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ABSTRACT

Saccharomyces cerevisiae is widely used as a eukaryotic model because of its fast growth
and high degree of conservation with regard to mammals. The most common mode of
vegetative growth in S. cerevisiae is asexual reproduction by budding. However, under
high-stress nutrient starvation, diploid cells are induced to undergo meiosis and
sporulation forming four haploid cells. These events are highly regulated to ensure cell
survival. In these lines, specific patterns of gene expression are crucial to guarantee the
correct induction of meiosis.

One of the most important steps during gene expression is the synthesis of all
mRNAs carried out by the RNA polymerase II (RNAPII), which is a multiprotein
complex that forms the core of the transcription machinery. In addition to RNAPII, a
wide range of transcription factors and protein complexes are required for targeting
RNAPII to upstream gene promoters and begin transcription.

One of them is the polymerase associated factor complex (PAF1c). PAFlc is
formed by 5 subunits and it is required for the monoubiquitination of histone H2B and
the methylation of H3K4, two of the most important epigenetic modifications in
histones. Interestingly, PAF1c is not only important for transcription during vegetative
growth, but mutations in some subunits indicate it to be also important in the formation
of double-stranded breaks (DSBs) of meiotic chromosomes, an important event that

occurs in prophase I.

The aim of this project is to do a bibliographical study of the moonlighting
functions of proteins involved in transcription, which have been recently discovered to
participate in early meiotic events as well as some epigenetic modifications implied in
this process. An in silico interactome between PAFlc and a protein involved in H2B
ubiquitination and H3K4 methylation, Mogl, is constructed to establish some
connections between regulation and meiosis. Last, the study of these proteins and
complexes in yeast is useful because human orthologs can be found overexpressed in
some cancers, like parathyroid carcinome (PC) and other development pathologies.
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RESUMEN

Saccharomyces cerevisine es ampliamente utilizada como modelo eucariota debido a su
rapido crecimiento y alto grado de conservacion con respecto a los mamiferos. El modo
de crecimiento vegetativo mds comun en S. cerevisiae es la reproduccion asexual por
gemacion. Sin embargo, bajo condiciones de estrés por falta de nutrientes, las células
diploides son inducidas a sufrir meiosis y esporulacion formando cuatro células
haploides. Estos eventos estan altamente regulados para garantizar la supervivencia
celular, siendo los patrones especificos de expresidon génica cruciales para la induccidon
correcta de la meiosis.

Uno de los pasos mds importantes durante la expresion génica es la sintesis de
todos los ARNm realizada por la ARN polimerasa II (RNAPII), complejo multiproteico
que forma el ndcleo de la maquinaria de transcripcion. Ademds de la RNAPII, se
requiere una amplia gama de factores de transcripcion y complejos de proteinas para
dirigir la RNAPII a los promotores génicos y comenzar la transcripcion.

Uno de ellos es el complejo de factores asociados a la polimerasa (PAF1c). PAF1c
estd formado por 5 subunidades y es requerido para la monoubiquitinacion de la histona
H2B y la metilacion de H3K4, dos de las modificaciones epigenéticas mdas importantes
en las histonas. Curiosamente, PAFlc no solo es importante para la transcripcion
durante el crecimiento vegetativo, sino que mutaciones en algunas subunidades indican
que también es importante en la formacion de rupturas bicatenarias (DSB) de
cromosomas meidticos, un evento importante que ocurre en la profase I.

El objetivo de este proyecto es hacer un estudio bibliografico de las funciones de
las proteinas involucradas en la transcripcion, que recientemente se ha descubierto que
participan en eventos meidticos tempranos, asi como algunas modificaciones
epigenéticas implicadas en este proceso. Se construye un interactoma in silico entre
PAF1c y una proteina implicada en la ubiquitinacion de H2B y la metilacion de H3K4,
Mog]l, para establecer algunas conexiones entre la regulacion y la meiosis. Por altimo, el
estudio de estas proteinas y complejos en la levadura resulta til porque los ortdlogos
humanos se pueden sobreexpresar en algunos tipos de cancer, como el carcinoma
paratiroideo (PC) y otros trastornos del desarrollo.
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1. Introduction

Human molecular and genetic complexity increase the need of other models to be
studied. Saccharomyces cerevisiae, also called budding yeast, is a small, single-celled
member of the kingdom of fungi, closely related to animals. There are some properties
that make them favourite as a model organism (Nielsen, 2019):

e Ease to grow in a simple nutrient medium.

e Rapid division like bacteria, either with a vegetative (by cell division), or sexual
reproduction (by mitosis or meiosis).

e Tough cell wall and possession of mitochondria.

e Small genome sequenced in 1996 (first eukaryote sequenced).

e High degree of conservation between human and yeast processes.

The relevance of studying fundamental questions in yeast is noted by Nobel Prize
winners. Among others, Oshumi discovered in 2016 some mechanisms of autophagy
and Hartwell, Nurse and Hunt described in 2001 key regulators of the cell cycle
(Hohmann, 2016). All of them won the Nobel Prize using yeasts. Understanding and
clarifying some molecular mechanisms allows a better study in human diseases like
cancer, promoting new advances in drug technologies and immunotherapies (Ferreira
et al., 2019).

The main aim of this work is to review the novel role of the PAF1c during meiotic
recombination, but first, a summary of its role in transcription is required.

1.1. An overview of yeast transcription

Each individual has its own instructions for living, growing and reproducing. These
instructions are written in genes, which are organized into very long DNA molecules.
As there is a lot of information, DNA molecules are packaged into chromosomes. S.
cerevisiae contains 6,275 genes organized in 16 chromosomes. In eukaryotes, DNA is also
packed around a core histone octamer (containing two copies of histones H2A, H2B, H3
and H4) called nucleosome (Kornberg, 1974).

Instructions are written using four letters or bases: adenine (A), thymine (T),
guanine (G), and cytosine (C). DNA must be first converted to RNA for translating these
instructions into proteins to effect different cellular actions. This conversion process is
called transcription.

In order to initiate transcription, the transcriptional machinery must be able to
access the DNA strand, which implies the assembly and disassembly of the nucleosomes
controlled by the modification of histones. It is increasingly evident that transcription
factors partake in different activities to facilitate the release of nucleosomes. These
modifications consist on acetylation, phosphorylation, methylation, and ubiquitination
(Gerber & Shilatifard, 2003; Kouzarides, 2007).



The basic mechanism of transcription by RNA polymerases is similar in all cells.
However, yeast have three different polymerases, which are different in structure and
function. RNAPI transcribes rRNA, RNAPII transcribes mRNA and some snRNAs and
RNAPIII transcribes tRNAs and some other snRNAs (Mason et al.,, 2016). A first
overview about mRNA transcription and some transcription factors that help RNA
polymerase II (RNAPII) will help further reading.

1.1.1. RNA polymerase II (RNAPII)

Transcription is divided in 3 main phases (Figure 1): initiation, elongation, and
termination (Buratowski, 2009). Let us introduce some important characters.

Transcription factors (TFs) interact with RNAPII to form a preinitiation complex
(PIC) in the C-terminal domain (CTD). These transcription factors are the TATA binding
protein (TBP), TFIIA, -B, -D, -E, -F, -H and Mediator (MED) (Hantsche & Cramer, 2017).

Figure 1 Transcription diagram. It is divided in three stages in which CTD amino acid sequence (Y1-S>-Ps-
T4-55-Pe-S7) is modified by kinases, specially serine 5 and 2 (in red) during initiation and elongation phases.
Some subunits of RNAPII-associated complexes participate in histone modification, remarked in orange
boxes. PAF1C is attached to RNAPII till the end of termination phase.

During initiation, the Mediator complex binds to the CTD to assemble all the TFs
and bring the RNAPII. A component of TFIIH phosphorylates the CTD on its fifth serine
(Ser5P) and once the PIC is ready, the Mediator dissociates from RNAPII (Robinson et
al., 2016). Setl, a methyltransferase Ser5p-binding protein required for histone H3K4
methylation and to maintain H2B ubiquitination, is also important in transcription
initiation.

Some of the molecular events during transcription elongation include: i) the
participation of the factors Spt4/Spt5; ii) the phosphorylation of CTD serine in position
2 (Ser2P) by the Ctk1/Burl kinase. In the elongation phase there is a higher concentration

of Ser2P instead of Ser5P as in initiation (Joo et al., 2019), which indicates the elongation
start and iii) H3K36 methylation by Set2, a Ser2P-binding protein.



During the termination phase, the cleavage and polyadenylation machinery
(CPF) participates in late processes. These events are 3’ polyadenylation, 5 capping and
splicing, where pre-mRNA becomes a mature mRNA.

The mature mRNA will be exported from nucleus to cytoplasm through the
nuclear pore complex (NPC) thanks to several linkers like Sus1 (part of SAGA complex)
and TREX-2. These protein complexes coordinate transcription with mRNA export
(Rodriguez-Navarro & Hurt, 2011).

1.1.2. Polymerase-associated factor 1 complex (PAF1c)

Having reviewed shortly some important aspects about transcription, let us focus on the
polymerase-associated factor complex 1 or PAFlc. This complex is involved in RNA
synthesis from the beginning to the end and in the regulation of some epigenetic
modifications (van Oss et al., 2017).

PAFlc has five subunits in budding yeast: Pafl, Ctr9, Cdc73, Leol and Rtfl
(represented in Figure 2). Some higher eukaryotes like humans also contain an
additional subunit: Ski8/Wdr61.

This complex was firstly discovered in budding yeast 25 years ago (Stolinski et
al.,, 1997; Wade et al.,, 1996). Later it was characterised in humans while studying
parafibromin gene, 27% identical to Cdc73 in its C-terminal region and co-purifying with
human homologues Paf1, Ctr9 and Leol (Jaehning, 2010).
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Figure 2 PAFlc functions. On the left, PAFlc interactions with transcriptional activation, histone
modification, elongation and termination factors. On the right, histone and CTD modification-dependent of
Paf1C. Human Ski8 subunit (hSki8) is included. Adapted from Jaehning, 2010.

PAFlc interacts with Spt4/Spt5, particularly, the Rtfl subunit binds to Spt5. It
also interacts with the FACT (FAcilitates Chromatin Transcription) complex, which
facilitates chromatin transcription and Ctk1, which is in charge of Ser2 phosphorylation



(van Oss et al.,, 2017). Near the poly(A) site, PAF1lc detaches from the RNAPII and
Spt4/Spt5 continue until termination (Jaehning, 2010).

PAFlc is involved in chromatin modifications such as H2B ubiquitination and
methylation of H3K4, H3K79 and H3K36 (Table 1). This function is better detailed in
Section 5.

1.2. An overview of yeast reproduction

It has been talked that each individual has instructions for reproducing. On a molecular
scale, a cell divides to produce two daughter cells. To carry out cell division, firstly
chromosomes must duplicate themselves to then distribute their information properly
to the two daughter cells. In other words, a diploid cell will divide into two haploid cells.

Yeasts can reproduce by either asexual or sexual reproductive cycles. The most
common way is asexual reproduction by budding, where a haploid cell is formed. Under
high-stress nutrient starvation, diploid cells would die. This is the reason why diploid
cells are induced to undergo meiosis and sporulation.

1.2.1. Mating-type

In S. cerevisiae, haploid cells are determined savio (0 mimsisz » i

by the mating-type (MAT) locus at \ g

chromosome I1I by two different alleles: 2 and Y 4 -~ ala

Q. hapl(:ild . matingib iﬁﬁ ) cell oo
Budding yeast have acquired the = diploid

capacity to convert some cells in a colony meoiih!mlam

from one haploid mating type to the other, a B 4 four

process called homothallism. Diploid cells e« <! w':‘ s

cannot mate but can reproduce mitotically or = % = % S

can undergo meiosis to produce haploid

spores (Hanson & Wolfe, 2017). Figure 3 Simplified life cycle diagram of a

budding yeast. Modified from Duina et al., 2014.

To sum up, an a cell only mates with
an a cell, and vice versa (Figure 3.1.). This interaction, called “shmoo” (because the shape
remembers to a cartoon creature) results in G1-phase of mitotic proliferation (Figure 3.2.)
(Merlini et al., 2013) or in meiosis and sporulation (Figure 3.3-4.) if there is nutrient
starvation. In general, the structure which contains spores (ascus) will have four haploid
spores (two a and two a, Figure 3.5.).



1.2.2. Meiosis and sporulation

Meiosis is the division of a mother cell to produce two daughter cells (Figure 4) that
contain only half of the genetic material. It consists of two successive divisions. Some of
the important milestones are described below.

- @-@- @3-S

Meiotic Entry Meiotic Prophase | Metaphase | Anaphase | Metaphase Il Anaphase Il
S phase metaphase |

Figure 4 Early meiotic phases representation. From Ballew & Lacefield, 2019.

During prophase I of the first meiosis, homologous chromosomes interact thanks
to the formation of a protein structured known as the synaptonemal complex. Genetic
recombination takes place on it, stimulating double-strand breaks (DSBs). The physical
place where homologous chromosomes have exchanged their information is called
chiasma, and they are held together thanks to cohesins (Petronczki et al., 2003).

Due to the recombination complexity, prophase I is subdivided in 5 phases:
leptotene, zygotene, pachytene, diplotene and diakinesis. In metaphase I, the pair of
chromosomes align at the equator, pulling them by spindle pole body (SPB) in anaphase
I. In telophase I the resulting cells have half the number of chromosomes. The second
meiosis occurs like mitosis (with the same phases) without further DNA replication,
where the sister chromatids are pulled apart and segregated to produce haploid cells
(Alberts et al., 2008).

Yeast meiotic cells have an interphase period which is like mitosis, with three
subphases: G1 (growth phase), S (DNA synthesis) and G2 (second growth phase).
Between meiosis I and meiosis II there are some remarkable differences between
budding yeast, and the fission yeast, Schizosaccharomyces pombe. Fission yeast interphase
has all three phases, but budding yeast only have two of the: G1 and S phase. As the
name says, S. cerevisiae divides by budding and S. pombe divides by forming partition
(Alberts et al., 2008).

As specified above, cell division implies sporulation resulting in the production
of four haploid nuclei. This work is focused on S. cerevisine but comparison with the
meiotic program of fission yeast shows a high orthology between meiotic core genes
(Mata et al., 2002). The S. cerevisiae SK1 strain is a rapid and synchronously sporulating
diploid used to study both sporulation and meiosis (Kane & Roth, 1974).

Sporulation could be divided in three major phases, as shown in Figure 5
(Neiman, 2011). In the early phase, the cell exits from the mitotic cycle in G1 and enters
into the premeiotic S phase because of a stress, generally nitrogen starvation. DNA is
duplicated and homologous recombination (HR) takes place, characteristic of meiotic
prophase events. In the middle phase the most important cytological events occur to



form four haploid nuclei such as the modification and duplication of SPB to form the
four membrane compartments, named prospore membranes. In the late phase the
prospore membrane is closed. The compaction of chromatin and organelle regeneration
is carried out inside the ascus.

A Prospore Spore Wall
Premeiotic Meiosis Il / Prospore Membrane Assembly /
S phase Meiosis | Membrane growth Closure Ascal Maturation
B Mid-

Late
Early Middle late =P
\ “* ﬁ # o

’ * progression through sporulation

Ime1 Ndt80

Figure 5 Meiosis and sporulation phases across the time. (A) Blue and red homologous chromosomes are
inside of the grey nuclear envelope. Orange mother cell plasma membrane will convert to ascal membrane.
In green, spindle microtubules that pull homologous chromosomes. Prospore formation is drawn in pink.
(B) Imel and Ndt80 induce early and middle meiotic phases. Figure from Neiman, 2011.

Meiosis and sporulation are highly regulated processes. Mating-type regulation
is mediated by repressor of meiosis I (RME1). If RME1 is deleted, diploid cells can
undergo meiosis and produce viable spores (Haber, 2012).

Imel is the regulator of the sporulation process, which is induced by glucose or
nitrogen starvation. Activation of Imel leads the induction of “early” genes required for
the entry into premeiotic S phase. The second important checkpoint is carried out by
Ndt80, which controls the “middle” genes” expression and spore construction (Jin &
Neiman, 2016). Let us focus on two processes that occur in early meiosis: homologous
recombination and the spindle pole body formation.

1.2.3. Homologous recombination

Meiotic recombination takes place during prophase I between homologous
chromosomes. This mechanism generates genetic diversity within species. In S.
cerevisiae, to initiate homologous recombination, programmed DSBs are formed by
Spoll, a topoisomerase-like protein (Neale & Keeney, 2006).

These breaks are not random and approximately 175 DSBs are formed in budding
yeast (Zelkowski et al., 2019), but, rather, tend to concentrate in recombination hotspots.
Recombinant sites are in nucleosome-depleted regions (NDRs) near gene promoters,
where levels of H3K4 trimethylation are constitutively high as well as in GC rich zones.
Setl, in addition to participate in H3K4 methylation and in meiotic S phase, it is also
required in DSB formation by marking hotspots (Sollier et al., 2004). Spp1 subunit within
the COMPASS (complex of proteins associated with Setl) play an important role in DSB
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formation (Imai et al., 2017). Furthermore, DSBs do not take place near the centromeres,
blocked by the kinetochore protein complex Ctf19 (Zelkowski et al., 2019).

NDRs are not directly associated with DSB activity, so chromatin accessibility is
not the main condition. In the same way, Spol1-binding site it is not directly connected
to DSBs. So, how can hotspots be identified and how do DSBs occur? This discrepancy
is explained by the “tethered-loop axis model”. Meiotic chromosomes are formed by
chromatin loops attached to proteinaceous axis. The axial cores of the homologous
chromosomes form the synaptonemal complex during zygotene phase. Spp1l binds to
(or tethers, that is the reason of the name of tethered-loop axis model) some proteins to
the loop to form a DSB (Cooper et al., 2016).

Some of these proteins are the MRX complex (Mrell-Rad50-Xrs2), the RMM
complex (Rec114-Mer2-Mei4), Ski8, Rec102 and Rec104. Sppl directly interacts with
Mer2 from the RMM complex bringing Spol1 to the NDR (Figure 6). It is important to
remark that Mer2 is phosphorylated by some cyclin-dependent kinases to recruit other
proteins (de Massy, 2013).

Some meiosis-specific chromosomal proteins are localized in the synaptonemal
complex. For instance, Hopl participates in DSBs and in spindle detachment in
conjunction with Red1. Mer2 recruitment needs the presence of Hop1l, and Hop1/Red1
together switch on the Mek1/Mre4 complex, which controls the Rec8 cohesin and the
Rad51 recombinase activation (Panizza et al., 2011).

//
Spoll
// -
H3KAme3 4 . O i
prid J ﬁ
\ / ‘ NDR //
Chromatin \ ] £
loop \
\ >TSS
\
RMM Sppl

Axis

Figure 6 Tethered-loop axis model. Ubiquitination mark is carried by Brel/Rad6 helped with PAF1C.
Consequently, H3K4me3 is deposited by Setl (PRDM9 mice ortholog). As a result of H2Bub and H3K4me3
cross-talk, chromatin loop is attracted to Spp1, getting closer chromatin loop and chromatin axis. Spol1 is
recruited and binded to NDR, located around the transcription start site (TSS) and giving rise to DSBs.

Once Spoll has cut DNA, Rad51 and Dmcl are attached to this short ssDNA.
The Rad51 recombinase facilitates the search of homologous regions and is required for
the normal progression through meiosis. In agreement, the deletion of Rad51 affects
mating-type switching and sporulation, (Haber, 2012). Dmc1 is expressed only during
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meiosis to facilitate strand invasion during recombination (Neale & Keeney, 2006). Dmc1
has a critical role in meiosis in some sexual organisms, but its molecular functions and
how and why it differs from Rad51 are not well understood (Brooks Crickard et al.,
2018).

After DSB formation, the repair of strands can result in either a reciprocal
exchange of chromosomes, called crossover or in no exchange, named as non-crossover
(Keeney et al., 2014). In budding yeast, from the average of DSBs, only half result in
crossovers (Zelkowski et al., 2019). Rad51 and Dmc1 help ssDNA to look for duplex
partner invading the homologue strand. A Holliday junction structure is arranged,
processed by Holliday-resolvases (like Exol) producing the crossovers. Dmcl needs the
turn on of Red1, Hopl and Mek1/Mre4 (Hong et al., 2019). All the recombination process
is detailed in Figure 7.

Another checkpoint is overseen by Ndt80. This protein that controls the entry
into middle-phase during sporulation, is inhibited during recombination process by
Spoll. When recombination has reached to its end, Spol1 is inhibited giving way to
Ndt80 expression (Figure 5).
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Figure 7 Homologous recombination.

1.2.4. Spindle pole body structure

Once the chromosome recombination process has been successful, Ndt80 expression
implies the entrance into middle phase. In this phase, cytological events to divide into 4
haploid cells are predominant (Neiman, 2011). It is essential to recognize some of the
important components of its architecture to understand how it could interact with some
proteins involved in meiosis and transcription on in silico analysis.

The spindle pole body (SPB) is the sole microtubule organizing centre in budding
and fission yeast, embedded in the nuclear envelope throughout the life cycle. Its
architecture is equivalent to animal cells” centrosome. In meiosis, two divisions occur, so
the SPB duplicates twice: at the beginning of meiosis I and at the beginning of meiosis



II, without DNA duplication. In meiosis I, the two formed SPBs are similar to mitotic
SPBs (Neiman, 2011).

The SPB in meiosis I is made up of 18 components. Among them, Spc72, Cnm67,
Spc42 and Spcl10 are part of the SPB core (Cavanaugh & Jaspersen, 2017). Spc72 acts as
a receptor of y-tubulin which disappears in meiosis II by proteolysis to form the meiosis
IT outer plaque (Neiman, 2011).

A relationship between SPB and DSB formation has been considered (Villoria et
al.,, 2017). After DSB generation, there is an activation of Cdc14, triggering some cyclin-
dependent kinases, phosphorylating Spcl10. This study suggests that Spcl10
phosphorylation stimulates the interaction of DSBs with the SPB to promote an efficient
DNA repair by homologous recombination.



2. Objectives

In 2018, the Gene Expression and RNA Metabolism Laboratory at IBV-CSIC published that
the double mutant rtfIA (from PAF1c) and moglA hindered cells growth and blocked
mRNA. In mRNA fluorescence in situ hybridization (FISH) experiments, some spots
appeared in this double mutant, hypothesising that these spots could correspond to
spindle pole bodies (SPBs). In light of these results and considering that Mog1 interacts
physically with some COMPASS subunits, like Sppl, which are implied in DSBs
formation, it could exist some relationship between PAF1c and Mogl.

With the aim of understanding the molecular events which occur during meiosis
with the participation of the transcriptional complex PAF1, several approaches are
taken:

A first approach would have consisted on studying functional interaction
between PAF1c with meiotic SPB formation as well as with mRNA export. Experiments
carried out would have been:

e Strain construction, by creating single mutants of PAF1, CDC73, RTF1, LEO1,
CTR9 and MOGI and double mutants between each PAF1c subunit and MOGI1,
all performed in a SK1 strain, used to study sporulation and meiosis.

e Once the set of mutants are constructed, some phenotypic assays as mRNA FISH
and experiments to measure growth under different conditions will be carried
out.

e Fusion protein construction with green fluorescence protein (GFP) and some
subunits of the SPB complex, like Spc110 and Cnmé67 expressing in the mutants.
GFP fluorescence microscopy assays will be used to localise the different
proteins.

Despite covid-19 situation and the impossibility to do the experiments, objectives
were redirected to:

1. Accomplish a bibliographical review of proteins involved in transcription,
focusing on PAF1c that have been recently linked with early meiotic events and
epigenetics.

2. Construct an in silico interactome between PAF1c and Mogl, a protein involved
in histone modifications to figure out some connections between epigenetics and
meiosis.

3. Review human diseases and other development pathologies caused by
overexpression of PAF1c subunits or misregulation of some epigenetic marks.
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3. Materials and methods

To review the literature about transcription and meiosis in yeast, as well as some
experiments related to the main topic, the following databases have been used to search
for journals and articles:

e Google Scholar.
e PubMed from the National Center for Biotechnology Information.

The essential review articles are Jaehning, 2010 and van Oss et al., 2017 to be
versed in transcription and the PAF1c and Neiman, 2011 to understand the molecular
mechanisms about yeast sporulation and meiosis.

To study the main implications of PAF1c and meiotic recombination, data from
spore viability experiments have been obtained from Gothwal et al., 2016 and Zhang et
al., 2020. These two scientific papers just like Oliete-Calvo et al., 2018 are the basis of this
project.

In order to carry out the in silico analysis between PAF1c and Mog1 interaction,
databases employed to download information have been:

e Biological General Repository for Interaction Datasets (BioGRID).
e Osprey: Network Visualization System software from BioGRID.
e TheCellMap.org.

All data have been processed with Rstudio. In the case of interaction plots, the
Igraph package from RStudio has been used.
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4. PAF1c implication in meiotic recombination

An interesting point to study is how PAFlc in addition to regulate transcription is
important during early meiotic events. Few studies have been published about PAF1c
and its relationship with meiosis, but the main conclusions are:

e Rtfl and Cdc73 subunits from PAF1c are functionally connected to early meiotic
events.

e Rtfl works upstream from Setl but they are independent of each other although
both are necessary for meiosis.

e Rtfl and Setl are necessary for DSB formation.

e Rtfl interacts genetically with the RMM complex, and rtfIA mutants exhibit
meiotic alterations.

Through the next section I will highlight the main experimental evidences
supporting the role of PAF1c components in meiotic recombination.

4.1. Spore viability experiments

A spore viability experiment can be made by dissecting a certain number of spore tetrads
and determining if the spore is alive, giving us information about how necessary a gene
is in meiosis and sporulation by deleting it. In this case, a set of mutants is constructed
with the five PAF1c subunits.

Rtfl and Cdc73 mutants have a significantly reduced spore viability (75.3 and
87.9%, respectively) against the wild-type (97.8%), shown in Figure 8. Set1, which plays
an important role in meiosis (Sollier et al., 2004) has also a reduced percentage (89.5%).

To check if mutations are epistatic (this means that a mutation of gene “a” is
dependent of gene “b” mutation) double mutants are constructed (rtf1 set1 and cdc73
set1). Spore viability decreased for the rtfl setl mutant (77.5%) but increased for cdc73
set1 (90.2%) indicating that Setl and/or Rtfl are necessary for meiosis independently of
methylation (Gothwal et al., 2016).

The RMM (Rec114-Mer2-Mei4) complex binds to chromosome axes near Sppl,
which helps Mer2 bring Spol1l and start recombination (Figure 6). It has been recently
studied that PAF1c also interacts with the RMM complex by regulating DSB formation
(Zhang et al., 2020). rtfI mutants with both Rec114-myc and Mer2-myc spore viability (7.83
and 0.5%, respectively) suffered a strong decrease regarding the wild-type (97%). This
indicates that Rtf]1 subunit of PAF1c interacts genetically with Rec114 and Mer2.

Recl114-myc rtfl and Recll4-myc setl have different spore viabilities (7.8 and
76%, respectively). This states that Rtf1 and Setl are independent, suggesting that there
could be a novel mechanism involving Setl for a proper chromosome segregation to
ensure spore viability (Zhang et al., 2020).
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Figure 8 Spore viability experiments. In this bar plot both spore viability experiments carried by Shinohara’s
group are shown. Each bar indicates the percentage of spore viability. Those significant strain genotypes are
marked with (**) below the percentage. Spores were incubated at 30°C for 3 days. Both experiments are
compared against its wild-type. Data from Gothwal et al., 2016 and Zhang et al., 2020.

Furthermore, the Cdc73 subunit shows a similar interaction with Rec114-myc but
Spoll maintained spore viability, indicating that Rtfl does not show any kind of
interaction with Spol1 (Zhang et al., 2020).

4.2. Kinetics of meiosis experiments

DAPI (4',6-diamidino-2-phenylindole) staining, which binds to DNA regions rich in
adenine and thymine, can be used to study the first meiotic cell division. Since Rtfl and
Setl are vital in sporulation and Rtfl interacts with the RMM subcomplex, the next
question is: if these subunits are mutated, how is meiosis timing altered?

As explained in Section 1.2.2., set1 deletion causes an important meiosis delay.
Figure 9A, shows the delay in completing meiosis for the rtfIA mutant which is 2 hours
shorter than the one observed for the set1A mutant. Double mutant kinetics is similar to
single rtf1A mutant, proffering that Rtfl works upstream of Setl (Gothwal et al., 2016).

Rad51 binds to the ssDNA of DSB ends for homologous strand exchange as
described in Figure 7. Meiotic chromosomes with an rtfI mutation show a delay in Rad51
assembly (Figure 9B), observing less Rad51 foci stained with DAPI. These results
propose that PAF1c, specially its Rtf1 subunit, is indispensable for DSB formation. This
make sense since Rtf1 is critical in H3K4 methylation, as detailed in the next section.
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Concurrently, both rtfl Rec114-myc and rtfl Mer2-myc showed a large reduction
in Rad>51 foci, restating that Rtfl participates in DSB formation and the RMM complex is
affected by mutations in PAF1c (Zhang et al., 2020).
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Figure 9 Kinetics of first meiotic cell division and Rad51-focus. (A) Meiosis I analysed by DAPI staining.
100 cells were counted for each point and each plotted value represents the mean + SD from three
independent time courses, in hours (hr). (B) A focus-positive cell was defined as a cell with more than five
foci. 100 nuclei were counted for each time point and each plotted value represents the mean + SEM from
three independent time courses, in hours (hr). Blue circles represent wild type and red circles r#fI mutant.
From Gothwal et al., 2016.

4.3. Other RNAPII-associated complexes involved in meiosis

High-throughput analysis in S. cerevisiae has allowed screenings for protein-protein and
protein complex interactions, linking meiotic events with transcription. Sgf73 from the
SAGA complex and Sohl from the Mediator complex are proposed to participate in
some of them (Jordan et al., 2007).

Sgf73 is part of the DUB module in the SAGA (Spt-Ada-Gcen5-acetyltransferase)
complex that participates in the deubiquitination of H2B together with Ubp8, Sgf11 and
Susl (Rodriguez-Navarro, 2009). It is a conserved protein which is involved in human
spinocerebellar ataxia type 7 (human ortholog ATXN7) by associating with
microtubules. Deletions in SGF73 cause a lower induction of IME1, causing a slower
duplication of DNA in first meiotic division and ineffective nuclear divisions. On the
other hand, Sgf73 may not participate in DSB formation (Jordan et al., 2007).

Sohl (Med31) is a component of the Mediator complex (Linder & Gustafsson,
2004). Synthetic genetic arrays (SGA) analyses (explained in detail in Section 6) show
that Sohl interacts with Set2, as well as with PAFlc subunits (Krogan et al., 2003).
Comparing Sohl deletion and wild type, a delay of meiosis and DSB formation was
observed (Jordan et al., 2007). Med31 is the most conserved subunit in the Mediator
complex. Phylogenetic studies show that this canonical Mediator subunit has a high
homology among budding yeast, fission yeast, human and some protozoan. Studies in
Tetrahymena thermophila, a ciliate protozoan used as a unicellular model eukaryote,
reveal that Med31 localizes in early meiotic prophase and it is essential in developmental
genes expression. Med31 could interfere with DNA rearrangements and replication
during sexual reproduction, observed as extrusion bodies in meiotic nuclei (Garg et al.,
2019).
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5. Early meiotic events influenced by histone modifications

DNA is packaged with proteins called histones. Histone architecture is divided in the
globular core and histone tails, which are subject to post-translational modifications
(PTM). The most common covalent modifications are acetylation, methylation,
phosphorylation and ubiquitination, depicted in Figure 10 (Craig et al., 2010). These
changes which do not alter DNA sequence are referred to as “epigenetics”.
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Figure 10 Histone modifications diagram. From Craig et al., 2010.

DSBs occur in DNA as explained above in specific places called nucleosome
depleted regions (NDR) (Figure 6). The involvement of these PTMs in different
molecular events during meiosis appears to be unquestionable, for it is one of the most
precise ways to regulate the whole process (Luense et al., 2016). Turning our attention to
yeast, it will be highlighted several PTMs that may have influence on early meiotic
events (summarized on Table 1).

Table 1 Histone modifications involved in meiosis

Complex (Writer) Histone Modification
Rad6/Brel H2B Ubiquitination
Setl/COMPASS H3K4 Methylation
Set2 H3K36 Methylation
Dotl H3K79 Methylation

5.1. H3 methylation

Histone H3 methylation is balanced between histone methyltransferases (HMTs) or
“writers” and demethylases or “erasers”. These methyl marks are recognised by
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different effector proteins or “readers” (Hyun et al., 2017). Methylation was first reported
by Alfred and Mirsky in the 1960s, but it was not until 40 years later that the first HMT
was described with the catalytic SET domain (Rea et al., 2000).

Lysine (K) is the most common residue favourable to be methylated. There are
three K methylation states: mono-, di- and trimethylation (mel, me2 and me3,
respectively). These PTMs confer active or repressive transcription depending on their
positions and methylation states. H3K4, H3K36 (represented in Figure 2 right) and
H3K79 methylations are considered to mark active transcription (Black et al., 2012).

5.1.1. H3 modifications and meiosis

rtfl mutants show undetectable levels of H3K4mel/me2/me3 and H3K79me3.
This is because PAF1c subunits interact with Setl/COMPASS and Dotl physical and
genetically (Krogan et al.,, 2003), being essential for transcriptional elongation and
chromatin methylation. Gothwal et al. confirmed this interaction in 2016 by Western
blotting showing that mutations in RTF1 (Figure 11) cause defective H3K4mel/me2/me3
and HK79me3 and they also reported a slight decrease in methylation in both H3
residues.

Wild type rtf1 set1 rif1 set

0246810 024 6810120246 81012024 6 810 12 (hr)

T - - - —_—
H3K4me1

\‘.... = —
H3K4me3

H3K79me3 | T - —— =

Tubulin ———— —— | —

Figure 11 Histone methylation marks during meiosis. Histone H3K4mel/me2/me3, H3K79me3 and o-
tubulin as a loading control were verified by Western blotting. From Gothwal et al., 2016.

Diverse studies affirm that H3K4me is a fundamental tag for meiotic DSB
formation, process that is quite conserved from yeast to human (Székvolgyi et al., 2015).
As explained in the previous section, deletions in SET1 severely reduce meiotic DSB
levels at canonical hotspots, as it happens with point mutations in H3K4 (Acquaviva et
al., 2013).

H3K4me marks are recognized by a constituent of the COMPASS complex, the
Spp1 protein, which plays an important role in recombination initiation during meiosis.
Sppl binds to chromosome axes (Figure 6) and also interacts with the Mer2/RMM
complex, paying an additional role in DSB generation (Sommermeyer et al., 2013). The
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interaction between Sppl and Mer2 enables their anchoring to DSB hotspots, which
conducts DSB formation with dependence on Spoll. Some research (Adam et al., 2018)
provides that Sppl preserves H3K4 methylation levels independently of Setl in three
steps: first Spp1l methylates H3K4, second Sppl maintains methylated levels without
interaction of Setl protecting it from demethylases (like Jhd2) and as last step Spp1 and
Mer?2 help the recruitment of Spoll.

A conserved proof that there is a relationship between H3K4me3 and meiotic-
driven DSBs can be found in mammals, where the histone methylase Prdm9 leads DSBs

to occur in DNA motifs recognized by its zinc finger domain (Diagouraga et al., 2018;
Powers et al., 2016).

5.2. H2B monoubiquitination

The largest histone modification consists in the covalent attachment of a 76-amino acid
protein, ubiquitin, to K side chains. Ubiquitin is attached to histones in a series of
enzymatic steps and can be removed by a deubiquitinating enzyme (DUB). Histone
ubiquitination plays roles in regulating different steps of transcription as well as of DNA
repair (Craig et al., 2010).

It has been mentioned that in budding yeast, H3K4 methylation is carried out by
Setl, H3K36 by Set2 and H3K79 by Dotl. Unexpectedly, H3K4 and H3K79 methylation
depend on Rad6, an enzyme that ubiquitinates the histone H2B (Ng et al., 2003), and
Brel, an E3 ubiquitin ligase required for Rad6 function. This relationship between H3
methylation and H2B ubiquitination is known as “cross-talk” (represented in Figure 12)
and its mechanism has been unknown but recently some studies have shed light to this
riddle (Hsu et al., 2019; Worden et al., 2020). More details about histone modifications
and their role in transcription can be read in Serrano-Quilez et al., 2020’s review
(Supplemental I)

Figure 12 Histone H3K4me & H2Bub cross-talk. PAF1c recognizes Ser2P and Ser5P of the RNAPII CTD and
promotes H2B ubiquitination by Brel-Lgel-Rad6. This modification is recognized by the COMPASS
complex, which trimethylates H3K4. Conversely, H2Bub is removed by the ubiquitin-proteases Ubp10 and
Ubps8, the last belonging to the DUBm of SAGA. Trimethylation is eliminated by the Jhd2 demethylase.
From Serrano-Quilez et al., 2020.
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5.2.1. H2Bub and meiosis

Histone H2B monoubiquitination (H2Bub) on its lysine 123 is controlled by the E2-
conjugating enzyme Rad6, the E3-ligase Brel and the regulatory cofactor Lgel (Wood et
al., 2003). H2Bub also requires the participation of other factors like PAF1lc (Ng et al.,
2003) and FACT.

In addition to its role in gene expression, H2B ubiquitination has also been related
to DSBs formation. This epigenetic mark leads to chromatin relaxation, enabling the
recruitment of several DSB repair factors to their accurate positions at hotspots (Xu et
al., 2016). Likewise, Brel and Lgel proteins have also been related to meiotic processes;
Ige1A and brelA cells initiate meiotic DNA replication in the S-phase, later than the wild-
type, and take much longer to complete it, presenting a reduced DSB formation as well
(Jordan et al., 2007).

As explained above, PAF1c component Rtfl has been described as participating
in the meiotic process. Rtfl is important for the formation of DSBs (Gothwal et al., 2016),
and this role is independent of the presence of Setl. Rtf1 directly interacts with Rad6 and
stimulates H2Bub independently of transcription (Kim et al., 2009).

Rtfl is recruited by Mogl, a nuclear Ran-binding protein. Deletions of MOGI
result in low global levels of H2Bub and H3K4me3. In SGA, MOGI1 was confirmed that
is genetically linked with SUSI. Susl, a component of the SAGA DUBm and TREX-2
plays an important role in coupling transcription activation, H2Bub deubiquitination
and mRNA export (Oliete-Calvo et al., 2018). PAF1c and Mogl interactions could linked
transcription, meiosis and mRNA export but some research needs to be performed.

Furthermore, in yeast H2B deubiquitination is performed by two proteases:
Ubp10 and Ubp8. Interestingly, Ubp8 belongs to the SAGA complex, and in particular
to its deubiquitination module (DUBm) (Ingvarsdottir et al., 2005; Kohler et al., 2006; Lee
et al., 2005). Ubp8 from SAGA DUBm is involved in H2B and Cse4 deubiquitination.
Csed is a centromeric, H3-like histone protein (vertebrates’ centromere protein A or
CENP-A orthologue) and its ubiquitination regulates its localization to centromeres,
where the spindle pole body is attached to the chromosome (Agarwal et al., 2015).

Dysregulations of H2Bub modification in higher eukaryotes lead to important
pathological events related with development, tumorigenesis, and deficiencies in
cellular differentiation.

5.3. Other epigenetic modifications involved in meiosis

DNA and RNA are covalently modified post-synthesis as well as histones, like the classic
DNA 5-methylcytosine (5mC) of CpG islands. Some modifications have been reported
to control some meiotic genes. One that needs to be mentioned is the methylation of
adenosine at the N6 position to form N6-methyladenosine (m6A), which is the most
abundant base modification known in eukaryotic mRNA (Fu et al., 2014).
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In S. cerevisiae a core RNA methyltransferase (MIS) complex has been identified,
being comprised of: Ime4 (mammalian ortholog METTL3), Mum2 (orthologous to
mammalian Wilm’s-tumor-1-associated protein, WTAP) and Slz1 (Schwartz et al., 2013).

As introduced in Section 1.2.2., meiosis is regulated by Rmel. Rmel represses
Imel, the transcriptional activator of meiosis. When Rmel is highly expressed, meiotic
mRNA methylation is needed. Ime4 m6A methyltransferase activity is required to
reduce Rmel expression, so, Ime4 is an upstream inhibitor of Rmel, supported by
epistasis analyses (Bushkin et al., 2019). The downregulation of Rmel enables meiotic
entry relieving Imel repression and permitting DNA replication. In this case, the
methylation of an adenosine controls meiotic entry.

Furthermore, it has been studied that an IME4 deletion delays Ndt80 induction,
composition of the synaptonemal complex and DSBs as described above.

19



6. In silico analysis of PAF1c-Mogl interaction

As previously described, Mog1 is required to recruit Rad6, Brel and Rtf1 (this last one
from PAFlc) to ubiquitinate H2B (Oliete-Calvo et al., 2018). Recent studies have
correlated PAF1c and meiosis, so the Gene Expression and RNA Metabolism Laboratory at
IBV-CSIC, is interested in studying if Mogl and PAF1c interact with some early-meiotic
proteins.

During this project, some proteins that are involved in early meiotic events as
well as in histone modifications have been introduced (listed in Supplemental II). These
proteins have been used to search a genetic network of Mogl, Pafl, Rtfl, Leol, Cdc73
and Ctr9 in BioGRID (TYERSLAB, 2020).

As shown in Figure 13, Mogl interacts with the Mediator subunit Soh1, which
has been established that interacts with RNAPII, and consequently with PAF1c (Krogan
et al., 2003). This graphical diagram must be accompanied with SGA genetic interaction
experiments and some kind of quantification. For this purpose, there is a repository of
genome-scale SGA experiments with S. cerevisiae called TheCellMap (UNIVERSITY OF
TORONTO AND UNIVERSITY OF MINNESOTA, 2016).

» Cell Organization and Biogenesis .

* DNA metabolism .

* Metabolism

* Protein amino acid phosphorylation .

* Protein degradation

* Transcription . .
* Transport

Figure 13 Interaction network between PAF1c and Mogl. All known physical or genetic interactions were
downloaded from BioGRID database. Osprey software (TYERSLAB, 2003) was used to obtain the graphical
representation by gene ontology (GO), legend shown in the bottom left of the figure. All data was managed
and represented with the Igraph package (NETWORK ANALYSIS SOFTWARE OPEN SOURCE, 2020) from
RStudio (R FOUNDATION FOR STATISTICAL COMPUTING, 2020). Large graph layout (LGL) was used to
dynamically visualize. Orange blurred circle contains the five subunits of PAF1c.
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SGA analysis combines arrays of either nonessential gene deletion mutants or
conditional alleles of essential genes to enable high throughput construction of haploid
yeast double mutants and quantitative analysis of genetic interaction.

An interaction is defined by deviation of a double-mutant organism’s phenotype
from the expected neutral phenotype (Mani et al., 2008). If this difference is very high, it
is defined as a synergistic or synthetic interaction (synthetic lethality in the extreme
case). Genetic interactions can be grouped into two categories: negative and positive
(Costanzo et al., 2016). Negative genetic interactions describe double mutants that
exhibit a more severe phenotype than expected, synthetic lethality in an extreme case;
while positive genetic interactions describe double mutants exhibiting a less severe
phenotype, like genes encoding members of the same nonessential protein complex or
epistatic genes.

TheCellMap provided for a selected gene a list of genes extracted by SGA
analysis with its SGA score. SGA score measures the extent to which a double mutant
observed colony size deviates from the expected colony size from combining two
mutations together. The magnitude of the SGA score is indicative of the strength of
interaction. It is defined as a significant positive genetic interaction if SGA score > 0.08,
and significant negative genetic interaction if SGA score < -0.08 (Usaj et al., 2017). It is
important to remark that these data are obtained mostly from haploid cells growing
under vegetative conditions, therefore new connections should be found experimentally
when using the correct experimental conditions.

In Figure 14, SGA interaction network plots are shown for MOGI and the five
genes encoding for subunits of PAF1c. It is important to remark that MOGI has a positive
interaction with RTF1 and LEO1 genes, although it is not significant. It interacts with
some elements of the spindle like HOP1 (significant negative genetic interaction) and
SPC110. It also interacts significantly with NDT80, involved in sporulation control and
CDC14, which stimulates DSB formation.

Interestingly, in the case of PAF1c subunits there are some aspects to highlight.
PAF1 interacts non-significantly with only the centromeric protein gene CSE4. All the
rest have in common the positive genetic interaction with the ubiquitin ligase BRE1. All
of them except CTRY interacts with SPB-associated proteins.

According to Section 4.1., rtfl and cdc73 mutants showed a decrease in spore
viability experiments. Rtfl interacts negatively with Set2, which main GO term is
sporulation, as described in Figure 13. Cdc73 interacts with Ndt80, which regulates
sporulation and early genes induction. According to spore viability experiments (Figure
8, Zhang et al., 2020), Rtf1 does not interact with Spoll. In Figure 14C, it is shown that
Rtf1 has a negative interaction with Spoll, but its SGA score is not significant.

As PAFlc interaction experiments are so recent, it is quite probable that
TheCellMap database has not been updated. It must consider that SGA scores data come
from SGA experiments from Boone and Andreys’ labs, in The Donnelly Centre for
Cellular and Biomolecular Research at the University of Toronto.
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Figure 14 Network visualization of SGA interactions of (A) MOGI, (B) PAF1, (C) RTF1, (D) CTRY, (E) LEO1
and (F) CDC73 between genes listed in Supplemental II. Data was downloaded from TheCellMap. Positive
SGA interactions are coloured in green while negative SGA interactions are in red. SGA scores are shown
in the middle of the vertices. All data was managed and represented with Igraph package from RStudio.

7. Human diseases

It has been explained how some RNAPII-associated proteins and subunits participate in
meiosis and in histone modifications in S. cerevisiae. Some of the protagonists introduced
have their homologous in humans and their overexpression or misfunction can cause
diseases.

In this last section will be mentioned diseases associated with PAF1c and with
some proteins involved that participate in epigenetic modifications.

7.1. PAF1C associated diseases

PAF1c has been correlated with cancer and development (van Oss et al., 2017). In Table
2 some of the pathologies associated to PAF1c are mentioned.

Table 2 Some of the main PAF1c subunits-associated diseases

Subunit Pathologies associated Reference
Pancreatic cancer (Chaudhary et al., 2007)
Ovarian cancer (Sha et al., 2019)
Pafl Oocyte development (Karmakar et al., 2018)
Leukemia (Meeks & Shilatifard, 2017)
Mitophagy (Shu et al., 2020)
Parathyroid carcinoma (Cardoso et al., 2017)
Cdc73 Liver and breast carcinoma (Chaudhary et al., 2007)
Embryonic development (Wang et al., 2008)
Leol Colorectal cancer (Chaudhary et al., 2007)
Leukemia (Chong et al., 2019)
Ctr9 Lung cancer and leukemia (Chaudhary et al., 2007)
RE1 (hSki8) Pancreatic and colorectal cancer (Chaudhary et al., 2007)
B-cell lymphoma (Chaudhary et al., 2007)
7.1.1. Pafl

Paf1/PD2 is overexpressed in differentiated pancreatic cancer cell lines. It is located in
chromosome XIX, in the same region as the oncogene AKT2 involved in tumorigenesis
and cell-cycle progression. The overexpression of both Paf1/PD2 and AKT2 and the same
location in pancreatic cancer cells suggests a synergistic role in the development of an
oncogenic phenotype (Moniaux et al., 2006). The Paf1/PD2 subunit interacts with CXXC
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zinc finger protein 1 (CXXC1 or Cfp1, Spp1 yeast ortholog from the COMPASS complex)
which binds to unmethylated CpG islands (Yang et al., 2020) upregulated in ovarian and
pancreatic stem cells and in oocyte development (Sha et al., 2019).

An ATP-dependent chromatin remodelling protein is regulated by PD2/Pafl,
important in maintaining open chromatin and the maintenance of stem cell self-renewal
and pluripotency. In addition, a component of the human methyltransferase complex
MLL1/Setl interacts with PD2/Pafl, mediating self-renewal and reprogramming via
stem cell core transcriptional network (Karmakar et al., 2018). MLL/Setl, from
COMPASS complex, is responsible of H3K4me3, which has been reported to participate
in leukemia and in epigenetic regulation (Meeks & Shilatifard, 2017).

PAFlc also participates by regulating mitophagy (mitochondrial autophagy)
with Spt4/Spt5’s help (Shu et al., 2020).

7.1.2. Cdc73

Parafibromin is a component of hPAF1c and Cdc73 yeast homolog. It is encoded by the
HRPT2 gene, associated with parathyroid carcinoma (PC). Furthermore, the HRPT2
locus is amplified in liver carcinoma and breast cancer (Chaudhary et al., 2007). PC
includes the hyperparathyroidism-jaw tumour syndrome (HPT-JT), multiple endocrine
neoplasia types 1 and 2 (MEN1 and MEN2), and familial isolated primary
hyperparathyroidism (FIHP). Approximately 55% of reported germline CDC73
mutations are associated with HPT-JT. Of the remaining 45% of germline Cdc73
mutations, 21% are reported from patients with FIHP, 15% with sporadic PC, 6% with
sporadic adenomas and 3% with sporadic ossifying fibromas of the jaw (Cardoso et al.,
2017).

Parafibromin also has a role in embryonic development regulating genes
involved in cell growth and survival (Tian et al., 2018) and in Wnt/B-catenin signalling
pathway that controls cell fate and homeostasis (Cardoso et al., 2017; Wang et al., 2008).

7.1.3.Leo 1

The Leol subunit also interacts with [3-catenin in the Wnt cascade. This subunit of PAF1C
is amplified in colorectal cancer and bone malignant fibrous histiocytoma (Chaudhary
et al., 2007). Aberrant activation of Wnt/(-catenin signalling pathway is also necessary
for acute myeloid leukemia (AML). Recent studies show that Leol binds directly to 3-
catenin promoting its accumulation in the nucleus, triggering downstream target
oncogenic genes (Chong et al., 2019).
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7.1.4. Other PAF1c subunits

Ctr9 defects are associated with lung cancer and leukemia, as Paf1/PD2. The human Ski8
subunit of PAF1c (Rtfl yeast homolog) plays a role in RNA surveillance and quality
control during transcription. Ski8 also appears overexpressed in pancreatic tumours,
colorectal cancer, and primary cutaneous B-cell lymphoma (Chaudhary et al., 2007).

7.2. Epigenetic proteins associated diseases

In Section 5 it has been discussed about histone methylation and ubiquitination, as well
as other epigenetic modifications that affect DNA. We will now focus on Prdm9
methyltransferase and Mog1 proteins, and in m6A.

7.2.1. PRDM9

Recombination hotspots in mammals are triggered by PRDM9-mediated H3K4me3
(Diagouraga et al., 2018). Deficiencies in this gene are associated with male infertility
and defective synapsis. Excess of Prdm9 has also been found to be related with acute
lymphoblastic leukemia (Bhattacharyya et al., 2019; Paigen & Petkov, 2018). CXXC1 also
interacts with PRDM9 in spermatocytes but it is not essential to form DSBs (Tian et al.,
2018).

7.2.2. Mogl

Mog]1 participates in nuclear export by binding to RanGTP in yeast. Human Mog] is also
a Ran-binding protein which participates in nuclear import, H2Bub, H3K4me3 and it
also interacts with the cardiac sodium channel complex Nav1.5 (Kattygnarath et al.,
2011). Brugada syndrome, a rare autosomal-dominant clinical entity is caused by
mutations in this sodium channel.

Mog]1 has been reported to participate in intracellular trafficking of Na* to the cell
surface increasing cardiac sodium density and is one of the sources of Brugada
syndrome (Duina et al., 2014; Yu et al., 2018).

7.2.3. mbA

It has been explained that the m6A modification controls meiosis entrance (Bushkin et
al.,, 2019). Some physiological processes linked to N6-methyladenosine have been
reviewed (Fu et al., 2014).
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Some of the main implications of m6A rely on mutations within intron 1 of
human fat mass and obesity-associated protein (FTO gene) associated with obesity,
breast cancer and dopaminergic receptor levels decreasing. mRNAs involved in
dopaminergic signalling pathways are hypermethylated, affecting neurones. It also
affects development: human sperm development, Drosophila melanogaster oogenesis
development and plant development (Meyer & Jaffrey, 2014).
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8. Conclusions

The main purpose of my work has been to describe the players and mechanisms (mostly
epigenetic) that are shared between molecular events taking place during meiosis with
transcription in budding yeast, with special interest in PAF1 complex. To conclude with
this project, some points are remarkable:

* Although transcription and meiotic recombination are two different biological
processes, some players like PAFlc and Setl act in both homologous
recombination and transcription.

* The Rtfl subunit seems to be the PAFlc subunit that is more implicated in
sporulation and DSB formation according to several spore viability and kinetics
experiments.

* PAFlcinteracts with COMPASS complex which oversees histone methylation. It
has been established that PAFlc and RMM interaction preserves H3K4
methylation and DSB formation. This broadens the role of PAFlc beyond
transcription.

* Other RNAPII-associated proteins as Soh1 from Mediator complex or Sgf73 and
Ubp8 from SAGA complex are present in early meiotic events like DNA
replication and SPB attachment, respectively. Sgf73 and Ubp8 are part of DUBm
participating in H2B deubiquitination, too.

* Other epigenetic modifications which alter mRNA like m6A have recently
described that controls meiosis initiation.

* Insilico SGA interaction analysis have revealed that Mog] is related to Rtfl and
Leol subunits from PAF1c, as well as with some genes that encode sporulation
control, DSB and SPB formation.

Many questions remain unanswered, for instance, (i) Are the molecular
mechanisms behind each modification shared between molecular events? (ii) How can
the histone readers discriminate between the distinct chromatin-based processes? (iii) Is
there a set of specific factors that regulate the writers and the erasers only during meiotic
recombination?

Studying how these proteins can interact between them in model systems, like S.
cerevisiae, it is relevant because it could help to understand the molecular mechanisms of
some human pathologies and diseases, expressly those who are related to cancer and
development.

27



9. References

ACQUAVIVA, L., SZEKVOLGY], L., DICHTL, B., DICHTL, B. S., SAINT ANDRE, C. D. L. R., NICOLAS, A., &
GELL V. (2013). The COMPASS subunit Sppl links histone methylation to initiation of
meiotic recombination. Science, 339(6116), 215-218. https://doi.org/10.1126/science.1225739

ADAM, C., GUEROIS, R., CITARELLA, A., VERARD], L., ADOLPHE, F., BENEUT, C., SOMMERMEYER, V.,
Ramus, C., GOVIN, J., COUTE, Y., & BORDE, V. (2018). The PHD finger protein Sppl has
distinct functions in the Setl and the meiotic DSB formation complexes. PLoS Genetics, 14(2).
https://doi.org/10.1371/journal.pgen.1007223

AGARWAL, M., MEHTA, G., & GHOsH, S. K. (2015). Role of Ctf3 and COMA subcomplexes in
meiosis: Implication in maintaining Cse4 at the centromere and numeric spindle poles.
Biochimica et Biophysica Acta - Molecular Cell Research, 1853(3), 671-684.
https://doi.org/10.1016/j.bbamcr.2014.12.032

ALBERTS, B., WILSON, J., & HUNT, T. (2008). Molecular biology of the cell. Garland Science.

BALLEW, O., & LACEFIELD, S. (2019). The DNA damage checkpoint and the spindle position
checkpoint: guardians of meiotic commitment. In Current Genetics (Vol. 65, Issue 5, pp. 1135—
1140). Springer Verlag. https://doi.org/10.1007/500294-019-00981-z

BHATTACHARYYA, T., WALKER, M., POWERS, N. R., BRUNTON, C., FINE, A. D., PETKOV, P. M., &
HANDEL, M. A. (2019). Prdm9 and Meiotic Cohesin Proteins Cooperatively Promote DNA
Double-Strand Break Formation in Mammalian Spermatocytes. Current Biology, 29(6), 1002-
1018.e7. https://doi.org/10.1016/j.cub.2019.02.007

BioGRID | Database of Protein, Chemical, and Genetic Interactions. (n.d.). Retrieved June 1, 2020, from
https://thebiogrid.org/

BLACK, J. C., VAN RECHEM, C., & WHETSTINE, J. R. (2012). Histone Lysine Methylation Dynamics:
Establishment, Regulation, and Biological Impact. In Molecular Cell (Vol. 48, Issue 4, pp. 491-
507). Cell Press. https://doi.org/10.1016/j.molcel.2012.11.006

BROOKS CRICKARD, J., KANIECK], K., KWON, Y., SUNG, P., & GREENE, E. C. (2018). Spontaneous self-
segregation of Rad51 and Dmcl DNA recombinases within mixed recombinase filaments.
Journal of Biological Chemistry, 293(11), 4191-4200. https://doi.org/10.1074/jbc.RA117.001143

BURATOWSKT, S. (2009). Progression through the RNA Polymerase II CTD Cycle. In Molecular Cell
(Vol. 36, Issue 4, pp. 541-546). https://doi.org/10.1016/j.molcel.2009.10.019

BUSHKIN, G. G., PINCUS, D., MORGAN, J. T., RICHARDSON, K., LEwis, C., CHAN, S. H., BARTEL, D. P.,
& FINK, G. R. (2019). m6A modification of a 3' UTR site reduces RME1 mRNA levels to
promote meiosis. Nature Communications, 10(1), 1-13. https://doi.org/10.1038/s41467-019-
11232-7

CARDOSO, L., STEVENSON, M., & THAKKER, R. V. (2017). Molecular genetics of syndromic and non-

syndromic forms of parathyroid carcinoma. In Human Mutation (Vol. 38, Issue 12, pp. 1621—
1648). John Wiley and Sons Inc. https://doi.org/10.1002/humu.23337

CAVANAUGH, A. M., & JASPERSEN, S. L. (2017). Big Lessons from Little Yeast: Budding and Fission
Yeast Centrosome Structure, Duplication, and Function. Annual Review of Genetics, 51(1),
361-383. https://doi.org/10.1146/annurev-genet-120116-024733

28



CHAUDHARY, K., DEB, S., MONIAUX, N., PONNUSAMY, M. P., & BATRA, S. K. (2007). Human RNA
polymerase Il-associated factor complex: Dysregulation in cancer. In Oncogene (Vol. 26,
Issue 54, pp. 7499-7507). Oncogene. https://doi.org/10.1038/sj.onc.1210582

CHONG, P.S.Y., ZHOU, J., CHOOJ, J. Y., CHAN, Z. L., TOH, S. H. M., TAN, T. Z., WEE, S., GUNARATNE,
J. ZENG, Q., & CHNG, W. J. (2019). Non-canonical activation of (-catenin by PRL-3
phosphatase in  acute  myeloid leukemia.  Oncogene,  38(9), 1508-1519.
https://doi.org/10.1038/s41388-018-0526-3

COOPER, T. J., GARCIA, V., & NEALE, M. ]. (2016). Meiotic DSB patterning: A multifaceted process.
Cell Cycle (Georgetown, Tex.), 15(1), 13-21. https://doi.org/10.1080/15384101.2015.1093709

COSTANZO, M., VANDERSLUIS, B., KOCH, E. N., BARYSHNIKOVA, A., PONS, C., TAN, G., WANG, W.,
UsAJ, M., HANCHARD, ]., LEE, S. D., PELECHANO, V., STYLES, E. B., BILLMANN, M., VAN
LEEUWEN, J., VAN DYK, N., LIN, Z. Y., KUzZMIN, E., NELSON, J., PIOTROWSKI, J. S., ... BOONE, C.
(2016). A global genetic interaction network maps a wiring diagram of cellular function.
Science, 353(6306). https://doi.org/10.1126/science.aaf1420

CRAIG, N. L., COHEN-FIX, O., GREEN, R., GREIDER, C., STORZ, G., & WOLBERGER, C. (2010). Molecular
biology: principles of genome function 1st edition. Oxford University Press Inc., New York.

DE MASSY, B. (2013). Initiation of Meiotic Recombination: How and Where? Conservation and
Specificities Among Eukaryotes. Annual Review of Genetics, 47(1), 563-599.
https://doi.org/10.1146/annurev-genet-110711-155423

DIAGOURAGA, B., CLEMENT, J. A. J., DURET, L., KADLEC, J., DE MASSY, B., & BAUDAT, F. (2018).
PRDMY Methyltransferase Activity Is Essential for Meiotic DNA Double-Strand Break
Formation at Its Binding  Sites. Molecular  Cell, 69(5), 853-865.€6.
https://doi.org/10.1016/j.molcel.2018.01.033

DUINA, A. A., MILLER, M. E., & KEENEY, J. B. (2014). Budding yeast for budding geneticists: A
primer on the Saccharomyces cerevisiae model system. Genetics, 197(1), 33-48.
https://doi.org/10.1534/genetics.114.163188

FERREIRA, R., LIMETA, A., & NIELSEN, J. (2019). Tackling Cancer with Yeast-Based Technologies. In
Trends in  Biotechnology (Vol. 37, Issue 6, pp. 592-603). Elsevier Ltd.
https://doi.org/10.1016/j.tibtech.2018.11.013

Fu, Y., DOMINISSINI, D., RECHAV], G., & HE, C. (2014). Gene expression regulation mediated
through reversible m6A RNA methylation. In Nature Reviews Genetics (Vol. 15, Issue 5, pp.
293-306). Nature Publishing Group. https://doi.org/10.1038/nrg3724

GARG, J., SAETTONE, A., NABEEL-SHAH, S., CADORIN, M., PONCE, M., MARQUEZ, S., Pu, S.,
GREENBLATT, J., LAMBERT, J. P., PEARLMAN, R. E., & FILLINGHAM, J. (2019). The Med31
Conserved Component of the Divergent Mediator Complex in Tetrahymena thermophila
Participates in Developmental Regulation. Current Biology, 29(14), 2371-2379.e6.
https://doi.org/10.1016/j.cub.2019.06.052

GERBER, M., & SHILATIFARD, A. (2003). Transcriptional elongation by RNA polymerase II and
histone methylation. In Journal of Biological Chemistry (Vol. 278, Issue 29, pp. 26303-26306).
https://doi.org/10.1074/jbc.R300014200

Google Scholar. (n.d.). Retrieved June 29, 2020, from https://scholar.google.es/

29



GOTHWAL, S. K., PATEL, N. J., COLLETTI, M. M., SASANUMA, H., SHINOHARA, M., HOCHWAGEN, A.,
& SHINOHARA, A. (2016). The double-strand break landscape of meiotic chromosomes is

shaped by the Pafl transcription elongation complex in Saccharomyces cerevisiae. Genetics,
202(2), 497-512. https://doi.org/10.1534/genetics.115.177287

HABER, ]. E. (2012). Mating-type genes and MAT switching in Saccharomyces cerevisiae. Genetics,
191(1), 33-64. https://doi.org/10.1534/genetics.111.134577

HANSON, S. J., & WOLFE, K. H. (2017). An evolutionary perspective on yeast mating-type
switching. In  Genetics  (Vol. 206, Issue 1, pp. 9-32). Genetics.
https://doi.org/10.1534/genetics.117.202036

HANTSCHE, M., & CRAMER, P. (2017). Conserved RNA polymerase Il initiation complex structure.
In Current Opinion in Structural Biology (Vol. 47, pp. 17-22). Elsevier Ltd.
https://doi.org/10.1016/j.sbi.2017.03.013

HOHMANN, S. (2016). Nobel Yeast Research. FEMS  Yeast Research,  16(8).
https://doi.org/10.1093/femsyr/fow(094

HONG, S., Joo, J. H., YUN, H., & K1V, K. (2019). The nature of meiotic chromosome dynamics and
recombination in budding yeast. Journal of Microbiology, 57(4), 221-231.
https://doi.org/10.1007/s12275-019-8541-9

Hsu, P. L., SHI, H., LEONEN, C., KANG, J., CHATTERJEE, C., & ZHENG, N. (2019). Structural Basis of
H2B Ubiquitination-Dependent H3K4 Methylation by COMPASS. Molecular Cell, 76(5), 712-
723.e4. https://doi.org/10.1016/j.molcel.2019.10.013

HYUN, K, JEON, ], PARK, K, & K1V, J. (2017). Writing, erasing and reading histone lysine
methylations. Experimental & Molecular Medicine, 324. https://doi.org/10.1038/emm.2017.11

igraph — Network analysis software. (n.d.). Retrieved June 29, 2020, from https://igraph.org/

IMAL Y., BAUDAT, F., TAILLEPIERRE, M., STANZIONE, M., TOTH, A., & DE MASSY, B. (2017). The
PRDMY9 KRAB domain is required for meiosis and involved in protein interactions.
Chromosoma, 126(6), 681-695. https://doi.org/10.1007/s00412-017-0631-z

INGVARSDOTTIR, K., KROGAN, N. J., EMRE, N. C. T., WYCE, A., THOMPSON, N. J., EMILI, A., HUGHES,
T. R., GREENBLATT, J. F., & BERGER, S. L. (2005). H2B Ubiquitin Protease Ubp8 and Sgfll
Constitute a Discrete Functional Module within the Saccharomyces cerevisiae SAGA
Complex. Molecular and Cellular Biology, 25(3), 1162-1172.
https://doi.org/10.1128/mcb.25.3.1162-1172.2005

JAEHNING, J. A. (2010). The Pafl complex: Platform or player in RNA polymerase II transcription?
In Biochimica et Biophysica Acta - Gene Regulatory Mechanisms (Vol. 1799, Issues 5-6, pp. 379—
388). Elsevier B.V. https://doi.org/10.1016/j.bbagrm.2010.01.001

JIN, L., & NEIMAN, A. M. (2016). Post-transcriptional regulation in budding yeast meiosis. In
Current  Genetics  (Vol. 62, Issue 2, pp. 313-315). Springer Verlag.
https://doi.org/10.1007/s00294-015-0546-2

Joo, Y. ]., FICARRO, S. B., CHUN, Y., MARTO, J. A., & BURATOWSK], S. (2019). In vitro analysis of rna
polymerase II elongation complex dynamics. Genes and Development, 33(9-10), 578-589.
https://doi.org/10.1101/gad.324202.119

JOrRDAN, P. W., KLEIN, F., & LEACH, D. R. F. (2007). Novel roles for selected genes in meiotic DNA
processing. PLoS Genetics, 3(12), 2368-2380. https://doi.org/10.1371/journal.pgen.0030222

30



KANE, S. M., & ROTH, R. (1974). Carbohydrate metabolism during ascospore development in yeast.
Journal of Bacteriology, 118(1), 8-14. https://doi.org/10.1128/jb.118.1.8-14.1974

KARMAKAR, S., DEY, P., VAZ, A. P., BHAUMIK, S. R., PONNUSAMY, M. P., & BATRA, S. K. (2018).
PD2/PAF1 at the crossroads of the cancer network. In Cancer Research (Vol. 78, Issue 2, pp.
313-319). American Association for Cancer Research Inc. https://doi.org/10.1158/0008-
5472.CAN-17-2175

KATTYGNARATH, D., MAUGENRE, S., NEYROUD, N., BALSE, E., ICHAI C., DENJOY, L., DILANIAN, G.,
MARTINS, R. P., FRESSART, V., BERTHET, M., SCHOTT, ]. J.,, LEENHARDT, A., PROBST, V., LE
MAREC, H., HAINQUE, B., COULOMBE, A., HATEM, S. N., & GUICHENEY, P. (2011). MOGI, A
New Susceptibility Gene for Brugada Syndrome. Circulation: Cardiovascular Genetics, 4(3),
261-268. https://doi.org/10.1161/CIRCGENETICS.110.959130

KEENEY, S., LANGE, J., & MOHIBULLAH, N. (2014). Self-Organization of Meiotic Recombination
Initiation: General Principles and Molecular Pathways. Annual Review of Genetics, 48(1), 187—
214. https://doi.org/10.1146/annurev-genet-120213-092304

K1, J., GUERMAH, M., MCGINTY, R. K., LEE, J. S., TANG, Z., MILNE, T. A., SHILATIFARD, A., MUIR, T.
W., & ROEDER, R. G. (2009). RAD6-Mediated Transcription-Coupled H2B Ubiquitylation
Directly Stimulates H3K4 Methylation in Human Cells. Cell, 137(3), 459-471.
https://doi.org/10.1016/j.cell.2009.02.027

KOHLER, A., PASCUAL-GARCIA, P., LLOPIS, A., ZAPATER, M., POsAS, F., HURT, E., & RODRIGUEZ-
NAVARRO, S. (2006). The mRNA export factor Susl is involved in Spt/Ada/Gen5
acetyltransferase-mediated H2B deubiquitinylation through its interaction with Ubp8 and
Sgfl1l. Molecular Biology of the Cell, 17(10), 4228-4236. https://doi.org/10.1091/mbc.E06-02-
0098

KORNBERG, R. D. (1974). Chromatin structure: A repeating unit of histones and DNA. Science,
184(4139), 868-871. https://doi.org/10.1126/science.184.4139.868

KOUZARIDES, T. (2007). Chromatin Modifications and Their Function. In Cell (Vol. 128, Issue 4, pp.
693-705). Cell. https://doi.org/10.1016/j.cell.2007.02.005

KROGAN, N.J., DOVER, J., WOOD, A., SCHNEIDER, J., HEIDT, J., BOATENG, M. A., DEAN, K., RYAN, O.
W., GOLSHANI, A., JOHNSTON, M., GREENBLATT, J. F., & SHILATIFARD, A. (2003). The Pafl
complex is required for histone H3 methylation by COMPASS and Dotlp: Linking
transcriptional elongation to histone methylation. Molecular Cell, 11(3), 721-729.
https://doi.org/10.1016/51097-2765(03)00091-1

LEE, K. K., FLORENS, L., SWANSON, S. K., WASHBURN, M. P., & WORKMAN, J. L. (2005). The
Deubiquitylation Activity of Ubp8 Is Dependent upon Sgfll and Its Association with the
SAGA Complex. Molecular  and Cellular Biology, 25(3), 1173-1182.
https://doi.org/10.1128/mcb.25.3.1173-1182.2005

LINDER, T., & GUSTAFSSON, C. M. (2004). The Soh1/MED31 Protein Is an Ancient Component of
Schizosaccharomyces pombe and Saccharomyces cerevisiae Mediator®.
https://doi.org/10.1074/jbc.M409046200

LUENSE, L.]J., WANG, X., SCHON, S. B., WELLER, A. H., LIN SHIAO, E., BRYANT, J. M., BARTOLOMEI, M.
S., COUTIFARIS, C., GARCIA, B. A., & BERGER, S. L. (2016). Comprehensive analysis of histone
post-translational modifications in mouse and human male germ cells. Epigenetics and
Chromatin, 9(1), 1-15. https://doi.org/10.1186/s13072-016-0072-6

31



MANI, R,, ST. ONGE, R. P., HARTMAN 1V, J. L., GIAEVER, G., & ROTH, F. P. (2008). Defining genetic
interaction. Proceedings of the National Academy of Sciences of the United States of America,
105(9), 3461-3466. https://doi.org/10.1073/pnas.0712255105

MASON, K. A., LOS0Os, J. B., SINGER, S. R., & RAVEN, P. H. (2016). Biology.

MATA, J., LYNE, R., BURNS, G., & BAHLER, J. (2002). The transcriptional program of meiosis and
sporulation in fission yeast. Nature Genetics, 32(1), 143-147. https://doi.org/10.1038/ng951

MEEKS, . J., & SHILATIFARD, A. (2017). Multiple Roles for the MLL/COMPASS Family in the
Epigenetic Regulation of Gene Expression and in Cancer. Annual Review of Cancer Biology,
1(1), 425-446. https://doi.org/10.1146/annurev-cancerbio-050216-034333

MERLINI, L., DUDIN, O., & MARTIN, S. G. (2013). Mate and fuse: How yeast cells do it. In Open
Biology (Vol. 3, Issue MAR, p. 130008). Royal Society. https://doi.org/10.1098/rsob.130008

MEYER, K. D., & JAFFREY, S. R. (2014). The dynamic epitranscriptome: N6-methyladenosine and
gene expression control. In Nature Reviews Molecular Cell Biology (Vol. 15, Issue 5, pp. 313—
326). Nature Publishing Group. https://doi.org/10.1038/nrm3785

MONIAUX, N., NEMOs, C., SCHMIED, B. M., CHAUHAN, S. C., DEB, S., MORIKANE, K., CHOUDHURY,
A., VANLITH, M., SUTHERLIN, M., SIKELA, J. M., HOLLINGSWORTH, M. A., & BATRA, S. K. (2006).
The human homologue of the RNA polymerase II-associated factor 1 (hPafl), localized on
the 19q13 amplicon, is associated with tumorigenesis. Oncogene, 25(23), 3247-3257.
https://doi.org/10.1038/sj.onc.1209353

NEALE, M. ], & KEENEY, S. (2006). Clarifying the mechanics of DNA strand exchange in meiotic
recombination. In Nature (Vol. 442, Issue 7099, pp. 153-158). Nature Publishing Group.
https://doi.org/10.1038/nature04885

NEIMAN, A. M. (2011). Sporulation in the budding yeast Saccharomyces cerevisiae. Genetics,
189(3), 737-765. https://doi.org/10.1534/genetics.111.127126

NG, H. H,, DoLE, S., & STRUHL, K. (2003). The Rtfl Component of the Pafl Transcriptional
Elongation Complex Is Required for Ubiquitination of Histone H2B. Journal of Biological
Chemistry, 278(36), 33625-33628. https://doi.org/10.1074/jbc.C300270200

NIELSEN, ]. (2019). Yeast Systems Biology: Model Organism and Cell Factory. Biotechnology
Journal, 14(9), 1800421. https://doi.org/10.1002/biot.201800421

OLIETE-CALVO, P., SERRANO-QUILEZ, ]., NUNO-CABANES, C., PEREZ-MARTINEZ, M. E., SOARES, L. M.,
DICHTL, B., BURATOWSKI, S., PEREZ-ORTIN, J. E., & RODRIGUEZ-NAVARRO, S. (2018). A role for
Mogl in H2Bubl and H3K4me3 regulation affecting RNAPII transcription and mRNA
export. EMBO Reports, 19(11). https://doi.org/10.15252/embr.201845992

Osprey:  Network  Visualization — System. (n.d.). Retrieved June 1, 2020, from
https://osprey.thebiogrid.org/

PAIGEN, K., & PETKOV, P. M. (2018). PRDM9 and Its Role in Genetic Recombination. In Trends in
Genetics (Vol. 34, Issue 4, pp. 291-300). Elsevier Ltd. https://doi.org/10.1016/j.tig.2017.12.017

PANIZZA, S., MENDOZA, M. A., BERLINGER, M., HUANG, L., NICOLAS, A., SHIRAHIGE, K., & KLEIN, F.
(2011). Spol1l-accessory proteins link double-strand break sites to the chromosome axis in
early meiotic recombination. Cell, 146(3), 372-383. https://doi.org/10.1016/j.cell.2011.07.003

PETRONCZKI, M., SIOMOS, M. F., & NASMYTH, K. (2003). Un ménage a quatre: The molecular biology
of chromosome segregation in meiosis. In Cell (Vol. 112, Issue 4, pp. 423-440). Cell Press.
https://doi.org/10.1016/S0092-8674(03)00083-7

32



POWERS, N. R., PARVANOV, E. D., BAKER, C. L., WALKER, M., PETKOV, P. M., & PAIGEN, K. (2016).
The Meiotic Recombination Activator PRDM9 Trimethylates Both H3K36 and H3K4 at
Recombination Hotspots In Vivo. PLoS Genetics, 12(6).
https://doi.org/10.1371/journal.pgen.1006146

PubMed ® | National Center for Biotechnology Information. (n.d.). Retrieved June 29, 2020, from
https://pubmed.ncbi.nlm.nih.gov/

REA, S., EISENHABER, F., O’CARROLL, D., STRAHL, B. D., SUN, Z. W., SCHMID, M., OPRAVIL, S.,
MECHTIER, K., PONTING, C. P., ALLIS, C. D., & JENUWEIN, T. (2000). Regulation of chromatin
structure by site-specific histone H3 methyltransferases. Nature, 406(6796), 593-599.
https://doi.org/10.1038/35020506

ROBINSON, P.J., TRNKA, M. J., BUSHNELL, D. A., DAVIS, R. E., MATTEI, P. J., BURLINGAME, A. L., &
KORNBERG, R. D. (2016). Structure of a Complete Mediator-RNA Polymerase II Pre-Initiation
Complex. Cell, 166(6), 1411-1422.e16. https://doi.org/10.1016/j.cell.2016.08.050

RODRIGUEZ-NAVARRO, S. (2009). Insights into SAGA function during gene expression. EMBO
Reports, 10(8), 843-850. https://doi.org/10.1038/embor.2009.168

RODRIGUEZ-NAVARRO, S., & HURT, E. (2011). Linking gene regulation to mRNA production and
export. In Current Opinion in Cell Biology (Vol. 23, Issue 3, pp. 302-309).
https://doi.org/10.1016/j.ceb.2010.12.002

RStudio | Open source & professional software for data science teams - RStudio. (n.d.). Retrieved June
29, 2020, from https://rstudio.com/

SCHWARTZ, S., AGARWALA, S. D., MUMBACH, M. R., JOVANOVIC, M., MERTINS, P., SHISHKIN, A.,
TABACH, Y., MIKKELSEN, T.S., SATIJA, R., RUVKUN, G., CARR, S. A., LANDER, E. S, FINK, G. R,,
& REGEV, A. (2013). High-Resolution mapping reveals a conserved, widespread, dynamic
mRNA  methylation program in yeast meiosis. Cell, 155(6), 1409-1421.
https://doi.org/10.1016/j.cell.2013.10.047

SERRANO-QUILEZ, ]., ROIG-SOUCASE, S., & RODRIGUEZ-NAVARRO, S. (2020). Sharing Marks: H3K4
Methylation and H2B Ubiquitination as Features of Meiotic Recombination and
Transcription.  International ~ Journal — of  Molecular ~ Sciences,  21(12),  4510.
https://doi.org/10.3390/ijms21124510

SHA, Q. Q. JIANG, Y., YU, C., XIANG, Y., DAJ, X. X, JIANG, . C., OU, X. H., & FAN, H. Y. (2019). CFP1-
dependent histone H3K4 trimethylation in murine oocytes facilitates ovarian follicle

recruitment and ovulation in a cell-nonautonomous manner. Cellular and Molecular Life
Sciences. https://doi.org/10.1007/s00018-019-03322-y

SHU, W. ], ZHAO, M. ], KLIONSKY, D. J, & Du, H. N. (2020). Old factors, new players:
transcriptional regulation of autophagy. In Autophagy (Vol. 16, Issue 5, pp. 956-958). Taylor
and Francis Inc. https://doi.org/10.1080/15548627.2020.1728611

SOLLIER, J., LIN, W., SOUSTELLE, C., SUHRE, K., NICOLAS, A., GELL V., & DE LA ROCHE SAINT-ANDRE,
C. (2004). Setl is required for meiotic S-phase onset, double-strand break formation and
middle gene expression. EMBO Journal, 23(9), 1957-1967.
https://doi.org/10.1038/sj.emboj.7600204

SOMMERMEYER, V., BENEUT, C., CHAPLAIS, E., SERRENTINO, M. E., & BORDE, V. (2013). Sppl, a
Member of the Setl Complex, Promotes Meiotic DSB Formation in Promoters by Tethering
Histone H3K4 Methylation Sites to Chromosome Axes. Molecular Cell, 49(1), 43-54.
https://doi.org/10.1016/j.molcel.2012.11.008

33



STOLINSK], L. A., EISENMANN, D. M., & ARNDT, K. M. (1997). Identification of RTF1, a novel gene
important for TATA site selection by TATA box-binding protein in Saccharomyces
cerevisiae. Molecular and Cellular Biology, 17(8), 4490-4500.
https://doi.org/10.1128/mcb.17.8.4490

SZEKVOLGYL, L., OHTA, K., & NICOLAS, A. (2015). Initiation of meiotic homologous recombination:
Flexibility, impact of histone modifications, and chromatin remodeling. Cold Spring Harbor
Perspectives in Biology, 7(5), 1-18. https://doi.org/10.1101/cshperspect.a016527

TheCellMap. (n.d.). Retrieved June 1, 2020, from https://thecellmap.org/

Ti1AN, H., BILLINGS, T., & PETKOV, P. M. (2018). CXXC1 is not essential for normal DNA double-
strand break formation and meiotic recombination in mouse. PLoS Genetics, 14(10).
https://doi.org/10.1371/journal.pgen.1007657

UsAjJ, M., TAN, Y., WANG, W., VANDERSLUIS, B., ZOU, A., MYERS, C. L., COSTANZO, M., ANDREWS,
B., & BOONE, C. (2017). TheCellMap.org: A web-accessible database for visualizing and
mining the global yeast genetic interaction network. G3: Genes, Genomes, Genetics, 7(5), 1539-
1549. https://doi.org/10.1534/g3.117.040220

VAN Oss, S. B., CUCINOTTA, C. E., & ARNDT, K. M. (2017). Emerging Insights into the Roles of the
Pafl Complex in Gene Regulation. In Trends in Biochemical Sciences (Vol. 42, Issue 10, pp.
788-798). Elsevier Ltd. https://doi.org/10.1016/j.tibs.2017.08.003

VILLORIA, M. T., RAMOS, F., DUENAS, E., FAULL, P., CUTILLAS, P. R., & CLEMENTE-BLANCO, A. (2017).
Stabilization of the metaphase spindle by Cdcl4 is required for recombinational DNA
repair. The EMBO Journal, 36(1), 79-101. https://doi.org/10.15252/embj.201593540

WADE, P. A.,, WEREL, W., FENTZKE, R. C., THOMPSON, N. E., LEYKAM, J. F., BURGESS, R. R., JAEHNING,
J. A., & BURTONF, Z. F. (1996). A novel collection of accessory factors associated with yeast
RNA  polymerase II.  Protein  Expression and  Purification, 8(1),  85-90.
https://doi.org/10.1006/prep.1996.0077

WANG, P., BOWL, M. R., BENDER, S., PENG, J., FARBER, L., CHEN, J., ALI, A., ZHANG, Z., ALBERTS, A.
S., THAKKER, R. V., SHILATIFARD, A., WILLIAMS, B. O., & TEH, B. T. (2008). Parafibromin, a
Component of the Human PAF Complex, Regulates Growth Factors and Is Required for
Embryonic Development and Survival in Adult Mice. Molecular and Cellular Biology, 28(9),
2930-2940. https://doi.org/10.1128/mcb.00654-07

WOOD, A., KROGAN, N. J., DOVER, J., SCHNEIDER, J., HEIDT, J., BOATENG, M. A., DEAN, K., GOLSHANI,
A., ZHANG, Y., GREENBLATT, J. F., JOHNSTON, M., & SHILATIFARD, A. (2003). Brel, an E3
ubiquitin ligase required for recruitment and substrate selection of Rad6 at a promoter.
Molecular Cell, 11(1), 267-274. https://doi.org/10.1016/51097-2765(02)00802-X

WORDEN, E. J., ZHANG, X., & WOLBERGER, C. (2020). Structural basis for COMPASS recognition of
an H2B-ubiquitinated nucleosome. ELife, 9. https://doi.org/10.7554/eLife.53199

XU, Z., SONG, Z., L1, G., Tu, H., Liu, W., L1U, Y., WANG, P, WANG, Y., CUI, X., L1U, C., SHANG, Y., DE
Roor, D. G, GAQ, F., & L1, W. (2016). H2B ubiquitination regulates meiotic recombination
by promoting chromatin relaxation. Nucleic Acids Research, 44(20), 9681-9697.
https://doi.org/10.1093/nar/gkw652

YANG, Y., JOsHI, M., TAKAHASHI, Y. H., NING, Z., QU, Q., BRUNZELLE, J. S., SKINIOTIS, G., FIGEYS, D.,
SHILATIFARD, A., & COUTURE, ]. F. (2020). A non-canonical monovalent zinc finger stabilizes
the integration of Cfp1 into the H3K4 methyltransferase complex COMPASS. Nucleic Acids
Research, 48(1), 421-431. https://doi.org/10.1093/nar/gkz1037

34



YU, G, LU, Y., QIN, J., WANG, Z., HU, Y., WANG, F., L1, Y., CHAKRABARTI, S., CHEN, Q., & WANG, Q.
K. (2018). Mechanistic insights into the interaction of the MOGI protein with the cardiac
sodium channel Nav1.5 clarify the molecular basis of Brugada syndrome. Journal of Biological
Chemistry, 293(47), 18207-18217. https://doi.org/10.1074/jbc. RA118.003997

ZELKOWSKI, M., OLSON, M. A., WANG, M., & PAWLOWSKI, W. (2019). Diversity and Determinants
of Meiotic Recombination Landscapes. In Trends in Genetics (Vol. 35, Issue 5, pp. 359-370).
Elsevier Ltd. https://doi.org/10.1016/j.tig.2019.02.002

ZHANG, Y., SuzUK], T., L1, K., GOTHWAL, S. K., SHINOHARA, M., & SHINOHARA, A. (2020). Genetic
interactions of histone modification machinery setl and PAF1C with the recombination
complex Recl14-Mer2-Mei4 in the formation of meiotic DNA double-strand breaks.
International Journal of Molecular Sciences, 21(8). https://doi.org/10.3390/ijms21082679

International License. To view a copy of this license, visit
http://creativecommons.org/licenses/by/4.0/.

@ ® This work is licensed under the Creative Commons Attribution 4.0

35


http://creativecommons.org/licenses/by/4.0/

Supplemental I

= International Journal of K\
Molecular Sciences M U

Serrano-Quilez, J.; Roig-Soucase, S.; Rodriguez-Navarro, S. Sharing Marks: H3K4 Methylation and H2B
Ubiquitination as Features of Meiotic Recombination and Transcription. Int. J. Mol. Sci. 2020, 21, 4510.

Review

Sharing marks: H3K4 methylation and H2B
ubiquitination as features of meiotic recombination
and transcription

Joan Serrano-Quilez?, Sergi Roig-Soucase! and Susana Rodriguez-Navarro 1*

1 Gene Expression and RNA Metabolism Laboratory, Instituto de Biomedicina de Valencia (CSIC).
Jaume Roig, 11, E-46010, Valencia, Spain
* Correspondence: srodriguez@ibv.csic.es

Int. J. Mol. Sci. 2020, 21(12), 4510; https://doi.org/10.3390/ijms21124510

Received: 27 May 2020; Accepted: 23 June 2020; Published: 25 June 2020

Abstract: Meiosis is a specialized cell division that gives raise to four haploid gametes from a
single diploid cell. During meiosis, homologous recombination is crucial to ensure genetic
diversity and guarantee accurate chromosome segregation. Both the formation of programmed
meiotic DNA double-strand breaks (DSBs) and their repair using homologous chromosomes are
essential and highly regulated pathways. Similar to other processes that take place in the context
of chromatin, histone posttranslational modifications (PTMs) constitute one of the major
mechanisms to regulate meiotic recombination. In this review, we focus on specific PTMs
occurring in histone tails as driving forces of different molecular events, including meiotic
recombination and transcription. In particular, we concentrate on the influence of H3K4me3,
H2BK123ub, and their corresponding molecular machineries that write, read, and erase these
histone marks. The Sppl subunit within the Complex of Proteins Associated with Setl
(COMPASS) is a critical regulator of H3K4me3-dependent meiotic DSB formation. On the other
hand, the PAF1c (RNA polymerase II associated factor 1 complex) drives the ubiquitination of
H2BK123 by Rad6-Brel. We also discuss emerging evidence obtained by cryo-electron
microscopy (EM) structure determination that has provided new insights into how the “cross-
talk” between these two marks is accomplished.

Keywords: meiosis, recombination, DSB, transcription, COMPASS, histone, PAFIc,
methylation, ubiquitination.
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Supplemental II

Table S1 List of proteins analysed in interaction network plots. Each protein includes its name and a brief
description. In red, Mog1 and the five subunits of PAF1c.

Name Description
Brel E3 ubiquitin ligase that catalyze H2Bub

Burl Phosphorilates Ser2 CTD

Cdc14 Phosphorilates Spc110 and stimulates DSB

Cdc73 ~ Component of the PAF1 complex

Cnmé67  SPB component

Csed centromeric histone H3-like protein

Ctf19 Blocks DSB in centromeric regions

Ctk1 Phosphorilates Ser2 CTD

Ctr9 Component of the PAF1 complex

Ddc2 Recruits Mecl

Dmcl Facilitates homologous region search

Dotl Histone H3K79 methylation

Hop1l DSB formation and spindle detachment, in axis
Imel Regulates sporulation, induct early genes

Ime4 RNA methyltransferase, Imel inductor

Jhd2 De-methylase

Kin28 Phosphorilates Ser5 CTD

Leol Component of the PAF1 complex

Lgel Regulatory cofactor Rad6/Brel

Mecl DNA damage response kinase. DSB checkpoint

Mei4 RMM complex, involved in DSB formation

Mek1 Control Rec8

Mer2 RMM complex, involved in DSB formation

Ran-binding protein required for Rad6, Brel and Rtf1 recruitment to

Mogl  1Bub

Mrell MRX complex, involved in DSB formation

Mred Control Rec9

Ndt80  Regulates sporulation, induct middle genes

Nej1 Encodes non-homologous end-joining process

Pafl Component of the PAF1 complex

Rad50 MRX complex, involved in DSB formation

Rad51 Facilitates homologous region search

Radé E2 ubiquitin ligase that catalyze H2Bub

Rec102  Required for meiotic DSB

Rec104  Required for meiotic DSB

Rec114  RMM complex, involved in DSB formation

II



Rec8 Cohesin
Red1 Component of the synaptonemal complex axial elements
Rmel Repressor of meiosis I
Rtf1 Component of the PAF1 complex
Setl From COMPASS required for H3K4me/H2Bub
Set2 Histone H3K36 methylation
Sgf73 From the SAGA complex, related with IME1
Ski8 Subunit of hPAF1c, in yeast is required for meiotic DSB
Sohl Subunit of the RNA polymerase II Mediator complex
Spc110  SPB component
Spc42 SPB component
Spc72 SPB component
Spoll Topoisomerase-like protein which programs DSB
Spp1l From COMPASS complex, opens the chromatin, interacts with Mer2
Spt4 Elongation control during transcription
Spt5 Elongation control during transcription
Susl From SAGA complex, related to mRNA export
Tell DNA damage response kinase. DSB checkpoint
Ubp8 Cse4 deubiquitination
Xrs2 MRX complex, involved in DSB formation
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