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Abstract

The idea of inheritance of acquired characteristics is associated with early evolutionary
theory being superseded by the modern synthesis combining Darwinian theories and
Mendelian genetics. Whereas there is consense on the possible consequences of the
environment triggering an epigenetic (health) status of an individual, much debate centers
around a possible inheritance of acquired characters via epigenetic mechanisms. Generally
accepted epigenetic mechanisms include DNA methylation, histone modifications, and non-
coding RNAs. During embryogenesis, epigenetic marks are erased and chromatin is
remodelled. Our knowledge on epigenetic information carriers or mechanisms, including
small non-coding (snc)RNAs and residual histone and protamine (modifications) is patchy,
especially in the context of its evolutionary potential. My working hypothesis is that an
erasure of epigenetic marks during germline reprogramming might not be fully efficient, thus
leading to the intergenerational inheritance of epialleles. Therefore, the complete non-
coding (nc)RNA cargo in human sperm heads was described, mainly focussing on one group
of sncRNA, namely Y RNAs and their fragments (YSRNA). | found that specific Y RNA
fragments, namely Ys1IRNA and Ys4RNA are selectively enriched in sperm heads and
almost absent in oocytes, suggesting a potential intergenerational epigenetic transfer of
YsRNA as paternal contribution to the zygote. In human mature spermatozoa, about 85 %
of histones are replaced by protamines. Hence, a subset of genomic loci may escape complete
removal of their histone packaging proteins, with epigenetic effects of the respective gene
regulation. Moreover, not only residual histones but protamines themselves could have an
impact in epigenetic regulatory processes. Therefore, I ChlP-analysed the sperm head
chromatin for residual histones, represented by H2B, and protamine chromatin (PRM1 and
PRM2). | aimed to correlate the ncRNA expression with the chromatin data and scrutinize
the possible role of the chromatin components in the transgenerational inheritance of
epigenetic information. | found that H2B, PRM1 and PRM2 peaks are preferably found in
satellite regions, mainly in centromeric and telomeric regions, and that those peaks overlap
to great parts between the three proteins. H2B and protamine peaks overlap with INCRNA
genomic regions suggesting the at least partially possible transcription of InCcRNAs in human
sperm heads. Histone H2B and the protamines PRM1 and PRM2 contain intrinsically
disordered regions, which bind preferably INcRNA in an unspecific manner. Human sperm
heads thus contain specific RNA (Y RNA), in the sense of sequence-specific function and
“unspecific” RNA cargos (IncRNA) that are transmitted as epigenetic information carriers

into the zygote possessing potential adaptive value.
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Zusammenfassung

Die Idee der Vererbung erworbener Merkmale steht im Zusammenhang mit der friihen
Evolutionstheorie, die von der modernen Synthese aus Darwin’schen Theorien und
Mendelscher Genetik abgelost wurde. Wéhrend Uber die moglichen Auswirkungen der
Umwelt auf den epigenetischen (Gesundheits-)Status eines Individuums Einigkeit besteht,
dreht sich vieles um die mogliche Vererbung erworbener Merkmale (ber epigenetische
Mechanismen. Zu den allgemein anerkannten epigenetischen Mechanismen gehéren DNA-
Methylierung, Histon-Modifikationen und nicht-kodierende RNAs. Wahrend der
Embryogenese werden epigenetische Markierungen geléscht und das Chromatin wird
umgestaltet. Unser Wissen Uber epigenetische Informationstrager oder -mechanismen,
einschlieBlich kleiner nichtkodierender RNAs (snc)RNAs und restlicher Histon- und
Protaminmodifikationen, ist lickenhaft, insbesondere im Zusammenhang mit ihrem
evolutiondren Potenzial. Meine Hypothese ist, dass die Ldschung epigenetischer
Markierungen wéahrend der Keimbahnreprogrammierung moglicherweise nicht vollstandig
effizient ist, was zur intergenerationalen Vererbung von Epiallelen flihrt. Daher wurde die
gesamte nicht-kodierende (nc)RNA-Fracht in menschlichen Spermienkdpfen beschrieben,
wobei der Schwerpunkt auf einer Gruppe von sncRNAs lag, namlich den Y RNAs und ihren
Fragmenten (YSRNA). Ich fand heraus, dass bestimmte Y RNA-Fragmente, ndmlich
Ys1RNA und Ys4RNA, selektiv in Spermienkdpfen angereichert sind und in Oozyten fast
gar nicht vorkommen, was auf einen potenziellen intergenerationalen epigenetischen
Transfer von YsRNA als véterlichen Beitrag zur Zygote hindeutet. In reifen menschlichen
Spermien werden etwa 85 % der Histone durch Protamine ersetzt. Daher ist es moglich, dass
ein Teil der genomischen Loci der vollstdndigen Entfernung ihrer Histonproteine entgehen,
was epigenetische Auswirkungen auf die jeweilige Genregulation hat. Dartiber hinaus
kénnten nicht nur die verbleibenden Histone, sondern auch die Protamine selbst einen
Einfluss auf die epigenetischen Regulationsprozesse haben. Daher habe ich das
Kopfchromatin der Spermien auf residuale Histone, reprasentiert durch H2B, und
Protaminchromatin (PRM1 und PRM2) mittels ChIP-Analyse untersucht. Mein Ziel war es,
die ncRNA-Expression mit den Chromatindaten zu korrelieren und die mogliche Rolle der
Chromatinkomponenten  bei der transgenerationalen  Vererbung epigenetischer
Informationen zu untersuchen. Ich fand heraus, dass H2B-, PRM1- und PRM2-Peaks
vorzugsweise in Satellitenregionen zu finden sind, hauptséchlich in Zentromer- und
Telomerregionen, und dass sich diese Peaks zum Grolteil zwischen den drei Proteinen

uberschneiden. H2B- und Protamin-Peaks tiberschneiden sich mit IncRNA-Genomregionen,

\%



was auf eine zumindest teilweise mogliche Transkription von IncRNAs in menschlichen
Spermienkdpfen hindeutet. Histon H2B und die Protamine PRM1 und PRM2 enthalten
intrinsisch ungeordnete Regionen, die vorzugsweise INCRNA auf unspezifische Weise
binden. Menschliche Spermienkdpfe enthalten also spezifische RNA (Y RNA) im Sinne
einer sequenzspezifischen Funktion und "unspezifische” RNA-Ladungen (IncRNA), die als
epigenetische Informationstrager in die Zygote ibertragen werden und einen potenziellen

adaptiven Wert besitzen.
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1 Introduction

The idea of inheritance of acquired characteristics is associated with early evolutionary
theory, which was superseded by the modern synthesis combining Darwinian theories and
genetics shortly after rediscovering Mendelian genetics. Darwin assumed that all cells of an
organism emit small particles (“gemmules”) that migrate into the germinal cells and are
passed on from parents to offspring. These particles can be altered by the environment and
thus influence the offspring (Liu, 2008). In this context, Lamarck had a similar idea of
heredity. He was convinced that acquired characteristics are passed on to the descendants
through use or disuse. Both were sure that the environment has a great influence on an
organism and its evolution (Burkhardt, 2013). Today, this idea still holds truth, and it is
generally accepted that the environment, and not only the DNA, has an influence on the

phenotype and evolution of an organism. This concept is referred to as epigenetics.

Epigenetics describes alterations in gene expression without changing the DNA sequence
itself (Weinhold, 2006). These alterations can be transmitted to the daughter cells and, when
happening in the germline, even to their offspring. Many different environmental factors,
including chemical pollutants, affect how much or little and which regions of our genome
are expressed. It is known that changes in gene expression due to epigenetic changes can
lead to cancer, autoimmune diseases, cardiovascular diseases, diseases associated with the
reproductive system and many more illnesses (Weinhold, 2006; L. Zhang et al., 2020).
Additionally, not only these serious diseases might be caused and influenced by epigenetic
marks, but even more minor diseases like drug addiction are also known to be influenced by
DNA methylation (Bali et al., 2011). This shows that epigenetics has a greater impact on the
health and behaviour of organisms than previously thought and should be investigated more

intensively.

Over the last decades, the molecular and mechanistic correlates underlying the idea of
acquired and possible heritable characters have been intensively researched. Self-sustaining
feedback loops, chromatin-based mechanisms including DNA methylation and both coding
and non-coding RNA as well as structural templating (reviewed by Heard & Martienssen,
2014) are generally accepted molecular mechanisms that have the potential to render
environmental influence into gene expression regulation. Whereas there is consense on the
possible consequences of the environment triggering the epigenetic as well as the health
status of an individual, much debate centers around a possible inheritance of acquired

characters via epigenetic mechanisms. To describe the phenomenon of epigenetic inheritance
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more precisely the term “transgenerational” was introduced to set apart a non-sequence-
based effect that is truly transmitted from one generation to the other from parental effects
like in utero exposure of an embryo and its germline to environmental influences, primarily
including dietary interventions, stress exposures, and toxin exposures. Effects caused by the
latter cannot be found in generations that are not exposed to the triggering environmental
signal. Initially formulated evolutionary theories that take account of two systems of
inheritance, namely genetic and epigenetic inheritance, are impeded by the fact that the
majority of environmentally induced epigenetic states tested to date do not persist over long
timescales and are therefore considered as unlikely to play roles in macroevolutionary
processes (Boskovi¢ & Rando, 2018). Though epigenetic inheritance is thought to be
relatively common in plants and usually explained by a poorly defined plant germline (Heard
& Martienssen, 2014) the widespread cytosine methylation changes observed in response to
hyperosmotic stress in Arabidopsis or phosphate deprivation in rice are transient, being
erased either immediately after returning plants to control conditions or in F1 offspring
(summarized in BoSkovi¢ & Rando, 2018). Compared to plants, epialleles in metazoan
systems are even far less robustly inherited due to the process of germline reprogramming
that removes and reestablishes epigenetic signatures. Consequently, a recently published
summary (Perez & Lehner, 2019) lists only weak transgenerational effects detectable in only

few Metazoan model species, including Drosophila, C. elegans and rodents.

Germline cells are crucial for reproduction and the transmission of genetic and epigentic
information from parent to offspring. In the female body those are the oocytes and in the
male body the sperm cells (Cheng et al., 2022). August Weismann formulated the concept of
germ plasm in the late 19" century. Germ plasm describes the sum of all hereditary particles
and substances of an organism which are only found in the nuclei of germ cells. In contrast,
all other cells only contain parts of these determinants (Hargitt, 1944). Therefore, germ cells
are the only cells that can transmit heritable information and other cells do not take part in
heredity. Weismann stated that somatic cells do not have an impact on the germ cells. This
concept is called the “Weismann barrier” (Nilsson et al., 2020). With his idea of heredity, he
rejected Lamarck’s theory regarding inheritance of acquired characteristics (Bline et al.,
2020). Today we know that the Weismann barrier does not hold absolute truth and that

somatic cells do have an impact on germ cells.

The process describing the maturation of undifferentiated diploid spermatogonia via meiotic

processes first into tetraploid spermatids and then into highly differentiated haploid



spermatozoa is a highly complex one and called spermatogenesis (Hess & De Franca, 2008).
Spermatogenesis is crucial for the continuity of the male germline by producing germ cells
that have the potential to fertilise oocytes and eventually produce offspring (Kubota &
Brinster, 2018). Functionally, spermatogenesis can be divided into three successive stages:
spermatocytogenesis, meiosis and spermiogenesis (Johnson et al., 2000). Sperm production
begins with spermatogonial stem cells (SSCs), which correspond to type Adark
spermatogonia. Type Adark Spermatogonia are seen as reserved stem cells that do not directly
participate in producing sperm. They divide mitotically in a new type Adark and a type Apaie
spermatogonia. This type Apale Spermatogonia is considered the renewing stem cell and dives
mitotically into a new type Apae Spermatogonia and a type B spermatogonia (Dym et al.,
2009). After several rounds of mitosis, type B spermatogonia divides into pre-leptotene
spermatocytes, which undergo the last mitotic division before the meiotic phase in the S
phase (Makeld & Toppari, 2017). During the prophase of the first meiotic division, important
processes like homologous chromosome alignment, meiotic recombination and crossover
formation occur (Jan et al., 2017). The prophase is subdivided into five stages: leptotene,
zygotene, pachytene, diplotene and diakinesis. In the leptotene stage the chromatin
condensates and appears as long strands. During zygotene stage a Synapsis between
homologous chromosomes is formed. In the pachytene stage homologous recombination,
including crossing over, takes place (Marques et al., 2018). The diplotene stage is
characterised by chiasmata, the points of contact between chromatids of homologous
chromosomes. The diakinesis is the last stage, representing the end of the prophase, and is
characterised by the dissolution of the nuclear membrane (Page & Hawley, 2003). Following
the prophase, the first meiotic division takes place. During this phase the primary
spermatocyte is divided into two secondary spermatocytes, which contain all duplicated
autosomal chromosomes and either a duplicated X or Y chromosome. After the first meiotic
division, the second meiotic division starts. Here, each secondary spermatocyte divides into
two spermatids, each with a haploid set of chromosomes (Kotaja, 2013). The round
spermatids, containing spherical nuclei, differentiate into elongating spermatids and then
into mature spermatozoa (Jan et al., 2017; Johnson et al., 2000). This maturation process is
called spermiogenesis or spermiohistogenesis (Hofgartner et al., 1979; Oliva & Castillo,
2011). The volume of the spermatid nuclei decreases, and they transform into a more
elongated shape. Hereby, epigenetic changes, in particular chromatin remodelling, take
place. Histones are replaced by protamines, resulting in highly compacted DNA.

Additionally, most of the cytoplasm is removed and a flagellum and the acrosomal vesicle



are formed. On its way to the epididymis the spermatozoa undergo further maturation
processes, where the chromatin gets even more compacted (Oliva & Castillo, 2011). In
general, the process of spermatogenesis comprises a total duration of about 64 days (Heller
& Clermont, 1963; Misell et al., 2006). Once in the epididymis, the spermatozoa undergo
further maturation processes. While moving from the proximal (caput) to the distal (cauda)
end of the epididymis spermatozoa become motile and able to fertilise oocytes (Cornwall &
Von Horsten, 2007).
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Figure 1: Graphical abstract about the spermatogenesis.
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Aim of this study

As this work is part of the RGT GenEvo-project, the main focus lies on transgenerational
inheritance of epigenetic marks, and ultimately on how epigenetic mechanisms can become
heritable and what role they play in evolution. Generally accepted epigenetic mechanisms
include DNA methylation, histone modifications and non-coding RNA. The germline
undergoes natural epigenetic reprogramming during embryonic development (Hajkova,
2011). During this process epigenetic marks are removed and reset, converting germ cells
into stem cells. Without this reprogramming, germ cells would retain the parental epigenetic
memory, which would then prevent the transmission of genetic information to the offspring
(Sabour & Schéler, 2012). Moreover, during embryogenesis epigenetic marks are erased and
chromatin is remodelled (Hajkova, 2011). My working hypothesis is that an erasure of
epigenetic marks during germline reprogramming might not be fully efficient, thus leading
to the intergenerational inheritance of epialleles.

Specifically, I aim to contribute to the questions on the presence of epigenetic information
carriers in mature human sperm heads and thus the zygotic male pronucleus. The epigenetic
states from nuclei of fully differentiated sperm are going to be determined to avoid
confounding results caused by non-spermatid cells and extranuclear contaminants (such as
theca proteins). After impregnation the first zygotic replication is carried out in separate
paternal and maternal pronuclei; thus, it can be assumed that the epigenetic status of the
paternal pronucleus is best reflected in sperm heads. Upon fertilization, e.g. unusual
chromatin architectures are extensively remodelled and maternal and paternal genomes
remain distinctively packaged for several cell divisions. To isolate sperm heads from
ejaculates a differential lysis protocol was applied — controllable by the presence/absence of
mitochondrial DNA (mtDNA) — to separate sperm heads from ejaculate cells. To give an
impression of how the differential lysis protocol enriches sperm heads, a microscopic

snapshot of human sperm before and after differential lysis is depicted below.



Figure 2: Microscopic image of sperm cells before (left) and after (right) differential lysis. Sperm head,
acrosome and tail are clearly visible in sperm cells before differential lysis. After lysis sperm heads are visible

almost exclusively.

The picture on the left shows the sperm cells before the differential lysis. The sperm heads,
midpiece containing the mitochondria and the flagellum can be seen clearly. On the right site
the sperm cells after the differential lysis are shown, with the flagella and midpieces almost
perfectly removed leaving intact sperm heads. This differential lysis allows a removal of the
mitochondria which can be assessed in its efficiency by simple mtDNA-PCRs. To compare
different sources of DNA sperm heads, oral mucosa and urothelial cells were obtained from

one individual and PCR checked with mtDNA-specific primers:

Figure 3: PCR results of sperm heads (lane 1 and 2), oral mucosa (lane 3) and urothelial cells (lanes 4, 5 and
6) using mtDNA specific primer. Lanes 3 to 6 show lines while the lanes 1 and 2 show no lines. A 100 bp Plus

marker was used as ladder.

The agarose gel shows the result of the PCR using mtDNA-specific primer. The first two
lanes from left to right were loaded with sperm head DNA, the third lane was loaded with
oral mucosa DNA and the remaining three lanes were loaded with urothelial cell DNA. The
used ladder was a 100 bp Plus marker. Lanes 1 and 2 show now lines, while the other four
lines show clear lines. This result shows that there is no mitochondrial DNA in the sperm
head samples, which means that the differential lysis is a suitable method to purify sperm

heads from all other components.



In metazoans, epigenetic erasure and resetting in gametogenesis and early embryogenesis is
probably best studied for mammalian imprinting (allele-specific DNA methylation), our
knowledge on “reprogramming” other epigenetic information carriers or mechanisms,
including small non-coding RNAs (sncRNAs) and residual histone and protamine
(modifications), lags behind especially in the context of its evolutionary potential. Therefore,
the complete non-coding RNA cargo in human sperm heads will be described, mainly
focussing on one group of sncRNA in Chapter 2.1, namely Y RNAs and their fragments
(YSRNA).

Y RNA was first described in 1981 when this group of RNA was found in patients affected
by systematic lupus erythematosus (SLE) and Sjogren’s syndrome (Hendrick, 1981; Lerner
et al., 1981). Because they were found in the cytoplasm of cells, they were given the prefix
‘Y’ (Lerner et al., 1981). There are four Y RNAs in humans, hY1 with a size of 112 nt, hY3
with a size of 101 nt, hY4 with 93 nt in size and hY5 with a size of 83 nt (Gulia et al., 2020)
which are clustered on one single locus on chromosome 7936 (R. Maraia et al., 1996; R. J.
Maraia et al., 1994). The 5’ end and 3’ end typically bind together to form a double-stranded
stem domain divided in a lower and upper stem domain (Kowalski & Krude, 2015). The
upper stem domain is important for chromosomal DNA replication and the lower stem
domain has a Ro60 binding site and is, when bound to Ro60, involved in RNA stability and
stress response (Kowalski & Krude, 2015). Y RNA, like many other groups of RNA
including tRNA, 5S rRNA and Alu (Nikitina & Tishchenko, 2005), are transcribed by RNA
polymerase Il (Kowalski & Krude, 2015). The transportation from Y RNAs from the
nucleus to the cytoplasm uses the same proteins as it does for miRNAs, namely Exportin 5
and Ran GTPase (Bartel, 2004). Y RNAs do not only exist in their full length but also in
fragments between 25 nt and 35 nt (Rother & Meister, 2011). Y RNAs and Y RNA fragments
are reported to be possible tumor biomarkers and play a significant role in several tumor
types (Guglas et al., 2020). The fragmentation of Y RNAs, which is performed by RNAse L
(Donovan et al., 2017), is increasing in apoptotic cells and upon activation of the innate
immune system (Nicolas et al., 2012; Rutjes et al., 1999) but was also found in non-apoptotic
proliferating cells (Nicolas et al., 2012) and within extracellular vesicles (Driedonks &
Nolte-T’Hoen, 2019). Y RNA fragments in apoptotic cells are a result of Y RNA degradation
performed by caspase-3 (Guglas et al., 2020).
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Figure 4: lllustration of the human Y RNA structures and their functional sites (Kowalski & Krude, 2015).

Somatic cells and gametes are characterized by a pronounced contrasting chromatin
packaging. Histone modifications also exhibit germline-specific patterns (Bao & Bedford,
2016). Chromatin architecture in oocytes differs substantially from that in somatic cells and
is characterized by e.g., the presence of histone variants and specific histone modifications
in mammals. Even more pronounced differences are realized in sperm cells, though there is
great variety across plants and metazoans. During mammalian spermatogenesis the presence
of highly specialized testes histones is required. Most histones are replaced first by transition
proteins and thereafter by two protamines, PRM1 and PRM2. In human sperm, protamines
are phosphorylated at specific regions (PRM1S9, PRM1S11, and PRM2S59) but the purpose
behind this process remains yet unknown. Protamines are basic, arginine-rich proteins that
differ from histones in their enrichment in lysine and cysteine residues. The high arginine
content results in a partial positive charge that promotes DNA binding and neutralises the
negative charge along the phosphodiester backbone of DNA, allowing neighbouring DNA
molecules to be packed more tightly, resulting in a 10 times more compacted genome in the
male nucleoprotamine complex. This change causes the typical hydrodynamic shape and
likely protects the genome from physical and chemical damage. Furthermore, a classical
interpretation states that protamine chromatin is transcriptionally silenced. In mature
spermatozoa, about 99 % of histones are replaced by protamines in mice, and about 85 % in
humans (Brunner et al., 2014). Hence, a subset of genomic loci may escape complete
removal of their histone packaging proteins, with epigenetic effects on the respective gene



regulation. Moreover, not only residual histones but protamines themselves could have an
impact in epigenetic processes. My second overarching goal is therefore to ChlP-analyse the
sperm head chromatin for residual histones, represented by H2B and protamine chromatin
(PRM1 and PRM2). | aim to correlate the non-coding RNA expression with the chromatin
data and scrutinize the possible role of the chromatin components in the transgenerational

inheritance of epigenetic information.
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2 Results

The results presented in Chapter 2.1 were submitted as an Original Research paper to

Frontiers in genetics — RNA.

2.1 Human sperm heads harbour modified YSRNA as transgenerationally

inherited non-coding RNAs

My contributions to this publication include the conceptualisation and design of the
experiments, the (complete) laboratory work, the bioinformatic analysis, interpretation and

graphical presentation of the data as well as the writing of the manuscript.

The planning of the experiments and the interpretation of data as well as the drafting of the
manuscript were realised together with Prof. Dr. H. Zischler. The project was supervised by
Prof. Dr. H. Zischler.

The goal of this work is to elucidate the biogenesis of YSRNA starting from Y RNA source
genes and during sperm development proceeding to mature sperm heads. The main question
is if and if so how YSRNASs might constitute a paternal contribution to the zygote delivered
via the male pronucleus and whether this epigenetic information is inherited

intergenerationally or even transgenerationally with possibly adaptive value.
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Abstract

Most epigenetic information is reprogrammed during gametogenesis and early development.
However, some epigenetic information persists and can be inherited, a phenomenon that is
common in plants. On the other hand, there are increasing examples of epigenetic inheritance
in metazoans, especially for small non-coding RNAs. The presence of regulatory important
RNAs in oocytes is undisputed, whereas the corresponding RNA payload in spermatozoa
and its regulatory influence in the zygote and early embryogenesis is largely enigmatic. For
humans, we herein describe small Y RNA fragments as paternal contribution to the zygote.
First, we trace the biogenesis of these YSRNAs from source Y RNAs with respect to the 5’
and 3’ modifications. Both the length and modifications make these YSRNAs reminiscent of
canonical piRNAs that are not derived from piRNA clusters. Second, from the early stages
of spermatogenesis to maturation in the epididymis, we observe distinct YSRNA dynamics
in the male germline. We track YsSRNAs exclusively in mature sperm heads, the correlate of
the male pronucleus in the zygote, suggesting an important role of the epididymis as a hub

for the transfer and modification of epigenetic information related to YSRNA between soma
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and germline in humans. Because this YsRNA-based epigenetic mechanism is effective
across generations, we questioned whether the function of Y RNA binding to Ro60 might
have adaptive value and described the profiles of non-coding RNAs bound to Ro60 in the
human sperm head. Because specific binding profiles of RNA to Ro60 were detected, but no
Y RNA bound to Ro60, we hypothesize that the Ro60 system is functional and efficient in
sperm heads. An adaptive phenotype mediated by the presence of a large amount of YSRNA
in the sperm head, and thus as a paternal contribution in the zygote, might be related to an
association of YsRNA with Y RNA that prevents the adoption of a Y RNA secondary
structure capable of binding Ro60, both from the oocyte and the sperm. We hypothesize that
preventing Y RNAs from acting as Ro60-associated gatekeepers for misfolded RNAs in the
zygote and early development may enhance RNA chaperoning and thus represent the

adaptive molecular phenotype.

1 Introduction

Spermatogenesis is a dynamic developmental process starting from stem cell proliferation
and differentiation, meiotic cell divisions and finally an almost complete replacement of the
canonical histones by protamines in the sperm head leading to a stronger genome
compaction. The main task during this process is to realize different genome safeguarding
mechanisms as well as to undergo a differentiation program characterized by an extreme
dynamic of the stage specific transcriptomes leading to a highly specialized sperm cell with
markedly reduced transcriptional activity. The extreme complexity of the transcriptome
during spermatogenesis is characterized by the fact, that nearly the whole genome is
expressed in testes, more than in any other cell (Soumillon et al., 2013). This phenomenon is
speculated to be linked to an evolutionary important “transcriptional scanning” of the
genome exploiting the mechanism of the transcription-coupled repair machinery (Xia et al.,
2020). In mammals, mRNA is massively eliminated during late spermiogenesis (Gou et al.,
2014) and small RNAs are eliminated during post-testicular maturation of sperm. Thus,
piRNAs are almost completely absent from ejaculated sperm, in which a small amount of
sncRNAs comprised primarily of tRNA cleavage fragments together with a smaller
population of microRNAs (Peng et al., 2012) can be traced. Hence, the characteristic feature
of the germline epigenome erasure/reestablishment also affects the ncRNA-transcriptome in
the male germline. Summarizing current research in metazoans, it is widely accepted that

the oocyte carries the majority of relevant regulator RNAs that function in the early embryo
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of most species. However, there is substantial and increasing evidence that sperm also carry
a functional RNA payload. Theoretically, small RNAs in the male germline can affect
subsequent generations either indirectly by directing chromatin or DNA modifications
during gametogenesis or directly via delivery to the zygote. Since the sperm heads are
precursors of the male pronucleus, sperm head-located ncRNAs could influence the
transcriptomes of early zygotes and before the zygotic genome activation (ZGA) becomes

efficient.

It is therefore of utmost importance to precisely describe the complete RNA cargo of mature
male gametes, its biogenesis with respect to possible modifications and thus functionality as
well as the RNA profiles during development from testis and early stages to ejaculated
sperm. Furthermore - and especially for the human situation - it is important to get
experimental evidence related to the possible functions of small RNAs in the early embryo
(Boskovi¢ & Rando 2018).

An annotation of human sperm head smallRNA by UNITAS (Gebert et al., 2017) revealed
that a major fraction of miscRNA and RNA, that cannot be annotated, are derived from Y
RNAs. There are four Y RNA loci in humans, hY1 with a size of 112 nt, hY3 with a size of
101 nt, hY4 with 93 nt in size and hY5 with a size of 83 nt (Gulia et al., 2020) which are
clustered on chromosome 7936 (Maraia et al., 1994, Maraia et al., 1996). The 5’ end, having
a triphosphate, and 3’ end typically hybridize to form a double-stranded stem domain divided
in a lower and upper stem domain (Kowalski & Krude, 2016). Y RNAs are Pol Il transcribed
and the La binding site is located at the 3’ polyuridine tail. Binding of La protein to this tail
protects the Y RNA from 3’ and 5’ exonucleolytic degradation and promotes its retention in
the nucleus (Wolin & Cedervall, 2002, Simons et al., 1996). The upper stem domain is
important for chromosomal DNA replication and the lower stem domain has a Ro60 binding
site and is, when bound to Ro60, involved in RNA stability and stress response (Kowalski
& Krude, 2015). Y RNAs do not only exist in their full length but also in fragments between
25 nt and 35 nt (Rother & Meister, 2011) which are referred to as YSRNA. To detect the
smallRNA profiles we used smallRNA sequencing, mapping tools and local BLAST-
analyses with the Y RNA-homologs as database. To elucidate the YSRNA profiles during
spermatogenesis, we NGS-sequenced one human testis small RNA and sperm heads from
six individuals. In addition, we downloaded SRA-deposited smallRNA datasets from
different early stages of human spermatogenesis, human oocytes, semen vesicles, and

epididymis, the latter to take a reproductive support tissue into account. To detect smallRNA
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modifications that were introduced during the biogenesis of YSRNAs, we carried out PNK-
, RppH- and before/after oxidation experiments with sperm head and testis smallRNA by

comparatively quantifying the smallRNA-seq readouts with respect to the various YsRNAs.

2 Material & Methods
2.1 Sperm head preparation

Semen samples were collected from six volunteers between the age of 24 and 62. Donors
were asked to abstain from sexual activity for two to three days. The entire ejaculates gained
by masturbation were collected in a sterile 50 ml tube. The samples were used within one
hour after ejaculation. Semen samples were evenly distributed to 2 ml reaction tubes and
centrifuged at room temperature at 16,000 x g for 5 minutes. The supernatants were
discarded and the pellets were resuspended in 700 pl TEN (20 mM TRIS, 20 mM EDTA,
200 mM NaCl, [pH 8.0]), 400 pl HPLC Gradient Grade water and 300 pl 10 % SDS and
centrifuged at room temperature at 16,000 x g for 5 minutes. The supernatants were removed
and the washing steps were repeated a second time. After the final wash the pellets were
dissolved in 48 pl ddH20 and 2 pl 1 M dithiothreitol (DTT) or stored at -80 °C until further

usage.

2.2 RNA isolation

Total RNA was isolated using the Quick-RNA™ MiniPrep kit from Zymo Research
according to the manufacturer’s instructions whereby the samples were mixed with 600 pl
of RNA Lysis Buffer in the first step. The isolated RNA was dissolved in 20 pl RNase-free

water and stored at -80 °C until further usage.

2.3 small RNA Sequencing

The isolated sperm heads and testis RNA samples were sent to BGI for library preparation
and small RNA sequencing. RNA from same donor sperm heads were pooled from several
preparations and combined to meet the company’s requirements of a total amount exceeding
1 ug RNA. Size fractions with a cut-off at 50 nt were used to enrich small RNA for library

preparation and the sequencing strategy was SE 50.
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2.4 Oxidation and R-elimination of sperm head and testis RNA

Samples from one individual were used to find out if sperm head YSRNAs are protected at
their 3” end due to 2’-O-methylation. To this end, periodate treatment coupled with
subsequent -elimination were performed. Unprotected RNAs with vicinal 2” and 3’ diol
groups react with sodium periodate (NalO4). During subsequent 3-elimination these RNASs
are shortened by 1 nt, leaving them with a 3’ monophosphate. This 3’ monophosphate
prevents adaptor ligation during library preparation. 2 pg of human testis RNA (BioChain®;
#R1234260-50) and total RNA isolated from sperm heads were dried in a SpeedVac and
resuspended in 17.5 pl borate buffer (4.38 mM Na2B4O7*10H20 and 50 mM H3BO3z [ph
8.6]). 7.5 pul 100 mM NalO4 was added to reach a final concentration of 28.6 mM and the
samples were incubated 10 minutes in the dark at 24 °C. 3 pl 50 % glycerol and 2 pl HPLC
water were added to the samples to reach a final concentration of 5 % glycerol. The samples
were incubated for another 10 minutes in the dark at 24 °C. Afterwards, the samples were
concentrated to 5 pl in a SpeedVac. For the following 3-elimination, 50 pl borate buffer
(33.75 mM NazB4O7*10H20 and 50 mM H3BOs [pH 9.5, adjusted by NaOH]) was added to
the samples. The samples were incubated for 90 minutes at 45 °C. Afterwards, the samples
were ethanol precipitated. For that, 150 pul 100 % ethanol was added to the samples together
with 2 pl glycogen as carrier. The samples were precipitated overnight at -20 °C. After that,
the samples were centrifuged at 16,000 x g at 4 °C for 30 minutes. The supernatants were
carefully discarded. 100 pl 75 % ethanol was added to the pellets and the samples were
centrifuged at 16,000 x g at 4 °C for 10 minutes. The supernatants were removed and the
pellets were left to dry by evaporation. After that, the pellets were resuspended in 20 pl
HPLC water.

For the control samples 2 ug of testis and sperm head RNA were mixed with HPLC water
to reach a volume of 20 pl. SmallRNA-Seq was done by BGI implementing the above-

mentioned strategies with respect to size fractionation and sequencing strategy.

2.5 PNK and RppH-treatment

The Y RNA source genes of the YsRNAs are triphosphorylated at the 5’ terminus. To find
out whether sperm head YsRNA harbour 5° and 3’ modifications that prevent them from

proper sequencing or if they can be enriched after modifying their ends a 5°- and 3’-termini
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modification approach was performed essentially as described by Shi and coworkers (2021).
T4 Polynucleotide Kinase (PNK) and RNA 5’ Pyrophosphohydrolase (RppH) were used
individually and combined according to the manufacturer’s instructions. T4 Polynucleotide
Kinase catalyzes the transfer of phosphate from ATP to the 5° -hydroxyl terminus of
polynucleotides and catalyzes 5’-P dephosphorylation and exchange reactions as well (Eun,
1996). It also catalyzes the removal of 3’-phosphoryl groups. RNA 5’ Pyrophoshohydrolase
removes pyrophosphate from 5’ end of triphosphorylated RNA leaving a 5> monophosphate
RNA. For this purpose, samples from one individual were collected and sperm heads were
isolated and pooled. RNA was isolated, dissolved and divided into 4 equal fractions. One
fraction was kept untreated as the control sample, one sample was treated with PNK (New
England BiolLabs), one sample was treated with RppH (New England BiolLabs) and the
remaining fraction was treated with PNK and RppH respectively. The untreated sample
contained 1.203 pg RNA, the PNK, RppH and PNK+RppH samples contained 1.508 ug
RNA as starting material.

For the treatment with PNK the RNA sample was mixed with 2 pl T4 PNK buffer, 2 ul PNK
and HPLC water to reach a final volume of 20 pl. The sample was incubated at 37 °C for 30
minutes. For the RppH treatment the sample was mixed with 2 pl NEB buffer, 2 pl RppH
and HPLC water to reach a final concentration of 20 ul. The sample was incubated at 37 °C
for 30 minutes. For the combined treatment sample PNK treatment was done followed
directly by RppH treatment as mentioned above. After the incubation time all samples were
ethanol precipitated. For that 60 ul 100 % ethanol and 0.5 pl glycogen were added to each
sample. The samples were vortexed and incubated for 30 minutes at -20 °C. After that, the
samples were centrifuged for 30 minutes at 16,000 x g at 4 °C. The supernatant was carefully
discarded, 100 ul 70 % ethanol was added to the pellets and the samples were centrifuged at
16,000 x g at 4 °C for 10 minutes. The supernatants were removed carefully and the pellets
were left to dry. After that, the pellets were resuspended in 15 pul HPLC water and sent for

sequencing. SmallRNA-Seq was performed by BGI as outlined above.

2.6 RNA Immunoprecipitation

To investigate further on the already known function of Y RNAs we concentrated on their
binding capability to Ro60 and the possible role of YSRNA in this context. To do so, one
sample of isolated sperm heads was resuspended in 1 ml PBS, cross-linked using
formaldehyde at a final concentration of 1 % and incubated for 10 minutes at room
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temperate. 265 pl ice-cold 1 M glycine was added, the sample was incubated on a shaker for
5 minutes at room temperate and centrifuged at 13,000 x g and 4 °C for 5 minutes. The pellet
was washed three times with 1.5 ml ice-cold PBS and centrifuged at 13,000 x g for 5 minutes
at 4 °C. After the final wash the pellet was dissolved in 500 pl cold RIPA buffer (50 mM
TRIS-HCI, 150 mM NaCl, 2 mM EDTA [pH 8], 1 % Triton X-100, 0.5 % sodium
deoxycholate, 0.1 % SDS) and incubated for 10 minutes on ice. To open the sperm heads the
sample was sonicated using the Covaris E220 Focused-Ultrasonicator. The Peak Incident
Power was set to 140, Duty Factor to 10 %, Cycle of Burst to 200, temperature to 20 °C and
duration to 120 seconds. After the sonication immunoprecipitation was performed. To do so,
20 pul Protein-A/G beads were washed twice with 1 ml 1x PBS + 0.1 % Triton X-100. The
supernatant was discarded, the beads were resuspended in 1 ml blocking solution (1 mM
EDTA, 10 mM TRIS-HCI [pH 8], 1 % BSA, 1 % polyvinylpyrrolidone) and incubated for
15 minutes on a rotor at room temperature. The beads were placed in a magnetic rack and
the supernatant was discarded. 5 pl anti-TROVEZ2-antibody (antibodies-online;
ABIN7188011) were dissolved in 1 ml 1x PBS + 0.1 % Triton X-100, mixed with the beads
and incubated on a rotor for 30 minutes at room temperature. The tube was placed in a
magnetic rack and the supernatant was discarded. The beads were washed twice with 1 ml
1x PBS + 0.1 % Triton X-100 and afterwards dissolved in 100 pl 1x PBS + 0.1 % Triton X-
100. The sample was mixed with the beads and incubated on a rotor overnight at 4 °C, placed
in a magnetic rack to remove the supernatant. The beads were washed twice with low salt
buffer (2 mM EDTA, 20 mM TRIS-HCI [pH 8], 150 mM NaCl, 1 % Triton X-100, 0.1 %
SDS), followed by two wash steps with high salt buffer (2 mM EDTA, 20 mM TRIS-HCI
[pH 8], 500 mM NacCl, 1 % Triton X-100, 0.1 % SDS) and a final wash with LiCl buffer (1
mM EDTA, 10 mM TRIS-HCI [pH 8], 0.25 M LiCl, 1 % Triton X-100, 1 % sodium
doexycholate). The supernatant was discarded. To remove cross-links, the sample was mixed
with 120 pl elution buffer (100 mM NaHCOs, 1 % SDS), incubated for 15 minutes at 30 °C
and centrifuged at 2,000 x g for 1 minute at room temperature. The supernatant was put in a
fresh reaction tube and 4.8 pl 5 M NaCl and 2 ul Proteinase K (20 mg/ml) were added. The
sample was incubated for 30 minutes at 65 °C, 400 pl TRIzol was added and the sample was
incubated for 5 minutes at room temperature. After adding 80 pl chloroform and incubation
for 3 minutes at room temperature with intermitted vortexing, the sample was centrifuged at
16,000 x g for 5 minutes at 4 °C. The aqueous phase was transferred into a fresh reaction
tube and precipitated by adding 750 ul ice-cold ethanol, 1 pl glycogen and 25 pl NaAc and
was incubated at -20 °C overnight. After centrifugation at 7,500 x g for 1 hour at 4 °C, the
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pellet was shortly air-dried and dissolved in 40 ul RNase-free water and incubated for 15
minutes at 60 °C. Custom library preparation and sequencing were done by Novogene, to

enrich for lincRNA rRNA removal was done and library prepared without size selection.

2.7 Bioinformatic analysis
2.7.1 UNITAS annotation

To analyse the data provided by BGI, UNITAS 1.8.0 was used to get a classification into
different small RNA classes. Sequences annotated to either miscRNA or sequences that
could not be annotated were retrieved as collapsed FASTA files, aligned with SEAVIEW and

used to query the non-redundant database from NCBI.

2.7.2 Local BLAST of transcriptomic data with Y RNA sequences

FASTQ files of small RNA transcriptomes or transcriptomes as retrieved from the SRA
(Gongetal., 2022; Vojtech et al., 2014; Yang et al., 2019) were adapter-trimmed and mapped
to the human genome (hg38) using TRIM GALORE and HISAT2. Next, we ran local
BLAST analyses of the transcriptome data with Y RNA sequences as database. Sequences
of the four Y RNA homologs were retrieved from NCBI. To take the Y RNA secondary
structure into account and minimize redundant hits due to the intrinsic stem part reverse
complementarity of Y RNAs the sequences were splitted into two halves (5’ and 3°).
BLASTN-settings included “-perc_identity 100 to retrieve exclusively 100 % identical hits.
Hits were corrected for the overall alignment rate in the respective datasets as determined by

HISAT2 and given in reads per million of alignable sequences.

2.7.2. Bioinformatic evaluation of RIP data

FASTQ files as obtained from Novogene were HISAT2-mapped to hg38 and the resulting
bam-files were used to extract the RNA-seq reads defined by both the hg38 transcriptome
ENSEMBL gtf-file and a gtf as obtaind from the LNCipedia database version 5.2 (Volders
et al., 2019). Finally, the counting of mapped reads was carried out applying the
FEATURECOUNTS routine from the SUBREAD package (Liao et al., 2014). The counts
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were corrected for the alignable reads in the dataset as obtained by HISAT2 and is given in

reads per million alignable sequences.

3 Results

3.1 Small non-coding RNA-Seq and UNITAS annotation uncover fragments of Y RNA

as a major RNA payload in sperm

Sperm heads were obtained from six individual ejaculates, RNA isolated and smallRNA-
sequenced. A range of 25 to 46 million total reads were obtained from each individual and
the quality of the datasets was determined by HISAT2 mapping to hg38, which resulted in a
mean percentage of alignable reads of 80.49 %. A complete annotation of the sperm head
smallRNA payload was done by UNITAS. As a result, the no annotation fraction-values
ranged from 40 % to 60 % and mean values for rRNA, tRNA, miRNA and lincRNA were
19.06 %, 9.76 %, 5.15 % and 2.53 %, respectively. Other fractions mapped to piRNA clusters
(5.49 %) and miscRNA (4.07 %), respectively (for the respective individual donut charts as
obtained by UNITAS see Supplemental figure 1). To get an idea about the not annotated and
miscRNA-sequences, the respective collapsed FASTA-files provided by UNITAS were
retrieved and aligned by SEAVIEW. BLAST searches of consensus queries revealed that the

main fraction of these sequences were similar to human Y RNA.

To more precisely describe these short Y RNA sequences with respect to their Y RNA
homologs and to narrow down the regions of similarity, local BLAST searches were carried
out. To this end, the four human homologs of Y RNA (hY1, hY3, hY4 and hY5) - each
around 100 nt in length - were divided in roughly two halves and used as database, to avoid

a confounding of our results due to the cryptic complementarity of the Y RNA-stem regions.

3.2 The 5’ region of hY1 is enriched in human sperm heads and almost absent in

oocytes

Our sperm heads smallRNA data was blasted against the Y RNA-database. Only hits with a
percentage identity of 100 % were used to calculate mean values for Y RNA hits. The SRA
deposited oocyte datasets (BioProject PRINA376426) were quality checked with TRIM
GALORE and clean sequences retrieved. Subsequently, HISAT2 was carried out to
determine the overall alignment rate. The clean sequences were used for the local BLAST
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analyses. The comparison of perfect hit numbers specific for the 5* and 3’ part of the Y RNA
sequences and separated for the four homologous Y RNA loci is depicted for both sperm

heads and oocytes in Fig. 1.
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Fig. 1.: BLASTN results querying smallRNA with Y RNA as database. Hits were corrected for the overall
alignment rate in the respective datasets as determined by HISAT2 and given in reads per million of
alignable sequences. Dots indicate individual hit numbers and bars indicate the standard error of mean
(SEM).

In general, the quantitative distribution of YSRNA uncovers that the 5’ regions of the Y RNAs
can be detected in high abundance in all datasets, whereas the respective 3’ parts of the Y
RNAs are virtually absent in sperm heads. This 5° part to 3’ part imbalance is less pronounced
in oocytes however with a clear tendency of preponderance of 5 Y RNA regions, too.
Interestingly, the 5 part of hY1 is enriched in human sperm heads and almost absent in

oocytes, for that the 5’ fragments derived from hY3 show the highest abundance.

3.3 The sperm head hY1 5’ regions are predominantly 30 nt and 31 nt in length

Next, we asked if the YSRNAs we detected exhibit a continuous size profile or if discrete
size classes could be uncovered. To this end, we counted the number of perfect hits with a
certain length (see supplemental figure 2).

The length distributions of YsIRNA (5°) and Ys3RNA (5°) peak at 30 nt and 31 nt,
respectively, starting from the first and second base of the source Y RNA. This length falls
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into the size range of piRNAs. Ys1RNA of these sizes are restricted to the sperm heads,
whereas these Y RNA fragments are virtually absent in oocytes. The most abundant YSRNA
length in oocytes is 31 nt and 32 nt (data not shown). 5> YsS1IRNA in the sperm head as

precursor of the male pronucleus thus constitute a paternal contribution to the zygote.

3.4 5° & 3’ modifications of YSRNA point towards Y RNA as source genes for piRNAs

in human sperm head

To investigate further on the similarity of YsSRNA and piRNA we checked sperm head RNA
for possible modifications that are typical for piRNAs by setting up an oxidation/R-
elimination experiment. To check with the situation in early stages of spermatogenesis and
to have an internal control we included bulk testis RNA in our assay. Samples from the same
donor were used to find out if YSRNA are protected at their 3’ end due to 2’-O-methylation.
To this end, periodate treatment and R-elimination were performed respectively. SmallRNA-
Seq was performed and the respective data was blasted against the Y RNA database. Early
stages of spermatogenesis were represented by treating human testis RNA as described. In
addition, oocyte data from before/after oxidation set ups were included in our analysis to
directly compare the situation in early stages of spermatogenesis with sperm heads and the

maternal site. Fig. 2 summarizes the results of the 3-elimination experiments.
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Fig. 2: Number of YSRNA hits in sperm heads, testis and oocytes before and after oxidation given in reads per

million alignable reads. Individual hits are shown as dots with the error bars (SEM).

In the sperm head the Ys1RNA patterns point to an extensive protection of these RNAS -
more precisely the 31 nt fraction (see supplemental figure 3). Both fragment size and 3’
modification make these fragments reminiscent of canonical piRNA, albeit not derived from
pIRNA clusters. Sperm heads in addition contain considerable amounts of Ys4RNA that are
protected at their 3” end due to 2°-O-methylation. In contrast, these piRNA-like YSRNAs are
virtually absent from early developmental stages of spermatozoa, an observation we
confirmed by analyzing bulk RNA from testis, containing spermatogonia, spermatocytes,
spermatids and spermatozoa of different developmental stages. This makes the sperm head
YsRNA/piRNAs almost entirely an exclusive RNA payload and paternal contribution to the

zygote transmitted via the male pronucleus.

The source genes of the YSRNA are 5’ triphosphorylated, a modification that would prevent
a representation in NGS libraries. To test if these 5’ modification is present in YSRNA and
to elucidate further modifications, we set up a scheme of tests, similar to the PANDORA-
Seg-strategy (Shi et al., 2021). Thus, RppH and PNK-treatment was carried out in a separate
and combined setting. NGS readouts were HISAT2-mapped to hg38 to see if the different

treatments result in a significantly less alignment rate, indicating the introduction of
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inadvertent chemical modifications preventing adaptor ligation. Focusing on the canonical
5’ triphosphate of Y RNA source gene products, we could observe an RppH- effect in 5’
Ys4RNA and 5’ Ys5RNA, representing an internal positive control and indicating the
presence of 5’ triphosphates in these molecules. For YsIRNA and Ys3RNA the untreated
sample results in the highest abundance of the fragments, which is indicative of these

fragments to possess canonical 5’ phosphates that can be ligated and sequenced.

Upon treating the samples with PNK alone or in combination with RppH, the hit number for
the 5’ regions of both hY'1 and hY4 are markedly reduced.

An overview of the results is depicted in Fig. 3.
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Fig. 3: Number of YSRNA hits in sperm heads without treatment, treatment with PNK, RppH and both enzymes,

respectively in reads per million alignable reads shown for the four Y RNAs, divided in a 5’ half and a 3 half.

3.5 YsRNA are soma-germline transmitted presumably via epididymal vesicles

We could not observe a biogenesis of the YSRNA/piRNAs profiles along with the
developmental stages of sperm cells, instead a sudden appearance in mature sperm.
Interestingly, Y RNAs and YsRNAs were described to be highly abundant in seminal plasma
exosomes, more precisely in two size ranges from 20-40 nt and 40-100 nt, (Vojtech et al.,
2014). We downloaded the respective SRA accessions (BioProject PRINA242348) and
analyzed the data with respect to abundances of the different YSRNA. The same BLAST-
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strategies as above were applied and a comparison of sperm heads and exosomes with respect
to hits per million of mappable reads is given in Fig. 4.
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Fig. 4: YSRNA hits shown for sperm heads and exosomes in reads per million mappable reads for the four Y
RNA homologs divided ina 5" half and a 3~ half. Bars are shown with error bars (SEM) and individual hits are

shown as dots.

Seminal plasma exosomes do contain a considerable fraction of the YsSRNASs that can be
found in human sperm heads, albeit the profiles exhibit quantitative differences mainly in
the Ys1RNA to Ys3RNA ratio.

Next, we asked what role the reproductive support tissues possess in that respect.
Spermatozoa mature during spermiohistogenesis and acquire functional competence. It is
generally accepted that over a broad range of metazoans the RNA payload in sperm is also
controlled by the soma (Conine & Rando, 2022). Different reproductive support tissues are
described for a taxonomically broad metazoan sample, for the mammalian site, a key player
in this process is represented by the epididymis. To scrutinize if the YSRNAS are present in
epididymis, we downloaded RNA-Seq data obtained from Gong and coworkers (BioProject
PRIJNA821911). These data were divided in the epididymal regions of caput, corpus and
cauda. BLAST routines were carried out as above and the results in hits per million hg38-
alignable reads are depicted for the three epididymis regions and the Y RNA sequences

subdivided in the 5° and 3’ regions.
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Fig. 5: Profile of YSRNA in epididymis divided in caput, corpus and cauda region in reads per million alignable
reads and depicted for the different Y RNA homologs. Dots show the individual hits and bars are depicted with
error bars (SEM).

The preponderance of Ys4RNA reflects both the situation in semen exosomes (See above) as
well as in the epididymal samples. From this distribution of the abundances of individual
YsRNA homologs, we conclude that the epididymis is a main determinant of the semen
exosome profiles with respect to their YSRNA payload. The hits decrease with the passage
through the epididymis ranging from high values in caput and corpus to smaller values in
the caudal portion of the epididymis. This pattern largely recapitulates the observation of the
soma-to-germline transfer via vesicles as described by Conine and Rando (2022) in mice,
albeit with the YSRNA as a typical payload in humans. Interestingly, HENMT1 message, an
enzyme responsible for the 3’ 2°-O-Methylation, can be traced in the epididymis datasets,
highlighting a possible role of the epididymis in the 3’ protection of YsRNAs that are

transferred from soma to germline.

3.6 Sperm head Ro60 is not associated with Y RNAs

Y RNAs are bound by Ro60, a protein that also binds to misfolded non-coding RNAs,
including pre-5S rRNA (Kowalski & Krude, 2015). Beside other possible functions, Ro60

binds to endogenous Alu retroelements and regulates their expression. To test the



functionality and substrate specificity of the Ro60 system in sperm heads, the profiles of
Ro60 bound RNA were compared to the sperm head transcriptome (BioProject
PRJIJNAB890147), more precisely the non-coding RNA transcriptome including both small
non-coding and long non-coding RNA. For this purpose, RNA Immunoprecipitation was
performed and the bound RNAs were recorded in a transcriptome-wide readout. LincRNA
transcriptome gtf-files were obtained from the LNCipedia-database (hg38) and used as input
files for READCOUNT following a mapping with HISAT2. The overall alignment rate was
used to correct the total number of reads for the number of alignable reads in our dataset, and
both transcriptomes and immunoprecipitation-obtained sequences were analyzed

comparatively.

Fig. 6 shows the two profiles for the total lincRNA-transcriptome in red and the Ro60 bound

fraction in blue, respectively.
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Fig. 6: Illustration of the total sperm transcriptome-lincRNA profile in red and the Ro60 bound fraction in
blue in reads per million alignable reads. On the x-axis the lincRNA loci are listed. lincRNAs are sorted by
number of reads per million reads from smallest to largest for the total sperm transcriptome. For better
graphical readability, the y-axis was cut at 400 reads per million reads (many lincRNAs exceed this hit

number in the total transcriptome).

Figure 6 shows the lincRNA profile as obtained from the total sperm transcriptome (red)
together with the profile of the Ro60-bound lincRNA (blue) in reads per million alignable
reads. Obviously, the profiles are markedly different and we conclude, that Ro60 binding to
lincRNA - as prerequisite for chaperoning - is specific and apparently functional in sperm
heads. Interestingly, and though we observed merely a small number of Y RNA BLAST-hits
in the total transcriptome, Ro60 was not associated with Y RNAs of the different
homologous loci as could be seen after querying the Ro60-RNA-ChIP-data with Y RNA in
a BLAST routine.

4 Discussion

In metazoans, the processes of gametogenesis, fertilization, and early embryonic
development are characterized by an erasure and restoration of epigenetic marks. However,
unlike in plants, where epigenetic inheritance is a widespread phenomenon, it is increasingly
believed that at least some epigenetic information in metazoans can also be transmitted
between generations. We focused on small non-coding RNAs as carriers of epigenetic
information.

Animal oocytes are much larger and carry more RNA than spermatozoa, and the maternal
load of long and small RNAs is essential for the initiation of embryogenesis. In contrast, the
contribution of paternal RNAs to the zygote and their regulatory effects, especially prior to
zygotic genome activation, are not fully understood. Our work initially focused on sperm
heads to reflect the situation at the onset of male pronucleus formation and first performed
an unbiased analysis of total smallRNA cargo by UNITAS annotation. Although the relative
amounts of smallRNAs annotated by UNITAS vary between individuals and biological
replicates, clear trends can be observed, such as a relative lack of piRNAs in mature

spermatocytes compared to the situation in testis. In addition to mass abundance profiles of
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broad classes of small RNAs (between testis and spermatozoa), we uncovered small Y RNAs
as a component of the smallRNA profile in the sperm head.

Y RNAs are short, non-coding RNAs that are transcribed from Pol I11. In humans, there are
four homologs encoded in a cluster on Chr. 7. The evolutionary history of this cluster
includes gene losses and duplications during vertebrate evolution (Mosig et al., 2007). In
addition, a substantial number of pseudogenes have been described for hg38 that coalesce
relatively deeply. The transcripts of all Y RNA homologs are approximately 100 nt long and
are characterized by a 5’ triphosphorylation and a 3’ polyuridine tail that forms the La-
binding site of the Pol Il transcript. The secondary structures (Kowalski & Krude 2015)
show different stem-loop regions in all homologs, which can be assigned different functional
roles. In particular, the lower stem domain is crucial for Ro60 binding and thus for the
formation of RORNPs. The Y RNAs of the different homologs regulate the subcellular
localization of Ro60 by binding to the outer surface of Ro60 and mainly regulate the entry
of misfolded or defective non-coding RNAs into the circular Ro molecule. Smaller
fragments from the Y RNA source genes are referred to as Y RNA-derived small RNAs
(YsRNA), which have been described for apoptotic cells, for example (Guglas et al., 2020).
Because the sequencing strategy applied for small RNA includes size enrichment with cut-
off at 50 nt and SE50 — NGS sequencing, we observed YSRNA in sperm heads with UNITAS,

grouping them in miscRNA and to a lower extent in non-annotated SncRNA, respectively.

To further discriminate between the different source Y RNA homologs, we constructed a
database using the homolog-specific sequences as obtained from NCBI to search for Y RNA
and YsRNA. To this end, the Y RNA sequences were each divided in two halves, mainly to
avoid a confounding of our search results by the complementarity of the 5’ and 3’ ends. Local
BLAST routines were carried out and only identical sequences counted as hits. From that
YsRNA profiles were obtained, which are generally characterized by the sheer absence of
hits for the 3’ YSRNA halves and a preponderance for YsIRNA followed by Ys4RNA and
Ys3RNA in sperm heads. The least hit number was obtained for YsSRNA. Next, we checked
the YSRNA profiles in oocytes. To this end, we downloaded an SRA deposited human oocyte
single cell dataset consisting of three biological replicates that were analyzed without further
treatment and after an oxidation/ R-elimination experiment. (BioProject PRINA376426).
This oocyte dataset was analyzed to unravel sncRNA-patterns with unprecedented resolution
and sensitivity (Yang et al., 2019). The respective oocyte profiles were compared to the

sperm head situation, which generated similar results with respect to the observation that 3’
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halves of the YSRNA were underrepresented as well. However, the main observation was
that YSIRNA prevails in sperm heads, whereas it is virtually absent in oocytes. For the latter,

we could detect Ys3RNAS as the major constituent of the YsSRNA fractions.

To get a more precise picture of the YSRNASs, we separately counted the different length of
the perfect hits with the result that sperm head Ys1RNA peaks at 30 nt and 31 nt, falling into
the size range of canonical piRNAs. These 30 nt and 31 nt YsSIRNA are absent in human
oocytes, thus representing a paternal contribution to the zygote introduced upon fertilization

and upon forming the male pronucleus.

Since the Ys1RNA fall in the size class of piRNAs and because the likely source Y RNA is
triphosphorylated at the 5’ end, we asked if we do find specific YSRNA modifications, with
some of them having the potential to exclude the YSRNAs from successful adaptor ligation
and/or reverse transcription and thus excluding them from being represented in the NGS
datasets. To check the 2°-O-methylation status at the 3’ terminus of YSRNA - a hallmark of
piRNAs - before/after oxidation assays were performed in sperm heads. For this purpose,
NalO4 oxidation treatment and B-elimination protocols were carried out for the sperm heads
RNA and the respective oxidation data from single cell oocyte-smallRNA seq (Yang et al.,
2019) were compared. In addition, we smallRNA-sequenced human testis RNA in a
before/after oxidation-comparison to check for early stages of sperm development in a bulk
testis RNA-analysis. The most striking change inferred from UNITAS analysis of RNA is
the enrichment of piRNA in sperm heads and concomitant reduction of most ncRNA classes
as annotated by UNITAS (with an exception of 5’ tRFs and lincRNA). Among YSRNASs in
sperm heads, we observe a high abundance of 5’ halves of both Ys1RNA and Ys4RNA, both
slightly decreasing after oxidation. In contrast, the much lower amounts of the respective
YsSRNA in oocytes completely disappear after oxidation/p-elimination. We conclude that
Ys1RNA and Ys4RNA — beside possessing the canonical length — also exhibit the 2’-O-
methylation at the 3’ terminus characteristic of canonical piRNAs and contrasting the
situation in oocytes. We therefore propose that the sperm head YsSRNA is a functional piRNA
that is not encoded on piRNA-clusters and thus not annotated as piRNA by UNITAS.
Querying the RNAcentral database (rnacentral.org) with the “search by sequence option”,
the 30 nt and 31 nt sized Ys1IRNA fragment yielded piRNA hits in several species — not
humans - including a new world monkey (Callithrix jacchus). Interestingly, this hit was
obtained for an analysis of Callithrix testis, whereas our human testis smallRNA analysis

exhibited a complete lack of YSRNAS in testis, both in control and oxidation experiments.
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Considering the 5’ triphosphate modifications of the source Y RNA genes and possibly
resolving cyclic 2’-3” phosphates by the phosphatase activity of polynucleotide kinase
(PNK), we set up an enzymatic treatment scheme with RppH- and PNK-treatment of total
RNA obtained from sperm heads. Considering the RppH- assays we could not observe great
change in the abundance of the YSRNA, suggesting that in contrast to the triphosphorylated
5’ terminus of canonical full-length Y RNAs, the respective fragments exhibited adaptor-
ligatable ends to be fully represented in our NGS output. In the PNK-assay and more broadly,
as determined by UNITAS annotation, we found significant differences between the
smallRNA profiles before and after treatment. Most strikingly, PNK-treatment increases the
abundance of UNITAS annotated rRNAs, suggesting a significant proportion of rRNA-
annotated smallRNAs with 2°,3” -cyclic phosphate-containing 3° -ends. This observation
partially confirms interpretations from Shigematsu et al. (2019) serving as an internal control
of the PNK-effect for the herein presented data on YSRNA. With respect to YSRNA, we did
observe a prominent decrease in the abundance of YSRNAs after PNK treatment. Because
RppH experiments indicate a monophosphate at the YsRNA 5’ terminus and the 2’-O-
methylation at the 3’ terminus prevents the formation of 2°,3” -cyclic phosphate at the 3’ -
ends, we conclude that the 5’ phosphatase activity of PNK (Eun, H-M. 1996) catalyzes the
removal of the canonical 5’ phosphates of the YSRNAs, thus hindering efficient ligation and

representation in NGS libraries.

Since we covered sperm cells from all stages of spermatogenesis in our testis RNA analysis
and did not find YSRNAs, we conclude that YSRNAS are not present in early stages of sperm
development. It is known that spermatozoa gain full function only after leaving the testis and
migrating through the epididymis, where they acquire motility and the ability to fertilize
oocytes (Cornwall & von Horsten, 2007). Which role YsRNAs take in that process and how
and when small RNAs in general are gained or lost during this post-testicular maturation is
a question we attempted to answer.

Recent studies in mice suggest that sperm carry RNAs, that are synthesized in epididymal
somatic cells (Sharma et al., 2018). The data presented demonstrate that soma-germline RNA
transfer occurs in male mammals, most likely via vesicular transport from the epididymis to
maturing sperm. To elucidate if this is similarly realized for YsRNAs in humans too, we
queried NGS datasets of human semen exosomes and human epididymis (BioProjects
PRINA242348 and PRINA821911), the latter supposed to be a hub of soma-germline-
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transfer via vesicles in mice. Interestingly, we obtained rather similar YSRNA profiles upon
comparing semen exosomes and epididymis, subdivided in different structures, including
caput, corpus, and cauda. The relative proportion of YSRNA in the RNA preparations was
very high as compared to sperm heads and with a preponderance of the Ys4RNA (5’ part)
exceeding the amount of YsIRNA (5’ part). The similarity between epididymal YsRNA
profiles and semen exosome patterns suggests that these exosomes originated from
epididymis epithelium, most prominently from the caput and corpus regions. Our data extend
the observations of a high dynamic of the smallRNA payload during spermatogenesis in the
murine model system (Sharma et al., 2018) by the formation of YSRNA and a soma to
germline transfer during spermiohistogenesis in the epididymis in humans. Though
mechanistically several questions are still open, upon checking the presence of HENMT1 —
the factor that is responsible for catalyzing the 2’-O-methylation at the 3” end of piRNAs —
we could trace the respective message in the epididymal transcriptomes. The epididymis is
thus a highly likely tissue to carry out essential steps of YSRNA biogenesis in humans,
rendering the source molecule of Y RNAs into a canonical piRNA that is later transferred
between soma and germline. This epigenetic inheritance in humans represents a paternal
contribution to the zygote and more importantly is not restricted to intergenerational
inheritance but represents the hallmarks of transgenerational inheritance in that the soma-
germline transfer occurs in every generation. Since the soma-germline transfer of individual
classes of sSncRNA seems to vary between species, there is an obvious quest for the adaptive
value of the paternal contribution of YSRNASs to the zygote upon fertilization in humans.
Human sperm require epididymal passage to become a functional sperm cell. It is widely
recognized, and has been impressively demonstrated by Liu and co-workers (2001), that
sperm origin is critical for intracytoplasmic sperm injection (ICSI) - the most commonly
used technique to aid reproduction in humans. Using epididymal sperm appears to adversely
affect the morphologic grade and cleavage stage of the resulting embryos as compared to
ejaculated sperm. Overall, this leads to a differential reproduction or — synonymously -
selection phenomenon. Although it is difficult to link this general phenomenon to the
mechanisms by which these YsSRNAs may achieve regulation in progeny, we hypothesize
that — in case of YSRNAs — this may be related to the function of the source Y RNAs, which
act as a gate keeper for the RNA chaperoning Ro60 system.

At first, we detected Ro60 bound RNA in the sperm head with a binding profile that we

interpret as functional and specific when compared to the total RNA payload in human sperm
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heads. Ro60 protein is thus present in sperm heads and was recently shown to be present in
human oocytes as determined by mass spectrometry (Dang et al., 2023). Upon fertilization
and before the zygotic genome activation is realized, a process that requires Pol Il transcripts
to ensure proper translation, functional and 2’-O-methyl-protected YSRNA is delivered into
the zygote via the male pronucleus. Upon Pol 11 transcription, we hypothesize that Y RNAS
are synthesized abundantly which could - upon binding to Ro60 - significantly reduce RNA
chaperoning activity of Ro60. With this in mind, we speculate that the presence of paternally
contributed YsSRNA in a molar ratio exceeding the oocyte and early embryo Y RNA might
interfere with the folding of Y RNA stem domain that is binding Ro60, resulting in a more
efficient RNA chaperoning activity of Ro60 in early embryogenesis.

Because our hypothesis is mainly correlative, further experiments are warranted to
understand the largely enigmatic role of the sperm RNA payload in early embryo and the
associated regulatory phenomena. On one side, our results contribute to knowledge about
the importance of epigenetic inheritance in recent human evolution and its possible adaptive
value. Secondly, the knowledge on the biogenesis and profile of small RNAS as epigenetic
information carriers in human mature sperm could be of medical importance, especially for
reproduction assisting techniques, too. Mammalian model systems might offer the
opportunity to interfere with the soma-germline transfer, the herein involved vesicles and
their small RNA cargo, to directly observe the quantitative effects on reproduction. With the
use of small extracellular vesicles as “delivery vesicles” in oncology in mind, it is reasonable
to assume that assisted reproduction techniques could benefit from the findings on small
RNA as epigenetic information carriers in human sperm transmitted between soma and

germline.
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10 Supplementary Material

10.1 Figures
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Figure 1: Donut charts of the UNITAS annotation for the six sperm head samples
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10.2 Tables

Table 1: Information about the used SRA data

BioProject SRA accession | Description Author/lab
numbers
PRINA376426 | SRR8329699, small RNA-seq of human | Yangetal., 2019
SRR8329700, oocyte before NalO4
SRR8329701 oxidization
PRINA376426 | SRR8329702, small RNA-seq of human | Yangetal., 2019
SRR8329703, oocyte after NalOg4
SRR8329704 oxidization
PRINA242348 | SRR1200712, 20-40 nucleotide fraction Vojtech et al., 2014
SRR1200711,
SRR1200710,
SRR1200709,
SRR1200708,
SRR1200707
PRINA242348 | SRR1200706, 40-100 nucleotide fraction Vojtech et al., 2014
SRR1200705,
SRR1200704,
SRR1200703,
SRR1200702,
SRR1200701
PRINA821911 | SRR18575306 | Cauda, single, normal Gong et al., 2022
PRINA821911 | SRR18575307, | Caput, single, normal Gong et al., 2022
SRR18575308,
SRR18575311
PRINA821911 | SRR18575309 | Corpus, single, normal Gong et al., 2022
PRINA890147 | SRR21902579 | transcriptomic Scheuren et al,
2023
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2.1.1 Reviewers comments
This paper is still in revision, but I received first reviewer’s comments. A short summary of
the reviewer’s comments that will be answered/implemented in a revised version of the

manuscript can be formulated as follows:

Addressing different factors that might have an impact on the YSRNA distribution the age
range as well as the ethnicity will be specified in more detail. As Y RNAs are not widely
researched on, their structure and known functionalities will be specified further to enable a
wider appreciation for my research. The validation of my findings in terms of their potential

epigenetic inheritance will be discussed in more detail.
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2.2 Epigenetic role of sperm head chromatin and relevance for inheritance

of epigenetic information carriers

During spermatogenesis the transcriptomes attributable to the different developmental stages
of sperm are characterized by extreme dynamics. Starting from a virtually complete
expression of the whole genome (Soumillon et al., 2013), mMRNA is massively eliminated
during late spermiogenesis (Gou et al., 2014). Apparently, these dynamics also hold for
smallRNAs in that their relative abundances are specifically changed during e.g. post-
testicular maturation of sperm. A prominent example are piRNAs, which are almost
completely absent from ejaculated sperm. Instead, a small amount of sncRNAs comprised
primarily of tRNA cleavage fragments together with a smaller population of microRNAs
(Peng et al., 2012) can be traced.

My own results, as obtained for mature sperm heads and presented in Chapter 2.1 (see
supplemental Figure 1), point towards an interindividual biological variation in the
composition of smallRNA as uncovered by UNITAS annotation. However, major trends can
be observed in the relative abundances of different smallRNA classes in sperm heads. To get
an idea about the dynamics of the smallRNA pool from the beginning of spermatogenesis to
the mature sperm head, | analysed the smallRNA pool from human testis and compared the
UNITAS annotations to another proband’s sperm head profile. The following figures depict

the respective results for human sperm heads (left) and testis (right).

sSRNA annotation overview. Total reads: 24198000 sRNA annotation overview. Total reads: 24226937

@ no annotation @ miRNA

@ miRNA @ no annotation
tRNA map to piRNA clusters
T : rRNA : protein coding
. misc RNA tRNA
@ protein coding @ lincRNA
@ map to piRNA clusters | ® 'RNA
@ lincRNA 13.6¢ @ antisense
@ antisense Other

Other

Figure 5: UNITAS annotation of testis (left) and sperm head (right) smallRNA. The donut charts show the
annotation results of testis and sperm head smallRNA from Chapter 2.1.
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UNITAS annotation routine screens different databases with smallRNA NGS data. These
databases specify the different classes, which can be shortly characterized in the following:

Micro RNA

MicroRNAs (miRNAs) are a class of single-stranded non-coding RNAs with a length around
22 nt. They are considered to regulate the cleavage of target mMRNASs post-transcriptionally
or repress their translation (Bartel, 2004). miRNAs are transcribed by polymerases Il and 111
(Pol 11 and Pol 111) through cleavage of primary miRNA (pri-miRNA) and bind to proteins
to form the RNA-induced silencing complex (RISC). miRNAs function here as a guide by
base-pairing with the target mMRNA to negatively regulate their expression by either cleavage
of the target MRNA followed by degradation or by inhibiting their translation (MacFarlane
& R. Murphy, 2010).

Transfer RNA

Transfer RNAs (tRNAs) are another class of non-coding RNAs with a size ranging from 70
ntto 90 nt (Lyons et al., 2018). They are transcribed by Pol 111 (Arimbasseri & Maraia, 2016)
and build a cloverleaf structure that consists of a 3* acceptor site, a 5° terminal phosphate, a
D arm, an anticodon arm and a T arm. Their main function is to translate messenger RNA
(mRNA) into proteins by carrying amino acids on their 3’ acceptor site to a ribosome
complex (Raina & Ibba, 2014). Besides their role in protein synthesis, they take part in
various cellular processes, including metabolism and cell death. tRNA fragments (tsSRNAS)
are generated from precursor or mature tRNAs by endonuclease cleavage (Zhu et al., 2018).
This cleavage leads to two types of tsSRNAs: tRNA halves and tRNA-derived fragments
(tRFs). tRNA halves are generated by cleavage in the anticodon loop of mature tRNA and
can be divided into a 5’-tRNA half and a 3’-tRNA half. The typical length of these tRNA
halves is 31 — 40 nt. tRFs are shorter fragments with a size of 14 — 30 nt and can be divided
into three subclasses: tRF5, tRF3 and tRF1 (Shen et al., 2018). tRF5s are generated by a
cleavage in the D-loop or stem region between the D-loop and anticodon loop and can be
further divided into three subclasses depending on their size. tRF3s are generated from the
3’ end of mature tRNAs through cleavage in the T-loop. They can be divided into two
subclasses. tRF1s are generated from the 3’ end of primary tRNA transcripts (Kumar et al.,
2016).
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Ribosomal RNA

Another class of RNA that is also involved in protein synthesis is ribosomal RNA (rRNA).
rRNAs form together with proteins ribosomes, which play a crucial role in protein synthesis.
In eukaryotes four rRNAs are found: 28S rRNA, 18S rRNA, 5.8S rRNA and 5S rRNA. 28S
rRNA, 18S rRNA and 5.8S rRNA are transcribed by Pol | and are the processing products
of the 47S precursor transcript, while 5S rRNA is transcribed by Pol 111 (Stults et al., 2008;
Tafforeau et al., 2013). The 28S rRNA, 5.8S rRNA and 5S rRNA form the 60S subunit of
the ribosome, while the 18S rRNA is part of the 40S subunit. Together, they form the
ribosome. rRNAs are extensively modified during transcription and maturation, which
stabilises the structure of the ribosome and facilitates the efficient and accurate synthesis of
proteins. The most abundant modifications here are 2’-O-methylation and isomerisation of

uridine to pseudouridine (Sloan et al., 2017).

PIWI-interacting RNA

PIWI-interacting RNAs (piRNAs) are a class of small non-coding RNAs with a typical
length of 24-31 nt that bind to PIWI proteins. They are found in germline cells and are
thought to be involved in germline maintenance and transposon silencing (Iwasaki et al.,
2015). piRNAs typically possess a 2’-O-methylation at their 3’ end. The majority of piRNAs
derive from large genomic loci called piRNA cluster (Brennecke et al., 2007). piRNAs are
generated by two pathways: the primary processing pathway, producing primary piRNAsS,
and the ping-pong pathway, generating secondary piRNAs (Iwasaki et al., 2015).

Long intergenic non-coding RNA

Long intergenic non-coding RNAs (lincRNAS) are a class of non-coding RNAs with a size
of more than 200 nt, that are transcribed exclusively from intergenic regions, differentiating
them from other long non-coding RNAs (IncRNAs) (Ransohoff et al., 2018). Most lincRNAs
are cell-type specific and found in the nucleus (Cabili et al., 2015). lincRNAs are associated
with many different functions such as chromatin remodelling, genome architecture, RNA

stability and transcription regulation (Ransohoff et al., 2018).
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The ncRNA profile in human sperm heads differ greatly from that in testis, aligning to the
findings of Peng et al. e.g. regarding piRNA dynamics in mice. Summarising the UNITAS
annotation, miRNAs and piRNAs are massively eliminated during spermiogenesis, while

tRNAs and rRNAs can be traced in much higher frequency in mature sperm cells.

Interestingly, the fraction of protein coding small RNAs does not show such dramatic
differences. Therefore, a more detailed comparative analysis was carried out using
FEATURECOUNTS and the hg38 gtf file obtained from HISAT2. FEATURECOUNTS
counts mapped reads for genomic features depending on the gtf (gene transfer format) input
and outputs numbers of reads assigned to those features. Here, the sperm head and testis bam
files generated by HISAT2 analysis were mapped to the human reference genome hg38. The
results were corrected for the overall alignment rate and given as reads per million alignable
reads. The following graphs show the comparison between sperm heads and testis for the
top 100 hits sorted for maximum abundance in testis (upper graph) and sperm heads (lower

graph).
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Figure 6: Illustration of the 100 most abundant genomic features in testis (upper graph) and sperm heads

(lower graph). The upper graph shows the 100 most abundant genomic features in testis sorted from highest

to lowest abundance and the corresponding amount of those features in sperm heads. The lower graph shows

the 100 most abundant genomic features in sperm heads sorted from highest abundance to lowest abundance

together with the corresponding abundance of those transcripts in testis. Sperm head transcripts are shown in

blue and testis transcripts are shown in red.
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The upper graph shows the 100 most abundant genomic features in testis sorted from the
highest to lowest abundance (red dots) together with the abundance of the corresponding
genomic features in sperm heads (blue dots). The lower graph shows the 100 most abundant
genomic features in sperm heads sorted from the highest to lowest abundance as blue dots
and the abundance of the corresponding genomic features in testis as red dots. Looking at
the two graphs, it is evident that the transcripts of sperm heads differ greatly from that of
testis. The upper graph shows that the abundance of the 100 most abundant testis
transcriptomes in sperm heads is smaller, with the exception of two transcripts (microRNA
375 and microRNA 149). The graph sorted for the most abundant transcripts in sperm heads
shows a completely different pattern. Around half of the transcripts show a higher abundance
in testis (46 out of 100), while the other half (54 out of 100) show a lesser abundance. It is
evident that the general hypothesis of an overall reduced transcript abundance in sperm heads
compared to testis is reproduced also for the smallRNA fractions. A more detailed focus on
the 100 most abundant sperm head transcripts reveals Y RNA 1 (see Chapter 2.1 section 3.2
for details) as the most abundant RNA. Out of the 100 most abundant sperm head transcripts,
38 show an at least 10-fold higher abundance in sperm heads as compared to the testis
smallRNA fractions. Y RNA 1 was found in sperm heads with an almost 40-times higher
abundance than in testis. Interestingly, the transcript that shows the greatest difference
between sperm heads and testis is protamine 1 (PRM1) with an abundance more than 4000
times higher in sperm heads than in testis. Protamine 2 (PRM2) and Transition Protein 1
(TNP1) were also found in the 100 most abundant transcripts in sperm heads and showed a
600-times and 2000-times higher abundance compared to the testis transcripts. In testis on
the other hand, the majority of the 100 most abundant transcripts belong to the class of non-
coding RNAs, i.e. miRNAs. More specifically, 19 miRNAs were found in the top 100 sperm
head transcripts together with 13 lincRNAs and 5 IncRNAs. In the testis transcripts 59
miRNAs and 10 lincRNAs could be traced. These miRNA-related findings correlate with
the UNITAS annotation and confirm the decrease of miRNA in sperm heads compared to
testis. Moreover, in the UNITAS annotation, lincRNAs decrease slightly from 3.1 % in testis

to 1.6 % in sperm heads, whereas the diversity of sperm head INCRNA is greater.

A high abundance of mitochondrial ribosomal RNA was detected in the top 100 sperm head
transcripts, which was counterintuitive due to proper functionality of the sperm head
preparation and the absence of an intact translation machinery in sperm heads. However,
ribosomal RNAs are commonly found in sperm heads and Villegas et al. (2002) proposed a

process of translocation of transcripts from the mitochondria into the nucleus of
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spermatogenic cells and possibly associated with meiotic chromosomes. Thus, sperm head
ribosomal RNA transcripts are likely leftovers from earlier stages of spermatogenesis.

To elucidate the possible functional consequences of the different top 100 transcript profiles,
a pathway enrichment analysis was done applying the publicly available METASCAPE tool
(Y. Zhou et al., 2019). The results are depicted below, with testis METASCAPE outputs

above and the output for sperm heads below.
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Figure 7: Gene Ontology annotation of the top 100 transcripts in testis (upper chart) and sperm heads (lower

chart).

Because the Gene Ontology (GO) patterns differ remarkably between testis and sperm heads,
it can be hypothesized that the transcript profiles of sperm heads cannot be fully explained
by a passive reduction in transcript abundance compared with earlier stages of
spermatogenesis. It is important to note at this point, that the findings in sperm cells were
usually obtained from whole sperm cells, mostly isolated after applying swim-up protocols.
This study concentrates on sperm heads as precursors of the male pronucleus in the zygote,
thus the question arising from these findings is twofold. First, can RNA information

potentially be delivered via the male pronucleus into the zygote? Secondly, to what extent
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do the transcript dynamics result from elimination of RNAs or are these RNAs actively
transcribed in sperm heads? Active transcription would require the accessibility of specific

genomic regions.

During spermatogenesis most histones are replaced firstly by transition proteins and
thereafter by protamines. These basic, arginine-rich proteins differ from histones in their
enrichment in lysine and cysteine residues. The high arginine content results in a partial
positive charge that promotes DNA binding and neutralises the negative charge along the
phosphodiester backbone of DNA, allowing neighbouring DNA molecules to be packed
more tightly, resulting in a 10 times more compacted genome. This condensation leads to an
inactivation of the genomic regions. In humans, two nucleoprotamines are found, namely
protamine 1 (PRM1) and protamine 2 (PRM2), which are mainly found in testis. In testis,
about 50 % of the basic nuclear proteins are histones, while sperm only contains about 15 %
of histones (Tanphaichitr et al., 1978).

The first aim was therefore to find out whether the observed ncRNAs in sperm heads are
transcribed from genomic regions bound by histones or if they are associated with
protamines, which would lead to the assumption that those RNAs are generated in earlier
stages of spermatogenesis or that they are generated outside the sperm cells and integrated
during late stages of spermiogenesis, like YSRNAs, Chromatin Immunoprecipitation was
performed and the genomic regions binding to H2B, PRM1 and PRM2 were compared to
regions transcribing different RNAs.

The second intention was to uncover possible non-coding RNA-Chromatin interactions in
the sperm head. The possibly associated RNAs would constitute another fraction of RNASs
that could serve as epigenetic information carriers that are delivered into the zygote via the
male pronucleus. This “chromatin as carrier-effect” is likely a possible scenario, since
protamines are intrinsically disordered proteins, with PRM2 being 100 % disordered and
about 60 % of PRM1 being disordered. Histone H2B, on the other hand, has two intrinsically
disordered regions summing up to 42 % of the complete protein. Intrinsically disordered
proteins have the ability to bind RNA and thus function as carriers for RNAs. Therefore,
RNA immunoprecipitation with H2B, PRM1 and PRM2 were performed to elucidate if the
potentially bound RNAs do exhibit a certain profile which is different from the chromatin

protein component.
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2.2.1 Material & Methods

2.2.1.1 Local BLAST of sperm cell transcriptomic data with protamine sequences
Sperm head and testis protein-coding data obtained from UNITAS annotation (Chapter 2.1)
was blasted against the nucleotide sequences of protamine 1 and protamine 2 to find out if
these protein transcripts are expressed in early stages of spermatogenesis and/or mature
sperm. To get an even more precise understanding about PRM1 and PRM2 mRNA
abundance during spermatogenesis transcriptomic data of different developmental stages
during spermatogenesis (Jan et al., 2017; BioProject PRINA310976) was obtained from
SRA. The SRA data was adapter-trimmed using TRIM GALORE and HISAT2-mapped to
get the overall alignment rate. The clean sequences were used for the local BLAST analysis.
Nucleotide sequences of PRM1 and PRM2 were obtained from the NCBI Consensus CDS
protein set (CCDS) database (PRM1 CCDS ID: 10547.1, PRM2 CCDS ID: 42118.1) and
used to build a local database. SRA data was blasted against this database and compared to
the BLAST-results of the protein-coding-associated data of sperm heads and testis obtained
from the UNITAS annotation.

2.2.1.2 Sperm heads preparation

Semen samples were collected from four volunteers. Donors were asked to abstain from
sexual activity for two to three days. The entire ejaculates gained by masturbation were
collected in a sterile 50 ml tube. The samples were used within one hour after ejaculation.
Semen samples were evenly distributed to 2 ml reaction tubes and centrifuged at room
temperature at 16,000 x g for 5 minutes. The supernatants were discarded and the pellets
were resuspended in 700 pl TEN (20 mM Tris(hydroxymethanol)aminomethane (TRIS), 20
mM Ethylenediaminetetraacetic acid (EDTA), 200 mM NaCl, [pH 8.0]), 400 ul HPLC
Gradient Grade water and 300 pl 10 % SDS, incubated for 5 minutes at room temperature
and afterwards centrifuged at room temperature at 16,000 x g for 5 minutes. The supernatants
were removed and the washing steps were repeated two more times. After the final wash the

pellets containing the intact sperm heads were stored at -80 °C until further usage.
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2.2.1.3 Dot Blots

One sperm head sample from one person was resuspended in HPLC water. This suspension
as well as a complete ejaculate sample from another individual were sonicated using the
Covaris E220 Focused-Ultrasonicator. The Peak Incident Power was set to 140, the Duty
Factor to 10 %, Cycle of Burst to 200, the temperature to 20 °C and the duration to 120
seconds. Afterwards, the protein concentrations of the samples were measured using the
Qubit® 2.0 Fluorometer together with the Qubit Protein Broad Range (BR) Assay-Kit. For
each sample and standard 199 pl Working Solution and 1 pl Qubit Protein Reaction Buffer
were mixed together. 199 pl of this solution was mixed with 1 pl sample, vortexed and
incubated for 15 minutes in the dark. To prepare the standards 190 pl of the working solution
mix was mixed with 10 pl of each standard, vortexed and incubated for 15 minutes in the
dark. To calibrate the Fluorometer the three standard samples were measured first in the
correct order. Afterwards, the samples were measured. The same amount of protein was used
for each sample. The samples were filled up with HPLC water to reach the same volume and
concentration. The samples were pipetted on a dry neutral nylon membrane (Amersham
#RPN303 N) and left to dry. As a control for the secondary antibody (Cell Signaling
Technology; #7056S and #7054S) 1 pl of the primary antibody (PRM1: Abnova,
#H00005619-B01P; PRM2: Cloud-Clone Corp., #PAH307HuU01) was pipetted on the
membrane. To bind the proteins to the membrane the membrane was UV-crosslinked using
the UV Stratalinker® 1800 from Stratagene and 1200 mJ UV light. Afterwards, the
membrane was blocked overnight on a rotor at 4 °C using a 5 % blocking solution (1x PBS
[137 mM NaCl, 2.7 mM KCI, 10 mM NazHPO4, 1.8 mM KH2PO4], 0.1 % Tween-20, 5 %
nonfat dried milk). The blocking solution was discarded and 10 pl primary antibody was
dissolved in 10 ml blocking solution and put on the membrane. The membrane was incubated
for two hours on a rotor at room temperature. The antibody solution was dicarded and the
membrane was washed thrice with 1x PBST (1x PBS, 0.1 % Tween-20) for 10 minutes on a
shaker. The solution was discarded, and the membrane was incubated in blocking solution
for 30 minutes on a shaker at room temperature. Afterwards, the membrane was incubated
in 10 ml blocking solution containing 10 pl of the corresponding secondary antibody for one
hour at room temperature on a shaker. The membrane was washed twice with 1x PBST and
the solution was discarded. 10 pul CSPD solution was dissolved in 990 ul detection buffer
(0.1 M Tris-HCI, 1 M NacCl, pH 9.5) and put on the membrane. The membrane was wrapped
in plastic foil and aluminium foil and incubated for 15 minutes at 37 °C. Afterwards, the

signals were analysed using the ChemoCam Imager from INTAS.
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2.2.1.4 Western blot

One sperm head sample was dissolved in 48 ul HPLC water and 2 pl DTT. For the western
blotting an SDS-PAGE gel electrophoresis was performed. Firstly, a separation gel was
created by mixing 4.42 ml HPLC water, 2.62 ml 1.5 M TRIS [pH 8.8], 105 pl 10 % Sodium
Dodecyl Sulfate (SDS), 3.28 ml Acrylamide: Bisacrylamide 19:1 (40 %), 52.5 ul 10 %
ammonium persulfate (APS) and 7.5 ul tetramethylethylenediamine (TEMED). This gel was
put in an electrophoresis chamber, covered with isopropanol and put in a 65 °C incubator to
polymerise. The collection gel was prepared by mixing 2.38 ml HPLC water with 940 pl 1.5
M TRIS [pH 8.8], 38 pl 10 % SDS, 375 pl Acrylamide-Bisacrylamide 19:1 (40 %), 18.8 pl
10 % APS and 7.5 ul TEMED. The isopropanol was removed, the collection gel was put on
top of the separation gel and let polymerise at 65 °C. 1x SDS-running-buffer was created by
dissolving 14.4 g Glycine, 3.02 g TRIS and 0.1 g SDS in one litre HPLC water. The gel
electrophoresis camber was filled up with the running buffer. 15 pl of the sperm head sample
was mixed with 15 pl Laemmli buffer and placed in the pockets. 5 pl Precision Plus
Protein™ Kaleidoscope™ Prestained Protein Standard (Bio-Rad #1610375) were used as
ladder. The gel was run at 100 V until the sample reached the separation gel. After that the
gel run at 200 V for 45 minutes. A Polyvinylidene fluoride (PVDF) membrane was cut to the
size of the gel and one minute in methanol activated. The gel, membrane and the fleece
pieces used for the transfer were incubated for 10 minutes in transfer buffer (3.03 g TRIS,
14.4 g Glycine, 2.5 ml 10 % SDS and 200 ml methanol dissolved in 800 ml HPLC water).
One fleece piece was placed on the negative side of the transfer cassette, followed by a few
pieces of filter paper, the PVDF membrane, the gel, more pieces of filter paper and the
remaining fleece piece. The transfer cassette was closed and placed into the blotting
apparatus. The blotting apparatus was filled up with the transfer buffer. The transfer was
perforemd at 100 V for one hour. After the transfer the membrane was blocked in a 1 %
nonfat dried milk-blocking solution (1x PBS [137 mM NaCl, 2.7 mM KCI, 10 mM
Na:HPO4, 1.8 mM KH2PO4], 0.1 % Tween-20, 1 % nonfat dried milk). 10 ml blocking
solution was mixed with 10 pl Monoclonal Antibody to Histone H2B (D2H6) (Cell Signaling
Technology #12364). The blocking solution was discarded, and the membrane was incubated
in the antibody solution over night at 4°C on a rotor. The antibody solution was dicarded and
the membrane was washed thrice with 1x PBST for 5 minutes on a shaker. The solution was
discarded. Afterwards, the membrane was incubated in 15 ml blocking solution containing 5
pl of the secondary Goat anti-Rabbit IgG antibody (Abcam #ab6721) for one
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hour at room temperature on a shaker. The membrane was washed twice with 1x PBST for
5 minutes and the54oluteion was discarded. Two chemiluminescence solutions (ECL) were
prepared that react with one another when combining them. The first solution contained 200
pl Luminol dissolved in Dimethyl sulfoxide (DMSO), 88 pl p-Coumaric acid dissolved in
DMSO (0.15 g p-Coumaric acid dissolved in 10 ml DMSQO), 3 ml 1 M Tris-HCI [pH 8.5]
and 17.2 ml HPLC water. The seconds solution contained 12 pl 30 % Hygrogen peroxide
(H202), 2 ml 1 M Tris-HCI [pH 8.5] and 18 ml HPLC water. The solutions were stored in
the dark. The solutions were put on the membrane simultaneously and the membrane was
incubated for two minutes in the dark. The signal detection was performed using the

ChemiDoc MP (Bio-Rad) and the corresponding ImageLab 4.1 program.

2.2.1.5 Chromatin immunoprecipitation

Chromatin immunoprecipitation was performed using the antibodies against H2B (Cell
Signaling Technology; #12364), PRM1(Abnova; #H00005619-B01P) and PRM2 (Cloud-
Clone Corp.; #PAH307Hu01). Sperm head pellets from 4 individuals were pooled for each
individual, dissolved in HPLC water and sonicated using the Covaris E220 Focused-
Ultrasonicator. The Peak Incident Power was set to 140, the Duty Factor to 10 %, Cycle of
Burst to 200, the temperature to 20 °C and the duration to 120 seconds. After the sonication
the samples were put in 1.5 ml reaction tubes and quenched using a SpeedVac to reach a
volume of ~50 ul. The samples were incubated for 10 minutes at 95 °C and afterwards placed
directly on ice. 150 pl incubation buffer (100 pl 5 M NaCl, 200 ul 1 M TRIS [pH 8] and 10
pl 0,5 M EDTA filled up with HPLC water to 10 ml) and 10 pul of the chosen antibody were
added to the samples and incubated overnight at 4 °C on a rotor. For each sample 100 pl
SureBeads™ Protein G Magnetic beads (Bio-Rad; #161-4023) were washed three times with
incubation buffer. After the final wash the magnetic beads were dissolved in the same volume
of incubation buffer. 100 pl magnetic beads were added to each sample and the samples were
incubated on a rotor for two hours at 4 °C. The samples were spinned down briefly to remove
any liquid in the cap and placed on a magnetic rack. The supernatant was discarded. 400 pl
wash buffer A (500 ul 1 M TRIS [pH 8], 200 ul 0.5 M EDTA and 100 pl 5 M NaCl filled up
with HPLC water to a final volume of 10 ml) was used to resuspend the samples. The samples
were placed on a magnetic rack and the supernatant was discarded. The beads were dissolved
in the wash buffer B (500 pl 1 M TRIS [pH 8], 200 pl 0.5 M EDTA and 200 pl 5 M NaCl

filled up with HPLC water to 10 ml), placed on a magnetic rack and the supernatant
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was discarded. Afterwards, the samples were washed two times with wash buffer C (500 pul
1 M TRIS [pH 8], 200 pul 0.5 M EDTA and 300 pl 5 M NaCl filled up with HPLC water to
10 ml) the same way as before. To isolate the DNA the QlAamp® DNA Mini Kit (Qiagen;
#51306) was used. The samples were mixed with 250 pl AL buffer and placed on magnetic
rack. The supernatant was transferred in a fresh 1.5 ml reaction tube and 25 pl Proteinase K
was added. The samples were incubated for 10 minutes at 56 °C and afterwards mixed with
250 ul 100 % ice-cold ethanol and placed on a Qiagen column in a collection tube. The
samples were centrifuged 1 minute at 10,000 x g at room temperature. The flow-through was
discarded and 500 pl AW1 wash buffer was put on the column. Again, the samples were
centrifuged for 1 minute at 10,000 x g at room temperature and the flow-through was
discarded. 500 pl AW?2 buffer was put on the column and the samples were centrifuged for
3 minutes at 18,000 x g at room temperature. The column was placed on a new collection
tube. 500 pl HPLC water was added to the column and the samples were incubated for 5
minutes at room temperature. Afterwards, the samples were centrifuged for 1 minute at
10,000 x g at room temperature. The eluate was transferred to a fresh 1.5 ml reaction tube.
100 pl HPLC water was put on the column and incubated and centrifuged as before. The
eluate was added to the 200 pl from before. The samples were quenched in a SpeedVac to a
volume of 25 pl. Library preparation and ChIP sequencing were performed by Novogene.
Library preparation was done by fragmenting, repairing and dA-tailing the DNA. The A-
tailed DNA fragments were ligated to sequencing adaptors. The final DNA library was
obtained by size selection and PCR amplification. Sequencing was done using the Illumina
NovaSeq platform.

2.2.1.5.1 Bioinformatic analyses by Novogene

Raw reads were quality-checked and trimmed. The trimmed data was quality-checked again.
Afterwards, the clean reads were mapped to the reference genome. RseQC software was
used to predict the fragment sizes of the mapping results. These predicted fragment sizes
were used for peak calling. Peak calling was performed by mapping to the reference genome
to obtain information about the protein-DNA binding sites. The software MACS2 was used
to calculate the number of peaks, the peak width, its distribution and to identify the peak
related genes. Novogene provides an Excel sheet with the count of summits and a file with

the narrow peaks.
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2.2.1.6 RNA Immunoprecipitation

Intrinsically disordered proteins are able to bind RNA. To find out which type of RNA binds
to H2B, PRM1 and PRM2 an RNA Immunoprecipitation Sequencing (RIP-Seq) was
performed using the ChIP-IT Magnetic Chromatin Immunoprecipitation Kit from Active
Motif (#53024). At first, the sperm head pellets were dissolved in HPLC water and pooled
for each individual. Afterwards, the samples were sonicated using the Covaris E220
Focused-Ultrasonicator. The Peak Incident Power was set to 140, the Duty Factor to 10 %,
Cycle of Burst to 200, the temperature to 20 °C and the duration to 120 seconds. Afterwards,
the samples were put in a fresh 1.5 ml reaction tube and filled up with DEPC water to
equalise the sample volume between individuals. The sonicated samples were treated with
DNase I. Therefore, 10 pl DNA Digestion Buffer were added to the samples followed by 10
pl DNase I. The samples were incubated for 20 minutes at 37 °C. To stop the reaction 10 pl
0.5 M EDTA was added and mixed well by inverting the tube. The samples were then
centrifuged for 10 minutes at 15,000 rpm at 4 °C and the supernatant was transferred to a
fresh 1.5 ml reaction tube. Before starting with the immunoprecipitation, the magnetic beads
were washed twice with DEPC water. To do so, 25 pl for each immunoprecipitation reaction
were put in a fresh RNase-free reaction tube. The tube was placed on a magnetic rack and
the supernatant was removed using a pipette to measure the removed volume. The beads
were dissolved in 400 ul DEPC water, placed on a magnetic rack and the water was removed.
This washing step was repeated a second time. The same volume of DEPC water as the one
that was removed in the beginning was added to the beads. 25 pl pre-washed Protein G
Magnetic Beads, 10 ul RNA IP Buffer, 0.1 pl RNase Inhibitors and 1 pl Protease Inhibitor
Cocktail were added to each sample. 1 ug of the used antibody was added to the samples.
The samples were incubated overnight at 4 °C on a rotor. Afterwards, the tubes were spinned
down briefly to collect any liquid from the inside of the cap and placed on a magnetic rack.
The supernatant was carefully discarded. To wash the beads Complete RNA-ChIP Wash
Buffer 1 and Complete RNA-ChIP Wash Buffer 2 were prepared by adding 0.25 ul RNase
Inhibitor per ml of wash buffer. The beads were wash 4 times with Complete RNA-ChIP
Wash Buffer 1. Therefore, 200 ul wash buffer 1 was added to the beads and the beads were
dissolved. The beads were placed on a magnetic rack and the supernatant was discarded.
After the fourth washing step using Complete RNA-ChIP Wash Buffer 1 the beads were
washed with Complete RNA-ChIP Wash Buffer 2 two times the same way. After the final
wash, as much supernatant as possible was carefully removed without disturbing the beads.
After that, the Complete RNA-ChIP Elusion Buffer was prepared by adding 0.1 pl RNase
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Inhibitors to 100 ul RNA-ChIP Elution Buffer for each sample. 100 pl Complete RNA-ChIP
Elusion Buffer was added to the beads and the beads were resuspended thoroughly. The
samples were incubated for 15 minutes at room temperature on a rotor. Afterwards, the
samples were briefly spinned down to collect any liquid inside the cap, placed on a magnetic
rack and the supernatant was carefully removed into a fresh reaction tube. 2 pul 5 M NaCl
and 2 pl Proteinase K were added to each sample. The samples were incubated at 42 °C for
1 hour to digest the proteins. Then, the samples were incubated for 1.5 hours at 65 °C to
reverse cross-links. Afterwards, RNA was purified using TRIzol. To do so, ~150ul DEPC
water was added to the samples to reach a volume of 250 pl. 750 pl TRIzol (Invitrogen;
#AM9738) was mixed with the samples by pipetting up and down several times. The samples
were incubated 5 minutes at room temperature. 200 pl chloroform was added and the samples
were mixed vigorously by pipetting up and down for at least 15 seconds and incubated for
15 minutes at room temperature. The samples were centrifuged for 10 minutes at 12,000 x ¢
at 4 °C. The upper aqueous phase containing the RNA was carefully transferred into a fresh
reaction tube. The same volume isopropanol and 1 pl glycogen were added to the samples.
The samples were mixed well, incubated 15 minutes at room temperature and centrifuged
for 10 minutes at 12,000 x g at 4 °C. The supernatant was carefully removed without
disturbing the pellet. 1 ml ice-cold 75 % ethanol was added to the pellets. The samples were
centrifuged for 5 minutes at 7,500 x g at 4°C. The supernatant was carefully removed without
disturbing the pellets. The pellets were left to air dry briefly and then resuspended in 20 pl
DEPC water. After that, the samples were treated with DNase I. Therefore, the samples were
incubated for 15 minutes at 37 °C. Afterwards, 2 pl 10X DNase | Reaction Buffer and 2 pl
DNase | were added to the samples. The samples were incubated for 25 minutes at 22 °C. 2
pl Stop Solution was added to the samples and incubated for 10 minutes at 65 °C to heat
inactivate the DNase I. To purify the samples RNA purification using TRIzol was performed
a second time. For that, 500 ul TRIzol was added to the samples. The samples were mixed
well and incubated for 5 minutes at room temperature. 100 pl chloroform was added and the
samples were mixed well and incubated for 2 minutes at room temperature. The samples
were centrifuged for 15 minutes at 12,000 x g at 4 °C. The upper aqueous phase was carefully
transferred into a new reaction tube. The same volume of isopropanol was added to the
samples and mixed well. 0.5 pul glycogen was added to the samples. The samples were mixed
well and incubated for 15 minutes at room temperature. Afterwards, the samples were
centrifuged for 10 minutes at 12,000 x g at 4 °C. The supernatant was carefully discarded,
500 ul 75 % ice-cold ethanol was added to the
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samples and they were centrifuged for 5 minutes at 7,500 x g at 4 °C. The supernatant was
carefully discarded, and the washing step was repeated two more times. After the final wash
the supernatant was carefully removed, and the samples were left to air dry briefly.
Afterwards, the pellets were dissolved in 20 ul RNase-free water. Library preparation and
IncRNA-Seq were performed by Novogene using PE150 as sequencing strategy. For the
library construction ribosomal RNA was removed from the total RNA and the remaining
RNA was ethanol precipitated. The RNA was fragmented, and the first strand cDNA was
synthesised using random hexamer primer. During the second cDNA synthesis, dUTPs were
replaced by dTTPs in the reaction buffer. The fragments were end-repaired and A-tailed.
Afterwards, adapter ligation, size selection, USER (Uracil-Specific Excision Reagent)
enzyme digestion, amplification and purification were performed. The library was checked
with Qubit and real-time PCR for quantifications and the bioanalyzer was used to detect the
size distribution. Afterwards, sequencing was performed on the Illumina platform. The data
was quality checked and the raw data was filtered.

2.2.1.7 Bioinformatic analysis

2.2.1.7.1 ChIP-Seq analyses

Following the Peak calling protocol as carried out by Novogene and outlined above, the
obtained data was analysed using the software Hypergeometric Optimization of Motif
EnRichment (HOMER; (Duttke et al., 2019). The obtained excel sheets were used to
generate bed files containing the genome coordinates (chromosome, start position and end
position). Those bed files were used to annotate the peaks to the human reference genome
hg38 to find out in which genomic region most peaks are and where motifs are under-
/overrepresented compared to the reference genome. To do so, the annotatePeaks.pl -routine
was started to perform peak annotation with the human genome hg38 as reference. The
annotation of peaks/regions is done by determining the distance to the nearest transcription
start site (TSS) and by determining the genomic annotation of the region occupied by the
center of the peak/region.

Furthermore, bedtools INTERSECT was used to compare the ChIP peak data to peaks of
different genomic regions to find overlaps. The genomic regions data used for this analysis
were InCRNA data from LNCipedia (Volders et al., 2019;; version 5.2, hg38), piRNA data
from piRNAdb (Piuco & Galante, 2021), sno/miRNA and tRNA data from the UCSC Table
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Browser (Karolchik et al., 2004; GRCh38/hg38) and rRNA data from dashr2 (Kuksa et al.,
2019); v2.0, hg38; downloaded and filtered for rRNA). All obtained ChIP datasets were
compared to the genomic regions of the above-mentioned RNA classes to find overlapping
regions. Additional analyses using the INTERVENE (Khan & Mathelier, 2017) Venn
diagram module were performed to compare data where IncRNA and ChIP data overlap

between individuals to find compute and visualise unique and overlapping regions.

2.2.1.7.2 RIP-Seq analyses

The obtained fastq files from Novogene were mapped to the human genome hg38 using
HISAT2 (Kim et al., 2019; Version 2.2.1) to calculate the alignment rate. The bam files
generated by HISAT2 were mapped against the INcRNA gene gtf file of the human reference
genome hg38 obtained from LNCipedia (Volders et al., 2019; version 5.2) using
FEATURECOUNTS READCOUNT (Liao et al., 2014). Thus, sequences were aligned to
the matching IncRNA genes and the hits were counted. The obtained list of INCRNA genes
with the corresponding number of hits were compared between protein samples of all

individuals and between all protein samples of each individual.
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2.2.2 Results

2.2.2.1 Transcriptional dynamics of the sperm chromatin components PRM1 and
PRM2

To compare the early stages of spermatogenesis with the mature human sperm heads,
smallRNA from human testis total RNA preparations were isolated and smallRNA-
sequenced. Since all developmental stages of sperm before entering the epididymis are
present in testis, this preparation of bulk RNA was used as a proxy of early spermatogenesis.
To obtain meaningful comparisons with the sperm head smallRNA-Seq results, the identical
conditions with respect to size enrichment and sequencing strategy were applied (Chapter

2.1 Section 3.4) as depicted in Figure 3.

Obviously, the fraction of protein coding small RNAs decreased significantly during
spermatogenesis from 6.5 % in testis to 2.7 % in mature sperm heads.

To get a more precise view on the abundance of PRM1 and PRM2 mRNA in different stages
of spermatogenesis, SRA data of different cell types during spermatogenesis (BioProject
PRJINA310976) was downloaded and analysed. The SRA datasets were quality checked with
TRIM GALORE and clean sequences retrieved. Subsequently, HISAT2 was carried out
using the trimmed data to determine the overall alignment rate. The clean sequences were

used for BLAST analysis using the protamine sequences as database.
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Figure 8: Amount of PRM1 and PRM2 mRNA in different cell types during spermatogenesis. The graph shows
the amount of PRM1 and PRM2 mRNA in Adark Spermatogonia, Agale Spermatogonia, leptotene/zygotene
spermatocytes, early pachytene spermatocytes, late pachytene spermatocytes, round spermatids and mature
sperm heads in reads per million alignable reads. PRM1 mRNA is shown in blue and PRM2 mRNA is shown

in red.

Figure 8 shows the amount of PRM1 and PRM2 mRNA in different cell types during
spermatogenesis (BioProject PRINA310976) and in sperm heads of mature sperm in reads
per million alignable reads (rpm). The average amount of PRM1 mRNA in cell type A dark
spermatogonia is 317.68 rpm, in cell type A pale spermatogonia 332.85 rpm, in
leptotene/zygotene spermatocytes 556.08 rpm and in early pachytene 355.35 rpm. The
amount of PRM2 mRNA in the respective cell types is 1299.09 rpm, 1661.42 rpm, 937.14
rpm and 891.23 rpm. In the late pachytene spermatocytes the amount of PRM1 and PRM2
MRNA transcripts is comparatively low with 18.21 rpm and 35.08 rpm, respectively. In
round spermatids the amount of PRM1 and PRM2 mRNA transcripts increases sharply to
5328.07 rpm and 6592.15 rpm, respectively. In sperm heads of mature sperm cells, the
amount of MRNA transcripts decreases drastically, with 57.69 rpm for the PRM1 mRNA and
20.34 rpm for the PRM2 mRNA. The amount of PRM2 mRNA transcripts is higher in cell
types during spermatogenesis compared to PRM1 mRNA but slightly lower in mature sperm

cells. The transcript levels during early stages of spermatogenesis are quite stable, decrease
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drastically in late pachytene spermatocytes, then increasing sharply in round spermatocytes

and decreasing again in mature sperm cells.

2.2.2.2 PRM1 and PRM2 proteins can be traced in human sperm heads

To validate the abundance of PRM1- and PRM2-proteins in sperm heads and total ejaculate
and to ensure the proper functionality of the used antibodies dot blots using antibodies
against PRM1 and PRM2 were carried out.

Sperm Total Antibody Sperm Total Antibody
heads ejaculate PRM1 heads ejaculate ~ PRM2
.‘ . ' .. | . . ¥ .

Figure 9: Dot blot results using the antibodies against PRM1 and PRM2. The left membrane was treated with
PRM1 antibody and shows a sperm head sample (left), a total ejaculate sample (middle) and the primary
antibody PRM1 (right). The left membrane was treated with PRM2 antibody and shows a sperm head sample
(left), a total ejaculate sample (middle) and the primary antibody PRM2 (right).

The membrane on the left shows the sperm heads (left) and total ejaculate (middle) treated
with PRM1 and the membrane on the right shows the sperm heads lysates (left) and total
ejaculate (middle) treated with PRM2. The dots on the right side display the primary
antibodies as positive control for signal detection. For every sample and used antibody clear
signals could be detected. The dot for the sperm head sample treated with PRM2 antibody
shows a weaker signal compared to the total ejaculate sample. The dots on the right
containing the used antibody present a positive control for the functionality of the primary
antibody.

To confirm the functionality of the antibody against H2B and the presence of H2B in sperm

heads a western blot was carried out. The results are shown below.
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Figure 10: Western blot results using the antibody against H2B. The left side shows the PVYDF membrane under
light and the right side shows the membrane under chemiluminescence conditions. The bands show the sperm

head samples.

Figure 10 shows the PVDF membrane under light (left) and under chemiluminescence
conditions. Two bands can be seen clearly where the H2B antibody bound the corresponding

proteins in the sperm head sample. The two bands are at a height of about 15 kDa.

2.2.2.3 ChlIP-Seq with antibodies directed against PRM1, PRM2 and H2B uncover a
small number of Peaks

Sperm heads from four individuals were immunoprecipitated using the antibodies against
the sperm-specific nuclear basic proteins PRM1 and PRM2, as well as the core histone H2B.
Peak calling was done by Novogene using MACS2 (Y. Zhang et al., 2008) routines and
resulted in the respective peak coordinates. | could identify only a small number of peaks as
compared to results presented in Jeon et al. (2020). ChlP-Seq analyses thus resulted in a total
of 864, 401, 588 and 819 general peaks (count of summits) for the H2B samples, 474, 749,
424 and 758 general peaks for the PRM1 samples and 517, 826, 698 and 512 general peaks
for the PRM2 samples of Individual 1, Individual 2, Individual 3 and Individual 4,
respectively. The number of narrow peaks is slightly lower with 792, 362, 533 and 757
narrow peaks for the H2B samples, 438, 694, 385 and 687 narrow peaks for the PRM1
samples and 460, 747, 629 and 512 narrow peaks for the PRM2 samples of Individual 1,
Individual 2, Individual 3 and Individual 4, respectively.

The differences between the general peaks and the narrow peaks can be explained by the fact
that some peaks have the same coordinates but different p values and fold enrichment values.
Those peaks are combined in the narrow peaks, resulting in a slightly smaller number of
peaks. This fact however, does not impact the annotation results.
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The Fraction of Reads in Peaks (FRiP) for the individual samples is 0.7910 %, 0.9818 % and
1.0379 % for the H2B, PRM1 and PRM2 samples of Individual 1, respectively. For
Individual 2 the FRIP is 0.6562 % for the H2B sample, 0.9848 % for the PRM1 sample and
1.6417 % for the PRM2 sample. The FRIP for Individual 3 is 1.1252 %, 0.4854 % and 0.9004
% for the H2B, PRM1 and PRM2 sample, respectively. Individual 4 has FRiP values of
1.1321 % for the H2B sample, 0.6700 % for the PRM1 sample and 0.9238 % for the PRM2

sample.

2.2.2.4 PRM1 and PRM2 act in concert

To verify if PRM1 and PRM2 act in concert to constitute the nucleoprotamine packaging in
mature human sperm heads BEDTOOLS (Quinlan & Hall, 2010) INTERSECT was used to
compare the peak coordinates of PRM1 to PRM2 peak coordinates for the four individuals.
The obtained Excel sheets from Novogene containing the peak information were used to
create bed files with the peak coordinates (chromosome, start position and stop position).
Those bed files were used for the INTERSECT analyses. The results are listed in the table

below.

Table 1: Number of PRM1 and PRM2 peaks and overlapping peaks for all four donors.

Number of PRM1 peaks | Number of PRM2 peaks | Number of overlapping
peaks
Donor 1 | 474 517 498
Donor 2 | 749 826 604
Donor 3 | 424 689 383
Donor 4 | 758 567 458

2.2.2.5 The nucleoprotamine DNA interaction pattern as revealed by ChlIP does not
differ from that of nucleohistone H2B

To get a first impression about the peak distribution of H2B, PRM1 and PRM2 along the

chromosomes, the NCBI Genome Decoration Page was used. The organism was specified

to “Homo sapiens” and the representation of the chromosomes was set to “cytogenetic”,



“GRCh38.p12” and a resolution of 850 bands per haploid karyotype. The bed files of the
H2B, PRM1 and PRM2 ChIP-results were uploaded for each individual. Also, the peak
distribution for each protein was compared between individuals and is shown in appendix

figures 1 — 3.
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The ideograms show where the peaks of the H2B, PRM1 and PRM2 samples are located
along the chromosomes of hg38 for each individual (Individual 1 is shown in figure 11,
Individual 2 is shown in figure 12, Individual 3 is shown in figure 13 and Individual 4 is
shown in figure 14). The peaks of the H2B samples are shown as black arrows, the peaks of
the PRM1 samples are shown as blue arrows and the PRM2 peaks are shown as green arrows.
As can be seen, a lot of peaks are located around centromere and telomere regions and H2B,
PRM1 and PRM2 peaks overlap mainly in those regions. The remaining peaks show partially
great differences in terms of their localisation along the chromosomes between the

individuals.

The previously defined peak regions generated by peak calling were annotated using
HOMER to get an overview in which genomic regions ("genomic feature") the examined
proteins bind. The annotations resulted in a similar pattern for the three proteins and
individuals and are shown below. The genomic features are displayed on the x-axis for the
different donors and the log.fold-change(observed/expected) as compared to hg38 is shown

on the y-axis.
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Figure 15: HOMER annotation results for H2B, PRM1 and PRM2 peaks of Individual 3. Genomic features are displayed on the x-axis and the peak ratio is given as

logz(observed/expected) on the y-axis. Results for H2B are shown in dark blue, results for PRM1 are shown in light blue and PRM2 results are shown in dark red.
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Figure 15 shows the HOMER annotation for the H2B, PRM1 and PRM2 peaks for one
individual (the annotation results for the other three individuals are shown in appendix
figures 4 — 6). The genomic features are displayed on the x-axis and the peak ratio is listed
as logz(observed/expected) on the y-axis. For most genomic regions, the annotation results
of H2B, PRM1 and PRM2 show the same pattern. More peaks than expected can be found
in TTS (Transcription Termination Site), Promotor, CpG islands, Simple Repeat, Satellite
and rRNA regions. Less peaks than expected are found in 3> UTR, LINE, SINE, DNA, Exon,

Intron and LTR regions.

To compare the biological variability, the annotation results of the four individuals for each

protein were compared and displayed below.
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Figure 16: HOMER annotation results for H2B peaks of all four individuals. Genomic features are displayed on the x-axis and the peak ratio is given as log.(observed/expected)
on the y-axis. Results for Donor 1 are shown in dark blue, results for Donor 2 are shown in light blue, results for Donor 3 are shown in dark red and results for Donor 4 are shown

in red.
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Most of the regions or genomic features show very similar patterns of representation
compared to the reference genome hg38 for all donors. However, exceptions from this
include Retroposon, ncRNA, Exon, Intergenic and 5° UTR regions that exhibit
interindividual different patterns. The regions showing the biggest difference with respect to
over/under-representation compared to the reference genome are the rRNA, Satellite and
Simple Repeat regions with more peaks than the reference genome and LINE- and SINE-

regions with less peaks compared to the reference genome.
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Figure 17: HOMER annotation results for PRM1 peaks of all four individuals. Genomic features are displayed on the x-axis and the peak ratio is given as logz(observed/expected)

on the y-axis. Results for Donor 1 are shown in dark blue, results for Donor 2 are shown in light blue, results for Donor 3 are shown in dark red and results for Donor 4 are shown
in red.
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Most regions show the same peak pattern for all individuals. The genomic regions assigned
to Retroposon, ncRNA, pseudo genes (pseudo), Exon, Intergenic and 5 UTR show great
individual differences for one or two individuals compared to the others. Regions with a
higher peak distribution compared to the reference genome are rRNA, Satellite, Simple
Repeat and CpG-Island regions. Regions with a lower peak distribution compared to the
reference genome are 3° UTR, LINE, SINE, DNA and Intron regions. About half of the
genomic regions show no or almost no differences in the peak distribution compared to the

reference genome.
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Figure 18: HOMER annotation results for H2B peaks of all four individuals. Genomic features are displayed on the x-axis and the peak ratio is given as logz(observed/expected)

on the y-axis. Results for Donor 1 are shown in dark blue, results for Donor 2 are shown in light blue, results for Donor 3 are shown in dark red and results for Donor 4 are shown
in red.
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Most regions display the same peak pattern for all individuals and the peak distribution
shows great similarities to the PRM1 peak annotation. Regions with a higher peak
distribution than the reference genome are the rRNA, Satellite, Simple Repeat and CpG-
Island regions. Interestingly, all four samples show a higher peak count in the Promotor
region compared to the reference genome. Regions with a way smaller peak distribution
compared to the reference genome are the 3> UTR, LINE, SINE, DNA, Intron and LTR

regions and to a lesser degree Retroposon, ncRNA, Exon, Intergenic and 5° UTR regions.

Not all peaks of each ChIP-Seq sample could be mapped to genomic regions. The total
amount of peaks mapping to genomic regions are 611, 278, 409 and 602 for the H2B samples
of Individual 1, Individual 2, Individual 3 and Individual 4, respectively. The number of
PRM1 peaks mapping to genomic regions are 329, 536, 285 and 542 and the number of
PRM2 peaks are 347 for Individual 1, 638 for Individual 2, 492 for Individual 3 and 407 for
Individual 4. This results in about 70 % of mappable general peaks (67.12 % - 77.24 %) and
about 78 % of the narrow peaks being mappable (74.03 % - 85.41 %).

All three proteins show very similar peak distribution values in 3> UTR, SINE, DNA and
Simple Repeat regions in all four individuals and with slightly more variations between the
chromatin constituting proteins in LINE, Satellite and rRNA regions (mean values of the
four donors for each protein compared to the general mean value of all samples + 10 %
confidence interval). For both protamines very similar peak distributions were found in 3’
UTR, LINE, SINE, DNA and Simple Repeat regions (mean values of the four donors for
each protein compared to the general mean value of all samples £ 5 % confidence interval).
Slightly more variance was found in Satellite and rRNA regions (10 % confidence interval).
The peak distributions for H2B show more variance between individuals compared to the

protamine peaks.

Regions collectively combined in the satellite region of the HOMER annotation include
alpha satellite (a-satellite, ALR), beta satellite (B-satellite, BSR), gamma satellite 1l
(GSATII) and HSATI. Other regions included in the group of satellite are Telomere-
Associated Repeats (TAR1), SAR, SST1, as well as simple satellite repeats (CATTC)n and
(GAATG)n. To the DNA region HSMAR2 could be assigned. The class of LINEs (long
interspersed nuclear elements) in the HOMER annotation showed only LINE-1
retrotransposons, while the SINE (short interspersed nuclear elements) group includes

mainly Alu elements.
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Looking more closely at the peak distribution of the genomic regions, | could observe that
the majority of peaks map to satellite regions (~28 % on average in the H2B samples, 35 %
in the PRM1 samples and 50 % on average in the PRM2 samples), followed by intergenic
regions (22 % on average in the H2B samples, 23 % in the PRM1 samples and 18 % in the
PRM2 samples) and simple repeat regions (~17 % on average in the PRM1 and PRM2
samples and 14 % in the H2B samples). About 0.3 % of the peaks of all samples map to
rRNA regions (PRM1 0.4 %). Interestingly, no PRM2 peaks map to Retroposon, ncRNA and
5 UTR region, while H2B and PRM1 do. Only two out of four individuals exhibited peaks
assigned to retroposon regions in the H2B samples and only one individual exhibit peaks
assigned to that region in the PRM1 samples. All H2B samples show peaks assigned to
ncRNA regions, but only two individuals exhibit peaks mapped to that region in the PRM1
samples. Three out of four individuals show peaks in the H2B samples assigned to 5> UTR
regions and only one person shows peaks in that region for the PRM1 samples. In all samples
peaks were detected that were annotated to LINE and SINE regions (3 % of all peaks
assigned to LINEs and 2 % assigned to SINEs on average), DNA (average of 0.5 % of all
peaks in all samples), intron (mean percentage of 0.5 % of all peaks for all samples) and
CpG island regions (mean percentage of 3.8 %). LTR regions show the highest number of
peaks in H2B samples (except Individual 3 where H2B and PRM1 both show two peaks in
that region) with an average of 3.7 % of all peaks compared to 1.8 % in PRM1 samples and
0.3 % in PRM2 samples.

To test if the RNAs found in the UNITAS outputs of mature sperm heads are potentially
transcribed inside the sperm heads because they are part of the nucleohistone fraction or if
they represent remnants of transcription in earlier stages of spermatogenesis in the
nucleoprotamin fraction, an INTERSECT analysis was carried out. Bed files from different
RNA classes were downloaded from LNCipedia (Version 5.2 GRCh38/hg38), the UCSC
Table Browser (GRCh38/hg38), piRNAdb and dashr2 (v2.0, hg38) and compared to the
coordinates of the PRM1-, PRM2- and H2B-covered genomic regions applying the bedtools-
INTERSECT routine.

The comparison of the peak coordinates of PRM1/PRM2 and H2B to the different RNA
genomic regions showed great differences between the different genomic regions and

examined proteins.
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The highest number of overlaps with RNA genomic regions was found in the IncRNA
regions with an average of 250.5 overlapping regions for H2B, 207.25 overlaps for PRM1
and 140.75 overlaps for PRM2 (individuals show great variance in the amount of
overlapping regions for the three proteins). The seconds highest number of overlaps was
scored with piRNA genomic regions, with 63.75, 43.5 and 22.25 overlaps on average for
H2B, PRM1 and PRM2, respectively. Only minor overlaps could be found between the
examined proteins and rRNA genomic regions and sno/miRNA genomic regions. No
overlaps were found in the comparison with tRNA genomic regions. The results for each

individual are shown in appendix tables 1 — 5.

To get a more graphical and statistical overview about the peak comparison of peaks that
overlap with IncRNA in the H2B, PRM1 and PRM2 samples Venn diagrams were created
using the Intervene Venn module. The results from the INTERSECT analyses with the ChIP
data and the IncRNA data were used to create Venn diagrams to find overlapping regions

between the four individuals for each protein.
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Figure 19: Venn diagrams of IncRNA overlaps between all four donors for H2B (upper diagram), PRM1 (lower
left diagram) and PRM2 (lower right diagram). The Venn diagrams show the number of IncRNA-H2B (upper
diagram), IncRNA-PRM1 (lower left diagram) and IncRNA-PRM2 (lower right diagram) overlapping peaks
for each individual and the amount of overlapping peaks between individuals (overlapping regions of the
ovals). The peaks of Individual 1 are represented in the sand-coloured oval, the peaks of Individual 2 in the
cyan-coloured oval, the peaks of Individual 3 in the magenta-coloured oval and the peaks of Individual 4 are

shown in the tan-coloured oval.

The Venn diagrams show the peak comparisons of the Inc-H2B (upper Venn diagram), Inc-
PRML1 (lower left Venn diagram) and Inc-PRM2 (lower right Venn diagram) hits between
individuals. Each oval represents the overlapping peaks between protein of interest and
IncRNA peaks from one individual with the corresponding number of peaks, whereas
overlapping regions show the number of peaks that overlap between two, three or all four
individuals. The peaks of Individual 1 are represented in the sand-coloured oval, the peaks
of Individual 2 in the cyan-coloured oval, the peaks of Individual 3 in the magenta-coloured

oval and the peaks of Individual 4 are shown in the tan-coloured oval. 70 peaks overlap
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between all four individuals of the Inc-H2B peaks, 62 peaks overlap completely between the
Inc-PRM1 peaks and 65 peaks overlap between the Inc-PRM2 peaks for all individuals.

Out of these total overlaps (70 for H2B, 62 for PRM1 and 65 for PRM2) all Inc-H2B
overlapping peaks overlap with at least one of the protamines, while Inc-PRM1 overlapping
peaks and Inc-PRM1 overlapping peaks both have two unique peaks, and 13 overlapping
regions are protamine-specific. The majority of peaks that overlap with IncRNA peaks also
overlaps between the three protein samples (62 total overlaps). The overlapping regions are
distributed along Chr3, Chr4, Chr6, Chr7, Chr8, Chrl7, Chrl8, Chr21, Chr22, ChrX and
ChrY. The overlapping regions are shown in the Venn diagram below.

PRM2

Figure 20: Venn diagram of the total INcCRNA overlaps (overlaps that were found in all individuals) between
H2B (sand-coloured cirlcle), PRM1 (cyan-cloured circle) and PRM2(magenta-coloured circle). Numbers show

unique and overlapping peaks.

2.2.2.6 RNA-binding capacity of protamines

Protamines are intrinsically disordered proteins that have the ability to bind RNA. This
protein-RNA-interaction was more precisely examined, more specifically the interaction
with IncRNA since these RNAs were found in the complete RNA cargo of sperm heads and
a lot of H2B-, PRM1- and PRM2-associated genomic regions overlap with INcRNA genomic
regions. Therefore, RNA immunoprecipitation was done with sperm head samples of four
individuals with the same antibodies as used for the above-mentioned ChlP-analyses. RNA-

Seq was carried out by Novogene with a strategy to enrich for IncRNA enrichment, including
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rRNA removal and omitting size fractionations. The obtained sequences were HISAT2-
mapped to hg38 to determine the quality of the datasets and resulted in a mean percentage
of alignable reads of 18.13 % (individual alignment rates differ greatly between datasets,
ranging from 1.96 % to 54.16 %). The obtained bam files were mapped to the IncRNA gtf
file obtained from LNCipedia using FEATURECOUNTS and were corrected for the overall
alignment rate. The individual results of the 100 most abundant IncRNA hits are shown in
appendix tables 6 — 9. Additionally, the bam files were also mapped to tRNA and sno/miRNA
gtf files obtained from the UCSC Table Browser. The numbers for tRNA and sno/miRNA
overlaps are shown in appendix figures 11 and 12.

2.2.2.7 Protamines associate with IncRNA in an unspecific manner

The number of sequences mapping to INCRNA genes and the total number of INcRNA genes
found in the individual datasets differ greatly with 3,054,954 hits mapping to 17,277 IncRNA
genes (Individual 1 H2B sample) to 22,148 hits mapping to 360 IncRNA genes (Individual
3 H2B sample; other samples show less INCRNA genes but higher hit numbers). The INCRNA
hits make up between 2.44 % (Individual 3 H2B) and 17.69 % (Individual 1 H2B) of the

alignable sequences.

To get a quantitative impression on the INCRNA profiles, the READCOUNT outputs were
sorted according to read number from highest to lowest for each individual and compared to
one another. With that | reproduced the overall qualitative pattern of INCRNA reads with
respect to their abundance: Two IncRNA genes were found in all samples (except Individual
2) in the upper 25 % read counts of all hits, those are Inc-LRR1-1 and Inc-NEMF-1. One
IncRNA gene was found in the upper 25 % read counts of all protamine samples (except
Individual 2), this INcRNA is Inc-CCNB1IP1-1. The majority of IncRNAs found in each
sample differ greatly in terms of abundance, showing both qualitatively and quantitatively a
high variance in the IncCRNA distribution. The amount of overlapping IncCRNA genes for the

50 most abundant IncRNA genes between individuals are shown in appendix table 13.

Only a minor amount of sequences mapped to tRNA genes in all samples (0 — 5 tRNA genes
with 92 — 4,038 sequences in total for one dataset). The exception is the H2B data of
Individual 3, here 88 tRNA genes were found. The individual results differ greatly in terms
of quality and quantity of the tRNA distribution and are shown in appendix table 10. The
tRNA hits make up between 0.00 % and 0.0256 % of the alignable sequences.
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A slightly higher amount of sequences mapped to sno/miRNA genes. Between 177
sequences (Individual 3 H2B) and 3540 sequences (Individual 1 PRM2) mapped to four
(Individual 2 PRM2) to 310 (Individual 1 H2B) sno/miRNA genes. These hits make up
between 0.0233 % and 0.1384 % of the alignable sequences. The sno/miRNA genes show
no specific pattern regarding their association with the examined proteins. The individual
number of hits are shown in appendix table 12.
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2.2.3 Discussion

During the late stages of spermatogenesis, histones are massively replaced in round
spermatids by transition proteins, which are then replaced in elongating spermatids by
protamines, resulting in a highly condensed chromatin packaging in elongated spermatids
and mature spermatozoa. In humans around 85 % of the nucleohistones are replaced by
protamines (Steger et al., 2000) leading to transcriptionally silenced chromatin. To confirm
the findings of Steger et al. and to get a more detailed picture at which time point of
spermatogenesis and in which ratio the PRM1 and PRM2 genes are transcribed, local
BLAST routines were performed using SRA data of different cell types during
spermatogenesis (BioProject PRINA310976) with the protamine mRNA sequences obtained
from the NCBI CCDS database as database. In all cell types PRM1 and PRM2 transcripts
could be found, with more PRM2 transcripts in early stages of sperm development and
slightly more PRML1 transcripts in mature sperm cells. The abundance of PRM1 and PRM2
transcripts is relatively low before the first meiotic division, high in round spermatids and
decreases again in mature sperm cells. These results are consistent with the results of Steger
et al. The high abundance in round spermatids correlates with the initiation of the histone-
to-protamine transition (Steger et al., 2000). In round spermatids the PRM1 and PRM2 genes
are transcribed, whereupon the transcripts are translated in elongating spermatids, resulting
in a sharp decrease in the amount of transcripts in mature sperm cells and the condensation
of chromatin. Interestingly, PRM1 and PRM2 transcripts belong to the 20 most abundant
transcripts in sperm heads, showing a much higher abundance in the READSCOUNTS
analysis compared to the local BLAST analysis. These dissimilar findings might be caused
by the fact that BLAST may miss some matches. The BLAST strategy is expected to find
most matches but sacrifices high sensitivity in order to gain fast results. Also, the quality of
the BLAST results depends on the chosen parameters and the quality of the input samples.
As the READCOUNTS annotation ranked hY1 as the most abundant transcript in sperm
heads, which was also found using BLAST routines but not to that extent, it might be
assumed that the annotation using the human reference genome and READCOUNTS results

in a more accurate result.

To find out if the proteomic situation correlates with the transcript patterns observed, | used
antibodies against PRM1 and PRM2 to check for the presence of protamine proteins in sperm
heads. To this end, dot blots were created using a sperm head sample and a sample of total
ejaculate. To gain more information about the residual histones in sperm heads, an antibody

against the core histone H2B was used. The presence of H2B in sperm heads and the
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functionality of the antibody were checked by western blotting. Furthermore, the dot blot
and western blot approaches were used to confirm the quality and binding ability of the
antibodies used in the ChiP-Seq and RIP-Seq experiments. The western blot did show a
result for H2B (even though the disaggregation of the ladder showed some difficulties [the
15 kDA bar is more widened than the other bars]). According to the supporting data of the
used antibody, H2B does have a molecular weight of 14 KDA. In the performed western blot
the size of H2B is around 15 kDa which aligns with the known size of this protein. SDS
PAGEs for PRM1 and PRM2 were performed but did not show a detection signal. On the
other hand, the signal detection from the dot blot approaches showed clear signals of the
antibodies in the sperm head and total ejaculate samples. Thus, it could be verified that the
used antibodies were suitable for the following experiments. SDS PAGES cannot be used
for every protein and does have some limitations like the resolution of modified histones or
highly basic proteins like protamine, for that the IEP is more basic than the applied buffer
system (the isoelectric point of H2B is 10.32, of PRM1 12.08 and of PRM2 11.9,
respectively). Furthermore, proteins are denatured prior to electrophoresis, which disrupts
their native conformation and can lead to altered protein structures and binding properties.
Using a native approach without denaturing detergents allows an improved binding of the
antibody to the protein (Glenney et al., 1983; Littauer et al., 1986). Another limiting factor
is the molecular weight of proteins. SDS PAGE is not suitable for effectively separating
proteins with very low molecular weight or proteins with similar molecular weight in
general. Proteins with low molecular weight might migrate too quickly and appear as a single
protein, or if the gel is running too long they might even run out of the gel. If the gel is not
running long enough the proteins might not separate adequately as well. The conventional
buffer systems that can be used for histones does not work for the highly basic protamines.
Isolating protamines according to their isoelectric point using isoelectric focusing might be
a more suitable method. Isoelectric focusing separate proteins according to their isoelectric

point along a pH gradient under non-denaturating conditions (Smoluch et al., 2016).

In mature sperm cells most of the histones are replaced by protamines, therefore further
transcription of these proteins in not necessary. In addition, the transition of histones to

protamines is assumed to lead to a transcriptional inactivation of most genes.

Due to the incomplete histone-to-protamine transition a subset of genomic loci may escape
complete removal of the histone packaging proteins, with epigenetic effects of the respective
gene regulation. But not only residual histones, but also protamines might have an impact in

epigenetic processes. Therefore, in this work | aimed to correlate the non-coding RNA
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expression with the chromatin data of residual histones, represented by H2B, and PRM1 and
PRM2 and investigate the possible role of chromatin components in the transgenerational
inheritance of epigenetic information. To get a general overview about the histone and

protamine chromatin package ChIP analyses were performed.

In all samples only small overall numbers of peaks could be detected. The relatively small
number of peaks in the H2B samples can be explained with the exchange of histones to
protamines and the only small number of residual histones remaining in the sperm nucleus.
The small numbers for the PRM1 and PRM2 samples might result in the arrangement of
those proteins with DNA and their size. Protamines contain arginine-rich anchoring domains
that bind to the diester backbone of DNA (Brewer et al., 1999). Thereby, one protamine
molecule binds in the DNA groove and binds one turn of the helix (Hud et al., 1993). PRM1
binds 10 — 11 bp of DNA and PRM2 binds 15 bp (Balhorn, 2007). The binding of protamine
to DNA leads to a toroidal structure containing up to 60 kb of DNA, and the sperm nucleus
can contain up to 50,000 toroidal loops (Hud et al., 1993). This tight package might result in
a more even distribution of the protamine package along the DNA. This tight packaging
might also influence the binding capacity of the antibody to all protamines in the sperm
nucleus. As the ratio of PRM1 to PRM2 in sperm nuclei is supposed to be 1:1, the amount
of protamines per toroidal loop should be around 5,000 (60,000 bp DNA per toroidal
loop*0.5/10 bp DNA bound by PRM1 + 60,000 bp DNA per toroidal loop*0.5/15 bp DNA
bound by PRM2) and the total number of protamines should be around 250,000,000 (5,000
protamines*50,000 toroidal loops). Additionally, as there are about 50,000 toroidal loops in
one sperm nucleus and one toroidal loop binds about 60,000 bp DNA the amount of DNA
that is bound by all protamines should be around 3 billion bp (3x10° = 3 Gigabase (Gb) pairs;
60,000 bp DNA x 50,000 toroidal loops). As the human genome has a size of about 6.4
billion bp around half of the genome should be covered by protamines. This could not be
replicated in the ChIP-Seq experiments, which supports the assumption that peak calling
could not accurately predict all proteins in the samples due to their even distribution along
the genome. As peaks represent regions in the genome that are enriched with aligned reads,
an even distribution of the reads generated during ChIP-Seq could results in only small
signals that might be falsely assigned to background noise and therefore be excluded.
Depending on the amount of proteins binding to one specific area, the size of the predicted
peaks are more narrow or more broad. If too many proteins are located in the same genomic
area next to each other the resulting peak would be very broad, probably not passing the
threshold of the used peak calling program and therefore assigned as background noise. This
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assumption is further supported by the fact that the generated peaks range from 210 nt to
1700 nt and therefore can include more than just one protein binding site. However, a general
trend can be seen for the ChIP analyses in that H2B, PRM1 and PRM2 bind to the same
genomic regions and that the majority of the predicted peaks for those proteins do overlap.
These overlaps might be caused by the size of the peaks ranging from 210 nt to 1700 nt.
Histones build octamers containing two copies of each core histone H2A, H2B, H3 and H4
that wrap around 146 — 147 bp DNA to condensate the DNA into nucleosomes (Schon et al.,
2019) while, PRML1 binds 10 — 11 bp of DNA and PRM2 15 bp of DNA (Balhorn, 2007).
Therefore, several histone and protamine binding sites might be included in the same peak.
The Fraction of Reads in Peaks (FRIiP) is a measurement of how many reads are found within
one peak in proportion to the total reads and can be used as a quality measure for ChlP-Seq.
A high number of reads within one peak indicates that the majority of reads are located in
specific enriched regions and has a high signal-to-noise ratio. On the other hand, a low
number of reads within one peak indicates the location of the majority of reads in non-
specific regions, implying a low specificity. According to the ChiLin pipeline (Qin et al.,
2016) a good FRIP score is>1 %. The majority of my ChlP-Seq data is below this threshold,

implying a non-specific and broad sequence distribution.

HOMER is an annotation tool that identifies genomic regions where more sequencing reads
are found than it would be expected by change. Regions where less sequences were detected
than would have been expected are found in 3> UTR, LINE, SINE, DNA, Intron and LTR
regions while more sequences were found in CpG Island, Simple Repeat and rRNA regions
than would have been expected. The HOMER annotation of PRM2 shows the most
conserved patterns, with less sequences found in ncRNA and Exon regions than would have
been expected in all four samples.

Regions collectively combined in the satellite region of the HOMER annotation include
alpha satellite (a-satellite, ALR), beta satellite (B-satellite, BSR), gamma satellite 1l
(GSATII) and HSATI. Those are all found in the centromeric regions (Altemose et al., 2022).
Other regions included in the group of satellite are Telomere-Associated Repeats (TARL),
which are located in the telomere-proximal subtelomeric region (Dubocanin et al., 2022;
Kwapisz & Morillon, 2020), SAR, SST1, as well as simple satellite repeats (CATTC)n and
the reverse complement (GAATG)n. Satellites are highly repeated non-coding sequences
(Talbert & Henikoff, 2022). o-satellites are AT-rich tandem repeats composed of 171 bp

monomers that build the centromeres of all chromosomes in humans. Additionally, most
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chromosomes contain classical human satellites 2 and/or 3 (HSat2 and HSat3) which are
derived from the simple repeat (CATTC)n (Altemose et al., 2022).

Interestingly and regarding the ribosomal RNA annotation, only 5S rRNA, 5.8S rRNA and
28S rRNA were assigned by the HOMER annotation to the individual samples. Those three
rRNAs are all part of the 60S ribosomal subunit. There are 12 gene clusters in the human
genome of diploid cells encoding rRNA: the 5S rRNA is transcribed from a cluster on
chromosome 1g42, while the other three rRNA molecules (18S, 5.8S and 28S) are produced
from a 47S precursor transcript expressed from clusters on chromosomes 13p12, 14p12,
15p12, 21p12 and 22p12 (Stults et al., 2008). Interestingly, according to the T2T-CHM13
assembly these clusters are located in peri/centromeric regions (Altemose et al., 2022).
Mature 5S rRNA has a length of 121 nt, 18S rRNA is 1,870 nt long, 5.8Ssi. rRNA is 157 nt
and 162 nt long and 28S rRNA has a size of more than 5,000 nt (Aubert et al., 2018). Each
rDNA repeat on chromosomes 13, 14, 15, 21 and 22 has a size of about 43 kb and contains
a ~13.3 kb coding region and a ~30 kb intergenic spacer. The clusters contain about 300 to
400 copies of the rDNA genes on a haploid genome (Yu et al., 2015) and show great length
variability between and within individuals and range from 50 kb to more than 6 Mb (Stults
et al., 2008). Considering the size of the precursor rRNA and the mature rRNAs, the
arrangement of the rRNA genes in the precursor rRNA and the size of the peaks assigned to
rRNA ranging from 210 nt to 670 nt it is obvious that the peaks have to be located inside the
rRNA cluster and are not just falsely assigned due to their location close to centromeric

satellites.

For H2B, PRM1 and PRM2 ChiPs of sperm heads HOMER collectively observed less
LINEs and SINEs as expected. The class of LINEs (long interspersed nuclear elements) in
the HOMER annotation showed only LINE-1 retrotransposons, while the SINE (short
interspersed nulear elements) group includes mainly Alu elements. Transposable elements
have been found to be expressed in the germline and may regulate gene expression (S. Zhou
et al., 2023). Silencing of LINE-1 activation early in pre-implantation mouse embryos has
shown to lead to developmental delay and that the re-activation of LINE-1 transposable
elements is associated with fertility across generations (Lismer & Kimmins, 2023).
Furthermore, LINE-1 retrotransposons are responsible for the mobilisation of Alu elements
(Kohlrausch et al., 2022). Alu elements are also found to play a role in gene expression (Chen
& Yang, 2017). Interestingly, LINE-1 elements were found to interact with a spermiogenesis-
specific histone variant (HILS1) (Lismer & Kimmins, 2023).
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Regarding an intergenerational effect due to the nucleoprotamine and nucleohistone
association with LINEs and SINEs, it is striking to see, that LINE-1s are (together with other
interspersed repeats) abundantly transcribed in the zygote and early developmental stages.
Apparently and among others LINE-1s are key regulators of the zygote genome activation
(ZGA) e.g. in mice as antagonists to MERVL sequences (Ansaloni et al., 2023). It is therefore
tempting to speculate that the underrepresentation of LINEs in H2B-, PRM1- and PRM2-
ChIPs might represent a kind of poising for transcription-like effect in the paternal
pronucleus of the zygote. Surely more work is needed extending our experiments on H2B,
e.g. analysing activating histone marks and their association with LINES in sperm heads, to

better understand the respective epigenetic inheritance linked to the male pronucleus.

Looking more closely at the peak distribution of the genomic regions, the number of peaks
was more precisely looked at. The majority of peaks map to satellite regions (~28 % on
average in the H2B samples, 35 % in the PRM1 samples and 50 % on average in the PRM2
samples), followed by intergenic regions (22 % on average in the H2B samples, 23 % in the
PRM1 samples and 18 % in the PRM2 samples) which aligns with the finding of Yamaguchi
et al. (Yamaguchi et al., 2018) in mice where H4 is predominantly localised in intergenic
regions and H3K9me3 is preferentially associated with heterochromatin and satellite
regions, possibly with the known role of H3K9me3 mediating repression of repetitive
elements (Nicetto & Zaret, 2019). However, Yamaguchi et al. also found histones in repeat
regions which align with my results that 14 % of the H2B peaks were assigned to simple
repeat regions (17 % in PRM1 and PRM2). As histone-coverage points towards active
transcription, it is well known that centromeric transcripts exist. Centromeric transcription
is even of vital importance for the proper formation of CENP-A containing centromeric
chromatin and downstream functions (Kixmoeller et al., 2020). These so-called centromere-
derived RNAs or cenRNAs were identified several decades ago, however only recently
received more attention e.g. in the context of promoting tumorigenesis (reviewed in Corless
et al., 2020).

About 0.3 % of the peaks of all samples map to rRNA regions (PRM1 0.4 %). In eukaryotic
cells only a fraction of rDNA genes is active, while others are silenced due to epigenetic
marks (Yu et al., 2015). In the HOMER annotation only a small number of peaks (0 — 3) was
assigned to rRNA regions compared to other genomic regions (as mentioned in the paragraph
above). The logz(observed/expected) value is relatively high compared to other genomic

regions (e.g. higher than the log. value for the satellite region). This result hints towards the
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interpretation that the H2B-, PRM1- and PRM2-ChlIP data contains more DNA sequences
mapping specifically to rRNA genomic regions than we would normally expect. Considering
the Fraction of Reads in Peaks, the distribution of the sequences seems more broad and less
specific. Therefore, other annotation tools should be used to confirm or contradict the
HOMER annotation. Interestingly, there are no genomic regions showing protamine-specific
peak enrichment to the exclusion of H2B peak enrichment. This can be explained by the fact
that residual histones are embedded between protamine toroidal loops (reviewed by Jenkins

& Carrell, 2012) and are probably evenly distributed along the genome.

The sometimes-contrasting results between the examined proteins and the individuals, even
though an overall uniform pattern can be seen, might result from the fact that bulk analyses
were performed with a great number of sperm heads. It might be that sperm cells from the
same individual differ from one another regarding their histone and protamine localisation
or that not all sperm heads containing in the ejaculate samples were fully matured and
completed their histone-to-protamine transition. The high number of sperm cells per sample
most likely resulted in an average distribution of the proteins along the genome. This might
also explain the low number of peaks in the ChIP experiments for PRM1 and PRM2. If each
sperm cell shows slightly different histone and protamine patterns, the obtained sequences
associated with the protein of interest might overlap broadly and lead to unclear peaks during
the annotation. To obtain more sensitive results and to verify if those slight differences
between individuals are due to biological variance or if this variance can be found even inside
one individual single-cell analysis should be considered. Single-cell ChlP-Seq could help to
distinguish if residual histones bind to the same genomic regions (or close by) as protamines
or if the overlaps occur due to the high number of examined cells. Histone packaging is
inevitably enclosed by protamine packaging and depending on the size of the DNA
fragments generated during the chromatin immunoprecipitation and the resulting peak sizes
during peak calling the obtained peaks will overlap to a certain degree but to find out to
which degree they potentially overlap analysing single sperm heads might be a good option.
One difficulty regarding this approach might be the accessibility of the sperm nuclei together
with their differentiation. Grosselin et al. (2019) designed a microfluids single-cell ChlP-Seq
protocol including the compartmentalization of single cells with lysis reagents and
micrococcal nuclease (MNase) in oil droplets, the production of hydrogel beads, the
compartmentalization of single hydrogel beads in oil droplets and the one-to-one fusion of
the droplets containing the digested nucleosomes with the hydrogel beads-containing
droplets. To what extent the shearing of the sperm heads to open them up using
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ultrasonication is functional or if the oil is more of a hindrance has to be tested. Sonicating
the samples before the compartmentalization with the lysis reagents and MNase might
hamper the proper labeling of the individual cells and therefore influence the possibility to
distinguish one cell from another. Another suitable approach might be CUT&RUN
sequencing (Cleavage Under Targets & Release Using Nuclease; Skene & Henikoff, 2017).
CUT&RUN is similar to ChIP-Seq in that both identify genomic locations of chromatin-
associated proteins but CUT&RUN has some advantages over ChIP-Seq. CUT&RUN uses
Protein A and G-bound micrococcal nuclease (pAG-MNase) to selectively cleave antibody-
labelled chromatin. It requires fewer cells and sequencing reads and shows lesser
background. Using lesser cells could already give more information about general trends in
chromatin packaging confirming or contradicting the ChIP results. As sperm heads and their
chromatin have a very complex structure the functionality of the possible implementation of

these methods has to be tested.

To look more closely at the protein packaging of genomic regions associated with different
NncRNA classes and the influence they might have on the active transcription of those
ncRNAs different ncRNA genomic regions were compared to the motifs of H2B, PRM1 and
PRM2. The most overlapping regions were found with INcRNA genomic region, whereby
the H2B samples had more overlaps with INcRNA genomic regions than the PRM1 or PRM2
samples. These findings suggest that a great part of the IncRNA genomic regions can be
transcribed actively, respectively, early in the zygotic development. Only minor overlaps
with rRNA regions could be found and no overlaps with tRNA regions which align with the
results of the HOMER annotation. Interestingly, the annotation with INTERSECT resulted
in more overlaps with rRNA regions than the HOMER annotation. The annotation with
HOMER seems to be a proper tool to get a first general overview about the peak distribution
and their associated gene regions but INTERSECT seems to get more precise results when
looking at specific regions. If these distribution levels and patterns hold truth or if they result

from the mean distribution of thousands of cells due to the bulk approach has to be tested.

Protamines are highly intrinsically disordered protein with 60 % of PRM1 and 100 % of
PRM2 being intrinsically disordered. H2B on the other hand, has two intrinsically disordered
regions that make up 42 % of the whole protein. Intrinsically disordered regions have a
variety of different functions: they may act as entropic chains, for example as flexible linkers
allowing the movement of domains which are positioned on either ends of the linker relative
to each other or as spacers regulating the distance between domains, they are subject to

posttranslational modifications which increases the interaction potential and the functional
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state in which a protein can exist in a cell, they take part in chaperone activity assisting the
proper folding of RNA and proteins, they might function as effectors interacting with other
proteins and therefore modifying their activity, they might function as assemblers to bring
multiple binding partners together to promote the formation of higher-order protein
complexes or they might function as scavengers storing and neutralizing small ligands like
ATP. Additionally, they expose short linear peptide motifs that enable interactions with

structured domains in other proteins (Van Der Lee et al., 2014).

These disordered regions additionally possess the ability to bind RNA. To find out if these
proteins bind to specific ncRNA classes including IncRNA, tRNA and sno/miRNA RNA
immunoprecipitation experiments were carried out and the obtained sequences were
compared to INCRNA, tRNA and snoRNA genes. Only minor tRNA genes could be assigned
to the RNA sequences bound by H2B, PRM1 and PRM2 resulting in an average of 0.01 %
of alignable sequences assigned to tRNAs. Slightly more sequences could be assigned to
sno/miRNAs with an average of 0.07 % of the alignable sequences. Out of those three RNA
classes most of the obtained RIP-Seq sequences could be assigned to IncRNAs. On average,
4.6 % of all alignable sequences could be assigned to INcRNA genes (H2B 6.5 %, PRM1 2.9
% and PRM2 4.6 %). The higher percentage of H2B-associated sequences assigned to
INcRNA genes is caused by one individual that differs greatly from the other three
individuals: 17.7 % of the alignable sequences of Individual 1 were assigned to IncRNA
genes while 2.9 %, 2.4 % and 3.0 % of the alignable sequences of Individual 2, Individual 3
and Individual 4 were assigned to INcRNA genes respectively. The percentages of the PRM1-
associated sequences assigned to INCRNA genes are more uniform with 2.7 %, 2.5 %, 2.9 %
and 3.4 % for the individuals 1 to 4. The alignable sequences associated to PRM2 show again
more quantitative differences between individuals; 3.3 % of the alignable sequences of
Individual 1 were assigned to INCRNA genes, 2.7 % of the alignable sequences of Individual
2 could be assigned to INCRNA genes, 6.7 % of the alignable sequences of Individual 3 were
assigned to IncRNA genes and 5.3 % of the alignable sequences of Individual 4 were
assigned to IncRNA genes. The four individuals show great quantitative and qualitative
variability regarding the hits to INcRNA genes. The binding capacity of intrinsically
disordered protein regions seems to be not exclusively but predominantly assigned to
IncRNAs. Two IncRNA genes were found in all samples (except Individual 2) in the upper
25 % read counts of all hits, those are Inc-LRR1-1 and Inc-NEMF-1. One IncRNA gene was
found in the upper 25 % read counts of all protamine samples (except Individual 2), this
IncRNA is Inc-CCNB1IP1-1. The majority of IncRNAs found in each sample differ greatly
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in terms of abundance, showing both qualitatively and quantitatively a high variance in the
IncRNA distribution. Inc-LRR1-1 is an RNA component of the signal recognition particle
(SRP) 7SL1, which associates with the ribosome and targets freshly synthesized proteins to
the endoplasmic reticulum for secretion or membrane insertion. Inc-NEMF-1 is also an RNA
component of the 7SL, more precisely the 7SL3 RNA. Inc-CCNB1IP1-1 is the RNA
component of the RNase P ribonucleoprotein, an endoribonuclease that forms the 5’ termini
of mature tRNA by cleaving tRNA precursor molecules. This diversity in the abundance of
INcRNA genes across examined proteins and individuals suggest an unspecified binding of
IncRNAs to the intrinsically disordered regions of H2B, PRM1 and PRM2. Those IncRNAs
might be important for maintenance of a functional structure and stability of the proteins in
the sense of solubility and phase transitions (Polymenidou, 2018) or they could play an

important role in the zygote and therefore being selectively bound by histone and protamine.
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3 General discussion

Epigenetic regulatory mechanisms are crucial for embryogenesis and development. They
have the potential to mediate gene regulation across generations. Although, acquired traits
can be written down in the epigenome of a cell, they cannot easily be transmitted from one
generation to the next. For this to occur, epigenetic changes have to manifest in germ cells
as well, being unaffected by erasure and reprogramming. The germline undergoes natural
epigenetic reprogramming during embryonic development (Hajkova, 2011): epigenetic
marks are removed and reset converting germ cells into stem cells. Without this
reprogramming germ cells would retain the parental epigenetic memory, which would
prevent the transmission of genetic information to the offspring (Sabour & Schdler 2012).
My working hypothesis is that an erasure of epigenetic marks during the germline
reprogramming might not be fully efficient, hence leading to the intergenerational
inheritance of epialleles. Over the last decades the molecular and mechanistic correlates
underlying the idea of acquired and possible heritable characters were intensively researched
on. Self-sustaining feedback loops, chromatin-based mechanisms including DNA
methylation and both coding and non-coding RNA as well as structural templating are
generally accepted molecular mechanisms that have the potential to render environmental

influence into gene expression regulation (Heard & Martienssen, 2014).

Summarising current research in metazoans, it is widely accepted that the oocyte carries the
majority of relevant RNAs that function in the early embryo of most species. However, there
is substantial and increasing evidence that sperm also carry a functional RNA payload.
Theoretically, non-coding RNAs in the male germline can affect subsequent generations
either directly via delivery to the zygote, or indirectly by directing chromatin or DNA
modifications during spermatogenesis (Boskovi¢ & Rando, 2018). It is therefore of utmost
importance to precisely describe the complete RNA cargo of male gametes and get
experimental evidence to the functions of small RNAs in early embryo. In this study | did so
by so analysing the ncRNA cargo in sperm heads of six healthy men using RNA- seq and
smallRNA-seq and evaluating the resulting readouts with different annotation tools. Certain
trends could be observed: tRNAs and rRNAs are quite abundant in sperm heads with them
being the predominant ncRNA classes in four out of 6 individuals (19.06 % of sequences
mapped to rRNA on average with individual percentages ranging from 10.4 % to 29.6 % and
an average of 9.76 % of the sequences mapped to tRNA with individual percentages ranging
from 1.5 % to 15.2 %). One group of small ncRNA that was found in high abundance in the

class of miscellaneous RNA is derived from Y RNA.
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Human Y RNAs have a length around 100 nt (Gulia et al., 2020). The 5’ end and 3’ end
typically bind together to form a double-stranded stem domain divided in a lower and upper
stem domain (Kowalski & Krude, 2015). The upper stem domain is important for
chromosomal DNA replication and the lower stem domain has a Ro60 binding site and is,
when bound to Ro60, involved in RNA stability and stress response (Kowalski & Krude,
2015). Y RNAs do not only exist in their full length but also in fragments between 25 nt and
35 nt (Rother & Meister, 2011). Y RNAs and Y RNA fragments are reported to be possible
tumor biomarkers and play a significant role in several tumor types (Guglas et al., 2020).
The fragmentation of Y RNAs, which is performed by RNAse L (Donovan et al., 2017), is
increasing in apoptotic cells and upon activation of the innate immune system (Nicolas et
al., 2012; Rutjes et al., 1999) but was also found in non-apoptotic proliferating cells (Nicolas
et al., 2012) and within extracellular vesicles (Driedonks & Nolte-T’Hoen, 2019).

Interestingly, hY1 was found to be the most abundant RNA by mapping the sperm head
transcripts to the human reference genome hg38 and is almost completely absent in human
oocytes. However, not the complete Y RNA sequences could be traced in sperm heads but
sequences of predominantly 30 nt and 31 nt generated from the 5” end of the source Y RNA.
Additionally, these Y RNA fragments possess a 2’-O-methylation at their 3” end. Tracing the
time point when YSRNAs are enriched in sperm cells testis RNA and epididymis data was
examined. | found that almost no YSRNAs are found in testis and that the abundance of
YsSRNASs increases late in spermiogenesis. At the same time YSRNAs can be traced in the
caput and corpus of the epididymis, with the most abundant YsSRNA there being Ys4RNA.
During spermiogenesis the spermatid nuclei decrease and epigenetic changes, in particular
chromatin remodelling, take place. Here, YSRNASs are most probably integrated into the
sperm head. YSRNAs are massively found in sperm seminal fluid exosomes. Interestingly,
the abundance of the different YSRNAs depends on the size enrichment of the performed
RNA-Seq: the 20 — 40 nt fractions contain predominantly Ys4RNA, while the 40 — 100 nt
fraction contains predominantly Ys3RNA. These findings are interesting because, even
though exosomes and epididymis do contain way more YSRNAS in general compared to
sperm heads, the pattern of the different YSRNA distribution looks different. These findings
suggest that there is a selective enrichment of YsSIRNAs and Ys4RNAs in sperm heads. In
this context, | hypothesize that the intergenerational epigenetic transfer of YsSIRNA and
Ys4RNA represents a paternal contribution to the zygote. hY1 and hY4 are transcribed and
processed to Ys1IRNA and Ys4RNA, respectively, in the epididymis and stored in exosomes.

These exosomes are integrated into the sperm head where they then are integrated into the
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zygote and passed on to the next generation. One known function of Y RNAs is their ability
to bind to Ro60 due to a specific binding site in their stem loop structure. Ro60 binds to
misfolded non-coding RNA, like pre-5S rRNA, and regulates their expression. Binding of Y
RNA to this protein hinders the proper function of Ro60. Therefore, RNA bound to Ro60
was investigated on and Y RNAs could only be traced in very low number. | hypothesize
that the YSRNAs in sperm cells hinder the proper folding of Y RNAs into their typical hairpin
structure by binding to the stem domain and therefore ensure the functionality of Ro60. To
summarize my results shortly, I propose a relay race of genetic and epigenetic inheritance

taking place in the epididymis via vesicles as graphically outlined in the following:
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The transcripts of sperm heads and testis differ greatly from one another. Although the
majority of transcripts in sperm heads and testis are associated to post-transcriptional gene
silencing, in testis this process is mediated by ncRNA (compare figure 6). Interestingly, a
great part of the sperm head transcriptome is assigned to the sperm-specific proteins PRM1
and PRM2 as well as a transition protein that replaces histones temporarily before being
replaced by protamine. To first describe the abundance of protamine along the human
genome ChIP-Seq experiments with sperm heads samples of four individuals were carried
out for PRM1 and PRM2. To compare the estimated localisation of protamine to residual
histones ChlP-Seq was performed with an antibody against the core histone H2B. | found

that the majority of peaks (enriched alignment reads in areas in the genome) generated via
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peak calling overlap between all three investigated proteins and that they preferably bind to
centromeric and telomeric region. Satellite DNA and short tandem repetitive sequence
motifs are preferably found in these regions. Generally said, most peaks were found in
genomic areas of repeating sequences. One striking result from the HOMER annotation was
the high enrichment of motifs in rRNA genomic regions, although the number of peaks
assigned to that region was relatively small in all samples compared to other genomic
regions. As rRNA makes up about 20 % of the ncRNA in sperm heads, other ncRNAs that
could be traced in higher abundance in sperm heads were looked at more closely. Therefore,
the genomic regions transcribing rRNA, tRNA, sno/miRNA and IncRNA were compared to
the peaks of H2B, PRM1 and PRM2. Only small overlaps could be found with rRNA und
sno/miRNA genomic regions (no overlaps with tRNA genomic regions were found) but
IncRNA genomic regions showed a high number of overlaps, especially in H2B samples,
suggesting that these RNAs can be actively transcribed. Looking closely at the tertiary
structure of those proteins showed that all three proteins have intrinsically disordered
regions. H2B does have two intrinsically disordered regions, PRM1 has one intrinsically
disordered region, while PRM2 is completely disordered and therefore referred to as
intrinsically disordered protein. One of the functions of these intrinsically disordered regions
iIs the ability to bind RNA. | found that the majority of ncRNAs bound to H2B, PRM1 and
PRM2 belong to the class of IncCRNAs. Interestingly, the INcRNAs bound by these proteins
showed great variety between examined proteins but also between individuals. These
findings suggest selected binding of IncRNAs to those proteins but an unspecific binding
inside this RNA class. Those IncRNAs might be important for the structure and stability of
histones and protamines. Also, they might play an important role in developmental processes

in the zygote and therefore being selectively bound by histone and protamine.

Summarising the given results, ncRNAs are selectively enriched and transcribed in human
sperm heads and constitute either an RNA payload with sequence specific function (Y RNA)
or “unspecific” (IncRNA) cargo delivered to the zygote. To what extent YsSRNA and
IncRNAs have a direct or indirect impact on the proper development of the zygote needs to
be further investigated on. However, it’s tempting to speculate that the molecular adaptive
phenotype is associated with the RNA chaperoning capacity in the zygote, with a role of
YsRNAs in reducing the Y RNA-Ro060-binding. At least metadata from in vitro reproductive
assistance techniques (ICSI) point towards improved reproduction — or positive selection and
adaptation — with sperm that underwent an epididymal passage, where the transfer between

soma and germline takes place (Tournaye et al., 1996).
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A second class of RNA payload delivered by the sperm head and into the zygote was
characterised as INCRNA. In contrast to the situation | could find for YSRNA, the IncRNAs
are different in their profiles ruling out a sequence-specific function. The exact relation
between InNcRNAs and histones and protamines should therefore be investigated in more
detail and involve multiple samples to get an idea about the heterogeneous INcRNA profiles
and their likely intergenerational epigenetic effect. Epigenetic marks in sperm cells like
histone tail modifications, programmatic histone retention as well as DNA methylation and
formation of DNA demethylation intermediates were shown to be associated with poor
spermatogenesis, decreased fertility and fertilisation ability, embryo quality as well as
pregnancy outcome (Jenkins & Carrell, 2012). Keeping that in mind, it is important to first
get a better understanding if IncRNAs influence the structure and solubility of proteins or if
the intrinsically disordered regions in histones and protamines just function as “sponge” for
the IncRNAs until protamine-to-histone transition takes place in the zygote resulting in the
release of those INcRNAs. To find out if INCRNAS are involved in structure maintenance
knock down approaches using RNA. or antisense LNA GapmeRs should be applied in sperm
cells of different developmental stages before and during histone-to-protamine transition. To
what extent these approaches can be applied to sperm heads, considering their complex
structure, has to be tested.

As ethic restrictions prohibit experiments with human embryos beyond 14 days of
development only epigenetic marks that have a direct impact on the zygote can be traced and
investigated on. Switching to model organisms like mice might be an adequate solution for
some experimental approaches but unfortunately not for all. For example, the Y RNA
abundance and distribution in mouse sperm cells differ greatly from that in human sperm
cells. As the transcriptome, ncRNA cargo and chromatin packaging might differ greatly
between different organisms it is of utmost importance to expand the research on human
sperm heads to be able to take the biomedical implications of the epigenetic status into
account. In this respect, my work provides a first general overview about the ncRNA cargo
in human sperm cells that differs greatly from that in testis and human oocytes. This holds
especially for paternally contributed YSRNA implying an important role of these ncRNAs
for the proper embryonic development. Moreover, | could describe an epigenetic
intergenerational effect of histone H2B and protamines. | found a correlation between sperm
nucleoprotamine and nucleohistones, in that H2B and protamines largely overlap in covering
the same regions of the sperm genome. Also, | could show that these proteins bind INcRNAs.

These interactions were mostly unspecific, however with the potential of influencing the
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sperm chromatin with respect to its physico-chemical properties. If there are defined
IncRNAs that play an important role as paternal contribution and in embryonic development

remains not settled due to the huge variability in the respective profiles and has thus to await
further studies.
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Figure 1: Idiogram of H2B peaks of all four individuals across the human genome. Peaks of Individual 1 are
shown as black arrows, peaks of Individual 2 are shown as blue arrows, peaks of Individual 3 are shown as

green arrows and peaks of Individual 4 are shown as yellow arrows.
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Figure 2: Idiogram of PRM1 peaks of all four individuals across the human genome. Peaks of Individual 1 are

shown as black arrows, peaks of Individual 2 are shown as blue arrows, peaks of Individual 3 are shown as

green arrows and peaks of Individual 4 are shown as yellow arrows.
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Figure 3: Idiogram of PRM2 peaks of all four individuals across the human genome. Peaks of Individual 1 are
shown as black arrows, peaks of Individual 2 are shown as blue arrows, peaks of Individual 3 are shown as

green arrows and peaks of Individual 4 are shown as yellow arrows.
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Figure 4: HOMER annotation results for H2B, PRM1 and PRM2 peaks of Individual 1. Genomic features are
displayed on the x-axis and the peak ratio is given as logz(observed/expected) on the y-axis. Results for H2B
are shown in dark blue, results for PRM1 are shown in light blue and PRM2 results are shown in dark red.
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Figure 5: HOMER annotation results for H2B, PRM1 and PRM2 peaks of Individual 2. Genomic features are
displayed on the x-axis and the peak ratio is given as logz(observed/expected) on the y-axis. Results for H2B

are shown in dark blue, results for PRM1 are shown in light blue and PRM2 results are shown in dark red.
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Figure 6: HOMER annotation results for H2B, PRM1 and PRM2 peaks of Individual 4. Genomic features are
displayed on the x-axis and the peak ratio is given as logz(observed/expected) on the y-axis. Results for H2B

are shown in dark blue, results for PRM1 are shown in light blue and PRM2 results are shown in dark red.
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4.2 Tables

Table 1: Amount of overlaps with IncRNA genomic regions for each protein and individual

InNcRNA Individual 1 Individual 2 Individual 3 Individual 4

H2B 383 72 148 399
PRM1 89 276 99 365
PRM2 109 169 167 118

Table 2: Amount of overlaps with piRNA genomic regions for each protein and individual

piRNA Individual 1 Individual 2 Individual 3 Individual 4
H2B 180 9 23 43
PRM1 10 66 32 66
PRM2 10 34 23 22
Table 3: Amount of overlaps with rRNA genomic regions for each protein and individual
rRNA Individual 1 Individual 2 Individual 3 Individual 4
H2B 4 0 6 5
PRM1 4 0 5 5)
PRM2 4 3 6 0
Table 4: Amount of overlaps with tRNA genomic regions for each protein and individual
tRNA Individual 1 Individual 2 Individual 3 Individual 4
H2B 0 0 0 0
PRM1 0 0 0 0
PRM2 0 0 0 0
Table 5: Amount of overlaps with sno/miRNA genomic regions for each protein and individual
sno/miRNA Individual 1 Individual 2 Individual 3 Individual 4
H2B 3 1 1 4
PRM1 1 4 1 3
PRM2 0 1 2 2
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Table 6: IncRNA expression profiles for H2B-, PRM1- and PRM2-bound RNAs of Individual 1

H2B PRM1 PRM2

GenelD Hits GenelD Hits GenelD Hits

Inc-LRR1-1 109280 | Inc-LRR1-1 5423 Inc-LRR1-1 26238
Inc-NCOA3-5 91628 | Inc-NEMF-1 2421 | Inc-NEMF-1 18240
Inc-KDMS8-1 56322 | Inc-INPP4B-2 1528 | MALAT1 9921
Inc-NCOA3-10 45340 | Inc-FAM174A-6 1469 | Inc-HLA-DMA-1 8300
Inc-TNK2-2 41559 Inc-BOD1-4 972| Inc-CDC42BPA-5 6659
Inc-PREX1-2 41497 | Inc-DAPP1-2 972 | Inc-HOOK1-4 6358
Inc-TP53BP2-8 16485 | Inc-NECAB1-1 967 | LINC00200 6315
LINCO00917 16193 | Inc-LYPD6-2 909 | Inc-NEFL-1 6181
Inc-NEMF-2 15072 | Inc-GJA10-24 887 | Inc-ARHGAP10-5 6093
Inc-APOD-4 13717 | Inc-ABCD4-1 850 | LRRC75A-AS1 6002
Inc-ARF6-1 13592 | Inc-KIFAP3-2 849 | Inc-EVI5-1 5847
TUG1 12803 | Inc-KBTBD3-3 846 | Inc-U2SURP-3 5840
SORCS3-AS1 12654 | LINC00355 775| Inc-CCNB1IP1-1 5775
Inc-USP53-3 12198 | Inc-RPL39L-3 760 | Inc-VWAS3B-3 5764
Inc-SYTLA4-2 10182 | Inc-WRN-9 752 | Inc-WFS1-3 5741
Inc-C50rf60-1 9927 | Inc-MARCKS-1 737 | Inc-CCDC96-1 5660
Inc-NEMF-1 9899 | Inc-KDM4C-18 714 | Inc-COL28A1-1 5594
CNTFR-AS1 9105 | Inc-ESRRB-2 699 | GABPB1-IT1 5594
LINCO00664 9089 | Inc-ANGPTL2-2 696 | Inc-1L13RA2-3 5559
LINC00608 8807 | Inc-REL-6 684 | Inc-GPR65-8 5408
Inc-TDRD3-20 8736 | LINC01516 681 | Inc-MARF1-1 5332
PWRN1 8550 | Inc-TAGLN-1 669 | Inc-EHD3-3 5314
Inc-LAT-2 8549 | Inc-ADRALD-4 648 | Inc-GLRX-4 5312
Inc-SCARB1-1 8125 |Inc-DAD1-2 647 | LINC00917 5208
Inc-RUBCN-2 8103 | Inc-IFNK-10 627 | LINCO1714 5159
Inc-RFX2-1 7978 | LINC01938 617 | LINC00649 5125
Inc-ZNF716-10 7693 | Inc-ATP6VOAL-4 614 | Inc-ZNF800-4 5106
Inc-ARFGEF2-2 7515| ISPD-AS1 606 | Inc-UBLCP1-2 5009
LINCO00906 7184 | PCBP1-AS1 606 | Inc-FGGY-10 4917
Inc-DLK1-35 6991 | Inc-ACTR2-3 597 | Inc-1ICA1-3 4806
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Inc-ATP6V1D-8 6900 | Inc-RORA-2 597 Inc-ERGIC1-1 4775
Inc-APOD-5 6890 | Inc-DERA-1 596 | Inc-CDKN2C-1 4668
Inc-VAX1-4 6812 | Inc-ZNF780B-3 593 | Inc-APOD-4 4342
Inc-FYTTD1-6 6711| LINC02275 588 | Inc-PLCG2-6 4328
Inc-REN-2 6376 | LINC01629 572 | Inc-MAT2B-2 4313
LINCO01005 6271 | Inc-AASDHPPT-2 569 | Inc-NGFR-3 4252
Inc-SERPIND1-1 6037 | Inc-TREML2-2 564 | Inc-RORA-2 4244
Inc-TMEM248-2 5965 | Inc-AlG1-8 561 | TMEM161B-AS1 4238
Inc-SHARPIN-4 5898 | PLCE1-AS1 558 | Inc-CCDC125-6 4178
Inc-RNF38-1 5789 | Inc-GALNT6-4 557 | LHFPL3-AS2 4126
Inc-CLEC18B-1 5671 |Inc-LRP2BP-1 556 | LINC02127 4098
Inc-BRCA1-3 5531| VIPR1-AS1 554 | Inc-MLX-2 3978
ARHGAP22-IT1 5008 | Inc-MUC1-2 552 | ENTPD1-AS1 3773
Inc-BTD-2 4870 | LINC01592 549 | Inc-FBXL16-3 3741
Inc-RPIA-1 4864 | Inc-STOML3-5 545| Inc-THOC3-5 3640
Inc-PASK-2 4832 | Inc-IRF4-2 542 | Inc-TMEM167B-1 3540
Inc-APBB1IP-1 4815 | Inc-ROPN1B-13 541|Inc-DERL1-3 3499
Inc-MBD3-3 4762 | Inc-FRG2-13 537 | Inc-PPIL1-2 3484
Inc-METTL14-3 4757 | Inc-CCNBL1IP1-1 536 | Inc-FILIP1L-8 3484
Inc-OR4F16-15 4738 | Inc-PGM3-3 534 | Inc-CHD2-23 3474
Inc-RAB34-1 4664 | Inc-ARHGAP26-6 532|Inc-TSC22D1-2 3461
Inc-SIRT7-2 4610 | Inc-PPP2R2B-3 511|Inc-CTAGE1-9 3437
LINCO01471 4590 | Inc-TMEM30B-1 510 Inc-TCP1-6 3422
Inc-PYGO2-2 4555 | Inc-TBC1D22A-4 509 | Inc-PTPA-3 3358
Inc-HLA-DMA-1 4552 | LINC01010 506 | LINCO01358 3203
PTOV1-AS1 4544 | Inc-TPBG-9 503| Inc-MISP3-1 3186
Inc-PLA2G1B-2 4362 | Inc-KCNJ15-2 501 | Inc-LRP8-3 3178
SPATA42 4340 | Inc-LRRC38-6 497 | Inc-PPP1R3B-11 3164
LINCO01095 4330 | Inc-GPR149-10 497 | Inc-BRCA1-3 3151
Inc-OR4F29-7 4288 | Inc-RNF166-1 494 | MIR29B2CHG 3145
Inc-TMEM248-4 4186 | Inc-IRF2BPL-6 494 | Inc-LIPG-7 3144
Inc-ZNF727-17 4137 | HIF1A-AS2 492 | Inc-HAAO-7 3140
LINC01820 4091 | Inc-CPXM2-1 489 | SOX2-0OT 3099
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LINCO01921 4059 | Inc-RASGRF1-6 482 | Inc-CARNMT1-2 3058
Inc-FAM124B-4 4056 | LINC01619 480 | Inc-PTPRU-9 3033
Inc-FBX043-4 4048 | Inc-PTPRE-3 480 | Inc-CPM-4 3028
Inc-LRRTM4-6 4045 | Inc-EVI12A-3 477 | Inc-PSMG1-11 3015
Inc-1IGLL1-1 4042 | Inc-C20rf91-9 475 | Inc-ARHGAP28-7 3008
Inc-RNF39-4 4036 | Inc-NREP-7 475 | Inc-FAM193B-6 3005
Inc-ULBP2-2 3998 | Inc-MNS1-8 470 | Inc-VRK2-19 3001
Inc-TPGS2-3 3926 | Inc-USP25-14 469 | Inc-CDIPT-1 3000
Inc-GPR137B-1 3915 | Inc-NEIL3-6 468 | CNTN4-AS1 2988
Inc-FAM193B-6 3889 | Inc-SLC7A9-4 465| ITGA9-AS1 2984
Inc-PPM1G-1 3868 | LINC00886 464 | Inc-MANSC1-4 2955
Inc-COIL-3 3852 | Inc-ZNF486-12 464 | Inc-PPFIA2-1 2953
Inc-STYXL1-2 3829 | Inc-DNAJC6-2 463 | Inc-C180rf54-2 2928
Inc-1L11RA-2 3750 | Inc-AGMO-1 462 | Inc-PDE6C-5 2901
Inc-OSBPL1A-1 3718 HDAC2-AS2 457 | Inc-VGLL3-7 2889
Inc-ANKRD10-4 3649 | Inc-PGPEP1-3 457 | Inc-TNNT1-1 2888
LINCO01606 3644 | Inc-EBAG9-2 453 | Inc-ABCA5-8 2886
Inc-TUT1-2 3597 | Inc-RPS24-5 453 | Inc-RPS24-16 2872
LINCO00174 3586 | Inc-SPI1-1 452 | Inc-ZNF592-2 2835
Inc-C1QTNF3-

AMACR-3 3550 | Inc-KRT80-2 450 | Inc-FLT3-2 2833
Inc-FBX043-6 3528 | Inc-HHAT-3 450 | Inc-CEP170-13 2831
IBA57-DT 3466 | Inc-DIAPH3-19 449 Inc-MYEF2-3 2828
PCATG6 3454 | LINC00906 448 | LINCO01588 2808
PRNT 3450 | MIR205HG 447 | LINCO01709 2802
Inc-THBS2-5 3449 | Inc-PABPCA4L-14 447 | Inc-THBS1-2 2801
Inc-CEP170-13 3435| WWTR1-AS1 445 | Inc-PROC-1 2796
Inc-ALG2-6 3428 | Inc-TMBIM4-6 443 | Inc-MGARP-1 2788
Inc-

ST6GALNAC2-2 3423 | Inc-CCL18-1 442 | EGOT 2751
Inc-PGGT1B-8 3312 | Inc-INTS2-4 433 Inc-PREX2-2 2751
Inc-APOD-6 3306 | Inc-SLC1A1-7 433 |Inc-ONECUT3-1 2748
Inc-CYTL1-1 3289 | Inc-KDM1A-1 432 |Inc-KCNC3-1 2742
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Inc-CDH4-4 3260 | Inc-CLCN3-8 431|Inc-ARHGAP26-4 2737
RGMB-AS1 3189 | Inc-RASA1-24 429| HDAC11-AS1 2735
PWRN2 3188 | Inc-ATP6V1D-8 427 | Inc-AMZ2-5 2723
Inc-SORBS3-1 3170 | Inc-NR3C1-3 424 | Inc-TMEM209-1 2711
Inc-RPRML-3 3163 | Inc-FOXG1-16 422 | LINC02233 2708
Inc-TP53I111-1 3151|Inc-ZAR1L-6 420 | RGMB-AS1 2705

Table 7: IncRNA expression profiles for H2B-, PRM1- and PRM2-bound RNAs of Individual 2

H2B PRM1 PRM2

GenelD Hits | GenelD Hits | GenelD Hits

Inc-ERMN-4 696 | Inc-RNF39-4 7475|CHKB-DT 9562
LINC02104 630 | Inc-IRX3-80 6009 | Inc-IL22RA2-2 8083
Inc-CHST10-2 542 | LINCO01524 5982 | Inc-DFFB-50 7787
ABCA9-AS1 536 | Inc-MYOM2-4 5497 | Inc-NOC2L-6 7178
Inc-PLA2G4A-7 533|LINCO01914 5425 | Inc-TMEM45B-2 6934
Inc-ZNF717-4 532| Inc-RBM12B-2 4944 | Inc-TXLNB-3 6931
Inc-LOXL3-3 528 | LINCO00472 4912 | LINC00929 6805
Inc-EIF2AK1-4 517 | MIR646HG 4890 | Inc-DHX35-6 6759
LINC01920 502 | Inc-ADRA2C-5 4710 | Inc-C170rf80-7 6692
Inc-CACNAL1E-2 502 | Inc-TBC1D22A-4 4653 | Inc-ZNF680-4 6665
Inc-NBPF1-8 496 | Inc-CUL2-3 4577 | Inc-SHPRH-6 6605
Inc-GALNT15-8 496 | Inc-1L12RB2-1 4563 | Inc-IRX2-8 6555
Inc-FAM174A-6 474 Inc-NAPB-2 4542 | Inc-CCDC17-1 6491
Inc-MARCHS-2 471 Inc-AP3S2-1 4108 | Inc-ZNF781-2 6263
Inc-SPRY1-11 469 | Inc-SPRY1-10 4046 | Inc-TSHZ2-6 5919
Inc-GRM7-2 467 | Inc-GMNC-5 3968 | FIRRE 5906
Inc-GDF10-3 446 | Inc-TBX5-3 3841 | Inc-GRM4-1 5874
Inc-KLF5-11 437 | Inc-C6orf222-4 3811 |Inc-EZH2-1 5867
Inc-SAT2-1 436 | Inc-KANSL1-4 3745 | Inc-FANCI-5 5861
Inc-GRSF1-1 434 | Inc-SEMA3A-2 3705 | Inc-PLA2G4A-7 5850
Inc-SEL1L3-9 434 | MIR4435-2HG 3656 | Inc-EEPD1-49 5813
Inc-KLHL24-2 430 | Inc-CNPY1-1 3651 | Inc-HMBOX1-5 5805
Inc-PTPRU-4 415 | Inc-ESM1-3 3633 | Inc-RAN-4 5672
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Inc-SLCO5A1-11 410| Inc-IBTK-6 3620 | LINC00237 5667
Inc-XKRX-1 410 | Inc-MFSD8-6 3612 | Inc-TMTC3-18 5560
Inc-BHLHE22-10 408 | LINC01317 3611 | Inc-ALG2-6 5508
Inc-DCTD-65 406 | Inc-MED27-1 3609 | Inc-SLC26A11-1 5482
Inc-RBM11-14 391 | Inc-1IGSF6-1 3598 | Inc-SEC31B-4 5438
Inc-SIPA1L1-2 389 | Inc-MTFMT-1 3596 | Inc-SLC5A2-2 5395
LINCO01128 388 | GASS 3592 | FZD10-DT 5318
Inc-HABP4-2 385| Inc-CTBP2-6 3587 | Inc-TXNDC2-8 5317
Inc-MEF2A-10 382 | LINC02099 3579 | Inc-ZBTB7C-10 5309
Inc-KBTBD13-4 377 | Inc-INTS9-2 3574 |Inc-NID1-2 5215
Inc-ACACA-3 375| SUCLG2-AS1 3555 | LINC02015 5203
Inc-STMP1-4 375 Inc-SLC38A4-1 3552 | Inc-MSTN-2 5191
NR2F2-AS1 374 | LINCO00898 3540 | Inc-RAD52-2 5098
Inc-PPP2R3C-1 366 | KCNMA1-AS1 3529 | Inc-CSRP2-2 5082
Inc-IRF2BP2-11 363| Inc-MEIS3-1 3524 | Inc-CSTIL-2 5037
Inc-EBF1-3 360 | Inc-GPT2-1 3520 | Inc-SSTR4-3 4881
LINCO01666 356 | RALY-AS1 3518 | Inc-PIK3R1-11 4783
HNF1A-AS1 351|ST7-AS1 3505 | Inc-COL28A1-6 4755
Inc-KCNRG-1 351 Inc-TGFBRAP1-15 3493 | DLX6-AS1 4637
Inc-FGFR10P2-1 345| Inc-XRCC2-13 3492 | Inc-CCNB1IP1-1 4345
Inc-FAM160A1-1 343|Inc-CYP1B1-1 3490 | Inc-SERP2-3 4330
Inc-NEBL-3 342 |Inc-SOD1-9 3473 | Inc-GPLD1-2 4151
Inc-TRPV2-4 331 | ITFG2-AS1 3464 | Inc-C190rf66-1 4103
LHFPL3-AS1 325| Inc-NBN-1 3463 | LINC00326 4075
Inc-ACMSD-1 323| Inc-TMEM178A-6 3457 | Inc-CEP170-13 3863
Inc-LZTS1-1 311|Inc-CEP41-1 3455 | Inc-TBC1D22A-4 3857
Inc-SLC39A11-10 310| Inc-RACGAP1-1 3434 | CBR3-AS1 3837
Inc-IRAK4-5 299 | Inc-ALK-1 3424 | Inc-UTP23-10 3700
Inc-MBOAT4-4 296 | LINCO01621 3418 | Inc-NAT1-3 3662
Inc-SEC16B-7 293 | Inc-CCDC125-1 3415 | Inc-CD109-3 3593
Inc-ATP6V1D-8 291 | Inc-MPHOSPH8-22 3403 | RBM15-AS1 3554
Inc-TMEM167A-3 291 | Inc-BTBD10-2 3399 | TNFRSF14-AS1 3539
Inc-GADD45A-9 289 | Inc-CCNJ-1 3398 | Inc-FEZ2-7 3530
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Inc-HERC1-2 289 Inc-DLK1-35 3395 | FAMS53B-AS1 3510
Inc-ATP13A3-1 288 | Inc-CEBPB-12 3388 | Inc-ITPA-2 3449
Inc-TBC1D2B-4 284 | SOD2-0T1 3377 | Inc-FAM174A-6 3408
Inc-UBE2H-2 279| Inc-CNGB1-1 3369 | LINC01606 3390
Inc-CDK®6-1 279 Inc-ESCO1-3 3352 | Inc-GPR101-1 3388
Inc-KCNB2-5 279 | Inc-WARS2-5 3348 | Inc-PTMA-1 3362
Inc-ST8SIA4-3 272 | LINC02454 3345 | SPATA3-AS1 3308
KDMT7A-DT 264 | Inc-ATP6V1E2-2 3344 | LINCO00472 3302
Inc-ICA1-3 263 | LINCO01471 3343 | Inc-TENM2-1 3286
Inc-ZSCAN10-3 261 Inc-NUCB2-4 3343 |Inc-TMTC3-13 3275
Inc-CLASP2-5 257 | Inc-HIST1H2AG-4 3342 | Inc-DUSP4-6 3247
Inc-SLC6A4-151 256 | LINCO01615 3341 | Inc-ANGPT2-2 3227
Inc-PAMR1-3 254| LINC01060 3334 | LINC02226 3206
Inc-LRR1-1 253 | Inc-MTA3-8 3332 | Inc-ADGRL3-2 3204
Inc-NEIL3-9 250 CPB2-AS1 3326 | LINC01410 3172
Inc-OR4F21-4 250 | Inc-ADAMTSLA4-7 3320 | Inc-RAB23-1 3126
Inc-LHX2-8 250 | Inc-ARHGAP29-2 3318 | Inc-TEK-1 3069
Inc-PRSS23-4 248 | Inc-IVNS1ABP-5 3314 | Inc-COX7A2L-4 3027
Inc-CRYBA4-52 247 | LINC02015 3312 | Inc-ARHGAP29-5 2969
Inc-CDK17-10 246 | Inc-MPP6-1 3308 | Inc-B3GNT10-21 2965
Inc-RPRM-10 245 Inc-NKD1-3 3306 | ACAP2-1T1 2872
Inc-RNF113B-8 244 | Inc-CNNM1-3 3305 | Inc-TMEM132E-1 2823
Inc-KIF18A-4 243 | Inc-USP53-6 3304 | Inc-GLRA4-2 2812
LINCO01661 241 | Inc-SLC9C2-5 3301 | Inc-TENM4-8 2799
Inc-SCML1-1 236 | Inc-SOX30-3 3295 | Inc-CPNE4-1 2776
Inc-NXPH1-2 234 Inc-PTPRU-11 3291 | Inc-GPC6-7 2724
LINC02422 233 | Inc-RHD-2 3291 | Inc-CTBS-4 2719
LINCO1724 230 Inc-ZNF784-1 3283 | Inc-PHF14-14 2718
Inc-CTIF-9 229 | Inc-SELENOT-5 3271 | Inc-PPDPFL-13 2715
Inc-MYOM1-11 228 | Inc-C100rf120-1 3258 | Inc-MTA2-4 2713
FTX 226 | Inc-MEX3C-6 3258 | Inc-GTF2B-15 2661
DAPK1-IT1 226 | APTR 3252 | Inc-MARCH4-2 2654
Inc-FAM92A-9 225| Inc-ADGRB3-6 3252 | Inc-PASK-2 2606
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Inc-1IRS4-3 224 | Inc-DAPK2-3 3247 | Inc-CLDN20-3 2524
Inc-CBR1-2 224 LINC02018 3245 | Inc-TLR10-7 2516
BAALC-AS1 222 | Inc-PRPF18-10 3242 | Inc-POLR3A-6 2490
Inc-ZNF391-5 222 | Inc-RPLP1-12 3241 | Inc-GALNT2-3 2375
Inc-TTLL4-2 221 | Inc-SEMAGA-1 3235 | Inc-HSD17B7-1 2365
LINCO01963 219 Inc-TMEM135-5 3235 | Inc-SLC26A8-1 2299
NPSR1-AS1 219/ Inc-PPIL1-1 3235 | Inc-BRD1-23 2290
Inc-TMEM178A-1 219 Inc-SOD2-6 3232 | LINC00691 2230
Inc-ULK4-14 218 | Inc-AJAP1-9 3226 | Inc-TBC1D2B-7 2176
CDRTS 217 | LINCO0701 3224 | Inc-ANKRD10-4 2070
MIR924HG 214 | Inc-DTNBP1-16 3217 | Inc-GRIK5-1 1912
Table 8: IncRNA expression profiles for H2B-, PRM1- and PRM2-bound RNAs of Individual 3
H2B PRM1 PRM2

GenelD Hits | GenelD Hits | GenelD Hits
Inc-LRR1-1 2154 |Inc-LRR1-1 5234 | Inc-KCNE1B-158 6177
Inc-NEMF-1 570 | Inc-NEMF-1 1930 | Inc-LRR1-1 5600
Inc-CCNB1IP1-1 242 | Inc-CCNB1IP1-1 561 | Inc-NEMF-1 1901
Inc-OSBPL9-6 185| Inc-ARHGEF39-1 463 | Inc-SLITRK1-8 491
LINCO01372 180 | MALAT1 380 Inc-CCNB1IP1-1 480
Inc-PRKN-18 172 | LINC00599 281 | NEAT1 461
Inc-IL17RA-4 165| Inc-KCNE1B-155 277 | Inc-KCNE1B-155 396
Inc-PCSK9-1 158 | Inc-WSCD1-3 263 | Inc-ARHGEF39-1 391
Inc-FSCB-9 148 | Inc-APOL1-14 262 | Inc-PGAM2-2 327
Inc-RAI14-3 140 | Inc-ZNF584-2 252 | Inc-SLX1B-5 323
LINCO01978 139 | PTOV1-AS2 250 | Inc-SNRPN-8 320
STX18-AS1 138 | Inc-ANO2-10 244 | Inc-DNAJC24-6 310
Inc-TNF-1 138| Inc-ICA1L-7 244 | ADD3-AS1 308
Inc-ADRA1D-4 134 | Inc-DLK1-35 239 | Inc-EPS15-2 307
Inc-STRN3-14 133| Inc-H2AFY-3 231 | Inc-GRAMDA4-2 302
Inc-SFTPD-5 130 | Inc-AUTS2-2 224 | Inc-LNPK-2 298
Inc-ZNF585A-4 130 | Inc-SELENOF-2 222 | LINC01648 296
Inc-CXorf49-10 130| Inc-B3GALT1-1 222 | LINC02102 293
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LINC01585 129 | Inc-ZNF783-1 220 MALAT1 292
LINCO01128 128 | Inc-AGT-6 216 | LINC01562 292
Inc-GGCT-1 128 | Inc-GABPA-20 214 | LINCO02411 290
LINC01322 127 | Inc-PRKAA2-3 213 | Inc-SLC25A25-4 290
Inc-GLYATL3-2 127 | Inc-HTR1B-1 212 | Inc-POF1B-3 288
Inc-TENM3-3 125 | Inc-GPR107-1 210 | Inc-OPALIN-1 283
LINCO01105 124 | MIR99AHG 209 | Inc-SPANXB1-4 282
Inc-BAG5-2 124 |Inc-LEF1-4 206 | SAMMSON 280
Inc-MAPKG6-17 123|Inc-ELAVL2-1 204 | Inc-EVX1-14 280
Inc-ZNF517-3 123 | Inc-HMGA1-5 204 | Inc-ZNF131-2 278
LINC01422 122 | Inc-SMIM15-8 203 | Inc-ERICH1-19 277
Inc-CD72-1 118 | TMPO-AS1 202 | Inc-1L6ST-1 277
Inc-KCNE1B-155 118 | Inc-RBP4-2 202 | Inc-SEPT9-3 274
Inc-SNRPC-3 117 LINCO01684 200 | Inc-DBT-7 272
LINC01010 116| LINCO02374 200 | Inc-RASGRF1-2 271
Inc-MYOM2-4 115| RBM15-AS1 200 | Inc-LCN9-4 270
LINC02147 115 | Inc-TGM®6-5 199 | Inc-CHODL-4 268
Inc-CDH9-15 115|Inc-CNBD1-4 197 | Inc-CD8B2-17 267
LINC02015 114 | Inc-S1X3-3 196 | Inc-PPIL2-4 264
Inc-RBBP6-4 112| KCNQ1O0T1 196 | Inc-MED15-1 263
Inc-EPHA7-4 111| LINCO00391 195 | Inc-KIF3A-66 263
Inc-C150rf41-18 111 | LINC02027 194 |Inc-ZBTB2-1 262
Inc-NTSR2-5 110 | Inc-EML5-2 194 VLDLR-AS1 260
Inc-RRAS2-9 109 | Inc-PLPP3-12 192 | Inc-SLITRK5-1 260
DDX11-AS1 108 | Inc-MFSD14B-3 191 | Inc-MGARP-3 260
Inc-ZFHX4-9 107 | Inc-GPX5-1 190 | Inc-STC2-1 259
LINC01588 106 | Inc-DHX37-15 190 | Inc-KATNAL2-1 250
Inc-NFAM1-3 105| TBX18-AS1 188 | Inc-ERRFI1-2 250
Inc-HAND1-5 102 | LINC01060 185 | Inc-YES1-8 247
Inc-LRRTM2-4 101|Inc-LMNTD1-1 185 Inc-DPRX-2 247
Inc-SHOC2-3 98 | Inc-DPP8-1 185 |Inc-CYP7A1-1 245
Inc-CMPK2-32 98 | Inc-SUMF1-4 184 | Inc-SMIM21-1 245
LINCO01814 96 | Inc-NDNF-1 184 | Inc-HLA-C-2 242
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Inc-EQTN-1 96 | ATP6VVOE2-AS1 182 | Inc-PIEZO2-4 241
UBR5-AS1 96| Inc-WNT5B-3 182 | Inc-RHOV-3 240
Inc-LRRC72-4 94| LINCO01444 181| Inc-FBX043-6 237
Inc-DTNBP1-16 93| LINC02301 180| Inc-IGSF11-5 236
Inc-TMUB2-1 93| Inc-GABPA-3 180 | LINC02229 232
Inc-ACTR3B-6 93| Inc-OST4-9 180 | Inc-SOCS6-10 232
MIR583HG 92 | KTN1-AS1 178 | Inc-SELENOW-4 232
Inc-FGF9-3 91| Inc-ANKRD46-5 177 | Inc-KANK1-1 232
Inc-AIDA-2 91| Inc-TMEM156-2 176 | Inc-ONECUT2-4 231
Inc-AIPL1-5 91| Inc-TRAF5-12 176 | Inc-ESRP1-2 230
Inc-PCDH7-5 90| Inc-FBX09-3 175|Inc-NUDC-1 230
Inc-MYBBP1A-1 90| Inc-NVL-1 171|Inc-TBC1D2B-4 229
Inc-SMYD3-5 90| Inc-TMEM132B-4 170 Inc-NOP9-1 226
Inc-ACTR2-3 88| AKT3-I1T1 170| Inc-HAO2-4 224
LINCO01441 87 | LINC00484 167 | Inc-CDH18-17 224
Inc-ZFYVE1-1 86| Inc-KCTD3-9 167 | Inc-AHCY -2 224
Inc-GMIP-1 86 | LINC01956 166 | Inc-NIFK-6 222
Inc-OTOL1-12 86| Inc-CLDN10-9 166| Inc-SYT10-2 220
Inc-GLDC-6 85| Inc-ZEB2-22 166 | Inc-EN2-3 219
Inc-STPG1-3 84| Inc-SP9-7 165| Inc-LMNTD1-3 217
Inc-MLXIP-12 84| Inc-SUMO1-8 165 | LINC01126 217
Inc-CDKL2-2 84 | CELF2-AS1 164 | SGMS1-AS1 214
Inc-RPL11-6 84| Inc-PLEKHM1-3 163| Inc-ZNF726-4 213
Inc-PGPEP1-6 84| Inc-IRX3-80 162 | Inc-STPG2-3 210
LINCO01299 83| Inc-MSTN-2 162 | Inc-DERA-7 208
RUNDC3A-AS1 83| Inc-PLCL1-3 162 | Inc-ZNF705D-2 206
Inc-ANKRD20A4-7 83| Inc-CEP170-9 160 | Inc-KLF6-18 206
Inc-ARMC6-1 82| Inc-LYPD6-2 159 Inc-DPF3-2 205
Inc-TSTA3-1 81| Inc-HNRNPAO-4 159 Inc-KCNE1B-3 204
Inc-EBF2-3 80| CLRN1-AS1 156 | Inc-SENP6-3 203
Inc-GRIP2-1 79| Inc-EPB41L4B-1 156 | Inc-RUNX1T1-3 203
Inc-FAM49A-3 79 |Inc-ADM-2 156 | LINC00383 200
Inc-ATP6V1B2-3 79| Inc-DAPK3-2 153| Inc-PTPRU-11 199
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Inc-AGT-6 78| LINC00709 152 | Inc-POU4F2-4 199
Inc-PKD2-1 78| Inc-EFCAB12-2 151 Inc-KAT6A-3 199
Inc-ZNF385D-3 77| Inc-EVX1-14 148 | Inc-ZNF345-29 198
Inc-VAX1-4 76| Inc-PLIN2-1 147 | KLHL7-DT 198
Inc-FOXC2-1 76| LINC01718 146 | Inc-ALDH1A2-4 197
Inc-MTF2-4 76| Inc-VCAN-1 146 | Inc-FOXC1-10 194
Inc-RPL30-3 75| Inc-ZNF169-2 146 | Inc-NKIRAS1-6 194
Inc-ERV3-1-10 74| Inc-WISP1-11 143 | Inc-PABPC4L-21 193
Inc-THAP6-1 74| Inc-COL6A3-11 143 Inc-GGCT-1 192
LINCMD1 74| Inc-DCTD-65 142 | Inc-AKAP7-1 192
Inc-UROD-2 74| Inc-SPRED2-21 141| Inc-KLF6-8 191
Inc-PPDPFL-5 74| Inc-FBXO11-1 140 | Inc-FANCD2-1 189
RBM15-AS1 73| Inc-CCNB1IP1-4 139|Inc-LMBR1-11 188
Inc-PSMG4-11 73| LINC00589 137 Inc-ARPC5L-1 186
Inc-RPRML-3 72| Inc-BEND6-1 137 | THUMPD3-AS1 182
Inc-EIF2AK3-4 72| LINC01687 135 Inc-EPN2-3 182
Table 9: IncRNA expression profiles for H2B-, PRM1- and PRM2-bound RNAs of Individual 4
H2B PRM1 PRM2

GenelD Hits | GenelD Hits | GenelD Hits
Inc-LRR1-1 4495 | Inc-KCNE1B-158 9846 | Inc-LRR1-1 7874
Inc-NEMF-1 1285 Inc-LRR1-1 8391 | Inc-NEMF-1 3864
Inc-KCNE1B-158 726 | Inc-NEMF-1 3284 | Inc-KCNE1B-158 1135
Inc-ARHGEF39-1 431 | Inc-KCNE1B-155 1207 | Inc-SNX2-1 977
Inc-CCNB1IP1-1 411 | VIM-AS1 669 | Inc-CCNB1IP1-1 915
Inc-KCNE1B-155 311 |Inc-CCNB1IP1-1 633 | Inc-SLC4A10-7 913
Inc-FZD4-1 292 | GATA2-AS1 574 | LINCO01524 909
Inc-CGAS-3 224 | Inc-MRPL14-4 561 | Inc-ING1-1 850
MIR646HG 218 | Inc-RECQLA4-3 540 Inc-PCDH10-5 833
MALAT1 218 | KCNQ1-AS1 537 | Inc-GPBP1-3 816
LINCO00479 206 | FAM138B 520 Inc-HOMER1-6 813
Inc-SLIT2-1 199 Inc-ARHGEF39-1 506 | Inc-ITGAT7-1 804
LINC-PINT 192| Inc-POTEH-8 497 | LINC00923 800
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LINCO00662 179 | Inc-NUP214-3 493| Inc-ADGRL1-1 799
Inc-DDIAS-1 174 | Inc-GRIP2-4 490 | Inc-1L6-11 798
NR2F2-AS1 168 | Inc-GPD2-2 488 | Inc-DOC2A-1 794
PPP1R26-AS1 168 | Inc-MPLKIP-7 487 | Inc-UBE2L5-2 784
Inc-DDX18-2 165| Inc-GLCCI1-3 487 | FAM53B-AS1 773
Inc-RIPOR1-1 164 | Inc-TMEM52-2 482 | LINC01550 765
Inc-KANSL1-7 164 | Inc-TNRC6A-2 479|Inc-TUBB2B-6 763
Inc-C30rf58-8 161 | NIFK-AS1 478| LINC01588 744
Inc-MAPKG6-1 157 | Inc-THOC3-2 463 | Inc-HIST4H4-1 744
Inc-NXPH1-2 154 | Inc-PDE6GA-1 462 | Inc-SHISA9-3 735
Inc-ADCY9-1 152 | Inc-LYPLA2-1 459 | Inc-ANKRD11-1 731
Inc-BCL2L11-1 148 | Inc-TLE1-9 452 | LINCO02145 717
Inc-SRSF6-5 148 | FAM66B 450 | Inc-SEPT14-6 717
Inc-SLC29A3-3 147 | Inc-EMC8-8 443 | Inc-TP53TG3F-33 712
Inc-RIPK1-1 146 | Inc-ERAL1-5 436 | Inc-BTNL8-6 711
Inc-ZKSCANS-3 146 | LINC01394 4341 TMEMZ202-AS1 702
ID2-AS1 145 Inc-CHST10-3 434 | Inc-KCND2-2 696
ZNRF3-AS1 144 | Inc-WNT7B-3 434 | Inc-FXYD4-4 692
Inc-TMEM167B-1 143 | MAGI1-IT1 430 | GASIRR 682
Inc-POLR1A-6 142 | Inc-CCDC125-10 430 MALAT1 681
Inc-NTMT1-2 138 Inc-JADE2-2 424 | Inc-MON1A-2 677
Inc-THEMIS-2 137 Inc-PYGO2-2 424 Inc-SNN-6 671
LINC02062 137 | LINC00960 422 | Inc-GSDMC-34 660
ZMIZ1-AS1 136 | Inc-FAM153B-2 422 | Inc-FAM84B-84 656
Inc-DMKN-1 134 | FOXP4-AS1 418 | Inc-N4BP2L2-4 656
Inc-SNPH-6 134 | Inc-ZFP42-12 418| Inc-1TIH2-10 652
Inc-PABPCA4L-9 133 | LINCO01376 416 | Inc-C11orf95-1 647
Inc-DRD5-4 132 | Inc-GATAD1-1 414 |Inc-CPEB4-4 636
Inc-MON2-2 132 | Inc-CDKN3-1 410| Inc-GLMP-1 636
Inc-RPS24-2 132 | Inc-SMIM14-2 408 | Inc-RGS5-1 633
Inc-FAM105A-1 132| Inc-PIP4AK2A-1 408 | ITPKB-IT1 633
Inc-KIF2B-5 132 | LINCO01776 407 | LINCO01914 596
Inc-IRS1-7 132 | Inc-MRPS6-3 406 | Inc-TLR4-1 595
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Inc-WNT5B-7 130 | Inc-CEACAMS-3 405 | Inc-KCNE1B-155 584
Inc-SCML4-2 130 Inc-OTOL1-7 402 | Inc-ANXA2R-1 567
Inc-GPX7-1 130 Inc-NPBWR1-7 398 | Inc-PTPRU-11 566
Inc-STARD9-3 130 | LMCD1-AS1 394 | MAFTRR 561
LINCO1776 128 | Inc-1AH1-3 393|Inc-RBL2-2 548
Inc-DRD5-10 128 | Inc-TMLHE-3 393 Inc-ANXA1-62 544
Inc-PDLIM3-3 128 | Inc-PPM1E-4 385 Inc-SGTB-4 528
Inc-SC5D-4 128 | LINCO01615 384 Inc-SLC38A10-3 519
LINCO00324 128 | Inc-LRP5L-9 383 | FIRRE 516
RFPL1S 127 | Inc-KCNE1B-156 382| Inc-ARHGEF39-1 514
Inc-EFEMP1-3 126 | Inc-PRKACG-1 379 Inc-UTRN-1 509
Inc-KDM8-1 126| Inc-FOXQ1-16 375 Inc-ZNF221-2 506
Inc-TTC30B-1 125 | VAV3-AS1 373| TRDN-AS1 503
Inc-GUSB-13 125| Inc-TDRD3-11 366 | Inc-CELF6-3 500
Inc-CRYBA4-52 123 Inc-LARP6-1 364 | PAX8-AS1 480
LINCO01033 122 | Inc-RARB-1 363| Inc-TRMT61B-1 476
Inc-KkDM2B-1 122 | NRAV 361 | LINC00894 473
Inc-LENG9-3 122 | Inc-ACER2-7 360 | NUTM2B-AS1 471
Inc-OSR2-4 122 | Inc-SIRT4-5 358 | MIR663AHG 467
Inc-MEX3B-1 120 | MALAT1 356 | Inc-SLC2A3-1 465
Inc-MYO16-9 120 | LINC01320 353 | LINCO01568 463
Inc-GPR15-3 119| Inc-PAG1-5 350 Inc-ZNF37A-16 459
Inc-IGFBP3-5 118 Inc-DTNBP1-16 345 | Inc-EPHA5-5 448
Inc-IGFBP2-8 117 Inc-IQCF6-2 345 | UGDH-AS1 441
Inc-SLC25A17-2 117 | Inc-C170rf51-1 344 | Inc-MB-6 439
Inc-LSS-1 116 | Inc-FAM174A-6 340 Inc-DMKN-1 433
LRRC75A-AS1 116 Inc-BOD1-1 338 CATIP-AS1 432
Inc-C20rf40-1 115| Inc-NUTM1-11 334 | Inc-CDC40-5 429
Inc-POTEI-2 113 Inc-RNF135-1 333| Inc-COPG1-3 422
Inc-MKRN3-2 112| Inc-DRD5-28 332|Inc-TSFM-3 421
HNF4A-AS1 111| Inc-EPN2-3 324 | Inc-SF3B2-1 418
Inc-OR10C1-1 111| Inc-AKR1E2-9 321 | LINCO00578 416
Inc-CCDC102B-7 109 Inc-RASA1-29 318 | Inc-FBXW7-1 408
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Inc-ADCY8-2 108 | Inc-AKAP1-1 315| Inc-TMEM109-2 401
Inc-LYZL2-5 108 | Inc-FAM160A1-11 314 | Inc-TEX264-2 398
ADIRF-AS1 107 | Inc-MSLN-2 309 | Inc-ACTR10-7 396
Inc-PPP2R2C-1 106 | Inc-PTMS-2 308 | Inc-BDH2-3 389
Inc-SIRT4-5 106 | Inc-C150rf41-18 307 | Inc-WDR72-2 387
Inc-LINS1-5 106 | Inc-KCNK13-3 307 | CARMN 383
Inc-ZNF713-2 106 | Inc-LRP5L-1 304 | Inc-DTNBP1-16 374
Inc-COL6A3-11 104 | Inc-TMEM259-5 304 | Inc-SMIM14-5 370
MIR4300HG 103| Inc-APCDD1L-5 303|Inc-CYTL1-5 368
Inc-SCRIB-1 103 | Inc-POU3F3-5 297 | Inc-AES-8 361
Inc-LDAH-4 103 | Inc-PSMA2-1 295 Inc-ACBD3-3 360
FBXO3-DT 102 | Inc-CEP170-9 289 | TEX41 359
Inc-TMPRSS2-83 102 | Inc-ACOX3-5 285 Inc-FKTN-1 359
Inc-SAG-4 102 | Inc-TMCO1-2 284 | Inc-CDH18-17 356
Inc-ALB-7 102 | Inc-AP4E1-4 284 | Inc-RBM28-3 354
Inc-CCDC167-4 102 | Inc-THAP4-3 281 Inc-SCGB2B2-131 352
Inc-CAV2-2 102 | Inc-BBS2-2 281| Inc-MARVELD3-5 347
Inc-C120rf75-1 100 | Inc-SLC2A12-5 280 | Inc-CASP10-2 346
Inc-TNRC6A-3 100 | Inc-DNAAF5-1 276 | Inc-CCDC68-1 344
Inc-RIOX2-11 100 | Inc-HAND2-3 272 | Inc-LHFPL4-6 341
Inc-RNF24-2 98| Inc-1ISX-2 272 | Inc-MAST4-5 337

Table 10: Amount of overlapping INcCRNA genes for the 50 most abundant INcCRNA genes between individuals

for H2B, PRM1 and PRM2

H2B PRM1 PRM2
Individual 1 48 47 46
Individual 2 48 50 49
Individual 3 45 45 44
Individual 4 45 45 44
Individual 1 & 2 0 0 0
Individual 1 & 3 0 0 0
Individual 1 & 4 0 0 0
Individual 2 & 3 1 0 0
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Individual 2 & 4

Individual 3 & 4

Individual 1 & 2 & 3

Individual 1 & 2 & 4

Individual 1 & 3 & 4

Individual 2 & 3 & 4

all Individuals
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Table 11: RIP-Seq hits with IncRNA for each protein and individual

reads IncRNA hits | INcRNA % hits alignable reads

H2B 22163408 2079062 17,69258

PRM1 15730969 93536 2,9089913

Individual 1 | PRM2 25421321 527121 6,6953148
H2B 12636284 39757 2,8971061

PRM1 44190756 803552 3,3574063

Individual 2 | PRM2 23285782 294986 5,3071108
H2B 26226818 12555 2,4423902

PRM1 31692799 27740 2,7352428

Individual 3 | PRM2 33433524 44947 3,2551312
H2B 30210680 22947 2,9904166

PRM1 32685372 58361 2,5326792

Individual 4 | PRM2 36297056 52841 2,6909298

Table 12: RIP-Seq hits with tRNA for each protein and individual

reads tRNA hits tRNA % hits alignable reads

H2B 22163408 2557 0,0217598

PRM1 15730969 291 0,0090502

Individual 1 |PRMZ2 25421321 1673 0,0212499
H2B 12636284 0 0

PRM1 44190756 4038 0,0168716

Individual 2 | PRM2 23285782 0 0
Individual 3 |H2B 26226818 0 0
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PRM1 31692799 146 0,014396
PRM2 33433524 0 0
H2B 30210680 33 0,0043005
PRM1 32685372 127 0,0055114
Individual 4 | PRM2 36297056 502 0,0255644

Table 13: RIP-Seq hits with sno/miRNA for each protein and individual

reads mIiRNA hits | miRNA % hits alignable reads

H2B 22163408 13843 0,1178024

PRM1 15730969 2093 0,0650928

Individual 1 | PRM2 25421321 10893 0,1383592
H2B 12636284 553 0,0402973

PRM1 44190756 12831 0,0536106

Individual 2 |PRM2 23285782 6174 0,1110768
H2B 26226818 177 0,0344327

PRM1 31692799 361 0,0355956

Individual 3 |PRM2 33433524 860 0,0622825
H2B 30210680 824 0,1073824

PRM1 32685372 1741 0,0755538

Individual 4 |PRM2 36297056 457 0,0232727
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