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ABSTRACT

Protein Phosphatase 2A (PP2A) is a serine-threonine phosphatase and, through its
de-phosphorylation activity, mostly downregulates signaling pathways, while RAS
belongs to the family of small GTPase and activates various kinases resulting in the
activation of cellular signaling. Decades back, it was shown that the inhibition of
PP2A is a prerequisite for human cell transformation by the oncogenic RAS. Despite
the mounting evidence highlighting RAS and PP2A-mediated protein
phosphorylation to be of paramount significance in cancer biology, none of the
studies have systematically addressed the cooperation between RAS and PP2A in
regulating global protein phosphorylation.

My thesis focuses on the cooperation between the tumor suppressor PP2A and
an oncogene RAS in regulating protein phosphorylation in cancer cells. By
integrating the RAS- and PP2A-regulated phosphoproteomics data we found that the
cellular proteome, is specifically enriched for RAS- and PP2A-regulated
phosphosites on proteins involved in regulating various epigenetic modifications
such as DNA methylation, histone methylation/acetylation and chromatin
remodeling.

In the present work, I have validated the impact of the PP2A- and RAS-regulated
phosphosites in the functional regulation of epigenetic proteins. Using multi-omics
analysis, this study has further uncovered the opposing roles of RAS and PP2A in
regulating gene expression. The present study has also compared the two nuclear
inhibitors of PP2A, PME-1, and SET, and discovered the diversity of their roles in
oncogenic transcription and DNA methylation. Collectively, this research work
indicates that in cancer, RAS hyperactivity and PP2A inhibition converge on
phosphorylation of epigenetic proteins and has a vital role in oncogenic transcription.

KEYWORDS: Lung cancer, Phosphorylation, PP2A, RAS, PME-1, SET,
transcription, Epigenetics, DNMT1, HDAC, methylation, acetylation, chromatin
remodeling
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TIVISTELMA

Proteiinifosfataasi 2A (PP2A) on seriini-treoniinifosfataasi, joka vaimentaa monien
syovian kannalta térkeiden signalointireittien aktiivisuutta, kun taas RAS, joka
kuuluu pienien GTPaasi proteiinien perheeseen, aktivoi solusignalointikinaaseja
syovissd. Samanaikainen RAS:in aktivaatio ja PP2A:n inhibitio on edellytykseni
ihmisen solujen muuttumiselle pahanlaatuisiksi. Kuitenkaan tihdn mennessi ei ole
systemaattisesti tutkittu RAS:in ja PP2A:n yhteistyotd proteiinien fosforylaation
sddtelyssd sydpésoluissa. Tama onkin ollut viitdskirjatutkimukseni keskeinen kysy-
mys. Yhdistdimélld proteomiikka-analyysit RAS- ja PP2A-muokatuista sy&péso-
luista havaitsimme, ettd RAS:in ja PP2A:n sdételemit fosforylaatiokohdat esiintyvét
rikastuneina proteiineissa, jotka osallistuvat erilaisten epigeneettisten modifikaati-
oiden kuten DNA:n metylaation, histonien metylaation/asetylaation sekd kroma-
tiinin uudelleenmuokkauksen sdételyyn. Osoitan tdssd tydssd, ettd niméd fosfory-
laatiokohdat vaikuttavat epigeneettisten proteiinien toiminnan saitelyyn. Tutkimuk-
sessa havaittiin my0s, ettd RAS:1la ja PP2A:1la on erilainen rooli geenien ilmen-
tymisen sédételyssd. Havaitsin myds, ettd kahdella PP2A:ta estivilla tumaproteiinilla,
PME-1 ja SET, on erilainen rooli sy&paén liittyvien geenien luennassa sekd DNA:n
metylaation sditelyssd. Kaiken kaikkiaan viitoskirjatutkimukseni osoittaa, ettd
RAS:in yliaktiivisuuden ja PP2A:n eston vaikutukset kohtaavat epigeneettisten
proteiinien fosforylaation séditelyssid ja ettd tdlld on tdrked rooli onkogeenisessé
geeninluennassa.

AVAINSANAT: Keuhkosyopa, fosforylaatio, PP2A, RAS, PME-1, SET,
transkriptio, epigenetiikka, DNMT1, HDAC, metylaatio, asetylaatio, kromatiinin
uudelleenmuokkaus
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1 Introduction

Hyperactivation of phosphorylation-dependent signaling pathways due to mutations
in RAS proteins is a hallmark of various human cancers (Hanahan, 2022). Multiple
strategies have been used to target RAS-driven cancers, but most have failed due to
the activation of alternate pathways downstream of RAS, or the development of drug
resistance, making it essential to find new targets involved in RAS signaling (A. R.
Moore et al., 2020). Each of the PP2A subunits can be coded by multiple genes,
resulting in various isoforms. These isoforms can further assemble in various
combinations, resulting in a wide range of the PP2A holoenzyme complexes,
empowering PP2A to catalyse a wide range of substrates as well as defining its
substrate specificity. Protein Phosphatase 2A is a tumor suppressor, and the
oncogenic RAS-mediated human cell transformation requires the simultaneous
inhibition of PP2A, indicating PP2A as a major antagonist to RAS activity (Hahn et
al., 1999, 2002; Rangarajan et al., 2004). Various studies have demonstrated that
PP2A inhibition by oncoproteins CIP2A, PMEI, and SET facilitates RAS-mediated
malignant cell transformation (Junttila et al., 2007; Kauko et al., 2015, 2018;
Westermarck, 2018). Overexpression of PP2A inhibitory proteins is commonly
observed in cancer cells (Kauko & Westermarck, 2018). Recent advances in the
therapeutic reactivation of PP2A using small molecular activators (SMAP) have
opened a new window of opportunity in targeting RAS-driven cancers. SMAP
treatment was effective in thwarting the growth of mutant KRAS-driven mouse
xenografts and transgenic models. When used in combination with MEK inhibitors,
SMAP synergizes in inducing regression of KRAS-driven mouse models (Farrington
et al., 2020; Kauko et al., 2018; Merisaari et al., 2020; Sangodkar et al., 2017). These
developments further cement the role of PP2A in thwarting RAS-driven tumor
growth. However, the convergence of their activities in regulating global
phosphorylation events has never been addressed.

To systematically characterize the target mechanisms co-regulated by PP2A and
RAS synergy, our group had previously used phosphoproteomics mass spectrometry
to compare phosphoproteome profiles in cancer cells upon RAS inhibition and PP2A
modulation (Kauko et al., 2015, 2020a). Further integrative analysis of the data
showed that RAS and PP2A regulating highly similar functions, and their activities
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converge in regulating similar phosphorylation sites on proteins involved in
epigenetic pathways. This suggests that the phosphoregulation of epigenetic
complexes by RAS and PP2A might be a relevant mechanism for human cell
transformation and oncogenesis. This Ph.D. thesis is founded on this discovery, and
in the present study, I have focused on epigenetic complexes that have been
previously shown to be important for RAS-mediated functions, but there is no prior
knowledge about the role of PP2A-mediated dephosphorylation in their regulation.
This thesis aims to highlight the functional contribution of RAS & PP2A-regulated
phosphorylation events in epigenetic gene regulation and RAS-driven oncogenesis.

Despite decades of research, RAS-driven cancers are still untreatable. It is
essential to devise alternate strategies in the fight against RAS-driven cancers. My
research will help in understanding how RAS and PP2A synergize and regulate
epigenetic complexes. Phosphatases as a treatment strategy have long been ignored.
With the discovery of small molecule activators of PP2A, it is now possible to add a
new dimension to targeting cancer. Combinatorial therapy by PP2A activation
followed by oncoprotein inhibition should increase efficacy and treatment response.
Various epigenetic proteins aid in tumor growth and progression, and drugs targeting
them are in different phases of clinical trials. Recent work from our group showed
that PP2A inhibition results in resistance against HDAC and Bromodomain
inhibitors (Kauko et al., 2020a). PP2A is inhibited by multiple means in most
cancers. Re-activation of PP2A using small molecules in combination with inhibitors
against epigenetic complexes can be a robust strategy to tackle RAS-driven cancers.

In my Ph.D. work, I have systematically characterized the opposing roles of RAS
and PP2A in regulating various epigenetic mechanisms. For instance, I found that
PP2A and RAS activities oppose the chromatin recruitment of histone deacetylase 1
and 2. This study found that PP2A and RAS oppose various epigenetic processes
such as chromatin recruitment of histone deacetylase 1 and 2, the interaction between
RNF168-TP53B1 mediated through a co-regulated phosphorylation site on RN168,
stability of CHD3, and overall gene expression programming. This study further
identified PP2A as a facilitator of epigenetic mechanisms such as DNA methylation
and chromatin condensation, which are involved in gene repression. In this thesis, I
have also addressed the role of the two nuclear inhibitors of PP2A (PME-1 and SET)
and compared their transcriptomes and methylomes. The role of PME-1 in regulating
DNA methylation by downregulating the methyltransferase DNMT1 is another
highlight of this study.

My thesis work will help in elucidating molecular mechanisms behind RAS and
PP2A synergy in the regulation of epigenetic complexes, and how their
dysregulation leads to cancer. As proof of principle, I have shown that the
combinatorial therapy by PP2A activation and targeting HDAC synergize and could
be used as an alternate strategy to treat RAS-driven cancers. Moreover, we have

12
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uncovered a valuable database of phosphorylation sites co-regulated by PP2A and
RAS activity, which needs further investigation for a better understanding of the
cancer biology regulated by protein phosphorylation.
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2 Review of the Literature

2.1 Lung Cancer

With a projected annual incidence of two million new diagnoses and 1.76 million
fatalities, lung cancer is among the most often diagnosed malignancies and accounts
for around 20% of cancer-related deaths globally (Thai et al., 2021). Lung cancer
presents various symptoms and indications based on its anatomic location because it
is a very diverse disease that may develop at several places along the bronchial tree.
Most cases of lung cancer are diagnosed when the disease has already progressed to
the advanced stage (Lemjabbar-Alaoui et al., 2015).

The two primary subtypes of lung cancer include non-small cell lung cancer
(NSCLC) accounting for 85% of all the cases and small cell lung cancer (SCLC)
accounting for 15% of all lung cancer cases. Non-small include adenocarcinoma
(AdenoCA), squamous cell carcinoma (SQCLC), and large cell carcinoma (LCLC).
About 25%-30% of all lung malignancies are squamous cell lung cancers (SQCLC),
which often start in the primary bronchi and spread to the carina. Adenocarcinomas
(AdenoCA) develop in peripheral bronchi and account for around 40% of all cases
of lung cancer. Large cell carcinoma (LCLC) represents about 10% of all lung
cancers,grows in the peripheral regions of the lung, and shows aggressive growth.
Small cell lung cancers (SCLC) are of neuroendocrine origin and are mostly
associated with the smoking history of the patients. SCLC is highly aggressive and
comprises 10% of all lung cancer cases (Lemjabbar-Alaoui et al., 2015; Rudin et al.,
2021; Thai et al., 2021).

The transformation of a normal cell into a tumor cell is initialized through a series
of alterations in the genetic and epigenetic landscape, which further accumulate
through the process of clonal expansion, resulting in cancer development. Early
detection and characterization of the changes in the cellular microenvironment can
significantly help in the prevention and treatment of the disease. Understanding a
patient's tumor features and genetics will significantly improve their prognosis and
treatment choice (Lemjabbar-Alaoui et al., 2015). In the past century, the main
course of cancer treatment included the use of chemotherapy based on the patient’s
tumor histology. In contrast, the emergence of predictive biomarkers in the last two
decades has opened up novel possibilities for cancer treatment guided by targeted
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therapy. Tumor histology continues to be used as a predictor of response in
chemotherapy. For instance, the non-squamous NSCLC patients benefited from
pemetrexed treatment, but squamous NSCLC patients showed no change in overall
survival between treatment and placebo groups (Standfield et al., 2011; Sutié et al.,
2021). The implementation of cancer therapy for the treatment of lung cancer is
significantly influenced by the genetic changes in cancer cells, making the
identification of these cancer-specific biomarkers a prerequisite for the successful
treatment of lung cancer. Lung cancer shows alterations in the cellular signaling
pathways that regulate various biological processes.

RAS proteins show one of the highest mutation rates in human cancers, and
KRAS-driven NSCLC accounts for a quarter of all NSCLC cases. The highest
frequency of KRAS mutations detected in lung cancer is the G12C mutation,
resulting in a constitutively active form of the KRAS protein. Various efforts have
been made in direct and indirect targeting of the RAS pathway, and their failure is
attributed to the development of resistance and activation of alternate signaling
pathways or toxicity (J. Luo et al., 2022). Direct targeting of the mutant RAS was
first achieved by the development of a small molecule that bound to the mutant
cysteine at position 12 of the KRAS protein, locking it into a GDP-bound inactive
state (Ostrem et al., 2013). Based on this finding, the irreversible covalent inhibitors
sotorasib (AMG 510) and adagrasib (MRTX849) against the G12C mutant KRAS
were developed, which showed complete tumor regression in mouse models by
inhibiting the MAPK signaling (Canon et al., 2019; Fell et al., 2020). Both drugs
have been approved for treating KRAS G12C mutant NSCLC (Nakajima et al., 2022;
Dhillon, 2023).

Mutations in the EGFR receptor lead to hyperactivation of various signaling
pathways in cancer and are pivotal in predicting the response to EGFR tyrosine
kinase inhibitors (TKI). Around 85% of the EGFR mutations comprise the exon 19
deletion and exon 21 (L858R) mutations and are sensitive to the EGFR inhibitors.
In contrast, the insertion at exon 20 of the EGFR receptor drives resistance against
the inhibitors. The Food and Drug Administration (FDA) of the United States has
at present authorized five TKIs for treating NSCLC, which have significantly
improved disease-free and progression-free survival in patients. Erlotinib and
gefitinib are reversible tyrosine kinase inhibitors of the first generation while
afatinib and dacomitinib belong to the second generation and bind irreversibly to
the EGFR receptor. The EGFR T790M mutation leads to drug resistance against
the first-generation TKI, and to treat cancers harboring this mutation the third
generation of TKI osimertinib is employed (Lemjabbar-Alaoui et al., 2015; Suti¢
etal., 2021).

Mutations in BRAF protein occur in around 4% of NSCLC cases. Most BRAF-
positive NSCLC patients have a V600E mutation, resulting in constitutively active
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BRAF, which then phosphorylates the downstream effector MEK, leading to
hyperactivated MAPK signaling. NSCLC patients harboring the V600OE mutation are
treated using combination therapy using the BRAF inhibitor dabrafenib and the
MEK inhibitor trametinib (Planchard et al., 2017). The mesenchymal—epithelial
transition tyrosine kinase receptor (MET) is involved in activating various signaling
pathways, including MAPK/ERK and PI3K/AKT. MET alterations are detected in 3
to 5% of NSCLC of lung cancer and include amplification of the MET gene and
mutations in its kinase domain and exon 14 skipping mutations (Friedlaender et al.,
2020). NSCLC with MET exon 14 skipping mutations are treated using the MET
inhibitors capmatinib and tepotinib (Thai et al., 2021).

Various oncogenic signaling pathways, such as RAS and PI3K/AKT, are
activated by the anaplastic lymphoma kinase (ALK) receptor. Alterations in the gene
coding for the ALK are found in 3-5% of NSCLC patients. This generates an
oncogenic ALK fusion protein that hyperactivates the downstream signaling module.
Crizotinib was the first drug to get approval for treating ALK rearrangements, and it
achieved a highly significant increase in median overall survival compared to
chemotherapy as a first-line therapy (B. J. Solomon et al., 2018). However secondary
mutations such as L1196M, C1156Y, and L1152R drive acquired drug resistance to
crizotinib (Choi et al., 2010; Sasaki et al., 2011). The second generation of ALK
TKIs, such as alectinib, brigatinib, and ensartinib, overcome crizotinib resistance and
improve progression-free survival in NSCLC. Acquired mutations in the ALK gene
that drive resistance to the second-generation ALK inhibitor alectinib have been
identified (Katayama et al., 2014). Lorlatinib is a new third-generation ALK TKI
that can cross the blood-brain barrier and has shown more effectiveness against
ALK-resistant mutations and improved progression-free survival than second-
generation ALK TKIs (B. Solomon et al., 2020).

The rearrangement in ROSI1 tyrosine kinase receptor occurs in 1-3% of
adenocarcinomas, and similar to ALK, they primarily occur in younger populations
without a history of cigarette smoking. The first-line ALK TKI crizotinib is also
authorized for NSCLC with ROS rearrangement (Suti¢ et al., 2021). Around 1% of
NSCLC patients harbor NTRK (Neurotrophic receptor tyrosine kinase) gene
mutations that giverise to the oncogenic fusion proteins. Larotrectinib and
entrectinib, are the two TRK inhibitors that the FDA has given fast-track approval
for the treatment of solid tumors that show NTRK alterations (Thai et al., 2021).
Another oncogenic fusion that occurs in 1-2% of lung adenocarcinomas is the RET
(Rearranged During Transfection) fusion, leading to the dimerization and activation
of RET kinases (Sutié et al., 2021).

SCLC shows a very high mutation rate. However, compared with NSCLC,
genomic profiling of SCLC has not successfully identified the subtypes driven by
specific mutations (Semenova et al., 2015). SCLC is characterized by mutations
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leading to the loss of function of the tumor suppressor genes TP53 and
retinoblastoma (RB) in 75 to 90% of the cases. Other commonly occurring mutated
genes include PTEN and NOTCH (Rudin et al., 2021). Amplification of the MYC
family genes occurs in 20-30% of SCLC tumors. In addition to MYC, the
amplification of the gene coding for fibroblast growth factor receptor 1 (FGFR1) and
GNAS, coding for the a-subunit of the G protein is frequently found to be amplified.
Around 8% of SCLC tumors show the inactivation of the histone methyltransferase
(KMT2D) gene (Rudin et al., 2021).

2.2 Epigenetic regulation of gene expression

A single copy of the human genome comprises three billion base pairs which
correspond to a length of around two meters. This large amount of genetic material
is packed inside the nucleus with an average diameter of 10 uM. DNA is tightly
wrapped around the histone proteins to facilitate the compaction of the entire genetic
material in the nucleus. These polymeric complexes of histones and DNA are known
as chromatin (Ar & Jj, 2015).

Chromatin comprises repeating structures called nucleosomes consisting of a
nucleosome core, a linker DNA, and a linker histone. The nucleosome core is formed
by wrapping 147 base pairs of DNA around the octameric complex formed by two
copies of each of the four histone proteins (H2A, H2B, H3, H4). The adjacent
nucleosome cores are connected by linker DNA bound to the linker histones (H1 or
HS5), giving rise to fundamental units called the chromatosome (McGinty & Tan,
2015; Simpson, 1978). The part of the core histones (25-30%) devoid of the wrapped
DNA constitutes the histone tail region. The tail region of histones is evolutionarily
conserved and undergoes various post translational modifications. These epigenetic
modifications on the histone tail regulate chromatin organization and accessibility of
the nucleosomal DNA to multiple transcription factors and DNA binding proteins
(Ar & Jj, 2015; D. Y. Lee et al., 1993; Z. Yang et al., 2005).

The term Epigenetics comprises the heritable changes on the genome involved
in regulating the gene expression without causing a change in the underlying DNA
sequence. These modifications are passed on to the offspring (heritable) and play a
very important role in regulating thegene expression and development (Deichmann,
2016). Various epigenetic modifications that occur on the chromatin include histone
modifications, DNA methylation, and chromatin remodeling. This involves the
addition or removal of chemical tags on the genome and employs a group of
specialized proteins that work in tandem to regulate various biological processes.
These proteins can either add a chemical modification (writers) ,remove an existing
modification (erasers) or interpret these modifications (readers) and further proceed
to bring the desired changes (Audia & Campbell, 2016).
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Chromatin remodeling

@ Acetylation
@ Methylation

Figure 1. Epigenetic mechanisms involved in gene regulation. Created with BioRender.com.

2.21 DNA methylation

DNA methylation is a major epigenetic regulatory mechanism and involves the
chemical modification of DNA by the addition of methyl groups. DNA methylation
was first discovered in mammals in 1948 by Rollin Hotchkiss while separating the
purines and pyrimidines using paper chromatography. Rollin noted that the
chromatogram of the DNA preparation from the calf thymus had an additional peak
for cytosine resides and called it epicytosine (Hotchkiss, 1948). The role of DNA
methylation in regulating gene expression was reported in later studies which
observed specific genes to be differentially methylated across various cell types
(Mandel & Chambon, 1979). Further, the methylation of genes is inversely
correlated with its expression, indicating DNA methylation as a chemical
modification that suppresses gene expression (Jd & Gd, 1979; M. T. Kuo et al.,
1979). The distribution of DNA methylation patterns across the genome regulates
various biological functions such as gene expression, genomic imprinting, and
inactivation of the X-chromosome (L. D. Moore et al., 2013).

The primary site of DNA methylation in vertebrates is the cytosine residue adjacent
to a guanine residue (CpG). The CpG sites are found throughout the human genome
including the intergenic regions and gene bodies and their methylation is mainly
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associated with gene inactivation. The CpG sites are primarily methylated across the
human genome except for short stretches of CpG repeats called CpG islands. The CpG
islands were initially discovered in mouse sperm as stretches of unmethylated DNA and
were later called "methylation-free zones" (Bird et al., 1985; Gardiner-Garden &
Frommer, 1987). They are denoted by stretches of up to 1000 bp long DNA with a GC
composition of more than 60%. Promoters of most of the housekeeping genes are found
to contain CpG islands, indicating them as sites for transcriptional initiation (Deaton &
Bird, 2011). Methylation at CpG islands results in gene silencing and plays an important
role in various processes, such as establishing gene imprinting and regulating cell
differentiation (Wutz et al., 1997; Meissner et al., 2008).

The enzymes that catalyse the methylation of DNA (writers) are known as DNA
methyltransferases (DNMT). The five methyltransferases coded by the human
genome are DNMT1, DNMT3a and DNMT3b, and DNMT3L. The first mammalian
DNA methyltransferase to be cloned and sequenced was DNA methyltransferase 1
(Dnmt1) (Bestor et al., 1988). DNMT1 is also called maintenance methyltransferase
as it copies the existing methylation patterns to the newly synthesized DNA.
DNMT3a and 3b are known as native or de novo DNA methyltransferases since they
establish the methylation patterns during early development. De novo methylation is
important in tissue differentiation by establishing tissue-specific gene patterns.
Knockout of both these methyltransferases was shown to impair the de novo
methylation in embryonic stem cells and embryos while not affecting the
maintenance of the methylation imprinting of the bulk DNA (Okano et al., 1999).
DNMTS3L has no enzymatic activity but enhances the DNA methylation rate by
forming a complex with DNMT3a or 3b (Bourc’his et al., 2001).

The DNA methylation reaction involves transferring a methyl group to carbon 5
of the cytosine residue. SAM (S-adenosylmethionine) is a universal methyl donor
for all methyltransferase reactions and is reduced to SAH (S-adenosylhomocysteine)
upon completion of the reaction (Figure 2). DNMT rotates the target cytosine base
in its catalytic pocket and transfers the methyl group from SAM to the carbon five
of the cytosine. DNMT1 shows a preference for longer substrates and is a processive
enzyme that adds a methyl group to long stretches of the DNA. DNMT1 binds to the
DNA and, upon recognition of its substrate, undergoes a conformational change
leading to its activation. The enzyme then adds the methyl group to its target and
continues searching for other sites without exchanging the DNA strands. DNMT 1
mainly catalyses the methylation of hemimethylated substrates, which possess
methylated CpG on only one of the strands (Hermann et al., 2004). DNMT3B
methylates DNA in a processive manner like DNMT1, while DNMT3A acts in a
distributive manner (Gowher & Jeltsch, 2002). DNMT3A adds methyl groups to
cytosines and then falls off its substrate DNA, leading to methylated, partially
methylated, and unmethylated DNA populations.
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Figure 2. Mechanism of DNA methylation. DNMT transfers a methyl group from the methyl donor
SAM to the cytosine residue. SAM (S-adenosylmethionine) is reduced to SAH (S-
adenosylhomocysteine) in this process. DNA is demethylated by the activity of TET
enzymes. Created with BioRender.com.

DNA demethylation in actively dividing cells can occur passively through a loss
in activity or expression of DNMTI1. Active or replication-independent DNA
demethylation requires the presence of specialized enzymes (erasers) that modify
methylated cytosine (SmC), which is then replaced by base excision repair pathway
(BER) to native cytosine. Ten-eleven translocase (TET) enzymes modify SmC to
ShmC by adding a hydroxyl group (Tahiliani et al., 2009). BER pathway then
employs thymine DNA glycosylase (TDG) to cleave off and replace the modified
cytosine with native cytosine (He et al., 2011).

Methylated DNA can be recognized by various proteins (readers), primarily
preventing the binding of transcription factors and repressing transcription. Three
classes of proteins, the MBD, UHRF, and zinc finger, are known to bind to the
methylated cytosine of the DNA (L. D. Moore et al., 2013). Certain members of the
MBD family of protein family such as MeCP2 can bind to the methylated DNA and
further recruit other transcriptional repressor complexes (Nan et al., 1998)., The UHRF
(ubiquitin-like, containing PHD and RING finger domain) family of proteins plays an
important role in maintaining DNA methylation. They bind to DNMT1 during DNA
replication and direct it to hemimethylated DNA (Bostick et al., 2007). The zinc finger
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proteins bind to methylated cytosines via their zinc finger domain and repress
transcription in a manner dependent on DNA methylation (H.-G. Yoon et al., 2003).

DNMTs regulate various physiological functions, and aberrant DNA
methylation patterns are commonly observed in cancer. Genome-wide DNA
hypomethylation and CpG island hypermethylation commonly occur in most cancer
types. CpG islands that occur on gene promoters are unmethylated, while in cancer
cells, various tumor suppressor genes are silenced by the hypermethylation of CpG
islands. Retinoblastoma was the first tumor suppressor gene found to be silenced by
hypermethylation of its CpG island (Greger et al., 1989). Since then, the CpG islands
of various tumor suppressor genes (p53, MGMT, p16, RB) are hypermethylated in
cancer (Esteller et al., 2000).

2.2.2 Histone modification

Histone acetylation is a reversible post-translational modification and occurs on
various lysine residues of the histone tails. Histone acetylation is a mark for
transcriptional activation, while deacetylation of transcriptional repression. The
addition of the acetyl group to the lysine residues of histone tails is catalysed by
enzymes known as histone acetyltransferase or lysine acetyltransferase (HAT/KAT).
In humans, the histone acetyltransferases are grouped into three major families:
GNAT, MYST, and p300/CBP (Kouzarides, 2007). Most HATs show activity
towards more than one lysine, while some are highly specific. E.g., the H4K5 can be
acetylated by the enzymes from P300/CBP, MY ST family while H3K9ac can only
be processed by acetyltransferase Gen5/PCAF from the GNAT family (Kouzarides,
2007). Apart from the nucleus, certain HATs are also found in other cellular
organelles, such as the cytoplasm or mitochondria. HATs are also involved in
deacetylating non-histone substrates such as p53, BET proteins, a-Tubulin, ATM
kinase, and transcription factors such as GATA1 (Shvedunova & Akhtar, 2022).
The enzymes that catalyse the removal of acetyl groups from histones are known
as histone deacetylases (HDACs). In humans, 18 different HDACs are found, which
are further grouped into two different families based on their catalytic mechanism. The
first family consists of zinc dependent HDACs which require the binding of a zinc
cation in their active site. They are further divided into three classes, class | (HDACI,
2,3 & 8), Class I (HDAC4, 5, 7, 9 and 6), and Class IV (HDAC 11) (Audia &
Campbell, 2016). The second HDAC family is a nicotinamide adenine dinucleotide
(NAD+) dependent and consists of class III HDACs (sirtuins). Sirtuins-mediated
deacetylation is a two-step process where Sirtuins first cleave NAD, generating
nicotinamide and ADP ribose. In the next step, Sirtuins transfer the acetyl groups from
histones to the ADP ribose, generating acetyl-ADP-ribose (Park & Kim, 2020). Like
histone acetyltransferases, histone deacetylases are also known to act on non-histone
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substrates. HDACI is known to deacetylase lysine 382 of the tumor suppressor p53.
Various other proteins, such as tumor suppressor ARID1A, transcription factor p65,
and nucleophosmin, are substrates of HDACs (Shvedunova & Akhtar, 2022).

Histone methylation is another important post-translational modification that
regulates the transcriptional process. Histone methylation occurs on the basic amino
acid residues (lysine & arginine) of the histone tails. Lysine is known to be mono
(mel) di (me2) or tri (me3) methylated, while arginine can be mono methylated
(mel) or di methylated with the latter being either symmetrical (me2s) or
asymmetrical (me2a) (Greer & Shi, 2012). The methylation of the histone lysine
residues can either be activating or repressing. The methylation of lysine four of
histone 3 (H3K4) is a mark for transcriptional activation. The monomethylated
histone 3 (H3K4me) is unique to enhancer regions, while trimethylation (H3K4me3)
occurs in promoter regions. Other activating lysine methylation marks are H3K36
and H3K79 and are found on gene bodies. The methylation of K9 and K27 of histone
3 is a marker for transcriptional repression. The arginine methylation of histone
proteins is not very well characterized, and certain symmetric arginine methylations
are known to be associated with transcriptional repression (H3R8me2s and
H4R3me2s) (Jambhekar et al., 2019).

Histone methylation is regulated by a diverse group of enzymes that either add a
methyl group on the lysine or arginine amino acids (methyltransferases/writers) or
remove them (demethylases/erasers). Like the DNA methyl transferases, the histone
methyltransferases acquire the methyl group from the universal methyl donor s-
adenosylmethionine and transfer it to lysine or arginine of its substrate proteins. Histone
methyltransferases are divided into three families: the SET-domain containing proteins,
the DOT1L-like proteins that act on lysine, and the arginine N-methyltransferase
(PRMT) family (Greer & Shi, 2012). All families of histone lysine methyltransferases
(except for DOT1L) consist of a conserved SET domain, responsible for their catalytic
activity. Methyltransferases are site-specific in adding the methyl groups on their
substrates. E.g., DOT1L catalyses methylation of H3k79, PRC2 recognizes H3K27 and
SETD1/MLL adds methyl groups on H3K4. The arginine methylation is catalysed by
the protein arginine methyltransferase (PRMT) family, with PRMT1 being the major
mammalian arginine methyltransferase acting on monomethylated arginine (MMA)
and asymmetric dimethylated arginine (ADMA). The symmetric dimethylation of
arginine is less frequent and catalysed by PRMTS (Jambhekar et al., 2019). Histone
demethylases are broadly divided into two families based on their catalytic activity, the
amino oxidase domain and the jumonji C (JmjC)-domain-containing demethylases
(Greer & Shi, 2012). The first histone demethylase discovered was the amino oxidase
domain-containing demethylase KDM1A (Lysine-specific demethylase 1a) (Y et al.,
2004). KDMI1A is known to demethylate both mono and di-methylated lysine 4 of
histone3 resulting in transcriptional repression (Y.-J. Shi et al., 2005). KDM1A has also
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been shown to act as a transcriptional activator by catalyzing the demethylation of
H3K9me (Metzger et al., 2005).

The modification of histone proteins relays the effect on various cellular processes
by either directly modifying the chromatin structure or recruiting other regulatory
proteins (readers) on the chromatin (Bannister & Kouzarides, 2011). For instance,
adding or removing acetyl groups on proteins is sufficient to influence the protein-
protein or protein-DNA interactions. The acetylation of lysine 16 of histone 4
(H4K16ac) is known to disrupt the internucleosomal interaction between the H4 tail
and H2A-H2B acidic patch. The H4K16 tail region interacts with the acidic cavity
formed by histone H2A and stacks the histone together in a tight configuration.
Acetylation of the H4K16 results in disruption of histone 4 and histone H2A
electrostatic interaction and unpacks the nucleosomes (Shvedunova & Akhtar, 2022).
A specialized group of proteins recognizes histone modifications called the reader
proteins. Acetylation marks are recognized by three classes of reader protein domains:
bromodomain, the double PHD finger (DPF), and the double pleckstrin homology
(PH) domain. BRD4, a Bromodomain-containing protein has been recently shown to
recognize the acetylated histones at the enhancers and promote enhancer-activated
transcription through RNA polymerase Il (Narita et al., 2021).
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Figure 3. Sites of post translational modifications of Histone tails. Representation of the histone
octamer (H2A, H2B, H3, and H4) wrapped around the DNA. The amino acid residues in
the c-terminal tail of the histones are shown to be modified by various post-translation
modifications (Ac = acetylation, Me = methylation, P = phosphorylation, U =
ubiquitination). Created with BioRender.com.
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More distinct classes of reader domains recognize protein lysine methylation as
compared to acetylation or phosphorylation. These include the PHD finger, PWWP,
ankyrin repeats, and the Tudor royal family of domains (chromodomains, Tudor,
PWWP, and MBT) (Bannister & Kouzarides, 2011). The synergy between different
histone modifications can regulate the binding of a reader domain-containing protein
to the chromatin. The PHD finger domain-containing protein DPF3B is a part of the
BAF chromatin remodeling complex. DPF3B can recognize the H3K 14ac through
its PHD domain and recruit the BAF complex to the chromatin, resulting in an open
chromatin state. The methylation or acetylation of H3K4 reduces the interaction of
the PHD domain with histones and further prevents the recruitment of the BAF
complex (Zeng et al., 2010).

The histones can be modified by various epigenetic modifications such as
acetylation and methylation, which can be interpreted by reader domain-containing
proteins. This further leads to the recruitment of chromatin modifiers or other
regulatory proteins, resulting in various biological outcomes.

2.2.3 Chromatin remodeling

The DNA is tightly wrapped around histone proteins in the nucleus, giving rise to
compact structures called nucleosomes. Chromatin can exist in a highly condensed
structure called heterochromatin or a lightly packed structure called euchromatin.
Heterochromatin is inaccessible to transcriptional machinery due to its compact
structure and is closed for transcription. Euchromatin can be assessed by the proteins
controlling gene expression and is considered open for transcription. Chromatin
remodeling is a process by which the chromatin structure is modified dynamically,
giving rise to changes in chromatin's open and closed structures and is regulated by
a specialized group of proteins (Wegel & Shaw, 2005; Nair & Kumar, 2012).
Chromatin remodeling in mammals is catalysed by four different families of
chromatin modelers: SWI/SNF, CHD, ISWI, and INO80 family (Lidngst &
Manelyte, 2015). Chromatin remodelers are DNA translocases that use the energy
generated by ATP hydrolysis to create a force to move and reposition the
nucleosomes. All families of remodelers consist of a similar ATPase domain with
helicase motifs but differ in specialized domains that read the histone modification
(Nair & Kumar, 2012; Langst & Manelyte, 2015).

The SWI/SNF family of proteins is an evolutionarily conserved family of
remodelers that were first discovered in yeast. The family consists of an actin-
binding HSA (helicase-SANT) domain on their N-terminal and a bromodomain on
their C-terminal. The bromodomain is responsible for recognizing lysine-acetylated
histones. In humans, three different SWI/SNF complexes are formed by varying
assembly of the complex members. Each of the complexes is composed of one of the
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ATPase catalytic subunits, either BRG1 (SMARCA4) or BRM (SMARCA?2), and a
group of proteins called BAFs (BRG/BRM associated factors) that are involved in
binding to DNA or proteins (Z. Li et al., 2023). SWI/SNF complexes associated with
histone acetyltransferase are mainly associated with transcriptional activation and
are known to be involved in DNA replication and DNA damage repair (Tyagi et al.,
2016). Repressor activity of the complex has also been reported, where they have
been shown to repress the activity of the E2F1 transcription factor (Trouche et al.,
1997).

The chromodomain-helicase-DNA binding (CHD) chromatin remodellers are a
family of nine proteins with a helicase-ATPase domain and a chromodomain that
recognizes methylated histones (Watson et al., 2012). The CHD3/4/5 are distinct
from other members of the groups in containing two PHD (plant homeodomain) zinc
finger domains in their N-terminal that recognize the acetylated histones (Langst &
Manelyte, 2015). The CHD family members can function independently or as a part
of a large multiprotein complex regulating various biological outcomes. The CH7/8
associated complexes are found at gene enhancer and promoter regions resulting in
transcriptional initiation and elongation while CHD3/4/5 are associated with the
chromatin repressor complex (NuRD) (Murawska & Brehm, 2011; Bracken et al.,
2019). The chromatin remodeling activity of the NuRD complexes is catalysed by
one of the three CHD family members (CHD3/4/5), which function as the ATP-
dependent helicase. The core of the complex is formed by the association between
histone deacetylase (HDAC1/2) and the histone chaperone RBBP4/7. The complex
interacts with the histone tails through the histone tail binding protein MTA1-3,
while the DNA interaction is facilitated by methylated CpG binding proteins MBD2
or MBD3. The zinc finger containing the scaffolding protein GATAD2A/B bridges
the MBD and the CHD subunits together. The NuRD complex regulates cellular
processes such as cell differentiation, transcriptional repression, and regulation of
DNA damage repair. The CHD4-containing NuRD complexes have also been shown
to fine-tune the transcription by maintaining the nucleosomal density and controlling
its access to transcription factors and RNA polymerases, thereby ensuring an
appropriate transcriptional response (Bornelov et al., 2018).

The ISWI family (Imitation SWltch) consists of an N-terminal ATPase domain
catalyzing the chromatin remodeling and a C-terminal HAND-SANT-SLIDE
domain, which binds to the DNA. The ISWI family members exist in various
complexes that determine their involvement in multiple functions such as regulating
nucleosomal assembly, chromatin structure, and DNA repair (Y. Li et al., 2021).
Inositol requiring 80 (INO80) family consists of a split ATPase domain that scaffolds
the RuvB helicase protein. They are involved in recombination, DNA repair, and
nucleosome positioning and can catalyse the exchange of histone variants H2A-H2B
to H2AZ-H2B (Lingst & Manelyte, 2015).
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Chromatin remodelers regulate various cellular processes like transcription
control, DNA replication and repair, nucleosome assembly, and organization and
regulation of chromatin access (Clapier et al., 2017). Changes in the association
between complex members regulate diverse functions, while their dysregulation can
lead to oncogenic transformation and other developmental disorders (Tyagi et al.,
2016).

2.2.4 Post-translational modifications of epigenetic proteins

Epigenetic proteins regulate multiple cellular processes and can be regulated by
various post-translational modifications (PTM) such as phosphorylation, acetylation,
ubiquitination, etc. While the mechanism of action of the epigenetic proteins is
extensively studied, very little is known about the PTM that regulates their activity.
Various high-throughput experiments have detected multiple phosphorylation
changes in DNMT1, but very few have been functionally characterized (Jeltsch &
Jurkowska, 2016). A few kinases are known to act on DNMT1 but none of the
phosphatases that might be involved in regulating its activity have been identified.
Phosphorylation of DNMT1 by AKT and PKC at serine 127/137 has been shown to
disrupt its association with the DNMT1-PCNA-UHRF1 complex leading to global
DNA hypomethylation and tumorigenesis (Hervouet et al., 2010). DNMT1 was
shown to be regulated by two mutually exclusive PTM’s: Methylation of lysine 142
by a methyltransferase SET7 that decreases its stability and phosphorylation of
DNMT]1 at S143 by AKT increasing its stability (Estéve et al., 2011). Later studies
found a lysine-specific demethylase (KDM1A) to remove the SET7-mediated
methylation of DNMT1 (lysine 142) stabilizing its activity (J. Wang et al., 2009).
DNMTT1 is known to contain over 120 possible sites for lysine methylation and only
lysine 142 has been identified to regulate the function of DNMT1. Of the various
possible sites of acetylation in DNMT1 a few are known to be important for its
function. HDAC1 was found to deacetylate and stabilize DNMT1 which was
antagonized by TIP60-mediated acetylation resulting in the degradation of DNMT]1
through the UHRF1-mediated ubiquitination (Du et al., 2010; Qin et al., 2011).
One of the major epigenetic complexes involved in gene repression is the
Nucleosome Remodeling and Deacetylase complex (NuRD). Both the enzymatic
activity and NuRD complex formation is regulated by various post-translational
modifications. The NuRD functions by a combination of two different enzymatic
activities, the ATP-dependent nucleosome remodeling through CHD3/4/5 and the
deacetylation of histone tails through HDAC1/2. Though the NuRD complex is a
transcriptional repressor, it has been shown that the PTM of specific components of
the complex can change its role to be an activator (T. Yang et al., 2012). Acetylation
of HDACI by Histone acetyltransferase has been shown to inhibit its deacetylase
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activity and further dimerization and inhibition of HDAC2 (Y. Luo et al., 2009).
Another member of the complex MTA1 is demethylated by another epigenetic eraser
LSDI resulting in its dissociation from the complex and further transcriptional
activation (Nair et al., 2013). Phosphoregulation of the members of the NuRD
complex is poorly understood. Only Casein kinase 2 has been shown to regulate the
activity of both HDAC1 and HDAC2. Phosphorylation of HDAC1/2 by CK2 is
important in maintaining its enzymatic activity and ability to form complexes (Pflum
et al., 2001; Tsai & Seto, 2002). The role of phosphatases as well as the upstream
signaling cascades regulating the phosphorylation events has never been addressed.
The only known PTM regulating the Nucleosomal remodeling member of the
complex CHD3 is sumoylation resulting in its dissociation from the chromatin and
gene activation (Yamashita et al., 2016). Even though the PTM of a few complex
members is shown to be important for its biological role very little is known about
the PTM resulting in the assembly and chromatin recruitment of the NuRD complex
members.

Recently, PTM of a few methyltransferases (writers) was found to be important
in cancer progression and drug resistance. AKT was found to phosphorylate and
downregulate the activity of epigenetic writer protein KMT2D. Drugs targeting
PI3K-AKT pathways resulted in hyperactivity of KMT2D, resulting in a relaxed
chromatin state that mitigated the effects of PI3K inhibition therapy in breast cancer
(Toska et al., 2017). Another study showed that phosphorylation of EZH?2 at serine
21 resulted in its inactivation and further hypomethylation of H3K27, leading to drug
resistance in multiple myeloma (J et al., 2015). Another important methyltransferase
involved in cancer is DOT1L. Despite various known PTMs on this 1403 amino acid
long protein, minimal research investigating the role of these PTMs is available. A
recent study found that the acetylation of DOTIL at lysine 358 prevents its RNF8-
mediated ubiquitination, leading to DOT1 stabilization and further tumor growth and
metastasis (C. Liu et al., 2020).

2.3 Epigenetics of lung cancer

Various genetic and epigenetic events contribute to the progression of lung cancer.
Genetic aberration leading to the simultaneous inactivation of the tumor suppressor
TP53 and RB is a common feature of SCLC. Among the various subtypes of
NSCLC, LUSC shows frequent mutations in TP53 and RB while LUAD is linked to
the mutations in multiple genes including KRAS, EGFR, NF1, KEAP1, STK11, and
TP53. Similarly, the alterations in epigenetic pathways such as DNA methylation,
chromatin organization, and histone modifications are hallmarks of lung cancer that
lead to the growth and progression of various lung cancer subtypes (Langevin et al.,
2015; Hoang & Landi, 2022).
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Cancer cells frequently show alterations in DNA methylation patterns, leading
to the suppression of tumor suppressors by DNA hypermethylation and activation of
oncogenes by DNA hypomethylation (Shinjo et al., 2012; Witte et al., 2014). The
DNA methyltransferases (DNMT1, DNMT3a, and DNMT3b) are found to be
substantially expressed in lung cancers, causing hypermethylation of tumor
suppressor genes, especially in smokers, and associated with poor prognosis (Lin et
al., 2007; Liang et al., 2021). Various studies have reported that the maintenance
DNA methyltransferase (DNMT1) is overexpressed in lung cancer (H. Kim et al.,
2006; Lin et al., 2010). In vivo studies on a tobacco carcinogen-induced mouse
model of lung cancer found a significant reduction in tumor growth upon DNMT1
inhibition (Belinsky et al., 2003). The siRNA-mediated depletion of DNMT1 in lung
cancer cells led to promoter demethylation and expression of tumor suppressor genes
p16(ink4A) and RASSFIA (Suzuki et al., 2004). Further knockdown of DNMTT in
lung cancer cells resulted in growth inhibition and induction of apoptosis in vitro and
in vivo (Q. Lai et al., 2017). DNMTT has been found to cooperate with DNMT3A in
DNA methylation-mediated repression of tumor suppressor genes in cancer cells
(Rhee et al., 2002). Human bronchial epithelial cells (HBEC) immortalized by the
induction of hTERT/CDK4 showed an elevated expression of DNMT3B, which
further led to an increased rate of transformation (Teneng et al., 2015). Another de
novo methyltransferase, DNMT3A, has also been reported as a tumor suppressor. In
a KRAS mutant mouse model, the deletion of DNMT3A promoted tumor growth
(Gao et al., 2011) while another study found DNMT3A to be associated with a
favourable prognosis in lung adenocarcinoma (Husni et al., 2016). Alterations in the
DNA methyltransferase activity can lead to lung tumorigenesis through various
mechanisms. In EGFR mutant NSCLC, DNMT1 promotes cellular proliferation by
inducing promoter methylation and further downregulating the cell cycle
suppressors (X.-Y. Wu et al., 2020). In cancer cells, DNA methylation can lead to
silencing of tumor suppressor genes. The methylated gene promoter can be
recognized by the MBD proteins that prevent the binding of the transcription factors
to the DNA (Lopez-Serra et al., 2006). A more robust transcriptional silencing can
be further achieved by recruiting the repressor complexes to the methylated DNA
(Hoang & Landi, 2022).

Modifying histone tails by adding or removing various chemical groups is an
important regulator of gene expression. Lung cancer cells show an abnormal
pattern of histone H4 alterations, including loss of H4K20 trimethylation,
hyperacetylation of H4K5/H4KS8, and hypoacetylation of H4K12/H4K16 (Van
Den Broeck et al., 2008). Histone-modifying enzymes and pathways are often
dysregulated in cancer cells. Histone methylation is regulated by the synergy
between specialized enzymes that either add a methyl group (methyltransferases)
to the histone tail or enzymes that remove the methyl group (demethylases). The
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dysregulation of histone methyltransferases impairs the regulation of various
cellular processes such as DNA replication, repair, and gene expression and is
commonly observed in various cancer types. Exome sequencing of lung tumors
identified mutations in various methyltransferases, including the H3K79
methyltransferase DOTI1L, which was found to be mutated in 3% of the lung
adenocarcinoma samples (Campbell et al., 2016). The histone methyltransferase
SETD?2 catalyses the trimethylation at H3 lysine6 (H3K6me3), which is associated
with gene bodies and is a marker for active transcription. Mutations in SETD2
leading to a loss in its methylation activity are found in various cancer types,
indicating its role as a tumor suppressor (R. Chen et al., 2020). In a KRAS-driven
mouse model of lung adenocarcinoma inactivation of SETD2 resulted in a loss of
histone methylation (H3K36me3) leading to increased tumor growth and
progression (Walter et al., 2017). Various histone demethylases are frequently
overexpressed in lung cancer (Y. L. Chao & Pecot, 2021). The lysine-specific
demethylase (KDM1A) catalyses the demethylation of H3K4 or H3K9, acting as
both a transcriptional activator and repressor. KDMI1A is found to be
overexpressed in NSCLC, leading to an increased proliferation and migration of
tumor cells (Lv et al., 2012). In NSCLC, KDM1A-mediated demethylation of
H3K4me?2 resulted in the repression of E-cadherin, leading to an increased
epithelial-to-mesenchymal transition (Q. Liu et al., 2021).

The process of adding acetyl groups to the histone tails results in a
transcriptionally open chromatin, while its removal results in a closed conformation
of chromatin. Histone acetyltransferases (HAT) add an acetyl group to the
chromatin, increasing its accessibility to transcriptional factors resulting in gene
expression. Various members of the HAT family are found to be mutated in lung
cancer (Y. L. Chao & Pecot, 2021). The histone acetyltransferase p300 was found to
activate Snail and promote epithelial-to-mesenchymal transition (R. Chang et al.,
2017). The removal of acetyl groups from the chromatin is catalysed by enzymes
called histone deacetylase (HDAC), preventing its access to transcription factors and
polymerases. Altered expression of the HDAC family members is commonly
observed in lung cancer, leading to malignant transformation (Y. L. Chao & Pecot,
2021). Overexpression of HDAC6 in lung adenocarcinoma was associated with poor
prognosis and mediated resistance against EGFR inhibition (Z. Wang et al., 2016).
HDAC7 was identified as a tumor promoter in lung cancer, and the inhibition of
HDACT7 suppressed the growth and proliferation of KRAS mutant lung cancer cells
(Leietal., 2017).

Chromatin remodeling complexes use ATP to disrupt the histone-DNA
interaction and control DNA access to transcription factors and polymerases.
Members of the chromatin remodeling complexes are frequently mutated in lung
cancer. SMARCA4 is the ATPase encoding component of the SWI/SNF remodeling
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complex and is one of the most commonly mutated genes in NSCLC (Medina et al.,
2008). Immunohistochemical Staining of the primary lung adenocarcinoma cells
showed frequent mutations in SMARCA4, while the loss of SMARCA4 was
tumorogenic and correlated with poor prognosis in NSCLC (Reisman et al., 2003).
Various studies have also reported the role of SMARCA4 as an oncogene where its
inhibition sensitized NSCLC to CDK or aurora kinase inhibition (Tagal et al., 2017;
Xue et al., 2019). Another member of the SWI/SNF chromatin remodeling complex,
frequently mutated in lung cancer is ARID1A. Various loss of function mutations of
ARIDIA occur in lung cancer, resulting in tumor growth and progression (Jin et al.,
2023).

2.3.1 Epigenetic biomarkers in lung cancer

One of the most crucial elements that determine the success and efficacy of cancer
treatment is the diagnosis of the disease at an early stage. However, due to the lack
of apparent early symptoms and precise screening results, a large number of lung
cancer patients receive diagnoses when the disease has already spread to advanced
stages (Y.-X. Shi et al., 2019). Recently, various studies have developed procedures
to utilize non-invasive techniques to gather consistent and precise diagnostic
biomarkers.

Exhaled air from the respiratory tract consists of vapors and aerosols, which can
be condensed in a fluid form referred to as Exhaled breath condensate (EBC).
Various studies have found macromolecules, including the genomic DNA in the
EBC, giving rise to the possibility of analyzing the lung genome for disease-
associated changes and diagnostic biomarker discovery (Sulewska et al., 2023). A
study by Xiao and colleagues analyzed the EBC samples collected from NSCLC
patients and found aberrant hypermethylation in the promoter of the tumor
suppressor pl6 gene (Xiao et al., 2014). Bronchial secretions contain a high number
of epithelial cells, and a few studies have demonstrated their application in detecting
the methylation of lung cancer-related genes. In one study, the bronchial secretions
from NSCLC patients were assayed to successfully detect the hypermethylation of
the tumor suppressor genes (PCDHGB6, HOXA9, and RASSF1A) in cancer cells
(Ma et al., 2016). Peripheral blood is easier to collect and rich in genetic material,
making it a preferred source of biomarker discovery. Hulbert et al isolated plasma
and sputum from NSCLC patients and used the quantitative methylation-specific
real-time PCR to detect changes in the methylation of genes associated with early-
stage cancer risk (Hulbert et al., 2017).

Various studies have explored the feasibility of epigenetic changes as a
prognostic biomarker in lung cancer. A study by Brock and colleagues addressed the
association between gene methylation and the risk of tumor recurrence in NSCLC
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patients. Seven candidate genes were analyzed for DNA methylation in the lymph
nodes of NSCLC stage I patients using the methylation-specific PCR assay. The
study reported that the altered promoter methylation of four genes (p16, CDHI3,
APC, RASSF1A) was associated with micrometastases and disease recurrence
(Brock et al., 2008). DNA methylation can be associated with improved and
shortened overall survival depending on the gene type. The hypermethylation of the
DNA repair gene MGMT has been reported as a recurring event in many cancers,
including the NSCLC (Esteller et al., 1999; Zochbauer-Miiller et al., 2001). In a
genome-wide DNA methylation study in NSCLC patients, more than four hundred
methylated genes were found to be associated with tumor cells. The study further
predicted the methylation of HOXA2 and HOXAI10 as a prognostic marker in
squamous cell carcinoma where it was found to be associated with patients who
relapsed (Heller et al., 2013).

Unlike DNA methylation, the application of Histones as cancer biomarkers is
not extensively addressed. A few studies have analyzed the blood of cancer patients
for circulating histones and their post-translational modification. In the event of cell
death, the endonucleases cleave the nucleosome's linker DNA, breaking them into
shorter fragments. These nucleosomal fragments can be detected in cancer patients'
blood, indicating increased cell death during chemotherapy or radiotherapy
(Holdenrieder et al., 2004). Circulating nucleosomes have also been analyzed for
changes in post-translational modifications (PTM) in various cancer types. In one of
the studies, the sera of breast cancer patients showed an elevated level of STAT2 on
H3K9me3 and H4K20me4 while it was downregulated in the case of colorectal
cancer (Leszinski et al., 2012). Immunostaining is widely used to detect the bulk
changes in histone modification between healthy and tumor tissues. Changes in
global histone patterns as a potential biomarker in NSCLC were analyzed using
antibodies against the various PTM modifications on H3 and H4. Patient groups with
increased histone acetylation were associated with a better prognosis, while those
with an increased methylation showed poor prognosis (J. S. Song et al., 2012).
Another study found that a decrease in H3K4me2 and H3K18ac in lung cancer
patients correlated with a lower probability of survival (Seligson et al., 2009).
Immunohistochemistry is easier to perform compared to sequencing studies.
However, the disadvantages include the inability to detect gene-specific changes and
the requirement of large amounts of patient materials.

To improve results and save the lives of people diagnosed with NSCLC, it is
crucial to identify the most effective course of treatment. Alterations in epigenetic
pathways leading to aberrant epigenetic modifications are common in various
cancers including lung cancer. Changes in epigenetic events occur at the initial stages
of the disease progression and can help in early cancer diagnosis improving the
therapy response.
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2.3.2 Epigenetic targeting in lung cancer

Therapeutic targeting of epigenetic proteins can potentially overcome drug resistance
in different cancer types. DNA methylation inhibitors have shown promise when
combined with chemotherapeutic agents, primarily by demethylation-mediated
activation of tumor suppressors. Several studies have found an increase in DNA
methylation upon drug treatment to be associated with resistance to therapy response
(Nyce, 1997). A study compared cisplatin-resistant and sensitive NSCLC cells for
differentially methylated genes and found that the promoter of insulin-like growth
factor-bindin protein-3 (IGFBP-3) to be hypermethylated in cisplatin-resistant cells
(Ibanez de Caceres et al., 2010). In NSCLC cell lines, the DNMT1 inhibitor azacitidine,
when used in combination with cisplatin or gemcitabine showed a high synergy and a
rapid decrease in cellular proliferation (Fiiller et al., 2015). DNA hypermethylation has
also been associated with targeted therapy response (Chao & Pecot, 2021). A study
found that DNMTT1 inhibition could overcome resistance to EGFR inhibitors in lung
cancer cells. The oncogenic EGFR gene is hypermethylated in various lung cancer cell
lines, increasing resistance to the EGFR inhibitor gefitinib. Chemotherapeutic drugs
decitabine and azacitidine are hypomethylating agents and are routinely used for the
treatment of acute myeloid leukemia. Treating resistant cells with the DNMT inhibitor
decitabine resulted in the demethylation of the EGFR promoter, increased mRNA and
protein expression, and sensitized the cells to gefitinib treatment (X.-Y. Li et al., 2013).
Another study reported that the DNMT inhibitor azacytidine treatment increased
survival of NSCLC patients (Momparler & Ayoub, 2001). Azacitidine-mediated DNA
demethylation was found to upregulate immunomodulatory pathway genes such as PD-
L1 (Chao & Pecot, 2021). DNMT inhibitors, together with immune checkpoint
inhibitors, are currently under investigation in various phases of clinical trials of
NSCLC, e.g., azacitidine in combination with pembrolizumab (NCT02546986)
durvalumab (NCT02250326) and decitabine in combination with nivolumab
(NCT02664181) (Al-Yozbaki et al., 2022; Y. L. Chao & Pecot, 2021).
Pharmacological inhibition of HDAC results in direct gene effects by
overcoming HDAC-mediated gene repression and upregulation of tumor suppressor
genes. The specificity of HDACi ranges from pan-HDAC inhibitors to class-specific
inhibitors. The FDA has approved HDAC inhibitors for treatment in hematological
malignancies but have failed to elicit an effective response in solid malignancies.
Monotherapy using HDAC inhibitors in NSCLC was largely unsuccessful due to a
weak safety profile and cytotoxicity; however, combination therapy using HDACi
has shown promising results. Lung cancer with mutations in the KRAS or EGFR
gene eventually develops resistance against a wide range of inhibitors and
chemotherapy. In recent studies, HDAC inhibition has shown promise in
overcoming the resistance to targeted therapy in NSCLC. EGFR mutant NSCLC cell
lines resistant to osimertinib treatment were sensitized by combination therapy with
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the HDAC inhibitor vorinostat (Tanimoto et al., 2017). In a mouse model of KRAS
mutant NSCLC, the resistance against the MEK inhibitor trametinib was overcome
by the inhibition of HDAC3 (Eichner et al., 2023).

Enzymes catalyzing histone post-translational modifications have emerged as an
attractive drug target in the past decade. An orally available inhibitor of the lysine-
specific methyltransferase KDM1A (GSK2879552) showed potent antitumor
activity in a panel of SCLC cell lines in vitro and in vivo (Mohammad et al., 2015).
The reader of the acetylated lysine BRD4 is a member of the BET protein family,
and its overexpression positively correlates with an increased invasion and
metastatic potential of NSCLC (Liao et al., 2016).

The past few decades have greatly advanced our understanding of epigenetic
processes. Various epigenetic drugs have been discovered and are currently
undergoing clinical trials. However, epigenetic monotherapy in solid cancers has not
yet shown much promise. For example, decitabine and azacitidine are the most
thoroughly researched DNMT inhibitors and are approved for the treatment of
leukemia, but neither has shown promise in NSCLC monotherapy (Y. L. Chao &
Pecot, 2021). One reason why earlier clinical trials did not work is that the amounts
were too high; using DNMTi may need to be adjusted to a dosage that can cause
DNA demethylation but does not kill healthy cells (Chao & Pecot, 2021). The use of
epigenetic drugs in combination with chemotherapy or targeted therapy has shown
promising results. Further understanding of epigenetic processes and their
dysregulation in diseases will significantly improve epigenetic therapy in cancer.

24 RAS as an oncogenic GTPase

Jennifer Harvey discovered the RAS (rat sarcoma) gene as a retroviral oncogene in
1964. Harvey observed that newborn rodents, when injected with the preparation of
murine leukemia virus derived from a leukemic rat, develop sarcoma (Harvey, 1964;
Malumbres & Barbacid, 2003). The virus was termed Harvey murine sarcoma virus
(Ha-MuSV). Following the previous discovery, another transforming virus causing
lymphomas in rats was identified by W H Kirsten and called the Kirsten murine
sarcoma virus (Ki-MuSV) (Kirsten & Mayer, 1967). Using nucleic acid hybridization,
it was later identified that the genome of the sarcoma virus contained a sequence from
rat DNA, indicating that the transforming potential of the virus arises from the
recombination between the viral and rat genomes (Scolnick et al., 1973).

Both viral oncogenes encoded a 21-kDa protein responsible for their
transformation potential, and the viral gene that encoded this protein was called v-
ras (T. Y. Shih et al., 1979; Coffin et al., 1981). Later, the rat sarcoma DNA fragment
homologs were identified in rats and later in humans (DeFeo et al., 1981). In
mammals, the viral oncogene homolog of the Harvey sarcoma virus was termed H-
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ras, while that of the Kirsten sarcoma virus was termed K-ras (Karnoub & Weinberg,
2008). The third member of the RAS family was discovered and cloned in human
neuroblastoma cells and was termed N-ras (Hall et al., 1983).

241 RAS structure and downstream signaling

RAS signaling is activated by the binding of growth factors to the extracellular receptor
tyrosine kinases. RAS proteins activate various signaling pathways by further
interacting and activating their effector proteins, leading to cellular growth and
proliferation. RAS proteins contain an effector domain recognized by their interaction
partners, which in turn possess a RAS binding domain (RBD) (Rajalingam et al.,
2007). Computational studies have predicted the human genome to contain at least 56
proteins that contain the RAS binding domain (RBD), of which eight bind with high
affinity, 25 with low affinity, and four are predicted not to bind RAS (Kiel et al., 2021).

Transcription

TF

M Promoter Gene W

Figure 4. RAS-MAPK pathway. Binding of a growth factor to the extracellular domain of a tyrosine
kinase receptor results in auto-phosphorylation and activation of the receptor. This
facilitates the binding of adaptor proteins SHC and GRB2 to the receptor. The adaptor
proteins recruit SOS, a guanine nucleotide exchange factor that activates RAS by
facilitating the exchange of GDP to GTP. Active RAS binds and activates RAF, which
further activates a downstream cascade of kinases, resulting in the phosphorylation of
multiple proteins. Created with BioRender.com
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The first RAS effector identified was the RAF kinase, followed by RAL (guanine
nucleotide dissociation stimulator) and phosphatidylinositol 3-kinase (PI3K)
(Moodie et al., 1993; Hofer et al., 1994; Rodriguez-Viciana et al., 1994).

RAS proteins are structurally organized into a N-terminal G domain and a C-
terminal hypervariable region (HVR) (Hobbs et al., 2016). The G-domain
consists of the switch I and II that bind the GTP/GDP and regulates the
interaction between RAS and its effectors (Rajalingam et al., 2007; Buhrman et
al., 2011). G-domain is followed by a highly variable region which undergoes
various post-translational modifications and plays an important role in the
cellular localization and trafficking of the RAS proteins. Synthesis of RAS
proteins occurs in the cytoplasm and is followed by a series of post-translational
modifications, which results in its membrane targeting and anchorage
(Rajalingam et al., 2007).

Once anchored in the membrane, RAS proteins alternate between a GTP-
bound active and a GDP-bound inactive state. Binding of GTP, leads to a
conformational change in the switch regions keeping it in an active position,
while the hydrolysis of the GTP to GDP alters the conformation and relaxes the
switch regions, inactivating the RAS protein (Vetter & Wittinghofer, 2001). This
cycling of RAS from an inactive GDP bound to an active GTP bound state occurs
in response to extracellular stimuli and is regulated by a group of specialized
proteins. The guanine nucleotide exchange factors (GEF) act as an activator of
RAS by promoting the exchange of GDP to GTP. The binding of the GEF alters
the conformation of the switch region, releasing the bound GDP from RAS and
favouring the binding of GTP. The GTP binding releases the GEF from RAS,
resulting in RAS activation and further interaction with its effectors (Rajalingam
et al., 2007).

Upon the completion of the signaling cascade, RAS proteins are inactivated
by the hydrolysis of GTP to GDP. RAS proteins have a low intrinsic GTPase
activity and require GTPase activating proteins (GAP) for efficient GTP
hydrolysis. The GAP proteins bind to RAS, accelerating their intrinsic GTPase
activity by approximately 100,000-fold (Gideon et al., 1992). Mutations in the
amino acid residues G12, G13, and Q61 prevent the binding of GAP to RAS
leading to a constitutively active RAS leading to oncogenic signaling (Scheffzek
et al., 1997).

24.2 RAS activation in cellular transformation

The role of RAS in human cell transformation began with the work of Weinberg
and colleagues, who showed that the mouse fibroblasts (NIH3T3) could be
transformed by introducing DNA isolated from the chemically transformed
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mouse (C. Shih et al., 1979). This was followed by various studies showing that
mouse cells can also be transformed by introducing the DNA isolated from non-
virally induced human cancer cells (Krontiris & Cooper, 1981; Murray et al.,
1981; Perucho et al.,, 1981). Soon, multiple studies reported that the genes
isolated from human tumors that can transform NIH3T3 cells are a homolog of
the retroviral oncogene discovered by Harvey in 1964 (Der et al., 1982; Parada
et al., 1982; Santos et al., 1982; Cox & Der, 2010). Sequencing of the human
cancer cell lines revealed point mutations in RAS proteins and was associated
with the increased transformation potential of the oncogenic RAS (Capon et al.,
1983; Cox & Der, 2010).

However, the widely perceived concept of RAS as an independent driver of
cellular transformation was challenged when various studies showed that the
introduction of RAS oncogene alone could not transform the primary embryo
fibroblasts. It was found that, unlike the mouse fibroblasts that are transformed
in a single step of RAS introduction, the RAS-mediated transformation of
primary cells is a multistep process and requires additional factors. The mouse
fibroblasts were shown to be transformed either by immortalizing them before
RAS introduction or co-transfecting an additional oncogene (myc, polyomavirus
large-T antigen) together with RAS (Newbold & Overell, 1983; Land et al.,
1983).

Further work by Weinberg and colleagues showed that the RAS-mediated
transformation of human cells requires additional factors compared with mouse
cells (Figure 5). Human fibroblasts and epithelial cells were transformed by the
introduction of the mutant HRAS together with the catalytic subunit of the human
telomerase reverse transcriptase enzyme (hTERT) and the simian virus large T
(LT) and small T (ST) antigens. The simian virus LT antigen inhibited tumor
suppressor retinoblastoma (RB) and p53, while the ST inhibited the PP2A.
Inhibition of PP2A by ST was found to be a prerequisite for transformation, as the
modulation of the remaining factors could only immortalize the cells (Hahn et al.,
1999, 2002).

The first mutation found in human cancer was reported in the RAS gene in 1984.
The mutation was identified as a point mutation (G to C) in the first exon of the
KRAS gene, resulting in the substitution of arginine in place of glycine as the twelfth
amino acid of the KRAS protein. The mutation was limited to lung carcinoma and
was absent in adjacent noncancerous cells (Santos et al., 1984). Since then, the
cancer genome has undergone extensive sequencing, leading to the identification of
over 500 cancer genes; however, mutations in RAS family genes still account for
most mutations in cancer(Cox et al., 2014).
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Figure 5. A schematic comparison between the cell transformation requirements in mouse and
humans. Mouse cells can be Immortalised by inhibition of one of the tumor suppressors
and further transformed by the expression of mutant RAS. On the other hand,
transformation of human cell requires modulation of five cellular pathways, including the
inhibition of three tumor suppressors. Created with BioRender.com

KRAS is the most frequently mutated RAS isoform in human cancers (85%),
distantly followed by NRAS (11%) and HRAS (4%). Around 27% of human cancers
show mutations in genes coding for one of the RAS isoforms however this varies
among the cancer type for e.g, KRAS gene shows 97.7% mutation frequency in
pancreatic ductal adenocarcinoma while is rarely mutated in Skin cutaneous
melanoma (0.8%) (Cox et al., 2014)The mutational profile of the RAS isoforms
varies depending on the cancer type. The KRAS isoform is most frequently mutated
in pancreatic, lung, and colorectal cancers, with a nearly 100% frequency in lung
adenocarcinoma (LAC) and pancreatic ductal adenocarcinoma (PDAC). Colon and
rectal carcinomas (CRC) show a majority of KRAS mutations (86%) and a low
frequency of NRAS mutations (14%), while the mutant HRAS has not been
identified in CRC. NRAS is the most frequently mutated isoform in melanoma and
acute myeloid leukemia, whereas HRAS mutations predominantly occur in bladder
and head and neck squamous carcinomas (Cox et al., 2014; Hobbs et al., 2016).

A significant share (98%) of these mutations comprises G12, G13, and Q61,
collectively termed the RAS hotspot mutations. The RAS isoforms show varying
frequencies of these hotspot mutations among themselves. The KRAS gene is most
frequently mutated at G12 (83%) and offers a very low frequency of Q61 mutations
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(2%). In contrast, the NRAS gene is mostly mutated at Q61, while HRAS shows a
similar frequency to the three hotspot mutations (Cox et al., 2014; Hobbs et al.,
2016). Also, the type of hotspot mutation within an isoform varies between cancer
types. E.g., KRAS G12 mutations mainly occur in PDAC (Pancreatic ductal
adenocarcinoma), whereas G13 mutations occur in colorectal adenocarcinoma
(CRC). The Q61-mutated NRAS primarily occurs in melanoma, while the G12
occurs in acute myeloid leukemia (Hobbs et al., 2016). The amino acid changes at
the hotspot mutation site of the RAS residue also vary depending on the tumor type.
In PDAC and CRC, the most frequent substitution at G12 is G12D, then G12V, while
G12C is uncommon, whereas most G12 substitution in NSCLC is G12C.

The missense mutation at the hotspot codons can give rise to six different amino
acid substitutions. However, the RAS isoforms are quite specific regarding the
presence of amino acids. KRAS (41%) and NRAS (52%) show a higher preference
toward G12D amino acid substitution, while HRAS mutations predominantly show
G12V. G13D is the most prevalent replacement at the G13 codon for KRAS (89%)
and NRAS (50%); however, it is uncommon in HRAS (3%), where G13R (85%) is
the most common mutation. Furthermore, at codon Q61, Q61H is the most common
KRAS mutation (58%), while it is uncommon in both NRAS (6%) and HRAS (5%,
where Q61R is the most common replacement (47% and 43%, respectively) (Hobbs
etal., 2016).

RAS hotspot mutations have been extensively characterized for their functional
outcomes. Using NMR profiling, it was found that the G12 mutation results in a
decreased sensitivity to RAS inactivation by GAP-mediated GTP hydrolysis, as seen
in G12D and Q61K mutations, while in the case of the G12V mutation, there was a
complete resistance against GAP activity. The mutants also showed a remarkable
difference in their activation by GEF, where the G13D mutation led to a rapid
exchange of GDP to GTP followed by Q61L. activation compared to the WT RAS,
the G12V mutant showed a slower activation rate, but its activation state was
maintained by complete resistance to GTP hydrolysis (Smith et al., 2013; Hobbs et
al., 2016). The effect of different hotspot mutations in RAS exerts heterogeneous
effects on effector interaction and downstream signaling. The KRAS G12C mutant
showed decreased activation of AKT and increased activation of Ral, whereas the
other KRAS mutants showed increased phosphorylation of AKT (Ihle et al., 2012).

24.3 RAS mediated epigenetic regulation

RAS-mediated downstream signaling is involved in regulating various epigenetic
processes. The first indication of the role of RAS signaling in regulating the DNA
methylation pathway came from the study that showed that the activation of RAS
signaling results in the induction of DNMT1 promoter. The RAS effect was shown
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to be mediated through the transcription factor AP-1, which had recognition sites in
the 5" upstream regions of DNMT1 (Rouleau et al., 1995). A follow-up study by the
same group using RAS-amplified adrenocortical tumor cells (Y1) and showing a
DNA hypermethylation phenotype further established the role of RAS in DNA
methylation. The transfection of Y1 cells with the inhibitor of active RAS (GAP)
resulted in a loss of cellular transformation of Y1 cells and a decreased AP-1 binding
to DNMT1. GAP expression further reduced DNMT1 enzymatic activity, leading to
global DNA hypomethylation. The introduction of the mutant HRAS resistant to
GAP-mediated GTP hydrolysis resulted in retransformation of Y1 cells and restored
the global DNA hypermethylation (MacLeod et al., 1995). A contrasting effect of
RAS in regulating the global DNA methylation from the one shown in Y1 cells was
also observed in the first study. It was seen that the expression of RAS in embryonic
carcinoma cells (p19) resulted in an increased expression of DNMT1 mRNA;
however, the patterns of global DNA methylation showed an opposing trend,
resulting in DNA hypomethylation (Rouleau et al., 1995). Another study published
the same year also shared a similar observation where the expression of RAS resulted
in global DNA demethylation in mouse embryonal cells (Szyf et al., 1995). The two
opposing effects on the global DNA methylation levels upon RAS expression are
indicators that RAS activity might be involved in regulating both DNA
methyltransferases and demethylase activity, which might further depend on various
stages of cellular development and differentiation.

Promotor methylation of tumor suppressors resulting in their inactivation is
frequently observed in cancer (Esteller, 2003). Various studies addressed the role of
oncogenic RAS signaling and DNA methylation-mediated gene silencing. The
association between the oncogenic KRAS mutations and the inhibition of tumor
suppressors pl6 by DNA methylation was first observed in colon cancer. It was
found that the KRAS mutant colon cancer cells show frequent methylation of the
p16 gene. Further, the KRAS-induced cellular transformation in immortalized cells
showed an increased DNMT1 activity and further methylation and inactivation of
the p16 gene (Guan et al., 1999). Several studies have shown that RAS upregulated
the expression of DNMTI, but the mechanism behind the activation is currently
unknown. The role of RAS in directly regulating DNMT 1 phosphorylation has yet
to be established.

Post-translational modifications of histones are an essential mechanism that
regulates gene expression. Histones can be regulated by various PTMs, such as
acetylation, methylation, and phosphorylation (Audia & Campbell, 2016). Histone
acetylation is catalysed by the enzymes that either add (acetylase) or remove
(deacetylase) the acetyl group on the histone tails (Audia & Campbell, 2016).
Various studies have found the involvement of the RAS pathway in regulating
histone acetylation. HDAC4 was identified as a downstream target of the RAS-
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MAPK pathway and phosphorylation of HDAC4 by ERK1/2 resulted in its nuclear
localization (X. Zhou et al., 2000). RAS has not been shown to regulate the
phosphorylation of HDACI directly, however, a study showed RAS signaling lead
to an increased interaction between HDACI and transcription factor SP1 leading to
histone deacetylation (H.-C. Chang et al., 2004). RAS has been shown to regulate
the activity of various histone acetyltransferases (HAT). RAS-PI3K signaling was
shown to degrade the histone acetyltransferase p300-CBP, leading to a decrease in
the H3K56 acetylation mark, while another study found that the RAS-induced
transformation increased the activity of HAT transferases TIP60 and CBP (Y. Liu et
al., 2012; Sanchez-Molina et al., 2014). RAS-mediated HAT activation leads to a
global increase in the acetylation of H4K8ac and H4K12ac in RAS-transformed
cells, increasing the global chromatin accessibility. Recent studies have found that
oncogenic HRAS(G12V) activates the expression of the transcription factor GATA4
by an increase in H3K27ac marks at GATA4 enhancers (Nabet et al., 2015). Another
study compared the three RAS isoforms for activating the target genes of the
transcriptional factor SRF. The RAS isoforms showed high specificity in gene
activation, and the oncogenic NRAS(G12N) specifically increased the acetylation of
histone lysine 9 and 23 (H3K9/23ac), leading to the activation of SRF targets (Yi et
al.,, 2018). The role of RAS in regulating the enzymes catalyzing the histone
methylation first surfaced with studies showing an increased expression of histone
demethylase KDM6B by the RAS signaling. RAS pathway recruited KDM6B to the
INK4a/ARF locus and demethylation of H3K27me3 both in mouse and human
fibroblasts. However, the study failed to identify the specific phosphosites on the
histone-modifying enzymes to be regulated by the RAS pathway (Barradas et al.,
2009; Agger et al., 2009). A study published in 1991 by Mahadevan and colleagues
first described the phosphorylation of histone H3. Stimulation of oncogenic
signaling pathways by treating the cells with growth factors or phosphatase inhibitors
led to the rapid phosphorylation of multiple serine residues of histone
H3(Mahadevan et al., 1991). Later studies revealed the involvement of the RAS-
MAPK pathway in the phosphorylation of histone H3 at serine 8 and 28, which is
further found to be elevated in RAS-transformed cells and associated with chromatin
relaxation and transcriptional activation (Thomson et al., 1999; Strelkov & Davie,
2002; Dunn & Davie, 2005; Dunn et al., 2009). Together with H3, the RAS-
transformed fibroblasts also show an increased H1 phosphorylation, leading to
chromatin opening and gene expression (Chadee et al., 1995; Taylor et al., 1995).
Phosphorylation of proteins regulating various epigenetic processes is essential
for various functions such as cellular localization, enzymatic activity, chromatin
recruitment, and complex formation (Trevifio et al., 2015). The role of RAS proteins
in regulating the epigenetic modifications or the enzymes catalyzing these
modifications is not extensively established. Earlier studies in the first half of 1990
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identified the RAS pathway in directly regulating the phosphorylation of histones.
Later studies showed the RAS-mediated downstream signaling to be important for
regulating various epigenetic processes such as DNA methylation and histone
acetylation. However, very few epigenetic regulatory proteins are known to have a
phosphosite directly regulated by the RAS pathway. For example, of the various
histone deacetylases in humans, only HDAC4 is known to contain a phosphosite
regulated by the RAS pathway. Various studies associate RAS with the regulation
of DNA methylation, but none of the phosphosites on the enzymes catalyzing the
DNA methylation are regulated by RAS activity.

2.5 PP2A a tumor suppressor phosphatase

PP2A (protein phosphatase 2A) is a major human serine-threonine phosphatase. PP2A
acts as a tumor suppressor, and its activity is inhibited during cancer progression
mainly by the expression of its inhibitory proteins, such as CIP2A, PME-1, and SET.
PP2A inhibition results in the activation of various growth promoting pathways such
as oncogenic MAPK/ERK and PI3K/AKT/mTOR pathways or inhibition of the tumor
suppressive p53 pathway (H.-H. Li et al., 2007; Y.-C. Kuo et al., 2008a; Wlodarchak
& Xing, 2016). Recent findings have found PP2A to be involved in regulating various
cellular pathways, such as the regulation of RNA biogenesis, maintenance of nuclear
lamina and cellular cytoskeleton, and DNA damage (Kauko et al., 2020a; Laine et al.,
2021). PP2A was shown to regulate the phosphorylation of splicing factors such as
HNRNPAT1 and RBM4. The subcellular localisation of the RNA binding protein NPM
was shown to be regulated by PP2A, with the dephosphorylated NPM 1 predominantly
translocated to the nucleus (Kauko et al., 2020a).

The mitogen activated protein kinase (MAPK) pathway is primarily involved in
cellular proliferation. Initial studies related to the relationship between MAPK
pathway and PP2A revealed that PP2A dephosphorylates and inhibits the activity of
both MEK MAPKK and ERK MAPK (Anderson et al., 1990; Gémez & Cohen,
1991). For example, the simian virus 40 small t antigen mediated PP2A inhibition
resulted in the activation of MEK and ERK leading to cell proliferation. At the same
time, no effect was seen on the activity of RAF (Wlodarchak & Xing, 2016). Later,
the B56 containing PP2A holoenzyme was found to dephosphorylate ERK and
inhibit its activity (Alessi et al., 1995; Letourneux et al., 2006). The other members
of the RAS signal transduction pathway inhibited by the PP2A-mediated
dephosphorylation include MEK activating RAF-1 kinase or SRC homology-2-
containing protein (SHC) (Dent et al., 1995; Ugi et al., 2002). The role of PP2A as
an activator of kinase was first found when PP2A was shown to activate RAF-1
kinase by dephosphorylation of its serine 259 (Abraham et al., 2000). PP2A activity
can also negatively regulate the RAS pathway upstream of these kinases through the
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dephosphorylation and stabilization of SPROUTY2, which further inhibits the
formation of the RAS complex (Lao et al., 2007). Overall, the PP2A activity is
associated with the negative regulation of the MAPK pathway by dephosphorylation
and inactivation of various proteins in the cascade.

PI3BK/AKT/mTOR is another commonly disrupted pathway in cancer. The
oncogenic kinase AKT can be dephosphorylated at Thr308 by PP2A holoenzymes
containing PR55a, inhibiting its activity (Y.-C. Kuo et al., 2008a). PP2A is involved
in a cross talk with the AKT downstream target GSK-3p. PP2A dephosphorylates
GSK-3 at serine 9 increasing its kinase activity, resulting in the GSK-33 mediated
inhibition of PME-1 and increased methylation of the C subunit of PP2A (Y. Wang
et al, 2015). PP2A inhibits mTOR-mediated translation initiation by
dephosphorylating the mTOR downstream substrates. PP2A dephosphorylates and
activates 4E-BP1, which is a translation inhibitor, while inhibiting the p70S6 kinase
that initiates translation (Peterson et al., 1999; Janssens & Goris, 2001).

PP2A also regulates the activity of the tumor suppressive p53 protein. PP2A
complex containing B56y subunits dephosphorylate the ThrS5 residue of p53 in
response to DNA damage. This stabilizes p53, increasing apoptosis (H.-H. Li et al.,
2007). The downstream target of p53 is another tumor suppressor protein,
Retinoblastoma (RB), which binds to the transcription factor E2F1, leading to cell cycle
arrest (Ross et al., 1999). Phosphorylation of RB prevents its interaction with E2F1
while its dephosphorylation by PP2A results in RB-E2F1 complex formation further
leading to growth arrest (Magenta et al., 2008). PP2A can also regulate various proteins
involved in the apoptotic pathway. PP2A activation by ceramide resulted in the
formation of B56 containing holoenzymes which, upon translocation to mitochondria,
dephosphorylated and inactivated BCL2. Inhibition of PP2A using okadaic acid
prevented the dephosphorylation of BCL2 and increased cellular proliferation (Ruvolo
et al., 2002). PP2A-mediated dephosphorylation of the Bcl-2 family member and
proapoptotic protein BAD led to increased cellular apoptosis (Chiang et al., 2001).

Overexpression of PP2A inhibitory proteins such as CIP2A, SET, and PME-1 is
commonly observed in cancer cells and is responsible for PP2A inactivation and
cellular transformation (Kauko & Westermarck, 2018; Haanen et al., 2022). PME-1
was first purified from a bovine brain and found to remove the methyl group added by
PTPA to the Leu309 of the PP2A-C subunit (J. Lee et al., 1996; Ogris et al., 1999; De
Baere et al., 1999). An additional mode of PME-1 mediated PP2A inactivation was
proposed by analyzing the crystal structure of PME-1 in complex with PP2A. The
structure revealed that PME-1 binds to an active site of the AC dimers and evicts the
Mn2+ ions from the PP2A active site (Xing et al., 2008). A recent study found PME1
to interact with the different B65 regulatory subunits of PP2A, catalyzing the
demethylation of the C subunit (Y. Li et al., 2022). PME-1 mediated inhibition of PP2A
activity has been shown to promote tumorigenesis in various cancer types, whereas its
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inhibition resulted in abrogation of oncogenic signaling (Aakula et al., 2023; Kaur et
al., 2016; Pusey et al., 2016; Puustinen et al., 2009; Wandzioch et al., 2014).

Another nuclear inhibitor of PP2A, SET, was identified in AML as a fusion
partner of oncogene CAN and found to localize predominantly in the nucleus (Y.
Adachi et al., 1994). A recently published NMR study found SET to specifically
inhibit the B56y subunit of PP2A (De Palma et al., 2019). SET overexpression occurs
in many cancer types and is involved in regulating various oncogenes and tumor
suppressor genes and cellular pathways such as RNA biogenesis and chromatin
organisation (Yuan et al., 2017; Kauko et al., 2020a; Di Mambro & Esposito, 2022).
For example, SET inhibition in pancreatic cancer cells resulted in an increased PP2A
activity and degradation of oncogenic MYC further inhibiting the proliferation of
pancreatic cancer cells (Farrell et al., 2014). On the other hand, in medulloblastoma,
SET mediated inhibition of PP2A further inhibited the TP53 function through
increased phosphorylation of TP53 inhibitor MDM2 (Wei et al., 2019).

CIP2A (cellular inhibitor of PP2A) was identified as a major cytoplasmic
inhibitor of PP2A in human malignancies and has been shown to promote
oncogenesis by preventing MYC degradation (Junttila et al., 2007). CIP2A
expression is seen to be elevated in the majority of cancers and is a major driver of
oncogenic signaling pathways such as KRAS, MYC, and E2F1 and regulates various
cellular processes such as cellular organization, biogenesis, and DNA repair (Kauko
et al., 2020a; Laine et al., 2021, 2013a). A detailed mechanism of CIP2A mediated
PP2A inhibition was recently shown by Pavic et. al. The study found that CIP2A
directly binds to the PP2A-B56a trimer, displacing the A subunit and forminga
CIP2A-B560-PP2Ac complex. Further CRISPR mediated mutagenesis of a CIP2A
amino acid residue in the interaction domain inhibited MY C expression and reduced
in vivo tumor growth (Pavic et al., 2023).

2.5.1 PP2A structure and substrate specificity

PP2A is a heterotrimeric protein complex consisting of a 65 KDa scaffolding A
(PP2A-A/PR65) subunit a 36 KDa catalytic C (PP2A-C) subunit, and a regulatory B
subunit. The A subunit, through its scaffolding activity brings the B and C subunits
together forming the active holoenzyme complex (Xing et al., 2006; Xu et al., 2006).
The B subunits regulate the cellular localisation and substrate specificity of PP2A,
while the C subunit catalyses the dephosphorylation of its substrate (Cho & Xu, 2007;
Xu et al., 2008; Flegg et al., 2010). The C subunit is methylated at Leucine 309 by
enzyme LCMT1 (leucine carboxyl methyltransferase) and this methylation facilitates
the binding of the B subunit and formation of the trimeric PP2A holoenzyme complex
in cells. Another major factor affecting the holoenzyme assembly is the
phosphorylation of tyrosine 307 of the C terminal tail, which prevents the recruitment
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of several members of the B subunit family (Longin et al., 2007). The A and B subunits
show weak binding together and, hence, do not form a stable complex. The BC
interaction stabilizes the B subunit binding to the complex interfaces. B subunits shield
most of the C subunit and dictate the holoenzyme complex's cellular localization and
substrate binding specificity (Cho & Xu, 2007). For instance, the B subunits have been
shown to regulate the cellular localization and substrate specificity of PP2A
holoenzyme in the brain. The Ba/p were found to be cytosolic, whereas BY was found
to be associated with cytoskeletal fractions (Strack et al., 1998). Another study showed
that the B56a, B, and € isoforms contain a nuclear export signal (NES) and are mainly
cytoplasmic, while B56 A and Y do not have the NES and are localized to the nucleus.
Further, B56a promoted the nuclear export of the C subunit and centrosome targeting
of the A subunit (Flegg et al., 2010).

Recently the subunit-specific substrate recognition of PP2A was established by
the finding that B56 recognizes its substrates through a short linear motif (SIiM)
LxxIxE (Hertz et al., 2016; X. Wang et al., 2016). Additionally, the B56 substrates
were found to contain a positively charged region (basic patch) adjacent to the SLIM,
which interacted with the negatively charged residues (acidic patch) on B56 and
further stabilized this interaction (X. Wang et al., 2020). A study recently identified
a B55a specific binding motif important for substrate recognition and binding
(Fowle et al., 2021).

2572 PP2A inhibition in cellular transformation

Since PP2A regulates various oncogenic and tumor suppressive mechanisms, its
inhibition is paramount in achieving cellular transformation. Rangarajan and
colleagues showed that inhibition of tumor suppressor p53 and activation of the
oncogenic RAS signaling pathway could readily transform mouse cells.
Transforming the human cells is more complex, and in addition to inhibiting p53 and
RB and expression of hTERT, and mutant RAS, requires the inhibition of tumor
suppressive function of PP2A (Hahn et al., 1999, 2002; Rangarajan et al., 2004).
The inhibition of PP2A activity in oncogenic transformation occurs by various
mechanisms such as mutations or post-translational modification of its subunits or
expression of its inhibitory proteins (Ruediger et al., 2011; Kauko & Westermarck,
2018). Cancer cells require the activity of PP2A for cell cycle progression and a
complete inactivation of PP2A is lethal. Hence, the mutations in PP2A subunits are
not very common. As a result, cancer cells have created a variety of strategies to
precisely regulate PP2A activity in their favor. PP2A is predominantly inhibited in
cancer cells through the expression of its inhibitory proteins such as CIP2A, PME-
1, and SET (Kauko & Westermarck, 2018; Haanen et al., 2022). PP2A inhibition is
important phenomena in all tumor types irrespective of the mutation status.
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The first indication of PP2A as a tumor suppressor occurred when its inhibition
by okadaic acid was found to promote tumor growth (Fujiki & Suganuma, 1993).
Further, the small tumor antigens (ST) of polyoma and simian virus were found to
interact and block the PP2A heterotrimeric complex formation. This inhibited the
phosphatase activity of PP2A as indicated by an increased phosphorylation of PP2A
target substrates (S. I. Yang et al., 1991). Later, the DNA sequencing of the primary
tumors and the derived cell lines revealed various mutations in the A subunit of
PP2A and some were found to functionally disrupt the PP2A complex formation (S.
S. Wang et al., 1998; Ruediger et al., 2001). William C. Hahn and colleagues further
showed that suppressing the Aa activity by 50% of the endogenous PP2A results in
cellular transformation (W. Chen et al., 2005). Later, Sablina and colleagues
identified that the knockdown of specific PP2A subunits (B56a, B56y, and
PR72/130) can replace the need for expression of SV40ST antigen in human cell
transformation (Sablina et al., 2010).

B. Scaffolding A subunit (PR65) Catalytic C subunit (PP2Ac)

4
PPP2R1A (Aq) PPP2CA (Ca)
PPP2R1B (AB) w ) PPP2CB (CB)
o
Regulatory B subunits
Methylation sensitive Methylation insensitive
s oo L s
PPP2R2A (B554) PPP2RS5A (B56a) PPP2R3A (PR72/PR130) STRN (PR110)
PPP2R2B (B55p) PPP2RS5B (B56B) PPP2R3B(PR48/PR70) STRN3 (PR93)
PPP2R2C (B55Y) PPP2R5C (B56Y) PPP2R3C (G5PR) STRN4 (Striatin-4)
PPP2R2D (B555) PPP2R5D (B566)
PPP2R2E (B56¢)

Figure 6. Regulation of the PP2A holoenzyme complex formation. A. LCMT1 methylates the C-
subunit of the PP2A resulting in the formation of the heterotrimeric holoenzyme
complex. PME-1 inhibits PP2A complex formation by preventing the methylation of the
C-subunit. B. The PP2A dimer, consisting of A and C subunits, can incorporate various
B subunits, giving rise to the active holoenzyme complex. Each of the PP2A subunits
has multiple isoforms that fit together in different combinations and enable PP2A to
catalyse a wide range of substrates specifically. Created with BioRender.com.
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Mutations affecting PP2 A subunits are not commonly found in cancer, and PP2A
inactivation is mainly by non-genomic mechanisms (Kauko & Westermarck, 2018).
The A subunit (PP2R1A1) is the most frequently mutated among all the PP2A
subunits. Various studies have focussed on the role of the A subunit mutations on
cell signaling pathways. The mouse models of the A subunit point mutation E64D
showed reduced binding with B'a and B'S subunits in lung and brain tissue and
further induced lung cancer in mice upon benzopyrene treatment (Ruediger et al.,
2011). Overexpression of the mutant A subunit in endometrial cancer cells resulted
in increased tumor growth coupled with increased phosphorylation of PP2A
substrates (Haesen et al., 2016). Another study showed that the R183W mutation of
the A subunit annulled the tumor suppressive function of PP2A and imparted
resistance against MEK inhibition (O’Connor et al., 2020).

The B subunits of PP2A show much lower mutation rates than the A subunit.
Truncation of the B56Y1 subunit in mice resulted in malignant growth, while
decreased expression of B55a in AML resulted in hyperphosphorylation of its
substrate (T309 of AKT) (Ito et al., 2000). In cancer cells, modulation of the B
subunits is also known to occur through Epigenetic mechanisms such as
hypermethylation of B55B promoter (Tan et al., 2010) or micro-RNA binding to
B5506 mRNA, leading to a decreased expression (Zhuang et al., 2016).

The C subunit of PP2A is not mutated frequently but can be dysregulated in
cancer through post-translational modifications and by expression of PP2A
inhibitory proteins. The amino acids ***TPDYFL*" at the tail region of the C subunit
constitute a significant target of post-translational modifications. Various kinases are
known to phosphorylate the Tyr307 C subunit of PP2A in vitro, resulting in a loss
of its enzymatic activity and increased phosphorylation of cellular proteins (J. Chen
et al., 1992; Guo & Damuni, 1993). The unphosphorylated form of PP2A showed
increased interaction with SRC and JAK?2 kinases and negatively regulated their
activity (Yokoyama & Miller, 2001; Yokoyama et al., 2003). The methylation at
Leu309 of the C subunit of PP2A is required for proper holoenzyme assembly and
is regulated by the enzymes PME!1 (protein phosphatase methylesterase-1) and
LCMT1 (leucine carboxylmethyltransferase-1) (Kaur & Westermarck, 2016;
Westermarck & Neel, 2020).

253 PP2A reactivation as a therapeutic strategy in cancer

The first evidence of PP2A activation as a therapeutic strategy to treat cancer began
with the discovery of ceramides as PP2A activators. Ceramides are a family of
sphingolipid metabolites found as cytosolic PP2A activators in rat glioma cells. It
was further established that the presence of B subunits in the PP2A heterodimer is
essential for PP2A activation and the dissociation of the B subunits from the
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heterodimer abolished the activation of PP2A (Dobrowsky et al., 1993). More than
a decade later PP2A inhibitor SET was found as a direct target of ceramides.
Ceramides were shown to bind to SET inhibiting the PP2A and SET interaction and
leading to MY C degradation in A549 lung cancer cells (Mukhopadhyay et al., 2009).
However, ceramides are also known to influence the immune response, hence its
effect on PP2A activation could be related to alternate pathways.

A few years after the discovery of ceramides as PP2A activators, Kunitomo
Adachi et. al. synthesized an immunosuppressant (FTY720) by modifying a
compound (ISP-1) isolated from an insect eating fungus Isaria sinclairii (K. Adachi
et al., 1995). In line with its immunosuppressant role, FTY720 has been approved
by the FDA for the treatment of multiple sclerosis (Strader et al., 2011). The first
evidence of FTY720 as an anticancer agent appeared when it was shown to induce
apoptosis in prostate cancer cells (J. D. Wang et al., 1999). The antitumor effects of
FTY720 were further established from studies showing it ,inhibits FAK, decreases
pERK in prostate cancer cells, induces apoptosis, and reduces metastasis in mouse
breast cancer models (Azuma et al., 2002; Permpongkosol et al., 2002). PP2A
activation as a mechanism for FTY720 was first proposed by Matsuoka and
colleagues who showed that FTY720 treatment results in the activation of the
purified PP2A (J. D. Wang et al., 1999). Also, the leukemic cells treated with
FTY720 showed AKT dephosphorylation independent of the PI3K pathway,
indicating its direct regulation by PP2A (Matsuoka et al., 2003). It was later found
that FTY 720 binds to SET like ceramides and leads to a decrease in tumor growth in
lung cancer mouse xenografts (Saddoughi et al., 2013).

Trifluoperazine hydrochloride (TFP), an FDA-approved antipsychotic and
antiemetic (dopamine receptor antagonist), belongs to the family of phenothiazines.
It was initially identified as a nuclear export inhibitor of FOXO1 transcription factor
in a drug screen. Treatment of cells with TFA resulted in nuclear retention of FOXO1
through calmodulin inhibition (Kau et al., 2003). It was later found that
Phenothiazines exert their anti-cancer property by directly targeting PP2A, and
shRNA-mediated silencing of PP2A subunits alleviated phenothiazine's response
towards tumor growth (Gutierrez et al., 2014). To further refine the activity of
phenothiazines as anticancer drugs, they were engineered to abolish the
antipsychotic property while retaining the PP2A interacting function. This led to
generating small molecule activators of PP2A (SMAPs) (Kastrinsky et al., 2015).
DTO-61 acts as a molecular glue and binds at a pocket defined by the interface
between the PP2A-A subunit, B56a, and the methylated C subunit (Leonard et al.,
2020). This leads to the stabilization of the PP2A heterotrimeric complex and further
substrate dephosphorylation.

Various studies have established the PP2A mediated role of SMAPs as an
anticancer compound in different cancer types, including the highly oncogenic
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KRAS and MYC driven cancers. SMAPs were, for the first time, shown to inhibit
the growth of KRAS mutant lung cancer cells in mouse xenograft models. It was
initially proposed that SMAPs target the Aa subunit of PP2A, driving
conformational changes and further activation (Sangodkar et al., 2017). SMAPs were
shown to abrogate the MEK inhibitor resistance in KRAS mutant cells via PP2A
activation (Kauko et al., 2018). PP2A activation through SMAP was shown to
overcome MYC mediated mTOR inhibition resistance. SMAP mediated PP2A
activation in PDAC cells decreased MY C expression, which synergized with mTOR
inhibition, resulting in reduced tumor growth of PDAC cells. It was recently found
that SMAPs significantly penetrated the blood brain barrier and showed superior
efficacy in killing patient-derived glioma cells compared to various kinase inhibitors
(Merisaari et al., 2020).

A recent approach of targeted dephosphorylation involving recruiting a
phosphatase to a specific target phosphoprotein resulting in precise substrate
dephosphorylation has been demonstrated. Targeted dephosphorylation was first
shown to catalyse the dephosphorylation of AKT by PP1 using a heterobifunctional
molecule containing binding sites for both PP1 and AKT (Yamazoe et al., 2020). To
degrade the hyperphosphorylated tau proteins in Alzheimer’s disease, Zheng et. al.
developed a DEPhosphorylation Targeting Chimaera (termed as DEPTAC) which
facilitates the recruitment of PP2A to tau proteins leading to tau dephosphorylation
and degradation (Zheng et al., 2021). However, the peptide chimeras in the above
studies showed dephosphorylation phenotypes at very high concentrations and are
susceptible to proteolytic degradation. Further, their high molecular weight and large
structure account for poor cellular penetration and difficulty crossing the blood-brain
barrier. A recent study has tried to overcome these problems by developing small
molecule-based phosphorylation targeting chimera (PhosTACs) for targeting tau
proteins (Hu et al., 2023). The targeted dephosphorylation approach has many
advantages, as it provides high selectivity and prevents off-target effects. The
phosphorylation targeting chimeras is still in developmental stages and holds a
promising future.

254 PP2A mediated regulation of epigenetic machinery

PP2A has been shown to promote DNA hypomethylation through the ERK/AKT
pathways in T-cells. Inhibition of the PP2A C subunit enhanced AKT and ERK
phosphorylation, leading to increased DNMTI1 expression and DNA
hypermethylation (Sunahori et al., 2013). TET2 is an enzyme that converts 5-
methylcytosine (SmC) to 5-hydroxymethylcytosine (ShmC), leading to DNA
demethylation and mutations disrupting TET2 enzymatic activity that has been
shown to promote myeloid tumorigenesis (Ko et al., 2010). Phosphorylation of TET2
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at Serine 99 promotes its stabilization and further increases the global 5-
hydroxymethylcytosine (ShmC) levels. PP2A complex consisting of the B55a
subunit was found to dephosphorylate TET2 at S99 and destabilize it. The S99 region
of TET2 is prone to mutations, and its dephosphorylation by PP2A points towards
an oncogenic role of PP2A (Kundu et al., 2020). In line with the oncogenic role of
PP2A in TET2 regulation, the PP2A inhibitor LB100 is undergoing clinical trials for
Myelodysplastic ~ syndrome, which shows frequent TET2 mutations
(NCT03886662).

The first evidence of regulation of protein arginine methylation by PP2A came
from the work of Duong FH and colleagues while studying the hepatitis C virus
(HCV) induced protein expression in patient samples of chronic hepatitis. The
samples showed an increased level of PP2A while reduced levels of STATI
methylation at arginine 31 (Duong et al., 2004). The follow-up study found that an
arginine methyltransferase PRMT1 was responsible for the demethylation of
STATI1. The PP2A mediated PRMTI1 inactivation led to an increased helicase
activity of the viral NS3, while PP2A inhibition by OA treatment inhibited the
replication of the viral replicons (Duong et al., 2005). A decade later, PP2A was
found to dephosphorylate PRMT1 at Serine 297, thereby inhibiting the arginine
methylation activity of PRMT1 (Zhao et al., 2019). PRMT1 is an arginine specific
methyltransferase catalyzing the arginine methylation of histone four (Strahl et al.,
2001). Despite its role as a tumor suppressor in HCV mediated hepatocarcinoma,
PRMT1 has been shown to activate oncogenic pathways including EGFR and inhibit
tumor suppressors such as p53 (L.-M. Liu et al., 2021; Suresh et al., 2022). Another
arginine based methylatransferase, PRMTS3, is regulated by PP2A. PRMTS is mainly
involved in gene repression and is proposed to be a therapeutic target in KRAS
mutant colorectal cancer (Shifteh et al., 2020). In adult T-cell leukemia (ATL), PP2A
dephosphorylates PRMTS at Serine 355, inhibiting its oncogenic methyltransferase
activity (Ichikawa et al., 2020). PRMTS5 negatively regulates PP2A in glioblastoma,
and combined inhibition of both PRMTS5 and PP2A reduces glioblastoma tumor
growth (Otani et al., 2021).

BRD4 (bromodomain-containing protein 4) belongs to the BET family of
proteins that bind to acetylated histones and maintains chromatin structure (R. Wang
et al., 2012). The binding of the epigenetic reader BRD4 to acetylated histones is
regulated by casein kinase 2 mediated phosphorylation (S.-Y. Wu et al., 2013). PP2A
was identified as a phosphatase against BRD4 in TNBC. PP2A inhibition led to
increased phosphorylation and chromatin recruitment of BRD4, leading to resistance
to bromodomain inhibitors. Activation of PP2A using perphenazine synergized with
BETi JQI in triple negative breast cancer while further downregulation of PP2A led
to resistance against BET inhibitor JQ1 (Shu et al., 2016; Kauko et al., 2020a).
Another study showed that the overexpression of the PP2A inhibitor SET correlates
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with the high phosphorylation status of BRD4 in the TNBC patient cohort and is a
predictor of poor outcomes (Sanz-Alvarez et al., 2021).

Histone deacetylases remove the acetyl group from histones and play an
important role in transcriptional regulation. PP2A has been shown to regulate the
cellular localization of class Ila HDACs extensively (HDAC4 & 5, 7). Class Ila
family of HDACs shuttle between the nucleus and cytoplasm through a unique C
terminal domain containing binding sites for 14-3-3 proteins (Park & Kim, 2020).
The binding of 14-3-3 proteins to HDAC4 promotes its cytoplasmic export, and this
shuttling event has been shown to regulate transcription through chromatin
remodeling (McKinsey et al., 2000, 2001; A. H. Wang & Yang, 2001). PP2A enables
the nuclear import of HDAC4 by dephosphorylating binding sites of 14-3-3 proteins
and S298 leading to gene repression (Paroni et al., 2008). In p53 deficient tumor
cells, HDAC4 is associated with the PP2A complex containing B56a subunits and
regulates chromosomal segregation. The siRNA mediated inhibition of either
HDACH4 or the B56a subunit of PP2A resulted in chromosomal segregation defects
and mitotic arrest (Cadot et al., 2009). The therapeutic relevance of PP2A mediated
nucleo-cytoplasmic shuttling of HDAC4 was uncovered in glioblastoma. PP2A
inhibitor PME-1 was found to promote kinase inhibitor resistance in glioblastoma
by promoting the cytoplasmic localization of HDAC4 (Kaur et al., 2016).

HDACS was found to be associated with B55a, containing PP2A complex in
cardiomyocytes. PP2A mediated dephosphorylation at Ser259/Ser498 of HDACS
led to its nuclear import and further transcriptional repression (Sucharov et al., 2006;
Weeks et al., 2017). PP2A was shown to control the repressor activity of HDAC7 by
dephosphorylating the 14-3-3 binding sites in HDAC7, leading to its nuclear import.
Chaperone protein 14-3-3 prevented the dephosphorylation of these sites by binding
and masking them from PP2A activity (Martin et al., 2008). In another study, the Ba
subunit of PP2A was found to be an essential regulator of cytoskeletal dynamics by
regulating HDAC?7 cellular localization. The dephosphorylating activity of PP2A
resulted in the nuclear localization of HDAC7 and transcriptional silencing, while
the Inhibition of PP2A Ba or HDACT7 leads to disruption of the microtubule network
(Martin et al., 2013). Among the class I HDACs (HDAC 1,2,3,8), only HDAC?2 is
known to interact with PP2A directly. The Association of PP2A with other families
of HDAC:s is currently unknown.

The PP2A inhibitor SET is part of the inhibitor of acetyltransferases (INHAT)
complex, which binds to histones, masking them from acetylation and further leading
to transcriptional repression (Seo et al., 2001a). Contrary to the above findings, a
study showed that SET initiates transcription from chromatin templates and acts as
a transcriptional activator (Gamble et al., 2005). The INHAT complex containing
SET was found to inhibit the acetylation of p53, repressing its activity and increasing
cellular proliferation (J.-Y. Kim et al., 2012). SET was further found to prevent DNA
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demethylation and promote gene silencing (Cervoni et al., 2002). However, another
study showed that SET overexpression leads to DNA hypomethylation (Almeida et
al., 2017). The role of PP2A in the regulation of epigenetic proteins is poorly
understood. Of many epigenetic complexes involved in gene regulation few are
known to be direct targets of PP2A. PP2A is a major S/T phosphatase and the is
involved in the regulation of the majority of the oncogenic signaling pathways.
Epigenetic machinery is known to be heavily modulated by cancer cells in their
favor, and the role of PP2A in regulating these proteins needs to be further
investigated.
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3 Aims

Protein Phosphatase 2A (PP2A) is a human tumor suppressor that mostly
downregulates various signaling pathways through dephosphorylation activity. All
cancer types irrespective of their mutation status requires the suppression of PP2A.
PP2A activity is required by cancer cells for cell cycle progression; hence, a
complete inhibition of PP2A is lethal. PP2A is mainly inactivated in cancer through
the non-genomic mechanism by expression of its inhibitory proteins CIP2A, PME-
1, and SET. On the other hand, RAS activates various kinases downstream of its
signaling pathway, leading to cell proliferation. Various RAS protein mutations
result in the RAS signaling pathway's hyperactivation, which drives oncogenic
growth. It has been very well established that RAS-mediated human cell
transformation requires the simultaneous inhibition of PP2A. However, whether the
PP2A inhibition and RAS hyperactivity converge in regulating unique
phosphorylation sites during oncogenic transformation is unclear. My thesis aims to
address the unsolved question of the convergence of RAS and PP2A activities on
protein phosphorylation and the cellular pathways affected by it. The specific aims
of the thesis were as follows:

1. To understand the role of the phosphorylation events coregulated by RAS and
PP2A on the function of proteins regulating epigenetic processes.

2. To characterize and compare the RAS and PP2A regulated transcriptome.

3. To compare and characterize the roles of PP2A inhibitors PME-1 and SET in
gene regulation.
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4 Materials and Methods

4.1 Cell culture

All cells were cultured in a humified incubator with 5% CO2 and a temperature of
37 °C. Cells were cultured in media as per their growth conditions and split once
they reached a confluence of around 75%. Cells were frequently tested to confirm
negative mycoplasma contamination.

4.2 Transfections

Gene silencing was performed using the Lipofectamine™ RNAiMAX Transfection
Reagent (#13778150) for 72 hours while protein overexpression was done using the
jetPRIME® transfection reagent Polyplus (#114-15) for 48 hours according to the
manufacturer’s protocols.

4.3 Western blotting

For western blotting analysis, plates containing the cells were washed twice with ice-
cold PBS. Cells were lysed directly on the plates by adding the RIPA buffer
supplemented with protease and phosphatase inhibitors. Cells were collected by
scrapping and incubated on ice for 15 minutes. In between incubation, cells were
vortexed twice at maximum for 5 seconds. Lysates were then sonicated using the
highest pulse at + 30 s for five minutes. Tubes were then vortexed vigorously for 10
seconds and then centrifuged at the highest speed for 20 minutes at 4 °C.
Supernatant-containing proteins were collected in precooled fresh tubes. The protein
concentration was determined using the BCA assay using Pierce™ BCA Protein
Assay Kits (#23225). Protein concentration was then normalized, and proteins were
subjected to denaturation using the 6X loading buffer while boiling at 95 °C for 10
minutes. Lysates were then loaded on 4-20% Mini-PROTEAN® TGX™ Precast
Protein Gels Biorad (#4561093), and proteins were separated at 80—100 V until the
bromophenol dye reached the bottom of the gels. Gels containing the separated
proteins were assembled on Trans-Blot Turbo Mini 0.2 pum PVDF Transfer Packs
Biorad (#1704156) and blotted in Trans-Blot Turbo Transfer System (#170-4155)
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using a mix molecular weight program for 5 minutes. Membranes containing the
blotted proteins were then blocked by incubating them in 5% milk in a TBST buffer
for 1 hour, and gently shaking them at room temperature. Membranes were then
subjected to the respective primary antibodies and incubated overnight at 4 °C with
shaking. Membranes were washed in TBST buffer thrice for five minutes each and
subjected to secondary antibodies labeled with HRP and diluted to 1:5000 in TBST
for 1 hour at RT. Membranes were washed in TBST thrice for 5 minutes each, and
1 ml of Pierce™ ECL Western Blotting Substrate (#32106) was added to the
membranes, and the reaction was allowed to proceed for two minutes at RT. The
signal was developed using the Bio-Rad Laboratories ChemiDoc Imaging Systems.

Table 1. List of antibodies used.

ANTIBODY NAME DILUTION CATALOGUE NO.
FLAG 1:1,000 F3165
GAPDH 1:10,000 5G4-6C5
GFP 1:5000 sc-9996
HDAC1 1:5,000 ab7028
HDAC2 1:1,000 sc-9959
H3 1:5,000 sc-374669
PME-1 1:5,000 sc-20086
SET 1:2,500 sc-133138
PPP2R1A 1:2,500 sc-15355
PAN-RAS 1:5,000 OP40-100UG
4.4 Pull down assay

To determine the protein-protein interaction between B56a and HDACI1 or RNF168
and TP53BP1, pull-down assays were used. NCI-H460 cells were seeded in 10 cm
plates at a density of 1 million cells per plate. The next day, the cells were transfected
with the respective plasmids using the jetPRIME® transfection reagent Polyplus
(#114-15). Forty-eight hours before transfections, cells were harvested by scraping
on ice and subject to lysis using the buffer containing 100 mM NaCl, 1 mM MgCI2,
10% glycerol, 0.2% protease inhibitor tablet (Roche), and 25 units/ml Benzonase
(Millipore). Tubes were incubated for 15 minutes with rolling at 4 °C, and then the
concentration of NaCl and EDTA was further increased to 200 and 2 mM,
respectively, and the tubes were additionally incubated for 10 minutes with rolling
at 4 °C. The lysates were then centrifuged at maximum speed and maximum speed,
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and from the supernatant, 10% of the lysate was collected in fresh tubes. In contrast,
the remaining supernatant was used for immunoprecipitation. Lysates were added to
the tubes containing the prewashed ChromoTek GFP-Trap® Agarose (#gta-20) or
ChromoTek DYKDDDDK Fab-Trap™ Agarose (#ffa) beads. Protein interactions
were facilitated by rotating the tubes for 2 hours at 4 °C. Beads were washed thrice
in lysis buffer and boiled at 95 °C in 2X lysis buffer. Protein interactions were
determined by western blotting.

4.5 Subcellular protein fractionation

Cell fractionation was used to estimate the cellular localization of various proteins.
Cells were fractioned using the Subcellular Protein Fractionation Kit for Cultured
Cells from Thermo Fisher Scientific (#78840) as per the manufacturer’s instructions.
Before fractionation, the respective buffers were supplemented with protease
inhibitors provided in the kit. Cells were first harvested using trypsinization, then
washed in PBS twice, then washed in PBS twice, and 1 million cells were used for
fractionation. To fractionate the cytoplasmic fractions, cells were suspended in
100 pl of cytoplasmic extraction buffer (CEB) and then incubated with gentle mixing
for 10 minutes at 4° C. Post-incubation cells were centrifuged at 500g for 5 minutes,
and the supernatant containing the cytoplasmic fractions were collected in new tubes
and stored at -80° C until further use. Next, the membrane-bound proteins were from
the pellets from the previous step. 100 ul of membrane extraction buffer (MEB) was
added to the tube with the cell pellet, and it was vortexed at the highest speed for 5
seconds and then incubated at 4 °C with gentle mixing. Tubes were centrifuged at
3000g for 5 minutes, and the supernatant containing the membrane-bound proteins
was collected in new tubes and stored at -80 °C. Pellets containing the nucleus were
further processed to separate the nucleoplasmic proteins with the chromatin-
associated proteins. Pelleted nuclei were first washed in PBS, then suspended in
50 ul of nuclear isolation buffer (NEB), and vortexed for 10 seconds at maximum
speed. Tubes were then incubated for 30 minutes at 4° C with rotation. Tubes
containing the lysed nuclei were centrifuged at 5000g for 10 minutes to pellet out
the chromatin, while the nucleoplasmic proteins in the supernatant were collected in
fresh tubes. The chromatin was then treated with 50 pl of nuclear isolation buffer
(NEB) supplemented with 150U of micrococcal nuclease (MNAse) and 5 mM
calcium chloride and vortex at maximum speed for 10 seconds. Tubes were then
incubated at room temperature (RT) for 15 minutes and vortex again for 15 seconds
at the highest speed. Tubes were centrifuged at 16,000g for 10 minutes, and the
supernatant containing the chromatin-associated proteins was transferred to new
tubes while the pellets were treated with pellet isolation buffer (PEB) to recover the
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cytoskeletal fractions. Tubes were incubated for 10 minutes at 4 °C and centrifuged
for 10 minutes at maximum speed to recover the cytoskeletal fraction.

4.6 Quantitative RT-PCR

RNA was isolated using the NucleoSpin RNA Plus Mini kit for RNA purification
Macherey-Nagel (#740955.25) according to the manufacturer’s instructions.
Isolated RNA was converted to cDNA by reverse-transcription reaction using
random primers, dNTP mix (Thermo Fisher Scientific), and cDNA kit Promega
(M3681) M-MLV Reverse Transcriptase, RNase H Minus, Point Mutant Promega
(cat#M3681) as per the manufacturer’s protocol. Thermo Fisher Scientific's
QuantStudio12K Flex Real-Time PCR System was used to conduct the qPCR. As
reference genes, GAPDH and ACTB were employed.

Table 2. Primers used for qPCR.

GENE SEQUENCE (5"-3’)

GAPDH-F (HUMAN) ACCCACTCCTCCACCTTTGA

GAPDH-R (HUMAN) TTGCTGTAGCCAAATTCGTTGT
FLAG TAG OF RNF-168 PLASMID-F

RNF-168-R (EXON1)

ACGATGACGATAAAGCCGCCA
AGGGACAGCATAAACTCGCCTT

HER4-F (HUMAN)
HER4-R (HUMAN)
PLSCR4-F (HUMAN)
PLSCR4-R (HUMAN)
TGFB2-F (HUMAN)
TGFB2-R (HUMAN)

GTTCAGGATGTGGACGTTGC
ACACACCGTCCTTGTCAAAGT
GGGTTTCTCATGGGTCTCTGG
CCCTATGTGTCTCCAAGCTGC
GCTCTGTGGGTACCTTGATGC
TCCGTTGTTCAGGCACTCTG

4.7 Drug treatments and synergy assays

To determine the effects of the combined treatment of PP2A activators and HDAC
inhibitors on the proliferation of NCI-H460 cells, drug synergy assays were used.
H460 cells were seeded in 96 well plates at a seeding density of 3000 cells per well.
A day after seeding, cells were treated with different concentrations of the drugs, and
the synergy score was calculated using the synergy finder tool (Ianevski et al., 2020).
To determine the sensitivity of the HDAC inhibitor Panobinostat to PP2A inhibition,
H460 cells were seeded in 96 well plates at a seeding density of 3000 cells per well.
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A day before seeding, PP2A was inhibited using siRNA-mediated silencing of its
subunit, PP2A was inhibited using siRNA-mediated silencing of its subunit, and 24
hours after silencing, cells were treated with different concentrations of
Panobinostat. Forty-eight hours before treatment, the cell proliferation was measured
using the CellTiter-Glo® Luminescent Cell Viability Assay (#G7571), and the
luminescence was read using the BioTek Synergy H1 multi-mode reader. To
determine the effect of various epigenetic inhibitors on gene expression, the HCT-
116 reporter cells were treated at the IC50 values of various drugs for 48 hours. Cells
were then imaged in the Incucyte S3 Live-Cell Analysis System, and the
fluorescence intensity was calculated using the Imagel] tool as well as by measuring
GFP intensity using western blotting.

Table 3. Drugs used in the study.

DRUGS TARGET COMPANY CATALOGUE NO.
AZACITIDINE DNMT1 Adooq BioScience A10105
DECITABINE DNMT1 SelleckChem S1200
IBET-151 BET Adooq BioScience A11783
Ja1 BET Adooq BioScience A12729
MIVEBRESIB BET Adooq BioScience A17226
PANOBINOSTAT HDAC Adooq BioScience A10518
TSA HDAC Adooq BioScience A10947
SP2509 KDM1A Adooq BioScience A14443
SELUMETINIB (AZD6244) | MEK SelleckChem S1008
DBK-1154 PP2A
OKADAIC ACID PP2A Sigma 07760
FTY-720 SET SelleckChem $5002
4.8 Immunofluorescence staining

To determine the cellular localization of PME-1 and SET proteins
immunofluorescence was used. HeLa cells were seeded into the chambered coverslip
(80826, Ibidi) at a density of 20,000 cells per well. The subsequent day cell fixation
was performed using 4% formaldehyde for 15 minutes at room temperature. Cells
were then permeabilized at room temperature for 15 minutes using 1% Triton X-100
in PBS. Cells were further blocked for 30 minutes at RT by adding 10% goat serum
diluted in PBS. Cells were then treated with PME-1 and SET antibodies diluted to
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1:200 in 10% goat serum and incubated overnight at 4 °C. Cells were then washed
thrice in PBS and treated with secondary antibodies (1:1000 in 10% goat serum) for
one hour at RT. The nucleus was stained using a 1:2000 concentration of DAPI
diluted in PBS and incubated for 15 minutes at RT. Imaging was done using the 3i
CSU-W1 spinning disk confocal microscope.

4.9 Statistical analyses

As stated in the figure legends, every experiment was conducted at least three times.
Statistical analyses were done using GraphPad Prism (GraphPad Software;
www.graphpad.com). The Mann-Whitney U test for significance (RNAi screens,
reporter assays) or the two-tailed t test (Western blotting) were used to assess the
results. The following criteria were used to determine the statistical significance:
P >0.05, not significant (ns), P < 0.05 (*), P < 0.01 (**), P < 0.001 (**%), and
P <0.0001 (***%*).
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5 Results

5.1.1 PPP2A and RAS-regulated phosphorylation sites are
present on epigenetic proteins (1)

The oncogenic function of RAS is regulated through PP2A inhibition, while the
tumor suppressor PP2A is very well characterized as a negative regulator of the RAS
signaling pathway (Hahn et al., 1999, 2002; Rangarajan et al., 2004). To understand
the convergence between RAS and PP2A activities in cancer, phosphoproteomics
screening was conducted in previous studies (Kauko et al., 2015, 2020b). In these
studies, RAS was depleted using the siRNA directed against its three isoforms
(H/K/N-RAS) resulting in a complete inhibition of RAS activity. At the same time,
PP2A was activated by siRNA-mediated inhibition of its cellular inhibitors CIP2A,
PME-1 and SET (Fig. 1B). These studies employed HeLa cells as a model system
which do not harbour RAS mutation on the other hand have low PP2A activity
through the expression of PP2A inhibitory proteins. To understand the roles of RAS
and PP2A in co-regulation of the global phosphoproteomes we first integrated the
data from these studies. The RAS and PP2A data showed a significant overlap of
over 270 phosphosites across 237 proteins (Fig. 1B).

Gene ontology (GO) based analysis of the commonly regulated phosphosites
revealed that RAS and PP2A activities show a high convergence in regulating the
epigenetic  proteins involved in transcriptional repression (Fig. 1B).
Transcriptionally active DNA is unmethylated and consists of acetylated histones.
Transcriptional repression signaling initially involves the DNMT1-mediated
addition of methylation groups to the DNA followed by the recruitment of repressor
complexes such as the NuRD and the SIN3 complex, resulting in the histone
deacetylation favoring chromatin compaction (Fig. 2A).

The phosphosites regulated by RAS and PP2A showed a high occurrence on
many of these proteins involved in the epigenetic repression pathway (Fig. 2B). To
further validate these epigenetic proteins as PP2A substrate, we screened them for
the presence of PP2A-B56 subunit binding motif. Recently, PP2A has been shown
to interact with its substrates through a conserved binding region LxxIxe motif
(Hertz et al., 2016). Most of the epigenetic proteins enriched from the
phosphoproteomics data showed the presence of the PP2A binding motif (Fig. 2C).
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To further address the roles of the selected PP2A targeted epigenetic proteins, we
performed their siRNA mediated depletion in KRAS mutant non-small cell lung
cancer (NSCLC) cell lines (Fig. S3B). Inhibiting the RAS/PP2A-regulated
epigenetic proteins (CHD3, MLLT3, KDM1A, DNMTI1, TRIM28, RNF168,
DOTIL, SMARCAA4) significantly decreased the viability of the lung cancer cells,
indicating their role in promoting oncogenic growth. Overall, this data identified the
phosphoregulation of epigenetic proteins as a point of convergence of RAS and
PP2A activities.

We used bioinformatics analysis to further understand the phosphosites'
functional significance. We found that many of the phosphosites are located on
functionally essential regions of the proteins, as the Ser 714 of DNMT1 was found
to exist on a DNA binding domain. In contrast, the Ser 481 of RNF168 was located
in a region important for interacting with histones (Fig. 3A, B). Using site-directed
mutagenesis, we mutated the phosphosite of RNF168 to Alanine and examined its
impact on the association of RNF168 with its interacting partners. We found that the
phosphomutant of RNF168 shows a decreased interaction with TP53BP1 (Fig. 3C,
D). The member of the NuRD repressor complex CHD3 is an ATP-dependent
helicase (Gu et al., 2005). The alanine mutants of the PP2A/RAS regulated site on
CHD?3 resulted in its degradation, indicating the importance of this phosphosite in
regulating its protein stability (Fig. 3F). Collectively, the functional analysis of the
selective phosphosite revealed their important role in regulating various functions
such as protein-protein interaction as well as protein stability.

51.2 PPP2A and RAS regulate the chromatin recruitment of
HDAC1 and HDAC2 (1)

Phosphoproteomics data revealed various phosphosites on HDACs to be regulated
by RAS and PP2A, while the structural analysis of HDACI revealed the presence of
PP2A B56 binding motif (Fig. 2A, B, C), indicating the regulation of HDAC by
RAS/PP2A. We employed co-immunoprecipitation to verify the interaction between
the PP2A B56 subunit and HDAC1. GFP-tagged HDAC1 and B56 plasmids were
expressed in NCI-H460 cells, and the expressed proteins were immunoprecipitated
using the GFP trap system (Fig. S3 A). Western blot analysis of the
immunoprecipitated lysates indicated a notable interaction between HDAC1 and
B560a subunits of PP2A.

HDAC:s catalyse the deacetylation of histone tails, hence, their chromatin
recruitment is vital for functioning. Next, to address the effect of PP2A or RAS
manipulations on chromatin recruitment of HDAC1/2, we used cell fractionation
assays. PP2A was first activated by siRNA-mediated depletion of its inhibitory
proteins (PME-1 and SET) for 72 hours, and cells were subsequently fractioned to
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obtain the nuclear and chromatin fractions. Western blot analysis of the fractions
showed significant enrichment of HDAC1/2 in the nucleus as well as their increased
recruitment to the chromatin (Fig. 4A, B). We further validated the above findings
by using pharmacological activators of PP2A. NCI-H460 cells were subjected to
PP2A activation either by treating cells with the small molecule activators of PP2A
(DTO-61, DBK) or by FTY-720 mediated inhibition of the cellular repressor of
PP2A (SET). These results corroborated the above finding that the activation of
PP2A in the NSCLC cell line increases nuclear translocation and further chromatin
recruitment of HDAC1 and 2 (Fig. 4C, D). The NSCLC cell line NCI-H460 is mutant
for KRAS and show hyperactivated RAS signaling. To address the effect of RAS on
cellular translocation of HDAC1/2, we depleted the three RAS isoforms (H/K/N)
using siRNA. All the RAS isoforms were targeted to completely inhibit RAS activity
and prevent the RAS downstream pathway activation. Inhibition of RAS showed an
effect similar to PP2A activation, resulting in an increased nuclear translocation and
further chromatin recruitment of HDACs (Fig. 4E, F).

To further confirm the interplay between the RAS and PP2A-mediated
chromatin recruitment of HDAC and its role in oncogenesis we generated a lung
cancer transformation model. HBEC cells were serially transformed by deleting the
tumor suppressor p53, expression of HRAS G12V mutant, and the PP2A inhibitory
small T (ST) antigen. The transformation potential of the system was validated using
the soft agar assay (Fig. 4G, H). HBEC cells with a p53 deletion or simultaneous
expression of the mutant HRAS failed to form colonies on soft agar. In contrast an
additional inhibition of PP2A by ST expression was able to transform the cells, as
evident from an increased colony growth on soft agar. This observation validated the
previous reports that the RAS-mediated human cell transformation requires
simultaneous inhibition of the tumor suppressor PP2A (W. Chen et al., 2004; Hahn
etal., 1999; Rangarajan et al., 2004). We further examined these serially transformed
HBEC cells for cellular localization of HDACsS (Fig. 41, J). Interestingly, the nuclear
abundance of HDACs did not show a major change upon serial transformation.
However, a significant change was observed in their chromatin recruitment as seen
from the cell fractionation assay. Deletion of p53 resulted in an increased chromatin
recruitment of HDACs, while an addition of the mutant HRAS abolished the
increased chromatin recruitment of HDACs. Further inhibition of PP2A by ST
expression stabilized the RAS-induced chromatin recruitment of HDACs. These
results indicate a link between the chromatin recruitment of HDACs and cell
transformation. Apart from PP2A, ST antigen is also known to inhibit p53 and RB.
While we already inhibited p53 in the first stage of transformation the further
inhibition of RB by ST would only add up to this transformation effect. Hence in the
final stage of transformation the effect of ST expression is widely directed towards
PP2A inhibition.

61



Mukund Sharma

To further determine if the chromatin recruitment of HDACs influences its
sensitivity to small molecule inhibition, we used the HDAC inhibitor Panobinostat
in combination with either PP2A inhibition or activation. PP2A was inhibited using
siRNA against its scaffolding subunit A, and Panobinostat was added 24h after
silencing. 48h after Panobinostat treatment we analysed cell proliferation using the
CellTiter-Glo® Assay (Promega). We found that PP2A inhibition resulted in
resistance of the lung cancer cell to Panobinostat with an increase in the IC50 value
of the inhibitor from 17.28 nM to 31.64 nM (Fig. S5 A). The IC50 values of the drug
in PP2A inhibited cells was almost doubled compared to the control cells. On the
other hand, treating cells in combination with PP2A activator DBK-1154 and HDAC
inhibitor Panobinostat resulted in increased cell death with a positive synergy score
of 5.48 (Fig. S5B, C). To summarise, these results indicate that the chromatin
recruitment of HDACs regulated by RAS and PP2A plays an important role in
human cell transformation.

5.1.3 PPP2A and RAS antagonize transcriptional regulation
(1)

To address RAS and PP2A synergy on transcriptional and epigenome regulation, we
employed a gene reporter system developed in the colon cancer cell line HCT-116.
The model consisted of an epigenetically silenced SFRP1 gene (with IRES fused
GFP) by methylation of its promoter. Treatment of cells with inhibitors of repressor
proteins such as DNA methyltransferase (DNMT]1) results in the derepression of the
silenced gene and GFP expression (Fig. SA) (Cui et al., 2014). The response of the
reporter to the modulation of epigenetic proteins was validated using
pharmacological inhibition of various epigenetic repressor proteins (Fig. 5B).
Resulting increase in GFP signal was an indication of transcriptional activation upon
the inhibition of the epigenetic repressors. We further tested the impact of RAS and
PP2A on gene repression in this reporter system. HCT-116 cells harbour KRAS
mutation and hence show a hyperactivated RAS signaling. To inhibit RAS activity,
the reporter cells were treated with siRNA against the three RAS isoforms
(H/K/NRAS) while PP2A was inhibited by siRNA-mediated depletion of its A
subunit or by treating cells with its inhibitor Okadaic acid. PP2A was also activated
by silencing its inhibitory protein PMEI. After RAS or PP2A manipulations, GFP
expression was monitored by imaging the cells in incucyte and further western
blotting.

As a positive control, treatment of cells with DNMTI1 inhibitor 5-aza-
deoxycytidine (DAC) resulted in transcriptional activation and further expression of
the SFRP1 gene (GFP expression). Inhibition of PP2A either by siRNA or okadaic
acid treatment resulted in increased gene expression, while PP2A activation by
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depleting its inhibitory protein PME-1 resulted in further repression (Fig. 5D, E). On
the other hand, RAS inhibition resulted in a decrease in GFP expression, an indicator
of gene repression, and further highlight the role of RAS as a transcriptional activator
(Fig. 5G, H). Inhibiting MEK, the downstream effector of RAS, resulted in a similar
phenotype indicating the RAS activity to be mediated through the MEK pathway
(Fig. 5I). To further validate the response of RAS/PP2A regulated phosphorylation
site on protein function we expressed the wild type and phosphomutant for of
RNF168 in the reporter cells. The WT RNF168 resulted in an increased
transcriptional activation, while the mutant failed to elicit a similar response,
indicating the phosphoregulation of RNF-168 as an essential regulator of its activity
(Fig. 5K). The data that PP2A and RAS have opposite roles in regulating gene
expression mediated through the phosphorylation of epigenetic proteins.

We used RNA sequencing to further evaluate the roles of RAS and PP2A in
global gene regulation. RAS and PP2A were depleted in HeLa cells using siRNAs.
Consistent with results obtained using the SFRP-GFP reporter, PP2A inhibition
resulted predominantly in global gene activation, while RAS inhibition led
predominantly to gene repression (Fig. 6A, B). Notably, gene set enrichment analysis
of genes activated by PP2A inhibition showed significant association with the gene
signature of KRAS upregulation, providing an additional mechanistic layer on how
PP2A can antagonize RAS signaling (Fig. 6C, D). Other significant cancer-
associated pathway signatures upregulated upon PP2A inhibition included EMT and
G2M checkpoint. PP2A inhibition did not enrich any downregulated signatures,
supporting the conclusion that PP2A inhibition conveys its biological effects by gene
activation.assess

The GSEA of the RAS transcriptome showed that it regulates gene sets like
PP2A. RAS and PP2A activity significantly correlated at the inflammatory response,
mitotic spindle, Interferon, complement, IL6 JAK-STAT signaling, androgen
response, and G2M checkpoint hallmark signatures. This indicated a significant
overlap in the molecular functions of PP2A and RAS and their coordination in
regulating various pathways. PP2A inhibition, apart from the upregulation of KRAS
signaling genes, exclusively resulted in the regulation of other oncogenic pathways
such as EMT, protein secretion, and early and late estrogen response.

Transcription factor analysis of the RNA-seq data using the ChIP-X Enrichment
Analysis 3 (ChEA3) (Keenan et al., 2019) showed that PP2A significantly regulates
the TEAD1 and YAPI1 family of transcription factors (Fig. 6E). The formation of
Oncogenic PP2A subunits consisting of striatins has recently been shown to regulate
YAP1 activity, leading to cellular transformation (J. W. Kim et al., 2020; Kurppa &
Westermarck, 2020). YAP1 has been previously shown to provide resistance against
KRAS inhibition and is required for cellular transformation (Shao et al., 2014). This
synergy between KRAS and YAPI activates FOS transcription factors, leading to

63



Mukund Sharma

epithelial to mesenchymal transition. Our RNA-seq data showed significant
enrichment of the target genes of the FOS transcription factor upon RAS silencing
(Fig. 6F). The TF analysis indicates a possible coregulation of YAPI1 activity by
PP2A and RAS synergy in oncogenic transformation.

Gene Ontology (GO) analysis of PP2A-inhibited cells showed an enrichment of
the “positive regulation of intracellular signal transduction” term, indicating PP2A
inhibition as an essential event for the activation of cellular signaling pathways (Fig.
S6). Other significant GO terms indicated the role of PP2A in regulating cellular
migration, adhesion, and motility (supplementary figure 1). The most significantly
enriched GO biological process upon RAS silencing was “negative regulation of cell
proliferation activity,” confirming the role of RAS as a repressor (Fig. S6). The
RNA-seq data and its further analysis confirm the role of PP2A as a global repressor
of transcription while RAS as an activator. The data also confirms that RAS and
PP2A activity synergies at various levels mechanistically and coregulate different
cellular processes.

514 PPP2A promotes epigenetic repression mechanisms
(N

Since the phosphoproteome data indicated the role of PP2A in regulating DNMT1
and the reporter assay showed a strong response upon PP2A modulation, we first
determined the role of PP2A in regulating DNA methylation. Since the
phosphoproteome analysis was indicative of the role of PP2A in regulating DNA
methylation, we used RRBS (Reduced representation bisulfite sequencing) to
address the role of PP2A in regulating global DNA methylation. The siRNA-
mediated inhibition of the A subunit of PP2A resulted in a decrease in global DNA
methylation levels, indicating an increased gene expression. Of the total 211
differentially methylated regions, 143 regions showed a decrease in methylation
marks (hypomethylated), while 68 showed an increase in methylation
(hypermethylated) (Fig. 7A, B). Exons had the lowest occupancy of the differentially
regulated methylation marks (7%), whereas introns (36%), intergenic (30%), and
promoter (27%), had virtually symmetrical distributions (Fig. S7A).

DNA methylation of the promoters is the most studied and essential in regulating
gene expression. On the other hand it has been reported that cancer cells show blocks
of hypomethylated regions at the intergenic regions (Heller et al., 2013). Inhibition
of PP2A by various mechanisms is common in cancer cells, and resulting
hypomethylation at the intergenic region indicates a possible mechanism for cancer
progression.

To study the role of differentially regulated pathways in regulating biological
functions, we performed the GO enrichment analysis of the methylome using the
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Enricher tool (Fig. S7D-G) (Kuleshov et al., 2016). One of the most significantly
enriched biological processes included nucleocytoplasmic regulation, indicating the
role of PP2A in regulating the movement of molecules between the nucleus and
cytoplasm through its diphosphatase activity. This nucleocytoplasmic shuttling
activity is significant for the functioning of chromatin-interacting proteins. Based on
the gene set enrichment analysis the inhibition of PP2A also showed an increase in
Epithelial to Mesenchymal transition, indicating its role as a tumor suppressor.
Regulation of the NuRD component members by phosphorylation and
transcriptional repression mediated by PP2A, indicated that it might be involved in
chromatin remodeling. Hence, we depleted PP2A in HelLa and used Assay for
Transposase-Accessible Chromatin using sequencing (ATAC-seq) to analyze its
impact on chromatin regulation. Consistent with PP2A’s role as a repressor in
previous experiments, ATAC-seq analysis showed that the inhibition of PP2A
results in chromatin opening (Fig. 7C & S8C). We compared the PP2A-regulated
differentially accessible chromatin areas with those observed in clinical samples.
Various regions of the PP2A-regulated differentially accessible chromatin (DAP)
were found to correlate with those in the patient samples.

These results provide strong evidence for the role of PP2A as a global
transcription repressor. PP2A was found to predominantly promote gene repression,
DNA hypermethylation, and chromatin condensation. The phosphoregulation of
various epigenetic proteins involved in the above pathways indicates they are an
essential mediator of PP2A activity.

5.1.5 Transcriptional regulation by PP2A inhibitors PME-1
and SET (II)

Tumor progression requires the inhibition of PP2A irrespective of the mutation status
and cancer type. Since PP2A activity is needed for cell cycle progression a complete
inhibition of PP2A is lethal and hence PP2A subunits are rarely mutated. To
specifically regulate PP2A activity, cancer cells utilize the expression of PP2A
inhibitory proteins as the major mechanism for the downregulation of PP2A (Kauko
& Westermarck, 2018). Since PP2A is a multimeric protein composed of various
subunits, each specialized to carry out a particular function, cancer cells have
evolved to express subunit specific PP2A inhibitory proteins. These proteins provide
further specificity in PP2A inhibition through their specificity for cellular
localization. For instance, CIP2A inhibits the B56a & B56Y subunits of PP2A and
is located in the cytoplasm, while SET and PME-1 are primarily located in the
nucleus and target the C subunit (Junttila et al., 2007; Kauko & Westermarck, 2018;
J. Lee et al., 1996; J. Lee & Stock, 1993).
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Transcriptome of CIP2A has been characterized previously and is associated
with various oncogenic signatures, including myc (Niemeléd et al., 2012). The
transcriptome of neither PME-1 nor SET has been characterized and described
previously, and it is also not clear why cells express two different nuclear inhibitors
of PP2A. Moreover, both PME-1 and SET have been found to target the same
subunit of PP2A, further raising questions about the specificity of their roles in the
cell.

We initially validated the intracellular localization of PME-1 and SET using
immunofluorescence microscopy in HelLa cells where we had previously
characterised the CIP2A regulated transcriptome (Niemeld et al., 2012) (Fig 1A).
The microscopy images confirmed the nuclear localization of both PME-1 and SET.
However, the two proteins showed clear differences in the localization pattern. SET
was located exclusively in the nucleoplasm and the nucleolus in the form of sharp
round dots (Fig 1Ab). On the other hand, PME-1 was found to occur both in the
nucleus and the cytoplasm (Fig 1Ab).

We further confirmed the presence of SET and PME-1 in different cellular
compartments using a cell fractionation assay (Fig 1B). For this, we separated the
cytoplasmic, nuclear membrane, nuclear soluble, and chromatin fractions of the cell.
Western blot analysis of different fractions showed the presence of SET and PME-1
in the nucleus. Shearing of the chromatin using micrococcal nuclease results in the
release of chromatin-bound proteins. Both PME-1 and SET eluted in the chromatin
fractions together with histone. This further validated that PME-1 and SET are
chromatin-associated proteins. This also confirms our earlier results from
phosphoproteomics that PME-1 and SET prevent the dephosphorylation of
numerous chromatin-associated proteins involved in epigenetic gene control (Kauko
et al., 2020a).

Whether both the PP2A inhibitors associate with chromatin directly or in
association with a protein complex could not be determined. SET has been shown to
associate with the INHAT complex regulating histone acetylation, while the PME-1
has been shown to immunoprecipitate with various chromatin-binding proteins
(Gamble et al., 2005; Pokharel et al., 2015). Immunofluorescence showed PME-1 to
be localized strongly with the nuclear membrane, while for SET, the association with
the nuclear membrane was not detected at all (Fig. 1A). The high amount of PME-1
detected in the cytoplasmic fractions could be a result of the dissociation of
membrane-bound PME-1 upon fractionation and its elution in the cytoplasmic
fraction.

To systematically characterize the similarities and differences in the roles of the
two nuclear inhibitors of PP2A, we compared their transcriptional signatures using
RNA sequencing. We employed siRNA-mediated knockdown of PME-1 or SET in
HelLa cells as a research model to methodically define the transcriptomes controlled
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by these nuclear PAIPs (supplementary figure 1B). HeLA cells do not harbor RAS
mutation, on the other hand they have low PP2A activity due to the expression of
PP2A inhibitory proteins. Additionally, PP2A inhibition is required for all cancer
types irrespective of the mutation status. Using Hela as the cell model system
enabled us to compare the PME-1 and SET-regulated transcriptome with our
previously performed phosphoproteomics analysis of PP2A targets, or the
transcriptional targets of CIP2A in this same cell type (Kauko et al., 2020a; Niemeld
et al., 2012). Using the log (2) fold change > 0.5/-0.5 and FDR 0.05 criteria in data
analysis, siRNA inhibition of PME]1 resulted in the upregulation of 77 genes and the
downregulation of 33 genes. In contrast, SET depletion resulted in the upregulation
of 189 genes and the downregulation of 67 genes (Fig. 1E, F).

To further understand the molecular mechanisms behind the PME-1 and SET-
associated transcriptional signature, we used the ChIP-X Enrichment Analysis 3
(ChEA3) program to perform transcription factor binding site enrichment analysis
(Tables 1 and 2) (Keenan et al., 2019). ChEA3 then compares the submitted gene sets
with its database of gene set library and ranks the upstream TF based on the enrichment
score. The genes elevated by PME-1 inhibition were the targets of the TFs FOSL2 and
GATA2. The downregulated genes, on the other hand, were enriched for the binding
sites of transcription factors TFAP2A, followed by the chromatin insulator CTCF. The
TFs enriched for the upregulated genes from SET inhibition were NR3C1 and TCF12,
whereas the TFs enriched in the downregulated gene sets were RFRA and HSF1. The
GATA family (GATA3 and GATA4) and TEAD4 and JUND were enriched among
genes elevated by SET and PME-1 depletion.

These results indicate that even though PME-1 and SET are nuclear inhibitors of
PP2A, they do not co-localize in the nucleus and show a distinct pattern of
occurrence inside the nucleus. The transcriptome regulated by both proteins is highly
diversified, as indicated by its enrichment for the different transcription factors.

5.1.6 PME-1 and SET activities diverge in the regulation of
biological pathways and gene sets (ll)

Both PME-1 and SET have been positively associated with the upregulation of
oncogenic pathways (Di Mambro & Esposito, 2022; Kauko et al., 2020a; Kauko &
Westermarck, 2018; Kaur et al., 2016).

The differentially regulated genes as well as transcription factors enriched from
them showed high divergence between PME-1 and SET. To investigate if this
divergence also occurs on the biological pathways and processes regulated by SET
and PME-1 we used the KOBASS tool to the KEGG (Kyoto Encyclopedia of Genes
and Genomes) enrichment analysis of the SET and PME-1 regulated transcriptome
in specific cellular pathways (Bu et al., 2021).
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The differentially expressed genes from the PME-1 inhibition enriched for the
pathways involved in proteoglycans in cancer, the RAP1 signaling pathway, and
MAPK signaling in cancer (Fig 2A). Other significantly regulated pathways
included the ones involved in regulating cell migration and adhesion and included
ECM-receptor interaction, adherens junction, focal adhesion, and regulation of actin
cytoskeleton (Fig. 2B). These pathways are critical in controlling cancer cell
invasion and metastasis and their association with the PME-1 regulated
transcriptome highlights the importance of PME-1 mediated PP2A inhibition in the
regulation of oncogenesis. PME-1 regulated transcriptome was also found to be
associated with other major oncogenic pathways, such as the RAS signaling and
platinum drug resistance (Fig. 2A). Transcriptional signatures enriched upon siRNA-
mediated SET depletion led to a significant enrichment of the NF-Kappa B signaling
pathway followed by apoptosis. Other pathways associated with the SET-regulated
transcriptome included the ErbB signaling pathway and the p53 signaling pathway
(Fig 2C).

Overall, the pathway analysis of the differentially regulated genes upon PME-1
or SET inhibition showed significant divergence. While PME-1 and SET shared a
few common regulatory pathways, such as proteoglycans in cancer and platinum
drug resistance, their influence on the cell signaling pathways varied, converging
with the variance shown by their gene expression profile and transcription factor
enrichment.

Until now, the transcriptome, the enriched transcription factors, and the regulated
pathways associated with PME-1 and SET have shown high divergence. To further
address if the PME-1 and SET-regulated gene signatures are associated with other
oncogenic gene signatures and if the PME-1 and SET signatures show similarity in
this association, we used gene set enrichment analysis (GSEA). GSEA compares the
differentially expressed genes with database for its association with a specific
phenotype. Transcriptome regulated by PME-1 downregulation was positively
linked with the oncogenic MYC and E2F1 gene sets. This is in line with the known
contribution of PP2A inhibition in promoting MYC and E2F1 activities in cancer
(Laine et al., 2013b; Myant et al., 2015). Unexpectedly, PME-1 inhibition was found
to correlate positively with the KRAS-associated gene signatures. SET inhibition
downregulated the G2/M checkpoint gene signatures, indicating that its expression
is needed for cancer cell progression to mitosis. The transcriptome downregulated
upon SET inhibition is significantly associated with the G2/M checkpoint gene
signatures, suggesting that SET is involved in the cell cycle control of cancer cells.
The p53 pathway's gene signature was the most significantly upregulated pathway
associated with SET depletion, offering another potential mechanistic explanation
for the robust anti-proliferative action of SET inhibition in various cancer cells
(Kauko & Westermarck, 2018). Gene signatures associated with the downregulated

68



Results

PME-1 or SET were found to be commonly associated with the downregulated E2F 1
pathway gene sets, indicating the convergence of both the pathways in regulation of
oncogenic transcription factor E2F1.

Together, the pathway and the gene set enrichment analysis showed that PME-1
and SET regulate unique biological functions in cancer while also confirming their
involvement in controlling cancer-relevant transcriptomes.

51.7 Regulation of DNA methylation by PME-1 and SET (ll)

Both PME-1 and SET have previously been shown to be associated with regulating
epigenetic complexes. SET has been found to be associated with complexes
regulating the chromatin acetylation, while PME-1 has been shown to regulate the
nucleo-cytoplasmic regulation of HDAC4, thereby modulating its activity (Gamble
et al., 2005; Kaur et al., 2016). Phosphoproteomics screen upon RAS and PP2A
modulation revealed a phosphorylation site regulated by the direct activity of SET,
while the inhibition of PP2A was found to regulate global DNA methylation patterns
(Kauko et al., 2020a; A et al., 2023). Cell fractionation analysis of PME-1 and SET
found them in chromatin-bound fractions (Fig 1B). Also, RNA sequencing showed
both PME-1 and SET to regulate the transcription of various genes by mainly
promoting gene repression. In our previous study, we also found PME-1 to regulate
the gene expression of a reporter system sensitive to DNA methylation changes (A
et al., 2023). These results prompted us to look more at the regulation of DNA
methylation by PME-1 and SET activity.

To study the effects of PME-1 and SET modulations on the regulation of DNA
methylation, we used Reduced Representative Bisulfite Sequencing (RRBS). PME-1
and SET were depleted in HeLa cells using three different siRNAs directed against
them (supplementary figure 1B), and 72 hours after silencing, DNA was isolated from
the depleted cells and subjected to RRBS analysis. The methylome of the PME-1
depleted cells exhibited a global DNA hypomethylation pattern with 3113
hypomethylated sites, while only 191 sites were found to be hypermethylated (Fig. 4A,
4B). On the other hand, SET inhibition resulted in a minor change in the global DNA
methylation. Only 140 differentially methylated regions (DMRs) were detected upon
SET inhibition; of those, 87 sites were hypermethylated, whereas 53 were
hypomethylated (Fig. 4C, 4D). Changes in global DNA methylation patterns upon
SET and PME-1 inhibition indicated a drastic difference in their roles in regulating
DNA methylation, with PME-1 showing a robust change in global methylation
patterns. At the same time, SET had a minor effect. To determine the DMR, genome
was tiled in 500 bp non overlapping regions. A difference in 25% methylation
percentage and Q value of 0.01 was used a cutoff to compare the knockdown and
control samples. DMR are sites close together or adjacent to each other in this window.
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The SET and PME-1 regulated methylation sites also differed in their
localization across the genetic elements. For PME-1, the introns and intergenic areas
(each with 37% of the DMRs) were the most heavily methylated regions, followed
by the promoters (18%) and the exons (7%) (Fig. 4C). SET depletion showed a
maximum DMR occupancy at the intron regions (31%) similar to PME-1 but
revealed a greater DMR occupancy in the promoter (28%) and the intergenic (24%)
regions (Fig. 4F).

We further concentrated on the DNA methyltransferase DNMT1 to better
comprehend the mechanism behind the DNA hypomethylation and gene
upregulation phenotype upon PME-1 depletion. The principal de novo
methyltransferase in mammals, DNMT], is responsible for preserving the DNA
methylation marks throughout DNA replication (Hermann et al., 2004). To
investigate if the global DNA methylation pattern regulated by PME-1 is through its
regulation of DNMT1, we checked the levels of DNMT1 upon PME-1 inhibition.
We depleted PME-1 in HeLa cells using three different siRNAs similar to the PME-
1 silencing for the DNA methylation analysis using RRBS. Western blot analysis of
the whole cell extract showed a decrease in the levels of DNMTI1 upon PME-1
silencing (Fig. 4G), indicating that the loss of DNA methylation upon PME-1
inhibition is through the reduction in the levels of DNMT].

The RRBS analysis showed that PME-1 and SET played divergent roles in
controlling DNA methylation, in line with their varied functions in regulating gene
expression. While the results provide the first concrete evidence that PME-1 is a
potent DNA methylation regulator, SET appears to affect gene expression through a
nuclear mechanism other than the control of DNA methylation.

Although the research above revealed a previously unknown function for PME-
1 as a regulator of DNA methylation, PME-1 likely also affects gene expression
through other nuclear pathways. To understand the degree of overlap between the
PME-1-regulated transcriptome and methylome, we did an integrative analysis of
both the data sets. The genes upregulated from the RNA sequencing dataset and
those containing the hypomethylated regions from the RRBS data set were compared
using the metascape tool (Y. Zhou et al., 2019). The data indicated a considerable
overlap in shared functions and biological pathways. However, only a small number
of the significantly regulated genes (seven) shared characteristics in both datasets
(Fig. 5A). The hypomethylated regions and the overexpressed genes upon PME-1
depletion were found to be involved in the regulation of GTPase activity, protein
phosphorylation, cell-cell adhesion, morphogenesis, and regulation of GTPase-
mediated signal transduction (Fig. 5B, 5C).

The integrated analysis of the hypermethylated and upregulated genes from
RRBS and RNA sequencing, respectively, showed a minor overlap as indicated by
a set of seven common genes including included ERBB4, PLSCR4, PARD3B,
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TGFB2, FRY, SYNEI1, NR3C2. To investigate the correlation between these genes
upregulated upon PME-1 inhibition and cancer, we checked their expression profiles
in the Cancer Genome Atlas (TCGA) data of lung cancer by using the UALCAN
tool (Chandrashekar et al., 2017). The analysis showed elevated levels of PME-1 in
both LUAD (Lung adenocarcinoma) and LUSC (Lung squamous cell carcinoma)
(Fig. S2). On the other hand, the TCGA datasets of LUAD and LUSC showed
decreased levels of all these genes (Fig. S2). We further examined these genes'
relationships to PME-1 in LUADA and LUSC and discovered that their expression
was negatively correlated to PME-1 (Fig. S2).

We then validated these findings in our HeLa cell models previously used for
RNA sequencing and RRBS. Using three different siRNA’s, we depleted PME-1,
and seventy-two hours after transfection checked the expression of the target genes.
The quantitative PCR (qRT-PCR) analysis found these genes to be upregulated upon
PME-1 silencing, confirming the RNA sequencing. Since we observed a
downregulation of these genes in the TCGA data sets, we decided to validate the
expression of the most highly regulated gene (HER4) in non-small cell lung cancer
(NSCLC). We depleted PME-1 in three NSCLC cell lines (A549, NCI-H358 & NCI-
H460) and validated the expression of HER4 using quantitative PCR. All three cell
lines showed a significant upregulation in HER4 expression upon PME-1
downregulation (Fig. 6B).

The PME-1-regulated transcriptome and methylome data show a minor overlap,
indicating that the global hypomethylation resulting from PME-1 inhibition does not
result in gene expression. It can be because the gene expression requires additional
levels of control, such as promoter-enhancer interaction, alternate splicing, etc.
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6.1.1 PPP2A and RAS activities converge in regulating
epigenetic proteins (1)

PP2A is a Serine/Threonine phosphatase that acts as a tumor suppressor, while RAS
proteins are small GTPases that activate various kinases downstream of their
signaling cascade and act as an oncogene. It has been very well established that RAS-
mediated human cell transformation requires the simultaneous inhibition of PP2A
(Hahn et al., 1999; Yu et al., 2001; Rangarajan et al., 2004; Hahn et al., 2002).
However, the mechanism behind this convergence in their activity has never been
addressed.

RAS was first shown to transform mouse fibroblasts (NIH3T3 cells) by
Weinberg and colleaguses (C. Shih et al., 1979). However the prerception of RAS
as an independent driver of oncogenesis failed when the introduction of mutant RAS
failed top transform primary fibroblasts. This indicated that the transformation of
human cells is a multistep process and requires additional factors. It was later found
that the human fibroblasts and epithelial cells could be transformed by the
introduction of the mutant HRAS together with the catalytic subunit of the human
telomerase reverse transcriptase enzyme (hTERT) and the simian virus large T (LT)
and small T (ST) antigens. Tumor suppressor retinoblastoma (RB) and p53 were
suppressed by the simian virus LT antigen, whereas PP2A was inhibited by the ST.
It was discovered that ST's inhibition of PP2A was necessary for transformation
because manipulating the other variables could only immortalise the cells (Hahn et
al., 1999, 2002).

The basis of this work is the study by WC Hahn and Weinberg, who by utilizing
various cellular transformation models showed that the cell transformation by
expressing mutant RAS can only be achieved by simultaneous inhibition of PP2A.
However, none of the studies have previously charachterized the overlap between
RAS and PP2A regulated phosphorylation targets. To first determine the common
phosphorylation targets of PP2A and RAS, we have used HeLa as a model system.
In HeLa cells we conducted various phosphoproteomics and transcriptomics
experiments to determine the overlap between the roles of RAS and PP2A in various
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cellular functions. To further validate the effects seen in HelLa cells we employed
the KRAS mutant lung cancer cells.

To systematically characterize the phosphoproteomics targets co-regulated by
these proteins, we analyzed the data from previously performed phosphoproteomic
screens (Kauko et al., 2015, 2020a). Our results revealed that the activity of RAS
and PP2A converge in regulating the phosphorylation of epigenetic protein
complexes. Most of the coregulated phosphosites occurred on the protein complexes
involved in transcriptional repression signaling. This study uncovers a novel finding
that epigenetic complexes contain unique phosphosites that are co-regulated by the
activity of a tumor suppressor (PP2A) and an oncogene (RAS). Phosphorylation of
some of these epigenetic complexes has been previously shown to be important for
their function. Still, the role of RAS is poorly understood while the role of PP2A has
never been addressed.

DNMT]1 is a major maintenance methyltransferase in humans that copies the
methylation pattern to newly synthesized DNA (Hermann et al., 2004). Many
phosphorylation sites of DNMTI1 have been identified in high throughput
experiments, but only a limited number of them have been associated with its
enzymatic activity or function. A decade ago, it was identified that the
phosphorylation of DNMT1 at Ser 143 by the RAS downstream target kinase AKT 1
increases its stability (Estéve et al., 2011). Ever since, limited progress has been
made in understanding the phosphoregulation of DNMT1, with none of the studies
addressing the role of protein phosphatases in regulating DNMT1 has been
published. Our data indicates that the phosphorylation of Ser 714 on DNMT1 is to
be regulated by both RAS and PP2A (Fig 2). We also found this phosphorylation
site to be in a functionally important region of DNMT]1 (Fig 3A).

Nucleosome Remodeling and Deacetylase complex (NuRD) complex promotes
transcriptional repression (A. Y. Lai & Wade, 2011). The enzymatic activity of the
NuRD complex includes the histone deacetylation activity catalysed by
HDACI1/HDAC?2 and the ATP-dependent nucleosomal remodeling catalysed by
CHD3. Phosphoregulation of HDAC1/2 is not very well studied, and only casein
kinase 2 has been found to regulate their phosphorylation (Pflum et al., 2001; Tsai
& Seto, 2002). The present study found RAS and PP2A-regulated phosphosites on
HDACI1 and HDAC2 (Fig 2). We further validated the effect of RAS and PP2A on
chromatin recruitment of HDAC1/2 and found them to be co-regulated by RAS and
PP2A (Fig 4A). CHD3 consists of over fifty phosphorylation sites, but none have
been functionally validated. There are no known kinases or phosphatases regulating
those sites. Our data revealed Ser 713 of CHD3 to be important for its stability (Fig
3F).

RNF168 is a ubiquitin ligase that recruits S3BP1 to damaged chromatin and aids
in DNA double-strand break repair (Kelliher et al., 2022). Despite its role in
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regulating various critical cellular processes not even a single phosphosite on
RNF168 has been identified to be functionally relevant. This work is first to address
the role of phosphorylation of RNF168 and further describes it to be important in
regulating protein-protein interaction. We found the PP2A and RAS coregulated site
Ser 481 on RNF168 as an essential regulator of the interaction between RNF168 and
TP53-BP1 (Fig 2F).

Using site-directed mutagenesis, we showed that many of the phosphorylation
sites identified from mass spectrometry data are functionally important.
Unfortunately, we could not further validate these phosphosites because specific
antibodies or biological assays were unavailable. To summarize, this study
provides a rich resource of various phosphosites co-regulated by RAS and PP2A
activity. This study is the first to describe the phosphoregulation of epigenetic
proteins by RAS and PP2A activity. We have functionally verified many of these
phosphosites and found them functionally relevant in regulating various biological
processes such as chromatin interaction, protein stability, and protein-protein
interaction.

6.1.2 PPP2A promotes chromatin recruitment of HDAC1/2
while RAS opposes it (l)

Phosphoproteomics analysis provided insight into the regulatory mechanisms shared
by RAS and PP2A. Transcriptional repression involves the recruitment of the NuRD
and Sin3a repressor complexes to the chromatin, which catalyses the deacetylation
of histone tails, facilitating chromatin condensation and repression of transcription.
The deacetylase activity of these repressor complexes comes from the histone
deacetylase enzymes HDAC1 and HDAC2 (A. Y. Lai & Wade, 2011). HDACs are
regulated by various post-translational modifications, including phosphorylation
(Adenuga et al., 2009; Pflum et al., 2001).

It was recently reported that the B subunit recognizes its substrates through a
highly specific binding motif in its substrates known as the LxxIxE motif (Hertz et
al., 2016). Bioinformatic analysis of HDAC1 and 2 showed the presence of the B
subunit binding motif near the phosphorylation sites regulated by PP2A. To
validate the interaction between the B56a subunit of PP2A and HDAC1, we used
immunoprecipitation assays, and this study is the first to find the physical
interaction between the B56a subunit of PP2A and HDACI. Previous work had
identified an interaction between HDAC2 and the PP2A-C subunit (S. Yoon et al.,
2018).

The PP2A/RAS regulated phosphorylation site on HDACI identified from the
phosphoproteomics data upon RAS inhibition and PP2A activation was Ser 421 and
Ser 423 (Fig. 2B). These phosphorylation sites are located next to the PP2A B56
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subunit binding motif and have been previously implicated in regulating the
biological activity of HDAC1 (Pflum et al., 2001). Pflum and colleagues reported
that the Alanine mutants of these phosphosites in HDACI resulted in a decreased
complex formation and enzymatic activity of HDACI1 (Pflum et al., 2001). However,
they only addressed the association of HDAC1 with the members of the NuRD/Sin3
family of proteins. HDACI is also found to be associated with other epigenetic
complexes, such as the CoORSET complex with the lysine-specific demethylase la
(LSD1) (Y. Song et al., 2020). Another study by Galasinski and colleagues addressed
the role of HDAC phosphorylation and complex formation (Galasinski et al., 2002).
Contradictory to the work by Pflum and colleagues, they found that treating cells
with the PP2A inhibitor okadaic acid disrupts the HDAC1 and HDAC2 complex
formation. This study by Galasinski and colleagues reciprocates with our finding,,
indicating that the PP2A-mediated dephosphorylation is crucial for chromatin
recruitment and transcriptional repressor activity of HDAC1 and HDAC2
(Galasinski et al., 2002).

Previous studies on the phosphoregulation of HDAC2 further support our
observation that the phosphorylation of HDAC2 prevents its biological activity while
PP2A-mediated dephosphorylation must enhance its biological activity. Adenuga
and colleagues found that cigarette smoke results in increased phosphorylation of
HDAC?2 in lung epithelial cells both in vitro and in vivo, resulting in decreased
HDAC?2 activity and further proteasomal degradation (Adenuga et al., 2009). Similar
to cigarette smoke the okadaic acid mediated inhibition of PP2A resulted in a
decreased enzymatic activity of HDAC2.

Another important finding from this study is the role of RAS and PP2A in
regulating the cellular localization of HDAC1/2. Phosphorylation of HDAC1/2 is
important for its complex formation and enzymatic activity. Limited studies have
addressed the role of phosphorylation in regulating cellular localization of
HDAC1/2, which are mainly considered localized in the nucleus. A study found that
the phosphorylation of HDACI1 results in its dissociation from the CoREST
corepressor complex and further translocation to the cytoplasm, (Gu et al., 2005)
while in another study, okadaic acid treatment showed a decrease in nuclear
localization of HDAC2 (Adenuga et al., 2009). The above studies corroborate our
finding that an increase in HDAC1/2 nuclear localization was observed upon PP2A
activation. Additionally, our study is the first to address the cellular localization of
HDACI1/2 regulated by cooperation between a tumor promoter RAS and a tumor
suppressor PP2A. We have confirmed our findings by both siRNA-mediated and
pharmacological means.

Since chromatin recruitment of HDAC is a prerequisite for its histone
deacetylase activity, we hypothesized that the failure in chromatin recruitment
should lead to resistance against HDAC inhibitors. We found that preventing the
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chromatin recruitment of HDAC1 by PP2A inhibition resulted in resistance against
the HDACI1 inhibitor Panobinostat (Fig. S5 A). PP2A activation results in an
increased chromatin recruitment of HDACT1 and 2, which synergize with the HDACI
inhibitor Panobinostat (Fig. S5 B, C). Our results indicate a novel method of
targeting HDAC by inducing its chromatin recruitment. We also found that the
failure to do so imparts resistance to HDAC inhibition therapy.

Our study has further addressed the role of RAS and PP2A-mediated chromatin
recruitment of HDAC1/2 concerning cell transformation. For this, we generated a
human cell transformation model by stepwise introduction of various factors needed
for human cell transformation, including the RAS and PP2A manipulation. Since
HDAC1/2 was responsive to PP2A/RAS manipulations, we investigated the
correlation between the RAS/PP2A mediated chromatin recruitment of HDAC1/2
and the different stages of cell transformation. We observed a decrease in the
chromatin recruitment of HDAC1/2 upon the expression of oncogenic KRAS. The
pattern of HDAC chromatin recruitment in the stepwise transformed HBEC cells
indicates an association between the KRAS (activation) and PP2A (inhibition)
mediated cellular transformation and its convergence on the epigenetic machinery,
which involves HDAC1 and HDAC?2 (Fig. 21, J). The HBEC transformation model
employed in our work confirms the opposing roles of RAS and PP2A in regulating
the cellular localization of HDACI1/2 during human cell transformation. By
addressing the chromatin recruitment of HDAC in our serial transformation model,
we propose that the human cell transformation mediated by RAS and PP2A is at least
partially mediated through the epigenetic mechanisms, as shown by the chromatin
recruitment of HDAC1/2.

A limitation of our study is that we did not investigate the changes in the
HDACI1 and HDAC2 complex formation or its enzymatic activity upon RAS/PP2A
modulations. On the other hand, contrary to previous studies involving PP2A
manipulation, our study has employed a more extensive and precise manipulation
of PP2A involving siRNA-mediated depletion of its cellular inhibitory proteins
CIP2A, PME-1, and SET. We have also demonstrated the effects of PP2A
activation on chromatin recruitment of HDACs using various pharmacological
activators of PP2A. However, there are possible drawbacks of using this approach.
We have used three different siRNAs for each gene, and the gene expression effects
are a cumulative effect of the three independent siRNAs. Also, the off-target effect
of siRNAs can vary from one cell line to another. So, more cell lines should have
been included to alleviate the cell line-specific effects. Transient transfection also
results in cellular toxicity. Overall, for a more precise and robust gene expression
profiles, CRISPR -Cas9 mediated knockout of the target genes should have been
done.
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Figure 7. Chromatin recruitment of HDAC1/2 regulated by RAS and PP2A. PP2A
dephosphorylates and recruits DACs to the chromatin leading to transcriptional
repression while RAS-mediated phosphorylation prevents the chromatin recruitment
leading to a constitutively active chromatin.

l SENSITIVITY to HDACi l

HDAC is a transcriptional repressor, and the dysregulation of HDAC activity is
observed in various cancer types, making it an important target for cancer therapy
(Y. Li & Seto, 2016). Our results, as well as previous studies, indicate that
phosphorylation of HDAC1 and HDAC2 prevents its nuclear localization and
enzymatic activity. We also found that RAS inhibition results in increased chromatin
recruitment of HDAC, which should synergise with simultaneous HDAC inhibition.
Since simultaneous inhibition of RAS pathway and HDAC has already been tried in
various studies, we validated an alternate therapeutic approach involving PP2A
activation in combination with HDAC inhibition (M.-W. Chao et al., 2019; Yamada
et al., 2018). To summarise, we propose that PP2A-mediated dephosphorylation
recruits HDAC1/2 to the chromatin, resulting in transcriptional repression while
RAS-mediated phosphorylation prevents it.

6.1.3 PPP2A is a transcriptional repressor while RAS is an
activator (I)

To correlate the PP2A/RAS-regulated chromatin recruitment of HDAC1 and
HDAC?2 with the epigenetic regulation of gene expression, we used a GFP-based
reporter system epigenetically silenced by hypermethylation of its promoter. The
reporter was sensitive to the modulation of epigenetic factors which were involved
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in the regulation of DNA methylation (Fig. 5A). HDACs have been associated with
positive regulation of DNA methylation, and various studies have reported DNMT1
to directly interact with HDACI and HDAC2 (Rountree et al., 2000; Fuks et al.,
2000). It has also been known that HDAC inhibitors result in a reversal of DNA
methylation, and similarly, the reporter system employed in our study was sensitive
to HDAC inhibitors (Sarkar et al., 2011; Jia et al., 2015).

PP2A inhibition correlated with an increase in gene expression of the reporter
system like treating the reporter with the HDAC inhibitor Panobinostat. In contrast,
the activation of PP2A by of inhibiting its cellular inhibitors resulted in the
suppression of the reporter's gene expression, indicating the role of PP2A as a
transcriptional repressor. These observations correlated with our previous finding
that PP2A-mediated dephosphorylation recruits HDAC1/2 to the chromatin, which,
through their deacetylation activity, represses transcription. RAS prevents this
recruitment of HDAC1/2 and thereby leads to transcriptional activation. Whether the
PP2A or RAS-mediated phenotype shown by the reporter system is a direct effect of
HDACI1/2 mediated chromatin recruitment or through other mechanisms could not
be validated in our study. Other possibilities include direct phosphoregulation of
epigenetic factors controlling DNA methylation, including the phosphoregulation of
DNMTT1 or regulation of histone methylation affecting the DNA methylation.

Our study further addressed the impact of RAS and PP2A on global gene
expression using RNA sequencing. PP2A primarily led to downregulation of the
global gene expression, while RAS showed gene activation. Inhibition of PP2A
correlated with the upregulation of KRAS-specific gene signatures indicative of their
opposing roles in oncogenesis and transformation (Fig. 6C). PP2A is a negative
regulator of the RAS pathways and is known to regulate various downstream targets
of RAS through its phosphatase activity (Anderson et al., 1990; Y.-C. Kuo et al.,
2008b; Westermarck & Neel, 2020). In this study, RAS and PP2A regulated
transcriptome enriched the YAP-TEAD family of transcription factors. Both PP2A
and RAS have previously been associated with regulating YAP activity. The RAS
pathway was found to promote YAPI stability and further collude in promoting
oncogenic transcription (Hong et al., 2014; Shao et al., 2014). A similar activation
of YAP was observed upon the formation of an oncogenic PP2A complex containing
striatin subunits (Kurppa & Westermarck, 2020).

Though PP2A and RAS have been implicated in directly regulating Y AP, their
potential to regulate YAP activity through epigenetic mechanisms has not been
explored. Also, the epigenetic regulation of the YAP-TEAD family of transcription
factors needs to be extensively characterized. A recent study by Jang and colleagues
reported the upregulation of YAP by hypomethylation of its promoter, which was
promoted by epigenetic enzymes in response to stiffness of the extracellular matrix
(Jang et al., 2021). Modulation of HDAC has been shown to exert varying effects on
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YAP and TEAD expression. Treating cells with HDAC inhibitors belinostat and
TSA increased TEAD expression while decreasing the phosphorylation and
expression of YAP (Basu et al., 2013). Similar findings were reported in another
study that showed that the pharmacological inhibition of HDAC downregulates YAP
expression as well as inhibits the growth of YAP-driven tumors in xenograft mouse
models (Han et al., 2018). Our data strongly supports the activation of oncogenic
transcription upon PP2A inhibition. However, we did not address if the enrichment
of YAP-TEAD targets is because of a direct effect of PP2A on YAP/TEAD or
indirectly through the regulation of epigenetic proteins. There is a strong possibility
that PP2A is involved in regulating the activities of the YAP-TEAD family of
transcription factors through multiple pathways, which need to be addressed further.

This study also examined the role of PP2A in regulating the major epigenetic
processes, such as DNA methylation and chromatin remodeling. In both processes,
we found PP2A to act as a repressor, as indicated by an increase in DNA methylation
and a decrease in chromatin accessibility. A study by Hervouet and colleagues found
that the phosphorylation by AKT disrupts the complex formation of DNMT1 with
its interacting partners, resulting in global DNA hypomethylation. This
phosphorylation of DNMT]1 was associated with transformation and poor prognosis
in glioma (Hervouet et al., 2010). Our data showing DNA hypomethylation upon
PP2A inhibition orchestrates with this previous finding. We also described a site on
DNMT!1 coregulated by RAS and PP2A activity (Fig. 3A). Functional
characterization of this site will further help in understanding the regulation of DNA
methylation by phosphorylation. Moreover, the role of PP2A in regulating the DNA
methylation/Chromatin organization has primarily been unexplored.

These results provide the first evidence of the role of PP2A in regulating the core
epigenetic processes, including DNA methylation and chromatin organization, and
their further association with those in cancer cells. The downstream targets
responsible for these phenotypes still need to be explored and validated. Overall, our
data strongly suggests PP2A to be a global repressor of gene activation, while RAS
is a transcriptional activator.

6.1.4 Nuclear inhibitors of PP2A catalyse highly diversified
functions (Il)

Expression of various inhibitory proteins (PAIPs) specific to PP2A subunits inhibits
the tumor suppressor action of PP2A in cancer cells. The precise functions of these
proteins in the transcriptional regulation of gene expression have yet to be
charachterized. This is crucial for answering why cancer cells overexpress two
distinct nuclear PP2A inhibitors that target the same C subunit. The impacts of
CIP2A-regulated gene expression have been well studied (Niemeld et al., 2012),

79



Mukund Sharma

however, in this study, we focused on characterizing the global transcriptome
regulated by PME-1 and SET.

A comparison of the subcellular localization patterns of PME-1 and SET showed
striking differences. Immunofluorescence staining showed PME-1 to be associated
with nuclear membrane, while SET did not indicate such a pattern (Fig. 1Aa, b).
PME-1 has been previously shown to be associated with nuclear lamina, resulting in
increased phosphorylation of the associated proteins such as lamins and LAP2A/B
(Aakula et al., 2023; Pokharel et al., 2015). PME-1 was also found to occur in the
cytoplasm, while SET was localized strictly in the nucleus in the form of sharp round
dots (Fig. 1Aa, b). SET has been shown to regulate histone acetylation and
transcription by associating with a chromatin-associated INHAT complex (Seo et
al., 2001b). Another striking difference between the two PP2A inhibitors was the
presence of SET in the nucleolus, where PME-1 was not detected at all. The merged
image of the immunofluorescence analysis further indicated that PME-1 and SET
show a minor co-localization inside the nucleus, indicating a wide diversity in their
functions (Fig. 1Ad).

In the previously conducted phosphoproteomics screen upon PME-1 and SET
manipulations, both these PP2A inhibitors were found to influence the
phosphorylation of numerous nuclear proteins and the associated signaling pathways
such as ribosomal processing, RNA-splicing. In contrast, the CIP2A regulated
phosphoproteome was cytoplasmic (Kauko et al., 2020a). To some extent,
differences in the cellular localization pattern of the different PP2A inhibitors point
towards their different roles in regulating various signaling pathways. The cell
fractionation assay further validated the results of immunofluorescence, confirming
the additional cytoplasmic localization of PME-1, as seen by its elution in the
cytoplasmic fraction (Fig. 1B). On the other hand, SET was located exclusively in
the nuclear fractions similar to immunofluorescence staining. The high occurrence
of PME-1 in cytoplasmic fractions could be due to its loose association with the
nuclear membrane leading to cross-contamination and high amounts of elution in the
cytoplasmic fractions. The major inference of the cell fractionation assay was the
confirmation of the chromatin recruitment of both PME-1 and SET.

The RNA sequencing results revealed that either PME-1 or SET inhibition
resulted in gene upregulation. These PAIPs' repressive effect in gene expression
regulation corresponds with our earlier transcriptomics study of the cytoplasmic
PP2A inhibitor CIP2A (Niemela et al., 2012). Further gene set enrichment analysis
revealed PME-1 and SET-associated gene signatures highly differ (Fig. 3).
According to the findings, PME-1 regulated transcriptome related with the gene
signatures associated with the enhanced MYC activity. In contrast, SET positively
associated the inhibition of P53 pathway gene signatures, and the upregulation of the
G2M checkpoint gene profiles were likewise downregulated by SET inhibition. The
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downregulation of p53 function prevents apoptosis and increases mitotic activity, is
a critical stage in oncogenic transformation. Based on our findings, SET can
coordinate both of these characteristics, offering a mechanistic explanation for SET's
high oncogenic activity across many cancer types (Westermarck, 2018). Inhibition
of both PME-1 and SET converged at the downregulation of the transcription factor
E2F1 gene signatures. The transcription factor E2F1 is linked to oncogenic gene
expression and is abundant in cancer. CIP2A has previously been demonstrated to
stabilize E2F1 by boosting S364 phosphorylation and promoting E2F1-mediated
gene signatures in TNBC (Laine et al., 2013b).

The cellular localization and the gene expression analysis of PME-1 and SET
highlight the differences in their biological roles. While PME-1 showed a strong
association with nuclear membrane SET was found to strictly reside in the
nucleoplasm including the nucleolus. The gene expression data further indicated the
PME-1 mediated oncogenic transcription to be associated with MY C while SET with
pS3.

6.1.5 PME-1 regulates DNA methylation through DNMT1 (ll)

DNA methylation is one of the key epigenetic mechanisms dysregulated in cancer
(Nishiyama & Nakanishi, 2021). In the previous study, we addressed the role of
PP2A in DNA methylation by siRNA-mediated inhibition of the A subunit which
was associated with increased DNA methylation (A et al., 2023). Since both PME-1
and SET showed strong nuclear localization and chromatin association and have
been previously associated with regulating various nuclear processes, we addressed
their impact on DNA methylation (Seo et al., 2001b; Kauko et al., 2020a; Aakula et
al., 2023). The global DNA methylome analysis discovered PME-1 to be a major
player in regulating the DNA methylation patterns in cancer cells. On the other hand,
SET had a minor effect on methylation regulation. Through the activation of
oncogenic and repression of tumor suppressor genes, both DNA hypo and
hypermethylation play a role in the development of many cancer types (Greger et al.,
1989; Kresty et al., 2002; Nishiyama & Nakanishi, 2021).

Another key result from the study was the regulation of DNMT1 protein levels
by PME-1. DNA methyltransferases (DNMTs), a class of epigenetic writer proteins
that add methyl groups to DNA, process DNA methylation. Inhibition of PME-1
resulted in a decreased stability of DNMTI, explaining the global DNA
hypomethylation phenotype observed upon PME-1 inhibition 8Fig. 4G). Various
post-translational modifications (PTM) control the function of DNMTI in cells
(Scott et al., 2014). It is known that DNMTT is controlled by two PTMs that act in
opposition to one another: SET7's methylation of Lys142, which lowers the stability
of DNMT]1, and AKT-mediated phosphorylation of DNMT1 at S143, resulting in
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increased stability. Not much research has been done on PP2A's function in
controlling DNA methylation. Earlier work in T cells showed that inhibiting the C
subunit of PP2A activates the AKT and ERK pathways, stabilizing DNMT1 and
increasing DNA methylation. (Sunahori et al., 2013). Our results in the human
cancer cell (HeLa) corroborate those findings. However, in the previous study, we
found PP2A promotes DNA hypermethylation, which contradicts the present finding
that PP2A activation through PME-1 leads to DNA hypomethylation (A et al., 2023).
This contradictory result could be due to the difference in the PP2A holoenzyme
complex formation upon PME-1 inhibition compared to the previous inhibition of
the A subunit.

The analysis of global DNA methylation patterns upon PME-1 or SET inhibition
further revealed the differences in gene regulatory mechanisms controlled by both
these proteins. Another possible explanation for the difference in DNA methylation
pattern is the low activity of PP2A in HeLa cells due to the expression of its
inhibitory proteins PME-1 and SET. Hence, activation of PP2A by PME-1 inhibition
resulted in a more profound effect compared to the siRNA-mediated PP2A
inhibition, which has a feeble effect due to the preexisting suppression of PP2A in
HeLa cells.

By further comparing the gene expression and DNA methylation data, we found
that PME-1 regulates both ERBB4 (HER4) transcriptome and methylome. HER4
has been previously shown to be regulated by DNA methylation, where the treatment
of HER4-negative BY20 cells with DNMTI1 inhibitor decitabine resulted in
demethylation at specific CpG islands and elevated HER4 expression (Das et al.,
2010). This result was consistent with our study, where PME-1 inhibition first led to
demethylation of HER4 and subsequent gene expression. PME-1 depletion is also
correlated with a decrease in DNMT1 protein levels, indicating the regulation of
HERA4 to be mediated through DNMT 1. However, in the present study, we could not
validate if HER4 expression is a direct result of DNMT1 downregulation or is
regulated through other pathways. Further validation experiments are needed to
confirm this.

To conclude, this work reveals a divergence in the roles of the PP2A inhibitory
proteins PME-1 and SET in controlling oncogenic transcription. We have discovered
a PME-1-specific function in regulating DNA methylation through the regulation of
DNMTI. It is important to note that while PP2A activation primarily suppresses
tumor growth, activation of RAS and ERBB4-mediated oncogenic signaling may
occur when PME-1 or SET inhibition is used to activate PP2A. On the other hand,
the activation of RAS and HER4 in response to PP2A activation suggests that RAS
and/or HER4 targeting in combination with PP2A reactivation therapy may improve
the therapeutic vulnerability of cancer cells. However, there are certain limitations
of the present study. We have used siRNA mediated depletion of PME-1 and SET
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which largely effected cell proliferation and had possible off target effects.
Furthermore, the off-target effects of the siRNA vary from one cell line to another.
Another limitation is that we have used only one cell line as a model system. To
generate robust signatures and further validate the present findings, these
transcriptional signatures need to be done in additional cell lines. Moreover, to
eliminate the effect of cellular toxicity of transient transfection, a CRISPR-Cas9
mediated knockdown of PME-1 and SET would lead to more reliable gene
signatures.
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Summary/Conclusions

My thesis addressed the previously uncharacterized roles of RAS and PP2A
cooperation in regulating protein phosphorylation and discovered an important link
between the RAS and PP2A-regulated phosphorylation events and their further
impact on regulating the control of epigenetic proteins.

Based on various novel findings supported by experimental evidence, the

following conclusions can be made from this thesis:

1.

84

Integrating the PP2A and RAS-regulated phosphoproteomics data, it was
found that their activities converge on regulating epigenetic proteins. This
thesis validated the functional relevance of some of the RAS and PP2A co-
regulated phosphorylation sites in regulating the stability and functioning of
the epigenetic proteins.

The present study discovered the antagonism in RAS and PP2A activity in
regulating the cellular localization of HDAC1 and HDAC2. Using a stepwise
transformation model, this work found that the cell transformation effects
mediated by RAS and PP2A are at least partially mediated through the
epigenetic mechanisms, as shown by the chromatin recruitment of HDAC1/2.

This study provides the first evidence of the role of PP2A in regulating the
core epigenetic processes, including DNA methylation and chromatin
organization. Using various epigenetic tools, it was found that PP2A promotes
DNA methylation and chromatin condensation.

This study found the two nuclear inhibitors of PP2A (PME-1 and SET) to
regulate highly diverse functions. While PME-1-mediated oncogenic
transcription was found to be associated with MYC, the SET-regulated
transcriptional signatures were found to be associated with p53. The present
study also discovered a previously unknown role of PME-1 in regulating DNA
methylation.
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