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ABSTRACT

In the eukaryotic interphase nucleus, DNA is necessarily organized around
the histone core and, then, in higher order structures. At the electron
microscope, dispersed euchromatin fibers and dark heterochromatin regions
can be distinguished. The latter is divided in constitutive heterochromatin,
reasonably localized nearby the nuclear envelope and far from the
perichromatin region where transcription occurs, and facultative
heterochromatin, containing the genes undergoing silencing and activation
(regulated genes) on the surface facing the perichromatin region. Chromatin
structure affects numerous and fundamental genetic processes and,
therefore, it is strictly regulated by different mechanisms. DNA methylation
prevents the binding of transcriptional factors and recruits transcriptional
repressor complexes, thus forming compact and inactive chromatin,
although recent studies show 5-methylcytosine to reduce nucleosome
stability. 5-methylcytosine was also found in the 3’ untranslated regions to
probably influence mRNA stability. Histone post-transcriptional
modifications can lead both to a more compact or relaxed chromatin
structure by inducing nucleosome repositioning: for instance, H3K9me3 is
known as a marker of constitutive heterochromatin while H3K27me3 or
H4K20me3 label facultative heterochromatin. The ionic environment is also
known to profoundly affect chromatin organization: an increase of calcium
or magnesium results in different types of chromatin conformations with
different stability.

Until now, DNA or RNA methylation, as well as histone modifications, was
studied through biomolecular approaches. Here, we propose an alternative
epigenetic analysis at ultrastructural level, using mouse hepatocytes to
describe the distribution of 5-methylcytosine and histone modified residues



on condensed chromatin regions and HelLa cells in order to detect epigenetic
modifications on RNA fibrils. Treatments known to induce chromatin
compaction (modification of cation concentration or heat shock) were also
chosen to deeply investigate chromatin structure regulation. Therefore, cells
and tissues were prepared principally for the cytochemical analysis,
combining numerous immunocytochemical reactions with specific staining

methods.

Although the regulation of chromatin organization is a complex process and
more variables have to be considered, our results suggest that the main
function of DNA methylation and histone modifications is the gene
switching-on and -off, which occurs on chromatin surface. However, these
modifications do not seem necessarily involved in the maintaining of
chromatin condensation status, probably preserved by other mechanisms to
be further investigated. As for RNA, our data indicate that cytosine
methylation is a very precocious event, probably confirming its involvement
in mMRNA stability, and DNMT3A is unexpectedly involved in this
modification.

Additional studies will be carried out to understand the processes regulating
chromatin structure and the role of mMRNA methylation. The influence of the
ionic environment on both chromatin structure and the epigenetic

modifications should be further studied.



ABBREVIATIONS

5caC: 5-carboxylcytosine

5fC: 5-methylcytosine

5hmC: 5-hydroxymethylcytosine

5mC: 5-methylcytosine

7mG: 7-methylguanosine

A: adenine

ALKBHb5: alkylation repair homolog 5

ALYREF: Aly/R export factor

AM: active modification

AR: active restoration

ATF4: mammalian activating transcription factor 4
Aza-1P: 5-azacytidine mediated RNA immunoprecipitation
BER: base excision repair

BSA: bovine serum albumin

btz: barentsz

C: cytosine

CA: calcium-concentrated solution/sample
CAMK: calcium-calmodulin kinase

ChIP: chromatin immunoprecipitation

ColP: co-immunoprecipitation

CTR: control sample

dCTP: deoxycytidine triphosphate

DFC: dense fibrillar component

DGS: donkey goat serum

DMEM: Dulbecco’s minimal essential medium
dMettl14: Drosophila methyltransferase-like 14
DNA: deoxyribonucleic acid

DNMTs: DNA methyltransferases

DTT: dithiothreitol

EDTA: ethylenediaminetetraacetic acid

Egta: calcium- and magnesium-free solution/sample
EGTA: ethylene glycol-bis(p-aminoethyl ether)-N,N,N',N'-tetraacetic acid
EM: electron microscope

EMISH: electron microscopy in situ hybridization



ESI: electron spectroscopic imaging

F: forward oligonucleotide

FBS: foetal bovine serum

FC: fibrillar center

FI(2)d: female lethal d

FRAXA: fragile X syndrome

FTO: fat mass and obesity associated protein

FU: fluoro-uridine

G: guanosine

GC: granular component

GFP: green fluorescence protein

Gt: glutaraldehyde

HA: human influenza hemagglutinin

HAP: hnRNP A1 associated protein

HATS: histone acetyltransferases

HDAC:Ss: histone deacetylases

Hepes: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HKMTs: histone lysine methyltransferases

HMTSs: histone methyltransferases

HP1: heterochromatin protein 1

hpf: hours post-fertilization

HPLC: high-performance liquid chromatography
HRP: horseradish peroxidase

HS: heat shocked sample

HSF1: heat shock transcription factor 1

IG: interchromatin granules

Ime4: inducer of meiosis 4

KIAA1429: vir-like m6A methyltransferase associated protein
LC-MS: liquid chromatography and mass spectrometry
LDS: lithium dodecyl sulfate

M6A: 6-methyladenosine

MBDs: methyl CpG binding proteins

MeCP2: methyl CpG binding protein 2

MeFISH: methylation-specific fluorescence in situ hybridization
METTL3/14: methyltransferase-like 3/14

MG: magnesium-concentrated solution/sample



miCLIP: methylation individual nucleotide resolution
Immunoprecipitation

MS: mass spectrometry

MTases: methyltransferases

NGS: normal goat serum

nito: spenito

nito: spenito

NP-40: nonyl-phenoxypolyethoxylethanol
OA: osmium ammine-B

OD: optical density

Oligo: oligonucleotides

ON: overnight

PBS: phosphate buffered saline

PBT: PBS-Tween20

PBTB: PBS-Tween20-BSA

PBTX: PBS and Triton X

PCR: polymerase chain reaction

PD: passive dilution

PF: perichromatin fibrils

PFA: paraformaldehyde

PG: perichromatin granules

PK: proteinase K

PMSF: phenylmethylsulfonyl fluoride
Pol 11: RNA polymerase Il

PP;: pyrophosphate

PR: perichromatin region

PRMTs: protein arginine methyltransferases
PTMs: post-transcriptional modifications
PWS: Prader-Willi syndrome

gPCR: quantitative polymerase chain reaction
R: reverse oligonucleotide

RIP: RNA immunoprecipitation

RISC: RNA inducing silencing complex
RNA: ribonucleic acid

RNP: ribonucleoprotein

RT: room temperature

S2R+: Drosophila Schneider 2 cells

crosslinking



SAH: S-adenosylhomocysteine

SAM: S-adenosyl-L-methionine

SLE: systemic lupus erythematosus

SSC: saline sodium citrate

SWI/SNF: switch/sucrose non-fermentable
T: thymine

T: tween20

TDG: thymidine DNA glycosylase

TEM: transmission electron microscope
TETs: ten-eleven translocation enzymes
TLC: thin layer chromatography

TRIS: 2-Amino-2-(hydroxymethyl)-1,3-propanediol
U: uracil

UTRs: untranslated regions

vir: virilizer

WTAP: Wilms tumour 1-associated protein
a-KG: a-ketoglutarate

AE: energy loss



1. REVIEW OF THE LITERATURE

1. THE STRUCTURE OF CHROMATIN

The deoxyribonucleic acid (DNA) is formed by two interwound strands.

Each strand is a polymer of repeating subunits, called nucleotides. One

nucleotide is composed of a phosphate group, a deoxyribose (a five-carbon

sugar) and a nitrogenous base — the chemical structures of these basic

components are shown in Fig. 1.1.

Each DNA filament is formed
in three steps. First, the base
is chemically linked to one
molecule of sugar at the 1'-
carbon, forming a nucleoside;
when a phosphate group is
also attached to the 5’-carbon
of the

same sugar, the

nucleoside becomes a
nucleotide. Finally,
nucleotides are joined to form
a DNA chain by a 5" — 3’
phosphodiester bond (Fig.
1.2). Each DNA strand shows
a chemical polarity, indicated
by referring to the ends as 5’
or 3" end. Thermodynamically

stable hydrogen bonds form

Bases
NH; 0

<NF:\||/E“\N (I:;fNH
1
.
N ,{,) N ONH,
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OH H OH  OH

Ribose

2'-deoxyribose
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(8]
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HO—P—O Also represented as o
|
A

Figure 1.1. Components of nucleic acids. Bases
are divided into purines and pyrimidines; primes
are used to number the sugars, differentiating
them from bases; phosphate groups are
negatively charged.

(Allison 2007)



Figure 1.2. Formation of a nucleic acid chain. Two adjacent nucleotides are linked
by 5'—3' phosphodiester bond. The condensation reaction occurs between the 3’ OH of
the sugar and the 5’ P of the second nucleotide involving the removal of a H,O
molecule and a pyrophosphate.

(Allison 2007)

between the nitrogenous bases on the two DNA chains, which are
antiparallel, namely the polarity of one strand is opposite oriented to that of
the other strand (Fig. 1.3). The hydrogen bonding is referred to “Watson—
Crick” or “complementary” base pairing. This occurs between adenine (A)
and thymine (T) by two hydrogen bonds or guanine (G) and cytosine (C) by
three hydrogen bonds (Fig. 1.3). The paired and relatively flat bases stack
on top of one another, eliminating any gaps between the bases and
excluding the maximum amount of water from the interior of the double
helix. Therefore, a double-stranded DNA molecule has a hydrophobic core
and a hydrophilic backbone due to sugars and phosphates oriented towards
the outside of the polymer, where the charged phosphate groups can interact
with the polar environment. The sugar-phosphate backbone is not equally
spaced resulting in the major and minor DNA grooves (Fig. 1.3): the major
groove has a significant role in sequence specific DNA-protein interactions
whereas the minor groove is less informative. Therefore, DNA is simply a
long and regular sequence of base pairs organized into a ladder-like and

double-helical structure.



1. REVIEW OF THE LITERATURE

Three fundamental types of DNA double helix are known: B-, A- and Z-
DNA (Table 1.1). Since the cell environment is mostly water with relatively
low salt concentration, the predominant form in vivo is B-DNA. Moreover,
unusual secondary structures, such as slipped structures, cruciforms and

triple helix DNA, exist and are generally sequence-specific.

Figure 1.3. DNA double
helix. Watson and Crick
pairs occur  between
adenine and thymine by
two hydrogen bonds or
between guanine and
cytosine by three
» hydrogen bonds. The two
DNA chains are
antiparallel. The internal
bases are stacked
perpendicularly to the
helix axis while minor
and major grooves are
visible on the sugar-
phosphate backbone on
> the helix outside.

(Allison 2007)

One
complete
tum
34nm
10.5 bp

Minor | §
groove

Sugar-
phosphate
backbone

Right-handed Right-handed Lefi-handed

Deep and narrow Moderate depth, wide Very shallow, virtually nonexistent,

sometimes called a “single groove”
Shallow and broad (superficial)  Moderate depth, narrow Very deep and narrow
1 105 12

Low humidity (75%), high salt  High humidity (95%), low salt  High MgCL (> 3 ), NaCl, or ethanol
In the presence of methylated cytosine:
high humidity and low salt

Table 1.1. Parameters of the alternative forms of the DNA double helix.

(Allison 2007)
Eukaryotic cells contain approximately 2 m of DNA into the spherical
nucleus, which shows less than 10 um diameter. Therefore, linear DNA
molecules must be packed: each molecule is first coiled around a histone
complex constituting a chromatin fiber, which forms a zig-zag string folded
into loop domains and, finally, metaphase chromosomes (Fig. 1.4).

9



1. REVIEW OF THE LITERATURE

@ 1400 nm diameter
melaphase chromatid

Figure 1.4. DNA organization in higher order structures. DNA is necessarily
packed within the nucleus. DNA double helix is organized around a histone octamer
forming the 10 nm fiber which is folded into the 30 nm fiber. The latter forms large
loops attached to a protein scaffold, which progressively organize into the chromosome.

Figure 1.5. Chromatin
fibers. A. An EM image
shows the 10 nm chromatin
fiber organized as beads on
a string. B. Chromatin
isolated from an interphase
nucleus appears at EM as a
thread 30 nm thick.

(Alberts et al. 2008)
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Numerous proteins are involved in the DNA packaging — in addition, many
proteins and RNA molecules are associated to the chromatin for the
processes of gene expression, DNA replication and DNA repair.

Histones are relatively small, positive and highly conserved proteins. They
are responsible for the first and most basic level of chromatin packing,
discovered in 1974. In fact, these proteins form a histone complex
composed of two molecules of each histone (H2A, H2B, H3 and H4). 146
bp of DNA, called core DNA, are wrapped around the histone octamer
forming the nucleosome. The linker histone H1 sits on the top of the
structure and keeps DNA in place, interacting also with the linker DNA —
however, it is not required for this level of packing. The linker DNA lies
between two nucleosomes and can vary in length from a few nucleotide
pairs up to about 80. Electron microscope (EM) images of the eukaryotic
genome clearly show beads on a string, visualized as a 10-11 nm fiber
(Alberts et al., 2008) (Fig. 1.5 A). The beads represent DNA wrapped
around the histone core while the string the linker DNA. The formation of
nucleosomes shortens a DNA molecule to about one-third of its initial
length.

Chromatin in a living cell rarely adopts the form of beads on a string: in
fact, the nucleosomes are packed on top of one another, generating regular
arrays in which the DNA is more condensed. Thus, when nuclei are very
gently lysed onto an EM grid, most of the chromatin shows the form of a
fiber with a diameter of about 30 nm (Fig. 1.5 B). This conformation is
poorly understood due to its difficult maintaining in vitro. However, two
models describe the 30 nm fiber (Fig. 1.6): the classic solenoid model
involves consecutive nucleosomes arranged in a turn of a helix; the recent
model suggests that nucleosomes adopt a zig-zag structure that twists or

supercoils. To maintain this structure, histone tails promote the nucleosome



to nucleosome linkage, most notably the H4 tail, and histone H1 also plays
an important role.

The 30 nm fiber is further compacted into more complex structures. It forms
looped domains containing 50-100 kb of DNA attached to proteins
associated with the nuclear scaffold. The final condensation during the
metaphase leads to chromosomes and requires a number of ATP-
hydrolyzing enzymes, including topoisomerase Il. A fully condensed

metaphase chromosome consists of two sister chromatids connected at the

centromere.
=J Figure 1.6. 30 nm
=39 ,ﬁ chromatin  fiber. Two
.- = classical models of 30 nm
"‘VEJ.J S chromatin fibers are shown.
N8 e o The  solenoid  model
NS N5 H° involves consecutive

0

N
N1

'y

nucleosomes in a turn of a

helix. The zig-zag model

N N6
suggests that nucleosomes
m f adopt a structure forming
® ) ’@ twists or supercoils. This
~/ organization is due to
@“ NS(G“\B histone tails and histone HI.

4
l‘ \\J (Maeshima et al. 2014)

N

Ee

N1 N2
One-start helix Two-start helix
30-nm chromatin fiber 30-nm chromatin fiber
(Solenoid) (Zig-zag)

In the interphase nucleus, chromatin is present in two different forms,
reflecting the level of cell activity. Heterochromatin is a tightly packed form
of DNA, functionally divisible in constitutive and facultative
heterochromatin. Constitutive heterochromatin may regulate the genes near
itself, is usually repetitive and forms functional structures, such as
centromeres or telomeres. Facultative heterochromatin shares the compact
structure of constitutive heterochromatin and is the result of genes that were

silenced but that can become transcriptionally active under specific stimuli.



Euchromatin is a lightly packed form of chromatin enriched in genes that
are under active transcription — probably euchromatin shows the structure of
beads along the string.

At EM heterochromatin appears in numerous compact domains, which are
irregular and darkly stained, nearby the nuclear envelope and around
nucleoli (Brown et al. 1997; Francastel et al. 1999; Lundgren et al. 2000;
Cmarko et al. 2003). Transcriptionally active loci constitute the
euchromatin, which appears as dispersed and not simply detectable fibers
and is localized at the surface of compact chromatin domains in the
perichromatin region or toward the interchromatin space (Fakan 1994;
Puvion and Puvion-Dutilleul 1996; Spector 1996; Cmarko et al. 1999).

2. REGULATION OF CHROMATIN STRUCTURE AND GENE
EXPRESSION

Chromatin structure is fundamental for gene expression but also for other
biological processes, i.e. DNA replication and repair, apoptosis and
chromosome segregation. In fact, chromatin condensation affects the
accessibility of protein complexes involved in the cited processes, such as
transcription factors. Consequently, chromatin structure plays a central role
in the development, growth and maintenance of eukaryotic organisms.
Alterations of chromatin remodelling are associated with human diseases,
including cancer and, in fact, one of the therapeutic strategies consists in the
targeting of chromatin remodelling pathways.

Chromatin structure and functionality are regulated by epigenetic
modifications and chromatin remodelling mechanisms and are also affected

by the surrounding environment.



2.1. The epigenetic modifications

In 1942, epigenetics was defined as “the branch of biology studying the
causal interaction between genes and their products which bring the
phenotype into being”. Nowadays, epigenetic research concerns the study of
heritable changes in gene expression without changes in DNA sequence.

The major type of DNA modification is cytosine methylation. However,
There are other important epigenetic markers, first of all the histone

modifications.

2.1.1. DNA methylation

In eukaryotes, DNA methylation is the major epigenetic modification and
one of the most important events occurring in vivo.

This modification occurs at position 5 of a cytosine in the context of a CG-
dinucleotide, although sometimes non-CpG methylation is also observed (Li
et al. 2015). Regions of high L -

CG density are called CpG ")j DNMT ")j'@
. . oékn e N oéku
islands and they are mainly I SA SAH i

H H
located in the 5' promoter Cytosine 5' Methyl-cytosine

ends of genes. However, Figure 1.7. DNA methylation. A methyl group
is transferred from SAM to a cytosine in CpG

cytosine  methylation also | island by DNMT, producing 5mC.

occurs in the coding region of highly expressed genes, so that up to 4.25%
of cytosines in the human genome are methylated.

DNA methylation is mediated by DNA-methyltransferases (DNMTS),
which transfer a methyl group from S-adenosyl-L-methionine (SAM) to
DNA cytosine, creating 5-methylcytosine (5mC) (Fig. 1.7). The DNMTs
belong to a highly conserved protein family (Zhang and Xu 2017), where
DNMT1, DNMT3A and DNMT3B were firstly identified (Zhang and Xu
2017). DNMT1 is required for the maintenance of the methylation pattern:
during DNA replication, DNMT1 methylates the daughter strand in



accordance with the methylated sites of the parental DNA (Li and Zhang
2014). DNMT3A and DNMT3B are known as de novo methyltransferases
because they are responsible for establishing new methylation patterns
during embryogenesis, setting up genomic imprints during cell development
and modulating gene expression (Li and Zhang 2014). These two proteins
have distinct functions, showing both spatial and temporal differences (Li
and Zhang 2014; Smith and Meissner 2013). Recently, a new de novo DNA
methyltransferase, DNMT3C, was identified in murine germ cells,
methylating the young retrotransposons (Barau et al. 2016). The DNMT
family also includes two additional members: DNMT2 is not currently
considered a DNA methylase whereas it methylates tRNAs (Goll et al.
2006); DNMT3L does not show a catalytic activity but it is an important
regulator, which facilitates cytosine methylation operating in the form of
heterotetramers with DNMT3A (Chen and Li 2004). Both the establishment
and maintenance of global genomic methylation are necessary for cell
proliferation and differentiation.

An active demethylation pathway exists. Methylated marks can be erased by
three sequential steps of oxidation of 5mC to 5-hydroxymethylcytosine
(5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC). This
oxidation reaction is performed by ten-eleven translocation enzymes
(TETs); a mechanism of base excision repair removes 5fC or 5caC to
replace cytosine (Kohli and Zhang 2013; Pastor et al. 2013; Wu and Zhang
2014) (Fig. 1.8). However, these modified nucleotides are also known to
affect DNA flexibility, nucleosome stability and, consequently, gene

expression (Ngo et al. 2016).
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Figure 1.8. Demethylation pathway. A. 5mC can be consecutively oxidized to 5hmC,
5fC and 5caC by TETs. The active modification (AM) can be followed by passive
dilution (PD) to convert 5hmC in unmodified C in a replication-dependent manner. In
the AM followed by active restoration (AR), 5fC or 5caC is excised by thymidine DNA
glycosylase (TDG) generating an abasic site. A process of base excision repair (BER)
regenerates unmodified C. B. The individual reactions in the pathway are shown (o-
ketoglutarate, a-KG — S-adenosylmethionine, SAM — S-adenosylhomocysteine, SAH —
deoxycytidine triphosphate, dCTP — pyrophosphate, PPi).

(Kohli and Zhang 2013)

DNA methylation affects gene expression in two possible ways. First, 5mC
itself prevents the binding of transcriptional factors to the gene by changing
the consensus motif (Choy et al. 2010). Moreover, methylated DNA is
recognized by proteins known as methyl-CpG-binding domain proteins
(MBDs) which recruit transcriptional repressor complexes, including
histone deacetylases (HDACs): The latter modify histones, thus forming
compact and inactive chromatin (Ferguson et al. 2011) (Fig. 1.9). This
modification is also involved in other processes, like X-chromosome
inactivation and genomic imprinting, and controls chromosome stability
(Hendrich and Bird 1998; Robertson 2005); it plays an essential role in

mammalian embryonic development (Li et al. 1992). However, recent



works showed that the bulky methyl groups restrict the DNA
conformational fluctuations of the structural parameters, increasing DNA
stiffness: this 5mC reduction of DNA flexibility suppresses DNA looping
around the histone complex, facilitating the loosening of DNA ends to
obtain a more open nucleosome conformation (Jimenez-Useche and Yuan
2012; Ngo et al. 2016). Moreover, a reduced mechanical stability of
nucleosomes containing many copies of 5mC was shown. Therefore,
although until now DNA methylation was considered to lead to a more
compact chromatin structure, as described above, it could be possible an
opposite effect of 5mC on chromatin structure.

Alterations of DNA methylation are known to occur in several human
diseases, such as imprinting disorders (Prader-Willi Syndrome, PWS) or
repeat-instability disorders (Fragile X Syndrome, FRAXA) (Robertson
2005). Moreover, some human diseases can arise from mutations in the
DNA methylation machinery (Systemic Lupus Erythematosus, SLE)
(Robertson 2005). Alterations in the methylation pattern of coding gene
promoters are implicated in tumorigenesis and cancer progression (Esteller
2008; Suva et al. 2013; Feinberg et al. 2016). In fact, hypermethylation of
tumor suppressor genes as well as hypomethylation of oncogenes are known

to be typically implicated in cancer developing (Gonzalo 2010).
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Figure 1.9. DNA epigenetic modifications. DNA methylation and histone
modifications are considered interdependent processes. A. MBDs recognize the methyl
group and recruit transcriptional repressors and HDACs, which induce histone
deacetylation and, consequently, chromatin compaction and silencing. Moreover,
histone methyltransferases (HMTSs) are called methylating the histone H3 lysine 9 thus
stabilizing the inactive chromatin state. B. However, histone methylation was also
proposed to affect DNA methylation. In fact, H3K9me3 recruits heterochromatin
protein 1 (HP1), which in turn binds DNMTs to maintain DNA methylation stabilizing
the inactive chromatin. C. It was also shown that chromatin remodelling could drive
DNA methylation and histone modification by unwrapping nucleosomal DNA to
increase its accessibility for modifying enzymes.

(Li 2002)

2.1.2. Histone modifications
As for DNA, histone can be post-translationally modified: a large number of
histone post-translational modifications (PTMs) is known, including
methylation, acetylation, phosphorylation and ubiquitylation (Geiman and
Robertson 2002) (Fig. 1.10). The protruding histone N-terminal tails are the
sites of active modifications. These affect inter-nucleosomal interactions
and, consequently, chromatin structure and expression by merely being
there and recruiting remodelling enzymes, which are responsible of

nucleosome reposition (Bannister and Kouzarides 2011).
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Figure 1.10. Modifications on histone tails.

Histone methylation mainly occurs on lysines and arginines without
modifying the protein charge and can involve more than one methyl group.
This modification can either increase or silence gene transcription
depending on the methylated residue and the number of attached methyl
groups; it could be also influenced by the vicinity of acetyl groups. In this
view, whereas H3K9me3 is known to mark constitutive heterochromatin
and H3K27me3 is a temporary signal associated to facultative
heterochromatin, H3K4me2 and H3K4me3 are generally associated with
transcriptional activation, although they can also repress transcription in
particular conditions (Bonnet-Garnier et al. 2012; Greer and Shi 2012).
H4K20mel is involved in the chromatin compaction and in the consequent
transcriptional repression, as for H4K20me3. The described effects of the
histone tail methylation are mediated by proteins or protein complexes
recruited on modified residues; in fact, it is unlikely that it can perturb
chromatin structure since this modification is small and does not alter the
charge of histones.

Numerous histone lysine methyltransferases (HKMTSs) have been identified,
all capable of transferring the methyl group from SAM to the e-amino group
of a lysine. On the other hand, there are two classes of arginine
methyltransferases which catalyze the transfer of a methyl group from SAM

to the w-guanidine group of an arginine within a variety of substrates:



therefore, they are (generally referred to as protein arginine
methyltransferases (PRMTS).

Histone methylation was for a long time considered a stable modification.
Then, some mechanisms were first suggested as possible demethylation

pathways and later experimentally verified.

The acetylation of lysines is a highly dynamic and regulated process. This
modification is mediated by histone acetyltransferases (HATS), utilizing
acetyl-CoA for the transfer of an acetyl group to the g-amino group of
lysines. Histone acetylation, introducing a negative charge, effectively
neutralize histone positivity, disrupting electrostatic interactions between
histones and DNA and leading to a less compact chromatin structure, which
facilitates DNA access by protein machineries involved in transcription.
This effect is also mediated by chromatin-remodelling complexes bound to
acetylated lysines (Mujtaba et al. 2007; Zeng et al. 2010). Therefore,
H3K9%ac and H3K27ac, for example, are associated with transcription
activation.

Histone deacetylases reverse lysine acetylation, restoring the histone
positive charge and the local compact chromatin structure, showing HDACs
predominantly as transcriptional repressors (Bannister and Kouzarides
2011). DNA methylation can influence local histone acetylation: it was
shown that the methyl-CpG binding protein 2, MeCP2, recruited by 5mC,
binds HDAC, modifying chromatin architecture and inducing gene silencing
(Eden et al. 1998; Jones et al. 1998).

Taking place on serines, threonines and tyrosines predominantly on H3 tail,
the phosphorylation of histones is a highly dynamic event. The levels of this
modification are controlled by kinases and phosphatases (Oki et al. 2007).
All the identified histone kinases transfer a phosphate group from ATP to

the hydroxyl group of the target amino-acid. However, it is unclear how the



enzyme recruitment to its specific site on chromatin occurs: possibly, a
chromatin-binding factor mediates this association before the direct contact
between the enzyme and DNA (Bannister and Kouzarides 2011).

As for acetylation, phosphorylation adds significant negative charge to the
histone, undoubtedly reducing chromatin condensation. Furthermore,
phosphorylated residues act as platforms for recruitment, assembly and
retention of chromatin-associated factors and were suggested to induce H3
tail acetylation (Rossetto et al. 2012). Therefore, phosphorylation is
generally associated with transcriptional activation, in particular of
proliferative genes. The best known function of histone phosphorylation
occurs during the cellular response to the DNA damage. Nevertheless,
H3S10phos, as well as H2AT120phos, is involved in chromatin compaction

during mitosis.

In contrast to the previously described histone modifications, ubiquitylation
of lysines results in a larger covalent modification because ubiquitin is a
polypeptide of 76 amino acids. The reaction is mediated by three enzymes,
which can modulate the degree of ubiquitylation. Adding an extremely large
molecule to a histone, ubiquitylation seems to induce a change in the
nucleosome conformation, which in turn affects intra-nucleosomal
interactions and interactions with other chromatin-binding complexes. Two
well-characterized sites are in H2A and H2B: H2AK119ubl is involved in
gene silencing whereas H2BK123ubl plays an important role in
transcriptional initiation and elongation (Wang et al. 2004; Lee et al. 2007;
Kim et al. 2009). The modification is reversible via the action of

isopeptidases, called de-ubiquitin enzymes.



A cross-talk between different histone modifications exists through these

following multiple mechanisms (Kouzarides 2007).

e A competitive antagonism between different modifications targeting the
same site may be present.

e The protein binding to a specific modification can be disrupted by an
adjacent modification.

e Cooperation between modifications could be present, recruiting
efficiently specific factors.

e One modification may be dependent upon another.

e The modified site can alter the substrate of an enzyme whose activity
will be compromised.

This interactions between different histone modifications represent the so

called “histone code” (Turner 2002; Peterson and Laniel 2004), which is

very important for transcriptional regulation and chromatin structure

dynamics. In particular, there is an interconnection and interdependence

between the modifications of the H3 and H4 tails.

Histone H3 seems to be intimately connected to DNA methylation status of

the chromatin region in which it occurs. About that, different studies

indicate that the establishment and maintenance of DNA methylation are

dependent upon lysine 9 methylation of histone 3 (Tamaru and Selker 2001;

Jackson et al. 2002). H3K9mel is a binding site for the heterochromatin

protein HP1 (Bannister et al. 2001; Lachner et al. 2001), the major

component of heterochromatin, contributing to the maintenance of

transcriptionally silent state and targeting DNMT3 to heterochromatin sites

(Bachman et al. 2001).

Changes in histone epigenetic modifications can lead to cancer initiation

and progression. As for DNA methylation, aberrant histone modification



profiles may actually give rise to cancer via at least two mechanisms

(Bannister and Kouzarides 2011):

e aberrant regulation of gene expression of oncogenes or tumor

SUppPressors;

o alterations of genome integrity and chromosome segregation.

H3K9me3
H3K27me3
H3K4me2
H3K4me3
H4K20mel
H4K20me3
H3K9ac
H3K27ac
H3S10phos
H2AT120PHOS
H2AK119ub1
H2BK123ubl
H3K9mel

HISTONE 3 TRIMETHYL-LYSINE 9
HISTONE 3 TRIMETHYL-LYSINE 27
HISTONE 3 DIMETHYL-LYSINE 4
HISTONE 3 TRIMETHYL-LYSINE 4
HISTONE 4 METHYL-LYSINE 20
HISTONE 4 TRIMETHYL-LYSINE 20
HISTONE 3 ACETYL-LYSINE 9
HISTONE 3 ACETYL-LYSINE 27
HISTONE 3 PHOSPHORILATED SERIN 10
HISTONE 2A PHOSPHORILATED THREONIN 120
HISTONE 2A MONO-UBIQUITINILATED LYSIN 119
HISTONE 2B MONO-UBIQUITINILATED LYSIN 123
HISTONE 3 METHYL-LYSINE 9

Table 1.2. Abbreviations of histone modifications.

2.2.  The chromatin remodelling

The interaction between the histone core and DNA is also regulated by a

process named chromatin remodelling, which creates nucleosome-free

regions for gene expression. Chromatin remodelling consists of the

following processes (Wang et al. 2005) (Fig. 1.11):

e nucleosome reposition (slide, twist and loop) — the position of a

nucleosome changes along DNA,;

e nucleosome remodelling — DNA becomes more accessible because the

interaction with the histone core is reduced;

e nucleosome displacement or histone eviction — DNA and histones are

completely disassociated;



e nucleosome replacement — the histone core is substituted by histone
variants.

This process is mediated by ATP-dependent chromatin remodelling
complexes, which have an ATPase domain. These latter use the energy from
the hydrolysis of ATP to modify chromatin architecture. There are at least
five families of chromatin remodelers in eukaryotes, including SWI/SNF
(switch/sucrose non-fermentable) — the remodelling mechanism appears to
be distinct from one family member to another.

— % % % Figure 1.11. Chromatin
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2.3. The role of ions

Several studies have demonstrated that chromatin organization depends on

the concentration and type of ionic species (Gan and Schlick 2010).

The ionic atmosphere around the nucleosome core was described (Davey et
al. 2002; Gan and Schlick 2010). The sodium ions (Na*) form a layer along
the DNA wound around the histone core, penetrating into the interior of the
histone complex (Materese et al. 2009). Monovalent anions, principally the
chlorine ions (CI’), interact with the positively charged regions of the
nucleosome, i.e. the N-termini of histone a-helices, forming negligible small
patches. Divalent ions, in particular magnesium (Mg?®*) and calcium ions

(Ca?"), form a dense layer around nucleosomal DNA and unburied regions



of histone tails, providing an enhanced screening compared to monovalent
ions and completely covering the nucleosome core. Moreover, Mg?* extends
also beyond the nucleosome surface shielding more effectively the DNA
charge. It seems that specific binding sites for Mg®* and Ca®" ions exist
(Davey et al. 2002).

The role of ion distribution in nucleosome stability has been demonstrated.
The monovalent anion location suggests that they reduce the electrostatic
interaction between histones and DNA (Davey et al. 2002). On the contrary,
Mg®* and Ca®" neutralize the DNA charge, thus stabilizing histone-DNA
interactions within the nucleosome core (Materese et al. 2009; Korolev et
al. 2010; Yang and Hayes 2011). Instead, monovalent cations have been

shown to not increase nucleosome stability (Gan and Schlick 2010).

The chromatin folding into more complex structure is profoundly influenced
by the ionic environment. It was demonstrated that anions or monovalent
cations are not requested for the chromatin folding. Even potassium (K*)
was shown to induce an unfolding of the chromatin fiber, probably because
its specific localization inhibits the nucleosome-nucleosome interaction,
thus preventing the condensation (Korolev et al. 2010; Allahverdi et al.
2011). On the other hand, due to the extended DNA neutralization within
the nucleosome mediated by divalent ions, internucleosomal repulsions in
higher order chromatin structures are diminished (Materese et al. 2009),
facilitating the chromatin folding. Moreover, Mg®* and Ca?* lie on linker
DNA and exposed chromatin surfaces, inducing the neutralization of these
chromatin regions: this event promotes chromatin compaction and,

consequently, its silencing.
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The effect of either calcium or magnesium on chromatin condensation was
described in several studies concerning the incubation with different level of
these ions (Cafio et al. 2006; Martin et al. 2007; Visvanathan et al. 2013).
An increase of Mg** and Ca?* results in different types of condensed
chromatin structures with probably different stability; at the same time, the
enlargement of the interchromatin space could be detected. It seems that
even small changes in the level of intracellular divalent cations may affect
chromatin condensation and, therefore, gene expression (Fig. 1.12). As for
control, the effect of an excess of EDTA (ethylenediaminetetraacetic acid)



chelating free divalent ions was analyzed: it has been shown that EDTA
treatment determines chromatin decondensation (Fig. 1.12 C), although the
level of decompaction is not complete. This phenomenon could be
explained in two ways: cations show a higher affinity for their multiple
binding sites on chromatin compared to EDTA; the types of structural
chromatin conformation may differently resist to reversal due to their
different stability.

Finally, the effect of ions on the most condensed form of chromatin,
chromosomes, was analyzed. Ca**, Mg**, Na" and K* map on chromatids: in
particular, Ca®" is enriched in chromosomal DNA axis whereas Mg®" is
homogenously distributed along the entire chromosome (Strick et al. 2001).
Cells depleted of Ca®* and Mg®* showed partially decondensed
chromosomes, underlining their involvement in the chromosome formation
and maintenance (Phengchat et al. 2016; Strick et al. 2001). These ions
seem to mediate an electrostatic neutralization and are responsible of

interactions with non-histone proteins.

2.3.1. Ca and Mg effect on epigenetic modifications

The ion effect on chromatin structure is reflected in the changes in
chromatin functionality. The latter is also altered because the ion
distribution around chromatin fibers can affect the interaction between DNA
and transcription factors. Moreover, a relationship between calcium and
epigenetic modifications was recently described, revealing a possible role of
ions in the modifications of the epigenetic pattern. In fact, a recent study
showed that the reactivation of epigenetically silenced tumor suppressor
genes was dependent on Ca’* signaling and calcium-calmodulin kinase
(CAMK) activation through the removal of MeCP2 from the repressed
promoters — this protein is known to interact with HDACs (Raynal et al.

2016). Another study showed that an increase in the calcium level can



activate two kinds of kinases leading to an epigenetic change, i.e. histone
hyperacetylation, along the body of the genes that contain calcium-
responsive exons: this event determines chromatin decondensation
increasing the transcriptional elongation rate of RNA polymerase 11 (Pol 11)
(Sharma et al. 2015). It also seems that Ca®* binding sites are present on
DNMTs of vertebrates (Wang et al. 2014), suggesting a possible regulation
pathway of DNA methylation mediated by Ca**-signaling.

2.4. Other processes

Epigenetic modifications are probably the main processes regulating
chromatin structure. As described above, the ionic environment also plays a
very important role in the formation and maintenance of chromatin
conformation. However, other mechanisms are documented to affect
chromatin structure revealing this latter as a very complex aspect of cell
biology.

e Although the definition of IncRNAs remains controversial, these are
generally defined as long functional ribonucleic acids that do not encode
proteins. In particular, some well-studied regulatory IncRNAs are known
to control DNA methylation and histone modifications via the
recruitment of DNMTs and histone-modifying enzymes (Bohmdorfer
and Wierzbicki 2015). They also affect chromatin structure interacting
with specific chromatin remodelers, which are responsible of the
nucleosome positioning and chromosome looping (Béhmdorfer and
Wierzbicki 2015).

e The reversible chromatin hypercompaction has been described when
ATP levels are depleted both in interphase and mitotic cells
(Visvanathan et al. 2013). Even though transcription is implicated in the

maintaining of decompacted chromatin state and ATP depletion results



in the transcription inhibition, the ATP-dependent hypercondensation is
not caused by the loss of transcription activity because the direct block
of transcription did not lead to the same chromatin compaction.
Therefore, other mechanisms are probably responsible of the chromatin
conformation upon ATP depletion.

Some experiments and simulations showed that the characteristic
compact structure of metaphase chromosomes is conserved in a crowded
media (Hancock 2012). This result revealed that a further unconsidered
factor for chromatin compaction is represented by the crowding of
macromolecules in the surrounding environment. In vivo, the crowding
linear polymers could be the polynucleosome chains and the
nucleosome-nucleosome interactions are some of the entropic forces,
which may significantly contribute to the chromatin compaction.

Several studies showed that the environmental cues can change the
epigenetic modifications, resulting in long-term alteration of the gene
expression (Mazzio and Soliman 2012). One of the well documented
environmental stress is the heat shock, which is known to induce
changes in the cell organization and function (Richter et al. 2010). The
heterogeneous ribonucleoprotein (hnRNP) Al associated protein, HAP,
is generally associated to the perichromatin fibrils (PF): after heat shock,
it is identified on clusters of perichromatin granules (PG), thus
constituting HAP bodies (Chiodi et al. 2000). These bodies contain the
heat shock transcription factor 1 (HSF1), the key transcription factor of
the heat shock response whose levels are obviously increased after the
treatment (Weighardt et al. 1999). During the heat stress, the activity of
HSF1 induces the global deacetylation of histones, thus modulating the
chromatin structure: consequently, condensed chromatin regions appear

enlarged, especially around the nucleolus (Fritah et al. 2009).



3. THE STRUCTURE OF RNA AND ITS MODIFICATIONS

The role of RNAs as important factors in essential cellular processes, from

DNA replication to protein synthesis, has become even clearer.

RNA (ribonucleic acid) shows a great structural versatility compared with
DNA. It is a chain-like molecule composed by nucleotides joined by
phosphodiester bonds (Fig. 1.13). Each subunit is formed by a ribose sugar,

a phosphate group and a
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(Allison 2007) base pairing and base stacking
hydrophobic interactions. Some of the common secondary structures are
shown in Fig. 1.14: these include bulges, base-paired helices or stems,
single-stranded hairpins or internal loops and junctions. For example,
differently from DNA, RNA helix formation occurs within the single-
stranded chain of nucleotides and the A-type RNA helix is present instead
of the B-helix characteristic of DNA. A-RNA shows a deep major groove,

which is not well suited for interactions with specific ligands, and a minor



groove, including the ribose 2'-OH groups, which are good hydrogen bond
acceptors, making it accessible to RNA binding proteins.

Organized RNA secondary structural domains interact to form three-
dimensional structures. Hydrogen bonding and base stacking interactions
are involved in the formation of the tertiary structure together with a variety
of long-range interactions. Since RNA is negatively charged, the formation
of the three-dimensional structure also requires charge neutralization, either
through the binding of basic proteins or of monovalent and divalent metal
ions. Common RNA folding motifs include the pseudoknot, the A-minor
motif, tetraloops, ribose zippers and kink-turns. For example, pseudoknot
motif results from the interaction between a single-stranded loop and a
complementary sequence outside this loop; the A-minor motif forms by
single-stranded adenosines making contacts with the minor grooves of RNA
double helices; a ribose zipper is made by helix—helix interactions between
the ribose and the pyrimidine base, involving the minor groove surfaces.
RNA folding patterns, as globular proteins, are responsible of the chemical
reactivity and the specific interactions with other molecules, such as

proteins, nucleic acids and small ligands.
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During the RNA maturation, various chemical modifications are introduced
into ribonucleotide residues at the base or at the ribose 2'-OH or both
(Machnicka et al. 2013). About 150 post-transcriptional RNA modifications
have been recognized: the variety of chemical groups and their positions in
RNA are illustrated in Fig. 1.15. The localization and the abundance of
these numerous modifications vary between different RNA molecules,
organisms and organelles and according to the physiological environment
and growth conditions of the cell. These modifications are involved in RNA
localization, stability and activity, although for most of them the function is
still unclear, and were shown to be linked with human diseases (Li and
Mason 2014). The majority of modified nucleotides is present in transfer
and ribosomal RNAs. In fact, the human rRNA contains more than 200
modifications among which the major ones are 2’-O-methyl nucleotides,
pseudouridines and methylated bases; rRNA modifications commonly
control ribosome assembly (Liu and Pan 2015). The human tRNA contains
about 14 modifications (various methylated bases, pseudouridines, 2'-O-
methyl nucleotides and more chemically complex bases): according to their
position, tRNA modifications generally regulate stability, modulate folding
and are involved in the decoding capacity (Liu and Pan 2015). However,
modifications have also been found in small non-coding RNAs, such as
snRNAs and snoRNAs, and more recently in regulatory RNAS, as siRNAs,
miRNAs and piRNAs (Machnicka et al. 2013). The presence of modified
bases in MRNAs was also demonstrated (Machnicka et al. 2013).
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Among these modifications, RNA methylation is one of the most common
(Kellner et al. 2010). In particular, 5mC is widely studied.

Several modified sites were found in rRNA of all three domains of life: two
are known in human 28S rRNA; none were found in eukaryotic 18S rRNA
and little is known about 5mC in mitochondrial rRNA. However, the 5mC
function in rRNA seems to be implicated in tRNA identification, peptidyl-
transferase activity and, consequently, translational fidelity of the ribosome
(Motorin et al. 2009; Squires and Preiss 2010). Thanks to their modification
status, eukaryotic tRNAs are subject to quality control and decay pathways.
5mC is commonly present in the anticodon loop and in the central core of
archeal and eukaryotic tRNA: its function seems to be linked to the
structural and metabolic stabilization of the molecule. In fact, placed in the
Mg®* binding site of the anticodon loop, it stabilizes tRNA secondary
structure being involved in codon recognition (Squires and Preiss 2010; Liu
and Jia 2014). Moreover, the modified residue at the anticodon wobble is
not involved in splicing of the pre-tRNA and it shows a suppressor activity.
In the tRNA variable region, 5mC affects aminoacylation. Several 5mC
sites in tRNAs have been mapped but others probably remain still
undiscovered (Squires and Preiss 2010).

Works leading to the mRNA cap discovery found internal 5mC residues at
low levels in mammalian mMRNA (Dubin and Taylor 1975) but the possible
occurrence of 5mC in mRNA was largely ignored. This modification was
later confirmed in mMRNA and candidate sites were detected in thousands
MRNASs, indicating that 5mC is not only present on highly specialized
MRNASs (Squires et al. 2012). It is localized in the untranslated regions
(UTRs): due to the proximity of mRNA methylation sites to the binding
ones of Argonaute protein, the central component of miRNA-RISC (RNA

inducing silencing complex) complex, mMRNA 5mC could be involved in



miRNA degradation pathway, protecting mRNAS against innate antiviral
defence mechanisms — however, there are no clear evidence about the
methylation involvement in mRNA stability. A role in promoting mRNA
efficient translation was also suggested thanks to the 5mC enrichment after
the translation initiation sites (Squires et al. 2012; Dominissini and Rechavi
2017). Moreover, 5mC could modulate the formation of specific RNA
structures or affect interactions with post-transcriptional regulators, being
involved in several post-transcriptional processes, as splicing or editing
(Squires and Preiss 2010) — a methyl-CpG-binding protein was
demonstrated to regulate RNA splicing (Young et al. 2005). The mRNA
Aly/R export factor, ALYREF, was identified as a bona fide 5mC reader,
strongly showing the 5mC involvement in ALYREF-mediated nuclear-
cytoplasmic shuttling of mRNA (Dominissini and Rechavi 2017; Yang et al.
2017) (Fig. 1.16). However, 5mC function is still largely unknown.
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RNA 5mC-methyltransferases (RNA-5mC MTases) have been found in
different eukaryotic organisms (Squires and Preiss 2010; Blanco and Frye
2014). Two MTases have been implicated in eukaryotic tRNA modification:
DNMT2 was one of the first MTases identified and its methylation is
restricted to only C38 in the anticodon loop; NSUN2 can methylate tRNA in
several sites. Similarly to NSUNZ2, the other members of the human
NSUN1-7 family show a methyltransferase activity on tRNA or rRNA, also
in mitochondria, even if for some of them the substrates have not been yet
identified. In addition, NSUN1 and NSUN5, as well as NSUN2 and
NSUN4, have been identified as mRNA-binding proteins: in particular,
NSUN2, as well as DNMT2, has been shown to modify only certain
MRNAs in human cells (Gilbert et al. 2016), as long as NSUN2 was

demonstrated to be the main RNA methyltransferase, mediating 5mC
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(Narayan and Rottman 1988). Methyltransferase-like 3 (METTL3) and
methyltransferase-like 14 (METTL14) were shown to form a human
complex, stabilized by the Wilms tumor 1-associated protein (WTAP), in
which both the components of the core complex are catalytic subunits (Liu
et al. 2014) (Fig. 1.17). The WTAP allows the interaction between the
METTL subunits, localizes the complex on target mRNA and enhances the
methylation efficiency (Fu et al. 2014; Ping et al. 2014). Moreover, WTAP
interacts with many proteins, recruiting other regulators or enzymes to the
methyltransferase complex, as the vir-like m6A-methyltransferase
associated protein, KIAA1429: these additional factor may affect the
methylation activity and selectivity through direct interactions or post-
translational modifications (Fu et al. 2014). As for 5mC, this is a reversible
modification which takes place through successive oxidation steps — two
dioxygenases, FTO (fat mass and obesity associated protein) and ALKBH5
(alkylation repair homolog 5), are known to efficiently convert m6A to
adenosine (Jia et al. 2011). The m6A biological function is dependent on
reader proteins: to date, it was demonstrated the m6A involvement in
mMRNA stability, degradation, splicing, localization and translation (Fu et al.
2014; Wang et al. 2014).

v The characterization of the methyltransferase complex, as well as m6A
function, is also carried out in Drosophila melanogaster.
m6A level increases during early embryogenesis, dropping dramatically
in the rest of this process. However, two new peaks can be detected in
the third larval stage and during pupal phases and, even if it decreases in
adults, it results relatively abundant in heads and ovaries. m6A is
localized at the same mammal sites. The METTL3 ortholog is Ime4
(inducer of meiosis 4) while the METTL14 ortholog is renamed
dMettl14 (Drosophila methyltransferase-like 14): both of these enzymes



are required to form m6A in Drosophila. FI(2)d (female lethal d) and vir
(virilizer) are homologs of WTAP and KIAA1429, respectively: these
proteins were shown to be components of the methyltransferase
complex, describing FI(2)d as a stabilizing factor. spenito (nito) can
interact with FI(2)d and Ime4 so that it was proposed as a novel
component of the complex. YT521-B was recognized as a reader
protein: it binds m6A being the principal mediator of m6A function in
pre-mRNA splicing. The involvement of m6A modification in neuronal
function and sex determination, primarily via YT521-B, was also

described.

4. TECHNICAL  APPROACHES TO  STUDY EPIGENETIC
MODIFICATIONS

Different methods have been developed for the discrimination of CpG
methylation status (Harrison and Parle-McDermott 2011) — some
approaches make possible the mapping of 5mC at single base resolution
allowing to obtain a complete epigenetic profile.

The earliest epigenetic studies were based on the discrimination between
methylated and unmethylated cytosines through separation techniques, such
as high-performance liquid chromatography (Gehrke et al. 1984). The
identification of modified residues was also obtained via digestion with
methylation-sensitive restriction enzymes (Bestor et al. 1984). Despite
having different applications, these methods can only describe the ratio of
methylated-unmethylated cytosines. Consequently, alternative techniques
have been proposed: for example, tritiated methyl groups were
enzymatically incorporated into CpG sites to detect radioactivity levels to be
correlated to the DNA methylation ones (Wu et al. 1993).

One of the common approaches for the detection of DNA methylation is the
bisulfite conversion-based method. In fact, C and 5mC react differently to



the treatment with sodium bisulfite: unmethylated C is converted to U while
5mC remains unconverted. Therefore, DNA, previously treated with
bisulfite, retains only methylated cytosines allowing the detection of
methylation pattern (Frommer et al. 1992). However, the development of
DNA microarray technology determined a revolution in the epigenetic
studies: the hybridization of methylated or unmethylated fragments to an
array of known probes allowed the identification and the quantification of
genome modified areas (Huang et al. 1999; Gitan et al. 2002; Weber et al.
2005). Moreover, more recently, sequencing-based approaches, like next
generation sequencing was used to obtain a complete epigenetic profile
(Cokus et al. 2008; Maunakea et al. 2014).

However, due to the antibody accessibility to 5mC (Adouard et al. 1985),
global DNA methylation levels are often detected at fluorescence
microscopy using anti-omC antibody or anti-methylated DNA binding
proteins antibodies (Santos et al. 2002; Kobayakawa et al. 2007). Recently,
methylation-specific fluorescence in situ hybridization (MeFISH) was
developed for the visualization of DNA methylation status at specific
sequences, using the difference in the osmium oxidation rate between C and
5mC (Li et al. 2013). Beside this fluorescence microscopic visualization of
5mC, an EM study concerning DNA methylation dynamics was carried out

during a plant programmed cell death process (Solis et al. 2014).

Several of the methods for DNA methylation analysis have been adapted to
detect modified nucleotides on RNAs, including 5mC (Hussain et al. 2013;
Motorin et al. 2009). Nucleotide modifications can be detected according to
physico-chemical properties, differential chemical reactivity and enzymatic
turnover. Based on the different physico-chemical properties of modified
RNAs, separation techniques typically include chromatography, i.e. thin

layer chromatography (TLC) and high-performance liquid chromatography



(HPLC), or mass spectrometry (MS) — sometimes a combination of both
(LC-MS) is used allowing the detection of modified nucleotides even in the
sub-picomolar range. 5mC differential reactivity towards chemical reagents
allows the application of PCR- or affinity-based techniques for sequencing,
structural probing or footprinting applications of end-labelled nucleic acids.
Bisulfite sequencing was first adapted for the 5mC detection on RNA in
2009, resulting in quantification of RNA methylation levels (Schaefer et al.
2009).

However, these methods required high amounts of RNA and identified
modified sites only in highly abundant RNAs, such as rRNAs and tRNAs.
In the last years, next generation sequencing allowed to develop more
sensitive techniques: in 2012, it was combined to the bisulfite conversion
providing the first transcriptome-wide view of 5mC (Squires et al. 2012).
Other techniques are wused for RNA 5mC detection. RNA
immunoprecipitation (RIP) followed by deep sequencing allows to detect
global 5mC level using a monoclonal antibody against 5mC (Fig. 1.18).
Similar approaches can be used to detect enzyme-specific deposition of
5mC: 5-azacytidine-mediated RNA immunoprecipitation (Aza-1P) and
methylation-individual nucleotide resolution crosslinking
immunoprecipitation (miCLIP) (Fig. 1.18), in which a temporary covalent
bond between the catalytic site of RNA methyltransferase and the carbon 6

of targeted cytosine is formed.
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Figure 1.18. Techniques for 5mC detection on RNA. A. Bisulfite sequencing: the
bisulfite-mediated conversion occurs only on unmethylated cytosine. The asterisk
indicates the conversion while the square the unconverted base. B. 5mC-RIP: anti-
5mC antibody covalently bonds the modified residues. C. Aza-IP: 5-azacytidine is
randomly introduced into nascent RNA and it is recognized by NSUN2. D. miCLIP:
C271A mutation is introduced in RNA in order to be bonded by NSUNZ2.

In 5mC-RIP, Aza-IP and miCLIP the covalent bond is followed by
immunoprecipitation.

(Hussain et al. 2013)

A variety of techniques from biochemistry and biophysics to chemical
biology allows to isolate histones and to evaluate their modifications,
determining the biological relevance of the combinatorial codes.
Electrophoretic and chromatographic methods can be applied to obtain
histone separation and to purify them (Bloom and Anderson 1978; Gurley et
al. 1991). The traditional methods for the histone analysis concern the use
of site-specific antibodies: these immunological assays include western
blotting, immunofluorescence and ELISA techniques (Crane-Robinson et
al. 1997; Bonnet-Garnier et al. 2012), which allow the characterization of
the total changes in the level of histone post-transcriptional modifications
across the whole genome. These modifications can be also quantified with

specific colorimetric or fluorometric assays. The genome localization of a



histone modification and its relative abundance can be identified through
chromatin immunoprecipitation (ChIP) using a specific antibody. Moreover,
the level of PTMs can be defined testing the activity of writer or eraser
enzymes — these applications allow also the characterization of the
modification pathways. DNA microarrays and deep sequencing are also
traditionally used (Karch et al. 2013). However, MS is a very known
strategy and an essential tool to characterize histone modifications, since a
histone PTM induces a mass shift: it can identify multiple novel
modifications and measure the co-occurrence of the modifications on the
same protein — high-resolution analysers are commonly used to carry out
histone PTM analysis (Bonenfant et al. 2006; Karch et al. 2013).



2. AIM OF RESEARCH

The lack of an extensive ultrastructural analysis of epigenetic modifications
prompted us to study nucleic acid methylation as well as histone

modifications at transmission electron microscope (TEM).

This high-resolution approach was focused on:
e the visualization of DNA methylation status and histone PTM
distribution on chromatin areas in the cell nucleus;

o the localization of RNA methylation sites.

In particular, the analysis pointed to the regulation of chromatin structure to
better understand the role of 5mC in chromatin conformation in light of the
recent works describing the nucleosome destabilization following DNA
methylation (Jimenez-Useche and Yuan 2012; Ngo et al. 2016). To this
purpose, hepatocytes were chosen for their often large heterochromatin
regions on which a study concerning the modification distribution could be
reasonable. On the other hand, HelLa cells were selected for their high
transcription rate to increase the probability of detecting RNA fibrils,
revealing possible modifications.

However, to integrate the analysis on the chromatin structure regulation,
epigenetic modifications were studied at TEM after specific treatments
which are known to induce chromatin condensation, i.e. low or high
concentration of divalent cations (Ca** and Mg?*) and heat shock (Martin et
al. 2007; Fritah et al. 2009). Differentiating erythrocytes were used as
another model for this analysis because they physiologically modify the
status of chromatin compaction during their maturation: the relationship
between chromatin remodelling and compaction and the 5mC level on
heterochromatin regions was investigated together with the distribution

pattern of the chosen chromatin epigenetic modifications.



In the Laboratory of Dr J. Y. Roignant (Institute of Molecular Biology,
IMB, Mainz — Germany), the characterization of the methyltransferase
complex, the identification of a main m6A reader and the analysis of the
function of this modification in Drosophila melanogaster were carried out.
Preliminary data in their analysis indicated the presence of two novel
components of m6A-methyltransferase complex: this work also intended to

define Hakai and CG7358 involvement in the protein complex.



3. MATERIALS AND METHODS

1. CELLS, TISSUES AND TREATMENTS

This study has been carried out on different tissue and cell models. In mouse
liver, as well as bone marrow, the peripheral condensed chromatin regions
are generally evident allowing to better analyze the distribution of
epigenetic modifications on DNA. Moreover, in the bone marrow, different
developing stages with consequently different level of condensed chromatin
can be detected. On the other hand, for the analysis of RNA methylation,
proliferating HelLa cells were chosen for their high transcription level which
increases the probability of RNA transcript detection. However, in the
analysis of RNA methylation, hepatocytes were also examined to ascertain
the 5mC presence on mRNA also in normal cells.

Finally, to deepen the role of 5mC on chromatin structure, the cells

underwent treatments known to induce DNA compaction.

1.1. Cellsin vitro

HeLa cells were grown in Dulbecco’s Minimal Essential Medium (DMEM)
supplemented with 10% foetal bovine serum (FBS), 1% glutamine, 100
U/mL penicillin and streptomycin in a 5% CO, humidified atmosphere at
37°C. The cells were grown in 25 cm? plastic flasks and detached by a mild
trypsinization or scraping when the 90% confluence was reached. They

were differently processed according to the final analysis.

1.1.1. Cells for EM immunocytochemistry

After collecting cells in fresh 15 mL tubes by a gentle centrifugation at 800
rpm for 5 minutes at room temperature (RT), the samples were fixed with
4% paraformaldehyde (PFA) in the culture medium for 2 hours at 4°C — the

PFA fixation allows for a good preservation of antigen integrity. Then, the



cells were centrifuged at 2000 rpm for 10 minutes at RT and rinsed
thoroughly with phosphate buffered saline (PBS). They were also incubated
in 0.5 M NH,4CI in PBS for 30 minutes at RT to block free aldehyde groups
and rinsed again with several changes of PBS. The cell pellets were pre-
embedded in 2% Agar in H,O to better handle the sample during the
following steps. The samples were dehydrated in graded ethanol and
embedded in LRWhite resin, which allows better antigen retrieval. The resin
polymerization occurred for 24 hours at 60°C. Finally, thin sections of 70-
80 nm were obtained with a Reichert OM3 ultramicrotome and collected on

formvar-carbon-coated or naked nickel or gold grids (200 Mesh).

1.1.2. Cells for EM morphological analysis

The cells were collected in fresh 15 mL tubes by a gentle centrifugation and
fixed with 2.5% glutaraldehyde (Gt) in their culture medium for 2 hours at
RT — Gt is preferred for good morphology preservation. After a
centrifugation at 2000 rpm for 10 minutes at RT and several washes with
PBS, the cells were post-fixed in 1% aqueous osmium tetroxide (OsO,) for
2 hours at RT for lipid fixation in order to preserve the membranous
structures — several washes in H,O followed. Therefore, the cell pellets were
pre-embedded in 2% Agar in H,O, dehydrated in graded acetone and
embedded in Epon resin. Finally, after 48 hours at 60°C to allow the resin
polymerization, thin sections were obtained as previously described and

collected on nude nickel grids (200 Mesh).

1.1.3. Cells for fluorescence immunocytochemistry

After trypsinization, HelLa cells were seeded on glass coverslips and left
growing until 70-80% confluence. The samples were fixed in 2% PFA in
their culture medium for 30 minutes at RT and washed with PBS three
times. PBS was substituted by cold 70% ethanol and the cells were directly

used or stored at -20°C.



1.1. Tissues

Samples from mouse liver and rat bone marrow were quickly collected in
the fixation solution of 4% PFA in Sorensen phosphate buffer at pH 7.2 for
2 hours at 4°C. Then, after PBS washes and NH4CIl 30 minute incubation,
the tissues were directly dehydrated in graded ethanol to be embedded in
LRWhite resin. Finally, the embedded samples were polymerized and thin
sections were collected on coated nickel grids.

However, the described procedure was not directly carried out since these
embedded samples were present in the material archive of Prof. M.

Biggiogera from the University of Pavia and Lausanne.

1.2. Treatments

1.2.1. Fluorouridine incubation

To label RNA fibrils, both HeLa cells and mouse liver were incubated with
5 mM fluoro-uridine (FU) for 15 minutes at 37°C before proceeding with
the fixation and embedding for ultrastructural analysis (Dundr and Raska
1993; Trentani et al. 2003). The short incubation time allowed to
specifically label the nascent RNA transcripts and, consequently, to analyze
PF, that are (pre-)mRNAs (Fakan 1994).

1.2.2. Incubation with different concentrations of divalent cations

HeLa cell samples were also used to analyze the effect of divalent cations
changes on chromatin structure and epigenetic modifications. These cells
were addressed to three  different  analyses:  ultrastructural
immunocytochemistry, EM morphology and fluorescence
immunocytochemistry: therefore, after the treatment described below, the
cells were prepared as in the Paragraphs 1.1.1, 1.1.2 and 1.1.3,

respectively.



First of all, the cells were divided into two different groups and each group

in 3 flasks undergoing the treatment with different concentration of Ca*",
Mg®* and EGTA (ethylene glycol-bis-B-aminoethyl ether-N,N,N',N'"-

tetraacetic acid). The treatment was carried out before the scraping, which

was chosen to avoid further stress to the cells and possible negative

interactions with trypsin. The experimental conditions of the two cell groups

are listed below. For each type of handling the control sample (CTR) was

not treated.

The new buffer was prepared with 150 mM NaCl, 6 mM KCI, 1.5 mM
CaCl, and 1 mM MgCl; in culture medium. Then, calcium-concentrated
solution (CA) was obtained modifying the NaCl concentration to 120
mM and the CaCl, concentration to 20 mM; magnesium-concentrated
solution (MG) resulted decreasing the NaCl concentration to 120 mM
and increasing the MgCl, concentration to 20 mM; in calcium- and
magnesium-free solution (Egta) 0.5 mM EGTA chelating divalent
cations was added and CaCl, and MgCl, were substituted by 2 mM
NaCl. All the solutions were brought to pH 7.4 with an osmolality of
338 mmol/kg. The culture medium was removed from 3 different flasks
to be replaced with 5 mL of one of three different solutions (Poletto et
al. 2016).

The second treatment involved the following changes: in CA Ca*'
concentration was 200 mM; in MG MgCl, was concentrated to 200 mM;
EGTA concentration was increased to 5 mM in Egta. The pH and

osmolality were also adjusted as previously described.



1.2.3. Heat shock

The analysis of the regulation of chromatin structure by DNA methylation
was also performed on HeLa cells undergone heat shock, which is known to
induce DNA compaction (Fritah et al. 2009).

The treatment was carried out before the trypsinization and, then, the heat
shocked samples (HS), as well as the CTR, were processed for EM
immunocytochemistry. The heat shock was obtained by an incubation for 90
minutes at 43°C. A recovery period in the culture medium of 60 minutes at
37°C, added with Hepes (4-2-hydroxyethyl-1-piperazineethanesulfonic

acid), followed.

2. EM ANALYSIS
2.1. EM immunocytochemistry

The grids were floated on normal goat serum (NGS) diluted 1:50 in PBS for
5 minutes at RT to block antibody aspecific bonding. Then, the samples
were incubated with the primary antibody overnight at 4°C. In double
labelling reactions, two different primary antibodies were utilized. The
primary antibody was diluted in PBS containing 0.1% Bovine Serum
Albumin (BSA) and 0.05% Tween20 (T) (PBTB). The concentration
depended on the specific antibody used: the list of the primary antibodies
and their different combinations for the double labelling is present in Table
3.1. The sections were rinsed with PBS-T (PBT) two times for 5 minutes at
RT and equally with PBS. After NGS, the grids were incubated with the
specific secondary antibody coupled with colloidal gold of 12 nm. In double
labelling reactions a 12 nm and 6 nm colloidal gold secondary antibodies
were used. They were all diluted 1:20 in PBS for 30 minutes at RT. Finally,
the samples were rinsed with PBS twice for 5 minutes at RT and then with
H,0.



PRIMARY Ab
Anti-5mC
(GTX629448, GeneTex)
Anti-5mC
(GTX128455, GeneTex)
Anti-DNMT3A
(GTX129125, GeneTex)
Anti-H3K27me3
(GTX121184, GeneTex)
Anti-H3K9me3
(GTX121677, GeneTex)
Anti-H4K20me3
(GTX128960, GeneTex)
Anti-5mC + anti-H3K27me3
Anti-5mC + anti-H3K9me3
Anti-5mC + anti-H4K20me3
Anti-5mC + anti-DNMT3A
Anti-5mC + anti-FU
Anti-5mC + C8V
(courtesy of Dr. T.Martin)
Anti-5mC + H20
(courtesy of Dr. R.Lihrmann)
Anti-5mC + anti-RNase A
(ab94417, Abcam)
DNMT3A + FU
DNMT3A + C8V
DNMT3A + H20
Anti-m6A
(courtesy of Dr. J.Y.Roignant)

Ab SPECIES
MOUSE

RABBIT

RABBIT

RABBIT

RABBIT

RABBIT

MOUSE/RABBIT
MOUSE/RABBIT
MOUSE/RABBIT
MOUSE/RABBIT

RABBIT/RAT

MOUSE/CHICKEN

RABBIT/MOUSE

MOUSE/RABBIT

RABBIT/MOUSE

RABBIT/CHICKEN
RABBIT/MOUSE

RABBIT

Ab DILUTION
1:500 EM

1:500 EM

1:10EM
1:100 FLUO
1:50 EM

1:10EM

1:200 EM

1:500/1:50
1:500/1:10
1:500/1:200
1:500/1:10
1:500/1:10
1:500/1:500

1:500/1:200

1:500/1:50

1:500/1:10

1:500/1:500

1:500/1:200
1:100

Ab TARGET
5mC

5mC
DNMT3A
H3K27me3
H3K9me3
H4K20me3
5mC + H3K27me3
5mC + H3K9me3
5mC + H4K20me3
5mC + DNMT3A
5mC + FU
5mC + hnRNP core protein
5mC + 7-methylguanosine
5mC + RNase
5mC + FU
5mC + hnRNP core protein

5mC + 7-methylguanosine
m6A

Table 3.1. List of the primary antibodies used for both EM and fluorescence
(FLUO) immunocytochemistry. It is also shown the combinations with which these

antibodies were used.

As a control of the specificity, some grids were incubated in parallel in the
PBTB mixture from which the primary antibody was excluded and then
processed as described above. As a further control, before proceeding with
the incubation with anti-5mC antibody, some grids were incubated with
DNase (500 U/mL) for 2 hours at 37°C and with Proteinase K (PK; 1

mg/mL) for 15 minutes at 37°C.



2.2. EMin situ hybridization

Electron microscopy in situ hybridization (EMISH) was performed to
recognize the poly(A) tail of mRNA. A pre-hybridization solution
containing 20% baker RNA, 20% dextran and 4X saline sodium citrate
(SSC) was firstly prepared. The sections were incubated with this solution
for 15 minutes at RT to allow the following hybridization for 3 hours at
37°C. The hybridization mixture was prepared by adding biotin-labelled
poly-d(T) probe to the pre-hybridization solution to give a final
concentration of 1 puM of the oligonucleotide. Stringency washes in SSC
were performed to remove probes aspecifically bonded: the grids were
floated onto 4X SSC two times for 5 minutes at 37°C; 5 minutes washes in
SSC 4X, 2X and 1X at RT followed. The samples were incubated with NGS
1:100 in PBS for 3 minutes and, later, with the anti-biotin antibody coupled
with 10 nm colloidal gold for 30 minutes at RT. The anti-biotin antibody
was diluted 1:10 in PBS. Finally, the grids were rinsed with PBS and H,0.

An immuno-labelling using anti-5mC antibody was performed on these
samples as described in the previous paragraph and 5mC was identified by a

6 nm gold secondary antibody.

2.3. Staining procedures

Sections were stained with one of the following procedures at RT.

e REGRESSIVE EDTA TECHNIQUE FOR RNPs (Bernhard 1969): coated
nickel grids were incubated in uranyl acetate for 2 minutes, in EDTA for
30 seconds to remove uranyl from DNA and, finally, in lead citrate for
other 2 minutes to increase the uranyl contrast.

e TERBIUM CITRATE STAINING FOR RNA (Biggiogera and Fakan 1998;
Biggiogera and Masiello 2017): specimens collected on naked grids were

floated on 50 pL drops of terbium citrate for 30 minutes and quickly



washed in H,O for 10 and then 5 seconds. This staining method gives a

very low contrast despite its accuracy.

v To prepare terbium citrate, 5 mL of 0.2 M terbium nitrate was added
dropwise to an equal volume of 0.2 M sodium citrate, stirring
continuously. Then, drops of 1 N NaOH were added gently stirring
to allow the complete salt dissolution. Finally, pH was brought to
8.2-8.5 with NaOH and controlled after 24 hours.

e OSMIUM AMMINE STAINING FOR DNA (Masiello and Biggiogera
2017a; Vazquez-Nin et al. 1995): sections on naked gold grids were
hydrolyzed with 5N HCI for 30 minutes to remove DNA purines; then,
several H,O washes were performed to incubate the samples in osmium
ammine-B (OA) for 1 hour to allow the bonding of OA with the pseudo-
aldehydic groups on the deoxyribose; finally, the grids were rinsed
thoroughly with H,0.

v" 10 mg of osmium ammine-B were dissolved in 4.8 mL of double
distilled water; 200 pL of 5 N HCI and 190 mg of sodium
metabisulfite were consecutively added. The reagent required an
activation time of 30 minutes.

e URANYL ACETATE AND LEAD CITRATE STAINING: the samples
prepared for the morphological analysis were only stained with uranyl
acetate for 10 minutes and, after numerous washes, lead citrate for 2

minute. The specimens were finally thoroughly rinsed.

After the staining, all the samples were observed on a Zeiss EM900

transmission electron microscope operating at 80kV.

3. FLUORESCENCE IMMUNOCYTOCHEMISTRY

After rehydration with short washes in PBS, the slides were incubated with

the primary antibody overnight at 4°C — the used antibody is indicated in



Table 3 with its specific concentration. Antibody excess was removed by
rinsing samples with PBS. Specimens were then incubated with the specific
secondary antibody coupled with Alexa Fluor 488 for 45 minutes at RT. The
secondary antibody was diluted 1:200 in PBS. The samples were washed
with PBS and counterstained with Hoechst 33258 (1 pg/mL in PBS) for
DNA. Finally, after some washes, the coverslips were mounted in glycerol-
PBS 1:1 to be observed at the fluorescence microscope Olympus BX51 with
a mercury lamp of 100 W.

The immunoreaction required an incubation in the blocking solution. The
latter was prepared with 0.3 M glycine, 1% BSA and 0.1% T. The
incubation was performed for 30 minutes at RT before incubating the

primary antibody overnight.

4. ELECTRON SPECTROSCOPIC IMAGING

After the EM immunocytochemical reactions, HeLa cells incubated with
high concentration of divalent cations were used for Electron Spectroscopic
Imaging (ESI) on a Zeiss CEM902 TEM, integrated with an electron energy
filter according to Ottensmeyer (1984), operating at 80 kV. The main
characteristics of this technique are shown in Fig. 3.1.

The images were acquired through a TV camera and net mapping images of
phosphorus, calcium and magnesium were thus obtained for CTR and each
of the treated samples (CA, MG and Egta). The images were obtained at
different energy losses (AE): one window for background evaluation and
one edge window with a 100 pm objective aperture and a window width of
20 eV. For Ca mapping, care was taken to choose adequate values for the
background images since the Calz.3 edge (346.4 eV) has background
dominated by the tail of the carbon ionization edge CK (283.4 eV), an
element abundant in biological material. Therefore, the background window



was taken at AE = 332 eV and the Ca window at AE = 350 eV. For
magnesium the parameters were respectively 30 eV and 50 eV and for
phosphorus 110 eV and 132 eV, respectively.

The image analysis for the mapping of the chosen elements was performed
with ImageJ program using a “one window-method” and power law
calculation for the background evaluation (Boutinard Rouelle-Rossier et al.
1993).

Incident high energy electrons Electrons
60-300 kV
I )

Auger electrons Specimen |

X-rays

Secondary I E, - AE

/ electrons
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10-200 nm

Imaging by selecting
electrons with AE

= energy-filtering TEM
(EFTEM)

/
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Elastically scattered
electrons

Inelastically scatter
electrons

TEM,HREM,ED  EELS, EFTEM «__

Figure 3.1. Electrons-specimen interactions and EELS spectrum measurement.
If a thin section is illuminated with a beam of high-energy electrons, even if the
majority of the electrons will pass unhindered through the sample, some will be
scattered elastically or inelastically. Inelastically scattered electrons result in a loss of
energy, which is characteristic of the element in the sample: in fact, if the electron
beam emerging from the sample is passed through a magnetic prism (energy filter),
the spectra of the electron energy loss of the different elements can be obtained. The
final image is reformed using only the electrons of a specific element on a detector.



5. STATISTICAL ANALYSIS

The statistical analysis was performed to confirm the results of enzymatic
digestions on hepatocyte nuclei. 10 nuclei showing similarities in size were
selected so that the operator counted the gold grains for 5mC on the
condensed chromatin regions in untreated and digested samples. The data
were organized in Excel and analyzed through a t-test between the control

sample and each sample undergone the enzymatic digestion.

The gold grain number describes the level of the antigen that we are
searching for, allowing a semi-quantitative analysis at EM: therefore, the
statistical analysis was performed to define the level of DNA methylation
and of each histone modification known to be present on heterochromatin in
hepatocyte nuclei. Ten nuclei were selected showing same size of
condensed chromatin areas to exclude that possible differences could be
attributed to different nucleus and chromatin dimensions. The operator
counted the gold grains on condensed chromatin regions without taking into
account nucleolus associated chromatin. The data were organized in Excel

to graphically show the abundance of each epigenetic modification.

Considering the EM feature of a cell nucleus and according to the data in
literature (Cmarko et al. 2003), the condensed chromatin areas can be
arbitrarily divided in three regions (Fig. 3.2):

e zone 1 - the peripheral region near the nuclear envelope;

e zone 2 — the central region;

e zone 3 — the inner region toward the interchromatin space.

To analyze possible differences in the distribution of each epigenetic
modification on the inner and peripheral parts of the same chromatin region,
the gold grains were counted in both the zone 1 and zone 3 — the zone 2 was

excluded to simplify the counting.



100 condensed chromatin regions in the
hepatocyte nuclei with a similar surface
were selected. Finally, a paired t-test was
performed using GraphPad Prism 6 to Cy
if the

between the chromatin periphery (zone 1)

Nu

understand labelling difference

and the chromatin surface (zone 3) is casual
or not. Consequently, it was also possible
to check in which region the investigated

epigenetic  modification was  more

Figure 3.2. EM chromatin
structure. The condensed
chromatin areas can be divided in:
zonel: it is the peripheral region
nearby the nuclear envelope; zone2:
this is the heterochromatin central

abundant.

To understand how divalent cations or heat

shock, inducing chromatin condensation,
affect the DNA methylation level, the total
number of gold grains on the condensed

chromatin regions (excluding the nucleolus

region; zone3: it is superficial
region toward the interchromatin
space, surrounded by the
perichromatin region.

(Masiello and Biggiogera 2017b)

associated chromatin) of HeLa control samples were counted to be compared
with each treated sample (CA/MG/Egta or HS). For each experimental
condition, 10 nuclei were chosen and two different operators counted each
nucleus to ascertain the data. To be precise, the condensed chromatin area of
the nucleus was calculated using ImageJ so that the labelling density was
defined and used in Excel for a t-test. The same analysis were carried out for
each of the analyzed histone modifications (H3K9me3, H3K27me3, and
H4K20me3).

A statistical analysis was also conducted on erythrocytes at three different
developing stages, selected according to their ratio between heterochromatin
areas and interchromatin space: the premature form is characterized by

small condensed chromatin regions close to the nuclear envelope and,



consequently, a large interchromatin space; the intermediate stage shows
expanded heterochromatin which restricts the interchromatin space in small
regions full of interchromatin granules (IG); the mature erythrocyte has the
entire nucleus almost completely condensed. The density of 5mC or histone
PTM labelling was detected as described above and an ANOVA test
(followed by a Bonferroni test) was carried out to verify how DNA
methylation or histone modifications change during a progressive chromatin

compaction in a developmental process.

5.1. Analysis of the optical density

In order to analyze the possible effect of calcium and magnesium on
DNMT3A expression the optical density (OD), i.e. pixel density, was
measured after DNMT3A labelling for fluorescence microscopy. The
pictures were acquired in grey scale with an Olympus MagnaFire camera,
keeping constant the magnification (100X), and 10 nuclei were analyzed for
each of the four experimental conditions. Then, the OD of the entire nucleus
was evaluated using an automatic function of ImageJ Program — the OD
evaluated area excluded the nucleoli. During this calculation, the
background from an adjoining region was always subtracted.

A statistical analysis was carried out calculating the OD average for the
CTR and each treatment and the mean values, collected in Excel, were

compared by t-test.



6. ANALYSIS OF NOVEL COMPONENTS OF M6A-
METHYLTRANSFERASE COMPLEX

In the laboratory of Dr. J.Y. Roignant the following techniques were used to

analyze the novel components of m6A-methyltransferase complex in

Drosophila melanogaster: Hakai and CG7358.

6.1. Drosophila stocks and cell line

Drosophila melanogaster w1118, Canton-S and Oregon-R were used as
wild-type control flies. The flies stayed in plastic vial containing a layer of
oat cereal mixed in fruit juice — this paste will be a sort of rotting fruit in
which fly eggs are laid on and the larvae eat. To avoid smelling or mould
growing white wine vinegar was added. A scouring pad was placed in the
paste for fly climbing and larvae and pupate burrowing. A fine netting
material covered the top of the vial to allow ventilation and to prevent
escapes. The culture was kept at 25°C and after a couple of weeks the flies
were transferred into fresh tubes.

w1118 flies used for staging experiments grew in small fly cages at 25°C.
Flies laid embryos on apple juice plates: all the embryonic stages between 0
and 22 hours post fertilization (hpf) were collected. On the other hand, for
the collection of larval stages, some embryos were transferred onto a new
apple juice plate and incubated at 25°C until they reached a defined age
between 24 and 110 hpf. Similarly, pupal stages were obtained transferring
L3 larvae in a fresh vial at 25°C and collecting them every 2 h between 144
and 192 hpf. 1-3 day old adults were collected and gender separated; heads
and ovaries were also collected.

Drosophila Schneider 2 cells (S2R+) derived from a primary culture of 20-

24 hours old stage. The cells were grown as a semi-adherent monolayer at



RT in Schneider Insect Medium supplemented with 10% FBS and 1%
Penicillin-Streptomycin.

6.2. Quantification of transcript level

A quantitative polymerase chain reaction (qgPCR or real-time PCR) was

performed to allow a quantitative analysis of the two genes of interest.

6.2.1. RNA isolation and cDNA synthesis

Total RNA from different developmental stages as well as adult and some
adult tissues was isolated. Trizol reagent was added to the cell pellets and,
after a 15 minutes incubation, chloroform was also added: the cells were
centrifuged at high speed to collect the aqueous phase. RNA was purified
using isopropanol and, after the centrifugation to collect the RNA pellet,
washed with 70% ethanol. Finally, when ethanol was completely
evaporated, the pellet was resuspended in RNase-free water and the
concentration calculated. DNA was also removed by DNase-I treatment and

the sample was stored at -80°C.

CcDNA was synthetized from 3 pg of total RNA in a reaction volume of 20
pL. Firstly, RNA was incubated with random primers (90 ng/ pL) and dNTP
mix (10 mM) for 5 minutes at 65°C to allow the annealing; then, the specific
buffer (containing 5 mM MgCl, and 10 mM DTT, dithiothreitol) and the M-
MLV Reverse Transcriptase enzyme (200 U/ulL) were added for the
following retro-transcription — the enzyme was finally inactivated at 75°C.

The reaction mix contained also a RNase inhibitor (40 U/uL).

6.22. gPCR

Transcript levels were quantified using Power SYBR® Green PCR Master
Mix. An oligonucleotide (oligo) mix, containing both the forward (F) and
reverse (R) oligonucleotides, and a template mix, containing cDNA, were

prepared for each sample, as shown in Table 3.2. Hakai oligo (data not



shown) and CG7358 oligo (not shown) were used for each developmental
stage, adult gender and tissue; as control, Rpl15 oligo (not shown) were
used to amplify a constitutively expressed endogenous gene. Three
replicates were carried out for each experimental condition. Once prepared
the mix, the samples were loaded in the PCR plate and sealed and the gPCR
machine was set.

The gPCR program defined for each sample the C+ value, i.e. the cycle
number necessary to reach the fluorescence threshold. For each
experimental condition and for each gene, it was calculated the 224CY
which, depending on the control Cy and the C+ of the developmental stage
0, represents the initial transcript level of the analyzed gene in the selected

developmental stage, adult gender or tissue.

6.3 Detection of protein localization

In order to detect the cellular localization of the targeted proteins, the genes

were cloned to be transfected and, consequently, expressed in S2R+ cells.

6.3.1. Cloning

The PCR was carried out using specific oligonucleotides (not shown). The
reaction components are listed in the Table 3.3 in a final volume of 25 pL.
An initial period of 5 minutes at 94°C was followed by 40 cycles of 30
seconds at 94°C, 40 seconds at 58°C and 1 minute at 72°C; finally, the final
elongation was performed for 10 minutes at 72°C. The PCR products were
analyzed by electrophoresis and a new PCR was performed to obtain the
correct amount of the amplicons by gel elution (SmartPure Kit). The DNA
amplicons were cloned in the pPAC vector44 with N-terminal myc tag (Fig.
3.3), as described below.

e The digestion of the PCR products using both EcoRV and Agel (10

U/uL) created the correct DNA ends — these products were purified.



e The ligation assay allowed to insert the restriction products in the
plasmid in the correct orientation using T4 DNA ligase (5 U/ uL).

e The transformation of Escherichia coli cells was performed by
incubating the ligation products with the cells for 5 minutes in ice, 1
minute at 42°C and 5 minutes in ice — the transformed cells were grown
for 45 minutes at 37°C and plated overnight (ON).

e Some bacterial colonies were inoculated in the culture medium ON to
allow their growth and, consequently, the targeted DNA amplification.

e The plasmid DNA was purified (PureLink HiPure Plasmid Miniprep
Kit) and the presence of the correct amplicons were checked by

restriction and sequencing.

6.3.2. Transfection

Effectene was used to transfer the constructs into S2R+ cells. It was also
transfected a construct for the expression of barentsz (btz) as an internal
control and a cytoplasmic marker. For the transfection, 0.4 pg of Hakai or
CG7358 construct as well as 400 ng of the btz-construct were incubated
with 100 puL of the specific buffer and 3.2 pL of enhancer for 5 minutes at
RT; 5 pL of Effectene reagent were also added and incubated for 10 minutes

at RT. The transfection solution was joint with the cell suspension for 48 h.

6.3.3. Immunolabelling

After the incubation period, the cells were detached and diluted to be seeded
in specific multiwell. After 30 minutes, they were fixed in 4% PFA, washed
several times with PBS supplemented with 0.2% TRITON X (PBTX) and
incubated with anti-myc antibody diluted 1:1000 in the washing solution
containing also 10% donkey goat serum (DGS) ON at 4°C. The samples
were washed in PBTX and incubated with the mouse secondary antibody
diluted as the primary adding 1:1000 DAPI for 2 h at 4°C. The procedure



was concluded by several washes in PBTX. The samples were imaged with

Leica SP5 confocal microscope using 63x oil immersion objective.

OLIGO MIX TEMPLATE MIX
2X SYBR MIX 5L 2X SYBR MIX 5uL
5 uM F/R MIX 2L cDNA 0.6 uL
H,0 3L H,O 44 L

Table 3.2. Components of the mix. Oligo mix contains the specific forward and
reverse oligonucleotides whereas the cDNA is in the template mix.

REAGENT VOLUME

F oligo (10 mM) 1.25ul

R oligo (10 mM) 1.25 uL

cDNA 2.5uL

Buffer (5X) 5uL

dNTP mix (10 mM) 0.5 uL
Phusion DNA Polymerase (2 U/ uL) | 0.25 uL
H,O 14.25 pL

Table 3.3. Components of the PCR reaction.

EcoRV site CG7358 Ascl site

Agel site
5 x Myc
Phus-Myc,
BamHI site EcoRV/Agel
Actin P

Puromycin
Figure 3.3. pPAC vectord4 chosen as the cloning
plasmid. It has a N-terminal Myc tag, the gene for the
antibiotic resistance and restriction sites to allow the

amplicon insertion (in this figure CG7358 is only shown).



6.3. Characterization of interacting proteins

The protein-protein  interaction could be detected by co-
immunoprecipitation (ColP). For this application it was necessary a bigger
amount of transfected cells: therefore, 1 pug of CG7358-myc construct were
transfected together with 1 pg of F1(2)d (female lethal d) construct — in the
latter the tag was HA (Human influenza hemagglutinin). A control cell
group was also prepared transfecting GFP (green fluorescence protein)-myc
instead of CG7358. All the following procedures were conducted at 4°C.

After the transfection period, the cells were collected by a mild
centrifugation (400 g for 10 minutes) and suspended in 1 mL of the lysis
buffer prepared with 10 mM TRIS (2-Amino-2-hydroxymethyl-1,3-
propanediol), 250 mM NaCl and 05% NP-40 (nonyl-
phenoxypolyethoxyethanol) in H,O and supplemented with a protease
inhibitor cocktail containing PMSF (phenylmethylsulfonyl fluoride) 1:100,
Leupeptin 1:1000, Apolipoprotein 1:1000 and Pepstatin 1:1000. The
samples were gently mixed on the wheel for 15 minutes and then
centrifuged at 1000 g for 10 minutes to collect the supernatant (the
cytoplasmic fraction) and resuspend the pellet (the nuclear fraction) in 300
pL of the lysis buffer. The nuclei were sonicated with 5 cycles of 30
seconds on and 30 off at low power. The two fractions were jointed and
centrifuged at maximum for 15 minutes to remove cellular debris. The
protein concentration was defined by Bradford assay (595 nm) using a BSA
calibration line and a blank sample in which proteins were substituted by the
extraction buffer to measure the absorbance due to the latter one. 2 mg of
proteins were taken and the volume was increased, if necessary, to 900 uL
with the lysis buffer. The primary anti-myc antibody (3 pg) was incubated
with 15 pL of magnetic beads and 100 pL of the lysis buffer for 15 minutes.
100 pL of the primary antibody were added to the protein solution and the



samples were incubated ON in the wheel. For each sample, it was prepared
a replicate in which RNase (500 U/uL) was added to understand if the
possible protein interaction depends on RNA.

Using a magnetic rack, the supernatant was removed and the beads washed
several times with the lysis buffer. The samples were then spin down to
remove all the liquid inside. The pellet was resuspended in 6 pL of 4X LDS
(lithium dodecyl sulfate) buffer, adding 15.6 pL of lysis buffer, and
incubated for 10 minutes at 70°C. Finally, 2.4 pL of DTT) were added and a
western blotting was performed.

The 10% polyacrylamide gel was prepared and the electrophoresis was
carried out under reducing conditions. The proteins were electro-transferred
to a nitrocellulose membrane (0.45 pm) operating in an immersion system.
The protein transfer was checked through a Ponceau staining so that the
membrane was washed with PBT and then blocked using 5% milk. A first
incubation with anti-HA antibody was done ON at 4°C shaking
continuously. The primary antibody was diluted 1:2000 in 5% milk. After
several washes in PBT, the membrane was incubated with a goat anti-rabbit
diluted 1:10000 in 5% milk for 1 hour at RT. The secondary antibody was
conjugated with horseradish peroxidase (HRP). Final PBT washes followed.
Luminata Crescendo Western HRP substrate and Luminata Normal Western
HRP substrate were used as substrates and the chemoluminesce was
detected. After several washes, the membrane was also incubated with anti-
myc antibody and a goat anti-mouse 1:10000 to detect again

chemoluminesce.



4. RESULTS

1. REGULATION OF CHROMATIN STRUCTURE — | PART

The first part of the analysis on the regulation of chromatin structure was
carried out on mouse hepatocytes with sufficiently large areas of condensed
chromatin along the nuclear envelope and associated to the nucleoli. After
EDTA staining for RNPs, heterochromatin regions were bleached whereas,
when specifically stained for DNA with OA, they were contrasted and DNA
fibres dispersed in the interchromatin space could be also detected.

1.1. DNA methylation analysis

EM immuno-gold labelling of thin sections localized 5mC on condensed
chromatin. Firstly, the counting of the gold grains showed that DNA
methylation was the less represented epigenetic modification occurring on
heterochromatin compared to the other ones (Graph 4.1). A high variability
of the 5mC labelling among the condensed chromatin regions of the same
nucleus could be also detected (not shown). Curiously, the analysis of
hepatocyte nuclei seemed to reveal a particular distribution, that could be
defined a gradient distribution, of 5mC labelling changing from the surface
of condensed chromatin to the nuclear envelope: in fact, the signal was
mainly localized on the surface of chromatin facing the inner part of the
nucleus (zone 3) (Figs. 4.1 A, B) while its density gradually decreased
towards the nuclear envelope (zone 1), where the signal was almost absent.
The statistical analysis confirmed that a significant difference between the
mentioned regions existed (Graph 4.3). 5mC labelling, prevalently
homogeneous, was also detectable on the nucleolus associated chromatin

(Fig. 4.1 C) — few gold grains were visible on the nucleolus itself (Fig. 4.1



C, arrows), probably referred to methylated DNA fibres or methylated

rRNA in the cases where no DNA was stained nearby.

v" To further confirm the localization of 5mC on DNA, the results of
enzymatic digestions were considered. The signal continued to be
present after PK digestion (Fig. 4.1 E), thus demonstrating that proteins
did not contribute to the labelling. However, their removal seemed to
increase the yield, possibly for the unmasking of epitopes before
covered by histone proteins. The labelling pattern remained likely the
same, i.e. more abundant at chromatin surface. On the contrary, the
immunopositivity drastically decreased from chromatin areas after
DNA digestion (Fig. 4.1 F), giving right the 5mC detection on DNA.

The statistical analysis confirmed the described results (Graph 4.2).
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Graph 4.1. Level of epigenetic | Graph 4.2. 5mC level after

modifications. The semi-quantitative | enzymatic  digestion. 5mC is

analysis of each epigenetic modification | decreased when DNA is removed

revealed that 5mC is scanty compared to = while it is increased when proteins

the others, especially H3K27me3. are digested unmasking the epitopes
(p<0.01).

The previously described 5mC distribution on DNA was confirmed by the
localization of the DNMT3A enzyme prevalently on the heterochromatin

surface and in the perichromatin region (Fig. 4.1 D).



4. RESULTS

Figure 4.1. 5mC and DNMT3A distribution on condensed
chromatin regions in hepatocyte nuclei. A. B. 5mC is mainly
localized on heterochromatin, bleached after EDTA staining (A) or
specifically stained with OA (B). In A the gradient distribution is
particularly evident. C. 5mC signal is detected on OA stained
nucleolus associated chromatin and DNA fibres (arrows). D. DNMT3A
is distributed along the chromatin surface after EDTA staining. E. F.
After PK (E) or DNase digestion (F) the 5mC labelling is respectively
increased or largely removed on chromatin, thus demonstrating that the
signal depends on DNA. Bar: 150 nm (A,B,C) or 300 nm (D, E, F).

The 12 nm gold grains were digitally enhanced by Paint Shop Pro 7.
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Graph 4.3. 5mC
gradient distribution.
A paired t test was
performed to analyze
the difference between
the number of gold
grains on the
chromatin surface and
nearby the nuclear
envelope, considering
the same condensed
chromatin region. The
graph shows that the
surface labelling s
generally higher than
the nuclear envelope
signal (p<0.01).
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1.2.  EM analysis of histone modifications

Three different post-transcriptionally modified residues on histone tails
were localized at EM: H3K9me3, a marker of constitutive heterochromatin
(Bonnet-Garnier et al. 2012), H3K27me3, a marker of facultative
heterochromatin (Bonnet-Garnier et al. 2012) and H4K20me3. The most
abundant modification on condensed chromatin regions resulted
H3K27me3, followed by H4K20me3 and H3K9me3 (Graph 4.1).

The EM micrographs show that both H3K9me3 and H4K20me3 were
prevalently localized on the inner part of the condensed chromatin areas
(zone 3), in the proximity of the interchromatin space (Figs. 4.2 A, C,
respectively). On the contrary, H3K27me3 was found to be homogenously

distributed on heterochromatin (Fig. 4.2 B). The differences between the



gold grains detected on the chromatin surface and nearby the nuclear
envelope for H3K9me3 and H4K20me3 were statistically significant
(Graphs 4.4 A, B ) while no relevant differences could be recorded for
H3K27me3, confirming  consequently the homogeneous distribution
analyzed at TEM (Graph 4.5).

The distribution of each histone modification on DNA was also described
by a double labelling with 5mC: the different types of epigenetic
modifications tended to be accumulated on the condensed chromatin

surface, except for H3K27me3 (not shown).
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Graph 4.4. H3K9me3 and H4K20me3 gradient distribution. The paired t test
revealed a significant difference between the labelling on the chromatin surface and
nearby the nuclear envelope of the same condensed chromatin regions for both
H3K9me3 (A) and H4K20me3 (B) (p<0.01).



150 - Graph 4.5. H3K27me3
distribution. The paired t
test indicates the
difference between the
number of gold grains on
the chromatin surface and
nearby the nuclear
envelope on the same
condensed chromatin
regions not significant.
Generally, the surface
labelling is similar to the
nuclear envelope signal
(p>0.1).
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Figure 4.2. Distribution of histone PTM on condensed chromatin regions in
hepatocyte nuclei. A. H3K9me3 is concentrated toward the interchromatin space. In the
region 2 (see Figure 3.1) the labelling results almost absent. B. The distribution of
H3K27me3 is homogeneous on heterochromatin. C. H4K20me3 is mainly localized on

the chromatin surface than on its periphery. EDTA staining; bar: 150 nm.

The 12 nm gold grains were digitally enhanced by Paint Shop Pro 7.



2. REGULATION OF CHROMATIN STRUCTURE — Il PART

The second part of the analysis of chromatin structure regulation was
performed on cell models in which chromatin condensation was induced
(modification of cation concentration or heat shock treatment) or
physiological (erythrocytes).

2.1. lonic environment, epigenetic modifications and chromatin
condensation

2.1.1. DNA methylation analysis

After the cell treatment and the immunolabelling, the sections were
specifically stained for DNA with OA. The high-resolution analysis
performed on the cells after the first treatment (20 mM Ca** or Mg®* and 0.5
mM EGTA) revealed an increase in the number and volume of the
condensed chromatin patches along the nuclear envelope or associated to
the nucleoli (Figs. 4.3 B, C, D, arrows); on the contrary, they were scanty
and relatively small in the CTR (Fig. 4.3 A, arrows). Diffuse loose DNA
fibers were still present in all the nucleus, especially surrounding the
condensed chromatin regions (Figs. 4.4 B, C, D, arrows), as in the CTR
(Fig. 4.4 A, arrows), showing a not severe condensation state of chromatin.
The second treatment (200 mM Ca?* or Mg®* and 5 mM EGTA) resulted in
a clear and drastic condensation. OA staining proved to be very useful to
this investigation: the chromatin fibers were no more visible and
heterochromatin became highly compacted with the formation of bulky
chromatin patches (Figs. 4.3 B, C', D). Curiously, the differently treated
samples showed a dissimilar chromatin organization with each other: in fact,
in Egta the heterochromatin patches revealed a coarse compacted structure
while Mg®* treatment seemed to result in highest compaction state of the

chromatin.



v' The chromatin condensation following the wide change of ion
concentration was further confirmed by a morphological analysis (Fig.
4.5). In particular, a detachment of the condensed chromatin from the
nuclear envelope was observed when the ionic environment was
changed. However, although after the treatment the nuclear envelope
showed some irregularities, such as deep invaginations or the osmotic
swelling (Fig. 4.5, arrowheads), it was intact. Other morphological
peculiarities were recognized in the cytoplasm of treated cells: in fact,
the number of the vesicles and ribosomes seemed to increase. On the
contrary, the cell membrane was not significantly altered.

Regarding the 5mC labelling, in control cells the signal was localized on the

condensed chromatin patches as well as on the DNA surrounding fibers

(Fig. 4.4 A). Following a moderate change in Ca*" concentration, a general

reduction of 5mC could be detected: the gold grains were still visible on

heterochromatin, especially on its surface toward the interchromatin space,

whereas they were scantily distributed on chromatin fibers (Fig. 4.4 B).

Nevertheless, when Ca** level was severely increased, the DNA methylation

improved, even if it seemed not proportional to the chromatin condensation

level (Fig. 4.4 B'). When the effect of Mg®* was considered, no changes of
5mC labelling were recorded after 20 mM Mg?*: the gold grains remained
prevalently on chromatin surface and continued to be present on DNA fibers

as in CTR (Figs. 4.4 C, C"). The signal was drastically increased after 200

mM Mg?*, showing a homogeneous distribution. After calcium and

magnesium removal, a prominent decrease in the DNA methylation profile

could be always observed (Figs. 4.4 D, 4.4 D"). These results were further

confirmed by a statistical analysis (Graphs 4.6, 4.7).



4. RESULTS

Figure 4.3. Chromatin condensation following the changes of ion concentration.
HelLa cells were stained with OA for DNA. A. CTR cell shows small areas of
condensed chromatin along the nuclear envelope, as the one indicated by the arrow. B.
C. D. Hela after 20 mM Ca?* (B), Mg®* (C) and 0.5 mM EGTA (D) show larger
patches of condensed chromatin along the nuclear envelope (arrows), also more
numerous than in CTR. B'. C". HelLa after 200 mM Ca** (B') and Mg (C') present a
drastic increase in chromatin condensation, especially in MG. Chromatin is detached
from the nuclear envelope. D'. In Hela treated with 5 mM EGTA the chromatin
condensation into large foci detached from the nuclear envelope is visible but it is
characterized by a coarse non extreme compaction. Bar: 500 nm.

12 4 Graph 4.6. 5mC level after a moderate
change of ion concentration. 5mC is
10 - T moderately reduced by a Ca?* excess (20
T ECTR mM) or more significantly decreased after
8 1 b divalent cation removal (0.5 mM EGTA)
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b ©TMG does not change DNA methylation
4 - i Do (p>0.2).
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4. RESULTS

i

s P ‘- Ew -
Figure 4.4. 5mC distribution on condensed chromatin regions following changes of
ion concentration. A. 5mC is distributed on a CTR region of condensed chromatin: it
appears more abundant on chromatin surface and on DNA fibers dispersed around the
heterochromatin patch (arrow). B. After 20 mM Ca®*, the signal is reduced on a quite
expanded condensed chromatin area but especially on DNA fibers (arrow). B'. When the
Ca?" concentration is drastically increased (200 mM), the chromatin becomes highly
compacted such as no DNA fibers are still visible and shows a weak increase in the 5mC
labelling, which is mainly localized on chromatin surface. C. 20 mM Mg?* incubation
induces the formation of large chromatin patches; DNA fibers surround the chromatin
regions (arrow); the 5mC signal seems unchanged compared to the CTR, even if clearly
present on chromatin surface. C'. After 200 mM Mg?®*, chromatin is drastically
condensed, assuming the highest compacted structure among all the treatments, and
5mC results highly increased and homogenously distributed — DNA fibers are not
visible. D, D'. After the removal of free divalent cations with 0.5 (D) or 5 mM EGTA
(D") chromatin is condensed and the labelling seems very significantly reduced.
Compared to the other condensed chromatin regions following the described treatments,
the chromatin structure seems coarse. OA staining; bar: 300 nm.

The 12 nm gold grains were digitally enhanced by Paint Shop Pro 7.
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Figure 4.5. Morphological analysis of HelLa cells after severe changes of ion
concentration. A. In CTR the condensed chromatin is represented by small areas
along the nuclear envelope or around the nucleoli. No other peculiarities could be
shown. B. C. D. After the treatment 200 mM Ca** (B) or Mg®* (C) and 5 mM EGTA
(D), chromatin is highly condensed and it is completely detached from the nuclear
envelope. Although the latter shows irregularities, as invaginations, it is intact. The
arrowheads indicate the osmotic swelling following the treatment. In the cytoplasm
the number of vesicles and, presumably, of ribosomes is increased while the cell
membrane seems more irregular but intact. Bar: 1 um.

75




The results of the DNMT3A fluorescence labelling on HelLa cells after
excessive changes in the ionic environment (200 mM Ca®* or Mg* and 5
mM EGTA) were also considered to ascertain possible variations of DNA
methylation. The analysis of the optical density (Graph 4.8) revealed a
significant increase of DNMT3A amount in the CA and especially in MG,
corresponding to the increase of the EM 5mC labelling. However, no
changes in the amount of DNMT3A enzyme were revealed in the Egta
despite the significant decrease of the DNA methylation level detected at
ultrastructural level.

The immunofluorescence analysis also showed the distribution of DNMT3A
inside the nucleus: in the control cells as well as in the treated samples, the
enzyme was mainly localized in the interchromatin space, probably on the
surface of condensed chromatin (Fig. 4.6). However, in CA and MG the
cytoplasm signal seemed to increase according to the significant variation
obtained with the optical density analysis whereas the cytoplasmic labelling
after EGTA incubation was negligible, as in CTR. Curiously, the presence
of a very weak signal was often detected in the nucleolus following the
addition of either Ca?* or Mg®* (Fig. 4.6 1).



Hoechst DNMT3A Merge

Figure 4.6. DNMT3A fluorescence immunolabelling
after drastic changes of Ca*" or Mg?* level. The DNA
staining with Hoechst 33258 shows the chromatin
condensation after the changes in ion level (D. G. J),
compared to CTR cell (A). When compared with CTR (B),
an increase of the DNMT3A in Ca*"- and especially Mg**-
treated cells is detectable (E. H) while after ion removal
DNMT3A seems not changed. The merged images reveal
the DNMT3A distribution in the interchromatin space (C.
F. 1. L). A weak signal is present in the nucleolus
following the addition of Mg?* (1).
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Graph 4.8. Level of
DNMT3A after drastic
changes of Ca®* or Mg*
concentration. The
histogram shows a
significant  increase  in
DNMT3A labelling when
the level of Ca’* and,
especially, of Mg®" s
increased (0.01<p<0.05
and p<0.01, respectively).
Differently, after  the

removal of divalent cations
by EGTA, the amount of
DNMT3A is not
significantly changed
compared to control cells.



2.1.2. Histone modification analysis

The analysis of the level and distribution of the histone modifications was
also carried out after 200 mM Ca?* or Mg** and 5 mM EGTA. The effects
of a drastic change in the ionic environment were only considered because it
very clearly induced a high chromatin compaction, facilitating the analysis
of the chromatin structure regulation by histone PTM.

As expected by the chromatin condensation following the drastic change in
the cation concentration (Figs. 4.3 B', C', D"), the increase in the level of
each histone modified residue (H3K9me3, H3K27me3 and H4K20me3) was
statistically significant (Graph 4.7), except for magnesium-treated samples
which did not show any modification in the amount of H3K9me3 and
H3K27me3. However, a toward increase tendency could be detected also in
these cells. Importantly, a reduction of any histone modification was never
revealed, contrarily to 5mC.

No changes seemed to be present at EM level in the distribution of histone
PTM in the treated samples compared to the CTR cells (Fig. 4.7),
demonstrating that the treatment could induce a variation of the level of
these epigenetic modifications but not of their chromatin localization. In this
first high-resolution analysis, the distribution on highly compacted regions
of heterochromatin appeared not homogeneous in the majority of the
samples (Fig. 4.7): in fact, the signal seemed more concentrated on
chromatin surface than along the nuclear envelope, except for H3K9me3 in
MG and H4K20me3 in CTR and EGTA, showing a more homogeneous

distribution on heterochromatin.
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Figure 4.7. Chromatin localization of histone modifications after severe
changes in Ca’* and Mg® concentration. A. B. C. D. H3K9me3 is
prevalently localized on chromatin surface in CTR (A), CA (B) and Egta (D) —
in CTR the labelling can be detected also on DNA fibers (arrow). However,
the H3K9me3 distribution after an increase of Mg®* appears more or less
homogeneous. E. F. G. H. For H3K27me3, the labelling is mainly on
chromatin surface in all the treated samples (F. G. H) as well as in the control
(E), in which labelled DNA fibers are also detectable (arrow). I. J. K. L.
H4K20me3 can be prevalently recognized on the chromatin surface in CA (J)
and MG (K) —in CTR (1) the signal is detected on surrounding fibers (arrow).
OA staining; bar: 150 nm.

The 12 nm gold grains were digitally enhanced by Paint Shop Pro 7.
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Graph 4.7. Level of DNA methylation and histone modifications after a severe
change of ion concentration. 5mC significantly increases after Ca®* and especially
Mg addition while it drastically decreases after cation removal. However,
considering the level of condensation in CA, the DNA methylation density does not
seem proportional (p<0.01). For H3K9me3, which is always very low compared to
the other modifications, as well as H3K27me3, an increase of their level is detectable
after Ca®* increase or EGTA treatment (p=0.01, p<0.01, p<0.01 and p=0.05,
respectively): nevertheless, even if after Mg®* addition this modification does not
change significantly, a tendency to increase can be detected. Considering the last
histone modification, a clear increase of H3K20me3 is revealed in all the conditions
(p<0.01).

This analysis also reveals that 5mC is the most abundant modification differently
from the data in Graph 4.1 showing 5mC as the low abundant; on the contrary, the
histone modifications maintain their relative abundance.

2.1.3. ESI analysis

To better understand where the ions in excess localized or the sites from
which they were removed, ESI analysis, an independent imaging technique,
was performed in order to define how the ionic atmosphere was responsible
of the final chromatin condensation. Phosphorus was detected at high
resolution to localize the nucleic acids whereas calcium and magnesium to
understand their distribution. ESI provided a quantitative and high
contrasted images of chromatin fibres without the use of contrast agents.

These results are very preliminary.



The detection of P in all the treated samples revealed a high chromatin
condensation in accordance with the previously described results: in fact,
the increase in the contrast displayed an accumulation and compaction of
phosphorus on areas along the nuclear envelope (Figs. 4.8 E, J, M) in
comparison with control cells (Fig. 4.8 A). Following the detection of
calcium, the ESI results showed that in the control samples Ca®* and P were
prevalently superimposed on DNA, especially on its surface, although some
free ions were distributed in the interchromatin space or around the
chromatin (Fig. 4.8 B). In cells with a calcium or magnesium excess, Ca**
seemed to still occupy an area on DNA but the distribution on its surface
increased (Figs. 4.8 F, J); free Ca®* ions were also detected. As expected for
the chelating function of EGTA, free cations were almost completely
disappeared in Egta samples and the majority of Ca®* continued to be
superimposed with P on condensed DNA (Fig. 4.8 N). On the other hand,
after the detection of magnesium, ESI images showed that it was almost
totally on chromatin in all the samples (Figs. 4.8 C, G, K, O) and probably
it made a sort of cloud around DNA. However after EGTA, a decrease in
the magnesium signal was detected (Fig. 4.8 O). In the merged images,
Ca?*, as well as P, was generally covered by the Mg®" signal, remaining
only visible on the chromatin surface where it was probably very
concentrated: in fact, when Mg®* was significantly reduced in Egta, Ca®*

was also detectable on chromatin (Figs. 4.8 D, H, L, P).



Ca2+ Mg2+ Merge

Figure 4.8. ESI images. A. E. I. M. In treated samples (E. I. M) an accumulation of P
revealed a considerable chromatin condensation compared to control cells (A).
However, chromatin organization seems different among the treated samples. B. Ca**
localization generally corresponds to P distribution in CTR and it seems more
concentrated on chromatin surface. Nevertheless, few free ions are also distributed
around the DNA fibers. F. J. In cells with a calcium excess or after Mg®* incubation,
Ca’* still remains on DNA, although a more intense signal is dispersed on its surface.
N. After divalent cation removal, Ca®" is located on P-positive regions and, reasonably,
free cations are almost completely disappeared. C. G. K. O. The detection of Mg**
reveals that it is almost totally on chromatin in CTR (C) as well as in treated cells (G.
K. O) and forms a sort of cloud around the condensed chromatin regions. However,
after EGTA, a decrease in the Mg®* signal is detected (O). D. H. L. P. The merged
images show that Mg?* (green) is always superimposed on P (blue), covering its signal
but also Ca®* (yellow), which remains visible only on chromatin surface where it is
particularly concentrated or dispersed in the interchromatin space, especially in CA (H)
and MG (L). Mg? is significantly reduced in Egta, allowing Ca®* detection also on
chromatin (P). In these images the previously described characteristics are more
visible. The inserts show a detail of the ion distribution.



2.2. Heat shock, epigenetic modifications and chromatin
condensation

DNA was specifically stained with OA to detect the chromatin organization
after heat shock at TEM. In a control nucleus the very small
heterochromatin regions were confined along the nuclear envelope showing
a quite relaxed structure (Fig. 4.9 A) whereas the DNA fibers were very
diffused. A heat shocked nucleus showed highly compacted chromatin
regions nearby the nuclear envelope but also in the interchromatin space and
an expanded nucleolus associated chromatin (Fig. 4.9 B); DNA fibers were

coarser.

The combination of immunocytochemistry and OA staining allowed to
analyze the level and the distribution pattern of each epigenetic modification
on chromatin.

e Although the transcription rate of these cells, a not negligible 5mC
labelling could be detected on condensed chromatin regions in CTR
(Fig. 4.9 C). Curiously, after heat shock, which clearly induced
chromatin condensation, the chromatin areas resulted much less labelled
(Fig. 4.9 D). A t-test confirmed a statistically significant reduction of the
5mC labelling on heterochromatin after the heat shock (Graph 4.9).
Concerning the EM distribution, the 5mC signal was often localized on
chromatin surface in both CTR and HS.

e Histone modified residues (H3K9me3, H3K27me3 and H4K20me3)
were also immunocytochemically localized on condensed chromatin
areas before and after the heat shock (Fig. 4.9). A high variability of the
labelling distribution was revealed moving from a condensed chromatin
region to another one in the same nucleus: therefore, it was not possible
to describe the prevalence of each histone modification on the chromatin

surface (toward the interchromatin space) or nearby the nuclear



envelope, as on the contrary happened for 5mC. On the other hand, the
statistical analysis showed that the level of the studied histone PTM was
increased in the heat shocked HeLa cells compared to the CTR ones,
unlike 5mC (Graph 4.9): as expected, histone modifications seemed to

be correlated to the high chromatin compaction.
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Graph 4.9. Level of epigenetic modifications after heat shock. The
semi-quantitative analysis reveals that all the histone post-
transcriptional modifications are significantly increased, especially
H4K20me3 (p<0.01). Unexpectedly, 5mC is shown to be highly
significantly reduced after heat shock (p<0.01).
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Figure 4.9. Chromatin
localization of epigenetic
modifications after heat
shock. A. In a CTR nucleus
heterochromatin regions are
small and often localized
nearby the nuclear
envelope. The chromatin is
prevalently organized in
dispersed fibers. B. After
heat shock, chromatin is
condensed in larger regions
along the nuclear envelope
and in the interchromatin
space.  The  nucleolus
associated chromatin also
results expanded. C. The
arrow indicates a DNA
fiber surrounding a control
heterochromatin region, on
which a relatively abundant
5mC labelling can be
detected. D. The 5mC
signal is drastically reduced
on a condensed chromatin
region of approximatively
the same size after heat
shock. Some unlabelled
coarse DNA fibers can be
also seen (arrow). E. F. G.
H. 1. J. The distribution of
histone modifications on
condensed chromatin is
generally homogeneous and
no differences can be
detected between CTR and
HS. An increase in the
amount of labelling,
especially for H4K20me3
(1. J), can be revealed. OA
staining; bar: 500 nm (A,
B), 300 nm (C. D) or 200
nm(E.F.G. H. I.1.J).

The 12 nm gold grains were
digitally enhanced by Paint
Shop Pro 7.

85




2.3. Epigenetic modifications during erythropoiesis

After the EDTA staining, the condensed chromatin regions were bleached
while RNPs were contrasted. Therefore, this staining allowed to simply
recognize three different developmental stages of erythrocytes: a premature
form was characterized by normal areas of condensed chromatin along the
nuclear envelope and a large interchromatin space (Fig. 4.10 A); the
compacted chromatin regions nearby the nuclear envelope joined to form an
extended heterochromatin area reducing the interchromatin space which was
represented by an accumulation of interchromatin granules in the
intermediate stage (Fig. 4.10 B); finally, in the mature form chromatin is

almost completely condensed (Fig. 4.10 C).

Figure 4.10. Erythrocyte developmental stages. A. The premature form shows several
regions of condensed chromatin along the nuclear envelope and an extended
interchromatin space. B. In the intermediate stage the condensed chromatin regions are
no more clearly visible because they are joint. The interchromatin space is reduced in
small areas in which a lot of IG are accumulated. C. Chromatin is almost completely
condensed revealing that this nucleus is nearly to be expelled. EDTA staining; bar: 500
nm.

The distribution and the semi-quantitative analysis of the epigenetic
modifications took into account were performed on these three different

developmental stages.



2.3.1. DNA methylation changes during erythropoiesis

Figure 4.11 shows areas of condensed chromatin (approximatively of the
same size) in which a clear increment of 5mC labelling could be detected
during the progressive chromatin condensation occurring in the erythrocyte
maturation: therefore, the mature stage was characterized by the highest
level of labelling density. However, the statistical analysis demonstrated that
chromatin condensation was not gradual because a significant increase of
DNA methylation characterized only the transition from the intermediate to
the mature form (Graph 4.10). In addition, the detailed analysis at TEM
revealed that the 5mC level was not homogenous among the different
chromatin regions of the premature stage in which the latter could be
recognized. In several cases the gradient distribution, discussed in the
Paragraph 1.1, was detected in which the 5mC signal was almost absent
from the nuclear envelope vicinity being more concentrated along the

chromatin surface.
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Figure 4.11. 5mC distribution on erythrocytes during Graph 4.10. 5mC

their development. Three regions of condensed chromatin labelling during
in the cell nucleus of a premature (A), intermediate (B) and erythrocyte
mature (C) erythrocyte are shown. A progressive increase development. A

of 5mC gold grains can be detected. In A the gradient significant increment of
distribution can be also revealed. EDTA staining; bar: 300 5mC labelling could be
nm. detected only between
The 12 nm gold grains were digitally enhanced by Paint the intermediate (2) and

mature form 3)
Shop Pro 7. (p<0.01) (1=early

stage).



2.3.2. Variation of histone modifications during erythropoiesis

To further analyze the regulation of chromatin structure, the distribution and
the level of histone post-transcriptional modifications were also studied in
the erythrocytes at different developmental stages. This represents a cell
model in which chromatin compaction was not induced by any treatment

being a physiological process.

The distribution of the PTM varied significantly from a heterochromatin
region to another in the same nucleus (not shown). A particular pattern of
distribution on heterochromatin could be not described: however, the
labelling was often concentrated on chromatin surface than nearby the
nuclear envelope. This result, as the others shown previously, could confirm
the localization of histone modifications described in the Paragraph 1.2,
probably revealing the H3K27me3 distribution also on chromatin surface.
However, a deep analysis is required.

As for 5mC, the level of each histone modified residue on condensed
chromatin was statistically analyzed. All the three histone modifications
showed the same behaviour: curiously, the amount of the signal recorded for
the precocious developmental stage dropped in the intermediate erythrocyte
form; then, the statistical analysis revealed no changes during the transition
of the latter one to the mature cell. This data indicated that the change
occurred drastically in the middle of the process without other modifications
during the progression.

Therefore, while 5mC increased during the erythropoiesis, the histone PTM,
considered here, seemed to decrease during this developmental process,
pinpointing the regulation of the chromatin structure as a very complex

process.
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Graph 4.11. Histone modification labelling during erythrocyte development.
Differently from 5mC, the level of each histone PTM decreases very significantly
changing from the early stage (1) to the intermediate one (2) while no other changes
in the amount of modified residues can be detected comparing the intermediate and
mature stages (3) (p<0.01).

3. RNA METHYLATION

The analysis of the 5mC localization on RNA was carried out firstly on
HeLa cells to detect this modification with a higher probability according to
their transcription rate: in fact, as tumor cells, the high transcription rate
tumor cells allowed to analyze a huge amount of RNA fibrils and,
consequently, to significantly define their possible epigenetic modifications.
However, the presence of this RNA modified residue was confirmed in
normal cells, i.e. hepatocytes, to exclude that RNA methylation was an
aberrant process due to the neoplastic transformation. Therefore, all the
described results were detected on these two different models. For clarity,
not all the pictures were shown but only the most relevant and informative

were chosen.



This analysis was supported by two distinct staining methods: EDTA and
terbium staining were used. The first, although contrasting preferentially
RNPs, allowed to detect RNA fibrils but the staining was not as fine as the
terbium procedure, which specifically stains RNAs, permitting to obtain
highly defined fibrils although at low contrast. The use of two staining

techniques represented also a double check of our results.

A very preliminary EM study of m6A was also performed on HelLa cells as

well as hepatocytes and using the two described staining procedures.

3.1. 5mC detection on RNA fibrils and RNA-containing
granules

During the evaluation of 5mC distribution within a cell nucleus, we found a
constant and not negligible 5mC signal at the border of heterochromatin
areas (not shown), in the PR where transcription by Pol Il normally occurs
(Cmarko et al. 1999). Moreover, this labelling was significantly reduced
after a RNase treatment alone and in combination with DNase (not shown).
Considering the 5mC localization in the PR and the labelling disappearance
after RNA digestion, 5mC was thought to be detected at EM level on RNA
molecules. Both EDTA regressive technique and terbium staining showed
that the perichromatin labelling was due to RNAs: in fact, the 12 nm gold
labelling for 5mC was present over RNA fibrils (Fig. 4.12 A). Furthermore,
5mC and RNase colocalization on fibrils definitively confirmed that the
observed PR labelling depended on RNA (Fig. 4.12 B): in fact, even if it
was not possible to define if the enzyme was working or not, it is normally
localized on RNA.

The RNAs located in the PR are nascent fibrils (PF). After the incorporation
for a well-defined period of RNA precursors, such as FU, PF could be

marked. Therefore, to further confirm the presence of 5mC on nascent



RNA, a double labelling for 5mC and FU was performed. The result, shown
in Fig. 4.12 C, revealed that 5mC and FU frequently localized together on
specifically stained RNA fibrils. Moreover, a double labelling for 5mC and
a hnRNP core protein was found to be present on PF (Fig. 4.12 D): hnRNPs
are considered markers of in situ forms of nascent transcripts, i.e. PF (Fakan
1994).

Despite the ascertained presence of 5mC on nascent RNA fibrils, this
modified nucleotide was also detected on perichromatin granules (Fig. 4.12
E) — the latter are considered to be a form of mature and stored mMRNA
leaving the nucleus later (Fakan 2004) — double labelled PG were also
found (Fig. 4.12 F). Moreover, 5mC labelled PF were detected outside the
nuclear envelope in the vicinity of the pore, in the cytoplasm close to
ribosomes and in the exosomes (not shown). These data suggested that this
modification could pertain to mRNA, being present during the entire
lifespan of a RNA fibril. This hypothesis was confirmed by the double
labelling for 5mC and 7-methylguanosine (7mG) on RNA PF (Fig. 4.12 G).
Even if this capping is present on other RNA products of Pol II, it is
considered  specific  for mRNA. Finally, the 5mC  was
immunocytochemically localized on RNA fibrils, also in close proximity of
a ribosome, on which the poly(A) tail was recognized by in situ
hybridization (Figs. 4.12 H, I): as well as 7mG, poly(A) tail is one of
MRNA marker, despite its presence on other Pol 11 products.



3.1.1. DNMT3A localization on RNA fibrils and granules

Unexpectedly, the study of DNMT3A distribution within the cell nucleus
showed its localization on perichromatin RNA fibrils contrasted by EDTA
regressive technique in HelLa cells as well as in hepatocytes. To confirm this
surprising finding, terbium procedure was performed to specifically stain
RNAs: the Fig. 4.13 A shows a terbium stained and DNMT3A labelled PF.
DNMT3A was demonstrated to be present on nascent transcripts to verify
the possibility that this enzyme is involved in the precocious RNA
modification. This could be confirmed by its presence on IG (not shown), in
which splicing factors are accumulated. As expected, DNMT3A colocalized
with both FU and a hnRNP core protein (Figs. 4.13 B, C), which are known
to label nascent transcripts as described before. However, as for 5mC, it was
also localized on poly-adenylated and 7mG-capped RNA fibrils, as well as
on PG (Figs. 4.13D, E, F).

Finally, DNMT3A was also found to be localized on 5mC labelled PF,
further confirming the possible link between this enzyme and this
modification (Fig. 4.13 G).

3.2.  Nucleolar distribution of 5mC

5mC was also localized within the nucleolus (Fig. 4.14 A). Firstly, this
modified nucleotide was detected in the granular component (GC) according
to rRNA localization in this area: in fact, in this region ribosome subunits
are assembled and matured but DNA is not present (Vandelaer et al 1996).
This signal almost disappeared after RNase digestion (not shown). Then,
5mC was occasionally found in the fibrillar center (FC) of proliferating
HeLa cells, as expected by the DNA presence in this region (Derenzini et al.
1993). Finally, a non-abundant labelling was also recognized on the dense

fibrillar component (DFC) where rDNA is actively transcribed (Fakan and



Puvion 1980; Biggiogera et al. 2001): in this area the signal can be referred
both to DNA and RNA. However, after RNA removal by enzymatic
digestion, the 5mC immuno-gold labelling was no more detectable (not

shown).

After a double labelling for 5mC and FU on HeLa cells, it was sometimes
possible to recognize in the same nucleus a nucleolus highly labelled for
both 5mC and FU and another one almost completely unlabelled (Fig. 4.14
B).

3.3. m6A localization at EM

mMG6A is the most abundant RNA modification and it was recently shown to
be a cotranscriptionally event (Knuckles et al. 2017). A very preliminary

study was carried out on m6A at the ultrastructural level.

This modified nucleotide was localized immunocytochemically in the PR.
Importantly, several m6A-labelled PF were detected in HelLa cells as well as
hepatocyte nuclei, contrasted both with terbium staining and EDTA
regressive technique (Fig. 4.13 H).

These results about the EM m6A localization are in accordance with the
recent data in the literature showing m6A as a transcriptional modification.
Moreover, the presence of this modified residue on RNA fibrils in both
normal (hepatocytes) and neoplastic cells (HelLa) confirmed mRNA

methylation as a physiological process.
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Figure 4.12. 5mC detection on RNA. A. 5mC is localized by a 12 nm gold grain on
a RNA fibril, indicated by the arrowheads — HeLa cell; EDTA staining. B. A double
labelling for 5mC (6 nm) and RNase (12 nm) is detected on a RNA fibril
(arrowheads); this enzyme is localized on RNA even if it is inactive — Liver; EDTA
regressive technique. C. 5mC often colocalizes with FU, a marker of nascent RNA,
on RNA fibrils (arrowheads) — HelLa cell; terbium staining. D. The hnRNP core
proteins are marker of PF: 5mC is localized on RNA fibrils (arrowheads) also
labelled for a hnRNP core protein — HeLa cell; terbium staining. E. F. A PG was
found to be labelled for 5mC alone (E) or with a hnRNP core protein (F) — HeLa cell
and terbium staining or Liver and EDTA staining, respectively. G. 5mC is
immunocytochemically detected on 7mG-positive RNA fibrils, indicated by the
arrowheads, in the PR — Liver; terbium staining. H. 1. A double labelling for 5mC and
poly(A) tail is recognized on PF (arrowhead; H) or nearby a ribosome (1) — HelLa
cell; terbium staining. Bar: 25 nm.
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Figure 4.13. DNMT3A Iocallzatlon on RNA. A. DNMT3A is Iocallzed on terblum—
positive RNA fibril (arrowheads) — Liver; terbium staining. B. C. RNA fibrils,
indicated by the arrowheads, are shown to be labelled for both DNMT3A and FU (B)
as well as a hnRNP core protein (C), which are markers of nascent transcripts — Liver
and Hela cell, respectively; EDTA staining. D. E. The arrowheads indicate the PF
double labelled for DNMT3A together with poly(A) tail (D) and 7mG (E), specific
markers of mRNA — Liver and HelLa cell, respectively; EDTA staining. F. A PG is
shown to be labelled by DNMT3A, confirming the localization of this enzyme on RNA
— Liver; terbium staining. G. Finally, DNMT3A is found on 5mC-labelled RNA fibril
(arrowheads) to further confirm the possible link between RNA methylation and this
enzyme — Liver; EDTA regressive technique. H. m6A localizes on PF (arrowheads),
showing this modification as an early event also at EM level — HelLa cell; EDTA
staining. Bar: 25 nm.




4. RESULTS

Figure 4.14. 5mC distribution within the HeLa nucleolus. A. 5mC
is mainly localized on the GC. However, the signal is also visible in
the DFC, which results as the darkly stained areas. Even if sometimes
it is detectable, in this picture the 5mC labelling in the FC cannot be
recognized. EDTA staining; bar: 500 nm. B. The picture shows an
area of two different nucleoli in the same cell nucleus. FU (black), as
well as 5mC (red), is more abundant in one of the two nucleoli. EDTA
staining; bar: 250 nm.

The 12 and 6 nm gold grains were digitally enhanced by Paint Shop
Pro 7.
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4. HAKAI AND CG7358 CHARACTERIZATION IN Drosophila
melanogaster

The cDNA was successfully synthetized to be used for the analysis of Hakai
and CG7358 expression level by gPCR during the different developmental
stages (Graph 4.11). Hakai was expressed during the first stages of
embryogenesis, especially between 2 and 4 hpf, dropping at 10 hpf to
remain lowly expressed in all the other stages and in adults, except for
ovaries where its level resulted higher. On the other hand, CG7358 seemed
to follow the same tendency of Hakai until 20-22 hpf, even if this transcript
showed a huge pick around 2-8 hpf compared to Hakai; then, CG7358 level
increased again during the pupal stages. It was highly expressed in adult
male but not in female, where, however, there was a pick in heads and
ovaries.

The level of Hakai and CG7358 were integrated with the m6A level,
obtained in previous studies: they did not fit perfectly. However, the
CG7358 level seemed to better follow m6A tendency, suggesting a possible
correlation between this protein and the mRNA modification, without

excluding a proper function of this protein component.

After the cloning and transfection, the two Hakai isoforms and the long one
of CG7358 were overexpressed in Drosophila SR2+ cells to be localized by
immunostaining (Fig. 4.15). Both the Hakai isoforms were detected in the
cytoplasm: however, the short isoform was also abundant in the nucleus.
Curiously, the long CG7358 isoform was found to be only localized in the
cytoplasm, although the possible involvement of this protein in the RNA-

methyltransferase complex.

ColP was performed starting from cells transfected with CG7358 tagged by
Myc and with the FI(2)d-HA construct. As control, a parallel group of cells
were transfected with GFP-Myc together with FI(2)d-HA. The ColP results



revealed that CG7358 could interact with FI(2)d in a RNA independent
manner (Fig. 4.16): in fact, an enrichment of FI(2)d was detected in CG7358
transfected cells compared to the control samples showing the possible
interaction between these two components; moreover, the protein level did

not change if RNase was present (RNase+ samples) or not (RNase-
samples).
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Graph 4.12. Expression level of Hakai and CG7358. Hakai transcript results highly
expressed only in the first stages of embryogenesis (0-10 hpf) with a pick between 2
and 4 hpf. Then, this gene is very scantly expressed, also in adults. However, in female
heads and in particular in ovaries, the Hakai level is increased. CG7358 is hugely
expressed between 2 and 6 hpf as well as during the pupal stages and in adult males.
The low abundance of CG7358 is recorded during all the other developmental stages.
The m6A level is also described: there are three picks. One pick is at the very early
stages of embryogenesis (0-4 hpf); the second is during the larval and pupal stages; m6éa
increases in female heads and ovaries.
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Figure 4.15. The Hakai and CG7358 localization within the cell nucleus. The
Hakai long isoform is homogenously and scantly distributed in the cytoplasm and
nucleus whereas the short isoform, although the presence in the cytoplasm, seems to
be more expressed in the nucleus. The latter is the more expressed. Finally, CG7358
transcript is shown to be localized in the cytoplasm with no labelling detectable in the
cell nucleus. SR2+ cells; bar: 2.5 um.

Myc-CG7358
Myc-CTR
HA-FI(2)d
HA-FI(2)d

Myc-CG7358

Input

IP (Myc)

-

. -—

-RNase

+RNase

a-HA

a-Myc

Figure 4.16. ColP results for
CG7358-FI(2)d interaction. The
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transfected construct in the
sample, reported in each line.
When revealed by anti-HA,
FI(2)d is more abundant in the
sample transfected with Myc-
CG7358 compared to the control
one (Myc-GFP), revealing that a
part of this component remains
attached to CG7358. This result is
not changed by RNase, showing
that the possible interaction does
not depend on RNA.






5. DISCUSSION

This research aimed at studying DNA methylation in an alternative way at
EM level. Our unexpected findings prompted us to investigate deeply the
regulation of chromatin structure, including histone modifications and

condensation-inducing treatments, and the RNA methylation.

The analysis of 5mC distribution on condensed chromatin in mouse
hepatocytes indicated this modification as the less represented among all the
studied epigenetic modifications. One of the possible explanation is that
DNA methylation could be less necessary in maintaining DNA
condensation status and/or in controlling chromatin functionality.
Considering different heterochromatin regions of the same cell nucleus, we
found a high variability in the amount of labelled 5mC, in our opinion in
relationship to the different chromosome territories (Cremer and Cremer
2010). However, the crucial point of our results about chromatin structure
regulation is what we have called “5mC gradient distribution”, which is
supported by the DNMT3A localization on chromatin surface. In an
interphase nucleus observed at TEM, the chromatin structure is related to its
functional state: constitutive heterochromatin is reasonably localized at the
periphery of condensed chromatin regions nearby the nuclear envelope, i.e.
far from the PR where transcription occurs (Fakan 1994; Cmarko et al.
2003), while the genes undergoing silencing and activation (regulated
genes) are present on the chromatin surface, facing the PR. Consequently,
considering what is known about DNA methylation, we expected to find
much more 5mC labelling than that found where unregulated and inactive
loci are located, i.e. nearby the nuclear envelope. Our contrasting results
could show that cytosine methylation is not required to guarantee the DNA

condensed structure, being in accordance with the more recent findings



describing methylation as a modification reducing nucleosome stability
(Ngo et al. 2016). On the other hand, 5mC accumulation toward the
interchromatin space confirms its well-known role in regulating gene
expression. However, differently from what has just been described, 5mC
was shown to be homogeneously localized on nucleolus associated
chromatin. Probably, the presence of satellite DNA justifies a stable and
ubiquitous pattern of methylation, even if it does not seem to agree with the
previously described relationship between DNA methylation and condensed
chromatin structure. As for other data described below, this result highlights
the complexity of the mechanisms regulating chromatin structure.

To better understand the regulation of chromatin structure, we also
introduced the EM analysis of some histone modifications (H3K9me3,
H3K27me3 and H4K20me3), which are known as heterochromatin markers
(Bonnet-Garnier et al. 2012). The statistical analysis of 100 condensed
chromatin regions showed that H4K20me3 and H3K9me3, although the
latter is a marker of constitutive heterochromatin (definitely silenced genes),
are widely localized on heterochromatin surface where regulated loci are
present. Moreover, H3K27me3 unexpectedly shows a homogeneous
distribution, although being a marker of facultative heterochromatin,
generally localized toward the chromatin surface. It seems to us that the
main function of histone modifications, as well as DNA methylation, is the
gene switching-on and -off on the chromatin surface whereas they do not
necessarily  maintain the condensation status of constitutive

heterochromatin.

In order to better understand how these selected epigenetic modifications
affect chromatin structure, we used HelLa cells as model in which chromatin

condensation was experimentally induced by changes in cation



concentration or heat shock treatment. Mouse erythrocytes were also
analyzed because chromatin compaction occurs physiologically.

Our morphological results showed at EM level that both divalent cation
removal and addition determine chromatin compaction, which seems to be
concentration-dependent. Moreover, condensed chromatin organization
looks dissimilar in the three different experimental conditions. This could be
explained by two mechanisms: chromatin may have multiple binding sites
for Ca** and Mg®* with different affinity or two or more distinct forms of
higher order structures with different stability may exist in the ionic
environment (Martin et al. 2007; Visvanathan et al. 2013). ESI analysis
represents an important tool to reveal the accumulation sites of divalent
cations after their addition to test their involvement in the condensation: the
majority of these ions seems to be localized around and on the chromatin
suggesting that the charge neutralisation of the sugar phosphate backbone
by divalent cations plays a central role in maintaining the chromatin
compaction level. In the absence of free divalent cations, removed by
chelation with EGTA, the lack of changes in the DNMT3A amount
accompanied by a huge decrease in the DNA methylation level may firstly
indicate that divalent cations are required for the activity of this enzyme,
probably as cofactors in agreement with Wang et al. (2014). In addition, our
immunocytochemical results revealed that DNA methylation is decreased in
spite of the chromatin condensation: hence, these two processes do not seem
to be necessarily correlated. Our conclusion is supported by the result of a
moderate change in calcium concentration as well as by the very significant
5mC decrease in heat shocked cells, in which condensation was also found.
However, the decrease of DNA methylation with the chromatin compaction
also confirms its destabilizing effect on the condensed structure discussed in

the previous section. The addition of higher amount of Ca®* or Mg?* (200



mM) induces indeed an increase of DNMT3A amount, DNA methylation
and chromatin condensation. Nevertheless, it seems to us that the increase in
the DNA methylation profile is not proportional to the chromatin
condensation status, especially in CA, suggesting that chromatin
organization is dependent not as much on DNA modification as on the ion
accumulation around chromatin (ESI). In the majority of the samples,
including HS and the physiological model, 5mC was found to be mainly on
chromatin surface, as well as histone modified residues, in agreement with
the possibility that the epigenetic modifications involve the chromatin
surface to regulate gene expression. Furthermore, we noted that in CTR
HelLa cells 5mC is more represented, in contrast with hepatocytes, although
condensed chromatin is almost lacking: this means that DNA methylation
could be not related to chromatin condensation.

The analysis of a physiological model of chromatin compaction (mouse
erythrocytes) showed an increase of 5mC labelling and a parallel decrease
of histone modifications during DNA compaction. These results can depend
on the irreversibility of this process because the nucleus is totally condensed
to be rejected at the end, further demonstrating the complexity of the studied

process.

As for RNA, once confirmed that the perichromatin localization of 5mC
pertains to RNA, this modified nucleotide was localized on nascent RNA:
we may hypothesize that RNA methylation occurs co-transcriptionally, as a
very precocious event. Nevertheless, 5mC was found to be also present on
mature mRNA. Indicating that this modification can characterize mRNA
during its entire lifespan, this last finding suggests a very important role,
probably related to mMRNA stability, according with Squires et al. (2012). It
is important to underline that the abundance of other Pol Il products, such as

miRNA or snoRNAs, cannot justify the constant perichromatin 5mC



labelling, allowing, together with other data obtained here, to attribute 5mC
localization on RNA to (pre-)mRNA. Unexpectedly, the EM localization of
DNMT3A revealed its presence on both pre-mRNA and mRNA. The
labelling on nascent RNA could confirm the methylation as an early event
and allows one to suppose that DNMT3A could be in part responsible of
RNA methylation. We also hypothesize that this event could be an error of
the enzyme occurring during DNA methylation, even if the labelling on PG
or poly-adenylated and capped mMRNA seems in contrast with what just said.
Considering the nucleolar 5mC distribution, we would like to underline only
that this epigenetic modification is present in the DFC, where rRNA is
actively transcribed (Biggiogera et al. 2001), further showing RNA

methylation as a co-transcriptional process.

In parallel, a very preliminary study was carried out to characterize two
possible novel components of the m6A-RNA methyltransferase complex in
Drosophila melanogaster, i.e. HAKAI and CG7358. The most informative
result derives from ColP experiments, regarding only CG7358. The latter
was shown to most probably interact with FI(2)d, which is a very important
stabilizing factor in the RNA methylating complex because it allows the two
methylating enzymes (Ime4 and dMettl14) to be jointed. Besides, this
interaction seems to not change with RNase treatment that means the
possible connection between CG7358 and FI(2)d does not require mRNA,
even if we cannot say it is a direct interaction or mediated by another
regulator factor. The involvement of these new component in the RNA
methyltransferase complex is also suggested by the expression level of this
gene during the developmental stages, mostly following the m6A level.
However, the quantitative analysis and the immunolabelling also suggest a
proper function of CG7358. On the contrary, these data seem to indicate that

HAKAI is not a component of the methyltransferase complex.



v Before concluding, we would like to underline also some results
obtained during this EM study that are not directly related to the
regulation of chromatin structure but that have to be taken into account
to understand this process.

HelLa cells treated with different concentration of divalent cations
represented a very complex and articulated research model. Their
morphological analysis at EM showed some nuclear irregularities, first
of all the detachment of the condensed chromatin from the nuclear
envelope. We believe that the drastic changes in the ionic environment
can affect the nuclear lamina, causing the observed chromatin
detachment. This could mean that this phenomenon itself is in some way
responsible of the high chromatin compaction, which therefore does not
necessarily requires an epigenetic modification. Moreover, in these cells
DNMT3A was found to be present in the nucleolus, probably as a sort of
stress response in order to deal with the physiological alteration. In fact,
another study showed the translocation of the transcription factor ATF4
(mammalian activating transcription factor 4) from the nucleus to the
nucleolus upon stress conditions (Galimberti et al. 2016). This result
underlines that a stress response must be considered in studying the final
chromatin condensation status.

We also observed that a moderate change in Ca®* concentration (20
mM) induces a reduction of 5mC labelling whereas the addition of
bigger amount (200 mM) its increase: in our opinion, changes of
chromatin structure in response to variations of cation concentration
could be slow — this is also demonstrated by the not significant 5mC
increase after 20 mM Mg?*".

On the other hand, the ESI analysis highlighted a possible different

effect of Ca®* and Mg®* on chromatin to be considered in the general



analysis of chromatin structure. In fact, magnesium was shown to be
mainly on DNA, in contrast with calcium which is preferentially around
DNA: Mg* has a relatively smaller size than Ca®*, allowing to better
penetrate within the chromatin, and probably it has more binding sites.
On the contrary, calcium shows higher affinity for DNA since it remains

on it more than the other ion after EGTA chelation.






6. CONCLUSIONS AND PERSPECTIVES

This research represents an EM epigenetic analysis.

To our knowledge, it is the first study of the distribution of epigenetic
modifications carried out at high-resolution in order to understand the
mechanisms regulating chromatin structure. Considering the “SmC gradient
distribution” on chromatin surface, we hypothesize that this epigenetic
modification, in regulating gene expression on chromatin surface, starts the
compaction process but it is subsequently removed to allow condensation
permanence. In fact, the bulky methyl group of cytosines was shown to
reduce DNA fluctuations and, therefore, its flexibility, hindering the
molecule to wrap firmly around the histone core (Ngo et al. 2016). This
means that on chromatin surface we can detect the direct result of DNMT3A
activity, i.e. 5mC, while in the proximity of the nuclear envelope we can
only see the final effect of this modification, which is chromatin
condensation, as the consequence of a previous and earlier methylation. The
prevalent accumulation of histone modifications also on chromatin surface
could indicate the same involvement in the regulation of chromatin
structure. In our opinion, the chromatin condensation status is preserved by
other mechanisms which need further investigations.

As for RNA, this study represents the first detection of methylated RNA
(5mC and m6A) at EM level, proposing a tool to analyze the single
molecule. In conclusion, we propose the RNA methylation of cytosines as a
cotranscriptional event to guarantee the mRNA stability, for example
representing a signal for RNase to avoid degradation, and a possible

DNMTS3A involvement in this modification.

Other studies will be necessary to describe the relationship between

epigenetic modifications and chromatin structure, firstly reconsidering and



confirming some results and then analyzing other parameters. One
important point to be explained is how the chromatin condensation is
maintained. Moreover, in parallel it will be interesting to examine in depth
the influence of the ionic environment on DNA methylation, histone PTM
and chromatin structure, including the nuclear lamina. The EM approach to
study (pre-)mRNA methylation could be supported by biomolecular
techniques in order to define DNMT3A involvement in this modification.
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Inhibition of the Autophagy Pathway
Synergistically Potentiates the
Cytotoxic Activity of Givinostat
(ITF2357) on Human Glioblastoma
Cancer Stem Cells
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Increasing evidence highlighted the role of cancer stem cells (CSCs) in the development
of tumor resistance to therapy, particularly in glioblastoma (GBM). Therefore, the
development of new therapies, specifically directed against GBM CSCs, constitutes
an important research avenue. Considering the extended range of cancer-related
pathways modulated by histone acetylation/deacetylation processes, we studied
the anti-proliferative and pro-apoptotic efficacy of givinostat (GVS), a pan-histone
deacetylase inhibitor, on cell cultures enriched in CSCs, isolated from nine human GBMs.
We report that GVS induced a significant reduction of viability and self-renewal ability in
all GBM CSC cultures; conversely, GVS exposure did not cause a significant cytotoxic
activity toward differentiated GBM cells and normal mesenchymal human stem cells.
Analyzing the cellular and molecular mechanisms involved, we demonstrated that GVS
affected CSC viability through the activation of programmed cell death pathways. In
particular, a marked stimulation of macroautophagy was observed after GVS treatment.
To understand the functional link between GVS treatment and autophagy activation,
different genetic and pharmacological interfering strategies were used. We show that
the up-regulation of the autophagy process, obtained by deprivation of growth factors,
induced a reduction of CSC sensitivity to GVS, while the pharmacological inhibition of
the autophagy pathway and the silencing of the key autophagy gene ATG7, increased
the cell death rate induced by GVS. Altogether these findings suggest that autophagy
represents a pro-survival mechanism activated by GBM CSCs to counteract the efficacy
of the anti-proliferative activity of GVS. In conclusion, we demonstrate that GVS is a novel
pharmacological tool able to target GBM CSC viability and its efficacy can be enhanced
by autophagy inhibitory strategies.

Keywords: glioblastoma multiforme, programmed cell death, histone deacetylase inhibitor, cancer stem cell,
autophagy
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Angeletti et al.

Givinostat Modulates Autophagy in Glioblastoma

INTRODUCTION

Glioblastoma (GBM) is fatal, highly invasive brain tumor still
displaying poor prognosis (Ohgaki and Kleihues, 2013) even
after aggressive multi-modal therapy, including neurosurgery,
radiotherapy, and chemotherapy with temozolomide (Stupp
et al., 2005). Different GBM features are responsible for the
therapeutic failure: the peculiar structure of the brain and
the invasive behavior of GBM prevent complete surgical
tumor excision; the brain blood barrier prevents systemically
administered chemotherapeutics to reach the central nervous
system (CNS) in clinically effective concentrations (Omuro
and Deangelis, 2013), the molecular complexity of GBM
showing a variety of genetic alterations, strongly influencing the
therapy outcome, since different mutations might determine
different drug sensitivity (Brennan et al, 2013; Patel et al,
2014). In addition, the presence of cancer stem cells (CSCs)
within the tumor mass is responsible for the recurrence
after therapy (Vescovi et al, 2006; Florio and Barbieri,
2012). CSC theory proposes that tumor development is
dependent on a small cell population endowed with self-
renewal and multilineage differentiation ability, a strong
resistance to conventional chemotherapy, and the ability to
propagate the tumor when xenografted in animal models
(Wurth et al., 2014). Since the most aggressive or refractory
cancers contain the highest number of CSCs, the therapeutic
importance of the eradication of this particular cancer cell
subpopulation is a relevant research goal to overcome
GBM therapy resistance (Al-Hajj et al, 2004; Singh et al,
2004).

The wide variety of genetic alterations in GBM necessitates the
use of strategies targeting processes like chromatin remodeling,
which can revert the altered status of multiple genes. The
wide range of cellular and molecular effects mediated by
histone deacetylase inhibitors (HDACi) make these drugs
suitable candidates for the treatment of such heterogeneous
tumors (Lee et al., 2015). HDACi act through the inhibition
of histone deacetylases, enzymes that control chromatin
remodeling and acetylation of histone and non-histone
proteins (Ververis and Karagiannis, 2012). Pharmacologically-
induced unbalanced acetylation (histone acetyl transferase
activity) and deacetylation (HDAC activity) in favor of the
former, creates an hyperacetylated status, promotes a relaxed
chromatin structure and an accessible DNA backbone for the
transcriptional machinery favoring the activation/repression of
gene transcription (Peart et al., 2005), by which HDACi induce
cell death (Bolden et al., 2013), cell cycle arrest, senescence
(Pazolli et al.,, 2012), differentiation, or autophagy (Robert et al.,
2011) in tumor cells. In GBM cells, HDACi reduce proliferation
via cell cycle arrest and apoptosis, suppress tumor growth
in experimental in vivo models, and potentiate the effects of
radiotherapy, cytotoxic agents and immune-therapeutics (Thurn
et al, 2011). Several HDACI, including SAHA, trichostatin A,
valproic acid, belinostat, have been tested in GBM models, and
several clinical trials, based on HDACi monotherapy or as drug
association strategies are concluded or ongoing (De Souza and
Chatterji, 2015).

We report the efficacy of givinostat (GVS), a pan-histone
deacetylase inhibitor, on human GBM CSC viability and self-
renewal and the involvement of apoptosis and macroautophagy
(hereafter referred as autophagy) in this response.

MATERIALS AND METHODS

Tumor Samples, Cell Cultures, and

Chemicals

Nine glioma post-surgical specimens were obtained from the
Neurosurgery Department of the IRCCS-AOU San Martino IST,
(Genova, Italy) after patients’ informed consent and Institutional
Ethical Committee approval. All patients underwent surgery
for the first time and never received chemo- or radio-therapy.
Tumors were derived from 6 males and 3 females and the
mean age was 57.5 years. Pathological analysis classified gliomas
as grade IV glioblastoma (n = 8), or grade III anaplastic
astrocytoma (n = 1) according to World Health Organization
criteria. Cell cultures deriving for each tumor sample were coded
as GBM1 to GBMY. Patients and tumors details are reported in
Supplementary Table 1.

All GBM-derived CSCs were previously isolated and
characterized (Gatti et al., 2013; Wurth et al., 2013). Tumor
samples were immediately processed to obtain cell cultures
enriched in CSCs. Briefly, cell suspension obtained after
mechanical dissociation, was filtered through a 40 pum strainer
(BD Biosciences, San Jose, CA, USA) to remove aggregates,
and cultivated in serum-free medium containing DMEM-
F12/Neurobasal (1:1), B27 supplement (Gibco-Thermofisher,
Paysley, UK), 2 mM L-glutamine (Lonza, Basel, Switzerland),
1% penicillin-streptomycin (Lonza), 15ug/ml insulin (Sigma-
Aldrich, St.Louis, MO, USA), 2 wg/ml heparin (Sigma-Aldrich)
and completed with recombinant human bFGF (10 ng/ml;
Miltenyi Biotec, Cologne, Germany) and EGF (20 ng/ml;
Miltenyi Biotec) (Bajetto et al., 2013). This medium is defined
as “complete medium.” These cells gave rise to floating tumor-
spheres after 2 weeks, but can also growing as stem cells
in monolayer, after spheres disaggregation and in presence
of Matrigel (BD Biosciences, San Jose, CA, USA), without
losing expression of stem cell markers, spherogenic properties,
differentiation and tumorigenic potential (Griffero et al., 2009).

All the cell cultures analyzed in this study were previously
characterized for tumor-initiating capacity by orthotopic
xenograft, induced by injection of 10,000 sphere-derived
cells in 6-8-weeks old non-obese diabetic severe combined
immunodeficient (NOD/SCID) mice (Charles River
Laboratories, Wilminglon, MA, USA), as detailed in previous
studies (Carra et al., 2013; Gritti et al., 2014; Corsaro et al., 2016).
Animals were housed in pathogenic-free conditions, and handled
in agreement with the institutional and national guidelines for
the care and use of laboratory animals (Italian D.Igs 26/2014);
the experimental plan was approved by the IRCCS AOU S.
Martino-IST (Genova, Italy) Institutional Animal Care and Use
Committee (IACUC).

To induce differentiation, GBM CSC cultures were seeded
and maintained for 2 weeks in DMEM/F12 supplemented
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with 2 mM L-glutamine, penicillin-streptomycin and 10% FBS
(Euroclone, Milano, Italy). Deprivation of growth factors was
induced removing bFGE EGE and the B27 supplement from the
culture medium.

Three human GBM established cell lines were also used: T98G,
U373-MG, and U138-MG (ATCC). GBM cell lines were grown
in DMEM supplemented with 2 mM L-glutamine, penicillin-
streptomycin and 10% FBS.

Human umbilical cords (n = 2) were collected from full-term
women, immediately after cesarean section at the Gynecology
Department of International Evangelical Hospital (Genova,
Italy), after informed consent and approval by Institutional
Ethic Committee. After vessel removal, cords were digested with
collagenase I-S (0.51g/ml, Sigma-Aldrich) for 1h to expose
Wharton-Jelly and isolated cells cultured in DMEM (10% FBS,
2 mM L-Glutamine). MSCs were used after full characterization
by flow cytometry (MSC Phenotyping Kit, Miltenyi Biotec), as
defined by International Society for Cellular Therapy (Dominici
et al., 2006).

The pan-HDAC inhibitor givinostat (ITF2357) was kindly
provided by Italfarmaco S.p.A. (Cinisello Balsamo, Italy).
Givinostat was dissolved in DMSO at the stock concentration
of 10 mM and for all experiments it was diluted in the specific
medium to obtain the final concentrations. Rapamycin (Cell
Signaling Technology, Danvers, MA, USA) and bafilomycin-
A1l (Sigma-Aldrich), were used to promote the induction and
inhibition of autophagy, respectively. Both were dissolved in
DMSO at the stock concentration of 100 uM, and for all
experiments drugs were diluted in the specific medium to
obtain the appropriate concentration. Controls received the same
amount of residual DMSO (not exceeding 0.1%) than treated
samples.

Sphere-Formation Assay

GBM CSCs were seeded in complete medium without Matrigel,
in 48-well plates at 1000 cells/well. After 24 h cells were exposed
to increasing concentration of GVS (0.1-2 uM), and sphere-
formation capacity was monitored after 7 days, to allow spheres
generation. The number of spheres in wells was quantified using
a digital camera mounted on a transmitted light microscope
and visually calculated by three independent operators. To
further demonstrate the inhibitory activity of GVS on sphere-
formation process, GBM-derived tumor-spheres, generated in
the absence or presence of GVS (0.1-0.5 pM), were disaggregated
and re-plated in fresh medium avoid of GVS. Spheres-formation
efficiency (SFE) (Wurth et al., 2016), calculated as the number of
formed spheres/1000 plated cells, was re-evaluated after 7 days.

MTT and Trypan-Blue Dye Exclusion

Assays

Mitochondrial activity, as index of cell viability, was evaluated
by measuring the reduction of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich,). GBM
CSCs were plated into 96 or 48-well plates (pre-coated with
Matrigel), and the number of cells/well (ranging from 1000 to
5000) was adjusted depending on different proliferation rates
and time of treatment. At the end of each treatment, cells were

incubated with MTT solution (2.5 mg/ml), for 2h. After MTT
removal, the formed purple formazan crystals were dissolved
in DMSO, and absorbance measured at 570 nm wavelength
(Pattarozzi et al., 2008).

Trypan blue exclusion assay was used to evaluate cell viability
reduction induced by GVS treatment. Initially, 5000 cells/well
were seeded in 24-well plates, pre-coated with Matrigel. After
24 h, cells were treated with increasing concentration of GVS for
additionally 48, 72, and 96 h. Every 24 h, viable cells were counted
in the presence of Trypan blue 0.4% w/v (Bio-Rad, Marnesla-
Coquette, France), to distinguish between dead and live cells,
using the TC-20® automated cell counter (Bio-Rad) (Villa et al.,
2016).

Drug Synergism Evaluation

To determine potential synergistic drug effects on growth of
CSCs GBM1, GBM2, and GBM3, cells were exposed to various
combinations of GVS (0.5 M) and bafilomycin-Al (1.25-50
nM). Cell viability was determined by MTT assay after 48
and 72h of treatment. Drug interactions (synergistic, additive,
antagonistic) were determined by the median effect analysis
method, as described (Chou and Talalay, 1984; Chou, 2010),
using the CompuSyn software (ComboSyn Inc., Paramus, NJ,
USA). This approach takes into account the potency, the shape,
and the slope of the dose-dependent neutralization curve of each
drug alone and in combination, to calculate a combination index
(CI). A CI value of 1 indicates an additive effect, <1 indicates
synergism, and > 1 indicates antagonism.

Annexin V/PI Double Staining

GBM CSCs were treated with GVS and bafilomycin-A1 alone or
in association for 48 or 72 h, depending on the experiments. After
the treatment, cells were washed gently with PBS, trypsinized,
pelleted, secondly washed in PBS and finally counted. According
to Annexin V-FITC Apoptosis detection Kit (eBioscience,
Hatfield, UK), cells were resuspended in the Annexin Binding
Buffer at the concentration of 2-5 x 10° cells/ml, then 5pl
of Annexin-V was added to 195uL of the cell suspension and
incubated for 15 min, at the room temperature and protected
from direct light. Propidium Iodide (20 pg/ml) was added and
cells were analyzed by flow cytometry (FACSCanto II flow
cytometer, BD Biosciences) recording 10,000 events per sample.
Annexin V-positive cells were considered in the early stages
of apoptosis, whereas cells in the late stages of apoptosis were
Annexin V- and PI-positive (Carra et al., 2013).

Real-Time PCR Expression Analysis

Total RNA from GBM CSCs was extracted using the Aurum
Total RNA Mini Kit (Bio-Rad), according to the manufacturer’s
instruction, and reverse transcribed into cDNA using the iScript
cDNA Synthesis Kit (Bio-Rad). Single stranded cDNA products
were analyzed by Real-time PCR using the SsoFast™ Eva
Green Supermix (Bio-Rad,) on a CFX96 Touch Real-time
PCR (Bio-Rad). Cycling conditions were set at 94°C for 30s,
60°C for 30s and 72°C for 30s, for 37 cycles. Primers, for
MAPILC3B amplification, were pre-designed by PrimePCR (Bio-
Rad). Human HPRT1 and TBP pre-designed primers (Bio-Rad)
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were used as internal controls. Levels of target genes in each
sample were normalized on the basis of HPRTI and TBP
amplification and reported as relative values (Mathur, 2014).

Immunoblotting Analysis

Following specific treatments, cells were lysed in buffer
containing 1% Igepal, 20 mM Tris-HCI, pH 8, 137 mM NaCl,
10% glycerol, 2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride,
1 mM sodium orthovanadate, 10 mM NaF (all from Sigma-
Aldrich), and the “Complete protease inhibitor mixture” (Roche)
for 20 min at 4°C. Nuclei were removed through centrifugation
(5000 rpm at 4°C for 10 min); total protein concentration
was measured with Bradford assay (Bio-Rad). Proteins (40-
60 ng) were resuspended in Laemmli buffer (2% SDS, 62.5
mM Tris, pH 6.8, 0.01% bromophenol blue, 1.43 mM p2-
mercaptoethanol,and 0.1% glycerol) and were separated on 10 or
12% (depending on protein size) SDS-PAGE, and subsequently
transferred onto PVDF membrane (Bio-Rad) (Massa et al., 2004).
The following antibodies were used: anti-LC3B, anti-Beclinl,
anti-Atg7, and anti-acetyl-a-tubulin (Lys40) (all from Cell
Signaling Technologies). p-actin (Cell Signaling Technologies)
and a-tubulin (Sigma Aldrich) were used as internal control to
ensure equal loading and transfer of proteins. Antibodies were
all diluted at 1:1000 in 3% bovine serum albumin (BSA), except
a-tubulin which was diluted 1:7500 in Tween 20 (0.1%)/PBS.
Species-specific peroxidase-linked ECL secondary antibodies
(GE Healthcare USA, 1:5000 dilutions) were used. Protein signals
and densitometric analysis were performed using the Clarity
Western ECL substrate (BioRad) and the Chemi-Doc System
(Bio-Rad).

LC3B-GFP Autophagosome and Electron

Microscopy Analysis

For autophagosome detection, GBM CSCs were seeded at the
density of 5000 cells/well in 48-well plates pre-coated with
Matrigel. After 12 h, cells were transduced with BacMam
LC3B-GFP viral particles (multiplicity of infection, MOI =
30), according to the Premo Autophagy Sensor Kit (Invitrogen,
Carlsbad, CA, USA). After 16 h of incubation, cells were treated
with GVS (0.5 M), bafilomycin-Al (10 nM, added 4 h before
the end of the time interval), the combination of the two
drugs, or vehicle (controls); LC3B-GFP signals were monitored
after additional 24 h, using an inverted fluorescence microscope
(40X magnification, Eclipse Nikon TS100, Minato, Japan). GFP-
positive vesicles were analyzed in number and shape (area) using
the Autocounter tool as described (Fassina et al., 2012).

For ultrastructural analysis, GBM CSCs were grown at 75%
confluence, and treated with GVS (0.5 uM) or vehicle. Samples
were prepared according to Marchesi et al. (2014). Specifically,
after 48 h p.t, cells were harvested by centrifugation at 800
rpm for 3 min and fixed with 2% glutaraldehyde in medium,
maintained for 2 h at room temperature. Cells were then rinsed in
PBS (pH 7.2) overnight and post-fixed in 1% aqueous OsOy for 2
h at room temperature. Cells were pre-embedded in 2% agarose
in water, dehydrated in acetone, and finally embedded in epoxy
resin (Electron Microscopy Sciences, EM-bed812). Ultrathin
sections (50-60 nm) were collected on formvar-carbon-coated

nickel grids and stained with uranyl acetate and lead citrate. The
specimens were finally observed with a Zeiss EM900 electron
microscope equipped with a 30 wm objective aperture and
operating at 80 kV.

Cell Transfection and Atg7 Silencing

To modulate Atg7 protein expression, GBM2 CSCs (80%
confluence) were transiently transfected with Lipofectamine
LTX reagent (Invitrogen) in presence of pooled Silencer select
validated siATG7 sequences (s20650, s20651; Ambion, USA) at
the final concentration of 150 nM or with the mock solution
alone, as negative control. To perform the viability assay (MTT),
cells were plated in 96-well plates (2000 cells/well) and assayed
after 24, 48, and 72h p.t. For protein lysates, transfection was
performed on cells seeded on 60 mm petri dishes with the same
concentration of pooled siATG7 sequences.

Statistical Analysis

All reported experiments were carried out in triplicate and
performed at least three times. Data were reported as means +
SEM. All statistical analysis (ANOVA followed by Dunnett’s post-
hoc test, or unpaired two-tailed Student’s ¢-test), were calculated
with Graph-Pad Prism 5.0. p < 0.05 was considered statistically
significant.

RESULTS

GVS Affects the Viability of GBM Cell Lines

and CSC Enriched Cultures

Different established human GBM cell lines (i.e., U87-MG, U138-
MG, and T98G) were initially tested to evaluate the effect of GVS
on cell viability, using the MTT assay. Time-course (from 24
to 96h) and dose-response (GVS 0.1-2 L M) experiments were
performed. GVS reduced cell viability in a concentration- and
time-dependent manner (Supplementary Figure 1), although no
effects were observed for short time treatments (24h) or GVS
concentrations lower than 0.25 M.

Due to the higher translational potential of GBM CSCs
compared to cell lines (Lee et al., 2006), we confirmed the effect
of GVS on the viability of CSC-enriched cultures isolated from
nine human GBMs. GVS induced anti-proliferative effects in all
CSC cultures grown as monolayers in a concentration- and time-
dependent manner, with, also in this case, lower efficacy observed
for shorter treatments (Figure 1, Supplementary Table 2). The
mean GVS ICs, calculated after 72 h of treatment, was 0.85 uM
but this value decreased proportionally with GVS exposure time,
confirming the time-dependent activity of the drug (Table 1).

Growing CSCs as monolayer on Matrigel allows for better
cellular and biochemical characterization without interfering
with stem-like characteristics (Griffero et al., 2009; Wurth et al.,
2013), although the ability to grow as tumor-spheres is a defining
feature of these cells. Thus, we verified whether this experimental
condition interfere with CSC drug responsivity. Comparing GVS
(0.1-2 uM) effects on CSCs grown as either tumor-spheres or
monolayer, we observed no differences in drug sensitivity (data
not shown).
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FIGURE 1 | GVS dose-response curves (0.1-2.0 M) in nine adherent GBM cell cultures enriched in CSCs. Cell viability was determined by MTT assay after
24-144 h of treatment. Experiments were performed in triplicate and percentage of inhibition was calculated vs. untreated control cells.

The cellular and molecular mechanisms of GVS activity on
GBM CSCs were analyzed in the most responsive CSC cultures
(GBM1, GBM2, and/or GBM3) (Table 1), in comparison, in
selected experiments, with less responsive cultures (GBM7,
GBMS8, GBMY). To evaluate the contribution of cytostatic
or cytotoxic effects of GVS, GBM1, and GBM2 CSCs were
assayed by Trypan blue exclusion test, after treatment with
GVS (0.5-2 pM for 48-96h). Forty-eight hour treatment
caused cytostatic effect at all concentrations tested (with the
exception of GBMI treated with high GVS concentration)
with no changes in the number of dead cells compared to
untreated cells at Ty. However, extending treatment time, cells

started to die in a concentration- and time-dependent manner
(Supplementary Figure 2).

To establish the minimum time of GVS exposure required
to decrease CSC viability, we performed cell growth recovery
experiments (Favoni et al., 2010). GBM1, GBM2, and GBM3
cultures treated with 0.5 wM GVS, were washed and incubated in
drug-free fresh medium. Cell viability by MTT assay determined
either immediately after medium replacement or after additional
24-72h (see Supplementary Figure3 for the experimental
scheme). Twenty-four hour treatment decreased growth rate and
the low proliferative activity partly persisted during the following
24 h, but after additional recovery time the cells reacquired an
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TABLE 1 | IC5q value (microM) of GBM CSCs exposed for different time
intervals to GVS.

CSCs 72h 96h 120h 144h
GBM1 0.63 0.35 0.15 0.11
GBM2 0.55 0.33 0.24 0.19
GBM3 0.56 0.20 0.09 0.09
GBM4 0.51 0.49 - -
GBM5 Not reached 0.28 0.32 0.19
GBM6 1.47 0.93 0.93 0.66
GBM7 1.19 1.54 0.20 0.09
GBMS 1.23 1.01 0.89 0.57
GBM9 1.29 0.83 0.72 0.37
MEAN ICso 0.85 0.66 0.44 0.30
VALUE RANGE)  (0.51-1.47)  (0.20-154)  (0.09-0.93)  (0.09-0.66)

Calculations were performed using GraphPad Prism software. (Not reached, absence of
a significant GV'S activity; empty boxes, not performed).

exponential-like growth rate, reaching levels comparable to non-
treated cells. The extension of the treatment with GVS to 48 or
72 h delayed the time to recovery causing, after 72 h of treatment,
asignificant reduction in cell viability (Supplementary Figure 4).

GVS Inhibition of Cell Survival Is Specific
for CSCs and Is Diminished after

Differentiation

GVS anti-proliferative effect was also tested in differentiated
GBM cells obtained by shifting CSC cultures from growth
factor-enriched to FBS-containing medium. After 14 days,
differentiated GBM CSCs lose in vivo tumorigenicity and stem
cell marker expression and exhibit glial and/or neuronal marker
expression (Gritti et al., 2014; Banelli et al.,, 2015). GVS did
not affect the viability of differentiated GBM1 and GBM2
cells (hereafter named GBM1 DIFF and GBM2 DIFF), even
after 144h of treatment with the highest concentration of
drug (Supplementary Figure 5A). Furthermore, GVS treatment
of two cultures of normal human umbilical cord-derived
mesenchymal stem cells (MSCs) caused no reduction of viability
at all concentrations and times tested in MSC1, whereas only
the highest GVS concentration (2 M) slightly reduced MSC2
viability (Supplementary Figure 5B). These results confirm that
independently from the culturing conditions, the antitumoral
effects of GVS are selectively directed against CSC specific
proliferation mechanisms, with GBM DIFF cells and MSCs
mostly insensitive to the drug.

Self-renewal is a defining feature of both normal and cancer
stem cells. Tumor-sphere formation is considered an indirect
index of self-renewal of CSCs (Soeda et al., 2008). To understand
whether GVS affects GBM CSC self-renewal, we performed a
spherogenesis assay. GBM1, GBM3, GBM5, GBM7, and GBM9
CSCs were plated at 1000 cells/well in the presence of increasing
concentrations of GVS and allowing to generate spheres for 7
days. As reported in Figure 2A (and quantified in Figure 2B),
GVS inhibited spherogenesis in a dose-dependent manner. At
low GVS concentrations, tumor-spheres were less compact and

organized, while a clear reduction of number and size of spheres
was observed on increasing the drug concentration. At the
highest concentrations tested (GVS 1 and 2 uM), the inhibition of
cell viability in all the cultures was predominant and masked the
drug effect on spherogenesis, making difficult the interpretation
of the results. A statistically significant reduction of the number
of spheres was seen in GBM1, GBM3, and GBMJ9 starting from
the GVS concentration of 0.25-0.5 wM which had low effect on
CSC viability, suggesting that GVS inhibition of sphere formation
is independent from anti-proliferative effects. An additional
experimental approach was performed using GBM1, GBM2, and
GBM3 preformed tumor-spheres, which were treated with low
GVS concentrations (0.1-0.5 uM) for 7 days, disaggregated and
re-plated in GVS-free medium (Figure 3A,B). While untreated
CSCs regenerate spheroids, pre-treatment with GVS dose-
dependently abolished their spherogenesis ability.

Effects of GVS on Apoptosis/Autophagy
Processes in GBM CSCs

GVS was tested for the ability to interfere with apoptosis and
autophagy processes. GBM1, GBM2, and GBM3 CSCs, treated
with GVS (up to 2uM) for 72h, were tested in AnnexinV-
PI double staining by FACS analysis (Figure 4), showing a
concentration-dependent increase of cells entering the early
phases of apoptosis (approximately 30% for GBM1 and GBM3,
and 50% for GBM2).

To study GVS modulation of autophagy, as a preliminary
evaluation we analyzed the relative expression of MAPILC3B,
coding for LC3B, in GVS-treated GBMI1, GBM2, and
GBM3 CSCs by Real-time PCR. GVS treatment induced a
transient increase in MAPILC3B mRNA content (detectable
after 24 and 48h, and back to the baseline after 72h,
Supplementary Figure 6). Then, the effect of GVS on LC3-
II and Beclinl protein content was investigated in GBMI,
GBM2, GBM3, GBM6, GBM7, and GBMY cells. CSCs were
treated for 72h with GVS (0.5-2 uM) or with the autophagy
inducer rapamycin (50 nM, for 72 h): LC3-II and Beclin1 showed
an increased amount following GVS treatment, often higher
than those caused by rapamycin administration (Figure 5).
Increased acetyl-o-tubulin content, a direct marker of HDAC6
inhibition (Haggarty et al., 2003), was observed following GVS
administration, confirming the efficacy of the drug on its specific
target (Figure 5).

To verify whether GVS-mediated increase in LC3-II and
Beclinl was the resultant of autophagy activation, GBMI,
GBM2, and GBM3 CSCs were transduced with a baculovirus
LC3B-GFP expressing vector. Cells were treated with GVS
(0.5 pM), bafilomycin-Al (10 nM) or with the combination
of the two drugs and analyzed for the amount of GFP-
positive vesicles, using the Autocounter tool as described
(Fassina et al., 2012). GVS, bafilomycin-Al and the combined
treatment induced significant increases of fluorescent vesicles
in the investigated cells; furthermore, the additive results in
increasing GFP puncta in the combined GVS+bafilomycin-A1,
compared to bafilomycin-Al alone administration, suggested
a direct increase of the autophagy flux induced by GVS
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FIGURE 2 | GVS effect on GBM CSC sphere formation. (A) GBM1, GBM3, GBM5, GBM7, and GBM9 were maintained in the selective medium for stem cells in
the absence or presence of increasing concentrations of GVS. Sphere formation was visually monitored and after 14 days the number of spheres/well was counted.
Representative microphotographs (magnification 10X) are reported. (B) Histogram reports the mean sphere number from four experiments ("o < 0.05, *p < 0.01,

‘0 < 0.001, ANOVA followed by Dunnett’s post-hoc test).
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and *p < 0.01 using ANOVA followed by Dunnett’s post-hoc test).

(Figures 6A,B). Transmission electron microscope analysis of
GVS-treated cells, revealed a high number of double membrane
autophagic-like vesicles containing partially undigested material.
Features of mitophagy (the presence of mitochondria within
autophagosomes), multivesicular bodies and phagophores (a site
of autophagosome formation) were also scored (Figure 6C).

Functional Role of Autophagy in

GVS-Treated GBM CSCs

The functional significance of the autophagy induced by (or in
response to) GVS treatment was assessed using different known
autophagy inhibitors/inducers (Klionsky et al., 2016).

To arrest the autophagy process, GBM1, GBM2, and GBM3
CSCs were pre-treated with bafilomycin-A1 (up to 50 nM) for
2 h before being incubated with GVS (0.5 uM). Cell viability
was evaluated by MTT assay. Forty-eight hours of combined
treatment with bafilomycin-Al and GVS induced a significant
decrease in cell viability, compared to bafilomycin-Al or GVS
alone (the combination of bafilomycin-A14+GVS reduced GBM1

viability of 57% compared to —25% of bafilomycin-A1 and —23%
GVS; in GBM2 the combined treatment caused a reduction of
—74%, in comparison to bafilomycin-A1 —31% and GVS —20%;
while in GBM3 we observed —46% viability after bafilomycin-
A14-GVS, compared to —8% of bafilomycin-A1l and —20% GVS),
with a further increase in the cytotoxic effect induced by the
combined treatment after 72 h (Figure 7A). To determine the
statistical significance of the GVS/bafilomycin-Al association,
the combination index (CI) values were calculated and plotted
using the CompuSyn software (Supplementary Figure 7): CI
values above 1 are indicative of antagonism, while below 1 of
synergism. GBM1, GBM2, and GBM3 showed CI values <1
starting from the combination GVS 0.5 wM/bafilomycin-A1l 2.5
nM for GBM1 (range, 0.2-0.6 at 48 h; 0.07-0.6 at 72h), GVS 0.5
wM/bafilomycin-Al 5 nM for GBM2 (range, 0.3-0.9 at 48 h, 0.3-
0.9 at 72h) and GVS 0.5 pM/bafilomycin-A1 2.5 nM for GBM3
(range: 0.4-0.6 at 48 h; 0.02-0.4 at 72 h), confirming a synergistic
effect exerted by GVS in association with the autophagy inhibitor
bafilomycin-Al. Similar results were obtained when the effects of
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FIGURE 4 | In vitro assessment of apoptosis in GBM1, GBM2, and GBM3 CSCs. FACS analysis of Annexin V-PI staining was used to observe the induction of
apoptosis and/or necrosis by GVS. Histograms represent the percentage of each cell population (early apoptotic, late apoptotic and necrotic) after 72 h of GVS
treatment (0.25, 0.5, 1.0, and 2.0 uM). Statistical analysis was performed using ANOVA followed by Dunnett’s post-hoc test ("p < 0.05, **p < 0.01).
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FIGURE 5 | Modulation of autophagic marker expression following GVS administration in GBM1, GBM2, GBM3, GBM6, GBM7, and GBM9 CSCs. (A)
LC3-I, LC3-II, Beclin1 and acetyl-a-tubulin protein levels was determined by immunoblotting. B-actin was used as protein loading control. Lysates were obtained from
cells treated for 72 h with GVS (0.5, 1.0, and 2.0 uM) or rapamycin (50 nM). (B) Densitometric analysis of protein expression. Values were normalized to p-actin
expression and reported as percentage of untreated controls. Experiments were performed in triplicate, data represent mean + SEM, (*p <0.05; *p <0.01, **p <
0.001, ANOVA followed by Dunnett’s post-hoc test).
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(Continued)
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FIGURE 6 | Continued

using ANOVA followed by Dunnett’s post-hoc test (o < 0.05, **p < 0.01) comparing GVS, bafilomycin-A1, GVS+bafilomycin-A1 treatments to the respective
untreated (CTR) GBM CCSs. (C) Representative ultra-structures analysis using transmission electron microphotographs of GBM1 and GBM2 treated with GVS

(0.5 M) for 72 h. GBM1 and GBM2 cells (10°) were grown at 75% confluence and treated (c~f) or not (a,b) with GVS. Cells were harvested, fixed and stained for
ultra-structural visualization. Specimens were then observed with a Zeiss EM900 electron microscope. Magnifications are 7000X (a-d) and 12000X (e,f). “A” indicates
large intracellular vesicles, likely autophagosomes; “M+A” indicates a mitochondrion fused with a vesicle (mitophagy), “MVB” indicates a multivesicular body, finally

“PHA” indicates a phagophore (isolation membrane) assembly site.

the combined GVS (0.5 pM)/bafilomycin-Al (5 nM) treatment
was investigated on the induction of apoptosis in GBM2 and
GBM3 CSCs. As compared to single drug treatments, the drug
combination increased the percentage of apoptotic cells (GBM2:
41.27% of early+late apoptotic cells with the association, vs. 19.84
and 6.25% for GVS and bafilomycin-A1, respectively; for GBM3,
16.4% of early+late apoptotic cells with the association, vs. 5.89
and 6.25% for GVS and bafilomycin-Al, respectively). Also the
percentage of PI-positive, necrotic cells was increased with the
combined treatment with GVS and bafilomycin-A1l (Figure 7B).
These results suggested that the inhibition of autophagy by
bafilomycin-Al facilitated GVS-dependent apoptotic cell death
in GBM CSCs. Furthermore, GVS+bafilomycin-Al treatment
produced an increase of LC3-II and p62 content, as compared
to the amount of these proteins following individual drugs
treatments. Conversely, in presence of the autophagy-activator
rapamycin or with GVS alone, p62 protein levels were reduced
as a result of the increase in autophagy-mediated protein
degradation (Figures 8A,B).

To better decipher the role of autophagy in GVS antitumor
activity, GBM2 CSCs were transfected with siATG7 validated
sequences, to arrest autophagy by reducing the intracellular
content of Atg7. The efficacy of gene silencing was verified
24h post-transfection when Atg7 protein was significantly
down-regulated as compared to mock and not-transfected cells
(Figure 9, left panel). Treatment of siATG7-GBM2 with GVS
caused a further decrease of cell viability (Figure 9, right panel),
confirming that the arrest of autophagy enhances GVS tumor
cytotoxicity, as also showed by bafilomycin-Al treatment.

Finally, a widely adopted culture-starvation scheme was
applied to activate autophagy in GBM1 and GBM2 CSCs. In
detail, CSCs were deprived of growth factors for 60h before
being treated with GVS (up to 2 uM) and cell viability measured
by MTT assay. Deprivation of growth factors prevented GVS-
dependent cell death, and the activation of autophagy in these
conditions was demonstrated by increased LC3-II and reduction
in p62 protein levels (Supplementary Figure 8).

DISCUSSION

In this paper we report that in human GBM stem cells,
the inhibition of autophagy using both chemical and RNAi
approaches increases the antitumor efficacy of givinostat.
Givinostat (ITF2357, GVS) is a hydroxamic acid-derivative,
orally active, pan-HDACi. GVS has anti-inflammatory, anti-
neoplastic and anti-angiogenic properties (Leoni et al., 2005),
with pro-apoptotic effects in hepatocellular carcinoma (Armeanu

et al., 2005), non-small cells lung cancer (Del Bufalo et al., 2014)
and acute myeloid leukemia cells (Galimberti et al., 2010).

We report the efficacy of GVS in reducing viability of human
GBM CSCs, the subpopulation responsible for GBM resistance to
conventional therapy and patients’ fatal outcome (Bonavia et al.,
2011; Chen et al., 2012; Florio and Barbieri, 2012). In vitro, CSCs
retain genotypic and phenotypic features of the tumor they are
derived from, which are progressively lost when the cells are
grown in FBS-containing media, as occurs in established cell
lines (Lee et al., 2006). Thus, results obtained using CSC-enriched
cultures possess a higher traslational impact than those obtained
adopting established cell lines. CSC-enriched cultures, obtained
from nine human GBMs, were cultured both as spheroids and
monolayers retaining the stem-like biological and phenotypical
characteristics (expression of stem cell markers, multilineage
differentiation, self-renewal, and tumorigenicity in vivo; Griffero
et al., 2009; Wurth et al., 2013).

Firstly, we documented that GVS powerfully reduces viability
of all CSCs analyzed, independently from the genotypical and
phenotypical heterogeneity observed in the GBMs: we observed a
prolonged pharmacological activity that could be useful during in
vivo experimental schemes. GVS also inhibited CSC self-renewal,
a mechanism necessary to preserve CSCs within the tumor
microenvironment. It is important to highlight that the culture
conditions used to grow CSCs (non-adherent tumor-spheres or
monolayers in the presence of Matrigel) did not affect GVS
efficacy. In contrast, differentiated GBM cells or normal stem cells
are modestly affected by GVS-induced cell death. Accordingly,
previous studies reported that GVS is cytotoxic for hepatoma cell
lines but not for normal human hepatocytes (Armeanu et al.,
2005), and, in agreement with our results, that MSCs are resistant
to GVS at concentrations higher than 1 uM for at least 72 h
(Golay et al., 2007). The reduced activity against non-tumor stem
cells while impairing CSC viability, renders GVS an interesting
candidate for further clinical evaluations. In addition, we report
that GVS had a lower effect on differentiated CSC, further
supporting the selectivity of GVS against CSC subpopulation.

It was reported that antitumor activity of GVS depends
on the activation of apoptotic pathways (Pathil et al., 2006;
Golay et al,, 2007; Galimberti et al., 2010). We report that
the effect of GVS on GBM CSC viability is associated not
only with apoptotic cell death but also with the activation
of macroautophagy. Autophagy is a central cell degradation
system involved in several physiological and pathophysiological
events (Rabinowitz and White, 2010), including cancer (Mathew
et al, 2009; Macintosh and Ryan, 2013). A functional link
between HDACIi and autophagy was demonstrated in cancer
cells (Zhang and Zhong, 2014). To this regard, we evaluated
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using ANOVA followed by Dunnett’s post-hoc test ("o < 0.05, *p < 0.01;***p < 0.001 vs. control) comparing GVS, bafilomycin-A1, rapamycin, GVS+ bafilomycin-A1
treatments to the respective untreated (CTR) GBM CCSs.

the capability of GVS to modify the autophagy process in CSCs,
measuring the expression of main ATG proteins. In particular,
GVS treatment produced increasing amount of key autophagy
executory proteins LC3-II and Beclinl, clearly suggesting that
the drug administration induced marked differences within the
autophagy process. To further confirm this result, the effect of
GVS on autophagy was also assessed by autophagosome analysis.
Autophagosomes express LC3-II on the outer membranes,
while LC3-I isoform, originated by different post-translational
modifications, has a typical cytoplasmic diffuse expression
pattern. GVS treatment of GBM CSCs, previously transduced
with LC3-GFP baculovirus, induced a significant accumulation
of discrete fluorescent LC3-GFP puncta, likely representing
autophagosomes. Moreover, increased levels of LC3-GFP in
the presence of GVS or compounds interfering with the
autophagosome-lysosome fusion (i.e., bafilomycin-Al), was
indicative of an increase of the synthesis of autophagy-related
membranes (autophagy induction) rather than a reduction in
vesicle clearance as for autophagy blockage (Klionsky et al., 2016).
Moreover, transmission electron microscopy ultrastructural
evaluation highlighted a marked increase in autophagy-like
vesicles after GVS exposure. Altogether, these molecular and

cellular features indicate that GVS treatment induces the
activation of autophagy in GBM CSCs.

As widely discussed (Choi et al., 2013; Macintosh and Ryan,
2013; White, 2015), the contradictory role of autophagy in
cancer makes difficult to understand whether this mechanism
is per se beneficial or inhibitory for the malignant progression.
The possible dual functional role of autophagy, i.e., promoting
programmed cell death fate or conferring a pro-survival favorable
phenotype to the cancer cell, can determine the success or
failure of anti-cancer therapies (Palumbo and Comincini, 2013).
This opposite behavior represents an adaptive response of
the tumor cells to the therapy, and is associated to several
tumor-environmental conditions, such as specific or off-targets
effects of the drug used, tumor cell type and the state
of stem-like or differentiated cells (Galluzzi et al, 2015).
To decipher the contribution of the autophagy process to
the cytotoxic effects of GVS, autophagy in GBM CSCs was
positively or negatively modulated using different experimental
approaches. To obtain the autophagy inhibition: the down-
regulation of key genes and/or proteins and the blockade of
the autophagy flux preventing the fusion of autophagosomes
with lysosomes; to activate the autophagy process: rapamycin
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Dunnett’s post-hoc test ("o < 0.05, **p < 0.01; ***p < 0.001 vs. control).

treatment or growing cells in medium deprived of growth
factors.

Bafilomycin-Al, used to inhibit the autophagy flux, is a
specific inhibitor of the late phase of autophagy that prevents
the acidification of the autophagic vacuoles and inhibits the
fusion between autophagosomes and lysosomes (Yamamoto
etal.,, 1998). In parallel, the inhibition of autophagy was achieved
by down-regulating ATG7 gene by siRNA. Silencing ATG7, or

other key autophagy genes, provides an effective strategy to arrest
this pathway blocking the autophagosomes formation and the
degradation processes (Saiki et al., 2011; Criollo et al., 2012;
Klionsky et al., 2016). In this way, we show that the inhibition of
autophagy by both molecular and pharmacological approaches,
increases the anti-proliferative and pro-apoptotic effects of GVS
on GBM CSCs. This result was confirmed in cells in which
autophagy was activated by deprivation of growth factors. The
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depletion of nutrients is one of the main stimuli triggering  of growth factors in CSCs and the consequent activation of
autophagy (Mizushima and Klionsky, 2007). When the nutrients’  autophagy results in a protective effect against GVS antitumor
supply is limited, cells activate autophagy to generate a source  activity.

of metabolic substrates to sustain the energetic requirement for Taken together, these findings suggest that the activation of
survival (Kang and Avery, 2008). We report that deprivation  autophagy occurring during GVS treatment has a cytoprotective
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effect that, supporting CSC survival, reduces HDACi efficacy.
In other terms, tumor cells respond to GVS-induced cell death
with the activation of autophagy, a process directed to catabolize
damaged proteins and organelles. Lastly, our data indicate
that combined treatment with GVS followed by autophagy
inhibition has strikingly synergistic anti-tumor activity in GBM,
similarly to lung (Del Bufalo et al, 2014), hepatoma (Liu
et al., 2010; Yuan et al.,, 2014), breast (Rao et al., 2012) cancer
models. Consistent with these data, we propose a mechanistic
evaluation of the possible synergism between GVS effects and
autophagy inhibition that enhances the loss of GBM CSC viability
(Figure 10).

On the other hand, our results differ from previous studies
showing that the combined treatment with imipramine and
ticlopidine elicits cell-lethal autophagy in mouse models of
gliomagenesis (Shchors et al., 2015). However, it must be pointed
out that the quantitatively and qualitatively different modulations
of autophagy in our and in the previous study might result in
either pro-survival or cytotoxic effects (White et al., 2015).

In conclusion, we demonstrate that GVS is a promising
pharmacological agent; its inhibitory activity against CSC
proliferation and self-renewal, accomplished with high potency
and efficacy, allows us to consider GVS as a novel possible
adjuvant approach for GBM treatment. The identification of
GVS as a drug specifically directed against CSCs could represent
a significant pharmacological alternative for GBM patients.
Moreover, our results suggest that, in light of the cellular and
biological complexity of GBM, GVS therapeutic efficacy could
be intensified by the association with autophagy inhibitors,
since these compounds could synergize and revert the resistance
to therapeutic interventions of CSCs, and reduce the drug
concentration required to achieve a significant tumor mass
reduction.
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Supplementary Figure 1 | GVS dose-response curves (0.1-2 1M) on
U87-MG, U138-MG, and T98G cell viability. Every 24 h, cell viability was
determined by MTT assay for up to 96 h. Experiments were performed in triplicate
and the percentage of viability was calculated vs. untreated control cell. Statistical
analysis was performed with ANOVA test followed by Dunnett’s post-hoc test (*p
< 0.05, **p < 0.01, **p < 0.001).

Supplementary Figure 2 | Trypan blue exclusion assay on GBM1 and
GBM2 CSCs. Analysis was performed after GVS (0.5, 1, 2 uM) exposure from 48
to 72 h (black columns represent cells number at Tp). Data represent the mean
and the SD of three independent replicates; (for dead cells: *p < 0.05, **p <
0.01, **p < 0.001, by ANOVA test followed by Dunnett’s post-hoc test).

Supplementary Figure 3 | Schematic representation of the experimental
plan of time-scale cell growth recovery test.

Supplementary Figure 4 | Cell growth recovery assay performed on GBM1,
GBM2, and GBM3 CSCs. Cells were treated with GVS (0.5 uM), for 24, 48, and
72 h. After each time of exposure, culture medium was replaced with a fresh one
devoid of GVS and cell viability was tested by MTT assay at T (time of medium
replacement), and after 24, 48, and 72 h. Histograms indicate the percentage of
cell survival compared to untreated control value at Tg (*p < 0.05; **p < 0.01,
**¥*p < 0.001, on ANOVA test followed by Dunnett’s post-hoc test).

Supplementary Figure 5 | GVS dose-response curves performed on (A)
differentiated GBM1 and GBM2 CSCs and (B) human umbilical
cord-derived MSCs. Cell viability was tested after 24-144 h of GVS treatment
(0.1-2 pM) and was determined by MTT assay. Experiments were performed in
triplicate and percentage of inhibition was calculated vs. untreated control.
Statistical analysis was performed with ANOVA test followed by Dunnett’s
post-hoc test (*p < 0.05, **p < 0.01).

Supplementary Figure 6 | MAP1LC3B expression in GBM1, GBM2, and
GBM3 CSCs. Cells were treated with GVS (1 uM) for 24, 48, and 72 h and
assayed for MAPTLC3B mRNA levels by Real time gPCR. Results are given as
relative mRNA expression, in arbitrary units of the ratio of the target RNA over
HPRT1 and TBP expression levels. Statistical analysis was performed with ANOVA
test followed by Dunnett’s post-hoc test. Bars represent the mean of three
independent experiments + SD (*p < 0.05; **p < 0.01).

Supplementary Figure 7 | CompuSyn software evaluation of the
synergistic effect of GVS in combination with bafilomycin-A1 in GBM
CSCs. Isobolograms of drug combination on GBM1, GBM2, and GBM3 CSC
viability after treatment for 48 and 72 h, are represented. Combination index (Cl) is
represented by symbols above (indicate antagonism between drugs) or below the
line (indicate synergy) and in the Table on the right.

Supplementary Figure 8 | Effect of deprivation of growth factors on GVS
activity in GBM CSCs. GBM1 and GBM2 CSCs were maintained in the absence
of growth factors for 60 h; after this period cells were treated with GVS (0.1, 0.25,
0.5, 1.0, and 2.0 uM) for further 48 h and viability was assessed by MTT assay. In
parallel the same study was performed on GBM1 and GBM2 maintained in
complete stem medium. Statistical analysis was performed with unpaired
two-tailed t-test (*p < 0.05, **p < 0.01;***p < 0.001). To confirm that deprivation
of growth factors really increases autophagy, immunoblotting analysis was
performed on cell lysates. LC3-1, LC3-II, and p62 protein levels were assayed
(right panels).

Supplementary Table 1 | Main clinical-pathological features of tumors,
and tumorigenic potential in mice of GBM-derived cell cultures enriched
in CSCs.

Supplementary Table 2 | Inhibition percentage value and statistical
significance of GVS antiproliferative effect on GBM CSCs. Data were
obtained from mean percentage of cell viability of treated cells vs. untreated
control cells for each concentration and time point of GVS exposure. Statistical
analysis was performed with ANOVA test followed by Dunnett’s post-hoc test;
*n < 0.05, ¥*p < 0.01, ¥**p < 0.001 (NS, non-significant; blank boxes, not
performed).
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Chapter 21

Visualizing RNA at Electron Microscopy by Terbium Citrate

Marco Biggiogera and Irene Masiello

Abstract

Although the EDTA regressive technique allows the visualization of RNPs, this widely used method is not
intended to be specific for RNA alone. A fine ultrastructural visualization of RNA on ultrathin sections can
be obtained with terbium citrate: this method gives a weak contrast but a very fine end product which
allows observations at a high resolution level.

The procedure is very simple since it consists only of a period of incubation and very short washes,
which are the crucial point of this technique to avoid the Tb removal from RNA. This method does not
require any special type of fixation and embedding.

Key words RNA staining, Terbium citrate, Cytochemistry, Electron microscopy, EDTA regressive
stain, Lanthanides

1 Introduction

Selective RNA staining at electron microscopy (EM) has been
pursued for a long time in the absence of a specific method: while
for DNA a Feulgen-type reaction existed as a selective and reliable
cytochemical procedure, no specific and selective procedure was
present for RNA, not even at light microscopy level.

The most commonly used approach was the EDTA regressive
staining for ribonucleoproteins [1] which, as clearly stated by the
author, was never intended for RNA alone. Some techniques were
proposed for the detection of both RNA and DNA [2—4]. By
applying these methods after the enzymatic removal of DNA, it
was possible to recognize only RNA on thin sections. In other
papers, RNA was detected by RNase—gold complexes [5], anti-
RNA antibodies or after the incorporation of labeled RNA precur-
sors. Platinum quinolone was proposed [6] but this approach has
shown several limitations.

The basic reason for this problem in revealing RNA lies in the
absence of any chemical group characteristic of RNA: the hydroxyl
group of the sugar in the DNA structure makes the difference for
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the reactivity toward hydrolysis while for RNA no such specific
markers are present.

Since data in literature described that lanthanide elements inter-
act with guanine sites at single-stranded nucleic acids [7, 8], a series
of experiments was carried out with lanthanides, a family of strictly
correlated chemical elements called rare earths. In trying to find a
reliable method for RNA, we have examined 134 different proce-
dures to bind an electron dense element as a marker of RNA. Many
of these elements were found to be useful in staining RNA (terbium,
ytterbium, europium, lutetium) but the most useful for electron
microscopy proved to be terbium (Tb): its chloride or nitrate form
almost does not give rise to staining. For this reason we applied a
substitution reaction [9], as in the case of lead citrate [10].

Terbium is capable of binding the RNA guanosine [7] with an
efficiency of about 16,000 fold with respect to DNA guanosine
[11]. The binding occurs usually within 30-60 min and reaches
saturation: therefore, overnight staining does not improve contrast
(unpublished results) and overstaining or unspecific staining is
avoided. On the other hand, pH proved to be critical: application
at pH below 7.5 does not result in staining. This staining method
can be applied on acrylic and epoxy sections, although with two
different procedures, and it is not dependent on the type of fixa-
tion (except for osmium); it can be used after embedding, immu-
nocytochemistry and EM in situ hybridization (EMISH).

This technique shows a weak contrast, even if the stained struc-
tures appear more contrasted after a few minutes of eye adaptation
but the staining is very fine allowing studies at high resolution.
With this approach perichromatin fibrils (PFs), perichromatin
granules (PGs), interchromatin granules (IGs) and the nucleolus
are contrasted in the nucleus while in the cytoplasm only ribo-
somes are stained. Actually, it is possible to see single RNA mole-
cules within PGs and ribosomes.

As control, enzymatic digestions are carried out: DNase or
pronase do not modify the staining, confirming that DNA and
proteins do not interfere with the result; RNase and Nuclease S1
digestions prevent the formation of an electron-dense product,
indicating that the staining depends on single strand RNA [9].

2 Materials

2.1 Sample
Preparation

2.1.1

Reagents

All kind of cells or tissues can be processed for EM to reveal specifi-
cally RNA through Tb-staining.

1. 67 mM Sorensen bufter pH 7.4: dissolve 11.88 g Na,HPO,-
2H,0 in 1 L of distilled water (Solution A); dissolve 9.08 g of
KH,PO, in 1 L of distilled water (Solution B); mix 81.8 mL of
Solution A and 18.2 mL of Solution B.
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of Terbium Citrate
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. 4% paraformaldehyde in Sorensen buffer pH 7.4; store at 4 °C

for 1-2 months (see Note 1).

. 2.5% glutaraldehyde in Sérensen buffer pH 7.4; store at 4 °C

for 1-2 months (see Note 1).

. 2% agar (necessary for pre-embedding isolated cells): dissolve 1 g

of agarose in 50 mL of warm distilled water and store at 4 °C.

. Graded ethanol or acetone in distilled water: 30%, 50%, 70 %,

90% and absolute ethanol or acetone; store at room
temperature.

. LRWhite resin: the activation of LRWhite resin is obtained

by adding 9.9 g of benzoyl peroxide in 500 mL of resin
under gentle agitation by magnetic stirrer (see Note 2);
store at 4 °C.

. EMbed-812 resin: mix under gentle agitation by magnetic stirrer

(see Note 2) 20 g of EMbed-812, 16 g of dodecenyl succinic
anhydride and 8 g of nadic methyl anhydride and finally add
1.2 mL of benzyl-dimethylamine under a fume hood; let the
reagent mix for at least 30 min (see Note 2) and store it at
—20 °C (thaw the resin for at least 20 min before use).

. Freshly double-distilled or ultrapure water.
. 1 N sodium hydroxide: dissolve 4 g of NaOH in 100 mL of

distilled water.

. 0.2 M terbium (III) nitrate: dissolve 435 mg of terbium (III)

nitrate in 5 mL of double-distilled or ultrapure water.

. 0.5 M sodium citrate buffer (for epoxy sections): dissolve

735 mg of trisodium citrate dihydrated in 5 mL of double-
distilled or ultrapure water; adjust the pH to 12 with 1 N
NaOH.

. 0.2 M sodium citrate buffer: dissolve 294 mg of trisodium

citrate dihydrated in 5 mL of double-distilled or ultrapure
water.

. Terbium citrate: stirring continuously, 0.2 M terbium nitrate

must be added dropwise to the 0.2 M sodium citrate—a white
precipitate is formed. The precipitate tends to dissolve at the
beginning and afterwards forms coarse precipitates and floc-
culates. Add then 1 N NaOH dropwise while gently stirring
until the precipitates dissolve completely (around pH 6.7-7.0):
the solution must become transparent. Finally, adjust the pH
to 8.2-8.5 with 1 N NaOH. Control the pH after 24 h to
readjust it if necessary (see Note 3). Store the solution in a
syringe fitted with a filter (see below): it is stable for several
weeks at room temperature.
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3 Equipment

. 0.22 pm pore filter.
. Plastic syringe and pipettes.

. Thin sections obtained using an ultramicrotome.

[ I S R

. 200 mesh gold, copper or nickel grids to collect the thin
sections.

5. Parafilm sheet to be used as a support for the staining
procedure.

6. Filter paper to dry the grids where indicated.

7. Transmission electron microscope to observe the stained
sections.

4 Methods

4.1 Sample The samples can be fixed either with 4% paraformaldehyde in

Processing Sérensen buffer for 2 h at 4 °C or in 2.5% glutaraldehyde in
Sorensen buffer for 2 h at room temperature. After the removal of
fixative with a pipette, the specimens are rinsed thoroughly with
Sorensen buffer first and then with PBS.

Pre-embedding in 2% agar in H,O is only necessary when
working with cells in suspension. Dehydration in graded ethanol or
acetone follows and the samples are respectively embedded either
in LRWhite or Epon resin.

Thin sections are collected on nickel, copper or gold grids
(see Note 4).

4.2 Staining 1. Place a 30 pL drop of 0.5 M sodium citrate pH 12 on the
Procedure Parafilm sheet.

421 For Epoxy Sections 2. Eloat the grid (sections facing down) on the drop of sodium
citrate for 1 h at room temperature (see Note 5).

3. Remove the excess of solution by blotting quickly the grid
with a filter paper: do not allow to dry.

4. Put a 50 pL drop of terbium citrate on the support.

5. Incubate the specimen (sections facing down) for 1 h at room
temperature on terbium citrate for the staining. In the meantime,
prepare two large drops of distilled water (100-150 pL). Do not
dry the grid with filter paper, so move the sample on the first
drop of water for 30 s and then on the other for 15 s without
blotting the grid between the two steps (see Note 6).

6. Dry the grid (see Note 7).

7. Observe the stained sections with an electron microscope
operating at 80 kV (see Note 8).
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1. Put a 50 pL drop of terbium citrate on the support.

. Stain the specimen with terbium citrate for 30 min at room

temperature (sections facing down).

. In the meantime, prepare two drops of 100-150 pL of distilled

water.

. Without blotting the grid after terbium staining, rinse it on the

first drop for 10 s and on the other for 5—do not blot the grid
between two washes (see Note 6).

. Dry the grid (see Note 7).

6. Observe the stained sections with an electron microscope

operating at 80 kV (see Fig. 1) (see Note 8).

5 Notes

. Check the possible presence of precipitates in the fixative

solutions: in this case, discard and prepare a fresh fixative.

. Avoid the formation of bubbles in the resin mixture since

they may remain during resin polymerization not allowing the
preparation of good sections.

. At pH lower than 8.0, precipitates are formed within 2—-3 days.

Therefore, it is very important to check the pH after 24 h and
the possible presence of precipitates before the use. The use of
a syringe fitted with a filter can help to remove particles.

. LRWhite sections have a higher inherent contrast, even if Epon

sections give good staining results since chromatin is devoid of
contrast. The staining can be performed on nickel, copper or
gold grids, equally. It is recommended to use thinner sections
(with silver-to-grey interference color) without formvar sup-
port which can decrease the contrast. An amorphous carbon-
film is advisable. The idea is to ameliorate the signal-to-noise
ratio in order to enhance contrast since Tb staining is a very
low contrast technique. Marinozzi rings are generally not used
for this cytochemical staining.

. Treatment with alkaline sodium citrate is necessary to avoid

the overnight incubation in terbium citrate using epoxy
sections.

. The critical step of this procedure is rinsing: the Tb-RNA bond

is weak and a long rinsing will remove the staining. For the
same reason, it is recommended not to blot the grid after ter-
bium staining or during the short washes to avoid Tb removal
from RNA. It was tested that an improvement in the retention
of staining can be achieved adjusting the water pH to 9-10
using 0.1 N NaOH: in these conditions, the staining appears
to be more stable and contrasted (unpublished data).



Fig. 1 RNA staining. Panel (a) rat liver, glutaraldehyde fixation, LR White embedding. The nucleolus and ribosomes
are stained while the peripheral condensed chromatin (arrows) exhibits only inherent contrast. Bar=500 nm.
(b) as in (a) but Epon embedding. Note the unstained chromatin areas (arrows). Bar=500 nm. (¢) a nucleolus
with an evident granular component. Bar =250 nm. (d) ribosomes with single RNA molecules interspersed (arrow-
heads). Bar=250 nm. (e) a cluster of interchromatin granules (IGs) and perichromatin fibrils (arrowheads).
Bar=250 nm. (f) anti-DNA immunolabelling followed by Tb staining. Note the perichromatin fibrils (arrowheads)
emerging from labeled DNA areas. Bar =250 nm. (g, h) Chironomus thummy salivary glands; Balbiani ring granules
with the tail labeled by a poly d(T) probe. Bar=100 nm
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7. A post staining with lead citrate for 5 s can increase the contrast
but it determines a complete loss of specificity.

8. During the direct observation, the unstained chromatin areas
(which are white) help the localization of the cells. In TEM
equipped with a digital image capture system the contrast
enhancement will help in localizing the stained molecules.
Although the contrast is weak, the negatives and printed micro-
graphs are satisfactory. Grids stained with Tb do not fade.
To our experience, sections stained under these conditions can
still be observed after 10-15 years.
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Chapter 19

Osmium Ammine for Staining DNA in Electron Microscopy

Irene Masiello and Marco Biggiogera

Abstract

The osmium ammine staining allows the specific detection of DNA in the cell nucleus and represents one
of the most used techniques for EM cytochemistry.

The procedure is a Feulgen-type reaction, consisting of an acid hydrolysis to obtain free aldehyde
groups on DNA followed by their binding to osmium ammine, a Schiff-type reagent. Osmium ammine is
polyamminic electron-dense compound commercially available.

Here, we describe the staining procedure for ultrathin sections and the different procedures for the
preparation of the reagent for acrylic and epoxy sections.

Key words DNA staining, Osmium ammine, Cytochemistry, Feulgen reaction, Schiff reagent,
Electron microscopy

1 Introduction

The greatest achievement of Alain Gautier, a pioneer in electron
microscopy (EM), is the translation of the Feulgen reaction to EM
level. Basically, the reaction described by Robert Feulgen in 1924
for light microscopy consists of two steps: first, an acid hydrolysis
leading to removal of purine bases from the deoxyribose, engen-
dering aldehyde groups; second, the reaction of free aldehyde
groups with the Schiff reagent resulting in specifically stained
DNA. The Schiff reagent must be activated by SO, [1] and have at
least one amino group which can bind the aldehydic one giving a
specific stain. Osmium ammine (OA) has been used as a Schiff-type
reagent for the specific DNA staining in ultrathin sections since it
fulfills the described requirements and, importantly, it is an elec-
tron dense compound which can be revealed at EM [2, 3]. More-
over, OA was proved to be specific and with high resolution [4, 5].

However, the preparation technique led to an almost 50%
failure rate. In 1989, Olins and coworkers synthesized a different
reagent, called Osmium Ammine-B, in a much simpler and repro-
ducible way [6]. The reagent is now commercially available and the

Carlo Pellicciari and Marco Biggiogera (eds.), Histochemistry of Single Molecules: Methods and Protocols, Methods in Molecular Biology,
vol. 1560, DOI 10.1007/978-1-4939-6788-9_19, © Springer Science+Business Media LLC 2017
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results are reproducible. Finally, a useful modification for preparing
the active reagent has been proposed by Vazquez-Nin and collabo-
rators [7]. The purpose of the latter paper was to avoid the use
of bubbling SO, (potentially dangerous) through the addition of
SO,-generating chemicals, as it is done for light microscopy. The
preparation method is not expensive, safe, simple and reproduc-
ible, giving the same results of the original technique.

Some controls can be performed to test the efficiency of this
staining method for EM cytochemistry both on acrylic sections and
epoxy ones: after the removal of DNA by DNase treatment prior to
HCI, no structures are stained by OA; treatment with dimedone in
1% acetic acid (1 h at 37 °C) after HCI and before OA suppresses
DNA staining by specifically blocking aldehyde groups [8].

After OA treatment of acrylic sections in the absence of HCI
hydrolysis DNA as well as RNA can be stained: this process involves
the binding of OA to the negative charges of nucleic acids and it is
related to the low pH of the staining solution [9]. Nevertheless,
this staining cannot be carried out on Epon sections. Interestingly,
avariation of the Feulgen reaction involving pyrimidines allows the
staining of DNA (unpublished data): the removal of pyrimidines
from DNA is obtained by incubating the samples with 1 N NaOH;
the Feulgen-type reagent binds the apypirimidinic sites staining
selectively DNA, as for the normal reaction.

The procedure described here provides two different protocols
for the preparation of the reagent using acrylic sections or epoxy
ones.

2 Materials

2.1 Sample
Preparation

2.1.1

Reagents

Any kind of cells or tissues can be processed for EM to reveal spe-
cifically DNA through OA-staining.

1. 67 mM Sorensen buffer pH 7.4: dissolve 11.88 g Na,HPO,-
2H,0 in 1 L of distilled water (Solution A); dissolve 9.08 g of
KH,PO, in 1 L of distilled water (Solution B); mix 81.8 mL of
Solution A and 18.2 mL of Solution B.

2. 4% paraformaldehyde in S6rensen buffer pH 7.4; store at 4 °C
for 1-2 months (sec Note 1).

3. 2.5% glutaraldehyde in Sérensen buffer pH 7.4; store at 4 °C
for 1-2 months (sec Note 1).

4. 2% agar (necessary for pre-embedding isolated cells): dissolve
1 g of agarose in 50 mL of warm distilled water and store
at 4 °C.

5. Graded ethanol or acetone in distilled water: 30%, 50%,
70%, 90% and absolute ethanol or acetone; store at room
temperature.



2.2 Preparation
of the Schiff-Type
Reagent, Osmium
Ammine-B

2.3 Equipment

6.
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LRWhite resin: the activation of LRWhite resin is obtained by
adding 9.9 g of benzoyl peroxide in 500 mL of resin under
gentle agitation by magnetic stirrer; store at 4 °C.

. EMbed-812 resin: mix under gentle agitation by magnetic stir-

rer 20 g of EMbed-812, 16 g of dodecenyl succinic anhydride
and 8 g of nadic methyl anhydride and finally add 1.2 mL of
benzyl-dimethylamine under a fume hood; let the reagent mix
for at least 30 min (see Note 2) and store it at —20 °C (thaw
the resin for at least 20 min before use).

It is necessary to always prepare a fresh solution of OA (see Note 3).

1.

[S2 0" “NIS I 8]

For acrylic sections: dissolve 10 mg of osmium ammine-B
(see Note 4) in 4.8 mL of double distilled water. After the
reagent has completely dissolved (see Note 3), add 200 pL of
5 N HCI (final concentration 0.2 N) and mix the solution; add
190 mg of sodium metabisulfite (final concentration 0.2 N)
and stir. The reagent is ready for use 30 min after dissolving
the sodium metabisulfite.

. For Epoxy sections: dissolve 10 mg of osmium ammine-B

(see Note 4) in 2.5 mL of double distilled water. After the
reagent has completely dissolved (see Note 3), add 2.5 mL of
glacial acetic acid (final concentration 8 N) and mix; then add
38 mg of sodium metabisulfite (final concentration 40 mM) and
stir. The solution is ready for use 30 min after dissolving the
sodium metabisulfite. Freshly prepared 5 N HCI (see Note 5)
and fresh distilled water are necessary.

. 5 N HCI: dilute 42 mL of 12 N HCI in 58 mL of distilled

water under a fume hood.

. 200 mesh gold grids or Marinozzi rings to place thin sections.
. Thin sections obtained using an ultramicrotome.
. Embryo dishes for the staining procedure.

. Filter paper to dry the grids during the procedure.

3 Methods

3.1 Sample
Processing

. The samples can be fixed either in 4% paraformaldehyde in

Sorensen buffer for 2 h at 4 °C or in 2.5% glutaraldehyde in
Sorensen buffer for 2 h at room temperature (see Note 6). After
the removal of fixative with a pipette, the specimens are rinsed
thoroughly with Sorensen buffer first and then with PBS.

. Pre-embedding in 2% agar in H,O is only necessary when

working with cells in suspension. Dehydration in graded etha-
nol or acetone follows. Finally, the samples are embedded
either in LRWhite or Epon resin.
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3.2 0A-Staining

of Sections

3.

Thin sections of 70-80 nm are collected on naked gold grids
(see Note 7). Alternately, the sections can be floated onto the
different solutions within Marinozzi rings and, after the final
rinsing, put on a formvar-coated grid which in this case can be
made of nickel or copper.

Carry out all passages at room temperature. The procedure is the
same using acrylic or epoxy sections.

1.

Fill an embryo dish with 5 N HCI and float the grid, sections
facing down, on the solution for 30-45 min (se¢ Note 8) to
allow the formation of free aldehyde groups (see Note 9).

2. Blot with a filter paper.

. After filling an embryo dish with distilled water, rinse the speci-

men pipetting 5-10 times.

. Rinse the sample three times for 2 min (see Note 10).
. Blot with a filter paper.

. Fill up an embryo dish with the solution of osmium ammine-B

and incubate the sample in the reagent solution for 1 h to stain
DNA (see Note 11) under the fume hood, since SO, fumes are
released.

. Dry quickly with a filter paper.
. After filling an embryo dish with distilled water, rinse the speci-

men thoroughly by pipetting (10-15 times). Wash the sample
three times for 5 min. Finally, let the specimen float on distilled
water at least for 20 min: pipetting is recommended using a
Pasteur (see Note 12).

. Dry the sections with a filter paper.
10.

Examine the stained grids with an electron microscope operat-
ing at 80 kV (Fig. 1).
The stain can penetrate through the entire section [9], thus

staining all the DNA embedded in its thickness (se¢ Note 13).

4 Notes

1.

2.

Check for possible presence of precipitates in the fixative solu-
tions: if any, discard and prepare a fresh fixative.

Avoid the formation of bubbles in the Epon mixture since they
may remain during resin polymerization not allowing the prep-
aration of good sections.

. The complete dissolution of osmium ammine-B avoids the for-

mation of its precipitates, which prevents the correct visualiza-
tion of the samples. For the same reason, freshly prepared
reagent solution is suggested.
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| .

Fig. 1 DNA staining. (a) Rat liver, PFA fixation, LR White embedding. 5 N HCI for 30 min, OA for 60 min. (b) Rat
liver, PFA fixation, Epon embedding. Staining as in (a). Note the thin DNA fibers inside the nucleolus which looks
electron lucent due to loss of proteins after hydrolysis. (c) HeLa cell, LR White embedding. At the periphery of
the condensed chromatin extremely thin fibers are visible. (d) Rat liver. Dimedone blockade of aldehyde groups
after 5 N HCI. The treatment with OA does not result in staining of DNA. (e) Mouse P815 cell, high pressure
freezing, cryosubstitution in Lowycryl K11M. Immunolabeling for histone H2B followed by 1N HCI for 10 min
and OA for 30 min. Barina, b, d,e=1 pm. Bar in ¢=500 nm
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4.

10.
11.

12.

13.

Since osmium ammine is an organometallic compound, it can
interact electrostatically with the walls of recipient used for
weighing. Therefore, it is recommended to use glass or paper
to avoid electrostatic interactions (which are enhanced by
plastic tubes).

. Since HCl is gaseous, its leakage from the solution during the

storage is possible changing the final concentration. Therefore,
fresh HCl is recommended to allow the activation of osmium
ammine-B and the correct removal of purine from DNA.

. PFA fixation is suggested: in fact, glutaraldehyde should be

avoided due to the high risk of free aldehyde groups. If neces-
sary, after glutaraldehyde fixation an incubation with 0.5 M
NH,CI in PBS for 30 min will block the free aldehyde groups
which will give rise to false positive staining (several washes
with H,O are necessary). It is possible to perform the blocking
reaction also after paraformaldehyde fixation.

. The formvar—carbon coat as well as nickel grids are degraded

by acid hydrolysis. Moreover, golden-plated grids increase the
possibility of section detachment during the procedure.

. The incubation time in HCl is dependent on the thickness of

the sections and on the biological material involved. Usually,
within the proposed range (30—45 min) there is little risk of
damaging the section by excessive depolymerization of DNA.

. When staining sections of isolated nuclei or high pressure fro-

zen, cryosubstituted material with no chemical fixation, care
must be taken for the hydrolysis step, eventually adjusting both
the concentration and time: 5 N can be reduced to 1 N and
30 min can be reduced to 10-15 min.

Results do not change by increasing the time of rinses or their pH.

For acrylic sections DNA is stained also in 15-30 min. This
staining method reaches saturation so the result does not
change increasing the time of incubation in OA.

By rinsing thoroughly and pipetting, one can remove possible
precipitates of OA given the tendency of this compound to
precipitate after the staining.

While the sections stained with the classical OA [3] are stable
and visible after years (at least 30), the sections treated with the
commercial reagent lack stability and the stain goes to the sur-
face of the section in form of roundish precipitates after at least
1 year. Epoxy sections appear more contrasted by osmium
ammine-B than by the reagent solution prepared according
to the original recipe while on acrylic sections both staining
methods give the same results.
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Abstract DNA methylation is the major epigenetic mod-
ification and it is involved in the negative regulation of
gene expression. Its alteration can lead to neoplastic
transformation. Several biomolecular approaches are
nowadays used to study this modification on DNA, but also
on RNA molecules, which are known to play a role in
different biological processes. RNA methylation is one of
the most common RNA modifications and 5-methylcy-
tosine presence has recently been suggested in mRNA.
However, an analysis of nucleic acid methylation at elec-
tron microscope is still lacking. Therefore, we visualized
DNA methylation status and RNA methylation sites in the
interphase nucleus of HeLa cells and rat hepatocytes by
ultrastructural immunocytochemistry and cytochemical
staining. This approach represents an efficient alternative to
study nucleic acid methylation. In particular, this ultra-
structural method makes the visualization of this epigenetic
modification on a single RNA molecule possible, thus
overcoming the technical limitations for a (pre-)mRNA
methylation analysis.
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Introduction

In eukaryotes DNA methylation is the major epigenetic
modification. It is mediated by DNA-methyltransferases
(DNMTs) at position 5 of cytosine followed by guanosine
(CpG island) and induces transcriptional gene silencing.
This modification is involved in regulation of gene
expression, X-chromosome inactivation, genomic imprint-
ing and chromosome stability [1, 2]. It also plays an
essential role in mammalian embryonic development [3].
Alterations of DNA methylation are known to occur in
several diseases [2], especially in cancer [4].

Different methods have been developed for the dis-
crimination of CpG methylation status [5]. Current
approaches can be essentially divided in separation tech-
niques [6] and restriction endonuclease-based [7] or
bisulfite conversion-based methods [8]. Moreover, DNA
microarray technology [9-11] and sequencing-based
approaches [12, 13] allow to obtain a complete epigenetic
profile. Global DNA methylation levels can also be
detected at fluorescence microscopy [14, 15]. Recently,
methylation-specific fluorescence in situ hybridization
(MeFISH) was developed for the visualization of DNA
methylation at specific sequences [16]. Although an elec-
tron microscope (EM) determination of DNA methylation
was carried out on plant programmed cell death (PCD)
process [17], an EM analysis of DNA methylation
dynamics and distribution is still lacking.

Several methods for DNA methylation analysis have
been adapted to detect modified nucleotides on RNAs
[18] and, to our knowledge, no data are available at EM
about RNA methylation. The role of RNAs as important
factors in different biological processes has become even
clearer [19]. About 100 post-transcriptional modifications
were found [20] among which RNA methylation is one of
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the most commonly, occurring in different types of RNAs
[21]. In particular, 5-methylcytosine (5SmC) is widely
studied: placed in the variable region and in the anticodon
loop, it stabilizes tRNA secondary structure affecting
Mg2+ binding and is involved in codon recognition [22];
in rRNA it seems to be implicated in tRNA identification
and peptidyl-transferase activity [23]. SmC has only been
recently suggested to be localized in the untranslated
regions of mRNA [22]. Its function is still unknown: due
to the proximity of mRNA methylation sites to the
binding ones of Argonaute protein (the central component
of miRNA/RISC complex), mRNA 5mC could be
involved in miRNA degradation pathway [24] but there is
no evidence about methylation involvement in mRNA
stability [22].

Here, we propose an analysis of nucleic acid methyla-
tion at transmission electron microscope (TEM) to
visualize DNA methylation status and RNA methylation
sites in cell interphase nuclei at the ultrastructural level.
This study has been carried out on different tissue and cell
models. Particularly, in liver samples the peripheral con-
densed chromatin regions are generally evident allowing to
better analyse DNA 5mC distribution. For the analysis of
RNA methylation, proliferating HeLa cells were also
chosen for their high transcription level.

Materials and methods
Cells, tissues and treatments
Cells in vitro

HeLa cells were grown in Dulbecco’s Minimal Essen-
tial Medium (DMEM) supplemented with 10% foetal
bovine serum, 1% glutamine, 100 U/mL penicillin and
streptomycin at 37 °C in a 5% CO, humidified
atmosphere.

For electron microscopy, the cells were grown in
25 cm? plastic flasks, detached by a mild trypsinization
and fixed with 4% paraformaldehyde in the culture
medium for 2 h at 4 °C to allow for a good preservation
of antigen integrity. The cells were then centrifuged at
2000 rpm for 10 min and rinsed thoroughly with phos-
phate buffered saline (PBS). They were incubated in
0.5 M NH,CI in PBS for 30 min at room temperature
(RT) to block free aldehyde groups and rinsed again with
several changes of PBS. The cell pellets were pre-em-
bedded in 2% Agar in H,O, dehydrated in graded ethanol
and embedded in LRWhite resin. Thin sections of
70-80 nm were obtained with a Reichert OM3 ultrami-
crotome and collected on formvar-carbon-coated nickel
grids (200 mesh).

@ Springer

Tissues

Samples from rat liver were fixed with 4% paraformalde-
hyde in Sérensen phosphate buffer pH 7.2 for 2 h at 4 °C
and then processed for ultrastructural histochemistry, as
described above.

Treatments

To label transcribed RNA, some cell samples were incubated
with 5 mM Fluoro-Uridine (FU; Sigma-Aldrich) for 15 min
at 37 °C [25, 26]. These samples were then processed for
ultrastructural cytochemistry, as previously described.

EM ultrastructural analysis
EM immunocytochemistry

The grids were floated on normal goat serum (NGS) diluted
1:50 in PBS for 5 min at RT and incubated with mouse
monoclonal or rabbit polyclonal anti-5SmC antibody (Gen-
eTex, GT4111; GeneTex, GTX128455) overnight at 4 °C.
The primary antibody was diluted 1:500 in PBS containing
0.1% Bovine Serum Albumin (BSA) and 0.05% Tween 20.
The samples were rinsed with PBS-Tween two times for
5 min and equally with PBS. After incubation in NGS, the
grids were treated with the specific secondary antibody
(Jackson ImmunoResearch) coupled with colloidal gold of
12 nm diluted 1:20 in PBS for 30 min at RT. The sections
were rinsed with PBS for 5 min twice and then with H,O.

Some sections were double labelled. In addition to anti-
SmC labelling, a rat anti-FU antibody (Techno Genetics)
and a chicken anti-hnRNPs antibody (courtesy of Dr.
T. Martin) binding to hnRNP core proteins [27] were used.
The primary antibodies were diluted 1:10 and 1:500,
respectively, in PBS/BSA/TWEEN20. Moreover, a mouse
anti-7  methylguanosine  (7mG; courtesy of Dr.
R. Liihrmann) [28] was used to recognize the 5’ cap of
mRNA: it was diluted 1:200 in PBS/BSA/TWEEN20. For
this double labelling a rabbit anti-SmC antibody diluted
1:500 in PBS/BSA/TWEEN20 was used. The anti-5mC
was recognized by the specific secondary antibody coupled
with colloidal gold of 6 nm (Jackson ImmunoResearch)
while other antigens were revealed with 12 nm specific
secondary antibodies (Jackson ImmunoResearch).

As a control of the specificity, some grids were incu-
bated in parallel in PBS/BSA/Tween20 mixture from
which the primary antibody was excluded and then pro-
cessed as above.

As a further control, some grids were incubated with
both DNase (500 U/mL) and RNase (1 mg/mL) or RNase
alone (1 mg/mL) for 2 h at 37 °C and Proteinase K (PK;
1 mg/mL) for 15 min at 37 °C.
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EM in situ hybridization

Electron microscope in situ hybridization (EMISH) was
performed to recognize the poly(A) tail of mRNA. The
sections were incubated with a pre-hybridization solution
containing 20% baker RNA, 20% dextran and 4x saline
sodium citrate (SSC) for 15 min at RT to allow the fol-
lowing hybridization for 3 h at 37 °C. The hybridization
mixture was prepared by adding biotin-labelled poly-
d(T) probe (Sigma-Aldrich) to the pre-hybridization solu-
tion to give a final concentration of 1 pM of the
oligonucleotide. The grids were floated onto 4x SSC for
5 min two times at 37 °C; stringency washings were done
in 4x SSC, 2x SSC and 1x SSC at RT. The incubation
with NGS (1:100 in PBS) for 3 min was followed by the
anti-biotin antibody coupled with 10-nm colloidal gold
(Aurion) for 30 min at RT (1:10 in PBS). The samples
were rinsed with PBS and H,O several times.

Immuno-labelling using anti-5SmC antibody was per-
formed on these samples, as described above, identifying
the SmC by a 6 nm gold secondary antibody.

Staining procedures

Sections were stained for ribonucleoproteins (RNPs) or
nucleic acids with one of the following procedures:

(a) regressive EDTA technique for RNPs [29]: the grids
were incubated in uranyl acetate for 2 min, in EDTA
for 30 s to remove uranyl from DNA and finally in
lead citrate for other 2 min;

(b) terbium citrate for RNA [30, 31]: the specimens were
floated on terbium citrate drops for 30 min and
quickly washed in H,O for 10 and then 5 s—this
staining method gives a very low contrast despite its
accuracy;

(¢) osmium ammine for DNA [32, 33]: the sections were
hydrolyzed with 5 N HCI for 30 min, washed with
H,O several times, incubated in osmium ammine
(Polysciences, Inc.) for 1 h and rinsed thoroughly
with H,O.

After the enzymatic digestion the specimens were stained
with uranyl acetate (2 min) and lead citrate (2 min) only.

All the samples were observed on a Zeiss EM900
electron microscope operating at 80 kV.

Statistical analysis

The statistical analysis was performed to confirm the
results of enzymatic digestions. Ten nuclei were selected
showing similarities in size and condensed chromatin
areas. The operator counted the gold grains on the con-
densed chromatin regions in hepatocyte nuclei without any

treatment and after PK digestion or DNase and RNase
digestion.

The data were organized and analyzed in Excel; a ¢ test
was carried out between the untreated sample and each
sample after enzymatic digestion.

Results
DNA methylation analysis

EM immuno-gold labelling of thin sections from rat liver
showed the localization of SmC on the condensed chro-
matin. The areas of condensed chromatin near the nuclear
envelope are bleached by the EDTA staining technique.
The labelling is mainly present near the surface of chro-
matin, facing the inner part of the nucleus (Fig. la). An
abundant SmC labelling is also detectable on the nucleolus
associated chromatin (Fig. 1b). Few gold grains are visible
on the nucleolus itself. After specific DNA staining with
osmium ammine and 5mC labelling, the signal was more
clearly visible on chromatin areas both at the periphery of
the nucleus (Fig. Ic) and surrounding the nucleolus
(Fig. 1d). The scanty labelling on the nucleolus can be
referred to methylated DNA fibres (arrow) or possibly to
methylated rRNA, in the cases where no DNA is visible
nearby.

To further confirm the localization of the S5mC
immunolabelling on DNA, the results of enzymatic
digestions were considered. The signal continued to be
present after PK digestion (Fig. 2a), thus demonstrating
that proteins did not contribute to the labelling but their
removal seemed to increase the yield. This could be due to
the unmasking of epitopes before covered by proteins. The
labelling pattern, however, remained the same, i.e., more
present at the chromatin surface. The immunopositivity, on
the contrary, drastically decreased from chromatin areas
after digestion of both DNA and RNA (Fig. 2b). The sta-
tistical analysis confirmed the significant immuno-gold
labelling increase after PK digestion and reduction after
DNase and RNase treatment (Fig. 3).

When considering the EM feature of a cell nucleus,
according to the data in literature [34], one can arbitrarily
subdivide the condensed chromatin areas in three regions
(Fig. 4): zone 1_peripheral region near the nuclear envel-
ope; zone 2_a central region; zone 3_inner peripheral
region toward the interchromatin space. The analysis of
hepatocyte nuclei seemed to reveal a particular distribution
of 5SmC labelling, changing from the surface of condensed
chromatin to the nuclear envelope. The SmC labelling was
generally abundant on the zone 3 while its density gradu-
ally decreased towards the nuclear envelope (zone 1),
where the signal was often absent (Fig. 5).
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Fig. 1 a, b The samples are
stained with EDTA regressive
technique for RNPs. 5SmC
labelling is localized on
condensed chromatin region,
delimited by the hatching, near
the nuclear envelope (a) and
around the nucleolus (b). A
constant SmC labelling is also
present in the perichromatin
region where transcription
normally occurs. Rat liver; 150
and 250 nm, respectively. ¢,

d After the specific DNA
staining with osmium ammine,
5mC labelling is observed more
clearly on condensed DNA
nearby the nuclear envelope

(¢) and around the nucleolus (d).
In d, some gold grains inside the
nucleolus and lying on thin
DNA fibres (arrow) have been
detected. Rat liver; 200 and
150 nm, respectively

it i o R

Fig. 2 a Digestion by proteinase K was carried out to demonstrate
that proteins did not contribute to the labelling: in fact, the SmC signal
continues to be present after the removal of proteins, reproducing the
distribution also in the perichromatin regions. Heterochromatin
appears unstained. Rat liver; 200 nm. b After removal of both DNA

@ Springer

and RNA, the labelling is significantly decreased on chromatin and in
the perichromatin region, confirming that the signal depends on DNA
but also on nascent RNA molecules confined in the sites of active
transcription. Mouse liver; 200 nm
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Fig. 3 The statistical analysis of the number of gold grains of the
5mC immuno-gold labelling on condensed chromatin areas reveals a
significant difference in the hepatocyte nuclei before and after the
specific enzymatic digestion. The PK digestion significantly increases
the immuno-gold labelling thus demonstrating not only that proteins
do not contribute to the signal but also that the yield of the immuno-
reaction could be increased removing chromatin associated pro-
teins (p < 0.01). After the removal of both DNA and RNA the gold
grains are significantly reduced on the condensed chromatin regions
confirming that the signal depends on DNA (p < 0.01)

C
y Nu

Fig. 4 The condensed chromatin areas are arbitrarily subdivided in
three regions according to EM feature of a cell nucleus. Zone 1: it is
the peripheral region nearby the nuclear envelope. Zone 2: this is the
central region of condensed chromatin area, changing the zone 1 in
the last region. Zone 3: the inner region toward the interchromatin
space represents the superficial part of the condensed chromatin area;
it is surrounded by the perichromatin region. The artwork was
realized by Paint Shop Pro 7

5mC detection on RNA fibrils and RNA-containing
granules

Interestingly, we found a constant and not negligible SmC
signal at the border of heterochromatin areas (Fig. 1a), in
the so called perichromatin region where transcription by
RNA polymerase II (Pol II) normally occurs [35]. SmC
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Fig. 5 5mC labelling on the condensed chromatin changes moving
towards the nuclear envelope. The chromatin appears less stained
after EDTA technique. At the surface of the heterochromatin (zone 3),
the gold grains (12 nm) are abundant gradually decreasing in the zone
2; nearby the nuclear envelope (zone 1) they are almost absent. Rat
liver; 250 nm

labelling in the perichromatin region was difficult to detect
after a RNase treatment alone (not shown) and in combi-
nation with DNase (Fig. 2b).

After EDTA staining, RNPs were preferentially con-
trasted. In Fig. 6a, the gold labelling for SmC was present
over RNA fibrils. When terbium staining was used, only
RNA is contrasted in the specimen. SmC can be labelled on
the stained RNA fibril (Fig. 6b). To further confirm the
presence of 5SmC on nascent RNA fibrils, we performed an
immunolabelling after an RNA precursor incorporation. In
Fig. 6¢, a double labelling for SmC and FU is shown.
Several double labelled PF were found, thus showing that
RNA methylation can occur precociously. Moreover,
double labelling for SmC and hnRNP core proteins was
found to be present on PF (Fig. 6d): hnRNPs are consid-
ered markers of PF as in situ forms of nascent transcripts
[36]. Despite the presence of SmC on nascent RNA fibrils,
the modified nucleotide was also detected on perichromatin
granules (PG; Fig. 6e). To corroborate our finding, double
labelled PG for SmC and hnRNPs were also found several
times (Fig. 6f). PG are considered to be a form of stored
mRNA leaving the nucleus later [37]. We found labelled
PF both near the nuclear pore and in the cytoplasm close to
ribosomes (not shown). These data could suggest that this
modification is not only an early event, but it remains
during the RNA fibril lifespan.

RNA perichromatin fibrils were double labelled for SmC
and 7-methylguanosine (Fig. 6g). Even if this capping is
present on other RNA products of Pol II, it is considered
specific for mRNA. Finally, the poly(A) tail was
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Fig. 6 a 6 nm gold labels SmC on RNA fibril stained with EDTA
technique (12 nm gold grains label FU): PF are indicated by arrows.
HeLa cell; 50 nm. b After terbium staining, SmC is revealed by a
12 nm secondary antibody on PF (arrows). HeLa cell; 50 nm. ¢ After
EDTA staining, FU (12 nm) and 5SmC (6 nm) colocalize on a nascent
RNA fibril, indicated by arrows, suggesting methylation as an early
modification on a nascent transcript. HeLa cell; 50 nm. d Terbium
stained PF (arrows) are labelled both by anti-hnRNPs antibody
(12 nm) and anti-5mC antibody (6 nm). HeLa cell; 50 nm. e The
arrowheads show the 6 nm 5mC signal on PG, stained specifically
with terbium citrate. As forms of (pre-)mRNA, labelled PG confirm

recognized by in situ hybridization while SmC was labelled
immunocytochemically: the poly(A) tail and 5SmC fre-
quently colocalized (Fig. 6h). As well as 7mG, poly(A) tail
is one of mRNA marker despite its presence on other Pol II
products. Taken together, 7mG and poly(A) labelling
strongly suggest (pre-)mRNA as the target.

@ Springer

the methylation of this subset of RNA. HeLa cell; 50 nm. f PG double
labelled for both 5SmC and hnRNPs were found. Rat liver; 50 nm. g A
perichromatin fibril (arrows) is detected in the perichromatin region
near the nuclear pore by EDTA staining: it is labelled both by anti-
SmC (6 nm) and anti-7mG (12 nm) demonstrating that (pre-) mRNA
could be methylated. Rat liver; 50 nm. h 5mC immunopositivity is
detected on poly-adenylated RNA fibrils: in the squares 5mC is
labelled by 6 nm gold while poly(A) tail by 12 nm grain. This
colocalization seems to confirm mRNA methylation. HeLa cell;
50 nm

Discussion

This paper describes a different approach for the analysis
of nucleic acid methylation. So far, to our knowledge, no
data are available on the detection at electron microscope
of DNA methylation and especially of RNA modification.
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The EM analysis of DNA methylation represents an
effective method for characterizing SmC distribution on
DNA. This analysis also allows its localization in the dif-
ferent regions of condensed chromatin. Since the latter are
characterized by a different functionality in terms of tran-
scription, SmC detection could be of interest in correlating
DNA modifications, chromatin structure and chro-
matin functionality. Although until now this modification
was considered to directly silence genes involving DNA-
binding proteins [38, 39] and to lead to a more compact
chromatin structure [40], recent works have revealed that
5SmC increases DNA stiffness through the restriction of the
conformational fluctuations caused by the methyl group.
This fact explains the suppression of DNA looping by 5SmC
and the consequent loosening of DNA ends around a
nucleosome [41]. Moreover, other works have excluded that
this modification is the predominant pathway for gene
silencing [42]. Here, we showed that the more peripheral
condensed regions of chromatin, transcriptionally inactive,
are almost unlabelled for SmC. The more superficial region,
on the contrary, is the most labelled. This EM gradient dis-
tribution could be the starting point for elucidating the role of
SmC in chromatin condensation/functionality in the new
light of what previously cited in the literature.

Finally, EM immunolabelling could be used to detect
different level of DNA methylation through a semi-quan-
titative analysis. In this view, a DNA methylation analysis
at TEM could be conducted in tumour cell lines to verify
the possible effect of a specific treatment.

As for RNA, we have found 5SmC labelled and terbium
stained fibrils in the perichromatin region, in close prox-
imity to the condensed chromatin area where transcription
occurs [35]. This prompted us to hypothesize that SmC
modification could be an early event. To confirm this, we
used FU incorporation to label nascent RNA and hnRNP
core proteins labelling as a marker of PF. The identification
of double labelled and RNA-specifically stained PF sup-
ports that RNA methylation is not only an early event but
probably occurs cotranscriptionally.

Since in this thin perichromatin region the RNAs are
synthesized by Pol II [35], we decided to verify if it could
be possible to detect SmC presence on (pre-)mRNA by
TEM because this modified nucleotide was recently
detected on mRNA [24]. Nascent PF were co-labelled for
5SmC and 7mG and poly-adenylated RNA fibrils were also
methylated. The spatial localization of PF, the double
labelling and the relative abundance of each Pol II product
strongly suggest that the majority of the SmC-labelled PF
pertain to (pre-)mRNA.

Moreover, we found 5mC labelling on PG which are
known as forms of (pre-)ymRNA [37] and to contain poly-
adenylated RNAs [43]. They are present in all cells and
most probably represent a storage form of (pre-)mRNA

which will leave the nucleus at a later time [37]. In this
view, RNA methylation is also a long-lasting RNA modi-
fication. This data is supported by the finding of labelled PF
in close proximity of the nuclear pore or ribosomes in the
cytoplasm which might indicate that methylated RNAs
could be exported from the nucleus whereby this modifi-
cation remains present during the total RNA lifespan.

In conclusion, this TEM study allows the detailed
visualization of a single RNA molecule verifying its pos-
sible  epigenetic  modification  via  ultrastructural
immunocytochemistry. This approach represents an in situ
biomolecular characterization of RNA methylation at high
resolution level which could have several applications in
epigenetic research.

Acknowledgements The authors are grateful for the technical
assistance of Ms. Francine Flach and Ms. Paola Veneroni and for the
critical review of the manuscript of Prof. Carlo Pellicciari and Prof.
Antonella Forlino.

Compliance with ethical standards

Funding This work was supported by Fondi di Ateneo per la Ricerca
(F.AR. 2013-2014) from the University of Pavia.

Integrity of research The experiments described in this manuscript
comply with the current Italian laws.

Conflict of interest The authors declare that no competing interests
exist.

References

—_

. Hendrich B, Bird A (1998) Identification and characterization of
a family of mammalian methyl-CpG binding proteins. Mol Cell
Biol 18:6538-6547
2. Robertson KD (2005) DNA methylation and human disease. Nat
Rev Genet 6:597-610

3. Li E, Bestor TH, Jaenisch R (1992) Targeted mutation of DNA
methyltransferase gene results in embryonic lethality. Cell
69:915-926

4. Bird AP (1996) The relationship of DNA methylation to cancer.
Cancer Surv 28:87-101

5. Harrison A, Parle-McDermott A (2011) DNA methylation: a
timeline of methods and applications. Front Genet 2:74. doi:10.
3389/fgene.2011.00074
6. Gehrke CW, McCune RA, Gama-Sosa MA, Ehrlich M, Kuo KC
(1984) Quantitative reversed-phase high-performance liquid
chromatography of major and modified nucleosides in DNA.
J Chromatogr 301:199-219

7. Bestor TH, Hellewell SB, Ingram VM (1984) Differentiation of
two mouse cell lines is associated with hypomethylation of their
genomes. Mol Cell Biol 4:1800-1806

8. Frommer M, McDonald LE, Millar DS, Collis CM, Watt F, Grigg
GW, Molloy PL, Paul CL (1992) A genomic sequencing protocol
that yields a positive display of 5-methylcytosine residues in
individual DNA strands. Proc Natl Acad Sci USA 89:1827-1831

9. Huang TH, Perry MR, Laux DE (1999) Methylation profiling of

CpG islands in human breast cancer cells. Hum Mol Genet

8:459-470

@ Springer


http://dx.doi.org/10.3389/fgene.2011.00074
http://dx.doi.org/10.3389/fgene.2011.00074

I. Masiello, M. Biggiogera

10.

11.

15.

17.

20.

21.

22.

24.

25.

26.

Gitan RS, Shi H, Chen CM, Yan PS, Huang TH (2002) Methy-
lation-specific oligonucleotide microarray: a new potential for
high-throughput methylation analysis. Genome Res 12:158-164
Weber M, Davies JJ, Wittig D (2005) Chromosome-wide and
promoter-specific analyses identify sites of differential DNA
methylation in normal and transformed human cells. Nat Genet
37:853-862

. Cokus SJ, Feng S, Zhang X, Chen Z, Merriman B, Haudenschild

CD, Pradhan S, Nelson SF, Pellegrini M, Jacobsen SE (2008)
Shotgun bisulfite sequencing of the Arabidopsis genome reveals
DNA methylation patterning. Nature 452:215-219. doi:10.1038/
nature06745

. Maunakea AK, Nagarajan RP, Bilenky M, Ballinger TJ, D’Souza

C, Fouse SD, Johnson BE, Hong C, Nielsen C, Zhao Y, Turecki
G, Delaney A, Varhol R, Thiessen N, Shchors K, Heine VM,
Rowitch DH, Xing X, Fiore C, Schillebeeckx M, Jones SJ,
Haussler D, Marra MA, Hirst M, Wang T, Costello JF (2010)
Conserved role of intragenic DNA methylation in regulating
alternative promoters. Nature 466:253-257. doi:10.1038/
nature09165

. Santos F, Hendrich B, Reik W (2002) Dynamic reprogramming

of DNA methylation in the early mouse embryo. Dev Biol
241:172-182
Kobayakawa S, Miike K, Nakao M, Abe K (2007) Dynamic
changes in the epigenomic state and nuclear organization of
differentiating mouse embryonic stem cells. Genes Cells
12:447-460

. Li Y, Miyanari Y, Shirane K, Nitta H, Kubota T, Ohashi H,

Okamoto A, Sasaki H (2013) Sequence-specific microscopic
visualization of DNA methylation status at satellite repeats in
individual cell nuclei and chromosomes. Nucleic Acids Res
41:e186. doi:10.1093/nar/gkt766

Solis MT, Chakrabarti N, Corredor E (2014) Epigenetic changes
accompany developmental programmed cell death in tapetum
cells. Plant Cell Physiol 55:16-29. doi:10.1093/pcp/pct152

. Hussain S, Aleksic J, Blanco S, Dietmann S, Frye M (2013)

Characterizing 5-methylcytosine in the mammalian epitranscrip-
tome. Genome Biol 14:215. doi:10.1186/gb4143

. Sharp PA (2009) The centrality of RNA. Cell 136:577-580.

doi:10.1016/j.cell.2009.02.007

Liu N, Pan T (2015) RNA epigenetics. Transl Res 165:28-35.
doi:10.1016/j.trs1.2014.04.003

Kellner S, Burhenne J, Helm M (2010) Detection of RNA
modifications. RNA Biol 7:237-247

Liu J, Jia G (2014) Methylation modifications in eukaryotic
messenger RNA. J Genet Genomics 41:21-33. doi:10.1016/j.jgg.
2013.10.002

. Motorin Y, Lyko F, Helm M (2010) 5-Methylcytosine in RNA:

detection, enzymatic formation and biological functions. Nucleic
Acids Res 38:1415-1430. doi:10.1093/nar/gkp1117

Squires JE, Patel HR, Nousch M (2012) Widespread occurrence
of 5-methylcytosine in human coding and non-coding RNA.
Nucleic Acids Res 40:5023-5033. doi:10.1093/nar/gks144
Dundr M, Raska I (1993) Nonisotopic ultrastructural mapping of
transcription sites within the nucleolus. Exp Cell Res
208:275-281

Trentani A, Testillano PS, Risuefio MC, Biggiogera M (2003)
Visualization of transcription sites at electron microscope. Eur J
Histochem 47:195-200

@ Springer

27.

28.

29.

30.

31.

32.

33.

Jones RE, Okamura CS, Martin TE (1980) Immunofluorescent
localization of the proteins of nuclear ribonucleoprotein com-
plexes. J Cell Biol 86:235-243

Bochnig P, Reuter R, Bringmann P, Lithrmann R (1987) A
monoclonal antibody against 2,2,7-trimethylguanosine that reacts
with intact, class U, small nuclear ribonucleoproteins as well as
with  7-methylguanosine-capped RNAs. Eur J Biochem
168:461-467

Bernhard W (1969) A new staining procedure for electron
microscopical cytology. J Ultrastruct Res 27:250-265
Biggiogera M, Fakan S (1998) Fine structural specific visual-
ization of RNA on ultrathin sections. J Histochem Cytochem
46:389-395

Biggiogera M, Masiello I (2017) Visualizing RNA at electron
microscopy by terbium citrate. In: Pellicciari C, Biggiogera M
(eds) Histochemistry of single molecules, Ist edn. Springer,
Pavia, pp 277-283

Vazquez-Nin GH, Biggiogera M, Echeverria OM (1995) Acti-
vation of osmium ammine by SO,-generating chemicals for EM
Feulgen-type staining of DNA. Eur J Histochem 39:101-106
Masiello I, Biggiogera M (2017) Osmium ammine for staining
DNA in electron microsocopy. In: Pellicciari C, Biggiogera M
(eds) Histochemistry of single molecules, Ist edn. Springer,
Pavia, pp 261-267

34. Cmarko D, Verschure PJ, Otte AP, van Driel R, Fakan S (2003)

35.

37.

38.

39.

40.

41.

42.

43.

Polycomb group gene silencing proteins are concentrated in the
perichromatin compartment of the mammalian nucleus. J Cell Sci
116:335-343

Cmarko D, Verschure PJ, Martin TE, Dahmus ME, Krause S, Fu
XD, Van Driel R, Fakan S (1999) Ultrastructural analysis of
transcription and splicing in the cell nucleus after BrUTP-mi-
croinjection. Mol Biol Cell 10:211-223

. Fakan S (1994) Perichromatin fibrils are in situ forms of nascent

transcripts. Trends Cell Biol 4:86-90

Fakan S (2004) The functional architecture of the nucleus as
analysed by ultrastructural cytochemistry. Histochem Cell Biol
122:83-93. doi:10.1007/s00418-004-0681-1

Holliday R, Pugh JE (1975) DNA modification mechanisms and
gene activity during development. Science 187:226-232

Riggs AD (2002) X chromosome inactivation, differentiation,
and DNA methylation revisited, with a tribute to Susumu Ohno.
Cytogenet Genome Res 99:17-24

Geiman TM, Robertson KD (2002) Chromatin remodeling, his-
tone modifications, and DNA methylation-how does it all fit
together? J Cell Biochem 87:117-125

Ngo TTM, Yoo J, Dai Q, Zhang Q, He C, Aksimentiev A (2016)
Effects of cytosine modifications on DNA flexibility and nucle-
osome mechanical stability. Nat Commun 7:10813. doi:10.1038/
ncomms10813

Ooi SK, Qiu C, Bernstein E, Li K, Jia D, Yang Z, Erdjument-
Bromage H, Tempst P, Lin SP, Allis CD, Cheng X, Bestor TH
(2007) DNMTS3L connects unmethylated lysine 4 of histone H3
to de novo methylation of DNA. Nature 448:714-717

Visa N, Puvion-Dutilleul F, Harper F, Bachellerie JP, Puvion E
(1993) Intranuclear distribution of poly(A) RNA determined by
electron microscope in situ hybridization. Exp Cell Res
208:19-34


http://dx.doi.org/10.1038/nature06745
http://dx.doi.org/10.1038/nature06745
http://dx.doi.org/10.1038/nature09165
http://dx.doi.org/10.1038/nature09165
http://dx.doi.org/10.1093/nar/gkt766
http://dx.doi.org/10.1093/pcp/pct152
http://dx.doi.org/10.1186/gb4143
http://dx.doi.org/10.1016/j.cell.2009.02.007
http://dx.doi.org/10.1016/j.trsl.2014.04.003
http://dx.doi.org/10.1016/j.jgg.2013.10.002
http://dx.doi.org/10.1016/j.jgg.2013.10.002
http://dx.doi.org/10.1093/nar/gkp1117
http://dx.doi.org/10.1093/nar/gks144
http://dx.doi.org/10.1007/s00418-004-0681-1
http://dx.doi.org/10.1038/ncomms10813
http://dx.doi.org/10.1038/ncomms10813

	Ultrastructural localization of 5-methylcytosine on DNA and RNA
	Abstract
	Introduction
	Materials and methods
	Cells, tissues and treatments
	Cells in vitro
	Tissues
	Treatments

	EM ultrastructural analysis
	EM immunocytochemistry
	EM in situ hybridization
	Staining procedures

	Statistical analysis

	Results
	DNA methylation analysis

	5mC detection on RNA fibrils and RNA-containing granules
	Discussion
	Acknowledgements
	References


