg). 6EF4A corresponds to PP2A/A scaffold
without catalytic subunit. (D) Scaffold structures with B56 and microcystin (PP2AB56_micro).
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sought to interrogate putative SLiMs in other known B55α substrates. Literature review
pointed us to a study in which peptides known to abrogate TAU and MAP2 binding to
B55α were reported (Sontag et al., 2012). Upon investigation of their amino acid
sequences, we discovered that TAU and MAP2, as well as p130 (a conserved p107 family
member), contain residues that align with our defined p107 SLiM, generating the consensus
sequence p[ST]-P-x(5-10)-[RK]-V-x-x-[VI]-R (Fig. 19A), and other cellular IDPs, where
the phosphosite is 5-10 residues amino terminal from the conserved residues in the binding
motif. To functionally validate the conservation of the p107 SLiM, we selected TAU for
our interrogation, which is a well-known PP2A/B55α substrate that requires acidic residues
on the B55α surface for binding (as described in an earlier section), but any other residues
that form a defined SLiM are unknown. To this end, we generated a phospho-TAU peptide
encompassing the putative conserved SLiM approximately 8 residues downstream of a
“pTP” site, in addition to a variant peptide (K/AV/AxxV/A) with the conserved SLiM
residues mutated to alanine. Fig. 19B shows that elimination of critical residues within the
newly

defined

B55α

substrate

SLiM

potently

blocked

PP2A/B55α-mediated

dephosphorylation of pTAU (bottom panel, quantification shown in top panel). This is in
contrast to the control dephosphorylation assay using the non-specific alkaline
phosphatase, which shows near equivalent dephosphorylation of wild-type and mutant
pTAU peptides (Fig. 19C).
These data strongly suggest that conserved residues C-terminal from a neighboring
proline-directed S/T phosphosite present this site to the active site of PP2A/C. Moreover,
a proteome-wide search for more degenerate versions of this conserved SLiM led to the
identification of several proteins including the FAM122A and SAF-A, among others.
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Fig. 19. A derived p107 -pSPxxHxRVxxV- SLiM is conserved in other
substrates and functionally validated in TAU. (A) Schematic of our proposed
hypothetical consensus groove SLiM, p[ST]-P-x(5-10)-[RK]-V-x-x-[VI]-R, for
TAU, MAP2, and the conserved p107 family member, p130, each of which contain
residues that align with our defined p107 SLiM. (B) Time-course Malachite Green
Phosphatase assay using PP2A/B55α to dephosphorylate a wild-type phospho-TAU
peptide encompassing the putative conserved SLiM and a variant peptide with the
conserved residues mutated to Ala. (Above) Quantification of phosphatase assay
shown below. (C) Time-course Malachite Green Phosphatase assay using a control
alkaline phosphatase to dephosphorylate a wild-type and variant phospho-TAU
peptide as before. (D) SLiM occurrence frequency in the human proteome and in
datasets enriched with B55α interactors and/or substrates.
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Searching for this motif using ScanProsite yields 64 hits including p107, p130 and multiple
TAU and MAP2 isoforms. However, more degenerate versions of the SLiM (p[ST]-P-x(410)-[RK]-[VIL]-x-x-[VIL]-[RK]) considering conserved amino acid substitutions
identifies 3275 hits, 16.1% of the proteins in the Swiss Human Proteome. As a genuine
SLiM would have to be conserved, within an IDR (intrinsically disordered region), and
responsible for controlling dephosphorylation of a phosphosite(s), the frequency of actual
SLiMs should be smaller. Consistently, if the same analysis is made in a PP2A/B55α
pulldown or a B55-driven dephosphorylation dataset, the frequency of this SLiM increases
to 27.8-30.8% (Fig. 19D). The frequency of this SLiM among B55α BioGRID protein
interactors is also much higher than in unrelated BioGRID interactomes (data not shown).
Altogether, these data indicates that the degenerate SLiM identifies potential substrates,
but its use is limited as the permissive variation of residues in each key position that affect
overall SLiM affinity is unknown.

3.2 Discussion
3.2.1 Identification of substrate specificity determinants within B55α that
mediate binding to substrate-specific motifs in p107.

In this chapter, we have defined the first SLiM in a B55α/PP2A substrate that
directs dephosphorylation of a proximal phosphosite. We have also developed the first
data-guided model as to how this SLiM interacts with the grove of B55α guiding
presentation of the phosphosite to the active site of PP2A/C.
This phosphosite is S615p107 (a CDK phosphorylation site), and the p107 residues
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H619, R621, V622 and V625 within the pSPxxxHxRVxxV motif are critical for binding
to B55α. We showed that these residues bind to a B55α surface groove that is defined by
the residues D197 and L225. Importantly, our results show that this B55α surface is also
important for recruitment of KSR1 and pRB, further suggesting that these sites are likely
the key substrate recruitment sites for a variety of substrates. Conversely, pRB and KSR1
differ in their requirements of other conserved residues present within the B55α groove,
strongly suggesting that while substrate specificity is determined by the groove, it may use
different residues to accommodate a variety of substrates. With this regard, we have found
that peptides known to abrogate Tau and MAP2 binding to B55α (Sontag et al., 2012)
contain residues that align with our proposed SLiM consensus sequence, p[ST]-P-x(5-10)[RK]-V-x-x-[VI]-R, that is also found in p130/RBL2 (Fig. 19A) and other cellular IDPs,
where the phosphosite is 5-11 residues amino terminal from the conserved residues in the
binding motif. Strikingly, purified PP2A/B55α holoenzymes dephosphorylate the wildtype
TAU peptide, but fail to dephosphorylate a mutant variant that lacks the conserved
residues. It appears that the number of residues between the conserved residues that contact
the groove and the phosphorylation site can vary but is generally small (5 residues in p107
vs. 7 residues in TAU and 11 in MAP2), which suggests a role for the SLiM in phosphosite
presentation. In contrast, recent work on the B56 SLiM suggests that B56 SLiM-containing
proteins are direct substrates as well as scaffolds to facilitate the recruitment of proteins to
PP2A/B56 for dephosphorylation (Kruse et al., 2020). Recently, a model for the
differential dephosphorylation of individual phosphorylation sites by PP2A/B56 was
proposed whereby there appears to be some correlation between the distance between the
motif for B56 SLiM-containing substrates and the site of dephosphorylation and the rate
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of dephosphorylation. In testing the contribution of B56 SLiM strength vs. phosphosite
proximity in the context of wild-type or engineered FoxO3 variants, Jakob Nilsson’s group
found that a decrease in levels of FoxO3 dephosphorylation from translocating B56 motifs
out of their natural context can be partially or even fully restored by increasing the SLiM
binding strength (Kruse et al., 2020). Thus, given the proximity of the B55α groove to the
PP2A/C active site, it is likely that proximal positioning of the target phosphosite may be
important, though further investigation is needed to test this definitively.
While the identification of the proposed SLiM consensus sequence is a critical first
step towards understanding B55α substrate specificity, we still do not know the extent to
which each amino acid is variable. For instance, p107H619 is important for p107 binding to
B55α, but the residue in the same position for the other substrates and FAM122A is highly
variable. On the other hand, p107R626 appears conserved in all substrates listed in Fig 19A,
but does not seem to have a strong contribution to p107 binding to B55α, which suggests
that some amino acid positions likely tolerate amino acid variation. In addition, several S/T
residues adjacent to the conserved amino acids are present in these substrates, suggesting
that post-translational modifications regulate binding. Phosphorylation of Ser residues in
peptide variants of the B56 SLiM increase the affinity of this SLiM (Hertz et al., 2016).
Though regulation mediated by phosphorylation of B56 SLiM substrate residues has yet to
be reported, a recent study of validated and predicted LxxIxE motifs in ~700 unique
proteins found a statistically significant enrichment of phosphorylatable residues inside of
and immediately following the core motif (Smith et al., 2019). This is consistent with the
charged phosphate residues in the P2 and P7–P9 positions making key electrostatic contacts
with basic residues in the B56 groove. Subsequent studies beyond the scope of this Thesis
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will be geared towards determining the effects of residue variability, post-translational
modifications, and “linker” length in B55α model substrates/inhibitors with this SLiM
using biophysical and in cell assays. A similar strategy was employed for the LxxIxE
SLiM, and such information has proven instrumental for the identification of new
PP2A/B56 substrates in key cellular processes (Hertz et al., 2016; Kruse et al., 2020; Wang
et al., 2020). Moreover, optimization of residue composition in each position has led to the
generation of a potent inhibitor of PP2A/B56 holoenzymes that works in cells (Kruse et al.,
2018; Kruse et al., 2020). Thus, ascertaining the optimal SLiM and the relative variability
for each residue will allow for much higher confidence in search for new substrates
facilitating their identification, as well as rapidly determining the global effect of
B55α/PP2A modulation in cells.

3.2.2 Identification of a secondary, lower affinity region within the p107
spacer that contributes to B55α binding likely via charged:charged
interactions.
In addition to our extensive characterization of the “R1” region (residues 615-626)
encompassing the strongest p107 binding site, we also identified a second region, which
we termed “R2,” that contributes to B55α binding. This “R2” region includes a higher
density of positively charged residues that enhance binding most likely via
charged:charged interactions. Indeed, this has also been recently shown for protein
phosphatase 2B (PP2B; PP3; Calcineurin) (Hendus-Altenburger et al., 2019) and the B56
regulatory subunit of PP2A (Wang et al., 2020), where these dynamic charged:charged
interactions were shown to play a role in substrate specificity. Thus, such interactions,
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which have been recently recognized to be critical for the interaction of IDPs with their
target proteins and allow for increased entropy, are likely important for substrate
recruitment and specificity by different phosphatases.
Moreover, it is tempting to speculate that the positively charged residues in R2 may
interact with the acidic top of B55α. We know from detailed mutational analysis that while
not required for binding, the presence of the p107 R2 region enhances the binding
interaction mediated by p107 R1 (Fig. 5A). Consistently, peptide competition analysis has
shown that R2 peptides cannot compete GST-p107-R1R2 binding to PP2A/B55α
holoenzymes (data not shown) and NMR spectroscopy confirms tighter binding of B55α
to R1 than R2 (Fig. 6A-B). Sequence analysis indicates that residues in R2 important for
enhancing p107 binding activity overlap with an RXL motif that tightly recruits Cyclin
E/Cyclin A/CDK2 to the p107 spacer, facilitating its phosphorylation including S615p107.
Given that expression of G1/S Cyclins is cell cycle phase specific, the R2 site might only
be available to B55α in G1, when cyclins E/A are not expressed, ensuring rapid
dephosphorylation of p107 at mitotic exit and its maintenance until re-expression of G1/S
cyclins in the next cycle. Thus, we hypothesize that R2 facilitates dephosphorylation of
p107 by providing a second site for substrate capturing that has temporally-regulated
accessibility during the cell cycle.

3.2.3 Generation of a data-guided computational model detailing the
interaction of residues from the conserved p107 SLiM, the B55α groove, and
phosphosite presentation.

Lastly, we leveraged our mutagenesis data to understand the p107 R1 binding site
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on B55α by generating a model how p107 R1 engages simultaneously with B55α and the
PP2A/C active site. Our computational model based on structural data of peptides with the
conserved key residues on p107 needed for B55α binding shows the feasibility of
simultaneous binding of both the active site of PP2A/C and D197 on the B55α groove.
However, the model peptide is significantly extended, a conformation that would not be
favored for catalysis without additional bending of the scaffold subunit. Analysis of the
flexibility of the PP2A/A scaffold upon binding to the catalytic subunit, and B subunits of
the four distinct holoenzymes, confirms that subunit binding has a major effect on PP2A/A
bending (Fig. 18A-D). The dependency of the conformational flexibility of the scaffold
subunit on the nature of the B subunit bound strongly suggests that substrate binding should
result in additional relative movement of PP2A/A HEAT-repeats to promote catalysis.
Taken together, our detailed molecular and cellular study highlights how
PP2A/B55α recruits substrates and how these substrates engage with the PP2A active site,
and uncovers the top groove of B55α as a central hub for substrate discrimination. In
addition, this work provides the framework for the identification and validation of new
substrates based on the presence of variant SLiMs, a key step towards understanding
PP2A/B55α role in multiple cellular processes. Moreover, the strategy used to build the
data-guided computational model can be used to build models for the other SLiMcontaining substrates that we have identified and validated by mutational analysis (i.e.,
TAU, FAM122A). Nevertheless, our current efforts are aimed at purifying B55α/PP2A
holoenzyme and monomeric B55α for structural analysis including NMR and
crystallography.
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CHAPTER 4
IDENTIFICATION OF DIRECT B55α SUBSTRATES AND SIGNALING
PATHWAYS USING B55α DOMINANT NEGATIVES THROUGH MASS
SPECTROMETRY

4.1 Results
4.1.1 Proteomics analysis of inducible B55α-expressing cells identifies B55α
substrates including centrosomal-related proteins critical for progression
through mitosis. The work in this section was completed by Dr. Ziran Zhao,
a former PhD student in the laboratory and this is noted because they were
previously described in a small chapter of her Thesis.
The initial approach used by our lab to identify and characterize B55α substrates
involved the generation of cell lines with an inducible transgene that expresses Flag-tagged
B55α upon doxycycline treatment (generated by former graduate student Dr. Ziran Zhao).
Dr. Zhao’s results revealed that in cells with hemizygous mutations of B55α, the
reconstitution of B55α to near normal levels resulted in chromosomal defects, prolonged
mitotic check point activation, centrosome collapse, and chromosome segregation failure.
This phenotype is not observed in cells diploid for wild-type B55α (Zhao et al., 2019),
unless B55α is expressed at very high, non-physiological levels.
Inducible B55α-expressing PC3 and DU145 prostate cancer cells were used to
perform proteomic and/or kinome analysis in collaboration with Dr. James Duncan (Fox
Chase Cancer Center). This phosphoproteome analysis led to the identification of multiple
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dephosphorylated proteins 48 hours post-doxycycline treatment. The majority of these
dephosphorylations were on SP sites, which indicates that they are likely cell cycleregulated CDK1 sites (Zhao et al., 2019). Moreover, analysis of the dephosphorylated
protein dataset via Ingenuity Pathway analysis (IPA) revealed a network of
dephosphorylated sites in centrosomal proteins important for centrosomal/spindle integrity
(e.g., HAUS6, NEDD1, CEP170) (Zhao et al., 2019).
4.1.2 Affinity purification coupled with mass spectrometry (AP-MS) using
B55α variants lacking A/C dimer binding identified direct B55α interactors,
including validated as well as novel substrates.

While the studies described in the previous section resulted in the identification of
multiple dephosphorylated proteins, we noticed that the increase in exogenous B55α had
effects in expression of other PP2A/B subunits, which suggested that a fraction of the
changes in phosphorylation could be attributed to changes in other phosphatase
holoenzymes. Moreover, kinome profiling data showed that B55α reconstitution resulted
in the inhibition of certain interphase kinases and the upregulation of particular mitotic
kinases (data not shown). This led us to consider complementary, more direct approaches
to identify B55α substrates depended on direct substrate/B55α interaction. Considering the
laboratory’s previous finding that disruption of B55α ternary complexes does not disrupt
B55α binding to p107 (Jayadeva et al., 2010), we hypothesized that B55α with mutations
that prevent binding to the PP2A/A-C dimer will retain substrate binding. Such B55α
variants would allow us to interrogate the direct interactors of the B55α regulatory subunit
without identifying proteins bound to PP2A/A or PP2A/C, which could confound the
114

results. Proteins that bind the A and C subunits, but do not bind the B subunit, are more
likely to be involved in holoenzyme assembly/disassembly or holoenzyme inhibition.
To generate constructs directing the expression of “monomeric B55α,” we first
analyzed the reported PP2A/B55α crystal structure in collaboration with Dr. Roland
Dunbrack and Dr. Qifang Xu (Fox Chase Cancer Center) to identify points of contact
between B55α and PP2A/A (as a reminder from the introduction, B55α and PP2A/C do not
make direct contact but rather are brought into close proximity because they bind to
opposite ends of the PP2A/A scaffold subunit, which is shaped like a horseshoe). They
identified four residues within B55α that interfaced with HEAT-repeats of PP2A/A and
thus appeared to be contribute to the interaction: K105, Y189, C239G, and R257. With this
information, we generated Myc-tagged B55α variants that were either alanine substitutions
or charge reversals of these residues (e.g., K105A, Y189A, C239G, and R257D).
Concurrently, they also designed and generated a Myc-B55α variant that eliminated the
tail of the β-propeller, which is known to make extensive contacts with the PP2A/A subunit
based on the trimeric holoenzyme crystal structure. To do so, we introduced a β-turn
between B55α residues S125 and E165 through the introduction of an asparagine (N)
followed by a glycine (G) residue, which constitutes a type I’ or type “ad” β-turn according
to recently proposed updates to the conventional protein loop nomenclature (Shapovalov
et al., 2019). This introduction acts to cleave off the elongated tail while maintaining the
intricate folding of the central β-propeller region (deletion of residues E216-V164 alone
would risk destabilization of the β-propeller structure and in turn likely affect substrate
engagement). These B55α variants are depicted on the PP2A/B55α structure in Fig. 20A.
Using co-transfection followed by immunoprecipitation, we tested the effect of
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Fig. 20. B55α and SLiM mutants for proteomic identification of substrates. (A)
The PP2A/B55α interface with B55α sites predicted to contact PP2A/A and 2 sites
in the tail where the introduction of a type I’ or type “ad” β-turn (“NG” between
S125 and E165) can result in cleavage of the B55α tail without disrupting the
central β–propellor structure. (B) B55α mutants were assayed for binding to the AC dimer via co-transfection followed by IPs and WB analysis.
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each of these Myc-B55α variants on binding to the PP2A/AC core dimer as well as Flagp107 (used here as a representative B55α substrate). In Fig. 20B, we show that two of five
B55α variants tested (B55α C239G and B55α Δ-SNGE) do not interact with PP2A/A-C
dimers, but retain their ability to bind Flag-p107 (lanes 4-6). All other variants tested
retained interactions with both the core dimer and Flag-p107 (lanes 2, 3, and 5). This
demonstrates that B55α is sufficient to recruit substrates and importantly provided us with
an affinity reagent to distinguish B55α interactors from other proteins that bind the
holoenzyme by mass spectrometry (MS). Furthermore, we also hypothesized that these
mutants may trap substrates, as in the absence of PP2A/A-C, substrates cannot be
dephosphorylated and may remain bound longer.
For these proteomics studies, we generated HEK-293T cell lines stably expressing
Myc-tagged wild-type B55α and B55α C239G and B55α Δ-SNGE mutants. Using these
cells, we pooled three 15-cm plates per replicate and performed large-scale affinity
purification using anti-Myc antibody beads to obtain purified trimeric Myc-B55α/PP2A
holoenzymes or monomeric Myc-B55α (using our optimized purification protocol as
described earlier, substituting Flag peptide for Myc peptide to elute complexes) (Fig. 21A).
A representative Coomassie Blue-stained PAGE and western blot analysis of triplicate
elutions per cell line is shown in Fig. 21B (note initial differences in Myc-B55α expression,
which will require optimization in follow-up experimental plans). We collaborated with
Dr. Arminja Kettenbach (Dartmouth College) to perform label-free LC-MS/MS analyses
with WT and MT Myc-B55α C239G eluates, as well as eluates from wild-type HEK-293T
cells to subtract background.
Prior to data interrogation, we performed various manual corrections in order to
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Fig. 21. Volcano plot of proteomic identification of substrates using B55α and
SLiM mutant elutions. (A) Schematic of label-free LC-MS/MS analysis. Briefly,
WT or MT Myc-B55α-expressing cells were immunoprecipitated with Mycconjugated agarose and eluted using excess Myc peptide. Samples were then
precipitated, trypsin-digested into peptides, and analyzed by mass spectrometry
analysis. (B) Representative Coomassie Blue-stained PAGE (left panel) and
western blot analysis (right panel) of triplicate elutions from HEK-293T cells stably
expressing WT Myc-B55α or MT Myc-B55α C239G. Sample remainders were sent
for LC-MS/MS proteomics analyses. (C) Volcano plot of mass spectrometry
analysis of WT Myc-B55α vs. MT Myc-B55α C239G shows enrichment of PP2A
scaffold and catalytic subunits, and inhibitors (right), while several potential
substrates are enriched for the monomeric B55α mutant (left).
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clean up the output data from non-specific binding interactions. First, we eliminated all
proteins in the wild-type and mutant datasets detected in the HEK-293T control dataset
with a total peptide count ≤ 2, as these were likely to be background contaminants. For
further sample clean-up, we performed a 25% subtraction of the CRAPome from the wildtype and mutant datasets. The CRAPome is a publicly-available data repository for
contaminants of affinity purification–mass spectrometry experimentation that provides an
aggregate negative control dataset across many AP-MS studies for increased background
coverage and improved background characterization based on commonly used
experimental approaches (i.e., single-step epitope tag AP-MS using Flag agarose)
(Mellacheruvu et al., 2013). For our subtraction, we used a dataset with total CRAPome
hits across any cell type or affinity purification protocol to eliminate the mostly broadly
contaminating proteins from these proteomics studies (i.e., HSPs, cytoskeletal components
such as tubulins and actins, etc.).
The preliminary AP-MS data obtained from these analyses gives us insight into
how this “monomeric B55α” mutant works in an in vivo setting and validates its use in
substrate/regulator discovery. We identified the centrosomal proteins HAUS6 and CEP170
as B55α interactors, which we had previously validated through our phosphoproteomics
screen described above as well as in in vitro binding assays using purified proteins (Zhao
et al., 2019). Moreover, these validated substrates were found enriched in the “monomeric
B55α” mutant samples compared to wild-type PP2A/B55α, supporting that these mutants
function as dominant negatives and thus act to trap substrates as they cannot be
dephosphorylated by PP2A/C. Consistently, in the wild-type Myc-B55α cell line, we found
a significant enrichment of PP2A holoenzyme components including the PP2A/Aβ scaffold
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subunit isoform, the two PP2A/C isoforms, as well as the endogenous PP2A inhibitors
ARPP19 and ENSA (Fig. 21C). We also identified a significant and highly enriched protein
termed FAM122A in the wild-type pulldowns. FAM122A is a highly conserved protein in
mammals that was recently identified as an endogenous inhibitor of PP2A as it was shown
to directly interact with PP2A/Aα and B55α and inhibit the phosphatase activity of
PP2A/B55α (but not PP2A/B56α) using a commercial phosphopeptide (Fan et al., 2016).
Another graduate student in the lab has since followed up these studies to perform a more
detailed characterization of the nature of the PP2A/B55α:FAM122A interaction, though
these proteomics data showing strong enrichment in the trimeric holoenzyme and its
recently reported inhibitory activity (Li et al., 2020) are consistent with a mechanism of
phosphatase inhibition involving contacts with more than one subunit in the holoenzyme.
In exploring direct, putative B55α substrates, we interrogated the mutant
“monomeric B55α” dataset for those peptides with a highly significant enrichment over
background and that were associated with networks potentially modulated by PP2A
complexes. One such protein is the T-complex protein 1, of which seven of the eight total
subunits appeared in our mutant dataset. T-complex protein 1 (or TCP1) is a component of
the CCT complex (a multiprotein complex that is reported to fold ~10% of the proteome)
that has been reported to interact with subunits of PPPs including the two isoforms of
PP2A/C, striatin 4, as well as the related B regulatory subunit family member B55γ
(Goudreault et al., 2009). Intriguingly, there have been increasing reports of interactions
between the CCT complex and WD repeat containing proteins (especially those with
seven-bladed propellers) including the cell cycle regulator CDC20p (reviewed in Brackley
and Grantham, 2009). Thus, another plausible node of interaction may exist between the
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TCP1 component of the CCT complex and B55α that is mediated by its seven-bladed
WD40 β-propeller structure.
Several additional proteins of interest were identified in the mutant “monomeric
B55α” dataset including subunits of the DNA-directed RNA polymerases I, II, and IV
including RPB1, which serves as the largest and catalytic component of RNA polymerase
II. As described earlier, we know that the PP2A core enzyme can dephosphorylate Ser-2,
Ser-5, and Ser-7 of the CTD of the RPB1 subunit of Pol II in the context of the noncanonical PP2A holoenzyme INTAC and thus suppress transcription of coding genes and
non-coding elements, among other things (Zheng et al., 2020). Thus, it stands to reason
that other PP2A complexes can be involved in modulating the phosphorylation status of
Pol II in vivo, though the mechanisms of PP2A/B55α recruitment to Pol II-occupied
promoters (i.e., SLiM sequence, chaperone proteins, etc.) remain unknown. Another
protein of interest identified in our proteomics screen is the double-strand break (DSB)
repair protein MRE11, a component of the MRN (Mre11–Rad50–Nbs1) complex that
represents a central player in DSB repair via its role in the recruitment and subsequent
activation of ATM (reviewed in Lavin et al., 2015). In characterizing the role of MRE11
in DSB repair, it has been reported that MRN complex association with DNA is dependent
on the phosphorylation status of MRE11 (Di Virgilio et al., 2009; Li et al., 2017); however,
no phosphatases have been implicated in its dephosphorylation. In Xenopus cell-free egg
extracts, dephosphorylation of phosphorylated Mre11 was potently blocked by okadaic
acid treatment, suggesting the involvement of PP1 or PP2A-like phosphatases (Di Virgilio
et al., 2009). Moreover, PP2A has previously been shown to associate with ATM and
become released upon its activation (Goodarzi et al., 2004). Further studies will be
122

necessary to definitively link PP2A as well as identify the relevant regulatory subunit at
play for substrate determination.
To reveal any prominently represented cellular networks within the mutant
“monomeric B55α” dataset, we also analyzed significantly enriched binding proteins using
STRING analysis software and K-means clustering (with number of clusters set to 10) (Fig.
22). Consistently, this analysis revealed a functional enrichment of proteins involved in the
regulation of mitotic spindle assembly and centrosome separation, which is in agreement
with previous studies in our lab correlating reconstitution of B55α expression (in the
context of haploinsufficient PCa lines) with chromosome segregation failure and
demonstrating direct targeting of centrosomal maintenance proteins including HAUS6 and
CEP170 by PP2A/B55α for dephosphorylation (Zhao et al., 2019). We also observe an
enrichment of proteins involved in RNA polymerase II-based transcription, which could
potentially reflect the association of monomeric “B55α” with various DNA-directed RNA
polymerases I, II, and IV subunits as described above. Intriguingly, Gene Ontology also
reveals “regulation of DNA-dependent DNA replication” (at the levels of initiation and
termination) as a biological process that is functionally enriched in our dataset, as well as
various other potential networks of interest. Altogether, while preliminary, manual
interrogation and K-means clustering using STRING analysis of the mutant “monomeric
B55α” dataset supports previously validated networks and points to novel interactions
between PP2A/B55α and enriched proteins in critical cellular processes including
replication.
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Fig. 22. K-means clustering of mutant “monomeric B55α” dataset using
STRING analysis software reveals putative PP2A/B55α interaction networks.
Our mutant “monomeric B55α” dataset from AP-MS was analyzed for significantly
enriched binding proteins using STRING analysis software and K-means clustering
(with number of clusters set to 10), revealing a number of functionally enriched
proteins including those involved in centrosomal maintenance as well as potential
novel interactions including with proteins involved in RNA polymerase II-based
transcription.
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4.2 Discussion

To summarize, we have established cell lines expressing wild-type and mutant
Myc-B55α variants eliminating A/C dimer engagement and performed preliminary APMS analysis to identify direct B55α interactors in vivo. Consistently, eluates from the wildtype Myc-B55α cell lines contained protein interactors including the PP2A/A scaffold and
PP2A/C catalytic subunits, as well as the endogenous PP2A inhibitors ARPP19, ENSA,
and the newly identified FAM122A (Fan et al., 2016). Interrogation of the mutant
“monomeric B55α” dataset pointed to some previously identified substrates including
HAUS6 and CEP170, as well as various putative substrates of interest including T-complex
protein 1 components, subunits of RNA pol II, and MRE11 of the MRN complex. The
observed enrichment of both known and potential B55α substrates in the mutant dataset
supports its ability to function as a potential dominant negative, “trapping” substrates due
to their inability to be dephosphorylated by the PP2A/C catalytic subunit. STRING analysis
as well as complementary literature review are supportive of these and other interactors
representing putative B55α substrates, pointing to subsequent studies such as pulldown
assays/immunoprecipitations as well as in vitro dephosphorylation assays as critical next
steps of this project. Ultimately, this effort to identify B55α substrates will give us insight
into the complex network of signaling pathways modulated by PP2A/B55α holoenzymes,
of which only a small fraction is currently known.
It is important to consider the possibility that an additional SLiM (or SLiMs) may
exist within B55α substrates that is both different than the one we have identified in p107R1 and conserved in intrinsically disordered regions of other proteins. If additional SLiMs
exist, they may also be accommodated in the B55α groove through contact with other
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conserved sites. It is also possible that secondary charged-charged interactions modulate
binding strength of different substrates containing the SLiM that we have unveiled.
However, we cannot rule out that very abundant PP2A/B55α substrates may rely solely on
charged-charged interactions for dephosphorylation. Consistent with these notions, a
subset of LxxIxE-containing PP2A/B56 substrates were recently shown to contain a
secondary, positively-charged patches that promote binding via electrostatic interactions
with a well conserved acidic B56 patch (Wang et al., 2020). Moreover, it is also known
that PP1 and PP2B phosphatases achieve enhanced binding by exploiting avidity, namely
when protein interactors contain two or more distinct SLiMs that act together to enhance
the affinity of the interaction (Choy et al., 2014; Grigoriu et al., 2013). To this end, we
anticipate identifying additional proteins that we have yet to detect following a total
proteome search using our preliminary consensus sequence as well as optimized SLiM
following further characterization (i.e., testing residue variability, posttranslational
modifications, etc.). Thus, it is important to determine what fraction of the proteins pulled
by the “monomeric B55α” mutant are recruited by the conserved SLiM that we defined in
p107 and/or charge:charge interactions or whether they have an unknown, unrelated SLiM.
One major limitation of these proteomics analyses is the significant correction
needed prior to data interrogation to normalize for Myc-B55α expression levels, which
varied between the wild-type and mutant clone. In general, generating mutant Myc-B55α
C239G and Δ-SNGE clones with high expression levels proved difficult despite multiple
attempts, likely reflecting the fact that monomeric B55α is unstable in cells. This was not
the case for wild-type Myc-B55α, of which we were able to generate multiple clones with
~1:1 ratio of exogenous vs. endogenous B55α levels. An unfavorable consequence of
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correcting for this disparity was bringing up the levels of background peptides (i.e., protein
contaminants) in the “monomeric B55α” mutant samples. Due to the fact that the MycB55α C239G and Δ-SNGE clones we have selected for proteomics studies are the highest
expressors we could derive (and still express significantly lower levels of Myc-B55α
compared to endogenous B55α), we have since gone back to our original clones to select
lower wild-type Myc-B55α expressors. We plan to compare Myc-B55α expression levels
across candidate wild-type clones as well as the two Myc-B55α C239G and Δ-SNGE
clones via western blot analysis to select the most similar expressors, which we will then
use in analogous AP-MS studies as before. While corrections for Myc-B55α expression
levels will still likely be necessary, using more similar wild-type and mutant clones should
minimize that effort and allow us to compare the two datasets more directly.
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CHAPTER 5
DISCUSSION

In this section, I will discuss ties between the work described chapters 3 and 4 of
this Thesis and the literature highlighting additional potential future research directions.
5.1 Defining PP2A/B55α substrate specificity beyond that of p107 “HxRVxxV” SLiM

Extensive molecular and cellular-based characterization of the B55α:p107
interaction has led to the identification of a “HxRVxxV” SLiM within the p107 “spacer”
region that represents the key mediator of contact to the B55α groove that faces the active
site of PP2A/C. Interrogation of the sequence of other known B55α interactors led us to
hypothesize a proposed SLiM consensus sequence, p[ST]-P-x(5-10)-[RK]-V-x-x-[VI]-R,
that has since been validated for TAU (Fig. 19) and FAM122A (data not shown). However,
mutational analysis and NMR spectroscopy have pointed to a region C-terminal to the
p107-R1 SLiM (namely, the “R2” region) that acts as to enhance the avidity between the
two proteins. Moreover, our lab has previously shown that the “spacer” region and the “Cterminus” of p107 bind B55α more tightly than the “spacer” region alone (although the
p107 “spacer” on its own is sufficient), again pointing to the contribution of additional
residues outside of the SLiM for enhanced binding avidity (Jayadeva et al., 2010). This is
reminiscent of the substrate engagement strategies employed by other PP2A holoenzymes
(chiefly PP2A/B56), in which a primary SLiM sequence (“LxxIxE”) mediates key contacts
with the regulatory subunit but additional motifs, while insufficient for binding B56 alone,
act to enhance SLiM-mediated binding via dynamic, electrostatic interactions (Wang et al.,
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2020). Thus, it is likely that additional, not yet identified motifs exist within PP2A/B55α
substrates that act as modulators of binding most prominently via electrostatic interactions
(as these regions tend to be highly charged). Moreover, it is also plausible that additional
SLiMs exist within substrates that can interact either with the B55α acidic groove (as the
“HxRVxxV” SLiM does) or with an entirely different part of the regulatory subunit, as is
the case for the “basic patch motifs” found in some PP2A/B56 substrates (which interact
with a B56 acidic groove adjacent to the LxxIxE binding pocket). Future approaches
including mass spectrometry analysis of mutant “monomeric B55α” eluates as described
in Chapter 4 may aid in elucidating this outstanding question, as these mutants pull direct
B55α substrates of which there is likely a fraction that are recruited via mechanisms not
defined by our identified SLiM or charge:charge interactions.
It is thought that secondary, highly charged regions may function as an initial
“tether” for protein interaction via long-range electrostatic interactions, which are swiftly
followed by stabilized binding mediated via hydrophobic interactions between the SLiM
and regulatory subunit (Borgia et al., 2018). In the case of KIF4A and likely other SLiMcontaining PP2A/B56 substrates, the secondary motif also serves its own function
independent of substrate tethering (namely, the association of KIF4A with chromatin via
condensin I binding requires the presence of the “basic patch motif”) (Wang et al., 2020).
In fact, binding of KIF4A to condensin and PP2A/B56 is mutually exclusive, as both
interactions required the “basic patch motif.” This stands in agreement with the reported
role of the KIF4A:PP2A/B56 complex in regulating the anaphase central spindle, as KIF4A
is inaccessible for PP2A/B56 binding until it dissociates from chromosomes (Bastos et al.,
2014). This idea of regulation via competition for other binding interactions supports our
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hypothesis of competitive binding existing between PP2A/B55α and G1/S cyclins for the
“R2” region of the p107 spacer. Interrogation of the sequence of p107 and related family
member p130 within this stretch reveals an enrichment of positive residues, with a
conserved “K/R-R-R-L” consensus existing between the two that overlaps with the
Cyclin/CDK binding motif “RXL” within the p107 “R2” region (Fig. 23A). Moreover, we
have also identified similar stretches of residues within substrates including TAU, which
contains KKL, KKV, and KKI. Though preliminary, these data support a proposed
mechanism whereby the accessibility of the “R2” region for PP2A/B55α or G1/S cyclins
may be temporally regulated during the cell cycle, where B55α, and not cyclins E/A (based
on expression patterns), has access to “R2” during G1 thus ensuring p107
dephosphorylation at mitotic exit (Fig. 23B). Though beyond the scope of this Thesis, we
plan to perform subsequent analyses to demonstrate competitive binding between B55α
and G1/S cyclins for p107 in cells. Altogether, these secondary, often highly charged
regions present in PP2A substrates such as the “basic patch motif” for PP2A/B56 substrates
provide an additional level of regulation for PP2A complexes that shapes their interaction
network in cells, by acting not only for electrostatic recruitment but also in their own
independent functions. It is important for us to interrogate the contribution of our identified
SLiM as well as secondary regions within substrates for binding to PP2A/B55α, with the
broader purpose of understanding the complex and multifaceted nature of global PP2A
signaling in cells.
5.2 Optimal PP2A/B55α SLiM Determination for the Development of a Small
Peptide Inhibitor
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Fig. 23. Proposed competition between PP2A/B55α and G1/S cyclins for
binding to a secondary, positively-charged patch within the p107 “R2” region.
(A) Sequence alignment of p107 and p130 reveal a putative consensus patch in
“R2” that contributes residues to both PP2A/B55α and cyclins E/A binding,
pointing to a potential mutual exclusivity for binding. (B) Schematic of our
proposed competition between PP2A/B55α and Cyclin E/Cyclin A/CDK2
complexes for binding to positively-charged residues within the “R2” region of
p107, whose accessibility may be temporally regulated during the cell cycle.
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Much work has been done over the past few years to identify and characterize a
PP2A/B56-specific SLiM to help elucidate mechanisms of substrate specificity for these
PP2A holoenzymes in cells. These efforts led to the discovery of an LxxIxE motif present
in a subset of PP2A/B56 targets by multiple independent groups, in which the amino acid
composition of the motif dictated the affinity of the substrate for the conserved binding
pocket on the B56 surface (Hertz et al., 2016; Wang et al., 2016b; Wu et al., 2017). Based
on these observations, an exogenous LxxIxE-containing peptide fused to YFP was
engineered (termed YFP-LxxIxE) that was expressed in cells to test its ability to function
as a PP2A-B56 inhibitor. Expression of YFP-LxxIxE was shown to interfere with
PP2A/B56-mediated dephosphorylation of VP30, a transcriptional activator (Mühlberger
et al., 1999) that is required in its unphosphorylated form for Ebola virus transcription
(Biedenkopf et al., 2013; Biedenkopf et al., 2016), resulting in suppression of Ebola virus
propagation in an in vivo model system (Kruse et al., 2018). These data supported the
notion that expression of a competitive PP2A-B56 inhibitor (containing high-affinity SLiM
motifs) in cells is capable of displacing substrates from PP2A/B56 complexes. This
hypothesis was confirmed in another study by the same group in which they demonstrated
that purifications of YFP-LxxIxE from HeLa cells resulted in a significant reduction in
binding of known interactors (including Separase, Kif4A, BubR1, and Axin1) by western
blot analysis and mass spectrometry, compared to a control inhibitor (Kruse et al., 2020).
Moreover, it was postulated that the YFP-LxxIxE inhibitor could be used to
interrogate the phosphoproteome regulated by PP2A/B56 phosphatases. To this end, the
authors performed quantitative phosphoproteomics analysis on inducible HeLa cell lines
(expressing the B56 or control inhibitor) synchronized at either G1/S or in mitosis (M).
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This approach led to the identification of 548 and 398 phosphorylation sites on 651
different proteins that were significantly increased upon B56 versus control inhibitor
expression in G1/S and M, respectively. Of the 651 proteins identified, 34 contain a
validated or predicted LxxIxE motif and an additional 491 are direct interactors of proteins
with validated or predicted LxxIxE docking motifs as indicated by STRING analysis.
Interrogation of the chemical nature of the phosphorylation sites targeted by PP2A/B56
holoenzymes revealed a preference for basic amino acids upstream of the
dephosphorylation site and a deselection of proline residues at position +1, which is in stark
contrast to what has been reported for PP2A/B55α holoenzymes (Cundell et al., 2016; Zhao
et al., 2019). These data also support a model for the differential PP2A/B56-mediated
dephosphorylation of phosphorylation sites that is dictated by the positioning of the LxxIxE
motif relative to the target phosphorylation sites, the binding strength of the motif itself
based on its exact amino acid composition, and the chemical nature of the residues
surrounding the phosphosite. Altogether, the development of a PP2A/B56 inhibitor based
on the determination of the highest-affinity SLiM has led to significant advances in our
understanding of the B56 protein interaction network in cells and opened the door to
advances in the understanding of substrate recognition by other PPP phosphatase family
members.
The results described in chapter 3 of this Thesis represent the first reported
identification of a PP2A/B55α-specific SLiM validated in two key protein substrates and
potentially conserved in multiple other substrates. We also report on the generation of a
YFP-B55α expression construct (similar to the YFP-B56 inhibitor described above) based
on the “HxRVxxV” SLiM that is specific for PP2A/B55α complexes, and could be
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modified to potentially generate an optimal SLiM for use as an inhibitor. To this end,
follow-up studies seeking to determine the optimal PP2A/B55α SLiM (i.e., testing residue
variability, posttranslational modifications, etc.) should be conducted in a similar manner
to that of PP2A/B56. The expression of this YFP-B55α inhibitor in cells could lead to the
identification of potential B55α substrates via phosphoproteomics analysis, that could
allow us to elucidate previously unknown signaling networks involving PP2A/B55α
complexes. These studies can be performed in parallel with the continuation of the
preliminary proteomics analysis described in chapter 4, which provide a complementary
mechanism of potential B55α substrate identification via the detection of B55α interactors
by mass spectrometry analysis using mutants that prevent A/C dimer interaction but
maintain substrate binding. In addition to substrate identification, it is conceivable that the
development of an optimal PP2A/B55α inhibitor could prove beneficial beyond the scope
of cellular signaling interrogation, as was the case for the PP2A/B56 inhibitor in terms of
suppressing Ebola virus transcription and proliferation.
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APPENDIX
IMMORTALIZATION OF NORMAL HUMAN PROSTATE EPITHELIAL
CELLS (hPrECs) USING OPTIMIZED METHODOLOGY

Introduction

Prostate cancer (PCa) is the most common cancer diagnosed in men, accounting for
an estimated 20% of new cancer cases and 10% of cancer deaths in US males in 2020
(Siegel et al., 2020). Prostate cancer also represents one of the largest cancer disparities of
mortality rates between non-Hispanic blacks and whites (DeSantis et al., 2019). However,
the molecular basis of prostate cancer development and these disparities remains unclear,
and unlike other cancer types, it has been particularly challenging to develop prostate cell
line models in culture to help address this gap in knowledge (van Bokhoven et al., 2003).
As most other primary cell types, prostate epithelial cells (PrEC) can only go through a
limited number of passages before they become senescent, a process in which cells stop
dividing and undergo distinctive phenotypic changes (van Deursen, 2014). Immortalization
allows cells to evade senescence and continue to divide under 2D and 3D culture
conditions. The use of a human telomerase reverse transcriptase (hTERT) transgene has
had very limited success in primary PrEC immortalization, pointing to further alterations
being required (Gu et al., 2005; Kogan et al., 2006; Shao et al., 2008). An extensive
literature review implicated CDKN2A/p16INK4A, as the few existing examples of hTERTimmortalized hPrEC saw loss of p16INK4A expression via mechanisms including promoter
methylation (Kogan et al., 2006; Shao et al., 2008). Consistently, pRB is downstream of
p16INK4A, and both pRB and p53 are needed to establish a permanent cell cycle arrest in
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response to senescence signals (Sherr and DePinho, 2000; Wright and Shay, 2001).
To this end, in a project managed by former graduate student Dr. Ziran Zhao, our
lab developed a novel immortalization strategy that combines exogenous expression of an
hTERT transgene with CRISPR-mediated inactivation of the CDKN2A exon 2 locus (Zhao
et al., 2020), which directs the expression of both p16INK4A and p14ARF (Quelle et al., 1995;
Sherr and DePinho, 2000). This methodology resulted in the successful establishment of
two independently-derived immortalized normal hPrEC clones that exhibit fundamental
characteristics of normal cells, including diploid genomes, near normal karyotypes, normal
p53 and pRB cell responses, the ability to form non-invasive spheroids, and a nontransformed phenotype. Based on marker expression (namely cytokeratin 5 and p63), these
clones are of basal cell origin (Zhao et al., 2020). This same methodology was also used to
successfully immortalize patient-derived prostate cancer cells from a man of Caribbean
descent in collaboration with Dr. Simone Badal (University of West Indies and the African
Caribbean Cancer Consortium), which can be used to address the PCa mortality rate
disparities between non-Hispanic blacks and whites. In this appendix, we briefly describe
the on-going efforts to optimize this immortalization methodology in a way that employs
the minimum number of genetic alterations necessary, as it is critically important to have
cell lines as karyotypically normal as possible as a starting point for future experimental
applications including transformation studies.

Results

As described above, we were able to successfully establish two immortalized
hPrEC cell lines using our novel combinatorial strategy of ectopic hTERT expression and
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CRISPR-directed targeting of CDKN2A exon 2. The consideration for us to optimize this
methodology (to ensure that only the minimum number of genetic alterations were
implemented) came to the forefront upon interrogation of the respective karyotypes for
each of the two independently-derived T-ΔN2A clones. While the cytogenetic analysis
revealed a near normal karyotype for each clone, which is a significant improvement from
that of other hPrEC lines including EP156T, there were still a number of abnormalities that
could prove confounding in future studies including those looking at oncogene/tumor
suppressor cooperativity in the context of transformation. Thus, we sought to optimize our
immortalization methodology to eliminate selection of non-essential genetic alterations
that may contribute to karyotypic abnormalities. We reasoned that ectopic hTERT
expression combined with p16INK4A knockout alone (via CRISPR-directed targeting of
CDKN2A exon 1α) would be necessary and sufficient to achieve immortalization.
In a process analogous to the one used by Dr. Zhao (Zhao et al., 2020), we designed
a guide RNA (sgCDKN2A-1α or 1β) for Cas9 to target exon 1α and 1β of CDKN2A to
knockout p16INK4A and p14ARF expression, respectively (Fig. 24A). At passage 4, hPrEC
were transduced with lentiviruses expressing hTERT and/or sgCDKN2A1α or 1β and
selected with hygromycin and/or puromycin. We also transduced hPrEC with lentiviruses
expressing hTERT and sgCDKN2A-2 and selected clones using antibiotic treatment as
before to confirm the reproducibility of the original methodology. One clone of the
combination of ectopic hTERT expression and CDKN2A exon 1α knockout (T-ΔN2A-1α)
and one combining ectopic hTERT expression and CDKN2A exon 2 knockout (T-ΔN2A2) were successfully selected. No clones transduced with the combination of ectopic
hTERT expression and CDKN2A exon 1β knockout (T-ΔN2A-1β) survived selection,
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Fig. 24. Immortalization of human prostate epithelial cells (hPrEC). (A)
Scheme of the CDKN2A gene locus, which encodes p14

ARF

and p16

INK4A

, and the

targeted senescence pathway. The two sgRNAs target exon 1α and 1β, which
encode portions of p16

INK4A

and p14

ARF

proteins, respectively. (B) Morphology of

primary hPrEC in culture and clones obtained upon selection with antibiotics.
Passage numbers are indicated.
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supporting the notion that p14ARF knockout is insufficient to impede senescence signaling.
Consistent with previous observations made in our lab and by others, no clones transduced
with hTERT lentiviruses alone survived selection despite multiple attempts. This indicates
that the introduction of a single hTERT transgene is very inefficient as a single hit for
immortalization of PrEC, supporting why long-term successful stable immortalization of
PrEC has been rarely accomplished (Kogan et al., 2006). Non-transduced primary hPrEC
grew sparsely with cells varying in sizes at passage 3 (Fig. 24B). Starting from passage 7,
the majority of hPrEC showed senescence characteristics with enlarged cell nuclei and flat
morphology. At passage 8, few cells remained attached. The two newly-derived T-ΔN2A1α and T-ΔN2A-2 clones proliferated relatively fast, showing compact and smaller cells
(Fig. 24B). Since their derivation, the two immortalized cell lines have been continuously
grown in culture and are currently at passage 34 without showing any signs of senescence.
Upon successful establishment of an immortalized T-ΔN2A-1α clone, we next
sought to confirm that no protein products were expressed from the targeted CDKN2A exon
1α locus by western blot analysis. HEK-293T cells were used as a positive control for
p16INK4A and p14ARF expression, and a panel of PCa cell lines as well as our two previously
derived hPrEC T-ΔN2A clones and EP156T, the only commercially available hTERTimmortalized prostate epithelial cell line to date (Kogan et al., 2006), as controls for other
cell markers. We detected p16INK4A expression in hPrEC at passage 5, but no expression of
p16INK4A was detected in our newly immortalized T-ΔN2A-1α or T-ΔN2A-2 clones (Fig.
25A), suggesting that the CRISPR knockout of exon 1α or 2 efficiently prevented p16INK4A
expression. Expression levels of p14ARF also reflected our CRISPR targeting, with signal
detected in the T-ΔN2A-1α clone (in which p16INK4A alone was knocked out) while no
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Fig. 25. Characterization of immortalized human prostate epithelial cells
(hPrEC) by western blot analysis. (A-B) Western blot of p16

INK4A

, p14

ARF

and

additional cell markers including those for basal (CK5 and p63) and luminal
(CK18) tissue origin. Note the differences in cell lysates used in each gel, including
primary hPrEC lysates (upper panel) as well as various passages of immortalized
clones (lower panel).
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signal was detected in the T-ΔN2A-2 clone (in which both p16INK4A and p14ARF were
knocked out). Of note, p14ARF expression was also not detected in hPrEC at passage 5,
which may not be activated at early cell passages (these cells show p53 activation likely
via a p14ARF-independent mechanism, data not shown). However, p14ARF was readily
detectable in PC3 and DU145 PCa cell lysates.
Next, we sought to assess the expression levels of cell-type specific markers in our
two newly immortalized hPrEC clones by western blot analysis. As in our previously
derived clones, hPrEC as well as T-ΔN2A-1α and T-ΔN2A-2 clones expressed high levels
of the basal cell marker cytokeratin 5 (Fig. 25B). In contrast, we also detected low levels
of the luminal cell marker cytokeratin 18 in both newly derived clones (Fig. 25B). This
may be indicative of a mixed population of prostate basal and luminal epithelial cells within
the T-ΔN2A-1α and T-ΔN2A-2 cell lines, with the expression levels of cytokeratin 5 or 18
reflecting the proportions of each cell type within the clones. Though beyond the scope of
this Thesis, we plan to use fluorescence-activated cell sorting (FACS) to enrich for prostate
basal or luminal epithelial cell subsets using CD49f and CD24 surface markers,
respectively, as described (Petkova et al., 2013). However, at present, these cells may
represent the first normal PrEC of luminal cell origin that have been successfully
immortalized.
To determine if the immortalized hPrEC clones retain certain properties of normal
cells, we sought to determine their response to signals that activate the pRB pathway. To
this end, we tested whether growth to high cell density resulted in G1/G0 cell cycle arrest,
which is known to trigger activation of pRB and related proteins (Boehm et al., 2005;
Dannenberg et al., 2000). Accumulation of cells with a G0/G1 DNA content was already
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observed with increased cell density at day 4 prior to reaching cell confluence, and
prominent G0/G1 arrest was observed by day 6 when cells were fully confluent (Fig. 26A).
Consistent with these results, the levels of mitotic cyclin B1 were undetectable and total
pRB expression was downregulated while p27 expression was upregulated by days 4 and
6 compared to day 2 in the T-ΔN2A-1α and T-ΔN2A-2 clones (Fig. 26B). Moreover, we
have consistently observed that these cells are highly sensitive to cell-to-cell contact
inhibition of proliferation and when seeded at low concentration, they form colonies that
become quiescent even if these colonies do not fully cover the plate surface (data not
shown). Thus, our results indicate that the cells are strongly arrested by cell contacts, which
is consistent with cells being derived from an epithelial cell origin.

Discussion

In this appendix, we describe the derivation of immortalized normal prostate
epithelial cells using our newly optimized methodology combining inactivation of
CDKN2A exon 1α with co-expression of hTERT. This strategy could be used to build a
collection of immortalized, patient-derived PCa cell lines from men with diverse genetic
ancestry, which is lacking at present as only a few PCa cell lines are in existence today and
all are derived from prostate tumors from men of Caucasian descent. In support of the
feasibility of this, we have used the original methodology with a biopsy of primary cells
from a prostate tumor and successfully established a cell line (Badal and collaborators,
Manuscript under review). Such cell lines could potentially serve as cellular models to help
address PCa disparities and test drug responses, among other things (Badal et al., 2020;
Badal et al., 2019). Moreover, this provides an improved immortalization methodology
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Fig. 26. The immortalized human prostate epithelial cell lines have normal
contact inhibition. (A) Growth to high cell density results in cell cycle exit. hPrEC
Clone 1, as well as newly derived T-ΔN2A-1α and T-ΔN2A-2 clones, were grown
to confluency. Cells were collected at the indicated times (in days) and cell cycle
arrest was detected by measuring DNA content by PI/flow cytometry analysis. (B).
G0 (quiescence) and mitotic markers were determined by western blot analysis.
Experiments were performed in duplicate.
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that could be applied to other cell types that prove difficult to immortalize. Consistently,
alterations of the CDKN2A locus are detected in ~2% of PCa (Cerami et al., 2012; Gao et
al., 2013; Network, 2015; Robinson et al., 2015), suggesting that these alterations are also
selected in prostate tumors in vivo. It is tempting to speculate that primary cells from tumors
with alterations in the CDKN2A locus that already express hTERT may spontaneously
establish in culture. One possible future direction of these results is the engineering of a
single lentiviral vector that directs the co-expression of hTERT and the CDKN2A exon 1αtargeting sgRNA, which would simplify the methodology and allow for the selection of
clones with a single vector using a single antibiotic treatment.
As previously alluded to, the cell lines described here provide a starting model for
stepwise transformation assays aimed at determining prostate-relevant oncogene/tumor
suppressor gene cooperativity as well as ECM invasion in 3D organoids. Moreover, the
strategy could be applied to the rapid immortalization of cells in tumors and adjacent tumor
tissue for studies of organoid formation and drug response, among others. Finally,
immortalization results in stable cell lines that retain the characteristics of the cells of
origin, but are much easier to grow and cost effective for long term passage and further
manipulation. This should facilitate establishment of new cell lines even in laboratories
with limited resources around the globe.
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