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| Abstract

Abstract

Advances in the study of covalent RNA modifications have revealed an essential role for N6-methyl-
adenosine (mfA) in regulating RNA metabolism. It has been shown that m®A is involved in shaping
developmental programs and various aspects of cellular functioning. Research on the role of m°A reg-
ulation in the brain suggests that it is important for tuning neuronal plasticity and behavior. However,
investigations in the mammalian brain have only focused on a few crucial regulators, leaving the contri-
bution of the m°A regulatory protein WTAP and the m®A ‘reader’ YTHDC1 unknown. The research pre-
sented in this thesis shows that WTAP and YTHDC1 are non-redundant and important regulators of
adult brain functions.

The postnatal deletion of WTAP in Camk2aCre expressing projection neurons reveals that WTAP is
involved in regulating protein abundance, metabolic state and brain anatomy. WTAP deficient animals
show profound changes in protein expression and circulating metabolites as assessed by liquid chro-
matography-mass spectrometry (LC-MS), indicating a switch in the metabolic state with early glycolysis
products being upregulated, and nicotinamide adenine dinucleotide (NAD™) being downregulated across
brain regions. The observed molecular changes are associated with striking differences in the circadian
activity patterns of knockout (KO) animals, aberrant behavior in classical anxiety tests and are accom-
panied by volumetric changes in the thalamus and auditory cortex, as determined by magnetic reso-
nance imaging (MRI). Complementing these results, the tamoxifen dependent conditional KO in Nex-
CreERT2 positive cells of the dorsal hippocampus, results in large scale changes in gene expression
and splicing. Surprisingly, NexCreERT2 WTAP KO animals do not show a learning impairment in a fear
conditioning paradigm but exhibit a significantly increased long-term potentiation (LTP).

The comparative study of YTHDC1 using a Camk2aCre expressing mouse line demonstrates the non-
redundancy with WTAP. YTHDC1 deficient animals show an overall reduced life expectancy and breed-
ing impairments. KOs exhibit aberrant behaviors across various classical behavior tests measuring anx-
iety and learning. Structural MRI scans reveal extensive changes in gray matter volume across the
cortex and hippocampus. Functionally, KO cells in the medial prefrontal cortex (mPFC) are less sensitive
to stimulation as revealed by single cell patching. An LC-MS screening of protein abundance showed
large scale region-specific changes in KO animals. Finally, NexCreERT2 KO animals exhibit differential
gene expression and splicing.

Overall, the presented results demonstrate that WTAP and YTHDC1 are non-redundant regulators of
adult brain functioning. Removing either protein results in specific and far-reaching consequences for
gene expression, protein abundance, brain anatomy and behavior. The observation that the deletion of
WTAP leads to increased LTP and no learning impairment complements studies showing that disturb-
ances of m®A regulation are mostly associated with reduced LTP and learning deficits. The fact that the
postnatal deletion of YTHDC1 in Camk2aCre expressing neurons affects life expectancy suggests that
YTHDC1 might be involved in METTL3 independent regulatory processes. Together, these findings
make a substantial contribution to understanding the role of the m®A regulatory proteins WTAP and
YTHDC1 in the mammalian brain.

Keywords: N°-Methyladenosine, m°A, WTAP, YTHDC1, epitranscriptome, epitranscriptomic regulation in the adult brain, neuron,
behavior, transcriptomics, proteomics, metabolomics, learning and memory



Il Zusammenfassung

Zusammenfassung

Fortschritte in der Erforschung kovalenter RNA-Modifikationen haben gezeigt, dass N®-methyladenosin
(m®A) eine wichtige Rolle in der Regulierung des RNA-Stoffwechsels spielt. Dabei ist m®A unter ande-
rem fur die Verarbeitung, den Transport und den Abbau von Boten-RNA (mRNA) wichtig. Forschungs-
ergebnisse zur Rolle der m®A-Regulation im Gehirn legen nahe, dass m®A fiir die Regulierung neuro-
naler Plastizitat und dem davon abhangigen Lernen wichtig ist. Dabei haben sich die bisherigen Unter-
suchungen im Gehirn von Mausen auf einige wenige entscheidende Proteine konzentriert, die zur m°A-
bedingten Regulation beitragen. Die Rolle des mPA-regulierenden Proteins WTAP und des m®A Lese-
proteins YTHDC1 sind bisher unerforscht. Deswegen, war es das Ziel der vorliegenden Dissertation,
einen wesentlichen Beitrag zu unserem Verstandnis der Funktion von WTAP und YTHDC1 im adulten
Gehirn zu leisten. Die hier prasentierten Ergebnisse demonstrieren, dass WTAP und YTHDC1 nicht
redundante Regulatoren der Gehirnfunktionen im Erwachsenenalter sind.

Die massenspektrometrische Untersuchung (LC-MS) des medialen prafrontalen Cortex (mPFC) sowie
des dorsalen und ventralen Hippocampus (dHPC, vHPC), von Tieren mit einer postnatalen Deletion von
WTAP in Camk2aCre-exprimierenden Nervenzellen zeigt, dass WTAP an der Einstellung der Protein-
konzentration und der Regulation des Energiestoffwechsels beteiligt ist. Die beobachteten molekularen
Veranderungen sind dabei mit markanten Unterschieden in der zirkadianen Aktivitat von Knockout (KO)
Tieren verbunden, sowie mit Verhaltensverédnderungen in klassischen Angstverhaltenstests. Des Wei-
teren, wurden mithilfe von Magnetresonanztomographie (MRT) volumetrische Veranderungen im Tha-
lamus und im auditorischen Cortex der KO Tiere identifiziert. Ergdnzend zu diesen Ergebnissen, fihrt
der tamoxifen-induzierte KO in NexCreERT2 exprimierenden Nervenzellen des dHPC zu weitreichen-
den Veranderungen in der Genexpression und dem alternativen Spleifen. Uberraschenderweise zeigen
NexCreERT2 WTAP KO Tiere dabei keine Einschrankungen beim Lernen, aber eine signifikant erhdhte
Langzeitpotenzierung (LTP) im dHPC.

Der Vergleich mit dem Camk2aCre induzierten KO von YTHDC1 zeigt, dass WTAP und YTHDC1 nicht
redundant sind. YTHDC1 KO Tiere haben eine reduzierte Lebenserwartung und zeigen Zuchtbeein-
trachtigungen. Die Charakterisierung der YTHDC1 KO Tiere mit verschiedenen klassischen Verhaltens-
tests deutet auf weitreichende Verhaltensstérungen hin. Die strukturelle Untersuchung des Gehirns mit-
hilfe von MRT offenbart umfangreiche Veranderungen des Volumens der grauen Substanz im Cortex
und dHPC. Des Weiteren zeigen elektrophysiologische Messungen, dass Nervenzellen durch den Ver-
lust von YTHDC1 weniger erregbar geworden sind. Die Untersuchung von Proteinen und Stoffwechsel-
produkten mithilfe von LC-MS deutet darauf hin, dass der Verlust von YTHDC1 zu umfassenden und
regional spezifischen Veranderungen im Gehirn fihrt. Zusatzlich, zeigt die Charakterisierung der Gen-
expression im dHPC von NexCreERT2 KO-Tiere, dass YTHDC1 fiir die Regulation der Genexpression
und des alternativen Spleiens erforderlich ist.

Zusammen deuten die hier prasentierten Ergebnisse darauf hin, dass WTAP und YTHDC1 nicht-redun-
dante Regulatoren im erwachsenen Gehirn sind. Die Entfernung beider Proteine hat spezifische und
weitreichende Konsequenzen fiir die Genexpression, die Proteinkomposition, den Stoffwechsel, die Ge-
hirnanatomie und das Verhalten. Die Beobachtung, dass der Verlust von WTAP zu einer erhéhten LTP
und keiner Lernbeeintrachtigung fiihrt, erganzt Studien, die zeigen, dass Stérungen der m®A-Regulation
meist mit einem reduziertem LTP und Lerndefiziten einhergehen. Die Tatsache, dass die postnatale
Deletion von YTHDC1 die Lebenserwartung verringert, deutet darauf hin, dass YTHDC1 an METTL3-
unabhangigen Regulationsprozessen beteiligt sein kdnnte. Die in dieser Dissertation vorgetragenen Er-
gebnisse tragen wesentlich zu unserem Verstandnis der Funktion der mPA-regulatorischen Proteine
WTAP und YTHDC1 im Gehirn von Saugetieren bei.
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1 Introduction

1. Introduction

In this chapter, | will provide a review of our current knowledge on the overall role Né-methyladenosine
(m®A) has in regulating the RNA metabolism. | will briefly touch upon the ascribed functions of various
m°®A regulators and provide a comprehensive overview of our current knowledge in respect to the role
m®A has in shaping neural functions and behavior. The scope of this review will set the stage for the
main question addressed in this thesis: What is the role of the m°A regulators WTAP and YTHDC1 in
the adult mammalian brain?

1.1 The epitranscriptome

Originally described by Francis Crick, the ‘central dogma’ of molecular biology states that information
can be transferred between nucleic acids and from nucleic acids to proteins but not between proteins or
from protein to nucleic acids'3. Today, the ‘central dogma’ is often referred to as the flow of genetic
information from DNA to RNA, with proteins as the functional output®. The scientific advances of the last
couple of decades have elucidated that this flow of information from DNA to protein is highly regulated.
Chemical modifications of nucleobases, so-called ‘epigenetic marks’, shape gene expression* and can
be passed down generations®.The methylation of cytosine to 5-methylcytosine (5mC), its metabolite 5-
hydroxymethylcytosine (5hmC) and the more recently discovered Né-methyladenine (6mA) have been
shown to regulate gene expression by shaping the accessibility of genomic regions*. Together with
histone modifications, most notably methylation® and acetylation” that modulate chromatin structure,
these epigenetic modifications are essential regulators of developmental programs® and variations have
been associated with adverse health outcomes®.

On the RNA level, 143 distinct modifications have been identified that potentially enable the post tran-
scriptional fine tuning of gene expression through the regulation of protein RNA interactions. Together
referred to as the ‘epitranscriptome’, RNA modifications are present across all classes of RNA, with 111
modifications having been detected in transfer RNAs (tRNA), 33 in ribosomal RNAs (rRNA), 17 in mes-
senger RNAs (mRNA), and 11 in noncoding RNAs (ncRNA)®. While the biological function of many of
these modifications remains to be determined, largely due to a lack in suitable detection methods, meth-
odological advances have now enabled us to study the role of a selected few. Among these, the most
abundant RNA modification pseudouridine (W), mostly present in non-coding RNAs and less frequently
in MRNAs'?, has been shown to be essential for stabilizing the structure of tRNAs and rRNAs>'!. Other
modifications such as N'-methyladenosine (m'A), N8,2'-O-dimethyladenosine (m®Am) and N®-methyl-
adenosine (m®A) appear to be integral for regulating the mRNA metabolism and represent a post-tran-
scriptional mechanism for fine-tuning gene expression'2-15,

An overview of our current understanding of how the flow of genetic information from DNA to protein is
shaped by the presence of epigenetic and epitranscriptomic regulation, is shown in Figure 1.
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Figure 1: The flow of genetic information from DNA to protein

The flow of genetic information from DNA to protein, here updated with insights from epigenetic and epitranscriptomic research.
The transfer of information from DNA to RNA with proteins as the functional output has been shown to be modulated by chemical
modifications present in nucleic acids and on proteins. The methylation status of genetic regions within the DNA regulates tran-
scription. On the level of RNA, the reversible addition of chemical groups has been demonstrated to affect various aspects of the
RNA metabolism and to modulate translation efficiency. Post-translation modifications of histones determine the packing of DNA
and shape chromatin structure. The entirety of chemical modifications within the DNA and histones is referred to as the epigenome
while the sum of modifications present in RNA constitutes the epitranscriptome. Concept adapted from Fu et al., 20146,

In this thesis, two proteins integral to the regulation and function of the RNA methylation mark mfA are
studied within the adult mammalian brain. Therefore, in the following, | will give an overview of the
current state of the research into m°A, with a focus on previous research into its involvement in regulating
brain functions.

1.2 N®-methyladenosine (m°A)

The addition of a methyl group at the N®-position of adenosine, known as mPA, is the most abundant
internal modification in mMRNA with an estimated occurrence of 3-5 marks per transcript'®. Originally
discovered in the 1970s'"'8, a lack of quantitative detection methods hindered in depth investigations
at the time. Systematic research into the biological function of m®A only took off after the identification
of MT-A70 (also known as METTL3) as the principal m°A methyltransferase of mRNA®2° and the dis-
covery of fat mass and obesity-associated protein (FTO) as the first m®A demethylase?'. The possibility
that m®A could be dynamically regulated, depending on cellular states or induced as adaptation to alter-
ations in the environment, sparked interest across biological disciplines. With the advent of antibody-
based high throughput m®A sequencing''5, revealing more than 10,000 distinct m°A sites mapping to
over 7,000 genes, the stage was set for what can only be described as the m°®A gold rush. Over 2,800
articles have been published on the topic, of which 2,500 were within the last 5 years (Figure 2).
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Figure 2: Research into Né-Methyladenosine has exponentially grown since 2010

(A) The total number of research articles returned for the query terms ‘Epitranscriptomics’, ‘m8A’ and ‘N8-methyladenosine’ in
Europe PubMed Central for the time period 2010 to 2020. (B) The proportion of articles returned for the search terms of interest
in relation to the overall articles returned for the query ‘RNA’ showing that within the broad field of RNA, research into epitran-
scriptomics and m®A has steadily increased over the last 10 years.

Since the discovery of the first components of the mPA regulatory complex, research has grown expo-
nentially. The observation that many m®A regulators are evolutionary conserved, with orthologue en-
zymes having been described across eukaryotes??, suggests that m®A provides a universal mechanism
for post transcriptional regulation of gene expression. While initial investigations focused on understand-
ing the implications of mPA for the regulation of the RNA processing, the role of mPA is now increasingly
investigated in other branches of biology. The expanding area of research into the function of méA in-
cludes, among others, stem cell regulation 324, organismal development?>-?’, neuronal signaling and
higher cognitive functions?*-3°. Furthermore, an increasing number of studies have demonstrated the
involvement of m®A regulation in viral infections®!, cancer®? and metabolic disorders®334,

1.3 mPA regulation by ‘readers’, ‘writers’ and ‘erasers’

The regulation of the RNA metabolism by mPA is mediated by dedicated ‘writers’ that establish the
methylation, ‘readers’ that interact with RNA in an m°A-dependent manner and ‘erasers’ that remove
m®A. In the following section, | will give an overview of important m8A regulatory proteins, including the
main ‘readers’, ‘writers’ and ‘erasers’.

1.3.1 The catalytic methyltransferase complex METTL3-METTL14

m°®A is established by a multiprotein ‘writer complex’ and occurs within a dedicated consensus motif (5'-
DRmPACH-3: D = A/G/U, R = A/G, H = A,C/U) which is enriched near the stop codon and in the 3'
untranslated region (3' UTR)'31535 The core ‘writer complex’ establishing the methylation consists of
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the catalytically active methyltransferase like 3 (METTL3) and the associated methyltransferase like 14
(METTL14)%:37. METTL3 has been shown to reside within the nucleus and cytoplasm and has different
functions depending on its localization®°. In the nucleus, METTL3 is involved in establishing m®A,
whereas cytoplasmic METTL3 promotes the translation of a subset of m°A containing mRNAs through
the recruitment of elF3 to the translation initiation complex®. In contrast, the localization of METTL14 is
restricted to the nucleus® where it is required for the recognition of target RNAs and the stabilization of
the heterodimer*®. Together, the METTL3-METTL14 complex binds to the DRACH motif in target
mRNAs and transfers a methyl group from the methyl donor S-adenosylmethionine (SAM) to an aden-
osine*®, This has been shown to occur, at least to some extent, co-transcriptionally*', possibly mediated
through an interaction of METTL14 with the histone modification H3K36me3*2. The depletion of either
METTL3 or METTL14 results in a strong reduction in mPA levels, suggesting that a large part of cellular
m®A depends on METTL3-METTL14 activity?33¢.

For the core methyltransferase to establish mPA, it depends on a multiprotein complex consisting of
Wilms' tumor 1-associating protein (WTAP), vir like mfA methyltransferase associated (VIRMA), RING-
type E3 ubiquitin transferase hakai (HAKAI), RNA binding motif protein 15/B (RBM15/B) and zinc finger
CCCHe-type containing 13 (ZC3H13)**45. Together these proteins form a complex referred to as meA-
METTL-associated complex (MACOM) that interacts with the METTL3-METTL14 dimer and is required
for the m°A methyltransferase activity**.

1.3.2 Other m®A methyltransferases

Recently, two more m°A methyltransferases were identified that place m®A in a subset of precursor
mRNAs (pre-mRNA) and non-coding RNAs*¢~%°, The nuclear methyltransferase methyltransferase like
16 (METTL16) has been shown to require a structural motif within pre-mRNAs and various non-coding
RNAs to catalyze the addition of mfA*-48, In contrast, METTL3-METTL14 mediated methylation is di-
rected solely by a sequence motif. METTL16 has been shown to be integral for the regulation of the
methyl donor (SAM) levels®. In the presence of SAM, METTL16 deposits m°A on the SAM synthetase
transcript Mat2a resulting in the retention of the terminal intron and subsequent transcript degradation.
In contrast, low SAM levels reduce the chance of methylation. Consequently, METTL16 binds to a con-
served hairpin structure within Mat2a inducing the splicing of the terminal intron that results in the up-
regulation of SAM synthetase protein levels. This regulation of Mat2a expression levels has been shown
to be essential for early development with a depletion of METTL16 resulting in the developmental arrest
at around the blastocyst stage*®.

The second recently identified m8A methyltransferases is zinc finger CCHC-type containing 4 (ZCCHC4)
which is localized in the nucleoli where it catalyzes the methylation of rRNA and specifically the addition
of the only m®A mark that is present in 28S rRNA*%5". The in vitro depletion of ZCCHC4 results in the
loss of 28s RNA methylation, decreased translation and impaired proliferation suggesting that ZCCHC4
is required for ribosomal functioning*°.

1.3.3 The mfA demethylase ALKBH5

Removal of mPA is catalyzed by the alpha-ketoglutarate-dependent dioxygenases alkb homolog 5
(ALKBH5)°? and FTO?'. The m®A demethylase ALKBHS is predominantly located in the nucleus® and
co-localizes with nuclear speckles®, the site of pre-mRNA processing and m°A methylations. ALKBH5
is ubiquitously expressed with its highest expression levels found in the lungs and testes®?. ALKBH5
knockout (KO) mice are viable but show a reduction in testes size, accompanied by increased apoptosis
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and abnormal spermatozoa suggesting an important role of ALKBH5 in spermatogenesis®. Further-
more, ALKBH5 activity has been reported to promote nuclear retention, with the depletion of ALKBH5
resulting in a decrease in nuclear localized RNA%2,

1.3.4 The m®A demethylases FTO

FTO catalyzes the removal of m®A and m®Am?®*%° in mRNA, as well as m'A in tRNA%. FTO is detected
mostly in the nucleus where it co-localizes with nuclear speckles?'. Depending on the cell type, FTO has
also been detected in the cytoplasm, where its primary targets appear to be m®Am and m'A%. In addition
to its role in neuronal processes that will be addressed below, FTO is involved in the regulation of the
energy homeostasis, with FTO full KO mice being viable but showing an overall reduction in size and
body weight®. Conversely, FTO overexpression has been reported to result in increased food intake
and obesity®”. Mechanistically, FTO, has been shown to regulate m®A sites that determine the isoform
expression of the adipogenic Runt-related transcription factor 1 (RUNX1T1). Further support for the
involvement of FTO in regulating metabolic processes comes from the observation that Ffo expression
and protein abundance depend on the glucose levels in mice®® and patients diagnosed with type 2 dia-
betes®®. Recently it has been demonstrated that the introduction of the human FTO gene into rice and
potato plants increases yield and biomass by ~ 50 % in field trials®®. FTO activity was shown to enhance
the growth of roots, improve the efficiency of photosynthesis and make plants more resistant to droughts.
Mechanistically, FTO promotes open chromatin, increases transcription and the demethylation of MRNA
and nuclear RNA species®. Complementing these results, genome-wide association studies have
linked variants of the FTO gene with an increased body mass index and risk for obesity 333, Together,
this evidence strongly supports a central role of FTO in regulating the metabolism.

A concise overview of the methylation and demethylation reaction of adenosine to mfA is shown in
Figure 3.
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Figure 3: The conversion of adenosine to N®-methyladenosine by ‘writers’ and the removal through ‘eras-

ers’
The addition of a methyl group at position N® is catalyzed by the methyltransferase heterodimer METTL3-METTL14 and requires
the methyldonor S-adenosylmethionine (SAM), which is converted to S-adenosylhomocysteine (SAH). This process can be re-
versed by the demethylases ALKBH5 and FTO, which catalyze the Fe(ll) and 2-oxoglutarate (2-OG) dependent demethylation of
mA.
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1.3.5 Wilms' tumor 1-associating protein (WTAP)

WTAP, whose functions in the brain is investigated in this thesis, was initially identified as an interaction
partner of the transcription factor Wilms' tumor-1 (WT-1), which plays an important role in the develop-
ment of the urogenital system®'. The Wtap gene encodes two isoforms that result from alternative splic-
ing, with the short isoform producing no functional protein. Both isoforms are expressed in vitro (short
~70 %, long ~ 30 %) and it has been suggested that WTAP expression is regulated through an autoreg-
ulatory feedback loop that changes the ratio of its transcripts*3. WTAP is an ubiquitously expressed
nuclear protein located in the nucleoplasm and nuclear speckles, where it co-localizes with various
splicing factors and METTL3%3%'. The overexpression of WTAP induces apoptosis of vascular smooth
muscle cells, while the depletion of WTAP increases cell proliferation®23, This suggests that WTAP
might be involved in regulating the cell cycle and the viability of dividing cells. Accordingly, in the mouse,
WTAP is essential for embryonal development and the depletion of WTAP results in defects in the dif-
ferentiation of the endoderm and mesoderm and embryonal lethality®*5. Similar observations were
made for the zebra fish WTAP and the fly orthologue FI(2)d in which WTAP loss results in developmental
defects®7:6.

As a regulatory subunit of the m8A-methylation complex, WTAP interacts with the METTL3-METTL14
heterodimer®-3” via an N-terminal coiled-coil region®”. While WTAP does not possess catalytical activ-
ity3®, it is essential for methylation activity and was shown to be required for METTL3-METTL14 to be
localized in the nuclear speckles®. Aberrant METTL3 levels have been reported to affect WTAP expres-
sion®, while the in vitro depletion of WTAP using siRNAs has been suggested to not alter METTL3
protein levels®.

The depletion of WTAP has consistently been reported to result in a significant decrease in m°A lev-
els337:69 demonstrating that WTAP is necessary for m®A methylation. Interestingly, several independent
studies have reported that the removal of WTAP results in a stronger reduction of m°A levels than ob-
served after METTL3 depletion®¢:37:6°_ Why this is the case remains to be determined. However, it is
conceivable that WTAP might be involved in the regulation of other mfA-methyltransferases such as
METTL16.

Crosslinking experiments have shown that WTAP interacts with various mRNAs, ~50 % of which are
also targeted by METTL3 suggesting that WTAP might facilitate the recruitment of RNAs to the methyl-
ation complex®’. Furthermore, WTAP is involved in the regulation of gene expression and splicing in cell
culture. The in vitro depletion of WTAP changes the expression and splicing of several thousand genes®
and shows an overlap with the effects observed after METTL3 depletion (expression ~45 %, splicing
~50 %)*.

Together, these observations suggest that WTAP is an essential component of the méA methyltransfer-
ase complex and is involved in the regulation of gene expression and splicing. The fact that WTAP can
be found outside of the m°A ‘writer complex’, as part of the MACOM complex*4, suggests that WTAP
might be involved in m°A independent regulation.

An overview of m°A regulation through ‘writers’ ‘readers’ and ‘erasers’ is shown in Figure 4.
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Figure 4: Overview of the m®A regulation by ‘writers’, ‘readers’ and ‘erasers’

mA is established by a ‘writer complex’ located in the nuclear speckles. The core ‘writer complex’ consists of METTL3 and
METTL14 and interacts with the associated proteins WTAP, RBM15/B, ZC3H13, HAKAI and VIRMA. In the nucleus, the m®A
‘reader’ YTHDC1 promotes mRNA processing via recruitment of splicing factors (e.g., SRSF3) and facilitates the nuclear export
of methylated transcripts. In the cytoplasm, the m°A ‘readers’ YTHDF1-3 and YTHDCZ2, regulate mRNA turnover and translation.
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1.3.6 m®A ‘readers’

The regulatory effects of m®A on RNA metabolism are mediated by various ‘reader’ proteins. m°A ‘read-
ers’ can be largely separated into two categories, proteins that directly bind to m®A through a dedicated
binding domain and ‘readers’ that interact with RNA in an m®A-dependent manner. In the following sec-
tion, | will give an overview of both classes of mPA ‘readers’.

YTH domain containing m®A readers

The YTH (YT521-B homology) domain containing mPA ‘readers’ were originally discovered in an affinity
chromatography and mass spectrometry screening with methylated RNA baits'® and derive their name
from the family defining YTH-domain that interacts with m8A. The YTH domain is evolutionary con-
served’® and there are five different YTH domain containing m°A ‘readers’ in mammals. Four of the YTH
domain containing m°A ‘readers’ have been shown to locate in the cytoplasm (YTHDC2, YTHDF1,
YTHDF2, YTHDF3), while one (YTHDC1) is located in the nucleus.

YTHDCA1

YTH domain containing 1 (YTHDC1) is a ubiquitously expressed protein and the only nuclear méA
‘reader’. Within the nucleus, YTHDC1 has been shown to accumulate in distinct nuclear structures
termed YT bodies”". YT bodies are sites of active transcription found in the proximity of nuclear speckles
where the m®A methylation machinery is located. YTHDC1 is essential for mammalian development with
a KO resulting in early embryonal lethality’?. Furthermore, the conditional depletion of YTHDC1 in the
germ line results in sterility and changes in alternative splicing and polyadenylation’. In addition,
YTHDC1 interacts with the X-inactivation regulating RNA Xist in vitro and is required for Xist-mediated
transcriptional silencing®. Mechanistically, YTHDC1 regulates splicing, nuclear export and chromatin
regulation as outlined in the following paragraphs.

YTHDC1: splicing

Findings from several independent studies have demonstrated that YTHDC1 is involved in the regulation
of alternative splicing’®7273, which is concentration dependent”, with elevated YTHDC1 levels promot-
ing exon inclusion and the depletion of YTHDC1 resulting in exon skipping’®. Consistent with these
observations, YTHDC1 has been shown to interact with different splicing regulators, including SAM68,
SRSF1, SRSF3, SRSF7, SRSF9, and SRSF1073-"¢. Mechanistically, YTHDC1 binds to a motif contain-
ing G(mPA)C in pre-mRNA’” and promotes exon inclusion through an interaction with the splicing factor
SRSF3™. YTHDC1 and SRSF3 have been shown to preferentially bind methylated transcripts and to
compete with the m8A-independent splicing factor SRSF10, which promotes exon skipping”™. The con-
ditions under which YTHDC1 dependent regulation of splicing is most important and whether this plays
a role in regulating neuronal processes remain to be determined.

YTHDC1: nuclear export

In addition to regulating alternative splicing, YTHDC1 facilitates the nuclear export of methylated tran-
scripts’. This is supported by the observation that the removal of YTHDC1 selectively increases the
amount of nuclear m8A, while cytoplasmic mPA levels are reduced’®. Conversely, an overexpression has
been shown to have the opposite effect’®. The YTHDC1 mediated transport of RNA has been suggested
to involve the nuclear RNA export factor 1 (NXF1) and SRSF3’. Independently, the relocation of
YTHDCH1 to the cytoplasm had previously been described to depend on the phosphorylation of YTHDC1
at a tyrosine residue’®.
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YTHDC1: chromatin regulation

An increasing number of studies support a role of YTHDC1 in chromatin regulation?”:7%-82_ In a recent
study, Jun Liu and colleagues showed that the m®A-dependent regulation of chromosome-associated
RNAs (caRNAs) requires YTHDC17°. caRNAs include various ncRNAs that are either associated with
gene regulatory elements or are transcribed from transposable elements. While individually differing in
functions, these caRNAs are believed to exert regulatory control on gene expression’®. Using various in
vitro assays, Jun Liu and colleagues showed that the depletion of either METTL3 or YTHDC1 results in
increased chromatin accessibility. Mechanistically, YTHDC1 is believed to bind to a subset of methyl-
ated caRNAs and to facilitate degradation by the nuclear exosome targeting (NEXT) complex. This ap-
pears to be of particular importance for the regulation of long interspersed element-1 (LINE1) transpos-
able elements. LINE1 elements are involved in the regulation of transcription during early embryonal
developmental®* and the sex-specific response to early life stress®®8¢. Besides the METTL3/YTHDC1
dependent regulation of retrotransposons, there is evidence for a YTHDC1 driven regulation of a subset
of METTL3 independent LINE1 caRNAs®. In support of this, experiments in mouse embryonic stem
cells have shown that YTHDC1 binds to METTL3 independent m®A sites on LINE1 caRNAs, with the
depletion of YTHDC1 resulting in reduced levels of H3K9me3 marks associated with transcriptional
repression®2. While the origin of these METTL3 independent marks is not entirely clear, they are poten-
tially installed by METTL16, which has been shown to act on pre-mRNA and ncRNAs*"82,

YTHDC1: histone modifications

Several independent studies support an involvement of YTHDC1 in the regulation of histone modifica-
tions?”:781, YTHDC1 has been suggested to direct the histone methyltransferase SETB1 to specific
retrotransposons, promoting their silencing through installment of the repressive H3K9me3 mark®, and
the presence of méA appears to destabilize transcripts encoding histone modifiers in some contexts?’.
Furthermore, YTHDC1 has been shown to co-transcriptionally downregulate H3K9me2 levels in an m°A-
dependent way, through the recruitment of the histone demethylase KDM3B8' and the in vitro KO of
either METTL3 or YTHDC1 has been shown to results in an upregulation of transcription promoting
marks, namely H3K4me3 and H3K27a7°.

Overall, YTHDC1 seems to play a central role in the control of chromatin state, splicing and nuclear
export. While it has been established that YTHDC1 is essential for stem cell identity and early develop-
ment, the role YTHDC1 plays in post mitotic cells such as neurons, remains to be determined.

YTHDC2

YTH domain containing 2 (YTHDC2) is the only YTH family protein containing a helicase domain and is
highly expressed in the testes®:88, YTHDC2 was identified as a cytoplasmic m°A ‘reader’ that is essential
for the maturation of gametes and YTHDC2 KO mice are viable but sterile®”:8% YTHDC?2 is required
for the progression from the mitotic to the meiotic stage during germ line development®-°! and the in
vitro depletion of YTHDC2 attenuates protein synthesis®8°. Mechanistically, YTHDC2 binds to m°®A
marks within the coding sequence (CDS) opening mRNA secondary structures and with this facilitating
translation®®. This observation complements previous results showing that m®A within the CDS modu-
lates tRNA mediated translation dynamics®. Furthermore, it has been reported that YTHDC?2 interacts
with the small ribosomal subunit®” and recruits the mRNA decay inducing exoribonuclease XRN187:89.93,
Therefore, YTHDC2 might, depending on cellular context, promote translation and/or facilitate mRNA
clearance. As with YTHDCA1, the role of YTHDC2 in neurons has not been systematically investigated.
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YTHDF1, YTHDF2, YTHDF3

The YTH-domain containing m®A ‘readers’ YTHDF 1-3 are cytoplasmic mPA ‘readers’, which have been
proposed to mediate the cytosolic effects of m°A through regulating the translation and decay of meth-
ylated transcripts®®6. In the following paragraphs, | will discuss the proposed function of individual
YTHDF ‘readers’ and recent evidence that suggests a high degree of redundancy among individual
YTHDF proteins.

YTHDF1: translation efficiency

YTH Né-methyladenosine RNA binding protein 1 (YTHDF1) has been suggested to interact with the
translation initiation factor elF3 and to promote the translation of methylated transcripts®. In support of
this, it has been reported that the depletion of YTHDF1 impairs the translation of its target transcripts®.
However, recent results challenge the involvement of YTHDF1 in the regulation of translation®. The
potential role of YTHDF 1 regulating neuronal functioning®8 is addressed below.

YTHDF2: mRNA decay

YTH N8-methyladenosine RNA binding protein 2 (YTHDF2) binds to the consensus motif G(m®A)C and
regulate the stability of methylated transcripts’®%4. Mechanistically, the binding of YTHDF2 results in the
accumulation of transcripts within sites of RNA degradation® and YTHDF2 has been suggested to re-
cruit the CCR4-NOT deadenylase complex resulting in an accelerated degradation of the target
mRNA®. During oocyte maturation, YTHDF2 is required for the dosing of maternal mRNA levels'® and
YTHDF2 has been shown to be involved in the clearance of m8A-tagged maternal transcripts during the
maternal to zygotic transition in zebra fish'®!. Therefore, YTHDF2 might generally accelerate the rapid
clearance of mPA tagged transcripts from the cytoplasm and this appears to be of particular importance
during state transitions such as the activation of the embryonic genome. Under heat shock conditions,
YTHDF2 relocates to the nucleus where it facilitates the cap-independent translation of heat shock in-
duced genes'%. The fact that YTHDF2 shows an ~50 % overlap in binding targets with YTHDF1, sug-
gests that enhanced translation and subsequent degradation might be coordinated®®. In regards to hu-
man health, a polymorphism in the YTHDF2 gene was associated with an increased life span in hu-
mans'%,

YTHDF3: concerted regulation of mRNA translation and decay

YTH N®-methyladenosine RNA binding protein 3 (YTHDF3) is structurally very similar to YTHDF1 and
YTHDF2, and has been reported to share more than 50 % of its targets with either protein®. YTHDF3
might act in concert with YTHDF1 and YTHDF2 to regulate translation and mRNA decay®. In support
of this, the in vitro depletion of YTHDF3 using siRNA has been shown to impair the translation of
YTHDF3 targets®. Furthermore, YTHDF3 has been reported to interact with the ribosome and to facili-
tate the translation of shared YTHDF1/DF3 targets'®. Recently, it has been proposed that YTHDF3
might also act as m'A ‘reader’, facilitating transcript decay'%.

YTHDF1-3: controversy about functions

The prevailing model of YTHDF ‘reader’ functions suggests that each ‘reader’ has a specific function
and targets a selected subset of transcripts. Challenging this model, Zaccara and Jaffrey recently pro-
posed that YTHDF1-3 are redundant in function and selectivity and mainly promote mRNA decay®’. To
demonstrate this, the authors compared the binding affinity of individual YTHDF ‘readers’ and found no
unique preference for particular m®A sequence contexts. Using immunostainings the authors showed
that all YTHDF ‘readers’ are located within the same defined structures in the cytoplasm, some of which
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were identified as sites of RNA degradation. The comparison of YTHDF ‘reader’ interacting proteins
showed a high degree of overlap and ranking interactions by confidence revealed high-confidence in-
teractions for factors involved in RNA decay and low confidence interactions with components of the
translation initiation complex. An in vitro depletion of individual ‘readers’ showed only subtle effects on
the abundance and stability of methylated transcripts while the combined KO of all three markedly in-
creased the abundance and stability of methylated transcripts. This led the authors to conclude that
YTHDF ‘readers’ are somewhat redundant and can compensate for each other. Furthermore, the rea-
nalysis of ribosome profiling data previously published by Wang et al.%® did not replicate the proposed
effects on translation. Instead, it points towards a mistake in the original data analysis. To confirm this,
the authors performed their own ribosome profiling experiment after depletion of individual YTHDF ‘read-
ers’. No translation promoting effect was observed for either candidate. Based on these observations,
the authors conclude that YTHDF ‘readers’ are mostly redundant in sequence preference, location and
function.

1.3.7 mSA-dependent RNA binding proteins

Besides the YTH-domain family, a diverse group of RNA binding proteins has been suggested to either
bind directly to m®A or interact with transcripts in an méA-dependent manner.

HNRPs

The heterogeneous nuclear ribonucleoprotein (HNRNP) family includes a diverse group of nuclear RNA-
binding proteins that are important regulators in many aspects of RNA processing'%:1%’. Dysregulation
of HNRNPs is associated with various diseases, including cancer'® and neurodegeneration0%19,

Recently, it has been shown that members of the HNRP family interact with mRNA in an m°A-dependent
manner'!. Unlike members of the YTH-domain family, HNRNPs do not directly interact with m°A but
depend on structural changes induced by the presence of m®A. Specifically, m®A opens up secondary
structures and allow HNRNPS to effectively bind to their individual binding motifs. This mechanism,
referred to as ‘m®A-switch’, has been suggested to regulate over 39,000 binding sites of HNRNPC'"",
For the INcRNA MALAT1, an ‘m®A-switch’ regulates the hairpin structure containing a HNRNPC binding
motif "2, Similarly, HNRNPA2B1 has been shown to bind mPA containing primary-miRNAs and regulate
their processing''®. While originally proposed as a m®A ‘reader’''3, crystallographic and bioinformatic
analyses support the ‘m®A-switch’ dependent binding also for HNRNPA2B1'"4,

FMRP

Fragile X mental retardation protein (FMRP) is an RNA-binding protein known for its importance in brain
development and dysregulation in the neurodevelopmental fragile X syndrome''®'16, FRMP regulates
the editing, transport and translation of mMRNA and controls the expression of chromatin modifying en-
zymes''”. FMRP has a binding motif that overlaps with the m8A consensus sequence and recent studies
have reported that FMRP acts as context dependent m8A ‘reader’''8'°, It has been suggested that
FMRP binding to methylated transcripts, facilitates nuclear export'?, regulates translation''® and mod-
ulates mRNA stability''®. In the brain, FMRP has been shown to regulate neuronal differentiation in an
m®A-dependent manner'? and in D. melanogaster, the fly homolog Fmr1 has been reported to repress
the translation of mMRNA involved in the regulation of axon growth, through an interaction with the fly
m°®A ‘reader’ protein Ythdf'?!.
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elF3 and METTL3

Cytoplasmic METTL3 has been shown to associate with the ribosomes and to recruit elF3, facilitating
the translation of selected mPA containing MRNAs®*. Mechanistically, METTL3 has been suggested to
bind in proximity of the stop codon where it facilitates the formation of a translation enhancing closed-
loop structure via a direct interaction with elF3'?2, In addition, under cellular stress conditions, elF3
directly binds to m®A within the 5' untranslated region (5’'UTR) and enables cap-independent transla-
tion'23,

1.4 m°®A: dynamically regulated or ‘hard coded’?

While it has been generally accepted that m®A is established by the ‘writer complex’, bound by various
‘reader’ proteins and removed by ‘erasers’, the dynamic nature of m®A regulation remains a topic of
debate’?-"25, One of the questions that has not been resolved yet is whether m°A is deposited in a site-
specific manner or solely tuned on a global level through the expression of the ‘writer complex’. Ad-
dressing this question, a recent publication by Garcia-Campos and colleagues used an antibody inde-
pendent sequencing approach to demonstrate that for 16-25 % of methylation sites, the sequence con-
text reliably predicts the methylation status'?®. This supports the idea that the methylation status of many
m®A marks is hard coded. However, it does not preclude that a subset of m°A sites are regulated by
targeted mechanisms. Another open question concerns the extent to which a dynamic regulation of m°A
marks takes place during pre-mRNA processing. Regarding this, the in vitro comparison of chromatin
associated pre-mRNAs and mature mRNAs has been reported to show little differences in the location
and stoichiometry of m®A marks'?*. This suggests that méA marks which are established during early
stages of pre-mRNA processing, remain mostly unchanged throughout later stages.

It is well documented that cellular steady states are characterized by a high correlation between mRNA
and protein levels'?” and under these conditions, the dynamic regulation of m®A might not be required.
In contrast, during state transitions such as during the maternal to zygotic transition when maternal
transcripts have to be rapidly degraded, m®A is used for transcript sorting and facilitates decay'®'. Sim-
ilarly, cellular heat shock stress requires a prioritization of a small number of transcripts and m°A has
been shown to facilitate the cap-independent translation initiation of selected transcripts'®2.

Therefore, when faced with challenges to the equilibrium cells might utilize mfA-dependent transcript
and site-specific regulation to efficiently prioritize the processing of a subsets of RNAs. In conclusion,
while a large number of m8A sites are most likely ‘hard coded’ and remain unchanged throughout pre-
mRNA processing, it is possible that dynamic m®A regulation is required during state transitions or the
stress response.

1.5 m°®A in the brain

The comparison of different brain regions revealed the existence of brain region-specific m°A patterns
and differences in the methylation levels of transcripts?®'28, Mechanistically, the involvement of m°A in
regulating mRNA processing and turnover makes it a prime candidate for coordinating the axonal mMRNA
transport'?® and regulating the stimulus induced local translation of synaptic proteins'°. Therefore, in
recent years, an increasing number of studies has investigated the role of m®A in regulating central
nervous system processes.
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1.5.1 m°®A is essential for normal brain development

m°®A is highly enriched in the mammalian brain'®'28, with methylation levels steadily increasing during
development'®. An analysis of m8A marks in the embryonic mouse cortex revealed an enrichment for
genes associated with neurodevelopmental processes?® and in the cerebellum the m®A landscape has
been shown to be developmentally regulated’'. A crucial role of m®A in the development of the nervous
system was demonstrated by several KO studies. The depletion of METTLS3 disrupts cerebellar devel-
opment and results in defective Purkinje cells, the apoptosis of granule cells and increased lethality
before P20'32, Similarly, the depletion of METTL14 results in attenuated proliferation and premature
differentiation of neuronal precursor cells during embryonal development?”. METTL14 KO animals show
a reduction in overall brain size with a decrease in late-born neurons and lethality within the first post-
natal week?’. Mechanistically, m®A may destabilize the transcripts of genes coding for histone modifiers
that are involved in regulating neuronal development?’. Accordingly, the depletion of the mRNA degra-
dation promoting mPA ‘reader’ YTHDF2 results in neurodevelopment dysregulation and prenatal lethal-
ity'33. In contrast, the in vitro depletion of the mfA demethylases FTO and ALKBH5 does not impair
neuronal stem cell proliferation?’. This suggests that the essential role of m°A for the regulation of neu-
ronal stem cells does not depend on the demethylases FTO and ALKBH5.

In addition, m8A has been shown to regulate postnatal neurogenesis. NestinCre METTL14 KO animals
exhibit a prolonged postnatal cortical neurogenesis and an extended cell cycle of radial glia cells?.
Similar results were obtained for METTL3 depletion?. Together, these studies point towards a central
role of mPA in shaping neurogenesis and neuronal differentiation, possibly via facilitating the rapid clear-
ance of developmentally regulated transcripts.

1.5.2 Glia cell differentiation is regulated by m®A

Although most investigations into the role of m°A in the brain have focused on neurons, there is some
evidence suggesting an involvement of mPA in the regulation of glia cells. The depletion of either
METTL3 or METTL14 in glia precursor cells has been shown to result in a prolonged cell cycle of radial
glia and decreased numbers of astrocytes?. For the oligodendrocyte lineage, the conditional deletion
of METLL14 was reported to result in hypomethylation and a reduction in the number of mature oli-
godendrocytes’*. In addition oligodendrocyte precursor cells lacking METTL14 were unable to differ-
entiate into mature oligodendrocytes in vitro'*. Complementing these results, a recent study in which
the suggested m®A ‘reader’ protein PRRC2A was removed, reported dysregulated oligodendrocyte de-
velopment and myelination deficits’®S. Together, this points towards a crucial role of mfA in the post-
mitotic differentiation of glia.

So far, no studies have been published regarding the role of mfA in glia cells of the adult brain. Given
the remarkable diversity of glia cells and their involvement in regulating homeostatic processes and
neuronal signaling, this remains an intriguing unexplored area.

1.5.3 mbA is required for adult neurogenesis

Adult neurogenesis in the mammalian brain has remained a topic of debate since it was first proposed
in the 1960s'3¢'37_ Today, an increasing body of evidence has been accumulated supporting the exist-
ence of adult neurogenesis, particularly in the dentate gyrus of the hippocampus (HPC)'¥". Given the
function m®A has been shown to have in regulating stem cell state in embryonal tissue?*?* and brain
development?:131.132 g similar role in regulating adult neural stem cells is conceivable. This idea is sup-
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ported by KO studies showing that m®A-dependent regulation is required for the proliferation and differ-
entiation of adult neuronal stem cells. Specifically, FTO KO animals show a reduction in the proliferation
and differentiation of adult neural stem cells and deficits in learning and memory'38. Similarly, the con-
ditional knockdown of METTL3 using shRNA inhibits the in vitro proliferation of isolated adult neural
stem cells'®. Interestingly, the depletion of METTL3 was accompanied by a decrease in the histone
methyltransferase EZH2 and H3K27me3 marks and the overexpression of EZH2 resulted in a pheno-
typic ‘rescue’, providing further evidence that m®A-dependent histone modifications are involved in reg-
ulating neurogenesis. Constitutive KO models, as well as in vitro experiments are useful for hypothesis
formulation but cannot substitute targeted in vivo experiments. To unequivocally determine the role of
m®A in adult neurogenesis, further experiments are required that investigate this question within the
mature adult brain.

1.5.4 Axon guidance and regeneration depends on méA signaling

Coordinated axon guidance is a prerequisite for the normal development of the nervous system and
mutations in axon guidance factors have been associated with neurological disorders'?. Recently it has
was shown that Fto transcripts are locally enriched and translated within axons and that a depletion of
axonal FTO results in increased m°A levels and shorter axons'#!. Removing the mPA ‘writer complex’
components METTL3 or METTL14 has the opposite effect and induces axonal overgrowth at the neu-
romuscular junction in D. melanogaster'?'. This suggest that mPA is required for containing axonal
growth within normal levels. In the fly, this regulation may be mediated via the fly orthologs Ythdf and
Fmr1, with no involvement of the YTH domain ‘reader’ protein Ythdc1 fly homologue'?'.

A recent study of peripheral nerve lesions suggests that m®A has the opposite effect in the nervous
system’s response to injury'2. Sciatic nerve lesion triggers an increase in methylation levels and trans-
lation of transcripts required for nerve regeneration. The deletion of either METTL14 or YTHDF1 has
been reported to repress this response’? suggesting that mPA signaling is required for axon regenera-
tion. Similarly, in the central nervous system, Pten deletion induced axon regeneration of retinal ganglion
cells is disrupted by shRNA mediated knockdown of Mett/14'42. Together, this suggests that m°A can
either repress or facilitate axonal growth, depending on the developmental stage and context.

The effect of m®A on axon guidance might be mediated through the regulation of transcripts encoding
axon guidance factors. For the axon guidance factor Robo3, the targeted mutation of selected methyla-
tion sites, or respectively a depletion of METTL3 using shRNA, resulted in reduced protein levels without
affecting mRNA abundance®. Conversely, an overexpression of YTHDF1 had the inverse effect, sug-
gesting that Robo3 levels are regulated through an mfA-dependent mechanism involving YTHDF 1%,
This raises the question whether other axon guidance molecules such as ephrins, netrins and sema-
phorins are similarly regulated and how a differential regulation could be achieved.

1.5.5 Regulation of synaptic transcripts through mfA

While the molecular mechanisms of learning and memory are not fully understood, it is established that
experience driven changes in synaptic connectivity play a central role. To establish the long lasting
changes in synaptic strength required for learning, the production of new proteins is required'3-145,
Since neurons have to be able to tune the individual strength of synaptic connections, translation has to
be regulated locally. For this to happen, transcripts associated with synaptic plasticity have to be selec-
tively processed in response to neuronal activity. Recently, it has been proposed that mfA might be
involved in the local translation at the synapse'®. This idea was supported by the observation that in
the mouse forebrain hypermethylated transcripts are enriched for synaptic functions, with 4,469 m°A
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sites being detected within 2,921 synaptosomal transcripts'*°. Functionally, the depletion of the dendrit-
ically localized ‘reader’ proteins YTHDF1 and YTHDF3 resulted in reduced spine volume, attenuated
miniature excitatory post synaptic potentials and a reduction of synaptically located PSD-95 and Glu'*°.
Together, these observations point towards an m®A-dependent local regulation of synaptic proteins.

Figure 5: Tentative roles of m°A in regulating neuronal functions

Among the tentative roles suggested for m°A in the brain are the targeting of methylated transcripts to different neuronal compart-
ments'?® (A) and the regulation of local translation in axons and at the synapse'*®'#' (B).
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1.5.6 mbCA regulation is involved in learning and memory

Region-specific m°A patterns and differences in methylation levels have been described for the cortex,
amygdala and cerebellum?®'?8 and recently it has been shown that the m®A landscape shows brain
region-specific changes in response to experience. Specifically, emotional stress induced an overall
upregulation of m®A marks in the mPFC and conversely a downregulation in the amygdala?®. This raises
the intriguing possibility that experience induced differential m®A regulation plays a role in regulating
synaptic plasticity. In support of this idea, an increasing number of studies has shown that disturbances
of mPA regulation modulate learning and memory?8-30.138.146.147,

The majority of studies that have been published on the role of m°A regulation in behavior have em-
ployed contextual fear conditioning paradigms, with a few using delayed fear conditioning, the Morris
water maze (MWM) test and other paradigms. One shock fear conditioning has been reported to induce
a local downregulation of Fto mRNA in the mPFC within half an hour of conditioning, with the FTO
protein being selectively depleted in the synaptosomal fraction'’. Concomitantly, m8A levels in the
mPFC are increased temporarily suggesting that m°A regulation might be involved in coordinating the
transcriptomic response required for learning. Conversely, the knockdown of FTO in the dCA1 with
Cas9-Fto or shRNA has been found to enhance contextual fear memory'#’. This finding was corrobo-
rated by experiments using a NexCreERT2 driver line that targets projection neurons in the cortex and
HPC?8, Surprisingly, here the increased contextual memory of FTO KO animals was accompanied by a
decrease in HPC LTP?,. In contrast, constitutive FTO KO animals, despite being viable, show pro-
nounced learning and memory deficits'3¢. Given the importance of mPA regulation for normal develop-
ment and neuronal differentiation, this might be attributed to altered developmental trajectories. In the
midbrain, FTO has been shown to be involved in regulating dopaminergic signaling, with DAT-Cre KO
animals showing a reduced locomotor response to cocaine'.

Studies targeting components of the m®A ‘writer complex’ have focused on manipulations of METTL3
and METTL14. The conditional KO of METTL3 using a NexCreERT2 floxed mouse line has been shown
to result in increased cue but not contextual fear memory, with METTL3 KO animals showing impaired
fear extinction, normal short-term plasticity and LTP?8. Complementing these observations, Camk2aCre
METTL3 KO animals exhibit reduced contextual fear memory, attenuated learning in the MWM and
show a significantly decreased LTP in the dCA12°. Considering the differences in timing and penetrance
of the KO, NexCreERT2 is chemically induced while the Camk2aCre driven KO starts around the third
postnatal week'#®, these results might not contradict each other but underline the context dependent
role of m®A regulation. In addition, the depletion of METTL14 in the striatum has been reported to result
in increased excitability and attenuated spike frequency adaptation of striatonigral neurons as well as
impaired striatum-dependent learning’°. A study of the mPA ‘reader’ YTHDF1 reported impaired spatial
learning of KO animals in the MWM3°, YTHDF1 full KO mice showed an increased latency to find the
hidden platform across training days and reduced time in the target quadrant during the probe test. In
addition, KO animals were reported to show impaired contextual fear learning, impaired LTP and de-
creased spontaneous miniature excitatory postsynaptic currents in the dCA1. These phenotypes were
‘rescued’ by AAV mediated overexpression of YTHDF1 in the HPC. As with the learning impairments
reported for METTL32, the observed alterations in behavior were subtle and most evident under chal-
lenging learning conditions. Molecularly, Shi et al. reported a reduction of key glutamate receptor subu-
nits and other proteins required for synaptic plasticity.

The study of m®A regulators in the brain shows that m°A is regulating the processing of neuronal tran-
scripts and protein synthesis. As a result, alterations in the levels of mPA regulators affect plasticity
processes and this is most evident in learning and memory tasks. Considering that manipulations of the
‘writer’ component METTL3 and the ‘reader’ YTHDF1 result in phenotypically similar outcomes raises
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the question whether manipulations of other Y TH-family m®A ‘readers’ recapitulate this phenotype. Over-
all, more research will be required to disentangle the contribution of individual m°A regulators to neuronal
processes.
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2. Aims and objectives

Previous research on mPA regulation in the mammalian brain has focused on a few crucial regulators.
These include the catalytic core complex (METTL3-METTL14), the mPA ‘eraser’ FTO and the m®A
‘reader’ YTHDF1. The contribution of other m®A regulatory factors, including WTAP and YTHDC1 has
not been reported so far.

The main aim of this thesis is to make a substantial contribution to our understanding of the role the m°A
regulatory proteins WTAP and YTHDC1 play in the mammalian brain. To this end, the effect of losing
either regulator on gene expression, protein abundance, metabolism, neuronal signaling, brain anatomy
and behavior was investigated. For this, two conditional KO mouse strains were used that allow the cell
type specific depleting of WTAP or YTHDC1 in either Camk2Cre or NexCreERT2 expressing neurons.

The thesis has the following objectives: (1) To characterize changes in gene expression and splicing
following the loss of WTAP and YTHDC1 respectively, with poly (A) RNA sequencing. (2) To assess
whether changes in gene expression affect protein abundance using LC-MS. (3) To investigate the ef-
fect the KO has on the metabolic state of the tissue with LC-MS. (4) To explore the consequences for
neuronal signaling and brain anatomy using electrophysiological measurements and MRI. (5) To identify
changes in behavior arising from the observed molecular alterations, with classical tests and home cage
activity monitoring.
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3. Material and methods

3.1 Animal husbandry and strain details

Animal husbandry and ethics

Animal housing and handling followed national regulations. Animal handling and experimental proce-
dures were carried out by trained personal only. Mouse strains were bred at the Max Planck breeding
facilities located in-house and in Martinsried (Planegg, Germany). Animals were housed in groups of 4-
5 in individually ventilated cages (IVC, 30 x 16 x 16 cm) at 22 + 2 °C (50-60 % humidity) on a 12:12 h
light-dark cycle with food and water ad libitum. If not otherwise specified, experimental groups consisted
of adult (> 8 weeks), group housed, same sex, age-matched animals.

Genotyping

The genotype of transgenic animals was determined using gel-based genotyping. Genomic DNA was
extracted from tail biopsies. Samples were incubated with 100 pl 50 mM NaOH for 30 min at 95-99 °C
in 96 well plates using a thermal cycler. Reactions were neutralized with 30 pl 1 M Tris-HCI (pH 7.0) and
stored at -20 °C until further use. For the PCR, 1 pl of DNA extract was incubated with 0.04 pl of each
primer, 0.4 ul deoxynucleoside triphosphate (ANTP: 10 mM, Invitrogen), 2 pl of reaction buffer (10X
DreamTaq Buffer, ThermoFischer Scientific), 18 pl of ddH20 and 0.1 pl of DreamTaq-DNA-Polymerase
(ThermoFischer Scientific).

The PCR amplicons were separated using agarose gel electrophoresis (300 mA, 160 V, 1.5-2 h, 1.5-
3.5 % agarose gel) and visualized with an ethidium bromide staining (5 pl / 500 ml, Carl Roth) under UV
light.

Mouse strains
A detailed overview of the genetic loci of the floxed lines used in the presented thesis, as well as the
description and details of the genotyping can be found in Appendix 8.1.

C57BL/6 and CD1

C57BL/6 and CD1 male mice obtained from the Max Planck Institute of Psychiatry breeding facility
(Martinsried, Germany) were used for generating tissue for control experiments. CD1 mice were also
used for breeding with C57BL/6 transgenic lines to obtain white-furred animals.

Camk2aCre

Tg(Camk2a-Cre)93KiIn. (MGI:2176754) C57BL/6 males'® were backcrossed with CD1 females over
several generations to obtain white animals. Cre driver animals where then crossed with Wtap™cEV-
COMMHmgu and Ythdc 1im1e(EUCOMMWESi mice, to acquire white animals for behavior and molecular screen-
ings.

NexCreERT2

Neurod6tm? (cre/ERT2)Kan (\G]:5308766) Cre-driver mice's! were crossed with Wtap™m'eEUCOMMHmu gnq
Ythdc 1im1eEUCOMMWSi mice, resulting in tamoxifen inducible, conditional KO strains.
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Ai9
Gt(ROSA)26Sorimo(CAGdTomato)Hze mice (MGI:3809523) carrying a reporter construct consisting of a loxP-
flanked STOP cassette controlling the expression of the red fluorescent tdTomato protein inserted into

the Rosa26 locus was used as endogenous Cre reporter'2. This strain was crossed with Camk2aCre
and NexCreERT2 carrying animals to visualize Cre activity.

Mettl3

The Mett|3m1e(KOMP)Wisi strain, derived from Mettl3m1aKOMPIWisi (MGI: 4363451), originally generated by
Geula and colleagues?*, was used for the conditional METTL3-WTAP KO experiments. In this strain a
critical region, containing exon 4, is flanked by two loxP sites that can be recognized by the Cre recom-
binase, resulting in a functional deletion of the METTL3 protein.

Wtap

Witaptm1a(EUCOMM)Hmgu (\1G1:4434984) KO first allele animals were obtained from MRC Harwell (Oxford,
UK). The tm1a KO-first allele contains two FRT sites flanking a LacZ and neomycin cassette between
exon 3 and 4, as well as two loxP sites flanking exon 4 and 5. Wtap tm1a animals were crossed with
mice carrying the Flp recombinase resulting in the deletion of the neomycin and lacZ cassettes located
between the FRT sites. The resulting tm1c mice were bred to NexCreERT2 and Camk2aCre driver lines
to obtain experimental cohorts. For phenotypic screening, C57BL/6 Wtap tm1c males were backcrossed
over several generations with CD1 females before the respective Cre drivers on CD1 background were
crossed into the line. Wtap-NexCreERT2 animals were generated by crossing Wtap tm1c mice with
C57BL/6 NexCreERT2 animals. CD1-Wtap-Camk2aCre animals were acquired by crossing Wtap tm1c
animals with CD1-Camk2aCre animals. Wtap-MettI3-NexCreERT2 double floxed animals were created
by crossing Wtap-NexCreERT2 tm1c animals with Mett/3 tm1c animals.

Experimental animals were Cre-positive (lox/lox, +/Cre) and Cre-negative (lox/lox, +/+) littermates ob-
tained by breeding heterozygous Cre-carrying animals (lox/lox, +/Cre) with Cre-negative (lox/lox, +/+)
animals.

Ythdc1

Ythdc 1im1a(EUCOMMWST (MG:4432642) KO first allele animals were obtained from CAM-SU GRC (Soo-
chow University, China). The tm1a KO-first allele contains two FRT sites flanking a LacZ and neomycin
cassette upstream of exon 5. The critical exons 5-7 are flanked by two loxP sites. Ythdc1 tm1a animals
were crossed with Flp deleter mice, resulting in the deletion of the neomycin and lacZ cassettes located
between the FRT sites. The resulting tm1c mice were bred to NexCreERT2 and Camk2aCre drivers to
obtain experimental cohorts.

Experimental animals were Cre-positive (lox/lox, +/Cre) and Cre-negative (lox/lox, +/+) littermates ob-
tained by breeding heterozygous Cre-carrying animals (+/lox, +/Cre) with Cre-negative (lox/lox, +/+)
animals.

3.2 Tamoxifen administration

The tamoxifen-inducible Cre recombinase (CreERT2) was activated as previously described". In brief,
a solution of 10 mg/ml Tamoxifen was prepared from tamoxifen powder (Sigma-Aldrich) which was first
dissolved in 100 % ethanol (5 % of final volume, Fisher BioReagents) before sterile filtered corn oil
(Sigma-Aldrich) was added. Complete dissolution was achieved by incubating the tamoxifen solution for
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several hours at 50 °C in a water bath. During this incubation, the solution was vortexed from time to
time. The tamoxifen solution was prepared fresh before each experiment and aliquots were stored at -
20 °C until further use. Tamoxifen was administered via i.p. injections following the approved experi-
mental protocol.

For the induction of CreERT2 activity, animals were injected on 5 consecutive days with 100 mg/kg
tamoxifen each day (i.p.). The weight of animals was closely monitored and the dosage adapted for
each day. The induction was followed by a 14 day wash out period, after which tamoxifen is not detect-
able anymore in the blood plasma of mice'®3. However, it has to be noted that residual tamoxifen is
retained in adipose tissue and has been shown to exert CreERT2 nuclear translocation even two months
after the last dosage'“. To control for potentially confounding effects of tamoxifen persisting after the
wash out period, all experimental groups received tamoxifen.

3.3 Tissue collection

Animals were euthanized with isoflurane (CP-Pharma) following the approved animal protocol. Depend-
ing on further processing, animals were either decapitated using a pair of scissors, or prepared for per-
fusion. Two pieces of tail were collected per animal for re-genotyping.

Fresh tissue dissections

Immediately after decapitation the brains were dissected from the cranial cavity using fine scissors and
transferred into sterile filtered ice-cold phosphate-buffered saline (PBS) slush (< 4 °C). The time of sac-
rifice was noted, and a stop watch set to record the dissection time. Brains were cut in coronal slices
using a 1 mm brain matrix (Zivic instruments; 5325) and commercial razor blades (Wilkinson Sword).
For dissections of the HPC, the first cut was made at approximately Bregma -3.8 mm. Using multiple
razor blades several 1 mm sections were cut with the brain remaining in the metal matrix. For dissections
of the mPFC, the whole brain was cut into 1 mm slices. The slices where quickly transferred onto a 6 %
agar filled plate covered in ice cold sterile filtered PBS slush. Using a brush, slices were sorted and
arranged on the agar plate. The coordinates of individual cuts were noted, and slices fixed to the agar
using 30 G sterile syringes (BD). The dissection of regions of interest, as illustrated in Figure 6, was
conducted under a binocular using a medical °15 stab knife (Tecfen Medical). Tissue samples were
collected in 1.5 ml DNA/protein low bind tubes and immediately transferred to dry ice. The duration of
dissection was noted for each individual sample. Depending on the number of regions to dissect per
brain, the average dissection time ranged from 5 to 20 min. Samples were stored at -80 °C until further
use.
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Figure 6: Fresh tissue dissection for molecular analysis
(A) mPFC representative dissection area. (B) dHPC representative dissection area. (C) vHPC representative dissection area. (D)
dCA1 representative dissection area.

Frozen tissue collection

Brains were quickly dissected from the sculls after decapitation and dropped into a beaker filled with
pre-chilled methyl butane for flash freezing. After a few seconds, the brains were removed using a metal
scoop and transferred into multiwell plates on dry ice. Brains were stored at -80 °C until further use. For
region-specific samples, frozen brains were cut using a cryostat at -12 to -16 °C. Regions of interest
were punched from 200 pym slices using stainless steel punchers (0.35 mm, 0.5 mm, 0.8 mm, 1 mm)
and collected in DNA low bind tubes. After processing, samples were kept at -80 °C until further use.
For in-situ hybridization (ISH) brains were cut in 20 pm slices using a cryostat and collected at room
temperature (RT) on glass slides. After drying at RT, slides were stored at -20 °C until further use.

Fixed tissue collection

For the perfusion, animals were euthanized as described above and the rib cage opened to grant access
to the heart. The left heart ventricle was punctured using a syringe and the mouse was flushed with
saline (0.9 % NaCl, 300 USP heparin/ I, Sigma-Aldrich) using a perfusion pump system. The right atrium
of the heart was cut open to allow the solution to exit. After flushing (~ 5 min), the mouse was perfused
with 4 % paraformaldehyde (PFA, Carl Roth) in PBS for 4-5 min. The brain was dissected from the
cranial cavity and collected in a 15 ml falcon tube containing 4 % PFA for post fixation on a shaker (4
°C, overnight). Afterwards, brains were dehydrated in 30 % saccharose at 4 °C (1-3 days). Depending
on further processing, brains were either snap frozen in methylbutane or cut using a vibratome. For
cutting with the vibratome, brains were embedded in 5 % agarose in 1 x PBS. Coronal/sagittal slices
(50 um) were cut and either directly mounted on SuperFrost Plus™ slides (Thermo Scientific), or stored
in anti-freezer (250 ml ethylene glycol, 250 ml glycerol, 500 ml 1 x PBS) at -20 °C.
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3.4 In situ hybridization

The location and efficacy of Cre-mediated exon deletions was assessed with radioactive ISH as previ-
ously described'® 1%, Briefly, flash frozen brains were cut on a cryostat (Leica Biosystems) at -14 to -
16 °C into 20 ym coronal sections. Slices were thaw-mounted in 4 series on SuperFrost Plus™ slides
(Thermo Scientific), dried and stored at -20 °C until further use. Sections were fixed with 4 % PFA (Carl
Roth), acetylated (0.25 % acetic anhydride in 0.1 M in triethanolamine-HCI) and dehydrated in a graded
series of ethanol. Complementary riboprobes were transcribed from linearized plasmids and sections
incubated with 100 pl of hybridization mix (50 % formamide, 20 mM Tris-HCL pH 8.0, 300 mM NaCl, 5
mM EDTA pH 8.0, 10 % dextran sulphate, 0.02 % Ficoll 400, 0.02 % PVP40, 0.02 % BSA, 0.5 mg/ml
tRNA, 0.2 mg/ml carrier DNA, 200 mM DTT) containing 35,000-70,000 cpm/ ul 3°S-labeled riboprobes
overnight at 55 °C. On the next day, sections were washed with 4 x saline-sodium citrate (SSC), treated
with RNaseA (20 pg/ml) and washed with SSC solutions of decreasing stringency at RT. At last, sections
were dehydrated with a graded series of ethanol and air dried. Slides were exposed to BioMax MR films
(Eastman Kodak Co.) for several days before development.

The following exon-spanning, antisense %S UTP-labeled ribonucleotide probes were used for ISH:
Metti3 (exon 4, 175 bp,?8), Witap,(exon 4-5, 170 bp), Ythdc1 (Exon 5-7, 232 bp). Details can be found in
Appendix 8.7.

3.5 Animal behavior

All preclinical procedures were conducted in accordance with the recommendations of the Federation
for Laboratory Animal Science Associations (FELASA), the Society of Laboratory Animal Sciences (GV-
SOLAS) and authorized by the ethics committee of the government of higher Bavaria (Munich). Animal
behavior was assessed during dark phase if not otherwise specified. The experimenter was blind to the
genotype during handling and testing of animals.

Open field test

The open field (OF) test is used to assess locomotor activity, exploratory drive and anxiety-like behav-
iors'. The test was performed using a gray, plastic box with dim lighting (50 x 50 x 50 cm, 10-15 lux).
Animals were recorded for 10 min and the time spent in the center zone (innermost 25 x 25 cm) vs the
outer zone was determined using the automated ANY-Maze video tracking software. The parameters
compared between experimental groups include total distance travelled and time in the center. Before
each test the arena was cleaned with soap water, water and then wiped dry.

Elevated plus maze

The elevated plus maze (EPM) is used to test exploratory drive and anxiety-like behaviors'. Animals
were placed in an EPM in which they could freely choose between two enclosed and two open arms.
This test was performed using a custom-made, gray, plastic maze with medium lighting (50 x 50 cm,
elevated 25 cm, 10 lux closed arms, 40 lux open arms). Animals were placed in the mace facing the
entry of a closed arm and recorded for 10 min using ANY-Maze. The time spent in the closed/open arms
and the overall activity was compared between experimental groups to assess anxiety-like behaviors.
Before each test the arena was cleaned with soap water, water and then wiped dry.
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Dark/light transition test

The dark/light transition test takes advantage of the aversion mice have for brightly lit areas, as well as
the innate exploratory drive to asses anxiety-like traits in mice'®1%°, Animals were placed in the dark
compartment (15 x 27 x 28 cm, < 5 lux) of a two-chamber box consisting of a dark and a brightly lit arena
and recorded for 10 min. The latency until the first exit from the dark compartment, the number of tran-
sitions, the time spent in and distance travelled in the lit compartment (31 x 27 x 28 cm, ~140 lux) were
recorded using ANY-Maze. Before each test, the arena was cleaned using soap water, water and then
wiped dry.

Fear conditioning

Fear conditioning was assessed using an established screening procedure that combines the assess-
ment of conditioned and contextual fear?'6'. Animals were fear conditioned using the Ugo Basile Fear
Conditioning system and EthoVision XT software (Noldus). Conditioning was performed in context A
(plastic cubicle with metal grid floor 17 x 17 x 36 cm, light 30 %) cleaned with 70 % ethanol prior to each
trial. Contextual memory was assessed by returning the animals to context A. Cue memory was meas-
ured in a neutral context B, consisting of a hexagonal cubicle (diameter: 13, height: 30 cm; light 5 %)
with fresh bedding and cleaned with 1 % acetic acid prior to each trial. If not otherwise indicated, animals
were conditioned with a 2 s shock applied via the metal floor grid. The shock intensity varied between
0.6-0.8 mA, as specified in the respective experimental details. Except for the contextual memory test,
each test started with a habituation phase of 3 min and ended with a post stimulus period of at least 60
s. For assessing memory strength, freezing was quantified using EthoVision XT. Changes in individual
pixels between consecutive frames are registered and an activity score (% change in pixels between
two frames) is calculated. The experimenter determines the activity threshold separating noise from
animal movement. For the presented results, freezing is defined as the absence of any movement for a
period of at least 1 s. The data analysis was performed in R as described below.

Delay fear conditioning protocol

Delay fear conditioning refers to paradigms in which a cue and shock are presented simultaneously®".
On the day of conditioning (day 0), animals are placed in context A for 3 min of habituation. A neutral
stimulus (tone: ~9-10 kHz, 70-80 dB) is presented for 20 seconds and co-terminated with a shock (2s,
0.6-0.8 mA). Animals remained in the conditioning context for another minute before being returned to
their home cage. Cued and contextual memory are tested on the following two days. On day 1, animals
are introduced to a neutral environment (context B) for a habituation of 3 min after which the tone is
presented for 3 min, followed by a post-cue period of 1 min. On day 2, animals are returned to the
conditioning context (context A) for 5 min to assess contextual memory.

Morris water maze

Mice were trained in the MWM'62? using a circular, white pool (diameter 150 cm, height 40 cm) filled with
temperate tab water (21-23 °C). The pool was divided into four quadrants of equal size (NW, NE, SW,
SE) with a transparent platform placed into the NW quadrant (12 cm diameter, submerged ~1 cm below
water level). The walls of the experimental room were dimly lit (~ 15 lux), to reveal distinct geometric
shapes (square, cross, circle, triangle) serving as landmarks for orientation.

Animals were trained in navigating to the hidden platform in 4 trials each day on 6 consecutive days.
For each trial animals pseudo-randomly started from alternating quadrants (balanced design across
quadrants) with each trial lasting a maximum of 60 s. Mice that failed to find the platform during a trial
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where guided towards the platform using a spatula. Animals had to remain on the platform for at least
10 seconds before being returned to their home cage. In between trials animals were allowed to recover
for at least 15 min before being tested again. During that time animals were free to choose between a
cool or an infrared lit warm area in their home cage. The position of animals during trials was tracked
using ANY-maze to determine the time spent in each quadrant, as well as the distance, the direction
and latency to reach the platform.

At the start of the 4th and 7th day, animals were tested for their spatial memory. Therefore, the platform
was removed from the pool and mice were placed into the pool for a trial of 60 s. Following the 6-day
training, animals were subjected to reversal learning. For this, the platform was placed in the opposite
quadrant (SW) and animals were trained for 3 consecutive days (starting on day 7) to memorize the new
position. On day 10 reversal learning was assessed with one 60s trial. 7 days after the last test, animals
were returned for one more trial (60s), to assess memory retention.

Visible platform training

Impairments in the vision of animals was tested using the visible platform training which is often used to
habituate animals to the water before a classical MWM training. For this, the MWM setup described
above was used, with the visible landmarks being removed from the walls of the test room. Animals
underwent 4 trials (60 s), starting from a fixed location while the position of a visible platform was altered
across trials. The latency to reach the platform was recorded and animals that failed to find the platform
within the test time, were gently guided towards it. In between trials, animals were allowed to recover as
described above.

Home cage activity screening

Home cage activity of individual animals was assessed using passive ultra-compact infrared sensors
(INFRA-E-MOTION GmbH, Germany; firmware: 3.7). Animals were single-housed for 7 consecutive
days, with additional bedding but without tunnel and nesting material. The infrared sensor located on
top of the feeding tray detects activity with a resolution of 1 s, returning the number of events per 60 s.
During the recording, the setup and animals were checked daily while avoiding any disturbance. The
data was analyzed as described below.

Behavior data analysis

If not otherwise indicated, all statistical data analysis was conducted with R in RStudio'®3%4, Details
regarding the packages used for data manipulation, statistical analysis and visualization can be found
in Appendix 8.2.

For group comparisons, the results were visualized as box plots with whiskers showing individual sam-
ple values, the median (horizontal line) and group means (diamond). For time series, mean group values
were plotted per time bin with the 95 % confidence intervals indicated by the error bars if not otherwise
indicated.

Comparison of two groups

The data were first tested for normality (Shapiro-Wilk test) and homogeneity of variance (Levene’s test).
For normally distributed data, the independent two-sample t-test or Welch's t-test (assumption of homo-
scedasticity violated) was used. For non-normal distributed data, the non-parametric Wilcoxon test was
used. Multiple testing correction was applied using the false discovery rate (FDR, Benjamini and
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Hochberg adjustment). Significance levels are indicated as: not significant (ns) p > 0.05; *: p < 0.05; **:
p <0.01; ***: p<0.001; ****: p<0.0001.

Comparison of more than two groups

Data were first analyzed using linear regression analysis in R. in brief, linear models were constructed
and the fit, as well as assumptions of linearity and homoscedasticity examined. Reported in this thesis
is the analysis of variance (ANOVA) that was applied for normally distributed data if not otherwise indi-
cated. A Tukey’s post hoc test for multiple comparisons was used to determine groups that significantly
differ from each other. For non-normally distributed data, the non-parametric Kruskal-Wallis test was
applied, followed by the Dunn post-hoc test. Significance levels are shown as: not significant (ns) p >
0.05; *: p=<0.05; **: p < 0.01; ***: p<0.001; ****: p<0.0001.

Generalized additive models

For the analysis of continuous fear conditioning data and home cage activity the data were analyzed in
R using generalized additive models (GAM).

For the analysis of freezing across time, a logistic regression analysis was performed with freezing per
second as the dependent variable (0/1) and genotype, sex as the dependent variables with a random
intercept for animal. Time and tone were included in the models smoothing terms without assuming
linearity. The model formula and results are reported in the respective sections of the Appendix.

The continuous recordings from the home cage activity measurement were also analyzed using GAMs
with the dependent variable mean activity (10 min bins), the independent variables genotype, sex and
time.

3.6 Gene expression analysis

RNA extraction, quality control and quantification

Total RNA was extracted from brain samples using QlAzol Lysis Reagent (QIAGEN) and RNeasy mini
kits (QIAGEN), according to manufacturer’s specification. Residual gDNA was removed either on a col-
umn using the RNase-Free DNase Set (QIAGEN), or after extraction using TURBO DNase (Ther-
moFisher Scientific: AM2238). RNA yield was measured using the Qubit™ RNA BR/HS Assay (Thermo
Fisher Scientific) and sample purity measured with the Nanodrop 2000 spectrophotometer (Thermo
Scientific). The integrity of RNA used for poly-(A) sequencing was assessed with the 2200 TapeStation
(Agilent) or 2100 Bioanalyzer (Agilent).

Primer design and validation

For validating changes in gene expression and splicing, targeted primers were designed. Whenever
possible, exon spanning primer pairs were chosen to prevent the amplification of residual gDNA. gPCRs
with non-exon spanning primers were run with DNase treated samples. For genes containing multiple
exons, primers were picked preferentially for the last exons that are more likely detectable in partially
degraded RNA. Primers were designed based on the sequence information provided by the UCSC Ge-
nome Browser and with the help of the website Primer3web (https://primer3.ut.ee). For gPCR applica-
tion, the amplicon size was set to 75-250 base pairs (bp). The specificity of primer pairs was verified
using the primer-blast service from NCBI (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Additionally,
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an in-silico PCR was performed using the UCSC in silico PCR tool (http://genome.ucsc.edu/cgi-
bin/hgPcr).

For each target 2-3 primer pairs were designed and validated for their efficiency and specificity using
gPCR before application in an experiment. Therefore, a 1:5 dilution series with 6 steps were prepared
from wild type (WT) brain cDNA (RNA stock: 20 ng/ul). SYBR green master mixes were prepared ac-
cording to manufactures specifications and with primers diluted to 10 uM. The standard curve was run
as quadruplicates in 10 pl reaction volumes on a 384 well plate using QuantStudio 7. Two no template
controls (NTC) were included for each primer pair, to identify contaminations. To calculate the slope of
the standard curve, Ct values of individual dilution steps were averaged and plotted against the log
values of the dilutions. At least 4 dilution steps were used for calculating primer efficiency. The primer
efficiency (%) was calculated using the formula:

-1
Efficiency (%) = [10slore — 1] * 100

Primers with an efficiency of 90-110 % were considered for experimental application. The specificity of
primers was assessed by checking the melt curve and running the PCR product on an agarose gel (2-
3.5 % agarose). Primers showing evidence of primer dimers (at Ct 25-30), or multiple products after
electrophoresis, were excluded.

Reverse transcription quantitative PCR (RT-qPCR)

Changes in gene expression were measured using quantitative reverse transcription PCR (RT-gPCR).
Therefore, total RNA was converted to cDNA using the High-Capacity cDNA Reverse Transcription Kit
with RNase Inhibitor (Applied Biosystems) according to manufacturer’s instructions. The cDNA was di-
luted (1:20-1:40) and measured using the SYBR dye (QIAGEN) in 10 pl reaction volumes (384-well
format) on the QuantStudio™ 7 Flex Real-Time PCR System (Applied Biosystems). Samples were
measured with technical duplicates/triplicates and NTCs.

qPCR data analysis

The relative gene expression of KO compared to WT samples was calculated using the delta-delta Ct
(2-22°) method. Mean CT values across technical replicates per sample were calculated for each gene.
For the normalization of gene expression, Rp/13a and Polr2b were chosen as reference genes. The
DCT (ACt = Ct (gene of interest) - geometric mean (Ct reference genes)) and DDCT (AACt = ACt (aver-
age KO sample) - ACt (average WT samples)) was calculated and used to determine the relative fold
gene expression (FoldChange: 2*-(AACt)). Before testing for group differences, the data were trans-
formed to the log2 scale (Log2FoldChange). All statistics were run on the Log2FoldChange of normal-
ized expression values using the appropriate parametric or non-parametric tests. In brief, the log2-trans-
formed data were first tested for normality (Shapiro-Wilk Test) and homogeneity of variance (Levene’s
Test). For normally distributed data, the Student’s independent two-sample t-test or Welch's t-test (as-
sumption of homoscedasticity violated) was used. For non-normal distributed data, the non-parametric
Wilcoxon test was used. Multiple testing correction was applied using the false discovery rate (FDR,
Benjamini and Hochberg adjustment). Significance levels are shown as: not significant (ns) p > 0.05; *:
p <0.05; **: p<0.01; **: p £0.001; ****: p < 0.0001.

Poly(A) RNA sequencing

RNA Sequencing libraries were prepared using the NEBNext Ultra Il Directional RNA Library Prep Kit
for lllumina platforms (New England Biolabs) according to manufacturer’s instructions, with an initial
input amount of 200 ng DNase | treated total RNA. For the Wtap-NexCreERT2 samples, libraries were
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sequenced on 2 x lanes of the Hiseq4000 (1 x 75 bp, single end). The output was ~ 56 million reads per
sample.

The Ythdc1-NexCreERT?2 libraries were prepared using the same kit and treated with lllumina's Free
Adapter Blocking Reagent (lllumina) and sequenced on 1 x lane of the NovaSeq 6000 (2 x 100 bp,
paired end). The output was ~78 million reads per sample.

3.7 Bioinformatic analysis of RNA sequencing

The pre-processing of the raw data and differential expression analysis was done with support from the
Israel National Center for Personalized Medicine (INCPM) at the Weizmann Institute of Science (Israel).
Specifically, the bioinformatic pre-processing and analysis using DESeq2 and DEXSeq were performed
by E. Weizmann. Subsequent analysis steps, including the pathway analysis, data interpretation and
visualization were done by F. Stamp. Below is a summary of the processing and analysis steps.

Pre-processing, differential expression and exon count analysis

The pre-processing and differential expression analysis was done as previously described'® and the
analysis pipeline was run using snakemake'®. In brief, poly-A/T stretches and lllumina adapters were
trimmed from the reads using cutadapt'®” and resulting reads shorter than 30 bp were discarded. The
trimmed reads were mapped to the M. musculus reference genome GRCm38 using STAR'®8, supplied
with gene annotations downloaded from Ensembl (EndToEnd option, outFilterMismatchNoverLmax =
0.04). Expression levels for each gene were quantified using htseg-count®®,

Differentially expressed genes were identified using DESeq2'"® with the betaPrior, cooksCutoff and in-
dependentFiltering parameters set to ‘False’. All statistics were run on the Log2FoldChange of normal-
ized expression values. Shrinkage of the observed effect sizes (Log2FoldChanges) was applied for
visualization and ranking of results to reduce the high variability often observed in lowly expressed
genes'”®. The obtained p-values were corrected for multiple testing using the Benjamini and Hochberg
method.

Genes with differential exon usage were identified using DEXS-seq'”'. This approach does not look at
splicing events and cannot estimate isoform abundance but instead tests for differences in exon usage.
For this the relative exon usage is defined as:

Reads mapping to the target exon

Reads mapping to any other exon of the same gene

In brief, the number of reads mapping to a specific exon are counted, as well as the number of reads
mapping to any other exon of that gene. The resulting ratio is compared first across replicates and then
between conditions to determine relative changes in exon usage. If the overall expression of the target
gene changes but the abundance of an exon remains the same, this ratio will not change. It is important
to note that DEXSeq does not run the statistics on the ratio but uses the counts in the numerator and
denominator. Therefore, the magnitude information contained in the individual values is preserved and
the resulting estimates are more reliable.

To test for differential exon usage, DEXSeq calculates the dispersion estimates (within group variability)
and size factors and fits a generalized linear model of the negative binomial family. A comprehensive
description of the method can be found in the original publication'”". An example of the analysis output
is shown in Figure 7.
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Figure 7: Differential exon usage analyzed with the DEXSeq R package

(A) Normalized read counts mapped to the individual exons of the Wtap gene. (B) Exon usage calculated with DEXSeq shows
differences in the exon usage of KO, compared to WT animals for the Wtap gene with the results from the qPCR for the floxed
exons 4 and 5 (1.) and the isoform specific exons 7 and 8 (I1.).

Gene Ontology (GO) analysis

Enrichment analysis was used to identify biological themes associated with the three gene ontologies
(GO) Cellular Component (CC), Molecular Function (MF) and Biological Process (BP)'"2'3, Therefore,
a gene/protein universe was defined, comprising all genes/proteins that were detected in the experi-
ment. The enrichment analysis was performed with differentially expressed transcripts passing the cut
off: FDR < 0.05, Log2FoldChange = 0.5, base mean = 20. For the DEXSeq results, the cut off was set
at: FDR < 0.05, Log2FoldChange = 0.5, exon base mean = 5. Similarly, proteins included in the pathway
analysis were filtered for FDR < 0.05.

The analysis was conducted in R with the package clusterProfiler'’* using the setting: minGSSize = 15,
maxGSSize = 1000, AdjustMethod = ‘fdr’, qvalueCutoff = 0.05. Semantic similarity analysis was per-
formed with GOSemSim'’® using the graph-based Wang’s method with the setting: threshold = 0.7.

3.8 Proteomic screening using LC-MS/MS

The proteomic screening was done with support from the Core Facility / Mass Spectrometry at the Max
Planck Institute of Biochemistry (Martinsried, Germany) and in collaboration with D. Heinz, A. Zellner
and N. Gassen, as previously described'’®. The sample preparations for the membranome characteri-
zation were conducted by F. Stamp and D. Heinz. Sample measurements were performed by N.
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Krombholz and B. Steigenberger and the bioinformatic processing was done by A. Zellner under super-
vision of N. Gassen. Data interpretation, pathway analysis and visualization were done by F. Stamp.
The methods descriptions below were kindly provided by N. Krombholz, B. Steigenberger and A. Zellner
and adapted for this thesis.

Sample preparation: bulk tissue

The tissue collection and sample preparation for the LC-MS bulk tissue analysis was conducted as
previously described'’. In brief, the tissue was collected as described above and stored at -80 °C.
Samples were incubated with 400 pl pre-heated SDC buffer (1 % sodium deoxycholate, 40 mM 2-clo-
roacetamide, 10 mM Tris(2-carboxyethyl)phosphine, 100 mM Tris, pH 8.0.) for 2 min at 95 °C. Samples
were lysed with an ultrasonicator (2 min, pulse: 0.5 s, pause: 2 s, intensity: 50 %); Sonopuls, Bandelin)
at RT, incubated for 2 min at 95 °C and sonicated a second time. Samples were subsequently diluted
(1:2) with MS grade water (VWR) and proteins digestion with LysC (1 ug, Labchem-Wako) for 3 h at
37°C, followed by an overnight incubation with trypsin (3 ug, Promega) at 37 °C. Afterwards, 25 % of
the sample volume was acidified using trifluoroacetic acid (final concentration: 1 %, pH; < 2, TFA;
Merck). Samples were centrifuged to remove precipitated SDC and subsequently purified using SCX
StageTips '"7. The resulting peptide mix was vacuum dried and re-suspended in buffer A (final volume:
10 pl, formic acid: 0.1 %) in MS grade water (VWR).

Sample preparation: membranome

The purification of membrane bound proteins was performed following a previously published protocol,
with few modifications'’®. In brief, animals were euthanized with isoflurane (CP-Pharma) and decapi-
tated using a mouse guillotine. Brains were quickly dissected from the sculls and collected in pre-chilled,
oxygenated sucrose-supplemented artificial cerebrospinal fluid (SACSF) (250 mM sucrose, 2.5 mM KClI,
1.2 mM NaH2PO4, 1.2 mM MgClz, 2.4 mM CaClz, 26 mM NaHCOs, and 11 mM glucose, 95 % O2, 5 %
CO:2). Using a vibratome, 300 pm sections of the dorsal HPC (dHPC) region were cut (Bregma: -1.46
mm to -2.92 mm). Slices were transferred onto an agar plate filled with SACSF slush and the dorsal
CA1 area was quickly dissected using a binocular, as described for the fresh tissue collection. Using a
fire-polished Pasteur pipette, tissue sections were transferred to custom made, mesh-bottomed incuba-
tion chambers (volume: 100 ml) containing temperate artificial cerebrospinal fluid (ACSF, 2.5 mM KClI,
1.2 mM NaH2PO4, 1.2 mM MgClz, 2.4 mM CaClz, 26 mM NaHCOs, and 11 mM glucose, 95 % O2, 5 %
COz2, 30 °C). Slices were subjected to a 40 min recovery period at 30 °C in continuously oxygenated
ACSF before labelling. Following recovery, slices were transferred to a 12 well plate and washed 3x
with ice cold ACSF. Labelling of proteins was performed by incubating samples with 1.0 mg/ml sulfo-
NHS-SS-biotin in ice cold ACSF, prepared freshly from stock (200 mg/ml in DMSO, stored at -20 °C,
Sigma-Aldrich), for 45 min at 4 °C. The labelling reaction was quenched by washing samples 3 x with
ice cold slice quench buffer (ACSF supplemented with 100 mM glycine), followed by 2 x 25 min incuba-
tions in slice quench buffer on ice. Next, slices were washed 3x in ice cold ACSF and transferred to
protein LoBind tubes. After pelleting (200 x g, 1 min) the remaining ACSF was aspirated and the tissue
lysed in ice cold RIPA buffer (Merck). Afterwards, cellular debris was removed by centrifugation and the
protein concentration of the lysate measured using the BCA protein assay (Thermo Fisher Scientific)
according to manufacturer’s specifications. Next, 400 mg of protein was incubated overnight with equil-
ibrated streptavidin beads (25 ul/ sample, ThermoFisher). On the next day, beads were pelleted and air
dried after 3 x washing with RIPA. Samples were stored at -20 °C.

PBS washed magnetic beads were incubated with SDC buffer (1 % sodium deoxycholate, 40 mM 2-
cloroacetamide, 10 mM Tris(2-carboxyethyl)phosphine, 100 mM Tris, pH 8.0.) for 20 mins at 37 °C,
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diluted (1:2) with MS grade water (VWR) and digested overnight with trypsin (0.5 ug, Promega) at 37
°C. Afterwards, the beads were separated using a magnetic rack, the supernatant was collected and
acidified using trifluoroacetic acid (final concentration: 1 %, pH; < 2, TFA; Merck). Samples were centri-
fuged to remove precipitated SDC and subsequently purified using SCX StageTips'’”. The resulting
peptide mix was vacuum dried and re-suspended in buffer A (final volume: 10 pl, formic acid: 0.1 %) in
MS grade water (VWR).

LC-MS/MS data acquisition

The LC-MS data acquisition and analysis was conducted, with few modifications, as previously de-
scribed'?®. In brief, twenty percent volume of the purified, desalted peptides were loaded onto a 30 cm
column: inner diameter: 75 microns; packed in-house with ReproSil-Pur C18-AQ 1.9-micron beads, Dr.
Maisch GmbH via the autosampler of the Thermo Easy-nLC 1000 (Thermo Fisher Scientific) at 60 °C.
Peptides that were eluted were sprayed onto the timsTOF Pro (Bruker Daltonics). For the data acquisi-
tion, samples were loaded with buffer A (formic acid: 0.1 %) at 400 nl/min and buffer B (acetonitrile: 80
%, formic acid: 0.1 %) was slowly increased from 5 % to 25 % over 90 min followed by an increase to
35 % over 30 min, an increase to 58 % across 5 min, to a final volume of 95 % over 5 min. The buffer
composition of buffer B at 95 % was maintained for 5 more mins.

The data acquisition with timsTOF Pro was conducted with timsControl and the mass spectrometer was
operated in data-dependent PASEF mode (one survey TIMS-MS, ten PASEF MS/MS scans per acqui-
sition cycle). The analysis was conducted with a mass scan range of 100-1,700 m/z and an ion mobility
range of 1/K0 = 1.6-0.6 Vs cm using equal ion accumulation and ramp time in the dual TIMS analyzer
of 100 ms each at a spectra rate of 9.43 Hz. The precursor ions for the MS/MS analysis were isolated
in a window of 2 Th for m/z < 700 and 3 Th for m/z > 700 by rapidly switching the quadrupole position
in sync with the elution of precursors from the TIMS device. The collision energy was lowered as a
function of ion mobility, starting from 59 eV for 1/KO = 1.6 Vs cm™ to 20 eV for 0.6 Vs cm™. Single
charged precursor ions were excluded using a polygon filter mask and the m/z and ion mobility infor-
mation was used for dynamic exclusion to avoid re-sequencing of precursors that reached a target value
of 20,000 a.u. Finally, the ion mobility dimension was calibrated linearly using three ions from the Agilent
ESI LC/MS tuning mix (m/z, 1/K0: 622.0289, 0.9848 Vs cm?; 922.0097 Vs cm?, 1.1895 Vs cm?;
1221.9906 Vs cm2, 1.3820 Vs cm™).

LC-MS/MS data analysis

The raw data were processed using the MaxQuant computational platform (version 1.6.17.0'"° with
standard settings for ion mobility data'®. In brief, the list of identified peaks was submitted to the Uniprot
database (Mouse SwissProt: 17048 entries; download: November 2020, precursor mass deviation: 10
ppm, fragment mass deviation: 20 ppm) with individual peptide mass tolerances enabled. Cysteine car-
bamidomethylation was defined as static modification, and methionine oxidation, deamidation and N-
terminal acetylation were set as variable modifications. Proteins were quantified across samples using
the label-free quantification algorithm (MaxQuant, match-between-run option: enabled) that calculates
label-free quantification intensities. For proteins, identified by at least two ratio counts of unique peptides
in at least three samples of each group, intensities were log2-transformedm, and a one-way ANOVA
was performed with permutation-based FDR correction. Afterwards, a two-sided Student’s t test was
applied. The following significance threshold were used: p value < 0.05. Multivariate statistical analysis
was performed with sO = 0 and, FDR < 0.05.
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3.9 Metabolite screening using LC-MS/MS

The metabolite screening was conducted in collaboration with J. Xiao at the Max Planck Institute of
Psychiatry. Sample preparation, measurements and bioinformatic analysis were performed by J. Xiao
and the data visualization and interpretation was done by F. Stamp. The methods description below
outlining the sample preparation, measurement and data analysis was kindly provided by J. Xiao and
adapted for this thesis.

Extraction of metabolites from brain tissue

The tissue used for the metabolic analysis was freshly dissected as outlined above and stored at -80
°C until use. The metabolite extraction was conducted as previously described'®'. In brief, tissue sam-
ples were incubated with 500 pl ice cold (-80 °C) methanol (80 %) and homogenized with a bullet
blender (Next Advance) for 2 min (speed: 6). Samples were incubated for 4 h at —-80 °C and centrifuged
with 14,000 g for 10 min at 4 °C. The supernatant was transferred to a fresh tube and the remaining
precipitate was incubated with 400 pl ice cold (-80 °C) methanol (80 %) at —80 °C for 30 min, centrifuged
at 14,000 g for 10 min at 4 °C and the resulting supernatant from both centrifugations were combined.
Subsequently, the combined supernatants were dried using the SpeedVac (SC210A, Thermo Savant)
without heat. Finally, samples were reconstituted in 120 ul 75 % acetonitrile, centrifuged at 14,000 g for
10 min at 4°C and the supernatant split into equal aliquots for two independent measurements.

Metabolomics quantification

The sample analysis was performed with hydrophilic interaction liquid chromatography (HILIC) using
the positive negative ion-modes. For quality control and to determine technical variations, a sample pool
containing each sample in equal amounts was measured at the beginning and after every tenth meas-
urement.

The samples were measured was with the Bruker Elute UHPLC and Bruker Impact Il TOF MS systems
(Bruker Daltonik GmbH) that are operated with the Bruker Hystar Software (version: 5.0). The samples
were analyzed using the XBridge Amide column (150 mm x 2.1 mm, 2.5 ym, Waters) with a VanGuard
Pre-column (Waters) at 30 °C. For the measurement, 5 pl of each sample were used with the au-
tosampler set to 4 °C. Metabolites were separated using a 30 min gradient at a flow rate of 0.4 ml/ min
using two eluents (eluent A: 10mM ammonium formate, 0.1 % formic acid, 5 % acetonitrile in H20, eluent
B: 10mM ammonium formate, 0.1 % formic acid, 90 % acetonitrile in in H20). The following eluent com-
positions were used across the measurement: eluent B: 99 % 0-2 min, 99 % -50 % 20 min, 50 % 3min,
50 % -99 % 0.2 min, 99 % 4.8 min (Eluent A = 100 % - B). Electrospray ionization source settings: end
plate offset 500 V; capillary voltage 4500 V (positive mode) | 3,500 V (negative mode); nebulizer nitrogen
gas flow 10 |/ min; nebulizer 2.5 bar; dry temperature 240 °C. Metabolic profiles were acquired with the
Bruker Compass 3.0 (spectra rate: 1 Hz, mass range: 50-1,300 m/z). QC samples were run in MS2
mode and the 3 most intense ions were selected for fragmentation within a mass range of +4-6 Da.
Collision energy settings: 16 eV for ions with m/z of 100; 25 eV for ions with m/z of 500; 40 eV for ions
with m/z 1,000 and larger, with linear energy interpolation and a spectra rate of 5 Hz.

Metabolomics data processing and statistical analysis

The data analysis, including the calibration, feature extraction and metabolite annotation were per-
formed with MetaboScape (version: 4.0). Metabolic features were extracted using the following settings:
intensity threshold 1,500, minimum peak length 10, minimum peak length 8 (recursive), mass range 50-
1300 m/z, 0.8 EIC correlation. Only features detected in at least 70 % of all samples were included. For
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the annotation of metabolites, a custom metabolite library, based standards measured with the same
platform, was used with default settings for tolerance and scoring. The annotated tables obtained with
MetaboScape were further processed with Perseus (version:1.6.14.0) as previously described'®?. For
the statistical analysis, the intensity values of individual metabolite features were median normalized
and log2 transformed and a two-sample Student’s Independent two-sample t-test with a Benjamini and
Hochberg FDR cutoff of g-value < 0.1 was used to determine group differences.

3.10 Western blot

The western blot was performed as described previously?. In brief, tissue was dissected into in ice cold
RIPA buffer (150 mM NaCl, 1 % NP-40, 0,5 % Sodium deoxycholate, 0,1 % SDS, 50 mM Tris-HCI pH 8
with cOmplete, EDTA-free Protease Inhibitor Cocktail Mini, Roche Applied Science), homogenized with
a with Bullet Blender (Next Advance, NY, USA) and lysed for 10 min on ice. After centrifugation (max
speed, 10 min) the protein content of the supernatant was quantified using the Pierce BCA Protein
Assay (Thermo Fisher Scientific). Next, 25 ug total protein was incubated in Laemmli buffer (final con-
centration: 62.5 mM Tris-HCI pH 6.8, 2 % SDS, 10 % glycerol, 5 % B -mercaptoethanol) at 95 °C for 10
min. Proteins were separated with a Tris-Glycine SDS-PAGE (Bio-Rad Laboratories) and transferred to
a nitrocellulose membrane (Amersham Pro-tran, Millipore). The membrane was blocked in in 1 x tris-
buffered saline with Tween20 (TBST, 5 % dry milk) for 1 h, at RT on a shaker. Blots were incubated with
the primary antibody (anti WTAP: Proteintech 60188-1-Ig 1:1000; anti-Vinculin 1:5000) in 1 x TBST
containing 5 % dry milk at 4 °C overnight. After washing with TBST (3x), the membrane was incubated
with the horse-radish-peroxidase-coupled secondary antibody (Cell Signaling Technology) for 2 h, at
RT. Blots were developed with enhanced chemiluminescence (ECL Plus, GE Healthcare Life Sciences)
using the ChemiDoc Imaging System XRS+ (Bio-Rad). Membranes were first incubated with anti-WTAP
antibody, striped after analysis (0.2 M glycine, 3.5 mM SDS, 1 % Tween in H20 20 min at RT), then
blocked again and processed with anti-Vinculin antibody.

3.11 Immunostaining

Dehydrated and fixed sections were retrieved from storage (-20 °C) and washed 3 x in PBS to remove
anti-freezer. Samples were blocked for 30-35 min (10 % normal goat serum (NGS), 0.5 % Triton® X-
100 in 1 x PBS) and washed 3 x in 1 x PBS. Sections were incubated with primary antibodies (antibody
in 1.5 % NGS, 0.5 % Triton® X-100 in 1 x PBS) on a shaker at 4 °C, overnight. On the next day, sections
were washed 3 x in PBS and incubated with the secondary antibodies (antibody in 1.5 % NGS, 0.5 %
Triton® X-100 in 1 x PBS) on a shaker for 2-3 h. Finally, sections were washed 3 x with 1 x PBS and
mounted on SuperFrost Plus™ slides (Thermo Scientific) with 4’, 6-diamidin-2-phenylindol (DAPI) con-
taining Fluoromount-G® (SouthernBiotech). Used antibodies: anti WTAP (Proteintech 60188-1-Ig
1:400); Alexa 488 goat anti mouse (ThermoFisher #A28175 1:500).
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3.12 Microscopy

Slide scanner

The Olympus BX61VS Research Slide Scanner (Olympus) was used take overview images with a mag-
nification of 4x and 10x. Light was generated with a X-Cite exacte illumination system (Excelitas Tech-
nologies). Filters: DAPI, Alexa 488, Alexa 594, Alexa 647. Images were acquired with the Olympus VS-
ASW software (version 2.9).

Confocal microscopy

The Zeiss LSM 800 upright confocal microscope with spectral detector array was used for high resolu-
tion imaging. The objectives used are as follows: Plan-Apochromat 10x/0.45, Plan-Apochromat 40x/1.4
Oil DIC, aPlan-Apochromat 63x/1.46 Oil TIRF. A tunable Ti:Sapphire laser and HXP 120 V halogen
lamp were employed to generate light of the following wavelengths: 405 nm, 488 nm, 561 nm, 647 nm
and registered by a high sensitivity spectral detector (GaAsP). Filters: DAPI, Alexa 488, Alexa 594,
Alexa 647. The Zen 2.3 Software was used to operate the system (version 2.3).

3.13 Electrophysiology

Electrophysiological recordings were conducted by an experimenter blind to the genotype at the core
facility for electrophysiology, Max Planck Institute of Psychiatry. LTP measurements were conducted by
S. Calcanini and patch clamp recordings were performed by D. Menegaz. The data were analyzed by
M. Eder and the statistics and visualization were performed by F. Stamp. The methods description was
provided by M. Eder and adapted for this thesis.

In brief, experimental animals (age: 8-12 weeks) were taken from their holding rooms immediately prior
to the experiment and euthanized as described above. Brains were quickly collected in pre-chilled (< 4
°C), carbogenated SACSF (87 mM NaCl, 2.5 KCI mM, 25 mM NaHCO3, 1.25 mM NaH2PO4, 0.5 mM
CaCl2, 7 mM MgCI2, 10 mM glucose, and 75 mM sucrose, 95 % 02, 5 % CO2). Then 350 ym coronal
sections of the mPFC (Bregma: 1.94 mm to -1.34 mm) and dHPC dHPC (Bregma: -1.34 mm to -1.82
mm) were cut using a vibratome (HM650V, Thermo Scientific) and collected in ice cold (< 4 °C), carbo-
genated SACSF. Sections were allowed to recover for 30 min at 34°C in carbogenated ACSF (125 mM
NaCl, 2.5 mM KCI, 25 mM NaHCO3, 1.25 mM NaH2PO4, 2 mM CaCl2, 1 mM MgCI2, and 10 mM
glucose, 95 % 02, 5 % CO2), followed by 30 min incubation at ambient temperature (23-25°C).

Long term potentiation

For the paired-pulse facilitation and LTP measurements, tissue sections were superfused with carbo-
genated ACSF (flow rate: 4-5 ml / min) at room temperature (23-25°C). Field excitatory postsynaptic
potentials (fEPSPs) at the CA3-CA1 synapses were induce with the stimulation electrode placed in the
Schaffer collateral-commissural pathway, using square-pulse electrical stimuli (pulse width: 50 ps) de-
livered via a bipolar tungsten electrode (pole diameter: 50 pm, nominal impedance: ~0.5 MQ). fEPSPs
were recorded with a glass microelectrode (solution: ACSF, open-tip resistance: ~1 MQ) placed in the
stratum radiatum (dCA1).

Slices were stimulated every 15 s for 20 min and fEPSPs measured to establish a baseline recording
and the intensity of voltage stimulation for the measurements was titrated to induce a fEPSP of ~50 %
of the amplitude at which a population spike appeared. LTP was induced by theta-burst stimulation
(TBS). TBS consisted of bursts of four pulses at 100 Hz delivered 10x with an inter-burst interval of 200
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ms. This stimulation train was applied 3x with an inter-train interval of 10 s, resulting in a total number
of 120 pulses. Paired-pulse facilitation was recorded with an inter stimulus interval of 25, 50, 100, 200
and 400 ms. The paired-pulse ratio was calculated as fEPSP 2 slope / fEPSP 1 slope. The recorded
data were low-pass filtered at 1 kHz and digitized at 5 kHz. Per animal, 3-4 slices were used for record-
ings. For each slice, the mean fEPSP slope/amplitude was calculated per minute (mean of 4 values)
and statistical analysis was performed using the mean fEPSP slope/ amplitude of the last 10 min of LTP
recordings (min 71-80). Group comparisons were performed using the appropriate tests, as detailed in
the corresponding results section.

Patch clamp recordings

Experiments were conducted in 1-3 slices per animal at RT (23-25°C) in carbogenated ACSF (flow rate:
2-3 ml/ min) containing NBQX (5 yM) and picrotoxin (100 uM). Layer V mPFC pyramidal neurons were
identified (pyramidal shape, presence of single apical dendrite projecting towards layer 2 and 3) using
infrared video microscopy. Somatic whole-cell current-clamp recordings were obtained using an EPC
10 amplifier (HEKA) and the following settings: seal resistance =1 GQ, series resistance < 20 MQ, 3
kHz low-pass filter, 15 kHz sampling rate. Patch pipettes (open tip resistance: 3-5 MQ) were filled with
a solution containing: 135 mM KMeSO4, 8 mM NaCl, 0.3 mM EGTA, 10 mM HEPES, 2 mM Mg-ATP,
0.3 mM Na-GTP and current injections were used to depolarize or hyperpolarize the neuron under in-
vestigation. All potentials were corrected for a liquid junction potential of 10 mV. Group comparisons
were performed using the appropriate tests, as detailed in the corresponding results section.

3.14 Magnetic resonance imaging

The MRI was conducted as previously described'®®'8. Recordings were obtained by F. Stamp, D.
Heinz, L. Bartmann at the Max Planck Institute of Psychiatry and the analysis was performed by T.
Stark. In brief, animals were anesthetized using isofluorane (~1.5 % isoflurane, CP-Pharma) and fixed
onto the MRI-tray, carrying a heat pad for body temperature control, using a stereotactic frame. To
protect the eyes, Bepanthen ointment (BAYER AG) was applied prior to the scan. The anesthesia was
maintained via a breathing mask (1.5-1.8 % isoflurane, air flow: 1.3 I/min) and the body temperature and
respiration were monitored throughout the process. Structural scans were recorded with the operating
system Paravision (version: 6.0.1, Bruker Corporation) using a BioSpec 94/20 animal MRI system
(Bruker BioSpin GmbH) containing a 9.4 T scanner. In detail, scans were acquired using a 3D gradient
echo sequence (repetition time (TR): 34.1 ms, echo time (TE): = 6.25 ms, excitation pulse angle: 10°,
number of averages (NA): 2, matrix dimension: 256 x 166 x 205, isotropic pixel resolution: 77 um).
Before processing, each scan was visually inspected. Scans containing motion artifacts, or showing
pronounced structural abnormalities (e.g., hydrocephalus, inflated ventricular space) were excluded.
The Statistical Parametric Mapping software (SPM12, Wellcome Department of Cognitive Neurology,
London, UK, version: 7219) was used for the analysis. Scans were converted to the NIFTI format with
a 10x inflation of voxel size, reoriented and co-registered to the structural Hikishima C57BI6 template'®.
Brain extraction was performed in two steps. First, images were segmented and corrected for bias using
the Hikishima C57BI6 template1 consisting of 5 tissue classes. Using the cat12 toolbox of SPM
(www.neuro.uni-jena.de/cat), bias corrected images were filtered using a spatial adaptive non-local
means denoising filter'8®. Gray matter, white matter and cerebrospinal fluid probability maps were
summed and binarized for image intensities > 0.3, holes were filled using the imfill function in MATLAB
and subsequently dilated by 5 voxels to create a brain mask that was applied to the bias corrected
spatially filtered images. The resulting images were again segmented with a modified version of the
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Hikishima template for which the original cerebrospinal fluid template was divided into two sub-tem-
plates, one containing the ventricular inner cerebrospinal fluid (ventricles) and the other the surface
cortical cerebrospinal fluid (skull-brain interface). Gray matter, white matter and ventricular inner cere-
brospinal fluid were summed, binarized (threshold > 0.1) and remaining holes were filled using
MATLAB’s imfill function to create a second mask. This mask was dilated and applied to the original
bias corrected, spatially filtered images. The resulting brain-extracted 3D images were segmented using
the ‘Old Segment function’ of SPM12 with the three compartments gray matter, white matter and inner
ventricular cerebrospinal fluid. DARTEL normalization was used to generate flow-fields and a template
based on the gray matter, white matter segments (7 iterations). Flow-fields were converted to Jacobian
determinant fields and spatially smoothed (Gaussian kernel: 2 ym). The total intracranial volume (TIV)
was approximated as the sum of all modulated tissue probabilities, excluding the olfactory bulb and
cerebellum. The statistical analysis was performed using general linear models (GLM) with the TIV as
a covariate to calculate coefficients that were then tested for group differences using a two-sample
independent t-test. The thresholds for spatial voxel-wise maps of t-values (t-maps) were set at either p
< 0.005 or p < 0.001 (uncorrected). Cluster comparisons were done with the adjusted extent thresholds
to obtain FWE-corrected (p < 0.05) clusters. The obtained results were visualized using the MRIcro
software (Chris Rorden, version 1.9.1).
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4. Results

The following section contains selected results obtained during my PhD and is divided into two main
parts. In the first part (Project 1), | present the results obtained in my study of the m8A ‘writer complex’
associated protein WTAP and its role in regulating gene expression, splicing, protein abundance, the
metabolism, brain anatomy, neuronal signaling and behavior. In the second part (Project Il), | present
my findings regarding the role of the m®A ‘reader’ YTHDC1, demonstrating that it is essential for adult
survival and normal brain function. Due to the interdisciplinary nature of my research, many of the pre-
sented results were obtained in collaboration with an outstanding team of researchers. Their contribution
to the presented work is highlighted in the authors contribution section.

4.1 Projectl: WTAP is required for neuronal gene expression
regulation, signaling and behavior

Despite almost a decade of research into the regulation and function of mfA, little is known about the
unique contribution of WTAP. Previously it has been shown that WTAP interacts with the METTL3-
METTL14 core complex and is necessary for its localization to the nuclear speckles?®%”. Functionally,
WTAP is considered an adapter that connects the m®A core complex with regulatory proteins, including
RBM15 and ZC3H13* and its role outside of the m®A machinery is largely unexplored. However, previ-
ous studies investigating WTAP have shown that it interacts with other targets, most famously WT1°"
and in recent years it has been suggested that WTAP might exist outside of the mPA ‘writer complex’
forming a structure termed MACOM that may be involved in METTL3-METTL14 independent regula-
tion*4. To date, no studies have systematically explored the unique contribution of WTAP to regulating
neuronal functions in the mouse brain.

The goals of the research presented below are: (1) To characterize the effect of WTAP KO on the
different levels of biological organization, from gene expression to behavior. Towards this goal, two Cre
driver lines are employed that enable the conditional deletion of WTAP in the forebrain (Camk2aCre)
and in the cortex and HPC (NexCreERT2). (2) to identify unique contributions of WTAP to neuronal
regulation in the mammalian brain.

4.1.1 Camk2aCre expression across the adult mouse brain

The Camk2aCre driver line used in the presented experiments, expresses Cre in pyramidal neurons of
the neocortex, HPC (CA1-CA3, dentate gyrus) and to a lesser extent in the striatum and amygdala with
sparse recombination being observed in the cerebellum'®. The onset of the KO occurs postnatally,
starting around the 3™ postnatal week'°8” when most of the brain development has concluded'. Pre-
vious investigations have shown that the Camk2aCre activity continuous to increase until around P70,

For the presented thesis, the expression pattern of Camk2aCre was validated in adult (> 8 weeks)
Camk2aCre-Ai9 reporter mice using fluorescent microscopy. A representative overview of the
Camk2aCre expression is shown in Figure 8.
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Figure 8: Camk2aCre expression across the adult mouse brain

(A) In the cortex, pyramidal neurons are clearly labelled by tdTomato. (B-D) A strong Camk2aCre expression is present in the
HPC, with the majority of neurons being labelled in the dCA1 (B) while little recombination is detected in dCA3 neurons (C). Clear
labelling is also observed for the neurons of the dentate gyrus (D). (E-H) Strong labelling is present across the olfactory bulb (E),
with fewer cells being labelled in the striatum (F) and no cells being labelled in the thalamus (G). Sparse labelling is detected in
the cerebellum, with a distinct subset of Purkinje cells being labelled in the 10" cerebellar lobule (H). Images were acquired using
a Camk2aCre-Ai9 expressing mouse strain with a magnification of 4x and 40x respectively.

The observed Camk2aCfre activity, as indicated by tdTomato, is largely in accordance with what has
been reported previously'°. In addition, many regions in which no cell bodies show dTomato expres-
sion, are densely innervated by Camk2aCre expressing neurons. An example of this is in the thalamus,
which is innervated tightly by tdTomato projections but lacks positively labelled cell bodies. Furthermore,
across the brainstem and cerebellum, there are scattered Camk2aCre expressing cells which are not
visible in the images shown in Figure 8.
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4.1.2 Camk2aCre WTAP KO affects the weight in juvenile males but not
females

Considering that the Camk2aCre driven KO of WTAP starts around the 3™ postnatal week'°'87 and
could potentially affect the maturation of brain circuits, a cohort of juvenile animals was followed post-
weaning to determine differences in behavior, physical appearance and monitor weight gain. For this,
juvenile animals were assessed weekly post-weaning from week 4 to week 8. While there were no
obvious physical or behavioral differences apparent between WT and KO animals, a significant reduc-
tion in the weight of juvenile males was detected. The weight data were analyzed using a linear model
in R with the dependent variable weight and the independent variables date, sex and genotype. Re-
ported below are the results for the three-way ANOVA. An overview of the results is shown in Figure 9.
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Figure 9: Camk2aCre WTAP KO juvenile males show decreased weight

(A) Weight of male Camk2aCre WTAP WT and KO animals (WT = 53, KO = 32). (B) Weight of female Camk2aCre WTAP WT
and KO animals (WT = 48, KO = 18). Significance levels from the Tukey’s post-hoc test: ns = not significant, *: p < 0.05. **: p <
0.01, ***: p < 0.001, ****: p < 0.0001.

A significant main effect of sex and genotype was identified, with males being heavier than females and
KO animals being overall lighter than WT animals (sex: F1,754 = 598.5, p < 0.0001; genotype: F1,754 =
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59.741 p < 0.0001). In addition, a trend for an interaction of genotype and sex was detected but the
significance levels was not reached (genotype:sex: F1, 754 = 3.331, p = 0.068). Furthermore, a significant
interaction of genotype and date (genotype:date: Fs,754= 2.989, p = 0.018) and sex and date (sex:date:
Fa, 754 = 9.379, p < 0.0001) were found. Applying a Tukey’s test for multiple comparisons showed that
KO males show a significantly reduced weight at week 4 (p.adj. < 0.0001), week 5 (p.adj. = 0.0004) and
week 6 (p.adj. = 0.0271), while there was no significant difference detected between the two genotypes
for female animals.

4.1.3 WTAO KO alters circadian activity patterns in the home cage

The effect of a Camk2aCre driven KO of WTAP on circadian activity patterns was examined in the home
cage using infrared mobility detection. For this purpose, animals were single-housed for 7 consecutive
days, during which time the animals remained undisturbed in their home cage. Spontaneous bouts of
locomotor activity were recorded using an infrared sensor located on top of the food tray. This experi-
ment was conducted twice with each 8 WT and 8 KO male animals. The resolution of activity measure-
ments was 1 signal / 1 s (YES/NO) and data were collected as activity / minute. For the analysis, the
mean activity was calculated per 10 min, per h and per light phase. The time series data were analyzed
for periodic effects using a generalized additive model with activity (10 min bins) as the dependent var-
iable and genotype as the independent variable. Time was included in the model as smooth term. The
model summaries for the estimated parameters and smooth terms can be found in Appendix 8.4.

Overall, a significant difference in circadian activity was detected with KO animals showing a distinct
shift in circadian activity (genotype KO: Estimate 2.91; t = 19.32; Pr(>|t|) 1.2e%?). The results are sum-
marized in Figure 10.
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Figure 10: WTAP Camk2aCre WT KO animals show altered circadian activity dynamics

(A) Raw data across 7 days and nights plotted as activity per 10 min for all animals (WT = 15, KO = 16). The GAM model
predictions are plotted on top of the raw data, showing the difference across time. (B) Mean activity per genotype and hour across
7 days and nights (WT = 8, KO = 8). Here the switch in behavior of the KO animals is most apparent. (C) Mean activity per hour
plotted for individual days and both genotypes. (D) Mean activity during the light and dark phase. Significance levels from the
Tukey’s post-hoc test: ns = not significant, *: p < 0.05. **: p < 0.01, ***: p < 0.001, ****: p < 0.0001.

Interestingly, in addition to differences in the overall activity levels, pronounced differences in circadian
kinetics were observed. For WT animals, the overall activity levels follow a sinusoidal pattern with a
gradual increase in activity around the start of the dark phase, as well as a gradual decrease in activity
at the onset of the light phase. In contrast, KO animals appeared to rapidly switch from an inactive to a
highly active state at the beginning of the dark phase, reaching maximum activity levels shortly after
light change. The opposite effect can be observed at the start of the light phase, with KO animals show-
ing a sudden drop in activity and maintained low levels throughout the day. In addition to the analysis
using a GAM, a linear model was fit with the average activity across nights as dependent variable and
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the genotype and light state (day/night) as independent variable. The results from a two-way ANOVA
show a significant main effect of genotype (genotype: F161= 7.4, p = 0.0086), a pronounced effect of
daytime on activity (day.night: F1,61 = 247.24, p < 0.0001), as well as a significant interaction of daytime
with genotype (day.night:genotype: F161=21.04, < 0.0001). Group comparisons, using a Tukey’s test
for multiple comparisons reveal a significantly increased activity of KO animals during the dark phase
(p.adj. < 0.0001) and no significant difference during the light phase (p.ad]. = 0.554).

To determine whether the observed differences in circadian activity are potentially driven by an altered
function of the suprachiasmatic nucleus (SCN), the main regulator of circadian rhythms, the expression
of Camk2aCre in the SCN was inspected using a Camk2aCre-Ai9 reporter mouse. A representative
image is shown in Figure 11.

Bregma -0.70 mm

Figure 11: Camk2aCre-Ai9 labelling of the suprachiasmatic nucleus
Representative image of Camk2aCre-Ai9 labelling in the SCN. The white arrows indicate cells that show a co-localization of DAPI
(blue: nucleus) and Ai9 (red: tdTomato indicating Cre activity). The overview was obtained with 4x and the detailed view with 40x.

Only a sparse labelling of cells within the SCN was observed, with little to no innervation being visible
at 40x.

WTAP KO animals show increased anxiety-like behavior in the OF test

As part of the behavioral assessment, animals were tested using the OF, EPM and DL test. These
classical tests are used to assess the exploratory drive, locomotor activity and anxiety-like behavior in
mice157—160_

Animals were first subjected to the OF test to assess differences between WTAP WT and KO animals
in locomotion and anxiety-like behaviors. The test was performed with a low light intensity (15 lux) and
for a duration of 10 min. Group comparisons were performed using the independent two-sample t-test,
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Welch's t-test, or Wilcoxon test as appropriate and corrected for multiple testing using the Benjamini
and Hochberg method. A summary of the results is shown in Figure 12.
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Figure 12: Camk2aCre WTAP KO animals in the open field test

(A) Total distance travelled. (B) Distance travelled in the center zone. (C) Time spent in the center. (D) Number of entries to the
center zone. (E) Mean speed in the center zone. Individual results are plotted for both genotypes (WT = 21, KO = 21). Ns = not
significant, *: p.adj. < 0.05. ** p.adj. < 0.01, *** p.adj. < 0.001, **** p.adj. < 0.000. Adjusted p-values were obtained using either
the independent two-sample t-test, Welch's t-test, or Wilcoxon test as appropriate and corrected for multiple testing using the
Benjamini and Hochberg method. One animal was excluded due to tracking failure.

There was no difference in the overall locomotion of WT and KO animals across the 10 min of the test
(p-adj. = 0.83, independent two-sample t-test). In contrast, KO animals spent significantly less time in
the center zone than the WT animals (p.adj. = 0.0008, independent two-sample t-test). This is reflected
in the distance the animals spent in the center zone (p.adj. = 0.0001, independent two-sample t-test)
and the number of entries (p.adj. = 0.0001, independent two-sample t-test). While in the center zone,
WT and KO animals moved at a comparable pace (p.adj. = 0.83, independent two-sample t-test) sug-
gesting no difference in locomotor ability.

WTAP KO animals exhibit hyperactivity in the EPM test

To corroborate the findings from the OF test, animals were subsequently tested in the EPM. The EPM
test relies on the exploratory drive of mice to investigate a novel environment and the instinct to avoid
exposed positions and is a classical test used to determine anxiety-like behaviors'®. The test was per-
formed at an ambient lighting of 40 lux and for a duration of 10 mins. Group comparisons were tested
using the independent two-sample t-test, Welch's t-test, or Wilcoxon test as appropriate and corrected
for multiple testing using the Benjamini and Hochberg method. A summary of the results is shown in
Figure 13.
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Figure 13: Camk2aCre WTAP KO animals in the EPM test
(A) Total distance travelled. (B) Distance travelled in open arms. (C) Time spent in the open arms. (D) Mean speed in the open
arms. (E) Mean speed in the closed arms. Individual results are plotted for both genotypes (WT =21, KO =21). Ns = not significant,
*:p.adj. <0.05. ** p.adj. < 0.01, *** p.adj. <0.001, **** p.adj. < 0.000. Adjusted p-values were obtained using either the independent
two-sample t-test, Welch's t-test, or Wilcoxon test as appropriate and corrected for multiple testing using the Benjamini and
Hochberg method. One animal was excluded due to a tracking failure.

A striking difference in the behavior of KO animals was apparent when observing the animals during
testing. While some animals, later identified as WT, showed the expected exploration pattern, including
cautious risk assessment, KO animals transferred to the open arms with little hesitation and remained
there for large parts of the test. Overall, KO animals exhibited increased levels of activity and showed
signs of heightened arousal (hyperlocomotion, hectic abrupt movements etc.). This is reflected in the
increased distance travelled in both arms (p.adj. = 0.003, independent two-sample t-test). Interestingly,
WTAP KO animals showed a clear preference for the open arm, spending on average more than half of
the test time in it (p.adj. < 0.0001, independent two-sample t-test). Accordingly, KO animals traveled a
greater distance in the open arm than WT animals (p.adj. < 0.0001, Welch's t-test). Furthermore, KO
animals exhibit a significantly increased velocity in the closed arm (p.adj. = 0.03, independent two-sam-
ple t-test). In contrast, no significant difference in the velocity within the open arm was determined (p.ad,.
= 0.03, independent two-sample t-test).

Several KO animals fell off the elevated plus maze during the first two mins of testing and were imme-
diately placed back into the maze. In the presented analysis, these animals are included as the removal
of these animals from the analysis does not affect the results.

WTAP KO animals prefer the dark compartment in the DL test

To expand upon the differences in the OF and EPM test, WTAP KO animals were also tested in the DL
test. In contrast to the other tests, this experiment is performed with a higher light intensity (~ 140 lux in
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lit zone and < 5 lux in dark zone, duration: 10 min) and relies on the innate aversion of mice towards
brightly lit spaces. As with the other two tests, group comparisons were performed using the independent
two-sample t-test, Welch's t-test, or Wilcoxon test as appropriate and corrected for multiple testing using
the Benjamini and Hochberg method. A summary of the results is shown in Figure 14.
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Figure 14: Camk2aCre WTAP KO animals in the DL test

(A) Total distance travelled in the lit compartment. (B) Time spent in the lit compartment. (C) Number of entries to the lit zone. (D)
Mean speed in the lit zone. (E) Maximum speed in the lit zone. Individual results are plotted for both genotypes (WT = 22, KO =
21). Ns = not significant, *: p.adj. < 0.05. ** p.adj. < 0.01, *** p.adj. < 0.001, **** p.adj. < 0.000. Adjusted p-values were obtained
using either the independent two-sample t-test, Welch's t-test, or Wilcoxon test as appropriate and corrected for multiple testing
using the Benjamini and Hochberg method.

Across the test duration, KO animals spent significantly less time in the lit compartment, compared to
WT controls (p.adj. < 0.0001, independent two-sample t-test). Accordingly, KO animals also made less
distance (p.adj. = 0.0003, Welch's t-test) and entered the lit zone fewer times than WT animals (p.ad;.
< 0.0001, Wilcoxon test). No differences were determined for the average speed in the lit compartment
(p.adj. = 0.29, Welch's t-test) and the maximum speed (p.ad;. = 0.35, Wilcoxon test).

4.1.4 WTAP KO induces volumetric changes in the cortex and thalamus

To address whether the observed behavioral differences are potentially the result of structural differ-
ences in the brain, MRI was performed. For this, the same animals used for the home cage locomotion
test (WT= 16, KO = 16) were subjected to structural scans using a 9.4 T scanner (BioSpec, Bruker
BioSpin GmbH). For the presented analysis, 4 animals were excluded, because of motion artifacts (3)
and hydrocephalus (1). As a result, the results shown below are based on the structural scans of 28
animals (WT = 14, KO = 14). For the analysis, the data were converted to NIFTI format and subsequently
analyzed using Statistical Parametric Mapping software (SPM12, Wellcome Department of Cognitive
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Neurology, London, UK). Statistics were performed using GLMs to calculate coefficients that are sub-
sequently subjected to an independent two-sample t-test, with the total intracranial volume (TIV) as a
covariate. Thresholds for the spatial voxel-wise map of t-values (t-maps) were set at an uncorrected p
< 0.001 (thalamus) and p < 0.005 (auditory cortex) with adjusted extent threshold to obtain significant
(FWE-corrected p.adj. < 0.05) clusters. A full description of the acquisition and data analysis can be
found in the Methods section. The results were visualized using the MRIcro software (Chris Rorden)
and are summarized in Figure 15.
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Figure 15: Camk2aCre WTAP KO results in volumetric changes in the thalamus and auditory cortex
Structural imaging of Camk2aCre WTAP KO and WT animals at ~ 9 weeks. The results shown are based on 28 structural scans
(WT = 14, KO = 14) and include clusters with FWE-corrected p.adj. < 0.05. Volumetric changes were detected for the thalamus
and primary auditory cortex. The color gradients show the T-values, indicative of the relative statistical robustness of changes.

The comparison of WT with KO animals revealed bilateral volumetric changes in two brain regions.
Specifically, KO animals showed a significantly increased volume in the thalamus (clusters FWE-cor-
rected p.adj. < 0.05) and a decreased volume in the auditory cortex (clusters FWE-corrected p.adj. <
0.05) compared to WT animals.

The animals tested in the home cage activity and scanned with MRI were split into two cohorts for tissue
collection. The tissue of one cohort was used for metabolomic analysis and the tissue of the second
cohort was used for the proteomic screening.

4.1.5 WTAP KO alters the protein composition in the mPFC, dHPC and vHPC

To understand the underlying cause of the observed differences in circadian rhythm, classical behavior
tests and volumetric changes, a proteomic screening was performed. For this, tissue from 6 WT and 6
KO animals previously used in MRI scan and home cage activity monitoring was freshly dissected from
the mPFC, dHPC and ventral HPC (vHPC). The LC-MS measurements were performed at the Core
Facility / Mass Spectrometry at the Max Planck Institute of Biochemistry (Martinsried, Germany) and the
data were analyzed using the MaxQuant software (version 1.6.17.0)'"® with standard settings as de-
scribed in the Methods section. In brief, peaks were identified using the SwissProt database and signals
were quantified across samples using a label-free quantification algorithm. Proteins with a minimum of
two ratio counts of unique peptides in three or more samples of each genotype were included in the
statistical analysis. For the statistical evaluation, intensity values were log2-transformed and analyzed
using a one-way ANOVA with permutation-based FDR correction. Subsequently, group comparisons
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were performed using the independent two-sample t-test. Reported below are the results for FDR <

0.05.
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Figure 16: WTAP KO animals show a dysregulated proteome in the mPFC, dHPC and vHPC
(A) Overview of the number of unique proteins identified using label free LC-MS. (B) Overlap of differentially expressed proteins

across three brain regions (FDR < 0.05).

In total, 6,379 unique proteins were identified, out of which 5,300 (83 %) were detected across brain
regions, with 171 (2.7 %) being exclusively detected in the mPFC, 166 (2.6 %) in the dHPC and 142
(2.2 %) in the vHPC respectively. In total, 2,924 unique proteins were found to be significantly dysregu-

lated in the brain of WTAP KOs. An overview of the results is shown in Figure 16 and Figure 17.
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Figure 17: Detailed overview of proteomic changes in the mPFC, dHPC and vHPC of WTAP KO animals

(A-C) Volcano plots showing the differentially regulated proteins in the mPFC (A), dHPC (B) and vHPC (C) of WTAP KO animals.
(D-F) The top 10 most up- and downregulated proteins in the mPFC (D), dHPC (E) and vHPC (F). Results were filtered for FDR

<0.05.

47



4 Results

Considering the overwhelming amount of differentially expressed proteins and the surprising region-
specificity of the observed changes, the presented results are restricted to changes that are observed
in respect to mitochondria, m8A regulators and selected synaptic scaffolding proteins.

To determine regulated pathways and emerging topics, a GO analysis was performed as described in
the Methods section. The results are summarized below for each individual region.

Gene Ontology enrichment analysis reveals enrichment for mitochondrial pro-
cesses in the mPFC, dHPC and vHPC of WTAP KO animals

Gene Ontology (GO) enrichment analysis is used to identify biological or molecular processes and cel-
lular compartments that are significantly over represented in large scale data sets such as obtained with
label free LC-MS. For this, the GO analysis makes use of the GO classification system that annotates
genes and their products in respect to their function, location and involvement in biological processes.
The annotation is based on the classifications released by the GO consortium which annotates gene
products for the three orthogonal ontologies: CC, MF and BP'2'73, Accordingly, as an example, WTAP
is located in the nuclear speckles (CC), protein binding (MF) and involved in mRNA processing (BP).
This annotation is available for thousands of genes and can be used to hierarchically cluster, for exam-
ple, RNA sequencing results within the available ontologies. With this, GO analysis allows to recognize
hidden patterns and can be used to generate leads for subsequent hypothesis testing. In this thesis, GO
enrichment analysis was applied to the results form sequencing experiments and proteomic screenings.

Since the GO terminology contains a high degree of similarity between closely related terms, semantic
similarity analysis was performed to reduce redundancies and reveal overarching topics. Semantic sim-
ilarity analysis operates on the assumption that the functional similarity of genes is reflected in the de-
gree of similarity in their annotation. In the presented analysis, the R package GOSemSim'”® was used,
which employs the graph-based Wang’s method. This method calculates semantic similarities based on
the topology of the GO graph structure, taking into account the semantic contribution of ancestral terms
within the GO topology'®.

In the mPFC,1,359 proteins were differentially regulated in WTAP KO animals (FDR < 0.05) with 694
(51 %) being significantly up- and 665 (49 %) downregulated. The GO analysis performed with the
significantly upregulated proteins, did not identify any enrichment, while a strong enrichment for BP, CC
and MF terms was determined for the downregulated proteins. A summary of the results is shown in
Figure 18, Figure 19 and Figure 20.
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Figure 18: Downregulated proteins in the mPFC of WTAP KOs are enriched for mitochondrial processes
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(A) Overview of the GO results for BP after application of semantic similarity analysis (FDR < 0.05). The enriched terms include:
electron transport chain, mitochondrial respiratory chain complex | assembly, mitochondrion organization, ATP metabolic process,
amino acid activation, tRNA aminoacylation for protein translation, mitochondrial transport, tRNA metabolic process and protein
localization to mitochondrion. (B) Bar plot showing the number of proteins associated with individual GO terms and their respective

p.adj. values.

mitochondrial
protein-containing
complex

plex

ane protein complex

inner mitochondrial membrane protein complex

o©
x

Gene Ontology

oxidoreductase

complex hrome complex

ribosome

o.rganellar 50 100 150
“large |2 Gene Count

ol

respiratory chain complex
envelope

p.adjust
1e-07 2e-07 3e-07 4e-07 5e-07

Figure 19: Downregulated proteins in the mPFC of WTAP KOs are enriched for mitochondrial compartments
(A) Overview of the GO results for CC after application of semantic similarity analysis (FDR < 0.05). The enriched terms include:
inner mitochondrial membrane protein complex, respiratory chain complex, mitochondrial protein-containing complex, oxidore-
ductase complex, envelope, organellar ribosome. (B) Bar plot showing the number of proteins associated with individual GO terms
and their respective p.adj. values.
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Figure 20: Downregulated proteins in the mPFC of WTAP KOs are enriched for mitochondrial functions

(A) Overview of the GO results for MF after application of semantic similarity analysis (FDR < 0.05). The enriched terms include:
electron transfer activity (oxidoreductase activity), iron-sulfur cluster binding, ligase activity forming carbon-oxygen bonds. (B) Bar
plot showing the number of proteins associated with individual GO terms and their respective p.adj. values.

In the dHPC, 1,214 proteins were differentially regulated in WTAP KO animals (FDR < 0.05) with 660
(54 %) being significantly up- and 554 (46 %) downregulated. The GO analysis performed with the
significantly upregulated proteins, did not identify any enrichment, while a clear enrichment for mito-
chondrial BP, CC and MF terms was determined for the downregulated proteins. A summary of the
results is shown in Figure 21, Figure 22 and Figure 23.
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Figure 21: Downregulated proteins in the dHPC of WTAP KOs are enriched for mitochondrial processes
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(A) Overview of the GO results for BP after application of semantic similarity analysis (FDR < 0.05). The enriched terms include:
electron transport chain, mitochondrial respiratory chain complex | assembly, mitochondrion organization. (B) Bar plot showing
the number of proteins associated with individual GO terms and their respective p.adj. values.
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Figure 22: Downregulated proteins in the dHPC of WTAP KOs are enriched for mitochondrial compartments
(A) Overview of the GO results for CC after application of semantic similarity analysis (FDR < 0.05). The enriched terms include:
mitochondrial respirasome, respirasome, oxidoreductase complex, mitochondrial large ribosomal subunit, cytochrome complex.
(B) Bar plot showing the number of proteins associated with individual GO terms and their respective p.adj. values.
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Figure 23: Downregulated proteins in the dHPC of WTAP KOs are enriched for mitochondrial functions

(A) Overview of the GO results for MF after application of semantic similarity analysis (FDR < 0.05). The enriched terms include:
electron transfer activity. (B) Bar plot showing the number of proteins associated with individual GO terms and their respective
p.adj. values.

For the vHPC, 1,546 proteins were differentially regulated in WTAP KO animals (FDR < 0.05) with 657
(42 %) being significantly up- and 889 (58 %) downregulated. The GO analysis performed with the
significantly downregulated proteins identified an enrichment for mitochondrial CC terms. For the signif-
icantly upregulated proteins an enrichment for neuron specific CC terms was determined. A summary
of the results is shown in Figure 24 and Figure 25.
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Figure 24: Downregulated proteins in the vHPC of WTAP KOs are enriched for mitochondrial compartments
(A) Overview of the GO results for CC after application of semantic similarity analysis (FDR < 0.05). The enriched terms include:
mitochondrial respiratory chain complex I, NADH dehydrogenase complex, respiratory chain complex, mitochondrial ribosome.
(B) Bar plot showing the number of proteins associated with individual GO terms and their respective p.adj. values.
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Figure 25: Upregulated proteins in the vHPC of WTAP KOs are enriched for neuron-specific terms

(A) Overview of the GO results for CC after application of semantic similarity analysis (FDR < 0.05). The enriched terms include:
postsynaptic specialization membrane, integral component of organelle membrane, dendritic shaft, postsynaptic specialization
(B) Bar plot showing the number of proteins associated with individual GO terms and their respective p.adj. values.

Across brain regions, an enrichment for mitochondrial themes was observed for proteins that were de-
termined to be significantly depleted in WTAP KO animals. The changes were most pronounced in the
mPFC, likely due to the high penetrance of the KO and homogeneity of the tissue. In addition, an en-
richment for neuronal compartments was identified among the significantly upregulated proteins in the
vHPC.

WTAP KO results in dysregulated mitoribosomes and respiratory chain
complex components

The pathway enrichment analysis revealed a strong enrichment for mitochondria associated processes.
Two topics that stand out are the mitoribosomes and the electron transport chain. To highlight the ob-

served differences, the changes were qualitatively summarized for the mPFC in Figure 26, Figure 27
and Figure 28.
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Figure 26: Downregulation of mitoribosome components in the mPFC of WTAP KO animals

Overview of the mitoribosome components detected in the mPFC (WT = 6, KO = 6). Significantly downregulated proteins are
highlighted in red (FDR < 0.05), proteins for which no differences between WT and KO were observed are marked in blue and
proteins that were not detected are shown in gray. No significantly upregulated proteins were identified.
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Overall, there was a pronounced downregulation of mitoribosome components. Interestingly, not a sin-
gle significantly upregulated protein was identified. Mitoribosomes are essential for the synthesis of mi-
tochondrial encoded genes. The mitochondrial DNA contains the information for the synthesis of 13 mt-
mRNAs, 22 tRNAs and 2 rRNAs™'. All 13 proteins encoded in the mitochondria are components of the
respiratory chain complex. Out of these, 6 were detected to be differentially regulate in either the mPFC,
dHPC and vHPC of WTAP KO animals, as shown in Figure 27.
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Figure 27: Mitochondrial encoded proteins are downregulated in WTAP KO tissue
Out of 13 mitochondrial encoded proteins 6 were significantly downregulated in the brain of WTAP KO animals (FDR < 0.05). Two
more proteins (Mtatp6, Mtatp8) were detected but are not significantly regulated in either region.

In addition to the mitoribosomes, the abundance of proteins that compose the mitochondrial respiratory
chain were examined in the mPFC. A qualitative overview of the observed changes is shown in Figure
28.
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Figure 28: WTAP KO effects on respiratory chain components in the mPFC of WTAP KO animals

Overview of respiratory chain complex components in the mPFC (WT = 6, KO = 6). Significantly downregulated proteins are
highlighted in red (FDR < 0.05), proteins for which no differences between WT and KO were observed are marked in blue and
proteins that were not detected are shown in gray. No significantly upregulated proteins were identified.

The examination of components of the respiratory chain complexes revealed an overwhelming down-
regulation of components in all complexes (FDR < 0.05). Most striking were the changes detected in
Complex | (NADH dehydrogenase) with the vast majority of components being significantly depleted in
KO animals.

WTAP KO driven regulation of m®A ‘regulators’ and ‘readers’

Considering that the depletion of WTAP is expected to interfere with m8A regulation, the protein levels
of mPA ‘writers’ ‘readers’ and ‘erasers’ were examined. Several components of the m®A regulatory ma-
chinery were determined to be differentially expressed. The most pronounced upregulation was de-
tected for the WTAP interacting protein RBM15 which is significantly upregulated in the mPFC, dHPC
and vHPC of WTAP KO animals and the WTAP interacting protein VIRMA, which was significantly
downregulated across regions. The mfA demethylase FTO was also found to be significantly upregu-
lated in all three brain regions. In contrast, the YTH-family ‘readers’ show a differential regulation that
overall matches the results of the dCA1 sequencing (reported below). An overview of the results is
shown in Figure 29. Proteins that were not quantifiable, are reported in the figure legend.
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Figure 29: Differential abundance of m®A ‘regulators’ and ‘readers’ in WTAP KO animals

Several components of the mPA ‘writer complex’, as well as mPA ‘readers’ are differentially regulated in WTAP KO animals (FDR
< 0.05). Proteins that were not quantifiable include: Mettl3 (mPFC, dHPC), Mettl14 (all), Rom15b (mPFC, vHPC), Zc3h13 (all),
Alkbh5 (dHPC), Hnrnpa2b (all). No significant difference in expression level was determined for METTL16 (dHPC, vHPC) Alkbh5

(mPFC, vHPC) and Hnrnpc.

WTAP KO alters the abundance of SALM and SLITRK synaptic cell adhesion
molecules

Among the top regulated proteins across brain regions were several members of the synaptic adhesion-
like molecule (SALM) family and slit and trk-like (SLITRK) family of synaptic cell adhesions molecules.
SALM and SLITRK proteins are involved in neurite outgrowth and the development and regulation of
excitatory and inhibitory synapses'9?-'%4. The observed changes are summarized in Figure 30.
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Figure 30: Differential regulation of synaptic scaffolding molecules
(A) Significantly regulated SALM (gene symbol: Lrfn) family members across brain regions (FDR < 0.05). (B) Significantly regu-
lated SLITRK family members across brain regions (FDR < 0.05).

Accordingly, LRFN1, LRFN2 and SLITRK3 were also among the strongest upregulated candidates in
the membranome analysis that is presented below. In addition, all three were determined to be differ-
entially expressed on the level of mMRNA, as demonstrated by poly-(A) sequencing and RT-qPCR.

4.1.6 WTAP KO disturbs the metabolic balance

The day-night cycle of rest and activity requires the adaptation to changing metabolic demands and
relies on the harmonization of circadian clocks with metabolic activity'®. The striking difference in the
circadian activity patterns of WTAP KO animals and the pronounced depletion of mitochondrial proteins,
poses the question whether there is a fundamental shift in the metabolic state of Camk2aCre KO tissue.
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To address this, the mPFC, dHPC and vHPC of 8 WT and 8 KO animals (previously used in MRI scan
and home cage activity monitoring) were freshly dissected for a metabolic screening using LC-MS. The
metabolite feature extraction was performed using MetaboScape (version 4.0) for metabolites detected
in at least 70 % of samples. Annotated features were processed with Perseus 1.6.14.0'8 with the inten-
sity values of features being normalized and log2-transformed before the statistical analysis. Differences
between WT and KO were assessed using independent two-sample t-tests with a threshold FDR < 0.1
(commonly used for analyses of the metabolome). An overview of the results across the three brain
regions is shown in Figure 31.
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Figure 31: Metabolic dysregulation in Camk2aCre WTAP KO brains

(A) In total, 33 unique metabolites were identified that are dysregulated in the brain (mPFC, dHPC, vHPC) of KO animals. (B) Top
up- and downregulated metabolites across brain regions. Metabolites were measured in 8 WT and 8 KO animals. Group compar-
isons shown were obtained by an independent two-sample t-test and are reported for FDR < 0.1. Abbreviations: TML = Nepsilon,
Nepsilon, Nepsilon-trimethyllysine; CMP = cytidine monophosphate; NAD = nicotinamide adenine dinucleotide

In total, 123 distinct metabolites were identified across the three brain regions, with 33 unique metabo-
lites being differentially regulated (FDR < 0.1). Overall, a high degree of consistency across regions was
observed for the most robust changes. The most pronounced differential upregulation in KO animals
was observed for three glycolysis metabolites (glucose-1-phosphate, glucose-6-phosphate, fructose-6-
phosphate), while the strongest downregulation was detected for the coenzyme nicotinamide adenine
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dinucleotide (NAD*) which, among many other processes, is essential for glycolysis'®®. Fitting this ob-
servation, the glucose-6-phosphate synthesizing enzyme hexokinase (HK1) was determined to be sig-
nificantly downregulated on the level of proteins in the brain of KO animals (mPFC: L2FC =-0.60, p.ad;.
< 0.0001, dHPC: L2FC = -0.045, p.adj. = 0.0001, dHPC: L2FC = -0.21, p.adj. = 0.1).

In addition to glycolysis metabolites and NAD*, several amino acids and components of nucleic acids
are differentially regulated. A detailed list of all identified metabolites can be found in Appendix 8.6.
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4.1.7 NexCreERT2 expression in the adult mouse brain

In addition to the Camk2aCre driven KO in the forebrain, the tamoxifen inducible NexCreERT2 was used
for assessing the functional consequences of WTAP and YTHDC1 depletion in the cortex and HPC. For
this, the previously described NexCreERT2 driver line'' was crossed with floxed Wtap and Ythdc1
strains. The experiments reported in this thesis were performed with adult animals (> 8 weeks) following
the injection protocol described in the Methods section (5 x i.p., 100 mg/kg per day). The tamoxifen
driven recombination of NexCreERT2 expressing cells is restricted to projection neurons of the cortex
and HPC as shown in Figure 32. In contrast to the Camk2aCre line, no recombination is detected in the
dentate gyrus and in subcortical areas.

Lateral ~ 1.20 mm

Figure 32: Tamoxifen induces NexCreERT2 recombination in projection neurons of the cortex and HPC
(A) Sparse labelling of projection neurons is observed across the cortex. (B) A strong labelling of projection neurons is detected
in the dCA1, with the majority of cells being labelled. (C) No labelling was detected in the dentate gyrus granule cell layer. Induction
with tamoxifen was performed in an adult animal with 5 x injections (i.p., 100mg/kg per day). The tissue was collected 14 days
after the last injection.

The rational for the use of a tamoxifen driven KO is the temporal control of the KO which can be induced
in adult animals. In addition, the NexCreERT2 expression is restricted to a smaller subset of neurons
than the Camk2aCre driver line. With this in mind, NexCreERT2 KO animals were used for the poly-(A)
RNA sequencing and several classical behavior tests.
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4.1.8 Validation of NexCreERT2 induced WTAP KO

The NexCreERT2 driven KO of WTAP was induced by administering 100 mg/kg tamoxifen (i.p.) on 5
consecutive days. After a washout period of 14 days, animals were sacrificed for organ collection, or
subjected to behavior tests. The efficacy of the CreERT2 driven KO in the HPC was validated on the
RNA and protein level. To determine the overall expression patterns of Wtap, an ISH was conducted
with a probe targeting the floxed exons. As shown in Figure 33 (A), activation of CreERT2 by tamoxifen
resulted in a pronounced decrease in the exon signal in the HPC of floxed animals, with the strongest
reduction in the dCA1, dCA2 and dCA3. This pattern fits the ISH results for CreERT2 (Appendix 8.7).
Notably, no KO was induced in the dentate gyrus.
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Figure 33: Tamoxifen treatment of NexCreERT2-Wtap animals results in a depletion of the floxed exons and
WTAP protein

(A) The ISH with a probe targeting the floxed exons 4 and 5 shows a marked decrease in Wtap signal in the HPC. (B) The KO of
cohorts used for gene expression analysis was validated using gPCR. Shown are the results for the samples that were used for
RNA sequencing (WT =7, KO = 7; p.adj. < 0.001, independent two-sample t-test). (C) The reduction in WTAP protein levels was
demonstrated using western blot (anti WTAP: 1:1000). (D) Immunostaining against WTAP in WT (left panel) and KO mice (right
panel) shows the nuclear localization of WTAP and the depletion in KO cells of the dCA1 (anti WTAP: 1:400).

To determine the maximal KO efficacy that can be obtained from bulk tissue, a gPCR targeting the
floxed exons was performed with RNA obtained from bulk HPC, dHPC slices and dissected dCA1 (Ap-
pendix: 8.8). The results show that a fresh dissection of dCA1 results in the strongest reduction in Wtap
expression. Therefore, the molecular results presented below were obtained with dissected dCA1 tis-
sue, if not otherwise indicated. The KO efficiency of samples that were used for molecular analyses was
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validated using gPCR and the KO validation for the samples used for RNA sequencing are shown in
Figure 33 (B). In addition, the validation for the cohort used for electrophysiological measurements and
gPCRs can be found in Appendix 8.9. Furthermore, western blots were used to demonstrate the deple-
tion of WTAP on the protein level as shown in Figure 33 (C). Corroborating these results, an im-
munostaining against WTAP demonstrated the depletion of WTAP in the majority of neuronal nuclei in
the dCA1 Figure 33 (D).

4.1.9 WTAP KO results in reduced global mSA

It has previously been reported that the depletion of WTAP results in a prominent reduction in m°A
levels36:37:89 Therefore, to demonstrate a functional consequence of WTAP depletion, the mPA levels in
the dCA1 of KO and WT animal were quantified using an anti-m®A ELISA (see Figure 34).
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Figure 34: WTAP depletion in the dCA1 reduces m°A levels
The functional consequence of WTAP depletion in the dCA1 was demonstrated using an anti-m®A ELISA kit (WT = 6; KO = 6, p
< 0.001, independent two-sample t-test). Shown on the y-axis is the optical density (OD) in arbitrary units.

Within the m®A methylation complex, WTAP is essential for localizing the core-complex within the nu-
clear speckles®” an important processing site for pre-mRNA. The loss of WTAP results in a marked
decrease of m®A levels in vitro, likely due to aberrant localization of the methylation machinery®’. This
observation was now confirmed in vivo, when WTAP KO animals show a significant reduction in m°A
signal in the dCA1, demonstrating that WTAP depletion attenuates m®A methylation levels.

4.1.10 WTAP KO induces massive shift in gene expression

To explore the effects of depleting WTAP on gene expression, poly(A) RNA sequencing was performed
as described in the Methods section. In brief, libraries were prepared using the NEBNext Ultra Il Direc-
tional RNA Library Prep Kit (lllumina) according to manufacturer’s instructions, starting from 200 ng
DNase | treated total RNA. Samples were sequenced on 2 x lanes of the Hiseq4000 (1 x 75 bp, single
end) with an output of ~56 million reads per sample. For the comparison of gene expression 7 WT and
7 KO dCA1 samples, whose KO had been validated with gqPCR, were used.
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Strong genotype dependent correlation and separation in PCA space of WTAP
KO gene expression

The overall sample correlation calculated from the log2-transformed normalized counts showed a clear
separation of WT and KO samples, with a high similarity within each genotype and a clear separation
between genotypes (Figure 35, panel A). A dimensionality reducing principal component analysis (PCA)
was applied to reduce the number of variables and identify individual contributors that explain the ob-
served variance.
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Figure 35: Sequenced samples show strong correlation within genotypes and clear separation in PC space
(A) The heatmap of sample correlations visualizes the high degree of similarity for samples of the same genotype and clear
differences between genotypes. Sample correlations were performed with the log2transformed normalized counts. (B) The PCA
for the 1,000 most variably expressed genes shows that PC1 explains 73 % of the observed variance. Samples were assigned to
two batches, based on their overall expression profile.

The results of the PCA calculated for the 1,000 most variably expressed genes shows a clear separation
of WT and KO samples, with principal component 1 (PC1) explaining 73 % of the variance and indicating
the genotype driven effect of the KO (Figure 35, panel B).

NexCreERT2 WTAP KO induces massive shift in gene expression in the dCA1

The removal of WTAP induces a massive shift in gene expression with 7,513 transcripts being signifi-
cantly altered in their abundance in the dCA1 (FDR < 0.05, base mean = 20). For the presented analysis,
a cut off was applied. Consequently, only results with Log2FoldChange > 0.5 and a base mean = 20
were considered. With these settings, 2,215 genes are included in the analysis. An overview is shown
in Figure 36.
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Figure 36: WTAP KO results in a massive transcriptional shift in the dCA1

(A) Volcano plot showing the comparison of KO vs WT animals for 15,809 detected genes. In total, 2,215 genes are differently
expressed (FDR < 0.05, Log2FoldChange = 0.5, base mean = 20), with 1,296 transcripts being significantly upregulated and 919
transcripts significantly downregulated. (B) Top 10 genes with the greatest upregulation in WTAP KO animals. (C) Top 10 genes
with the greatest downregulation in WTAP KO animals. Data is shown for WT = 7; KO = 7. For up- and downregulated genes, a
cut off was applied (base mean = 20, only genes detected for both genotypes).

Overall, a stronger upregulation than downregulation was observed with 1,353 (58 %) transcripts being
upregulated in WTAP KO animals and 978 (42 %) being downregulated. The list of differentially regu-
lated transcripts was used to perform a GO enrichment analysis.

Gene Ontology enrichment analysis reveals enrichment for membrane
associated terms

The GO analysis for an enrichment of cellular components showed that differentially expressed tran-
scripts (FDR < 0.05, Log2FoldChange = 0.5, base mean = 20) are significantly enriched for components
of the plasma membrane (FDR < 0.05, Figure 37). More specifically, an enrichment for integral compo-
nents of the post synaptic membrane was observed, with an overrepresentation of ion channel complex
components.
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Figure 37: Differentially expressed genes in WTAP KOs are enriched for integral components of the plasma

membrane
(A) Overview of the GO results for CC after application of semantic similarity analysis (FDR <0.05). Three main topics emerge:

integral components of the plasma membrane, integral components of the postsynaptic specialization membrane and cation
channel complex. (B) Bar plot showing the number of significantly differentially expressed genes associated with individual GO

terms and their respective p.ad;.

The GO analysis for MF showed an enrichment for voltage-gated cation channels, G-protein-coupled
receptor activity, voltage-gated ion channel activity and sulfotransferase activity (FDR < 0.05, Log2Fold-
Change = 0.5, base mean = 20), as shown in Figure 38.
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Figure 38: Differentially expressed genes in WTAP KOs are enriched for voltage-gated ion channels and G

protein-coupled receptors

(A) Overview of the GO results for MF after application of semantic similarity analysis (FDR < 0.05). The enriched terms include:
voltage-gated cation channels, G-protein-coupled receptor activity, voltage-gated ion channel activity and sulfotransferase activity.
(B) Bar plot showing the number of genes associated with individual GO terms and their respective p.adj. values.
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gqPCR validation substantiates the observation that WTAP regulates expression
of m®A regulators

The sequencing of poly-(A) RNA from WTAP KO dCA1, revealed that many of the known m®A regulating
genes are differentially expressed in WTAP KO animals. To validate these findings, an RT-gPCR with
tissue from slices used for electrophysiological investigation of LTP in WTAP KO animals was performed
(WT = 6; KO = 5). The results of the validation are summarized in Figure 39.
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Figure 39: WTAP regulates expression of the m°A ‘writer complex’ components and m°A ‘readers’

(A) Essential components of the m®A methylation complex, as well as associated proteins show shifts in gene expression after
WTAP KO. (B) Shown are the results from the WTAP KO RNA sequencing (WT = 7, KO = 7) and the qPCR validation (WT = 6,
KO = 5). Statistics were performed using the independent two-sample t-test, Wilcox test or Welch's t-test, as appropriate. Reported
are the FDR adjusted p-values. ns = not significant, *: p < 0.05. **: p <0.01, ***: p < 0.001, ****: p <0.0001.

Overall, the results from the gPCR analysis are in accordance with the differences observed in the RNA
Seq. data. The replication in a different cohort of animals, using gPCR, strongly supports the findings
that the removal of WTAP results in a dramatic shift of gene expresses that includes several crucial m°A
regulators and ‘readers’.

Removing METTL3 in WTAP KO animals does not further alter gene expression
of selected candidates

To understand the unique contribution of WTAP to cellular functioning, it is important to distinguish the
WTAP driven effects from the effects of other m®A regulators. It has previously been reported that the
depletion of METTL3 in the dHPC does not result in major changes in gene expression?8. Specifically,
among the few changes that were reported, no differential regulation was observed for m°A related
genes.
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To test for synergistic and/or compensating effects of METTL3 on the observed changes in gene ex-
pression, a WTAP-METTL3 double KO was compared, using gPCR, to the results from the WTAP KO
sequencing. An overview of the results is shown in Figure 40.
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Figure 40: WTAP-METTL3 double KO effects on gene expression of m°A regulators and ‘readers’

(A) The effect of depleting WTAP and METTL3 on the expression of m°®A regulators, compared with the results from the WTAP
KO RNA seq. (B) The effect of the double KO on the expression of m°A ‘readers’. Shown are the results from the WTAP KO RNA
seq. (WT =7, KO =7) and the WTAP-METTL3 KO gqPCR (WT = 5, KO = 5). Statistics for the qPCR results were performed using
the independent two-sample t-test, Wilcox test or Welch's t-test as appropriate. Reported are the FDR adjusted p-values. ns = not
significant, *: p < 0.05. **: p < 0.01, ***: p < 0.001, ****: p < 0.0001.

As expected, based on previous results?®, no additive effects of the METTL3 KO were detected. The
observed changes are comparable to the result for the WTAP KO (Figure 39) supporting the findings
that the depletion of WTAP results in distinct changes in gene expression.

NexCreERT2 activity does not alter gene expression in tamoxifen treated WT
animals

To rule out that the presence of NexCreERT2 induces the observed shift in gene expression a control
experiment was conducted, in which WT animals heterozygous for CreERT2 (+/CreERT2, N = 6) and
WT animals without CreERT2 (+/+; N = 6) were subjected to tamoxifen injections (5x, 100 mg/kg tamox-
ifen). 14 days after the last injection, the dCA1 was collected and RNA extracted following standard
procedures. A RT-gPCR was performed for selected target genes showing robust differential expression
in WTAP KO animals. The results, summarized in Figure 41, show that no differences were detected
for either of the selected genes that are differentially regulated in the WTAP KO.
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Figure 41: NexCreERT2 activity does not alter gene expression in WT animals
RT-qPCR was performed for selected candidates showing differential expression in Wtap-NexCreERT2 KO samples. WT animals
treated with tamoxifen (N = 6) were compared with WT animals carrying CreERT2 and treated with tamoxifen (N = 6). Statistics
were performed using the independent two-sample t-test, Wilcox test or Welch's t-test as appropriate. Reported are the FDR
adjusted p-values. ns = not significant, *: p < 0.05. **: p < 0.01, ***: p < 0.001, ****: p < 0.0001.

The absence of any differential regulation in tamoxifen treated CreERT2 carrying WT mice, supports
the claim that the observed changes are the result of WTAP depletion.

4.1.11 WTAP KO induces shift in splicing events

To investigate whether the depletion of WTAP alters splicing in the adult brain, the available mRNA
sequencing data were re-analyzed using the Bioconductor package DEXSeq, as described in the Meth-
ods section. This approach does not quantify the isoform abundance but instead tests for differences in
exon usage and therefore can only be used as an approximation.

The DEXSeq analysis revealed large scale changes in the exon usage between WTAP WT and KO
animals. In total, 3402 differentially expressed features, mapping to 1,907 genes were identified (FDR
< 0.05; Log2FolgChange = 0.5; base mean = 5). Out of the 3,402 differentially expressed features, 1,763
(52 %) were significantly up- and 1,639 (48 %) downregulated. An overview of the results is shown in
Figure 42.
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Figure 42: WTAP KO results in large scale changes in exon usage

(A) WTAP KO animals show differences in 3,402 exonic features mapping to 1,907 distinct genes (Log2FoldChance = 0.5, FDR
< 0.05, exon base mean = 5). (B) Overlap of gene sets for which differential expression was detected (FDR < 0.05, Log2Fold-
Change = 0.5, base mean = 20) and genes for which differences in exon usage were observed genes (Log2FoldChance = 0.5,
FDR < 0.05, exon base mean 2 5).

It is important to note that the changes in exon usage are not reflecting the differential gene expression,
since the calculation of differential exon counts is corrected for overall changes in expression levels and
therefore, only considers the relative abundance of individual exons.

GO analysis reveals enrichment for neuron specific terms of alternatively
spliced transcripts

GO enrichment analysis was performed for genes associated with significantly different exon usage as
described for the proteome screening (FDR < 0.05, Log2FoldChange = 0.5, exon base mean = 5). The
GO analysis for BP revealed an enrichment for synaptic signaling, synapse organization, synapse as-
sembly, neuron projection morphogenesis to mention the largest clusters (FDR < 0.05). An overview of
the results is shown in Figure 43. The list with all results can be found in Appendix 8.11.
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Figure 43: Differentially expressed exons in WTAP KOs are enriched for biological processes associated

with synaptic functions and morphogenesis

(A) Overview of the GO results for BP after application of semantic similarity analysis (FDR < 0.05). The enriched topics include
synaptic signaling, synapse organization, synapse assembly, neuron projection morphogenesis and others. (B) Bar plot showing
the number of genes associated with the top 10 GO terms ranked by adjusted p-value.

The GO analysis for CC showed an enrichment for neuron specific cellular components including the
glutamatergic synapse, the synaptic membrane, and the axon as the three largest clusters (FDR < 0.05).
An overview of the results is shown in Figure 44. The list containing all results can be found in Appendix

8.11.
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Figure 44: Differentially expressed exons in WTAP KOs are enriched for neuron specific cellular compo-

nents

(A) Overview of the GO results for CC after application of semantic similarity analysis (FDR < 0.05). The enriched terms include:
glutamatergic synapse, synaptic membrane, axon, transporter complex, site of polarized growth and somatodendritic compart-
ment among others. (B) Bar plot showing the number of genes associated with the top 10 GO terms ranked by the adjusted p-

value.
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For MF an enrichment was detected for calcium ion transmembrane transporter activity, voltage-gated
channel activity and protein domain specific binding, among others (FDR < 0.05). An overview of the
results is shown in Figure 45. The full results can be found in Appendix 8.11.
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Figure 45: Differentially expressed exons in WTAP KOs are enriched for calcium transport and voltage-

gated channel activity

(A) Overview of the GO results for MF after application of semantic similarity analysis (FDR < 0.05) showing the main clusters.
The enriched terms include calcium ion transmembrane transporter activity, voltage-gated channel activity and protein domain
specific binding. (B) Bar plot showing the number of genes associated with the top 10 GO terms ranked by adjusted p-value.

4.1.12 WTAP KO shifts composition of the neuronal membranome

Based on the observation that genes that are differentially expressed or spliced in WTAP KO animals
are enriched for membrane associated components and synaptic function, a targeted screen for mem-
brane associated proteins was performed. For this, an enrichment for membrane-bound proteins was
achieved by labelling ex vivo acute HPC slices of WT and KO animals with biotin, followed by the ex-
traction of biotin labelled proteins with streptavidin coated beads and subsequent LC-MS, as described
in the Methods section. This approach was originally developed to interrogate neuronal protein traffick-
ing in the brain'”® but can also be used to determine overall differences in the composition of membrane
bound proteins (the membranome). With this label free approach, 2,594 unique proteins were identified
with a clear enrichment of membrane associated terms (Appendix 8.12). The analysis of the proteomic
data was performed as reported for WTAP Camk2aCre proteomic screening. A summary of the obtained
results is shown in Figure 46.
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Figure 46: The depletion of WTAP alters the composition of the membranome

(A) Overview of differences in membrane bound proteins for KO vs WT animals (WT = 4, KO = 8). In total, 216 proteins were
significantly altered in their abundance (p < 0.05, independent two-sample t-test), with 16 candidates remaining after multiple
testing correction (FDR < 0.05). (B) Candidate list of the top 16 proteins that remained after multiple testing correction. (C) Cor-
relation for 159 (159/216) proteins for which differential gene expression was detected in the mRNA seq. (D) Overlap of differen-
tially expressed genes, with differences in splicing and membranome composition.

In total, 2,594 proteins were detected from the membrane enriched samples with 216 being significantly
altered in expression levels (p < 0.05, independent two-sample t-test) and 16 remaining after multiple
testing correction (FDR < 0.05). To determine whether the observed changes in RNA expression are
predictive of the changes in the composition of the membranome, the results from the proteome screen-
ing were compared to the RNA sequencing data. For 159 out of the 216 proteins, differential gene
expression had been detected in the poly-(A) RNA seq. Calculating the correlation of the Log2Fold-
Change in gene expression with the Log2FoldChange of proteins, showed that differential gene expres-
sion in WTAP KO is predictive of the observed compositional shift in the membranome (R = 0.64, p <
0.0001).

qPCR validation: WTAP regulates expression of membrane bound proteins

The differential expression of genes associated with membrane bound proteins that was observed in
the mRNA sequencing results, was validated for selected candidates with RT-gPCR as described
above. An overview of the results is shown in Figure 47.
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Figure 47: qPCR validation of differentially expressed membrane associated proteins

Shown are the results from the WTAP KO RNA sequencing (7 WT, 7 KO) and the qPCR validation (WT = 6, KO = 5). Statistics
were performed using the independent two-sample t-test, Wilcox test or Welch's t-test as appropriate. Reported are the FDR
adjusted p-values. ns = not significant, *: p < 0.05. **: p < 0.01, ***: p < 0.001, ****: p < 0.0001.

The estimated changes in expression levels from the RNA sequencing analysis were validated for all
candidates with comparable effect sizes and with RNA from an independent cohort. Taken together with
the validation of m®A-related genes, this suggests a robust alteration in gene expression induced by
WTAP KO that is stable across experimental cohorts.

4.1.13 WTAP KO animals show increased long-term potentiation

Given the strong molecular phenotype with an enrichment for synaptic GO terms and changes in syn-
aptic scaffolding proteins, it was hypothesized that NexCreERT2 WTAP KO animals would show
changes in the electrical signaling of the dCA1. A classical test to estimate the activity dependent per-
sistent strengthening of excitatory synaptic connections associated with hippocampal learning, is to
measure fEPSP at baseline and after TBS. With this, the phenomenon of LTP can be observed. LTP is
considered as an important mechanism underlying learning and memory and often used as model sys-
tem for memory research. Different types of LTP have been described, depending on, among other
factors, the brain region and age of the test subject'®”. The presented results were obtained by inducing
LTP at the Schaffer collateral-CA1 synapses of the dHPC with a TBS protocol as outlined in the Methods
section. LTP is induced by the activation of postsynaptic NMDA receptors resulting in Ca?* influx that
activates the Ca?*'calmodulin-dependent protein kinase Il (CaMKIl). CamKIl in turn induces the rapid
insertion of further AMPA receptors into the post-synaptic membrane. As result, the synaptic connection
is strengthened. The results of the LTP measurement are summarized in Figure 48.
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Figure 48: NexCreERT2 WTAP KO animals exhibit increased LTP in the dHPC

(A-B) The slope of fEPSP shows a significant difference after theta burst stimulation for KO animals compared to WT animals.
WT = 6 (19 slices); KO = 5 (17 slices). (C-D) The amplitude is changed proportionally to the slope after LTP induction with a
significant stronger increase in KO compared to WT animals. Statistics were performed on the mean slope and amplitude of the
last 10 min of the recordings using the independent two-sample t-test, Wilcox test or Welch's t-test as appropriate. Reported are
the FDR adjusted p-values. ns = not significant, *: p < 0.05. **: p < 0.01, ***: p < 0.001, ****: p < 0.0001. Error bars in A and C
indicate the standard error of the mean.

A significant increase in the slope (p.ad;. = 0.0037, independent two-sample t-test) and amplitude (p.ad;.
= 0.0002, independent two-sample t-test) after tetanic burst stimulation was observed for KO animals.
The slices used for recordings were collected on dry ice and used for the RT-gPCR validation of WTAP
KO (Appendix 8.9).

4.1.14 WTAP NexCreERT2 KOs show normal behavior

To examine whether the changes in gene expression, splicing and protein levels alter the function of the
HPC and cortex, WTAP NexCreERT2 KO animals were subjected to behavioral tests that rely on HPC
and cortical integrity.

No impairment of cue and contextual fear memory in WTAP KO animals

It has previously been suggested that a NexCreERT2 driven KO of METTLS3 results in an increased cue
fear memory and impaired fear extinction?®. In order to compare a WTAP KO to the effects of METTL3
depletion, the previously published delay fear conditioning protocol was adapted for the presented re-
sults. For this, animals were exposed to a moderate foot shock (0.7 mA) at the start of the experiment
and the memory was tested 24 h (cue memory) and 48 h (contextual memory) after conditioning.

A logistic regression analysis of the freezing response using GAMs was performed with freezing as the
dependent variable (yes/no, resolution: 1 s) and genotype as the independent variable. Time was in-
cluded in the model as smooth term, as well as a random intercept for each animal. For the cue memory
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at 24 h, test time was stratified for the occurrence of the cue (tone). The full details of the fitted model
can be found in Appendix 8.13.

The logistic regression analysis showed that KO animals do not significantly differ in their fear memory
response during the cue memory test (genotype:KO Estimate = -0.1, Z-value = -0.11, Pr(>|z|) = 0.92).
Furthermore, when looking at contextual memory, 48 h after conditioning, no difference between WT an
KO animals was detected for contextual memory (genotype:KO Estimate = -0.01, Z-value = -0.01,
Pr(>|z|]) = 0.99). An overview of the results is shown in Figure 49.
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Figure 49: Wtap-NexCreERT2 KO animals show normal delay fear memory

(A) Cue memory across time, 24 h after conditioning (60 s bins). (B) Context memory across time, 48 h after conditioning (60 s
bins). (C) Average contextual memory showing the mean freezing across 5 mins. Individual results are plotted for both genotypes
(WT = 11, KO = 12). No significant difference between the two genotypes was detected for cue and contextual fear memory.

Overall, no difference in the fear memory of WTAP NexCreERT2 KO animals was observed. This differs
from what has been previously observed for METTL3 NexCreERT2 KO animals?®.

No impairment of cue and contextual fear memory in WTAP-METTL3 double KO
animals

Since the removal of WTAP did not alter fear learning, the effect of a double KO for WTAP and METTL3
was investigated. For this, WTAP-METTL3 NexCreERT2 KO animals were tested with the same condi-
tioning paradigm used for WTAP NexCreERT2 KO animals. The results were analyzed using logistic
regression analysis and the model summaries for the cue and contextual memory tests are shown in
Table 37 and Table 38 (Appendix 8.14).
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Here, also no differences were observed in the freezing during the cue memory test (genotype:KO Es-
timate = -0.34, Z-value = -0.41, Pr(>|z|) = 0.68) and the contextual memory test (genotype:KO Estimate
= 0.3, Z-value = 0.35, Pr(>|z|) = 0.73). An overview of the results is shown in Figure 50.
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Figure 50: Double KO Wtap-MettI3-NexCreERT2 animals exhibit normal cue and contextual fear memory
(A) Cue memory across time, 24 h after conditioning (60 s bins). (B) Context memory across time, 48 h after conditioning (60 s
bins). (C) Average contextual memory showing the mean freezing across 5 min. Individual results are plotted for both genotypes

(WT = 11, KO = 12, KO). No significant difference between the two genotypes was detected for both cue and contextual fear
memory.

WTAP KO animals show normal learning in the Morris Water Maze

It has previously been shown that Camk2aCre METTL3 KO animals exhibit impairments during the
training for the MWM test but are able to compensate deficits over time?®. This suggests that plasticity
related processes, which are required for efficient learning, are disturbed but can be compensated for
by sufficient training. Here, the MWM test was conducted with CD1-Wtap-NexCreERT2 animals, to de-

termine whether a comparable learning impairment is caused by the loss of WTAP in NexCreERT2
expressing neurons.

The paradigm that was used in this study was split into two parts. The first part investigated the formation
of spatial reference memory while the second part investigated the reversal of spatial learning'®®. During
the first part (day 1-7), animals were trained to locate a submerged platform by relying on visual cues
only (4 trials / day: 60 s; inter trial interval > 15 min). The location of the platform was fixed (NW quadrant)
while the starting position of the animals changed across trials (pseudorandom, balanced). On day 3
and 7, animals were tested for their memory using a probe trial (test 1, test 2). For this, the platform was
removed, and the animals search pattern and quadrant occupancy were recorded for a test period of 60
S.
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In the second part (day 7-10), animals were subjected to reversal learning. For this, the platform was
moved to the opposite quadrant (SE) and animals were trained for three days to learn the new location.
The process of extinguishing the memory of the platform’s location and the acquisition of a new or
‘updated’ memory is measuring an aspect of cognitive flexibility. On day 10 animals were tested for the
success of reversal learning in another probe trial (test 3). Lastly, on day 17 animals were tested (test
4) to determine differences in memory retention. The results are summarized in Figure 51.

The data were analyzed using linear models in R. Reported below are the results for the two-way
ANOVA.

For the latency during training (day 1-6), there was a significant effect for training day on latency (day:
F1,.260 = 47.105, p < 0.0001), with no significant main effect of genotype (genotype: F1260 = 1.171, p =
0.28). Furthermore, no significant interaction of genotype with day was detected (genotype:day: Fs2690 =
1.405, p = 0.22). Accordingly, for the latency during reversal training (day 7-9), a significant effect of
training day on latency was determined (day: F1,134 = 14.38, p < 0.0001), with no significant main effect
of genotype (genotype: F1,132 = 0.163, p = 0.69). Again, no significant interaction of genotype with day
was detected (genotype:day: F2134 = 0.445, p = 0.64).

For the first probe test (day 4), a significant effect of quadrant was observed indicating the training
success (quadrant: Fz179 = 69.717, p < 0.0001), with no significant main effect of genotype (genotype:
F1,179=0.004, p = 0.95). Furthermore, no significant interaction of genotype with quadrant was detected
(genotype:quadrant: F3 179 = 0.470, p = 0.70). In accordance, for the second probe test (day 7), a signif-
icant effect of quadrant was observed indicating the training success (quadrant: Fs179 = 96.357, p <
0.0001), with no significant main effect of genotype (genotype: F1,179= 0.001, p = 0.98). Furthermore, no
significant interaction of genotype with quadrant was detected (genotype:quadrant: F3 179 = 2.334, p =
0.076).
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Figure 51: NexCreERT2 WTAP KO animals show normal learning in the MWM test

(A) Overview of the apparatus and paradigm. (B) The mean latency to reach the platform is shown for both genotypes across
training days. (C) Mean latency to reach the platform for the reversal learning. Error bars represent 95 % CI. (D) First probe test
after 3 days of training (d4). (E) Second probe test after 6 days of training (d7). (F) First probe test after 3 days of reversal learning
(d10). (G) Memory retention 7 days after the last test (d17). Individual results are plotted for both genotypes (WT = 23, KO = 22).
Significance levels from the Tukey’s post-hoc test: ns = not significant, *: p < 0.05. **: p < 0.01, ***: p < 0.001, ****: p < 0.0001.
One animal was excluded from the analysis, since post mortem verification of the genotype revealed a heterozygous genotype.

For the first reversal learning probe test (day 10), a significant effect of quadrant was observed indicating
the successful reversal learning (quadrant: F3179= 122.111, p < 0.0001), with no significant main effect
of genotype (genotype: F1,179= 0.01, p = 0.92). Furthermore, no significant interaction of genotype with
quadrant was detected (genotype:quadrant: Fz 179 = 1.19, p = 0.32).
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Also, for the remote memory test (day 17), a significant effect of quadrant was observed indicating the
memory retention after one week (quadrant: Fs 176 = 38.258, p < 0.0001), with no significant main effect

of genotype (genotype: F1,176 = 0.003, p = 0.96). No significant interaction of genotype with quadrant
was detected (genotype:quadrant: F3,176 = 1.359, p = 0.26).

In summary, WT and WTAP KO animals performed equally well during the training and probe tests.
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4.2 Projectll: YTHDC1 is essential for adult survival and a
regulator of neuronal functions

Previous studies have established a role of m®A in cortical and cerebellar development with deficits in
the regulation of m®A resulting in developmental defects?”'32, Furthermore, the postnatal KO of the m°A
methyltransferase METTL3 in Camk2aCre expressing neurons results in subtle learning impairments in
adulthood that can be compensated for by stimulus intensity or sufficient training?®. Considering that the
effects of m8A are mediated through the action of ‘reader’ proteins, it can be hypothesized that deficits
resulting from m8A depletion, can be attributed to the failure of downstream ‘reader’ proteins to accu-
rately regulate the processing of transcripts. So far, the only YTH-family ‘reader’ that has been system-
atically investigated in the adult mouse brain is the cytoplasmic m®A ‘reader’ YTHDF 13°. The contribution
of the nuclear ‘reader’ YTHDC1 has not been reported so far.

In the second part of this thesis, the focus lies on understanding the unique contribution of YTHDC1 to
brain functioning. Therefore, the effects of a cell-type specific KO of YTHDC1 in Camk2aCre and Nex-
CreERT2 expressing cells in the adult mouse brain was investigated.

The goals of the research presented below are: (1) To characterize the effect of YTHDC1 KO on gene
expression, protein abundance, metabolism, neuronal signaling, brain anatomy and behavior. (2) To
identify unique contributions of YTHDC1 to neuronal regulation in the mammalian brain.

4.2.1 Impaired breeding and premature death of YTHDC1 KO females

During the establishment of the CD1-Ythdc1-Camk2aCre mouse line, it was noticed that KO females
(genotype: lox/lox, Cre/+) do not breed well. Less than half of all matings with KO females (7 out of 15)
were carried to term. Out of 7 litters born, only 2 survived until weaning. An overview of these observa-
tions is shown in Figure 52.
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Figure 52: Breeding impairments and premature death in YTHDC1 Camk2aCre KO females

(A) Number of breeding attempts, successful births and weaned litters for females carrying Camk2aCre (Cre/+) with an Ythdc1
+/lox or lox/lox genotype. (B) Number of dams and pups that died during breeding or before weaning respectively. Results are
shown for 26 heterozygous (+/lox, Cre/+) and 11 homozygous females (lox/lox, Cre/+).
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In addition, an increased incidence of premature sudden death was observed in YTHDC1 KO females.
Specifically, 8 out of 11 YTHDC1 KO females died during breeding while none of the heterozygous
females died. Females used for breeding were between 8 and 24 weeks old and age matched. Since
the breeding success of KO females appears to be impaired, experimental cohorts were created by
mating heterozygous dams carrying Cre (lox/+, Cre/+) with homozygous Cre negative bucks (lox/lox,
+/+).

4.2.2 YTHDC1 KO juveniles show reduced weight

To determine differences in the development of juvenile animals, males and females were examined
and weighed from week four to week eight. While there were no obvious physical differences apparent
between WT and KO animals, a clear difference in the post-weaning weight was observed (Figure 53).
The data presented below was analyzed using a linear model in R with the dependent variable weight
and the independent variables date, sex and genotype. Reported below are the results for the three-
way ANOVA.
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Figure 53: Reduced weight in juvenile YTHDC1 KO animals

(A) Weight of male Camk2aCre YTHDC1 WT and KO animals (WT = 30, KO = 29). (B) Weight of female Camk2aCre YTHDC1
WT and KO animals (WT = 28, KO = 28). One weakling that died before week 5 was excluded from the analysis. Significance
levels from the Tukey’s post-hoc test: ns = not significant, *: p < 0.05. **: p < 0.01, ***: p < 0.001, ****: p < 0.0001.
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A significant main effect of sex and genotype on weight was observed, with females having an overall
lower weight than males and KO animals being overall lighter than WT animals (sex: F1,572= 721.859, p
< 0.0001; genotype: F1572= 72.744 p < 0.0001). In addition, a significant interaction of genotype and
sex (genotype:sex: F1,572= 38.060, p < 0.0001), genotype and date (genotype:date: Fas572= 6.432, p <
0.0001) and sex and date (sex:date: F4,572= 19.119, p < 0.0001) was determined.

Applying a Tukey'’s test for multiple comparisons revealed that KO males and females differ significantly
in weight at 4 weeks of age (males: p.adj. < 0.0001, females: p.adj. = 0.0035), with KO animals showing
reduced weight. Moreover, a sex-specific difference in the weight progression was observed with fe-
males showing no differences in weight after week 4, while KO males show a decreased weight at week
6 (p.adj. = 0.022), 7 (p.adj. = 0.0067) and 8 (p.adj. = 0.0068) as shown in Figure 53. Together, this
suggests a KO driven effect on post-weaning weight that continues to persist in males into early adult-
hood.

To determine whether the differences in weight are already present before the onset of Camk2aCre
expression, the pre-weaning weight of males and females was determined. No genotype driven differ-
ence in the weight for either sex was detected at P15 (males: p = 0.96, independent two-sample t-test;
females: p = 0.74, independent two-sample t-test). In addition, adult males were weighed at 12 weeks
of age to see if the juvenile difference in weight was retained throughout adulthood. Here, no difference
in the weight of WT and KO males was detected (p = 0.12, independent two-sample t-test) suggesting
that KO animals catch up with WT animals’ weight during adulthood. The detailed results are included
in Appendix 8.15.

4.2.3 The KO of YTHDC1 reduces the survival probability

In addition to the initial observation that KO females are less likely to have litters that survive until wean-
ing and the increased occurrence of sudden death during breeding, some unexplained sudden deaths
were also observed in males. To distinguish a genotype driven increase in mortality from off target ef-
fects arising from the genetic background, the first experimental cohort was systematically monitored
for genotype driven differences in the survival probability.

Presented below (Figure 54) are the results from the survival analysis. Survival probabilities were esti-
mated in R using the package ‘survminer’’®® that employs the Kaplan-Meier method?®® and compares
differences in the survival of groups using a log-rank test.
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Figure 54: YTHDC1 Camk2aCre KO animals exhibit a decreased survival probability in adulthood

The survival probability estimated by the Kaplan-Meier method is shown for both sexes and genotypes across time. (A) The
median survival times are indicated for KO males and females by dashed rectangles. (B) The number of animals at risk by time.
The p-value shown is obtained by a log-rank test for genotype differences.
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The survival analysis revealed that KO animals have an increased probability to die prematurely during
early adulthood, with an estimated median survival probability of 4-5 months for both sexes. No sudden
death was observed in the WT animals during the observation time. Animals that succumbed to sudden
death, did not present with any gross morphological difference in size weight, and organ defects as
assessed by post-mortem dissections.

The close monitoring of animals revealed that some KO animals succumb to clonic-tonic seizures char-
acterized by escalating uncontrolled movements often followed by complete stiffness of the body. While
seizures appeared to occur at random, changes in the environment such as a cage change or behavioral
tests seemed to act as triggers in some cases. These events were generally rare during periods of
observation and animals always recovered within minutes.

4.2.4 YTHDC1 KO broadly affects behavior

The Camk2aCre driven KO occurs postnatally, with an onset in the 3 postnatal week'87_ As shown
with the Camk2aCre-Ai9 reporter mice, the Camk2a driven recombination occurs primarily in pyramidal
neurons of the neocortex, HPC (CA1-CA3, dentate gyrus) and to a lesser extend in the striatum and
amygdala with sparse recombination in being observed in the cerebellum.

To study the functional relevance of YTHDC1 for adult brain functioning, various behaviors were tested
that rely on the function of the cortex and HPC. The performed tests include classical tests for locomotion
and anxiety-like behaviors (OF, DL, EPM), a HPC and cortex dependent learning test (FC), and a test
of visual impairment and locomotor deficits (visible platform training for the MWM). The results of the
individual tests are presented below. If not otherwise indicated, no animals were excluded. Varying
sample sizes of KO animals are the result of increased sudden death in early adulthood.

YTHDC1 KO show normal behavior in the open field test

The OF test was conducted to assess overall differences in locomotion and explorative behavior. The
test was performed under low light conditions (< 15 lux) and for a duration of 10 min. The data were
analyzed using linear models in R with the dependent variables distance or time and the independent
variables, sex and genotype. Reported below are the results for the two-way ANOVA.
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Figure 55. YTHDC1 KO males and females exhibit normal behavior in the open field test
(A) Total distance travelled. (B) Distance travelled in the center zone. (C) Time spent in the center zone. Individual results are
plotted for both genotypes and sexes (WT males = 12, WT females = 12, KO males = 9, KO females = 11). ns = not significant.

There was no significant difference between the genotypes and sexes for distance travelled (genotype:
F143=1.76, p = 0.19; sex: F143= 0.89 p = 0.34, genotype:sex: F143= 2.56, p = 0.11), time in the center
zone (genotype: F143=3.37, p = 0.13; sex: F143= 0.76 p = 0.38, genotype:sex: F143=1.99, p = 0.17),
and distance travelled in the center zone (genotype: F143= 2.76, p = 0.11; sex: F143= 0.252 p = 0.61,
genotype:sex: F143=2.46, p = 0.12).

YTHDC1 KO animals exhibit increased activity in the EPM test

Animals were subjected to the EPM test to assess differences in anxiety-like behaviors between WT
and KO animals. The test was performed for a duration of 10 min (40 lux). The data presented was
analyzed using linear models in R with the dependent variables distance, distance / s or time and the
independent variables, sex and genotype. Animals that jumped off the maze during testing were ex-
cluded from the analysis. Reported below are the results for the two-way ANOVA (see Figure 56).
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Figure 56: YTHDC1 KO animals spent an increased duration in the open arm of the EPM

(A) Time spent in the open arms. (B) Distance travelled in the open arms. (C) Mean speed in the open arms. Individual results
are plotted for both genotypes and sexes (WT males = 12, WT females = 12, KO males = 9, KO females = 9). Two animals that
jumped of the platform during the test were exclude from the analysis. ns = not significant, *: p < 0.05. **: p <0.01, ***: p < 0.001,
**** p < 0.0001.

For the time spent in the open arm, a significant difference between the genotypes was observed, with
KO animals spending more time in the open arm (genotype: F141=10.981, p = 0.002). No significant
effect of sex and no interaction of genotype and sex were observed (sex: F1,41= 0.001, p = 0.98; geno-
type:sex: F141=2.389, p = 0.13). A Tukey’s test for multiple comparisons revealed a significant main
effect of genotype (p = 0.002) with KO animals spending an increased time in the open arm compared
to WT animals. Specifically, for KO males there was a pronounced difference (p = 0.007), while no
significant difference between WT and KO females was detected (p = 0.60).

For the distance travelled in the open arm, a significant difference between the genotypes was observed,
with KO animals travelling more distance in the open arm (genotype: F141= 32.784, p < 0.0001). No
significant effect of sex was detected but an interaction of genotype and sex below the significance
threshold was observed (sex: F1.41= 1.948, p = 0.17; genotype:sex: F141=3.447, p = 0.07). A Tukey’s
test for multiple comparisons revealed a significant main effect of genotype (p.adj. < 0.0001) with KO
animals travelling further than WT animals. Specifically, KO males travelled a greater distance in the
open arm (p.adj. < 0.0001) than WT males. Similarly, KO females travelled further than their WT coun-
terparts (p.adj. = 0.04).

Looking at the overall speed when moving in the open arm, a significant difference between the geno-
types was observed, with KOs moving faster when in the open arm (genotype: F141 = 24.994, p <
0.0001). No significant effect of sex and no interaction of genotype and sex were observed (sex: F1,41=

83



4 Results

2.027, p = 0.16; genotype:sex: F141= 1.494, p = 0.23). The Tukey'’s test for multiple comparisons indi-
cates a significant main effect of genotype (p.adj. < 0.0001) with KO animals moving faster than WT
animals. Here, KO males moved significantly faster in the open arm (p.adj. = 0.0004) than WT males.
For females, a trend below the significance threshold was determined (p.adj. = 0.051).

YTHDC1 KO animals spent less time in the lit compartment in the DL test

In order to further examine differences in anxiety-like behaviors and exploratory drive, animals were
subjected to the DL test. The test was performed for a duration of 10 min with strong lighting in the lit
compartment (~ 140 lux) and no light in the dark compartment (< 5 lux). The data were analyzed using
a linear model in R with the dependent variables distance or time and the independent variables, sex
and genotype. Reported below are the results for the two-way ANOVA. A summary of the results is
shown in Figure 57.
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Figure 57: YTHDC1 KO animals spent more time in the dark in the DL test

(A) Time spent in the lit chamber. (B) Distance travelled in the lit chamber. Individual results are plotted for both genotypes and
sexes (WT males = 12, WT females = 12, KO males = 9, KO females = 9). Significance levels from the Tukey’s post-hoc test: ns
= not significant, *: p < 0.05. **: p < 0.01, ***: p < 0.001, ****: p < 0.0001.

During the test, there was a significant difference between the genotypes for the time spent in the lit
compartment with KO animals spending less time in the illuminated chamber (genotype: F141= 19.20,
p < 0.00001; sex: F1,41= 1.17 p = 0.28) with no significant interaction of genotype and sex (genotype:sex:
F1.41=1.46, p = 0.24). A Tukey'’s test for multiple comparisons showed a significant main effect of gen-
otype (p.adj. < 0.0001) with KO females spending significantly less time in the lit compartment than WT
females (p.adj. = 0.0016), while no significant difference was detected for the comparison of WT and
KO males (p.adj. = 0.13).
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For distance travelled in the lit compartment a significant differences between the genotypes was ob-
served with KO travelling less distance (genotype: F1,41= 13.08, p = 0.0009; sex: F141= 0.79 p = 0.38)
with no significant interaction of genotype and sex (genotype:sex: F141= 1.38, p = 0.24). The post hoc
analysis showed that there is a significant main effect of genotype (p = 0.0009) with KO females travel-
ling significantly less time in the lit compartment than WT females (p.ad;j. = 0.009), while no significant
differences were detected for WT and KO males (p.adj. = 0.32).

YTHDC1 KOs show no impairments in the visible platform training

The assessment of anxiety-like behaviors in the DL and EPM test depends, among other things, on the
vision of the animal. In case of visual impairments, these tests are not be reliable and thus may result
in false conclusions. The relevance of this, has recently been demonstrated for ‘low-anxiety behaving’
(LAB) mice that spent extended time in the open arms of the EPM maze. While this alteration could be
interpreted as reduced anxiety-like traits, in the case of LAB animals it was reportedly the consequence
of complete blindness?’!. Therefore, to avoid any confounds resulting from visual impairments, animals
were tested in the visible platform test. This procedure is commonly used to habituate mice before the
MWM test and the efficiency in which the task is completed depends on the animal’s ability to see the
platform. The results presented below were obtained by starting animals from the same position across
4 trials, while altering the position of a visible platform between trials. Animals had 60 s to find and climb
on the visible platform which was slightly raised above water level and marked with a distinct black flag.
The data were analyzed using a linear model in R with the dependent variable latency and the inde-
pendent variables, trial, and genotype. Since this is was a control experiment and we are not interested
in sex dependent differences in swimming, the statistical analysis only considered the effects of geno-
type and trial. Reported below are the results for the two-way ANOVA (see Figure 58).
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Figure 58: Ythdc1-Camk2aCre KO animals don’t show impairments of vision in the visible platform training
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(A) Latency to reach the platform across 4 trials. (B) Mean latency to reach platform. Individual results are plotted for both geno-
types and sexes (WT males = 12, WT females = 12, KO males = 8, KO females = 8). ns = not significant, *: p < 0.05. **: p < 0.01,
***:p <0.001, ****: p <0.0001.

No differences were found between the latency of the WT and KO animals to reach the visible platform
across trials. (genotype: F1,157= 0.002, p = 0.97; Trial: F1,157 = 8.83, p < 0.0001) with no significant inter-
action between genotype and trial (genotype:trial:F1,157= 0.33, p = 0.81).

The fact that there was no difference between WT an KO animals in the overall performance across 4
trials, as well as in the improvement during trials, indicates that KO animals have no visual impairment.
Furthermore, the comparable latencies also suggest that there are no gross locomotor impairments.
Thus, we can assume that the differences observed in the EPM and DL tests are not caused by visual
or motor deficits.

YTHDC1 KO animals show increased activity in response to delay fear
conditioning

Delay fear conditioning, in which a neutral stimulus (tone) is presented together with an aversive food
shock, is commonly used to assess learning and memory and was used here to interrogate cortical and
HPC functioning. The results presented below were obtained by using an established screening ap-
proach that combines cue and contextual fear conditioning'’. For the conditioning, animals were ex-
posed to a moderate foot shock (0.7 mA) at the start of the experiment and their memory was tested 24
h (cue memory) and 48 h (context memory) after conditioning. The experiment was conducted using
male and female animals. Freezing was defined as periods of complete immobility lasting for at least
one second.

A logistic regression analysis using GAMs was performed with freezing as the dependent variable
(yes/no resolution: 1 s) and the independent variables genotype and sex. Time was included in the
model as a smooth term, as well as a random intercept for the factor animal. Furthermore, for the cue
memory, test time was stratified for the occurrence of the cue (tone). A summary of the model results
can be found in Appendix 8.16.

The model results show that KO animals show a lower overall freezing during the cue memory test
(genotype:KO Estimate = -1.7, Z-value = -7.52, Pr(>|z|) < 0.0001) with no main effect of sex (sex:female
Estimate = -1.01, Z-value = -0.15, Pr(>|z|) = 0.88) but a pronounced interaction of genotype and sex
(genotype:KO:sex:female: Estimate = 1.31, Z-value = 4.72, Pr(>|z|) < 0.0001). For the contextual
memory test, a significant reduction in overall freezing was detected for the KO animals (genotype:KO
Estimate = -2.27, Z-value = -7.46, Pr(>|z|) < 0.0001) with no main effect of sex (sex:female Estimate =
-0.40, Z-value = -0.08, Pr(>|z|) = 0.93) and a pronounced interaction of genotype and sex (geno-
type:KO:sex:female: Estimate = 2.7, Z-value = 7.65, Pr(>|z|) < 0.0001).

In addition to the analysis using GAMSs, a linear model was fitted for the contextual memory test using
mean freezing scores per animal across the test as dependent variable, with sex and genotype as the
independent variables. The ANOVA performed on the fitted model showed a main effect of genotype
and no effect of sex (genotype: F143= 16.410, p = 0.0002; sex: F143= 0.692 p = 0.41). Here, no signifi-
cant interaction of genotype and sex was detected (genotype:sex: F143= 0.205, p = 0.65). A Tukey’s
test for multiple comparisons showed a significant main effect of genotype (p.adj. = 0.0002) with KO
males exhibiting significantly less freezing than WT males (p.ad]. = 0.016), while comparison of KO and
WT females did not reach the significance threshold (p.adj. = 0.07). An overview of the paradigm and
all results is shown in Figure 59.
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Figure 59: YTHDC1 Camk2aCre KO animals show differences in the fear conditioning response

(A) Cue memory, 24 h after conditioning. (B) Context memory, 48 h after conditioning. (C) Average contextual memory showing
the mean freezing across 5 min. Individual results are plotted for both genotypes and sexes (WT males = 12, WT females = 12,
KO males = 12, KO females = 11). Significance levels from the Tukey’s post-hoc test: ns = not significant, *: p < 0.05. **: p < 0.01,
***:p <0.001, ****: p <0.0001.

The results from the fear conditioning should be interpreted with caution. Looking at the overall dynam-
ics, it appears as if YTHDC1 KO show an overall diminished response that follows a similar trajectory.
Strikingly, the response to the cue presentation 24h after conditioning shows a comparable response,
starting from different basal freezing levels. Besides differences in the fear memory, the observed dif-
ferences could also indicate an overall difference in arousal or a more active coping response.

4.2.5 YTHDC1 KO animals show volumetric changes in the cortex and HPC

Given the overall changes in behavior, structural MRI was conducted to detect differences in brain anat-
omy. The results included in this thesis, comprise only half of the collected results (females). The anal-
ysis of male animals is currently underway and will not be included due to time constraints.

For this, 23 females (WT = 11, KO = 12) were subjected to structural scans using a 9.4 T scanner
(BioSpec, Bruker BioSpin GmbH). The data analysis was performed as described above. No animals
were excluded from the analysis. The thresholds for the spatial voxel-wise t-maps were set at an uncor-

rected p < 0.005) with an adjusted extent threshold to obtain FWE-corrected (p < 0.05) clusters. The
results are summarized in Figure 60.
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Figure 60: Camk2aCre YTHDC1 KO results in reduced gray matter volume in PFC and dHPC

Structural imaging of Camk2aCre YTHDC1 KO and WT animals at ~ 8 weeks (WT = 11, KO = 12). The results show clusters with
FWE-corrected p < 0.05. A decrease in volume was detected for the cortex and dHPC. The color gradient shows the T-values,
indicative of the relative statistical robustness of changes.

A striking decrease in volume in cortical regions and the dHPC was detected for KO animals compared
to WT animals. Strikingly, these changes overlap with the Camk2aCre expression determined with the
reporter mice and shown in Figure 8.

4.2.6 YTHDC1 KO neurons in the mPFC are less excitable

The observed differences in the various behavior tests are indicative of fundamental differences in the
neuronal activity and prompt the question whether KO animals show differences in the basal properties
of neurons. To investigate this, ex-vivo patch clamp recordings of layer V pyramidal neurons in the
mPFC were performed in adult males (age 8-10 weeks). In total, the responses from 23 WT cells of 3
WT animals and 24 cells of 3 KO animals were analyzed.

No differences in the input resistance (p.adj. = 0.49, Wilcoxon test) nor resting potential (p.adj. = 0.43,
Wilcoxon test) were observed. In contrast, parameters indicative of changes in the membrane excitabil-
ity were found to be altered in KO animals. The rheobase, a threshold measure that constitutes the
minimum current given an infinitely long stimulation that would be sufficient to elicit an action potential
(AP) was increased in KO neurons (p.adj. = 0.042, independent two-sample t-test). Accordingly, the
threshold potential required for triggering an AP showed a significant increase in KO cells (p.adj. = 0.005,
Welch's t-test). In addition to the changed excitability, changes in several kinetic parameters were iden-
tified. The mean AP amplitude was significantly reduced in KO animals (p.adj. = 0.021, independent
two-sample t-test) and the mean AP half-width was increased (p.ad]. = 0.005, Wilcoxon test). In addition,
the hyperpolarization following an AP showed a decreased undershoot in KO animals (p.adj. = 0.026,
independent two-sample t-test). A detailed list of all estimated parameters is given in Appendix 8.17 and
the main results are summarized in Figure 61.
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Figure 61: Camk2aCre YTHDC1 KO animals show a reduced excitability of layer V pyramidal neurons in the
mPFC

(A) YTHDC1 KO cells show a reduced AP amplitude. (B) The AP half-width is significantly increased in KO animals. (C) The
Rheobase, measuring excitability of neurons is significantly increased in KO animals. (D) KO animals show an increased AP
threshold. (E) The AP undershoot is dampened in KO animals. Cells were patched in layer V of the PFC of WT = 3 (23 cells) and
KO = 3 animals (24 cells). Statistics were performed using the independent two-sample t-test, Wilcox test or Welch's t-test as
appropriate. Reported are the FDR adjusted p-values.

The observed differences point towards an overall reduced excitability of mPFC layer V pyramidal neu-
rons in YTHDC1 KO animals. The threshold, amplitude and duration of an AP are determined by the
properties of the neuronal membrane which in turn is regulated through its protein composition. There-
fore, alterations in membrane related properties are likely to be associated with changes in protein
abundance.

4.2.7 Depleting YTHDC1 induces global changes in protein abundance

The reduced excitability detected for layer V pyramidal KO neurons is indicative of changes in the protein
composition of the cell membrane. To determine whether changes in the proteome of KO animals can
explain the electrophysiological phenotype, a proteomic screening using LC-MS was performed as de-
scribed above. For this, the fresh dissected mPFC, dHPC and vHPC of 6 WT and 5 KO animals was
used.

In total 6,521 unique proteins were identified, out of which 6,131 (94 %) were detected across brain
regions, with only 72 (1.1 %) being exclusively expressed in the mPFC, 30 (0.46 %) in the dHPC and
48 (0.74 %) in the vHPC respectively. In total, 274 unique proteins were found to be significantly dysreg-
ulated in the brain of YTHDC1 KO animals. Out of which, 225 (82 %) proteins were significantly down-
regulated and 49 (18 %) significantly upregulated. An overview of the results is shown in Figure 62 and
Figure 63.
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Figure 62: YTHDC1 Camk2aCre KO animals show altered protein abundance in the mPFC, dHPC and vHPC
(A) Overview of the number of unique proteins identified using label free LC-MS. (B) Differentially expressed proteins across three
brain regions (FDR < 0.05).

In the mPFC, 43 proteins were detected in differing levels in the KO, compared to the WT (FDR < 0.05).
For the dHPC and vHPC there were 253 and 3 significant changes detected respectively (FDR < 0.05).
A pathway analysis was conducted for the significantly altered proteins (FDR < 0.05) of each brain
region. No significant enrichment was detected for any of the three ontologies (CC, MF, BP).
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Figure 63: Detailed overview of changes observed in the LC-MS proteomic screening of YTHDC1 KO in the
mPFC, dHPC and vHPC

(A-C) Volcano plots showing the differential protein levels in mPFC (A), dHPC (B) and vHPC (C) YTHDC1 KO animals. (D-F) The
top 10 most up- and downregulated proteins in the mPFC (D), dHPC (E) and vHPC (F) (FDR < 0.05).

In addition, the data was mined for differences in protein abundance of genetic risk factors associated
with seizures and epilepsy. Interestingly, the risk associated potassium channels KCNQ2 (dHPC: L2FC
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=-0.6, p = 0.005), KCNQ3 (dHPC: L2FC =-0.78, p = 0.057) as well as the sodium channel SCN1A
(mPFC: L2FC = 0.34, p = 0.011; dHPC: L2FC = 0.36, p = 0.019 ) and the risk associated ubiquitin ligase
UBE3A2%2 (mPFC: L2FC = -0.5, p = 0.001; dHPC: L2FC = -0.34, p = 0.04 ) were found to be altered in
the brain of KO animals.

In contrast to the WTAP KO, which was observed to alter the abundance of many m®A regulators, only
YTHDF3 was determined to be significantly downregulated in the dHPC (FDR < 0.05).

YTHDC1 KO show less changes in mitochondrial proteins, compared to WTAP
KO animals

Given the striking changes in mitochondrial protein that were observed in the WTAP KO animals, the
effect of YTHDC1 depletion on the abundance of components of the mitoribosome and respiratory chain
complex components in the mPFC were examined. For the components of the mitoribosomes, no sig-
nificant differences were detected after FDR correction. A qualitative overview of all detected proteins
is shown in Figure 64.

Large ribosomal subunit Small ribosomal subunit

MRPL1 MRPL22 MRPL43 MRPS2 MRPS16 MRPS26

MRPL2 MRPL23 MRPL44 MRPS5 MRPS17 MRPS27 Mitoribosome
MRPL3 MRPL24 MRPL45 MRPS6 MRPS18A  MRPS28

MRPL4 MRPL27 MRPL46 MRPS7 MRPS18B  MRPS30

MRPL9 MRPL28 MRPL47 MRPS9  MRPS18C  MRPS31

MRPL10 MRPL30 MRPL48 MRPS10 MRPS21 MRPS33

MRPL11 MRPL32 MRPL49 MRPS11 MRPS22 MRPS34

MRPL12 MRPL33 MRPL50 MRPS12 MRPS23 MRPS35

MRPL13 MRPL34 MRPL51 MRPS14 MRPS24 MRPS36

MRPL14 MRPL35 MRPL52 MRPS15 MRPS25 =
MRPL15 MRPL36 MRPL53

MRPL16 MRPL37 MRPL54

MRPL17 MRPL38 MRPL55 mPFC

MRPL18 MRPL39 MRPL57 Significantly downregulated (FDR < 0.05)

MRPL19 MRPL40 MRPL58 Significantly downregulated (p <0.05)

MRPL20 MRPL41 No significant difference

MRPL21 MRPL42 Not detected

Figure 64: YTHDC1 Camk2aCre KO animals have normal levels of mitoribosomal proteins in the mPFC
Overview of the mitoribosome components detected in the mPFC (WT = 6, KO = 5). Significantly downregulated proteins are
highlighted in red (FDR < 0.05), proteins that were determined to be down regulated but did not pass the FDR threshold are shown
in purple (p < 0.05), proteins for which no differences between WT and KO were observed are marked in blue and proteins that
were not detected are shown in gray. No significantly upregulated proteins were identified.

In addition, the components of the respiratory chain complex were examined for differences in the pro-
tein abundance. Here, more changes were detected. However, after FDR correction only 3 components
of Complex | remained. The results are summarized in Figure 65. Interestingly, as with the WTAP data
set, no upregulated proteins were amongst the differentially regulated mitochondrial candidates.
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Figure 65: YTHDC1 KO animals show minor changes in the composition of respiratory chain complex
Overview of respiratory chain complex components in the mPFC of YTHDC1 Cam2aCre animals (WT = 6, KO = 5). Significantly
downregulated proteins after FDR are highlighted in red (FDR < 0.05), significantly regulated proteins before multiple testing
correction are marked in purple (p < 0.05), proteins for which no differences between WT and KO were observed are marked in
blue and proteins that were not detected are shown in gray. No significantly upregulated proteins were identified.

4.2.8 YTHDC1 KO affects metabolism in mPFC and dHPC

As with the WTAP project, a metabolic screening of YTHDC1 KO tissue was performed to determine
the metabolite profile of the mPFC, dHPC and vHPC. For this, the tissue of 8 WT and 8 KO animals
were freshly dissected and analyzed as described above. The statistics were performed for metabolites
detected in at least 70 % of samples using the independent two-sample t-test. Reported below are
results passing the threshold FDR < 0.1. An overview of the significant differences is shown in Figure
66.
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Figure 66: Metabolic dysregulation in Camk2aCre YTHDC1 KO animals

(A) In total 17 unique metabolites were identified that are dysregulated in the mPFC and dHPC of KO animals. No differential
regulation was determined for the vHPC. (B) Top upregulated and downregulated metabolites across brain regions. Metabolites
were measured in 8 WT and 8 KO animals. Group comparisons shown were obtained by an independent two-sample t-test and
are reported for FDR < 0.1.

In total, 125 different metabolites were identified across the three brain regions, with 17 unique metab-
olites being differentially regulated (FDR < 0.1). Strikingly, no differential regulation of metabolites was
determined for the vHPC. The majority of differential changes in the mPFC and dHPC appears to be
region-specific. In contrast, many changes detected in the WTAP KOs were present across brain re-
gions. A detailed list of all identified metabolites can be found in Appendix 8.18.

An overview of the overlap and differences in differentially regulated metabolites across brain regions
for the WTAP and YTHDC1 KO is shown in Figure 67.
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Figure 67: Overlap of differentially regulated metabolites across brain regions for WTAP and YTHDC1

KOs
Overlap of differentially regulated metabolites in the mPFC, dHPC and vHPC of WTAP and YTHDC1 KO animals. Included are
results FDR < 0.01.

The comparison of differentially regulated metabolites across brain regions and KOs shows that many
of the observed changes are region and KO specific with only one metabolite (D-aspartate) being dif-
ferentially regulated across regions and KOs. In the brain of WTAP KO animals, D-aspartate is signifi-
cantly upregulated across regions (mPFC: 0.74, p.adj. = 0.002; dHPC: 0.60, p.adj. = 0.08; vHPC: 0.57
p.adj. = 0.01), while in YTHDC1 KOs, it is significantly downregulated in the mPFC (L2FC = -0.87, p.ad;.
= 0.003) and upregulated in the dHPC (L2FC = 0.37, p.adj. = 0.002). This is addressed in detail in the
discussion section below.
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4.2.9 Validation of NexCreERT2 induced YTHDC1 KO

To explore the effects of YTHDC1 in more detail, the conditional strain Ythdc7-NexCreERT2 was used
for the analysis of KO induced changes in gene expression and splicing. The induction and sample
collection followed the same procedure as described for the Wtap-NexCreERT2 strain. The results from
the validation are summarized in Figure 68.
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Figure 68: Tamoxifen treatment of NexCreERT2 carrying animals results in a depletion of the floxed Ythdc1

exons

(A) ISH with a probe targeting the floxed exons 3-7 showing a clear reduction in Ythdc1 signal in the HPC. (B) The KO efficacy
for tissue used for gene expression analysis was validated using qPCR. Shown are the results for the samples that were used for
RNA sequencing (WT = 6, KO = 6). Reported are the FDR adjusted p-values. ns = not significant, *: p < 0.05. **: p < 0.01, ***: p
<0.001, ****: p < 0.0001.

A clear reduction in Ythdc1 expression was observed in the ISH (Figure 68, panel A). Similarly, a clear
KO was determined for the gPCR validation (p.adj. < 0.01, Wilcoxon test, Figure 68, panel B). The
samples for which the KO was validated with gPCR were used for subsequent gene expression analysis
with poly-(A) sequencing.

4.2.10 YTHDC1 KO induces shift in gene expression

To determine whether YTHDC1 depletion results in changes in gene expression, poly(A) RNA sequenc-
ing was performed as described in the Methods section. In brief, libraries were prepared using the NEB-
Next Ultra Il Directional RNA Library Prep Kit (lllumina) according to manufacturer’s instructions, starting
from 200ng DNase | treated total RNA (WT = 6, KO = 6). Libraries were treated with Illlumina's Free
Adapter Blocking Reagent and sequenced on 1 x lane of the NovaSeq 6000 (2 x 100 paired end with
an output of ~78 million reads per sample).
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Genotype dependent correlation and separation in PCA space for YTHDC1 KOs

The global correlation coefficient amongst pairs of samples was calculated from the log2-transformed
normalized counts of WT and KO samples and shows a pronounced separation of the genotypes (Figure
69, panel A).
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Figure 69: Sequenced samples show strong correlation within genotypes and clear separation in PC space
(A) The sample correlations performed with the log2transformed normalized counts shows that samples of the same genotype
are more similar to each other than to samples of the other genotype. (B) The PCA for the 1,000 most variably expressed genes
shows that PC1 explains 51 % of the observed variance.

The results from the PCA performed with the 1,000 most variably expressed genes reveals a distinct
clustering of WT and KO samples along principal component 1 (PC1), explaining 51 % of the variance
and indicating the genotype driven effect of the KO (Figure 69, panel B).

NexCreERT2 YTHDC1 KO shifts gene expression

The depletion of YTHDC1 from NexCreERT2 expressing cells was observed to results in a strong shift
in gene expression with 3,944 transcripts showing expression differences in the HPC region dCA1 (FDR
< 0.05). For the current analysis, a cut off was applied and only genes showing differences matching
Log2FoldChange > 0.5, FDR < 0.05 and a base mean = 20 were considered. After filtering, 828 genes
remain for subsequent exploration. The results are summarized in Figure 70.
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Figure 70: YTHDC1 KO animals show a strong shift in gene expression in the dCA1

(A) Volcano plot showing the comparison of KO vs WT animals for 16,092 detected genes. In total, 828 transcripts are differently
expressed (FDR < 0.05, Log2FoldChange = 0.5, base mean = 20), with 531 transcripts being significantly upregulated and 297
transcripts significantly downregulated. (B) Top 10 genes with the greatest upregulation in YTHDC1 KO animals. (C) Top 10
genes with the greatest downregulation in YTHDC1 KO animals. Data is shown for WT = 6; KO = 6. For up- and downregulated
genes, a cut off was applied (base mean = 20, only genes detected for both genotypes).

Out of the 828 differentially expressed transcripts, 531 (64 %) were significantly up- and 297 (36 %)
downregulated. The proportional change is similar to what has been observed for the WTAP NexCre-
ERT2 KO (58 % up, 42 % down).

Gene Ontology analysis reveals enrichment for ion channel activity

To determine whether the observed changes are associated with particular biological functions or cel-
lular components, a GO enrichment analysis was performed for the filtered results (FDR < 0.05,
Log2FoldChange = 0.5, base mean = 20). The analysis for CC showed and enrichment for integral
components of the plasma membrane (p.adj. < 0.0001) and for BP an enrichment for processes asso-
ciated with cell-cell adhesion via plasma-membrane adhesion molecules (p.ad;. = 0.025) was detected.
The biggest number of enriched terms was determined for MF and is summarized in Figure 71. Detailed
results can be found in Appendix 8.19.
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Figure 71: Differentially expressed genes in YTHDC1 KOs are enriched for ion channels activity
(A) Overview of the GO results for MF after application of semantic similarity analysis (FDR < 0.05). The enriched topics are all
related to ion channel activity. (B) Bar plot showing the number of genes associated with identified GO terms and ranked by the

adjusted p-value.

NexCreERT2 YTHDC1 animals show shift in differential exon usage

To determine whether the removal of YTHDC1 changes alternative splicing, the mRNA sequencing data
were analyzed with the DEXSeq package as described for the Wtap-NexCreERT2 project. The DEXSeq
analysis revealed a pronounce shift in exon usage after depletion of YTHDC1. Overall, 1,746 differen-
tially expressed features, mapping to 1,054 genes (FDR < 0.05; Log2FolgChange = 0.5; base mean =
5) were identified. The results are summarized in Figure 72.

Of the 1,746 features, 653 (38 %) were significantly upregulated and 1,093 (62 %) were downregulated.
In contrast, the changes in exon usage induced by the depletion of WTAP were more evenly distributed

(52 % up, 48 % down).
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Figure 72: YTHDC1 KO results in large scale changes in exon usage

(A) YTHDC1 KO animals show differences in 1,746 exonic features mapping to 1,054 distinct genes (Log2FoldChance = 0.5,
FDR < 0.05, exon base mean = 5). (B) Overlap of gene sets for which differential expression was detected (FDR < 0.05, Log2Fold-
Change = 0.5, base mean = 20) and genes for which differences in exon usage were observed genes (Log2FoldChance = 0.5,
FDR < 0.05, exon base mean = 5). (C) Overlap and differences in the differential gene expression and splicing of WTAP and
YTHDC1 KO animals.

Alternatively-spliced transcripts are enriched for synapse associated genes
and mRNA metabolic processes

GO enrichment analysis was performed for genes for which a significantly different exon usage was
determined (FDR < 0.05, Log2FoldChange = 0.5, exon base mean = 5). The GO analysis for BP re-
vealed an enrichment for processes associated with the term ‘regulation of mMRNA metabolic process’
(p.adj. =0.047) and no enrichment was detected for MF associated ontologies. For CC, an enrichment
was determined for synaptic components. An overview of this is shown in Figure 73. A list with all of the
results can be found in Appendix 8.20.
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Figure 73: Differentially expressed exons in YTHDC1 KOs are enriched for synaptic genes
(A) Overview of the GO results for CC after application of semantic similarity analysis (FDR < 0.05) with the emerging topic neuron
to neuron synapse. (B) Bar plot showing the number of genes associated with the top GO terms ranked by adjusted p-value.

4.2.11 NexCreERT2 YTHDC1 KO: behavioral assessment

Given the strong molecular phenotype with an enrichment for synaptic components, the implication for
learning and memory and anxiety-like behaviors was assessed using FC, the OF and DL tests.

NexCreERT2 YTHDC1 KO animals show normal locomotion and anxiety-like
behaviors

The OF test was conducted to assess overall differences in locomotion and explorative behavior be-
tween YTHDC1 WT and KO animals. The test was performed as described above, with a low light
intensity (15 lux) and for a duration of 10 min. Group comparisons were tested using the independent
two-sample t-test, Welch's t-test, or Wilcoxon test as appropriate and corrected for multiple testing using
the Benjamini and Hochberg method. A summary of the results is shown in Figure 74.
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Figure 74: Open field test of NexCreERT2 YTHDC1 KO animals

(A) Total distance travelled. (B) Distance travelled in the center zone. (C) Time spent in the center. Individual results are plotted
for both genotypes (WT N = 11, KO N = 13). ns= not significant, *: p.adj. < 0.05. ** p.dj < 0.01, *** p.adj. < 0.001, **** p.adj. <
0.000. Adjusted p-values were obtained using either the independent two-sample t-test, Welch's t-test, or Wilcoxon test as appro-
priate and corrected for multiple testing using the Benjamini and Hochberg method.

No significant differences were detected between WT and KO animals for the overall distance travelled
(p.adj. = 0.68, Wilcox test), the distance travelled in the inner zone (p.adj. = 0.68, independent two-
sample t-test) or the time spent in the inner zone (p.adj. = 0.68, independent two-sample t-test).

NexCreERT2 YTHDC1 KO animals show normal behavior in the DL test

Animals were subjected to the DL test to determine differences in the exploratory drive and anxiety. The
test was performed with moderate lighting (~100 lux) in the lit chamber and total darkness in the dark
chamber (< 5 lux) for a duration of 10 min. Group comparisons were tested using the independent two-
sample t-test, Welch's t-test, or Wilcoxon test as appropriate and corrected for multiple testing using the
Benjamini and Hochberg method. A summary of the results is shown in Figure 75.

101



4 Results

400 i 7.5

5.0

Time [s]
Distance [m]

200

25

Genotype @ Wt E’ Ko 0

Figure 75: Open field test of NexCreERT2 YTHDC1 KO animals

(A) Time in the lit compartment. (B) Distance travelled in the lit compartment. Individual results are plotted for both genotypes
(WT N =11, KO N = 13). Ns = not significant, *: p.adj. < 0.05. ** p.dj < 0.01, *** p.adj. < 0.001, **** p.adj. < 0.000. Adjusted p-
values were obtained using either the independent two-sample t-test, Welch's t-test, or Wilcoxon test as appropriate and corrected
for multiple testing using the Benjamini and Hochberg method.

0.0 N=11 N=13

There were no significant differences for time spent in the light zone (p.adj. = 0.48, Wilcox test) or the
distance travelled in the light zone (p.adj. = 0.48, Wilcox test).

NexCreERT2 YTHDC1 KO animals exhibit normal cue and contextual fear
memory

Cortical and HPC functioning were tested using delay FC. For this, the paradigm and settings used were
identical to the ones described for the Wtap-NexCreERT2 animals (foot shock: 1 s, 0.7 mA) and animals
were tested 24 h (cue memory) and 48 h (contextual memory) after conditioning. The data were ana-
lyzed using logistic regression analysis with GAMs and the complete details of the fitted model can be
found in Appendix 8.21.

Logistic regression analysis revealed that KO animals show comparable levels of freezing during the
cue memory test compared to the control group (genotype:KO Estimate = 0.92, Z-value = 1.15, Pr(>|z|)
= 0.25). Similarly, no difference between WT an KO animals was determined for the contextual memory
48 h after conditioning (genotype:KO Estimate = 0.55, Z-value = 0.51, Pr(>|z|) = 0.61). An overview of
the results is shown in Figure 76.
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Figure 76: NexCreERT2 YTHDC1 KO animals show normal cue and contextual fear memory
(A) Cue memory, 24 h after conditioning. (B) Context memory 48 h after conditioning. (C) Mean contextual freezing across 5 min.

Individual results are plotted for both genotypes (WT males N = 12, KO males N = 13). No significant difference between the two
genotypes was determined.

While the data presented in Figure 76 might be suggestive of genotype driven differences, no significant
difference is apparent in the statistical analysis. This is due to a high degree of variability in the recorded
responses, as can be seen in Figure 76C. Initially, it looked like there might be a difference in the freez-
ing during the habituation phase of the cue memory test. Freezing in a novel context can be indicative
of fear generalization?®®. However, the differences seen here did not replicate in an independently tested
cohort (data not included in this thesis).
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5. Discussion

Previous research investigating the role of m°A in the mammalian brain has focused on a limited number
of key regulators, including METTL3%2°, METTL1426.150, FTQ?28.146-148 and YTHDF13°. The contribution
of WTAP and YTHDCH1 to brain functioning has not been reported so far.

Therefore, the aim of this study is to provide the first insight into the role of WTAP and YTHDC1 in the
regulation of adult brain functions. To achieve this, a detailed characterization of WTAP and YTHDC1
deficient animals was conducted, addressing the effect the KO has on different organizational levels of
the brain. The molecular data collected for this study include a poly-(A) sequencing of dCA1 samples,
label-free LC-MS measurements of the proteome in the mPFC, dHPC and vHPC and a targeted meta-
bolic screening across these brain regions. Complementing this, structural MRI scans were acquired to
reveal volumetric changes across the brain and electrophysiological recordings in the dCA1 and mPFC
were performed to test for KO induced changes in signaling. Furthermore, A broad array of behavioral
data sets looking at circadian activity, anxiety-like behavior, learning and memory was collected to reveal
how the KO affects cognitive processes. Together, this multi-level experimental approach provides the
first insight into the non-redundant role of WTAP and YTHDC1 in shaping adult brain functions.

In this section, | will briefly summarize and discuss the main results presented in this thesis within the
context of the literature, assess how the presented findings expand the existing knowledge and suggest
further areas of study.

5.1 Considerations regarding the targeted KO of m®A regulators in
the brain

In the presented research the Cre-lox recombination system was used to establish cell-type specific
KOs in the brain of Wtap and Ythdc1 floxed animals. For this, two different Cre driver lines were used.
The developmentally regulated Camk2aCre, which starts inducing a KO around the 3™ postnatal
week'#%187 'when most of brain development has concluded'®, and NexCreERT2 which is tamoxifen
inducible'.

The rational for using a cell-type specific, postnatal deletion (conditional), instead of a global KO (con-
stitutive), is twofold. First, many m®A regulators are essential for early embryonic development and the
full KO of WTAP and YTHDC1 has been reported to result in early embryonal lethality545%72, mPA is
required for normal brain development, as disturbances in m®A patterns resulted in the premature dif-
ferentiation of neuronal precursor cells?” and prolonged postnatal cortical neurogenesis?®. The postnatal
deletion using a cell-type specific KO has the advantage that developmental effects can be minimized
and the observed changes can be attributed to alterations in defined populations of cells, namely
Camk2aCre/NexcreERT2 expressing neurons.

Secondly, it is important to note that findings obtained in constitutive KOs often differ from conditional
deletions, due the effects constitutive KOs have on organismal development and the global nature of
the depletion. An example for this is the constitutive KO of FTO which has been reported to result in
increased anxiety-like behaviors?®, In contrast, studies using conditional FTO KOs, targeting specifically
the brain, did not find effects on anxiety-like behaviors?®'46, Here we are interested in the contribution
of WTAP and YTHDC1 to regulating the function of post-mitotic neurons in the adult brain. To avoid
developmental driven effects and to compare our findings with previous studies targeting the brain, two
Cre driver lines were chosen that allow the targeted depletion at postnatal stages.
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Despite this precaution, both Camk2aCre induced KOs lines presented with genotype dependent differ-
ences in juvenile weight, shortly after the onset of Camk2aCre activity. This could indicate an effect of
the KOs on late stages of brain maturation. Notably, no difference in the weight of pups was determined
prior to the onset of the KO in either line (weight at P15: data not shown). Considering that the KO is
restricted to the brain, the differences in weight might be due to KO induced changes in feeding behavior.
In support of this, it was previously shown that the Camk2aCre driven depletions of transgenes in the
brain may result in metabolic phenotypes associated with changes in body weight?°>2%6, However, this
was not systematically investigated here. Interestingly, the observed differences were more pronounced
in males which suggests a sex-specific component that could be explored by future studies.

Since both Cre drivers employed in this research affect the expression of target genes within a rather
large part of the brain, future studies using more targeted approaches, such as viral manipulations or
more specific Cre lines, will be required to attribute the observed changes to specific brain areas.

5.2 WTAP is essential for regulating neurons and behavior

WTAP KO induced changes in gene expression

To determine the effect of WTAP depletion on neuronal gene expression, a poly-(A) sequencing of dCA1
samples from WT and KO animals was performed. The depletion of WTAP in the dCA1 was shown to
result in the differential expression of thousands of genes, with 58 % of transcripts being upregulated in
WTAP KO animals and 42 % being downregulated. The observed changes in gene expression were
surprisingly consistent across biological replicates and the gPCR validation of selected candidates, per-
formed in an independent cohort of animals, validated the observed differences regarding effect size
and statistical robustness. This suggests that WTAP is integral to the regulation of gene expression.

A previously published study using a NexCreERT2 induced KO of METTL3 reported only very little
differences in gene expression (84 genes: FDR < 0.1, Log2FoldChange = 0.5). This is surprising, con-
sidering that both WTAP and METT3 depletion have been shown to induce changes in the expression
of hundreds of genes in vitro®” and could point towards a difference between these two regulators in the
regulation of gene expression in the adult brain.

Given that one of the ascribed functions of m°A is to regulate mRNA turnover'?*, with m®A serving as a
mark for degradation, disruptions of the m®A ‘writer complex’ are expected to increase the half-life of
commonly methylated transcripts. Consequently, the upregulation of mMRNAs as a result of WTAP de-
pletion could partially be attributed to an attenuated mRNA decay. A limitation of the presented study is
that the extent to which mPA status determines gene expression and splicing has not been investigated.
To address this, the m®A landscape of the dCA1 could be characterized using m®A-seq. and the ob-
served changes in gene expression and splicing correlated with the presence of méA marks.

Considering that ~40 % of the observed changes are attributed to significantly downregulated tran-
scripts, an impairment of MRNA degradation due to the depletion of m®A is not sufficient to explain all
results. Therefore, some of the observed changes might be attributed to other regulatory processes. In
support of this, WTAP is known to interact with various cellular proteins such as WT1¢' VIRMA, RBM15,
HAKAI and ZC3H13 and to be part of the MACOM complex, which has been suggested to be involved
in m®A-independent regulation**. The extent to which WTAP is affecting gene expression through m°A-
independent mechanisms remains to be determined. While the main finding of the gene expression
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characterization is that WTAP is crucial for normal expression levels of thousands of transcripts, a limi-
tation of the presented results is that the reported changes are observational and the mechanisms un-
derlying the observed changes remains to be determined by future studies.

WTAP controls the expression of m°A ‘writers’ and ‘readers’

A novel finding presented in this research thesis is that the depletion of WTAP alters the expression
levels of key mPA regulators. Specifically, the gene expression for the core-complex members Mett/3
and Mettl14 was found to be slightly but significantly downregulated in the sequencing, while compo-
nents of the MACOM complex (Rbm15, Virma, Zc3h13) were found to be significantly upregulated. For
the YTH-domain containing m®A ‘readers’, a strong upregulation of Ythdc1, Ythdf1/2 were detected and
more subtle but significant regulations of Ythdf3 and Ythdc2.

Previously published in vitro experiments manipulating the protein abundance of METTL3, showed that
aberrant METTL3 levels alter WTAP expression®, while another study using siRNA to knock down
METTL3 and WTAP failed to detect reciprocal regulation®”. Furthermore, a previous characterization of
METTL3 KO in the adult mouse brain did not report any changes in the expression of m°A regulators?2.
Considering these reports, the experiments carried out as part of this thesis are the first to demonstrate
that WTAP exerts broad regulatory control over many m®A regulators in the adult mouse brain. Further-
more, the changes in gene expression were reflected in large parts in alterations on the proteome level
as discussed below.

In addition to the characterization of WTAP KO tissue, the expression of selected candidate genes was
assessed in a METTL3-WTAP double KO. Surprisingly, the gene expression of the double KO animals
was found to recapitulate the changes observed in WTAP KO animals. This suggests, at least for the
selected candidate genes, no additive effect of a double KO. Given that none of the examined genes
was reported to be differentially regulated in METTL3 KO brains?, the observed changes might be
entirely driven by the loss of WTAP. To determine how WTAP levels affect the expression of other m8éA
regulatory genes, additional studies will be required. These could include overexpression experiments
to determine the directionality of the regulation and ‘rescue’ experiments with a WTAP that has a defec-
tive m8A core ‘writer complex’ interaction domain. The latter would provide information about the extent
to which WTAP-dependent gene expression regulation depends on its interaction with the m8A machin-
ery.

WTAP KO changes splicing patterns

Among the principal functions that have been ascribed to m®A, the regulation of pre-mRNA processing
and specifically splicing stands out®. The present study confirmed this for the brain, with the depletion
of WTAP resulting in the differential exon usage for over 1,900 genes in the dCA1. Interestingly, only a
fraction of differentially expressed genes were also found to be differentially spliced (386 out of 1,889).
This suggests that the observed changes in gene expression and splicing are mediated by distinct reg-
ulatory mechanisms. Previously, it has been shown that WTAP colocalizes with various splicing factors
and regulates the alternative splicing of Wtap pre-mRNA*3, Therefore, it is conceivable that WTAP might
also be involved in m°A independent regulation of splicing.

Considering that the temporal control of alternative splicing is essential for neuronal development27,
determines ion channel properties?%82%° and regulates the receptor composition at the synapse?'°, the
observed changes might affect the synaptic properties of KO neurons. In support of this, a strong en-
richment for GO terms involved in regulating synaptic functions were identified among the differentially
spliced transcripts. Given the abundance of changes induced by the KO, it will be difficult to disentangle
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the targeted regulation mediated by WTAP from compensatory effects. However, despite this limitation,
this is the first data set to show that WTAP is crucial for regulating alternative splicing in the adult mouse
brain.

WTAP shapes total protein abundance and membranome composition

Informed by the observation that differentially expressed genes in the WTAP KO dCA1 are enriched for
integral components of the plasma membrane, a targeted analysis of membrane bound proteins was
performed, followed by a largescale screening of the proteome in the mPFC, dHPC and vHPC. Consid-
ering the overwhelming number of differences that were observed, the results presented in this thesis
focus on differences in respect to selected synaptic cell adhesion molecules, m®A regulators and mito-
chondrial proteins.

For the membranome analysis, 216 proteins were determined to be altered in abundance in KO animals.
Interestingly, many of the regulated proteins were also differentially expressed in the poly-(A) sequenc-
ing and a significant correlation (R = 0.64, p < 0001) of differences in mRNA levels and protein abun-
dance was determined. This fits with previous studies, reporting a ~ 40-80 % accordance between
mRNA and protein levels at steady state conditions'?”. Among the top regulated proteins were several
synaptic adhesion molecules that are essential for the development and maintenance of synapses. Spe-
cifically, LRFN1 (SALM2) and LRFN2 (SALM1), which were significantly upregulated in KOs, have pre-
viously been reported to interact with PSD95 in vitro*'' and to promote the surface expression and
clustering of NMDA receptors (SALM1, SALM2)?'2 and the recruitment of AMPA receptors (SALM2)2'".
Both proteins have been shown to be involved the development and maturation of excitatory synap-
ses?'213 with an overexpression promoting neurite outgrowth in vitro and a depletion resulting in a
reduction of neurite outgrowth?'. Considering their interaction with AMPA and NMDA receptors, LRFN1
and LRFN2 could potentially be involved in the increased LTP observed here in WTAP KO animals.
This could be systematically tested with ‘rescue’ experiments that restore the WT levels of either protein
using siRNA. Another synaptic adhesion molecule that was significantly upregulated is Slitrk3, which
selectively promotes inhibitory synapse development'®®. Consistent with the membranome analysis,
SALM and SLITRK family members were also found to be differentially regulated across regions in the
bulk analysis and the poly-(A) sequencing, supporting the idea that the depletion of WTAP might affect
synaptic connections and neuronal morphology. Based on the presented findings, it would be interesting
to determine whether the alteration of SALM and SLITRK proteins changes neuronal anatomy and con-
nectivity using the traditional Sholl analysis, or state-of-the-art automatic reconstruction methods of neu-
ron populations?'®.

For the bulk screening, 2,924 unique proteins were determined to be differentially regulated across re-
gions in WTAP KO animals. Interestingly, the identity of differentially regulated proteins differed greatly
between regions with only about 9 % of commonly regulated proteins.

Corroborating the results from the gene expression analysis, the proteomic screening provides further
evidence that the depletion of WTAP alters the expression levels of key mPA regulators. Surprisingly,
FTO, for which no difference in gene expression had been observed, was found to be significantly up-
regulated in the mPFC, dHPC and vHPC, while Virma showed a pronounced downregulation despite
increased mMRNA levels. These observations provide the first evidence that WTAP affects the gene ex-
pression and protein abundance of essential m®A regulators in the brain.

The GO analysis performed with the results from the bulk tissue screening revealed a clear enrichment
of downregulated proteins for mitochondrial processes, compartments and functions. Strikingly, this en-
richment was present across regions, with the most consistent changes being observed in the mPFC.
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Two topics emerging from the pathway analysis were the mitoribosomes and the respiratory chain com-
plex. For both, a pronounced downregulation of critical components was observed with the strongest
changes being associated with complex | (NADH-dehydrogenase). In contrast, very few changes were
detected in respect to mitoribosomes and the respiratory chain complex in YTHDC1 KO tissue. Fitting
these findings, the metabolic screening revealed a depletion of NAD* across regions in WTAP KO ani-
mals (discussed below). In contrast, no differences in NAD* levels were determined for YTHDC1 KO
animals.

Interestingly, very little is known about the role of m°A for mitochondrial functions. Previously, it has
been suggested that the depletion of FTO attenuates mitochondrial biogenesis in skeletal muscle cells
in vitro?'®, On the other hand, another study reported that the in vitro overexpression of FTO reduces
the mitochondrial content in immortalized liver cells?'”. Furthermore, the yeast orthologue of METTL3
Ime4 has been suggested to be important for mitochondrial functioning, with the depletion of Ime4 re-
sulting in decreased activity of the cytochrome ¢ oxidase and mitochondrial fragmentation?'®. While
these studies suggest a role of m°A in regulating mitochondria in vitro, to the best of my knowledge, no
studies investigating this in vivo have been published. Therefore, the results presented in this thesis
provide the first evidence that WTAP and m°A might be essential for the regulation of mitochondrial
functions in the adult brain.

The presented findings suggest fundamental changes in mitochondrial function with most likely far-
reaching consequences for the neuronal energy metabolism. However, considering that all of the signif-
icantly regulated mitochondrial proteins are downregulated, this could also point towards oxidative
stress and mitochondrial damage. Therefore, it is important to determine whether mitochondria are se-
lectively impaired in their function or non-specifically damaged. To assess mitochondrial functions, the
seahorse assay of oxygen consumption rate is currently considered the gold standard. Together with a
morphological characterization using electron microscopy, these questions could be addressed ade-
quately.

WTAP is required for maintaining metabolic homeostasis

The proteomic characterization revealed a pronounced dysregulation of mitochondrial proteins. Consid-
ering that mitochondria are essential for the production of energy through the respiratory chain complex
and the regulation of the cellular metabolism, it was hypothesized that the dysregulation of mitochondrial
proteins would be reflected in the metabolic profile of WTAP KO animals. To test this systematically, a
targeted metabolic screening of mMPFC, dHPC and vHPC samples was performed.

Overall, 33 unique metabolites were identified with differing levels in the brains of KO animals. Strikingly,
a high degree of accordance was observed for the most up- and downregulated candidates. Across
brain regions early glycolysis products showed the strongest upregulation (glucose-1-phosphate, glu-
cose-6-phosphate, fructose-6-phosphate). This fits with the observation that the glycolysis enzyme
hexokinase (HK1) was detected to be downregulated in the brain of KO animals.

Interestingly, it has been reported previously that the levels of the m®A demethylase FTO are regulated
in accordance with glucose levels. Specifically, it was shown in mice that fasting is associated with a
decrease in Fto expression, while glucose treatment is associated with an increase®®. Consistently, in
patients diagnosed with type 2 diabetes, high glucose levels were associated with elevated FTO protein
levels®®. Fitting these results, a pronounced upregulation of FTO in all three brain regions was observed
while no differential regulation for the m°A demethylase ALKBH5 was detected. Whether there is a
causal relationship between FTO abundance and the upregulation of early glycolysis products remains
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to be determined. However, the fact that variants of FTO have been associated with body mass index
and the risk for obesity333* supports the idea that FTO is involved in regulating carbohydrate metabolism.

Among the significantly downregulated metabolites, NAD* showed the strongest downregulation across
regions. NAD* is a universal cofactor used for the transfer of electrons from one molecule to another
and required for the catalysis of redox reactions. Therefore, NAD* is essential for many metabolic pro-
cesses including glycolysis, fatty acid oxidation, citric acid cycle and oxidative phosphorylation and ATP
production. Dysregulations of NAD" levels have been associated with cancer, aging and neurodegen-
erative processes?'%-2?1, Fitting to the overall reduction in NAD* levels, we observed a significant down-
regulation of components of the NADH-dehydrogenase (complex I), which catalyzes the transfer of elec-
trons from NADH to coenzyme Q (ubiquinone). Previously, the functional defect of complex | has been
shown to result in reduced NAD+ levels??2, Therefore, the reduction in NAD* might be the result of
mitochondrial dysfunction. Considering that NAD* is required for the conversion of glyceraldehyde 3-
phosphate to 1,3-bisphosphoglycerate, the depletion of NAD* might also explain the accumulation of
early glycolysis products.

Overall, the results from the metabolic screening indicate that WTAP is required for regulating the energy
metabolism and specifically the maintenance of physiological NAD* levels. Considering that the pre-
sented results are purely descriptive, no causal claims can be made, and additional experiments are
required to determine whether the observed changes are due to mitochondrial defects. A limitation of
the presented analysis is that the targeted screening of metabolites is restricted to a small number reg-
istered in the library. There are most likely many more differences that we were not able to detect and
which an untargeted metabolic screening could help to identify.

Camk2aCre WTAP KO changes gray matter volume in the thalamus and
auditory cortex

Camk2aCre WTAP KO animals underwent structural MRI scans to determine whether the observed
molecular changes alter the architecture of the brain. Based on the Camk2aCre expression, it was hy-
pothesized that structural changes would most likely be observed across the cortex and HPC. Surpris-
ingly, WTAP KO animals showed a bilateral, locally restricted, increased gray matte volume in the thal-
amus and reduced gray matter volume in the auditory cortex. While the auditory cortex is targeted by
Camk2aCre, no recombination was determined for the thalamic neurons using Ai9 reporter mice.

The thalamus is considered an important relay station and crucial for integrating sensory information.
Except for olfaction, all sensory information is processed by the thalamus before being transmitted to
the primary sensory areas in the cortex??3. Primary sensory cortical areas in turn project to other cortical
areas, as well as higher-order association nuclei in the thalamus, which transmit the information to
higher order secondary sensory areas in the cortex??*. This is illustrated in Figure 77. For example, the
ventral division of the medial geniculate nucleus (MGN, the auditory thalamus) receives auditory input
from the inferior colliculus residing in the brainstem and projects to the primary auditory cortex?2522¢,
Fibers from the primary auditory cortex innervate the dorsal division of the MGN (feedforward and feed-
back), which in turn projects to secondary auditory areas in the cortex??4.

109



5 Discussion

Sensory cortical area

Thalamus

Sensory information

2021 Fabian Stamp

Figure 77: Thalamocortical and corticothalamic connectivity in the mouse brain

The thalamus is a relay station for all ascending sensory information, except olfaction. Thalamocortical projections (l) transmit
sensory information to the primary sensory areas in the cortex where the information is processed (ll). In turn feedback and
feedforward projections from the primary sensory area connect to the higher-order thalamic areas where information is further
processed (ll) and forwarded to secondary sensory areas in the cortex (1V).

In the Camk2aCre-Ai9 expressing reporter mouse line the feedforward and feedback projections from
cortical areas to the thalamus were clearly labelled. Consequently, KO driven alterations in the activity
of corticothalamic projection neurons may explain the observed changes in the gray matter volume of
the thalamus.

Considering that animal behavior is directed by sensory experiences, changes in thalamocortical and
corticothalamic processing are expected to alter the behavioral output to sensory driven stimuli such as
light or sound. Therefore, the differences observed in the DL test (discussed below) might be indicative
of increased light sensitivity due to alterations in sensory processing. In support of this idea, the stimu-
lation of the posterior thalamic nucleus has been shown to induce photophobic behavior, while anxiety-
like behaviors remained unchanged??’.

In addition to sensory processing, the thalamus is also involved in the regulation of wakefulness and
sleep rhythms?28-2%0, Thus, the differences in arousal level in the EPM test, as well as the alterations in
circadian activity might be caused by alterations in thalamic processing.

The results presented here are descriptive and functional experiments will be required that test these
hypotheses. In this respect, the functional integrity of auditory thalamocortical and corticothalamic audi-
tory circuitry could be tested using pre-pulse inhibition (PPI) of the acoustic startle response, which
involves the medial geniculate nucleus and the reticular nucleus of the thalamus?®'232, Furthermore, to
determine the contribution of the thalamus to alterations in wakefulness and circadian activity, electro-
encephalogram (EEG) recordings in freely moving mice might provide insight into altered brain
rhythms?33,
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Camk2aCre WTAP KO alters circadian activity

The observation of animals within their home cage environment, using infrared activity sensors, revealed
a disrupted circadian activity in Camk2aCre WTAP KO animals. WTAP deficient animals showed an
overall increase in nocturnal activity and decrease in activity during the light phase. Most interestingly,
the activity pattern of KOs did not follow the sinusoidal pattern that is expected and observed in the WT
littermates. Instead, KOs appear to switch from a state of low activity to a state of high activity (bimodal
activity pattern) at the beginning of the dark-phase (Figure 78).

Activity

Figure 78: Disrupted circadian activity of WTAP KO animals
Camk2aCre WTAP KO animals show a disruption of circadian activity, with low levels of activity during the day and a switch to a
highly active state during the early hours of the dark phase.

Previously it has been shown that, in the liver, m8A patterns show circadian rhythmicity with increased
methylation levels of transcripts during the dark phase?*. Furthermore, the mRNA of various clock
genes has been shown to carry m®A2% and mechanistically, m®A has been suggested to be required for
the timely processing of circadian transcripts, with disruptions resulting in processing delays and pro-
longed circadian periods?®. Supporting this idea, the in vitro depletion of METTL3 was observed to
increase the nuclear retention time of transcripts coding for circadian regulators?%®. In vivo experiments
in which SAM-dependent methylation was inhibited in the SCN, the main regulator of circadian rhythms,
resulted in prolonged locomotor activity in mice?3®. Together, these studies suggested that m°A is es-
sential for the regulation of circadian gene expression.

Investigations of circadian clock genes have shown that the disruptions of single genes can results in
aberrant circadian regulation. For example, it was reported that the Camk2aCre driven KO of the circa-
dian clock master regulator Bmal1 in the SCN (> 90 % KO efficacy) abolishes circadian rhythmicity
under constant conditions (constant light or constant darkness)?*. Another study showed that Bmal1
KO animals readily adapt their activity to experimenter controlled changes in the dark/light cycle, exhib-
iting a ‘switch-like’ adaptation in behavior that resembles the activity observed in WTAP KO animals?%’.
Both of these studies highlight that the disruption of a single gene in the SCN can result in aberrant
circadian activity.

Given that it has been reported that Camk2aCre can be used to target the SCN?3¢, the recombination
pattern of Camk2aCre-Ai9 animals was examined. However, only a small number of Ai9 labelled cells
were located within the area of the SCN. This is possibly the result of differences in the activity and
specificity of the Cre driver lines'238, This does not preclude that the observed phenotype involves
SCN activity. However, due to the low penetrance, it seems likely that other effects contribute as well.

Considering the established role of m®A in the regulation of circadian gene expression, and the similarity
in the phenotypes of WTAP and Bmal1 KOs, the changes in home cage activity might be due to a
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disruption in the processing of critical clock transcripts. One way to further interrogate the circadian clock
of WTAP KO animals, would be to monitor home cage activity under experimenter-controlled lighting
conditions. If the internal pace maker is dysfunctional, it can be hypothesized, based on the discussed
experiments, that the activity of KO animals should largely depend on external cues and could be ma-
nipulated by alterations in lighting. Lastly, due to the nature of the infrared tracking, animals had to be
single-housed. It is well documented that social isolation affects various aspects of behavior in mice?*%-
241 and therefore future studies will be required to determine whether the observed differences are hold-
ing true in a social context. Furthermore, as discussed above, differences in the thalamus mediated
regulation of the arousal and sleep might be causally involved and explain some of the observed differ-
ences.

WTAP KO results in aberrant behavior in classical anxiety tests

The characterization of locomotion, exploratory drive and anxiety levels using the OF, EPM and DL tests
revealed complex behavioral alterations in WTAP KO animals. While KOs did not differ in their overall
locomotion in the OF, they spent significantly less time in the center zone. In the DL test, animals pre-
ferred the dark compartment and spent significantly less time in the lit chamber. In contrast, in the EPM
test, KOs exhibited increased overall locomotion, showing signs of heightened arousal (hyperlocomo-
tion, hectic abrupt movements etc.) and spent increased time in the open arms. There are several points
that need to be taken into consideration when interpreting these results.

First, all of the variables measured in the presented tests are derived from the movement of animals.
Basal differences in locomotion are known confounds when testing animal behavior?*2 and thus can
interfere with the interpretation of locomotor-based tests. Regarding WTAP KOs, differences in the cir-
cadian activity and an overall increased locomotion in the EPM were observed. However, no difference
in locomotion was detected in the OF. This suggests, that the observed changes in activity depend on
the context and, with this possibly, on the arousal level. To determine differences in arousal during
classical tests, defecation has previously been used as a proxy for corticosterone levels?*®. The defeca-
tion of animals during the OF was noted but no striking differences were observed.

Secondly, the interpretation of the OF, EPM and DL results as indicative of anxiety-like behavior is based
on the observation that some anxiolytic drugs such as benzodiazepines change the performance in
these tests'60.189.244 However, it is important to note that alterations in sensory processes can affect
animal behavior in a way that mimics behavioral phenotypes of anxiety. For example, blindness has
previously been shown to resemble a low-anxiety phenotype in the EPM2°!, Similarly, an increased
sensitivity to light can result in changes in the DL test irrespective of anxiety levels??’.

Considering, that the results from the OF, DL and EPM tests that are presented here do not exhibit a
coherent picture, further tests are required to distinguish sensory-motor changes from differences in
emotionality. Given the volumetric changes in the thalamus it is conceivable that various aspects of
sensory processing are altered in KO animals and as a result affect behavioral readouts in the presented
tests. In this respect, it has previously been shown that stimulation of the posterior thalamic nuclei results
in light aversive behaviors while anxiety levels remain unchanged??’. To address this, a systematic as-
sessment of various sensory processes would be recommended. Specifically, to distinguish photopho-
bia and anxiety, a systematic variation of the light intensity in the DL test has been used to test for
differences in light sensitivity?*®. Furthermore, a test of visual acuity could be performed with the visible
platform training, as conducted for the YTHDC1 KO animals.
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Finally, within the research field of méA, no anxiety-like phenotypes have been reported for conditional
KOs targeting the postnatal brain?®-3%.146_ Behavioral phenotypes resulting from the conditional manipu-
lation of m®A regulators in the mouse brain have been reported to be subtle and mostly associated with
learning and memory?®-39.14¢_ The results discussed above are, to the best of my knowledge, the first
evidence for changes in sensory-driven and/or anxiety-like behaviors as a consequence of a postnatal
deletion of a m®A regulator in the mouse brain.

dCA1 WTAP KO alters neuronal activity but does not impair learning

The presented tests assessing learning and memory did not find differences in the cued and contextual
FC and MWM test for animals with a depletion of WTAP in NexCreERT2 expressing neurons. In con-
trast, previous studies investigating the role of m®A regulator proteins in the dHPC, reported that a de-
pletion of METTL3 or YTHDF1 results in learning deficits and an attenuated LTP?%:3, This study was not
able to corroborate these findings and also did not find any differences in WTAP-METTL3 double KO
animals. Interestingly, a significantly increased LTP was detected in the dHPC of NexCreERT2 WTAP
KO animals. This could be the consequence of changes in the levels of AMPA and NMDA interacting
surface molecules such as SALM and SLITRK family proteins that were observed in KO animals. Fur-
thermore, significantly increased levels of the NMDA receptor agonist D-aspartate were observed in the
mPFC, dHPC and vHPC of WTAP KO animals. Given that D-aspartate has previously been reported to
enhance HPC-dependent LTP and compensate age-related impairments of synaptic plasticity in
mice?*¢-247  the increased availability of this NMDA receptor agonist might be involved in the observed
enhancement.

Lastly, considering that WTAP has been suggested to be involved in m°A independent regulatory func-
tions*, the observed differences might be explained by a mechanism that has yet to be determined.
Future studies using tools of increased sensitivity will be required to disentangle the individual contribu-
tion of m®A regulators to learning and memory. A graphical summary of the main findings from the
characterization of WTAP KOs is shown in Figure 79.
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Figure 79: Graphical summary of the main findings from the characterization of WTAP KOs

(A) WTAO KO animals show pronounced changes in gene expression and splicing in the dCA1. The proteome of KO animals
was drastically altered in the mPFC, dHPC and vHPC with mitochondrial proteins being overall downregulated. A differential
regulation of metabolites was determined, with NAD* being significantly downregulated and sugars upregulated in KO animals.
These changes affect neuronal activity which is reflected in an increase in LTP in the dHPC (B) KO animals show structural
alterations in the brain as assessed by MRI. The gray matter volume in the thalamus of KOs is increased while the volume in the
auditory cortex is decreased (C) KO animals show disrupted circadian activity, increased anxiety-like behavior in the OF, prefer
the dark compartment in the DL and exhibit signs of hyperactivity in the EPM.
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5.3 YTHDC1 is essential for adult survival and regulates brain
functions

YTHDC1 regulates female reproductive success

When maintaining floxed Cre lines, it is important to consider the occurrence of selective germ line
recombination, which can present with varying prevalence in the sexes. Specifically, for the Camk2aCre
line used in this study'® a germ line recombination efficacy of ~16 % in males and ~ 6 % in females has
been reported?*®. However, internally we observed a recombination rate of > 90 % with the Camk2aCre
kept in males. Therefore, for the purpose of this study, Camk2aCre was kept hemizygous in females
only (+/Cre). In addition, each animal was genotyped for the WT, floxed and deleted allele.

For the Ythdc1-Camk2aCre line, it was observed that double floxed (lox/lox) Camk2aCre carrying fe-
males (i.e., YTHDC1 brain KO animals) do not breed well. In contrast, heterozygous floxed (+/lox, Cre/+)
females bred normally. Interestingly, KO females did not appear to be infertile, given that about 50 % of
breeding attempts gave rise to pregnancies that were carried to term. However, an overall impairment
of breeding success was apparent, since only 13 % of breeding attempts resulted in litters that were
weaned. Considering the prevalence of seizures and the overall changes in behaviors that are reported
in this study, the attenuated breeding success might be the result of changes in female reproductive
behavior. Since the breeding of experimental cohorts was conducted at the Max Planck breeding facility,
a detailed study of mating behavior and maternal care taking was not possible. This is an interesting
area that could be explored by future studies and for which, to the best of my knowledge, no m°A related
phenotypes have been described so far.

The postnatal loss of YTHDC1 in the brain results in seizures and premature
death

Across cohorts of Ythdc1-Camk2aCre animals, an unexpected high number of sudden deaths was ob-
served. The onset of sudden deaths appeared to be around the 10-12™" week with animals having only
a 50 % chance to become older than 4 months. This impairment of survivability was observed in both
males and females, with no apparent difference in the survival rate of either sex. The term ‘sudden
death’ is used purposefully here, since the majority of monitored animals did not show signs of suffering
or behavioral impairments the day before. The post-mortem examination of animals that succumbed to
sudden death did not find gross morphological differences in the organs or brain. A small number of
observed KO animals presented with a sudden, rapid reduction or gain in weight as well as abnormal
behavior. These animals were immediately sacrificed. Only in females, several KO animals exhibited
pathological self-grooming, resulting in facial injuries. Close monitoring of this mouse line revealed that
some KO animals develop spontaneous seizures in adulthood (> 8 weeks). Seizures appeared to some-
times manifest as an escalation of repetitive grooming behavior and were often followed by complete
stiffness (tonic-clonic). Animals succumbing to seizures recovered within minutes and in many cases
presented as ‘phenotypically normal’ on the next day. While most of the observed seizures appeared to
occur at random, some of them were observed shortly after changing the cage or handling. It is likely
that there is a connection between the seizures and sudden death, although this could not be confirmed
during observational periods.
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Figure 80: Unexplained sudden death in adult YTHDC1 KO animals

Camk2aCre YTHDC1 KO animals show reduced survivability in adulthood. KO animals show a normal development and no
obvious health impairment throughout adolescence. In early adulthood sporadic seizures and unexplained sudden death were
observed.

Sudden death has previously been associated with epilepsy in humans, affecting an estimated 0.1 % of
adults diagnosed with epilepsy each year?*®. Interestingly, a major risk factor for sudden unexpected
death in epilepsy is the occurrence of tonic-clonic seizures such as the ones observed in YTHDC1 KO
animals. Mechanistically, it has been suggested that seizures can result in an irreversible wave of de-
polarization within brain stem areas controlling respiration resulting in cardiorespiratory arrest?®. Pa-
tients experiencing 3 or more seizures per year have been reported to have a 15-fold increased risk for
sudden death?*°. This supports the idea that YTHDC1 KO induced seizures are connected to the in-
creased incidence of sudden death. Among the genetic factors that have been associated with seizures
and epilepsy are various potassium?' and sodium channels?®2. Interestingly, a marked dysregulation in
the protein abundance of several risk factors was observed in YTHDC1 KO animals. Most prominently,
the risk associated potassium channels KCNQ2, KCNQ3 as well as the sodium channel SCN1A and
the risk associated ubiquitin ligase UBE3A2°2 were dysregulated in the brains of KO animals. However,
given that hundreds of proteins are significantly altered in their abundance (including many other chan-
nel proteins), this study was not able to determine the causative involvement of single candidates. More
research will be required to determine which of the observed changes are causally involved.

Another area that has not been explored, is the overall sensitivity of KO animals to seizures. It would be
interesting to determine whether KO animals are generally more sensitive to the induction of seizures.
This could be for example tested by injecting animals with a low dosage of kainic acid, followed by
manual scoring of the behavior?®. In humans, EEGs are an important tool for the monitoring and diag-
nosis of epileptic seizures. Therefore, small wire-less devices such as the NeuroLogger could be used
to monitor the occurrence of seizures in freely moving animals?*? and provide detailed information about
the occurrence of seizures.

Previously published research manipulating the abundance of m8A regulators in the adult brain did not
report seizures and sudden death in KO animals?8-30.138.146.147 ' A recent study that employed a compa-
rable Camk2aCre driven KO to deplete METTL3 reported only subtle learning and memory deficits®.
The fact that the other line investigated in this thesis (Camk2aCre-Wtap) exhibits normal breeding,
health and survival, supports the idea that seizures and sudden death are driven by a YTHDC1 depend-
ent, WTAP/METTL3-METTL14 independent mechanism.

A number of recent studies have shown that YTHDC1 is essential for regulating chromatin structure?”-7%-
82 through interacting with m8A marks on caRNAs. Interestingly, some of this regulation has been sug-

116



5 Discussion

gested to involve METTL3-independent m8A sites®, which are possibly installed by a different mé-me-
thyltransferase. Whether the seizures are mediated by these METTL3-independent m°A sites on caR-
NAs remains to be determined. Here, future studies could help to elucidate the influence of YTHDC1
KO on chromatin states in the brain through the characterization of chromatin modifications and chro-
matin status in YTHDC1 KO animals.

YTHDC1 KO induced changes in gene expression and splicing

The effect of the YTHDC1 KO on gene expression was determined using paired-end poly-(A) sequenc-
ing. In total, 828 transcripts were detected to be differentially regulated in the dCA1 of KO animals, with
64 % being significantly upregulated and 36 % being downregulated. While considerably less differences
were observed than in the WTAP animals, the directionality was comparable (WTAP: 58 % up, 42 %
down). Considering the ascribed role of YTHDC1 in mediating the nuclear export of m®A tagged tran-
scripts’®, the pronounced upregulation observed in KO animals, might be the result of increased nuclear
retention and decreased cytoplasmic decay of m®A carrying mRNA. Whether this is the case could be
investigated by quantifying the m®A content of the nuclear and cytoplasmic fraction.

It has previously been suggested that one of the primary functions of YTHDC1 is the regulation of alter-
native splicing of m®A carrying transcripts. In support of this, YTHDC1 has been shown to interact with
various splicing factors and to promote exon inclusion”76. The results presented in this thesis show,
that the depletion of YTHDC1 results in the differential usage of 1,746 exonic features mapping to 1,054
genes. Interestingly, 62 % of the observed changes were associated with a significant downregulation
suggesting exon skipping events. This fits the ascribed function of YTHDC1 to promote exon inclusion.
Given that exon skipping is only one of several alternative splicing events, this paired-end data could be
used in the future for an in depth characterization of various differential splicing events with tools such
as rMATS?* or leafcutter®®. In terms of functional enrichment, the GO analysis of differentially ex-
pressed and spliced transcripts revealed an enrichment for neuronal processes. Specifically, differen-
tially expressed transcripts were enriched for ion channel activity related terms and alternatively spliced
transcripts were enriched for transcripts associated with the synaptic compartment. Interestingly, very
little overlap was detected between the differentially expressed and spliced genes. This suggests that
YTHDCH1 is involved in the regulation of two distinct pools of transcripts, possibly through its involvement
in nuclear export and splicing. The comparison with the WTAP KO induced changes in gene expression
and splicing revealed a large number of specific changes that are only present in one of the two KOs.
This supports the idea that WTAP and YTHDC1 are non-redundant in their regulatory functions and
provides a starting point for an in-depth analysis of the types of transcripts that are regulated by either
factor.

YTHDC1 KO results in a pronounced reduction of many proteins

The LC-MS screening of YTHDC1 KO reported in this thesis showed KO induced changes in protein
abundance across the mPFC, dHPC and vHPC. In total, 274 unique proteins were identified with most
of the changes being detected in the dHPC and mPFC. Interestingly, the majority of changes (82 %)
were associated with downregulation, while only 18 % of the changes were associated with significantly
upregulated protein levels. Overall, this trend of increased downregulation is apparent across all three
brain regions and differs from the WTAP KO results for which a more balanced differential regulation
was observed. Furthermore, while also for the YTHDC1 KO a differential regulation of many mitochon-
drial proteins was observed, no overall enrichment was apparent in the GO analysis.

In the context of m®A regulation, a global downregulation of proteins after depletion of METTL3 has
previously been reported. A study using *S metabolic labeling, reported that the in vitro knockdown
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METTLS3 results in a ~ 30 % decrease of global protein levels®®2%. A similar effect was observed upon
the in vitro knockdown of the cytoplasmic m®A ‘reader YTHDC2, which was associated with a 40 %
reduction as quantified by pyromycin labelling®. In contrast, the depletion of the other cytoplasmic ‘read-
ers’ YTHDF 1-3 were reported to have only minute effects on global translation®®.

An interesting question is how the trend towards an upregulation of transcripts (64 % up, 36 % down)
fits to the overall decrease in protein abundance. Considering that YTHDC1 has been demonstrated to
play a role in the nuclear export of mA tagged transcripts, with the in vitro depletion of YTHDC1 resulting
in the nuclear retention of methylated transcripts’®, the depletion of YTHDC1 might affect the number of
mRNA templates available for translation in the cytosol. Consequently, an increased nuclear retention
of methylated transcripts in YTHDC1 KO cells could result in a decreased translation rate in the cyto-
plasm. To test this, the predictive ability of methylation status on protein levels could be investigated.
Specifically, the methylation status of transcripts coding for the down- and upregulated proteins.

YTHDC1 has recently been shown to be required for the synthesis of rRNA8? implying a fundamental
role in the global regulation of translation. Thus, alterations in YTHDC1 abundance might affect the
translation efficiency of ribosomes. The extent to which either of these explanations is applicable in the
adult mouse brain, remains to be determined by future studies.

YTHDC1 KOs show altered metabolism in the mPFC and dHPC

The assessment of the metabolome in YTHDC1 KO brains revealed that 17 out of 125 detected metab-
olites were differentially regulated in the mPFC and dHPC of YTHDC1 KOs. Interestingly, no differential
regulation of metabolites was determined for the vHPC. Contrasting these results with the WTAP KO
induced changes, considerably fewer differences were detected with less consistency across regions.
Importantly, while a few carbohydrates were differentially regulated, no differences in NAD™ levels were
detected. This fits the observation that mitochondrial proteins, including those of the respiratory chain,
are not as dysregulated in YTHDC1 KOs as they are in WTAP KOs.

D-aspartate stands out as the single metabolite that was differentially regulated in the mPFC and dHPC
of YTHDC1 KOs as well as across all investigated regions in the WTAP KO. D-aspartate is an NMDA
receptors agonist and involved in the release of luteinizing hormone and growth hormone?’. Circulating
D-aspartate has been shown to be developmentally regulated with high levels during embryonal devel-
opment followed by a pronounced postnatal downregulation 25825, In mice, supplementation with D-
aspartate has been reported to increase spine density and dendritic arborization?®®, enhance HPC LTP
and compensate for age-related deficits in synaptic plasticity?*¢-247. The extent to which alterations in D-
aspartate levels might contribute to some of the observed changes in neuronal excitability and behavior,
remains to be determined by future studies.

YTHDC1 KO results in decreased gray matter volume in cortex and dHPC

For patients, diagnosed with temporal epilepsy, there have been reports of gray matter abnormalities in
various brain regions and consistently in the HPC?5'-263, Given the occurrence of seizures and sudden
death in YTHDC1 KO animals, a structural MRI scan was conducted to determine whether similar struc-
tural anomalies are present. The volumetric analysis of YTHDC1 KO animals revealed a striking reduc-
tion in gray matter volume across the prefrontal cortex and in the dHPC. A similar reduction in gray
matter volume in the (olfactory bulb, cortex and HPC) has previously been reported in epileptic bea-
gles?“. Interestingly, the volumetric changes appear to be restricted to areas of Camk2aCre expression.
This might suggest that local changes, rather than differences in network activity are responsible. The
extent of observed gray matter volume changes could be indicative of atrophy. While the post-mortem
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investigation did not reveal any gross morphological differences, a detailed histological analysis would
be required to determine whether the structural change is associated with apoptosis of KO neurons.

Comparing the YTHDC1 results to the WTAP data set, there appears to be very little overlap between
the gray matter volume changes induced by the two KOs. This provides further support for the idea that
these proteins are non-redundant in function. Given that these are the first data sets that investigate
changes in gray matter volume of m°A regulator KO animals, there is no point of reference to compare
with these results. Future studies investigating the gray matter volume after depletion of METTL3, FTO
and other regulators are required to better understand the relationship of the presented results within
the context of m°A.

Impaired neuronal excitability of YTHDC1 KO neurons

To determine whether the seizures and differences in the classical behavior tests are the result of altered
neuronal activity, ex-vivo patch clamp recordings of layer V pyramidal neurons in the mPFC were per-
formed. While, no differences in the input resistance and resting potential were detected, the rheobase
and threshold potential were found to be significantly increased in YTHDC1 KO neurons. Both, the rhe-
obase and threshold potential, are measures of membrane excitability and an increase is indicative of a
decreased sensitivity towards stimulation. Furthermore, the AP amplitude was determined to be reduced
in KO animals, while the half-width was found to be increased. In addition, the hyperpolarization follow-
ing an AP showed a decreased undershoot in KO animals.

It is generally accepted that the amplitude and shape of an AP is not determined by the duration and
intensity of the incoming stimulus but depends on the biophysical properties of the neuronal membrane.
Thus, changes in the AP threshold, amplitude and kinetics depend on the composition and abundance
of ion channels. Specifically, voltage gated sodium channels and voltage gated potassium channels are
required for the generation and progression of an AP along the membrane. Given the overwhelming
number of changes that were observed, particularly in respect to potassium channels, the presented
study is not able to pin point the observed electrophysiological changes to any candidates. Future stud-
ies would be required to systematically test the involvement of candidates in the observed decrease in
excitability.

It is important to emphasize that the electrophysiological recordings presented in this thesis provide only
a snapshot insight at an early age. Given that seizures gradually manifest during adulthood it is possible
that the decrease in excitability is indicative of an attempt by the system to contain the excitability within
a physiological range. Consequently, the emergence of seizures could be the manifestation of a cata-
strophic event that is the result of this system failing. To address this further, electrophysiological char-
acterizations capturing later time points could provide valuable insights.

YTHDC1 KO modulates behaviors in classical anxiety tests

The behavioral characterization of Camk2aCre-Ythdc1 animals included an array of classical tests that
are used to measure exploration, anxiety-like behaviors and learning and memory. With the exception
of the OF test, a striking difference in the behavior of KO animals was observed across tests. For all
behavior tests, males and females were used and compared for sex-specific differences.

Different to the WTAP KO animals, YTHDC1 KO animals did not avoid the center zone in the OF. This
suggests that YTHDC1 animals do not have increased anxiety levels and supports the idea that
YTHDC1 and WTAP are non-redundant in some aspects of their regulatory function. On the other hand,
YTHDC1 showed an overall similar response to WTAP KOs in the EPM and DL tests. Specifically,
YTHDC1 KO showed a comparable preference of the open arm, as well as elevated levels of activity
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and avoidance of the lit chamber in the DL test. As discussed above these differences might be the
consequences of changes in sensory processing and locomotion. As demonstrated with the visible plat-
form training, YTHDC1 animal can see and navigate towards a landmark. Interestingly, the results from
the FC test suggest differences in overall activity when challenged, possibly due to differences in
arousal. Taken together, it looks like KO animals show an overall difference in arousal and activity in
the FC test and EPM, while avoiding bright areas in a place preference test. In contrast, the behavioral
characterization of NexCreERT2 YTHDC1 KO animals did not determine differences in the OF, DL and
FC tests. This underlines the importance of comparing the effect of different manipulations. Future stud-
ies will be required to determine the specificity of YTHDC1 mediated regulation across different brain
areas. The analysis of the classical behavior tests presented in this thesis focused on small number of
relevant readouts per test. Considering the complexity of animal behaviors and the multitude of variables
that can be analyzed, future studies should continue the characterization and look at more complex
behaviors such as those detected with the ‘Social Box'2°.

A graphical summary of the main findings from the characterization of YTHDC1 KOs is shown in Figure
81.
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Figure 81: Graphical summary of the main findings from the characterization of YTHDC1 KOs

(A) YTHDC1 KO animals show pronounced changes in gene expression and splicing in the dCA1. The proteome of KO animals
was altered in the mPFC, dHPC and vHPC with overall stronger down- than upregulation. Multiple metabolites were differentially
regulated in the mPFC and dHPC but not the vHPC. (B) KO animals have a decreased gray matter volume in the cortex and
dHPC. Basal properties of neurons are changed resulting in less excitability. (C) KO animals exhibit seizures in early adulthood

and premature death. KO animals freeze less during fear memory retrieval, show increased activity in the EPM test and avoid the
lit compartment in the DL test.
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6. Conclusion and outlook

In recent years, the contribution of RNA modifications to fine tuning gene expression has attracted in-
creasing interest across biological disciplines. An increasing number of studies suggest that the most
abundant internal mRNA modification m®A plays an important role in regulating neuronal processes®’~
30,121,131,138,146-148 However, research into the involvement of mPA in the brain has focused on a few m®A
regulators, while the contribution of many other regulators remains undetermined. To date, the role of
the m®A ‘writer’ component WTAP and the mPA ‘reader’ YTHDC1 in the brain has not been reported.
Therefore, the aim of this project was to make a substantial contribution to our understanding of these
two proteins in the adult mammalian brain.

To this end, this thesis provides a multidisciplinary study that characterizes the effect of WTAP or
YTHDC1 deficiency on gene expression, splicing, protein abundance, the metabolism, neuronal signal-
ing, brain anatomy and behavior of mice. The research presented here demonstrates that WTAP and
YTHDC1 are non-redundant regulators of mammalian brain functioning.

The experiments conducted for this thesis show that the depletion of WTAP induces a massive shift in
transcription and exon usage in the dHPC that has not been observed after the removal of the catalytic
m®A methyltransferase METTL328. The KO-induced changes were shown to be highly consistent across
experimental cohorts and predictive of changes in membrane associated proteins. On the protein level,
hundreds of alterations were detected across the mPFC, dHPC and vHPC, many of which appear to be
region-specific. A striking dysregulation of mitochondrial proteins constituting the mitoribosomes and
components of the respiratory chain complex was observed. A metabolic screening revealed a depletion
of the cofactor NAD* and an enrichment of carbohydrates suggestive of an arrest of glycolysis. The
observed disturbances of the neuronal energy metabolism were accompanied by alterations in the cir-
cadian activity pattern of KO animals and structural changes in the thalamus and auditory cortex. Inter-
estingly, the targeted deletion of WTAP in the cortex and HPC did not impair learning and memory, as
previously reported for METTL3 and YTHDF1282°, Together, the presented results demonstrate that
WTAP is an important regulator of gene expression and neuronal functioning. The fact that a depletion
of WTAP does not recapitulate the phenotypes that have previously been reported for other m°A regu-
lators, including impaired learning and a decreased LTP?32° suggest that WTAP is involved in METLL3-
METTL14 independent regulation.

The direct comparison between YTHDC1 KO and WTAP KO that was done in this thesis suggests a
currently unappreciated complexity in the regulatory role of méA proteins. Removing YTHDC1 postna-
tally in the brain impairs the reproductive success of females and results in sudden death in early adult-
hood. Given that neither of these changes has been observed after the postnatal deletion of METTL3
(Camk2aCre)?® this might be a METTL3-METTL14 independent phenomenon. The frequent occurrence
of seizures in KO animals, which is phenotypically similar to what is observed in epilepsy, is indicative
of fundamental changes in the activity of KO neurons. This is reflected in the observed alterations of
intrinsic membrane properties and impaired excitability of cells. Depleting YTHDC1 results in a pro-
nounced shift in transcription and splicing that is enriched for neuron specific transcripts. Interestingly,
the overlap with the changes observed after WTAP depletion is surprisingly small and suggests a spe-
cialization of these regulators. The volumetric changes observed in YTHDC1 KO animals are distinct
from what was observed for the WTAP KO, providing further support for their non-redundant function.

There are clear limitations to the conclusions that can be drawn based on the presented results. The
characterization presented here is observational and the mechanisms that mediate the observed
changes remain elusive. Given the hundreds to thousands of genes that appear to be dependent on
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WTAP and YTHDC1 functioning, it remains to be determined which of the observed changes are a direct
consequence and which are due to network effects.

The focus of this thesis was to explore the functional consequences of depleting either regulator and
the effect on methylation patters were not within the scope of the project. Therefore, the presented
research does not address the link between methylation status and mRNA turnover which might explain,
at least to some extent, the changes in gene expression and splicing.

The presented work provides a first glimpse into neuronal processes that depend on WTAP and
YTHDC1 and raises many more questions for future studies. On the level of gene expression, it remains
to be determined to which extend the methylation status under physiological conditions is predictive of
splicing events that were observed in KO animals. Further exploration of the YTHDC1 KO paired-end
sequencing data could provide insight into which types of splicing events (exon skipping, intron reten-
tion, etc.) are dysregulated and whether splicing sites are found in proximity of m®A marks.

The protein screening that was conducted as part of this project, provides the first large scale assess-
ment of changes in protein abundance in post-mitotic tissue, after the depletion of mPA regulators. Given
time restrictions, the presented analysis focused on one topic in particular, the alterations in mitochon-
drial proteins. The overall downregulation of components of the mitoribosomes and respiratory chain
complexes raises the questions whether the mitochondria of KO cells are impaired in their physiology.
Therefore, it would be interesting to determine the number and morphology of mitochondria using elec-
tron microscopy and study the mitochondrial metabolism using a method such as the seahorse assay.

The metabolic data presented in this thesis, provides a starting point for investigating how the changes
in gene expression and protein abundance are linked to alterations in brain physiology and behavior.
Here, a systematic matching of metabolites to alterations in protein levels would be helpful to identify
dysregulated pathways and construct hypothesis for mechanistic studies. For example, it would be in-
teresting to determine whether supplementing NAD* deficient WTAP KO animals with an NAD* donor,
such as niacin, can ‘rescue’ the aberrant circadian activity observed under home cage conditions.

This thesis provides the first structural MRI data after m8A dysregulation, showing a candidate specific
change in the architecture of brain regions. Considering that gray matter volume is determined by vari-
ous factors such as spine morphology, cell numbers and cell types?®® a histological analysis, could assist
in identifying WTAP and YTHDC1 dependent signatures. While the manipulation used for this project is
cell-type specific, the induced changes are expected to be diverse, which is something future studies
could explore in more detail.

Lastly, the observed alterations in behavior do not recapitulate what has been observed in previous
studies targeting METTL3, YTHDF1 or FTQ?29.138.147 gyrprisingly, WTAP KO animals do not present
with memory impairments. Increasing the sensitivity of the employed tools (e.g., MWM with less trials)
and overexpression studies could be used to investigate this in more detail. Given that the behavioral
tests used for this study heavily rely on locomotion, fundamental changes in spontaneous activity, as
observed for the Camk2aCre WTAP KO animals, will limit the interpretation of the reported tests. Further
studies will be required to determine whether the observed changes are specific to particular cognitive
domains, or due to basal changes in activity. State-of-the-art behavior screening setups such as the
‘Social Box’ could provide a useful tool for future explorations of complex behavioral signatures?®.

In conclusion, this thesis presents the first comprehensive data sets that explore the potential role of
WTAP and YTHDCH1 in regulating functions of the adult mammalian brain. The presented experiments
demonstrate that WTAP and YTHDC1 are non-redundant regulators of neuronal processes and raise
many more questions for future investigations.
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8. Appendix

8.1 Locus and genotyping information

Summary of the locus and genotyping information for MettI3 (Figure 82, Table 1), Wtap (Figure 83, Table
3) and Ythdc1 (Figure 84,Table 5 and Table 6). Additionally, details for the genotyping of Ai9 (Figure
82,Table 2), NexCreERT2 (Figure 83,Table 4) and Camk2aCre (Figure 84, Table 7) are provided.

Exon E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 EM

A s

FRT loxP loxP

Mettl3 Ai9

+/+  +/lox lox/lox +/Ai9 Ai9/Ai9

Figure 82: Locus and genotyping of Mett/3 tm1c and genotyping of Ai9

(A) Overview of the tm1c Mettl3 locus. (B) Genotyping of Mettl3 animals: WT 128 bp (+/+), heterozygous 128 bp + 350 bp (+/lox)
and homozygous 350 bp (lox/lox). (C) Genotyping of Ai9 carrying animals: WT 297 bp (+/+), heterozygous 297 bp + 196 bp
(+/Ai9), and homozygous196 bp (Ai9/Ai9).

Table 1: Genotyping of Mett/3
Details on the genotyping for Mett/3 tm1c, including primers, PCR settings and expected amplicons.

Metti3 tm1c PCR

Primer Sequence

Metti3_F 5-GTTGATGAAATTATCAGTACAATGGTTCTGA-3’
Metti3_R 5-GTAAAGAACAACTCTGGTTATCGTCATCG-3’
PCR Amplicon

95 °C 2 min [35x (95°C 30s,59°C 30s, 72 °C 30 s)] 72 °C 2 min, 4 °C » 128 bp (+/+), 350 bp (tm1c)

Table 2: Genotyping for Ai9
Details on the genotyping for Ai9, including primers, PCR settings and expected amplicons.

Ai9 PCR

Primer Sequence

WT-F 5-AAGGGAGCTGCAGTGGAGTA-3’
WT-R 5-CCGAAAATCTGTGGGAAGTC-3’
Ai9-F 5-CTGTTCCTGTACGGCATGG-3"
Ai9-R 5-GGCATTAAAGCAGCGTATCC-3
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PCR

Amplicon

95 °C 5 min [35x (95°C 305,57 °C 30s, 72 °C 1 min)] 72 °C 5 min, 4 °C

297 bp (+/+), 196 bp (Ai9)

Exon E1 E2 E3 E4 E5

E6 E7 ES8

A f-H—e>—1

FRT loxP

- 3

loxP

Witap NexCreERT2

+/+  +/lox lox/lox

+/Cre  +/+ Cre/Cre

Figure 83: Locus and genotyping of Wtap tm1c animals and genotyping of NexCreERT2

(A) Overview of the tm1c Witap locus. (B) Genotyping of Wtap animals: WT 295 bp (+/+), heterozygous 295 bp + 466 bp (+/lox)
and homozygous 466 bp (lox/lox). The band below 200 bp is unspecific and not indicative of the genotype. (C) Genotyping of
NexCreERT2 carrying animals: WT 770 bp (+/+), heterozygous 770 bp + 525 bp (+/CreERT2), and homozygous 525 bp

(CreERT2/CreERT2).

Table 3: Genotyping for Wtap

Details on the genotyping for Wtap tm1a/tm1c, including primers, PCR settings and expected amplicons.

Wtap tm1a/tm1c PCR

Primer

Sequence

Wtap_5mut-R1

5-GAACTTCGGAATAGGAACTTCG-3

Wtap_5arm-WTF

5-CCTCAAATTAGAGATCTCCCTTAGTC-3

Witap_Crit-WTR

5-GCTTGGCACCTTAGCAAGAC-3

PCR

Amplicon

95 °C 3 min [39x (95°C 305,60°C 30s, 72 °C 1 min)] 72 °C 5 min, 4 °C =

169 bp (tm1a), 295 bp (+/+), 169 bp + 466 bp (tm1c)

Table 4: Genotyping for NexCreERT2

Details on the genotyping for NexCreERT2, including primers, PCR settings and expected amplicons.

NexCreERT2 PCR

Primer

Sequence

WT/ NexCreERT2-F

5-GAGTCCTGGAATCAGTCTTTTTC-3"

WT-R

5-AGA ATGTGGAGTAGGGTGAC-3"

NexCreERT2-R

5-CCGCATAACCAGTGAAACAG-3’

PCR

Amplicon

95 °C 5 min [35x (95°C 305s,59°C30s,72°C 1 min)] 72 °C 5 min, 4 °C

770 bp (+/+), 525 bp (NexCreERT2)
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Exon E1 E2 E3 E4 E5E6E7 E8 E9 E10 E11E12 E13E14E15 E16 E17
A 5 3

FRT loxP loxP

Ythdc1 amk2aCre

C
C

+/+  +/lox lox/lox +/+ +/Cre

Figure 84: Locus and genotyping of Ythdc1 tm1c animals and genotyping of Camk2aCre

(A) Overview of the tm1c Ythdc1 locus. (B) Genotyping of Ythdc1 animals: WT 488 bp (+/+), heterozygous 488 bp + 662 bp
(+/lox) and homozygous 662 bp (lox/lox). (C) Genotyping of Camk2aCre carrying animals: WT 372 bp (+/+), heterozygous 372 bp
+ 183 bp (+/Cre). This PCR is not able to detect homozygous Cre.

Table 5: Genotyping for Ythdc1
Details on the genotyping for Ythdc1 tm1a/tm1c, including primers, PCR settings and expected amplicons.

Ythdc1 tm1a/tm1c PCR

Primer Sequence

Ythdc1-F 5-TGAAGACATAGAAGTGGGGAAAC-3’
Ythdc1-R 5-ACAAACAAAAGATCCAGACAAGG-3
Ythdc1-KO-R 5-ACCTTGGGCAAGAACATAAAGTG-3
PCR Amplicon

95 °C 5 min [35x (95°C 30s,58°C 30s, 72 °C 30 s)] 72 °C 5 min, 4 °C = 488 bp (+/+), 662 bp (tm1c), 277 bp (tm1a)

Table 6: Genotyping for Ythdc1 tm1d allele
Details on the genotyping for Ythdc1 tm1d, including primers, PCR settings and expected amplicons.

Ythdc1tm1d PCR

Primer Sequence
Ythdc1_tm1d_WT_F 5-TGTGTTGTGCCTGAGCTTTC-3
Ythdc1_tm1d_WT _R 5-CCTTTGCTTTGGCAAGAGAC-3
Ythdc1_tm1d_KO_F 5-AAGGCGCATAACGATACCAC-3
Ythdc1_tm1d_KO_R 5-CCTAAACCCAGGTGACTGGA-3
PCR Amplicon

95 °C 5 min [35x (95°C 30s,58°C 30 s, 72 °C 30 s)] 72 °C 5 min, 4 245 bp (+/+), 199 bp (tm1d), 546 bp (unspecific regarding geno-
°C = type)

Table 7: Genotyping for Camk2aCre
Details on the genotyping for Camk2aCre, including primers, PCR settings and expected amplicons.

Camk2aCre PCR
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Primer Sequence

Cre-F 5-CCACCAGCCAGCTATCAACT-3’
Cre-R 5-CAGCTTGCATGATCTCCGGT-3"
Thy1-F 5-TCTGAGTGGCAAAGGACCTTAGG-3’
Thy1-R 5-CCACTGGTGAGGTTGAGG-3’

PCR Amplicon

95 °C 5 min [35x (95°C 305,57 °C30s, 72 °C 1 min)] 72 °C 5 min, 4 °C

372 bp (+/+, Thy1 DNA control), 184 bp (Cre)

8.2 R packages

Overview of the main R packages used for data wrangling (Table 8), statistical analysis (Table 9), path-

way analysis (Table 10) and data visualization (Table 11).

8.2.1.1

Data wrangling

Table 8: Packages used for data wrangling in R

Package Version Reference
readtext 0.8 267
tidyverse 1.3.1 268
xts 0.12 269
lubridate 1.71 270
8.2.1.2  Statistical analysis
Table 9: Packages used for statistical analysis in R
Package Version Reference
mgcv 1.8-35 2n
Hmisc 4.5-0 2r2
Imertest 3.1-3 273
Ime4 1.1-27 2m4
survival 3.2-11 275
survminer 0.4.9 199
8.2.1.3 Pathway analysis
Table 10: Packages used for pathway analysis in R
Package Version Reference
org.Mm.eg.db 3.12 216
clusterProfiler 3.19 174
topGO 242 2
rrvgo 1.2 278
GeneOverlap 1.26 219
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8.2.1.4 Data visualization

Table 11: Packages used for data visualization in R

Package Version Reference
ggplot2 3.3.3 280
ggpubr 0.4.0 281
EnhancedVolcano 1.9.13 282
VennDiagram 1.6.20 283
cowplot 1.1.1 284
png 0.1-7 285
ggbeeswarm 0.6.0 286

8.3 Material and reagents

Overview of important materials and reagents used for immunostaining and histology (Table 12), RNA
extraction and QC (Table 13), RT-gPCR and sequencing (Table 14), as well as the sequences of RT-

gPCR primers used (Table 15).

8.3.1 Immunostaining and histology

Table 12: Reagents used for immunostaining and histology

Reagent or resource Source Identifier
DAPI Fluoromount-G® SouthernBiotech 0100-20
Thermo Scientific™ SuperFrost Plus™ Adhesion slides Thermo Scientific J1800AMNZ
Coverslips Thickness: 1, 24 x 60 mm Carl Roth H878
Triton® X-100 Sigma Aldrich 9002-93-1
Normal Goat Serum Sigma Aldrich 500627
Glycerol 86 % Carl Roth 4043
Ethylene glycol Sigma Aldrich 324558

8.3.2 RNA extraction and QC reagents

Table 13: Regents used for RNA extraction and quality control
Reagent or resource Source Identifier
RNaseZap™ Thermo Fisher Scientific AM9780
Trichlormethan/Chloroform Carl Roth 3313.1
Molecular Biology Grade Ethanol Fisher BioReagents BP2818-500
QlAzol Lysis Reagent QIAGEN 79306
Nuclease-Free Water (not DEPC-Treated) Ambion AM9932
RNeasy Mini Ki QIAGEN 74104
RNase-Free DNase Set QIAGEN 79254
Zirconium Oxide Beads 0.5 mm Next Advance ZROB05
Diethyl pyrocarbonate Sigma-Aldrich D5758-100ML
TURBO DNase Thermo Fisher Scientific AM2238
Qubit™ RNA HS Assay Kit Thermo Fisher Scientific Q32855
Qubit™ RNA BR Assay Thermo Fisher Scientific Q10211
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High Sensitivity RNA ScreenTape Agilent 5067-5579
Agilent RNA 6000 Nano Kit Agilent 5067-1511
RNA ScreenTape Agilent 5067-5576
8.3.3 RT-qPCR, sequencing and mfA
Table 14: Reagent used for RT-gPCR and sequencing
Reagent or resource Source Identifier
High-Capacity cDNA Reverse Transcription Kit with RNase Inhibitor Applied Biosystems 4374966

QuantiFast SYBR Green PCR Kit

QIAGEN

204056; 204057

NEBNext Ultra Il Directional RNA Library Prep Kit lllumina

New England Biolabs

E7760S

NEBNext® Multiplex Oligos for lllumina® (Index Primers Set 2);

NEBNext® Multiplex Oligos for lllumina® (Index Primers Set 1) New England Biolabs 73358
NEBNext® Multiplex Oligos for lllumina® (Index Primers Set 2) New England Biolabs 75008
NEBNext® Poly(A) mRNA Magnetic Isolation Module New England Biolabs E7490L
Agilent High Sensitivity DNA Kit Agilent
EpiQuik m°A RNA Methylation Quantification Kit (Colorimetric) Epigentek P-9005-48

8.3.4 gPCR primers

Table 15: RT-gPCR primers used in this study
Primer name Sequence 5' 3' Primer name Sequence 5' 3'
Alkbh5_F2 ACAAGATTAGATGCACCGCG Pgk1_E1E3_F TGCCAAAATGTCGCTTTCCA
Alkbh5_R2 TGTCCATTTCCAGGATCCGG Pgk1_E1E3_R CCAGGTGGCTCATAAGGACA
Asphd2_E1E2_1_F GTGTGCAGGAACGAGTCATC Picl2_E3E5_2_F CTTAGTGAGCCCTACCCCAC
Asphd2_E1E2_1_R TCCGGACCTGTATTGGGAAC Plcl2_E3E5_2_R AAAGCTCTCCACTGCCTTCT
Cbll1_E1E2_F TCAAGACCACCCAAGGATCC Polr2b_F1 CAAGACAAGGATCATATCTGATGG
Cbll1_E1E2_R GACTGACTTCCGTTCCCACT Polr2b_R1 AGAGTTTAGACGACGCAGGTG
Ckap4_E1E2_1_F TCCTTCACGGCTTTCTCTGT Rbm15_E1E2_F AGGCCCATGTAAACTCCACA
Ckap4_E1E2_1_R CTTCTCGGGCTGGTATGTCC Rbm15_E1E2_R TCTTCATGCCTTCCCACCTT
Drg1_E6E7_2_F AGATGGGTACACAGTGAGGC Rpl13a_F1 CACTCTGGAGGAGAAACGGAAGG
Drg1_E6E7_2_R ACAGCTGACGACCTCATTGA Rpl13a_R1 GCAGGCATGAGGCAAACAGTC
Ears2_E3E4_2_F CTGCCTCCTCTAGACGGAAG Sema6b_E9E10_F CCACGTCATTCTTGCACACA
Ears2_E3E4_2_R CCCTGTTTCTGTTTGCCACA Sema6b_E9E10_R TGGGGAAGCCACGTCTATTT
Epha7_all_E8SE9_1_F GTGTTCATGGTGTTCGGCTT Slitrk3_E1E2_1_F CAGGGGAATTGGGGTAGTCC
Epha7_all_ES8E9_1_R TCATCCCCTTCTTGGTCAGC Slitrk3_E1E2_1_R GACGGATACAATGCAGCCTC
Fto_F1 CTGAGGAAGGAGTGGCATG Tomm34_E2E3_1_F CGGATGCCACACTGTTATCG
Fto_R1 TCTCCACCTAAGACTTGTGC Tomm34_E2E3_1_R GCGTGCTACTTGAAGGATGG
Hnrnpa2b1_F1 GTGGAGGGAACTATGGTCCT Ube2o_E13E14_2_F CCAGCTCCTCTATCTTGGGG
Hnrnpa2b1_R1 TGAAGGCACCAACAAGAACT Ube2o_E13E14_2_R CAAAGTGGAAGTGGTGTGGG
Hnrnpc_F1 CAAACGTCAGCGTGTTTCAG Uhrf1_E7E8_F TGATGAGTGTGACATGGCCT
Hnrnpc_R1 TGGGGATGAGAAGGACAAGT Uhrf1_E7E8_R CTTCTCCCCTGCTTGTACCA
Hprt_E7E9_F AGGACCTCTCGAAGTGTTGG Vcpip1_E1E3_1_F GCATCGACACACAACTCCAG
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Hprt_E7E9_R TTGCAGATTCAACTTGCGCT Vepip1_E1E3_1_R GGAACTTCAGGAGCAAGCTG
Lrfn1_E1E2_R CGCCAGGTCATTCACTAGGA Virma_F CATTACGGCCGCTTAGTTCT
Lrfn1_E1E2_F CTTGTGGCTGCTGAACTCAC Virma_R TACCACTGCCTCCACTAACA
Lrfn2_E1E2_1_F CCACCATCTGCCTGCCTT Wtap_ESE6_F GTTGATCTCAGTTGGGCCAC
Lrfn2_E1E2_1_R CCAAGCAGAGTCTCCATGGT Wtap_ESE6_R ACTAAAGCAGCAACAGCAGG
Mettl14_F1 AGACGCCTTCATCTCTTTGG Ythdc1_ESE6_2_F CTCGAGGCATATCACCCATT
Mettl14_R1 AGCCTCTCGATTTCCTCTGT Ythdc1_ESE6_2_R CAGCACGAACGGAAGATGATA
Mettl3_E4E3_F AAAATTCTTGCACCTGGGCC Ythdc2_F1 GTGGATACGCAAAGAAAGCC
Mettl3_E4E3_R TGGCCTCTTCAGCATCAGAA Ythdc2_R1 TCCATAGCCAGGAGTTCTGA
MettI3_F1 ATTGAGAGACTGTCCCCTGG Ythdf1_F1 CATTATGAGAAGCGCCAGGA
Mettl3_R1 AGCTTTGTAAGGAAGTGCGT Ythdf1_R1 AGATGCAACAATCAACCCCG
Nceh1_E1E2_2 F CTGGAAACTGATGCTGCTGG Ythdf2_F1 ACCAACTCTAGGGACACTCA
Nceh1_E1E2_2 R CGGACTTCTACCCCATCGAA Ythdf2_R1 GGATAAGGAGATGCAACCGT
Nign2_PB1F TGTCATGCTCAGCGCAGTAG Ythdf3_F1 TGCACATTATGAAAAGCGTCA
Nign2_PB1R GGTTTCAAGCCTATGTGCAGAT Ythdf3_R1 AGATGCGCTGATGAAAACCA
Nrxn2_E15E16_F TGCCCGAAATCTGGATCTCA Zc3h13_E17E18_F GCTGTTCTGCTACGAGTTGG
Nrxn2_E15E16_R AAGCAGCCTTGAAAGCCATC Zc3h13_E17E18_R AAAGCAGCCATGTTGAGAGC

8.4 Circadian activity analysis: model summary

Overview of GAM model results from the home cage activity screening (Table 16, Table 17).

Table 16: Overview of the parameter estimates for home cage activity
ns = not significant, *: p < 0.05. **: p < 0.01, ***: p < 0.001, ****: p < 0.0001.

Effect Estimate Std. Error CLI Clu t value Pr(>|t]) Symbol
(Intercept) 10.28 0.11 10.07 10.50 95.05 0.0e*° xR
Geno- 2.91 0.15 2.61 3.21 19.32 1.2e%2 xR
typeKO

Formula: Genotype + s(as.numeric(time_bin_10min), k = 30) + s(as.numeric(time_bin_10min), by = as.ordered(Genotype), k = 30)

Table 17: Overview of the smooth term estimates for home cage activity
ns = not significant, *: p < 0.05. **: p < 0.01, ***: p < 0.001, ****: p < 0.0001.

Smooth term edf Ref.df F p-value Symbol
s(time_bin_10min) 28.98 29.00 114.07 0 i
s(time_bin_10min):as.ordered(Genotype) KO 26.60 28.51 27.62 0 e
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8.5 Camk2aCre WTAP KO: proteomic GO analysis full results

Summary of all enrichment results for the mPFC (Table 18, Table 19, Table 20). dHPC (Table 21, Table
22, Table 23) and vHPC (Table 27, Table 28). Tables include the GeneRatio defined as number of input
genes related to a selected GO term and divided by the total number of input genes (i.e., the ratio of
input genes that are annotated for a given term) and the BgRatio, which is the size of the gene set
divided by the size of the gene universe (i.e., the ratio of all genes that are annotated for a given term)?®’.

mPFC: significantly downregulated proteins

Table 18: Camk2aCre WTAP KO: mPFC detailed results for BP
The analysis was performed with proteins for which a significant difference in the overall abundance was determined (FDR <
0.05).

ID Description GeneRatio BgRatio p.adjust
G0:0022900 electron transport chain 40/643 62/5690 0.0000
G0:0010257 NADH dehydrogenase complex assembly 26/643 39/5690 0.0000
G0:0032981 mitochondrial respiratory chain complex | assembly 26/643 39/5690 0.0000
G0O:0007005 mitochondrion organization 77/643 293/5690 0.0000
G0:0046034 ATP metabolic process 49/643 157/5690 0.0000
G0:0006839 mitochondrial transport 35/643 132/5690 0.0001
G0:0043038 amino acid activation 17/643 42/5690 0.0002
G0:0043039 tRNA aminoacylation 17/643 42/5690 0.0002
G0:0006418 tRNA aminoacylation for protein translation 14/643 39/5690 0.0065
GO0:0070585 protein localization to mitochondrion 18/643 63/5690 0.0172
G0:0043604 amide biosynthetic process 71/643 422/5690 0.0295
G0:0044281 small molecule metabolic process 117/643 77515690 0.0343
G0:1990542 mitochondrial transmembrane transport 16/643 57/5690 0.0413

Table 19: Camk2aCre WTAP KO: mPFC detailed results for CC
The analysis was performed with proteins for which a significant difference in the overall abundance was determined (FDR <
0.05).

ID Description GeneRatio BgRatio p.adjust
G0:0098798 mitochondrial protein-containing complex 96/657 195/5731 0.0000
G0:0098803 respiratory chain complex 49/657 59/5731 0.0000
G0:0098800 inner mitochondrial membrane protein complex 63/657 96/5731 0.0000
GO0:0070469 respirasome 50/657 63/5731 0.0000
G0:1990204 oxidoreductase complex 52/657 79/5731 0.0000
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G0:0031975 envelope 147/657 627/5731 0.0000
G0:0070069 cytochrome complex 14/657 18/5731 0.0000
GO0:0005759 mitochondrial matrix 52/657 183/5731 0.0000
GO0:0000313 organellar ribosome 24/657 62/5731 0.0000

Table 20: Camk2aCre WTAP KO: mPFC detailed results for MF

The analysis was performed with proteins for which a significant difference in the overall abundance was determined (FDR <

0.05).
ID Description GeneRatio BgRatio p.adjust
G0:0016491 oxidoreductase activity 73/637 343/5647 0.0000
G0:0051539 4 iron, 4 sulfur cluster binding 10/637 21/5647 0.0015
G0:0004812 aminoacyl-tRNA ligase activity 14/637 40/5647 0.0025
G0:0016875 ligase activity, forming carbon-oxygen bonds 14/637 40/5647 0.0025
GO0:0140101 catalytic activity, acting on a tRNA 18/637 66/5647 0.0088

dHPC: significantly downregulated proteins

Table 21: Camk2aCre WTAP KO: dHPC detailed results for BP

The analysis was performed with proteins for which a significant difference in the overall abundance was determined (FDR <

0.05).
ID Description GeneRatio BgRatio p.adjust
G0:0010257 NADH dehydrogenase complex assembly 17/548 41/5526 0.0002
G0:0032981 mitochondrial respiratory chain complex | assembly 17/548 41/5526 0.0002
G0:0022900 electron transport chain 20/548 60/5526 0.0004
G0O:0007005 mitochondrion organization 49/548 278/5526 0.0111

Table 22: Camk2aCre WTAP KO: dHPC detailed results for CC

The analysis was performed with proteins for which a significant difference in the overall abundance was determined (FDR <

0.05).
ID Description GeneRatio BgRatio p.adjust
GO0:0070469 respirasome 28/549 62/5563 0.0000
GO0:0005746 mitochondrial respirasome 27/549 58/5563 0.0000
G0:0098803 respiratory chain complex 27/549 59/5563 0.0000
G0:0098798 mitochondrial protein-containing complex 49/549 184/5563 0.0000
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G0:1990204 oxidoreductase complex 29/549 80/5563 0.0000
G0:0031975 envelope 93/549 601/5563 0.0001
G0:0000315 organellar large ribosomal subunit 11/549 35/5563 0.0085
G0:0005762 mitochondrial large ribosomal subunit 11/549 35/5563 0.0085
G0:0070069 cytochrome complex 71549 17/5563 0.0159

Table 23: Camk2aCre WTAP KO: dHPC detailed results for MF
The analysis was performed with proteins for which a significant difference in the overall abundance was determined (FDR <
0.05).

ID Description GeneRatio BgRatio p.adjust
G0:0009055 electron transfer activity 20/538 58/5492 0.0001
G0:0016655 oxidoreductase activity, acting on NAD(P)H, quinone or similar 10/538 31/5492 0.0329

compound as acceptor

VHPC: significantly downregulated proteins

Table 24: Camk2aCre WTAP KO: vHPC detailed results for CC (down)
The analysis was performed with proteins for which a significant difference in the overall abundance was determined (FDR <
0.05).

ID Description GeneRatio BgRatio p.adjust
GO:0005747 mitochondrial respiratory chain complex | 20/876 42/5792 0.0001
G0:0030964 NADH dehydrogenase complex 20/876 42/5792 0.0001
G0:0045271 respiratory chain complex | 20/876 42/5792 0.0001
G0:0098798 mitochondrial protein-containing complex 54/876 197/5792 0.0005
G0:1990204 oxidoreductase complex 28/876 81/5792 0.0006
GO0:0070469 respirasome 23/876 64/5792 0.0015
G0:0000313 organellar ribosome 19/876 63/5792 0.0485
G0:0005761 mitochondrial ribosome 19/876 63/5792 0.0485

VHPC: significantly upregulated proteins

Table 25:Camk2aCre WTAP KO: vHPC detailed results for CC (UP)
The analysis was performed with proteins for which a significant difference in the overall abundance was determined (FDR <
0.05).

ID Description GeneRatio BgRatio p.adjust
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G0:0099055 integral component of postsynaptic membrane 29/655 107/5792 0.0018
G0:0098936 intrinsic component of postsynaptic membrane 30/655 116/5792 0.0018
G0:0099572 postsynaptic specialization 59/655 337/5792 0.0171
G0:0043198 dendritic shaft 15/655 52/5792 0.0210
G0:0031301 integral component of organelle membrane 34/655 169/5792 0.0220
G0:0032590 dendrite membrane 10/655 31/5792 0.0496
G0:0034707 chloride channel complex 71655 17/5792 0.0496

8.6 Camk2aCre WTAP KO: metabolite analysis full results

Summary of all results from the metabolite analysis for the mPFC (Table 26), dHPC (Table 27) and
vHPC (Table 28).

Table 26: Camk2aCre WTAP KO: mPFC differentially regulated metabolites
The analysis was performed with metabolites for which a significant difference in the overall abundance was determined (FDR <
0.1).

Abbr. Name p.adj. L2FC
CMP CMP 0.0000 -1.1616
UMP URIDINE-5-MONOPHOSPHATE 0.0000 -0.9747
NAD NAD 0.0005 -1.7898
G6P D-GLUCOSE 6-PHOSPHATE 0.0006 1.9691
F6P D-FRUCTOSE 6-PHOSPHATE 0.0006 1.5541
ASP D-ASPARTATE 0.0024 0.7370
GLY GLYCINE 0.0056 0.7747
SER L-SERINE 0.0096 -0.3397
LEU LEUCINE 0.0127 0.5221
ADENOSINE ADENOSINE 0.0253 0.4080
ADENINE ADENINE 0.0254 0.8479
CIT CITRULLINE 0.0326 -0.3335
ILE L-ISOLEUCINE 0.0352 0.3910
URIDINE URIDINE 0.0395 0.9451
UROCANATE UROCANATE 0.0557 1.0103
4-GUANIDINOBUTANOATE 4-GUANIDINOBUTANOATE 0.0629 -0.4920
| INOSINE 0.0665 0.5903
CYTIDINE CYTIDINE 0.0665 0.5127
XAN XANTHINE 0.0681 0.4887
GDP-mannose GUANOSINE 5'-DIPHOSPHO-D-MANNOSE 0.0724 -0.2663
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G1P ALPHA-D-GLUCOSE 1-PHOSPHATE 0.0735 0.7693
OPH OPHTHALMIC ACID 0.0836 -0.5668
PC(16:0/16:0) PC(16:0/16:0) 0.0845 -0.5011
T™ML NEPSILON,NEPSILON,NEPSILON-TRIMETHYLLYSINE 0.0845 -0.5264

Table 27: Camk2aCre WTAP KO: dHPC differentially regulated metabolites

The analysis was performed with metabolites for which a significant difference in the overall abundance was determined (FDR <

0.1).

Abbr. Name p.adj. L2FC
NAD NAD 0.0080 -1.3731
URIDINE URIDINE 0.0189 0.5070
miA 1-Methyladenosine 0.0189 -0.6068
SER L-SERINE 0.0251 -0.4531
CMP CMP 0.0251 -0.8802
INOSITOL MYO-INOSITOL 0.0261 0.3995
F6P D-FRUCTOSE 6-PHOSPHATE 0.0261 1.7054
CIT CITRULLINE 0.0261 -0.6692
4-GUANIDINOBUTANOATE 4-GUANIDINOBUTANOATE 0.0261 -0.7908
Meglutol 3-HYDROXY-3-METHYLGLUTARATE 0.0261 -0.6868
G1P ALPHA-D-GLUCOSE 1-PHOSPHATE 0.0393 1.8711
TML NEPSILON,NEPSILON,NEPSILON-TRIMETHYLLYSINE 0.0519 -1.0987
ALA D-ALANINE 0.0519 -0.3193
CREATINE CREATINE 0.0519 -0.2339
5,6-DIHYDROURACIL 5,6-DIHYDROURACIL 0.0519 -0.3055
GLY GLYCINE 0.0618 0.5005
GDP-mannose GUANOSINE 5'-DIPHOSPHO-D-MANNOSE 0.0814 -0.9223
G6P D-GLUCOSE 6-PHOSPHATE 0.0814 1.5870
ASP D-ASPARTATE 0.0814 0.6041
AMP ADENOSINE 5'-MONOPHOSPHATE 0.0814 -0.5518

Table 28: Camk2aCre WTAP KO: vHPC differentially regulated metabolites

The analysis was performed with metabolites for which a significant difference in the overall abundance was determined (FDR <

0.1).
Abbr. Name p.adj. L2FC
CMP CMP 0.0038 -1.0293
GLY GLYCINE 0.0041 0.6221
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UMP URIDINE-5-MONOPHOSPHATE 0.0077 -0.7523
GUANOSINE GUANOSINE 0.0077 0.6244
F6P D-FRUCTOSE 6-PHOSPHATE 0.0120 1.5257
ASP D-ASPARTATE 0.0120 0.5651
SER L-SERINE 0.0140 -0.2379
GeéP D-GLUCOSE 6-PHOSPHATE 0.0265 1.7013
CYTIDINE CYTIDINE 0.0334 0.5661
UROCANATE UROCANATE 0.0429 0.6744
NAD NAD 0.0442 -1.0463
DEOXYCYTIDINE DEOXYCYTIDINE 0.0442 0.6856
URIDINE URIDINE 0.0543 0.8248
G1P ALPHA-D-GLUCOSE 1-PHOSPHATE 0.0543 0.8983
ADENINE ADENINE 0.0663 0.7423
| INOSINE 0.0740 0.4952
PC(16:0/16:0) PC(16:0/16:0) 0.0789 -0.4179

8.7 NexCreERT2 expression validation using ISH

A representative example for the overlap of CreERT2 signal and the depletion of the floxed exon’s signal
(here Wtap) is shown in Figure 85.

lox/lox CreERT2

Figure 85: NexCreERT2 expression as detected with ISH
A representative example for the overlap of CreERT2 signal and the depletion of the floxed exon (here Wtap) after tamoxifen

induction.
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ISH probes

Overview of oligonucleotides used for ISH in the presented thesis (Table 29).

Table 29: ISH oligonucleotides used in this study

Oligonucleotides Sequence Source

TCAGTCAGGAGATCCTAGAGCTATT; 28
CTGAAGTGCAGCTTGCGACA

ISH probe MettI3 exon 4 (175 bp)

GCATATGTTCAAGCTTTGGAGGG;

ISH probe Wtap exon 4-7 (423bp) CAGCTGCCTTCCAAGCTCTT This thesis
ISH probe Wtap exon 4-5 (170bp) gﬁé?g?;égi;g?éé$gg¥é§rGAG This thesis
ISH probe Ythdc1 exon 4-8 (585bp) gg%&i?gg{;&%? AA&%;%%G This thesis
ISH probe Ythdc1 exon 5-7 (232bp) AGAAAAAGAAGGAAAGGAAGAGAGC; This thesis

TTGCTTTGGCAAGAGACACA

8.8 Comparison of KO efficacy in bulk HPC, dHPC slices and
dCA1

The efficacy of the NexCreERT2 induced KO of Wtap in the HPC was validated using qPCR for bulk
HPC, dHPC slices and dissected dCA1 (Figure 86).

0.51 |

qé’ 0.01 |
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Figure 86: Comparison of Wtap KO efficacy in the HPC
gPCR validation of KO efficacy, comparing total HPC RNA to, dHPC and dissected dCA1. HPC = 2, dHPC = 2, dCA1 =7. The
WT expression level of Wtap is indicated by the dashed line.

8.9 NexCreERT2 WTAP KO: qPCR validation of LTP cohort

For the KO validation of animals used for the LTP experiment, the tissue was collected on dry ice after
recordings. The dCA1 was punched using a cryostat, the RNA extracted and gPCR performed as de-
scribed in the Methods section. The results of the validation are shown in Figure 87.
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Figure 87: RT-qPCR validation of Wtap KO efficacy for the LTP cohort
The gPCR validation of the animals used for LTP recordings shows a clear depletion of the floxed Wtap exons (WT = 6, KO = 5;
p.adj. < 0.001, independent two-sample t-test).

8.10 NexCreERT2 WTAP KO: DESeq2 GO full results

Summary of all results from the enrichment analysis for CC (Table 30) and MF (Table 31).

Table 30: NexCreERT2 WTAP KO: detailed results for CC (DESeq2)
The analysis was performed with genes for which a significant difference in the overall expression was detected (FDR < 0.05,
Log2FoldChange = 0.5, base mean = 20), Reported below are the results p.adj. < 0.05.

ID Description GeneRatio BgRatio p.adj.

G0:0005887 integral component of plasma membrane 181/1659 944/13930 0.0000
G0:0034702 ion channel complex 51/1659 242/13930 0.0020
G0:1990351 transporter complex 51/1659 257/13930 0.0057
G0:0008076 voltage-gated potassium channel complex 18/1659 67/13930 0.0183

Table 31: NexCreERT2 WTAP KO: detailed results for MF (DESeq2)
The analysis was performed with genes for which a significant difference in the overall expression was detected (FDR < 0.05,
Log2FoldChange = 0.5, base mean = 20), Reported below are the results p.adj. < 0.05.

ID Description GeneRatio BgRatio p.adj.

G0:0022843 voltage-gated cation channel activity 33/1638 113/13653 0.0002
G0:0005244 voltage-gated ion channel activity 40/1638 152/13653 0.0002
G0:0022832 voltage-gated channel activity 40/1638 152/13653 0.0002
G0:0004930 G protein-coupled receptor activity 50/1638 219/13653 0.0008
G0:0046873 metal ion transmembrane transporter activity 65/1638 323/13653 0.0016
G0:0004993 G protein-coupled serotonin receptor activity 10/1638 19/13653 0.0016
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GO0:0008146

sulfotransferase activity

13/1638

35/13653

0.0048

8.11 NexCreERT2 WTAP KO: DEXSeq GO full results

Summary of all results from the enrichment analysis for BP (Table 32), CC (Table 33) and MF (Table

34).

Table 32: NexCreERT2 WTAP KO: detailed results for BP (DEXSeq)
The analysis was performed with genes for which a significantly different exon usage had been observed (FDR < 0.05, Log2Fold-
Change = 0.5, exon base mean = 5). Reported below are the results p.adj. < 0.05.

ID Description GeneRatio BgRatio p.adj.

G0:0050808 synapse organization 114/1774 451/13808 0.0000
G0:0099536 synaptic signaling 143/1774 664/13808 0.0000
G0:0048812 neuron projection morphogenesis 135/1774 630/13808 0.0000
G0:0032990 cell part morphogenesis 14111774 670/13808 0.0000
GO0:0007416 synapse assembly 52/1774 174/13808 0.0000
G0:0000904 cell morphogenesis involved in differentiation 147/1774 717/13808 0.0000
G0:0051960 regulation of nervous system development 188/1774 977/13808 0.0000
G0:0051963 regulation of synapse assembly 39/1774 114/13808 0.0000
G0:0000902 cell morphogenesis 185/1774 975/13808 0.0000
G0:0050803 regulation of synapse structure or activity 69/1774 272/13808 0.0000
G0:0050807 regulation of synapse organization 67/1774 263/13808 0.0000
GO0:0099177 regulation of trans-synaptic signaling 105/1774 484/13808 0.0000
GO0:0010975 regulation of neuron projection development 12011774 583/13808 0.0000
G0:0060322 head development 124/1774 610/13808 0.0000
G0:1902414 protein localization to cell junction 38/1774 122/13808 0.0000
G0:0007420 brain development 113/1774 559/13808 0.0001
GO:0120035 ;Z%lg:tion of plasma membrane bounded cell projection organi- 1401774 734/13808 0.0001
GO0:0001764 neuron migration 44/1774 165/13808 0.0002
G0:1901888 regulation of cell junction assembly 50/1774 199/13808 0.0002
G0:0022604 regulation of cell morphogenesis 101/1774 500/13808 0.0002
G0:0042391 regulation of membrane potential 81/1774 379/13808 0.0002
G0:0010769 regulation of cell morphogenesis involved in differentiation 7311774 333/13808 0.0003
G0:0099003 vesicle-mediated transport in synapse 56/1774 242/13808 0.0006
G0:0060080 inhibitory postsynaptic potential 111774 20/13808 0.0008
G0:0030534 adult behavior 39/1774 150/13808 0.0009
G0:0034329 cell junction assembly 771774 370/13808 0.0009
G0:0050877 nervous system process 145/1774 811/13808 0.0012
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G0:0007610 behavior 112/1774 596/13808 0.0013
G0:0099601 regulation of neurotransmitter receptor activity 211774 62/13808 0.0013
G0:0021954 central nervous system neuron development 2511774 88/13808 0.0056
G0:0007612 learning 3711774 154/13808 0.0066
G0:2000463 positive regulation of excitatory postsynaptic potential 14/1774 37/13808 0.0069
G0:0044087 regulation of cellular component biogenesis 150/1774 883/13808 0.0091
G0:0007215 glutamate receptor signaling pathway 2411774 87/13808 0.0105
G0:0031644 regulation of nervous system process 36/1774 154/13808 0.0122
G0:0032688 negative regulation of interferon-beta production 8/1774 16/13808 0.0181
G0:0035176 social behavior 15/1774 46/13808 0.0204
G0:0051703 intraspecies interaction between organisms 1511774 46/13808 0.0204
G0:0097479 synaptic vesicle localization 18/1774 61/13808 0.0224
G0:2001257 regulation of cation channel activity 35/1774 154/13808 0.0228
G0:1903539 protein localization to postsynaptic membrane 1711774 57/13808 0.0265
G0:0010996 response to auditory stimulus 9/1774 21/13808 0.0293
G0:0016082 synaptic vesicle priming 10/1774 26/13808 0.0390
G0:0006836 neurotransmitter transport 44/1774 214/13808 0.0405

Table 33: NexCreERT2 WTAP KO: detailed results for CC (DEXSeq)
The analysis was performed with genes for which a significantly different exon usage had been observed (FDR < 0.05, Log2Fold-
Change = 0.5, exon base mean 2 5). Reported below are the results p.adj. < 0.05.

ID Description GeneRatio BgRatio p.adj.

G0:0098978 glutamatergic synapse 123/1784 492/13930 0.0000
G0:0098794 postsynapse 157/1784 690/13930 0.0000
G0:0030424 axon 144/1784 655/13930 0.0000
G0:0032279 asymmetric synapse 99/1784 396/13930 0.0000
G0:0097060 synaptic membrane 101/1784 428/13930 0.0000
G0:0036477 somatodendritic compartment 172/1784 919/13930 0.0000
G0:0043025 neuronal cell body 125/1784 637/13930 0.0000
G0:0098685 Schaffer collateral-CA1 synapse 34/1784 110/13930 0.0000
G0:0043679 axon terminus 44/1784 163/13930 0.0000
GO0:0097447 dendritic tree 125/1784 647/13930 0.0000
G0:0044297 cell body 135/1784 722/13930 0.0001
G0:0044306 neuron projection terminus 46/1784 184/13930 0.0001
G0:0098982 GABA-ergic synapse 30/1784 101/13930 0.0001
G0:0032589 neuron projection membrane 20/1784 63/13930 0.0014
G0:0030427 site of polarized growth 46/1784 204/13930 0.0014
GO0:0071004 U2-type prespliceosome 8/1784 15/13930 0.0032
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GO0:0071010 prespliceosomea 8/1784 15/13930 0.0032
G0:1990351 transporter complex 53/1784 257/13930 0.0040
G0:0060077 inhibitory synapse 10/1784 23/13930 0.0040
G0:0034702 ion channel complex 50/1784 242/13930 0.0053
G0:0008328 ionotropic glutamate receptor complex 15/1784 53/13930 0.0239
G0:0098831 presynaptic active zone cytoplasmic component 8/1784 20/13930 0.0245
G0:0098878 neurotransmitter receptor complex 15/1784 54/13930 0.0270
G0:0032809 neuronal cell body membrane 10/1784 30/13930 0.0313
G0:0060076 excitatory synapse 19/1784 77/13930 0.0323
G0:0034708 methyltransferase complex 23/1784 101/13930 0.0373

Table 34: NexCreERT2 WTAP KO: detailed results for MF (DEXSeq)
The analysis was performed with genes for which a significantly different exon usage had been observed (FDR < 0.05, Log2Fold-
Change = 0.5, exon base mean = 5). Reported below are the results p.adj. < 0.05.

ID Description GeneRatio BgRatio p.adj.

G0:0060589 nucleoside-triphosphatase regulator activity 59/1753 281/13653 0.0312
G0:0019904 protein domain specific binding 126/1753 717/13653 0.0312
G0:0035254 glutamate receptor binding 20/1753 66/13653 0.0312
G0:0022843 voltage-gated cation channel activity 29/1753 113/13653 0.0312
G0:0022836 gated channel activity 51/1753 242/13653 0.0312
G0:0042054 histone methyltransferase activity 17/1753 55/13653 0.0312
G0:0015085 calcium ion transmembrane transporter activity 27/1753 107/13653 0.0312
G0:0005244 voltage-gated ion channel activity 35/1753 152/13653 0.0312
G0:0022832 voltage-gated channel activity 35/1753 152/13653 0.0312
G0:0016773 phosphotransferase activity, alcohol group as acceptor 104/1753 596/13653 0.0446
G0:0043425 bHLH transcription factor binding 10/1753 26/13653 0.0452
G0:0005246 calcium channel regulator activity 12/1753 35/13653 0.0452

8.12 Membranome preparation: enrichment for membrane
associated terms

An enrichment analysis for the proteins detected in the membranome preparation was performed to
determine the success of the enrichment. For this all detected proteins (2594) were use as input and
the genes detected in the mRNA sequencing as background (15826). The analysis was run for CC and
the results for p.adj. < 0.05 are shown in Figure 88.
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Figure 88: Strong enrichment for membrane related cellular components in the membranome isolation

(A) Overview of the GO results for CC after application of semantic similarity analysis. Among the emerging topics are membrane
associated terms such as post synapse, myelin sheath, dendrite and membrane protein complex. (B) Bar plot showing the number
of significantly differentially expressed genes associated with individual GO terms and their respective g-value.

8.13 NexCreERT2 WTAP KO: GAM model details for cue and
contextual fear memory analysis

Overview of GAM model results from the cue (Table 35) and context memory tests (Table 36).

Table 35: NexCreERT2 WTAP KO: summary of the GAM model for cue memory
ns = not significant, *: p < 0.05. **: p <0.01, ***: p < 0.001, ****: p < 0.0001.

Effect Estimate Std. Error CLI Clu z value Pr(>|z]) Symbol
(Intercept) 0.79 0.91 -1.02 2.61 0.87 0.382 ns
GenotypeKO -0.10 0.90 -1.91 1.71 -0.11 0.914 ns

Formula: Freezing ~ Genotype + s(Time, by = Tone) + s(Animal, bs = "re")

Table 36: NexCreERT2 WTAP KO: summary of the GAM model for contextual memory
ns = not significant, *: p < 0.05. **: p <0.01, ***: p < 0.001, ****: p < 0.0001.

Effect Estimate Std. Error CLI Clu z value Pr(>|z]) Symbol
(Intercept) 1.32 0.40 0.51 213 3.27 0.00108 **
GenotypeKO 0.01 0.56 -1.11 1.13 0.01 0.98860 ns

Formula: Freezing ~ Genotype + s(Time) + s(Animal, bs = "re")
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8.14 NexCreERT2 WTAP METTL3 KO: GAM model details for cue
and contextual fear memory analysis

Overview of GAM model results from the cue (Table 37) and context memory tests (Table 38).

Table 37: NexCreERT2 WTAP-METTL3 KO: summary of the GAM model for cue memory
ns = not significant, *: p < 0.05. **: p < 0.01, ***: p < 0.001, ****: p < 0.0001.

Effect Estimate Std. Error CLI Cl.u z value Pr(>|z|) Symbol
(Intercept) -1.95 3.50 -8.96 5.05 -0.56 0.577 ns
GenotypeKO -0.34 0.84 -2.02 1.33 -0.41 0.681 ns

Formula: Freezing ~ Genotype + s(Time, by = Tone) + s(Animal, bs = "re")

Table 38: NexCreERT2 WTAP-METTL3 KO: summary of the GAM model for contextual memory
ns = not significant, *: p < 0.05. **: p < 0.01, ***: p < 0.001, ****: p < 0.0001.

Effect Estimate Std. Error CLI Cl.u z value Pr(>|z|) Symbol
(Intercept) -0.24 0.63 -1.49 1.02 -0.38 0.705 ns
GenotypeKO 0.30 0.87 -1.44 2.04 0.35 0.730 ns

Formula: Freezing ~ Genotype + s(Time) + s(Animal, bs = "re")

8.15 Camk2aCre YTHDC1 weight at P15 and week 12

Several litters of YTHDC1 animals were weighed before weaning (P15) to determine whether the ob-
served differences in the weight of KO animals are already present before the onset of Camk2aCre
expression. Here, no genotype driven difference in weight was determined for either sex (males: p =
0.96, independent two-sample t-test; females: p = 0.74, independent two-sample t-test). In addition, a
group of adult males was weighed at 12 weeks of age to see whether the differences in weight that were
observed between weeks 4-8 are retained throughout adulthood. At 12 weeks of age, no difference in
the weight of WT and KO males was detected (p = 0.12, independent two-sample t-test). The results
are shown in Figure 89.

161



8 Appendix

>
5
@
o}
s
@
w0

10'—___________“::____________] 60
j |
1! I
91 ns :: ns | 50
1! |
Z g L 0 e 2
5 i [ B
o 7' b :' O : o
= | ot | 530_
61 1 ‘1 |
1! |
1! |
51 i | 20
WT KO WT KO WT KO
@ WT.male O KO.male @ WT.female QO KO.female @ WT O KO

Figure 89: YTHDC1 weight at P15 and week 12
(A) Weight of males and females before the onset of Camk2aCre expression at P15 (males: WT = 10, KO = 6, KO; females WT
=26, KO =7, KO). (B) Weight of male animals at 12 weeks of age (WT = 18, KO = 16).

8.16 Camk2aCre YTHDC1 KO: GAM model details for cue and
contextual fear memory analysis

Overview of GAM model results from the cue (Table 39) and context memory tests (Table 40).

Table 39: Camk2aCre YTHDC1 KO: summary of the GAM model for cue memory
ns = not significant, *: p < 0.05. **: p < 0.01, ***: p < 0.001, ****: p < 0.0001.

Effect Estimate Std. Error CLI Cl.u z value Pr(>|z|) Symbol
(Intercept) 0.71 4.86 -9.01 10.44 0.15 8.84¢ 01 ns
GenotypeKO -1.70 0.23 -2.16 -1.25 -7.52 5.54e* ek
Sexfemale -1.01 6.77 -14.55 12.54 -0.15 8.82e 01 ns
GenotypeKO:Sexfemale 1.31 0.28 0.76 1.87 4.72 2.41e° il

Formula: Freezing ~ Genotype * Sex + s(Time, by = Tone) + s(Animal, bs = "re")

Table 40: Camk2aCre YTHDC1 KO: summary of the GAM model for context memory
ns = not significant, *: p < 0.05. **: p < 0.01, ***: p < 0.001, ****: p < 0.0001.

Effect Estimate Std. Error CLI Cl.u z value Pr(>|z|) Symbol
(Intercept) -2.09 3.40 -8.89 4.71 -0.62 5.38¢! ns
GenotypeKO -2.27 0.30 -2.88 -1.66 -7.46 8.36e* ek
Sexfemale -0.40 4.79 -9.97 9.18 -0.08 9.34e 0" ns
GenotypeKO:Sexfemale 2.70 0.35 2.00 3.41 7.65 2.08e™* i

Formula: Freezing ~ Genotype * Sex + s(Time) + s(Animal, bs = "re")
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8.17 Camk2aCre YTHDC1 KO: patch clamp recordings full results

Summary of the results from the patch clamp recordings of layer V pyramidal neurons in the mPFC

(Table 41).

Table 41: Camk2aCre YTHDC1 KO: all parameters measured in layer V pyramidal neurons of the mPFC

measurement mean * sd [WT = 23] mean * sd [KO = 24] test p-adj. symbol
AP amplitude [mV] 66.6 £7.15 58.88 + 10.7 t-test 0.021 *
AP half-width [ms] 0.87 £0.12 1.05+0.18 Wilcox 0.005 **
CN [pF] 146.48 + 23.96 162.58 + 33.15 t-test 0.117 ns
fAHP [mV] 9.97 £4.15 11.5+4.74 t-test 0.336 ns
AP overshoot [mV] 22.83+6.03 20.08 + 8.47 Welch 0.325 ns
Rheobase [pA] 90.57 + 25.07 106.75 + 20.52 t-test 0.042 *
Rin [MQ] 228.37 + 49.76 220.91 + 48.28 Wilcox 0.494 ns
Vrest [mV] -80.13+6.9 -79+£6.92 Wilcox 0.425 ns
Rs [MQ] 8.61+0.14 8.63+0.2 Wilcox 0.831 ns
AP threshold [mV] -43.77 £ 2.85 -38.79 £ 6.09 Welch 0.005 **
AP undershoot [mV] -53.74 + 3.88 -50.29 + 4.76 t-test 0.026 *

8.18 YTHDC1 Camk2aCre KO: metabolite analysis full results

Summary of all results from the metabolite analysis for the mPFC (Table 42) and dHPC (Table 43).

Table 42: Camk2aCre YTHDC1 KO: mPFC differentially regulated metabolites
The analysis was performed with metabolites for which a significant difference in the overall abundance was determined (FDR <

0.1).

abbr. name p.adj. L2FC
D-ASPARTATE D-ASPARTATE 0.0026 -0.8705
ALPHA-D-GALACTOSE 1-PHOSPHATE ALPHA-D-GALACTOSE 1-PHOSPHATE 0.0027 1.4457
D-GLUCOSE 6-PHOSPHATE D-GLUCOSE 6-PHOSPHATE 0.0194 0.2117
MYO-INOSITOL MYO-INOSITOL 0.0434 -0.3449
BETAINE BETAINE 0.0467 -0.3127
L-SERINE L-SERINE 0.0690 0.2762
FUMARATE FUMARATE 0.0755 0.4091
D-FRUCTOSE 6-PHOSPHATE D-FRUCTOSE 6-PHOSPHATE 0.0755 1.1207

Table 43: Camk2aCre YTHDC1 KO: dHPC differentially regulated metabolites
The analysis was performed with metabolites for which a significant difference in the overall abundance was determined (FDR <

0.1).

abbr.

Name

p.adj.

L2FC

163



8 Appendix

D-ASPARTATE D-ASPARTATE 0.0017 0.3683

L-CYSTATHIONINE L-CYSTATHIONINE 0.0017 0.6583

XANTHINE XANTHINE 0.0360 0.5525

MYO-INOSITOL MYO-INOSITOL 0.0360 -0.8220
ADENOSINE ADENOSINE 0.0369 -0.8503
N-ACETYL-D-GLUCOSAMINE N-ACETYL-D-GLUCOSAMINE 0.0496 -0.7583
ALLANTOIN ALLANTOIN 0.0647 -0.7995
HYPOXANTHINE HYPOXANTHINE 0.0647 -0.6692
CREATININE CREATININE 0.0647 -0.3289
URACIL URACIL 0.0647 -0.3575
URIDINE URIDINE 0.0871 -0.7214

8.19 NexCreERT2 YTHDC1 KO: DESeq2 GO full results

Summary of all results from the enrichment analysis for BP (Table 44), CC (Table 45) and MF (Table
46).

Table 44: NexCreERT2 YTHDC1 KO: detailed results for BP (DESeq2)
The analysis was performed with genes for which a significant difference in the overall expression was detected (FDR < 0.05,
Log2FoldChange = 0.5, base mean = 20), Reported below are the results p.adj. < 0.05.

ID Description GeneRatio BgRatio p.adjust
G0:0098742 cell-cell adhesion via plasma-membrane adhesion molecules 19/487 169/1391 0.0253
9

Table 45: NexCreERT2 YTHDC1 KO: detailed results for CC (DESeq2)
The analysis was performed with genes for which a significant difference in the overall expression was detected (FDR < 0.05,
Log2FoldChange = 0.5, base mean = 20), Reported below are the results p.adj. < 0.05.

ID Description GeneRatio BgRatio p.adjust

G0:0005887 integral component of plasma membrane 75/489 966/14045 0.0000

Table 46: NexCreERT2 YTHDC1 KO: detailed results for MF (DESeq2)
The analysis was performed with genes for which a significant difference in the overall expression was detected (FDR < 0.05,
Log2FoldChange = 0.5, base mean = 20), Reported below are the results p.adj. < 0.05.

ID Description GeneRatio BgRatio p.adjust
G0:0005216 ion channel activity 24/472 314/13767 0.0464
G0:0005261 cation channel activity 20/472 253/13767 0.0464
G0:0022843 voltage-gated cation channel activity 12/472 113/13767 0.0464
G0:0005249 voltage-gated potassium channel activity 9/472 68/13767 0.0464
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GO0:0015267

channel activity

24/472

334/13767

0.0464

G0:0022803

passive transmembrane transporter activity

24/472

334/13767

0.0464

8.20 NexCreERT2 YTHDC1 KO: DEXSeq GO full results

Summary of all results from the enrichment analysis for BP (Table 47) and CC (Table 48).

Table 47: NexCreERT2 YTHDC1 KO: detailed results for BP (DEXSeq)
The analysis was performed with genes for which a significantly different exon usage had been observed (FDR < 0.05, Log2Fold-
Change = 0.5, exon base mean = 5). Reported below are the results p.adj. < 0.05.

ID

Description

GeneRatio

BgRatio

p.adjust

GO0:1903311

regulation of mMRNA metabolic process

35/955

235/13919

0.0469

Table 48: NexCreERT2 YTHDC1 KO: detailed results for CC (DEXSeq)
The analysis was performed with genes for which a significantly different exon usage had been observed (FDR < 0.05, Log2Fold-
Change = 0.5, exon base mean = 5). Reported below are the results p.adj. < 0.05.

ID Description GeneRatio BgRatio p.adjust
G0:0098984 neuron to neuron synapse 51/962 423/14045 0.0143
G0:0098686 hippocampal mossy fiber to CA3 synapse 12/962 47/14045 0.0143
G0:0098978 glutamatergic synapse 56/962 493/14045 0.0211
G0:0014069 postsynaptic density 46/962 392/14045 0.0302

8.21 NexCreERT2 YTHDC1 KO: GAM model details for cue and

contextual fear memory analysis

Overview of GAM model results from the cue (Table 49) and context memory tests (Table 50).

Table 49: NexCreERT2 YTHDC1 KO: summary of the GAM model for cue memory

ns = not significant, *: p < 0.05. **: p < 0.01, ***: p < 0.001, ****: p < 0.0001.

Effect Estimate Std. Error CLI Clu z value Pr(>|z|) Symbol
(Intercept) 3.24 -1.63 11.34 1.50 0.134 ns
Geno-

0.81 -0.69 2.54 1.15 0.251 ns
typeKO

Formula: Freezing ~ Genotype + s(Time, by = Tone) + s(Animal, bs = "re")
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Table 50: NexCreERT2 YTHDC1 KO: summary of the GAM model for context memory
ns = not significant, *: p < 0.05. **: p < 0.01, ***: p < 0.001, ****: p < 0.0001.

Effect Estimate Std. Error CLI Cl.u z value Pr(>|z|) Symbol
(Intercept) 1.16 0.79 -0.42 274 1.47 0.141 ns
Geno-

0.55 1.07 -1.60 2.69 0.51 0.611 ns
typeKO

Formula: Freezing ~ Genotype + s(Time) + s(Animal, bs = "re")
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