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PP2A regulates growth and survival pathways and its dysfunction has been linked
to cancer. The heterotrimeric PP2A holoenzyme consists of catalytic C (PP2Ac),
structural A, and regulatory B-type subunits. Reversible methylation of PP2Ac by
LCMT-1 and PME-1 differentially regulates the binding of certain B-type subunits and
thus PP2A function. In addition to the cellular B-type subunits, some DNA tumor virus
oncoproteins including polyomavirus small (PyST) and middle (PyMT) tumor antigens
and SV40 small tumor antigen (SVST) function as viral B-type subunits. These viral
oncoproteins alter PP2A function and promote transformation in part by replacing certain
cellular B-type subunits. Interestingly, while the B-type subunits replaced by these
oncoproteins appear to exhibit a binding preference for A/C dimers containing
methylated PP2Ac (methylation-sensitive), the only tumor antigen tested to date, PyMT,
does not (methylation-insensitive). In Chapter 3.1, I hypothesized that circumventing the
cellular control of PP2A by PP2Ac methylation is a general strategy for MT- and ST-
mediated transformation. Results indicated that SVST and PyST also bind to PP2A in a
methylation-insensitive manner. Furthermore, reduction of PP2Ac methylation enhanced
transformation through activation of the Akt and S6K1 pathways. These results support
the hypothesis that replacing methylation-sensitive B-type subunits with methylation-
insensitive B-type subunits, thereby circumventing control of PP2A by methylation, is a
general strategy for MT and ST-mediated transformation. In Chapter 3.2, I tested the
individual contributions to transformation of the N-terminal, PP2A-independent portion
of SVST and of reducing methylation-sensitive PP2A complexes in conjunction with B’y
knockdown. The findings revealed that MT- and ST-mediated transformation is likely
modulated through the concomitant expression of the N-terminal domain and reduction
of multiple methylation-sensitive PP2A complexes. Finally, in Chapter 3.3, I found that
reducing PME-1 could reduce transformation. Overall, these studies provide insights into
a novel strategy that T antigens may utilize to circumvent cellular regulation of PP2A by
methylation. The research here also provides evidence for the involvement of PP2Ac
methylation in supporting the tumor suppressive role of PP2A. Therefore, disruption of
PP2Ac methylation may contribute to cancer and promoting this methylation (e.g. PME-1

inhibitors) may serve as a therapeutic target for cancer.
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CHAPTER 1

General Introduction

Protein Phosphorylation

Reversible phosphorylation is one of the most common post-translational protein
modifications in the cell which can regulate numerous cellular processes [1]. Proteins in
mammalian cells are typically phosphorylated on tyrosine, serine, and/or threonine
residues and this modification can alter the stability, conformation, localization, binding
specificity, or activity of the protein [1-3]. Protein phosphorylation and
dephosphorylation are catalyzed by protein kinases and protein phosphatases,
respectively, and the cell must precisely control the dynamic balance of these enzymes in
order to properly regulate cellular function and pathways [4, 5]. In addition,
phosphorylation can also be negatively regulated indirectly by other post-translational
modifications, including O-GlcNac and acetylation, which compete with phosphorylation
at the same residues [6, 7]. Dysregulation of protein phosphorylation events can severely
impact normal cell function, consequently leading to multiple diseases including cancer
[1, 8-10]; therefore, understanding this regulatory mechanism is critical for developing
therapeutic strategies. As a result of the human genome being decoded, it was determined
that human DNA encodes over 500 kinases [11]. In contrast, far fewer phosphatases (less
than 150) have been revealed [12]. The vast difference in the number of kinases and
phosphatases indicate that some phosphatases must function in multiple pathways, by
association with regulatory subunits, in order to oppose more than one kinase to regulate

cellular homeostasis [13].



Protein phosphatases are generally classified into 3 main families based on the
residues they dephosphorylate: the protein serine/threonine phosphatases (PSTP), the
protein tyrosine phosphatase (PTP) and the dual specificity phosphatases (DSP) which
can dephosphorylate serine, threonine and tyrosine residues [1]. The PSTP family, which
consists of PP1, PP2A, PP2B, PP2C, PP4, PP5, PP6, and PP7, accounts for the majority
of phosphatase activity in mammalian cells for the reason that 98% of protein
phosphorylation occurs on serine and threonine residues [2]. Of the PSTP family
members, PP1 and PP2A account for >90% of serine/threonine phosphatase activity in
the eukaryotic cell [9]. Furthermore, PP2A is the most abundant phosphatase, constituting
approximately 1% of total protein in eukaryotic cells [9, 14, 15], and therefore, plays a
crucial role in cellular homeostasis. While a great deal of research has concentrated on
the therapeutic importance of kinases in disease models, the significance of modulating
cellular signaling and cell function via phosphatases and their potential impact on

diseases such as cancer have only begun to be explored.

Basic Structure of PP2A

Protein phosphatase 2A (PP2A), a major serine/threonine phosphatase, is
predominantly a heterotrimeric protein which is ubiquitously expressed in eukaryotic
cells [9, 16, 17]. PP2A typically consists of a structural/scaffolding A/PR65 subunit, a
catalytic C subunit (PP2Ac), and one of the various regulatory B-type subunit (Figure 1),
although a small fraction of PP2A does exist as heterodimeric complexes consisting of
the structural A and catalytic C subunits or as complexes of the C subunit and Tap42/04

[18, 19]. In mammalian cells, the A subunit is composed of 15 tandem HEAT



(Huntingtin-Elongation-A subunit-TOR) repeats which can bind to both the regulatory B
and catalytic C subunits to bring the two subunits in close proximity to one another. The
A subunit exists as a and  isoforms with Aa being the more abundantly expressed form.
Although the Aa and AP isoforms share 86% sequence identity [20], they are not
completely redundant and interestingly, AP cannot substitute for loss of Aa [9]. The
PP2A C subunit, which contains the phosphatase activity, also exists as o and 3 isoforms
that share 97% homology. The Ca isoform is more abundantly expressed and loss of the
Ca gene results in lethality in the murine model system [21]. The PP2A C subunit
(PP2Ac) contains a highly conserved C-terminal tail C**TPDYFL’") which is located at
an important interface between the structural A and regulatory B-type subunit binding
sites [9]. The PP2Ac tail can be modified by phosphorylation on the Y307 residue to alter
the activity of PP2A and also methylated on the terminal L309 [14]. The importance of
this carboxy-terminal methylation will be discussed in depth on page 7. The B-type
subunit of PP2A serves as the regulator of PP2A function and consists of four unrelated
families, namely B (B55/PR55), B’ (B56/PR61), B” (PR72), and B’ (striatin family) [9,
15, 22, 23]. Each B-type family further encompasses multiple non-redundant isoforms
and/or splice variants and, when assembled with the o or  isoforms of the A and C
subunits, can form over 80 distinct PP2A holoenzymes to regulate a multitude of
signaling pathways [24]. Additionally, some viral B-type subunits, including small DNA
tumor viral proteins, middle tumor (MT) and small tumor (ST) antigens, can bind to
PP2A at a region that overlaps the B-type subunit binding site and can alter the function
of PP2A [25]. Many B-type family members are regulated both spatially and temporally

within the cell; therefore, holoenzyme composition and function of PP2A are dictated by
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Figure 1. General schematic of PP2A holoenzyme composition. PP2A holoenzymes
largely consist of a structural/scaffolding A/PR65 subunit, a catalytic C subunit (PP2Ac),
and one of the various regulatory B-type subunit. Both the A and C subunits exist as o
and B isoforms that are not completely redundant. The regulatory B-type subunit of
PP2A, which provides enzyme specificity and thus controls PP2A function, consists of
four unrelated families, namely B (B55/PR55), B’ (B56/PR61), B” (PR72), and B’
(striatin family). Furthermore, some B-type families contain multiple non-redundant
isoforms and/or splice variants. In all, when each of the B-type subunits are combined
with either the o and B isoforms of the A and C subunits, over 80 different combinations
of PP2A holoenzymes can be assembled. In addition to the conventional B-type subunits,
some DNA tumor viral proteins, middle tumor (MT) and small T (ST) antigens, can bind
at a region on the PP2A A subunit that overlaps the B-type binding site. These

oncoproteins act as viral B-type subunits and can alter the function of PP2A.



its location and by the availability of specific B-type subunits for PP2A assembly [26].
This mechanism of regulation allows PP2A to participate in a large variety of cellular
processes, including transcription, translation, DNA replication, development, cell cycle
progression and apoptosis [22], by distinctly opposing the action of a wide array of

kinases.

Reversible Methylation of PP2A C Subunit

In addition to the large number of PP2A heterotrimer combinations provided by
the B subunit isoforms to distinctly regulate a wide array of cellular pathways, PP2Ac
can be covalently modified adding yet another mechanism of regulation [22]. As
mentioned above, the carboxy-terminus of the PP2A C subunit (PP2Ac) can be reversibly
methylated on its carboxy-terminal L309 residue [27-30], and this methylation serves as
the most selective mechanism known to regulate PP2A complex formation [31].
Methylation and demethylation of PP2Ac is catalyzed by Leucine Carboxyl
Methyltransferase-1 (LCMT-1) [32, 33] and Protein Phosphatase Methylesterase-1
(PME-1) [34-36], respectively (Figure 2). The two enzymes have different subcellular
locations with LCMT-1 more abundantly localized in the cytosol and PME-1 most
abundant in the nucleus; therefore, the methylation levels of PP2Ac is spatially regulated
[37]. S-adenosylmethionine-dependent (AdoMet) LCMT-1, first identified by isolation
from bovine brain [28], is a highly conserved 38kDa enzyme that appears to be specific
for methylating PP2A [38], although other closely-related PSTP family members,
including PP4 and PP6, cannot be eliminated as potential LCMT-1 targets. Crystal

structures of LCMT-1 associated with AdoMet and bound with PP2A reveal that the
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Figure 2. General schematic of reversible methylation of PP2Ac. Leucine Carboxyl
Methyltransferase-1 (LCMT-1) and Protein Phosphatase Methylesterase-1 (PME-1)
catalyze the methylation and demethylation of PP2Ac, respectively. The highly
conserved carboxy-terminal tail of PP2Ac is methylated on its terminal leucine residue by
S-adenosylmethionine-(SAM)-dependent LCMT-1, which results in a homocysteine
byproduct (SAH). The opposing enzyme of PP2Ac methylation, PME-1, is serine
esterase which utilizes a catalytic-activated serine as its nucleophile. The methylation
status of PP2Ac regulates the assembly of the B-type subunits and, therefore, modulates

PP2A substrate specificity and function.



flexible, 6-residue C-terminal tail of PP2Ac can enter an active site cavity within LCMT-
1 in close proximity to the methyl group donor on the AdoMet. Moreover, in order for
PP2Ac to span the depth of LCMT-1’s active site cavity to access the AdoMet group, a
minimum 6 residues must be able to enter the cavity, thereby highlighting the specificity
of LCMT-1 for PP2Ac [33, 39]. The opposing enzyme of PP2A methylation, PME-1, is a
44kDa serine esterase with a conserved motif found in lipases that utilize a catalytic-
activated serine as their nucleophile [35, 40]. PME-1 binds directly to PP2Ac to catalyze
L309 demethylation and can also remain bound to an inactive pool of PP2A, which
cannot be reactivated by LCMT-1 alone but requires PTPA, a PP2A peptidyl-prolyl
cis/trans isomerase, to dissociate PME-1 from the inactive PP2A complexes [39, 41].
While the physical mechanism of PP2A methylation has been well-studied, the
importance of this modification on PP2A regulation and function has only begun to be

elucidated.

Role of PP2Ac Methylation

PP2Ac methylation is important for regulating the function and specificity of
PP2A by differentially affecting the recruitment of the regulatory B-type subunits to the
PP2A A/C dimer rather than affecting the PP2A catalytic activity directly [42-46]. In
Saccharomyces cerevisiae, the importance of PP2Ac methylation for B subunit
recruitment is particularly emphasized in studies utilizing PP2Ac methylation deficient
mutants or deletions of the LCMT-1 homologue, Ppmlp. Since budding yeast contain
only one B subunit homologue, Cdc55p, and one B’ subunit homologue, Rtslp, studies

using this simple model have exposed the critical nature of PP2Ac methylation for B



subunit binding. Reducing PP2Ac methylation in yeast by mutating the methylation
residue or deleting the yeast methyltransferase homolog, Ppm1p, causes a dramatic loss
of Cdc55p recruitment to the PP2A A/C dimer, and furthermore, greatly diminishes
Rtslp binding [43, 45, 47, 48]. PP2Ac methylation also correlates with an enhanced
binding of Cdc55p and Rtslp to the PP2A A/C dimer resulting in a 20-fold and close to a
2-fold increase, respectively, in heterotrimer formation with the two subunits [48].
Interestingly, reducing PP2Ac methylation correlated with an increased sensitivity to
nocodozole, a microtubule destabilizing drug, thereby implicating PP2A methylation in
the regulation of mitosis [43, 47]. This result was not surprising considering the fact that
PP2Ac methylation fluctuates in a cell cycle-dependent manner [49, 50], and thus
highlights the temporal regulation of this PP2Ac modification. In the mammalian system,
similar results have been revealed for the impact of PP2Ac methylation on B-type subunit
binding. Multiple studies have shown that PP2Ac methylation is important for the
recruitment of some B and B’ subunit members and is, in particular, critical for Ba
subunit-containing heterotrimers [42, 44, 46, 51, 52]. Conversely, binding of the B™’
members, SG2NA and Striatin, to the PP2A A/C dimer does not require PP2Ac
methylation. In fact, these B-type subunits can bind regardless of the methylation status
of PP2Ac [44] thereby making them “methylation-insensitive”. Interestingly, the viral B
type subunit, polyomavirus middle tumor (PyMT) antigen, can also bind to either the
methylated or unmethylated form of PP2Ac [42, 44], and thus binds to PP2A A/C dimer
in a methylation-insensitive manner. The importance of this finding will be discussed

below in the DNA tumor virus section.



Mammalian studies involving the manipulation of PP2Ac methylation levels by
altering LCMT-1 have exposed significant insights into the importance of methylation for
regulating essential cellular processes. Knockdown of LCMT-1 through RNA
interference (RNA1) in HeLa cells have revealed that PP2Ac methylation is critical for
Ba subunit stability [53]. Furthermore, LCMT-1 knockdown prompts the Ba subunit to
sequester the remaining pool of methylated PP2Ac at the expense of other subunits
whose binding does not rely as critically on methylation [52]. Upon excessive LCMT-1
knockdown, PP2Ac methylation levels fall to a threshold that Bo subunit binding (and
possibly other methylation-dependent subunits) cannot recover from, resulting in DNA
condensation and fragmentation, cellular “blebbing”, and apoptosis. Knockdown of
LCMT-1 also rendered cells sensitive to nocodozole, which revealed significant mitotic
and survival issues as seen by a large sub-G1 populations and cell division defects [52,
53]. In agreement with these findings, an LCMT-1 dominant negative mutant (LCMT-1
T29V) also attenuates cell proliferation in C6 glioma cells [54]. Interestingly, gene-trap
knockout of LCMT-1 in mice results in embryonic lethality indicating that PP2Ac
methylation is critical for mammalian development [53]. Lastly, recent findings have
connected the down-regulation of PP2Ac methylation and Ba subunit-containing PP2A
complexes to hyperphosphorylation of the Tau protein, a hallmark of Alzheimer’s
Disease [55-57]. Altogether, these findings emphasize the essential nature of PP2Ac
methylation in regulating the normal function and assembly of the PP2A holoenzyme and
provide an important foundation for further investigation of PP2Ac methylation in

diseases, including cancer and Alzheimer’s disease.
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PP2A Function: A Pleotrophic Protein

With the large number of PP2A heterotrimeric combinations possible, it is not
surprising that PP2A regulates a large variety of cellular processes within eukaryotic cells
(Figure 3). PP2A has been reported to regulate transcription, translation, cell cycle
progression, DNA replication, development, apoptosis, and transformation among many
other processes [22, 23, 25]. Moreover, PP2A regulates some signaling cascades,
including the ERK/MAPK and PI3K/AKT pathways, at multiple levels and in some
cases, depending on the PP2A holoenzyme composition, can do so in both a positive and
negative manner to elicit the proper cellular response [19, 23, 25, 58]. Over the past few
decades, researchers within the field have sought to reveal the wide array of cellular
processes regulated by PP2A and to identify the specific holoenzymes (regulated by B-
type subunit specificity) that control each particular pathway. With the use of cell-
permeable phosphatase inhibitors, viral B-type subunit proteins that inhibit PP2A, and
later the development of RNAI to specifically knock down PP2A subunits individually,
considerable strides have been made in matching specific PP2A complexes to particular
pathways and processes. Although researchers are making significant progress in
decrypting the pleotrophic nature of PP2A, there is still much to be determined about the
complexity and function of the over 80 different enzyme combinations. Considering that
PP2A is closely involved in regulating cellular decisions dictating growth and survival,

there is a great potential of targeting specific PP2A complexes for cancer therapies.
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Figure 3. General schematic of PP2A functions. When each of the B-type subunits are
combined with either the a and P isoforms of the A and C subunits, over 80 different
combinations of PP2A holoenzymes can be assembled. This allows PP2A to distinctly
oppose the actions of a wide variety of kinases and to participate in a multitude of cellular
processes, including transcription, translation, DNA replication, development, cell cycle
progression. Furthermore, selection and assembly of B-type subunits into PP2A
complexes can direct the phosphatase activity of PP2A to positively or negatively
regulate growth and survival pathways, including the Akt and ERK pathways, depending
on PP2A holoenzyme composition. Viral proteins also act as B-type subunits and alter

PP2A function, resulting generally in cellular transformation.



12

Akt/PKB Pathway

Akt/PKB, a versatile serine/threonine protein kinase downstream of PI3 kinase
(PI3K), serves as a central regulator of signal transduction and dysregulation of this
critical regulatory protein can lead to multiple cellular diseases including diabetes and
cancer. Akt directs not only cellular growth and survival, but also nutrient metabolism
and can regulate transcription factors; therefore, precise regulation of this protein is
crucial for normal cellular function [59, 60]. Activation of Akt is carried out in three
distinct steps: recruitment to the plasma membrane, conformational change, and
phosphorylation of two activating residues [25]. Phosphorylation of Akt occurs on T308
in the activation loop and S473 in the C-terminal regulatory domain which leads to
activation. While phosphorylation of both residues lead to full activation [61, 62], T308
phosphorylation is sufficient to partially activate Akt, while S473 alone is not. Recent
studies have shown that PDK1 is the kinase for the T308 residue while PDK?2, ILK, and
possibly auto-phosphorylation are responsible for S473 phosphorylation [59, 63].

Conversely, dephosphorylation of these activating residues is important to negate
Akt’s function to prevent aberrant growth and survival; however, less is understood
regarding this mechanism. Some studies have determined that PHLPP can
dephosphorylate S473 while PP2A can dephosphorylate both the T308 and S473 residues
to negatively regulate Akt [25, 64]. Regarding the role of PP2A in regulating the
PI3K/Akt pathways, several studies have shown that inhibiting PP2A function via viral
expression, siRNA knockdown, or the PP2A inhibitor okadaic acid, results in elevated
Akt phosphorylation and activity [62, 65-69]. Furthermore, enhancing PP2A activity by

ceramide treatment blocks Akt phosphorylation and activity [70-72]. Recently,
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researchers have begun to elucidate the distinct PP2A holoenzymes, dictated by their
specific B-type subunit association, that are responsible for Akt dephosphorylation. Some
studies in mammalian systems have identified the B’/B56-containing PP2A complexes as
a specific Akt phosphatase which can dephosphorylate both the T308 and S473 residues
[69, 73]. Another study found that specifically knocking down B’p in murine adipocytes
resulted in enhanced Akt T308 phosphorylation [74]. Additionally, others have shown
that Ba-containing PP2A holoenzymes can dephosphorylate Akt on T308 [61, 75]. While
these data provide initial key insights into understanding the relationship between PP2A
and Akt function, there is still much to be determined, as it is likely that other B-type
subunits, and possibly the modifications on PP2Ac, can direct PP2A to Akt to distinctly
regulate critical downstream growth and survival pathways. Furthermore, considering
that Akt is upregulated in multiple cancers [76], it is essential to identify how PP2A
regulates this important protein.

As mentioned previously, Akt activation can direct a large number of growth and
survival pathways through phosphorylation of downstream targets. One protein in
particular, glycogen synthase kinase-3f (GSK3p), is a direct substrate of Akt that is
implicated in the control of cell survival. GSK3p, a ubiquitously expressed Ser/Thr
kinase in mammalian cells, can be phosphorylated on its Ser9 residue by activated Akt
[77, 78]. Phosphorylation on Ser9 inhibits GSK3f activity toward more than 40
substrates including B-catenin, a key signaling protein in the canonical Wnt signaling
pathway [77]. Therefore, when Wnt-activated Akt phosphorylates and inhibits GSK3p, -
catenin is not targeted for degradation by GSK3p phosphorylation and instead

translocates to the nucleus to activate growth and survival transcription factors [79].
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Hence, GSK3p activity is necessary to block prosurvival signals and induce
apoptosis/anoikis and is thus considered a key tumor suppressor [77]. Interestingly, PP2A
modulates the Wnt pathway in both positive and negative manners at various points. For
example, B’-containing PP2A complexes can dephosphorylate and thus activate GSK3f
thereby preventing Wnt-mediated transcription of prosurvival, progrowth genes [15, 23,
80]. Additionally, it has been demonstrated that PP2A-B’a and —B’y complexes can
reduce B-catenin levels and inhibit Wnt signaling [81-83]. Conversely, Ba-containing
PP2A holoenzymes were found to directly interact with and dephosphorylate B-catenin to
activate Wnt-mediated transcription [84]. While the balance of PP2A’s dual role in
regulating Wnt signaling is still being unraveled, the net effect of inhibiting PP2A via
okadaic acid results in the stabilization of B-catenin, thus indicating that PP2A largely
functions as a negative regulator of the Wnt signaling pathway [82]. Therefore, it is
necessary to further explore how PP2A B subunit composition modulates this prosurvival

pathway.

Akt-mTOR-S6 Kinase Pathway

As mentioned above, Akt is a highly pleotrophic protein that regulates a multitude
of signaling cascades and cellular functions. The PI3K-Akt-mTOR pathway, in
particular, is a potent conduit for regulating cell growth, proliferation, and survival and
when dysregulated can contribute to the development of cancer [85]. mMTOR (mammalian
target of rapamycin), an evolutionarily conserved protein, is activated by various growth
factors, cytokines, and nutrients to increase cell growth and proliferation by upregulating

mRNA biogenesis, translation of ribosomal machinery, and protein synthesis [85, 86].
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Two key downstream effectors of this process, 4E-BP1 and S6 kinase 1 (S6K1), are
direct phosphorylation targets of mTOR and are commonly used as in vivo readouts for
mTOR activity [85, 86]. Phosphorylation of the translational repressor protein, 4E-BP1,
is inhibitory and promotes the release of 4E-BP1 from translation initiation factors
resulting in activation of translational machinery. S6K1, on the other hand, is activated by
mTOR-mediated phosphorylation and positively modulates cell growth and survival [85].
S6K1 encodes three proteins, p70, p85 and p31, through alternative translational start
sites with p85 containing an NLS and considered the major S6 kinase protein in
mammalian cells [87]. S6K1 is highly versatile in its functions and has been shown to
coordinate transcription, translation, cell growth and size, and differentiation [88].
Ribosomal protein S6 (rpS6), a major target of S6KI1, is a component of the 40S
ribosomal subunit that is activated by S6K 1-mediated phosphorylation and is a key player
in directing cell growth and size through enhancing translation [85, 88, 89]. Interestingly,
S6K1 is frequently overexpressed in certain cancers, including breast (via gene
amplification [87]), and is implicated in brain tumor pathogenesis. Therefore, S6K1
meets the criteria as an attractive target for cancer therapies. However, no commercially
available S6K1 inhibitors have been developed [89].

As established above, PP2A is a bona fide phosphatase for Akt and thus it can
regulate the PI3K-Akt-mTOR pathway to downregulate the progrowth, prosurvival
signals mediated by mTOR signaling. mTOR, however, can circumvent PP2A’s negative
regulation by phosphorylating PP2Ac on an inhibitory site to potentiate Akt-mediated
activation of mTOR, thereby generating a positive feedback mechanism for the signaling

cascade [88, 90]. Interestingly, studies using rapamycin, an inhibitor of mTOR, reveal
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that S6K1 becomes dephosphorylated on residues not directly targeted by mTOR. This
result is consistent with the idea that S6K1 can also be dephosphorylated by the actions
of a phosphatase rather than solely through inhibition of the mTOR kinase [85]. These
studies have also shown that rapamycin treatment and nutrient deprivation results in
activation of PP2A, further supporting the possibility of PP2A as a critical phosphatase in
the PI3K-Akt-mTOR pathway [88, 91]. Additionally, inhibiting PP2A (and PP1) by
calyculin A treatment of cells corresponds to significant increases in 4E-BP1 and S6K
phosphorylation [91]. Recent investigations have provided strong evidence that PP2A is,
indeed, a phosphatase for S6K1 and can stably associate with S6K1 to dephosphorylate
and thus inactivate the progrowth and prosurvival effects of this kinase [25, 87, 92]. To
further delineate which PP2A complexes provide the substrate specificity for S6K1, one
group developed PP2A-B’ knockout Drosophila. The knockout flies had elevated S6K 1
phosphorylation levels, reduced response to nutrient changes, and reduced life spans [93].
Additionally, the same group showed that S6K1 is a direct substrate of human PP2A-B’
and determined that B’y-containing PP2A complexes specifically promoted p70 S6K1
dephosphorylation in the mammalian system. Other mammalian studies have
demonstrated that Ba-containing PP2A complexes bind and dephosphorylate p70 S6K1
[94]. While these studies have provided some key glimpses into PP2A-mTOR pathway
connections, further supporting data is needed for understanding how modulating PP2A

can provide an additional foundation for anti-cancer therapies.
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ERK/MAPK Pathway

The ERK/MAPK pathway is a modular pathway that regulates a wide array of
cellular processes including cell growth, proliferation, apoptosis/survival, differentiation
and transcription. The pathway is typically stimulated by extracellular signals (mitogens
and growth factors) at the plasma membrane which sequentially activate the Ras-Raf-
MEK-ERK kinase signaling cascade [25, 95]. Aberrant activation of the ERK/MAPK
cascade is oncogenic and is a required component for the transformation of human cell
lines [95]. Furthermore, mutations that constitutively activate the ERK/MAPK pathway,
particularly in Ras and Raf, are found in a wide variety of cancers including lung, colon,
pancreatic, thyroid and melanoma cancers [96]. While the ERK/MAPK pathway is
regulated by multiple phosphatases, PP2A appears to be one of the most influential
players, as it can not only stably bind to Raf and ERK to regulate the pathway at multiple
points within the cascade, but can also regulate the pathway in both positive and negative
manners [69, 97]. When PP2A is inhibited through viral oncoprotein expression, okadaic
acid treatment, or siRNA knockdown, studies have shown that MEK and ERK are
hyperphosphorylated and thus activated independently of extracellular signals [98, 99].
Researchers have attempted to elucidate which B-type subunits direct PP2A’s regulation
of the ERK/MAPK pathway; however, our current understanding is still in its early
stages. In Drosophila and mammalian systems, B’-containing PP2A complexes can
dephosphorylate ERK and thus inhibit its activity [73, 100, 101]. Interestingly, some
studies have found that the Ba and Bd-containing PP2A complexes negatively regulate
ERK phosphorylation [69], while others have determined that the same holoenzymes

positively regulate the ERK/MAPK pathway at the level of Raf [97]. These findings
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accentuate the complexity of this system and emphasize that both positive and negative
feedback mechanisms between PP2A and ERK/MAPK are utilized in this signaling

cascade to regulate cellular proliferation and survival responses.

Cell Cycle

The cell cycle, a process which directs the creation of two genetically identical
daughter cells, is orchestrated by a series of well-regulated events that are highly
conserved from yeast to humans and are commonly misregulated in many cancer lines
and tumors [102-106]. Reversible protein phosphorylation is considered one the most
critical driving forces for cell cycle progression and through subtle changes in the balance
of kinases and phosphatases, dynamic alterations in the cell can be both temporally and
spatially regulated to ensure the appropriate succession of events [107, 108]. While
research has substantiated the importance of activating kinases as a positive driving force
for cell cycle progression, only more recently has the relevance of protein phosphatases
for cell cycle processes become evident [102]. Current findings have revealed that
phosphatases, like their counterbalancing kinases, significantly influence the regulation
of growth, DNA replication, damage checkpoints, and mitotic progression [102, 107,
109]. PP2A is one of the major protein phosphatases involved in regulating the cell cycle
at both interphase as well as mitosis. During interphase, PP2A can direct the G0/G1
transition, G1/S phase transition, and the DNA damage checkpoint depending on the
PP2A holoenzyme composition [109-111], and while there is accumulating evidence

suggesting additional roles for PP2A during interphase, the remaining discussion in this
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section will be briefly focused on PP2A’s involvement in mitotic events including mitotic
initiation (G2/M transition), prometaphase/anaphase transition, and mitotic exit.

From yeast to mammalian cells, entry into mitosis is a highly conserved, well-
regulated event that is triggered by the activation of the mitosis-driving Cdk1/cyclin B
complex or MPF (mitosis promoting factor). MPF activation results in the increased
phosphorylation of a multitude of mitotic substrates which direct various cellular
restructuring events including cell rounding, nuclear envelope breakdown, chromosome
condensation, and assembly of mitotic spindles [103, 104, 108, 112-114]. PP2A was first
implicated in cell cycle regulation by the finding that inhibition of PP2A caused
premature mitotic entry. Concomitantly, upon PP2A inhibition, an increase in Cdkl
activity occurs resulting in increased MPF activation, thereby linking PP2A as a major
negative regulator of mitotic initiation [102, 104]. Recent studies have determined that
PP2A is involved in mitotic entry at multiple levels and in some cases have revealed
which distinct PP2A holoenzymes direct specific events in regulating the cell cycle.
PP2A maintains cells in interphase by downregulating Cdc25, an activator of Cdk1, while
also upregulating Weel, an inhibitor of Cdkl, thereby indirectly inhibiting MPF
activation [104]. Specifically, PP2A-Bo complexes were shown to direct these regulatory
events and when added to or depleted from Xenopus extracts, caused delayed or
advanced entry into mitosis, respectively. In addition to Bo, B’d inhibits Cdc25 by
enhancing 14-3-3 affinity for Cdc25 thereby blocking its localization to the nucleus.
Once the DNA damage checkpoint is satisfied, PP2A-B’5 dissociates from Cdc25
resulting in 14-3-3 dissociation and Cdc25 localization to the nucleus where it can

activate Cdk1/Cyclin B complexes [105, 107, 113]. These results indicate that specific
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forms of PP2A complexes direct mitotic entry, and that only when distinct cellular
requirements are met does PP2A become downregulated to release the cells into mitosis,
further supporting the role of PP2A as a critical tumor suppressor.

Once cells commence mitosis, DNA condenses and chromosomes are “captured”
by opposing mitotic spindles in order to separate the sister chromatids into separate
daughter cells. The bipolar attachment of the spindle microtubules to the chromosomal
centromeres represents a critical checkpoint for mitosis and is required for the subsequent
sister chromatid separation during the metaphase to anaphase transition. Before anaphase,
when microtubules have yet to completely attach to the chromosome kinetochore (also
known as the spindle checkpoint), cohesin, a multisubunit protein complex, mediates
sister chromatid cohesion to assure that symmetrical segregation of DNA will occur.
After appropriate attachment of all mitotic spindles and chromosomal alignment, cohesin
is phosphorylated resulting in cleavage to allow separation of the chromatids (process
reviewed in [115]) . Recently, it was determined that PP2A is a negative regulator of
chromatid separation at two distinct points. First, PP2A-B’ complexes directly protect
premature cohesin cleavage by being recruited to the centromere by Shugoshin 1 (Sgol)
to oppose the phosphorylation of cohesin by Plkl and Aurora B. This allows the
centromeres to maintain their pool of persistent cohesin, thereby stabilizing sister
chromatid adhesion and preventing faulty chromosomal separation [107]. Subsequent
research determined that the PP2A-B’a holoenzymes were specifically involved in this
protective mechanism [116] although other B’ family members cannot be ruled out.
PP2A can also protect against premature cohesin cleavage indirectly at the level of

securin. Securin negatively regulates sister chromatid separation by binding to and
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inhibiting the cohesin protease, Separase. PP2A-B6 complexes have been shown to
stabilize securin thus preventing premature cohesin cleavage by separase [117]. Lastly,
some data has suggested that PP2A-Bo complexes can negatively regulate the spindle
checkpoint, and that PP2A methylation (via LCMT-1) is also a critical factor influencing
chromatid separation [53]. The finding that LCMT-1 is a required enzyme for this
process indicates that “methylation-sensitive” PP2A holoenzymes, that is, complexes that
rely on PP2Ac methylation to form, are important regulatory complexes in this process.
Moreover, this finding is interesting considering that PP2Ac methylation fluctuates
throughout the cell cycle [49] and that nearly all of the B-type subunits found to be
involved in most of the above-mentioned mitotic processes are, to some degree,
methylation-sensitive.

Once cells undergo proper chromosome alignment at the metaphase plate, the cell
must be biochemically reset to commence cytokinesis and to reenter interphase. Exiting
mitosis involves the activation of separase to cleave the sister chromatids, inactivation of
the MPF, the reversal of a multitude of mitotic phosphorylations, and the reorganization
of cellular structures such as the Golgi apparatus and endoplasmic reticulum to reduce
spatial interference with the mitotic spindle and separating chromosomes. Briefly, once
chromosomes properly align, Cdkl activates the APC (anaphase promoting complex)
which causes the destruction of 1) Securin, thus releasing separase to cleave the
centromeric cohesin, and 2) Cyclin B, thereby reducing the Cdk1/Cyclin B (process
reviewed in [108]). This decrease in MPF presumably reduces the inhibitory effect on
PP2A, specifically Bd- and B’9-containing complexes, which releases the phosphatase to

enhance Weel and reduce Cdc25 to further counteract MPF. Furthermore, other data has
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revealed that the B55-containing PP2A complexes also counteract Cdk1 by recognizing
the Cdk1 substrate consensus sequence to remove mitotic phosphorylations that control
cellular reorganization upon mitotic exit [118]. Specifically, Ba subunit confers the
specificity towards Cdk1 substrates in human [119], while B does so in Xenopus [120],
and depletion of the subunits in the respective system causes mitotic delay and eventual
cell death with failure to progress through mitotic exit. Although normal cells will
typically undergo apoptosis if they fail to properly traverse through mitosis, cancer cells,
in contrast, are defined by their ability to circumvent this barrier. Therefore, modulation

of PP2A may offer new insights for developing novel anti-cancer therapies.

Apoptosis

Apoptosis, the process of genetically programmed cell death, plays a key role
during cell turnover in embryonic development and tissue homeostasis and is a critical
mechanism in expediting the elimination of abnormal or harmful cells. Dysfunction of
apoptosis is found to be prevalent in multiple disease systems including cancer,
autoimmune disorders, and neurodegenerative diseases [121, 122]. Apoptosis is initiated
either through extracellular death ligand-receptor signaling (extrinsic) or intracellular
targeting of the Bcl-2 family of signal transducers (intrinsic), and is associated with
precisely orchestrated morphological changes including cell blebbing and shrinkage,
chromatin condensation, and DNA fragmentation [58, 122]. Initiation and progression of
apoptosis is coordinated, like many cellular processes, by reversible phosphorylation of
apoptosis-mediating proteins and thus depends on the activity of kinases and

phosphatases [123]. Considering PP2A’s extensive involvement in various survival
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pathways mentioned previously, it is not surprising that it is also an essential player in the
regulation of apoptosis. While PP2A has been linked to both the positive and negative
regulation of apoptosis, depending on the cell system and conditions [124], the majority
of current evidence emphasizes its role in promoting apoptosis, thereby supporting its
well-accepted function as a tumor suppressor. Therefore, for the purposes here, the role
of PP2A as a pro-apoptotic protein will be briefly reviewed to provide evidence to
support its tumor preventative role.

Transduction of apoptotic signaling is primarily mediated by the Bcl-2 family of
regulatory proteins, which consists of both pro-apoptotic members including, but not
limited to, Bax, Bad, and Bim and anti-apoptotic members, which include Bcl-2 and Bcl-
XL [121, 123, 125]. The Bcl-2 members mediate apoptotic signaling by their ability to
regulate mitochondrial release of mitochondrial cytochrome ¢ (cyt c¢), which when
released can activate caspase proteins to cleave substrates to execute apoptotic events
related to cell disassembly and destruction [121, 126]. The regulation and function of
Bcl-2 family members is largely dictated by their phosphorylation status and their homo-
and heterodimerization, which can either trigger or block apoptosis depending on
extracellular or internal signals [58, 121, 127, 128]. For example, during survival
signaling, the anti-apoptotic family members, Bcl-2 and Bel-XL are hyperphosphorylated
and function as homodimers to block mitochondrial cyt ¢ release resulting in cell survival
[121, 123, 129]. Furthermore, Bcl-2 can heterodimerize with and inactivate the pro-
apoptotic family member Bax to block its pro-apoptotic activity [128, 130]. In contrast,
heterodimerization of Bcl-2 or Bel-XL with the pro-apoptotic family member Bad, results

in Bad-mediated inactivation of Bcl-2 and Bcl-XL, thereby blocking their anti-apoptotic
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function to promote cell death [122, 123]. In most cases, dimerization of Bcl-2 family
members is regulated by their reversible phosphorylation and can result in either a pro- or
anti-apoptotic response depending on which members are modified. Dephosphorylation
of these family members appears to play a critical role for initiating apoptosis and several
serine/threonine protein phosphatases including PP1 and PP2A have been confirmed as
major phosphatases in this process [121-123].

PP2A has been implicated in dephosphorylating a number of Bcl-2 family
members to promote apoptosis [121-123] thereby protecting cells against harmful or
aberrant growth as observed in cancer. First, PP2A-B and B’-containing complexes can
associate with and dephosphorylate the anti-apoptotic Bcl-2 protein at the mitochondrial
membrane, resulting in inactivation of Bcl-2 and initiation of apoptosis [131-134].
Second, when pro-apoptotic Bad is phosphorylated by Akt or S6K, it is bound to 14-3-3
in the cytoplasm and cannot translocate to the mitochondria to dimerize with and inhibit
Bcl-2/Bcl-XL’s anti-apoptotic function [123, 135]. PP2A can counteract this
phosphorylation on Bad resulting in its translocation to, and subsequent association with,
Bcl-2 or Bel-XL resulting in the inactivation of the anti-apoptotic proteins [122, 135,
136]. Third, when pro-apoptotic Bax is phosphorylated, Bcl-2 associates with it to
inactivate its pro-apoptotic function. Reversal of this phosphorylation on Bax by PP2A
disrupts the Bax/Bcl-2 heterodimer which then liberates Bax to initiate apoptosis [130].
In each case presented here, PP2A serves as an upstream positive regulator for apoptotic
signaling; however, PP2A is also implicated downstream as both a substrate and a
regulator of effector caspases [122]. Caspases are cysteine proteases that are activated by

irreversible proteolytic cleavage and mediate the morphological changes mentioned



25

above that are associated with commitment to apoptosis [123]. Caspase 3, in particular,
is considered one of the most downstream apoptosis signaling proteins and has been
extensively studied. Recently, PP2A A subunit was found to be a caspase-3 substrate and
when cleaved caused an increase in PP2A activity which correlated with cell commitment
to apoptosis [137]. In turn, PP2A dephosphorylates and increases caspase-3 activity thus
highlighting a positive feedback loop for the initiation of apoptosis [138].

Recent studies have linked PP2A to mediating upstream regulators of apoptosis,
including the FOXO proteins and p53. The FOXO proteins function as transcription
factors to upregulate pro-apoptotic proteins including some of the Bel-2 family members
[139]. Specifically, FOXO1 and FOXO3a are Akt substrates that when phosphorylated
cannot translocate to the nucleus to upregulate pro-apoptotic proteins. Furthermore,
okadaic acid treatment prevents FOXO1 and FOXO3a dephosphorylation and subsequent
apoptosis, implicating PP2A as the likely pro-apoptotic activator of these FOXO proteins.
Recent studies have shown that PP2A can directly interact with and dephosphorylate both
FOXO1 and FOXO3a on Akt phospho-sites resulting in nuclear translocation and
initiation of apoptosis [139, 140]. Additionally, the proapoptotic protein, Bim, is a target
of both FOXO1 and FOXO3a and is inhibited when PP2A activity is blocked, correlating
with reduced death. Therefore, these studies indicate that PP2A is essential in
upregulating pro-apoptotic genes via FOXO activation [139].

With regards to p53-dependent apoptosis, PP2A has been implicated in enhancing
pS3 stability [141-143], which enhances expression of proapoptotic Bcl-2 family
members including Bax and Bid as well as Apaf-1, a co-activator of caspase 9 [144-146].

Specifically, PP2A-B’y-containing complexes dephosphorylate and stabilize p53 in
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response to DNA damage [142]. Additionally, PP2A complexes containing B’e can
trigger p53-dependent apoptosis and can activate caspase 3 to promote substrate cleavage
[147]. Furthermore, as mentioned previously, activation of PP2A also inhibits Bcl-2
phosphorylation which enhances p53/Bcl-2 interactions resulting in increased apoptosis
[148]. Overall, while a complete perspective of PP2A’s role in apoptosis is still being
constructed, current insights presented here highlight the positive role of PP2A in
apoptosis and provide support for a tumor suppressive role for PP2A. Together, these
findings emphasize the specialized nature of the PP2A B-type subunit in directing PP2A
function and substantiate the idea that modulation of PP2A may provide valuable insights

for developing future therapeutic interventions for cancer.

Cancer and PP2A

In 2011, cancer ranked as the second most common cause of death in America
with an expected one and a half million new cases and over a half million cancer-related
deaths. While 5-year survival rates have significantly increased in recent years due to
earlier detection and more effective treatments, cancer-related deaths are projected to
surpass heart disease-related mortalities (the current #1 cause of death) shortly [149].
Cancer is defined as a disease by which cells can uncontrollably and indefinitely grow,
replicate, and survive by evading the protective cellular mechanisms. These aberrant cells
are characterized by several ‘“hallmarks” that encompass the complexity of their
transformative properties and include: evasion of cell death, self-sufficiency in growth
signals, insensitivity to anti-growth signals, unlimited replication potential, sustained

angiogenesis, and invasion and metastasis [150]. Furthermore, recent reviews have
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proposed that genomic instability and the ability of cancer cells to evade immune
surveillance should also be acknowledged as hallmarks of cancer [151, 152]. These
characteristics not only encompass our understanding of the necessary steps required for
a normal cell to transition into the malignant state but they also provide a general
roadmap as to how to develop effective therapeutic strategies to overcome the extensive
complexity of the disease. Considering that PP2A has been linked to many cell processes
that prevent the cell’s acquisition of several of these proposed hallmarks, it is not

surprising that PP2A is considered a tumor suppressor.

PP2A: Evidence for a Tumor Suppressor

Some of the initial evidence that hinted to a possible tumor suppressive function
for PP2A was based on the discovery that a marine-sponge toxin/compound, okadaic acid
(OA), could bind to PP2Ac to potently block PP2A’s enzymatic activity and promote
tumorigenesis in mouse models [153-156]. This enhanced tumorigenesis correlated with
increased expression of proto-oncogenes, c-fos and c-jun [157], as well as increased
phosphorylation of a number of cellular proteins involved in cell cycle activation and
progrowth, prosurvival signaling cascades including MAPK and PI3K/Akt pathways [22,
158, 159]. Okadaic acid, however, also inhibits several other phosphatases (PP1 and
PP4), making the assignment of okadaic acid’s effects to PP2A premature. Regardless,
the extensive data acquired from studying the effects of OA has laid the foundation for
our current understanding of PP2A’s broad range of functions in the cell and has
provided critical insights into its tumor suppressive capabilities. In support of the tumor

promoting effect of OA, the discovery of endogenous cellular inhibitors of PP2A, SET
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and CIP2A in particular, have also provided key evidence for PP2A’s role as an inhibitor
of transformation [24]. SET, first discovered as a fusion gene involved in myeloid
leukemogenesis, is an oncoprotein which can regulate cell cycle, apoptosis, and gene
transcription and does so, in part, by binding to and inhibiting PP2A function. The SET
oncoprotein is found to be selectively and highly expressed in rapidly dividing cells and
is overexpressed in multiple tumor types including Wilms® tumor, hepatoma,
choriocarcinoma, and several types of leukemia (for review, see [160, 161]).
Interestingly, overexpressing the PP2A C subunit or knocking down SET in some
leukemia cells results in reduced cell proliferation, decreased activation of Akt, ERK, and
c-Myc (known targets of PP2A), and inhibition of tumorigenesis [162, 163]. Similarly,
expression of CIP2A also promotes transformation by potently inhibiting PP2A and Akt-
associated PP2A activity and stabilizing proto-oncogenic c-Myc [24]. Recent studies
have shown that knocking down CIP2A in HeLa cells can reduce proliferation and the
formation of tumors in mice. Furthermore, overexpression of CIP2A in immortalized
HEKTER cells confers on the cells the ability to grow and survive in anchorage-
independent conditions, a general hallmark of transformation [17]. Not surprisingly,
CIP2A is expressed less in normal tissues but is highly expressed in numerous tumor
types including, head and neck, colon, lung, liver, breast, and gastric cancer [24, 164].
Therefore, it appears that inactivation of PP2A confers transformative phenotypes to a
vast number of cell types and may represent a general key requirement for the initiation
and progression of some types of cancer.

In addition to the common occurrence of PP2A endogenous inhibitor upregulation

in numerous cancer lines, researchers have also found that some tumors have mutations
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of the PP2A subunits that negatively affect holoenzyme formation, thus implicating
specific subunits as tumor suppressors [9]. Sequencing of various human tumor samples
identified mutations/alterations in the PP2A scaffolding Ao and AP subunits that
included deletions, point and frameshift mutations, and splicing abnormalities [22].
Specifically, PP2A-AB mutations were reported in 15% of primary colon tumors, 15% of
primary lung tumors, and 6% of lung tumor-derived cell lines [165]. Another study
reported a reduction in PP2A-Af expression in 50% of 34 tumor lines tested [166].
Mutations in the Aa subunit gene have also been revealed in melanoma, breast, and lung
carcinomas [167]. Additional studies confirmed that both the PP2A Aa and AP genes
were genetically altered at low frequency in a number of primary human tumors and also
determined that some A subunit mutants were deficient in binding to the catalytic C
subunit as well as to the regulatory B’ subunit [167-169], with B’y being most affected
[9]. Interestingly, truncations in the B’y subunit correlated with a higher metastatic state
in melanoma [170] and this subunit was also reported to be absent in 10 lung cancer lines
thus highlighting its tumor suppressive capability [171]. Although mutations in the PP2A
C subunit have never been reported in human cancer cells due to its indispensable
requirement for cell survival [22], and little evidence exists for B subunit mutations, the
fact that A subunit mutations that affect PP2A holoenzyme formation occur at a
significant rate indicates that proper PP2A assembly is tumor suppressive. Therefore,
disrupting PP2A holoenzyme assembly may be one oncogenic mechanism that occurs to
promote transformation in some cell types. In fact, this hypothesis appears to be validated
by small DNA tumor viruses which mediate transformation, in part, through the

disruption of PP2A assembly.
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DNA Tumor Viruses: Targeting PP2A Assembly

The study of small DNA tumor virus-mediated transformation has proven to be an
invaluable tool for understanding the mechanisms by which cells transition from the
normal state to an oncogenic phenotype and has provided key insights into the tumor
suppressive role of PP2A (for review, see [172]). In fact, the study of polyomavirus and
simian virus 40 (SV40) provided the first evidence that implicated PP2A as a tumor
suppressor [173] and have revealed that inhibition of PP2A activity is an additional
alteration required to drive immortalized cells towards a transformed state [17]. DNA
tumor viruses promote transformation through the expression of their tumor antigens
genes which encode dominant-acting oncoproteins that bind a variety of cellular targets
to essentially hijack normal cellular processes including apoptosis, cell cycle, and signal
transduction [14]. Incidentally, most cellular proteins that are targeted by the tumor
antigens are involved in tumor suppressive functions and their deregulation has often
been implicated in spontaneously arising tumors [23, 174]. A unifying feature of the
aforementioned DNA tumor viruses is their ability to target PP2A to inhibit the
phosphatase activity by binding directly to the PP2A A/C dimer and functioning as a non-
canonical B-type subunit [172]. In many cell types, this inhibition of PP2A activity
results in the deregulation of the cell cycle, and the upregulation of antiapoptotic proteins
and multiple signaling pathways involved in cell growth and survival, ultimately leading
to transformation. Of note, only a specific subset of PP2A complexes are targeted by the
tumor antigens, and therefore, only the functions of those particular tumor antigen-
targeted PP2A holoenzymes are disrupted [98, 171, 173, 175]. While the specifics of

which PP2A complexes are being targeted is still under investigation, there is growing
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evidence that the tumor antigens promote transformation by specifically targeting and

replacing some members of the B and B’ regulatory families [171].

Simian Virus 40 (SV40)

As stated above, the study of DNA tumor viruses has provided powerful insights
into the functions of PP2A and into the molecular basis for transformation. SV40, in
particular, has been one of the best studied members of the Polyomaviridae family (for
review, see [172, 174]). SV40’s 5kb genome consists of an early region (SV40 ER)
which encodes three alternatively spliced proteins, the Large Tumor antigen (LT), the
Small Tumor antigen (ST), and the 17kT antigen, and a late region which encodes the
viral capsid proteins. Both regions can be expressed in “permissive” cells which allows
for viral replication and assembly resulting in eventual cell lysis and viral spread. In
“non-permissive” cells, only the early region, which contains the T antigen oncoproteins,
is expressed resulting in transformation and subsequent tumor development. Therefore,
the study of these cells has provided key insights into the process of transformation. The
SV40 LT (SVLT) and ST (SVST) oncoproteins share identity in 82 amino acids in their
N-terminal domains and deviate in the C-terminal sequences due to alternative splicing.
SVLT contains multiple domains including a nuclear localization signal (NLS), DNA
binding domain, LxCxE motif, and p53 binding domain which allow the oncoprotein to
bind to and inhibit p53 and pRB activity. This alone was thought to be sufficient to
transform rodent cell lines until mutational studies revealed SVST’s requirement for full

transformation. These studies found that deletion mutants in an SVST-specific exon
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could no longer elicit transformed phenotypes and therefore it was concluded that both
SVLT and SVST were required for robust transformation.

Early studies of SV40 revealed that the SVST antigen could bind specifically to
the PP2A A subunit [173] at the amino-terminus (HEAT repeats 3-7) overlapping the B-
type subunit binding site [176, 177]. This association was later found to correlate, in
general, with the inhibition of PP2A activity and, in many cell lines, the stimulation of
progrowth, prosurvival pathways resulting in cellular transformation [23]. Interestingly,
mutational studies examining SVST function mapped out distinct N-terminal, PP2A—
independent and C-terminal, PP2A-dependent domains, the latter region being essential
for PP2A binding and for SVST-mediated transformation, thereby supporting the tumor
suppressive role of PP2A [98, 178]. Moreover, although the PP2A-independent domain
does not promote transformation and is not itself required for interaction of SVST and
PP2A [178], it does enhance SVST’s affinity for PP2A [179]. The current knowledge on
the function of the PP2A-independent portion of SVST is quite limited; however, it has
been linked to the transactivation of cyclin A involved in cell cycle progression [180] and
also possesses chaperone activity from its J domain [181]. A much greater appreciation
exists for SVST’s role in targeting of PP2A and has expanded our understanding of how
DNA tumor viruses overcome the negative role of PP2A to promote transformation.

Expression of SVST has been implicated in promoting transformation though the
deregulation of PP2A-modulated processes including the cell cycle, cell proliferation,
survival, and apoptosis, and also through supporting SVLT tumor promoting functions by
blocking PP2A’s negative regulation of SVLT [172]. Several studies have revealed that

SVST expression stimulates both MEK and ERK activity resulting in enhanced MAPK
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pathway activation and increased proliferation [98, 182]. SVST also promotes
proliferation through upregulating proteins associated with cell cycle progression,
including cyclin D1, cyclin A, and cyclin B [183, 184]. Other studies have implicated
SVST in upregulating survival signaling and its expression has been reported to correlate
with increased Akt phosphorylation and activation, stabilization of c-Myc, upregulation
of anti-apoptotic targets, and suppression of pro-apoptotic FOXO transcriptional activity
[172, 174, 185, 186]. Additional consequences of SVST expression are the upregulation
of integrin signaling, microtubule destabilization, and F-actin rearrangements to alter
cellular adhesion thus supporting anchorage-independent growth and survival [187]. Each
of the SVST-induced alterations mentioned corresponds to a specific hallmark of cancer,
and therefore, supports the role for PP2A as a tumor suppressor. However, because only a
subset of the PP2A-mediated cellular processes and pathways are altered during SVST
expression, and because complete inhibition of PP2A is lethal, SVST must target only a
specific population of PP2A holoenzymes (for review, see [187]). Indeed, recent
evidence has provided some support for this theory and has shown that SVST likely
competes with several PP2A B and B’ family members for the PP2A A subunit binding
site. For instance, it is reported that expression of SVST reduces the PP2A Ba regulatory
subunit and this correlates with increased MAPK activation [98, 188, 189]. Furthermore,
based on the high sequence homology between Ba and Bd [190], and the fact that SVST
targets cell cycle machinery, a process heavily regulated by B9, this subunit may also be
targeted by SVST. SVST expression also stabilizes c-Myc; therefore, it is presumed,
although not confirmed, that B’a, a major c-myc phosphatase, is targeted by the SVST

[191, 192]. Lastly, selective knockdown of the B’y in immortalized HEK cells
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(HEKTER) partially recapitulated the transformative effects of SVST and overexpression
of B’y reversed SVST-mediated transformation, indicating that this subunit it likely a
target of SVST [171]. Altogether, these current findings suggest that SVST selectively
inhibits a distinct subset of PP2A complexes; however, further research is necessary to
fill the gaps in existing knowledge to better understand the nature of these targeted

complexes and how their inhibition promotes transformation.

HEKTERASBS56y: A Genetically Defined Transformation Cell Line

In 2004, the Hahn and Pallas laboratories resolved to identify specific PP2A
complexes targeted and inhibited by SVST during human cellular transformation [171].
In contrast to most rodent cells, which can be transformed by coexpression of SVLT and
an oncogenic allele of H-Ras [193, 194], human cells are more difficult to transform and
require additional components to become immortalized and tumorigenic [178]. In
addition to SVLT, expression of hTERT, the human telomerase catalytic subunit, and H-
Ras immortalizes human epithelial kidney cells resulting in HEKTER cells. While H-Ras
is oncogenic, it does not significantly promote anchorage-independent growth or tumor
formation in HEKTER cells. Expression of SVST in the HEKTER line, however, is
sufficient to transform the cells and to promote tumor growth in immunodeficient mice.
Therefore, HEKTER cells represented a well-defined experimental system for studying
transformation in human cells [178] (Figure 4). In place of SVST, Hahn and colleagues
used antisense RNA (AS) to target and suppress the expression of the PP2A Ba and B’y
subunits in an attempt to recapitulate SVST-mediated transformation [171]. Surprisingly,

the group found that suppression of Ba, a known target of SVST, in HEKTER cells did
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Figure 4. The HEKTER experimental cell model: Immortalization and transformation of
human embryonic kidney (HEK) cells. Expression of 1) SV40 large T (LT), which
inhibits antigrowth/antisurvival proteins p53 and pRb, 2) hTERT, the human telomerase
catalytic subunit, and 3) oncogenic H-Ras, which activates the ERK/MAPK pathway,
immortalize HEK cells resulting in HEKTER cells. Of note, while H-Ras is a
transforming oncoprotein, it does not significantly promote anchorage-independent
growth or tumor formation in HEKTER cells. Expression of SV40 small T (SVST) in
HEKTER cells is sufficient to transform the cells by inhibiting multiple PP2A complexes
involved in regulating proliferation and survival. Knockdown of the PP2A B’y subunit, a
subunit targeted by SVST, in HEKTER cells (HEKTERASBS56y), partially recapitulates

SVST-mediated anchorage-independent growth and thus transformation.
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not promote transformation and the resultant cells (HEKTERASBS55a) could not form
tumors in mice. Suppression of the B’y subunit in HEKTER cells (HEKTERASB56y),
however, did confer the ability to grow in anchorage-independent conditions (soft agar)
and also to form tumors in mice, albeit to a lesser extent than SVST-expressing HEKTER
cells. These results support the hypothesis that SVST promotes transformation by
targeting specific PP2A complexes and, considering the fact that targeting B’y only
partially recapitulated the SVST effects [171], also suggest that other B-type subunits are
likely replaced by SVST to drive transformation. To this point, it remains to be
determined if targeting multiple B-type subunits simultaneously will close the gap in the
level of transformation between ST-expressing HEKTER cells and HEKTERASB56y
cells. It is possible that while SVST targets the PP2A Ba subunit, its contribution to
transformation may be dependent on the concurrent suppression of the other SVST-
targeted B-type subunits.

In another study by the Pallas group [184], a comparison between the ST-
expressing HEKTER cells and HEKTERASBS56y identified similarities and differences
in their gene expression profiles. First, a set of 99 genes was revealed to be similarly
regulated by SVST expression and B’y knockdown, including Akt and MAPK pathway
activation, upregulation of antiapoptotic effectors, and the induction of cyclins, and likely
represent some of the most essential changes for SVST-mediated transformation. The
same study also determined that both lines shared a positive effect on integrin signaling
which was confirmed to be essential for their anchorage-independent growth. By
contrast, hundreds of genes were not regulated in the same manner between the two lines,

emphasizing the facts that 1) SVST targets additional B-type subunits and 2) SVST also
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contains the extra N-terminal, PP2A-independent region which carries with it its own
specific helper function. In fact, this study also examined the gene expression profile of
HEKTER cells expressing an SVST mutant lacking the PP2A interacting domain
(ST110) which revealed that over 100 genes were affected by SVST in a PP2A-
independent manner when compared to full-length expression of SVST or knockdown of
B’y. These findings suggest that the PP2A-independent region of SVST, which cannot
promote transformation alone, may contribute to transformation in conjunction with the
suppression of SVST-targeted PP2A B-type subunits. However this potential role for the
PP2A-independent region has yet to be determined. Together, the use and further study of
this defined transformation cell line can provide unique insights to better understand how
the interaction of SVST and PP2A promotes transformation and to gain insights into the

process of oncogenic initiation and progression.

Polyomavirus

The study of Polyomavirus, like SV40, has also provided some key insights into
mechanisms regulating cell proliferation and survival and has furthered our
understanding of the process of transformation. Like SV40, the 5kb genome of
Polyomavirus contains an early region which encodes three alternatively spliced
transcripts encoding three different proteins, namely the Large Tumor antigen (LT), the
Middle Tumor antigen (MT) and the Small Tumor antigen (ST). All three oncoproteins
are involved in viral replication and transformation and share a common 79 amino acid
N-terminus which possesses chaperone activity from its J domain. Polyomavirus MT

(PyMT) and Polyomavirus ST (PyST) share an additional 112 amino acids and thereafter
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contain unique C-terminal sequences [195]. Like SVST, PyMT and PyST mediate
cellular transformation through association with the PP2A A subunit [173] at the B-type
subunit binding site, specifically at HEAT repeats 2-8 [196], thereby displacing some B-
type subunits. Although it would seem that PyMT and PyST would function much in the
same manner as SVST due to sequence similarities and their ability to bind PP2A [173,
186, 197], there are key differences in how PyMT and PyST mediate signaling changes.
For example, although PyMT or PyST can inhibit the formation of some PP2A
complexes by replacing certain B-type subunits and thus block the function of those
holoenzymes, these T antigens can also target other proteins and differentially regulate
cellular processes like apoptosis [186, 195]. Although PyMT and PyST oncoproteins can
bind to a number of proteins, for the purposes of this thesis, only the interactions with
PP2A will be briefly discussed.

PyMT is, by far, the most essential T antigen in Polyomavirus-mediated
transformation as it is not only required, but is also sufficient in many cases, for
transformation and tumor development [198, 199]. PyMT-mediated transformation is
dependent on PP2A binding [200] and mutations that specifically block PyMT
association with PP2A completely inhibit transformation, highlighting the essential
nature of this interaction [173, 195]. In one study, association of PyMT with PP2A
substantially reduced (~40-fold) PP2A activity towards the histone HI substrate [42]
demonstrating that, like SVST, PyMT inhibits PP2A phosphatase activity and thus likely
promotes transformation through this inhibition. PyMT has also been shown to bind other
targets including c-Src in concert with PP2A [201-203] to promote PI3K, Shc and PLCy

recruitment to the PyMT-PP2A-Src complex to be activated [204-206], thus promoting
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prosurvival signaling. In support of PyMT’s role in transformation, expression of PyMT
causes PP2A-dependent activation of the Akt [207, 208] and MAPK pathways [206, 209]
similar to SVST. While the ability of PyMT to promote transformation is clearly
established in multiple studies, the mechanisms of PyST are still being elucidated. The
expression of PyST alone does not cause the same tumorigenic effects as PyMT but does
compliment PyMT-mediated transformation [186]. Some studies have linked PyST
expression to progression of the cell cycle [210-213] and activation of MAPK and Akt
pathways [62, 209, 214], thus supporting progrowth, prosurvival signaling. Interestingly,
the function of PyST can switch between pro-apoptotic to anti-apoptotic through
modulation of Akt depending on nutrient conditions [62]. Specifically, PyST can prevent
apoptosis in low nutrient conditions by enhancing phosphorylation of Akt T308 and S473
resulting in downstream phosphorylation and inhibition of pro-apoptotic FOXO proteins
and BAD. Conversely, in 10% serum, PyST still promotes Akt T308 phosphorylation.
However, the end result is the induction of apoptosis. Altogether, these findings
emphasize the complexity of polyomavirus and reveal significant deficiencies in our
understanding of how the virus modulates PP2A to promote transformation.

In general, the common feature of the DNA tumor viruses is to disrupt PP2A
holoenzyme formation, although in different subcellular compartments. Published data,
as well as unpublished data from the Pallas lab, suggest that SVST, PyST, and PyMT
probably target many of the same B-type subunits. Considering that many of the PP2A
complexes containing methylation-sensitive B-type subunits are disrupted by the
abovementioned T antigens and the fact that these complexes function in controlling cell

growth and survival, it would seem likely that the T antigens may target methylation-
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sensitive B-type subunits as a general strategy for overcoming the negative regulatory
actions of PP2A. Therefore, further research is needed to elucidate the nature of the

subunits replaced to better understand PP2A’s tumor suppressive function.

Overview and Goals of the Dissertation

In the past few decades, much research has focused on the therapeutic importance
of kinases in disease models, including cancer, leading to the development of a large
number of kinase-targeting drugs. Only recently has the significance of modulating
cellular signaling and function by targeting protein phosphatases begun to be explored [1,
215]. Research has shown that inhibiting PP2A promotes transformation in mammalian
cells, providing strong evidence that PP2A functions as a tumor suppressor [24, 200].
Furthermore, disruption of PP2A holoenzyme formation by viral T antigens (MT and ST)
promotes transformation by blocking a specific subset of PP2A complexes, resulting in
the activation of multiple progrowth and prosurvival signaling pathways [172, 173].
SVST replaces a portion of Ba, B’a, and B’y , and possibly B3, from PP2A complexes
[98, 171, 173, 175]. Interestingly, these B-type subunits appear to be “methylation-
sensitive” [43, 44, 46, 52, 216], that is, their incorporation into PP2A heterotrimers is
enhanced by methylation of PP2Ac (Figure 5). Whether this unifying feature
(methylation-sensitivity) of the nature of the B-type subunits replaced represents a
possible strategy that T antigens override to promote transformation remains to be
determined. Furthermore, inhibition of B’y alone in place of SVST, only partially
recapitulates SVST-mediated transformation [171], suggesting that other B-type subunits

may need to be replaced concomitantly with B’y to achieve full transformation. However,
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Figure 5. General model illustrating the regulation of PP2A complexes by PP2Ac
methylation and PP2A’s regulation of progrowth, prosurvival pathways. It was known
that PP2A could be reversibly methylated by LCMT-1 and PME-1 and this modification
could dictate the formation of specific PP2A complexes based on the B-type subunit
binding. While some B-type subunits preferentially bind to the methylated form of
PP2Ac (B*), other B-type subunits can bind regardless of the methylation status of
PP2Ac (methylation-insensitive PP2A complexes). Furthermore, it was also known that
PP2A functions as a tumor suppressor by inhibiting a number of progrowth, prosurvival
pathways. However, at the beginning of my research, little information was available as
to which PP2A complexes (dictated by the B-type subunits) could function as tumor
suppressors and negatively regulate these progrowth, prosurvival pathways. Additionally,
it was unknown whether the methylation status of PP2Ac (and therefore the assembly of
methylation-sensitive heterotrimers) could play a role in directing PP2A’s tumor

suppressive function.
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the transforming effect of suppressing additional B-type subunits in conjunction with B’y
knockdown has not been tested. Additionally, the N-terminal region of SVST contains a
helper function and is linked to upregulating multiple progrowth, prosurvival functions
[184]. Although this domain is not sufficient for transformation [178], it remains to be
determined whether expressing this region will complement the B’y knockdown to
increase anchorage-independent growth.

To address these gaps in knowledge, the studies conducted in this thesis
investigated how T antigens promote transformation by replacing a subset of PP2A
regulatory B-type subunits and whether modulating PP2Ac methylation or methylation-
sensitive PP2A complexes can contribute to transformation. In Chapter 3.1, I explored
the hypothesis that circumventing normal cellular control of PP2A by methylation is a
general strategy for ST- and MT-mediated transformation. To test the hypothesis, I
assayed the binding of SVST and PyST to methylated and unmethylated PP2Ac and also
examined the effects of reducing PP2Ac methylation on transformation and biochemical
signaling pathways. The results from these experiments provided support for the idea that
assembly of PP2A heterotrimers containing MT and ST oncoproteins is not regulated by
PP2Ac methylation, whereas formation of at least some of the key PP2A heterotrimers
they replace is regulated by the methylation status of PP2Ac. The results from Chapter
3.1 led me to explore the individual contributions of the N-terminal, PP2A-independent
portion of SVST and of reducing methylation-sensitive PP2A complexes in conjunction
with B’y knockdown to transformation. The findings demonstrated mixed results on
transformation which revealed that MT and ST-mediated transformation is quite complex

and is likely modulated through the concomitant expression of the N-terminal domain
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and reduction of multiple methylation-sensitive PP2A complexes. In Chapter 3.3, I
investigated the effects on transformation of reducing PME-1. The findings revealed that
enhancing PP2Ac methylation supports PP2A’s tumor suppressive role. Overall, these
studies provide multiple insights into a novel strategy that T antigens may utilize to
overcome the negative regulatory actions of PP2A. The research here also provides
further evidence for the involvement of PP2Ac methylation in supporting the tumor
suppressive role of PP2A. Lastly, these findings imply that promoting PP2Ac
methylation (e.g. PME-1 inhibitors) may serve as a novel therapeutic strategy to combat

cancer.
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CHAPTER 2

Methods and Materials

Cell Culture

HeLa and HEK293T cells were obtained from American Type Culture Collection
(ATCC), QBI-HEK293 (QBiogene), HeLa-H2B-GFP [217], and HEKTERASB56y [171]
cells were kind gifts from E. Werner (Emory University), K.F. Sullivan (Scripps
Research Institute), and W.C. Hahn (Dana Farber Cancer Institute), respectively. All cell
lines were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 20uM L-glutamine, 100U/mL penicillin G,

100pg/mL Streptomycin, and 250ng/mL amphotericin B and grown in 10% CO, at 37°C.

Transfection of shRNAs for Lentivirus Production

To create lentivirus expressing shRNAs, 5x10° HEK293T cells, grown in normal
media without antibiotics, were plated on 10 cm dishes and transfected the next day with
either an empty vector (pLKO.1) or shRNA targeting one of the various PP2A-related
genes listed in Table 1 (shRNAs acquired from The RNAi Consortium). Specifically, 3ug
each of VSV-G (viral envelope plasmid), A8.9 (viral gag/pol/rev plasmid) and the
shRNA plasmid and 0.3ug of pEGFP-N1 plasmid (transfection reporter) were transfected
using 30uL FuGENEG6 (Promega). FuGENE6 was preincubated with serum-free
OptiMEM for 5 minutes prior to combining with premixed plasmids. Thereafter,
transfection solution containing the plasmids, FuGENE and OptiMEM was incubated for

30 minutes at room temperature before adding to HEK293T transfection plates. Cells
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were transfected overnight and then refed with 10mL target cell media the next day. At
36 hours, lentiviral supernatants were collected and filtered through a 0.45um syringe
filter to remove any HEK293T cells. Supernatants were then treated with Sug/ml
polybrene (Hexadimethrine bromide) to assist in the virus’ entry into target cells and then

frozen and stored at -80°C.

Target Symbol | TRC shRNA ID shRNA Sequence
LCMT-1 L3 TRCN0000035061 | 5’-CGTCGACATGATGGAGTTGTA-3’
PME-1 P2 TRCN0000003058 | 5’-CTGGTGTTGATAGATTGGATA-3’
PME-1 H5 TRCN0000003060 | 5’-GCTTATCCAATCTCTTTCTTA-3’
PP2A Ba B3 TRCN0000002493 | 5>-GCAAGTGGCAAGCGAAAGAAA-3’

PP2A B6 B10 TRCNO0000063710 | 5’-GTCCTTCTTCTCAGAAATAAT-3

PP2A B6 B12 TRCN0000063712 | 5°-CGGGTCCTATAACAACTTCTT-3’

PP2AB’a | H6 TRCNO0000010508 | 5’-GAAGGAATTGGAACGTGAAGA-3’

PP2AB’a | HS TRCN0000010507 | 5’-CACTGAATGAACTGGTTGAGT-3’

Table 1. shRNAs (acquired from The RNAi Consortium (TRC)) targeting PP2A B-type
subunits, LCMT-1 and PME-1. Targets are listed with their corresponding TRCN IDs,

target sequences, and the symbols used in this thesis.

Lentiviral Titering and Infections
Lentiviral titering to determine the concentration of viral particles in each
lentiviral supernatant was necessary to infect HEKTERASB56y cells due to the fact that

these cells already contained the puromycin-resistant B’y shRNA plasmid and could
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therefore, not be further selected for expression of additional puromycin-resistant
shRNAs. To circumvent this issue, HeLa cells which contain no puromycin resistance
were used to determine the titer of each shRNA-expressing lentivirus. HeLa cells were
plated at 5x10* cells in 3.5 cm dishes in triplicate for each lentivirus being titered. The
next day, HeLa cells were infected with SuL, 25uL and 100uL of each virus overnight
and then refed with normal media the next day. Two days post-infection, infected HeLa
cells were fed media supplemented with 2ug/mL puromycin and allowed to grow until a
canary dish which had not been infected was completely dead in response to puromycin
treatment (approximately 3-5 days). HeLa cells successfully infected with the lentiviruses
were collected and counted by hemacytometer. Total cells were divided by the average
number of cells/colony to determine how many cells had been initially infected at day 1
and this number was then multiplied by the dilution factor of the virus to determine the
number of viral particles per mL of lentivirus. The titer counts for all three dilutions were
averaged to acquire the final concentration of viral particles/mL of virus.

To create HEKTERASBS56y cells with stable knockdowns, cells were plated at an
appropriate concentration to be infected at a multiplicity of infection (MOI) of 3 using
0.5mL of virus. This infection rate would ensure that >95% of cells would receive at least
1 viral particle as determined by the Poisson distribution. Cells were also infected with
vector control (pLKO.1) virus by the same process described here. HEKTERASBS56y
cells containing vector control (VC) or the shRNAs were expanded, tested by western
analysis for the knockdown efficiency, and frozen for future experiments. All resulting
cell lines for this study represent populations of thousands of different infected cells and

are not from individual clones.
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Creation of the LCMT-1-Rescue cDNA Sequence.

To create an LCMT-1-rescue construct that expresses LCMT-1 mRNA resistant
to the L3 LCMT-1 shRNA, four silent mutations (depicted here as upper case letters)
were introduced by PCR into the LCMT-1 coding region targeted by the L3 LCMT-1
shRNA: 5’ cgtcgaTatgatggaACtCta 3°. The entire cDNA was sequenced to ensure that

only the intended bases were altered.

Creation of HEKTERASB56y Cells That Stably Express Akt-AA, PME-1, ST110, or an
shRNA-resistant LCMT-1.

cDNA sequences encoding dominant-interfering Akt-AA (Akt T308A/S473A;
gift from Dr. Wei Zhou) [218], PME-1, or L3 shRNA-resistant LCMT-1 were cloned into
the blasticidin-resistant pLenti6-V5-D-Topo vector using conventional cloning
techniques or ligation independent cloning. SV40 small T antigen mutant, ST110, was
made by creating PCR primers to introduce a stop codon at amino acid 111. The primers
also introduced restriction sites on either side of ST110 to facilitate its ligation into the
pLenti6-V5-D-Topo vector backbone. Lentiviruses expressing these proteins were then
generated using Invitrogen’s ViraPower" 4-plasmid lentiviral system and viral titers were
determined as described above. For LCMT-1 overexpression and rescue lines,
HEKTERASBS56y-VC or -L3 knockdown cells were infected with the LCMT-1-rescue
lentivirus creating LCMT-1 OE and L3-rescue cells, respectively. Similarly, Akt-AA was
expressed in both the VC and L3 knockdown cells creating VC-Akt-AA and L3-Akt-AA,
respectively. HEKTERASBS56y cells were infected with the PME-1 lentiviruses or ST110

to create HEKTERASB56y-PME-1 OE and HEKTERASBS56y-ST110, respectively. For
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all lines, vector control cell lines were created by infection of the same cells with
lentiviruses containing an empty pLenti6-V5-D-Topo plasmid. Cells were infected
overnight, selected with 7.5ug/mL blasticidin S-HCI two days post-infection, tested by
western analysis for protein expression of the expressed plasmid, and frozen for future
experiments. All resulting cell lines for this study represent populations of thousands of

different infected cells and are not from individual clones.

Antibodies

LCMT-1 was detected using an affinity-purified rabbit anti-LCMT-1 polyclonal
antibody, RK3110, described previously [53]. Other antibodies used included sepharose
bead-conjugated anti-HA-tag antibody used for immunoprecipitation (F-7 AC; Santa
Cruz), anti-HA antibody used for western blotting (16B12; Covance), anti-GFP mouse
monoclonal antibody (B-2; Santa Cruz), anti-SVST rabbit polyclonal antibody (gift from
W. Hahn), anti-PyST rabbit polyclonal antibody [219], PP2A Ba mouse monoclonal
antibody (clone 2G9; Millipore), PP2A B’a rabbit polyclonal antibody (Bethyl
Laboratories), PP2Ac mouse monoclonal antibody (BD Transduction Laboratories),
unmethylated PP2A C subunit mouse monoclonal antibody (clone 1D6 [43]; available
from Millipore, Santa Cruz Biotechnology, or request to the Pallas lab), p-Akt T308 and
p-Akt S473 rabbit monoclonal antibodies (Epitomics), GAPDH mouse monoclonal
antibody (Abmart), Pmel mouse monoclonal antibody (B12; Santa Cruz Biotechnology),
mouse monoclonal antibodies to p-S6K (p70 T389 and p85 T412) and total rpS6, and

rabbit polyclonal antibodies to p-GSK3B S9, p-rpS6 S235/236, total Akt, total p70/p85
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S6K, and pAkt substrate ((R/K)X(R/K)XX(pT/pS)) obtained from Cell Signaling

Technology.

Cell Lysis and Western Analysis

For cell lysis, cells were washed once each with ice-cold phosphate-buffered
saline (PBS) and IP wash buffer containing 0.135M NaCl, 20nM Tris-pH 8.0, and 10%
glycerol. Cells were then incubated with IP lysis buffer (IP wash buffer plus 1% Nonidet
P-40, 0.04 trypsin inhibitor units/mL aprotinin, 1mM phenylmethylsufonyl fluoride
(PMSF), and 50mM sodium fluoride (NaF)) for 20 minutes while rocking at 4°C. Cells
were then further lysed by passing through a 25 gauge needle and then cleared of debris
by centrifugation at 13,000 x g. For western analysis, samples containing equal amounts
of protein as determined by Lowry protein assay (Bio-Rad) were analyzed on SDS-
polyacrylamide gels. All experiments were conducted using 10% SDS-PAGE gels unless
otherwise stated in figure legends. Gels were transferred onto nitrocellulose membranes
and blocked in 5% non-fat milk/Tris-Buffered Saline-0.1% Tween 20 (TBS-T) solution at
room temperature for 1 hour. Thereafter, membranes were incubated with primary
antibodies in 1% non-fat milk/TBS-T solution overnight in a 4°C hybridization incubator
(Techne). The next day, membranes were washed with TBS-T and incubated with
secondary antibodies coupled to horse-radish peroxidase at room temperature for 1 hour.
After secondary antibody incubation, membranes were again washed and protein bands
were visualized by enhanced chemiluminescence using a BioRad Fluor-S Max
Chemilumimager equipped with a supercooled CCD camera which measures band

intensities and provides linear data over 4.8 orders of magnitude. Quantity One® software
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was used to quantify band intensities. Statistical significance was established by
Student’s t-tests where P values < 0.05 determine the threshold for significance. *,

P<0.05; ** P<0.01.

Transfection Procedure for Expression of SVST, PyST and PP2Ac

For SVST and PyST binding experiments, 5x10° QBI-HEK293 cells were plated
onto 6 cm tissue culture dishes. The next day, cells were cotransfected as described
above, using 9uL. FuGENE, with either 1.5ug SVST or PyST and 1.5ug pcDNA3.1 HA-
wild-type PP2Ac, pcDNA3.1 HA-D85N PP2Ac, or pcDNA3.1 HA-L309A PP2Ac. The
two PP2Ac mutants have previously been used to distinguish between methylation-
sensitive and methylation-insensitive PP2A heterotrimer formation. Specifically, L309A
is a PP2Ac mutant lacking the methylated carboxyl-terminal L309, and D85N is an active
site. PP2Ac mutant with an intact, but unmethylated L309 [44, 216]. One dish per
experiment was also transfected with 3ug pcDNA3.1 empty vector as a control.
Additionally, all plates were cotransfected with a pEGFP-N1 plasmid as a readout of
transfection efficiency. Cells were transfected overnight and then refed with normal
media. Two days post-transfection, cells were lysed and prepared for

immunoprecipitation experiments.

Immunoprecipitation
To immunoprecipitate HA-tagged proteins and complexes, cells were lysed as
described above and then 90% of the lysates were incubated with 40ulL of sepharose

bead-conjugated anti-HA antibody (F-7 AC) for 1.5h while rocking at 4°C. After
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washing twice with PBS and lysis buffer, 30ulL of a 1:4 dilution of GS (33%
glycerol/6.7% SDS) gel loading buffer:IP lysis solution was added to the bead complexes
and then boiled for 2 minutes to separate the immune complexes from the sepharose
beads. The mixture was centrifuged and the supernatant was collected which contained
the immune complexes of interest. HA epitope-tag immunoprecipitates were then treated
with 6uL of reducing agent (100mM DTT), boiled, and then resolved by 12% SDS-
PAGE. The 10% of lysates not immunoprecipitated was also loaded to confirm the
expression of the plasmid proteins. Gels were transferred and Western blot analysis was
conducted as described above. Assays were done at least three times to ensure the

continuity of the results.

PP2A C Subunit Methylation Assay.

The steady-state level of PP2Ac methylation in lysates was determined using a
monoclonal antibody (clone 1D6 [7]; Millipore, Santa Cruz Biotechnology, Dr D. Pallas)
specific for unmethylated PP2Ac. Cell lines were lysed as described above except that the
lysis buffer was supplemented with 250nM of okadaic acid to inhibit additional PP2Ac
methylation or demethylation which might occur during the lysis procedure. Cells were
lysed in 40uL lysis buffer and exactly half of each lysate (20ul) was treated for 5
minutes on ice with 20uL of 200mM NaOH to completely demethylate PP2Ac and then
neutralized with 30uL of neutralization buffer (133.3mM HCI and 333.3mM Tris pH
6.8). The other half of the lysates (20uL) not subjected to base treatment were treated
with 50uL preneutralized base solution (§0mM NaOH, 80 mM HCI, and 200 mM Tris pH

6.8) as a readout for total endogenous demethylated PP2Ac. Samples were then subjected
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to 10% SDS-PAGE and immunoblotted with the methylation-sensitive 1D6 monoclonal
antibody which detects unmethylated PP2Ac and a-tubulin as a loading control. Signals
were detected and quantitative analysis was performed as described in the Cell Lysis and
Western Analysis section above. The percent unmethylated PP2Ac was determined by
quantitatively comparing the unmethylated PP2Ac signals in the untreated (—) lanes and
base-treated (+) lanes. Percent methylated PP2Ac was calculated by subtracting percent
unmethylated PP2Ac from 100. Assays were done at least three times. Statistical
significance was established by Student’s t-tests where P values < 0.05 determine the

threshold for significance. *, P<0.05; ** P<0.01.

Anchorage-Independent Growth (Soft Agar Analysis)

Anchorage-independent growth was assessed by soft agar analysis. Agars consist
of two different layers, a 0.6% agar bottom layer and a less dense, 0.3% top layer which
contains the cells of interest. To make the bottom agar layer, sterilized 2.4% noble agar
was melted and warmed to 42°C in a water bath. Thereafter, the liquid agar was added at
a 1:4 ratio to 2X DMEM media supplemented with 10% FBS, 20uM L-glutamine,
100U/mL penicillin G, 100pg/mL Streptomycin, 250ng/mL amphotericin B, and sterile
water to make a final 1X DMEM final concentration, and plated on 3.5 cm dishes at
2mL/plate. Bottom agars solidified within 10 minutes at room temperature. Before
making the top agar layer, cells were trypsinized and counted by hemacytometer to
acquire 5x10° cells/agar. To make the top layer, the 42°C, sterilized 2.4% noble agar
(temperatures in excess of 42°C may cause cell death) was added at a 1:8 ratio to the 2X

DMEM media described above. 2ml of the 0.3% agar-media mixture was then added to
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the 5x10° cells and plated on top of the 0.6% bottom agar. Top agars required at least 20-
25 minutes to solidify at room temperature. Agars were incubated in 10% CO, at 37°C
for three weeks and fed with 0.25mL of 10% FBS/DMEM weekly to maintain moisture
and nutrients. After three weeks of growth, agars were photographed and quantitatively
analyzed for changes in colony number and size. For colony image figures, small,
representative, microscopic fields within the dishes were photographed at 40x using an
Olympus IX81 microscope equipped with a Nikon Fil/U2 color camera and processed
using NIS Elements software. Colonies were scored for number and volume using a
standard Olympus CK2 benchtop microscope equipped with an eyepiece micrometer
reticle. Colonies 0.1 mm in diameter or larger were counted. All assays were performed
three times in triplicate unless otherwise specified in the figure legend. For all agar
experiments, statistical significance was established by Student’s t-tests. *, P<0.05; **

P<0.01.

Suspension Cultures.

To analyze biochemical changes in anchorage-independent cells, cells were plated
onto Corning 100 mm ultra low attachment culture dishes at 5x10° cells/plate and grown
for 1 week in DMEM supplemented with 10% FBS. The cells formed spherical colonies
similar to those seen in soft agar although, due to the lack of matrix, colonies were not
stationary and were sometimes interconnected. Because of this, and the fact that attempts
to totally dissociate the cells to obtain counts resulted in substantial cell lysis, I used total

cell weights as a measure of growth. After 1 week in culture, colonies were collected,
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washed, pelleted, and then all excess fluid was removed and the cell pellets were weighed

on a highly sensitive scale. Cells were then lysed and analyzed as described above.

Anchorage-Dependent Growth Assays

Four-day anchorage-dependent growth rates were assessed by plating 2.5x10*
cells in triplicate on 3.5 cm plates on day 0 and collecting and counting all viable cells
(adherent and detached) at Days 1, 2, and 4. Seven-day anchorage-dependent growth
rates were assessed by plating 1x10* cells on 10 cm dishes on day 0 and collecting and
counting all viable cells (adherent and detached) at days 1, 3 and 7. Cells were stained
with trypan blue to exclude dead cells and counted by hemacytometer. All assays were

performed at least three times.

Anchorage-Dependent Death Assays

To assess death rates, cells were plated at 5x10* cells per 3.5 cm tissue culture
dish in triplicate and media was changed the next day. After 3 days in culture, both
adherent and detached cells were collected, stained with trypan blue to identify dead cells
and counted by hemacytometer. The percent of total dead cells was calculated by
dividing the total number of trypan blue positive cells by the total number of cells (+ and
- trypan blue). Similarly, death rates in low serum were assessed by plating 5x10” cells
per 3.5 cm tissue culture dish in triplicate. After 24 hours, cells were fed with a 0.1%
FBS-containing media (low serum) and grown for an additional 48 hours. Cells were then
treated as described above and percent cell death was determined. All assays were

performed at least three times.
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Time-Lapse Microscopy

For Bd knockdown time-lapse experiments in HeLa cells, cells were plated at
appropriate concentrations as determined by lentiviral titering of the vector control (VC)
virus, the B10 Bo-targeting virus and the B12 Bo-targeting virus and infected overnight at
a MOI of 3 the following day. After overnight infection, HeLa cells were refed with
normal media and allowed to recover and grow for an additional day before conducting
experiments. Forty-eight hours post-infection, infected HeLa cells were then incubated at
37°C in an atmosphere and temperature-controlled stage incubator (M6; Zeiss
Instruments). An Olympus IX81 phase/fluorescence microscope equipped with an ASI
computer-driven motorized stage was used to conduct time-lapse experiments. Phase
images were captured over a 4 day period at 6 minute intervals and analyzed using
Slidebook Microscope Analysis software (Intelligent Imaging). For Bo knockdown or
SVST expression time-lapse experiments, fluorescence images were captured by a
filtered fluorescence illuminator. For these experiments, cells were observed for 60-72

hours at 6 minute intervals and images were analyzed by the aforementioned software.
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CHAPTER 3.1

Results

Circumventing Cellular Control of PP2A by Methylation Promotes

Transformation in an Akt-dependent Manner

(text and figures in Chapter 3.1 are adjusted from published manuscript: Jackson, J.B.,

Pallas, D.C. (2012) Neoplasia 14(7):585-599. See reference [220])

Hypothesis: Circumventing normal cellular control of PP2A by PP2Ac methylation is a
general strategy for ST- and MT-mediated transformation.

Predictions: 1) PyST and SVST, like PyMT, will bind PP2A in a “methylation-
insensitive” manner and 2) down-regulation of PP2Ac methylation will activate

progrowth, prosurvival signaling and promote transformation.

SVST and PyST Do Not Require PP2Ac Methylation for PP2A Heterotrimer
Formation

I hypothesized that replacement of methylation-sensitive cellular B-type subunits
by methylation-insensitive viral B-type subunits (MT and ST) is an important strategy of
polyomavirus and SV40 for circumventing normal control of cell growth and survival
during transformation (Figure 6A). To test this hypothesis, I first determined whether
SVST and PyST, like PyMT, form PP2A heterotrimers independently of PP2Ac

methylation. For these experiments, I used two PP2Ac mutants that had previously been
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used to distinguish between methylation-sensitive and methylation-insensitive PP2A
heterotrimer formation: L309A, a PP2Ac mutant lacking the methylated carboxyl-
terminal L309, and D85N, an active site PP2Ac mutant with an intact, but unmethylated
L309 [44, 216]. Of note, the latter mutant indirectly inhibits methylation presumably by
blocking association with LCMT-1 (mimicking an LCMT-1 knockdown effect) [54]. I
tested whether SVST and PyST could form heterotrimers containing the L309A and
D85N mutants by using coimmunoprecipitation. SVST and PyST coimmunoprecipitated
to the same extent with wild-type, L309A, and D85N PP2Ac (Figure 6B and C), whereas
endogenous methylation-sensitive Ba only coimmunoprecipitated with wild-type PP2Ac.
This result supports the idea that assembly of PP2A heterotrimers containing MT and ST
oncoproteins is not regulated by PP2Ac methylation, whereas formation of at least some
of the key PP2A heterotrimers they replace is regulated by the methylation status of

PP2Ac.

Loss of LCMT-1 Promotes Transformation

A second prediction of my hypothesis is that reducing PP2Ac methylation by
decreasing the level of the methyltransferase responsible for PP2Ac methylation, LCMT-
1, would promote transformation. To test this prediction, I used a genetically defined
transformation system in which immortalized primary human embryonic kidney cells
expressing SV40 large tumor antigen, activated H-Ras, and human telomerase (HEKTER
cells [178]) have been weakly transformed by down-regulation of the PP2A B-type
subunit, B56y (HEKTERASBS56y cells [171]; see Figure 4 in Introduction). Whereas

HEKTER cells can grow indefinitely in culture, they form very few anchorage-
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independent colonies in soft agar [171, 178]. When SVST is expressed in the
immortalized HEKTER line, the cells grow robustly in soft agar. Knocking down B56y, a
target of SVST, in HEKTER cells partially recapitulates SVST-mediated transformation
phenotype [171]. This weakly transformed HEKTERASB56y line was utilized for the
following studies because it would allow for the determination of the cumulative effect of
targeting additional methylation sensitive B-type subunits and to detect either increased
or decreased transformation upon LCMT-1 down-regulation. HEKTERASBS6y cells
were infected with vector control (VC) or LCMT-1-directed (L3) shRNA virus, and
Western blot analysis was used to verify the knockdown of LCMT-1 (Figure 7A).
Quantitation of three independent experiments showed that the LCMT-1 shRNA stably
reduced LCMT-1 expression by 80% + 6% compared with the VC cells. In addition,
LCMT-1 knockdown reduced the steady-state level of the methylation-sensitive PP2A
Ba subunit (Figure 7A) by 28% =+ 15% (P =.03), showing that the LCMT-1 knockdown
affects at least one B-type subunit that depends on LCMT-1 for heterotrimer formation.
Next, I measured the effect of LCMT-1 knockdown on the steady-state level of
PP2Ac methylation using an assay employing a monoclonal antibody specific for
unmethylated PP2Ac (Figure 7B). As can be seen by comparing the minus base (-) lanes
(which show endogenous levels of unmethylated PP2Ac) in Figure 7B, the amount of
unmethylated PP2Ac greatly increased in L3 LCMT-1 knockdown cells compared with
the VC control cells. Quantitation of the results showed that only 17% of the total PP2Ac
in the LCMT-1 knockdown cells remained methylated compared to 74% methylation in
the control cells (Figure 7C). Thus, LCMT-1 knockdown reduced steady-state PP2Ac

methylation by more than four-fold.
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To examine the role of LCMT-1 and PP2Ac methylation in transformation, VC
and L3 cells were evaluated for anchorage-independent growth in soft agar, an assay
highly predictive of tumorigenicity [221]. After 3 weeks of growth in agar, colonies were
examined by microscopy, revealing that L3 cells formed larger and more abundant
colonies (Figure 7D). Quantitative analysis showed that L3 cells had a two-fold increase
in colony number (Figure 7E) and more than a four-fold increase in colony volume
compared to VC cells (Figure 7F). These results strongly support the hypothesis that
LCMT-1 is a negative regulator of transformation and are consistent with the idea that
circumvention of PP2Ac methylation-regulated control of PP2A function contributes to

MT and ST-mediated transformation.

LCMT-1 Knockdown Does Not Affect Cell Size, Proliferation Rate, Survival, or the Akt
and p70/p85 S6K Signaling Pathways during Normal Anchorage-Dependent Growth
To begin to dissect how a reduction in LCMT-1 promotes anchorage-independent
growth, I tested whether the increase in colony growth of LCMT-1 knockdown cells in
soft agar reflects changes in cell size, cell growth, and/or death rates in standard,
anchorage-dependent tissue culture. VC and L3 cells growing in anchorage-dependent
conditions were analyzed for forward scatter-area (FSC-A) by flow cytometry, which is a
function of relative cell size. In three independent experiments, FSC-A was not
substantially different (Figure 8A), supporting the conclusion that an increase in cell size
on LCMT-1 knockdown does not account for the increase in the number and size of L3
colonies in soft agar. Comparison of the proliferation rates of VC and L3 cells over a 1-

week period also showed no significant differences between the two cell lines, indicating
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that LCMT-1 knockdown does not increase cell proliferation in anchorage-dependent
conditions (Figure 8B). Quantitation of the amount of cell death in VC and L3 cultures
during adherent cell growth also revealed no significant difference between the cell lines
(Figure 8C). Similarly, no significant difference in cell death was seen when the VC and
L3 cells were exposed to low serum conditions (0.1% FBS) for 48 hours to stress the
cells (Figure 8D). Thus, under both normal and serum-starved growth conditions, no
survival advantage is seen for LCMT-1 knockdown cells compared with control cells in
anchorage-dependent growth conditions.

To assess whether LCMT-1 knockdown activates progrowth/prosurvival signaling
pathways during anchorage-dependent growth, I compared the levels of regulatory
phosphorylations on Akt, the Akt substrate, GSK3p, p70/p85 S6K, and ribosomal protein
S6 (rpS6) in adherent cells. No significant differences in these phosphorylations were
detected between the VC and L3 cells (Figure 8E-G). These results indicate that the
activation state of these signaling molecules is not altered by LCMT-1 knockdown in
adherent cultures, consistent with the lack of effect of LCMT-1 knockdown on

proliferation and survival during normal anchorage-dependent growth.

LCMT-1 Knockdown Activates the Akt and p70/p85 S6K Pathways in Anchorage-
Independent Conditions

The observation that LCMT-1 knockdown increased colony number and size in
soft agar but had no significant effect on growth or survival in anchorage-dependent
conditions raised the intriguing possibility that LCMT-1 knockdown might enhance

growth and survival signaling exclusively during anchorage-independent cell growth.
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When anchorage-dependent cells are unable to attach to an appropriate substratum,
reduced growth and survival signaling normally occurs, resulting in cessation of cell
proliferation and eventually cell death [222]. I hypothesized that LCMT-1 is necessary
for the down-regulation of key proliferation and survival signals in anchorage-
independent conditions and that LCMT-1 knockdown inappropriately maintains elevated
levels of progrowth and prosurvival signaling during anchorage-independent growth. To
test this hypothesis, I analyzed the Akt and p70/p85 S6K signaling pathways in VC and
L3 cells growing in anchorage-independent conditions on ultra-low-adherence tissue
culture dishes. In these dishes, both the VC and L3 cell lines proliferate and form
spherical, anchorage-independent clusters of cells. Similar to results from soft agar
growth, the LCMT-1 knockdown cells showed a selective advantage over the control
cells as indicated by a 70% increased total weight of the L3 cells compared with the VC
cells after 1 week of growth under these conditions (Figure 9A). Considering the
difference in assay time, I would expect that the L3 suspension colonies would have had
a similar growth differential to the VC line as seen in soft agar if they were grown for 3
weeks in suspension cultures. Western blot analysis of the VC and L3 cell suspension
cultures revealed a number of progrowth and prosurvival signaling differences. Relative
to VC cells, L3 cells have increased activated Akt as indicated by increased
phosphorylation at both T308, which is located in the kinase domain, and S473, which is
located in the C-terminal regulatory domain (Figure 9B and C). Phosphorylation of these
two sites is carried out by different kinases, and while phosphorylation of T308 partially
activates Akt, full activation requires phosphorylation at both sites [59]. Furthermore, a

downstream target of the Akt cell growth and survival pathway, GSK3p, showed
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significantly increased phosphorylation on Ser9 in L3 cells (Figure 9B and C).
Phosphorylation of Ser9 on GSK3p is inhibitory and would thus be expected to reduce
the reported proapoptotic activities of GSK3f [77]. To further examine activation of Akt,
I probed lysates from these cells with a phospho-Akt substrate antibody that specifically
recognizes the (R/K)X(R/K)XX(pT/pS) motif when it is phosphorylated on the
serine/threonine residue. Consistent with the finding of increased activated Akt on
LCMT-1 knockdown, this antibody detected substantial increases in the phosphorylation
of a number of proteins in L3 cells compared to VC cells (Figure 9D).

The (R/K)X(R/K)XX(pT/pS) substrate phosphorylation motif is also shared with
S6K; therefore, some of the proteins with increased phosphorylation in the L3 lane of
Figure 9D could be p70/p85 S6K substrates. For example, the bracketed protein of ~30
kDa in Figure 9D is likely rpS6, which is a substrate for p70 S6K but not Akt. Probing
for activating phosphorylations on p70/p85 S6K showed that these kinases are indeed
activated by LCMT-1 knockdown (Figure 9E and G). Immunoblot analysis with
phospho-rpS6 and total rpS6 antibodies also confirmed that LCMT-1 knockdown
increases rpS6 phosphorylation on a site that correlates with increased protein translation
[223, 224] (Figure 9F and G). These results support the idea that LCMT-1 knockdown
increases survival in an anchorage-independent environment through modulation of the

Akt and p70/p85 S6K pathways.
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Effects of LCMT-1 Knockdown on Growth and Signaling Are Rescued by Exogenous
Expression of LCMT-1

To confirm that the effects of enhanced transformation and altered signaling in the
LCMT-1 knockdown line are specifically due to decreased LCMT-1, I tested whether the
effects of LCMT-1 knockdown could be rescued by exogenously expressing LCMT-1.
To accomplish this, the original VC cells were infected with an empty expression vector
(creating VC-control cells) and the original LCMT-1 knockdown cells (L3) were infected
with either an empty vector (creating L3-control cells) or a vector expressing an L3
shRNA-resistant LCMT-1 mRNA (creating L3-rescue cells). Western blot analysis
verified that LCMT-1 remained knocked down in the L3-control line and that LCMT-1
protein expression was rescued in the L3-rescue line (Figure 10A). Analysis of the level
of PP2Ac methylation in these cell lines demonstrated that restoration of LCMT-1
expression restored the normal level of PP2Ac methylation in the L3-rescue cells (Figure
10B and C). To examine the ability of exogenous LCMT-1 expression to rescue the effect
of LCMT-1 knockdown on transformation, VC-control, L3-control, and L3-rescue lines
were subjected to soft agar analysis. The number of colonies produced by the L3-rescue
cells was reduced almost three-fold from the L3-control cells and was comparable to the
VC-control cells (Figure 10D and E), indicating that loss of LCMT-1 was indeed
responsible for the increase in colony number observed on LCMT-1 knockdown. LCMT-
1 reexpression (L3-rescue) also significantly reversed colony size compared to the
LCMT-1 knockdown cells (L3-control; Figure 10D and F). These results support the
conclusion that reduction of LCMT-1 enhances transformation in the HEKTERASB56y

cell line, presumably by hampering PP2A's tumor suppressor function. Consistent with
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the hypothesis that LCMT-1 has a tumor suppressor function, overexpression (OE) of
LCMT-1 in HEKTERASBS56y cells (Figure 11A) also substantially reduced colony
number by 95% (Figures 11B and C) and volume by 58% in soft agar (Figures 11B and
D). These differences in anchorage-independent growth were not reflected in anchorage-
dependent proliferation rates (Figure 11E); therefore, the anti-transformative effects of
PP2Ac methylation are specific to anchorage-independent cell populations. Furthermore,
suspension cell lysates show that LCMT-1 overexpression significantly reduces Akt T308
phosphorylation by 22% + 4% (P<0.001) and S473 phosphorylation by 27% + 15%
(P=0.03) (Figure 11F) as well as phosphorylation of some downstream Akt substrates
(Figure 11G, arrows). Together, these data argue that loss of PP2Ac methylation
promotes transformation, whereas increasing PP2A methylation reduces transformation.
To determine whether reexpression of LCMT-1 in L3 cells reverses the changes
in the Akt and p70/p85 S6K signaling pathways induced by LCMT-1 knockdown, the
VC-control, L3-control, and L3-rescue cells were grown in suspension in ultra-low-
adherent culture dishes. Reexpression of LCMT-1 completely reversed the anchorage-
independent growth advantage observed in L3-rescue cells (Figure 12A).
Correspondingly, in suspension cell lysates the phosphorylation levels of T308 and S473
on Akt and of S9 on GSK3p were fully reversed to control levels (Figure 12B and C;
compare L3 rescue to VC-control). Levels of phosphorylation on (R/K)X(R/K)
XX (pT/pS) motif-containing proteins were also reversed to control levels (Figure 12D).
Lastly, Western blot analysis revealed that reexpression of LCMT-1 fully reversed the
activation of p70/p85 S6K and rpS6 phosphorylation (Figure 12E-G). These results

demonstrate that the signaling changes detected in this system upon LCMT-1 knockdown
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are due specifically to reduction in the LCMT-1 protein level. They also support the
hypothesis that that loss of PP2A methylation promotes transformation, although I cannot

rule out a possible contribution of a yet to be discovered LCMT-1 target.

Akt Activation Is Necessary for the Enhanced Transformation Caused by LCMT-1
Knockdown

To test the hypothesis that LCMT-1 knockdown increases transformation through
activating the Akt survival pathway, I expressed a dominant-negative Akt (Akt-AA) in
LCMT-1 (L3) knockdown cells (creating L3-Akt-AA cells). Akt-AA was also expressed
in vector control cells (creating VC-Akt-AA cells) to assess the effects of dominant-
negative Akt independent of LCMT-1 knockdown. VC-control, VC-Akt-AA, L3-control,
and L3-Akt-AA cell lines were analyzed by Western blot to confirm the expression of the
mutant Akt construct and the maintenance of LCMT-1 knockdown in L3-Akt-AA cells
(Figure 13A). These lines were then subjected to soft agar analysis to assay for
anchorage-independent growth (Figure 13B). The expression of Akt-AA completely
reversed the increase in colony number (~2.4-fold) observed upon LCMT-1 knockdown
and reduced the average colony volume of LCMT-1 knockdown cells by more than 2.3-
fold (Figure 13C-D). In contrast, the expression of Akt-AA in HEKTERASB56y VC
cells resulted in only a ~30% reduction in soft agar colony number that was not
statistically significant and reduced colony size by only 6% in soft agar (Figure 13C-D),
indicating that the effect of expressing the kinase-deficient Akt in L3 knockdown cells is

largely specific for LCMT-1.
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To examine the effect of dominant-negative Akt-AA expression on Akt signaling,
VC-control, L3-control, and L3-Akt-AA cells were grown in suspension and analyzed by
Western blot. Because the VC-Akt-AA cell line resulted in little change in anchorage-
independent growth, it was excluded from further analysis. Akt S473 phosphorylation
and GSK3B S9 phosphorylation were reduced to control levels, whereas Akt T308
phosphorylation was partially reduced but not significantly (Figure 14A and B).
Immunoblot analysis with the (R/K)X(R/K)XX(pT/pS) motif antibody showed that
phosphorylation of most proteins affected by LCMT-1 knockdown was also reversed to
control levels (Figure 14C). Lastly, I probed lysates from these lines for p70/p85 S6K
activating phosphorylations and phosphorylation of rpS6. p70/p85 S6K activating
phosphorylations were substantially and significantly reduced in L3-Akt-AA cells as was
rpS6 phosphorylation (Figure 14D-F). Together, these results show that Akt signaling is
required for the enhanced transformation caused by LCMT-1 knockdown and for much

of the p70/p85 S6K pathway activation.

Overexpression of the PP2Ac Methylesterase, PME-1, Causes Similar Changes in
Anchorage-Independent Growth and Signaling As LCMT-1 Knockdown

PME-1 overexpression provides another approach to test the effects of reduced
PP2A methylation on transformation. To determine whether PME-1 overexpression
would cause the same effects as LCMT-1 knockdown, I overexpressed PME-1 in
HEKTERASBS6y cells (creating PME-1 OE cells). VC and PME-1 OE cells were
analyzed by Western blot analysis to verify PME-1 expression (Figure 15A). PP2Ac

methylation in cell lysates was reduced from 81% for VC cells to 26% for PME-1 OE
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cells (Figure 15B-C). Results of experiments evaluating anchorage-independent growth
in soft agar showed that PME-1 overexpression significantly increases colony number,
but not colony volume (Figure 15D-F). To assess signaling changes in anchorage-
independent conditions, cells were grown in suspension for 1 week, weighed, and lysed.
Although no significant growth advantage was seen as measured by total suspension cell
weight (Figure 16A), this may reflect the fact that PME-1 OE resulted in a modest
increase in soft agar growth. Western blot analysis of VC and PME-1 OE suspension cell
lysates for changes in the Akt and p70/p85 S6K pathways showed that PME-I
overexpression significantly increased T308 phosphorylation on Akt but not S473
phosphorylation on Akt or pGSK3 S9 phosphorylation (Figure 16B-C). Probing lysates
from VC and PME-1 OE cells with (R/K)X(R/K)XX(pT/pS) substrate motif antibody
demonstrated that PME-1 overexpression increased the phosphorylation of several
proteins migrating at positions of proteins whose phosphorylation was increased in
LCMT-1 knockdown cells (compare Figure 16D to Figure 9D). Lastly, activating
phosphorylation of p70/p85 S6K and phosphorylation of rpS6 were significantly
increased (Figure 16E-G). These results show that overexpression of PME-1 reduces
PP2Ac methylation, increases transformation, and alters Akt and p70/p85 S6K signaling
in a manner similar to LCMT-1 knockdown. Therefore, PP2Ac methylation, and thus the
binding of methylation-dependent B-type subunits to PP2A, is important for PP2A’s
tumor suppressor function.

Together, these results clearly demonstrate that ST and MT antigens bind PP2A in
a methylation-independent manner and that circumventing methylation partially mimics

ST- and MT-mediated transformation of human cells. To further investigate how T
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antigens promote transformation by replacing PP2A B-type subunits, in Chapter 3.2, I
explore the transformative effects of knocking down the methylation-dependent B-type
subunits targeted by the T antigens in conjunction with B’y knockdown. Furthermore, I
investigate the potential contribution of the PP2A-independent region of SVST to
transformation to determine if this region can complement B’y knockdown to further
enhance transformation. Finally, results presented in this section imply that promoting
PP2Ac methylation may serve as a novel therapeutic strategy for cancer. Therefore, in
Chapter 3.3, I explore this hypothesis by knocking down the PP2A methylesterase, PME-
1, to enhance PP2Ac methylation and analyze the effects on transformation in the

HEKTERASBS56y system.
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Figure 6. Unlike the methylation-dependent cellular B-type subunit, Ba, Simian
Virus 40 small T (SVST) and Polyomavirus ST (PyST) can incorporate into PP2A
heterotrimers independently of PP2Ac carboxyl methylation. (A) The diagram illustrates
a potential strategy of polyomavirus and SV40 in which methylation-insensitive viral B-
type subunits (PyMT, PyST, and SVST) specifically replace methylation-sensitive
cellular B-type subunits (B*), thus promoting transformation by circumventing normal
control of PP2A by methylation. LCMT-1 promotes PP2Ac subunit methylation and the
assembly of methylation-sensitive B-type subunits into PP2A heterotrimers (B*AC),

which block transformation. Specific targeting of PP2A B*AC complexes by MT and ST
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oncoproteins promotes transformation. (B and C) HEK 293 cells were cotransfected with
empty vector, HA-tagged wild-type PP2Ac (HA-PP2Ac wt), HA-tagged PP2Ac D85N
mutant, HA-tagged PP2Ac carboxy-terminal leucine deletion mutant (HA-PP2Ac
L309A), and SVST (B) or PyST (C) in the combinations indicated. HA-epitope tagged
PP2Ac was immunoprecipitated 48h later with a sepharose bead-conjugated anti-HA
antibody for 1.5h at 4°C with rocking to determine the binding of endogenous Ba and
SVST (B) or PyST (C). After washing twice with PBS and lysis buffer, immune
complexes (upper panels) and lysates (lower panels) were resolved on a 12% SDS-PAGE
gel and probed with antibodies to the HA epitope tag, Ba subunit and SVST (B), or PyST

(C). Figure and legend adjusted from [220].
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Figure 7. Knocking down LCMT-1 promotes transformation. (A) Knockdown of
LCMT-1 in HEKTERASBS56y cells. HEKTERASBS56y cells stably expressing empty
pLKO.1 vector control (VC) or LCMT-1 shRNA (L3) were lysed and LCMT-1 and Ba
levels were detected by western blotting. GAPDH was used as loading control. (B and C)
PP2Ac is highly unmethylated in the LCMT-1 knockdown line. (B) As described in
Materials and Methods, equal volumes of lysates from VC and L3 cells were either
treated with preneutralized base solution (- lanes; show unmethylated PP2Ac levels in

cells) or base treated to completely demethylate PP2Ac and then neutralized (+ lanes;
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100% demethylated controls) prior to being analyzed by western blotting for the level of
unmethylated PP2Ac and a-tubulin (loading control). (C) The percent unmethylated
PP2Ac was determined by quantitatively comparing the unmethylated PP2Ac signals in
the — and + lanes. Percent methylated PP2Ac was calculated by subtracting percent
unmethylated PP2Ac from 100. Graph depicts the average percent methylation of PP2Ac
in VC and L3 knockdown lines. Error bars represent standard deviation (S.D.) of three
independent experiments. (D) Anchorage-independent growth of VC and L3 knockdown
cells in soft agar. Photographs show small, single, representative fields within the agar
wells. Average colony numbers (E) and average colony volumes (F) were determined as
described in Materials and Methods and data is shown in graphs as fold change relative to
VC. Error bars represent S.D. of three independent experiments performed in triplicate. *,

P<0.05; ** P<0.01. Figure and legend adjusted from [220].
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Figure 8. Adherent control and LCMT-1 knockdown lines show no difference in
growth, death, or Akt and S6K signaling. (A) Non-confluent vector control (VC) and
LCMT-1 knockdown (L3) cells growing on 10 cm tissue culture dishes for 48 hours were
trypsinized, washed, and dispersed into single cell suspensions. 2x10* cells/sample were
analyzed using an AccuriC6 Flow Cytometer to compare cell size as determined by

forward scatter-area (FSC-A). The average cell size is presented in the graph as fold
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change relative to VC. (B) Growth rates of adherent VC and L3 knockdown lines were
assessed by plating 1x10* cells on 10 cm dishes on day 0 and collecting and counting all
viable cells (adherent and detached) at days 1, 3 and 7. Cells were stained with trypan
blue to exclude dead cells and counted by hemacytometer. Graph represents the average
number of live cells at each time point. (C) The VC and L3 knockdown lines were plated
at 5x10” cells per 3.5 cm dish in triplicate and grown for 72 hours. Both adherent and
detached cells were collected, stained with trypan blue to identify dead cells and counted
by hemacytometer. The average percentage of dead cells of the VC and L3 knockdown
lines is presented in the graph as % cell death. (D) VC and L3 cell lines were plated at
5x10* cells per 3.5 cm dish in triplicate and cultured in DMEM supplemented with 10%
FBS for 24 hours. Cells were then serum starved (0.1% FBS) for 48 hours and the
percentage of dead cells was determined. The average percentage of dead cells in each
line is presented in the graph. (E-G) Lysates from adherent VC and L3 knockdown cells
were analyzed by western blotting for pAkt T308, pAkt S473, pGSK3f S9, p-p85 S6K,
p-p70 S6K and p-rpS6. GAPDH, total Akt, total p70 and p85 S6K, and total rpS6 were
used as loading controls. No statistically significant changes were seen in signaling in
three independent experiments. Error bars in all panels represent S.D. of three

experiments. *, P<0.05; ** P<0.01. Figure and legend adjusted from [220].
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Figure 9. LCMT-1 knockdown activates Akt and S6K signaling in anchorage-
independent conditions. (A) Equal numbers of vector control (VC) and LCMT-1
knockdown (L3) cells were seeded on low-binding tissue culture dishes to analyze

differences during anchorage-independent growth. After 1 week, suspension cells were
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weighed to assess growth. In the graph, data is presented as average fold change relative
to VC for three independent experiments. (B) Lysates from VC and L3 knockdown
suspension cells were analyzed by western blotting for changes in activation of Akt.
GAPDH and total Akt were used as loading controls. Western blotting for LCMT-1
confirmed the knockdown of LCMT-1 in suspension cultures. (C) Graph depicts the
average levels of phospho-Akt T308, phospho-Akt S473 and phospho-GSK3p S9 in three
independent immunoblot experiments as fold change relative to VC. (D) An anti-Akt
phospho-substrate motif (R/K)X(R/K)XX(pT/pS) antibody was used to probe the VC and
L3 knockdown suspension cell lysates. Arrows highlight some proteins with increased
phosphorylation in the L3 knockdown cells relative to VC. Bracket with asterisk
indicates phospho-rpS6, which is known to cross-react with this antibody. (E and F)
Lysates were probed for changes in p70 and p85 S6K activation and rpS6
phosphorylation. Total p70 and p85 S6K and total rpS6 were used as loading controls.
(G) Graph represents average fold change in the levels of phospho-p85, phospho-p70 and
phospho-rpS6 in three independent immunoblot experiments relative to VC. Experiments
were performed in triplicate and error bars in all panels represent S.D. *, P<0.05; **,

P<0.01. Figure and legend adjusted from [220].
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Figure 10. Effects of LCMT-1 knockdown on transformation are rescued by
expression of an shRNA-resistant LCMT-1. (A) Rescue of the LCMT-1 knockdown line.
Lysates from vector control (VC) and LCMT-1 knockdown (L3) cells stably expressing
an empty control plasmid (VC-control and L3-control, respectively) and LCMT-1
knockdown cells stably expressing an LCMT-1 rescue plasmid (L3-rescue) were
analyzed by western blotting for LCMT-1 protein expression. (B and C) PP2Ac

methylation is rescued in the L3 rescue cell line. (B) Equal volumes of lysates from VC-



78

control, L3-control and L3-rescue were either treated with preneutralized base solution (-
lanes; show unmethylated PP2Ac levels in cells) or base treated and then neutralized (+
lanes; 100% demethylated controls) prior to being analyzed by western blotting for the
level of unmethylated PP2Ac and a-tubulin (loading control). (C) Graph depicts the
average percent methylation of PP2Ac in the lysates, calculated as described in the
legend to Fig. 6C. (D) Anchorage-independent growth of VC-control, L3-control, and
L3-rescue cells in soft agar. Photographs show small, single, representative fields within
the agars. Average colony numbers (E) and average colony volumes (F) were determined
and data is shown in graphs as fold change relative to VC-control. Error bars in all panels
represent S.D. of three independent experiments. *, P<0.05; ** P<0.01. Figure and

legend adjusted from [220].
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methylation. (A) Lysates from HEKTERASBS56y cells stably expressing either an empty

vector (VC) or excess LCMT-1 (LCMT-1 OE) were analyzed by western blotting for the
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expression of LCMT-1. (B) Anchorage-independent growth of VC and LCMT-1 OE cells
in soft agar. Photographs show small, single, representative fields within the agars.
Average colony numbers (C) and average colony volumes (D) were determined and data
are shown in graphs as fold change relative to VC. Error bars represent S.D. of three
independent experiments performed in triplicate. *, P<0.05; **, P<0.01. (E) Growth rates
of adherent VC and LCMT-1 OE cells were assessed as described in 3B. Graph
represents the average number of live cells at Days 1, 3, and 7. (F) Lysates from VC and
LCMT-1 OE suspension cells were analyzed by western blotting for changes in activation
of Akt. Total Akt was used as loading control. (G) Akt phospho-substrate antibody was
used to probe the VC and LCMT-1 OE lysates. Arrows highlight some proteins whose

phosphorylation increased in LCMT-1 OE cells.
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Figure 12. Effects of LCMT-1 knockdown on biochemical signaling are rescued by
re-expression of LCMT-1. (A) Normalization of anchorage-independent growth by
LCMT-1 re-expression. Anchorage-independent growth of VC-control, L3-control and
L3-rescue cells (defined in Fig. 5A) were assessed as in Fig. 4A by weighing cells after 1
week in suspension culture. Data is presented as fold-change relative to VC. (B, C, and

D) Normalization of Akt signaling by LCMT-1 re-expression. (B) Lysates from VC-
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control, L3-control, and L3-rescue suspension cells were analyzed by western blotting for
changes in activation of Akt. GAPDH and total Akt were used as loading controls. (C)
Graph depicts the average fold change in the levels of phospho-Akt T308, phospho-Akt
S473 and phospho-GSK3B S9 in three immunoblot experiments relative to VC-control.
(D) Akt phospho-substrate antibody was used to probe lysates from the VC-control, L3-
control, and L3-rescue lines. Arrows indicate some proteins whose phosphorylation
increased upon L3 knockdown but returned to control levels upon re-expression of
LCMT-1. Bracket indicates phospho-rpS6. (E and F) Rescue of S6K activation and rpS6
phosphorylation by LCMT-1 re-expression. Lysates were probed for changes in the
activation state of p70 and p85 S6K and rpS6 phosphorylation. Total p70 and p85 S6K
and total rpS6 were used as loading controls. (G) Graph represents average fold change in
the levels of phospho-p85, phospho-p70 and phospho-rpS6 in three immunoblot
experiments relative to VC-control. Error bars in all panels represent S.D. of three

independent experiments. *, P<0.05; **, P<0.01. Figure and legend adjusted from [220].
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Figure 13. Akt activation is necessary for the enhanced transformation caused by
LCMT-1 knockdown. (A) Lysates from vector control (VC) and LCMT-1 knockdown
(L3) cells stably expressing an empty control plasmid (VC-control and L3-control,
respectively) and lysates from VC and L3 knockdown cells stably expressing dominant
negative Akt-AA (VC-Akt-AA and L3-Akt-AA, respectively) were analyzed by western
blotting for the expression of Akt-AA, LCMT-1, and GAPDH. (B) Anchorage-
independent growth of VC-control, VC-Akt-AA, L3-control and L3-Akt-AA cells in soft
agar. Photographs show small, single, representative fields within the agars. Average
colony numbers (C) and average colony volumes (D) were determined and data is shown
in graphs as fold change relative to VC-control. Error bars represent S.D. of three

independent experiments performed in triplicate. *, P<0.05; **, P<0.01.
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Figure 14. Effects of LCMT-1 knockdown on biochemical signaling are reversed by
expression of dominant-negative Akt. (A) Lysates from VC-control, L3-control and L3-
Akt-AA suspension colonies were analyzed by western blotting for changes in activation
of endogenous Akt. GAPDH was used as a loading control. (B) Graph depicts the
average fold change in the levels of phospho-Akt T308, phospho-Akt S473, and phospho-
GSK3p S9 in three immunoblot experiments relative to VC-control. (C) Probing of VC-
control, L3-control, and L3-Akt-AA lysates with phospho-Akt substrate antibody shows
that dominant negative Akt expression prevents the increased phosphorylation of many

proteins caused by LCMT-1 knockdown (arrows show examples). The bracket with
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asterisk indicates phospho-rpS6, which ran at the bottom of this 7.5% SDS-PAGE gel. (D
and E) Lysates were probed for changes in p70 and p85 S6K activation and rpS6
phosphorylation. Total p70 and p85 S6K and total rpS6 were used as controls. (F) Graph
depicts the average fold change in the levels of phospho-p85, phospho-p70 and phospho-
rpS6 in three immunoblot experiments relative to VC-control. Error bars represent S.D.
of three independent experiments. For all graphs: *, P<0.05; **, P<0.01. Figure and

legend adjusted from [220].
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Figure 15.  Overexpression of the PP2A methylesterase, PME-1, enhances
transformation. (A) Lysates from HEKTERASBS56y cells stably expressing either an
empty vector (VC) or excess PME-1 (PME-1 OE) were analyzed by western blotting for
the expression of PME-1. (B and C) PP2Ac methylation is reduced in the PME-1 OE cell
line. (B) Equal volumes of lysates from VC and PME-1 OE lines were either treated with
preneutralized base solution (- lanes; show unmethylated PP2Ac levels in cells) or base
treated and then neutralized (+ lanes; 100% demethylated controls) prior to being
analyzed by western blotting for the level of unmethylated PP2Ac and a-tubulin (loading

control). (C) Graph depicts the average percent methylation of PP2Ac in the lysates,
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calculated as described in the legend to Fig. 6C. Error bars represent S.D. of three
independent experiments. (D) Anchorage-independent growth of VC and PME-1 OE
cells in soft agar. Photographs show small, single, representative fields within the agars.
Average colony numbers (E) and average colony volumes (F) were determined and data
is shown in graphs as fold change relative to VC. Error bars represent S.D. of six
independent experiments performed in triplicate. **, P<0.01. Figure and legend adjusted

from [220].
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Figure 16. Overexpression of the PP2A methylesterase, PME-1, elicits similar
biochemical changes as LCMT-1 suppression. (A) Anchorage-independent growth of VC
and PME-1 OE cells were assessed as in Fig. 4A by weighing cells after 1 week in
suspension culture. Data is presented as fold-change relative to VC (B) Lysates from VC
and PME-1 OE suspension cells were analyzed by western blotting for changes in
activation of Akt. GAPDH was used as a loading control. (C) Graph depicts the average

fold change in the levels of phospho-Akt T308, phospho-Akt S473 and phospho-GSK3[
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S9 in three independent immunoblot experiments relative to VC. (D) Akt phospho-
substrate antibody was used to probe the VC and PME-1 OE lysates. Arrows highlight
some proteins whose phosphorylation increased in PME-1 OE cells. Bracket with asterisk
indicates phospho-rpS6. (E and F) Lysates were probed for changes in p70 and p85 S6K
activation and rpS6 phosphorylation. Total p70 and p85 S6K and total rpS6 were used as
controls. (G) Graph represents the average fold change in the levels of phospho-p85,
phospho-p70 and phospho-rpS6 in three immunoblot experiments relative to VC. Error
bars represent S.D. of three independent experiments. For all graphs: *, P<0.05. Figure

and legend adjusted from [220].
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CHAPTER 3.2

Results

Investigating the Potential Targets of SV40 Small T Antigen and the
Potential Contributions of the SV40 Small T Antigen PP2A-independent

Region to Transformation

Hypothesis: The PP2A-independent region of SV40 small T (SVST) or inhibition of
methylation-sensitive, T-antigen targeted PP2A B-type subunits may be important for
SVST-mediated transformation.

Predictions: Expressing the PP2A-independent region of SVST or suppressing PP2A B-
type subunits targeted by SVST, in combination with B’y knockdown, will better

recapitulate SVST’s robust transformative capacity.

Expression of the PP2A-independent region of SVST does not complement B’y
knockdown to further enhance transformation

The N-terminal, PP2A-independent region of SVST is not sufficient to promote
transformation in HEKTER cells [178] and is not itself required for interaction of SVST
and PP2A; however it does enhance SVST’s affinity for PP2A [179]. Furthermore, this
region participates in chaperone activity and cell cycle regulation [180, 181], which may

contribute to the transformative properties of SVST in conjunction with suppression of
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PP2A complexes. Therefore, I hypothesized that expressing the first 110 amino acids of
SVST (ST110), the PP2A-independent region of SVST (Figure 17A), may complement
the B’y knockdown in the HEKTERASBS56y cell line to further support cellular
transformation. To test this hypothesis, HEKTERASBS56y cells were infected with vector
control (VC) or ST110-expressing lentivirus and Western blot analysis was used to verify
the stable expression of ST110 (Figure 17B). To examine the contribution of the PP2A-
independent region of SVST to transformation, VC and ST110 cells were evaluated for
anchorage-independent growth in soft agar. After 3 weeks of growth in agar, colonies
were photographed (Figure 17C) and examined by microscopy for differences in colony
number and size. Surprisingly, expression of ST110 did not complement the B’y
knockdown to enhance transformation in HEKTERASBS56y cells. Rather, expression of
ST110 significantly reduced colony number by 76% (Figure 17D) and colony volume by
over 30% (Figure 17E). Therefore, ST110 could not contribute to transformation in this
system and instead may exert a dominant-negative effect on the transformed phenotype
of the HEKTERASBS56y cell line. In other words, the PP2A-independent region of SVST
may interact with one or more unknown, antiproliferative, antisurvival targets thereby

counteracting the progrowth, prosurvival signaling provided by the B’y knockdown.

Suppression of methylation-sensitive, SVST-targeted PP2A B-type subunits in
combination with B’y knockdown reveals differential effects on cell growth, survival,
and transformation

SVST, like PyST and PyMT, blocks PP2A function by replacing certain B-type

subunits resulting in transformation. Specifically, Ba, B’a, and B’y, have been identified
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as being targeted for replacement by MT and/or ST oncoproteins [98, 171, 173, 175].
Interestingly, of the three cellular B-type subunits reported to be displaced by the MT or
ST oncoproteins, two (Ba and B’a) are methylation-sensitive and one (B’y) is likely to be
methylation-sensitive [43, 44, 46, 52, 216]. Furthermore, based on the high sequence
homology between Ba and B9, it likely that B is also methylation-sensitive and targeted
by MT and ST oncoproteins. In Chapter 3.1, I investigated the effects of inhibiting
PP2Ac methylation by targeting the PP2Ac methyltransferase, LCMT-1, and determined
that suppression of PP2Ac methylation enhanced cellular transformation. In order to
understand the individual and distinct contributions of each methylation-sensitive B-type
subunit, I knocked down Bo, and B’a individually in the HEKTERASBS56y cell line to
determine if either of these methylation-sensitive B-type subunits could enhance
anchorage-independent growth in soft agar and better recapitulate the robust
transformation seen with SVST expression in HEKTER cells. Furthermore, I knocked
down Bo in HeLa cells and observed parallel effects between Bo suppression and SVST
expression on mitosis.

Suppressing Ba. To explore the effect of knocking down PP2A-Ba complexes,
HEKTERASBS56y cells were infected with vector control (VC) or Ba-directed (B3)
shRNA virus, and Western blot analysis was used to verify the knockdown of Ba (Figure
18A). Quantitation of three independent experiments showed that the Ba shRNA stably
reduced Ba expression by 86% + 5% compared with the VC cells. In addition, the steady-
state expression level of Ba was also reduced in LCMT-1 knockdown line showing that
the Ba subunit is methylation-sensitive. To examine the role of Ba in transformation, VC

and B3 cells were evaluated for anchorage-independent growth in soft agar. After 3
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weeks of growth in agar, colonies were examined by microscopy and quantitative
analysis showed that B3 cells had a two-fold, albeit not statistically significant, increase
in colony number (Figure 18B) and showed no change in colony volume compared to VC
cells (Figure 18C). These results indicate that while targeting Bo may contribute slightly
to the cumulative effects of SVST-mediated transformation, it cannot on its own promote
robust transformation. To further understand why Ba did not significantly enhance
transformation as predicted by the hypothesis, B3 cells were analyzed for differences in
growth and survival compared to VC cells. Comparison of the proliferation rates of VC
and B3 cells over a 4-day period showed no significant differences between the two cell
lines, indicating that Bo knockdown does not alter cell proliferation in anchorage-
dependent conditions (Figure 18D). Quantitation of the amount of cell death in VC and
B3 cultures during adherent cell growth in normal media with serum showed that Ba
knockdown cells had increased cell death but the increase was not statistically significant
(Figure 18E). Therefore, VC and B3 cells were grown in low serum conditions (0.1%
FBS) for 48 hours to stress the cells, which did reveal an effect on survival. B3 cells
exhibited more sensitivity to low serum conditions with over a two fold increase in cell
death compared to VC cells (Figure 18F). This result suggests that Ba is important for
survival signaling in low nutrient conditions providing a possible explanation for the
modest growth in soft agar.

Suppressing B’a. To explore the effect of knocking down PP2A-B’a complexes,
HEKTERASBS56y cells were infected with vector control (VC) or B’a-directed (H6)
shRNA virus, and Western blot analysis was used to verify the knockdown of B’a

(Figure 19A). Quantitation of the Western blot showed that the B’a shRNA stably



94

reduced B’a expression 60% compared with the VC cells. To examine the role of B’a in
transformation, VC and H6 cells were evaluated for anchorage-independent growth in
soft agar. After 3 weeks of growth in agar, colonies were examined by microscopy and
quantitative analysis showed that H6 cells had a statistically significant 69% and 32%
reduction in colony number and volume, respectively (Figures 19B and C). Additionally,
a second B’a-targeting shRNA (H5) was used to confirm the reduction in transformation
and soft agar analysis of cells knocked down for B’a by the H5 shRNA revealed
statistically significant reductions in colony number by 96% and colony volume by 37%
(Figure 19B and C). These results were particularly surprising on first glance as they did
not seem to fit with the hypothesis that targeting methylation-sensitive PP2A complexes
would promote transformation as seen with the direct suppression of PP2Ac by LCMT-1
knockdown. Instead, suppression of B’a reduced transformation in HEKTERASBS56y
cells, and thus does not complement B’y knockdown to recapitulate SVST-mediated
transformation. Nonetheless, this result was quite interesting and presents the possibility
that suppressing B’a-containing complexes may be useful as an anti-cancer target. To
further divulge how targeting B’a reduces anchorage-independent growth, I tested
whether the decrease in colony growth of B’a knockdown cells in soft agar reflects
changes in proliferation and/or death rates in standard, anchorage-dependent tissue
culture. Comparison of the proliferation rates of VC and H6 cells over a 4-day period and
of cell death rates in normal and low serum conditions revealed no significant differences
between the two lines in anchorage-dependent conditions (Figures 19D-F). Therefore,
suppression of B’a reduces cellular growth and/or survival specifically in anchorage-

independent conditions, and thus may have potential as an anti-cancer strategy.
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Suppressing Bd. During the initial stages of selecting the most potent shRNAs
for knockdown in HEKTERASBS56y cells, HeLa cells are used to titer shRNA-expressing
viruses to determine the concentration of viral particles per milliliter of virus produced.
Furthermore, infected HeLa cells are then subjected to western analysis to assess the
knockdown efficiency for each shRNA, thereby revealing the best viral candidate for
infection of HEKTERASBS56y cells. Due to the lack of availability of a Bd antibody,
HeLa cells infected with VC or Bo-directed shRNA viruses (B10-B12) were transfected
with a HA-tagged PP2A B and also cotransfected with GFP as a readout of transfection
efficiency. Forty-eight hours post-transfection, HeLa cells were lysed and analyzed by
Western blotting for the level of Bd knockdown. Using GFP as a total transfection
readout and PP2Ac as a loading control, B6 was found to be reduced in the B10, B11,
and B12 knockdown lines by 73%, 21% and 40%, respectively when compared to VC
(Figure 20A). Thus, the B10 and B12 Bo-targeting lentiviruses were deemed the most
potent and were, therefore, utilized for further experimentation. Interestingly, after
several days in culture, HeLa cells infected with the B10 and B12 Bd-targeting
lentiviruses became visibly distressed and would undergo apoptosis. This preliminary
finding became of great interest considering the fact that B is involved in cell cycle
regulation. Therefore, it seemed likely that the knockdown was contributing to mitotic
dysfunction. Of note, expression of SVST has also been linked to the deregulation of the
cell cycle and thus it is feasible that it does so by targeting Bd-containing PP2A
complexes. To further explore these speculations, HeLa cells were utilized to assess

mitotic defects associated with Bd knockdown or SVST expression.
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To confirm and document what had been visually observed, HeLa cells were
infected with VC, B10 and B12 lentiviruses at an MOI of 3 to ensure that >95% of cells
would receive at least one viral particle. Forty-eight hours post-infection, infected cells
were observed by phase-contrast, time-lapse microscopy over a 4-day period (Figure
20B). At the start of the time-lapse, HeLa VC, B10 and B12 cells appear to be very
similar in cell morphology and colony size. After 24 hours (or 3 days post-infection), the
control and knockdown cells still appear similar; however, the B10 and B12 knockdown
cells have several apoptotic cells as observed by the “rounded-up” white structures within
the colonies (arrows). At the 72 hour mark (or 5 days post-infection), the control cells are
healthy and colony size is growing at a normal rate. In contrast, the knockdown cells are
exhibiting erratic cell migration, in the case of B10, and an obvious stagnation of colony
growth due to an increasing number of unhealthy and apoptotic cells in both knockdown
lines (arrows). Lastly, after 96 hours (or 6 days post-infection), control cells again appear
normal and are robustly proliferating whereas the knockdown lines are clearly showing
signs of reduced growth and/or survival. These results indicate that suppressing BJ is
detrimental for cell cycle function and is likely affecting growth and survival through
mitotic dysfunction.

To test this assumption, HeLa cells expressing H2B-GFP, which allows for the
visualization of DNA (histones) and therefore mitotic events, were infected with VC, B10
and B12 lentivirus and subjected to time-lapse microscopy 24 hours post-infection
(Figure 21A). At the start of the time-lapse, HeLa VC, B10 and B12 cells appear to be
very similar and are growing and surviving. At 24 hours (or 2 days post-infection),

control cells are dividing normally but the knockdown cells are beginning to exhibit
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survival issues with a number of apoptotic remnants already visible as punctate objects
with no fluorescent green DNA (arrows). At 48 hours (or 3 days post-infection), the
differences between the control and knockdown cells becomes more obvious (arrows)
and at 60 hours, control cells show a high amount of survival while the knockdown cells
have relatively few surviving cells. Those cells that are still alive appear to exhibit major
issues with both entry and progression of mitosis. At 60 hours, most Bé knockdown cells
do not enter mitosis and those that do, inevitably die. In Figure 21B a zoomed in view of
a representative cell undergoing mitosis in the VC, B10, and B12 cells is provided to
highlight the dysfunctional mitotic events occurring in B knockdown cells. In control
cells, commencement, progression and exiting of mitosis is normal and takes a little over
an hour. In contrast, the B10 knockdown cells that attempt to undergo mitosis appear to
have major issues with chromosome alignment at the metaphase plate and after several
hours will transition to anaphase without proper alignment, resulting in apoptosis. In B12,
cells that attempt mitosis also appear to have dysfunctional chromosomal alignment and
rather than dividing, undergo apoptosis. These results highlight the importance of Bo in
regulating mitosis and provide new evidence that partially suppressing the pool of PP2A-
Bo-containing complexes can lead to cell cycle dysfunction.

As mentioned, SVST has also been linked to cell cycle regulation and because
SVST likely replaces Bd from PP2A complexes, it is probable that SVST expression will
illicit similar mitotic defects in HeLa cells as Bd knockdown. To test this prediction,
HeLa-H2B-GFP expressing cells were cotransfected with either an empty control plasmid
(VC) or a SVST expression plasmid (SVST) and a transfection readout fluorescent

marker, mCherry. After 48 hours post-transfection, cells were subjected to time-lapse



98

microscopy for a 3-day period to observe mitotic events. HeLa-H2B-GFP control cells
typically underwent normal mitosis whereas cells expressing SVST appeared to have
mitotic issues at the same stage as Bo knockdown cells. In Figure 21C, a representative
cell undergoing mitosis in the VC and SVST expressing cells is provided. In VC cells,
cells enter mitosis, transition from metaphase to anaphase and successfully exit mitosis in
a little over an hour. The SVST expressing cells, on the other hand, exhibit major issues
with aligning chromosomes at the metaphase plate, as can be visualized by lagging
chromosomes, and after several hours, undergo apoptosis. This finding is highly
reminiscent of the mitotic defects seen in Bo knockdown cells and supports the claim that
SVST targets Bd and can deregulate the cell cycle likely through this connection.
Although suppressing Bo or expressing SVST in HeLa cells causes widespread apoptosis,
the effect of suppressing Bd in HEKTERASBS56y cells may still contribute to
transformation based on the fact that expression of SVST in HEKTERASBS56y cells does
not cause apoptosis but rather enhances transformation. This is likely due to the fact that
HeLa cells have not acquired the same oncogenic pathway activations as the
HEKTERASBS56y cells and, therefore, may not have the capability to overcome the pro-
apoptotic signals activated by Bd knockdown or SVST expression. Therefore, the effects
of suppressing Bd may promote transformation in the HEKTERASBS56y system;

however, this remains to be determined.
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Figure 17. Expression of the PP2A-independent region of SVST does not
complement B’y knockdown to further enhance transformation. (A) The diagram
indicates the distinct regions of SV40 small T antigen (SVST) which include the N-
terminal, PP2A-independent region (amino acids 1-110) and the C-terminal, PP2A-

dependent region (amino acids 110-174). (B) Expression of the PP2A-independent region
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of SVST (ST110) in HEKTERASBS56y cells. HEKTERASBS56y cells stably expressing
empty vector control (VC) or ST110 were lysed and ST110 levels were detected by
western blotting. GAPDH was used as loading control. (C-E) Anchorage-independent
growth of VC and ST110-expressing cells in soft agar. (C) Photographs show small,
single, representative fields within the agar wells. Average colony numbers (D) and
average colony volumes (E) were determined and data is shown in graphs as fold change
relative to VC. Error bars represent S.D. of three independent experiments performed in

triplicate. ** P<0.01.
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Figure 18. Knocking down Ba does not significantly enhance transformation. (A)

Knockdown of Ba in HEKTERASBS56y cells. HEKTERASBS6y cells stably expressing
empty pLKO.1 vector control (VC) or Ba shRNA (B3) were lysed and Ba levels were
detected by western blotting. PP2A C subunit (PP2Ac) was used as loading control.
Additionally, L3 LCMT-1 knockdown cells were also included to show that Ba
expression is reduced when PP2Ac methylation is downregulated indicating that Ba is

methylation-sensitive. (B and C) Anchorage-independent growth of VC and B3



102

knockdown cells in soft agar. Average colony numbers (B) and average colony volumes
(C) were determined and data is shown in graphs as fold change relative to VC. Error
bars in B-C represent S.D. of three independent experiments performed in triplicate. No
statistically significant changes were observed. (D) Growth rates of adherent VC and B3
knockdown lines were assessed over a 4-day period and graph represents the average
number of live cells at each time point. (E) The VC and B3 knockdown lines were
assessed for death rate after 3 days in normal culture conditions and the average
percentage of dead cells of the VC and B3 knockdown lines is presented in the graph as
% cell death. (F) VC and B3 were grown in low serum for 48 hours and assessed for
death rate. The average percentage of dead cells in each line is presented in the graph.

Error bars in D-F represent S.D. of three experiments. **, P<0.01.
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Figure 19. Knocking down B’a reduces transformation. (A) Knockdown of B’a in

HEKTERASBS56y cells. HEKTERASBS56y cells stably expressing empty pLKO.1 vector
control (VC) or B’a shRNA (H6) were lysed and B’a levels were detected by western
blotting. PP2A C subunit (PP2Ac) was used as loading control. (B and C) Anchorage-

independent growth of VC and B’a knockdown (H6 and HY) cells in soft agar. Average
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colony numbers (B) and average colony volumes (C) were determined and data is shown
in graphs as fold change relative to VC. Error bars in B-C represent S.D. of three
independent experiments performed in triplicate. ** P<0.01. (D) Growth rates of adherent
VC and H6 knockdown lines were assessed over a 4-day period and graph represents the
average number of live cells at each time point. (E) The VC and H6 knockdown lines
were assessed for percentage death after 3 days in normal culture conditions and the
average percentage of dead cells of the VC and H6 knockdown lines is presented in the
graph as % cell death. (F) VC and H6 were grown in low serum for 48 hours and
assessed for the percentage of dead cells. The average percentage of dead cells in each
line is presented in the graph. Error bars in D-F represent S.D. of three experiments. No

statistically significant changes were observed.
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Figure 20. Knocking down Bo6 in HelLa cells causes widespread death. (A)
Knockdown of Bo in HeLa cells. HeLa cells expressing empty pLKO.1 vector control
(VC) or Bd shRNAs (B10-B12) were cotransfected with HA-tagged PP2A-B6 and GFP
to report transfection efficiency. Forty-eight hours post-transfection, cells were lysed and
HA-B6 and GFP levels were detected by western blotting. PP2A C subunit (PP2Ac) was
used as loading control. Reductions in Bd expression were quantitated by normalizing the

B signaling to GFP and then normalizing to the loading control, PP2Ac. (B) HeLa cells
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were plated on 3.5 cm plates and infected overnight (MOI of 3) with VC, B10 or B12
lentivirus. Forty-eight hours post-infection, infected HeLa cells were observed by phase-
contrast, time-lapse microscopy for 4 days. Representative frames at 0 hours, 24 hours,
72 hours, and 96 hours are depicted to illustrate the differences in growth and survival

between the VC cells and the B10 and B12 knockdown cells.
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Figure 21. B0 knockdown or SV40 small T (SVST) expression in HeLa cells causes
mitotic defects and apoptosis. (A) H2B-GFP cells infected with VC, B10 and B12
lentivirus were observed by fluorescence (UV), time-lapse microscopy, 24 hours post
infection for 60 hours. Individual frames at O hours, 24 hours, 48 hours and 60 hours
represent changes seen during the 2.5 day time course. Red represents phase and green
represents GFP-H2B fluorescence on DNA. (B) A zoomed in view of a representative
cell undergoing mitosis in the VC, B10, and B12 cells in Figure 21A is provided to
highlight the dysfunctional mitotic events occurring in Bd knockdown cells. (C) H2B-
GFP cells transfected with control vector mCherry or cotransfected with SV40 small T
(SVST) and mCherry were observed by fluorescence (UV), time-lapse microscopy, 48
hours post-transfection. A representative cell undergoing mitosis in control and SVST-
expressing cells is shown to highlight differences in mitotic events and apoptosis. Red
represents mCherry positive transfection control and green represents GFP-H2B

fluorescence on DNA.
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CHAPTER 3.3

Results

Sustained PP2Ac Methylation Enhances the Tumor Suppressive

Function of PP2A through Down-regulation of the Akt Pathway

Hypothesis: Down-regulation of PP2Ac methylation promotes transformation; therefore,
downregulating the PP2A methylesterase, PME-1 will support methylation and reduce
cellular transformation.

Predictions: 1) shRNA-directed knockdown of PME-1 will reduce cellular
transformation and 2) will do so by reducing Akt and S6 kinase activation, pathways

affected by modulating LCMT-1.

Suppression of PME-1 Reduces Transformation

Suppression of PP2Ac methylation by reducing LCMT-1 results in enhanced
transformation in HEKTERASB56y cells; therefore, the first prediction of my hypothesis
is that enhancing PP2Ac methylation by decreasing the level of PME-1, the
methylesterase responsible for PP2Ac demethylation, would reduce transformation. To
test this prediction, HEKTERASB56y cells were infected with vector control (VC) or
PME-1-directed (P2 or H5) shRNA viruses, and Western blot analysis was used to verify
the knockdown of PME-1 (Figure 22A). Quantitation of four independent experiments
showed that both the P2 and HS PME-1 shRNAs stably reduced PME-1 expression by

76% £ 15% (P<0.001) and 77% + 24% (P<0.001), respectively, compared with the VC
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cells. To ensure that at least one of the PME-1-directed shRNAs was affecting PP2Ac
methylation, the steady-state level of PP2Ac methylation in VC and P2 lysates was
measured by Western analysis (Figure 22B). As can be seen by comparing the minus
base (-) lanes (which show endogenous levels of unmethylated PP2Ac) in Figure 22B, the
amount of unmethylated PP2Ac was reduced in P2 PME-1 knockdown cells compared
with the VC control cells. Quantitation of three experiments showed that 70% of total
PP2Ac was methylated in VC cells whereas PME-1 (P2) knockdown cells had 83% of
total PP2Ac methylated, a significant increase from VC cells (Figure 22C). Thus, PME-1
knockdown increased steady-state PP2Ac methylation. To examine the role of PME-1 in
transformation, VC and P2 cells were evaluated for anchorage-independent growth in soft
agar. After 3 weeks of growth in agar, colonies were examined by microscopy (Figure
22D) and quantitative analysis showed that P2 cells had a significant 78% and 56%
reduction in colony number and volume, respectively (Figures 22E and F). Additionally,
the second PME-1-targeting shRNA (HS5) was used to confirm the reduction in
transformation. Soft agar analysis revealed that PME-1 knockdown (HS) also
significantly reduced colony number (by 67%) and colony volume (by 27%) (Figure
22D-F). These results strongly support the hypothesis that promoting PP2Ac methylation
inhibits cellular transformation and is consistent with the idea that methylation promotes

the tumor suppressive function of PP2A.
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PME-1 Knockdown Does Not Affect Proliferation Rate or the Akt and p70/p85 S6K
Signaling Pathways during Normal Anchorage-Dependent Growth

To dissect how a reduction in PME-1 reduces anchorage-independent growth, P2
cells were analyzed for differences in proliferation and in the Akt and S6K signaling
pathways during anchorage-dependent growth. Comparison of the proliferation rates of
VC and P2 cells over a 4-day period showed no significant differences between the two
cell lines, indicating that PME-1 knockdown does not alter cell proliferation in
anchorage-dependent conditions (Figure 23A). No obvious differences were seen in the
number of dead cells while counting cells for the proliferation assay, therefore, it was
assumed that an increase in death would not be detected and, therefore, would not
contribute to the reduced transformation seen in anchorage-independent conditions. To
assess whether PME-1 knockdown inactivates progrowth/prosurvival signaling pathways
during anchorage-dependent growth, lysates from VC and P2 cells were probed for the
levels of Akt activating phosphorylations, T308 and S473, as well as the downstream Akt
substrate, GSK3f. Activating phosphorylation levels of rpS6 were also examined as a
readout of S6K pathway activation. No differences in the phosphorylation levels of these
proteins were seen indicating that PME-1 knockdown did not alter Akt or rpS6 activation
(Figure 23B). These results show that the activation state of these signaling molecules is
not altered by PME-1 knockdown in adherent cultures, consistent with the lack of effect

of PME-1 knockdown on proliferation during normal anchorage-dependent growth.
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PME-1 Knockdown Downregulates the Akt and p70/p85 S6K Pathways in Anchorage-
Independent Conditions

Taking into the consideration that the biochemical effects of LCMT-1 knockdown
were only revealed upon analyzing lysates from anchorage-independent suspension cells,
it became clear that the same mechanism was likely occurring in these cells. Therefore,
VC and PME-1 knockdown cells (P2) were plated equally on ultra-low-adherence tissue
culture plates and grown for 1 week in anchorage-independent conditions. After 1 week,
suspension cells were collected and weighed to observe changes in anchorage-
independent growth and P2 cells showed a significant 38% decrease in total weight, thus
indicating that these cells are at a selective disadvantage compared to VC cells (Figure
24A). This finding confirmed the hypothesis that the negative effects of PME-1
knockdown on growth and survival are specific for anchorage-independent conditions.
Therefore, lysates from the 1 week old suspension VC and P2 cells were analyzed by
Western blot for changes in the Akt pathway, a pathway activated by LCMT-1
knockdown as established in Chapter 3.1. Relative to VC cells, P2 cells had significantly
reduced activated Akt as indicated by decreased phosphorylation of both T308 and S473
by 45% (Figure 24B and C). Although the Akt substrate, GSK3f, was not significantly
reduced (Figure 24B and C) in the suspension lysates, clear reductions in other Akt
substrates were revealed by probing with a phospho-Akt substrate antibody (Figure 24D).
Of note, PME-1 knockdown reduced the phosphorylation of several proteins migrating at
positions of proteins whose phosphorylation was increased in LCMT-1 knockdown cells,
including the bracketed rpS6 (compare Figure 25D to Figure 9D, arrows and bracket).

This result supports the idea that loss of PME-1 regulates the phosphorylation of some of



113

the same proteins via Akt that were altered during LCMT-1 knockdown. Lastly,
immunoblot analysis with phospho-rpS6 and total rpS6 antibodies confirmed that PME-1
knockdown reduces rpS6 phosphorylation by 72% = 16% (p-value = 0.002) (Figure 24E)
indicating that the S6K pathway is likely being downregulated. Overall, these results
support the idea that PP2Ac methylation drives PP2A’s tumor suppressive function and
suggests that supporting methylation through targeting PME-1 may be relevant as an anti-

cancer therapeutic strategy.
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Figure 22. Knocking down PME-1 reduces transformation. (A) Knockdown of PME-
1 in HEKTERASB56y cells. HEKTERASBS56y cells stably expressing empty pLKO.1
vector control (VC) or PME1 shRNAs (P2 and HS5) were lysed and PME-1 levels were
detected by western blotting. GAPDH was used as loading control. (B and C) PP2Ac

becomes more methylated in the PME-1 knockdown line. (B) Equal volumes of lysates
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from VC and P2 cells were either treated with preneutralized base solution (- lanes; show
unmethylated PP2Ac levels in cells) or base treated and then neutralized (+ lanes; 100%
demethylated controls) prior to being analyzed by western blotting for the level of
unmethylated PP2Ac and o-tubulin (loading control). (C) Graph depicts the average
percent methylation of PP2Ac in the lysates, calculated as described in the legend to Fig.
6C. Error bars represent S.D. of three independent experiments. *, P<0.05. (D-F)
Anchorage-independent growth of VC, P2, and H5 PME-1 knockdown cells in soft agar.
(D) Photographs show small, single, representative fields within the agar wells. Average
colony numbers (E) and average colony volumes (F) were determined and data is shown
in graphs as fold change relative to VC. Error bars represent S.D. of three independent

experiments performed in triplicate. *, P<0.05; ** P<0.01.
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Figure 23. Adherent control and PME-1 knockdown lines show no difference in
growth or Akt and S6K signaling. (A) Growth rates of adherent VC and P2 knockdown
lines were assessed over a 4-day period and graph represents the average number of live
cells at each time point. (B) Lysates from adherent VC and P2 knockdown cells were
analyzed by western blotting for pAkt T308, pAkt S473, pGSK3f S9, and p-rpSé6.
GAPDH, total Akt, and total rpS6 were used as loading controls. No statistically

significant changes were observed.
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Figure 24. PME-1 knockdown downregulates the Akt and S6K pathways in
anchorage-independent conditions. (A) Equal numbers of vector control (VC) and PME-1
knockdown (P2) cells were seeded on low-binding tissue culture dishes to analyze

differences during anchorage-independent growth. After 1 week, suspension cells were
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weighed to assess growth. In the graph, data is presented as average fold change relative
to VC for three independent experiments. (B) Lysates from VC and P2 knockdown
suspension cells were analyzed by western blotting for changes in activation of Akt.
GAPDH and total Akt were used as loading controls. Western blotting for PME-1
confirmed the knockdown of PME-1 in suspension cultures. (C) Graph depicts the
average levels of phospho-Akt T308, phospho-Akt S473 and phospho-GSK3p S9 in three
independent immunoblot experiments as fold change relative to VC. Experiments were
performed in triplicate and error bars in all panels represent S.D. *, P<0.05; **, P<0.01.
(D) An anti-Akt phospho-substrate motif (R/K)X(R/K)XX(pT/pS) antibody was used to
probe the VC and P2 knockdown suspension cell lysates. Arrows highlight some proteins
with increased phosphorylation in the P2 knockdown cells relative to VC. Bracket with
asterisk indicates phospho-rpS6, which is known to cross-react with this antibody. (E)
Lysates were probed for changes in rpS6 phosphorylation. Total rpS6 was used as a

loading control. Quantitation represents three experiments, p-value = 0.002.
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CHAPTER 4

Discussion

Circumventing normal cellular control of PP2A by PP2Ac methylation is a general
strategy for ST- and MT-mediated transformation. [220]

In Chapter 3.1, the results demonstrate that SVST and PyST, like PyMT, form
heterotrimers with PP2A in a methylation-insensitive manner. In addition, reducing
PP2Ac methylation by knocking down LCMT-1 or overexpressing PME-1 enhances
progrowth and prosurvival signaling and promotes transformation in the genetically
defined HEKTERASBS56y human cell system. Overall, these results support the
hypothesis that methylation-insensitive viral B-type subunits, MT and ST oncoproteins,
mediate transformation by replacing methylation-sensitive cellular PP2A B-type subunits
to circumvent the antigrowth, antisurvival effects of methylation-sensitive PP2A
heterotrimers. The fact that both polyomavirus and SV40 oncoproteins form PP2A
heterotrimers independent of the methylation status of PP2Ac suggests that
circumventing control by PP2Ac methylation is a general strategy for MT and ST-
mediated transformation. Together, these results provide new insight into the mechanism
of transformation by MT and ST oncoproteins and are consistent with the idea that a
reduction in LCMT-1 amount or activity could contribute to human cancer.

LCMT-1 knockdown in HEKTERASBS56y cells increased both the number and
size of the colonies observed in soft agar assays, indicating that loss of LCMT-1 causes
additional signaling changes to those already present in the HEKTERASB56y cells.

Activation of Akt, which was demonstrated by both direct measurement of activating
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phosphorylations and analysis of downstream signaling, was required for LCMT-1
knockdown-induced transformation. Phosphorylation of Akt T308 was particularly
increased on LCMT-1 knockdown, suggesting that this phosphorylation site may be
regulated directly or indirectly by one or more methylation-sensitive PP2A B-type
subunits. Consistent with this possibility, the highly methylation-sensitive PP2A Ba
subunit has been reported to direct the dephosphorylation of Akt T308 [61]. Another
possible candidate is BB, which has been reported to negatively regulate Akt T308
phosphorylation and seems to be methylation-sensitive [52, 73]. Akt S473
phosphorylation, however, is regulated by PP2A B’y (B56y) [83], which is knocked down
already in the HEKTERASBS56y cells. LCMT-1 knockdown further increases
phosphorylation at this site, suggesting that LCMT-1 may regulate additional PP2A
heterotrimeric forms that target Akt S473. Because B'p has also been reported to promote
dephosphorylation of Akt S473 [73], it is a possible target for LCMT-1-mediated effects.
Ba and B'a, which are both highly methylation-sensitive [44, 52], do not seem to be
candidates for modulation of Akt S473 phosphorylation because Ba or B'a knockdown
does not affect phosphorylation on this site [61, 83].

LCMT-1 knockdown also activated p70/p85 S6K and increased phosphorylation
of their downstream target, rpS6, on a site that correlates with increased translation [223,
224]. Given that S6K can be activated by Akt through the mTOR pathway [85, 225],
much of the LCMT-1-dependent activation of the S6K pathway might be a consequence
of Akt activation. Consistent with this possibility, dominant-negative Akt expression
greatly reduced p70/p85 S6K activation observed on LCMT-1 knockdown. However, the

small amount of residual phosphorylation on p85 S6K (P = .04 when compared with
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control) and more substantial residual phosphorylation of rpS6 (P = .02 when compared
with control) suggest there is also more direct, Akt-independent regulation of this
pathway by methylation-sensitive PP2A heterotrimers. Consistent with this idea, Ba-
containing PP2A heterotrimers have been reported to directly bind to and negatively
regulate p70 S6K [94]. Furthermore, E4orf4, an adenovirus protein that inhibits the Ba-
containing PP2A heterotrimers, increases the level of activated p70 S6K and inhibitory
phosphorylation of 4EBP1 [226], thus likely promoting translation. Thus, whereas Akt-
dependent signaling is required for LCMT-1 knockdown to enhance transformation in
HEKTERASBS6y cells, methylation-sensitive PP2A heterotrimers regulate translation in
both Akt-dependent and independent manners.

Interestingly, the importance of LCMT-1 for the regulation of Akt and p70/p85
S6K and increased growth and/or survival was revealed in the current study only under
anchorage-independent growth conditions. This finding is significant considering that
anchorage-independent growth facilitated by resisting anoikis, programmed cell death
induced by detachment of cells from their extracellular matrix (ECM), is a critical step in
cancer initiation and progression [222]. Under anchorage-dependent conditions, growth
and survival signaling are normally initiated by the interaction of integrins with the ECM.
When cells detach from the substratum, these signals are abrogated, and cells undergo
growth arrest and anoikis. Cancer cells resist anoikis by aberrant ECM-independent
growth and survival signaling and can proliferate and survive in anchorage-independent
conditions. Inhibition of methylation-sensitive PP2A heterotrimers by LCMT-1
knockdown may provide prosurvival and progrowth signaling normally initiated by the

interaction of integrins with the ECM. Consistent with this idea, PP2A is involved in
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integrin-mediated growth and survival signaling [184, 187, 227-232]. Also, Src, a kinase
that phosphorylates and inactivates PP2A [233], functions in prosurvival integrin
signaling [222]. Importantly, inhibition of PP2A is known to cause increased activation
of Akt and p70 S6K [226, 231, 234, 235]. Therefore, I propose that LCMT-1 knockdown
promotes anchorage-independent growth by reducing methylation-sensitive PP2A
complexes that normally function to promote growth arrest and anoikis through
inactivation of Akt under anchorage-independent conditions. Because SVST targets
methylation-sensitive B-type subunits for replacement and evades control of heterotrimer
formation by PP2Ac methylation, the ability of SVST expression to induce HEKTER
cells to grow in an anchorage-independent environment may be explained in part by these
findings.

In contrast to previous results with HeLa cells where LCMT-1 knockdown
induced apoptosis in a small portion of the cells [52, 53], no increase in cell death on
LCMT-1 knockdown was seen in the current study. The cell death in HeLa cells was
reported to be due at least in part to mitotic checkpoint errors [31]. Therefore, it would
not be unreasonable to expect that, with strong prosurvival signaling, these errors might
not lead to death. Thus, differences in prosurvival signaling between HeLa and
HEKTERASBS56y may explain this disparity. Consistent with this possibility, the Pallas
lab has found that LCMT-1 knockdown increases apoptosis in some cancer cell lines
(e.g., HeLa and H1299 cells) but not others ([53] and unpublished data).

PME-1 overexpression also reduced PP2Ac methylation, enhanced
transformation, and caused many of the same signaling effects as LCMT-1 knockdown,

further supporting the hypothesis that reduction in PP2Ac methylation enhances
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transformation through up-regulation of Akt and p70/p85 S6K pathways. The reduced
potency of overexpressing PME-1 compared to LCMT-1 knockdown may result from
PME-1 overexpression having other effects on PP2A holoenzyme assembly or activity.
This possibility is consistent with the report that PME-1 functions in PP2A biogenesis
[24, 236], and with the finding that PME-1 knockout in mice results in reduced PP2A
activity toward a phosphopeptide substrate and reduced total PP2A protein in several
tissues [237]. Consistent with my findings that PME-1 over-expression promotes
transformation, PME-1 was found to be over-expressed in human gliomas and
knockdown of PME-1 in HeLa cells reduces anchorage-independent growth in soft agar
[238]. Together, these data argue strongly that loss of PP2A methylation promotes
transformation.

Consistent with the idea that MT and ST oncoproteins transform cells in part by
circumventing the normal control of PP2A by methylation, the Akt and p70/p85 S6K
pathways activated by LCMT-1 knockdown are known to be activated by SV40- and
polyomavirus-induced transformation [62, 185, 205, 208, 239-243]. PyMT, PyST, and
SVST have all been reported to induce Akt phosphorylation on activating residues [62,
185, 205, 208, 239, 240], whereas PyMT and PyST have been shown to activate the p70
S6K pathway [62, 243]. Similar to my present findings, rpS6 phosphorylation induced by
these viruses is likely mediated through both Akt-dependent and Akt-independent
pathways. For example, PyMT was reported to cause p70 S6K activation and rpS6
phosphorylation through activation of PI3-kinase (and thus Akt) but also to directly
induce rpS6 phosphorylation independent of PI3-kinase and p70 S6K [243]. More recent

data indicate that PyST can also enhance rpS6 phosphorylation [62]. Therefore, it is
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likely that MT and ST oncoproteins must target a specific subset of PP2A complexes that
regulate these pathways in order to circumvent PP2A’s tumor suppressive function.
Altogether, the results thus far suggest that the MT and ST antigens likely
override  several methylation-sensitive  B-type subunits to block their
antigrowth/antisurvival functions. In support of this idea, knockdown of B’y in HEKTER
cells only partially recapitulates the level of transformation observed in SVST-expressing
cells [171] and knockdown of LCMT-1 boosts transformation further. This effect is likely
due to the fact that LCMT-1 knockdown targets many, if not all, of the same B-type
subunits as SVST, [98, 171, 173, 175] thereby promoting robust transformation.
Expression of SVST promotes the activation of cell cycle machinery and antiapoptotic
proteins and multiple progrowth/prosurvival pathways, including ERK/MAPK and Akt
(reviewed in [172]), processes heavily regulated by PP2A complexes containing
methylation-sensitive B-type subunits. Therefore, it is likely that SVST, as well as other
T antigens, downregulate antigrowth/antisurvival signaling by circumventing cellular
control of PP2A by methylation. For these reasons, one could speculate that suppression
of additional methylation-sensitive B-type subunits in conjunction with B’y will further
enhance transformation. Lastly, the helper function of the PP2A-independent, N-terminal
J domain of T antigens has not yet been fully understood with regards to its contribution
to transformation; therefore, it is possible that this region may also support

transformation when expressed in the HEKTERASB56y system.
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Expression of the PP2A-independent region of SVST does not complement B’y
knockdown in transformation

In Chapter 3.2, I hypothesized that expression of the PP2A-independent N-
terminal region of SVST would provide helper function in conjunction with B’y
knockdown to further promote transformation in HEKTERASBS56y cells. Therefore,
HEKTERASBS56y cells were infected with ST110-expressing lentivirus to express the
PP2A-independent portion of SVST. Results from soft agar analysis demonstrated that
expression of SVST’s PP2A-independent region did not complement B’y knockdown in
this cell system but rather significantly reduced transformation. This finding was quite
surprising considering the fact that most studies suggest that the N-terminal region of
SVST provides additional functions that would have presumably enhanced
transformation. First, the N-terminal portion of SVST, which shares a common amino-
terminal exon with other T antigens, encodes for 82 amino acids, of which 70 amino
acids represents a highly conserved J domain [244-247]. One well-established interaction
of the T antigen J domain is its association with Hsp70, a family of heat shock proteins
that modulate protein folding. Specifically, the J domain binds to and stimulates the
ATPase activity of specific Hsp70 family members to promote cell survival by
preventing protein aggregation and misfolding, controlling protein turnover and
degradation, and promoting proper protein folding and oligomeric assembly [245, 248-
250]. Thus, the J domain would be expected to promote the activation of progrowth,
prosurvival molecules that rely on Hsp70 chaperone activity. Furthermore, Hsp70 is
found to be highly expressed in various types of malignant tumors and also correlates

with increased cell proliferation and poor therapeutic outcomes in breast cancer [251-
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253]. Second, the PP2A-independent portion of SVST has been linked to the
transactivation of cyclin A which acts to initiate DNA replication at S phase of the cell
cycle [180]. Thus, expression of the PP2A-independent region promotes cell cycle
progression and cell proliferation. Third, Affymetrix GeneChip analysis of whole
genomes comparing HEKTER cells expressing full-length SVST and the N-terminal
ST110, PP2A-independent region revealed that the N-terminal portion of SVST could
regulate over 100 genes in a PP2A-independent manner [184]. Many genes affected by
expression of ST110 were related to promoting cell proliferation and survival, thereby
suggesting that the N-terminal region of SVST would provide additional signals in
conjunction with B’y knockdown to promote transformation.

The unexpected finding that ST110 reduced transformation in HEKTERASB56y
cells reveals that the PP2A-independent region does not complement suppression of
PP2A complexes but rather, suppresses transformation when expressed in trans with
knockdown of B’y. In support of this finding, one study revealed that expression ST110
in HEKTER cells (without the B’y knockdown) also reduced transformation albeit to a
lesser, statistically insignificant extent [178]. These results suggest the possibility that
ST110 may cause effects that may not be biologically relevant but, regardless, offset the
effects of knocking down PP2A complexes. Alternatively, expression of the PP2A-
independent region of SVST may elicit a dominant negative effect and could possibly
lead to its dysfunction when not expressed in cis with its C-terminal, PP2A-targeting
region. One could speculate that the presence of the J domain of ST110 alone may act in
a dominant negative manner to disrupt the normal interactions with the Hsp70 chaperone

proteins and in fact may act as an inhibitor of Hsp70 activity. In support of this
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supposition, recent research has shown that upregulation of Hsp70 is found in various
human tumors and correlates with increased chemotherapy resistance and poor prognosis
[254, 255]. Furthermore, newly developed inhibitors of Hsp70 and other heat shock
proteins have shown promise as anticancer therapies [256, 257]. Thus, ST110 may indeed
be acting as an inhibitor of Hsp70 function; therefore, it would be interesting to
determine the effects of expressing this PP2A-independent region of SVST on chaperone

function, protein folding and overall cell growth and survival.

Suppression of methylation-sensitive, SVST-targeted PP2A B-type subunits in
combination with B’y knockdown reveals differential effects on cell growth, survival,
and transformation

Expression of DNA tumor virus MT and ST antigens has been implicated in
promoting transformation though the deregulation of PP2A-modulated processes
including the cell cycle, cell proliferation, survival, and apoptosis (reviewed in [172]).
SVST, like PyST and PyMT, blocks PP2A function by replacing certain B-type subunits
resulting in transformation. Because only a subset of the PP2A-mediated cellular
processes and pathways are altered during MT and ST expression and because complete
inhibition of PP2A is lethal, these T antigens must target only a specific population of
PP2A holoenzymes [14, 187]. Specifically, Ba, B’a, and B’y, have been identified as
being targeted for replacement by MT and/or ST oncoproteins [98, 171, 173, 175].
Interestingly, of the three cellular B-type subunits reported to be displaced by the MT or
ST oncoproteins, two (Ba and B’a) are methylation-sensitive and one (B’y) is likely to be

methylation-sensitive [43, 44, 46, 52, 216]. Furthermore, based on the high sequence
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homology between Ba and Bd [190], it likely that Bo is also methylation-sensitive and
targeted by MT and ST oncoproteins. In Chapter 3.1, I investigated the effects of
inhibiting PP2Ac methylation by targeting the PP2Ac methyltransferase, LCMT-1, and
determined that suppression of PP2Ac methylation further enhanced cellular
transformation in conjunction with B’y knockdown. This suggests that MT and ST may
promote transformation by circumventing methylation by targeting PP2A complexes
containing methylation-sensitive B-type subunits. Therefore, in order to understand the
individual and distinct contributions of each methylation-sensitive B-type subunit, the
effects of Ba, B, and B’a subunit knockdown were analyzed.

Knockdown of the PP2A Ba subunit in HEKTERASBS56y cells did not
significantly increase either the number or the volume of colonies in soft agar and thus
did not contribute to enhancing transformation as expected in this system. This result was
particularly surprising due to the fact that PP2A-Ba complex formation relies
considerably on the methylation of PP2Ac as can be seen by the reduction of Ba
expression level in LCMT-1 knockdown cells. Worth mentioning, however, is the fact
that a statistically insignificant 2-fold increase in colony number was observed on
average in three independent assays upon Ba knockdown. The significance of this result
was negatively affected due to a high level of variation among the three assays which
yielded a large standard deviation. Interestingly, knocking down LCMT-1 produced a
significant two-fold increase in colony number, a result quite consistent with knocking
down Ba. Therefore, it is possible that reducing Ba drives this system towards a more
transformed state but is not sufficient on its own to enhance transformation. In support of

this notion, some studies have shown that suppressing Ba in HEKTER cells (without the
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B’y knockdown), does not promote transformation even though it is a known target of
SVST [83, 171]. Thus, while SVST can target Ba and B’y, other PP2A B-type subunits
are likely being replaced, thus accounting for robust transformation when SVST is
expressed.

To further understand why Ba did not significantly enhance transformation,
adherent cell growth and death rates were assessed to determine if knocking down Ba
affected proliferation and survival. No significant change in growth was observed and
while a two-fold increase in death was seen, the result was not statistically significant.
The insignificant increase in cell death did suggest, however, that the Ba knockdown
cells may be generally weaker than the control cells. In support of this finding, another
study found that knocking down Ba in HeLa cells caused increased cell death under
normal conditions [53] indicating that Ba-containing complexes are involved in
prosurvival responses. This may be related to the finding that Ba-containing PP2A
complexes positively regulate MAPK pathway by activating the upstream kinase, Raf
[97]. Although knocking down Ba in HEKTERASBS56y cells did not reveal a significant
increase in death, challenging the cells by growing them in low nutrient conditions did
demonstrate that these cells were at a selective disadvantage compared to control cells,
with a statistically significant two-fold increase in death. This result suggests that Ba
expression is important in regulating prosurvival pathways during nutrient deprived
conditions. Therefore, one possible explanation for the lack of enhanced transformation is
that nutrient levels in the soft agars may have not been adequate to fully support growth
of the Ba knockdown cells. Although soft agars are fed once per week with serum-

containing media during the three week assay, serum levels may have fallen to a level
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that Bo knockdown cells cannot tolerate thereby mitigating their ability to grow in
anchorage-independent conditions.

The fact that knocking down Ba does not enhance transformation is somewhat
unexpected considering the established roles of Ba in the negative regulation of
progrowth, prosurvival processes. Ba-containing PP2A complexes are known to
dephosphorylate and reduce activation of Akt and p70 S6K1 thereby negatively
regulating growth and survival signaling [61, 75, 94]. Considering that knocking down
LCMT-1 enhanced Akt and p70 S6K1 phosphorylation, it was possible that this was due
to reducing methylation-sensitive Ba-containing PP2A complexes. Although this may
still be the case, there are possibly other methylation-sensitive B-type subunits that
provide the phosphatase activity towards Akt and S6K1 to contribute to the enhanced
transformation seen in LCMT-1 knockdown cells. Furthermore, PP2A-Bo also
dephosphorylates ERK thereby downregulating the MAPK pathway, a pathway
upregulated by SVST expression, and thus proliferation [69]. Therefore, reducing Ba
would presumably cause MAPK upregulation promoting enhanced anchorage-
independent growth.

There are, however, multiple functions of Ba that may explain the lack of
enhanced transformation. Ba-containing PP2A complexes have been linked to the
dephosphorylation of Raf on an inhibitory site to activate the MAPK pathway; therefore,
knocking down Ba may reduce MAPK activation [97]. Additionally, Ba-containing
PP2A holoenzymes are found to directly interact and dephosphorylate B-catenin to
activate Wnt-mediated transcription [84]; hence, reducing Bo may abrogate Wnt

signaling. Finally, PP2A-Ba is heavily involved in cell cycle regulation and depletion of
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Ba has been linked to mitotic dysfunction [53, 111, 119, 226]. Therefore, one theory for
why knocking down Ba did not enhance transformation is that knocking down Ba in this
system may modulate multiple pathways which offset one another to produce no net
effect on growth or survival. One could speculate that activating a progrowth/prosurvival
pathway may be counterbalanced by the concomitant deactivation of another pathway,
thereby having little effect on transformation. Furthermore, Ba shares high homology and
many functions with Bo; therefore, Bd may be able to partially compensate for the
reduction of Ba thereby impeding transformation. Overall, these results indicate that
reducing Ba does not effectively contribute to transformation in conjunction with B’y
knockdown, but does not eliminate the possibility that it acts synergistically with other B-
type subunits to produce the level of transformation observed in LCMT-1 knockdown or
SVST expressing cells.

To further evaluate the hypothesis that knocking down methylation-sensitive B-
type subunits in conjunction with B’y will contribute to transformation and better
recapitulate the level of transformation observed when LCMT-1 is reduced, cells knocked
down for B’a were evaluated. Surprisingly, knockdown of the PP2A B’a subunit in
HEKTERASBS6y cells using two different shRNAs significantly reduced both the
colony number and volume. Due to the fact that PP2A-B’a complex formation relies
considerably on the methylation of PP2Ac [216], this finding was unanticipated.
Furthermore, one study found that reduction of B’a promoted transformation in
HEKTER cells (without the B’y knockdown) similar to the level of transformation
observed when B’y was knocked down [83]. Therefore, this evidence strongly suggested

that reducing B’o would enhance transformation. One possibility for the disparity
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between the two findings could be accounted for by the use of different shRNAs, as the
two utilized in this study are distinct from those used in the study above that found that
reducing B’a enhanced transformation. The finding here, however, did suggest the
possibility that reducing B’a in moderately transformed cells could be effective to reduce
anchorage-independent growth and survival. Therefore, B’a knockdown cells were
assessed for adherent cell growth and death rates to determine if reduced transformation
could be attributed to changes in proliferation or survival. Results from these assays
revealed that cell proliferation and survival were not affected in adherent cultures,
indicating that the effects of reducing B’a are specific for anchorage-independent growth.

The fact that knocking down B’a could not enhance transformation is somewhat
unexpected considering the established roles of B’a in the negative regulation of growth,
survival, and the cell cycle. First, B’a is a known phosphatase for the oncogenic c-myc
protein; therefore, reducing B’a would be expected to increase c-myc stability [192]. B’a
is also linked to inhibiting the progrowth, prosurvival B-catenin protein and the
antiapoptotic protein, Bel-2 [82, 134]. Furthermore, B’a is involved in protecting sister
chromatid separation during the spindle checkpoint [116]. Therefore, suppressing B’a
was expected to promote growth, survival and cell cycle progression, thus enhancing
transformation. Although there is much evidence establishing B’a as a negative regulator
of growth and survival, revealing the addition functions of the subunit is still in its early
stages. In support of a positive role for B‘a, one study found that knocking down B‘a in
HeLa cells resulted in increased apoptosis thereby implicating the subunit in a
prosurvival response [258]. Therefore, it is possible that B’a positively mediates one or

more progrowth/prosurvival signaling pathways and therefore reduces transformation
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when B’a is knocked down. Alternatively, knocking down B’a may have allowed the
remaining B’y not knocked down in the system to assemble into the newly accessible
PP2A A/C dimers to perform antigrowth/antisurvival functions, thereby reducing
transformation. Regardless of the cause, these findings are quite interesting considering
that suppression of B’a reduced growth and/or survival exclusively under anchorage-
independent conditions. It is possible that suppressing B’a may modulate the cell in such
a way that is not yet fully understood which could counteract oncogenic triggers in
certain cell types. Therefore, it would be worthwhile to study the effects of knocking
down B’a in various cancer lines to determine its therapeutic potential.

Finally, to evaluate the effects of knocking down BJ, a subunit likely to be
methylation-sensitive, Bo-targeting lentivirus was produced for infection of the
HEKTERASBS56y cell line. However, during the process of titering, HeLa cells infected
with the Bo-targeting lentivirus demonstrated a dramatic amount of cell death within one
week post-infection. Therefore, to understand how reduction of Bd promoted cell death,
HeLa cells expressing fluorescently tagged histone H2B-GFP were infected with Bo-
targeting lentivirus to observe mitotic progression. Compared to cells infected with empty
vector lentivirus, B6 knockdown cells could not successfully progress through mitosis
and eventually underwent apoptosis due to their inability to capture chromosomes, their
abnormal chromosomal segregations, or their failure to properly exit mitosis. This finding
is well supported by the literature and confirms that Bd is critical for mitotic decisions.
As stated in Chapter 1, Bo is involved in mitotic entry by regulating the proteins involved
in MPF activation, in chromosome segregation by preventing premature sister chromatid

separation, and mitotic exit [104, 117, 120, 259]. Therefore, in Bd knockdown cells,



134

enhanced death in cells that did commence mitosis was likely a result of uncontrolled,
increased MPF activation, premature DNA segregation (as can be seen by lagging
chromosomes), and/or faulty mitotic exiting, thereby triggering the apoptotic response.
Interestingly, in the late, post-infection stage, many Bo knockdown cells would not even
initiate mitosis, would arrest, and eventually would die. This is likely due to the fact that
their prior cell divisions had produced multiple irreversible and detrimental abnormalities
which caused the cells to arrest and undergo apoptosis.

Of note, Bd knockdown cells that were exposed to ultraviolet (UV) to visualize
the GFP-tagged DNA (Figure 21A) appeared to commence apoptosis more rapidly than
the non-UV exposed cells (Figure 20B). This result was interesting and suggested that Bo
is involved in the DNA damage response, a process activated by UV radiation, which
repairs DNA mutations that can lead to genomic instability and cancer [260]. In support
of this theory, a recent study demonstrated that DNA damage could inhibit Greatwall
(GWL)/MASTL activity [261], a protein known to inhibit PP2A-Bd complexes [120,
259]. This, is turn, would presumably increase Bo activity, thus inhibiting cell cycle
progression (DNA damage-induced arrest) to allow for DNA damage recovery. Once the
damage has been repaired, GWL is released from inhibition to promote checkpoint
recovery and reentry into the cell cycle. However, when Bd cannot become activated by
suppression of GWL as is the case for the Bo knockdown cells in this study, the cells may
still be able to enter mitosis thereby perpetuating the DNA damage which eventually may
become so extensive that the cell can longer sustain itself and must undergo apoptosis.

Indeed, this was observed in HeLa-B6 knockdown cells, with cells undergoing abnormal
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mitosis and eventually succumbing to apoptosis either within interphase or during
mitosis.

In order to link the biological relevance of the finding that knocking down B in
HeLa cells results in apoptosis, HeLa-H2B-GFP cells were transfected with SVST to
determine if expression of this T antigen also promotes cell death. Considering the
hypothesis that SVST targets the methylation-sensitive subunit, B, it was expected that
similar mitotic defects would occur upon SVST expression. Cells were again visualized
by timelapse microscopy to observe mitotic progression in cells that had been
successfully transfected with either an empty control vector or SVST (red cells in Figure
21C). As anticipated from the B findings, SVST expression also triggered mitotic
defects within 3 days post-transfection, including lagging chromosomes during
metaphase plate formation, which eventually resulted in apoptosis. These results suggest
that SVST does indeed likely target B subunit thereby supporting the hypothesis that
SVST modulates PP2A function by replacing the methylation-sensitive B-type subunits.
Furthermore, the finding that SVST induces apoptosis in HeLa cells is somewhat novel
considering the fact that SVST expression has been generally linked in most studies to
promoting the cell cycle and preventing apoptosis (reviewed in [172]), although two
studies do confirm the issues of mitosis [262] or enhance apoptosis [263] in SVST-
expressing cells. One can speculate that expression of SVST, or reduction of Bo for that
matter, may affect different cell types in distinctive manners. Therefore, considering the
similarity of effect between B knockdown and SVST expression in HeLa cells and the
fact that SVST promotes transformation in HEKTERASBS56y cells, it is likely that

knocking down Bo in the HEKTERASB56y would also promote transformation. This
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potential disparity of effects would likely be due to the fact that HelLa and
HEKTERASBS56y have different oncogenic pathways activated. Indeed, while both cell
lines have dysfunctional p53 and pRb function [178, 264], the HEKTERASB56y cells
have additional oncogenic triggers including highly exogenously expressed hTERT and
H-ras which may complement SVST expression in supporting cell cycle progression and
survival.

Overall, the results from expressing the N-terminal portion of SVST or reducing
methylation-sensitive B-type subunits in conjunction with B’y subunit knockdown reveal
that the mechanism by which MT and ST antigens promote transformation is rather
complex. It appears that while reduction of methylation-sensitive PP2A complexes via
knockdown of the PP2A methyltransferase, LCMT-1, can promote transformation,
reducing methylation-sensitive B-type subunits, specifically Ba and B’a, separately does
not confer this phenotype. Thus, it is possible that the T antigens use a strategy of
simultaneously targeting a minimum number of PP2A B-type subunits required to
overcome a variety of PP2A’s antigrowth and antisurvival signaling to promote
transformation. Furthermore, if any one of these methylation-sensitive PP2A complexes
is not targeted, then robust transformation may not be achieved as was demonstrated in
these experiments. In other words, reduction of only a subset of methylation-sensitive
complexes may not be sufficient to mimic MT or ST-mediated transformation. It is also
possible that these T antigens may modulate methylation directly by some unknown
mechanism to specifically reduce assembly of methylation-sensitive complexes rather

than just simply replacing the methylation-sensitive B-type subunits.
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It was also demonstrated that the N-terminal portion of SVST does not on its own
further enhance transformation. This result suggests that the role of the SVST J domain
may be to support transformation only when functioning in the context of PP2A
inhibition. It is likely that the chaperone activity of the N-terminal domain is important
for assisting in PP2A modulation in cis or may even function in redirecting T antigen-
targeted PP2A complexes to other substrates. In any case, this domain of SVST must
remain intact with its C-terminal, PP2A-dependent domain in order to assist in promoting
robust transformation. All in all, the results presented here thus far strongly suggest that
multiple methylation-sensitive PP2A complexes are inhibited during transformation.
Considering the fact that reducing PP2Ac methylation by LCMT-1 knockdown promotes
transformation, this implies that increasing methylation may indeed be a possible strategy

for anticancer therapies.

Sustained PP2Ac Methylation Enhances the Tumor Suppressive Function of PP2A
through Down-regulation of the Akt Pathway

In Chapter 3.1, results demonstrated that reducing the assembly of PP2A
complexes containing methylation-sensitive B-type subunits by knocking down LCMT-1
in HEKTERASBS56y cells enhanced cellular transformation in an Akt-dependent manner.
Correspondingly, I hypothesized that DNA tumor virus MT and ST oncoproteins likely
circumvent the tumor suppressive effects of PP2Ac methylation to exert their
transforming effects. Overall, the findings support the theory that promoting PP2Ac
methylation would likely reduce transformation in this system and, in fact, may represent

a novel strategy for anticancer therapies. Therefore, to continue to explore this notion,
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HEKTERASBS56y cells were knocked down for PME-1, the PP2Ac methylesterase, to
enhance PP2Ac methylation. Reduction of PME-1 did, indeed, significantly enhance
PP2Ac methylation and caused a significant reduction in transformation in this cell
system. Furthermore, in agreement with the LCMT-1 knockdown findings, reducing
PME-1 did not affect growth or Akt pathway activation in anchorage-dependent
conditions. Only when PME-1 knockdown cells were subjected to anchorage-
independent growth conditions, were significant alterations in pathway signaling
observed, with significant decreases in the activating phosphorylations of Akt and of Akt
substrates. Additionally, the activating phosphorylation on rpS6, which was affected in
LCMT-1 knockdown cells, was also significantly reduced suggesting that the S6 kinase
pathway is also being downregulated. Overall, these compiled results lead me to propose
a model for MT and ST oncoprotein-mediated transformation in which methylation-
insensitive viral B-type subunits (MT and ST) replace methylation-sensitive cellular
PP2A B-type subunits to circumvent the antigrowth, antiproliferative effects of
methylation-sensitive PP2A heterotrimers (Figure 25). Furthermore, increasing PP2Ac
methylation by modulating LCMT-1 or PME-1 can directly regulate, though PP2A
complex assembly, cell growth and survival and can itself support the tumor suppressive
role of PP2A.

Over the past decade, many studies have focused on elucidating the role of PME-
1 and its function in regulating PP2A. In early studies of PP2Ac methylation, it was
determined that methylation is a highly regulated process which is both spatially and
temporally controlled. Results have demonstrated that PP2Ac methylation levels change

in a cell cycle-dependent manner [49, 50] and that LCMT-1 and PME-1 are more highly
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expressed in the cytosol and nucleus, respectively [37]. These initial findings suggest that
the cell precisely regulates PP2Ac methylation as a means to control PP2A function and
specificity. It is well established that PP2Ac methylation does not alter PP2A function by
altering its catalytic activity but rather regulates PP2A complex formation with the B-
type subunits [37, 42-44, 265]. While the role of LCMT-1 in this process is well
documented, the involvement of PME-1 has only recently become the focus of much
scrutiny. PME-1 has recently been discovered to not only function as a methylesterase for
PP2Ac, but to also serve as a regulator of PP2A biogenesis (reviewed in [24]). Recently,
it was determined that PME-1 can associate with an inactive pool of PP2A A/C dimers
[41] which may represent up to 25% of the total PP2A pool in the cell [266]. PME-1
stabilizes this inactive pool of dimers protecting them from disassembly and degradation
until the cell requires additional active PP2A. Once the cell signals for new PP2A
assembly, PME-1-bound PP2A is reactivated by PTPA, a prolyl peptidyl isomerase
specific for PP2Ac, which then allows for PP2Ac methylation. This process appears to be
important for PP2A biogenesis, considering the fact that newly translated PP2Ac is
inactive and requires stabilization prior to assembly into complexes [13, 236].

The findings here strongly indicate that supporting PP2Ac methylation by
reducing PME-1 reduces transformation through suppressing progrowth, prosurvival
signaling as demonstrated by reduced Akt signaling and rpS6 phosphorylation. Therefore,
one can speculate that enhancing PP2Ac methylation promotes PP2A’s tumor
suppressive role by favoring the assembly of methylation-sensitive B-type subunits into
PP2A holoenzymes, complexes known to be involved in the dephosphorylation and

inactivation of multiple progrowth/prosurvival pathways and processes. In support of this
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theory, one study found that knocking down PME-1 in HeLa cells also resulted in
reduced anchorage-independent growth in soft agar and decreased ERK/MAPK activity.
Furthermore, the same study found that PME-1 expression strongly correlated with
progression of low grade gliomas to malignant glioblastomas [238], thereby emphasizing
the biological relevance of their findings and my findings. Overall, knocking down PME-
1 reduces transformation demonstrating that enhancing PP2Ac methylation, and thus the
assembly of PP2A holoenzymes containing methylation-sensitive B-type subunits, is
essential for PP2A’s tumor suppressive role. Furthermore, it appears from this study that
reducing PME-1 only alters the growth and signaling of anchorage-independent cells,
thus indicating that the effects of targeting PME-1 may be fairly specific for cancer-like
cells. Therefore, modulation of PP2Ac methylation may prove in time to be beneficial as

a therapy against some cancer types.

Closing Remarks: Implications for Cancer

The pathways found to be impacted in this study, by altering PP2Ac methylation
levels via modulation of LCMT-1 and PME-1 expression, are highly relevant to human
cancer. Akt activation is common in cancer and, in many cases, correlates with a poor
prognosis and resistance to current therapies [267]. As a direct target and important
effector of mTOR in the control of cell growth and proliferation, p70 S6K has also been
implicated in tumorigenesis [225, 268]. Increases in the amount and/or activation of p70
S6K have been reported in multiple cancers or cancer cell lines [269-273]. Therefore, the
growth and survival pathways modulated by PP2Ac methylation are important not only

for SV40- and polyomavirus-mediated transformation but also for human cancer. This
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study also demonstrates that modulation of PP2Ac methylation is sufficiently potent to
regulate these growth and survival pathways and that LCMT-1 is important for the
tumor-suppressive function of PP2A. Furthermore, it appears that while reduction of the
methylation-sensitive B’y in HEKTER cells is sufficient for promoting transformation,
knocking down additional methylation-sensitive B-type subunits, subunits targeted by
MT and ST, in conjunction with B’y does not further enhance transformation even though
reducing LCMT-1 does contribute to transformation. This suggests a model where the
transforming capacity of these T antigens is due to the fact that they replace multiple
methylation-sensitive B-type subunits simultaneously and, therefore, use this strategy to
impede a variety of progrowth/prosurvival pathways in this cell system (Figure 26). Of
note, knockdown of LCMT-1 in MCF7 breast cancer cells resulted in enhanced
anchorage-independent growth in 3 of 5 assays whereas reduction of LCMT-1 in LNCaP
(prostate cancer) and H1299 (lung cancer) cells had variable effects (data not shown).
These findings strongly suggest that the effects of reducing PP2Ac methylation are cell
type specific and are likely dependent on the oncogenic signals already present in the
cell. Therefore, increasing PP2Ac methylation levels may have anticancer effects on cells
that have similar oncogenic triggers as HEKTERASBS56 cells.

The finding that suppression of LCMT-1 resulted in enhanced anchorage-
independent growth provided important insights that justified the investigation into the
effects of targeting PME-1. Indeed, the enhanced PP2Ac methylation resulting from
PME-1 knockdown reduced anchorage-independent growth, and thus transformation, by
affecting Akt pathway activation in the HEKTERASBS56y cell system, thereby providing

further support to the claim that PP2Ac methylation is tumor suppressive (Figure 25).
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Although only Akt activation and rpS6 phosphorylation were measured as a readout for
reduced transformation, it is likely that additional progrowth/prosurvival processes and
pathways negatively regulated by PP2A complexes containing methylation-sensitive B-
type subunits are being downregulated as well. One can speculate that many of these
processes and pathways that are being downregulated due to the reduction of PME-1, and
thus the activation of methylation-sensitive PP2A complexes, represent mechanisms that
are upregulated in cancer. Considering that the methylation-sensitive PP2A complexes
can counteract multiple processes which contribute to several hallmarks of cancer include
sustained proliferative signaling, resistance to cell death, and ability to grow without a
substratum, drug compounds that can support these complexes may have potential in
cancer therapy. Furthermore, on the basis of these findings, it seems likely that down-
regulation of LCMT-1 amount or activity will be found to contribute to the development
of human cancers and that compounds that increase PP2A methylation (e.g., PME-1
inhibitors) will exhibit anticancer activity. In fact, one group has described a class of
inhibitors, aza-B-lactam (ABL) compounds, which can selectively target PME-1 and
inhibit its methylesterase activity in both human and mouse cell models [274]. Utilizing
this class of inhibitors, a great wealth of knowledge will be acquired as to the role of
PME-1 in PP2A function and to the biological relevance of suppressing PME-1. The
attractive possibility that the pharmacological effects of these PME-1 inhibitors can result
in reduced tumor growth and/or survival is quite compelling and is certainly supported by

the findings presented herein.
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Future Directions

Overall, these results have laid the groundwork for the further study of how DNA
tumor virus MT and ST oncoproteins promote transformation by circumventing cellular
control of PP2A by methylation. It would be interesting to determine if MT and ST are
able to downregulate PP2A methylation directly, thereby allowing for efficient
replacement of the methylation-sensitive B-type subunits (Figure 26). This would
represent a novel strategy by which DNA tumor viruses override the negative regulatory
roles, and thus tumor suppressive function, of PP2A. Furthermore, examining the effects
of simultaneously knocking down the methylation-sensitive B-type subunits used in this
study in HEKTERASB56y cells would presumably further support the model that MT
and ST promote robust transformation through replacement of these subunits. In all
likelihood, these cells would more fully mimic the level of transformation (measured by
colony number and size) observed when LCMT-1 is knocked down or when SVST is
expressed due to the synergistic effects of reducing all PP2A complexes containing
methylation-sensitive B-type subunits. With regards to the finding that knocking down
Bo in HeLa cells induces apoptosis, it may be useful to test for these effects in other
cancer lines that have similar oncogenic triggers as the HeLa cells. Additionally, it would
be interesting to explore the role of Bd in DNA damage-induced arrest considering the
fact that DNA damage causes inhibition of GWL, an upstream inhibitor of Bd. Regarding
the finding that suppressing B’a reduced transformation in HEKTERASBS56y cells, it is
tempting to speculate that knocking down B’a in cancer lines expressing low or aberrant
B’y (e.g. lung cancer lines [171]) could possibly reduce anchorage-independent growth

and therefore, may have therapeutic potential. Finally, in the future, it will be intriguing
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to test the possible anti-transformative effects of the newly discovered PME-1 inhibitors
(ABL) which has great potential, as implied by the current research here, as a novel

therapy for cancer.
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Figure 25. Proposed model for the negative regulation of anchorage-independent growth
and survival by methylation-sensitive PP2A heterotrimers: the effects of expressing SV40
small T (SVST) or modulating PP2Ac methylation on transformation. Methylation of
PP2Ac through LCMT-1 promotes incorporation of methylation-sensitive B-type
subunits (B*) into heterotrimers that dephosphorylate and thereby inactivate Akt and
S6K. PP2A methylation-sensitive heterotrimers can act on S6K in both an Akt-dependent
and independent manner to block downstream survival and translation signals and thus
transformation. PP2A  methylation-sensitive  heterotrimers also promote the
dephosphorylation of rpS6 independently of S6K to block translation, although it is not
known if this is a direct or indirect effect. Methylation-insensitive SVST (or PyST and
PyMT) oncoprotein replaces methylation-sensitive B-type subunits, promoting
transformation by preventing the dephosphorylation and inactivation of Akt and S6K.
Transformation is also enhanced by reducing methylation-sensitive PP2A heterotrimers

by inhibition of LCMT-1 (e.g., through shRNA or mutation) or PME-1 overexpression
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(PME-OE). Conversely, transformation is reduced by supporting PP2Ac methylation and
thus methylation-sensitive PP2A complexes by inhibition of PME-1 (e.g., through
shRNA or mutation) or LCMT-1 overexpression (LCMT-1 OE). Red arrows and block
lines signify protransformation effects. For simplicity, only the targets of methylation-
sensitive PP2A heterotrimers examined in this study are shown in this schematic. Figure

and legend adjusted from [220].
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Figure 26. Proposed model for the strategies exploited by SV40 small T (SVST) to
promote transformation. Research strongly supports the mechanism that SVST drives
transformation through the upregulation of several key progrowth/prosurvival pathways
and processes, including cell cycle progression and antiapoptotic machinery. Findings
here and elsewhere suggest that SVST activates these processes through the

downregulation of a specific subset of PP2A complexes, heterotrimers that are dependent
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on PP2Ac methylation, which are broadly involved in the regulation of
antigrowth/antisurvival mechanisms. While knockdown of B’y alone can partially mimic
SVST-mediated transformation and reduction of LCMT-1 further enhances
transformation in HEKTERASBS56y cells, reduction of additional methylation-sensitive
B-type subunits in conjunction with B’y knockdown cannot. This suggests that SVST
probably concomitantly inhibits most, if not all, methylation-sensitive B-type subunits to
produce a synergistic effect to enhance transformation. Considering the fact that most of
the methylation-sensitive B-type subunits share functions (e.g. cell cycle regulation), it
appears necessary for SVST to inhibit all of these methylation-sensitive complexes
simultaneously in order to override their antigrowth/antisurvival signals. Thus, SVST,
and likely PyMT and PyST, utilizes a strategy of circumventing cellular control of PP2A
by methylation to promote transformation thereby blocking antigrowth/antisurvival
signaling. The model here also takes into account the possibility that these T antigens
may modulate methylation directly by modulating LCMT-1 and/or PME-1 function,
rather than just simply replacing the methylation-sensitive B-type subunits, thereby

allowing for efficient replacement of the methylation-sensitive B-type subunits.
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