Turun yliopisto
University of Turku

A SYSTEMS BIOLOGY ANALYSIS
OF PP2A FUNCTIONS IN CANCER CELLS

Otto Kauko

TURUN YLIOPISTON JULKAISUJA - ANNALES UNIVERSITATIS TURKUENSIS

Sarja - ser. D osa - tom. 1264 | Medica - Odontologica | Turku 2017



University of Turku

Faculty of Medicine
Department of Pathology

Turku Doctoral Programme of Molecular Medicine
Turku Doctoral Programme of Biomedical Sciences

Turku Centre for Biotechnology

Supervised by

Prof. Jukka Westermarck, MD-PhD
Turku Centre for Biotechnology
Department of Pathology
University of Turku

Turku, Finland

Reviewed by

Prof. Anne-Claude Gingras
Lunenfeld-Tanenbaum Research Institute
Mount Sinai Hospital

Toronto, Canada

Opponent

Prof. Jussi Taipale

Department of Biosciences and Nutrition
Karolinska Institutet

Stockholm, Sweden

Cover photo by Otto Kauko

Prof. Lars-Gunnar Larsson

Department of Microbiology, Tumor and Cell
Biology

Karolinska Institutet

Stockholm, Sweden

The originality of this thesis has been checked in accordance with the University of Turku quality
assurance system using the Turnitin OriginalityCheck service.

ISBN 978-951-29-6686-8 (PRINT)
ISBN 978-951-29-6687-5 (PDF)

ISSN 0355-9483 (Print)

ISSN 2343-3213 (Online)
Painosalama Oy - Turku, Finland 2017



Keu s

— ~
07
F—_\ m& E:\

]

Dockoral cankihate

W{,s—lf-a-r /"\A_/ch

To the memory of my great uncle Hans Oksanen and to continuity



4 Abstract

Otto Kauko
A Systems Biology Analysis of PP2A Functions in Cancer Cells

University of Turku, Faculty of Medicine, Department of Pathology, Turku Doctoral
Programme of Molecular Medicine, Turku Doctoral Programme of Biomedical Sciences,
Turku Centre for Biotechnology

ABSTRACT

Cancer is characterized by aberrant activation of phosphorylation signalling cascades.
However, despite the critical role of phosphatases in protein phosphorylation, their
contribution to cancer cell signalling is only emerging. Notably, Protein phosphatase 2A
(PP2A) has a well-established tumor suppressor function but it is poorly understood which
of its many targets are relevant for this function. This is partly due to the wide range of
activities that PP2A participates in and partly due to the fact that PP2A activity regulation,
as well as the deregulation in cancer, occurs via many auxiliary subunits and endogenous
inhibitor proteins.

In this MD-PhD thesis, we have used various systems biology approaches, including
phosphoproteomics, high throughput drug sensitivity screening, and transcriptomics to
study the functions of the most frequently mutated PP2A subunit, PPP2R1A, as well as three
of its endogenous inhibitor proteins, CIP2A, PME1, and SET in cancer cells.

This study demonstrates that PP2A reactivation is poorly tolerated by several types of
cancer cells and results in downregulation of multiple oncogenic pathways, as well as
induction of senescence. Specifically, CIP2A is a regulator of MYC transactivation in basal
type breast cancers and our results indicate multiple cooperative mechanisms by which
PP2A regulates MYC. Analysis of PP2A dephosphorylome also provided novel insights into
general organization of phosphorylation signalling and emphasized the role of PP2A
inhibition in the nucleus.

By combining the phosphoprotemics data with cancer cell responses to over 300 drugs, we
have identified mechanistically distinct types of interactions between drug sensitivity and
PP2A activity. We further validated that inhibition of PP2A in KRAS mutant lung cancers
confers resistance to MAPK pathway inhibitors including the combination of Raf and MEK
inhibitors.

Together, these findings provide new evidence to support PP2A reactivation as cancer
therapeutic strategy and to support evaluating PP2A activity as a predicitive marker for
cancer therapy responses.

Keywords: PP2A, CIP2A, MYC, protein phosphorylation, drug resistance, labe-free
phosphoproteomics
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Otto Kauko
Systeemibiolginen analyysi PP2A:n toiminnoista syopasoluissa

Turun  VYliopisto, Ladketieteellinen  tiedekunta, Patologian laitos,  Turun
Molekyylilddketieteen tohtoriohjelma, Turun Bioldaketieteen tohtoriohjelma, Turun
Biotekniikan keskus

THVISTELMA

Syovédlle ominainen piirre on fosforylaation perustuvien signaalipolkujen poikkeava
aktivoituminen. Huolimatta fosfataasien keskeisesta tehtavdstd proteiinien fosforylaatiossa,
niiden merkityksestd sydpasolujen signlaalinvdlityksessd on vasta vahan tietoa. Erityisesti
Proteiinifosfataasi 2A:lla (PP2A) on selkedsti osoitettu olevan kasvunestajproteiini-
ominaisuuksia, mutta se mitkd PP2A:n monista kohdeproteiineista ovat tarkeitd sydvan
kannalta tunnetaan huonosti. Osittain tdma johtuu PP2A:n toimintojen moninaisuudesta ja
osittain siitd, ettd PP2A:n sadately, sekd syOvissa esiintyvat sdatelyn hairiot, tapahtuvat
ylimaaraisten alayksikoiden ja inhibiiittoriproteiinien kautta

Tassa vaitoskirjatutkimuksessa olemme tutkineet PP2A:n yleisimmin mutatoituneen
alayksikén, PPP2R1A:n, sekd kolmen inhibiittoriproteiinin, CIP2A:n, PME-1:n ja SETin,
toimintoja syOpdsoluissa kayttden erilaisia systeemibilogisia Iahestymistapoja, mukaan
lukien fosfoproteomiikkaa, lddkeherkkyysseulontaa ja transkriptomi-analyysia.

Tama tutkimus osoittaa, ettd monet syopéasolut sietdvat huonosti PP2A:n uudelleen
aktivoimista, joka johtaa useiden onkogeenisten signaalipolkujen estymiseen ja senesenssin
kaynnistymiseen. Tuloksemme viittaavat siihen, ettd PP2A s3dtelee MYC-onkogeenia useilla
toisiaan tukevilla mekanismeilla, ja CIP2A:lla on merkitystda MYCin transaktivaation saatelyssa
basaalityypin rintasyovassa. PP2A:n defosforylomista saatu tieto auttaa myds ymmartamaan
yleiselld tasolla fosforylaatiosignaloinnin jarjestaytymista soluissa ja osoittaa, ettd PP2A:n
inhibitiolla on keskeinen merkitys tumassa.

Yhdistamalla fosfoproteomiikan ja sydpasolujen vasteet yli 300 ladkkeelle olemme
tunnistaneet useita mekanismeiltaan erilaisia yhteisvaikutuksia PP2A:n aktiivisuuden ja
ladkeherkkyyksien valilla. PP2A:n estamisestd aiheutuva resistenssin MAPK-signaalipolun
inhbiittoreille KRAS-mutaatioita kantasvissa syopdasoluissa vahvistettiin lisatutukimuksilla.
PP2A:n estaminen teki solut resistenteiksi myds MEK ja RAF inhibiittorien yhdistelmalle.

Yhdessa nama tulokset puoltavat PP2A:n reaktivaatiota syévan hoitostrategiana ja PP2A:n
aktiivisuuden maarittamista sydpahoitojen ennustekijana.

Avainsanat: PP2A, CIP2A, MYC, proteiinien fosforylaatio, laakeresistenssi, leimaton
fosfoproteomiikka
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1. INTRODUCTION

Cancer is a universal feature of multicellular life. Multicellularity presents an
organism with a unique challenge: the need to suppress the fitness of individual
cells, which has been perfected during 3 billion years, for the benefit of the
whole organism. If this regulation fails even in one cell, the result may be cancer.

To achieve this goal, multicellular organisms have developed a variety of
regulatory mechanisms that limit cell growth in response to cell-to-cell
communication and other extracellular stimuli> 2. Indeed, many of the genes
that malfunction in human cancers have emerged in the first multicellular
animals and are involved in signal transduction® #. Another group of cancer
genes with even longer evolutionary history are the genes involved in
maintenance of DNA fidelity.? In order for a tumor to become lethal however, it
needs also the ability to invade distant organs and form metastases®

Interestingly, there seems to be little correlation with body size and cancer
incidence. This phenomenon has been named Peto’s paradox after the
epidemiologist Sir Richard Peto who first noted it®. It is a paradox not only
because the cell number varies by several orders of magnitude between animals
or because larger animals tend to live longer, but also because cells in larger
animals have had to undergo many more cell divisions leading to accumulation
of errors in DNA; Despite the similar lifetime risk of getting cancer, humans have
been estimated to undergo 10° times more mitoses than mice during their
lifetime.” Despite the considerable variety in the number and identity of
required genetic alterations between tumor types?, the importance of the cell
divisions in accumulation of genetic errors is evident even in the comparison of
life-time cancer risk in different human tissues; the analysis by Tomasetti an
Vogelstein® suggests that perhaps more than half of all cancers can be explained
by the number of cell divisions that have happened in these tissues.

An extreme example of Peto’s paradox is the size difference between honey bee
(Apis Mellifera) and blue whale (Balaenoptera musculus). Naturally occurring
ovary tumors have been reported in honey bee queens!® (Figure 1.) whereas
blue whale is not known to be exceptionally susceptible to cancer, despite
weighing about 10 million times more than a honey bee queen and having a
comparable life span — at the time when it is born!' 2, After the birth, age and
weight can increase by nearly two orders of magnitude each. 8
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Although other factors, such as the higher metabolic rate, may contribute to
cancer in smaller organisms'3, the inevitable conclusion from these staggering
odds is that larger and longer-lived animals need more efficient mechanisms for
controlling cell growth. Elephants, for example, have 20 copies of the tumor
suppressor gene TP53 resulting in more efficient DNA damage response. This
property makes elephant cells more likely to undergo apoptosis following DNA
damage than human cells.}* Another example is provided by the experimental
transformation of normal cells into cancer cells. Transformation of human cells
is considerably more difficult than transformation of mouse cells, and the key
difference is the specific requirement for Protein phosphatase 2A (PP2A)
inactivation in transformation of many types of human cells!> 6,

Right ovary

*’

Oviducts

2 Nl". 2129/47 (] s 2am

Figure 1. Honey bee queen ovary tumor. Depiction of an ovary tumor found on one year
old honey bee queen, modified from Fyg, 1963'°. The tumor was initiated in the right
ovary and grows to the space between the ovaries.

In addition to experimental transformation, the tumor suppressor role of PP2A
is supported by the cancer genomics literature accumulated over the recent
years. However, whereas transformation experiments have implicated PP2A in
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regulation of several oncogenic pathways, cancer genomics data suggests that
the key tumor suppressor function of PP2A may be linked to maintenance of
genome stability. In this review of literature, | will discuss the role of PP2A in
phosphorylation signalling, its tumor suppressor functions in the light of current
cancer genomics evidence, and the therapeutic implications of PP2A
deregulation in cancer.

Identification of the key PP2A targets mediating its tumor suppressor functions
is complicated by the breadth of its substrate base. Therefore, in the
experimental part of this thesis we have used various systems biology
approaches to gain an unbiased view on the effects of PP2A activity
manipulation. The findings presented in this thesis provide novel insight into
PP2A functions, expand on previously reported regulation of MYC, and highlight
the role of PP2A in drug resistance.
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2. REVIEW OF LITERATURE

2.1. Protein phosphorylation

Protein phosphorylation is the most common post-translational modification of
proteins!’. Phosphorylation refers to the transfer of a phosphate group to a
suitable amino acid on a protein. The resulting phospho-amino acid carries a 2-
charge and possesses unique structural properties compared to the non-
modified amino acids, which can be exploited in cellular signal transduction,
protein stability regulation, protein-protein-interactions, and allosteric control
of enzymatic activity!®

Maijority of phosphorylation events occur on hydroxyl group containing amino
acids. Both transfer of a phosphatae group from ATP to hydroxyl-group
containing amino acids to generate a phosphoester bond formation and the
hydrolytic cleavage of this bond are essentially irreversible reactions in
physiological conditions. The phosphoester bond of a phosphorylated amino
acid retains significant portion of the bond energy that is released by cleavage
of the terminal phosphate from ATP. What drives protein phosphorylation, and
makes it irreversible, is the high ATP/ADP ratio in living cells.®
Dephosphorylation reaction is made irreversible by the release of the
phosphoester bond energy. However, despite having a high bond energy,
phosphoester bonds are very stable. Negative charge of the phosphate group
contributes to the stability of the bond by repelling the attacking nucleophiles.®
This generates an energy barrier that necessitates specialized enzyme catalysis
for the hydrolysis reaction. This stability, together with irreversibility of the
reactions, is basis for controlling the phosphorylation and dephosphorylation
reactions and makes phosphate modification so amenable to signal
transduction and allosteric regulation of protein functions. An important
implication from these concepts is that not just protein phosphorylation but also
dephosphorylation can function as an activation mechanism in allosteric control

of protein function, checkpoint signalling, and initiation of signalling cascades.?
22

2.1.1. Phosphorylated residues

Vast majority of protein phosphorylation occurs in the form of phosphate
esters of the hydroxyl group containing amino acids: serine, threonine, and
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tyrosine. When tyrosine phosphorylation was discovered by Hunter and
Sefton, quantification of phosphorylated amino acids in chicken cells
suggested a very low abundance of phosphotyrosines: 0.04% of all
phosphorylated residues. The phosphotyrosine fraction was increased to 0.3%
by Rous sarcoma virus mediated infection that introduced active Src-tyrosine
kinase into the cells. Yet, the majority of the phosphorylation events occurred
on serine (92%) and threonine (8%) residues?. Mass spectrometry-based
analysis of the phosphoproteome by Olsen et al. increased the sensitivity of
phosphotyrosine detection, and permitted re-evalution of percentages of each
phosphor-amino acid, resulting in 1.8% Y, 86.4% S, and 11.8% T
Discrepancies between the different methods have been attributed to the
signalling state of the cells, low basal state of phosphorylation, sensitivity of
the methods, and higher stability of pS/T?4. Later higher coverage studies have
reported similar ratios (0.4% Y, 84.1% S, and 15.5% T out of 38229
phosphorylation events), however, phospho-tyrosine antibody enrichment
can increase the fraction of identified phospho-tyrosine residues by an order
of magnitude?. The phosphorylation sites recorded in PhosphoSitePlus®
(www.phosphosite.org) 2014 update were 16.7% Y, 58.5% S, and 24.9% T out
of 247826 non-redundant phosphorylation sites in total®®, although
comparison of different data sets suggests that the data on tyrosine
phosphorylation has higher coverage than serine/threonine data® .

The fraction of phosphothreonines has also been growing with the increased
coverage of phosphoproteome, suggesting that they tend to have lower basal
level of phosphorylation than serines on average. The early analyses have
been limited to identifying a limited number of highly abundant phosphosites,
and these studies seem to have overestimated serine/threonine ratio
compared to higher coverage data®>.Phosphorylation sites are more likely to
be found on disordered regions of proteins than corresponding non-
phosphorylated amino acids?’. This tendency is far more pronounced for
serines and threonines than tyrosines?®, which may indicate that tyrosines are
more often involved in allosteric control of proteins. However, this property
of phosphotyrosines may also reflect the enrichment of all tyrosines in
globular domains?.

Serines and threonines are more likely to form clustered phosphorylation sites
22 which has been associated with regulation of protein-protein interactions°.
Although nonphosphorylated serines may also cluster, surrounding sequences
of known phosphorylation sites are significantly more enriched in serines
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compared to the surrounding sequences of nonphosphorylated S, T, and Y
residues®®. No clear division exists between the functions mediated by serine
and threonine phosphorylation and comparative genetics analysis suggests that
they are to some extent interchangeable3!. However, some differences exist
between phosphoserines and threonines; distribution of phosphothreonines
between disordered and structured domains is intermediate between
phosphoserines and phosphotyrosines?®

Basic amino acids, histidine and, to lesser extent, lysine and arginine are also
known to undergo phosphorylation on a small number of proteins. However,
the phosphoamidate bond in these phosphorylated residues is more labile than
phosphoester and is susceptible to hydrolysis in acidic conditions.3? Partly owing
to this lability and the fact that liquid chromatography of most modern mass
spectrometry set ups is operated at acidic conditions, histidine phosphorylation
is difficult to study and it may be more widespread than what the current
literature suggests; in a specific cellular fraction, basic nuclear proteins, it may
account for up to 6% of the total phosphorylation33. Recently, development of
phosphohistidien specific antibodies has enabled the discovery of hundreds of
hisitidine-phosphorylated proteins, suggesting a potential involvement of
histidine phosphorylation in cell cycle regulation, RNA processing, and ribosome
related functions®*. A special case of histidine phosphorylation is the two-
component system, that is found in bacteria, fungi, and plants but is absent in
metazoan. Two-component histidine kinases are a class of membrane proteins
that function e.g. as chemotactic receptors. The kinase autophosphorylates a
histidine residue and the phosphate is then relayed to an aspartate residue and
further to a different histidine residue in a different domain/subunit from where
it finally reaches an aspartate on the substrate protein.?> Although not
structurally related, human nucleoside diphosphate kinases also form histidine
phosphate intermediates from where the phosphate is further transferred to a
histidine or aspartate in the substrate3®. Phosphohistidine can be
dephosphorylated by serine/threonine phosphatases PP1, PP2A, and PP2C in
vitro. The rate of phosphohistidine dephosphorylation on H4 by PP1 and PP2A
was comparable to phosphoserine dephosphorylation Phosphorylase A%.
Although these PSTPs constitute majority of the phosphohistidine phosphatase
activity in vitro, phosphohistidine specific phosphatases, such as PHPT1, have
also been described3?. Lastly, Cysteine phosphorylation has been observed in
bacteria®.
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2.1.2. Kinases and phosphatases

Protein phosphorylation occurs when an enzyme called kinase transfers the
terminal phosphate group from ATP to a phosphorylatable amino acid on
protein. This phosphate is removed by another class of enzymes, protein
phosphatases. A significant portion of the human genome is dedicated to the
phosphorylation machinery. A characterization of the kinase complement in
human genome by Manning et al. identified 518 protein kinases, including 478
eukaryotic protein kinases (EPK), and 40 atypical protein kinases (APK)*. Earlier
report by Kostich et al. identified 510 EPKs*'. The analysis by Manning et al.,
which benefited from non-publicly available data from different sources, was
also able to identify kinases not present in the first analysis. Comparison of the
results suggests that most of the additional kinases reported by Kostich et al.
are either duplicates or likely pseudokinases and comparison analysis resolved
the conflicts in favour of Manning et al. Generally the agreement was found
good (99%) on the 428 EPKs retaining the conserved residues in their catalytic
domain, however, some atypical kinases may have been missed by both
analyses. One of them is a secreted atypical protein kinase FAM20C*. The
number of kinases in human kinome is increased to 539 with the inclusion of 20
lipid kinases*?

Structure-based analysis suggests that evolutionary origins of phosphatases are
more diverse, and the division between protein phosphatases and metabolic
enzymes that catalyse reactions on small molecule substrates is less obvious,
than with protein kinases. In some cases structurally diverse phosphatases have
converged on similar substrate specificity while some families of phosphatases
exhibit considerable divergence in their substrates**. The 2015 update of
Human Dephosphorylation Database (DEPOD) lists 239 (228 active)
phosphatases®, including 108 phosphotyrosine phosphatases (PTP) and 38
serine/threonine phosphatases (PSTP). The initial analysis of PTPs in human
genome of by Alonso et al. identified 107 Tyrosine phosphatases, of which 81
are catalytically active towards pY. PTPs are similar to tyrosine kinases in terms
of number, subcellular localization, and protein interaction motifs 6. However,
the number of serine/threonine phosphatases is about an order of magnitude
lower than the number of corresponding kinases. This lack of diversity in the S/T
dephosphorylation is made up by the modular structure of phosphatase
complexes, where multiple mutually exclusive regulatory subunits determine
the subcellular localization and substrate specificity*’ In contrast, tyrosine
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kinases and phosphatases are multidomain proteins, and similar functions are
provided by different domains of the same protein?®

2.1.3. Evolution of protein phosphorylation

Catalysed phosphate ester bond formation and cleavage reactions have been
present already during the early nucleic acid evolution and thus predate the
emergence of proteins. That, together with the selection of ATP as the major
energy storing molecule, may have contributed to the dominant role of the
phosphate modification on proteins in cellular signalling!®. Although protein
phosphorylation occurs in all living organisms, the eukaryotic, and especially
metazoan phosphorylation machinery has undergone significant
diversification.

2.1.3.1. Evolution of kinases and phosphatases

Eukaryotic protein kinases evolved from eukaryotic like protein kinases (ELK) in
prokaryotes. Catalytic mechanism conserved between ELKs and EPKs but
whereas the ELKs are more akin to metabolic enzymes with high turnover, EPKs
have evolved sophisticated regulatory mechanisms. One of these is the
conserved activation segment that typically assumes ordered conformation
following a phosphorylation event. Thus, majority of kinases are activated by
phosphorylation. In addition, EPKs have additional substrate recognition
elements*®

Tyrosine kinases and some mitogen activated protein kinases (MAPK) are
specific to metazoans.*® Closest unicellular relatives of the metazoans are
choanoflagellates, that, even though unicellular, exhibit colonial behaviour with
rudimentary differentiation in tasks perfomed by the members of the colony.
Analysis of the choanoflagellate M.brevicollis genome reveals that they possess
some MAPKs but e.g. and JNK the MAPKKK Raf are exclusive to metazoans®°.
M.brevicollis also possesses an elaborate tyrosine signalling machinery with 128
kinases and 38 phosphatases, however, it bears very little similarity to bilaterian
metazoan phosphotyrosine signalling, and appears to have developed largely
independently >. PI3K-family lipid kinases have also expanded during metazoan
evolution from one kinase regulating vesicular traffic in yeast to eight kinases
and multiple regulatory subunits in vertebrates that regulate diverse signal
transduction events®2.
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Phosphatases have undergone parallel diversification. Interestingly, PTPs and
SH2-domains, that specifically interact with phosphorylated tyrosines, seem to
have existed before the first tyrosine kinases.”® It has been suggested that they
play a role in phosphotyrosine signalling also in fungi where some
serine/threonine kinases possess limited tyrosine kinase activity>® >4, PTPs and
SH2 domains have then experienced rapid diverisification and coevolution with
the tyrosine kinases after their emergence.>?

The evolution of serine and threonine dephosphorylation is more evident in the
regulatory subunits. One copy of PP2A B56-family regulatory subunit gene is
found in primitive eukaryotes, and it has been duplicated in early metazoan
evolution and 5 isoforms are found in most vertebrates. Further diversification
between the isoforms has also happened in vertebrates®®. Similarly, the yeast
Saccharomyces cerevisiae has only one B55 homolog, Cdc55°%, whereas the
human B55-family contains 4 members, out of which the B- and y-isoforms are
mainly expressed in brain®’.

Protein phosphatase 1 (PP1) has larger number of regulatory subunits than
PP2A and while some of them are widespread among all eukaryotes, this
evolutionarily related class of proteins has expanded significantly in metazoans
with 7 new subunit families (R9, R10, R12-16). Duplication has occurred at least
once in each of these families in vertebrates and the inhibitor-1 (R1-family) is
only present in vertebrates. For some of these proteins, the putative PP1-
regulatory function is based on the evolutionary origin and conservation of the
catalytic subunit binding motifs. In addition to the primary reguléatory subunits,
unrelated proteins converging to PP1 regulatory function in bilaterian metazoan
lineage have also been identified.>®

2.1.3.2. Evolution of phosphorylation sites

Allosteric regulation of proteins requires both specific phosphorylation and
dephosphorylation activity as well as highly specific structural reorganization on
the substrates part. Evolution of such complex traits can only occur sequentially.

Human genome bears evidence of selective forces acting on potentially
phosphorylatable residues after the emergence of a kinase activity. The number
of tyrosine residues in the proteome has been decreasing with the expansion of
tyrosine kinome during metazoan evolution, suggesting a selective pressure
against tyrosines whose phosphorylation is harmful®®. While other factors, such
as the increase in genomic GC-content especially in warm blooded animals, may
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have contributed to this trend®, the loss of tyrosines was more pronounced in
proteins not known to be tyrosine phosphorylated®. Additionally, similar
relationship was observed between threonines and serine/threonine kinome.

However, once the kinase activity is present, new phosphorylation sites can also
evolve in place of previously non-phosphorylatable residues. There is evidence
that phosphorylation sites involved in conserved allosteric activation have
evolved, at least in part, from aspartates and glutamates that are structurally
similar to phosphorylated serines and threonines. With a detailed comparative
genomics analysis, Pearlman and others showed that there is a bias in distant
homologs to have aspartate and glutamate in place of phosphorylatable serine.
In addition, substitutions between acidic and phosphorylatable amino acids
exhibited clade specific patterns, or emerged in some paralogs after
duplication3?.

Phosphorylated amino acid residues tend to be located in disorderd and surface
regions of proteins. When this tendency is taken into account, they are
significantly more conserved than corresponding nonphosphorylated
residues®’. The conservation is also more evident on the phosphosites with
known function, or on the sites that are found in the context of known kinase
specificity determinants, suggesting that significant portion of non-conserved
phosphorylation may be non-functional®?>. However, localization of
phosphorylation sites that interact with phosphopeptide binding motifs is more
flexible than localization of phosphosites involved in allosteric regulation. An
example is provided by a comparison of CDK1 target sites across 32 fungal
species. Majority of CDK1 target sites are clustered in disordered regions and
are enriched for binding partners of 14-3-3 motifs. The exact position of these
phosphosite clusters is poorly conserved between different fungals species.>®
Furthermore, a related kinase Ime2 phosphorylates distinct but closely located
sites on same substrates in meiosis, and these phosphorylations mediate similar
functions that CDK1 target sites mediate in mitosis.%3

The evolutionary conservation of phosphorylation sites is more pronounced for
serine: Serines have the highest mutation frequency of all amino acids. However
phosphorylated serines exhibit a higher degree of conservation than
phosphothreonines. Higher rate of change in phosphothreonines has been
suggested to indicate a more ancient evolutionary origin of phosphoserine
signalling.®* Accordingly, a comparison within the mammalian lineage shows
that human proteome has experienced a net gain of phosphorylated threonines
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since the divergence from mice.®! Interestingly, several major phosphatases
have a preference for threonine, whereas a majority of kinases prefer serine®
66, This suggests that serines have, on average, a higher chance to be
phosphorylated and contributes to the above described phenomenon of serines
being overrepresented in mass spectrometry based phosphoproteomics
analyses. It is worth noting, although the causality is not established, that the
increase in phosphothreonine complement co-occurs with a more important
role of phosphatase regulation of oncogenic pathways in the transformation of
human cells compared to mouse cells.®

In kinases, the specificity between serine and threonine is largely determined
by one residue in the vicinity of the catalytic site and the switch in this specificity
seems to have occurred independently in multiple kinases throughout the
evolution®’. Similarly, switching between serines and threonines has also
frequently occurred in substrates3!. In addition to kinases and phosphatases,
selectivity between serines and threonines is a property of phosphopeptide
interaction motifs®,

2.1.4. Deregulation of protein phosphorylation signalling in cancer

Given the essential role of phosphorylation signalling in translating extracellular
signals in to cellular functions, it is not surprising that these phosphorylation
events are deregulated in cancer.

Tyrosine kinase Src was the first oncogene to be discovered® and most frequent
amino acid substitution mutation, present nearly 10% of all human cancers
according to COSMIC data base, is the activating valine to glutamate mutation
in BRAF kinase codon 600 (Figure 2, cancer.sanger.ac.uk’). First attempts to
catalogue frequently mutated genes in cancer noted the overrepresentation of
kinases’!. Kinases remain significantly enriched in the more recent large scale
cancer genomics analysis by Fleuren et al. that has utilized copy number data
and more sophisticated methods to distinguish between driver and passenger
mutations*?. There is a particularly strong overrepresentation of tyrosine
kinases, with nearly half of the receptor tyrosine kinases harbouring likely driver
mutations in cancers, and also of kinases belonging to MAPK cascades. The
PI3K/Akt also stands out when the lipid kinases are included in the analysis. As
discussed earlier, these are the kinases that have emerged during the evolution
of multicellular life in metazoan lineage and are involved in transducing signals
from extracellular space into the cell.
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Copy number alterations frequently target regulators of phosphorylation
signalling. A 5000 sample pan-cancer analysis of copy number alterations
suggested that phosphatases are implicated in regions of copy number loss in
cancer’?, Correspondingly, an earlier analysis of over 3000 samples suggested
association between kinases and amplification of genomic DNA”3

In addition, mutations have been shown to abolish and generate new
phosphorylation sites as well as alter specificity determinants in kinases and in
target proteins with the potential to generate novel kinase-substrate
combinations.”* The mutations on the substrate protein genes, either
destroying phosphorylation sites or altering specificity determinants, represent
large categories of mutations that potentially affect phosphorylation signalling,
however, their functional impact remains to be assessed.
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Figure 2. Ten most frequent missense mutations in human cancers. This figure is
based on COSMIC v76 genome-wide data comprising 18186 samples
(cancer.sanger.ac.uk)’®. The most frequent mutation in this data set is the activating
valine to glutamate mutation at BRAF codon 600, whereas the combined frequency of
all codon 12 mutations in its direct upstream regulator, KRAS, is even higher. The top
ten list also has two activating mutations of the lipid kinase PIK3CA. The dotted line
represents the incidence of mutations weighted by SEER 2015 Cancer incidence
estimates’® to account for over and underrepresentation of certain cancer types in
COSMIC database.
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2.2. PP2A structure and function

PP2A was initially defined as one of the four serine/threonine phosphatases,
PP1, PP2A, PP2B, and PP2C. This classification was based on 1) inhibition by
endogenous inhibitor proteins and small molecule inhibitors, 2) requirement of
divalent cations for catalytic activity, and 3) the ability to dephosphorylate
certain substrates. These approaches identifyied PP2A as a major constituent to
total serine/threonine phosphatase activity, along with PP1 and PP2C.7®
However, what was classified as PP2A before the gene-centric analyses is likely
to have included also other related phosphatases. Nonetheless, PP2A has very
large number of substrates and it plays a role in wide range of biological
functions’’. The diverse functions of PP2A are under elaborate control involving
a large number of mutually exclusive regulatory subunits and endogenous
inhibitor proteins, as well as post-translational modifications (Figure 3). In
addition, it has been suggested that the activation of the newly synthesized C-
subunit by PTPA is coupled to the biogenesis of the holoenzyme in order to
restrict the promiscuous activity of the free C-subunit’® 7°.
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Figure 3. Canonical PP2A subunits and mechanisms of activity regulation. PP2A activity
is controlled by subunit composition of the holoenzyme, endogenous inhibitor proteins,
and post-translational modifications of the subunits.

2.2.1. Catalytic C-subnunits and Scaffolding A-subunits

In humans, the catalytic C-subunits of PP2A are encoded by two different genes,
PPP2CA and PPP2CB, and their 309 amino acid long sequences are 98%
identical.®% There are also two isoforms of the 65 kilodalton scaffolding A-
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subunit, that have 87% identical amino acid sequence and are encoded by the
genes PPP2R1A and PPP2R1B.8! For both A- and C-subunit, the alpha isoform is
dominant, comprising roughly 90% of the total amount of these subunits under
the conditions analysed thus far.”® 8183 |n line with their essential role, knockout
of either PPP2CA or PPP2R1A in mice is embryonic lethal®* 8>, whereas knockout
of PPP2CB produced no obvious phenotype®®.

The catalytic subunits are very highly conserved across the metazoan lineage®’.
Both catalytic subunits have similar affinity towards A- and B-subunits and
similar catalytic activities when bound to the same A- and B-subunits.® It is not
known if the catalytic subunit isoforms have distinct substrates, however, some
tissue specific differences in their relative expressions have been reported?,
and differences in their subcellular localization patterns have also been
reported®.

Distinct functions have been reported for the A-subunit isoforms®X. The AB has
lower affinity towards B55-family subunits and C-subunits than Aa. Aa is
expressed at high level in all tissues, whereas the expression of AR is low in most
tissues and moderately high in testis. Aa exhibits a high level of conservation
throughout the vertebrate evolution whereas AB is more varied.%3

PP2A exists in cells mainly as a dimer composed of A- and C-subunit or a trimer
containing a variable B-subunit in addition to A- and C-subunits’®, though the C-
subunit can also be found in complexes that do not include the A- or B-subunits,
notably with alpha4 (IGBP1), an interaction that conserved from yeast to
mammals®2. The B-subunit is thought to contribute to the substrate specificity
and to localize PP2A activity to relevant sites. However, the division between B-
subunits, endogenous inhibitors, and other interacting proteins is not always
clear, and a widespread substrate recognition sequence has only been
described for B55 and B56-family subunits thus far®® ®4, Moreover, even in the
absence of systematic analysis, there is evidence that some of the subunits,
inhibitors, and interaction partners are shared with other phosphatases.®>” For
example, the regulation of carboxyterminal methylation of the C-subunit is at
least partly shared between PP2A, PP4, and PP6; LCMT-1 has been shown to
methylate all of them® and an interaction has also been reported between
PPP4C and PME-1%, Binding to Alpha4 is another shared interaction between
PP2A, PP4, and PP61% and crosslinking mass spectrometry analysis suggests that
the Aa subunit of PP2A can form a hybrid complex with PP4 subunits PPPP4R3A
and PPP4C via interactions that are similar to PP2A B56y and C-subunit
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binding°?. PP2A inhibitors ANP32A, SET, PPP1R17, and TLX1 also interact with
PP1, and they are referred to as subunits in the context of PP1%%,

2.2.2. Regulatory B-subunits

A total of 15 genes are generally considered as B-subunit genes. The proteins
encoded by these genes belong into 4 structurally distinct families, B/B55/R2,
B’/B56/PR61/R5, B”/PR72/R3, and B’’/PR93/PR110/Striatins. (Figure 3.)
Although there is no obvious sequence similarity between the B-subunit
families, binding assays of B56-subunit fragments identified a bipartite A-
subunit binding domain that exhibited limited conservation between B55, B56,
and PR72 families'®2. This domain was not found in Striatins, however, there is
a similar sequence in Striatins and the B56 family subunits that corresponds to
the first amino acids in the N-terminal part of the shared A-subunit binding
motif.1%3 Striatin also has other more N-terminal regions that contribute to PP2A
binding!04,

The first B-subunits to be characterized were the a- and B-isoforms of the B55-
family'%. The B-subunit and the later identified y-subunit'®® are mostly
expressed in brain®’. The last member of this B-subunit family is the &-isoform,
which is most similar to the a-isoform!%’. Both of them are ubiquitously
expressed and despite differences in their subcellular localizations'%’, the 6-
isoform shares some of the critical mitotic functions of the a-isoform?,

In addition to the 55 kilodalton B55-subunits, PP2A was purified as a trimer
containing A, C, and a 72-kDa B-subunit in early experiments’®. Characterization
of this subunit suggested that it is expressed as 130 kDa and 72 kDa variants
sharing the C-terminus'®. These proteins, encoded by PPP2R3A gene, were
named as as PR130 and PR72. PR48, encoded by PPP2R3B, was identified as a
binding partner of Cdc6 in a yeast-2-hybrid screen and subsequent analysis
revealed the role as B-subunit based on the homology with PR72/PR130%°, A
70 kDa homologue of PR48 was identified in Xenopus laevis and a subsequent
analysis of the human PPP2R3B gene suggested that the 70 kDa variant, PR70,
is also expressed in humans. These variants share the C-terminal region and the
methionine in the beginning of the PR48 is not conserved in X./aevis.*'! The PR59
protein sometimes listed as a member of this family is a mouse protein that is
highly similar to human PR48/PR70%% 112 G5PR, encoded by PPP2R3C, was
identified as a binding partner of GANP in a yeast-2-hybrid screen its sequence
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is most closely related to the PR72-family subunits. Functional analyses suggest
that it is a PP2A subunit, and also an interaction partner of PP5%,

Splicing variants of the PR72-family have received more attention, perhaps
because of the nomenclature that more clearly distinguishes the variants.
However, alternative splicing variants with distinct functions, such as
mitochondria specific localization of PP2A, have been reported also for B55- and
B56-subunits!® 114,

A two hybrid experiment by McCright and Virshup using A-subunit as a bait
identified a third type of B-subunit with an approximate molecular weight of 56
kilodaltons, and no obvious sequence similarity to B55 and PR72 subunits'®®. In
addition to the initially identified a-, B-, and y-isoforms, the family contains two
more functional genes coding for 6- and e-isoforms, the former of which is larger
than the other members of this family with an approximate molecular weight of
70 kilodaltons.''% 116 Evolutionarily, y and & isoforms are more closely related
and their common ancestor diverged from the common ancestor of a,B, and €
in early metazoan evolution. However, significant diversification between the
isoforms has occurred during vertebrate evolution.> A shared property of the
v- and &-subunits is the mainly nuclear localization whereas the others are
cytoplasmict®4,

Striatin and SG2NA, encoded by STRN and STRN3, were identified as the fourth
B-subunit family based on immunoprecipitation experiments and sequence
similarity to B56 subunits that resulted in antibody cross reactivity.1%3 Zinedin,
encoded by STRN4 is a third member of the striatin-family and has a very high
degree of homology with the N-terminal half of Striatin and SG2NA that contains
the PP2A binding regions. SG2NA is ubiquitously expressed but the expression
of Striatin and Zinedin is mainly restricted to brain.'*” Out of all B-subunits, the
role of striatins is least well established, and while Striatin and SG2NA bind to
PP2A in the absence of other B-subunits, they also seem to be members of the
same protein complex and targets of PP2A.1*® Goudreault et al. performed a
complex set of iterative affinity purification and mass spectrometry experiments
to characterize this complex, referred to as STRIPAK. In addition to striatins and
the A- and C-subunit of PP2A, the STRIPAK complex contains Mob3 and STRIP
proteins. Interestingly, the PP2A A- and C-subunits also bound to other
members of STRIPAK, and the striatins also interacted with each other.1%?
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2.2.3. Proteins with subunit-like functions

A number of proteins have been shown, with varying levels of evidence, to bind
to the C-subunit or A/C-dimer forming catalytically active complexes. These
interaction have been reviewed extensively by Guergnon et al.}?° and include a
number of kinases. In addition, many viral proteins bind to the A-subunit in a
competitive fashion with the endogenous B-subunits.

Interestingly, sequence similarities have been observed between SV40 small t-
antigen and CK2a-kinases. Although B-subunits and small t-antigen bind to
overlapping regions of A-subunit, the binding motif in small t-antigen and, by
extension, CK2a-kinases lacks significant similarity with the shared A-subunit
binding motif of B-subunits.1%? Casein kinase 2 alpha (CK2a) has been shown to
interact with PP2A via a motif that is shared with the small t-antigen. Binding of
CK2a to PP2A core enzyme enhanced MEK dephosphorylation and limited the
effect of RAS in transformation.'2! A similar motif is also found in Casein kinase
2 alpha 2 (CK2a’) and binding of CK2a’ to PP2A core enzyme has been shown to
inhibit its activity towards Tau.'??2 However, CK2a and CK2a’ were not analysed
in parallel. Therefore, it is not known whether CK2a-kinases have opposite
effect on PP2A activity or whether these results can be explained by restricted
substrate specificity.

Another group of kinases with limited sequence similarity to SV40 small t-
antigen PP2A binding region are the Janus kinases.'?> Mutating one of the two
putative PP2A binding sequences on JAK2 has been shown to impair PP2A-JAK2
interaction.'?* JAK2 has been shown to transiently interact with PP2A following
IL-11 stimulation'?3. In addition, IL3 stimulation has been reported to promote
PP2A-JAK2 interaction, resulting in transient inhibition of PP2A activity and
phosphorylation of the catalytic subunit Y307, detected by a generic
phosphotyrosine antibody from a PP2A C-subunit immunoprecipitate'®.
However, it has also been suggested that the complex formation with JAK2
directs PP2A to specific targets as it negatively regulates JAK2 and STATS5
signaling induced by IL-3 treatment.!?®> Another kinase with multiple
interactions with PP2A core dimer is the Src non-receptor tyrosine kinase. Like
JAK2, activation of Src first stimulates the PP2A interaction. Using the same
methodology as with JAK2, Src was also shown to phosphorylate the Y307 of the
C-subunit resulting in transient inhibition of PP2A activity and this
phosphorylation has been shown to reduce the binding between PP2A and
these kinases.'?* 126 However, although the net effect of the Y307
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phosphorylation was a reduction in binding between Src and PP2A A/C-dimer,
the phosphorylation promoted the interaction with the Src SH2 domain'?®. Also
similarly to JAK2, PP2A is a negative regulator of the Src activity and downstream
targets!?’.

The PP2A catalytic subunit has been shown to interact with SH3-domains on
GPR54'%8 and the SH3 domain of Src also contributes to the binding to PP2A%6,
In addition, a sequence similar to SH3 core motif was found on the two regions
of AMBRA1 that were shown to mediate binding to PP2A catalytic subunit.
AMBRA1 was also shown to contribute to the regulation of MYC S62
dephosphorylation by PP2A%°

B-cell receptor associated protein a4, encoded by IGBP1 gene, was identified as
a binding partner of PP2A based on the evolutionary conservation of previously
reported interaction in yeast. The yeast homolog of a4, Tap42, plays a role in
TOR signalling®3?, and this function seems to be conserved also in mammals.3!
a4 binds directly to the PP2A C-subunit, however, there are conflicting reports
on the biochemical properties of this dimer.The dimer has been reported to
retain phoshataseactivity towards some targets, including Mid1 in an in vivo
setting® 132, In contrast, structural analysis suggests that the conformation of
the C-subunit active site is perturbed upon a4 binding and the dimer is
catalytically inactive. Ectopically expressed a4 has been reported to sequester
the C-subunit resulting in PP2A inhibition, and it has been suggested that a4
functions as PP2A inhibitor33 and this also the proposed mode of action in
MTOR signalling pathway. Ectopic overexpression of a4 has also been shown to
contribute to transformation!3*. However, this artificial overexpression may not
be representative of the physiological functions of a4 and it seems more likely
that a4 acts as a chaperone that stabilizes the incompletely folded C-subunit®3>,
This physiological stabilization is likely to involve only a small fraction of the C-
subunit, yet it seems to be essential for the assembly of active holoenzymes®”
136 1t is possible that the catalytically inactive C-a4 dimer still possesses some
functions. A catalytically inactive splice variant of C-subunit has been reported
and this variant exhibits increased affinity towards o437, A catalytic-activity-
independent role also been proposed for the C-subunit in the recruitment of
Condensin Il to chromosomes!32,
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2.2.4. Endogenous PP2A inhibitor proteins

An important group of PP2A interacting proteins are the endogenous inhibitor
proteins that, like the subunits, are encoded by separate genes. The
endogenous phosphatase inhibitors often function as downstream mediators of
kinase pathways or in specific phases of the cell cycle to promote cell growth
and may only regulate a subset of phosphatases targets*°. Discovery of novel
inhibitor proteins has strengthened this concept also for PP2A. To date, at least
14 structurally and functionally heterogeneous proteins have been labelled as
inhibitors of PP2A based on their ability to interact with PP2A, and to inhibit
dephosphorylation carried out by PP2A (Table 1). Many of these proteins have
been reported to also carry out PP2A independent functions.

Table 1. Endogenous inhibitor proteins of PP2A

binding to SET

Inhibitor Aliases Mode of inhibition References

SET I2PP2A Interacts with C-subunit 140,141

ANP32A 11PP2A 140

ANP32E Cpdl 142

PME-1 PPME1 Demethylates C-subunit, removes |431%
MN?* ions required for catalytic
activity, and stabilizes the inactive
conformation of C-subunit

CIP2A KIAA1524 Binds to B56-family subunits 146, Wang,
sequestering them from the Okkeri, et al. In
holoenzyme press

TIP TIPRL Binds to C-subunit, mutations in Aa- | 147 148
subunit enhance interaction

ARPP19 B550/6, in mitosis, activated by |°
Greatwall kinase

ENSA B55a/8, in mitosis, activated by |
Greatwall kinase

BOD1 B56-family, in mitosis 51

TLX1 HOX11 Interacts with C-subunit 152,153

PPP1R17 G-substrate 95,154

IER3 B56-family, following ERK activation | 1°°

SETBP1 PP2A inhibition requires binding to | ¢
SET

HNRNPA2B1 PP2A inhibition enhanced by|¥’
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2.2.5. Regulation of PP2A activity by post-translational modifications

Although the B-subunits interact mainly with the A-subunit, the C-terminus of
the catalytic subunit has an important role in the selection of B-subunits.
Selectivity is achieved in part by post translational modifications, namely
methylation of the C-terminal L309 and, possibly, phosphorylation of T304 and
Y307. It has been suggested that methylation of the L309 is coupled to the PP2A
holoenzyme assembly and catalytic subunit activation which may be a
mechanism to limit the promiscuous activity of PP2A lacking regulatory
subunits. %8

2.2.5.1. Methylation of the catalytic subunit C-terminus

Methylation of the L309 has been reported to be required for B55-family
subunit binding and to enhance the binding of some B56-family subunits?>% 160,
Methylation is catalysed by LCMT1 and it seems to require that the C-subunit is
in active conformation®!. The activation of the C-subunit is catalysed by PTPA
that, at least in yeast, targets the AC-dimer and is dependent on the crosstalk
with PME-178, PME-1 is responsible for removing the L309 methylation but it
also stabilizes the catalytic subunit in inactive conformation.*314> This process
has been reported to evict the manganese ions required for catalytic activity
from the C-subunit!*3. The model, in which interaction with PME-1 is required
for PTPA function, implicates PME-1 also in the biogenesis of PP2A
holoenzymes. However, in the context of cancer cell signalling, elevated
expression of PME-1 results in PP2A inhibition and it correlates with cancer
stage in glioblastoma and endometrial cancer®® 2, Furthermore, reduced
methylation of the C-subunit also contributes to transformation63 164

2.2.5.2. Phosphorylation of the C-subunit

PP2A is inhibited by phosphorylation of the catalytic subunit at Y307 by a wide
range of tyrosine kinases. The phosphorylation was measured by radiolabeling
and the Y307 was confirmed as the primary phosphorylation site in vitro by
deletion mutants!®®, although other tyrosine phosphorylations have also been
reported in PhosphositePlus database?®. The phosphorylation at Y307 inhibits
the catalytic activity of the purified C subunit as well as AC-dimer'®>. In addition,
targeted mutagenesis studies suggest that it is likely to prevent the binding of
B56a, B, and € subunits'® and inhibit methylation, further restricting the
holoenzyme formation®% 160 |t may also enhance the interaction with SET6®,
however, this finding is depdendent on quantification of Y307 phosphorylation
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by an antibody that may no be specific for the phosphorylated form (Egon Ogris,
personal communication)

Catalytic subunit is also phosphorylated at a threonine residue resulting in
diminished activity towards the target protein MBP. Functional studies suggest
T304 as the phosphorylated residue, and this is also the only phosphorylated
threonine reported in PhosphositePlus database?® Phosphomimetic T304D
mutation specifically prevents B55-family subunit binding in human!>® and
mouse cells'®® and abolishes essential PP2A functions in yeast cells'®’. PP2A C-
subunit has been shown to be transiently phosphorylated at unspecified residue
following a treatment of cells with TPA, an activator of Protein kinase C, a
serine/threonine kinase. This phosphorylation coincided with a drop in
phosphatase activity towards Histone H3!!. Neither aspartate nor alanine
mutant of T304 significantly affected the methylation efficiency of L3091>%: 160,

2.2.5.3. Phoshoregulation of other subunits.

In addition to C-subunit, phosphorylation has been reported to occur on T268,
S303, and S314 of the A-subunit. Phosphorylation of these sites reduces the
interaction between A- and C-subunit resulting in lower PP2A activity towards
multiple substrate proteins.'®

Inhibitory phosphorylations have been identified on B55a S$167%%° and on
Schizosaccharomyces pombe B56 subunits’®. Activating phosphorylations also
occur on B56-family subunitst’ 172,

Lastly, phosphorylation activates or enhances the activity of several
endogenous inhibitor proteins, including ARPP19'4°, ENSA®*, Bod1'>!, IER3%>,
ANP32A73, and SETY’4. A well characterized example is the phosphorylation of
ARPP19 and ENSA by Greatwall kinase that specifically suppress PP2A
complexes with B55a and B556. Inhibition of these phosphatase activities is
essential for initiation and maintenance of mitosis'#% 159,

2.3. PP2A as a tumor suppressor

2.3.1. Experimental transformation of human cells

Interest in PP2A’s tumor suppressor functions stems from two independent
series of findings: 1) Carcinogenic properties of small molecule phosphatase
inhibitors’>’7 and 2) transforming activity of SV40 virus. The experimental
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transformation using SV40 early genes has become an important research tool
for studying PP2A subunits, regulators, and targets, and these findings will be
discussed in the chapter below.

When the transformation is defined as increased proliferation, gained ability to
grow in anchorage-independent manner, and gained ability to form tumors in
immunocompromised mice, a distinction arises between human and rodent
cells; rodent cells can be transformed by expressing SV40 large t-antigen,
whereas human cells require both large and small t-antigens®. SV40 small t-
antigen interacts with two cellular proteins that were identified as the A- and C-
subunits of PP2AY8, The interaction with C-subunit was mediated by the A-
subunit, and the interaction between A-subunit and small t-antigen was blocked
by the B-subunit. Binding of small t-antigen to AC-dimer inhibited its activity
towards a subset of target proteins'’?, and mutations in the small t-antigen that
interfere with AC-dimer binding and inhibition of its catalytic activity have been
shown to be less efficient in transformation*°,

2.3.1.1. Minimum requirements for transformation

The transformation of human cells has proven to be quite difficult and has in
many experiments relied, at least partly, on carcinogen-induced or
spontaneously arising alterations. Expressing both large and small t-antigens of
the SV40 virus readily confers the ability to grow in an anchorage independent
manner to primary human fibroblasts isolated from foreskin, and this was
shown to be dependent on small t-antigen’s ability to inhibit PP2A8!. However,
without active telomerase, cells are significantly less efficient in forming
colonies in soft agar and rapidly enter crisis. Therefore, Hahn and others have
suggested that freshly isolated human epithelial cells and fibroblasts can be
readily transformed by expression of SV40 large t-antigen together with
telomerase and constitutively active HRAS, which enhances soft agar colony
formation and is required for tumor formation in xenograft experiments!®2,
Although not known at the time, the constructs used in these experiments also
contained SV40 small t-antigen gene, and the PP2A inhibition by this small t-
antigen was later shown to be essential component in this transformation
model'®3 184 The effect of large t-antigen has been attributed to inhibition of
tumor suppresors TP53 and RB, however, other functions are likely to
contribute?®, Also the small t-antigen has other cellular targets, some of which
interact with shared sequences of the small and large t-antigens®l.
Nevertheless this model has proven to be useful in many follow-up experiments
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for identification of PP2A subunits and regulators that are responsible for the
tumor suppressor functions of PP2A as well as downstream pathways whose
activation they prevent.

2.3.1.2. PP2A subunits implicated in transformation

Structural analysis shows that small t-antigen binding to A-subunit is mutually
exclusive with binding of B56-family subunits and also restricts the access to C-
subunit catalytic site. However, compared to B56-subunits, small t-antigen has
lower affinity towards A-subunit and it seems inefficient at replacing them in an
in vitro setting®. This is in contrast to an earlier report showing that
overexpression of small t-antigen in cells efficiently competed with B55a and to
lesser extent with B56y3 subunits that were also ectopically expressed at a
similar level*®’. In addition, overexpression of B56y3 but not B55a prevented
the transforming activity of small t-antigen. Furthermore, downregulation of
B56y3 by shRNA was able to partially replace small t-antigen in
transformation'®’. These findings support the view that small t-antigen
competes with B-subunits rather than targets the functions of the AC-dimer. A
potential resolution for the conflicting results from in vitro and in vivo
experiments is the differential sensitivity of some B-subunits and small t-antigen
to the catalytic subunit methylation. Small t-antigen binding is not affected by
methylation'®3, which is required for B55a binding and enchances B56-family
and PR72/PR130 subunit binding®®> 1%, |n line with these findings,
downregulation of C-subunit methylation by PME-1 overexpression or LCMT-1
inhibition enhances the B56y-shRNA mediated transformation'.

In addition to B56y, silencing of B56a, PR72/PR130%%*, or B55B'8 B-subunits as
well as A-subunit beta®® have been shown to contribute to transformation.
Moderate downregulation of the alpha isoforms of A- and C-subunits also
contribute to transformation, however, efficient depletion of these proteins is
detrimental to the cells!®*. In addition to these PP2A subunits, downregulation
of PP2A activator PTPA*, overexpression of PP2A inhibitor CIP2AS,
overexpression of a4 (which was associated with reduced catalytic activity of
PP2A)*® or treatment with small molecule phosphatase inhibitor okadaic acid*®’
can partially replace small t-antigen in transformation.

2.3.1.3. Pathways activated by PP2A inhibition in transformation

Although expression of activated HRAS and inhibition of certain PP2A functions
represents the minimum number of changes required for transformation of
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immortalized cells, other components in the same signalling systems, acting
either upstream or downstream of RAS and PP2A, can replace them in the HEK-
TER transformation model. Furthermore, different cell types in humans have
different requirements on which oncogenic pathways need to be activated by,
or in combination with, PP2A inhibition to achieve transformation®>.

In human mammary epithelial cells (HMECs), PP2A inhibition by SV40 small t-
antigen can be replaced by expressing a constitutively active form of PIK3CA or
of its two downstream effectors, AKT and Racl. Furthermore, functional PI3K
signaling was shown to be required for small t-antigen mediated transformation
in these cells.’®® Although these results demonstrated that activation of PI3K
signaling is needed in combination with RAS for transformation, RAS itself also
contributes to the activation PI3K signaling. Using RAS mutants deficient in RAF,
RAL, or PI3K activation, Rangarajan et al. have shown that the ability of RAS to
activate PI3K, in combination with small t-antigen, is needed for transformation
of HMECs and HEKs, and it enhances the transformation of fibroblasts.?>

MYC has been shown to cooperate with small t-antigen in the transformation of
immortalized HMECs and fibroblasts. However, although the combination of
MYC overexpression and small t-antigen promoted the ability to grow in
anchorage independent manner, it did not support xenograft tumor
formation®> 1%, |n the transformation of fallopian tube secretory epithelial
cells, MYC also supported in vivo tumor growth, albeit less efficiently than
activated RAS.1% In the study by Wei at al., Myc did not cooperate with RAS in
the anchorage independent growth of fibroblasts, however, it increased the
colony size of the cells that also expressed small t-antigen8>. In contrast, Yeh et
al. have reported that while overexpression of wild type Myc did not contribute
the transformation of HEK293 cells or fibroblasts, overexpression of MYC with
the stabilizing T58A mutation fully replaced SV40 small t-antigen.!%?
Disregarding the possibility that TS8A mutations would alter MYC functions, Wei
et al. found more synergy between MYC and PP2A inhibition whereas Yeh et al.
found synergy between MYC and RAS activation. However, Sablina et al. also
used T58A mutant in the transformation of HEK293 cells and observed no
significant response in anchorage independent growth and no in vivo tumor
formation, even though both of these properties were conferred by small t-
antigen in the same study'®%. Instead, the T58A mutant required the
cooperation of activated AKT and B-catenin to partially replicate small t-
antigens effect. Accordingly, depletion of endogenous MYC, AKT or B-catenin
attenuated small t-antigen mediated transformation®*. One factor that may
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contribute to the differences in the MYC mediated transformation is the
passage number of the cells; late passage HMECs have been reported to have
higher expression of endogenous MYC, assumed to be caused by random
alterations acquired during the cell culture®®®,

The role of different PP2A subunits, as well as PTPA and CIP2A, in transformation
has been attributed to their ability to regulate MYC, Akt, and [B-catenin
pathways. 146 164, 188, 193 The beta isoform of the scaffolding subunit is an
exception. Although a loss of function can partially replace SV40 small t-antigen
in transformation, unlike the alpha isoform, it does not bind to small t-antigen.
Instead, RalA protein is a key target for AB-containing PP2A and required for
transformation caused by AP loss functions®!

In addition, regulation of CDK2 by PP2A may have a minor transformation
suppressing effect. The evidence supporting this is the cooperation between
Cyclin E, a cofactor of CDK2, and small t-antigen induction of proliferation in
density arrested fibroblasts,®* and ability of Cyclin dependent kinase inhibitor
1B/p27 to replace small t-antigen in anchorage independent growth®®>,

In conclusion, these experiments collectively suggest that inhibition of PP2A
contributes to transformation via multiple pathways, including MYC and
PI3K/Akt. Furthermore, RAS activation and PP2A inhibition cooperate in the
regulation of these pathways, however, there are cell type specific differences
in their relative contributions to pathway activation.

2.3.1.4. Limitations of the transformation model

Most of the transformation experiments studying PP2A have utilized large t-
antigen, which inhibits p53 and Rb-proteins and enables the cells to bypass
oncogene-induced senescense.'® PP2A is implicated in regulation of both of
these proteins, as well as senescence, but this side of PP2A’s tumor suppressor
functions has likely been masked by the effect of large t-antigen in the
transformation experiments. Accordingly, it has been shown that although PP2A
inhibition is not required for transformation of mouse cells, small t-antigen
promotes transformation if the concentration of large t-antigen is limiting.1%®

Another limitation is the translatability of the results to real cancers. Perhaps
owing to its ability to regulate multiple oncogenic pathways simultaneously,
PP2A has been identified as one of the minimum requirements for
transformation. However, as will be discussed in more detail below, the cancer
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genomics data suggests that other activating mutations are far more common
in these pathways and they are also distributed independently of PP2A
inhibiting alterations..

2.3.2. Regulation of p53 and senescence by PP2A

One of the mechanisms by which p53 promotes senescence is a p21 mediated
inhibition of CDK2. Phosphorylation of Rb by CDK2 inhibits its interaction with
cell cycle associated transcription factor E2F1.1%7 Activation of p53-p21 axis also
downregulates E2F1 and CIP2A protein levels in breast cancer cells, while
inhibition results in their overexpression'®®. Thus one of the p53 functions
seems to be to promote another key tumor suppressor, PP2A. However, this
regulation also goes to the other direction: PP2A-B5656 removes an inhibitory
T55 phosphorylation on p53, resulting in induction of p21 expression'®. The
overexpression of E2F1 and CIP2A following p53-p21 inhibition is reinforced by
positive feedback loop, and this feedback was associated with resistance to
senescence induction. Mechanistically, E2F1 directly enhances CIP2A
transcription and CIP2A prevents E2F1 dephosphorylation by the PP2A-B55a
complex!®,

Interestingly, although MYC activation can induce senescence, suppression of
MYC has been associated with senescence induction in multiple different cancer
cell lines?®. In melanoma cells, MYC is highly expressed compared to benign
nevi and its expression has been associated with the evasion of RAS-MAPK
pathway activation associated senescence induction that is prominent in benign
nevi but not metastatic melanoma.?®! The regulation of MYC and senescence
sensitivity in this setting has been associated with B56a-mediated
dephosphorylation of MYC S62 and positive feedback loop between CIP2A and
MYC?°2, The MYC-mediated senescence tolerance has also been associated with
phosphorylation of S62 by CDK22%3, and CDK2 has been shown to protect mouse
embryonic fibroblasts from MYC induced senescence?®*. These two mechanisms
of senescence tolerance are probably connected; PP2A inhibition may also
contribute to the CDK2 activation'®4, and the feedback loop between CIP2A and
E2F1 has been reported to involve MYC?%°,

Another indication of the overlapping tumor suppressor functions of PP2A and
p53 is provided by a knock-in mouse model of cancer derived E64D mutation of
PPP2R1A. This mutation increases lung cancer incidence but completely loses
its effect on dominant negative p53 background.® In addition, some cancer
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derived mutations in PPP2R5C gene have been shown to promote cancer cell
proliferation only in p53 expressing cells®®.

PPP2R1A and p53 mutations exhibit a tendency towards co-occurrence in
endometrial cancer and both are likely to be early events in endometrial
cancer?®®, Furthermore, this relationship co-occurrence was mainly caused by
the hotspot mutations of PPP2R1A. Both PPP2R1A and p53 mutations are
associated with serous type endometrial cancer??’, and the tendency towards
co-occurrence can also be seen in the previously published data on this subtype
(Figure 4). These findings suggest that, similarly to the SV40-mediated
transformation, PP2A and p53 inhibition cooperate also in endometrial cancer.
These findings may also indicate increased overlap of their tumor suppressor
functions compared to mice, which may be an adaption to safeguard against
cancer in humans®. However, this co-occurrence may also reflect the ability of
cells to tolerate PPP2R1A mutations that have been associated with whole
genome duplications’? and will be discussed in more detail together with the
PPP2R2A deletions later in this review.

Le Gallo et al. Kuhn et al. Zhao et al. McConechy et al.
TP53
PPP2R1A | |

Figure 4. Co-occurrence of p53 and PPP2R1A mutations in serous endometrial cancer.
The data were extracted from 4 independent data sets?%¢-2'1, Fisher's exact test p-value
for the co-occurrence is 0.0238

2.3.3. Cell cycle regulation

Related to senescence regulation, transformation studies have also hinted at a
role for PP2A in cell cycle regulation via the Rb-family pocket proteins. Again,
separate inhibition of Rb in these experiments may have masked some of PP2A’s
effects. Rb-family pocket proteins, Rb, p130, and p107, are negative regulators
of the cell cycle, and PP2A has been shown to remove inhibitory
phosphorylations on these proteins to enable cell cycle stop at G1.2'2 However,
another distinct PP2A-mediated mechanism has also been described by Naetar
et al.?!3 They have shown that transient inhibition of PP2A during G2 shortens
the following G1 phase and denies the entry to GO by indirect deregulation of
pocket proteins. This was attributed to MYC mediated overexpression of Cyclin
E, a cofactor of CDK2, in mitosis. Accordingly, ectopic MYC expression was
shown to be sufficient for overriding the GO stop, and the process was also
dependent on RAS.
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2.3.4. PP2A in mitosis

In addition to pocket protein and GO regulation, PP2A functions as an antagonist
to the key mitotic kinases and it is required for multiple critical processes, the
deregulation of which may lead into chromosomal segregation errors or DNA
damage?!*. Many of these functions are coregulated by PP1, characterized by
feedback loops, and dependent on controlled sequential activations of these
phosphatases and their kinase antagonists. A simplified overview of PP2A’s
involvement is presented below.

A global upregulation of protein phosphorylation occurs in mitosis?®. A recent
study by Grallert et al.1”? on fission yeast Schizosaccharomyces pombe suggests
that the bulk activities of PP2A-B55, PP2A-B56 and PP1 are regulated by
inhibitory phosphorylations in mitosis. Reactivation of the phosphatases in late
mitosis was reported to happen sequentially, starting with
autodephosphorylation of PP1, which activates PP2A-B55 that then mediate the
dephosphorylation of B56 subunits, the activation of which occurs with a delay
due to opposing Plk1 activity.

However, the phosphorylation site on B55-subunits was not identified and it has
been suggested that this regulation may also involve the mitotic inhibitor
proteins of PP2A-B55216, Normal mitotic entry and progression requires the
phosphorylation of mitotic targets of Cdk1, and this is enabled by Inhibition of
PP2A%Y7. PP2A is inhibited by Greatwall kinase that phosphorylates the
endosulfines Arppl9 and ENSA that function as specific inhibitors of PP2A-
B5564% 150 |n mammalian cells, the major B-subunit in PP2A complexes
opposing Cdk1 is the related B55a'%%, and both B55a and B556 are reactivated
upon, and coregulate, the mitotic exit'°8,

In early mitosis, Plkl phosphorylates cohesin complexes holding the sister
chromatids together, causing them to dissociate. Shugoshin-associated PP2A-
B56 opposes this phosphorylation at centromeres until proper kinetochore-
microtubule attachment is achieved?'® 21°, Depletion of PP2A A-subunits was
shown to interfere with the centromeric cohesion of sister chromatids?!®,
Centromeric PP2A-B56 relocates towards kinetochores and participates in the
stabilization of kinetochore-microtubule attachments by dephosphorylating
PIk1 and Aurora B targets. Codepletion of B56-family subunits was shown to
induce frequent chromosome misalignments in metaphase, suggesting that
impaired PP2A-B56 function may result in whole chromosome gains and losses
in cancer??®. In addition to dephosphorylating their targets, PP2A-B56 is also
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implicated in regulation of localization of PIk1 and Aurora B?2% 221, PP2A-B56
localization to kinetochores is mediated by binding to BubR1 and this
interaction, in turn, is mediated by phosphorylation of Plk1 target site on BubR1.
Accordingly, BubR1 has also been shown to stabilize the kinetochore-
microtubule attachments by controlling Aurora B activity via PP2A-B56.22% 223
PP2A-B56 functions at centromere and kinetochore are controlled by another
inhibitor protein, Bod1, which shares sequence similarity with the endosulfines.
Bodl was shown to be required for sister chromatid cohesion and proper
localization of Plk1'>1, Once all kinetochore-microtubule attachments have been
established, spindle assembly checkpoint signalling is silenced. PP2A-B56
complexes initiate these signalling events by antagonizing Aurora B.?%
Completion of spindle assembly checkpoint initiates anaphase and chromosome
segregation. Following segregation, chromosomes are decondensed and the
nuclear envelope is reassembled. These events are triggered by
dephosphorylation gradient generated by PP1 and PP2A phosphatases
following spatial separation of chromosomes from Aurora B at the midzone.?!
Grallert et al. have propose that the above mentioned mitotic functions, even
though critically important for proper chromosomal segregation, represent
strictly localized transient PP2A activations during the global inhibition of these
phosphatases.'”?

As will be discussed in more detail later in this review, the most frequent
genomic alterations of PP2A subunits in cancer have been associated with a
potential mutator phenotype. Furthermore, these alterations involve loss of the
B55a-subunit or impaired interaction between Aa-subunit and B55/B56
subunits, suggesting that the ability to progress through mitosis in an orderly
fashion is at the core of PP2A tumor suppressor function.

2.3.5. Deregulation of MYC in cancer

MYC is one of the most commonly amplified genes in human cancers’?. In
Burkitt’'s lymphoma, MYC is frequently activated by translocations to
immunoglobulin heavy chain locus that place it under the control of an active
enhancer??> 226 |n cervical cancer, the most common integration site of HPV
genome elements is in the vicinity of MYC. This integration has been reported
to occur in 9,7% of HPV positive cervical carcinomas and often involves HPV
promoter sequences that increase MYC expression.??” Furthermore, the 8924
chromosomal region upstream of MYC contains multiple independent cancer
risk loci, including the SNP rs6983267, which has been associated with higher
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cancer burden than any other variant in humans.??® This SNP determines the
binding of TCF7L2 transcription factor downstream of Wnt-signaling, and the
region containing the SNP functions as an enhancer for MYC expression in
colorectal cancer.??> 230 Although this 1Mb region upstream of MYC is void of
any genes, it codes multiple long non-coding RNAs (IncRNA) that regulate MYC
expression?3!, One of these IncRNAs, CCAT2, overlaps with the rs6983267 and
may engage in positive feedback loop with Wnt-signaling. The risk allele at
rs6983267 was shown to increase the expression of CCAT2.232 While the effect
of this SNP on MYC expression is modest??% 230, deletion of this enhancer region
in mouse ablates the oncogenic potential of MYC?33,

In contrast, MYC mutations are rare in cancer. The stabilizing T58A mutations
have become a research tool commonly used in transformation experiments
based on the mutations found in viral MYC oncogenes and in endogenous MYC
in Burkitt’s lymphoma.?3* Recurrent T58I substitutions in Burkitt’s lymphoma
have also been observed?**. However, MYC codon 58 mutations are exceedingly
rare in other cancers; the COSMIC database v77 (cancer.sanger.ac.uk)’® only
lists 3 instances of T58A and one T58| mutation. Some clustering of mutations
has been observed in the region surrounding T58 and S62, and the combined
rate of these mutations seems to be fairly high in Burkitt’s lymphoma?3°>. These
mutations are likely to affect the ubiquitinylation by Fbxw7, however, some of
them have additional effects that are likely contribute to their selection?3®,
Clustering of mutations at lower frequency has also been observed in another
phosphodegron motif, located between residues 244-248, in lymphomas. Some
of these phenocopy also the degradation- independent effects of the mutations
at residues 58-622%7,

While the MYC stabilizing mutations are rare, MYC stabilization is not.?3®
Following proliferative stimulus, MYC stabilization lasts longer than
transcriptional upregulation?3?, and constitutive stabilization occurs in cancers.
For example, MYC overexpression in melanoma compared to benign nevi has
been attributed to the increased stability?°2. Proteolytic regulation of MYC is
complex, and several components of this regulatory machinery have also been
shown to be differentially expressed in cancers?’®, However, while the
differential expression of the multiple regulators may contribute to MYC
stability, the contribution of any one component is usually a fraction of total
stabilization???, and it is difficult to identify all the MYC stabilizing alterations
that have been selected in these cancer cells.
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One of the ubiquitin ligases associated with MYC stability regulation, Fbxw?7, is
frequently mutated in human cancers.?*! The Fbxw7 mutations have also been
associated with MYC stabilization in some cancers?*?. In addition, PP2A
deregulation is moderately frequent in some cancers and will be discussed in
more detail later in this review. However, while both Fbxw7 and PPP2R1A
mutations are common in certain endometrial cancer subtypes, they seem to
be distributed independently of MYC amplifications and each other (Figure 5),
suggesting that factors other than MYC regulation contribute to the selection of
these mutations.

Uterine Corpus Endometrioid Carcinoma (n=240)
myc 8% [N

FBXW7 16% m W
PPP2R1A 10% i L

Uterine Carcir:osarcoma (n=56) Fisher's exact test p-value| Endom. |Carcinosarc.
mve 219 Il FBXW7  vs PPP2R1A 0.359 0.445
FBXW7 39% i FBXW7 vs MYC 0.613 0.449
PPP2R1A 29% I 1! o PPP2R1A  vs MYC 0.647 0.533
Genetic Alteration | Amplification = Truncating mutation =Missense mutation

Figure 5. Occurrence of MYC amplifications, FBXW7 mutations, and PPP2R1A
mutations in Uterine Corpus Endometrioid Carcinoma and Uterine Carcinosarcoma. The
data sets were generated by TCGA research network http://cancergenome.nih.gov/. The
data and the statistical calculations were retrieved from cBioportal®43: 244,

In summary, these findings invariably suggest that the primary mechanism by
which the thus far characterized genomic events increase MYC expression is
transcriptional. The mutations affecting ubiquitinylation mediated degradation
are a contributing factor in certain lymphomas, but rare in solid tumors.
However, the selection of genomic events targeting Fbxw7, PP2A, and other
components of ubiquitinylation machinery is likely also influenced by MYC-
independent functions of these proteins.

2.3.5.1. Regulation of MYC stability by PP2A

Regulation of MYC by PP2A is often attributed to dephosphorylation of S62 and
the resulting destabilization of MYC!®2, In this model, phosphorylation of T58 is
a priming event for S62 dephosphorylation that leads to ubiquitinylation by
Fbxw7. This has also been proposed as the mechanism by which T58A mutation
stabilizes MYC. However, the stabilizing effect of this mutations exceeds that of
the whole phosphodegron deletion, as well as the that resulting from Fow7
depletion, suggesting that other mechanisms besides degradation are mediated
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by this region of MYC.2%° Despite the transforming potential, the T58A mutation
also has a qualitatively different effects to MYC overexpression, as
demonstrated by impaired activation of reporter gene expression?*. However,
there seems to be some selectivity in how this mutation affects MYC targets.
Interestingly, the T58A mutation enables the evasion of p53 mediated
apoptosis, and the significance of this finding is further supported by reciprocal
distribution of certain MYC mutations with p53 mutations.?3®

The role of S62 dephosphorylation in MYC degradation has been also
questioned?*, and like T58, its function is probably not limited to stability
regulation?®3. In addition, it may promote certain MYC functions by regulating
the subnuclear partitioning?®®, which may affect stability indirectly?°.
Furthermore, multiple other phosphatases may contribute to the
dephosphorylation of S62, and one of them, Scpl, seems to dephosphorylate
the S62 of both T58A and wild type MYC.2%¢

Although PP2A has been shown to regulate MYC stability and S62
phosphorylation'®?, the regulation of MYC stability by PP2A should not be
equated to S62 dephosphorylation alone. In addition to S62 dephoshorylation,
PP2A negatively regulates the upstream kinases, including ERK*3. In addition,
the tumor suppressor function of PP2A B55B-subunit has been attributed to
regulation of S62 via PDK1-Pim1 axis'8® 247, PP2A also removes the inhibitory S9
phosphorylation on GSK3B, which, in addition to T58 phosphorylation?%,
inhibits B-catenin, which has been linked to transcriptional regulation of MYC by
multiple mechanisms.?3% 24° Although the T58/5S62 containing degron regulated
by Fbw7/USP28 is arguably an important one, there are multiple other
ubiquitinylation sites, as well as ubiquitinylation independent stability
regulating elements on MYC. Furthermore, a number of phosphorylation sites
have been associated with MYC stability?®® 2°1, and it has been suggested that
the regulation of MYC stability by PP2A may not be limited to the T58/562
phosphodegron motif.24°

Lastly, even though there is a wealth of correlative data on MYC protein
expression and PP2A inhibition, the causality may also be the other way round.
A positive feedback loop between MYC and PP2A inhibitor CIP2A has been
reported by different research groups in gastric cancer?>?, melanoma??, and
CML cells?%, The significance of the feedback loop between MYC and CIP2A is
further supported by coregulated gene expression'*® 23 and shared
physiological functions.?*® In addition, MYC also promotes the transcription of
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other PP2A inhibitor proteins, including SET and HNRNPA2B12% 2%
Importantly, inhibition of SET by small molecules or depletion of either SET or
CIP2A results in MYC downregulation and suppression, and these treatments
are generally poorly tolerated by cancer cells4®: 252,253, 256-258 Eyrthermore, the
response to these treatments has been shown to depend on their ability to
downregulate MYC?°, Interestingly, CIP2A seems to contribute only to a subset
of MYC functions, and unlike MYC depletion, CIP2A depletion is well tolerated
by normal cells?3% 260, These findings suggest that although PP2A deregulation
may not be the genetic driver alteration behind MYC overexpression, some
MYC-driven cancers exhibit a non-oncogene-addiction type relationship with
low PP2A activity due to its role in MYC stabilization and transactivation.

2.3.6. Regulation of PI3K/AKT/mTOR signalling

PP2A negatively regulates AKT by participating in the dephosphorylation of S473
and T3087% 261, PP2A also dephosphorylates the inhibitory S9 phosphorylation
on GSK3B, which is a target of AKT?*% 262, PP2A and mTOR have been shown to
regulate each other by diverse mechanisms. mTOR inhibits PP2A by
phosphorylating the C-subunit at an unspecified residue and PP2A has been
implicated in the dephosphorylation of the canonical targets of mTOR, p70S6K
and 4E-BP12%3, Peterson and others have suggested that this inhibition of PP2A
may actually be the primary mode of mTOR’s action towards these
substrates.?®®> A similar PP2A-mediated mechanism has been described for
regulation of IRS-1 by mTOR?%*, and regulation of the S170 autophosphorylation
site on MAP4K32%, Regulation of PP2A by mTOR may also involve Alpha4 and
the endogenous inhibitors of PP2A, namely CIP2A and TIPRL!31 266,267 PpP2A in
turn can regulate mTOR via AKT as well as via feedback loop involving
MAP4K3265,

Both PIK3CA and PPP2R1A mutations can promote transformation in place of
small t-antigen®® 1%3, Rare B56-family subunit mutations have also been
reported in human overgrowth syndromes that are associated with PI3K/AKT
pathway mutations.?®® The recurrent PPP2R1A mutations in endometrial cancer
have been shown to interfere with dephosphorylation of established PP2A
targets in AKT/mTOR signalling!#®. Furthermore, B55a, the B-subunit associated
with AKT T308 phosphorylation?®, is recurrently deleted in human cancers’?.
However, PPP2R1A mutations seem to be distributed independently of
PI3K/AKT pathway mutations2%. Although there is apparent mutual exclusivity
between PTEN and PPP2R1A mutations in endometrial cancer, this is a result
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from their association with endometrioid and serous type endometrial cancers,
respectively. The mutual exclusivity is not observed in subtype-specific
analysis.?%° PIK3CA activating mutations are among the most frequent
alterations in human cancers (Fig. 2), and PTEN mutations are also far more
frequent than PP2A subunit mutations?*?. Although PPP2R1A mutations may
contribute to PI3K/AKT pathway activation in cancer, the selective advantage
provided by these mutations seems to differ from the more frequent activating
mutations on this pathway.

2.3.7. Mutual antagonism of PP2A and BCR-ABL fusion protein in CML

90% of chronic myeloid leukemia cases harbour the BCR-ABL fusion gene, which
has been shown to exert its effects in part by SET-mediated inhibition of
PP2A27%, This inhibition requires interaction between BCR-ABL and JAK2, and is
independent of ABL kinase activity?’!. In BCR-ABL expressing cells, PP2A
reactivation suppresses the downstream signalling of BCR-ABL as well as limits
the proliferation and in vivo maliganant potential of these cells. PP2A was also
shown to promote BCR-ABL degradation in SHP-1 dependent manner,
suggesting that downregulation of PP2A activity is a key mechanism for
sustained BCR-ABL signaling?’°. Although BCR-ABL was shown to upregulate SET
via JAK2, the constitutively active JAK2 mutation in myeloproliferative diseases
has been associated with SET activation by PKC-mediated phosphorylation at
S9, although direct inhibition of PP2A by JAK2 mediated phosphorylation of the
C-subunit Y307 may also have contributed to the reduction of PP2A activity.'’*
Results from several preclinical studies suggest that PP2A activating drugs,
including FTY720 and OP449 that inhibit the SET-PP2A interaction, possess
therapeutic potential in CML. Although these drugs are likely to have other
cellular targets, such as the sphingosine receptors for FTY720, rescue of the
cytotoxic effect by okadaic acid treatment suggested a mainly PP2A mediated
mechanism. Particularly, PP2A reactivation may enhance the effect of BCR-ABL
inhibitors CML, and overcome resistance.?’%73

BCR-ABL also promotes CIP2A expression in kinase activity dependent manner.
High CIP2A expression at diagnosis, and failure to downregulate CIP2A by
Imatinib, were associated with disease progression?>®. However, 2" generation
TKls targeting BCR-ABL were also efficient in treatment of patients with high
CIP2A expression at diagnosis, which was attributed to the ability to prevent the
formation of a positive feedback loop between E2F1,CIP2A, and MYC by an
unknown mechanism?%. RNAi mediated silencing of CIP2A has also been
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associated with reduced proliferation, increased apoptosis and suppression of
BCR-ABL29> 274,

Interestingly, recurrent SETBP1 stabilizing mutations have been reported in the
rare atypical CML, which lacks the characteristic BCR-ABL fusion gene. A
recurrent atypical CML-derived SETBP1 stabilizing mutation, G870S, was shown
to contribute to PP2A inhibition?”>. While other oncogenic properties of SETBP1
may contribute to the selection of mutant cells?’®, reciprocal occurrence of
these mutations and BCR-ABL fusions suggests that, for CML cells, PP2A activity
may generate a selective pressure that needs to be overcome by a specific
adaptation.

2.4. PP2A inhibition in human cancers

2.4.1. Contribution of PP2A inhibition by tumor inducing viruses to human
cancers

PP2A subunits are targets for many viral proteins, and some of these viruses
have been causally linked to human cancers?’”” However, despite the
requirement for PP2A inhibition in SV40-mediated in vitro —transformation,
there is no conclusive evidence to establish the causal link between PP2A
inhibition and naturally occurring human cancers.

SV40 was discovered as a contaminant of polio vaccines which led millions of
people to be exposed to the virus in U.S. alone in 1950’s 2’8, Soon thereafter,
SV40 virus transforming activity in human tissue cultures 2’° and the ability to
induce tumors in rodents?®% 281 were discovered. The potential connection
between SV40 and human cancers has subsequently been studied extensively,
and results have been controversial. However, it seems likely that faulty PCR
methods and cross reactivity of antibodies targeting other polyoma viruses have
produced false positive findings. This, together with the lack of epidemiological
evidence, suggest that, despite the widespread exposure, SV40 has an
insiginifcant, if any, contribution to human cancers?8% 283,

In addition to SV40, other polyoma virus genomes contain genes for small and
middle t-antigen that interact with PP2A. One of them, Merkel cell polyoma
virus (MCV), has been established as causative agent of a rare human cancer,
Merkel cell carcinoma?®4. However, although MCV small t-antigen interacts with
PP2A, this interaction is dispensable for transforming activity of the MCV small
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t-antigen, which has been linked to activation of S6 and 4E-BP1 signaling?®. The
PP2A interaction motif has been mapped to the opposite surface of the MCV
small t-antigen as the transforming activity, and compared to SV40 small t-
antigen it replaced a limited number of B-subunits?®¢. JCV and BKV, also
members of polyomaviridae, possess genes for PP2A interacting t-antigens.?8”
288 However, these proteins have not been characterized in the context of
transformation and it is not known whether they behave more like the MCV or
SV40 small t-antigen. While these viruses are able to induce tumors in rodents,
the connection to human cancers is uncertain, and cancer induction would likely
require immunocompromised condition.?®?

Kaposi’s sarcoma associated herpes virus (KSHV) is the causative agent of
Kaposi’s sarcoma?®® and associated with certain lymphomas??t. KSHV protein
LANA has been shown to bind B56- and possibly B55-family subunits of PP2A 2°2,
However, the significance of this binding is not clear. LANA interacts with other
cellular targets including Rb and p53, and a number of pathways are also
dysregulated by other KSHV proteins?93,

Human papillomaviruses are associated with by far the highest cancer burden
of all cancer promoting viruses?®* 2°>. Human papillomavirus virus 16 E7
oncoprotein has been shown to activate AKT signalling via PP2A mediated
mechanism?°, It can also partially replace small t-antigen in the HEK-TER
transformation model, however, this second study by White et al. was unable
to find any evidence for the interaction with PP2A%°’. UBR4 was identified as a
potential binding partner mediating a subset of E7 functions. In some instances,
the effect of E7 resembled SV40 small t-antigen and in others the phenotype
was similar to murine polyoma virus small t-antigen, which lacks the
transforming activity in this model, but still exerts part of its functions via PP2A.
Considering that SV40 small t-antigen also induces AKT phosphorylation?®® and
activated variant AKT’s upstream regulator, PIK3CA, can even replace small t-
antigen in the transformation of human mammary epithelial cells'®, it seems
that these viral proteins have some convergent functions but there probably are
differences in their cellular interaction partners.

In summary, out of the viral proteins interacting with PP2A, only the
transformation activity of SV40 small t-antigen has been linked to PP2A.
However, SV40 is unlikely to contribute to human cancers. In contrast, MCV,
KSHV, and HPV16 have been linked to cancer but it is uncertain at best, that
their cancer promoting functions would depend on PP2A inhibition.
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2.4.2. Review of the cancer genomics literature on PP2A subunit inactivation
in human cancers

Cancer associated genetic and epigenetic alterations rarely affect the catalytic
subunits of PP2A. Majority of the alterations occur on the genes encoding the
A-subunits and certain B-subunits of PP2A, and only impair a subset of PP2A’s
functions. Alterations in any one subunit are relatively rare (Figure 6); most of
the PP2A subunit genes do not have obvious driver mutations, and most copy
number alterations of PP2A subunit genes are likely to be “passenger”
alterations that have been co-amplified or deleted with other genes located in
same chromosomal location. The two alterations with strong evidence from
large scale cancer genomics studies are recurrent point mutations in PPP2R1A
gene?#1, 299,300 3nd homozygous deletions of PPP2R2A gene’? 301,
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Figure 6. Frequency of PP2A subunit mutations in human cancers. A. frequency of
mutations per base pair in COSMIC v77 data (cancer.sanger.ac.uk)’. Ratio of silent to
non-silent mutations is represented with line (right axis) B. Multivariate analysis of PP2A
subunit mutation frequency including gene length, replication time, chromosomal
conformation (HiC index), and gene expression as covariates based on the analysis by
Lawrence et al*®?. This analysis attempts to model the background mutation frequency
more accurately and it is able to explain 90% of the variation in mutation frequency
between PP2A subunit genes. PPP2R2B has a moderately high silent mutation rate (A),
however, in this multivariate analysis it also exhibited the largest deviation from expected
mutation rate, suggesting that some PPP2R2B mutations may provide a selective
advantage to the cancer cells.

However, functional studies have linked also non-recurrent mutations in
multiple subunits to impaired trimer assembly, failure to dephosphorylate
specific targets, increased cancer cell proliferation, and transformation®%, 19303,
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304 Furthermore, as discussed in more detail below, different subunits are
inactivated by different mechanisms: PPP2R1A has recurrent point mutations,
PPP2R2A is commonly deleted, PPP2R2B is inactivated by promoter
methylation, and PPP2R1B mRNA frequently undergoes aberrant splicing in
cancers. Studies focusing on one type of alterations are, therefore, likely to
underestimate the combined frequency of genetic and epigenetic PP2A
dysregulation in cancers.

2.4.2.1. PPP2R1A (Scaffolding subunit Aa)

PPP2R1A is the most commonly mutated PP2A subunit coding gene and has
been identified as a likely cancer gene in multiple large scale cancer genomics
studies?*? 299 300 Recurrent mutations have been reported to occur at low
frequency in ovarian cancer3%>-3% and endometrial cancer, where they associate
strongly with serous type cancer (15-40% of the patients)?%8 210, 211, 306, 308
carcinosarcoma (9/42, 21.4%)%%°, and possibly with clear cell carcinoma3®
subtypes. Rare, but recurrent, PPP2R1A mutations are also found in other
cancers, such as vulvar squamous cell carcinoma3*? and colorectal cancer (Figure

7B).

Recurrent cancer-associated mutations of PPP2R1A are concentrated on two
hotspots of mutations in exons 5 and 6 (Figure 7). This type of distribution is
more common for gain-of-function mutations, which has led has led some
researchers to suggest an oncogenic role for PPP2R1A%°% 305, However, it is more
likely that these mutations inhibit a subset of PP2A functions by interfering with
the trimer assembly,303 304,311

Interestingly, a similar pattern of hotspot mutations is found in a related
phosphatase, PP6. Recurrent mutations have been reported in the catalytic
subunit gene PPP6C in melanoma3'? 313 and basal cell carcinoma3!4. Some of
these mutations disrupt the catalytic activity of the C-subunit, but a subset of
these mutations interferes with the interaction between catalytic subunit and
SAPS-family regulatory subunits, that share homology with the PP2A B56-family
B-subunits31> 316
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Figure 7. Clustering of missense mutations in PPP2R1A gene A) Missense mutations of
PPP2R1A reported in COSMIC v77 (cancer.sanger.ac.uk)’®. The mutations in codon
419, curated from a report by Martin et al.3'?, were excluded as likely artefacts. These
mutations had suspiciously high rate (73%) in a panel of 22 head and neck squamous
cell carcinoma cell lines, were not reported in the original article by Martin et al., and are
not corroborated by larger studies on the same cancer type®'®. B) Distribution of
recurrent missense mutations in PPP2R1A by cancer type

Three recurrent mutations, P179L, R182W, and R258H, have also been observed
as de novo-mutations in intellectual disability patients3!l. Another study found
P179L and R182W de novo-mutations in undiagnosed severe developmental
disability patients®'°. These mutations are located in the regions that are
thought to mediate B-subunit binding.3%* All three mutations retain binding to
B566, and P179L is also able to bind PR72. Binding to other B56-family members
was reduced and binding to B55-family members was lost3!, In contrast, an
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experimental P179A mutant retains some B55a-binding capability whilst
impairing B56y binding3?°. Although the P179L, R182W, and R258H mutations
don’t map to the C-subunit interaction surface, all of them interfere with C-
subunit binding. Some trimer assembly still occurs, however, P179L and R182W
mutants also reduce the catalytic activity of the trimer.32! All six recurrent
mutations are found in endometrial cancer, P179 being the most frequently
mutated amino acid. In contrast, ovarian and colorectal cancer mutations are
predominantly found in codon for R183, suggesting that these mutations may
result in different phenotype (Figure 7B). A recent study by Haesen et al. has
characterized 10 different substitutions to these 6 amino acids that recurrently
occur in endometrial cancer!*®, These mutants resulted in lost binding to
B55a/B subunits, reduced binding to C-subunits, and exhibited varied effects
towards B56- and PR72-family subunits. All mutations retained B566 binding,
and most resulted in increased binding to STRN-family subunits, possibly
because these subunits are less dependent on C-subunit interaction. However,
Haesen et al. have suggested that these mutations act as gain of function
mutations via increased binding to PP2A inhibitor TIPRL, resulting substrate
trapping complexes.*® Interestingly, the codon 183 mutations seemed to
produce most potent deregulation of AKT and mTOR pathways, as well as
highest increase in anchorage independent and xenograft tumor growth, which
may explain why they are found in other cancers as well.

In addition to hotspot mutations, several other mutations cluster to the B-
subunit interface and may impair binding of specific subunits30% 304 A well-
studied example of this is the E64D mutation, which has been shown to impair
B56-family subunit binding3?? and contribute to transformation®®3. In a knock-in
mouse model this mutation increased benzopyrene induced lung cancer
incidence® and KRAS G12D driven lung cancer progression3*

2.4.2.2. PPP2R1B (Scaffolding subunit AB)

PPP2R1B mutations have been reported to occur at moderate frequency in
some cancers, however, current large scale sequencing data suggests that the
incidence of PPP2R1B somatic mutations in cancers is very low (Figure 6). The
early estimates were based on small data sets, did not consider background
mutation frequency, and were inflated in part by inclusion of a single nucleotide
variant resulting in G90D substitution, which is a low frequency germ line
polymorphism32% 324 |ntrestingly, however, a report by Esplin et al.3?° suggests,
that this variant has reduced binding to B56y and is associated with elevated
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breast cancer risk. Similarly, some cancer-derived mutations of PPP2R1B have
been shown to interfere with C- or B-subunit binding and to promote
transformation®': 326327,

PPP2R1B is located on 11923 chromosomal region that frequently undergoes
LOH in many solid tumors and hematological malignancies. Although inhibition
of PPP2R1B contributes to transformation, loss of function of both PPP2R1B
alleles is likely to be required for the malignant phenotype®l. Homozygous
alterations are rare and other tumor suppressor in this chromosomal location
are likely to contribute to the selection of these copy number losses328-330,

However, in addition to mutations and copy number alterations, epigenetic and
post-transcriptional mechanisms may contribute to PPP2R1B inactivation
together with LOH. Methylation of the remaining allele has been reported to
inactivate PPP2R1B in B-cell lymphomas, albeit rarely33!. Several studies have
also reported cancer associated aberrant splicing of PPP2R1B mRNA. Aberrant
splicing variants, that were not present in the corresponding normal tissue, have
been detected in hepatocellular carcinoma, and these splicing variants had a
tendency to associate with LOH in PPP2R1B locus33*?. In B-cell chronic
lymphocytic leukemia study, copy number loss did not affect the expression
level of PPP2R1B mRNA. However, the expression was generally lower than in
B-cell controls, and aberrantly spliced variants skipping exons 9 or 2-3 were
frequently expressed.®3® Exon3 skipping has also been reported in CLL3?°.
Importantly, a recurrent deletion affecting PPP2R1B exon 9 on genomic DNA
has been reported in breast cancer. This deletion preserves the reading frame
and is predicted to impair B-subunit binding328,

2.4.2.3. PPP2R2A (B55a)

PPP2R2A is located in 8p21 chromosomal region, which frequently undergoes
LOH in cancers. Furthermore, in a 5000 sample pan-cancer data set and a 2000
sample breast cancer data set PPP2R2A gene is the center of a deletion peak,
with a small fraction of samples harbouring a homozygous deletion (1% of all
breast cancers).”> 391, In breast cancer, homozygous PPP2R2A deletions
associate with Luminal B subtype, and are a marker of poor prognosis°% 334, Low
frequency homozygous deletions have also been observed in prostate cancer33>
336 and primary plasma cell leukemia®?*’, and nonsense mutations have been
reported to contribute to loss of protein expression in AML338
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The PPP2R2A gene is located close to PPP2CB gene, which is often co-deleted
with PPP2R2A. However, it is uncertain whether loss of PPP2CB contributes to
the selective advantage of these cancer cells. The CB subunit encoded by this
gene constitutes only a small fraction of total catalytic subunit®, and the
knockdown of CB does not significantly contribute to cell transformation,
whereas even partial knockdown of the alpha isoform promotes
transformation?®,

PPP2R2A encodes for the abundantly expressed B55a subunit with multiple
functions. B55a is the major B-subunit in the PP2A complexes opposing CDK1 in
mitosis'®® 217 and it may act as a tumor suppressor by inhibiting AKT via
dephosphorylation of T308%%°. However, PPP2R2A depletion does not
contribute to transformation in HEK-TER model®4. Furthermore, PPP2R2A
seems to be essential for some cancer cells, e.g. pancreatic3®. In addition,
binding of adenovirus E4orf4 to B55aq, resulting in inhibition of its functions,
promotes cell death3?°. Although this may be an outcome of artificially high
overexpression that would not occur in normal Adenovirus infection34?, it is
nevertheless a result of potent inhibition of B55a function.

This dualistic property of PPP2R2A, being required in some cancer cells and
deleted in others, may suggest that PPP2R2A is involved in maintenance of
chromosomal stability and genome duplications. Dewhurst and others34? have
shown that cells rarely survive whole genome duplications, however, once the
whole genome duplication has occurred, these cells have higher tolerance of
chromosomal instability and are likely to experience copy number alterations in
specific chromosomal locations. They also showed that in colorectal cancer,
whole genome duplication is generally an early event and may provide a
selective advantage to the cells that survived it.3*> Deletions of PPP2R2A
associate with whole genome duplications. Similar association was also found
for PPP2R1A mutations, leading Zack and others to suggest a causal link
between PP2A aberrations and whole genome duplications’?. Additional
support for this view is provided by computational approach developed by Youn
and Simon3*3, This method seeks to time the alterations in cancer genomes, and
this analysis identified PPP2R2A deletions as a potential mutator alteration;
timing of PPP2R2A deletions coincides with an overall increase in the copy
number alteration rate. Lastly, loss of PPP2R2A has been shown to impair
homologous recombination repair3**. These findings suggest, that PPP2R2A
deletions are selected, not because they promote oncogenic signalling, but
because they promote and enable chromosomal instability.
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2.4.2.4. PPP2R2B (B556)

PPP2R2B was identified as one of the genes, whose expression is induced in
breast cancer cell lines by HDAC inhibitor and DNA methyltransferase inhibitor
combination3®®, Later studies have shown that inactivation of PPP2R2B by
increased methylation occurs in ductal carcinoma in situ and in invasive breast
cancer3¥, as well as in colorectal cancer'®. In nasopharyngeal carcinoma cell
lines, PPP2R2B methylation was associated with acquired PI3K/mTOR inhibitor
resistance??’. Another study found frequent PPP2R2B methylation in laryngeal
squamous cell carcinoma, however, the methylation occured at comparable
level in healthy tissue of the epiglottis**’. In addition, methylation has been
observed in approximately 10% of gliomas, but normal tissue was not analysed
in this study3*® In glioblastoma multiforme, PPP2R2B is located in the vicinity of
a recurrent chromosomal breakpoint and its downregulation is associated with
poor survival3%,

Inactivation and frequent methylation may be partly explained by tissue specific
expression of PPP2R2B; In normal tissues, expression of PPP2R2B is mainly
restricted to brain®’. However, putative tumor suppressor functions have also
been described, suggesting that the methylation may be selected for'88 247,345,
In addition, PPP2R2B is one of the subunit genes implicated in transformation®®
and has the 2" highest mutation frequency per base pair (Figure 6). Two single
nucleotide polymorphisms in this gene have been associated with breast cancer
risk3>® and prognosis®>! and a third one with lung cancer risk3>2.

2.4.2.5. PPP2R5C (B56y)

Despite being the prototypical tumor suppressor B-subunit'®’, there are few
cancer associated mutations mutations in the PPP2R5C gene coding for B56y.
However, functional analysis of PPP2R5C mutations suggests that many of them
promote proliferation and for a subset of these mutations, the increase in
proliferation was associated with impaired ability to dephosphorylate p53
T55199,

Interestingly, there is a strong allelic bias in CNA events involving the intronic
SNP, rs6575883, of PPP2R5C in breast cancer3®3. However, Ito et al.3>* have
reported a frequent 1bp insertion in the intron 1 of PPP2R5C gene. A total of 4
samples with this heterozygous insertion also had deletion in PPP2R5C gene,
and in all cases the deleted allele was the one with frameshift insertion. This
suggests, that rather than inactivating a tumor suppressor, these copy number
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alterations preserve the functional allele. Because only exons were sequenced
in the study by Ito et al., the association between the exon 1 frameshift insertion
and the intronic SNP rs6575883 could not be studied.

2.4.3. Endogenous inhibitor proteins

2.4.3.1. Cancer associated genomic alterations in PP2A inhibitors

Many of the PP2A inhibitors are considered oncogenic. In the cancer genomics
literature there is strong evidence for the oncogenicity of SETBP1 and TLX1.
SETBP1 alterations are found in several, but relatively rare, myeloid lineage
malignancies?’> 3>, Both SETBP1 stabilizing mutations and translocations that
increase its expression have been associated with reduced PP2A activity>® 27>,
however, PP2A independent mechanisms are likely to contribute to the
oncogenic function of SETBP127® 3%, TLX1 is frequently overexpressed by
translocation events in ALL and directly regulates the transcription several genes
involved in mitotic control resulting chromosomal segregation errors®’.
Inhibition of PP2A has been described as a contributing mechanism to cell cycle
deregulation by TLX1'%% 133, A recurrent splice site mutation has been reported
for HNRNPA2B1 in adult T-cell leukemia/lymphoma.3>8 Function of the resulting
truncated protein has not been characterized. Recurrent gene fusions have also
been described for SET in haematological malignancies3*® 3¢ and for
HNRNPA2B1 in prostate cancer3¢1-363, However, the HNRNPA2B1 fusion is likely
to only contribute regulatory regions to its fusion partner ETV1.36 Although the
recurrent SET-NUP214 fusion retains PP2A interacting regions4% 360 the fusion
has not been shown to enhance PP2A inhibition. Instead, it results in nuclear
localization of NUP214, which is a shared property with other NUP214 fusion
with DEK.3%* A proposed mechanism for the oncogenicity of these NUP214
fusions is the resulting upregulation of HOXA9 and HOXA10 genes that
interferes with cell differentiation3®®. Although CIP2A has been reported as
fusion partner with Mixed lineage leukaemia gene (MLL) in one AML case3®®, this
fusion only involved the C-terminal fragment of CIP2A and it is uncertain,
whether this fragment retains PP2A inhibitory activity. Interestingly however,
MLL is recurrently undergoes fusions with other genes®®’ and MLL-ENL fusion
protein has been shown to interact with SET-PP2A complex3¢. In addition, SNP
rs2278911 in CIP2A has been associated with altered HBV or HCV associated
hepatocellular carcinoma risk3¢°.
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2.4.3.2. PP2A inhibitor protein overexpression

Although most PP2A inhibitors do not harbour driver alterations, many of them
are overexpressed in cancers and their expression tends to correlate in tumor
samples (Figure8). Hierarchical clustering of the correlation matrix suggests that
the expressions of five potentially oncogenic inhibitors, SET, CIP2A, TIP, ANP32E,
and HNRNPA2B1, form a cluster with similar expression patterns across 21
cancer types. Expression of CIP2A and SET has been associated with proliferative
status of the cells?6%370, CIP2A, SET and HNRNPA2B1 are also regulated by MYC
252,254,255 Both CIP2A and SET have been shown to promote MYC stabilization
whereas PP2A promotes its degradation!4® 192 257 Together, these reports
suggest that the positive feedback between PP2A inhibition and MYC may
extend beyond the positive feedback loop that has been described between
CIP2A and MYC, where CIP2A promotes MYC stability and MYC enhances the
expression of CIP2A202:205.252  Qverexpression of one or more of these inhibitor
proteins, relative to normal tissue, has been reported in most tumor types. In
addition, the expression often carries prognostic information.

SET expression correlates with ovarian cancer stage®’! and CLL progression3’2,
High SET expression has been associated with poor prognosis in AML373,
colorectal cancer3’4, and non-small cell lung cancer®’>. Although SET is a potent
inhibitor of PP2A, multiple functions have been reported for SET and it has been
implicated in the negative regulation of tumor suppressors p5337¢ and NM23-
H1377 via PP2A-independent mechanisms.

CIP2A is expressed at very low level in non-proliferating normal cells and
overexpression occurs almost ubiquitously in cancers?®® 378, CIP2A mRNA
expression is a strong survival indicator in the TCGA pan-cancer data3’°. CIP2A
protein expression has been associated with poor prognosis in gastric cancer?*?,
CML?%6, AML3®, tongue cancer®®!, ovarian cancer®®?, kidney cancer3®3,
hepatocellular cancer3*, bladder cancer®®, HER2-negative breast cancer®,
melanoma3?®, pancreatic cancer3®’, head and neck cancer3®®, and cancer of the
bile duct3®. Association has also been found in some3® 391, but not all 3%
colorectal cancer studies. A meta-analysis of 342 non-small cell lung cancer
prognostic markers identified CIP2A as one of the 26 markers consistently
associated with prognosis in more than one data set33. CIP2A has been almost
exclusively studied in the context of PP2A inhibition, however, it has been
suggested that CIP2A may also promote cell cycle progression via direct
interaction with Plk1 and NEK23%4 395,
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HNRNPA2B1 has a high expression in most normal tissues3®! and it is further
elevated in many cancers.3°® 397 Elevated HNRNPA2B1 expression has been
associated with poor prognosis in non-small cell lung cancer?® and liver
cancer3®, HNRNPA2B1 participates in pre-mRNA processing and splicing
regulation, the deregulation of which may contribute to its oncogenicity.
However, the RNA-binding domain has also been reported to bind PP2A and
inhibit it cooperatively with SET. Expression of the PP2A binding domain alone
was shown to increase cell proliferation®®’

ANP32E is belongs to a family at least 8 genes (ANP32A-H), and the PP2A
interacting region is shared by the A and the E isoforms.32! While ANP32A has
been suggested to suppress transformation?®, this property seems to be
independent of the interaction with PP2A.3?! In contrast, ANP32E has been
associated with poor prognosis in myeloma®°l. This increased expression was
associated with copy number gains, and a comparison of mRNA expression and
gene copy numbers in gastric cancer also identified ANP32E as a gene whose
expression is strongly increased by copy number gains®®2. ANP32E is located in
the 1921 chromosomal location that frequently undergoes copy number gains
in cancers, however other likely drivers of this amplification have been
identified”?

Increased expression of TIP (TIPRL) has been reported in hepatocellular
cancer®®, TIP also has an emerging oncogenic role due to its preferential binding
to the mutant Aa frequently found in endometrial cancers.**® In addition to
PP2A, TIP also associates with PP4 and PP6'#/
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Figure 8. Co-expression of PP2A inhibitors. Hierarchical clustering (average linkage) of
Pearson’s correlations of endogenous PP2A inhibitor mRNA expression in TCGA pan-
cancer data set containing 9755 samples from 21 different cancer types. The data were
downloaded from UCSC cancer genomics browser*®* in May 2016. Five PP2A
inihibitors, SET, CIP2A, TIP, ANP32E, and HNRNPA2B1 form a cluster with correlated
expression patterns. HOX11/TLX1 and PPP1R17/G-substrate were excluded due to not
having detectable expression in large number of samples.

2.4.4. C-subunit Y307 phosphorylation

Catalytic subunit is negatively regulated by phosphorylation at Y307. However,
recently, concerns have been voiced over the limited specificity of commercially
available antibodies towards the Y307 phosphorylated C-subunit (Egon Ogris,
personal communication). Therefore, the studies using this methodology are
reviewed separately below.

Following studies have used radiolabeling or immunoprecipitation coupled with
a generic phosphotyrosine antibody. The Y307 is phosphorylated in vitro by
multiple tyrosine kinases including p60"="¢, p56'*, IGR, EGFR®, and Jak2?*. The
phosphorylation by receptor tyrosine kinases was shown to be ligand
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dependent'®> and Y307 has been shown to undergo transient phosphorylation
after serum or EGF stimulation of serum starved fibroblasts and in 10T1/2
fibroblasts transformed by p60v=" 40>, Y307 is dephosphorylated by PTP1B4%
but it also undergoes autodephosphorylation'®. Consistently, inhibition of PP2A
by small molecule inhibitor Okadaic acid increased Y307 phosphorylation'®.
Phosphorylation at T304 was also increased with another phoaphatase
inhibitor, Microcystin-LR , suggesting that it may also be subject to
autodephosphorylation*®. Y307 inhibition may also interfere with methylation;
phosphomimetic Y307D and Y307E mutants are not methylated®® 1%, However,
it is not known whether the PP2A complexes that are formed despite of Y307
phosphorylation still possess catalytic activity.

Following paragraph lists the studies using the potentially unspecific pY307
antibody. Increased Y307 phosphorylation has been reported in HER2-positive
breast cancers*®®, Jak2 V617F mutant myeloproloferative diseases'’4, murine
32Dcl3 —cells expressing Bcr-Abl fusion gene?’°, in colorectal cancer cell lines
compared to normal mucosa*®, and in CLL compared to normal B-cells®®. Y307
phosphorylation has been associated with poor prognosis in metastatic
colorectal cancer®!! and breast cancer*?. Microystin-LR was shown to increase
Y307 with a simultaneous decrease in C-subunit methylation®®’, whereas
treatment with PP2A activating compound Forskolin has been reported to
decrease phosphorylation®.Correlation between Y307 phosphorylation and
the expression levels of PP2A inhibitors SET®6 270, 413 C|p2A2%6 412 gnd
SETBP1%® has also been reported.

Although it may be difficult to quantify how the inhibitor proteins affect
autodephosphorylation, the existence of autodephosphorylation mechanism
has been validated by other methods!®, suggesting that mechanisms for PP2A
inhibition are not isolated from each other. Particularly, the correlation and
prognostic value of multiple markers of PP2A inhibition suggest that low PP2A
activity is a characteristic outcome of oncogenic signaling in aggressive cancers.

2.5. PP2A as a therapeutic target in cancer

2.5.1. PP2A inhibition

As described above, PP2A is involved in the regulation of cell cycle checkpoints
and multiple mitotic processes. Consequently, inhibition of PP2A by small
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molecule phosphatase inhibitors is toxic to the cells and the rapidly proliferating
cells may be more susceptible to PP2A inhibition. This is the rationale behind
PP2A inhibition as a cancer therapy and a number of preclinical studies have
addressed the cancer cell killing potential of PP2A inhibitors, either alone or in
combination with other genotoxic compunds.*'4 PP2A small molecule inhibitors
have also been reported to promote the activation and expansion of natural
killer cells in metastatic melanoma mouse model**°.

Fostriecin is one of the most PP2A-specific of the natural compound
phosphatase inhibitors, although it will also inhibit the related PP4 and possibly
PP6 at comparable efficiency*'®. Following the promising preclinical results, it
entered to a phase | clinical trial, however, the trial failed due to the low in vivo
stability of fostriecin®'’. Another study was also cancelled due to limited supply
and difficulties with the synthesis*!8. Development of more stable derivatives
has been explored*®, but none have completed clinical trials. Interestingly,
another naturally occurring phosphatase inhibitor, cantharidin, is a major
constituent in Chinese traditional medicine treatment Mylabris, which is
prepared form Chinese blister beetle. Cantharidin and its derivatives have been
used for cancer treatment in China since in the past three decades and modest
survival benefits have been reported.*?° However, more data from controlled
trials are required.

2.5.2. Reactivation

As discussed above many PP2A inhibiting mechanisms are connected to the
proliferative status of the cell under physiological conditions and cooperatively
inhibit PP2A in cancer cells. Thus, even in the absence of genomic alteration of
PP2A subunits, PP2A activity is suppressed in cancer cells. A large body of
literature shows that PP2A reactivation is generally poorly tolerated by cancer
cells and results in deactivation of many oncogenic pathways. Thus PP2A
reactivation is increasingly being considered as a potential cancer
therapeutic??!. PP2A reactivation can be achieved by compounds that directly
bind to PP2A and promote its phosphatase activity or by inhibitors of the
endogenous inhibitor proteins.

2.5.2.1. Direct PP2A activators

Forskolin is derived from a plant Coleus forskohlii and its anticancer properties
have been investigated over three decades ago*??, but no significant advances
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seem to have been made since. Forskolin has been reported to activate PP2A
via cyclic AMP signaling®?® and it continues to be used as a research tool for
exploring pharmacologic activation of PP2A in cancer cells. However, other
mechanisms may be involved as 1,9,-dideoxyforskolin has been shown to
produce comparable effect to Forskolin, FTY720, or SET knockdown without
activating cyclic AMP signaling in NK cells*?* 425 and CML cells?7% 271,

Tricyclic antipsychotic drugs have recently been discovered as novel PP2A
activators. Perphenazine is an approved antipsychotic drug that was indentified
as a potential therapeutic agent in T-ALL in high throughput screening.
Perphenazine was shown to bind Aa-subunit of PP2A and reduce the
phosphorylation of many etablished PP2A targets. However this effect is likely
to require higher concentrations than the antipsychotic effect, and the safety of
these has not been tested.??® Also other phenothiazine class drugs have been
shown to activate PP2A%7. Derivatives of these drugs decoupling the
antipsychotic effects from the anticancer effects have been developed, and one
of these compounds, RTC-5, has been shown to be effective in lung cancer
xenograft model*?8,

2.5.2.2. SET inhibitors

FTY720, also known as Fingolimod, is an anti-inflammatory drug approved for
the treatment of multiple sclerosis. FTY720 has also been shown to promote
PP2A activity*?® and this has been mainly attributed to the disruption of SET-
PP2A interaction®®°. FTY720 is a sphingosine analogue and also a target of
sphingosine kinases 1-4. However, unlike sphingosine, the interaction of FTY720
with sphingosine receptors leads to transient activation followed by their
internalization and downregulation, which is the basis of the
immunosuppressive functions**!. A nonphosphorylatable derivative of FTY720
retains the SET interaction and anticancer properties in Lewis lung cancer and
JAK2V17F leukemia mouse models'’# 430, |t also suppresses BCR-ABL function in
CML cells regardless of concomitant sphingosine kinase inhibition*32. However,
the anticancer use of FTY720 is likely to require higher doses and longer
treatments, and the adverse effects associated with such treatments have not
been properly assessed. Derivatives of FTY720 are also being developed to
address these concerns.*33

OP449 is a peptide analogue derived from ApoE protein that has been shown to
interact with SET. OP449 has been reported to activate PP2A more potently than
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FTY720 and exhibit selective cell killing activity to CLL cells compared to normal
B-cells, as well as to limit the xenograft growth of Ramos NHS cells.37% 434 |t was
also effective in several AML, CML, breast cancer, prostate cancer, and
pancreatic cancer cell lines, and reduced the tumor burden in AML, breast
cancer, prostate cancer, and pancreatic cancer xenografts?>7, 259 272,435

2.5.2.3. CIP2A inhibitors

Cancer specific expression, prognostic significance, and dispensability in most
normal tissues makes CIP2A an appealing drug target?®® 378 Consequently,
multiple compounds have been reported to achieve their cancer cell killing
effect in part by downregulation of CIP2A. However, for the most part,
mechanistic details have been lacking, and no rescue experiments have been
presented. A study by Liu et al. reported that Celastrol, a Chinese traditional
medicine —derived compound, binds to CIP2A covalently leading to its
degradation?3®. However, the downregulation of CIP2A seems to be associated
with the overt toxicity of this compound at high concentrations and a sub lethal
proliferation deficit similar to RNAi was not achieved (unpublished observation).

2.5.2.4. Countering kinase inhibitor resistance by PP2A reactivation

Although the PP2A genomic alterations do not seem to be selected due the
activation of specific oncogenic pathways, low PP2A activity is a widespread, if
not inevitable result of oncogenic signaling in rapidly proliferating cancer cells.
Specifically, many kinase cascades have a built-in mechanism for transient PP2A
inhibition: For example, ERK activates PP2A inhibitor IER3'>> and JAK2 directly
binds to PP2A and introduces an inhibitory phosphorylation, likely at Y307%4,
Additional inhibition of PP2A has been shown to prolong ERK activation in
response to transient signals'’® and to contribute to constitutive signaling by
JAK2V817F in AML cellst’4,

Kinase inhibitor resistance often involves reactivation of the targeted pathway.
In lung cancer, resistance to EGFR small molecule inhibitors most commonly
occurs via resistance mutation in the EGFR or by activating mutations in the
downstream RAS-MAPK pathway*?’. Similarly in colorectal cancer, majority of
the resistance to anti-EGFR antibody therapy is caused by activating mutations
in RAS-MAPK pathway**®. However, in a significant proportion of resistant
tumors, the mechanism of resistance has not been identified. Functional
genomics screens have shown that under the selective pressure of the drug,
otherwise rare*3 or even deleterious** alterations may be selected because
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they enable the reactivation of the targeted pathway. Importantly, these
alterations are selected in a situation where PP2A activity is suppressed.
Because PP2A participates in multilevel regulation of a wide range of kinase
pathways with oncogenic potential’” 4*1, it could simultaneously regulate
feedback mechanisms and collateral resistance pathways, thus shaping the
selective pressures on the resistance mutations.

Therefore, potentially most promising application for PP2A activators would be
a combination therapy with kinase inhibitors. Some preliminary results on
combining PP2A activation with kinase inhibition have already been reported.
Synergistic effect was reported between the SET inhibitor OP449 and Imatinib
in CML cell lines, between OP449 and FLT3 or JAK2 inhibitors in AML cell lines?’?,
as well as between FTY720 and multi kinase inhibitor sorafenib in hepatocellular
cancer cell lines*?. Furthermore, FTY720 has been reported to specifically
eradicate the quiescent CML stem cells with low BCR-ABL activity and intrinsic
resistance to Imatinib?’?,
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3. AIMS OF THE STUDY

PP2A is known to exert multilevel regulation on many pathways. Specifically,
participation of PP2A in the feedback signalling may have autoantagonistic
effects, suggesting that specific phosphorylation events regulated by PP2A may
have context dependent functions.”” 11> 443 The common theme in this thesis
has been the use of various systems biology approaches to study how PP2A
activity manipulation affects cancer cell functions and drug sensitivity. The
specific aims of the subprojects are listed below.

I Characterization  of  CIP2A-regulated  transcriptional  changes.
Identification of CIP2A regulated transcriptional changes in clinically
relevant setting.

I. Development of normalization method for label-free phosphoproteomics
that enables the analysis of data with large unidirectional shifts.

Ill.  Systematic characterization of PP2A regulated phosphorylation changes.
Identification of drugs whose sensitivity is determined by PP2A activity
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4. MATERIALS AND METHODS

The aim of this thesis has been to study PP2A functions by manipulating its
activity in various cancer cell lines followed by systems biology analyses to
characterize the effects of PP2A inhibition and reactivation. Various
bioinformatics and statistics approaches were utilized to inform the targeted
functional validations by various molecular biology techniques. The methods
used in this thesis are tabulated below.

Used in
Method publication
PP2A activity manipulation
CRISPR/Cas9 mediated knockin 1
CRISPR/Cas9 mediated knockout 1
siRNA knockdown 1,1,
Okadaic acid treatment 1,1l

Systems biology analyses

Genome-wide gene expression microarray |
Label free LC-MS/MS (phospho)proteomics analysis I, 1
High throughput drug sensitivity and resistance testing [

Bioinformatics and statistics

Enrichment analysis, pathway analysis, GSEA [, 1, 11
Hierarchical and soft clustering I, 1, 11
Kaplan-Meier survival analysis Il
Kinase target prediction, motif analysis I, 1l

Targeted analyses
Cell viability assay using WST-1 [}

Colony formation assay [, 1, 11
FISH |
Immunohistochemical staining I
RT-qPCR 1,1

Senescence associated B-galactosidase staining 1l
Transwell migration assay I
Western blotting 1,10, 11
Wound healing assay I

Supporting methods



Materials and methods 67

Agarose gel electrophoresis 1]
Bacterial transformartion and plasmid purification [
cloning by PCR 1]}
lentivirus infection 1
Restricition enzyme digestion and cloning [
TiO, enrichment of phosphopeptides i, 1
Trypsin digestion I,

Cell culture

All the cancer cell lines used in this thesis have been cultured in DMEM or RPMI
medium containing 10% FBS, 2 mM glutamine, 50 |.U./ml penicillin, and
50 pg/ml streptomycin as listed below. All cell lines have been tested for
Mycoplasma contamination.

Cell line Cancer type Medium
MCEF-7 Breast cancer RPMI + 10pg/ml insulin, 100uM NEAA
MDA-MB-231 Breast cancer DMEM
Hela Cervical cancer DMEM
CW-2 Colorectal cancer RPMI
HCA7 Colorectal cancer DMEM
NIC-H747 Colorectal cancer RPMI
AGS Gastric cancer RPMI
A549 Lung adenocarcinoma DMEM
NCI-H2122 Lung adenocarcinoma RPMI
NCI-H460 Lung adenocarcinoma RPMI

RNAi and Genome editing

To inhibit or reactivate PP2A, we have used siRNA-mediated silencing of
subunits or endogenous PP2A inhibitors, respectively, and CRISPR/Cas9
mediated knock-in and knockout modifications on the PPP2R1A gene coding for
the major scaffolding subunit of PP2A.

Lung cancer cells were transfected with Lipofectamine RNAIMAX and 100 pmol
of siRNA in 2300uL final volume, and the other cells were transfected with
Oligofectamine and 250 pmol of siRNA in 1000ul final volume according to
manufacturer’s instructions (Life Technologies). Downstream analyses and
experiments were performed 72h after transfection.
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The CRISPR/Cas9 mediated knockout was performed using sequential lentivirus
mediated delivery of lentiCas9-Blast plasmid (Addgene plasmid # 52962)
lentiGuide-Puro plasmid (Addgene plasmid # 52963) followed by antibiotic
selections. These plasmids were a gift from Feng Zhang®**. The linear gRNA
expression vector for the knock-in was generated according to a previously
published protocol*®°. The gRNA vector, together with 150 base single stranded
knock-in template (300ng each), were transfected to Cas9 expressing cells using
Lipofectamine RNAIMAX and the siRNA transfection protocol. For both
knockout and knock-in, clones were established and modifications were
screened by electrophoresis based methods and confirmed by sanger
sequencing.

Microarray and RT-qPCR

In order to study the thus far uncharacterized CIP2A functions, we performed a
genome-wide gene expression analysis on CIP2A depleted Hela cells using
Illumina HT 12 v3 microarray (lllumina) and validated selected results using RT-
gPCR assays designed by Universal Probe library design tool (Roche Applied
Science). For these analyses, the RNA were extracted with NucleoSpin RNA Il kit
(Macherey-Nagel) reverse transcribed with M-MulV RNase H- reverse
transcriptase (Finnzymes). RT-PCR reactions were run using Applied Biosystems
7900HT Fast Sequence Detection System and TagMan Universal Master Mix I,
no UNG (Applied Biosystems). Same approach has been used for RT-qPCR
validation of siRNA knockdowns.

The microarray analysis was performed at the Finnish functional genomics
centre, University of Turku and Abo Akademi University. Microarray data were
extracted with lllumina BeadStudio software. The data were analysed with the
lumi  Bioconductor package (Bioconductor) followed by quantile
normalization*®. Probes with expression values at the background level
(detection p<0.05) were excluded from further analyses and genes with an
absolute fold change of 21.3 were considered as differentially regulated.
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Label-free phosphoproteomics analysis

In order to gain a better understanding of PP2A regulated phosphorylation
changes, we have utilized label-free phosphoproteomics approach with the
following workflow:

Cells were collected by scraping in ice cold PBS and snap frozen. Cell pellets were
lysed in a buffer containing 8 M urea, 50 mM Tris pH 7.5, 2 mM EGTA, 5 mM
EDTA, 30 mM sodium fluoride, 60 mM B-glycerophosphate, 20 mM sodium
pyrophosphate, 1 mM sodium orthovanadate, Roche complete protease
inhibitor cocktail tablet, and 5 uM pepstatin A. Lysates were sonicated and
centrifuged at 100000g for 30 min. The supernatant was collected and diluted
to 5mg/ml with 8 M urea and 50 mM Tris-HCI pH 8.5, after spiking in 10 ul of
1 pg/ul bovine a-casein (Sigma-Aldrich). The proteins were reduced with
200mM DTT, alkylated with 1M iodoacetamide, followed by quenching with 1M
DTT, and subjected to digestion for 18h at 37°C with 690 ul (to 300l of lysate)
of 50 mM Tris-HCl pH 8.5 containing 20 pg of sequencing grade modified trypsin
(Promega). After digestion, peptides were acidified with 10ul of 10% TFA and
frozen. Peptides were desalted and TiO, enrichment was carried out similarly as
before**.

LC-MS/MS analysis was performed at the Turku Proteomics Facility, University
of Turku and Abo Akademi University using an EASY-nLC 1000 nanoflow LC
instrument coupled to a Q Exactive quadrupole-orbitrap mass spectrometer
(Thermo Fisher Scientific). Samples were analysed both before and after TiO,
enrichment and peptide identifications were searched with Mascot (v2.4.1) via
Proteome Discoverer (v1.4.0.288, Thermo Fisher Scientific). PhosphoRS v3.0
was used for phosphosite localization. In order to increase the number of
identified phosphopeptides, we also used recently developed SimSpectraST
search®® and these two search results were merged. The FDR rate for
SimSpectraST was controlled against a target-decoy library similarly to
PhosphoRS, and the localizations were scored according to the scheme outlined
in Il Supplementary table 13. Label-free quantification was performed
separately for non-enriched and enriched data using Progenesis LC-MS (v4.1).
The non-enriched data were normalized in Progenesis with median centering
normalization and the TiO, enriched data were normalized with Pairwise
normalization described in article 1137° and results section.
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Bioinformatics analyses

For an unbiased interpretation of the systems biology data generated by above
described methods, we have used Ingenuity pathway analysis and Gene set
enrichment analysis*®. The phosphorylation site data were further analysed
with NetworKIN, NetPhorest*°, GPS 2.0%!, and Motif-X*? kinase target
prediction tools. To study the clinical relevance of CIP2A expression in cancer,
we have analysed the expression of CIP2A regulated genes in two publicly
available breast cancer gene expression data sets*® 4°* and studied the
interaction between CIP2A expression and KRAS or NRAS expression or KRAS
mutational status in patient survival in TCGA pan-cancer data set generated by
TCGA research network (http://cancergenome.nih.gov/) and downloaded from
UCSC cancer genomics browser404,

Drug sensitivity and resistance testing

As a complementary approach to characterize PP2A regulated pathways critical
to cancer cell proliferation, we have used high throughput drug sensitivity and
resistance testing. Cell number (500-1000 cells / 384-plate well) was optimized
based on saturation of the CTG readout and the screening was performed as
described before?>. The differential drug sensitivity score (DSS)*® was
calculated for each siRNA compared to controls. Cosine similarity was calculated
between sensitivity changes for each drug and the LC-MS/MS based
measurement of PP2A activity to identify PP2A dependent drug groups.

Selected drugs and drug combinations were studied further in colony formation
assays and cell viability assays based on WST-1 cell proliferation reagent. Cell
numbers and colony formation time were optimized for each cell line based on
saturation of WST-1 signal of area coverage. Colony formation assays in the Il
and lll articles were performed using ColonyArea quantification®”.

Statistical analyses

For the statistical test based on the assumption that the data is normally
distributed, the approximate normality has been checked by visual inspection.
T-tests were performed as two-tailed. Statistical calculations in the literature
review part and for the unpublished results have been performed with JMP®



Materials and methods 71

Pro 12.2.0 (SAS Institute inc., USA) unless stated otherwise. Limma analysis of
differentially regulated phosphopeptides was peformed in R using the limma
package®®. The unsupervised hierarchical clustering and soft clustering were
performed in R. Mfuzz package was used for soft clustering*>®.



72 Results

5. RESULTS

5.1. CIP2A regulates MYC activity

CIP2A depletion has been shown to reduce S62 phosphorylated and total MYC
protein expression?®. We have confirmed the effect of CIP2A on protein
expression, and the parallel analysis of MYC mRNA suggests that CIP2A mainly
contributes to the post-translational regulation of MYC (I Supplementary fig. 2).
As a further support for the PP2A-mediated mechanism, we show that MYC
downregulation by CIP2A depletion can be partially rescued by simultaneous
depletion of B55a or B56B subunits (I Fig. 4C). However, functional
consequences of this regulation have not been explored in detail prior to this
study.

In order to gain insight on the CIP2A functions, we have analysed genome wide
gene expression changes associated with CIP2A depletion in Hela cells. The data
were collected from five independent sample pairs at 3d and 5d time points and
subjected to rigorous statistical analysis, resulting in 134 differentially regulated
genes, that are referred to as CIP2A signature (I fig. 1B,C, | Supplementary table
1) Out of the 134 mRNAs identified in the primary screen 12 were selected for
validation in RT-gPCR with two independent siRNAs, attesting that the majority
of the effects we are reporting are likely due to on-target silencing of CIP2A.
These mRNAs were also validated in MCF7 breast cancer cell line and AGS gastric
cancer cell line (I Fig 1D, Supplementary fig 1A-C).

Ingenuity pathway analysis and gene set enrichment analysis (GSEA) suggested
that CIP2A signature contains MYC regulated genes (I Fig. 2). We measured the
expression of the selected CIP2A target genes also after MYC RNAi and 9/12 of
these genes were regulated similarly by both CIP2A and MYC (I Fig. 5A). In
addition we analysed the expression of 4 previously validated MYC target genes
and these were also regulated similarly, although not quite as potently, by CIP2A
(I Fig. 5C). Furthermore, the depletion of B55a or B56B subunits that rescued
MYC expression, also partially rescued the expression of 6 randomly selected
shared target genes of MYC and CIP2A (I Fig. 5E) These findings further support
the view that CIP2A is a PP2A inhibitor, although the possibility that CIP2A would
act independently from PP2A cannot be excluded from the these data alone. As
an additional indication that CIP2A regulates MYC activity, CIP2A depletion also
reduced the signal form MYC/E-box reporter assay (I Fig. 5D).
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5.2. CIP2A associates with basal type and ERBB2-positive breast
cancer

Expression of selected CIP2A signature genes with consistent expression change
at 3 and 5 day timepoints was studied in a previously published breast cancer
transcriptome data set** Hierarchical clustering of the signature gene
expression identified a subgroup containing the majority of the basal and
ERBB2+ breast cancers in this data set (I Fig. 6A). Similar clustering was seen in
another previously published breast cancer gene expression data set*3 (I
Supplementary fig. 7). Inmunohistochemistry analysis of CIP2A expression was
performed on a tissue microarray of 1028 breast cancer samples*®? and elevated
CIP2A expression was significantly more frequent in the basal and ERBB2+
cancers than in other breast cancer subtypes (I Fig. 6B, | Supplementary fig 8A).
In addition, gene expression data on 39 breast cancer cell lines were
downloaded from National Cancer Institute’s cancer Bioinformatics Grid
(caBIG). Highest CIP2A mRNA was found in cell lines that were derived from
basal type tumors (I Fig. 6D). Lastly, expression of selected shared target genes
of MYC and CIP2A were also regulated by CIP2A depletion in basal type breast
cancer -derived MDA-MB-231 cell line (I Fig. 6E)

MYC overexpression, commonly resulting from amplification, has also been
associated with basal type and EGFR or ERBB2 overexpressing breast cancers?®6?.
Therefore, we analysed the association between MYC amplifications and CIP2A
expression on a subset of the tissue microarray comprising 144 samples.
Interestingly, we observed a strong tendency towards co-occurrence between
high CIP2A expression and MYC amplifications (I Fig. 6C, | Supplementary fig 8B)

5.3. Pairwise normalization of label free phosphoproteomics data

Although MYC regulation seems to be central mechanism by which CIP2A affects
transcription of genes, we have also identified MYC independent functions, such
as the regulation of JNK2 expression or transwell migration (I Fig. 3).
Furthermore, because the suggested mechanism of CIP2A is to inhibit
dephosphorylation by PP2A, some CIP2A effects could be easily missed by
transcriptomics analysis. Therefore, in the subsequent projects we have turned
to mass spectrometry based phosphoproteomics as the primary research tool
to elucidate CIP2A and PP2A functions.
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The most frequently used normalization method in label free phosphoprotemics
is the median centering normalization which is not suitable for handling large
uni-directional phosphorylation changes (Il Fig. 1B). PP2A is a major constitutent
to total serine/threonine phosphatase activity in cells’® and we suspected that
manipulation of PP2A activity would affect a significant portion of all
phosphorylation sites, thus compromising the assumptions that centering
normalization methods are based on. We therefore developed a novel
normalization methodology, named pairwise normalization, that attempts to
normalize the phosphopeptide abundance to the abundance of the
nonphosphorylated peptides prior to phosphopeptide enrichment, which is
assumed to stay more constant (Supplementary fig. 1) This requires an
additional step of analysing the sample prior to phosphopeptide enrichment
and calculating the ratios for each phosphopeptide that was identified and
guantified both before and after enrichment (Il Fig 2). The median of these
ratios is then used as a global correction factor for the phosphopeptides
quantified in the enriched sample.

5.3.1. Pairwise normalization increased the accuracy of PP2A
phosphoproteome analysis

In order to assess the performance of the pairwise normalization, we prepared
samples treated with phosphatase inhibitor Okadaic acid (OA) as well as siRNA
targeting either CIP2A or the three forms of RAS (H,K, and N). Following the
phosphoproteomics analysis outlined in Il Fig 2A, the data were subjected to
median centering, quantile, or the newly developed pairwise normalizations.
The treatments were expected to result in increase (OA) or decrease (CIP2A and
RAS) of global phosphorylation, however this was only evident after pairwise
normalization (Il Fig. 3). When ability of different normalizations to distinguish
between treatments were compared, quantile normalization performed poorly
compared to others, and struggled especially with the okadaic acid treated
samples that exhibited the highest magnitude phosphorylation changes (Il Fig.
4A,C,D, 1l Supplementary table 7). Lastly, the performance of different
normalization methods was assessed by comparison to phosphospecific
antibody based quantification. Whereas some conclusions, e.g. clustering of
CIP2A and RAS phosphoproteomes together, was robust to the selection of
normalization method (Il Fig. 4), pairwise normalization consistently exhibited
the highest correlation to western blots (Il Fig. 5C,D), and when the direction of
regulation was considered, pairwise normalization had significantly higher
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agreement with western blots than other normalizations (Il Fig. 5B)
Furthermore, we have also analysed the activity of two central downstream
effectors of RAS, namely AKT and ERK, by quantifying the phosphorylation of
their target proteins. Subtle donwregulation was observed following RAS and
CIP2A knockdown in the pairwise normalized data, but not in the median
centering normalized data (Il Fig. 6C).

The reproducibility between replicates sample was similar with median
centering and pairwise normalization (Il Supplementary fig. 1A), suggesting that
largest benefit of the pairwise normalization is obtained when applied to data
where some samples exhibit large phosphorylation changes. Therefore, we have
also considered potential indicators of these large scale changes. Following the
test treatments, the expression of majority of proteins stayed relatively
constant, whereas significant fraction of phosphosites were differentially
regulated (Il table 1, Il Supplementary Fig 6.) One indicator for unidirectional
large scale phosphorylation changes is the skewing of the fold change
distribution that was clearly seen in the OA treated sample and occurs
regardless of the normalization method used (Supplementary fig. 4C). Pairwise
normalization was applied to the data of the third project. Global
phosphorylation changes in these data are evident from the skewing of the fold
change distributions (lll Fig. 1B) but this is only reflected in the average fold
changes if pairwise normalization is used, suggesting that also in these data
pairwise normalization reveals biological insights that would otherwise be
masked by the normalization bias.

5.4. RAS and CIP2A have overlapping functions

CIP2A and RAS depletion produced similar phosphorylation changes and this
similarity was not limited to AKT and ERK targets (Il Fig. 4A,D, Il Fig. 6A, Il
Supplementary fig. 6). In contrast, the quantified protein level changes varied
more; RAS depletion regulated many more proteins, several of which were
involved in carbohydrate metabolism and other metabolic pathways (Il Fig. 6A,
Il Supplementary fig 6, Il Supplementary fig. 7.).

In order to explore the functional implications of the overlapping
phosphoregulation, we performed a series of colony formation assays on Hela,
as well as 3 colorectal cancer cell lines. We observed a general trend of synergy
between CIP2A and KRAS knockdown in the impairment of colony formation
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ability in these cells (Il Fig. 7B,C). The effect of CIP2A and KRAS was similar to
the triple RAS knockdown and addition of CIP2A knockdown to the triple RAS
knockdown did not increase the effect any further (Il Supplementary fig. 10).
We also performed a survival analysis on the TCGA pan-cancer data set. CIP2A
expression was found to be a strong survival indicator in pan-cancer data and
synergistic survival effect was observed between CIP2A expression and KRAS
expression, NRAS expression, or KRAS mutations (Il Figure 7A). Distribution
CIP2A high and CIP2A low patients into good and poor prognosis cancer types
was controlled and is unlikely to contribute to the observed survival effect of
CIP2A in KRAS mutant cancers (Il Supplementary table 11).

5.5. Depletion of PPP2R1A, CIP2A, PME-1 or SET causes large
unidirectional phosphorylation changes

In order to study the PP2A dephosphorylome we have targeted the main
structural subunit Aa, encoded by PPP2R1A gene, and three endogenous
inhibitor proteins, CIP2A, PME-1 and SET, by RNAi in Hela cells. CIP2A was
targeted with 4 siRNAs and the other genes with 3 siRNAs in triplicates. Each
siRNA targeted a different region of the mRNA and the knodowns were
validated using western blotting and RT-gqPCR. The resulting phosphorylation
changes were analysed by label- free phosphoprotemics analysis coupled with
pairwise normalization.

In accordance with their suggested biological functions, depletion Aa-subunit
resulted in increased phosphorylation in most differentially regulated
phosphosites and the depletion of inhibitor proteins resulted
dephosphorylation (lll Fig. 1A). This trend was also evident from the average
fold change of all quantified peptides, as well as from the skewing of the fold
change distribution (11l Fig. 1B)

Out of the tested inhibitor proteins, SET caused the largest changes,
downregulating nearly a third of all phosphopeptides at 5% FDR (lll Fig. 1C). SET
also regulated the majority of the phosphopeptides regulated by CIP2A or PME-
1 (Il Fig. 1D). Interestingly, PPP2R1A and the inhibitor proteins regulated a
largely non-overlapping set of phosphopeptides (Ill Fig. 1D).
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5.5.1. PP2A activation and inhibition regulate different targets

We further studied the different types of phosphosite regulation in the test
samples by soft clustering approach developed by Futschik and Carlisle*®2. Also
this analysis suggested that Aa and inhibitor protein depletion, resulting in PP2A
inhibition and activation, respectively, regulated largely different phosphosites
(1 Fig. 2A). Clusters 1 and 2 are characterized by upregulation following Aa
depletion and clusters 3-6 are characterized by downregulation following
inhibitor protein depletion. This suggests that majority of phosphosites exist
predominantly in dephosphorylated or phosphorylated state and as a result the
average phosphorylation on these sites can only be upregulated or
downregulated. This concept is also supported by the observation that cluster 1
and 2 had significantly higher fraction of threonines (lll Supplementary fig. 1),
which is consistent with preference of many phosphatases, and especially PP2A,
to dephosphorylate threonine, as well as with the preference of majority of
kinases for serine® ¢,

Using Igenuity pathway analysis tool, we have studied the enrichment of certain
pathways into different clusters. For example, the ingenuity pathway PTEN
signalling is enriched in the clusters 1 and 2, suggesting that it has a low basal
level of phosphorylation and potential for upregulation (Ill Fig. 2B, lll Fig. 3A). In
contrast, ERK/MAPK signalling is enriched in the cluster 3, suggesting that the
ERK pathway phosphorylations have higher basal level of phosphorylation and
more potential for downregulation. We used NetworKIN*° to study the
regulation of the downstream effectors of these pathways. Similar enrichment
was observed in predicted targets of AKT and ERK (lll Fig. 2D) and this is also
consistent with our previous report (Il Fig 6C). Multiple other cancer relevant
pathways were also regulated by PPP2R1A or inhibitor protein depletion.
Phospholipase C signalling was enriched in cluster 1-3 and PKC targets in clusters
1-2 (Ill Fig. 2B,D), suggesting that this pathway is activated by PP2A inhibition.
Interestingly, PKC has been shown promote PP2A inhibition via activation of
SET, suggesting a positive feedback loop?’4.

5.5.2. PP2A activity in cytoplasm and nucleus

None of the clusters were regulated exclusively by any one inhibitor protein,
however, in clusters 4-6, regulation was strongest by SET and weakest by CIP2A
(11 Fig. 2A). These clusters were also enriched for nuclear proteins (Il Fig. 2E),
which is consistent with the subcellular localization of the targeted proteins.
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CIP2A has a predominantly cytoplasmic localization, whereas PME-1 and SET are
mainly nuclear (lll Supplementary fig. 3B). Localization of PPP2R1A, and by
extension PP2A, is predominantly cytoplasmic, again consistently with the
lowest fraction of nuclear proteins in clusters 1 and 2. In addition to the
differences between clusters, this trend was also observed in the gene specific
differentially regulated peptides: PME-1 and SET had the highest fraction of
nuclear targets and PPP2R1A had the lowest (lll Supplementary fig. 3A).
Furthermore, this finding is supported by the enrichment of PKC targets into
clusters 1 and 2, and CK2a targets into clusters 5 and 6 (lll Fig. 2D). The targets
of these kinases have been shown to be predominantly cytoplasmic and nuclear,
respectively?®3,

5.6. PP2A regulates MYC activity by multiple mechanisms

Results from the first project strongly suggest that CIP2A is involved in
regulation of MYC activity in cell culture models and naturally occurring breast
cancers. Therefore, we have explored the mechanisms by which PP2A could
influence MYC activity also in the phosphoproteomics data.

These results are summarized in Il Fig. 3B, and include the expected regulation
of S62 phosphorylation'#*® 192 |n addition to the dephosphorylation of this
residue, the phosphoprotemics data suggests that PP2A negatively regulates its
phosphorylation via the upstream kinase ERK2%* Furthermore, PPP2R1A
depletion potently induced the inhibitory S9 phosphorylation on GSK3p that has
been implicated in MYC T58 phosphorylation and reduced MYC stability?*8. All
these phosphorylation changes are concordant with the previous report (Il Fig.
5A,B) as well as previously published literature!’® 192 238 phosphorylation at
other sites has been associated with MYC stability regulation, and it has been
suggested that PP2A may regulate also these sites?*®. Examples in our data
include S279 and $2932°0. 251,

Although the regulation of MYC by PP2A is often interpreted in terms of MYC
stability, the above described phosphorylation events at T58/S62 also likely to
affect transactivation by MYC?*°, As an additional mechanism by which PP2A
could regulate MYC activity, we observed altered phosphorylation on S2/511 of
MAX, an obligate dimerization partner of MYC. These sites were
dephosphorylated potently by SET knockdown and phosphorylation of them has
been shown to promote MYC-MAX dimerization?®>.
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Importantly, according to previous literature, these mechanism would be
cooperative rather than antagonistic.

5.7. PP2A activity determines cancer drug responses

The phosphoproteomics analysis demonstrated that PP2A activity manipulation
simultaneously alters the activity of many cancer relevant pathways, and in
many pathways this regulation occurs on multiple levels of the signal
transduction. As cancer drug resistance often involves reactivation of key
signalling events via collateral resistance pathways or by relieving negative
feedback, we explored the effect of PP2A activity manipulation on cancer drug

sensitivity by high throughput drug sensitivity and resistance testing (DSRT)*>
456

One average, PPP2R1A depletion made the cells more resistant and SET
depletion more sensitive to a total of 238 drugs currently used or investigated
as potential cancer therapy (lll Fig. 4E). PME-1 and CIP2A did not significantly
alter the average sensitivity, however, for many drugs the inhibitor proteins
exhibited responses that correlated with the strength of PP2A activity regulation
(11l Fig. 4 B-D). Especially PME-1 and SET exhibited highly correlated responses,
exemplified by topoisomerase and HDAC inhibitors (lll Fig. 4F,G,
Supplementary fig. 5)

General PP2A dependency of the drug responses was studied by analysing the
correlation between PP2A activity estimate derived from the differentially
regulated phosphosites (1l Fig. 1C) and drug sensitivity changes for each drug.
We identified Aurk inhibitors, JAK2 inhibitors and mTOR inhibitors as the drug
groups that consistently correlated with PP2A activity (Il Fig. 4A-D). Sensitivity
to JAK2 and Aurk inhibitors correlated with PP2A activity (lll Fig. 4B,C). mTOR
inhibitors exhibited negative correlation with PP2A activity, mainly due to
sensitization in PPP2R1A depleted cells (Il Fig. 4A,D). In addition, there was
trend towards increased resistance to rapalogs in CIP2A depleted cells (one
sample t-test p=0.06). The response to Temsirolimus is shown as an example
(Figure 9).
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Figure 9. Response of Hela cells to Temsirolimus. Temsirolimus was used at 1nM-10uM
concentrations with 10-fold intervals. Representative siRNAs for each gene are shown.
The response is sublethal up to 10uM conncetration reaching approximately 25%
suppresion of cell viability in PPP2R1A depleted cells

The findings from Hela cells suggest, that drugs exhibiting most synergy with
PP2A activation are kinase inhibitors. However, Hela cells are not a good model
for aberrant kinase pathway activation; cancer initiating event in Hela cells has
probably been the integration of HPV18 genome in the vicinity of MYC*®®. In
contrast, RAS is positioned upstream of multiple kinase cascades?*®’, and synergy
between RAS activation and PP2A inhibition in the regulation of these pathways
has been reported in various contexts by a large body of literature!> 9% 164,213
including the second project of this thesis3’°. KRAS mutant lung cancers are
associated with significant mortality and have proven to be difficult to treat with
targeted cancer therapeutics. Therefore, we extended the DSRT analysis to a
KRAS mutant lung cancer cell line, A549, that was screened with a library of 230
kinase inhibitors. SET was excluded from the analysis because SET depletion
alone was sufficient to inhibit the proliferation (Il Supplementary fig. 6)

Similarly to Hela cells, PPP2R1A depletion made the A549 cells more resistant
on average, whereas PME-1 depletion resulted increased the average sensitivity
to kinase inhibitors. CIP2A depletion did not alter the average sensitivity
significantly, however, CIP2A and PME-1 depletions resulted in highly correlated
sensitivity changes (lll Fig. 5A,C). In this screen, MEK/ERK inhibitors, Aurk
inhibitors, and EGFR inhibitors were identified as drug groups that consistently
exhibited differential response to PP2A activation and inhibition (lll Fig. 5 A,D-
F). However, in the case of MEK/ERK inhibitors this was mainly a caused by
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increased resistance following PPP2R1A depletion, whereas the EGFR inhibitors
were only affected by the inhibitor protein depletion, resulting in sensitization
(Il Fig. 5 D,E). Only Aurk inhibitors displayed strong bidirectional sensitivity
change similarly to Hela cells (Il Fig. 5 F).

Subset of the inhibitors in this screen were validated in two other KRAS mutant
cell lines, NCI-H2122 and NCI-H460. Results from NCI-H2122 cells were
concordant with the A549 cells, however, NCI-H460 cells, which harbour a
homozygous E64D mutation in PPP2R1A, differed from the other two and were
characterized by lower magnitude sensitivity changes on average (Il Fig. 5G,H)

5.7.1. PP2A inhibition is a resistance mechanism to MAPK pathway
inhibitors in KRAS mutant lung adenocarcinoma.

Depletion of PPP2R1A in A549 cell consistently increased resistance to the 11
tested MEK inhibitors, as well as the ERK inhibitor SCH772984 (11l Fig. 5 A,E). This
resistance was confirmed for MEK inhibitor Trametinib and SCH772984 by
secondary cell viability readout (Il Fig. 6A) and by colony formation assay (Il Fig.
6B). Also NCI-H2122 were desensitized to MEK inhibitors and SCH772984 by
PPP2R1A depletion (lll Fig. 5G). In contrast, NCI-H460 cells did not exhibit this
desensitization (lll Fig.5G, lll Fig. 6C). Furthermore, in NCI-H460 and PPP2R1A
depleted A549 cells, Trametinib only caused a partial cytostatic response (lll
Supplementary fig. 7).

Using CRISPR/Cas9, we attempted to reintroduce a wild type allele into NCI-
H460, however, this resulted in an unexpectedly strong tendency of the cells to
undergo senescence and we were unable generate a cell line with homozygous
WT allele (Ill Fig. 6D,E, 1l Supplementary fig. 9). Nevertheless, introducing one
WT allele resulted in minor sensitization to Trametinib (lll Supplementary fig.
10). A549 cells have 4 copies of PPP2R1A. Using CRISPR/Cas9, we also generated
A549 cells with one or two PPP2R1A alleles knocked out. These cells exhibited
stable gene dose-dependent sensitivity to Trametinib (Il Supplementary fig. 8).

MEK inhibition has been show to relieve a number of negative feedback loops,
which may lead into activation of resistance mechanisms*®-470_ Particularly,
involvement of RAF in the resistance signalling creates a situation, where
combined MEK and RAF inhibition is synergistic*®®. Therefore we also tested the
pan-RAF inhibitor LY3009120 alone and in combination with Trametinib. This
MEK and RAF inhibitor combination proved to be more potent than either of
them alone (Il Fig. 6F,G,l), however in PPP2R1A depleted A549 cells, this
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combination only achieved partial cytostatic response over a wide
concentration range ( lll Fig. 6G,H).

MEK inhibitor resistance in lung cancer cells often involves activation of
AKT/mTOR signalling. Therefore, we tested the effect of non-ATP-competitive
AKT and mTOR inhibitors, Perifosine and Temsirolimus, on the Trametinib
sensitivity. Similarly to Hela, either of these two inhibitors alone was well
tolerated at high 10uM concentration. However, this concentration sensitized
to Trametinib partially cancelling the resistance granted by PPP2R1A depletion
(I Fig. 6J). Importantly, under Temsirolimus treatment, Trametinib became
cytotoxic also in PPP2R1A depleted cells at submicromolar concentrations (lll
Fig. 6K).

Western blot analysis (Ill Fig. 6L) suggests that the above described resistance
to Trametinib in PPP2R1A depleted cells does not involve ERK reactivation.
Instead, we AKT induction and partial rescue of S6 signaling and MYC
expression. Addition of mTOR inhibitor temsirolimus shut down S6 signaling and
blocked AKT induction but did not have a noticeable effect on MYC. PPP2R1A
depletion also increased S9 phosphorylation on GSK3B regardless of AKT
activation status.
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6. DISCUSSION

PP2A is a major constituent to serine/threonine phosphatase activity and has a
wide substrate base, including a number of oncogenic kinases’” 441, Previous
literature has mainly focused on specific dephosphorylation events carried out
by PP2A. However, PP2A is known to participate in multilevel and even
autoantagonistic regulation of many interconnected pathways’’. Because
systems level understanding of PP2A functions is rudimentary, my thesis work
has utilized various systems biology approaches, including transcriptomics,
phosphoproteomics, and high-throughput drug sensitivity testing, in addition to
taking advantage of the publicly available cancer genomics data, to study the
functions of PP2A, and specifically CIP2A, in cancer cells. The work presented
here constitutes a first systematic attempt to characterize PP2A functions in
cancer cells.

6.1. MYCand PP2A

6.1.1. CIP2A regulates MYC activity

Genomewide transcriptomics analysis of CIP2A depleted cells identified MYC-
dependency of majority of CIP2A regulated gene expression changes, thus
providing a functional validation for the previously reported MYC stability
regulation and shared phenotypes between MYC and CIP2A®, Furthermore,
both CIP2A expression and CIP2A target gene signature associated with basal
type breast cancer, which has been associated with MYC amplification and
overexpression??. Together, these findings strongly suggest that CIP2A
overexpression is not merely a passenger but shapes the transcriptional
landscape of these tumors. The association of CIP2A with basal type breast
cancer is consistent with a more recent report by Janghorban et al.?*’, and
together these finding constitute solid clinical evidence of CIP2A’s oncogenic
role. The notion that CIP2A exerts its functions by regulating MYC activity, gains
further support from the recent study by Myant et al.?3° where MYC mediated
phenotype in DNA-damage induced intestinal regeneration model was shown
to be dependent on CIP2A. While this study demonstrated the physiological
relevance, it also highlighted the context dependency, of MYC regulation by
CIP2A; CIP2A is dispensable for normal tissue function and regulates specific
fraction of MYC at nuclear lamina in response to DNA damage. Together these
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findings establish CIP2A as a potential therapeutic target in MYC-driven
malignancies.

6.1.2. MYC-PP2A feedback loops

We initially hypothesized that CIP2A overexpression, resulting in MYC
stabilization, would exhibit a mutually exclusive relationship with MYC
amplification. However, we found the opposite to be true. This suggests a
positive feedback loop between CIP2A and MYC and a couple of studies had
already alluded to the existence of such feedback via transcriptional regulation
of CIP2A by MYC?% 252 Recently, a third study by Lucas et al?®®> suggested that
this feedback is also dependent on E2F1, which is consistent with CIP2A-E2F1
feedback loop associated with senescence tolerance in breast cancer cells'®®
and with CIP2A-MYC feedback loop that has similarly been associated with
suppression of oncogene-induced senescence in melanoma?®. It is also telling
that the initial finding on the regulation of MYC activity by CIP2A was made in
Hela cells, where MYC, together with the HPV18 enhancer sequences, has
undergone several fold amplification®®®. While MYC has been shown to promote
the expression of the PP2A B-subunit B566 in a negative feedback loop?3, it also
promotes the expression of the inhibitor proteins SET and HNRNPA2B12%% 255,
Together, these findings suggest that MYC promotes PP2A inhibition as a
positive feedback mechanism to sustain its functions in cancer cells.
Furthermore, the phosphoproteomics data presented in the third project
provides further mechanistic insight into the other half of MYC by PP2A
feedback: although MYC may promote B566 expression in specific context, its
downstream mediator GSK3B can also be inhibited by PP2A inhibition,
suggesting that PP2A activity manipulation affects MYC activity by multiple
cooperative mechanisms.

6.2. Suppression of senescence by PP2A inhibition

PP2A reactivation is generally poorly tolerated by cancer cells. An indication of
this was the unexpectedly strong induction of senescence in NCI-H460 after
reverting one allele of the homozygous PPP2R1A E64D mutation back to WT in
these cells. This finding is consistent with the previously reported suppression
of senescence by CIP2A8, Severity of this phenotype in NCI-H460 cells after
reverting a somatic mutation provides new insights into PP2A suppression in
cancer cells. As discussed in the literature review part, PP2A is inhibited by
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multiple cooperative mechanisms, whose genomic determinants may be
difficult to track. The poor tolerance of PPP2R1A WT allele in NCI-H460 suggests
that cancer cells are fine-tuned by evolutionary forces to certain level of PP2A
suppression to sustain the cancer cell viability and proliferation. Supporting this
view are the findings that although B55a is recurrently deleted in some
cancers’?3% it is needed in other cancers to sustain cell viability3°.

Suppression of senescence seems to be a shared phenotype between MYC and
different modes of PP2A inhibition. The senescence tolerance mediated by MYC
has been associated specifically with the senescence induced RAS-MAPK
activation and it has been suggested as the mechanistic explanation behind the
cooperation of MYC and RAS in malignant transformation*’1. RAS has also been
shown to cooperate with PP2A inhibition in transformation. However, these
studies have involved suppression of TP53 and Rb to block senescence, and the
cooperation has been attributed to activation of several shared downstream
pathways!> 21 164 This regulation of oncogenic signalling cascades represents
another side of the PP2A tumor suppressor functions and it is very consistent
with the extensive overlap of CIP2A and RAS regulated phosphoproteomes
reported in the second project of this thesis3”.

6.3. PP2A dephosphorylome

6.3.1. Pairwise normalization for label free phosphoproteomics

In order to study the PP2A dephosphorylome, we first needed to develop a
novel normalization method for label-free phosphoproteomics to address the
problem arising from a large scale unidirectional phosphorylation changes?>
472 such as those associated with PP2A activity manipulation. Alternative
methods for controlling large unidirectional changes in phosphorylation include
spike-in internal controls*3?, however inaccuracies in protein quantification
from concentrated urea buffer and in spiking small volumes represent
significant problems for this method, especially in larger sample sets that are a
key application area for label-free analysis*’4. Using a combination of
bioinformatics, statistical, and western blotting analyses, we have
demonstrated that the novel pairwise normalization outperformed the
conventional normalization methods
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Skewing of the fold change distribution was identified as a potential indication
of large scale unidirectional phosphorylation changes and this becomes
especially evident in the larger data set of the third project, thus providing
further support for the rationale behind pairwise normalization.

6.3.2. Unidirectionality of the phosphorylation changes

One of the novel findings from PP2A dephosphorylome analysis was the
widespread uni-directionality of the phosphorylation changes; although
significant fraction of the detected phosphosites could be altered by PP2A
activity manipulation, individual phosphosites tended to be either upregulated
by PP2A inhibition or dephosphorylated following PP2A activation. One
interpretation for these findings is that for most sites, kinase/phosphatase
balance favors one extreme, i.e. phosphosites have a tendency to
predominantly exist in phosphorylated or dephosphorylated state. Thus, the
effect of PP2A depends on what pathways are on, as dephosphorylated residues
cannot be dephosphorylated any further. Tyrosine phosphorylation occurs
often in the early steps of signalling cascades where in the basal state
phosphatase activity greatly exceeds kinase activity and this situation is
reversed in a switch like fashion following a transient activation®’>. Tyrosine
kinases then activate widespread serine/threonine signaling that can also
integrate signals from other sources and tend to exhibit higher basal level of
phosphorylation on average?*4’¢. However, the results presented here suggest,
that at level of individual phosphorylation sites, also serine and threonine
phosphorylation occurs in a binary switch-like fashion.

It is possible that the apparent similarity between CIP2A and RAS regulated
phosphoproteomes in the second project, as well as between the three inhibitor
proteins in the third project, is also a function of basal state of phosphorylation,
i.e. their depletion can only deactivate pathways that were previously activated.
Furthermore, we are more likely to detect sites that were phosphorylated in
control samples and then dephosphorylated following the siRNA treatments,
than we are to detect sites that had low basal state of phosphorylation to begin
with. It is thus conceivable, that some of the specific targets of RAS or PP2A
inhibitor proteins are not detected by this methodology. Nevertheless, we have
observed the similar regulation on the well-established key downstream
pathways of RAS, namely MAPK and AKT pathways. Furthermore, we found
synergy between CIP2A and KRAS in cancer cell growth and patient survival, and
the saturation of the colony formation response with combination of either
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CIP2A and KRAS or all three forms of RAS further suggests regulation of
overlapping pathways. Previous work has shown that these proteins cooperate
in transformation®®®. The effect of CIP2A overexpression in transformation can
be generalized to PP2A inhibition by a large body of literature. Importantly,
these studies collectively suggest that RAS activation and PP2A inhibition
regulate overlapping, rather than complementary, pathways in transformation.
E.g. activation of PIK3CA in HMECs can replace PP2A inhibition by SV40 small t-
antigen®®, whereas the combination of PIK3CA and RAL-GEFs can replace RAS
in human embryonic kidney cells?. Intact PI3K signalling is still required for the
transforming activity of RAS in HMECs® and suppression of PP2A activity
towards RALA promotes the transformation of human embryonic kidney cells®!.
Similarly, MYC overexpression has been reported to synergize with PP2A
inhibition in fibroblasts!®> and RAS activation in human embryonic kidney
cells'?, The regulation of cell cycle progression and bypassing GO stop
represents another setting where PP2A inhibition cooperates with RAS to
induce MYC-mediated signaling?®3.

6.3.3. PP2A activity gradient between nucleus and cytoplasm

Despite the similarities in the inhibitor protein regulated phosphoproteomes,
we also discovered interesting differences. One of them is the differential
preference for, and potency of dephosphorylation of, proteins located in the
nucleus. The phosphorylation levels of PP2A-regulatable phosphosites tended
to increase from cytoplasm to nucleus. In many signalling pathways, the
sequential activation of kinases happens in the vicinity of the cell membrane,
form where the terminal kinase or an activated transcription factor is
translocated to nucleus*’’. However, recent mathematical models suggest, that
if a protein phosphorylated at the membrane travels to nucleus under constant
phosphatase activity, it has an increasing chance to get dephosphosrylated, the
further it moves from the membrane towards nucleus*’®. This is the opposite
of what we observed, however, the findings were very consistent with the
known subcellular localization of PP2A inhibitor proteins: the nuclear inhibitors,
SET and PME-1, had a higher fraction of nuclear protein in their targets
compared to PPP2R1A and CIP2A. Furthermore, the nuclear inhibitors exerted
stronger control over many phosphosites in the nuclear proteins. Therefore, we
propose that this spatial organization of PP2A activity regulation contributes to
signal propagation in cells, and these findings provide novel insight into how



88 Discussion

PP2A inhibitor overexpression may contribute to sustained oncogenic signalling
in cancer cells.

6.4. PP2A dependent drug responses

We have used high throughput drug sensitivity screening as a complementary
method to study PP2A functions. A number of parallels can be drawn between
the phosphoproteomics and drug sensitivity data. For example, the overall
effect of PPP2R1A was opposite to the inhibitor proteins responses. SET
depletion results in larger changes than depletion of PME-1 or CIP2A.
Subcellular localization may also be a factor; PME-1 and SET are predominantly
nuclear, and compared to CIP2A, higher fraction of their phosphoproteome is
nuclear. Consistently, only PME-1 and SET, but not CIP2A, sensitized to
topoisomerase inhibitors, which are likely to exert their effect in the nucleus.

Majority of phosphosites and many drug sensitivities exhibited unidirectional
change. Examples of the drug groups with uni-directional change include EGFR
and MEK inhibitors in A549 cells, as well as HDAC and ATP-competitive mTOR
inhibitors in Hela cells. AKT and mTOR pathways seem to have low basal state
of phosphorylation and potential for upregulation, suggesting that these
pathways only have a minor contribution to the proliferation of Hela cells. This
also explains why mTOR and PI3K/mTOR inhibitors are well tolerated at high
concentrations and why there is not much room for sensitization by cooperative
PP2A reactivation. The paradoxical result of sensitization by PP2A inhibition,
therefore, is likely a result of promoting proliferation by first turning on these
pathways, and subsequently turning them off by the drug treatment. The
relative sensitization is caused by the increased ability of the cells to take
advantage of these pathways at low PP2A activity state. While these results
highlight the role of PP2A in AKT/mTOR signalling, it is conceivable that in
AKT/mTOR dependent cancer, such as EGFR mutant lung cancer?’®. As will be
discussed below, AKT/mTOR signalling, and its regulation by PP2A, becomes
relevant also in KRAS mutant lung cancer treated with MAPK pathway
inhibitors*68,

The drugs whose sensitivity mirrors PP2A activity change to both directions,
then, represent a special case. One group of these drugs were the Aurora kinase
inhibitors. A number of mitotic processes are tuned by opposing activities of
Aurora B and PP2A, where the spatial control contributes to
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kinase/phosphatase balance?l 218 221 JAK2 on the other hand, engages in
complex reciprocal regulation with PP2A. In addition to promoting SET activity
towards PP2A, JAK2 directly interacts with PP2A74. It has been suggested that
JAK2 both inhibits PP2A by transient phosphorylation of C-subunit and recruits
it to its own downstream targets as a negative feedforward mechanism??. It is
thus conceivable that in these special cases the response to the combined
targeting of PP2A and AurB or JAK2 exhibits more gradation than just turning on
or off certain phosphorylations.

6.4.1. PP2A inhibition confers MAPK pathway inhibitor resistance in KRAS
mutant lung cancer

We have identified PP2A inhibition as novel resistance mechanism to MAPK
inhibitors in KRAS mutant lung cancer cells. Furthermore, PP2A inhibition also
conferred resistance to the synthetic lethal combination of MEK and RAF
inhibitors*®®. Our findings suggest, that the resistance is caused via multi-
pathway mechanism.

Although AKT/mTOR signalling only had a minor contribution to cell viability in
both Hela and A549 cells, AKT and mTOR inhibitors sensitized the A549 cells to
MEK inhibition, suggesting that suppressed MAPK pathway activity increases
the dependency on AKT/mTOR signalling. This is consistent with previously
reported MEK inhibitor resistance mechanisms lung cancer involving RTK
mediated activation of AKT/mTOR signalling?® 470, |n addition, the mechanisms
that sustained cell viability in PPP2R1A depleted cells even at micromolar
concentrations of MEK inhibitor seemed to be dependent on mTOR and, to
lesser extent, AKT. This observation is consistent with the view that PPP2R1A
depleted cells can take advantage of AKT-mTOR pathway activation, resulting in
relative sensitization to the drugs targeting this pathway (Fig. 9). However, while
the MEK inhibitor produced cytotoxic effect in the presence of mTOR inhibitor,
PPP2R1A depleted cells were still less sensitive to the MEK inhibition. The ability
of PP2A inhibition to partially rescue MYC expression was not affected by mTOR
inhibitor, suggesting that MYC upregulation is a contributing mechanism to MEK
inhibitor resistance.

Importantly, the PP2A-suppression associated resistance to MEK inhibitor was
confirmed by the analysis of a relevant cell line with a well characterized
PPP2R1A mutation. These findings demonstrate that PP2A inhibition is a novel
multipathway resistance mechanism to MAPK inhibitors in lung
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adenocarcinomas harbouring KRAS activating mutations, and strongly suggest
that the predictive potential of PP2A activity status should be evaluated in
further studies.
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7. SUMMARY

The work presented in this thesis constitutes a first attempt to systematically
understand targets and target mechanisms of PP2A tumor suppressor activity.
More specifically, results reveal for the first time regulation of MYC target genes
by CIP2A in a clinically relevant setting. Further, the phosphoproteomics analysis
indicated multiple cooperative mechanisms of MYC regulation by PP2A.

Significant fraction of the whole phosphoproteome can be affected by inhibiting
or activating PP2A, and PP2A participates in multilevel regulation of many
known oncogenic pathways. Further analysis of PP2A dephosphorylome
suggested that the effects of PP2A inhibition and activation occur mostly on
non-overlapping sites. This suggests that for most phosphosites,
kinase/phosphatase balance strongly favors either dephosphorylated or
phosphorylated state, and e.g. increased activation of PP2A phosphatase
function can only affect sites that were phosphorylated. We also noticed a
gradient of increased phosphorylation from cytoplasm to nucleus in the PP2A
responsive phosphorylation sites. This finding is consistent with known
localization subcellular patterns of PP2A inhibitors and suggests that spatial
regulation of PP2A activity by inhibitor proteins contributes signal transduction
in cells.

We have described different types of interactions between PP2A activity and
drug sensitivity. Majority of the drug responses exhibited a correlation with
PP2A activity, and we have validated PP2A inhibition as resistance mechanism
to MAPK pathway inhibitors in KRAS mutant lung cancer. Importantly, this
resistance was not cancelled by the combination of RAF and MEK inhibitors.

Together, the findings presented in this thesis strongly suggest that PP2A
reactivation, either alone or in combination with kinase inhibitors, holds
therapeutic potential and that PP2A acitivity status carries predictive
information on cancer therapy responses.

As a methodological advance this thesis presents a novel normalization method
for label free phosphoproteomics, called pairwise normalization, and
demonstrates that it increases the accuracy of quantification in the data sets
described here.
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