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MepiAnyn

H N-aAga-aketuAtpavogepdon 40 (NAA40) kartaAuel Tn  PETAQOPA  HIOG
OKETUAONABAG 0TO GA@a auIVOTEAIKO akpo TnG oepivng 1 (S1) oTig 10Téveg H4 kal
H2A. TNapdAo 1ou TTponyoupeveg PEAETEG €xouv ouvdEoel TV NAA40 pe Tov
KApKivo, N A€IToupyia TOU ETTIVEVETIKOU aQUTOU Trapdyovta Oev €xel dlepeuvnOEi.
21NV PEAETN autr Ocixvoupe o1 TO NAA4O €vCupo BpiokeTal ouxva augnuévo oe
a00evEiG NE KAPKIVO TOU evTEPOU evw Pelwpévn Ekppaon TNG NAA4O avaoTéAAel
TNV €MRIWON TWV KAPKIVIKWY KUTTAPWY TOU EVTEPOU KOl KOBUOTEPEI TNV AVATITUSN
avlpwWTTIVWV OYKWV O€ TTOVTIKIA. 2Z€ MOPIOKO €TTITTEOO avakaAuwaue 611 n NAA40
evepyotrolei v ékppaon G PRMTS (Protein arginine methyltransferase 5)
TTPWTEIVNG n OTToia OTn OUVEXEIQ KATOAUEI TN PETAPOPA PEBUAOPAdWY OTNV
TAeUpIKl aAucida Tng apyivivng 3 (H4R3me2s) eAéyxoviag Tnv €EKepaon
ONMAVTIKWY YOVIQIWV TTOU OXETICOVTAI hJE TV QVATITUEN TOU KOPKIVOU TOU EVTEPOU.
EmimmAéov, avdAuon Tou pETAYPAPUATOG KAl METOBOAIOUOU TWV KUTTAPWYV €OEICE
o1l N NAA40 eAéyxel TNV €EKQPacn BACIKWY YoVIdiwv OTOV KUKAO Tou avBpaka Kal
TNV a@Bovia Twv avTioTOIXWV PETABOANITWY. ZUYKEKPIPMEVA, HEOW TNG OPACNG TNG
w¢ akeTuATpavo@epdaon, n NAA40 puBuidel Tov PETABOAIKO KUKAO NG PeBIovivng
eTnpeddovTag €101 Ta €TmiTTeda PMEBUAIWONG TWV I0TOVWYV KAl TNV €MMIRiwon Twv
KOAPKIVIKWY KUTTAPWYV Tou evTépou. Eival eTriong onuavTtikG va onueiwBei Ot n
avadiapopwaon Tou PeTaBoAiopou TTou peocoAaBeite amd tTnv NAA40 tTpodyel Tnv
avTioTaon TwV KOPKIVIKWY KUTTAPWY TOU EVTIEPOU  OTn  XNUEloBepaTreia.
2uykekpipEva, N NAA40 digyeipel Tn peTaypa®rn Tou PETABOAIKOU yovidiou TYMS
(Thymidylate synthase) 710 Tpoibv TOU OTIOIOU OTOXEUETE QTIO  TO
XnueloBepatreuTikd @appako 5-FU (5-Fluorouracil). Kard cuvémeia oe dykoug atmo
a00eveig pe kapkivo Tou eviépou n Ekppacn TnG NAA40 oxeTifeTal Ye Ta ETTITTEOQ

Tou TYMS «kai peiwpévn avramokpion oto 5-FU. Mnxaviotikd, n NAA40
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evepyotrolei 1o TYMS  gumodifoviag Tnv  TOTTOBETNON  TNG  KOATAOTOATIKAG
Tpotrotroinong H2A/H4S1ph otnv Trepipépeia Tou TTUPAvVA  TwV  KUTTAPWV.
2UVOAIKA, Ta gupfpaTta TG MEAETNG AuTAG KaBopilouv Tov pubBuIoTIKO POAO TNG
NAA40 oTOov KOPKiVO TOU €VTEPOU Kal ONUEIWVOUV TNV duvatotnTtd Tng vad
XPNOoIJoTIoINGel WG €vag VEOG TTPOYVWOTIKOG TTAPAYOVTAG KAl BEPATTEUTIKOG

OTOXOG.
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Abstract

N-alpha-acetyltransferase 40 (NAA40) catalyzes the transfer of an acetyl moiety to
the alpha-amino group of serine 1 (S1) on histones H4 and H2A. Although
previous studies have linked NAA40 to cancer, the functional role of this
epigenetic modifier in colorectal cancer (CRC) development was not investigated.
Here, we show that NAA40 is commonly increased in CRC patient tissues while
depletion of NAA40 inhibits CRC cell survival and delays the growth of human
CRC xenograft tumors. Molecularly, we reveal that NAA40 activates the
expression of protein arginine methyltransferase 5 (PRMTS5), which then mediates
the deposition of H4R3meZ2s in order to control the expression of essential cancer-
associated genes and sustain CRC cell growth. Furthermore, using transcriptomic
and metabolomic analysis we demonstrate that NAA40 controls key one-carbon
metabolic genes and the abundance of corresponding metabolites. In particular,
through its acetyltransferase activity NAA40 regulates the methionine cycle
thereby affecting global histone methylation and CRC cell survival. Importantly,
NAA40-mediated metabolic rewiring promotes resistance of CRC cells to
chemotherapy in vitro and in vivo. Specifically, NAA40O stimulates transcription of
the one-carbon metabolic gene thymidylate synthase (TYMS), whose product is
targeted by 5-fluorouracil (5-FU) and accordingly in primary tumours NAA40
expression associates with TYMS levels and poorer 5-FU response.
Mechanistically, NAA40O activates TYMS by preventing enrichment of repressive
H2A/H4S1ph at the nuclear periphery. Overall, these findings define a regulatory
role for NAA40 in CRC and signify its potential as a novel predictive factor and

therapeutic target.
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CHAPTER 1

INTRODUCTION



1.1 ‘On top’ of genetics

The diverse types of cells that shape an organism harbor vastly identical genetic
material which is however differentially processed to guide the development of
functional tissues. The field of epigenetics was originally introduced by Conrad
Waddington in 1942 and has evolved as the study of potentially heritable traits that
occur in the absence of any alteration in the genomic DNA sequence itself
(Goldberg et al. 2007). The major epigenetic mechanisms that orchestrate gene

expression encompass DNA and histone modifications.

1.2 Chromatin structure

Within the nucleus of eukaryotic cells, DNA is packaged by orders-of-magnitude
into a tightly organized chromatin structure which serves as a physical barrier to
regulate the accessibility of DNA binding proteins such as chromatin remodeling
enzymes and transcription factors. At the lowest scale, the building blocks of
chromatin, known as nucleosomes, each comprises of 147 base pairs of DNA
wrapped around an octameric protein complex consisting of two copies of each of
the four histone proteins, H3, H4, H2A and H2B (Luger et al. 1997). Chromatin
emerges in two distinct states: a more loosely packed, gene-rich and permissive
for transcription form known as euchromatin and a highly compacted, gene-poor
and transcriptionally silenced configuration called heterochromatin. At a higher
scale, chromatin fibers are further folded into the tightly packed chromosome

structure (Figure 1.1A).
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Figure 1.1. Chromatin organization. (A) Eukaryotic cells package their genomes
in a highly regulated structure within their nucleus known as chromatin. Two
copies of each of the four core histone proteins, H2A, H2B, H3, and H4, form an
octamer around which 147 base pairs of DNA are wrapped, constructing the
nucleosome, which is the fundamental repeating unit of chromatin. Nucleosomes
are packed into higher order structures including the 30 nm chromatin fiber
(solenoid) and the highly condensed interphase chromosome structure. Chromatin
is mainly found in two distinct states: Euchromatin which is associated with an
open, active for transcription configuration and heterochromatin which is
associated with a closed and repressive for transcription conformation. TF,
transcription factor. (B) Chromosomes are elegantly packed into distinct territories
within the nucleus. Further compartmentalization of each territory reveals
transcriptionally permissive euchromatin regions that are more centrally positioned



and less dynamic transcriptionally inactive heterochromatin domains which can be
found at the nuclear periphery (LADs). Each compartment is in turn partitioned into
topologically associated domains (TADs) which mediate enhancer-promoter
interactions enabling gene expression. Adapted from Rada-Iglesias et al. 2018.

Chromosomes are not randomly distributed within the three-dimensional
nuclear space but they are spatially arranged into discrete territories based on
their chromatin conformation and activity (Figure 1.1B). This chromosome
compartmentalization is defined by two distinct domains at the megabase-
resolution. Compartment A represents a euchromatic active region that is more
centrally positioned within the nucleus. Compartment B refers to tightly packed
heterochromatic regions that are predominately located at the nuclear periphery
broadly known as lamina-associated domains (LADs) (Figure 1.1B) (Buchwalter et

al. 2018; Danieli and Papantonis 2020; Karoutas and Akhtar 2021; Rada - Iglesias

et al. 2018) or the nucleolar periphery forming the nucleolus-associated domains
(NADs) (Girelli et al. 2020). At the next level of organization, each of these
compartments is further sub-divided into topologically associated domains (TADs)
which are formed by several chromatin loops mainly arranged through the function
of CTCF and cohesin complexes facilitating the establishment of enhancer-

promoter spatial interactions (Figure 1.1B) (Mizi et al. 2020).
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Figure 1.2. Regulation of chromatin structure and transcription. (A) The 3D
organization of chromatin within the nucleus is tightly regulated by epigenetic
modifications. The euchromatic environment of Compartment A is enriched with
active histone marks such as H3K4me3. Conversely, heterochromatin located at
the nuclear lamina is composed of repressive marks such as H3K9me2/me3.
Adapted from Buchwalter et al. 2019. (B) Epigenetic modifications occurring on
DNA and histone proteins shape chromatin states and are dynamically regulated
by three distinct group of proteins: i) the “writers” that deposit modifications, ii) the
“erasers” that remove those modifications and iii) the “readers” that recognize
specific modifications or combinations of different marks recruiting or occluding
chromatin remodelers and the transcriptional machinery. Repressive epigenetic
marks, including methylation on DNA and histones establish heterochromatin and
prevent gene transcription. Conversely, activating marks, including acetylation,
methylation and phosphorylation of specific histone residues are enriched in
relaxed euchromatic regions that are accessible for transcription. Adapted from
Demetriadou et al. 2017.



1.3 Epigenetic modifications

The establishment of 3D genome organization to enable faithful gene activation or
gene repression is mediated through an expanding repertoire of chromatin
modifications (Figure 1.2A) (Bannister and Kouzarides 2011). Among them,
histone modifications and DNA methylation are considered the most well
characterized. Modifications occurring on histone proteins include the deposition of
numerous chemical groups, such as acetylation, methylation, phosphorylation,
ubiquitinylation, succinylation and propionylation on the structured globular domain
of histones or their unstructured tails protruding outwards from the nucleosome
core, whereas DNA methylation includes the covalent addition of methyl marks on
cytosine bases of the genome (Bergman and Cedar 2013; Kebede et al. 2015;
Kouzarides 2007; Xie et al. 2012). Epigenetic modifications sequentially or in
combination influence chromatin states to allow or prevent the recruitment of
protein complexes modulating all DNA-based processes, including DNA
replication, transcription and DNA damage response and repair (Figure 1.2B).
Generally, chromatin modifications are dynamically regulated by the function of
three different group of specialized proteins: the “writers” which catalyze the
addition of specific modifications, the “erasers” which are responsible for the
removal of those modifications and the “readers” which recognize and interpret

modifications to translate them into a specific functional outcome (Figure 1.2B).

1.3.1 DNA methylation

The DNA molecule can be methylated by DNA methyltransferase (DNMT)
enzymes which transfer a methyl group from S-adenosyl methionine (SAM) to the

fifth carbon of cytosine bases (5-methylcytosine or 5mC) in CpG dinucleotides



(Bergman and Cedar 2013). In healthy cells, CpG sites across the entire genome
are heavily methylated, while CpG-rich promoter regions, known as CpG islands
(CGls), remain mostly unmethylated (Greenberg and Bourc’his 2019). In
mammals, DNMT3A and DNMT3B enzymes catalyze de novo DNA methylation,
whereas DNMT1 is responsible to sustain 5mC upon cell division (Lyko 2017).
Methylated CpG regions facilitate heterochromatin formation near the nuclear
lamina and mediate transcriptional silencing of the target genes (Bergman and
Cedar 2013). Although DNA demethylase enzymes have not been discovered yet,
DNA demethylation is conveyed by the Ten-eleven translocase (TET) family of
dioxygenases through hydroxylation of 5-methylcytosine to hydroxymethylcytosine
(5hmC), formylcytosine (5fC) and eventually carboxylcytosine (5caC) (Greenberg
2021; Wu and Zhang 2017). TET-mediated oxidized 5mC is reduced at actively
transcribed genes but is enriched at bivalent promoters indicating a possible role
in the transcriptional regulation of poised genes during differentiation. Higher
levels of 5ShmC were also seen in gene bodies as opposed to transcription start
sites suggesting the contribution of 5mC oxidation in transcriptional elongation

(Wu and Zhang 2017).

1.3.2 Histone modifications

Despite the variety of histone covalent modifications discovered thus far,
acetylation and methylation added either during (CTMs) or after (PTMs) translation
are the most well documented and typically exist in two distinct types. Internal (In)
modifications occur on the side chain of internal amino acid residues (i.e., lysines,
arginines, glutamines) on histone proteins, whereas N-alpha terminal (Nt) marks

are located at the N-terminal end of histone tails (Figure 1.3A). Importantly, the



deposition of In and Nt histone modifications occurs through distinct sets of
enzymes specialised for these tasks (Figure 1.3B-E).

The In-acetylation (In-ac) comprises the covalent attachment of an acetyl
group from acetyl-coenzyme A (Ac-CoA) to the epsilon-amino group (Nf) of an
internal lysine residue, a process regulated by the opposing catalytic roles of
histone acetyltransferases (HATs) and histone deacetylases (HDACs) (Figure
1.3B). HATs are classified into three major families based on their structure and
sequence homology: MYST (MOZ, Ybf2/Sas3, Sas2 and TIP60) containing Tip60,
HBO1, MOF, MOZ and MORF enzymes; GNAT (Gcn5-related N-
acetyltransferase) consisted of HAT1, PCAF and GCN5 enzymes; and p300/CBP
(p300 and CREB-binding protein) comprised of p300 and CBP acetyltransferases
(Demetriadou and Kirmizis 2017). On the other hand, HDACs fall into four different
categories: Class | (HDAC1-3), Class Il (HDAC 4-10), Class lll (SIRT1-7) and
Class IV (HDAC11) (Li et al. 2020). In-lysine acetylation on histone proteins is

generally associated with transcriptional activation either directly or indirectly.
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Figure 1.3. Comparison of Internal vs N-terminal histone modifications. (A)
Internal (In) modifications are deposited on the amine group located on the side
chain of internal amino acids on the octameric core domain or the N-terminal tails
of histone proteins. Conversely, N-alpha terminal (Nt) marks are located at the N-
terminal end of histone tails. (B) A HAT catalyzes the transfer of an acetyl group
from Ac-CoA to the g-amino group of an internal lysine residue. Ne-lysine
acetylation is reversed by HDACs. (C) NATs transfer an acetyl group from Ac-CoA
to the a-amino group of the first amino acid residue at the N-terminal tip of histone
proteins. N-alpha terminal acetylation is believed to be static as no NDACs have
been identified yet. (D) A variety of In-me are currently known to occur on different
residues including lysine, arginine, and glutamine. As an example the mono-, di- or
trimethylation of internal lysine e-amino groups catalyzed by KMTs using SAM as
the methyl donor. The lysine demethylase reaction is driven by KDMs (LSD1 and
JmjC domain-containing proteins). (E) The mono-, di- and trimethylation of the a-
amino group on the first amino acid residue of histones is catalyzed by NTMTs



using SAM as the methyl donor . N-alpha terminal methylation is described as a
constitutive PTM as NTDMs remain to be discovered (Demetriadou et al. 2020).
The addition of an acetyl group on lysine side chains neutralizes the positive
charge of histone proteins and thereby weakens the association with the
negatively charged phosphate backbone of DNA unlocking chromatin for
transcription. Alternatively, acetyl lysine marks can function as docking sites for
bromodomain-containing proteins which act as ‘readers’ of these acetyl tags in
order to recruit additional effector proteins, such as chromatin remodelers, to alter
chromatin architecture ultimately enabling access to the transcriptional machinery
(Demetriadou and Kirmizis 2017).

The In-methylation (In-me) is commonly deposited on lysine or arginine
residues by histone methyltransferases. Within this group of enzymes, protein
lysine  methyltransferases (KMTs), transfer methyl groups from S-
adenosylmethionine (SAM) to the epsilon (Nf) amino group of internal lysine
residues (Figure 1.3D). Each individual lysine residue can be mono- (N&-
monomethyllysine), di- (N&-dimethyllysine), or trimethylated (N&-trimethyllysine)
(Figure 1.3D). KMT family includes a wide variety of histone methyltransferase
enzymes with different specificities towards histone residues such as SET1, MLL1-
4, SUV39H1/2, G9a, Ezh1/2, NSD1 and DOT1L (Hyun et al. 2017). On the other
hand, the guanidino (N®) amino group of internal arginine residues is
monomethylated (w-N®-monomethyl-L-arginine) or asymmetrically (w-N©, NC-
dimethyl-L-arginine)/symmetrically (w-N€, N€-dimethyl-L-arginine) dimethylated by
arginine methyltransferases (PRMTs). PRMTs are divided into three major
classes: type | (PRMT1, PRMT2, PRMT3, PRMT4, PRMT6, PRMT8) which
catalyze asymmetric dimethylarginine, type Il (PRMTS5 and PRMT9) that deposit

symmetric dimethylation and type Il (PRMT7) that mediates the formation of
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monomethylarginine (Blanc and Richard 2017). Generally, the function of histone
In-methylation is more complex than In-acetylation since it associates with both
active and repressed chromatin states depending on the histone amino acid
residue bearing the modification as well as, the degree of methylation. Typically,
H3K4me3, H3K36me3, H3K79me2, H4R3me2a, and H3RZ2me2s are associated
with transcriptionally active euchromatin at Compartment A within the nucleus
while H3K9me3, H3K27me3, H4K20me2, H4R3me2s and H3R2me2a are linked
to transcriptionally silenced heterochromatin at Compartment B (Figure 1.2) (Black
et al. 2012; Blanc and Richard 2017). Histone In-me exerts its effects on gene
expression by recruiting effector proteins containing certain motifs such as
chromo-, tudor- or PHD-domains that can read the methylation site and remodel
nucleosomes rather than by altering the local chemical environment (Hyun et al.
2017). In-methylation on lysine residues can be reversed by demethylases (KDMs)
which are categorized into two enzymatic groups: the FAD-dependent containing
KDMs (eg. LSD1/KDM1A and LSD2/KDM1B) and the Jumoniji C (JMJC) domain
containing KDMs (eg. JHDM2, JARID1 and NOG66) (Black et al. 2012; Shi et al.
2004; Tsukada et al. 2005). Although arginine demethylases remain to be
identified, there is supporting evidence that arginine demethylation can be
catalyzed by the JMJC enzymes (Blanc and Richard 2017).

For many decades research on histone modifications has been focused
almost solely on the biological role of modifications occurring at the side-chain of
internal amino acid residues. In contrast, modifications on the terminal N-alpha
amino group of histones—despite being highly abundant and evolutionarily
conserved—have been largely overlooked. In contrast to In-modifications, Nt-
marks occur on the alpha-amino group of the first amino acid residue of the

histone proteins mainly upon the removal of the initiator N-terminal methionine
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(INt-Met) by Met-aminopeptidases (MetAPs). These Nt-modifications occur
through the action of histone N-terminal-transferases (NTTs) which can establish
the acetylation and methylation of the a-amino group (Demetriadou et al. 2020). N-
alpha terminal acetylation (Nt-ac) of histones involves the transfer of an acetyl
moiety from Ac-CoA to the free a-amino group of the first amino acid residue on
nascent polypeptides through the action of N-terminal acetyltransferases (NATSs);
whereas, N-alpha terminal methylation (Nt-me) involves the addition of 1-3 methyl
groups from SAM to the a-amino group on the very N-terminal tip of histones, and
is specifically catalyzed by N-terminal methyltransferases (NTMTs) (Figure 1.3E).
Unlike the highly dynamic In-modifications, Nt-marks are so far believed to be
static and removed passively through cell division or histone exchange since
neither N-terminal deacetylases (NDACS) nor N-terminal demethylases (NTDMs)

have to our knowledge been discovered yet.

1.3.3 Crosstalk amongst epigenetic modifications

Epigenetic modifications often cross-regulate each other in order to generate a
highly dynamic interplay amongst chromatin marks, which is essential in defining
gene expression patterns (Suganuma and Workman 2008). Such synergistic or
antagonistic cross-talks can occur either on the same histone (cis), or between
different histone tails within the same nucleosome or on neighboring nucleosomes
(trans), thus creating a highly complex histone language originally described as
the ‘histone code’ (Lee et al. 2010; Molina-Serrano et al. 2013). Deregulation of
epigenetic enzymes disrupts the highly dynamic interplay between chromatin
modifications leading to aberrant expression of oncogenes and tumour suppressor

genes and thus carcinogenesis (Dawson and Kouzarides 2012).
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For instance, deacetylation of H3K27 residue by the NURD complex
triggers polycomb repressive complex 2 (PRC2) recruitment and the deposition of
H3K27me3 by Ezh2 leading to gene silencing (Figure 1.4) (Reynolds et al. 2012).
Additionally, H3S10ph reinforces GCN5 histone acetyltransferase to catalyze
H3K14ac, which is associated with transcriptionally active chromatin (Figure 1.4)
(Lo et al. 2000). Interestingly, H3S10ph also promotes the recruitment of MOF
acetyltransferase within the FOSL1 enhancer to catalyze H4K16ac and promote
transcription in a trans-tail regulation interplay (Figure 1.4) (Zippo et al. 2009).
Another trans-histone cross-talk was recently unveiled where the combination of
H4K16ac and H2BK123Ub marks directly stimulates the catalytic activity of Dot1

methyltransferase towards H3K79me2/me3

GCN5/\ \j’
© b ®
ARTKQTARKSTGGKAPRKQLATKAARKSAPATGGVK- H3

L—» MOF

’

SGRGKGGKGLGKGGAKRHRKVLRD- H4

Figure 1.4. Interplay among histone marks. The wide variety of different histone
modifications interplay with each other forming a complex web known as the
“histone code”. For instance, H3S10ph recruits GCNS5 acetyltransferase to
catalyze the adjacent H3K14ac. Additionally, removal of K27 acetylation by the
NURD complex enables the recruitment of PRC2 complex to -catalyze
trimethylation on the same lysine residue. Cross-talk among histone modifications
can also occur in trans. For example, H3S10ph can be also recognized by MOF
acetyltransferase promoting acetylation of K16 on histone H4.
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(Valencia-Sanchez et al. 2021). Additionally, it was recently reported that JARID2
and AEBP2 recognize and bind nucleosomes that are marked with H2AK119ub1,
H3K4me3 and H3K36me3 to recruit PRC2 complex and mediate H3K27me3
(Kasinath et al. 2021). Of note, histone marks do not interplay only with each other
but also with DNA methylation. For example, the ADD domain of DNMT3A and
DNMT3B is occluded by the presence of H3K4me3 on the promoters of actively
transcribed genes, while PRC2-mediated H3K27me3 can be repelled by
DNMT3A-associated DNA methylation from the CGls of neural genes during
neurogenesis (Wu et al. 2010; Zhang et al. 2010). Additionally, DNMT3A
recognizes and binds PRMT5-mediated H4R3me2s repressive mark to stimulate

DNA methylation and support gene silencing (Zhao et al. 2009).

1.4 Linking metabolism with the epigenome

Epigenetic regulation of gene expression is in tune with cell metabolism
dynamically influencing one another to maintain homeostasis (Figure 1.5). In fact,
chromatin-modifying enzymes and their associated post-translational modifications
(PTMs) alter the metabolome by modulating the transcription of genes encoding
essential enzymes involved in metabolic pathways such as glycolysis, fatty acid
synthesis and one-carbon metabolism (Dai et al. 2020; Li et al. 2018).
Reciprocally, metabolic cell function controls the abundance of crucial intermediary
metabolites which serve as substrates or co-factors of chromatin modifiers
inevitably affecting epigenetic modifications (Figure 1.5) (Kinnaird et al. 2016;
Schvartzman et al. 2018). Aberrant rewiring of these strongly interconnected
pathways has been linked to a multitude of diseases, including diabetes, obesity,

aging and cancer (Kinnaird et al. 2016; Campbell and Wellen 2018).
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1.4.1 Metabolic control of the epigenome

The catalytic activity of writer and eraser enzymes towards chromatin covalent
modifications is controlled by different metabolites. As the key regulators of
transcription, histone acetylation and methylation of histones or DNA are
reciprocally among the most responsive chromatin modifications to metabolic
fluxes. More recently, metabolic regulation of additional histone marks, such as

crotonylation and succinylation has been described (Figure 1.6) (Li et al. 2018).

Metabolic Metabolites
enzymes v
Epigenetics
Metabolism
Epigenetic Epigenetic
modifications Modifiers

500" &b

Figure 1.5. Epigenetics and metabolism cross-talk. Epigenetics and
metabolism interact with each other. Epigenetic enzymes through chromatin
modifications regulate the expression of genes encoding metabolic enzymes.
Reciprocally, metabolic enzymes control the synthesis of intermediary metabolites
which are utilized as substrates or cofactors of epigenetic enzymes to catalyze
chromatin modifications such acetylation (ac) and methylation (me) on histones
and/or DNA.
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Figure 1.6. Epigenetic regulation by intermediary metabolites. The different
covalent modifications on DNA and histone proteins are mediated or inhibited by
metabolites that regulate the activity of epigenetic enzymes. Histone residues can
be also modified directly by metabolic enzymes, such as PKM2. a-KG, a-
ketoglutarate; BHB, (-hydroxybutyrate; Bhb, B-hydroxybutyrylation; 2-HG, 2-
hydroxyglutarate; Ac, acetylation; Ac-CoA, acetyl-CoA; AR, ADP ribosylation; Bu,
butyrylation; Bu-CoA, butyryl-CoA; But, butyrate; Ci, citrullination; Cr,
crotonylation; Cr-CoA, crotonyl-CoA; DNMT, DNA methyltransferase; Fo,
formylation; Fum, fumarate; Glu, glutarylation; GMPS, GMP synthase; HAT,
histone acetyltransferase; HDAC, histone  deacetylase; Hib, 2-
hydroxyisobutyrylation; JMJC, Jumonji C domain-containing demethylase; JMJDG,
Jumonji domain-containing 6; KMT, lysine methyltransferase; LSD, lysine-specific
histone demethylase; Ma, malonylation; Me, methylation; NAM, nicotinamide; OG,
O-GIcNAcylation; OGA, O-GIcNAcase; OGT, O-GIcNAc transferase; OH,
hydroxylation; P, phosphorylation; PARP, poly(ADP) ribose polymerase; PKM2,
pyruvate kinase M2 isoform; Pr, propionylation; Pr-CoA, propionyl-CoA; PRMT,
peptidyl-arginine methyltransferase; SAM, S-adenosylmethionine; SIRT, sirtuin;
Su, succinylation; Suc, succinate; Suc-CoA, succinyl-CoA; Sum, sumoylation;
TET, ten-eleven translocation (DNA demethylase); Ub, ubiquitylation; UDP-
GIcNAc, uridine diphosphate N-acetylglucosamine; USP7, ubiquitin-specific
processing protease 7 (Li et al. 2018).
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1.4.1.1 Metabolic regulation of histone acetylation

HAT enzymes rely on acetyl-coA (Ac-CoA) intermediary metabolite as the sole
acetyl donor for catalyzing either internal or N-terminal acetylation. Acetyl-CoA is
produced by different enzymes during anabolic and catabolic pathways. It is
primarily synthesized in the mitochondria from glucose-derived pyruvate through
glycolysis by pyruvate dehydrogenase complex (PDC). Once it enters the
tricarboxylic acid (TCA) cycle in the mitochondria, acetyl-CoA is combined with
oxaloacetate to generate citrate. Citrate can then be exported in the cytoplasm
and/or nucleus where it is used by ATP-citrate lyase (ACLY) enzyme to synthesize
Ac-CoA within those compartments. Additionally, Ac-CoA can be generated from
free acetate under stress conditions either through the function of acyl-CoA
synthetase short-chain family members 1 and 3 (ACSS1/ACSS3) in the
mitochondria or by the ACSS2 enzyme found within the cytosol or the nucleus
(Figure 1.7) (Campbell and Wellen 2018; Haws et al. 2020; Schvartzman et al.
2018).

Fluctuations in the abundance of acetyl-CoA as a function of nutrient availability
or disruption of the metabolic enzymes that produce it impact histone acetylation
and gene expression (Sivanand et al. 2018; Kinnaird et al. 2016). For instance,
high glucose concentrations induce ACLY-dependent histone hyperacetylation,
while ACLY depletion reduces global histone acetylation which is accompanied by
transcriptional repression of various glycolytic genes in a possible positive
feedback loop mechanism (Wellen et al. 2009). Additionally, high acetyl-CoA
availability produced by glucose or galactose in Sacharomyces cerevisiae
enhances GCNb5- mediated histone acetylation specifically at cell cycle

progression genes to promote cell proliferation (Cai et al. 2011).
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Figure 1.7. Metabolic regulation of acetylation and methylation. Metabolites
derived from several biosynthetic pathways including the TCA cycle and one-
carbon metabolism control acetylation and methylation reactions. Acetyl-CoA,
produced from pyruvate, citrate or acetate by PDC, ACLY or ACSS enzymes,
respectively supplies acetyl-groups for histone acetylation or alternatively for fatty
acid and/or cholesterol synthesis. Histone acetylation is competed by sirtuins that
use NAD* for the removal of acetyl groups. S-adenosylmethionine (SAM),
synthesized by MAT enzyme in the methionine cycle donates carbon units for
histone methylation while it can be also used for phospholipid production.
Methylation turnover is mediated by demethylase enzymes whose activity is
regulated by fumarate, succinate and a-ketoglutarate. ACLY, ATP-citrate lyase;
ACSS, acyl-CoA synthetase short-chain; FH, fumarate hydratase; IDH, isocitrate
dehydrogenase; MAT, methionine adenosyltransferase; PC, phosphatidylcholine;
PDC, pyruvate dehydrogenase complex; PE, phosphatidylethanolamine; SDH,
succinate dehydrogenase. Adapted from Campbell and Wellen 2018.
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Histone acetylation in response to alterations in acetyl-CoA levels is competed by
de novo fatty acid and cholesterol biosynthesis that also require acetyl-CoA
(Figure 1.7). In addition to canonical acetyl-CoA-mediated histone acetylation,
several histone acylation marks, including crotonylation, butyrylation, succinylation
and propionylation require acyl-CoA groups such as crotonyl-CoA and propionyl-
CoA (Figure 1.6). However, the metabolic enzymes involved and the effects of
acyl-CoA fluctuations on histone acylation and gene expression await further study
(Diehl and Muir 2020; Haws et al. 2020).

Histone deacetylation is also sensitive to changes in metabolite
availability. The activity of Class | and Class || HDACs is inhibited by intermediary
metabolites synthesized through fatty acid hydrolysis such as butyrate and (-
hydroxybutyrate. Moreover, sirtuins require oxidized NAD (NAD") as a cofactor to

deacetylate histones (Figure 1.7) (Chalkiadaki and Guarente 2012).

1.4.1.2 Metabolic control of chromatin methylation

Similarly to HATs, all histone and DNA methyltransferases utilize SAM
intermediary metabolite as the primary methyl donor for both DNA and Internal/N-
terminal histone methylation. SAM is synthesized in the methionine cycle from the
adenylation of the essential amino acid methionine by the ATP-dependent
methionine adenosyltransferase (MAT) (Figure 1.7) (Dai et al. 2020; Mentch and
Locasale 2016). The methionine cycle is at the core of one-carbon metabolism
that circulates carbon units
derived from glucose, betaine or various amino acids (e.g. serine, glycine,
threonine, methionine) used as “inputs” to produce several “outputs”, such as

nucleotides, phospholipids, SAM and glutathionine supporting vital cellular
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processes including DNA synthesis, lipogenesis, redox balance and epigenetic
states (Figure 1.8). Within one-carbon metabolic network, methionine cycle is
coupled to both the folate cycle and trans-sulfuration pathway which cooperate to
sustain cellular homeostasis by governing the faithful dispersion of methyl units
between the different outputs (Ducker and Rabinowitz 2017; Shuvalov et al. 2017).

By donating one methyl group to methyltransferases for the methylation of
cytosine and histone residues or phospholipids, SAM is demethylated to form S-
adenosyl-homocysteine (SAH), a competitive inhibitor of HMT and DNMT
enzymes (Locasale 2013; Serefidou et al. 2019; Ye et al. 2017). Subsequently,
SAH is hydrolyzed to homocysteine (hCYS) that enters the trans-sulfuration
pathway to generate cysteine which is tightly linked to glutathionine synthesis and
thus the maintenance of the redox state (Figure 1.8) (Locasale 2013). Importantly,
in liver cells or under methionine-deprived conditions SAM intracellular pools are
also supported by serine-derived methyl groups donated from the folate cycle for
the recycling of hCYS back to methionine. The key enzyme that links the folate
cycle with homocysteine remethylation and SAM synthesis is called
Methylenetetrahydrofolatereductase (MTHFR) and catalyzes the transfer of a

methyl group from 5,10-methyleneTHF (me-THF) to 5-methylTHF (m-THF).
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Figure 1.8. One-carbon metabolic network. One-carbon (1C) metabolism mainly
consists of the three interconnected folate, methionine and transulfuration
pathways which distribute carbon units among different acceptor molecules. Folate
cycle is activated by methyl groups mainly derived from serine and glycine. me-
THF is used by TYMS for the methylation of dUMP to dTMP serving nucleotide
production and DNA synthesis. Alternatively, me-THF is reduced by MTHFR to m-
THF which in turn donates one carbon unit for the remethylation of hCys resulting
in the formation of methionine thus introducing methionine cycle. Methionine,
which can also be obtained through diet, is used by MAT to form SAM which in
turn donates a methyl group to HMTs/DNMTs or PEMT for chromatin methylation
and lipidogenesis, respectively. hCys can be also recycled back to methionine
through the conversion of betaine to DMG. After demethylation, SAM is converted
to SAH which is then reduced back to hCys. The fraction of hCys that is not used
for methionine remethylation enters the trans-sulfuration pathway for the synthesis
of cysteine which is in turn used for glutathionine production supporting the cellular
redox balance. CTH, cystathionine gamma-lyase; DMG, dimethylglycine; DNMT,
DNA methyltransferase; hCYS, homocysteine; HMT, histone methyltransferase;
MAT, methionine adenosyltransferase; me-THF, 5,10-methylenetetrahydrofolate;
m-THF, 5-methyltetrahydrofolate; MTHFR, methylenetetrahydrofolatereductase;
PC, phosphatidylcholine; PE, phosphatidylethanolamine; PEMT, PE
methyltransferase; SAM, S-adenosylmethionine; TYMS, thymidylate synthase.
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The latter supplies hCYS with the carbon unit needed for methionine formation.
However, thymidylate synthase (TYMS), another key player of the folate cycle,
converts  deoxyuridine  monophosphate  (dUMP) to  deoxythymidine
monophosphate (dTMP) by competing with the MTHFR enzyme for the one-
carbon unit me-THF therefore promoting DNA synthesis, at the cost of chromatin
methylation (Figure 1.8) (Locasale 2013; Shuvalov et al. 2017). Moreover, SAM
production can also be mediated through hCYS remethylation in a folate-
independent manner via the utilization of choline-derived betaine as the carbon
source resulting in methionine and dimethylglycine (DMG) (Serefidou et al. 2019).
Likewise to the effect of acetyl-CoA on histone acetylation levels,
fluctuating levels of SAM based on nutrient availability or metabolic enzyme
activity interfere with histone and/or DNA methylation (Schvartzman et al. 2018).
Accumulating evidence shows that methionine deprivation in cultured cells rapidly
lowers SAM abundance leading to global reduction of histone and/or DNA
methylation levels (Mentch et al. 2015; Roy et al. 2020; Shiraki et al. 2014). In
mouse embryonic stem cells (ESCs) reduction of SAM intracellular concentration
via threonine restriction decreases histone methylation and in particular
H3K4me2/me3, impeding pluripotency and stimulating differentiation (Shyh-Chang
et al. 2012). Surprisingly, it was also shown that under methionine starvation
conditions, serine contributes to intracellular SAM pools and DNA methylation by
supporting de novo ATP synthesis independently of homocysteine remethylation
(Maddocks et al. 2016). A supporting study depicted that lipopolysaccharide-
induced inflammation of macrophages induces the methionine cycle and SAM
accumulation through ATP synthesis leading to increased H3K36me3 occupancy
in inflammatory genes (Yu et al. 2019). Beyond dietary interventions, chromatin

methylation can be influenced by the activity of metabolic enzymes implicated in
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SAM generation and catabolism. For instance, excess Nicotinamide N-
methyltransferase (NNMT), which consumes a methyl group from SAM to form
nicotinamide, reduces SAM abundance resulting in decreased levels of total
histone methylation at various lysine residues such as H3K4, H3K9, H3K27 and
H4K20 (Ulanovskaya et al. 2013). Accordingly, NNMT-mediated SAM buffering
lowers H3K27me3 on key developmental and metabolic genes preventing naive-
to-primed transition of human ESCs (Sperber et al. 2015). Furthermore, elevated
glycine N-methyltransferase (GNMT) expression, the enzyme responsible for the
methylation of glycine to sarcosine using SAM as the methyl donor, dampens
homocysteine remethylation flux and lowers SAM concentration which reduces
global 5mC levels (Wang et al. 2011). An additional study showed that loss of
LAT1-mediated uptake of methionine reduces intracellular SAM levels and
therefore decreases the bulk levels of several histone methylation marks including
H3K27me2/me3, H3K4me3 and H4K20me2 (Dann et al. 2015).

Despite the fact that serine-derived carbon units entering the folate cycle
encompass a major source for SAM synthesis through homocysteine
remethylation, studies showing how carbon flux between methionine and folate
cycles affects epigenetic states are limited. As mentioned above, the utilization of
folate cofactors and in particular methyleneTHF is competed by nucleotide and
SAM synthesis through the opposing functions of TYMS and MTHFR, influencing
genome stability and transcription. This metabolic competition is tightly regulated
by various metabolic enzymes such as C1 tetrahydrofolate synthase (MTHFD1)
and serine hydroxymethyltransferase (SHMT) (Herbig et al. 2002; MacFarlane et
al. 2009). MTHFD1 deficiency in mice diminishes homocysteine remethylation and
thus SAM levels which is accompanied by reduction of trans-sulfuration pathway

activity with concomitant induction of thymidylate synthesis (MacFarlane et al.
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2009). However, the impact of those changes on histone or DNA methylation is
unclear.

Chromatin methylation turnover also requires the presence of metabolites
that are primarily generated as intermediates of the TCA cycle. For example, TET
and JMJD enzymes use isocitrate dehydrogenase (IDH)-mediated alpha
ketoglutarate (a-KG) as a co-substrate for the removal of methyl groups from DNA
and histone proteins respectively (Figure 1.7) (Dai et al. 2020). Conversely,
metabolites such as succinate dehydrogenase (SDH)-dependent succinate and
fumarate hydratase (FH)-dependent fumarate are structurally similar to a-KG and
hence function as competitive antagonists blocking the demethylase activity of
TETs and JMJDs (Figure 1.7) (Campbell and Wellen 2018; Li et al. 2018).
Impairment of SDH and FH enzymes leads to substantial accumulation of
succinate and fumarate potentiating global histone and DNA methylation by
poisoning the activity of TETs, KDM2A and KDM4A (Xiao et al. 2012). In addition
to JMJDs, the activity of LSD histone demethylases is dependent on the flavin
adenine dinucleotide (FAD) cofactor that is synthesized by riboflavin (Etchegaray
and Mostoslavsky 2016). Depletion of riboflavin kinase (RFK), mutation on the
FAD binding site of LSD1 or treatment of adipogenic cells with a riboflavin
antagonist lead to reactivation of LSD1-target genes (Hino et al. 2012). Together,
these studies suggest that epigenetic reprogramming in response to metabolic
rewiring changes the expression of certain genes controlling cell growth,
proliferation and differentiation. Nevertheless, future research will be needed to
unveil whether specific alterations in transcription are indeed reflective of global

changes in histone modifications.
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1.4.2 Epigenetic regulation of metabolism

Although several lines of evidence support the impact of cellular metabolic activity
on chromatin modifications, the influence of epigenetic modifiers in the regulation
of metabolism at the gene expression level is underexplored. Intriguingly, it was
previously reported that SIRT6 acts as a crucial regulator of glucose metabolism
through Hif1a-mediated recruitment at the promoters of important glycolytic genes
encoding glucose transporter (GLUT), lactate dehydrogenase (LDH), pyruvated
dehydrogenase (PDH) and phosphofructokinase-1 (Pfk-1) to mediate their
transcriptional repression via H3K9 deacetylation (Zhong et al. 2010). Additionally,
de novo serine synthesis is directly regulated by the function of G9A (EHMT2)
histone methyltransferase towards H3K9me1 at the transcriptional start site of
associated metabolic genes including phosphoglycerate dehydrogenase (PHGDC)
and hydroxymethyltransferase 2 (SHMT2) activating their expression (Ding et al.
2013). The serine biosynthetic pathway, as well as the biosyntheis of other amino
acids including alanine, arginine and cysteine were also found to be regulated by
KDM4C demethylase at the gene expression level. Particularly, it was shown that
KDM4C (JMJD2C) catalyzes the removal of H3K9me3 at the promoter of several
amino acid biosynthesis genes, such as PHDGC, phosphoserine
aminotransferase 1 (PSAT1), argininosuccinate synthase 1 (ASS1) and
cystathionine gamma-lyase (CTH) accelerating their expression (Zhao et al. 2016).
Moreover, LSD1 histone demethylase drives energy metabolism through
demethylation of H3K4me2/me3 and epigenetic silencing of various energy-
expenditure genes, such as PPARy coactivator-1a (PGC-1a) and pyruvate

dehydrogenase kinase 4 (PDK4) (Hino et al. 2012).
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Beyond the more conventional gene regulatory mechanisms employed by
histone modifications and their associated epigenetic modifiers, another intriguing
possibility is that changes in the global levels of very abundant histone marks can
also directly influence cellular metabolic homeostasis. A compelling hypothesis put
forward lately is that due to the abundance of histone proteins, the consumption of
intermediate metabolites, such as Ac-CoA and SAM, during the deposition of
PTMs/CTMs can alter the metabolite pools and influence cell metabolism
(Martinez-Pastor et al. 2013; Ye and Tu 2018). Another interesting example of
chromatin-associated metabolic regulation that is independent of transcription lies
in the histone variant macroH2A1.1. It was recently shown that during myogenic
differentiation macroH2A1.1 directly binds PARP-1 and compromises nuclear
NAD* consumption by the latter leading to increased levels of the NAD™ precursor,
NMN. High levels of NMN enable mitochondrial NAD* synthesis and respiration

thus fine-tuning energy metabolism (Posavec Marjanovic et al. 2017).

1.4.3 Rewiring of the epigenetic-metabolism axis in cancer

In order for tumour cells to acquire and maintain unabated cell proliferation they
need to remodel their intertwined epigenetic and metabolic programs favoring
macromolecule biosynthesis, energy production, activation of oncogenes and
inactivation of tumour suppressor genes (DeBerardinis and Chandel 2016;
Flavahan et al. 2017). Oncogenic mutations or aberrant expression of histones,
chromatin modifiers and metabolic enzymes can drive tumour initiation and
progression. Hence, expanding our knowledge on the molecular mechanisms

through which this bidirectional link between the epigenome and metabolome
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shapes cancer-associated phenotypes is highly challenging and could open new
avenues in cancer therapy.

One of the most well-known examples of the metabolic and epigenetic
interplay in cancer stems from the discovery of oncogenic mutations in the
isocitrate dehydrogenase (IDH1 and IDH2) enzymes that catalyze the reduction of
isocitrate (ICT) to a-KG. As a result, mutated IDH1/2 in acute myelogenous
leukemias and low-grade gliomas catalyze the conversion of a-KG to the
structurally similar D-2-hydroxyglutarate (2-HG) oncometabolite which acts as a
competitive inhibitor blocking the activity of TET and several JMJD enzymes and
increasing global DNA and histone methylation (Xu et al. 2011). In a subsequent
study it was reported that IDH point-mutant gliomas display CpG hypermethylation
at cohesin and CTCF-binding sites attenuating the recruitment of CTCF at a
topologically associated domain (TAD) boundary which is crucial for obstructing
the enhancer-receptor tyrosine kinase (PDGFRA) gene interaction and PDGFR
silencing (Flavahan et al. 2015). In the absence of oncogenic mutations, IDH1 and
IDH3 aberrant activity in glioblastoma interferes with histone and DNA methylation
through deregulation of a-KG and SAM generation, respectively (Calvert et al.
2017; May et al. 2019). Moreover, loss of SIRT6 tumour suppressor function was
found to induce oncogene-independent malignant transformation and tumour
formation in mice through activation of genes involved in glycolysis and ribosome
metabolism (Sebastian et al. 2012). In hepatocellular carcinoma, increased
acetate consumption by ACSS1/2 enzymes under hypoxic stress conditions
rapidly induces H3K9ac, H3K27ac and H3K56ac on the promoters of lipogenic
genes including FASN and ACACA stimulating their expression and promoting de

novo fatty acid synthesis and carcinogenesis (Gao et al. 2016).
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Malfunctions in one-carbon metabolism and particularly in the interplay
between nucleotide biosynthesis and SAM-dependent histone methylation
pathways are also linked to cancer progression. For instance, NNMT is frequently
upregulated in various tumour types such as lung, liver and colon cancers and
contributes to oncogenesis by diminishing SAM pools and maintaining low global
histone methylation levels (Ulanovskaya et al. 2013; Wong et al. 2017). Moreover,
TYMS also harbors oncogenic potential accelerating malignant transformation and
the growth of xenograft tumours through high dTMP synthesis (Rahman et al.
2004). Therefore, elevated serine-glycine biosynthetic pathway facilitates cancer
progression by providing an unlimited carbon source for nucleotide production and
DNA synthesis or repair supporting the high demands of rapid cancer cell
proliferation (Gao et al. 2019). Nevertheless, how the oncogenic induction of
nucleotide metabolism by TYMS impacts SAM synthesis advocating cancer-
related phenotypes is still elusive.

The crosstalk between epigenetics and metabolism in cancer biology has
translational implications that should be taken into consideration in drug discovery
and application. In particular, drugs known to target metabolic pathways could also
target the epigenetic landscape. For example, caloric-restriction mimetics, such as
the ACLY inhibitor SB-204990 and hydroxycitrate deplete acetyl-CoA pools and
reduce histone acetylation (Hatzivassiliou et al. 2005; Madeo et al. 2014).
Additionally, AGI-5198 specific inhibitor of mutant IDH1 lowers 2-HG levels and
reduces methylation on H3K9 and H3K27 residues suppressing glioma cell
survival (Rohle et al. 2013). Moreover, inhibition of mutant IDH2 by AG-221
inhibitor decreases 2-HG accumulation and DNA hypermethylation promoting
differentiation of leuckemic cells (Yen et al. 2017). On the other hand, small-

molecule inhibitors targeting chromatin modifiers, such as the HDAC inhibitors
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could suppress tumour growth and metastasis by influencing the metabolome
(Wong et al. 2017). Currently the efficacy of such epigenetic inhibitors remains
poor mainly because of their low substrate specificity modifying numerous histone
and non-histone proteins.

Targeting one-carbon metabolism by antimetabolite therapy is amongst
the most commonly used chemotherapeutic regimens for a wide range of cancers.
In particular, antifolates such as methotrexate and pemetrexed act as competitive
inhibitors of natural folates, whereas 5-Fluorouracil and gemcitibine function as
nucleoside analogs directly targeting nucleotide biosynthesis (Shuvalov et al.
2017). However, cancer cells often develop resistant mechanisms to escape
antimetabolite chemotherapy. Interestingly, a recent study showed that methionine
restriction reduces SAM pools and histone methylation on various cell growth-
related genes while it synergizes with 5-FU that targets TYMS impeding the
expansion of patient derived xenograft tumours in mice (Dai et al. 2018; Gao et al.

2019; Mentch et al. 2015).

1.5 Protein N-alpha terminal acetylation

N-alpha terminal acetylation (Nt-acetylation) decorating both histone and non-
histone proteins occurs on 50-70% of soluble yeast proteins and 80-90% of all
cytosolic human proteins therefore considered as one of the most widespread
modifications in eukaryotes (Aksnes et al. 2016; Starheim et al. 2012). The
addition of the acetyl moiety neutralizes the positively charged free a-amino group,
thus inhibiting ionization and other modifications to occur at the N-terminus,
constructing a larger more hydrophobic N-alpha terminal residue and altering the

electrostatic features of proteins (Ree et al. 2018).
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Figure 1.9. The different functions of protein N-terminal acetylation. N-
terminally acetylated proteins can be targeted to proteasomal degradation through
the Ac/N-end rule pathway. Alternatively, N-terminal acetylation can be involved in
protein folding, protein-protein interactions, complex formation, ER import and
regulation of gene expression. ER, endoplasmic reticulum; TF, transcription factor.

Traditionally, Nt-acetylation was considered a regulator of protein stability
but over the years this role became highly controversial. Specifically, Nt-
acetylation was shown to protect proteins from degradation by increasing their
half-life and stability, whereas proteins with free a-amino groups were susceptible
to ubiquitin-dependent proteasome-mediated protein degradation (Hershko 1984).
However, more than two decades later, controversial evidence supports that
acetylation of N-termini starting with Met, Ala, Val, Ser, Thr or Cys can act as a
specific proteasomal degradation signal, termed Ac/N-degron, which is recognized
by Doa10 and Not4 E3-ubiquitin ligases (Ac/N-recognins) (Hwang et al. 2010;

Shemorry et al. 2013; Park et al. 2015). As a result, misfolded proteins or
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abnormal assembly of protein complex subunits harboring N-terminal degrons are
targeted for degradation through the Ac/N-end rule pathway, a new branch of the
traditional N-end rule pathway (Shemorry et al. 2013; Lee et al. 2016). Recent
work revealed new functional roles of Nt-ac beyond protein stability which involve
protein-protein interactions, ER import and transcriptional control (Figure 1.9)

(Aksnes et al. 2019; Ree et al. 2018).

1.5.1 Writing N-alpha terminal acetylation

N-alpha acetyltransferases (NATs) are the enzymes responsible for catalyzing Nt-
acetylation. NATs are evolutionarily conserved enzymes and members of the
GCNb-related N-acetyltransferase (GNAT) superfamily, all sharing the conserved
Arg/GIn-X-X-Gly-X-Gly/Ala Ac-CoA binding motif (Deng and Marmorstein 2021;
Varland et al. 2015). In total, eight NATs have been characterized thus far,
designated NatA-NatH, differing in respect to their subunit composition and
substrate specificity (Figure 1.10). In the lower eukaryote Saccharomyces
cerevisiae five types (NatA-NatE) are present that are conserved in multicellular
eukaryotes, which furthermore include NatF (Aksnes et al. 2019). The less
conserved NatH is only found in the animal kingdom, while the plant specific NatG
post-translationally modifies the N-alpha terminus of proteins in the chloroplast

lumen of Arabidopsis Thaliana (Aksnes et al. 2019).
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Figure 1.10. The writers of protein N-terminal acetylation. Eight N-alpha
acetyltransferase (NAT) complexes namely NatA-NatH are composed of one
catalytic subunit (NAA10, NAA20, NAA30, NAA40, NAA50, NAAGO, NAA70 and
NAA80) and up to two auxiliary subunits (NAA15, NAA25, NAA35 and NAA38).
NatA-NatE are mainly bound to ribosomes within the cytosol. However, certain
NATSs are found in non-ribosomal forms. Specifically, NatF is localized to the Golgi
membrane, NatG is found in the chloroplast lumen and NatH exist freely in the
cytoplasm. Although most NAT complexes have broad substrate specificity, NatD
and NatH are highly selective acetylating histone proteins and actin, respectively.
Adapted from Aksnes et al., 2016.

The NAT complex is generally formed by a unique catalytic subunit and up
to two auxiliary subunits that contribute to various functions including stability of

the catalytic domain and ribosome anchoring (Figure 1.10). NATs are mainly
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localized in the cytosol and are bound to ribosomes catalyzing Nt-acetylation in a
co-translational manner when the first 25-50 amino acid residues of the emerging
polypeptide chain protrude from the ribosomal exit tunnel (Gautschi et al. 2003).
However, evidence indicates that distinct NAT subunits can also be localized in
non-ribosomal forms within the nucleus or other organelles, suggesting that NATs
may catalyze Nt-ac post-translationally, as well (Figure 1.10) (Drazic et al. 2018;
Hole et al. 2011; Dinh et al. 2015; Van Damme et al. 2011).

Nt-acetylation can occur either on the alpha amino-group of initiator Nt-
methionine (iNt-Met) or the first protein residue following excision of iNt-Met by
MetAPs. The substrate specificity of NATs is usually resolved by the first two
amino acid residues (Drazic et al. 2016). Classically, NATs were considered to be
highly promiscuous in the number of proteins they modify. For instance, NatA and
NatB target an estimated 38% and 21% of the human proteome respectively
(Aksnes et al. 2019). More recently, examples have emerged of NATs which are
more specific in their targeting by expanding their selectivity beyond the first two
amino acid residues of their target proteins. An interesting case is NAA8O that acts
selectively on Actin (Figure 1.10) (Drazic et al. 2018). Similarly, NAA4Q is believed

to specifically act on histones H4 and H2A (Figure 1.10) (Hole et al. 2011).

1.5.2 NAA40 in a NATshell

NAA40 was originally identified in the yeast S.cerevisiae (Song et al. 2003) and
after almost a decade the conserved human NAA40 ortholog has been also
characterized (Hole et al. 2011). As discussed above, in contrast to the other
members of the family which have broad substrate selectivity, NAA40O catalytic
activity is restricted towards histones H4 and H2A hence acting as an epigenetic

modifier.
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1.5.2.1 Nt-acetylation of histones H4 and H2A via NAA40

Nt-acetylation of histones H4 (N-acH4) and H2A (N-acHZ2A) is an evolutionarily
conserved modification from yeast to humans (Hole et al. 2011). Proteomic
investigations of PTMs/CTMs on histones H4 and H2A through MS-based
methods have consistently revealed these modifications to be perhaps the most
abundant marks of histone proteins. Examining mouse brains using an electron
transfer dissociation MS method it was estimated that Nt-acetylation of H2A is at
87% and of H4 at 93%. In the same samples Nt-acetylation was also detected in
58% of canonical H1, but not for H2B or H3 peptides (Tweedie-Cullen et al. 2012).
Independently, the group of Nicolas Young has found very high levels of N-acH4 in
human cancer cells, specifically 97-98% in SUM159 and MCF7 breast cancer cell
lines (Wang et al. 2018b; Wang et al. 2018a).

The common factor underlying Nt-acetylation on histones H4 and H2A is
the specific catalysis of this modification by the NAT family member NAA40 that
shares the conserved GNAT motif (Magin et al. 2015a). This specificity of NAA40
for these two histone proteins possibly arises from its exclusive recognition of the
N-terminal sequence Ser(1)-Gly(2)-Arg(3)-Gly(4) (SGRG), found at the beginning
of H4 and H2A (Magin et al. 2015b). Besides H4 and H2A, this recognition motif is
also present at the N-terminal tail of the histone variant H2A.X that potentially
could be subjected to Nt-ac by NAA40, but this has not been experimentally tested
yet. Due to its structural divergence compared to other NATs, NAA40O does not
require an accessory protein in order to function (Figure 1.10). Instead, the unique
N-terminal segment of NAA40 is necessary to stabilize the catalytic core domain,

whereas its target specificity is achieved through direct interactions with serine 1
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(S1), arginine 3 (R3) and the flanking glycine (G2 and G4) residues on the histone
proteins (Magin et al. 2015a).

While most of the HAT enzymes modify histone proteins post-
translationally, NAA40 is predominately localized in the cytosol where it binds to
ribosomes and thought to catalyze N-acH4/H2A in a co-translational manner
(Figure 1.10) (Poledova et al. 1999). However, immunofluorescence and
biochemical fractionation experiments indicate that NAA40 can be also found in
non-ribosomal forms within the nucleus (Hole et al. 2011; Jonckheere and Van
Damme 2021), implying that it may catalyze histone Nt-ac post-translationally as

well.

1.5.2.2 The dynamic nature and biological functions of H4 Nt-

acetylation

Over the past few years work originating from our group and others has revealed

that Nt-ac of histone H4 (N-acH4) is a dynamic modification, which influences
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Figure 1.11. Interplay between N-terminal and Internal marks to control gene
expression. N-terminal acetylation on histone H4 (N-acH4) blocks CK2a-
mediated serine 1 (S1) phosphorylation controlling the expression of epithelial-
mesenchymal transition (EMT) genes and promoting lung cancer metastasis.
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Moreover, NAA40-mediated N-acH4 inhibits the activity of HMT1 towards
H4R3me2a regulating metabolic and stress-response genes accelerating cellular
aging. Adapted from Demetriadou et al., 2020.

important biological conditions such as cancer and longevity. Our group first
postulated a role of N-acH4 in the control of ribosomal RNA expression and
response to caloric restriction (Molina-Serrano et al. 2016; Schiza et al. 2013).
Deletion of the yeast homolog of NAA40 (Nat4) and reduced deposition of N-acH4
induces Hmt1 methyltransferase to asymmetrically dimethylate histone H4
arginine 3 residue (H4R3me2a) leading to increased silencing of ribosomal DNA
genes (Figure 1.11) (Schiza et al. 2013). In a subsequent study we reported that
caloric restriction (CR) in yeast suppresses Nat4 expression and the associated
loss of N-acH4 is an essential step in promoting the longevity effects of CR. In
fact, constitutive overexpression of Nat4 was sufficient to reduce the lifespan
extension associated with glucose starvation, and deletion of the enzyme
mimicked caloric restriction at the transcriptomic level (Molina-Serrano et al.
2016). Functionally, it was shown that Nat4 and its corresponding N-acH4 control
the CR-mediated longevity pathway by negatively regulating the expression of key
metabolic and stress-response genes through crosstalk with methylation at the
adjacent H4R3 residue. Of note, another study in mouse models has linked
NAA40 to hepatic lipid metabolism and aging (Liu et al. 2012). In particular,
NAAA40 liver-specific knockout male mice exhibit reduced fat mass, aberrant lipid
metabolism and are protected from age-associated hepatic steatosis (Liu et al.
2012).

Evidence for the involvement of NAA40O in cancer has also been presented in
recently published studies. In lung cancer cells knockdown of NAA40 was shown

to reduce invasion and metastasis in vitro and in vivo. The proposed mechanism
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was that Nt-acetylation on serine 1 of histone H4 (N-acH4) antagonizes the CK2a-
mediated phosphorylation on the side chain of the same serine residue (H4S1ph)
to regulate Slug expression and metastasis (Figure 1.11) (Ju et al. 2017a).
Recently, our group has reported that NAA40 can also affect the survival of
colorectal cancer (CRC) cells. Loss of NAA40 in CRC cells triggered apoptosis
through a p53-independent pathway (Pavlou and Kirmizis 2016). An additional
article reported that NAA40 is downregulated in hepatocellular carcinoma tissues
compared to its highly expressed levels in normal liver specimens supporting a
potential context-specific tumour suppressive property of NAA40 (Liu et al. 2009b).

It is important to mention that the mechanisms through which Nt-ac of
histones H4 and H2A influences gene expression are still incompletely
understood. Although histone In-acetylation is a mark of active transcription
(Kouzarides 2007), global reduction in H4/H2A Nt-acetylation was shown to cause
both enhanced and reduced expression of specific genes depending on the
molecular or cellular context (Molina-Serrano et al. 2016; Schiza et al. 2013). As
mentioned before, direct cross-talk of Nt-acetylation with internal modifications has
been implicated in the regulation of gene expression and cell phenotypes (Ju et al.
2017a; Schiza et al. 2013). This raises the possibility that the effects of N-
acH4/H2A are propagated through the action of specialized “reader” and “eraser”
proteins. Until now, there are no known deacetylases or readers acting on the
acetylated histone N-terminal tip. However, further research is required to
illuminate the biological and physiological relevance of N-acH4 and that of the less

characterized NAA40-mediated N-acH2A.
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1.6 Rationale and Scientific Hypothesis

Colorectal cancer (CRC) is driven by multiple genetic and epigenetic alterations
and is considered the third most prevalent malignant neoplasm, with an incidence
of over one million new cases diagnosed every year (Benson et al. 2018; Schmoll
et al. 2012). Inhibition of nucleotide biosynthesis by antimetabolites, such as 5-FU
is the frontline regimen for patients with colorectal cancer. Although considerable
progress has been made in the diagnosis and treatment of this malignancy, CRC
remains a major cause of cancer related mortality in both genders mainly as a
result of an acquired resistance to 5-FU-based chemotherapy leading to disease
recurrence (Benson et al. 2018; Schmoll et al. 2012). Thus, there is an urgent
need to identify novel biomarkers that would predict poor drug response and
eliminate treatment failure. Additionally, insights for new combinatorial therapies
are needed in order to improve the efficacy of current conventional
chemotherapies and overcome the poor clinical outcome of CRC patients.

Several lines of evidence have implicated NAA40 in tumorigenesis. A
recent multi-omic analysis revealed that NAA40 is upregulated in a diverse range
of cancers and correlates with poor overall survival of cancer patients (Koufaris
and Kirmizis 2020). Our group has also previously unveiled a pro-survival role for
NAA40 in CRC cells suggesting that it may stimulate cancer cell growth (Pavlou
and Kirmizis 2016). Furthermore, it was shown that NAA40 and its associated N-
acH4 directly regulate the expression of certain genes to control aging and cancer
metastasis through crosstalk with H4R3me2a and H4S1ph marks, respectively
(Figure 1.11) (Ju et al. 2017a; Schiza et al. 2013).

Based on the above evidence, we hypothesized that NAA40 and its

corresponding histone N-terminal acetylation would have a regulatory role in
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sustaining colorectal carcinogenesis by monitoring transcription through cross-talk

with adjacent histone marks.

1.7 Specific objectives of the project

The overarching objective of the current project is to decipher the role of NAA40 in
CRC and unravel the molecular mechanism through which NAA40 promotes the
malignant properties of colorectal cancer cells. In order to accomplish this

objective we divided our project into two specific aims:

Aim 1: Elucidate the role of human NAA40 in gene expression and colon

cancer development

During this aim we explored NAA40 deregulation in colorectal cancer patient
samples and deciphered the effects of NAA40 depletion in CRC cell lines and
xenograft tumours. Additionally, we examined the crosstalk of NAA40 with histone

arginine methylation in CRC cells.

Aim 2: Evaluate NAA40 function at the intersection of metabolism and

epigenetics to control chemoresistance

During the second aim of the project we investigated the regulatory link between
NAA40 and cancer cell metabolism, and explored how this link contributes towards

the development of CRC drug resistance.
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METHODOLOGY
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2.1 Cell culture

The HCT116 cell line was kindly provided by Dr. Pantelis Hatzis (Biomedical
Sciences Research Center ‘Alexander Fleming’) and the HT-29 (catalogue no.
HTB-38), SW480 (catalogue no. CCL-228) and SW620 (catalogue no. CCL-227)
cell lines were purchased from ATCC. All CRC cell lines were cultured in McCoy’s
5a medium (Gibco, Invitrogen) supplemented with 10% fetal bovine serum (Gibco,
Invitrogen) and 1% penicillin/streptomycin (Gibco, Invitrogen). The human
embryonic kidney HEK-293 T (catalogue no. CRL-3216) cell line was purchased
from ATCC and was cultured in DMEM medium (Gibco, Invitrogen) supplemented
with 10% fetal bovine serum and 1% antibiotic (penicillin/streptomycin). Cells were
grown in a humidified atmosphere at 37°C containing 5% CO- and were routinely
tested for mycoplasma contamination. All cell lines were used to construct dox-
inducible shRNA-knockdown lines for NAA40 or Scramble (SCR) control as
previously described (Demetriadou et al). For CK2a inhibition cells were treated

with 7 uM or 5 pM of CX-4945/Silmitasertib (HY-50855, MCE) for 24 h and 48 h,

respectively.

Table 1: List of shRNA oligos

Name

Forward

Reverse

SCR

CCGGTTCTCCGAACGTGTCA
CGTTTCTCGAGAAA CGTGAC
ACGTTCGGAGAATTTTTG

AATTCAAAAATTCTCCGAACG
TGTCACGTTTCTCGAGAAACG
TGACACGTTCGGAGAA

NAA40-KD1

CCGGGGAAGTTCCTCATACA
GATCCCTCGAGGGATCTGTA
TGAGGAACTTCCTTTTTG

AATTCAAAAAGGAAGTTCCTC
ATACAGATCCCTCGAGGGAT
CTGTATGAGGAACTTCC

NAA40-KD2

CCGGGAAGGTTATGTTAACA
GTATTCTCGAGAATACTGTTA
ACATAACCTTCTTTTTG

AATTCAAAAAGAAGGTTATGT
TAACAGTATTCTCGAGAATAC
TGTTAACATAACCTTC
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2.2 Plasmid construction, lentivirus production and infection

The annealed shSCR and shNAA40 sequences were introduced between Agel
and EcoRl restriction sites in the lentiviral Tet-pLKO-puro vector (Addgene plasmid
# 21915). The short hairpin RNA oligonucleotides used for plasmid construction
were purchased from Integrated DNA Technologies (IDT) (Table 1). The

pLenti/p53-V5_wt plasmid (Addgene,

#22945) containing a C-terminal V5 tag was used in which p53 was replaced with
the full-length human NAA40 cDNA subcloned from pOTB7 vector between
BamHI and Xhol restriction sites constructing the pLenti/NAA40-V5_wt plasmid
(Sensitive NAA40(WT)-V5). As a control, pLenti/V5-empty vector (Empty vector)
was used that is not encoding for anything between the two restriction sites. To
generate the shRNA-resistant constructs, six silent mutations were introduced by
site-directed mutagenesis using the Pfu Turbo DNA polymerase (Agilent
Technologies) in the region of NAA40 cDNA that is targeted by NAA40-KD2
shRNA (5-GAAAGTGATGCTGACGGTGTT-3’ where substituted nucleotides are
underlined) hence constructing the shRNA-resistant wild-type pLenti/NAA40-
Vbrescue plasmid (Resistant NAA4O(WT)-V5). The synonymous mutations have
been introduced sequentially using three different sets of primers (Table 2).
Catalytically dead Resistant NAA40(E139Q)-V5 plasmid was generated by site-
directed mutagenesis of the pLenti/NAA40-V5rescue vector. The primers used for
the site-directed mutagenesis were purchased from Integrated DNA Technologies
(IDT) (Table 2). The generated constructs were verified by DNA sequencing. For

lentiviral packaging, each of the recombinant vectors was
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Table 2: Primers for the generation of overexpression constructs

Subcloning of
NAA40 cDNA Forward Reverse
from the pOTB7
vector
Subcloning primer | TGCGGATCCAATGGGGA | TTGCTCGAGCCGTGGCAGCAGCCA
set GAAAGTCAAGC CCACA
Generation of
the Empty Forward Reverse
vector plasmid
Empty vector CGACTGGATCCACGACG | GAGTCCTCGAGAGTCCGAAATTCCT
pr?rr?er set CAAGGAATTTCGGACTCT | TGCGTCGTGGATCCAGTCG
CGAGGACTC
Generation of
the shRNA Forward Reverse
Resistant
plasmid
Rescue primer GCACACAGATGAAGAAA | TACTGTTAACATCACTTTCTTCATCT
set A GTGATGTTAACAGTA GTGTGC
Rescue primer GAAGAAAGTGATGCTGA | GTGTTTAAATACTGTCAGCATCACTT
set B CAGTATTTA AACAC TCTTC
Rescue primer GAAAGTGATGCTGACGG | CCATGATTGTGTTTAAACACCGTCA
setC TGTTTAAACACAATCATG | GCATCACTTTC
G
Generation of
the catalytic
mutant ShRNA Forward Reverse
Resistant
plasmid
Catalytic mutant | GTCCTGTACTGCTATCAA | GCTTTCCAACTGCACTTGATAGCAG
primer set GTGCAGTTGGAAAGC TACAGGAC

co-transfected with the psPAX2 lentivirus packaging vector and the PMD2G
lentivirus envelope plasmid in HEK-293T cells by using X-tremeGENE 9 DNA
transfection reagent (Roche) according to manufacturer’s instructions. Upon 48 h

of transfection the virus containing supernatant was collected and used to stably
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infect CRC cells in the presence of 10ug/ml polybrene. The pool of efficiently
transduced cells was selected in complete McCoy’s 5a medium containing 2 pg/ml
puromycin (Sigma-Aldrich) for 96 h and/or 20ug/ml BlasticidinS-HCL (A1113903,
Thermo Fisher Scientific) for 4 d. For the shRNA induction, cells were treated with
doxycycline hyclate (Sigma-Aldrich) at an assay dependent concentration and time

period.

2.3 Transient RNA interference

Non-targeted scramble siRNA (SCR) and two NAA40-specific siRNAs (NAA40-
KD1 and NAA40-KD2) were purchased from GenePharma (Shanghai, China)
(Table 3). The NAA40 siRNA1 and NAA40 siRNA2 sequences were taken from
Liu et al. (Liu et al. 2009a). The HCT116 cells were seeded in antibiotic-free
medium and grown to 30%-40% confluence at the time of transfection.
Subsequently, the cells were transiently transfected with 7.5 nM of siNAA40, 20nM
of siMTHFR (4392420, s9036, Ambion), 10nM of siTYMS (4392420, s14538,
Ambion) or the negative control for 72 h using Lipofectamin RNAIMAX (Invitrogen)
according to manufacturer’s instructions. Parental HCT116 cells treated with
siNAA40 for 24 h were transfected with 1 ug of pcDNA-myc-empty or pcDNA-myc-
PRMTS expression vectors kindly provided by Prof. Naoya Fujita (Cancer
Chemotherapy Centre of JFCR) using X-tremeGene9 reagent (Sigma-Aldrich), for
48 h. MTHFR knockdown was preformed in HCT116/SCR and HCT116/NAA40-
KD stable cells in the presence or absence of 1ug/ml doxycycline. For TYMS
silencing experiments, the transiently transfected HCT116 Empty vector or o/e
NAA40(WT)-V5 stable cells were also treated with 5 yM of 5-FU (F 6627, Sigma)

or DMSO control (Gibco, Invitrogen).
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Table 3: List of siRNA oligos for transient transfection

Name Forward Reverse

SCR UUCUCCGAACGUGUCACGUTT | ACGUGACACGUUCGGAGAATT

NAA40-KD1 CUUUCCCAGUGUUCAAGAATT | UUCUUGAACACUGGGAAAGTT

NAA40-KD2 GAAGGUUAUGUUAACAGUATT | UACUGUUAACAUAACCUUCTT

2.4 Immunofluorescence analysis in patient-derived tissues

The patient tissue microarrays were purchased from Abcam (ab178122, ab178131
and ab178132). The slides were heated at 60°C for 30 min and then
permeabilised at RT in 4% paraformaldehyde for 10 min. After blocking in PBG
(0.2% cold water fish gelatin, 0.5% BSA in 1X PBS) for 45 min, the tissues were
incubated with the NAA40 antibody (1:100; ab106408, Abcam) overnight at 4°C.
Slides were stained with anti-rabbit FITC-conjugated secondary antibody (1:500;
711-095-152, Jackson ImmunoResearch) for 1 h at RT. Nuclei were visualized
with DAPI (Dako). Immunofluorescence images were acquired using a ZeissAxio

Observer.A1 microscope.

2.5 Meta-analysis of CRC datasets

Colorectal cancer data were extracted from The Cancer Genome Atlas (TCGA)
datasets TCGA-COAD (colon adenocarcinoma, n=480) and TCGA-READ (rectum
adenocarcinoma, n=167) and represent only untreated primary tumors. Normal
solid colorectal tissue data were also extracted from the same datasets (colon
normal, n=41 and rectum normal, n=10). Patients who received neo-adjuvant
therapy were excluded from the study. In specific, we extracted “level 3" mRNA-

seq expression data of the genes of interest (NAA40, PRMTS5, PRMT7), along with
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the corresponding patient clinical information from the Genomic Data Commons
(GDC) Data Portal of TCGA program (https://portal.gdc.cancer.gov/). Total raw
read counts per gene were divided by the gene's maximum transcript length to
represent a coverage depth estimate. Coverage estimates were then scaled to
sum to a total depth of 1e6 per sample and interpreted as Transcripts Per Million
(TPM) after adding a 0.01 offset to remove the zero counts from calculations.
RNA-seq expression data for NAA40 and TYMS mRNA levels in colorectal cell

lines were obtained from Depmap portal (https://depmap.org/portal/) (Ghandi et al.

2019) where the cancer genome atlas (TCGA) data where obtained using the
UCSC Xena tool (Goldman et al. 2019). Pearson’s correlation was then calculated.
NAA40 microarray data were extracted from GEO omnibus for two studies of
colorectal cancer patients receiving FOLFOX chemotherapy regiment and for
which patients were classified into “responders® and “non-responders”
(GSEB9657 and GSE28702). For both these studies transcriptomics were
performed using the same platform (GPL570 [HG - U133 _Plus_2] Affymetrix
Human Genome U133 Plus 2.0 Array). The values for the two NAA40 probes in

this platform (222369 _at and 218734_at) were extracted and averaged without

any further normalisation. P values were calculated using Fisher method.

2.6 MTT assay

To assess cell viability, CRC cells were seeded in a 96-well plate at a
concentration of 2,5x10* cells/ml. At the end of each treatment, 1 mg/ml MTT dye
(Invitrogen) was added to each well and then cells were placed at 37°C for 3 h.

The formazan product was solubilized in DMSO and the plate was shaken for 20
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min in dark. The absorbance was read at 570 nm by using a Perkin Elmer Wallac

Victor 1420-002 Multilabel Counter.

2.7 Cell cycle analysis

Cells were harvested by trypsinization, washed in 1X PBS and fixed in 70% ice-
cold ethanol overnight at 4°C. Fixed cells were pelleted by centrifugation at 2000
rom for 5 min and resuspended in 1X PBS with 0.2 mg/ml RNase A (12091-021,
Invitrogen) and 0.01 mg/ml PI (40017, BIOTIUM). After incubation at 37°C for 30
min, samples were analyzed using Guava EasyCyte™ flow cytometer and the

GuavaSoft analysis software (Millipore, Watford, UK).

2.8 Tumor xenografts in nude mice

The xenograft studies were performed at the animal facility of the Cyprus Institute
of Neurology and Genetics under animal project license (CY/EXP/PR.L10/2018)
issued and approved by the Cyprus Veterinary Services which is the Cyprus
national authority for monitoring animal research for all academic institutions
according to the regulations contained in the Cyprus Law N.55 (1)/2013 and the EU
Directive 2010/63/EU. Regarding the knockdown experiments, a total of 2.5 x 10°
NAA40-KD2 or SCR control HCT116 and 2.5 x 106 NAA40-KD2 or SCR control
HT-29 cells were suspended in 40 pl serum-free McCoy’s 5a medium and
inoculated subcutaneously in the flank of 6-week old male CD1 nude
immunodeficient mice. Once the tumors reached an average size of about 100
mm?3 (HCT116) or 50 mm3 (HT-29), all groups were size-matched (n=7) and mice
received daily 0.2 ml dox (100 mg/kg) or PBS (-dox/control) through oral gavage.

For the overexpression experiments, 2.5x10° HCT116 cells stably transfected with
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Empty vector or o/e NAA4O(WT)-V5 plasmid were suspended in 40 pl of serum-
free McCoy’s 5a medium and inoculated subcutaneously in the left flank of 6
week-old male CD1 nude immunodeficient mice. Once the tumors reached an
average size of about 50 mm? (day 10) groups were size-matched (n=8) and mice
were treated with 5-FU (50 mg/kg every 72 hours) or saline vehicle control through
intraperitoneal injection. Throughout the experiment, mice were monitored for their
overall health condition. Tumor volume was measured using a digital caliper and

calculated using the volume of an ellipsoid and assuming that the third dimension,

, . 4
z, is equal tO«/xy. Therefore, the volume was given by the equation: V' :?ﬂ@

. At the end of each study mice were euthanized and tumors were excised,

weighted and subjected to histological analysis.

2.9 Histological analysis of xenograft tumors

Primary tumors isolated from mice inoculated with either HCT116 or HT-29
colorectal cancer cells (NAA40-KD2 or SCR control, as described above), were
fixed in 4% parafolmaldehyde and embedded in paraffin. Tissue sections (10um-
thick) were performed using an SRM200 microtome (Sakura), followed by staining
with hematoxylin and eosin (H&E) using standard protocols, as previously
described(Papageorgis et al. 2015). Immunohistochemical detection of mitotic
cells and PRMTS protein levels was performed by staining sections with anti-Ki67
(1:50; ab15580, Abcam) and rabbit anti-PRMTS (1:100; cat. 07-405, Millipore)
antibodies, respectively, followed by FITC-conjugated secondary antibodies
(1:400; 711-095-152, Jackson ImmunoResearch). All nuclei were stained with
DAPI (Dako). Immunofluorescence microscopy images were obtained using a

BX53 (Olympus) fluorescence microscope.
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Table 4: List of qRT-PCR primer sequences

Gene name Forward Reverse
NAA40 ATGTAAGCGAGTGTCTGGACT TGGTTTGCATATTCGTTTTGGTC
B-actin AGAGCTACGAGCTGCCTGAC AGCACTGTGTTGGCGTACAG
PRMT5 TTGCCGGCTACTTTGAGACT ACAGATGGTTTGGCCTTCAC
PRMT7 AGTGTGTGTACTTCCTGCCA TAGTCATCGTGGTGGGCTAC
EIF4E GGTGCCTGACATCGTGTTTT AACACAGAGCCCCAACAGTA
FGFR3 CTGTACGTGCTGGTGGAGTA GCAGGTGTCGAAGGAGTAGT
CDKN1A TGTCTTGTACCCTTGTGCCT CTGAGAGTCTCCAGGTCCAC
RBL2 TTGTTGGGTGCTTTTTATATATGC | TTTCCATAAACTAAGTCCAAAGCA
CDHA1 TTGCACCGGTCGACAAAGGAC TGGAGTCCCAGGCGTAGACCAA
THOCA1 TGTGGACGGATTCAGCTCTT GGGTGCTTTCCTGCTCATTT
C-MYC CAGCTGCTTAGACGCTGGATTT | ACCGAGTCGTAGTCGAGGTCAT
MYB GTCCGAAACGTTGGTCTGTT GCCACCTCTCCCTACATTGT
POLA1 ATGTGTGCAAAGCTCCTCAC CTTTGGCATGTTGGATCGCT
TYMS GGGACTTGGGCCCAGTTTAT CTTCTGTCGTCAGGGTTGGT
MTHFR AGCCGATTTCATCATCACGC CATGCCTTCACAAAGCGGAA
MAT1A TGCTGCTGTGTGGTGAGAT GATGTGCTTGATGGTGTCCC
CTH CCACCCAGAAGGTGATTGA CACGACCAAAATAATGTCTCC
MMAA TGCATACATCAGGCCATCTC GCTTCATTTGTGGTCCTTGTC
IFIT1 TTCTCCTTGCCCTGAAGCTT TCTGTGAGGACATGTTGGCT

2.10 RNA extraction and quantitative Real Time PCR

Total RNA was extracted using the RNeasy Mini kit (Qiagen) according to the

manufacturer’s instructions and was then treated with DNAse using the TURBO
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DNAse kit (Ambion). An amount of 0.5 yg total RNA was then reverse transcribed
to complementary DNA using the PrimeScript RT reagent kit (Takara) with random
primers. qRT-PCR was carried out using KAPA SYBR Green (SYBR Green Fast
gPCR Master Mix) and the Biorad CFX96 Real-Time System. Expression data
were normalized to the mRNA levels of the B-actin housekeeping gene and
calculated using the 2724Ct method. Primer sequences were obtained from IDT

(Table 4).

2.11 RNA-sequencing and bioinformatics analysis

Total RNA was isolated from the HCT116/SCR and HCT116/NAA40-KD
engineered cells in the presence or absence of 1ug/ml dox for 96 h using the
RNeasy mini kit (Qiagen) according to manufacturer’'s instructions. Four
independent RNA samples were prepared from each of the four conditions: SCR (-
dox), SCR (+dox), NAA40-KD (-dox) and NAA40-KD (+dox). Efficient NAA40
knockdown was evaluated through qRT-PCR using specific primers against
NAA40 and B-actin (Supplementary Table 2). Total RNA was isolated from the
HCT116/SCR and HCT116/NAA40-KD engineered cells in the presence or
absence of 1ug/ml dox for 96 h using the RNeasy mini kit (Qiagen) according to
manufacturer’s instructions. Four independent RNA samples were prepared from
each of the four conditions: SCR (-dox), SCR (+dox), NAA40-KD (-dox) and
NAA40-KD (+dox). Efficient NAA4O knockdown was evaluated through gRT-PCR
using specific primers against NAA40 and (-actin (Supplementary Table 2).
Sequencing libraries were prepared using the NEBNext stranded RNA library prep
kit according to the manufacturer’s protocol. Sequenced reads were aligned to the

mm10 genome via STAR (v 2.4.1b) (Dobin et al. 2013). Gene counts were
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calculated using featureCounts of the Rsubread package (R/Bioconductor). Only
reads with counts per million > 1 were kept for subsequent analysis. Counts were
normalized using the internal TMM normalisation in edgeR (Robinson and Oshlack
2010) and differential expression was performed using the limma package (Ritchie
et al. 2015). Significant genes with an absolute logFC > 1 and adjusted P-value <

0.05 were considered differentially expressed.

2.12 Protein extraction

Protein extracts were isolated using Lysis Buffer (50 mM Tris-HCL pH 8, 3 mM
EDTA, 100 mM NaCL, 1% Triton-X-100, 10% glycerol, 0.5 mM PMSF and 1X
protease inhibitor cocktail) and total protein concentration was quantified by
Bradford assay (BioRad). For efficient NAA40 detection, whole cell extracts were
resuspended in a tenfold volume of Laemmli sample buffer (50 mM Tris-HCL pH
6.8, 2% SDS, 10% glycerol, 1% B-mercaptoethanol, 12.5 mM EDTA and 0.02%
bromophenol blue) and alternatively boiled and chilled three times to disrupt cell
membranes. For histone acid extraction, cells were lysed in hypotonic lysis buffer
(10 mM Tris-HCL pH 8, 1 mM KCL, 1,5 mM MgClz, 0,1% Triton X-100 and 1X
protease inhibitor cocktail) and incubated for 30 min with constant agitation at 4°C.
Isolated nuclei were then washed once in hypotonic lysis buffer and after
centrifugation at 6,500g for 10 min, were resuspended in 0,2 M HCL (4X10” nuclei
per ml) and incubated overnight with constant rotation at 4°C. Histones were
isolated by centrifugation at 6,500 g for 10 min and the pH was neutralized with

2M NaOH at 1/10 of the volume of the supernatant.
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Table 5. List of antibodies

Antibody name Host species [ Dilution | Catalog # | Vendor
PRMT5 Rabbit 1:5000 07-405 Millipore
PRMT7 Rabbit 1:2000 07-639 Millipore

H4 Rabbit 1:1000 05-805 Millipore
H4R3me1 Rabbit 1:1000 ab17339 Abcam
H4R3me2a Rabbit 1:1000 ab8284 Abcam
H4R3me2s Rabbit 1:1000 ab5823 Abcam
c-myc Rabbit 1:2000 Sc-763 Santa Cruz
H4/H2AS1ph Rabbit 1:1000 ab177309 Abcam
H3K4me3 Rabbit 1:2000 ab8580 Abcam
H3K36me3 Rabbit 1:2000 ab9050 Abcam
H3K9me3 Rabbit 1:1000 ab8898 Abcam
H3K27me3 Rabbit 1:1000 39156 Active motif
H3K79me3 Rabbit 1:1000 ab2621 Abcam
H3K79me2 Rabbit 1:1000 ab3594 Abcam
H3 Rabbit 1:4000 ab1791 Abcam
H2A Rabbit 1:1000 Ab18255 Abcam
B-actin Rabbit 1:1000 sc-1616-R Santa Cruz
V5 Rabbit 1:10,000 AB3792 Millipore
GAPDH Rabbit 1:2000 ab9485 Abcam
Lamin A/C Mouse 1:1000 ab238303 Abcam
NAA40 Rabbit 1:1000 ab106408 Abcam

2.13 Immunoblotting

Twenty-five micrograms of protein extract, six micrograms of histone extracts or
10% of the laemmli-extracted samples were separated on SDS-PAGE and then
transferred to a nitrocellulose membrane (GE Healthcare). After blocking with 5%
TBS-T/BSA for 1 h at RT, the membranes were incubated with the primary
antibodies overnight at 4°C. The primary antibodies that were used in this study
are listed in Table 5. The rabbit polyclonal N-acH4 antibody was raised against the
ac-NH-SGRGKGGKGLGKC antigen as previously described(Pavlou and Kirmizis
2016). For secondary antibody a Horseradish peroxide (HRP)-conjugated goat
anti-rabbit IgG (Thermo Scientific) was used at a dilution of 1:30000 and an HRP-

conjugated goat-anti mouse IgG (P0447, Dako) was used at a dilution of 1:1000.
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The intensity values were normalized against j -actin and are expressed relative

to the SCR control.

2.14 Metabolite extractions

HCT116 SCR and NAA40-KD cells were seeded at a density of 1.5x10° cells/ml
and treated with 4ug/ml doxycycline for 24 h. Metabolites were extracted from
cells using a modified method of Folch and colleagues (Folch et al. 1957). Briefly,
5x10° cells were homogenized in chloroform/methanol (2:1, v/v, 750 uL). Samples
were sonicated for 15 min and deionized water was added (300 uL). The organic
and aqueous phases were separated following centrifugation (13,000 x g for 20
min). The resulting organic and aqueous phases were dried under a stream of

nitrogen gas and a vacuum centrifuge, respectively.

2.15 Metabolomic analysis

Aqueous extracts were reconstituted in acetonitrile 10 mM ammonium carbonate
(7:3, v/v, 50 pL) containing an internal standard mix (AMP 13C10, 15N5; ATP
13C10, 15N5; Glutamate U13C, U15N; Leucine-d10, Phenylalanine-d5, Proline
U13C, U15N; and Valine-d8). Samples were injected onto a Vanquish UHPLC
attached to a TSQ Quantiva triple quadrupole mass spectrometer (Thermo
Scientific) with a heated ESI source.

For the normal phase analysis, metabolites were separated with a BEH-amide
(150 x 2.1 mm 1.7 ym) column at 30 °C. The mobile phase consisted of: (A) 0.1%
of ammonium carbonate and (B) acetonitrile and was pumped at a flow rate of 0.6

mL/min. The gradient was programmed as follows: 80% of B for 1.50 min followed
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by a linear decrease from 80% to 40% of B for 3.5 min and finally returned to initial
conditions.

For reverse phase analysis, samples were dried and reconstituted in 10 mM
ammonium acetate solution and analyzed with an ACE C18 PFP (150 x 2.1 mm 5
pum) column at 30 °C. The mobile phase consisted of: (A) 0.1% formic acid in
water and (B) 0.1% formic acid in acetonitrile, pumped at 0.5 mL/min. The gradient
was programmed as follows: 0% of B for 1.60 min followed by a linear increase
from 0% to 30% of B for 4 min and to 90% by 4.5 min, held for 1 min and then
returned back to initial conditions.

The mass spectrometer was operated in SRM mode in both positive and negative
ion mode; collision energies and RF lens voltages were generated for each
species using the TSQ Quantiva optimisation function. Xcalibur Software (Thermo
Scientific) was used to identify peaks, process mass spectra and normalize data to
the closest-eluting internal standard. All variables were log transformed and
subjected to Pathway analysis and metabolite set enrichment analysis of

significant metabolites in Metaboanalyst 4.0 (www.metaboanalyst.ca).

2.16 Sub-cellular fractionation

Ten million cells were harvested in 1X PBS and lysed in Buffer A (10 mM HEPES,
10 mM KCL, 1.5 mM MgClz, 0.34 mM sucrose, 10% glycerol, 0.1% Triton X-100
and 1X protease inhibitor cocktail) on ice for 10 min. Following centrifugation at
13009 for 5 min at 4°C, the supernatant S1 was centrifuged at maximum speed for
10 min and the supernatant S2 was taken as the cytoplasmic fraction. Pellet P1
was washed in Buffer A (without 0.1% Triton X-100), lysed in Buffer B (3 mM

EDTA, 0.2 mM EGTA, 10 mM HEPES and 1X protease inhibitor cocktail) for 30
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min on ice and pelleted at 6000g for 10 min to obtain supernatant S3 that
represents the nucleoplasmic fraction. The insoluble chromatin pellet P3 was then
washed twice in Buffer B and resuspended in 1X Laemmli sample buffer. For
whole cell extract control ten million cells were resuspended in 1X Laemmli

sample buffer and alternatively boiled and chilled three times.

Table 6. List of ChIP-qPCR primer sequences

Gene name Forward Reverse
PRMT5 ATAGCTGACACACTAGGGGC CTAGTCTGCCCTTCTCCGTC
TYMS TCTCTGTGGCTCGACACTTC TGTGAAGACAACACCAAGCA
JUN ACTCTGAGCCCTTATCCAGC AAAGAAGGGCCCGACTGTAG

2.17 Chromatin Immunoprecipitation (ChIP) assay

Doxycycline treated SCR and NAA40-KD HCT116 cells were first fixed in 1% PFA
for 10 min and quenched with 125 mM of glycine for 10 min. After the cells were
lysed in SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCL pH 8 and
protease inhibitor cocktail), the DNA was sheared by sonication (40sec ON/40sec
OFF for 6 cycles) in a Bioruptor (Diagenode) to obtain chromatin fragments
between 300-800 bp. The chromatin was diluted 1:10 in IP buffer (1% Triton X-
100, 2 mM EDTA, 50 mM Tris-HCL pH 8, 150 mM NaCl and protease inhibitor
cocktail) followed by 1 h pre-clearing in a 1:1 A/G Sepharose beads mix (#17-
5280-01 and #17-0618-01, GE Healthcare) at RT. Thirty micrograms of chromatin
were incubated with H4/H2AS1ph (ab177309, Abcam; 3 pg), Lamin A/C (sc-
7292X, Santa Cruz; 5 pg), H3 (ab1791, Abcam; 2 ug) or IgG (Biogenesis 5180-

2104) antibodies for 1 h at 4°C and subsequently 50% slurry protein A or G beads
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(blocked in salmon sperm DNA and BSA) were added and incubated overnight at
4°C. Following washing steps, the immunoprecipitated chromatin was eluted in
freshly prepared elution buffer (1% SDS and 0.1 M NaHCO3) and reverse cross-
linked using 200 mM NaCl containing 0.5 pg/ul RNase (Roche) at 65°C for 5 h.
The samples were purified using the QIAquick PCR purification kit (QIAGEN) and
analyzed with gqRT-PCR. The sequence of the primers used in this analysis are

listed in Table 6.

2.18 ChIP-seq library preparation, sequencing, and peak calling

Twenty nanograms of ChlIP DNA was used for ChlP-seq library construction that
was performed using the KAPA library preparation kit (Roche, 07962355001).
Briefly, for end repair and A-tailing ChIP DNA was mixed with End Repair & A-
tailing buffer and enzyme mix and incubated for 30 min at 20°C followed by 30 min
at 65°C. Next, for adapter ligation the end repair & A-tailing reaction product was
mixed with adapter stock, ligation buffer and the DNA ligase and incubated at
20°C for 15 min. Next, library amplification was performed using KAPA Hifi
HotStart ready mix and KAPA Library amplification primer mix. The following
cycling protocol was used: 98°C for 45 seconds, then 10 cycles of 98°C for 15
seconds, 60°C for 30 seconds and 72°C for 30 seconds, finishing with 72°C for 1
minute. Size selection (300-700 bp) was performed using the MagSI-NGS
Dynabeads (#MD61021; MagnaMedics) according to the manufacturer’s
instructions. The size and purity of the adapter-ligated ChIP DNA was confirmed
on a high-sensitivity DNA chip on a 2200 TapeStation (Agilent). The ChlIP libraries
were single-end deep sequenced and reads were aligned to the mm10 genome

using Bowtie2 (v 2.2.6) (Langmead and Salzberg 2012). Peak calling and peak
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annotation was performed via the ChIP-Enrich R package as previously described

(Mylonas and Tessarz 2018).

2.19 EPIC DNA methylation arrays

Five hundred nanograms of genomic DNA was extracted from HCT116 SCR and
NAA40-KD cells treated with doxycycline for 96h using the DNeasy kit for genomic
DNA extraction according to the manufacturer’s instructions. The lllumina EPIC
BeadArrays were performed at the USC Molecular Genomics Core (Moran et al.
2016; Easwaran et al. 2012) and the raw signal intensities were extracted using
the ‘noob’ function in the minfi software programe in R computing language. The
beta values indicating the methylation level at CpG sites were calculated as the
ratio of the methylated (M) signal intensity for each specific probe divided by the
sum of methylated (M) and unmethylated (U) probe intensities (M/(M+U)). Only
probes with fluorescent intensity of P-value < 0.05 were considered statistically

significant.

2.20 Co-Immunoprecipitation

Ten million cells were harvested in 1X PBS and lysed in 1 ml ice-cold IP buffer (20
mM Tris-HCL p"8, 137 mM NaCl, 1% Triton X-100, 2 mM EDTA and 1X protease
inhibitor cocktail) for 30 min with constant mixing at 4°C. Following centrifugation
at 12,000 rpm for 20 min at 4°C, the soluble supernatant fraction was pre-cleared
with Protein A sepharose beads for 1 h at 4°C. Five percent of the lysate was kept
as “Input” to serve as a positive control. Lysates were then mixed with 60 pl of
Protein A sepharose beads that were pre-incubated with 4 ug of H4/H2AS1ph
(ab177309, Abcam) or IgG (Biogenesis 5180-2104) antibodies for 4 hours and

blocked in salmon sperm DNA for 40 min. Following overnight incubation with
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constant agitation at 4°C, the antibody-beads-protein complexes were centrifuged
and washed three times with low salt buffer (10 mM Tris-HCL p"7.4, 1 mM EDTA,
1TmM EGTA, 150mM NaCl, 1% Triton X-100 and 1X protease inhibitor cocktail)

and IP samples were eluted in 2X Laemmli buffer at 95°C for 10 min.

2.21 Immunofluorescence imaging

Cells were fixed in 100% ice-cold methanol at -20°C for 10 min, washed three
times with 1X PBS and further permeabilized in 0.3% Triton X-100 for 10 min.
Following blocking in 10% normal goat serum (MP Biomedicals), cells were
incubated with the primary antibody in blocking buffer at 4°C overnight. The
following antibodies were used for immunofluorescence: H4/H2AS1ph (ab177309,
Abcam; 1:2000), Lamin A/C (ab238303, Abcam; 1:1000), H3K4me3 (ab8580,
Abcam; 1pg/ml) and H3K36me3 (ab9050, Abcam; 1 upg/ml). Next, cells were
washed three times with 1X PBS and following incubation with Alexa Fluor 568
goat anti-rabbit (A11011, Thermo Fisher Scientific; 1:1000) and Alexa Fluor 488
goat anti-mouse (A11001, Thermo Fisher Scientific; 1:1000) secondary antibodies
for 1 h at room temperature, nuclei were stained with DAPI (Dako) or Hoechst
33342 (Invitrogen). Samples were imaged on a ZeissAxio Observer.A1
microscope. For confocal and super resolution microscopy imaging was carried
out on a ZEISS LSM 900 with Airyscan 2 using Zen blue for acquisition and
processing. Airyscan2 images were processed using the default deconvolution
settings and histogram stretching, applied when required, was identical between

control and treated samples for each channel.
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2.22 Statistical analysis

All presented data are the mean * s.d. of at least three independent experiments.
Statistical analysis was carried out using GraphPad Prism (v.6.01, La Jolla, CA).
Comparisons between groups were performed using Unpaired Student’s t-test
unless otherwise stated in the figure legend. Differences with 'p<0.05 were

considered to be statistically significant.
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CHAPTER 3

RESULTS OF AIM 1
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3.1 NAA40 is highly expressed in CRC patients

We have previously reported that NAA40O activity controls the survival of colon
cancer cells (Pavlou and Kirmizis 2016). To explore the clinical relevance of
NAA40 expression in patients with colorectal cancer, we initially examined NAA40
protein levels on tissue microarrays harboring colon cancer tissues and adjacent
normal specimens. Immunofluorescence analysis showed that NAA40 is increased
in colon adenocarcinomas compared to benign lesions and normal colon
specimens (Figure 3.1A). In particular, the positive rates of NAA40 staining were
11%, 44% and 64% for normal colon samples, benign tumors (polyps and
adenomas) and adenocarcinomas, respectively (Figure 3.1B). Consistently, meta-
analysis of transcriptome data extracted from The Cancer Genome Atlas (TCGA)
GDC Portal showed that NAA40 mRNA levels in CRC patient tissues were
significantly higher than those in normal colon tissues (Figure 3.1C). However, we
observed no significant correlation between the different tumor stages of colon
adenocarcinoma and NAA40 expression at both the mRNA and protein levels
based on the tumour, node and metastasis (TNM) classification obtained from the
commercially available tissue microarrays and the TCGA network (Figure 3.2).
This may suggest that NAA40 upregulation occurs from the initial stages of
malignant progression and is sustained along the different tumor stages. Overall,
these results demonstrate that elevated NAA40 expression is a frequent event in

colorectal carcinogenesis.
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Figure 3.1. NAA40 is upregulated in CRC patient samples. (A) Representative
images of immunofluorescence detection of NAA40 (green) on tissue microarrays
containing a total of 318 normal and cancer colon tissues. Cell nuclei were
visualized using DAPI staining (blue). Scale bar, 50 ym. (B) Graph showing the
percentage of NAA40 positive and negative staining in normal adjacent tissue
(n=56), benign lesions (n=30) and adenocarcinomas (n=232). (C) Meta-analysis of
NAA40 mRNA expression levels extracted from the TCGA data portal in 647
colorectal cancer (CRC; COAD, n=480 and READ, n=167) and 51 normal patient
samples (colon normal, n=41 and rectum normal, n=10). The Mann Whitney test
was used for the statistical analysis (***p<0.001).
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Figure 3.2. NAA40 expression is not correlated with tumor stage. (A)
Representative immunofluorescence images of NAA40 staining in CRC patient
tissues corresponding to different adenocarcinoma stages (n=232). Green-FITC
staining was used against NAA40 and blue DAPI staining was used to visualize
cell nuclei. Scale bar, 50 ym. (B) Meta-analysis of NAA4QO expression levels
extracted from the TCGA data portal in CRC adenocarcinoma specimens with
different TNM stages (n= 647).

3.2 Loss of NAA40 inhibits the growth of CRC cells in vitro

To further evaluate the role of NAA40 in the context of CRC cell growth we
constructed an inducible system to downregulate NAA40 upon doxycycline (dox)
treatment of HCT116, HT-29, SW480 and SW620 colon cancer cell lines. For this
purpose we used two different lentivirus-based shRNA sequences (NAA40-KD1

and NAA40-KD2) targeting two distinct sites of NAA40 mRNA. Dox administration
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in all engineered cell lines significantly reduced NAA40 mRNA levels in the
NAA40-KD1 and NAA40-KD2 cells compared to the negative scrambled control
(SCR) cells as indicated by quantitative real-time PCR (qRT-PCR) (Figure 3.3A).
Accordingly, western blot analysis showed substantial decrease of NAA40 protein
levels in all four cell lines tested upon dox-mediated induction of both NAA40
shRNAs as opposed to the induction of the control SCR shRNA (Figure 3.3B).
Next, to examine whether NAA40 depletion attenuates CRC cell growth in
our cell line model, we used the MTT assay to measure cell viability. In agreement
with our previous observations (Pavlou and Kirmizis 2016), exposure of NAA40-
KD HCT116, HT-29, SW480 and SW620 cells to different dox concentrations (1-3
pg/ml) exhibited significant loss of viability in contrast to the SCR control cells
(Figure 3.4A). Consistently, phase contrast microscopy showed that depletion of
NAA40 impeded cell proliferation and resulted in morphological alterations, such
as cellular rounding (Figure 3.4B). Taken together, our data show that lack of

NAA40 suppresses in vitro growth of colon cancer cell lines.

3.3 NAA40 depletion impairs CRC xenograft tumor growth

The effects of NAA40 deficiency on CRC cell proliferation in vitro prompted us to
examine whether NAA40 regulates CRC tumor growth in vivo. To address this
speculation, we subcutaneously injected HCT116 and HT-29 cells bearing dox-

regulated lentiviral vectors expressing either SCR or NAA40-KD shRNAs into
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Figure 3.3. Generation of inducible NAA40-KD colon cancer cell lines. (A)
Quantitative real-time PCR (qRT-PCR) analysis of NAA40 mRNA levels
normalized to B-actin performed in HCT116, HT-29, SW480 and SW620 cell lines
expressing doxycycline-inducible scramble shRNA (SCR), or two different shRNA
sequences targeting NAA40 mRNA (NAA40-KD1 or NAA40-KD2). The relative
values of NAA40 transcripts represent the mean % s.d. of three independent
experiments. Unpaired two-tailed Student’s t-test was used (**p<0.01, ***p<0.001).
(B) Western blot analysis of cell extracts derived from dox treated SCR or NAA40-
KD HCT116, HT-29, SW480 and SW620 cells using antibodies against NAA40
and B-actin as loading control. The numbers below each blot indicate densitometry
analysis of NAA40 protein levels in NAA40-KD relative to SCR after normalization
to the B-actin bands.
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Figure 3.4. NAA40 knockdown reduces CRC cell growth in vitro. (A) MTT cell
viability assay of SCR and NAA40-KD HCT116, HT-29, SW480 or SW620 cells
incubated with various concentrations of dox. Cell viability is shown as a
percentage relative to the corresponding dox untreated cells. The data are shown
as mean % s.d. of three replicates. Unpaired two-tailed Student’s t-test was used
(*p<0.05, **p<0.01, ***p<0.001 compared to SCR control cells). (B) Phase
contrast microscopy of dox- inducible HCT116, HT-29, SW480 and SW620
engineered cell lines. Dashed rectangles indicate the zoomed-in areas shown in
the right panels. Cells were captured in at least five fields of view (x100
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magnification). The images are representative microscope fields from at least
three independent replicates. Scale bar, 100 um.

6-week old CD1 nude immunodeficient mice. Notably, NAA40-KD xenograft
tumors in mice treated with dox showed significant inhibition in growth relative to
the NAA40-KD tumors in mice receiving PBS (-dox), as well as the SCR tumors in
mice treated with either dox or PBS (Figure 3.5A). At the end of the experiment,
mice were sacrificed and tumors were excised. In agreement to effects observed
with tumor volume, the weight of resected tumors from dox-treated NAA40-KD
mice was reduced to approximately 33% of the weight in the control groups
(Figure 3.5B). The excised tumors representing the four treated groups were
aligned for comparison (Figure 3.5C). Histological hematoxylin and eosin (H&E)
staining indicated no major morphological changes between tumors from all
groups. Interestingly, immunofluorescence Ki67 staining revealed a significant
decrease in the fraction of proliferating cancer cells upon NAA40 depletion (Figure
3.5D). Collectively, our findings indicate that NAA40 knockdown significantly

decreases the growth of CRC xenografts in vivo.
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Figure 3.5. NAA40 depletion inhibits CRC cell growth in vivo. (A) The mean
volume of tumors from the dox-treated (+dox) and PBS-treated (-dox) HCT116
(left) or HT-29 (right) xenografts harboring the conditionally induced SCR or
NAA40-KD2 shRNAs. The tumor volume is shown as mean + s.d. Unpaired two-
tailed Student’s t-test was used (*p<0.05). (B) At the end of the experiment in (A)
mice were sacrificed and tumors were excised and weighted. Error bars represent
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mean % s.d. Unpaired two-tailed Student’s t-test was used (*p<0.05, **p<0.01). (C)
Representative tumors excised from SCR and NAA40-KD mouse xenografts after
administration of dox (+dox) or PBS (-dox). (D) Representative hematoxylin &
eosin (H&E) images (left) from tumors derived from SCR and NAA40-KD mouse
xenografts after administration of dox (+dox) or PBS (-dox). Scale bar, 200 pym.
Representative immunofluorescence Ki67 staining (red) images (right) from
tumors derived from SCR and NAA40-KD mouse xenografts after administration of
dox (+dox) or PBS (-dox). Cell nuclei were visualized using DAPI staining (blue).
Scale bar, 100 pym.

3.4 NAA40 stimulates PRMT5 expression in CRC cells

The above findings demonstrated a link between NAA40 expression and CRC cell
growth. Therefore, we next sought to determine how NAA40 controls the viability
of colon cancer cells. We have previously reported that in yeast cells NAA40-
mediated N-terminal acetylation of histone H4 (N-acH4) controls the expression of
a specific cohort of genes by regulating the deposition of the adjacent histone H4
arginine 3 asymmetric dimethylation (H4R3me2a) mark (Molina-Serrano et al.
2016; Schiza et al. 2013). Therefore, we wondered if human NAA40 regulates
gene expression and thereby cell growth by controlling the deposition of methyl
marks at H4R3 in CRC cells. To test this hypothesis, we investigated the global
cellular levels of H4R3me modifications in HCT116 cells depleted of NAA40. We
found that H4 arginine 3 symmetric dimethylation (H4R3me2s) levels are notably
decreased in the absence of NAA40 and of its mediated N-acH4 compared to the
SCR and mock control cells. On the other hand, reduction of NAA40 expression
did not influence the total levels of monomethylation (H4R3me1) or asymmetric
dimethylation (H4R3me2a) at the third residue of histone H4 (Figure 3.6A).
Consistently, H4R3me2s levels were reduced upon NAA40 knockdown in SW480
(Figure 3.6B) and SW620 (Figure 3.6C) cells while H4R3me1 and H4R3me2a

levels remained unaffected.
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In human cells, H4R3 is targeted by various protein arginine
methyltransferases (PRMTs) resulting in different methylation states. Specifically,
PRMT1 catalyzes asymmetric dimethylation of H4R3 (H4R3me2a), PRMTS

deposits symmetric dimethylation to form H4R3me2s and PRMT7 also mediates
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Figure 3.6. NAA40 controls the deposition of H4R3me2s. (A) Western blot
analysis of protein extracts from the indicated transiently transfected HCT116 cells
using antibodies against NAA40, H4R3me1, H4R3me2a, H4R3me2s, total histone
H4 and B-actin as loading control. (B, C) Western blot analysis of protein extracts
from the indicated SW480 (B) and SW620 (C) engineered cell lines using
antibodies against H4R3me1, H4R3me2a, H4R3me2s and total histone H4 as
loading control. The densitometry numbers below each blot define the normalized
levels of H4R3me1, H4R3me2a and H4R3me2s against H4 relative to SCR cells.
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Figure 3.7. NAA40 regulates PRMT5 protein levels in vitro. (A) Western blot
analysis of protein extracts from the indicated siRNA treated cells using antibodies
towards NAA40, PRMT5, PRMT7 and B-actin as loading control. (B, C) Western
blot analysis of cell extracts derived from dox treated SCR or NAA40-KD SW480
(B) and SW620 (C) cells using antibodies towards NAA40, PRMTS5, PRMT7 and B-
actin as loading control. The values below each blot were calculated by
densitometry analysis of NAA40, PRMT5 and PRMT7 bands relative to SCR
control after normalization with -actin.
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Figure 3.8. NAA40 depletion reduces PRMT5 protein levels in xenograft
tumors. Representative immunofluorescence PRMTS staining (green) images of
SCR and NAA40-KD xenograft tumors derived from mice receiving dox (+dox) or
PBS (-dox). DAPI staining (blue) was used to visualize cell nuclei. Scale bar, 200
pum.
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H4R3me2s but mainly monomethylates this histone residue to form H4R3me1
(Blanc and Richard 2017). Since the H4R3me2s mark is primarily deposited by the
PRMTS5 arginine methyltransferase, we then examined whether NAA40
knockdown in HCT116 cells affects the levels of this histone-modifying enzyme.
We observed that PRMT5 protein levels are reduced in response to NAA40
knockdown as opposed to the SCR and mock controls (Figure 3.7A). No
significant differences were noted in PRMT7 protein levels, which is another
enzyme mediating H4R3me2s (Figure 3.7A). Moreover, loss of NAA40 decreased
PRMTS but not PRMT7 protein levels in SW480 (Figure 3.7B) and SW620 cells
(Figure 3.7C). Accordingly, PRMTS protein levels are also reduced in NAA40-
depleted xenograft tumors (Figure 3.8). To validate this observation, we also
examined the mRNA levels of PRMT5 and PRMT7 upon NAA40 depletion.
Consistent with the above findings, NAA40 knockdown significantly reduced
PRMTS but not PRMT7 mRNA levels (Figure 3.9A-C), suggesting that NAA40
controls PRMTS expression at the transcriptional level. In line with this, using
chromatin immunoprecipitation (ChlP) assays we detected markedly reduced
deposition of N-acH4 and of the transcriptionally activating H3K4me3 modification,
while the repressive mark H3K27me3 was significantly enriched, at the PRMTS
gene promoter in HCT116 cells depleted of NAA40 (Figure 3.9D).

To substantiate the association between NAA40 and PRMT5 expression,
we next sought to examine the transcription of PRMTS direct target genes upon

NAA40 depletion. We focused our analysis on target genes whose control of
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Figure 3.9. NAA40 regulates PRMT5 mRNA levels. (A, B, C) gqRT-PCR analysis
of mRNA levels of NAA40, PRMT5 and PRMT7 normalized to B-actin in the
indicated HCT116 (A), SW480 (B) and SW620 (C) cells. Error bars represent the
mean * s.d of three biological replicates. Unpaired two-tailed Student’s t-test was
used (ns=no significance, **p<0.01, ***p<0.001). (D) ChlIP assay monitoring the
enrichment of N-acH4, H3K4me3 and H3K27me3 on the PRMTS5 gene promoter in
HCT116 engineered cells. The enrichment from each antibody was normalized to
total histone H3. Results are shown as mean = s.d. from two independent
experiments. Unpaired two-tailed Student’s t-test was used (**p<0.01, ***p<0.001).
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Figure 3.10. NAA40 regulates the expression of PRMT5-target oncogenes
and tumour suppressor genes. (A, B, C) gRT-PCR analysis of mRNA levels in
HCT116 (A), SW480 (B) and SW620 (C) cells for the indicated genes. The results
were normalized to B-actin mRNA and represent the average from three
independent experiments. Unpaired two-tailed Student’s t-test was used (ns = no
significance, *p<0.05, **p<0.01, ***p<0.001).

expression by PRMTS has been previously linked to colorectal cancer growth
(Zhang et al. 2015). Accordingly, we found that NAA40 reduction and subsequent
downregulation of PRMTS results in decreased expression of Fibroblast Growth
Factor Receptor 3 (FGFR3) and Eukaryotic Translation Initiation Factor 4E
(EIF4E) oncogenes and derepression of RB Transcriptional Corepressor Like 2
(RBL2) and Cyclin Dependent Kinase Inhibitor 1A (CDKN1A) tumor suppressors,

which, respectively, are activated and repressed by PRMT5 in proliferating CRC
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cells (Figure 3.10). Conversely, there was no significant change in the expression
of cadherin-1 (CDH1) and THO complex 1 (THOC1) control genes (Figure 3.10A).
Altogether, these results suggest that NAA40 promotes PRMTS5 transcriptional
activation, which in turn influences the expression of vital cancer-associated genes

in CRC cells.

3.5 PRMTS5 upregulation restores viability in NAA40-depleted CRC

cell

The data shown above indicate that NAA40 knockdown reduces PRMTS5
expression in colon cancer cells. To investigate whether PRMT5 downregulation is
important for the decreased CRC cell viability mediated by NAA40 depletion we
performed MTT assay in NAA40-knockdown cells that overexpressed PRMTS5.
Notably, ectopic expression of PRMT5 restored to a great extent the viability of
HCT116 cells that were depleted of NAA40 (Figure 3.11), suggesting that PRMTS
contributes to NAA40-dependent CRC cell growth. In support of this relationship,
meta-analysis of RNA-seq data from TCGA showed that PRMTS5 is significantly
upregulated in CRC patient samples compared to the non-cancerous specimens,
as previously seen for NAA40 (compare Figure 3.12A to 3.1C). Furthermore,
similarly to NAA40, PRMT5 expression levels are also increased in all tumor
stages in CRC patients (Figure 3.12B). More importantly, we found a significant
positive correlation (r=0.388, p<0.0001) between the mRNA levels of NAA40 and
PRMTS in CRC patient samples (Figure 3.12C). In contrast, there was no
significant association (r=0.050, p=0.201) between NAA40 and PRMT7 mRNA
levels in these CRC samples (Figure 3.12D), consistent with the fact that NAA40-

depletion does not affect the levels of PRMT7 (Figures 3.9A-C). Thus, overall
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these findings suggest that NAA40 facilitates survival of colon cancer cells partly

through upregulation of PRMTS expression.
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Figure 3.11. PRMT5 upregulation restores viability in NAA40-depleted CRC
cells. MTT assay of HCT116 colon cancer cells expressing an empty vector (-) or
a vector containing myc-tagged PRMTS (+) in SCR (-) or NAA40-KD (+)
conditions. Error bars represent the mean + s.d of three biological replicates.
Unpaired two-tailed Student’s t-test was used (**p<0.01). Western blot analysis
(right panel) was performed to detect ectopic expression of tagged PRMTS using
an antibody against myc. B-actin was used as a loading control. The values below
the blot were determined by densitometry analysis.
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Figure 3.12. NAA40 and PRMT5 are positively correlated in human CRC
tissues. (A) Meta-analysis of PRMTS expression levels extracted from the TCGA
data portal in 647 colorectal cancer (CRC) and 51 normal patient samples. The
Mann Whitney test was used for the statistical analysis (***p<0.001). (B) Meta-
analysis of PRMT5 expression levels extracted from the TCGA data portal in CRC
adenocarcinoma specimens with different TNM stages (n= 647). (C) and (D)
Scatter plots illustrating the correlation between the expression of NAA40 and
PRMTS5 (C) or between NAA40 and PRMT7 (D) in 647 colorectal cancer (CRC)
patient samples extracted from the TCGA database. The red line indicates the
linear regression slope. Statistical analysis was performed using Pearson’s rank
correlation coefficient (r).
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RESULTS OF AIM 2
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4.1 NAA40 regulates one-carbon metabolism in colorectal cancer
cells

As described above we have demonstrated that NAA40 is upregulated in CRC and
sustains tumour growth by controlling the expression of PRMT5 gene identified
through individual gene analysis. However, given the abundance of N-acH4 in the
proteome (Tweedie-Cullen et al. 2012), we anticipate that PRMT5 is not the sole
player facilitating NAA40-mediated survival of CRC cells. This is also supported by
the fact that PRMT5 upregulation cannot fully restore the loss of CRC cell viability
upon NAA40 knockdown (Figure 3.11). Consequently, to fully comprehend the
regulatory network of NAA40 in CRC, we conducted RNA-seq analysis using the
inducible shRNA-mediated knockdown cell line models that were previously
constructed and described (Figure 3.3). Comparison of doxycycline treated
Scramble (SCR) and NAA40-knockdown (NAA40-KD) HCT116 stable cells
revealed that NAA40 depletion leads to altered expression of 2102 genes, with
differential expression determined at a threshold of p-value < 0.05 and an absolute
log fold change > 1 (Figure 4.1A). Gene Ontology (GO) analysis of the
differentially expressed genes illustrated that loss of NAA40 alters sets of genes
involved in cancer-related processes in support of our previous finding (Figure 3.4
and Figure 4.1B). Specifically, some of the most significantly enriched GO terms
included DNA replication, DNA damage and repair pathways, as well as cell cycle
phase transition (Figure 4.1B). In line with these findings, we observed that cells
deprived of NAA40 are restricted in the G1/S phase of the cell cycle (Figure 4.1C),
further supporting the oncogenic potential of NAA40. Intriguingly, among the most

notably enriched GO terms were ones pointing to a connection with metabolism
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Figure 4.1. NAA40 regulates the levels of key 1C metabolic genes. (A)
Volcano plot comparing mRNA levels between NAA40 depleted and SCR control
HCT116 cells as determined by RNA-seq analysis. Upregulated genes upon loss
of NAA40 are shown in red (adjusted P-value<0.01 and logFC>1) and
downregulated genes in blue (adjusted P- value<0.01 and logFC<-1). (B) Gene
ontology analysis of all differentially expressed genes showing enriched biological
processes following depletion of NAA40. (C) Flow cytometry analysis (mean + s.d.,
N=2) of HCT116 cells stably transfected with doxycycline-inducible SCR or
NAA40-KD constructs upon treatment with 1 ug/ml dox for 96 h. Unpaired two-
tailed Student’s t-test was used (*p<0.05, **p<0.01). (D) Quantitative real-time
PCR (gqRT-PCR) analysis (mean * s.d., N=3) of the indicated genes normalized to
B-actin mRNA levels in dox-treated SCR and two independent NAA40-KD lines in
HCT116 cells. All statistical analyses were performed using unpaired two-tailed
Student’s t-test (*p<0.05, **p<0.01, ***p<0.001).
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such as the methionine metabolic pathway, regulation of DNA metabolic process
and response to anti-metabolite therapy (Figure 4.1B). Key genes within these
categories included methylenetetrahydrofolate reductase (MTHFR), methionine
adenosyltransferase 1A (MAT1A), cystathionine gamma-lyase (CTH) and
metabolism of cobalamin associated A (MMAA) which were significantly
upregulated, while thymidylate synthase (TYMS) was markedly downregulated in
the absence of NAA40 (Figure 4.1A). The expression of these and other genes
identified during our transcriptomic study was also validated through quantitative
real time PCR (qRT-PCR) analysis (Figure 4.1D).

The above identified differentially expressed genes control important
reactions within the 1C-metabolic network, which interconnects the methionine,
folate and trans-sulfuration cycles (Figure 4.2A), circulating 1C-units to support a
multitude of fundamental cellular activities, including nucleotide synthesis and the
production of the universal methyl donor SAM (Serefidou et al. 2019; Locasale
2013). Since NAA40 knockdown influenced the transcription of important one-
carbon metabolic genes, we next examined the impact of NAA40 on the
metabolome of CRC cells. To address this, we performed targeted metabolomic
analysis using a liquid chromatography/mass spectrometry (LC/MS) approach to
identify metabolites whose abundance displays significant change in cells devoid
of NAA40 compared to doxycycline-treated control cells. In accordance with our
transcriptomic data, enrichment analysis of deregulated metabolites in NAA40
depleted cells revealed cysteine and methionine metabolism as the most
significantly modulated metabolic pathway (Figure 4.2B). Specifically, NAA40
deficiency resulted in a substantial increase of intracellular SAM pools and a
smaller increase in the abundance of S-adenosyl-L-homocysteine (SAH),

homocysteine, methylene- tetrahydrofolate (me-THF) and glycine intermediary
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Figure 4.2. NAA40 regulates the abundance of 1C metabolites. (A) Schematic
of the folate, methionine and trans-sulfuration cycles of the one-carbon metabolic
network depicting key enzymes and intermediate metabolites. (B) Enrichment
analysis of altered metabolic pathways based on detected metabolites by UPLC-
MS in NAA40-KD versus SCR control cells. Impact represents the enrichment
ratio; the number of total compounds in the pathway divided by the number of hits
(C) Intracellular levels of the indicated one-carbon metabolites or their ratios
(mean % s.e., N=3) in dox-treated SCR and NAA40-KD HCT116 cells. (D)
Intracellular levels of the indicated metabolites found in glycolysis, TCA cycle and
lipid synthesis measured by UPLC-MS (mean * s.d., N=3) in HCT116 SCR and
NAA40-KD cells treated with doxycycline. All statistical analyses were performed
using unpaired two-tailed Student’s t-test (*p<0.05).
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metabolites, whereas methionine levels were significantly lower relative to SCR
control cells (Figure 4.2C). These results are consistent with the induction of
MTHFR and MAT1A, and repression of TYMS observed in the gene expression
analysis (Figures 4.1A and 4.1D). Notably, NAA40O depletion led to increased
SAM/methionine ratio and accumulation of UMP which is the central precursor for
thymidine synthesis (Figure 4.2C), suggesting that NAA40 depleted cells may
therefore possess an enhanced capacity for methylation reactions. In contrast, at
this stage we do not detect major changes in metabolite levels of other central
metabolic pathways, such as glycolysis, tricarboxylic acid (TCA) cycle and fatty-
acid synthesis, indicating that the effects of NAA40 knockdown are specific
towards 1C-metabolism (Figure 4.2D). Altogether, these findings establish a role
for NAA40 histone acetyltransferase in the regulation of one-carbon metabolism in

CRC cells.

4.2 Regulation of one-carbon metabolism by NAA40 rewires

global histone methylation

Previous studies have linked fluctuations in the availability of the principal methyl
donor SAM with bulk changes in chromatin methylation (Mentch et al. 2015; Roy
et al. 2020; Shiraki et al. 2014; Shyh-Chang et al. 2012). Since NAA40 controls
SAM levels, we next sought to investigate whether NAA40 depletion impacts the
epigenome by affecting histone methylation levels. Initially, we validated NAA40
depletion through loss of its associated acetyltransferase activity towards histone
N-termini by examining the appearance of its previously reported antagonistic
phosphorylation mark at serine 1 (Figure 4.3A) (Ju et al. 2017a). This was

necessary because the previously used antibody for detecting histone N-terminal
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Figure 4.3. NAA40 impacts global histone methylation. (A) Representative
western blot analysis (N=3) of cell extracts derived from dox-treated SCR or
NAA40-KD HCT116 cells using the indicated antibodies. The numbers below each
blot indicate densitometry analysis of protein levels in NAA40-KD relative to SCR
after normalization to the B-actin bands. (B) Western blot analysis (N=3) of acid
extracted histones from dox-treated SCR and NAA40-KD using antibodies against
H2A/H4S1ph, H3, H2A and H4. (C) Western blot analysis (N=2) in whole cell (5%
Input), cytoplasmic (S2), nucleoplasmic (S3) and chromatin-bound (P3) protein
extracts derived from biochemical fractionation of dox-treated SCR or NAA40-KD

cells.
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acetylation (Figure 3.6A) was expended and no longer available. Specifically, we
found that loss of NAA40 in HCT116 cells dramatically potentiated serine 1
phosphorylation at both histones H2A (H2AS1ph) and H4 (H4S1ph) with the signal
at the former being more readily detected (Figure 4.3B). Once we validated that
NAA40 function was efficiently diminished, we then monitored the levels of several
histone methylation marks. Remarkably, attenuation of NAA40 results in robust
increase in the total levels of various histone methylation marks associated with
transcription, including both permissive (H3K4me3, H3K36me3 and H3K79me2)
and repressive (H3K9me3 and H3K27me3) methylations (Figure 4.3A), which is
consistent with the detected accumulation in SAM levels (Figure 4.2C). However,
this increase was not universal since the levels of other methylation marks, such
as H3K79me3, remained unaffected (Figure 4.3A). In support of this observation,
recent evidence confirms that fluctuations in SAM abundance do not impact all
methylated histone sites, but rather directed to specific residues in a context-

dependent manner (Shyh-Chang et al. 2012; Ulanovskaya et al. 2013; Ye et al.
2017). Moreover, subcellular fractionation experiments illustrated that the induction
of histone methylation occurs mainly on chromatin-associated histone proteins
(Figure 4.3C). Hence, we then reasoned to exploit the precise genomic locations
at which these modification changes occur by chromatin immunoprecipitation
followed by deep sequencing (ChIP-seq). To our surprise, the genome-wide
distribution of the various tested histone methylation marks was highly preserved
in the absence of NAA40 since no differences were observed in the total peak
number, feature distribution or the peak enrichment relative to the transcription
start site (TSS) between doxycycline-treated SCR and NAA40-KD cells (Figure
4 4A-C). Given that SAM is also used by DNMTs, we next examined cytosine

methylation between doxycycline-treated SCR and NAA40-KD cells using DNA
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methylation microarrays. In contrast to the robust histone methylation response
detected by western blot, no significant differences were seen in global DNA
methylation following NAA40 depletion (Figure 4.4E). The minor changes detected
with some probes were similar to those observed when we compared the two
biological replicates of SCR control cells indicating that those differences are
probably due to technical variability (Figure 4.4E, compare top and bottom plots).
To gain further insight into NAA40-mediated regulation of one carbon
metabolism and its connection with histone methylation changes,
we then monitored the temporal dynamics of these alterations. To achieve this,
SCR and NAA40-KD cells were treated with doxycycline and examined at various
time points (6, 16, 24, 48, 72, 96 h). Significant NAA40O depletion was detected
from 16h after dox treatment and progressively increased based on both NAA40
mMRNA and protein levels as well as the appearance of its antagonistic histone
mark H2AS1ph. Induction of one-carbon metabolic genes MTHFR and MAT1A
followed NAA40 depletion since it was detected at 24h after dox treatment and
progressively increased until 96h (Figure 4.5A). Importantly, this gene induction
was concurrent to the rising levels of H3K4me3 and H3K36me3 (Figure 4.5B).
Comparison of all these alterations clearly indicates that the expression changes
in one-carbon metabolic genes occur shortly after NAA40 depletion and coincide
temporally with the histone methylation changes (Figure 4.5C). Because we have
previously shown that NAA40-knockdown results in reduced viability of CRC cells
(Figure 3.4), we wanted to exclude the possibility that the observed coordinated
changes in metabolic gene expression and histone methylation are occurring as a

response to growth retardation signals. We found that these chromatin changes
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Figure 4.5. NAA40 effects on histone methylation and one-carbon
metabolism are dynamically regulated. (A) qRT-PCR analysis (mean % s.d.,
N=3) of NAA40, MTHFR and MAT1A mRNA levels normalized to B-actin
performed in SCR or NAA40-KD HCT116 cells treated with doxycycline for the
indicated time points. (B) Representative western blot analysis (N=3) in proteins
extracted at different time points from dox-treated HCT116 SCR and NAA40-KD
cells using the indicated antibodies. The densitometry numbers below each blot
define the normalized levels of each protein against B-actin relative to SCR cells.
(C) Relative changes in modification (H2AS1ph, H3K4me3 and H3K36me3) or
mRNA (NAA40, MTHFR and MAT1A) levels following NAA40 depletion for the
indicated time points. (D) MTT assay (mean * s.d., N=3) of SCR and NAA40-KD
HCT116 cells incubated with dox for the indicated time points. Cell viability is
shown as a percentage relative to the corresponding dox untreated cells. All
statistical analyses were performed using unpaired two-tailed Student’s t-test
(ns=no significance, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

(Figure 4.5A, top plot and Figure 4.5B).
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precede the effects on cell viability, since reduction in cell survival was only
apparent after 72 h of NAA40 depletion (Figure 4.5D). These findings overall show
that the effects of NAA40 knockdown on metabolic rewiring and its corresponding
epigenome changes are not prompted by a cell growth defect and suggest that
NAA40-dependent transcriptional effects in one-carbon metabolism drive histone
methylation changes.

Interestingly, LC/MS analysis at 96h of dox treatment, during which severe
depletion of NAA40 mRNA and protein levels is achieved, revealed significant
accumulation of Acetyl-CoA, the obligatory co-factor for N-terminal acetylation
(Figure 4.6A). Further lipidomics analysis revealed that the enhanced Acetyl-CoA
abundance was accompanied by marked induction of cholesterol and
diacyglycerols (DG [34:0], DG [36:1] and DG [36:2] species) (Figures 4.6B and
4.6C). These data indicate that increased Ac-CoA accumulation after 96 h of dox
treatment might be used for lipid synthesis. On the contrary, no significant
changes in cholesterol and DAG levels were observed at 24 h of dox treatment
where Ac-CoA abundance was not affected significantly (Figure 4.6).

To support the above notion that NAA40 driven metabolic gene expression
changes are responsible for the increased histone methylation phenotype, we next
depleted MTHFR using siRNA transfection experiments to attenuate one-carbon
metabolism (Figure 4.7A). Unlike the control siRNA which had no effect (Figures
4.7B-D), MTHFR siRNA specifically prevented the induction of histone methylation
(Figure 4.7B, compare lanes 7 and 8 with lanes 5 and 6), and rescued the cell
viability defect caused by NAA40 depletion (Figures 4.7C and 4.7D bottom
images). To ensure that MTHFR is acting downstream of NAA40, we repeated
these experiments in SCR and NAA40-KD cells without dox treatment which

maintain NAA40 expression (Figure 4.7A, left plot). As expected, MTHFR was
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Figure 4.6. NAA40 affects acetyl-CoA pools and lipid synthesis. (A, B, C)
Intracellular levels of acetyl-CoA (A), cholesterol (B) and diacylglycerols (C)
measured by UPLC-MS (mean % s.e., N=3) in HCT116 SCR and NAA40-KD cells
treated with doxycycline for 24 h and 96 h. All statistical analyses were performed
using unpaired two-tailed Student’s t-test (*p<0.05, ***p<0.001).
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again depleted (fig. 4.7A, right plot) but we did not detect any dramatic changes in
either histone methylation or CRC cell growth and viability (Figure 4.7B, compare
lanes 3 and 4 with lanes 1 and 2, Figure 4.7C and Figure 4.7D top images). These
results reinforce the idea that the effects on histone methylation levels are
dependent on NAA40-mediated regulation of one-carbon metabolism and may
impinge on CRC cell survival.

Finally, to examine whether the effects of NAA40 on histone methylation occur
universally in colon cancer cells we examined three additional CRC cell lines (HT-
29, SW480 and SW620). In line with the results observed in HCT116 cells, the
bulk levels of histone methylation were elevated in all three different cell lines upon
NAA40 knockdown (Figure 4.8A). The increase in histone methylation seen in
doxycycline treated NAA40-KD cells was accompanied by transcriptional
upregulation of MTHFR one-carbon metabolic gene (Figure 4.8B) and consistently
the viability of these cells declines in the absence of NAA40 (Figure 3.4). On the
contrary, global histone methylation, MTHFR expression and cell viability
remained largely unaffected in non-malignant, immortalized HEK-293 cells lacking
NAA40 (Figure 4.9). Collectively, these data suggest that in colorectal cancer cells
NAA40-mediated regulation of one-carbon metabolic gene expression controls the

global levels of different histone methylation marks.
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Figure 4.7. The effect of NAA40 on histone methylation is driven through
one-carbon metabolism. (A) gRT-PCR analysis (mean £ s.d., N=3) monitoring
NAA40 (leff) and MTHFR (panel) mRNA levels normalized to B-actin of HCT116
SCR or NAA40-KD cells transiently transfected with MTHFR-specific (SIMTHFR)
or control (siC) siRNAs in the presence or absence of dox treatment. (B)
Representative western blot analysis (N=3) of proteins extracted from siC or
siMTHFR transfected SCR and NAA40-KD HCT116 cells treated with or without
dox using the indicated antibodies. The values were calculated by densitometry
analysis of each protein band relative to the corresponding SCR control after
normalization with (3-actin. (C) MTT assay (mean % s.d., N=3) in dox-treated or
untreated SCR and NAA40-KD cells that were transiently transfected with siC or
siMTHFR. (D) Phase contrast microscopy of dox-inducible HCT116 SCR and
NAA40-KD cells transfected with siC or siMTHFR. Cells were captured in at least
five fields of view (100X magnification). The images are representative fields from
at least three independent replicates. Scale bar, 100 um. Unpaired two-tailed
Student’s t-test was used (ns=no significance, **p < 0.01, ***p < 0.001).
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4.3 NAA40 regulates one-carbon metabolism through its histone

acetyltransferase activity

Next, we sought to investigate whether the above described NAA40-
dependent outcomes are indeed specific to the loss of NAA40 and mediated
through its acetyltransferase activity, reported to act selectively on histones (Magin
et al. 2015b). To this end, we devised RNAi-rescue experiments by engineering

doxycycline-inducible NAA40-KD cells that ectopically express either i) a wild type
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Figure 4.8. NAA40 universally affects one-carbon metabolism and histone
methylation in different CRC cell lines. (A) Western blot analysis (N=3) of cell
extracts derived from dox-treated SCR or NAA40-KD HT-29, SW480 and SW620
colorectal cancer cells. (B) gRT-PCR analysis (mean £ s.d., N=3) of NAA40 and
MTHFR mRNA levels normalized to B-actin performed in dox-treated HT-29,
SW480 and SW620 engineered to express SCR or NAA40-KD. Student’s t-test
was used (**p < 0.01, ***p < 0.001).
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Figure 4.9. NAA40 depletion in HEK293 cells does not affect histone
methylation, one-carbon metabolism and cell viability. (A) Representative
western blot analysis (N=3) of cell extracts derived from dox-treated SCR or
NAA40-KD HEK293 cells using the indicated antibodies. (B) gRT-PCR analysis
(mean £ s.d., N=3) of NAA40 and MTHFR mRNA levels normalized to B-actin
performed in dox-treated HEK293 cells engineered to express SCR or NAA40-KD.
(C) MTT assay (mean % s.d., N=3) in HEK293 SCR and NAA40-KD cells treated
with dox for 96h. All statistical analyses were performed using unpaired two-tailed
Student’s t-test (ns=no significance, **p < 0.01).

V5-tagged NAA40 mRNA that was still targeted by shRNAs (Sensitive
NAA40(WT)-V5), ii) a wild type NAA40-V5 mRNA that was resistant to shRNA-
mediated depletion (Resistant NAA4O(WT)-V5), or iii) a resistant catalytically
inactive version of NAA40-V5 (Resistant NAA40O(E139Q)-V5) (Hole et al. 2011;
Magin et al. 2015b). We initially validated our engineered system showing that in
the shRNA-sensitive cell line exogenous NAA40O(WT)-V5 was efficiently depleted
upon dox treatment and, as expected, this was also accompanied with the
appearance of the antagonistic histone mark H2AS1ph due to the lack of histone
N-terminal acetylation (Figure 4.10A, compare lane 3 with 4). In contrast, the

shRNA-resistant NAA40(WT)-V5 cells maintain expression of exogenous
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NAA40(WT)-V5 under dox treatment and as a result there is no accumulation of
the opposing mark H2AS1ph, showing that the exogenous NAA40(WT)-V5 could
complement the function of the endogenous NAA40 enzyme (Figure 4.10A,
compare lanes 5 with 6). Most importantly, the exogenous shRNA-resistant
catalytically inactive NAA40(E139Q)-V5 remains unchanged under dox treatment,
but the antagonistic mark H2AS1ph accumulates indicating that this inactive
version of NAA40 is unable to modify histone N-termini and thus cannot
complement the catalytic function of the endogenous enzyme (Figure 4.10A,
compare lane 7 with 8).

Having validated this complementation system, we then examined how the
levels of histone methyl marks and cell viability are affected in these various
engineered cells. Consistent with the above results, the increase of H3K4me3 and
H3K36me3 was again detected upon depletion of both the endogenous and
exogenous shRNA-sensitive NAA4O(WT)-V5 version (Figure 4.10A, lanes 3-4).
However, this histone methylation enhancement was rescued by exogenous
expression of the resistant NAA4O(WT)-V5 (Figure 4.10A, lanes 5-6), reinforcing
the notion that this effect is mediated by specific loss of NAA40. Of note, the
shRNA-resistant enzymatically inactive NAA40(E139Q)-V5 was unable to reduce
the levels of H3K4me3 and H3K36me3 under dox treatment suggesting that these
effects are driven by the acetyltransferase activity of NAA40. Accordingly,
overexpression of the exogenous shRNA-sensitive NAA40(WT)-V5 showed
reduced viability upon dox treatment, similarly to cells lacking the endogenous
enzyme (Figure 4.10B). On the other hand, the resistant NAA40O(WT)-V5 rescued

cell viability almost fully while the catalytically dead NAA40(E139Q)-V5 failed to
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Figure 4.10. NAA40-mediated regulation of one-carbon metabolism, histone
methylation and cell viability are dependent on its acetyltransferase activity.
(A) Western blot analysis (N=3) of HCT116 inducible NAA40-KD cells transduced
with  Empty vector, shRNA-Sensitive NAA40(WT)-V5, shRNA-Resistant
NAA40(WT)-V5 or shRNA-Resistant NAA40(E139Q)-V5 plasmids and treated with
or without doxycycline using antibodies against the specified antibodies. (B) MTT
assay (mean * s.d., N=3) to assess cell viability in dox-treated HCT116 inducible
NAA40-KD cells expressing the indicated proteins. (C) qRT-PCR analysis (mean +
s.d., N=3) demonstrating the mRNA levels of NAA40, MTHFR and MAT1A
normalized to B-actin in HCT116 inducible NAA40-KD cells transduced with the
indicated plasmids in the presence or absence of dox treatment. All statistical
analyses were performed using unpaired two-tailed Student’s t-test (ns=no
significance, *p < 0.05, **p < 0.01, ***p < 0.001).
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restore CRC cell viability in the absence of the endogenous enzyme showing once
again that this inactive form cannot complement the function of intact NAA40
(Figure 4.10B).

Lastly, we found that overexpression of the shRNA-resistant NAA4O(WT)-
V5 prevented robust upregulation of MTHFR and MAT1A under dox conditions
and this was consistent with the absence of H3K4me3 and H3K36me3
enhancement (compare Figures 4.10A and 4.10C). Nevertheless, forced
expression of the shRNA-resistant catalytically dead NAA40(E139Q)-V5 failed to
block MTHFR and MAT1A induction after depletion of endogenous NAA40 by dox
treatment, which was again consistent with the detected increase in histone
methylation marks (compare Figures 4.10A and 4.10C). Altogether, these results
demonstrate that the function of NAA40 in regulating one-carbon metabolic gene
expression, global histone methylation as well as CRC cell viability is specifically

attributed to its acetyltransferase activity.

4.4 NAAA4OQ is localized in the nucleus and interacts with

chromatin

Although NAA40 is known to predominantly acetylate histones H4 and H2A co-
translationally, previous evidence depicts a nuclear localization for this epigenetic
modifier (Hole et al. 2011; Poledova et al. 1999; Jonckheere and Van Damme
2021). Since NAA40 acetyltransferase activity towards histone proteins is required
for the molecular and phenotypic effects of CRC cells we then explored the
subcellular distribution of this epigenetic modifier. In addition to immunoblot

analysis (Figure 4.10A), the expression and localization of exogenous NAA40
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Figure 4.11. NAA40 is localized in the cytoplasm and nucleus. (A)
Representative confocal images of V5-tag (green) or Hoechst (blue) in the
indicated stable cell lines treated with or without doxycycline. Scale bar, 100 pym.
(B) Representative confocal images of NAA40-V5 overexpressing HCT116 cells
(o/le NAA4O(WT)) stained with V5-tag (green), NAA40 (red) or Hoechst (blue).
Scale bars, 20 ym. (C) Immunoblot analysis (N=3) using the indicated antibodies
in whole cell (WCE), cytoplasmic (Cy), nucleoplasmic (N) and chromatin-bound
(Chr) protein extracts derived from biochemical fractionation of HCT116 cells
overexpressing the wild type NAA40-V5 protein (o/e NAA40O(WT)).
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protein among the different engineered cell lines in the presence or absence of
doxycycline was validated using confocal immunofluorescence microscopy (Figure
4.11A). As expected, we determined a predominant cytosolic localization of
NAA40, which is consistent with its previously reported co-translational function
(Figure 4.11B, see purple arrows). Interestingly, we also observed a fraction of
NAA40 within the nucleus and more specifically at chromatin regions as indicated
by DNA staining, suggesting a novel chromatin-bound activity for NAA40 (Figure
4.11B, see white arrows). Consistently, cell fractionation experiments confirmed
the enrichment of exogenous NAA40 protein in both cytoplasmic and chromatin-
bound fractions further supporting its potential post-translational activity within the

nucleus (Figure 4.11C).

4.5 Regulation of one-carbon metabolism by NAA40 renders CRC

cells resistant to antimetabolite drug 5-FU

Apart from its role in methyl group biogenesis to support methylation reactions,
one-carbon metabolism is also essential for nucleotide synthesis (Locasale 2013).
Specifically, TYMS is a key 1C metabolic enzyme converting deoxyuridine
monophosphate (dUMP) to deoxythymidine monophosphate (dTMP) by competing
with the MTHFR enzyme for the one-carbon unit methylenetetrahydrofolate (me-
THF) (Figure 4.2A). The antimetabolite drug 5-Fluorouracil (5-FU), targets TYMS
by antagonizing dUMP binding on its catalytic domain inhibiting dTMP synthesis
(Figure 4.12A). Although 5-Fluorouracil (5-FU) is the most widely used
chemotherapeutic agent for the treatment of CRC, resistance to 5-FU is an
important reason for treatment failure (Hammond et al. 2016). Of note, TYMS

expression levels have been shown to predict response of malignant cells to 5-FU
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therapy (Varghese et al. 2019; Wakasa et al. 2015) but the mechanism underlying
TYMS regulation remains largely unexplored.

Given that we identified TYMS to be significantly downregulated upon
NAA40-knockdown (Figures 4.1A and 4.1D), we speculated that NAA40 could be
a novel regulator of TYMS affecting the response of CRC cells to 5-FU. To test
this hypothesis, we initially sought to verify that TYMS expression is indeed
responsive to NAA40 levels. Conversely to the observed downregulation of TYMS
in NAA40-depleted cells, we found that TYMS levels are increased in cells
ectopically overexpressing a wild-type but not a catalytically inactive NAA40
relative to empty vector control cells (Figure 4.12B), further supporting the
regulatory link between NAA40 and TYMS expression.

In light of the above results, we then investigated the effects of NAA40-
mediated TYMS regulation on the response of CRC cells to 5-FU. We initially
examined the response of HCT116 cells overexpressing NAA40 to 5-FU by
monitoring cell viability. Interestingly, the viability of cells overexpressing wild-type
NAA40-V5 was significantly less affected by the 5-FU treatment compared to non-
overexpressing cells carrying an empty vector control (Figure 4.12C, right plot).
However, TYMS knockdown by transient siRNA (Figure 4.12C, left plot) reversed
the acquired 5-FU resistance of NAA4O(WT)-V5 overexpressing cells, indicating
that TYMS upregulation is required for NAA40-mediated 5-FU resistance (Figure
4.12C, right plot). In support of this result, dox-induced depletion of NAA40 protein
which leads to TYMS downregulation (Figure 4.1A and 4.1D), renders CRC cells
more vulnerable to 5-FU when compared to treatment of cells with intact NAA40
(5-FU alone) (Figure 4.12D). However, combinatorial supplementation of
doxycycline and 5-FU in cells overexpressing the shRNA-resistant wild-type

NAA40 overexpressing the shRNA-resistant wild-type NAA40 did not display
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Figure 4.12. NAA40 confers 5-FU resistance through activation of the one-
carbon metabolic gene TYMS. (A) Schematic of the metabolic reaction catalyzed
by TYMS enzyme which is targeted by 5-FU. (B) qRT-PCR analysis (mean % s.d.,
N=3) of the indicated HCT116 overexpression cell lines using specific primers for
NAA40 and TYMS. The presented values are normalized to B-actin mRNA. (C)
gRT-PCR analysis (mean % s.d., N=3) of TYMS mRNA levels normalized to -
actin in HCT116 cells stably overexpressing NAA40O(WT)-V5 or empty vector that
are transiently transfected with control (siC) or TYMS-specific (siTYMS) siRNAs
(feft panel). MTT assay in HCT116 carrying empty vector control or NAA40(WT)-
V5 overexpressing plasmid that are then transfected with siC or siTYMS and
cultured in medium containing 5-FU, DMSO or untreated control (right panel). (D)
MTT assay (mean % s.d., N=3) in HCT116 doxycycline inducible NAA40-KD cells
transduced with the indicated plasmids and grown in DMSO, 5-FU or Dox+5-FU.
(E) Mean tumour volume from 5-FU or saline treated HCT116 xenografts stably
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overexpressing (o/e) NAA4O(WT)-V5 or carrying an empty vector control. The
tumour volume is shown as mean = s.e. (F) Tumour weight and (G) representative
images of excised empty vector control or o/e NAA40 (WT)-V5 xenograft tumours
from mice receiving 5-FU or saline. (H) Correlation between the expression of
NAA40 and TYMS in 380 primary colorectal cancer tissues extracted from the
TCGA database. The orange line demonstrates the regression slope. Statistical
analysis was performed using Pearson’s rank correlation coefficient (r). (I) Relative
NAA40 mRNA levels from two independent datasets extracted from GEO omnibus
of patients responding to FOLFOX treatment (“R”) and patients not responding
(“NR”). The p values were calculated using Fisher method (*p < 0.05). All other
statistical analyses in the figure were performed using unpaired two-tailed
Student’s t-test (ns=no significance, *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001).

sensitivity to 5-FU but conversely conferred resistance to this drug (Figure 4.12D),
in line with the previous finding (Figure 4.12C, right plot). Most importantly, cells
overexpressing an exogenous shRNA-resistant catalytically inactive NAA40
remained sensitive to 5-FU upon doxycycline treatment (Figure 4.12D). This result
indicates that NAA40 histone acetyltransferase activity is driving 5-FU resistance,
in agreement with the fact that this activity is implicated in TYMS expression
(Figure 4.12B).

Following the above in vitro findings, we next wanted to determine if NAA40
controls the response of CRC cells to 5-FU in an in vivo model. Therefore, we
inoculated HCT116 cells either stably overexpressing wild-type NAA40-V5 or
transfected with the empty vector control into nude immunodeficient mice, followed
by treatment with 5-FU or vehicle (saline) control through intraperitoneal injection.
As expected, the growth of empty vector control tumours was significantly reduced
when treated with 5-FU compared to saline control. In contrast, xenograft tumours
overexpressing NAA40-V5 developed with similar growth rate in mice receiving
either 5-FU or saline control (Figure 4.12E), demonstrating that NAA40 confers 5-
FU resistance to CRC tumours similarly to the aforementioned cell-based assays.

In addition to the delayed tumour growth, NAA40 overexpressing explants in mice
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treated with 5-FU showed increased tumour weight and size compared to the
empty vector tumours in the equivalent treatment group (Figure 4.12F and 4.12G).
It is worth noting that, in agreement with our in vitro studies (Figure 4.12C), the
tumour volume of empty vector grafts was vastly similar to that of NAA40
overexpressing tumours receiving saline control, suggesting that NAA40
overexpression alone is not sufficient to promote additional growth advantage to
CRC cells (Figure 4.12E). Overall, the data from mouse models combined with our
in vitro findings indicate that NAA40 promotes 5-FU drug resistance by controlling
one-carbon metabolism and particularly TYMS expression.

Finally, we explored the clinical relevance of NAA40 regulating TYMS
transcription and 5-FU drug response. The current study along with previous
reports showed that NAA40 and TYMS expression levels are elevated in colorectal
cancer patients as opposed to normal colon tissues (Varghese et al. 2019). To this
end, we performed in silico analysis of 380 primary colorectal tumour tissues
retrieved from The Cancer Genome Atlas (TCGA) database and found that NAA40
transcript levels in these patients are positively correlated (r=0.30, p<0.001) with
the expression of TYMS (Figure 4.12H), consistent with the above-described
regulatory link within CRC cells. Moreover, analysis of microarray data derived
from two independent cohorts showed that CRC patients defined as non-
responders to 5-FU based chemotherapy display higher NAA40 expression levels
relative to those who responded well to 5-FU treatment (Figure 4.121), suggesting
that NAA40 upregulation in human cancers is associated with resistance to
antimetabolite chemotherapy. Altogether, these results indicate that NAA40-
mediated regulation of TYMS expression affects the response to 5-FU based
chemotherapy, providing insight on a new molecular link implicated in CRC drug

resistance.
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4.6 The NAA40 antagonizing mark H2A/H4S1ph is enriched at the

nuclear lamina and mediates TYMS repression

The above results indicate that TYMS expression strongly correlates with NAA40
activity and drug response. Thus, we next looked into possible mechanisms
through which NAA40 could mediate transcriptional regulation of TYMS. Because
NAA40 affects TYMS activation through its acetyltransferase activity (Figure
4.12B) that is known so far to selectively target histones (Magin et al. 2015b), we
turned our focus on the NAA40 antagonizing mark H2A/H4S1ph which has been
previously implicated in transcriptional repression (Ju et al. 2017a; Zhang et al.
2004). ChIP analysis showed higher occupancy of H2A/H4S1ph on the TYMS
gene in NAA40-knockdown cells (2.5-fold increase) compared to SCR control cells
(Figure 4.13A), which is consistent with TYMS downregulation under these
conditions (Figure 4.1A and 4.1D). To further support the connection between
H2A/H4S1ph and TYMS repression, we examined its expression after exposing
doxycycline-treated SCR and NAA40-KD cells to CX-4945 (Silmitasertib), a
selective inhibitor of CK2a kinase which mediates H2A/H4S1ph. Importantly, we
found that treatment of NAA40-depleted cells with CX-4945 reduced the levels of
both H2A and H4 serine 1 phosphorylation and this was accompanied by
restoration of TYMS expression (Figure 4.13B and 4.13C).

To define how H2A/H4S1ph could mediate transcriptional silencing upon
NAA40 knockdown, we next examined the sub-nuclear localization of this
repressive histone mark by super-resolution confocal microscopy. Remarkably,
upon NAA40 depletion H2A/H4S1ph re-localizes from the nuclear interior to a
prominent ring-like distribution around the inner nuclear membrane of the nuclear

envelope where it colocalizes with Lamin A/C (Figure 4.13D, compare left with
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right panel), a compartment typically associated with transcriptionally repressive
heterochromatin (Buchwalter et al. 2018). To corroborate the association between
H2A/H4S1ph and Lamin A/C, we also performed co-immunoprecipitation (co-IP)
experiments through which we detected enhanced interaction between Lamin A/C
and H2AS1ph upon doxycycline-induced depletion of NAA40 (Figure 4.13E,
compare lane 2 with 5).

Consistent with TYMS de-repression seen upon CX-4945 treatment (Figure
4.13C), the ring-like enrichment of H2A/H4S1ph at the nuclear periphery in
NAA40-depleted cells was suppressed after inhibition of CK2a but not in control
DMSO-treated cells (Figure 4.13F, compare upper with bottom panels). These
results suggest that since H2A/H4S1ph becomes enriched at the nuclear
periphery upon NAA40 knockdown then TYMS might also become associated with
the nuclear lamina. Hence, we next examined the occupancy of Lamin A/C at the
TYMS genomic locus in cells expressing or lacking NAA40. ChIP analysis
revealed significantly increased occupancy of Lamin A/C at the TYMS gene upon
loss of NAA40 but not in SCR control cells, whereas no significant binding was
detected at the control JUN promoter (Figure 4.13G) (Salvarani et al. 2019). Taken
together, these data highlight a role for NAA40 in controlling the abundance and
localization of its antagonizing H2A/H4S1ph mark at the heterochromatin-

associated nuclear lamina thus preventing TYMS transcriptional silencing.
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Figure 4.13. The NAA40 antagonizing mark H2AS1ph is localized at the
nuclear periphery and silences TYMS expression. (A) ChIP-gPCR (mean +
s.d., N=3) in dox-treated SCR and NAA40-KD cells monitoring the enrichment of
H2AS1ph, H3 and IgG on TYMS gene relative to input. (B) Western blot analysis
(N=3) and (C) gRT-PCR analysis (mean + s.d., N=3) in dox-treated SCR and
NAA40-KD HCT116 cells cultured with CX-4945 or DMSO for 24 h and 48 h. (D)
Representative super-resolution confocal images of H2A/H4S1ph (red) and Lamin
A/C (green) in SCR and NAA40-KD cells treated with doxycycline for 72 h. Scale
bar, 5 ym. See also Figure S7. (E) Immunoprecipitation followed by immunoblot
analysis (N=3) of H2A/H4S1ph probed with the indicated antibodies in inducible
NAA40-KD cells treated or not with doxycycline for 72 h. (F) Confocal IF images of
H2A/H4S1ph (red) and Lamin A/C (green) in HCT116 inducible NAA40-KD cells
following treatment with doxycycline and CX-4945 or DMSO control for 24 h or 48
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h. Scale bar, 50 ym (G) ChIP-gPCR analysis on TYMS and JUN genomic location
using antibodies against Lamin A/C, H3 or IgG control in SCR and NAA40-KD
treated with dox for 72 h. The enrichment for each antibody was normalized to
input. All statistical analyses were performed using unpaired two-tailed Student’s
t-test (ns=no significance, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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5.1 NAA40 contributes to colorectal cancer growth by controlling

PRMTS5 expression

Emerging evidence shows that impaired levels of epigenetic modifiers and their
corresponding histone marks alter gene expression and affect cell growth leading
to carcinogenesis. Recently, deregulation of the evolutionarily conserved NAA40
enzyme towards N-terminal acetylation on histone H4 has been implicated in
different types of cancer (Ju et al. 2017b; Liu et al. 2009b; Pavlou and Kirmizis
2016). Although we have previously linked NAA40 to CRC (Pavlou and Kirmizis
2016) it remained unclear whether NAA40 contributes to colorectal oncogenesis.
Interestingly, we show that NAA40 expression is significantly higher in patient-
derived CRC primary tissues than in non-cancerous specimens. Additionally, our
findings illustrate that conditional depletion of NAA40 blocks the growth of multiple
CRC cell lines and inhibits xenograft tumor formation in mice. Moreover, we
provide evidence showing that NAA40 depletion and loss of N-acH4 significantly
reduce the global levels of the adjacent histone mark H4R3me2s through
transcriptional repression of PRMT5 which in turn alters the expression of its own
cancer-associated target genes (Figure 5.1). Consistent with this link between
NAA40 and PRMTS, we show that enforced PRMTS expression partly restores the
survival of NAA40 depleted cells and NAA40 expression levels are positively
correlated to those of PRMTS in CRC patient tissues. Taken together, we
speculate that NAA40 is crucial for CRC cell growth by acting as a modulator of
the PRMT5 oncogene.

Arginine methylation of H4R3 is known to either activate or silence gene
expression depending on the symmetric or asymmetric configuration of its

dimethylated state. In yeast cells, H4R3me2a is considered to mediate
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transcriptional silencing, while H4R3me2s is an activating mark (Low and Wilkins
2012). Conversely in humans, H4R3me2a activates gene expression whereas
H4R3me2s is linked to transcriptional repression (Wang et al. 2001; Zhao et al.
2009). Intriguingly, our previous reports together with our findings here point
towards an interplay of N-acH4 with the silencing versions of dimethylated H4R3 in
yeast (H4R3me2a) and human (H4R3me2s) cells respectively (Schiza et al.
2013). The current study is specifically focused on monitoring N-acH4 since we
have previously demonstrated in yeast that NAA40 regulates H4R3me2a through
histone H4 but not histone H2A (Schiza et al. 2013). However, it would be
intriguing to investigate in future work whether N-acH2A affects respectively the
PRMT5-mediated deposition of H2ZAR3me2s since, in contrast to yeast, human
histones H2A and H4 are identical (Hole et al. 2011; Deng et al. 2017).
Additionally, in budding yeast, NAA40-mediated N-acH4 directly inhibits the
activity of the HMT1 methyltransferase towards H4R3 thus, blocking the deposition
of H4R3me2a and activating rDNA expression (Schiza et al. 2013). On the
contrary, the current study reveals that N-acH4 in human cells indirectly cross-
talks with H4R3me2s through NAA40-mediated transcriptional activation of
PRMTS5. Consistent with this indirect crosstalk in human cells, a recent
biochemical study has demonstrated that N-acH4 has no direct influence on the
PRMTS methyltransferase activity (Fulton et al. 2017). Interestingly, the unique
Arg3p pocket in the structure of NAA40 which is required for substrate recognition
specificity raises the possibility that PRMT5-mediated Arg3 methylation might
block peptide binding and N-terminal acetylation in a negative feedback loop.
PRMTS has been extensively characterized as an oncogene that
epigenetically silences the expression of vital tumor suppressor genes (Chung et

al. 2013; Kaushik et al. 2018; Tae et al. 2011; Wang et al. 2008). Paradoxically,
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PRMTS was recently shown to enhance the transcription of important oncogenes
despite depositing silencing histone marks (Deng et al. 2017; Zhang et al. 2015).
As a result, PRMT5 deficiency can either restore the expression of tumor
suppressor genes or reduce the transcription of oncogenes to block cancer cell
growth. Previous data show that PRMT5-mediated histone methylation directly
controls the expression of certain cancer-related genes to promote colorectal
oncogenesis (Zhang et al. 2015). Consistently, we show here that depletion of
NAA40 and subsequent downregulation of PRMTS leads to induction of the RBL2
and CDKN1A tumor suppressor genes and repression of the EIF4E and FGFR3
oncogenes. These data indicate that PRMT5 plays a key role in NAA40-mediated
cancer cell growth. Although the evidence connecting NAA40 to PRMT5
transcriptional activation and downstream expression of its target genes are
indirect, the presence of N-acH4 at the PRMT5 promoter suggests that histone N-

terminal acetylation may have a direct role in transcription.

5.2 The role of NAA40 in modulating cancer cell metabolism

Metabolic dysfunction is one of the major hallmarks of cancer and emerging
studies are highlighting that epigenetic mechanisms could prompt this metabolic
dysregulation (Carrer and Wellen 2015; Wong et al. 2017; Campbell and Wellen
2018). However, the contribution of this cross-regulation in therapeutic resistance
is underexplored. Here, we have established a new function for this enzyme in
bridging epigenetic regulation and metabolism that is exploited by cancer cells to
counteract anti-metabolite drug therapy. It is important to note that the principle of
resistance established here might have broader implications in other cancers since

NAA40 is upregulated in various types of tumours (Koufaris and Kirmizis 2020),
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many of which are routinely treated by chemotherapy regimens encompassing
antimetabolite agents and may develop chemoresistance (Marine et al. 2020;
Shuvalov et al. 2017).

During this study, we combined transcriptomics and metabolomics
analysis to reveal that NAA40 modulates two inter-connected parts of the one-
carbon metabolic network which impact on one side methylation reactions and on
the other side nucleotide biosynthesis. Specifically, among the deregulated genes
found in our RNA-seq analysis we identified a set of genes encoding metabolic
enzymes implicated within the methionine cycle. Subsequently, LC/MS analysis
demonstrated that NAA40 depletion profoundly affects the abundance of critical
intermediary methionine and one carbon cycle metabolites, such as methionine,
SAM and UMP, which are intimately connected to the deregulated enzymes.
Accordingly, 1C metabolic rewiring in response to loss of NAA40 or its histone
acetyltransferase activity induces global histone methylation which attenuates
CRC cell growth. Importantly this rewiring can be reverted if the methionine and
folate cycles are uncoupled by preventing MTHFR expression. This finding
strongly suggests that NAA40 upregulation in colorectal cancer cells serves to
dampen SAM production and associated chromatin methylation in order to sustain
malignant properties (Figure 5.2). In particular, elevated SAM abundance upon
NAA40 knockdown is associated with a pronounced increase in various histone
methylation marks since we have demonstrated enhancement in the total levels of
H3K4me3, H3K36me3, H3K79me2, H3K9me3 and H3K27me3, whereas
H3K79me3, H4R3me2a and H4R3me1 remained unaffected. In line with this, it
was previously reported that alterations in SAM abundance mediated either by
dietary interventions or disruption of relevant metabolic enzymes, such as

Nicotinamide N-methyltransferase (NNMT), impacts several methylated histone

112



residues but the effects are not widespread (Shyh-Chang et al. 2012; Ulanovskaya
et al. 2013). It was suggested that this diverse response to SAM abundance could
stem from the different affinities (Km values) of particular methyltransferase
enzymes for SAM or the diverse turnover rates of individual histone methylation
marks (Dai et al. 2020). Generally, H3K4me3, H3K36me3, H3K9me3, H3K27me3
and H3K79me2 have been shown to be highly sensitive to changes in SAM levels,
whereas H3K79me3 and H3R17me2a were found to be less responsive to such
metabolic alterations (Shyh-Chang et al. 2012; Ulanovskaya et al. 2013). Also, the
response of histone methylation marks to SAM changes could be affected by the
altered expression of certain methyltransferase enzymes. For instance, despite
SAM accumulation in the absence of NAA40, H4R3me2s levels are reduced due
to concomitant downregulation of the PRMTS methyltransferase.

In contrast to the bulk histone methylation changes, ChlP-seq analysis of
histone methylation marks upon NAA40 depletion displayed no significant changes
in their genome-wide distribution. One possible reason for this could be that bulk
signal alterations which occur in equal trends throughout the genome might be lost
after normalization of the signal as a percentage to all mapped sequencing reads.
Additionally, a previous study revealed that methionine restriction despite reducing
the global levels of H3K4me3, maintains its genomic distribution largely
unaffected. Conversely, they showed that limitations in SAM availability decrease
H3K4me3 peak width which in turn regulates gene expression (Dai et al. 2018).
Our studies further demonstrated that regulation of one-carbon metabolism by
NAA40 does not impact global DNA methylation. Methylation of DNA in response
to SAM perturbations is highly controversial with some studies demonstrating
predominant effects on cytosine methylation and others revealing no significant

alterations compared to histone methylation (Maddocks et al. 2016; Ulanovskaya
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et al. 2013; Kottakis et al. 2016).

The impact of global changes in SAM availability on the activity of certain
chromatin-modifying enzymes and whether or how alterations at the bulk levels of
methylated histone residues modulate specific gene expression programs is an
active area of research. It is possible that methyltransferase/demethylase
enzymes which are sensitive to SAM availability are recruited to specific chromatin
regions through their interaction with transcription factors. Another possibility is
that SAM synthesizing enzymes may translocate in the nucleus and recruited to
specific genomic loci altering local SAM levels (Schvartzman et al. 2018). On the
contrary, it is also plausible that some of the affected methylated sites function as
methyl sinks in order to maintain SAM homeostasis without altering transcription at
specific genomic loci (Ye and Tu 2018).

Beyond the epigenetic regulation of metabolism, NAA40 could also have a
more direct effect on the metabolome of cancer cells. Given the fact that Nt-ac
decorates 85-99% of histones H4/H2A (19,20) a challenging question arises:
Could a significant increase or decrease in the levels of Nt-acetylation have a
prominent effect on the acetyl-CoA pool of cells? It is estimated that the
approximately six billion nucleotides of the human genome are wrapped around
3x1077 nucleosome units. The potential maximum acetylation of N-acH4/H2A
(100% of H2A and H4 acetylated) would therefore require close to 100 uM of Ac-
CoA units (3.2x10*7 nucleosomes X 4 H2A and H4 molecules per nucleosome),
an amount that is much higher than the free intracellular pool of Ac-CoA units in
mammalian cells which is estimated at about 20 yM (34). Hence, perturbations
affecting the consumption of Ac-CoA by NAA4OQ for catalyzing Nt-ac could possibly
have an impact on cellular metabolism. In support of this notion, our data reveal

that drastic loss of NAA40 at longer time points of dox treatment significantly
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increases the intracellular Ac-CoA pool. Intriguingly, the LC/MS analysis showed
increased levels of free cholesterol, as well as enhanced DAG production
suggesting that excess levels of free Ac-CoA might be utilized in fatty acid and
cholesterol metabolic pathways rather than histone acetylation. Nevertheless,
further experimental evidence of how this possible link between Nt-ac and
metabolic pool operates in cancer cells and whether it also affects global or local

histone lysine acetylation is needed.

5.3 NAA40 serves as a promising target for cancer therapy

Given the large body of evidence strongly supporting the implication of epigenetic
regulation in different tumour types, targeting histone modifiers is considered a
promising approach in cancer therapy and has come under heavy investigation
(Dawson 2017; Demetriadou and Kirmizis 2017). Although our understanding of
the regulation and biological significance of histone N-terminal acetylation is far
from complete, recent advances in the field advocate the potential of NAA40
histone acetyltransferase as an attractive therapeutic strategy. In particular,
targeting NAA40 potentially could have few side effects because in contrast to the
majority of chromatin modifiers, it is highly selective known to target only two
substrates (histones H2A and H4) and functions as a monomer (Hole et al. 2011).
Therefore, it is expected that manipulating NAA40 activity will have less off-target
effects compared to other epigenetic enzymes, which act on a large number of
substrates. Additionally, no detrimental effects of targeting NAA40 were observed
in non-maligant mouse embryonic fibroblasts (Pavlou and Kirmizis 2016) and
immortalized HEK293 cells, thus it is possible that inhibiting this histone modifier

will not affect adversely normal highly-proliferative cells. However, the effects of
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NAA40 inhibition on the metabolite pools should also be examined in normal
tissues, including hepatic cells which are highly responsive to metabolic
alterations. Furthermore, the recent elucidation of the protein structure of NAA40
revealed unique features compared to other related NAT proteins, which could
allow its selected targeting without affecting other members of its family (Magin et
al. 2015b).

The potential of NAA40 to serve as a target in anticancer therapy is also
reinforced by the current study which shows that high levels of NAA40 are tightly
associated with lower sensitivity of CRC cells to 5-FU antimetabolite drug in cell-
based assays, xenograft tumours and human primary cancer tissues. At the
molecular level, we show that NAA40-mediated resistance of CRC cells to 5-FU is
dependent on the transcriptional regulation of the one-carbon metabolic gene
TYMS whose encoded enzyme is directly targeted by 5-FU (Figure 5.2). As
mentioned in the introduction, a recent study has shown that modulating one-
carbon metabolism by methionine restriction can synergize with 5-FU to inhibit
CRC cell growth (Gao et al. 2019). This synergistic effect possibly lies in the fact
that during methionine deprivation there is an increased flux of carbon units into
the methionine cycle leading to histone methylation reprogramming which
antagonizes dTMP synthesis by TYMS thus rendering cells more responsive to 5-
FU (Dai et al. 2018; Gao et al. 2019). It would be interesting to determine in the
future if NAA40 can act as a molecular sensor coupling nutrient availability to one-
carbon metabolism. Nonetheless, our data argue that targeting NAA40O could be
part of such combinatorial therapies and this prospect is further supported by the
fact that this enzyme can be specifically inactivated by potent small-molecule
inhibitors that have been recently discovered (Deng et al. 2021). However, prior to

the usage of NAA40 specific pharmacological inhibitors for colon cancer treatment,
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further studies are required to more precisely characterize the phenotypic
consequences of NAA40 depletion in CRC cells and also determine NAA40

functional effects in a healthy background using normal primary colonic cells.

5.4 The sub-nuclear localization of NAA40 antagonizing mark,
H2A/H4S1ph, is a possible mechanism for gene regulation and

drug resistance

Our findings unveil the mechanism through which NAA40 regulates TYMS
expression to confer drug resistance. Specifically, we provide evidence that TYMS
silencing in NAA40-deficient cells is controlled by CK2a-mediated H2A/H4S1ph
which has been previously reported to negatively crosstalk with NAA40-mediated
histone N-terminal acetylation and inhibit transcription (Zhang et al. 2004; Ju et al.
2017a). Nonetheless, we show for the first time to our knowledge that the NAA40
antagonizing mark H2A/H4S1ph is strikingly redistributed from the interior of the
nucleus to the inner wall of the nuclear envelope where it interacts with Lamin A/C.
Co-enrichment of H2A/H4S1ph and Lamin A/C on the genomic locus of TYMS
upon NAA40 depletion suggests a possible mechanism of TYMS repression to
confer resistance against 5-FU. In addition to ChIP analysis, fluorescence in situ
hybridization (FISH) experiments would be also critical to assess localization of
TYMS DNA region at the nuclear lamina upon NAA40 knockdown. Since
anchoring of chromatin to the nuclear lamina associates with heterochromatin
compartments and transcriptional silencing (Finlan et al. 2008; Reddy et al. 2008),
our findings provide new insight on the repressive nature of H2A/H4S1ph which
could serve as a critical factor for heterochromatin organization and stabilization at

the nuclear periphery driving gene inactivation and halting cancer-associated
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phenotypes. However, subsequent studies are needed to explore whether re-
localization of H2A/H4S1ph at the nuclear periphery in the absence of NAA40
influences the expression of other genes, such as PRMT5 since the nuclear
lamina serves as a docking site for several genes (Lund et al. 2013; Karoutas and
Akhtar 2021). Previous work reported that histone deacetylase HDAC3 of the
NCoR complex binds lamina-associating sequences (LASs) and directly interacts
with components of the nuclear lamina promoting histone H4 deacetylation and
tethering of compacted heterochromatin at the nuclear envelope (Demmerle et al.
2012; Finlan et al. 2008; Zullo et al. 2012; Reddy et al. 2008). Moreover, Zhang et
al. reported that protein kinase CK2 binds and phosphorylates HDAC3 at Ser 424
to activate its enzymatic activity (Zhang et al. 2005). In support of this, another
study depicted that treatment of colorectal cancer cells with the HDAC inhibitor
(HDACi) sodium butyrate inhibits the activity of CK2 suggesting a potential
mechanism of blocking HDAC3 activity, although this has yet to be demonstrated
experimentally (Russo et al. 1997). Based on this evidence and the fact that CK2
mediates H2A/H4S1ph an appealing hypothesis could be that HDAC3 is involved
in the recruitment of H2A/H4S1ph enriched chromatin at the nuclear periphery
upon NAA40 depletion. In line with this, an interesting question to explore is
whether HDAC3 could be also involved in the active removal of N-terminal
acetylation from chromatin.

This implication of H2A/H4S1 modifications could be of particular
importance in the future since it was recently shown that in tumour tissues
substitution of serine (S) to cysteine (C) at position 1 is the most frequently
occurring mutation on histone H2A and the second most frequent mutation on
histone H4, further signifying the value of S1 modifications in carcinogenesis

(Nacev et al. 2019). In addition to S1, mutation of arginine 3 to cysteine (R3C) is
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the most common mutation occurring on histone H4 in a diverse range of tumours.
Given the existing relationship of S1 acetylation with both R3 methylation and S1
phosphorylation, additional studies are needed to examine whether and how this
combinatorial crosstalk is harnessed by cancer cells to drive transcriptional

programs (Nacev et al. 2019).

5.5 Future directions

Although published work and ongoing research carried out by our group implicate
NAA40 in the regulation of gene expression and oncogenesis, several
fundamental questions remain to be resolved. For instance, the lamina-proximal
positioning of the NAA40 antagonizing mark H2A/H4S1ph was also accompanied
by significant changes in DNA compaction (Figure 4.12F), implying that NAA40
depletion might impacts chromatin architecture. It would be therefore critical to
assess the effects of NAA40 knockdown on 3D chromatin organization by
conducting ATAC-seq and Hi-C analysis to determine global chromatin
accessibility and higher-order chromatin structure, respectively. In depth
mechanistic work is also needed to uncover the precise molecular mechanism
through which NAA40-dependent localization of H2A/H4S1ph operates in
heterochromatin-associated compartments for the regulation of transcription. In
line with this, it would be interesting to investigate the effects of CRC cells
overexpressing EGFP-tagged histones H4 and H2A where serine 1 is mutated to
cysteine (S1C) or aspartic acid (S1D), and whether these substitutions can
phenocopy the loss of NAA40 activity. Additionally, DamID experiments using
Lamin B1 or Lamin A fused to E.coli DNA adenine methyltransferase (Dam)
followed by sequencing could reveal all the genomic loci that are recruited to the

nuclear lamina in the absence of NAA40 (Borsos et al. 2019). Alternatively,
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DamlID can be combined with single cell live imaging by using Dpn1-GFP fusion
protein to track the fate of H2A/H4S1ph enriched LADs across mitotic divisions
(Kind et al. 2013).

The human acetyltransferase NAA40 is thus far considered to target
histones H4 and H2A only (Hole et al. 2011; Poledova et al. 1999). However, a
recent study proposed histone variant H2A.Z and the transcriptional regulatory
protein Lge1 as possible NAA40Q yeast targets but further experiments are required
for the validation of those findings (Jonckheere and Van Damme 2021). Despite
the lack of experimental data, histone variant H2A.X, which is rapidly exchanged
and subjected to phosphorylation on serine 139 (yH2AX) during double strand
break (DSB) formation, also bears the SGRG recognition sequence and could be
potentially subjected to N-terminal acetylation by NAA40. Hence, it is important to
determine the existence and potential of H2A.X N-terminal acetylation (N-
acH2A.X) and/or phosphorylation (H2A.XS1ph) on serine 1 as novel regulators of
DNA damage response and repair. Beyond H2A.X, the ability of NAA40 to
recognize and acetylate the primary amine group of histone variants MacroH2A1
and MacroH2A2 which share an N-terminal SSRG and SGRS sequence,
respectively should be examined.

NAA40 functions as a monomer and is known to primarily associate with
ribosomal proteins targeting nascent polypeptides. Nevertheless, our
immunofluorescence and biochemical fractionation analysis in support of previous
evidence pinpoints an interaction of NAA40 with chromatin within the nucleus
(Hole et al. 2011; Jonckheere and Van Damme 2021). This observation raises
numerous questions: 1) How is NAA40 recruited in the nucleus? 2) Is NAA40
targeted to specific genomic loci by interacting with other nuclear proteins? 3)

Does NAA40 acetylate histones post-translationally? To answer those questions,
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mass-spectrometry analysis of NAA40 and V5-tag in the nuclear fraction of cells
overexpressing the wild-type or catalytically dead NAA40 protein will identify
potential interactors that might recruit NAA40 to DNA-specific regions. A high-
throughput protein-protein interaction analysis previously conducted in HCT116
and HEK293 cells identified Xeroderma Pigmentosum Complementation Group C
(XPC) and FACT complex subunits (SSRP1 and SUPT16H) as possible interactor
candidates (Huttlin et al. 2017; Huttlin et al. 2015). Interestingly, XPC protein is a
key sensor of DSB formation while FACT complex mediates the exchange of
histone H2A with H2A X further supporting a nuclear role of NAA40 in DNA
damage. More recently, proximity-dependent biotin identification (BiolD)
experiments unveiled a possible interactome network of NAA40. In the same study
they reported that Nt-myristoylation of NAA40 through interaction with N-
myristoyltransferase 1 (NMT1) might act as a nuclear localization signal
(Jonckheere and Van Damme 2021). Moreover, to investigate the mechanistic
insights underlying the nuclear localization of NAA40 and its possible post-
translational activity, ChlP-seq experiments should be performed in cells
expressing the endogenous or exogenous NAA40 protein.

Given that malignant cells and embryonic stem cells share the same
metabolic requirements for rapid proliferation, it is perhaps expected that similar
molecular mechanisms could be applied in both tumourigenesis and normal
development. Intriguingly, a CRISPR-Cas9 knockout screening of 18000 genes in
HUES62 human embryonic stem cell line identified NAA40 among the top 1000
genes whose sgRNA guided deletion reduces cell viability (Shalem et al. 2014).
Gene ontology (GO) analysis of the essential genes revealed N-acetyltransferase
activity among the most significantly enriched GO terms (Shalem et al. 2014).

Hence, it would be interesting in the future to examine the role of NAA40 in the
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context of ESC self-renewal and differentiation.

5.6 Conclusion

Epigenetic writers and their corresponding histone marks are often implicated in
the expression of multiple genes with distinct biological roles in a cell type and
context dependent manner. Overall, the current work identifies a regulatory
function of NAA40 enzyme towards different target genes encoding both metabolic
(e.g MTHFR, TYMS) and epigenetic factors (e.g. PRMT5). One possible scenario
is that regulation of those different pathways might work in parallel to govern CRC
cell survival. In that case someone would expect that restoration of those
pathways would be adequate to fully recover CRC cell proliferation and viability in
the absence of NAA40. However, whether the transcription of all deregulated
genes is influenced by H2A/H4S1ph antagonistic crosstalk or if NAA4O could
respond to environmental stress including nutrient deprivation, serum starvation or
low oxygen availability to differentially control those target genes still remains
elusive. Another reasonable explanation of how NAA40-mediated N-terminal
acetylation could differentially drive the expression of certain genes to sustain
CRC malignant properties might be the existence of distinct sets of reader proteins
which may be recruited or occluded depending on specific chromatin
environments and combinatorial patterns of N-terminal acetylation with other
histone marks. Nevertheless, further studies are needed for the discovery of such
reader proteins. Future work will also expand our understanding on whether
ribosome- and chromatin-bound NAA40 activity exhibit differential effects on gene

expression.

Taken together, our data strengthen the importance of NAA40 to maintain
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colorectal cancer cell growth and drug resistance. In this study, we show that
NAA40 is significantly upregulated in primary colorectal cancer tissues and
promotes CRC cell growth both in vitro and in xenograft tumor models. The results
also depict that NAA40 induces H4R3me2s levels through transcriptional
activation of PRMTS5. Upregulation of the latter subsequently alters the expression
of its cancer-associated target genes promoting CRC cell growth (Figure 5.1).
Different omic approaches also revealed that NAA40 regulates the expression of
genes (e.g. MTHFR, MAT1A and TYMS) encoding vital enzymes involved in one-
carbon (1C) metabolic network thereby influencing the intracellular concentration
of intermediary metabolites of this pathway (e.g. SAM and UMP). Rewiring of one-
carbon metabolism by NAA40 interferes with global histone methylation levels and
colorectal cancer cell survival (Figure 5.2). Importantly, NAA40 stimulates
transcription of the metabolic gene TYMS, whose product is targeted by 5-FU, by
controlling the spatial distribution of its antagonistic histone mark H2A/H4S1ph
within the nucleus. Accordingly, NAA40-mediated TYMS activation confers
resistance to 5-FU in vitro and in vivo (Figure 5.2). Moreover, NAA40 expression in
human CRC tumours positively correlates with TYMS levels and worse response
of CRC patients to 5-FU-based chemotherapy. To conclude, these findings define
NAA40 as a critical mediator at the interface between epigenetics and metabolism
and signify its potential as a novel predictive factor and therapeutic target in

colorectal cancer.
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Figure 5.1. Proposed model of NAA40-mediated regulation of PRMTS. In the
presence of high levels of NAA40, N-alpha terminal acetylation on histone H4 (N-
acH4) catalyzed by NAA40 promotes the expression of PRMT5 enzyme which
then catalyzes the addition of symmetric dimethylation on the adjacent arginine 3
residue (H4R3me2s). This activates the expression of oncogenes (e.g., FGFR3
and elF4e) while it prevents the expression of tumour suppressor genes (TSGs)
(e.g., p21 and RBL2) leading to increased CRC cell growth. Lack of NAA40 also
suppresses PRMT5 expression and thus attenuates H4R3me2s resulting in
silencing of oncogenes and reactivation of TSGs delaying CRC cell growth.
Adapted from Demetriadou et al., 2020.
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Figure 5.2. Model for the NAA40-mediated effects on cancer cell growth and
chemoresistance through regulation of one-carbon metabolism. High NAA40
activity towards histones H2A and H4 in colorectal cancer (CRC) cells antagonizes
CK2a-mediated H2A/H4S1ph inducing TYMS expression and promoting
resistance to 5-FU anti-metabolite agent. At the same time, NAA40 upregulation
decreases MTHFR and MAT1A levels resulting in low SAM concentrations,
reduced global histone methylation and contributing to CRC cell growth.
Conversely, loss of NAA4OQ activity results in the deposition of H2A/H4S1ph at the
nuclear periphery, downregulation of TYMS and increased sensitivity to 5-FU,
whereas concomitant upregulation of MTHFR and MAT1A lead to high SAM
abundance, increased bulk histone methylation levels and reduced CRC cell
growth.
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