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Summary

Genetic factors contributing to epilepsy are still poorly understood. Furthermore, there
is no available, effective treatment for many kinds of genetic epilepsy. Recent insights
have sparked considerable interest into the role of synaptically translated proteins, in
particular their regulation by RNA binding proteins (RBPs), in the pathogenesis of
neurologic disorders. At the same time, there is increasing appreciation for the role of
the kinase mTOR for neuronal overexcitability, presenting a valuable target for new
therapeutic approaches towards intractable epilepsies. To address this important
question, | studied the role of mTOR in the epileptogenesis of mice lacking the RBP
Pumilio2 (Pum2€T). To this end, | first compared protein expression and localization of
mTOR by Western Blot and immunohistochemistry of murine hippocampus of pre-
symptomatic and symptomatic Pum2®T animals. Weaned Pum2®T mice, not yet
exhibiting an epileptic phenotype, showed decreased mTOR protein levels, while adult
Pum2CT mice, which typically experience seizures, did not. Strikingly, Pum2®T mice
that underwent memory training and cognitive stress experiments, showed up to five-
fold elevations of mMTOR protein levels. In addition, expression of targets regulated by
Pum2 and mTOR that are associated with epileptogenesis, such as the voltage gated
potassium channels K,1.1 and K.4.2, were significantly altered in Pum2®T murine
hippocampus, pointing to a possible contribution to the epileptic phenotype. Finally, |
investigated a possible interaction of Pum2 and mTOR in both murine hippocampus,
cultured rat primary hippocampal neurons, and an immortalized neuroblastoma cell
line (HN10e). | found a rapamycin-dependent partial colocalization of the Pum2 and
MTOR suggesting a potential interplay between both proteins.

Collectively, my results provide experimental evidence for disturbed mTOR regulation
and function in our mouse model of genetic epilepsy caused by Pum2 deficiency. In
particular and consistent with previous studies, the low expression of mTOR in pre-
symptomatic mice, and the aberrantly high expression of mTOR in symptomatic
animals suggests that decreasing mTOR expression or activity may be protective in
epilepsy. Finally, a possible interaction of Pum2 and mTOR proteins and the effect of
rapamycin provide a promising foundation for future research on RBP and mTOR in

the pathophysiology and potential new treatment options of genetic epilepsy.



Zusammenfassung

Noch heute herrscht ein geringes Verstandnis und grof3teils ein gravierender Mangel
an effektiven Behandlungsmadglichkeiten genetischer Epilepsien. Neue Erkenntnisse
zur Bedeutung von RNA-Bindeproteinen (RBPs) in der Pathogenese neurologischer
Erkrankungen wie Epilepsie haben allerdings betrachtliche Aufmerksamkeit erregt.
Gleichzeitig findet die Rolle der mTOR Kinase in der neuronalen Hypererregbarkeit
zunehmend Anerkennung, wodurch diese zu einem wertvollen Ansatzpunkt fur neue
therapeutische Konzepte flur therapieresistente Epilepsien wird. Ob mTOR in RBP-
vermittelter Epileptogenese eine Rolle spielt, ist jedoch bislang unklar. Um dieser
Frage anzugehen, untersuchte ich hier die Rolle von mTOR in der Epileptogenese bei
Mausen, die eine verminderte Expression des RBPs Pumilio2 aufweisen (Pum2CT). Zu
diesem Zweck verglich ich zunachst mithilfe von Western Blot und Immunhistochemie
die Proteinexpression und Lokalisierung von mTOR sowie mehrerer relevanter
Zielproteine von Pum2 und mTOR im Hippocampus von prasymptomatischen und
symptomatischen Pum2€T Mausen. Nachwuchs von Pum2€T-M&usen, die noch keinen
epileptischen Phanotyp aufweisen, zeigen eine verminderte mTOR-Proteinexpression,
im Gegensatz zu erwachsenen Mausen, die typischerweise an Anféallen leiden und
normale mTOR-Proteinexpression aufweisen. Bemerkenswerterweise zeigen Pum26T
Mause, die Gedachtnistraining und kognitivem Stress ausgesetzt wurden, flnffach
erhbhte mTOR-Proteinmengen. Zusatzlich fand ich im Hippocampus von Pum2CT
Mausen signifikante Veranderungen der Proteinexpression von Zielproteinen, die
durch Pum2 und mTOR reguliert werden, wie etwa die spannungsgesteuerten
Kaliumkanale Ky1.1 und K.4.2. Zuletzt untersuchte ich eine maogliche Interaktion
zwischen Pum2 und mTOR sowohl im Maus-Hippocampus sowie in primaren
hippocampalen Neuronen der Ratte. Zusatzlich prifte ich den Effekt einer Rapamycin-
Behandlung auf mTOR und Pum2 in einer Neuroblastom-Zellinie (HN10e). Hier
kolokalisieren Rapamycin-abhangig mTOR und Pum2, was auf mdgliches
Zusammenspiel der beiden Proteine hindeutet.

Aus diesen Ergebnissen ergeben sich direkte Beweise dafur, dass in unserem
Mausmodell flr genetische Epilepsie aufgrund von Pum2-Defizienz eine gestorte
mTOR-Regulation und Funktion vorliegen. Insbesondere die niedrige Expression von
MTOR in prasymptomatischen Mausen und die unverhaltnismaRig hohe Expression

von mMTOR in stressexponierten, symptomatischen Mausen weisen darauf hin, dass
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eine verminderte mTOR-Expression oder -Aktivitat protektiv sein kdnnte, was zu den
Ergebnissen anderer Forschungsgruppen passt. SchlieBlich bieten die mogliche
Interaktion zwischen Pum2 und mTOR und der festgestellte Effekt von Rapamycin
eine vielversprechende Grundlage fur zukunftige Forschungen an RBP und mTOR in
der Pathophysiologie und moglicherweise auch fur neue Behandlungsoptionen der

genetischen Epilepsie.



1. Introduction

1.1. Epilepsy and RNA-binding proteins

Epilepsy is a heterogenous group of disorders, affecting about 70 million people
worldwide (Shakirullah et al. 2014). Presentations, as well as therapeutic options vary
depending on etiology: There are structural, infectious, metabolic, immune, genetic,
and unknown epilepsies (Scheffer et al. 2017), and while more than 20 different drugs
for epilepsy treatment exist, about 30% of affected patients are still refractory to drug
treatment (Loscher et al. 2020). Most genetic epilepsies are still of unknown underlying
molecular basis (Scheffer et al. 2017), making a targeted treatment difficult, although
possibilities of genetic diagnosis have been rising greatly since the availability of
whole-genome sequencing (Dhiman 2017). Furthermore, genetic risk factors are
believed to contribute to almost all epilepsies that are not clearly acquired, i.e. caused
by brain injury (Hildebrand et al. 2013). Knowledge of the molecular bases of epilepsy,
therefore, is of paramount importance in the process of exploring causal treatment
options. Recent findings have shown the importance of RNA-binding proteins (RBPs)
as such genetic risk factors in disorders associated with epilepsy (Ravanidis 2018). In
the following, the function and relevance of RBPs, especially the RBP Pumilio2

(Pum2), will be explained.

1.1.1. RNA-binding proteins

The unique shape of neurons allows them to functionally separate cellular
compartments, including cell body, axon, dendrites, and synapses, the contact sites
between neurons. To allow functional segregation, proteins need to be differentially
localized. In general, proteins are sorted from the cell body to their final destination by
the use of sorting signals (Blobel 1980). However, another elegant mechanism exists,
allowing local protein synthesis at the site of demand: Nerve cells exploit
posttranscriptional gene regulation mechanisms comprising mRNA splicing, transport,
and localized translation to achieve polarity as well as spatially defined and lasting
composition of protein expression that can be triggered by synaptic stimulation (Doyle
and Kiebler 2011). For this to occur, cis-acting localization elements, often localized in
the 3’-untranslated region (3’-UTR) of certain mRNAs, direct mMRNAs to these distal

4



sites of the nerve cell (Kiebler and DesGroseillers 2000; Doyle and Kiebler 2011).
These sorting signals are recognized by RNA-binding proteins (RBPs) forming so-
called ribonucleoprotein particles (RNPs), which then are transported along
microtubules to their specific destination (Doyle and Kiebler 2011). This is a dynamic
process leading to long-term changes in protein composition and, in turn, alters
transmission at synapses (Liu-Yesucevitz et al. 2011). RBPs can act as suppressors
of translation (Dahm and Kiebler 2005) or as activators of protein synthesis, yielding
long-term changes that underlie mechanisms such as long-term potentiation (LTP)
and long-term depression (LTD) (Linden 1996; Klein et al. 2015). Although specific
signals causing RNA release from their suppressing RBPs to activate translation are
still largely unknown, studies propose that a possible mechanism is synaptic activation,
that increases synaptic protein synthesis (Yoon et al. 2016; Biever et al. 2019;
Narayanan et al. 2007). However, the relevance of the dynamic regulation of localized
RNPs for synaptic plasticity in learning, memory and disease has been ascertained
(Jung et al. 2014). Diseases such as autism spectrum disorders and epilepsy have
been associated with disruption in RBP function: Examples of RBP dysfunction in
disease are the cytoplasmic polyadenylation binding protein 4 (CPEB4), which
modifies the poly-A tail of mMRNA and is associated with autism (Parras et al. 2018),
the RBP Fox1 homolog 1 (RBFOX1), a splicing regulator that is involved in epilepsy
(Gehman et al. 2011), and the fragile X mental retardation protein (FMRP), a
translational repressor that causes the Fragile X Syndrome, a condition leading to
intellectual disability and, in many cases, seizures (Kidd et al. 2014). The role of the

RBP Pumilio2 in epileptogenesis will be examined in this study.

1.1.2. Pumilio2

Pumilio2 (Pum2) belongs to the Pumilio and FBF repressor protein (PUF) family
(Jenkins et al. 2009). Its ability to bind RNA is conserved from yeast to humans
(Wickens et al. 2002). In mammals, Pumilio1 (Pum1) and Pum2 have been described
(Bohn et al. 2018). Pum1 and Pumz2 bind distinct RNA targets even though a significant
overlap was observed (Zhang et al. 2017). Pumz2 is believed to bind to dendritically
located RNA, where it functions mainly through translational repression (Vessey et al.
2006, 2010; Menon et al. 2004). Different mechanisms have been proposed how Pum2

regulates protein expression, including control of RNA stability, translation initiation,



and possibly elongation (Goldstrohm et al. 2018). RNA stability and translation
initiation rely both on the polyA tail at the 3’-end (Jackson et al. 2010). It is generally
believed that shortening polyA tails leads to decreased translation initiation, and
deadenylation of mMRNAs is a prerequisite for degradation (Goldstrohm and Wickens
2008). The main deadenylase complex in the cell is the CCR4-Not complex (Collart
2016). Pum2 interacts with components of the CCR4-Not complex to accelerate the
degradation of certain target RNAs (Van Etten et al. 2012; Goldstrohm et al. 2006).
Since the polyA tail also regulates translation initiation (Shirokikh and Preiss 2018), it
is plausible that Pum2 controls translation activity via the polyA tail length as well (Van
Etten et al. 2012). Another theory suggests that Pum2 binding to the 7-methyl
guanosine cap of mMRNA leads to translation repression (Cao et al. 2010). Thereby,
Pum2 competes with the eukaryotic translation initiation factor 4e (elF4e) for cap
recognition, a prerequisite for translation initiation (Shirokikh and Preiss 2018).
Although it has yet to be shown that these mechanisms apply to dendritically localized
translation control, some targets of Pum2 in neurons already suggest that Pum2
regulates mRNA localization and expression in neurons: Axonal growth is enabled by
Pum2-mediated retention of mMRNA from the axon (Martinez et al. 2019). Furthermore,
one of the mMRNAs regulated by Pum2 is the voltage gated sodium channel 1.6 (Nay1.6)
(Driscoll et al. 2013), which contributes to neuronal hyperexcitability in epilepsy
(Hargus et al. 2013). These findings strongly suggest a role of Pum2 in regulating

neuronal excitability.

1.1.3. Pumilio2 and temporal lobe epilepsy

Mice lacking Pum2 tend to develop late onset epilepsy (Follwaczny et al. 2017).
Interestingly, also in humans suffering from idiopathic temporal lobe epilepsy (TLE), a
reduction in Pum2 expression has been detected (Wu et al. 2015). Temporal lobe
epilepsy is the most common form of human epilepsy. Specifically, the hippocampus
is an area likely to be involved in TLE pathogenesis, since often, hippocampal sclerosis
is seen in patients with TLE (Alexander et al. 2016). Pum2 is localized in hippocampal
dendrites (Vessey et al. 2006), regulates epileptic markers like Nay1.6 (Driscoll et al.
2013), and has been shown to regulate dendritic branching and the number of
excitatory synapses in the hippocampus (Vessey et al. 2010). Interestingly, Follwaczny

et al. have shown that adult Pum2-deficient mice show region-specific expression



changes of Pum2 targets such as Na,1.6 within the hippocampus (Follwaczny et al.
2017). In this context, it is important to note how different areas of the hippocampus
interplay during epileptogenesis (Jarero-Basulto et al. 2018; Alexander et al. 2016). A
simplified model of hippocampal circuitry is depicted in Figure 1: Perforant tract
neurons from the entorhinal cortex target dentate gyrus (DG) neurons and partly
conduct signals to cornu ammonis (CA)3 neurons. Axons deriving from the DG project
as the mossy fiber tract towards CA3 pyramidal neurons, which carry signals to CA1/2
pyramidal neurons, as well as outside the hippocampus to areas such as the fornix.
CA1/2 pyramidal neurons target out of the hippocampus to the entorhinal cortex. In
epilepsy, abnormal neuronal firing ultimately promotes severe cellular death of hilar
neurons and interneurons (Alexander et al. 2016). The loss of afferences leads to an
abnormal growth of projections deriving from the dentate gyrus (DG), referred to as
‘mossy fiber sprouting” (Navidhamidi et al. 2017). Here, dentate gyrus cell (DGC)
axons, called mossy fibers, are believed to build de novo recurrent excitatory circuits
by projecting to neighboring DGCs (Godale and Danzer 2018). Other theories are the
formation of abnormal backprojections of CA3 to DGCs or sprouting of CA1, increasing
their excitability (Navidhamidi et al. 2017). Interestingly, in denervated hyperactive CA1
regions, no changes in MRNA levels were seen despite changes in ion channel
reduction (Tang and Thompson 2010), suggesting posttranscriptional regulation, for
example through RBP-mediated local translation. Additionally, local translation is a
crucial player in axonal guidance (Shigeoka et al. 2013), a process that underlies
axonal sprouting (Koyama and Ikegaya 2018). Since Pum2 is abundantly expressed
in the hippocampus (Follwaczny et al. 2017) and loss of Pum2 leads to increased
branching and synapse density of CA1 dendrites (Dong et al. 2018), Pum2 is a
potential contributor to the described processes leading to TLE. The hippocampus will

therefore be the main target of this thesis.



Entorhinal

Schaffer CA1 cortex
collaterals . :

Mossy
fibers

Fornix

Entorhinal

cortex
Perforant track

Figure 1: Schematic overview of hippocampal circuitry. Perforant tract neurons from the entorhinal
cortex (blue) target DG neurons CA3 neurons (red). DGCs project as the mossy fiber tract (green)
towards CA3 pyramidal neurons. CA3 pyramidal neurons target CA1/2 pyramidal neurons (yellow), as
well as outside the hippocampus to areas such as the fornix. CA1/2 pyramidal neurons project back to
the entorhinal cortex. StP, stratum pyramidale; StR, stratum radiatum; SLM, stratum lacunosum
moleculare; CA, cornu ammonis; DG, dentate gyrus. (Figure adapted from Jarero-Basulto et al. 2018).

1.2. Mechanistic target of rapamycin and its role in epileptogenesis

1.2.1. mTOR function and underlying signaling pathways

MmTOR is a serine-threonine kinase that is involved in numerous metabolic and
stimulatory pathways (Laplante and Sabatini 2009). There are two mTOR complexes,
MTORC1 and mTORC2. The two complexes share the common subunits mTOR,
the mammalian lethal with sec-13 (mLST8) complex, the Tti1/Tel2 complex, and the
DEP domain containing mTOR-interacting protein (DEPTOR) complex. Additional two
(in the case of MTORC1) and three (in the case of mMTORC2) individual components
characterize the two complexes: mTORC1 is defined by its components regulatory
protein associated with mTOR (Raptor) and the proline-rich Akt substrate 40kDa
(PRAS40). The catalytic subunits mTOR and Raptor, which is the scaffolding protein
promoting mTORC1 activity and rapamycin sensitivity, are especially important for
function and inhibition. mMTORC2 is a rapamycin insensitive complex that consist of
rapamycin-insensitive companion of mTOR (Rictor), protein observed with rictor 1 and

2 (protor1/2), and mammalian stress-activated map kinase-interacting protein 1



(mSin1) as defining components. Here, especially mSin1 is important for direct
activation of protein kinase B (PKB or AKT) (Laplante and Sabatini 2012; Saxton and
Sabatini 2017). Most of the knowledge about mTOR is based on its inhibition by the
antibacterial macrolide rapamycin. Rapamycin binds to the FK506 binding protein of
12 kDa (FKBP12), which then binds to mTOR, thereby inhibiting mTOR’s ability to bind
substrates (Saxton and Sabatini 2017).

An important function of mTOR is the regulation of metabolism is the response to
environmental changes, being involved in a broad spectrum of functions like glucose
and lipid homeostasis, muscle mass regulation, immune, and brain function (Saxton
and Sabatini 2017). Despite these many distinct functions, mTOR operates in one main
pathway that dynamically reacts to external stimuli (see Figure 2). In neurons,
activation of metabolic glutamate receptors (mGIuR) and N-methyl-D-aspartic acid
receptors (NMDA-R) leads to enhanced activity of the rat sarcoma (Ras) and the
phosphoinositide 3-kinase (PI13-K) pathways (Lipton and Sahin 2014). The Ras
pathway targets mTOR through activation of the extracellular signal regulated kinase
(ERK). This, in turn, inactivates the heterodimer TSC, consisting of Tuberous sclerosis
complex 1 (TSCA1, also known as harmartin) and TSC2 (also known as tuberin). TSC
is a negative regulator of Ras homolog enriched in brain (Rheb), which can only bind
and stimulate mTOR in its active guanosine-5'-triphosphate(GTP)-bound form. On the
other side, PI3K phosphorylates phosphatidylinositol 4,5-bisphosphate (PIP2) to
phosphatidylinositol (3,4,5)-trisphosphate (PIP3), a process that is reversed through
phosphatase and tensine homologue (PTEN). PIP3 activates protein kinase B (AKT)
through 3-phosphoinositide-dependent protein kinase-1 (PDK1), AKT then targets
mTORC1. Furthermore, AKT is directly activated by mTORC2 (Hay and Sonenberg
2004).

The main function of the mTOR downstream pathway is regulation of protein synthesis
via two major pathways: the eiF4e binding protein (4EBP) and the ribosomal protein
S6 kinase (S6K) pathways (Figure 2, bottom). Phosphorylation of 4EBP leads to
release of elF4e that can subsequently bind the 7-methylguanine (7mG) cap of mMRNA
to promote translation initiation (Hay and Sonenberg 2004; Richter and Sonenberg
2005). Among the two isoforms of S6K, S6K1 and S6K2, S6K1 is the better studied
isoform in the mTOR signaling. By phosphorylation of the 40S ribosomal protein S6
(S6) by S6K, producing phosphorylated S6 (pS6), translation is activated (Ma and
Blenis 2009; Hay and Sonenberg 2004).
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While generally synaptic protein turnover is essential for synaptic function and
modulation, it has been shown that activation of protein synthesis increases synaptic
activity (Alvarez-Castelao and Schuman 2015). In this context, mMTOR pathway has
been shown to be an important part of the induction of synaptic protein expression
after the stimulation of mGIuR (Gong et al. 2006). Regulation of translational activity
via the mTOR pathway has been associated with neuronal excitability and disease in
many studies, and represents a current approach to understand neuronal physiology
and pathology (Swiech et al. 2008; Kepert and Kiebler 2013; Lipton and Sahin 2014).
Many components of the mTOR pathway have been directly related to different types

of epileptic disorders and are explained in detail below.

1.2.2. The mTOR signaling pathway in epilepsy

mTOR hyperactivation, which is generally measured by pS6 protein expression, has
been reported in multiple studies after induction of epileptic seizures through kainate
acid or pilocarpine (Buckmaster et al. 2009; Zeng el al. 2009). Excessive protein
synthesis through activation of signaling downstream of mTOR is therefore likely to
contribute to the observed failure of neuronal homeostasis in epileptogenesis
(Sosanya et al. 2015; Niere and Raab-Graham 2017). An example for that is displayed
in models of mTOR influencing synaptogenesis: Li et al. propose that low doses of
ketamine, an anesthetic that functions as a nonselective NMDA receptor antagonist,
induced an increase in number and function of synaptic spines in the prefrontal cortex
of a rat model for depression in an mTOR dependent manner (Li et al. 2010). Here,
mTOR inhibition with rapamycin extinguished the induced expression of postsynaptic
density protein 95 (PSD95), mGIuR, and synapsin 1 after antagonizing NMDA
receptors via ketamine. Similarly, Buckmaster et al. described inhibition of mossy fiber
and axon sprouting in the dentate gyrus by rapamycin in mouse models of TLE
(Buckmaste et al. 2009; Buckmaster and Wen 2011). In particular, in pilocarpine-
induced epilepsy, chronic rapamycin infusion (0.01-10mM) leads to reduced mTOR
activation and blocks mossy fiber sprouting. Combined, these findings suggest a
prominent role of mMTOR in epliptogenesis, and especially TLE. As such, mTOR has
been proposed as a key contributor to excessive excitability resulting in seizures, both
in genetic and acquired epilepsies (Meng et al. 2013). Indeed, in support of this

hypothesis, recent studies have documented significant upregulation of both mTOR
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protein and activity in TLE patients versus controls (Talos et al. 2018). These findings
strongly suggest a pivotal role of mMTOR as molecular hub for epileptogenesis.

Also, within the upstream pathway of mTOR activation, two proteins have been directly
associated to neurological diseases: the TSC1/2 complex and PTEN (Figure 2). In
human diseases, decreased expression of TSC1/2 leads to tuberous sclerosis
syndrome, a disease, which shows, alongside multiple hamartomas, hypopigmentation
and renal carcinoma, an increased predisposition for epilepsy (Curatolo et al. 2018).
The TSC1/2 complex inhibits mTOR through inactivation of Ras homolog enriched in
brain (Rheb), which is a direct activator of mMTOR (Laplante and Sabatini 2009). The
epileptic phenotype in TSC is believed to be due to hyperactive mTOR signaling in
neurons and structural changes such as formation of tubers in the cortex (Curatolo et
al. 2018). Similarly, in PTEN Hamartoma Tumor syndrome, which can lead to
neuropsychiatric symptoms, hyperactivation of mTOR activity is believed to be causal
for the disease (Krymskaya and Goncharova 2009). PTEN is a phosphatase that
influences MTOR signaling through inhibition of the AKT and the ERK signaling
pathways, converging with signaling upstream of mTOR (Lipton and Sahin 2014). In
fact, many sporadic autism spectrum disorders and cases of macrocephaly, which both
correlate with epileptic seizures, exhibit PTEN deletions (Zhou and Parada 2012).
Furthermore, several studies have shown that increased neuronal excitability
correlates with mTOR upregulation, including in PTEN knock out (KO) mouse models
(Pun et al. 2012; Matsushita et al. 2016).
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Figure 2: Simplified overview of the mTOR pathway and possible links to epilepsy. Synaptic
activation through NMDA or glutamate receptors leads to activation of the Ras-GTP and PI3K pathway.
Activation of TSC1/2 via ERK inhibits Rheb, which is necessary for mTOR autophosphorylation and
activation. PI3K, antagonized by PTEN, generates PIP3, an activator of the AKT pathway that also
targets mTORC1 and can be promoted by mTORC2. Activated mTORC1 phosphorylates 4EBP at four
sites, which generates removal of elF4e from the 7mG cap and initiates translation. Also, S6K is
phosphorylated by mTOR, leading to S6 phosphorylation and inclusion into the 40S ribosomal subunit.
Black bold circles highlight essential players and flash symbols point to proteins involved in epilepsy
(Figure adapted from Lipton et al. 2014).
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1.3. RBPs within the mTOR signaling pathway in epilepsy

Having discussed the role of both Pum2 and mTOR in epilepsy, it is now tempting to
speculate that both factors might interact, thereby modulating neuronal excitability. The
regulation of RBPs by kinases like mTOR represents an exciting mechanism of
controlling local protein synthesis in neurons. Interestingly, there is already evidence
for such interplay: mTOR and mitogen-activated protein kinase (MAPK) comprise
pathways regulating RBPs like ELAV-like protein 4 (HuD), elF4e, and possibly fragile
X mental retardation protein (FMRP) (Figure 3, Pernice et al. 2016).

Increased seizure Synaptic bouton
susceptibility (presynapse)
I e *
I ’-\—/ PTG
RNA transport Translation control RNA decay
| RBP """" Dendritic spine
ostsynapse
| {HuR HuD FMRP; (Rosteymapes)
I Neuronal
activity

| p—— mTOR convergin MAPK

pathwa

CREB

to the nucleus

OmTOR RNA binding protein ' Ribosomes “N— RNA

MAPK Transcriptional activator  {}| Receptors and lon channels Newly synthesised
. Receptors and lon channels

Figure 3: Converging pathways of mTOR and MAPK on RBPs regulating local translation at the
synapse. Upon neuronal activation of postsynaptic receptors, mTOR and MAPK both regulate RBPs
such as HuR, HuD, FMRP and CREB at dendritic spines. These influence synaptic protein expression
via mRNA transport, translational control and mRNA decay, respectively, leading to fine tuning of
translation of proteins such as ion channels (Figure published in Pernice et al. 2016).
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Especially interesting is the interplay between mTOR with HuD and FMRP. The RNA-
binding protein HuUD is a member of the Hu protein family, which is found to be an
important contributor to synaptic plasticity (Deschénes-Furry et al. 2006) and seems
to play a role neurological disease such as epilepsy (Perrone-Bizzozero and Bird
2013). The Raab-Graham group has shown that HuD regulates voltage gated
potassium channel 1.1 (K1.1) expression in hippocampal neurons in a manner
antagonistic to mTOR, resulting in downregulation of Ky1.1 protein upon elevated
MTOR levels (Sosanya et al. 2013; Raab-Graham et al. 2006). Voltage gated
potassium channels are hyperpolarizing channels generally closed at the resting
potential (-70mV) and responsible for action potential repolarization (D’Adamo et al.
2013). Mouse models of KCNA71 knock-out, which encodes Ky1.1, present with
epileptic seizures (Smart et al. 1998), and KCNA1 mutations cause movement
disorders such as episodic ataxia type 1 and epilepsy in humans (Paulhus et al. 2020).
Recently, mTOR dependent K\1.1 expression in a mouse model of PTEN deficiency
has been reported (Nguyen and Anderson 2018): The PTEN deficient mice exhibit
increased mTOR signaling and increased K.1.1 protein levels, especially in the
granular cell layer of the DG of the hippocampus. Another point of convergence
between HuD and mTOR potentially is the glycogen synthase kinase 3 (GSK3)
pathway (Tiruchinapalli 2008). Interestingly, HuD regulates translation via elF4e
(Fukao et al. 2009) and colocalizes with elF4e in dendrites and dendritic spine-like
protrusions (Tiruchinapalli et al. 2008), pointing out another common target of mMTOR
and HuD translational control in synaptic plasticity. Furthermore, mTOR possibly
regulates FMRP (Narayanan et al. 2008) and plays a role in the neuronal
overactivation of Fragile X Syndrome (Sharma et al. 2010). FMRP is a translational
regulator of post- and presynaptic proteins, including ion channels like K\3.1 and K\4.2,
regulating synaptic plasticity locally in the somatodendritic compartment of neurons
(Ferron 2016). Mutations in the gene coding for FMRP, fmr1, leads to the fragile X
syndrome, which often exhibits an epileptic phenotype (Hagerman and Stafstrom
2009). Interestingly, since mTOR is dysregulated in fragile X syndrome, it is a possible
interactor of FMRP (Sharma et al. 2010). Another possible common link between
FMRP and the mTOR pathway is K4.2: K.4.2 is regulated by FMRP (Gross et al.
2011), and linked to the mTOR pathway through its interaction with ERK (Lugo et al.
2008) and regulation via Neuregulin-1 (Yao et al. 2013).
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Kv4.2 channels are A-type voltage-gated potassium channels that are mainly involved
in the propagation of action potentials from activated synapses back to the cell body in
CA1 pyramidal neurons and associated to epileptogenesis in patients and multiple
animal models (D’Adamo et al. 2013). Mutation of the KCND2 gene, coding for K\4.2,
leads to intractable epilepsy and autism (Lin et al. 2018). Also, fmr1 KD has been
associated to increased K4.2 protein levels in the hippocampal CA1 layer (while K\4.2
MRNA levels did not show any significant changes), suggesting that posttranslationally

regulated K.4.2 contributes to the phenotype of fragile X syndrome (Lee et al. 2011).

In summary, Pum2 is an RBP that functions as a translational repressor, and deficiency
leads to an epileptic phenotype in mice, and possibly in humans. mTOR is a serine-
threonine kinase involved in metabolic pathways that generally lead to increased
protein synthesis and neuronal activity. Evidence suggests that different players of the
mTOR pathway can contribute to the pathogenesis of epilepsy. There are several
RBPs that are targets of the mTOR signaling pathway and multiple studies have led to
the hypothesis that mTOR plays a role in specific RBP-deficiency disorders related to
epilepsy. Resulting from these findings, new potential for understanding the
epileptogenesis in Pum2 deficiency arises. The aim of this thesis is to explore the role

of mTOR in the pathogenesis of the epileptic phenotype of Pum2 deficiency.
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2. Statement of purpose

Epilepsy, affecting about 70 million people worldwide, is a disease that is still poorly
understood and in many cases lacks therapeutic options (Shakirullah et al. 2014;
Loscher et al. 2020). Despite extensive epilepsy research, most genetic causes
underlying epilepsy are still unknown today (Scheffer et al. 2017).

In this thesis, | pursue an exciting new direction by using an experimental approach
that complements the field’s collective efforts to decipher the pathogenesis of genetic
epilepsy: the role of the mTOR metabolic pathway in RBP deficiency, by using a Pum2
deficient mouse model. Specifically, | hypothesize that mTOR contributes to
epileptogenesis in Pumz2 deficient mice. | propose an interplay between the RBP Pum2
and the serine-threonine kinase mTOR in regulating voltage-gated ion channels as key
players in epileptogenesis.

To verify and possibly substantiate this hypothesis, | first investigate the effect of Pum2
knock down (KD) by examining mTOR protein expression, its downstream activity, as
well as its distribution in the hippocampus in the Pum2 KD model using protein- and
immunohistochemistry brain samples of Pum2 deficient mice and hippocampal cell
culture. Next, to explore the role of Pum2 KD on known players of epileptogenesis that
are regulated directly or indirectly through the mTOR pathway (elF4e, K\1.1, and
Kv4.2), | perform protein analysis and immunohistochemistry on brain samples of
Pum2 deficient mice. Last, | initiate several approaches to test a possible interplay of
Pum2 and mTOR protein: With regard to Pum2 function, | consider a possible
mechanism of regulation of mTOR mRNA by Pum2. On the protein level, | analyze
protein colocalization of mTOR and Pum2 and the effect of rapamycin treatment on
the expression and colocalization of the two proteins.

By investigating the role of mTOR in the mouse model of Pum2 deficiency, | aim at
gaining new insights into the role of mMTOR in RBP mediated local translation. | hope
to deliver new perspectives on synaptic plasticity, the function of hippocampal localized

translational control, and to take another step towards understanding genetic epilepsy.
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3. Materials and Methods

3.1. Animals

Pum2 gene-trap (Pum2€T) mice (genetic background C57BI6/J) homozygote for gene
trap vector insertion (B6.129P2-Pum2CTXE772)Byg) in the Pum2 locus and wildtype (WT,
C57BI6/J) control animals were used for all mouse experiments. Pum2CT mice were
kindly provided by Dr. Eugene Xu (Feinberg School of Medicine, Chicago, USA).
Experiments were performed using mice at weaned age (3 weeks old) and adult age
(16-20 weeks old). Mice were sacrificed by CO: inhalation. Mice that underwent a 4
week lasting behavioral testing battery (3.2.1) in addition to naive mice at different ages
were analyzed to explore how intense behavioral training affects the expression of
mTOR.

For neuronal cell culture, pregnant Sprague Dawley rats were purchased from Charles
River (Sulzfeld, Germany).

All animal experiments were approved by the German ethics committee and animals
were treated according to German animal welfare law. Animals were housed in groups
of 2-5 in individually ventilated cages and a 12 h/12 h light/dark cycle and had free
access to water and food.

Numbers of individual mice used for experiments for protein quantification in brain
lysates using Western blots and for protein quantification in immunohistochemical

stainings are shown below.
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Table 1: Sample number of mouse brains used for Western blot experiments

Test weaned adult Behavioral Figure
(3 weeks) (20 weeks) testing
WT Pum2¢T | WT | Pum2®T | WT Pum26T
mTOR | 4 4 5 5 3 3 9A, 12A
pmTOR | 3 3 3 3 3 3 9B, 12B
S6 3 3 4 4 3 3 9C, 12C
pS6 4 4 5 5 3 3 9D, 12D
elF4de 4 4 5 5 - - 13A
Kv1.1 4 4 7 5 - - 15A
Kv4.2 4 4 5 5 - - 15B

Table 2: Sample number of mouse brains used for immunohistochemical stainings of the hippocampus
(technical replicates per brain: 1-4, 1 section per brain used for final analysis and quantification).

Test WT (adult = 20 weeks) Pum2€T (adult = 20 weeks) Figure
mTOR |3 3 10
elF4e 3 3 13
Kv1.1 2 2 16B
Kv4.2 2 2 16B
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3.2. Mouse experiments and tissue preparation

Mouse brain protein and mRNA expression were analyzed after division into 3
groups:

1. Weaned mice (3 weeks of age).

2. Adult mice (16 weeks of age).

3. Behavioral testing (mice undergoing behavioral tests as described below).

3.2.1. Mouse behavioral and memory training

Adult male mice (16 weeks old) were selected to perform a four week battery of
behavioral training. Brain tissue from these mice was used in the “behavioral training”
group. The detailed series of behavioral experiments that included open field, novel
object recognition, and Barnes maze assays were performed by Bastian Popper and

Antonia Demleitner as previously described (Popper et al. 2018).

3.2.2. Mouse dissection and perfusion

The preparation of mouse brain tissue was carried out both for immunohistochemical
analysis and for biochemical analysis. The procedure was performed as described
previously (Follwaczny et al. 2017). In brief, after sacrifice, mice were sorted into two
groups: Immunohistochemical analysis (Figure 4A) and biochemical analysis (Figure
4B). The procedure for immunohistochemical analysis is described below. For
biochemical analysis, brains were dissected shortly after sacrifice and immediately

flash frozen in liquid nitrogen and stored at -80°C.
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Figure 4: Flowchart of mouse brain dissection. A Mouse brain dissection protocol for
immunohistochemical analysis. B Mouse brain dissection protocol for biochemical analysis (Graph
based on Gage et al. 2012 and Follwaczny et al. 2017).
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For immunohistochemical analyses, transcardial perfusion (Figure 5) was performed
as previously described (Gage et al. 2012): Directly after sacrifice of the mouse, the
thorax and abdomen were opened using a Y cut and the heart was accessed. A
perfusion needle carrying phosphate buffered saline (PBS, 3.8.4) was placed
transapically into the left ventricle, and the vena cava was cut immediately to enable
escape of blood from the circulation. After transfusion with PBS at moderate speed for
about 7 min until paleness of the liver could be observed, transfusion media was
changed to 4% PFA (ROTI®-Histofix 4%, Roth, pH 7.0) for 12 min. Sufficiency of
perfusion was tested by checking tail stiffness. PFA-perfused brains were post-fixed in
4% PFA in PBS for 3-12 h at 4°C and dehydrated in 30% sucrose (3.8.4) in ddH20 at

4°C (for at least 1 week). The brain was dissected and transferred to 4% PFA in PBS.
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Figure 5: Transcardial perfusion protocol. Opening of the thorax by Y cut to access the heart is
indicated by the dashed line. Transcardial perfusion is shown on the right (grey arrow), and cutting of
the vena cava is indicated by the scissor, allowing escape of blood from the circulation (red arrow)

(Graph based on Gage et al. 2012 and Follwaczny et al. 2017).
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3.3. Cell culture

Hippocampal neurons were isolated from E17.5 rat embryos of Sprague Dawley rats
as described before (Goetze et al. 2003). Preparation of primary hippocampal cell
cultures was kindly performed by Christine lllig and Sabine Thomas. Hippocampal
neuroblastoma of embryonic day 10 (HN10e) cell line was generously provided by
Prof. Michael Meyer (BMC, LMU Munich).

3.3.1. Culture and transfection of primary hippocampal neurons of the rat

Primary hippocampal neurons were isolated and cultured in Dulbecco’s modified
Eagle’s medium plus horse serum (DMEM+HS medium, see 3.8.1) on poly-L-lysine
coated dishes (Goetze et al. 2003). For all experiments, hippocampal neurons at 15
days in vitro (DIV 15) were used.

Primary hippocampal neurons were transfected using calcium phosphate precipitation
as previously described (Goetze and Kiebler 2006). In brief, 3 ug plasmid DNA, 6 pL
2.5 M calcium chloride and water were mixed in a tube, then 60 pL 2x BES buffered
saline (BBS, see Goetze and Kiebler 2006) was added dropwise before mixing gently.
Cells were incubated with DNA-calcium precipitates for 1 h at 37°C in Hepes buffered
transfection medium, subsequently washed in warm HBSS washing buffer and further
cultured in Minimum essential medium plus vitamin B27 supplement (NMEM+B27

medium, see Goetze and Kiebler 2006).

3.3.2. Culture, transfection, differentiation and rapamycin treatment of cell

lines

HN10e cells were cultured in DMEM (Invitrogen/GIBCO, Germany) supplemented with
10% FSC at 37°C and 5% CO. (Brewer et al. 1993). HN10e cells were passaged
maximally 15 times every 2-4 days. Hela cells were cultured in DMEM with 10% FCS
and 2 mM glutamine (Invitrogen/Life Technologies, Germany) as previously described
(Macchi et al. 2004).

HN10e and HelLa cells were transfected with Lipofectamine2000 (Invitrogen,

Germany) according to the manufacturers’ manual.
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For differentiation of HN10e cells, different concentrations of retinoic acid (RA) (20, 50
and 100 uM RA) were used as previously described (Weiss et al. 2009; Lee et al.
1990). Every 48 h, medium was exchanged and cells were treated with new RA.
HN10e cell treatment with rapamycin (Sigma, Germany) was performed as previously
described (Pan et al. 2009). Cells were incubated with 50, 100, and 200 nM rapamycin
diluted in dimethyl sulfoxide (DMSO) for 1.5 to 3 h. The short treatment was chosen to
minimize indirect effects of rapamycin. Subsequently, cells were lysed and further
processed for protein analysis (3.4.3) or washed and fixed for immunocytochemistry
(3.4.2).

3.4. Protein expression analysis

3.4.1. Immunohistochemistry, imaging and image analysis of hippocampal

brain sections of the mouse

Immunohistochemical stainings were performed as previously described (Follwaczny
et al. 2017). In brief, brains were cut in 30 ym sections using a Leica CM3050 S
Research Cryostat (Wetzlar, Germany). Free floating sections were blocked in
blocking solution for 1 h at room temperature (RT). Then, sections were incubated with
primary antibodies overnight at 4°C (see 3.8.8). Sections were washed in PBS 3 times
for 10 min at RT and incubated with secondary antibodies (see 3.8.8) diluted in
blocking solution for 2 h at RT. Nuclei were counterstained with DAPI, then washed 3
times for 10 min in PBS. Sections were mounted on Superfrost Slides
(ThermoScientific, Germany) with Fluoromount (Sigma Aldrich, Germany). The
protocol is depicted in Figure 6.

Hippocampal sections were imaged using an inverted confocal Leica SP8 microscope
with lasers for 405 nm, 488 nm, 552 nm and 638 nm excitation. Pictures were taken
using 40x1.4 multi-immersion (IMM) and 68x1.4 IMM objectives; the image pixel size
was 80 nm. Images were acquired in four channels with the following filter settings,

whereas the individual channels were recorded subsequently:
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DAPI: 430 — 470 nm (conventional photomultiplier tube)
AF488: 500 — 550 nm (hybrid photo detector, HyD)
fAF555: 560 — 600 nm (HyD)

AF647: 650 — 700 nm (HyD)

For overview images of the hippocampus, the tile scan function of the Leica imaging

software was used. Individual tiles were merged using statistical auto-stitching in slow

speed and high definition as previously described (Follwaczny et al. 2017).

For fluorescence intensity analysis of confocal images, Fiji 1.50g (PMID 26153368)

was used as previously described (Schindelin et al. 2015; Follwaczny et al. 2017). The

fluorescence intensity of the antibody of interest was measured in the following steps:

1.

The region of interest (ROI) was selected according to the anatomical borders
of the hippocampus.

By using a macro (designed by Philipp Follwaczny, see Follwaczny et al. 2017),
masks were created to define the dendritic layer outside of the pyramidal layer.
An inverted mask allowed to select and measure the intensity in the pyramidal
layer.

Using the masks, selections could be created in the original channels, thereby

enabling to measure the “Mean Gray Value” and of the staining of interest.

The mean of the staining intensity in individual hippocampal areas (e.g., dendritic layer

or pyramidal layer) was normalized to the mean intensity of the entire hippocampus.
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Figure 6: Protocol for immunohistochemical analysis of mouse brain sections. A. Preparation of
free floating cryotome sections. B Staining procedure of free floating sections. O/N = overnight. C
Mounting of mouse brain sections on slides, immunohistochemical staining and confocal microscopy.
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3.4.2. Immunostaining, imaging and image analysis of cultured cells

Primary hippocampal neurons and HN10e cells were immunostained as described
previously (Vessey et al. 2006): Cells were washed in warm Hank’s balanced salt
solution (HBSS, Thermo Fisher Scientific, Germany) and fixed in warm 4% PFA (16%
PFA diluted in HBSS, see 3.8.5). Cells were permeabilized with 0.1% Triton X-100
(Roth, Germany) in HBSS (Thermo Fisher Scientific, Germany), blocked in blocking
solution (for immunocytochemistry, see see 3.8.5) and incubated with primary
antibodies. Primary antibodies were detected using anti-rabbit or anti-mouse
secondary antibodies (see 3.8.8 for primary and secondary antibodies). Coverslips
were mounted in fluoromount (Sigma Aldrich, Germany).

For imaging of immunostained primary hippocampal and HN10e cells, a Zeiss Cell
Observer Microscope (Plan Apochromat 63x oil Objective; LED-Colibri light source;
ZEISS, Germany) was used. Image acquisition was performed in Z-stacks of 50 stacks
of 0.26 ym (as recommended by the Zen software) (Sharangdhar et al. 2017). Images
were analyzed using the ZEN® (ZEISS, Germany) and Fiji 1.50 g (PMID 26153368)
software, respectively. For colocalization analysis, images were deconvolved using
default parameters of the ZEN software as described before (Sharangdhar et al. 2017).
For quantification of colocalizing puncta per dendrite upon rapamycin treatment (4.3.3),
HN10e cells were differentiated for 5 days using 20 uM RA before treatment of cells
with 100 nM rapamycin for 1.5 h. Cells were fixed and immunostained against Pum2
and mTOR, respectively (Figure 24). Images were deconvoluted, and colocalizing
puncta were manually counted in dendrites blind to the condition (Sharangdhar et al.

2017). The number of colocalizing events per um neurite was quantified.

3.4.3. Western blotting

For protein detection and quantification in mouse brain and cell lysates, Western
blotting was performed as described previously (Follwaczny et al. 2017). Brains were
lysed in RIPA buffer (3.8.2) supplemented with protease inhibitor cocktail (complete
ULTRA tablets, mini, Roche, Germany) and phosphatase inhibitor cocktail (PhosSTOP
tablet, Roche, Germany). For homogenizing, a FastPrep-24™ 5G homogenizer was
used according to manufacturer's manual (mouse brain program: 6.0 m/s for 40 s,
adapter: Quick prep, quantity: 50 mg), then lysates were mixed with 3 mL of SDS lysis

buffer (3.8.2) and incubated for 2 h at RT. Cultured cells were first washed with warm
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HBSS (Thermo Fisher Scientific, Germany), then put on ice for 5 min. After washing
again with cold HBSS, cells were lysed using RIPA buffer and scraped. Both cell and
brain lysates were sonicated (three pulses) and spun at 25,000x g for 10 min. After
adding SDS loading buffer (3.8.2), the supernatant was boiled at 95°C for 5 min.
Samples were spun at 25.000x g for 10 min before loading. For protein seperation,
equal amounts of protein were loaded on SDS polyacrylamide electrophoresis (SDS
PAGE), using 8% gels for proteins with a molecular weight larger than 150 kDa, 10%
gels for proteins with the molecular weight from 40 to 150 kDa, and 12% gels for
proteins smaller than 40 kDa (3.8.2). Proteins were blotted on a nitrocellulose
membrane (pore size 0.2 ym) at 100 V for 1 to 1.5 h. Membranes were then blocked
in blocking solution for 30 min and incubated with primary antibodies diluted in blocking
solution overnight at 4°C (for dilutions see 3.8.8). Membranes were washed with PBS
(3.8.4) supplemented with 0.1 % Tween (Sigma, Germany) (PBST) 3 times and
incubated with infrared dye labeled secondary antibodies (3.8.8) for 2 h at RT.
Membranes were scanned using the Odyssey® CLx Imaging System (L/-COR,
Germany).

For quantification of optical density of protein Image Studio™ Software (L/-COR,

Germany) was used. Vinculin, Actin and B-Tubulin 1ll were used as loading control.
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3.5. RNA expression analysis

RNA isolation was performed using TRIzol (Sigma, Germany) according to the
manufacturer's manual. In brief, brains were homogenized in 1 mL TRIzol using the
FastPrep-24™ 5G device (MP Biomedicals, Germany) at 4.0 m/s for 40 s (lysing matrix
D, quantity: 100, cycles: 1). Lysate was mixed with 9 mL TRIzol and incubated at RT
for 5 min. To digest genomic DNA, the Mini RNeasy Kit (QIAGEN, Germany) was used.
Isolated RNA was reverse transcribed using SSlll superscript (Invitrogen, Germany)

according to the manufacturer’'s manual.

3.5.1. quantitative Real-Time PCR (qRT-PCR) and analysis

cDNA Synthesis and gRT-PCR was performed as previously described (Follwaczny et
al. 2017). In brief, cDNA was synthesized using Superscript [II™ reverse transcriptase
(Invitrogen) and random primers according to the manufacturer’s instructions. The
SYBER Green Master Mix was used for gqPCR. For analysis, the LightCycler®96
software (Roche, Germany) was used. All primer pairs were tested using dilution series

to have an efficiency of 2.0£0.10.

For mTOR gPCR, the following primers were used:
Fwd: GTG TCC CTT CCT CGA GCT G;
Rev: TTT TTG CGG CCG CTG CTT TTA AAATTC.

As control, the following 18S primers were used:
Fwd: GAA ACT GCG AAT GGC TCA TTA AA;
Rev: CCA CAG TTA TCC AAG TAG GAG AGG A.

3.6. Luciferase Assay

Luciferase Assay was performed under instruction by Janina Ehses and Sandra
Fernandez-Moya as previously described (Sharangdhar et al. 2017). To check whether
Pum2 overexpression affects mTOR expression via its 3’-UTR, the mTOR 3’-UTR was
amplified from cDNA isolated from mouse brain lysate and cloned downstream of the

Renilla luciferase gene into the psiCheck-2 vector (Promega, Germany).
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For cloning the 3’-UTR of mTOR mRNA, isolated cDNA from a 5 months old WT mouse
brain was used. Taqg Polymerase (New England Biolabs/ThermoFisher Scientific, 56°C
Tm, forward 61°C/reverse 61°C) were used for cloning. The following primers were
used for amplification of full length mTOR 3'UTR:

Fwd: GTG TCC CTT CCT CGA GCT G;
Rev: TTTTTG CGG CCG CTG CTT TTAAAATTC.

PCR was run using the following protocol:

1. 95°C for 5 min

2. 3x 95°C for 10 min
56°C for 30 min
72°C for 60 min

3. 72°C for 10 min

4. 4°C forever

The amplicons were gel purified using a 1.5% agarose gel (expected size 842 bp for
mTOR 3-UTR, TBE see 3.8.7) and the QIAquick® Gel Extraction-kit (Qiagen),
following the manufacturer’s instructions.

A psiCheck-2 (Promega, Germany) dual luciferase plasmid expressing Renilla and
Firefly was chosen. For sequence analysis and plasmid mapping, A Plasmid Editor
(ApE, version 2.0.47 by Wayne Davis) was used (Figure 7). The plasmid and the
purified mTOR 3’-UTR DNA (insert) were cut using the restriction enzymes Xho1 and
Not1 (New England Biolabs). Ligation of plasmid and insert DNA was performed using
T4 DNA Ligase (New England Biolabs) and a 2:1 ratio of insert to plasmid following

the manufacturer’s instructions. Ligations were performed at 16°C overnight.
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Figure 7: psiCheck-2 plasmid map for Luciferase assays. (Plasmid map generated using ApE — A
plasmid Editor by M. Wayne Davis, USA, Utah).

The ligated plasmid was transformed in chemically competent TOP10 E.coli cells
using a heat shock at 42°C for 50 s. Cells were plated on an agar plate containing
ampicillin and stored at 37°C overnight. Plasmids were isolated from the bacterial
cultures using GenElute™ Plasmid Mini-Prep kit (SIGMA-Aldrich). For test digestion,
the isolated DNA was cut using Xbal (New England BiolLabs). The ligation product
showed no point mutation and was therefore used for all following experiments.

HelLa cells were used for luciferase assay experiments as described before
(Sharangdhar et al. 2017). Cells were transfected using Lipofectamine 2000
(Invitrogen, Germany) according to manufacturers’ manual in a 24-well plate. 3
technical replicates were transfected for each condition: TagRFP Pum2, TagRFP
control, empty vector, and mTOR 3’-UTR vector. Plasmids used for shRNA constructs

against Pum2 and control have described earlier (Vessey et al. 2006). Transfection
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efficiency was checked 24 h post transfection and the luciferase assay was performed
3 days after transfection.

Expression of Renilla and Firefly luciferase was detected using a homemade detection
solution (3.8.7). Solutions were prepared with 10 uL lysate per well and the Dual-Glow
Luciferase Assay System (Promega, Germany) was used as instructed by the
manufacturer. Photon emission was measured using a Centro XS3LB960 Luminometer
(Berthold Technologies, Germany). Raw data was saved and normalized to controls
(YFP-NTC and empty luciferase reporter). The ratio of Renilla and Firefly luciferase
photon emission was calculated and normalized to yellow fluorescent protein (YFP)
non-treated control (NTC), and empty luciferase reporter. The procedure is depicted in

Figure 8.
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Figure 8: Overview for luciferase assay. Luciferase assay of mTOR 3-UTR in HelLa cells
overexpressing Pum2 vs tag-RFP control. A Plasmid map of Luciferase plasmid of the mTOR 3’-UTR
in a psiCheck-2 (ColE1) dual luciferase plasmid expressing Renilla and Firefly luciferase. B Transfection
scheme for Hela cells. C Scheme for luciferase assay. Renilla and Firefly proteins were detected by
adding specific luciferins. For each condition, ratios of Renilla and Firefly luciferin fluorescence were
measured to determine enzyme activity, correlating to translation under the given conditions.
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3.7.  Statistical Analysis

All statistical analysis was performed using Prism Graph-Software (Version 5;
GraphPad, San Diego, CA, USA). All graphs depict mean +SEM. P-values were
determined using unpaired t-test for normally distributed sample groups and Mann-
Whitney U-test not normally distributed sample groups. Outliers were detected by
Grubb’s test. Significant outcome was determined by p<0.05 (*), p<0.01 (**), or
p<0.001 (***).

3.8. Buffers, solutions and media

3.8.1. Cell Culture Media

Media for culture and transfection of cells were kindly provided by Christine lllig and
Sabine Thomas.

Table 3: DMEM+HS Medium

Name Amount Manufacturer
DMEM 1L Invitrogen
HS 10% (v/v) Invitrogen
Sodium pyruvate 1 mM Sigma
L-Glutamine 100 mM Sigma

Table 4. Trypsin-EDTA

Name Amount Manufacturer
10x Trypsin-EDTA-solution 100 mL Biochrom
2-(4-(2-Hydroxyethyl)-piperazinyl- 10 mL Sigma
ethanosulfonic acid (Hepes) 1M

Penicillin/Streptomycin (if necessary) 10 mL Biochrom

In ddH20, store at -20°C Upto1lL EMD Millipore
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3.8.2. Buffers and gels for SDS PAGE

Table 5: RIPA Buffer

Name Amount Manufacturer

NaCl 150 mM Merck

NP-40 Surfactant 10% (v/v) Thermo
Fisher
Scientific

Sodium deoxycholate 0.5% (w/v) Sigma

alpha-Dodecylsulfate (SDS) 0.1% (w/v) Roth

Tris-HCI pH 8.0 50 mM Roth

Protease Inhibitor Cocktail 1 Tablet Roche

In ddH20 Up to 10 mL EMD
Millipore

Table 6. SDS lysis buffer (8 mL)

Name Amount Manufacturer

TrispH 7.4 50 mM Roth

NaCl 500 mM Merck

SDS 0.4% (vIv) Roth

EDTA 5mM Biochrom

1,4-Dithiothreitol (DTT) 1 mM Applichem

Protease Inhibitor Cocktail 0.04% (viv) Roche

In ddH20 Up to 8 mL EMD
Millipore
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Table 7. SDS loading and running buffer

3x SDS loading buffer

Name Amount Manufacturer
Tris/HCI pH 6.8 65 mM Roth
Glycerol 10% (v/v) Roth
SDS 2.3% (w/v) Roth
Mercaptoethanol 5 % (vIv) Sigma
10x SDS running buffer
Name Amount Manufacturer
Tris pH 7.4 0.25M Roth
Glycerol 1.92M Roth
SDS 1% (W/v) Roth
Table 8. Acrylamide gels — separation gel (for 2 gels)

Name Amount Manufacturer
Lower Stock 2.5 mL

Tris 1.5M Roth

SDS 0.4% (w/v) Roth
Acrylamide 30:0.8 8/10/12% Roth
Ammonium persulfate (APS) 100 pL Roth
N,N,N',N-Tetramethylethylenediamine 10 L Roth
(TEMED)
In ddH20 Upto5mL EMD

Millipore
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Table 9. Acrylamide gels — collection gel (for 2 gels)

Name Amount Manufacturer
Upper Stock 2.5mL
Tris 0.5M Roth
SDS 0.4% (w/v) Roth
Acrylamide 30:0.8 1.3 mL Roth
ddH:20 6.2 mL EMD
Millipore
Ammonium persulfate (APS) 100 pL Roth
TEMED 10 pL Roth
3.8.3. Buffers for Western Blots
Table 10. 1x Blotting Buffer
Name Amount Manufacturer
10x Blotting Buffer 10% (v/v)
Tris 25 mM Roth
Glycine 190 mM Roth
SDS 0.02% (wiv) Roth
Methanol 20% (viv) Roth
In ddH20 Upto1lL EMD
Millipore
Table 11. Western Blot Blocking Solution
Name Amount Manufacturer
Bovine serum albumin (BSA) 2% (wiv) Roth
Tween 20 0.1% (viv) Sigma
In tris buffered saline (TBS) pH 7.6
Tris 15 mM Roth
NaCl 150 mM Merck
In ddH20 Upto1lL EMD
Millipore
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3.8.4. Solutions for Immunohistochemistry

Table 12. Phosphate buffered saline (PBS), also for Western blot

Name Amount Manufacturer
NaCl 137 mM Merck
KCI 2.7mM Sigma
Na:HPO4 8.1 mM Roth
KH2PO4 1.5 mM Roth
In ddH20, pH 7,4 Upto1lL EMD
Millipore
Table 13: 30% Sucrose Solution (for storage of mouse brains)
Name Amount Manufacturer
Succrose 30% (v/v) Roth
In ddH20 1L EMD
Millipore
Table 14. IHC Glycerol Solution (for slice storage longer than 2 weeks)
Name Amount Manufacturer
Phosphate buffer, pH 7.3 10% (v/v)
Sodium hydroxide (NaOH) 0.9 mM Merck
NaH2PO4 1.2 mM Roth
ddH20 Up to 400 mL, pH EMD Millipore
72-74
Glycerol 30% (v/v) Roth
Ethyleneglycol 30% (v/v) Fluka
In ddH20, pH 7.4 150 ml (up to 500 ml) | EMD Millipore
Table 15. IHC Blocking Solution
Name Amount Manufacturer
Triton X100 0.5% (viv) Roth
BSA fraction V pH7 1% (wiv) PAA
In PBS Up to 40 mL Sigma
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3.8.5. Solutions for Immunocytochemistry

Table 16. 16% PFA (cell fixation)

Name Amount Manufacturer

PFA 16 % (w/v) Sigma

ddH20 (stir while heating up to 60°C) Up to 70 mi EMD Millipore

NaOH (cool down, then heat up again 1 -2 pellets Sigma

to 60°C)

10x PBS 10 % (v/v) Sigma

In ddH20, pH7.4 (store at -20°C) Up to 100 mL EMD Millipore
Table 17: Blocking solution for immunocytochemistry

Name Amount Manufacturer

FCS 2% (w/v) ThermoFisher

Scientific

BSA 2% (wiv) Roth

Fish Gelatine in H20 0.2% (w/v) Sigma

10x PBS 10% (v/v) Sigma

In ddH20 (store at -20°C) Up to 100 mL EMD Millipore
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3.8.6. Solutions for RNA analysis

Table 18: cDNA Synthesis Mix (for 1 pl RNA per mix; RNA concentration example: 0.9 pg/pL, for 13 pL

volume)

Name Amount Amount Manufacturer
(+) Reverse (-) Reverse -
transcriptase mix | transcriptase mix

RNA (0.9 pg/uL) 1.1 uL 1.1 uL selfmade

ddH20 9.4 uL 9.4 uL Sigma

Ribolock 0.5 uL (on ice) 0.5 uL (on ice) Thermo

(40 U/pL) Scientific

Random Primer N6 1 uL 1 uL Biolabs

(60 mM)

dNTPs (10 mM) 1 uL 1 uL Biolabs

keep 5 min. at 65°C, then 5 at min. 4°C

First Strand buffer 5x 4 yL 4 yL Invitrogen

DTT (0.1 mM) 1 uL 1 uL Invitrogen

ddH20 1 uL 2 uL Sigma

SuperScript [[I™ 1 uL - Invitrogen

reverse transcriptase

(200 U/pL)

Table 19. CYBER Green Master Mix

Name Amount Manufacturer

1x Standard Taq Buffer | 200 pL New England Biolabs

BSA 20 pg/mL New England Biolabs

Betaine 1M Sigma

Desoxynucleoside 16 uM New England Biolabs

triphosphates (ANTPs)

Hot-Start Taq DNA

polymerase

0.6 U per reaction

New England Biolabs

SYBR Green 1:100

1 uL/mL

Lumiprobe

In ddH20

Upto1mL

EMD Millipore
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3.8.7. Buffers for Luciferase Assay

Table 20. Tris-Borate-EDTA Buffer (TBE, 10x), pH 8.0, for agarose gels

Name Amount Manufacturer
Tris base 890 mM Roth

Boric acid 890 mM Sigma

EDTA 20 mM Sigma

Table 21. Master Mix

Name Amount Manufacturer

cDNA (WT mouse brain 190-15) (1pg/uL) 1 uL selfmade

dNTPs (1ug/pL) 1 uL New England Biolabs

Forward primer (1:10) = 10 uM 2 uL Eurofins

Reverse primer (1:10) = 10 uM 2 L Eurofins

Taq buffer or 4 yL Phusion buffer 2 uL New England Biolabs

Enzyme (Taq Polymerase/Phusion), added | 0.5 pL New England

last Biolabs/ThermoFisher
Scientific

In ddH20 Up to 20 pL EMD Millipore

Table 22. LB media

Name Amount Manufacturer

Peptone 109 Sigma-Aldrich

Yeast Extract 549 Thermo Fisher
Scientific

NaCl 10g Roth

In ddH20 Upto1lL EMD Millipore
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Table 23. SOC-media (in LB media)

Name Amount Manufacturer
KCI 2.5 mM Roth

MgCly 10 mM Roth
Glucose 20 mM Merck

In LB-media Upto1lL

Table 24: Homemade Luciferase Assay Detection Solution (for 10 pL lysate/well, 36 samples, 50uL

injection volume)

Name Amount Manufacturer
Firefly
5x Firefly Buffer 560 uL
Tricine 20 mM Sigma
MgSO4 x 7H20 2.67 mM Roth
EDTA 0.1 mM Sigma
DTT (1 M) 93 uL Sigma
ATP (100 mM) 15 pL PJK Biotech
Coenzyme A (100 mM) 8 uL PJK Biotech
D-Luciferin in methanol (10 mM) 132 yL PJK Biotech
In ddH20 Up tp 2800 uL | EMD Millipore
Stop and Renilla
2x Renilla Buffer 1400 puL
Na:EDTA 2.2 mM Sigma
KH2PO4 220 mM Merck
NaCl 1.1 M Sigma
NaN3 1.3 mM Sigma
BSA (10 mg/mL) 123 yL Sigma
Coelenterazin (1 mM) 37 uL PJK Biotech
ddH20 Up to 2800 uL | EMD Millipore
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3.8.8. Antibodies

Primary and secondary antibodies, respectively, are depicted in the following tables.

For counterstaining of nuclei, 4',6-diamidino-2-phenylindole (DAPI, ThermoFisher

Scientific), diluted to a final concentration of 300 nM, was used.

Table 25. Primary antibodies

Antibody Species Dilution Dilution Dilution Company Reference
WB IHC IF
Anti-NeuN chicken -- 2:500 -- Millipore (Follwaczny et al.
polyclonal (#ABN91) 2017)
Anti-mTOR rabbit 1:1000 1:200 1:500 Cell Signaling (Wahl et al. 2018),
(Ser2481) (Rodriguez et al.
2018)
Anti-phospho- rabbit 1:1000 1:200 1:500 Cell Signaling (Yang et al. 2018)
mTOR polyclonal
(Ser2448)
Anti S6 mouse 1:2000 1:400 - Cell Signaling (Urbanska et al.
ribosomal monoclonal 2018)
protein
Anti-phospho- rabbit 1:1000 1:400 1:100 Cell Signaling (Urbanska et al.
S6 polyclonal 2018)
Anti-Pum2 goat -- 1:200 1:500 Abcam --
polyclonal
Anti-Pum2 rabbit 1:1000 1:200 1:500 Abcam (Follwaczny et al.
polycolial 2017)
Anti-Kv4.2 rabbit 1:1000 1:200 1:500 Alomone Labs (Wolff et al. 2016),
polyclonal (Hall et al. 2015)
Anti-Kv1.1 rabbit 1:1000 1:100 1:200 Alomone Labs (Bagchi et al. 2014),
polyclonal (Jang et al. 2015)
Anti-elF4E rabbit 1:1000 1:200 1:100 Abcam (Stoll et al. 2013)
polyclonal
Anti-Homer1 Mouse - - 1:100 Synaptic (Tao-Cheng et al.
monoclonal Systems 2014)
Anti-Vinculin goat 1:200 - - Santa Cruz (Xiong et al. 2019)
polyclonal Biotechnology,
Inc.
Anti-Tubulin mouse 1:1000 -- -- Sigma-Aldrich (Zhang et al. 2016)
beta monoclonal
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Table 26. Secondary antibodies

IgY

Secondary Storage | Company Dil. IF/IHC | Dil. WB Dye

Antibody

Donkey Anti-Rabbit | -20°C Life technologies 1/1000 -- Alexa Fluor

lgG 488

Donkey Anti- 4°C LI-COR -- 1/10 000 | IRDye 680RD

Mouse IgG

Donkey Anti-Rabbit | -20°C Dianova 1/500 -- Cy5

Calf Anti-Goat -20°C Life Technologies 1/1000 -- Alexa Fluor
488

Calf Anti-Goat -20°C Dianova 1/1000 -- Cy3

Donkey anti mouse | -20°C Life Technologies 1/1000 -- Alexa 555

Donkey anti mouse | -20°C Molecular Probes 1/500 -- Alexa 647

(LifeTechnologies)

Donkey Anti-Goat | 4°C LI-COR -- 1/10 000 | IRDye 680RD

lgG

Donkey Anti-Rabbit | 4°C LI-COR -- 1/10 000 | IRDye 800CW

Donkey Anti-Rabbit | -20°C Life Technologies 1/500 -- Alexa 647

Donkey Anti-Rabbit | -20°C Molecular Probes 1/1000 -- Alexa 555

(LifeTechnologies)
Goat Anti-Chicken | -20°C Life Technologies 1/500 -- Alexa 647
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4. Results

41. Pum2 effects on mTOR protein and activity

Adult Pumilio2 gene trap (Pum2€T) mice exhibit a strong epileptic phenotype. Seizures
occur spontaneously, as witnessed in daily procedures such as feeding of the mice.
There have been several studies that already reported the epileptic phenotype of the
Pum2€T mouse line (Siemen et al. 2011; Follwaczny et al. 2017). Furthermore, a Pum2
deficiency has been reported in patients with idiopathic epilepsy (Wu et al. 2015). At
the same time, several studies have linked the kinase mechanistic target of rapamycin
(mTOR) with epilepsy (Meng et al. 2013). To investigate a possible role of mTOR in
the Pum2CT phenotype, | analyzed the mRNA and protein expression of mTOR, as
well as the phosphorylation levels of either mTOR or its downstream target ribosomal

protein S6 in Pum2CT brains.

4.1.1. Pum2®T mice exhibit changes in mTOR protein expression

Since an epileptic phenotype has been detected in adult Pum2CT mice, | tested for
changes in mTOR protein levels in Pum2®T mice compared to wild type (WT) controls.
To test for an effect of the age of mice, | also analyzed mTOR protein levels in weaned
Pum2C€T mice, that do not yet show seizures, compared to age-matched WT mice. |
analyzed lysates of whole brains of adult mice for protein analysis using Western blot
(Figure 9A). There was a significant drop of mTOR protein expression in brains of
weaned Pum2CT mice (0.90+0.02, normalized to WT = 1.00+0.02). Adult mice,
however, showed large variation among individuals, and despite an apparent upward
trend did not show a significant difference between Pum2CT and WT (0.44+0.02 in
Pum2 vs. 1.00+0.40 in WT). In contrast, qRT-PCR experiments did not show any
significant change of mTOR mRNA expression at either age of the mice (not shown).
Thus, | focused on the protein levels and investigated the downstream phosphorylation
activity of mTOR in order to analyze a possible change in kinase activity in Pum2CT vs.
WT mice. | aimed at measuring the phosphorylation levels of mTOR protein at the

chosen time points during mouse development (Figure 9B).
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Figure 9: Weaned Pum2¢T mice show decreased mTOR protein and phosphorylation levels of S6.
Western blot and quantification of A mTOR protein and B phospho-mTOR (pmTOR) protein normalized
to vinculin, C phospho-S6 ribosomal protein (pS6) protein, and D S6 ribosomal protein (S6) normalized
to tubulin in brain lysates of Pumilio2 gene-trap (Pum2€T) mice compared to age-matched WT controls.
Statistics: Mann-Whitney U-test, n = 4, mean + SEM.

Pum2®T mice showed a trend suggesting decreased protein expression of
phosphorylated mTOR (pmTOR) in weaned mice (normalized values: 0.30+0.12 in
Pum2€T mice vs. 1.00+0.09 in WT), while adult mice demonstrated slightly elevated
levels of pmTOR protein (1.64+0.52 in Pum2€T vs. 1.00+0.15 in WT), although the

difference was not (yet) statistically significant. Additionally, mTOR kinase activity is
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commonly measured by quantifying the phosphorylation of downstream targets, e.g.,
ribosomal protein S6 (S6) protein (Zeng et al. 2009). Analysis of S6 protein (Figure
9C) and phosphorylated S6 (pS6) protein (Figure 9D) was performed using Western
blot using phospho-specific antibodies. Weaned Pum2®T mice showed a significant
reduction of pS6 protein (0.35+0.03 in Pum2CT vs. 1.00+0.29 in WT), while adult
Pum2®T mice showed a non-significant increase compared to WT (1.28+0.29 vs.
1.00+0.11 in WT). S6 protein levels remained stable at both ages of Pum2C¢T mice
compared to control (weaned 1.02+0.25 in Pum2C®T vs. 1.00+0.10 in WT; adult
1.31£0.38 in Pum2©¢T vs. 1.00+0.46 in WT).

In summary, mTOR, pmTOR, and pS6 protein levels were reduced in weaned Pum2€T

mice, while adult mice showed no significant differences compared to WT.

4.1.2. mTOR protein is localized in dendrites of hippocampal pyramidal

neurons in the mouse brain

The hippocampus is a brain region that is known to be involved in epileptogenesis
(Sendrowski and Sobaniec 2013). Pum2 is furthermore known to have an impact on
hippocampal dendrite morphogenesis and excitability (Vessey et al. 2006, 2010;
Driscoll et al. 2013), and has been associated with temporal lobe epilepsy (Wu et al.
2015). | therefore investigated mTOR expression and localization in the hippocampus
of adult mice, the age in which epileptic seizures routinely occur (Follwaczny et al.
2017). | performed immunohistochemical stainings against mTOR on perfusion-fixed,
cryopreserved, 30 um thick frontal sections of the dorsal hippocampus of adult mice.
As depicted in Figure 10A, overall intensity of mTOR staining was reduced in the
Pum2€T mouse’s hippocampus compared to WT. mTOR staining was prominent in the
cell layer and in the stratum lacunosum moleculare (SLM) in WT and Pum2CT mice,
respectively. Since the cornu ammonis (CA)1 and CA3 regions were relevant in
epileptogenesis (El-Hassar et al. 2017; Alexander et al. 2016; Navidhamidi et al. 2017),
and have been related to Pum2 localization and function (Follwaczny et al. 2017), |
specifically investigated the dendritic localization of mTOR in these regions. Dendritic
localization of mTOR protein that could be assigned to single neurons could be
detected in the stratum radiatum (SR) of CA1 (Figure 10B, top).
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Figure 10: mTOR protein localization in dendrites of pyramidal cells of mouse hippocampus. A
Immunohistochemical staining of mTOR protein in the dorsal hippocampus of adult WT and Pum2¢T
mice. 20x magnification, scale bar = 200 um. B Inset of CA1 (top) and CA3 (bottom) cell layers. mTOR
protein localization in dendrites of pyramidal cells in CA1 and CA3 is shown by white arrowheads. Scale
bar = 20 ym. C Quantification of mean mTOR intensity in periphery of the CA1 and CA3 cell layers,
representing dendritic mTOR protein, relative to mTOR intensity in cell layers. Statistics: Unpaired t-
test, n = 3, mean + SEM. StO, stratum oriens; StP, statum pyramidale; StR, stratum radiatum; SLM,
stratum lacunosum moleculare; CA, cornu ammonis; DG, dentate gyrus.

In CA3, mTOR protein was more prominent in cell bodies, but localization of mMTOR

was also visible in proximal dendrites (Figure 10B, bottom).
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In order to analyze the intensity of mTOR immunostaining in dendrites compared to
the cell layer, | quantified the mean staining intensity of the corresponding cell layers
(Figure 10C). No significant difference of staining intensity in the periphery of CA1 or
CA3 region between WT and Pum2CT was detectable. In CA3 pyramidal neurons, a
shift of mTOR protein could be seen from StP to StR in Pum2®T mice, although
quantification showed no statistical significance (1.88+0.18 in Pum2CT vs. 1.00+0.32
in WT).

In summary, immunohistochemical stainings showed decreased overall staining
intensity of mMTOR protein in Pum2€T mouse hippocampus compared to WT. Dendritic
distribution of mTOR protein could be seen in CA1 and CA3 regions in Pum2®T and
WT mice.

4.1.3. mTOR protein localization at synapses in primary hippocampal

neurons

The RBP Pum2 is localized close to dendritic spines and believed to influence synaptic
connectivity and stability through localized translational regulation at dendritic spines
upon synaptic activation (Vessey et al. 2006). Cultured rat primary hippocampal
neurons were used for further analysis of mTOR localization. Cells were stained
against mTOR and the synaptic marker Homer 1, and the possible overlap of the
respective stainings was investigated. Homer is a marker for postsynaptic sites or so-
called “postsynaptic densities”, which defines the protein-rich area at the synaptic
membrane (Tao-Cheng et al. 2014), and has been shown to couple to the mTOR
activator PI3 Kinase (Rong et al. 2003). Figure 11 depicts representative images
generated using confocal microscopy of co-immunostained neurons (mTOR/Homer)
at DIV15. Localization in the cell body and dendrites could be seen for both stainings.
Colocalization was best visible in distal dendrites as depicted in the insets of Figure
11 (bottom).
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Figure 11: mTOR is partially localized at synapses. Representative images of an mTOR/Homer co-
immunostained rat hippocampal neuron (DIV 15). Colocalizing proteins (yellow) of mTOR (red) and
Homer (green) are indicated by arrowheads. 63x magnification. Scale bar = 20 um.
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4.1.4. Behavioral and memory training of mice leads to increased mTOR

expression

Along with its role in the pathogenesis of the epileptic phenotype, Pum2 regulates
synaptic plasticity (Dong et al. 2018). Also mTOR is known to be involved in neuronal
activation that underlies synaptic plasticity and learning (Lipton and Sahin 2014).
Therefore, we tested for changes in mTOR, pmTOR and S6, pS6 protein levels in adult
Pum2€T and WT mice that underwent a 4 week battery of behavioral and memory
training (Popper et al. 2018). Graphs showing mTOR, pmTOR and S6, pS6 protein
levels are depicted in Figure 12. Whole brain lysates were used for Western blot
analysis of adult mice (“naive” group) and mice after behavioral training (“training”
group). Pum2CT mice exhibited an up to five-fold increase in mTOR protein expression
after training (5.05+0.48) compared to WT mice (1.00+0.13; Figure 12A). Likewise,
pmTOR protein was elevated about 8-fold in the mutant mice (8.19+3.22 in Pum2€T
vs. 1.00+0.26 in WT), and pS6 protein also increased 4.5-fold compared to WT protein
expression (4.52+73 in Pum2€T vs. 1.00+0.09 in WT). In contrast, S6 levels did not
differ between WT and Pum2€T (1.02+0.25 Pum2€in vs. 1.00+0.13 in WT; Figure 12B-
D).

In summary, neuronal activation through memory and behavioral training showed an

increase of mTOR protein, phosphorylation, and phosphorylated S6 protein.
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Figure 12: Pum2®™ mice show increased mTOR protein and S6 phosphorylation levels upon
behavioral training. Western blot of A mTOR protein and B phospho-mTOR (pmTOR) protein
normalized to vinculin, C phospho-S6 ribosomal protein (pS6) protein, and D S6 ribosomal protein (S6)
normalized to tubulin in brain lysates of Pum2®™ mice compared to age-matched WT controls before
(naive) or after training (training). Statistics: Mann-Whitney U-test, n = 3, mean + SEM.
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4.2. Pum2 KD effects on possible epilepsy targets

Specific target proteins such as gamma-aminobutyric acid A receptors (GABAAR)
(Follwaczny et al. 2017) and voltage-gated sodium channel 1.6 (Nay1.6) (Driscoll et al.
2013) are known players in epileptogenesis in Pum2 deficient mice. Since a Pum2 KD
showed effects on mTOR expression, | tested for other targets associated with
epilepsy that have previously been shown to be (indirectly) regulated by the mTOR
pathway: eukaryotic initiation factor 4e (elF4e) (Hay and Sonenberg 2004), voltage-
gated potassium channels (Ky) 1.1 (Raab-Graham et al. 2006; Sosanya et al. 2013)
and K\4.2 (Yao et al. 2013; Lugo et al. 2008). Experiments were performed to test for
change in protein expression upon Pum2 KD that could point to a possible involvement
of Pum2 in the mTOR pathway and a joint regulation of targets by the RBP and the
mTOR kinase.

4.2.1. Downregulation of Pum2 does not change protein expression levels

of eukaryotic initiation factor 4e (elF4e) in mouse brains

There have been several studies linking Pum2 with translational repression through
translational control of elF4e (Menon et al. 2004; Vessey et al. 2010). Additionally,
elF4e is a known target of the mTOR pathway (Laplante and Sabatini 2012). As
multiple studies have associated elF4e with neuropsychiatric disease (Amorim et al.
2018), an involvement of this protein in epileptogenesis of Pum2CT mice is likely.
Therefore, | decided to test for elF4e protein concentration in lysates of dissected and
snap-frozen brains of weaned and adult mice using Western blot analysis (Figure
13A). elF4e protein levels did not significantly differ between mutant and WT in either
age group (0.82+0.07 in weaned Pum2CT vs. 1.00+0.07 in weaned WT; 2.34+1.01 in
adult Pum2°€T vs. 1.00+0.08 in adult WT). In order to check for possible differences in
elF4e protein expression that might occur in different parts of the brain, | analyzed
hippocampal sections of adult Pum2®T and WT mice for elF4e distribution using
immunohistochemical staining (Figure 13B). Though quantification of elF4e protein
intensity in the whole hippocampus, cell layer, and periphery did not show any
significant differences between Pum2®T and WT (Figure 13), microscopical analysis

of the sections revealed noticeably more dendrites that showed elF4e staining in
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Pum2®T mice (arrowheads in insets in Figure 13B). In order to confirm the

observations, the experiment was repeated in cultured hippocampal neurons.
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Figure 13: Comparable expression levels of elF4e protein in Pum2®™ and WT mice and similar
dendritic localization patterns in both groups. A Western blot analysis of elF4e protein in brain
lysates of weaned and adult Pum2®T mice compared to age matched WT controls. There is no significant
difference in protein expression in brain lysates between Pum2®T mice and WT controls. Statistics:
Mann-Whitney-test, n = 4-5; mean + SEM. B Immunohistochemical staining and quantification of elF4e
protein in sections of adult Pum2€T and WT mouse hippocampus. Immunostaining in dendrites of CA1
neurons is pointed out by arrowheads in insets. Scale bar overview = 200 pym, scale bar inset = 20 um.
StO, stratum oriens; StP, statum pyramidale; StR, stratum radiatum; SLM, stratum lacunosum
moleculare; CA, cornu ammonis; DG, dentate gyrus.
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4.2.2. elF4e protein is localized in synapses of primary hippocampal

neurons

Cultured rat hippocampal neurons were transfected with either shRNA construct
directed against Pum2 (shPum2) or for non-targeting control (shNTC) and
immunostained against elF4e. Since hippocampal sections of mice showed dendritic
localization of elF4e protein and elF4e mRNA has been reported to be located at
synapses (Moon et al. 2009), | asked the question whether elF4e protein is located at
synapses in hippocampal neurons upon Pum2 KD. To test this, | co-immunostained
shPum2 and shNTC-expressing cells against elF4e and the synaptic marker Homer 1
which revealed partial colocalization of both proteins as shown in Figure 14. There
was no prominent difference in observed colocalizing puncta between the shPum2 and
the shNTC group.

shNTC

/Homer

shPum?2

/Homer

Figure 14: Immunocytochemistry of elF4e and the synaptic marker Homer show partial
colocalization in either shPum2- or shNTC-expressing rat hippocampal dendrites. Cultured rat
hippocampal neurons (DIV 15) were transfected with shPum2 or shNTC, respectively, and co-
immunostained with elF4e and Homer antibodies. Merged images of the whole cell (left), phase contrast
(Ph3), and GFP channel, as well as elF4e and Homer single immunostainings of representative
dendrites are depicted. Scale bar = 20 ym.

54



4.2.3. Downregulation of Pum2 changes K\1.1 and K\4.2 protein expression

in mouse brains

In genetic epilepsy, disturbed homeostasis of synaptic function leads to
hyperexcitability and abnormal synchronization of neuronal circuits (Jarero-Basulto et
al. 2018). Likewise, Pum2CT mice show a misbalance of voltage-gated sodium channel
and GABAAR, which is believed to contribute to their epileptic phenotype (Follwaczny
et al. 2017). Also, potassium channels have been linked to epilepsy: Especially
voltage-gated potassium channels Ky1.1 and K\4.2 have been linked to mTOR or its
pathway in epileptogenesis (Nguyen and Anderson 2018; Yao et al. 2013). | first tested
the Ky1.1 protein expression levels in both weaned and adult Pum2®T mice compared
to age matched WT controls using Western blot analysis of whole brain lysates (Figure
15). K\1.1 protein levels in weaned Pum2C®T mice showed a significant decrease of
about 10% compared to WT (0.90+0.02 in Pum2CT vs. 1.00+2.23 in WT, Figure 15A).
Adult Pum2CT mice showed a 1.90+0.32 fold increase relative to WT (1.00+0.21,
Figure 15B). K\4.2 protein levels were significantly changed only in weaned mice; here
Pum2€T exhibited a 1.87+0.27 fold increase compared to WT (1.00+0.15). In adult
mice, Ki4.2 tended to be reduced in Pum2€T, although this reduction was not
statistically significant (0.55+0.11 in Pum2¢T vs. 1.00+0.42 in WT).
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Figure 15: Voltage-gated potassium channels Kv1.1 and K.4.2 are misregulated in Pum2¢T mice.
Western blot analysis of Kv1.1 (A) and K.4.2 (B) protein in brain lysates of weaned (3 weeks old) and
adult (20 weeks old) Pum2CT mice and age matched WT controls. Statistics: Unpaired t-test, n = 4-5,

mean + SEM.
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4.2.4. K\1.1, but not K\4.2 is expressed in dendritic layers of mouse

hippocampus

Expression of voltage-gated potassium channel protein was affected by Pum2
downregulation whole brain lysates compared to WT (Figure 15). To further analyze
the expression and localization of these channels in the hippocampus of adult, epileptic
mice, | tested for localization of Kv1.1 and K.4.2 using immunohistochemical stainings
(Figure 16). K\1.1 staining (Figure 16A) was visible in the CA and the SLM, but more
prominent in the hilus of the DG than in the granular layer of the DG. In comparison to
WT, K,1.1 staining intensity appeared to be stronger in Pum2CT hippocampus by visual
inspection, however, quantification of replicates did not show significant differences
between mutant and WT (Figure 16A, right). Closer analysis of the CA1 layer showed
staining in pyramidal cell dendrites in both WT and Pum2®T mouse hippocampus
(arrowheads in insets, Figure 16A).

Kv4.2 staining was prominent almost exclusively in the pyramidal cell layer of the CA
band and the granular layer of the DG (Figure 16B). Magnification of the CA did not
reveal localization in dendrites, as representative insets of the CA1 region
demonstrate. Although staining intensities were much stronger in WT compared to
Pum2C€T hippocampus especially in the dendritic area, quantification of staining

intensities did not lead to significant differences (Figure 16B, right).

In summary, elF4e protein did not significantly change in brains of Pum2¢T mice
compared to WT controls but showed synaptic localization in cultures of hippocampal
neurons of the rat. Protein levels of Ky1.1 channels were significantly reduced in brains
of weaned, and a significantly increased in brains of adult Pum2®T mice compared to
WT. K\4.2 protein expression was significantly increased only in brains of weaned but
not in adult Pum2®T mice compared to WT. Dendritic localization in hippocampal slices

was only seen for Ky1.1., not for K\4.2.
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Figure 16: Voltage-gated potassium channels Kv1.1 and K.4.2 show different localization in
brains of adult mice. Immunohistochemical staining of Kv1.1 protein (A) and Kv4.2 protein (B),
respectively, in the hippocampus of adult Pum2®T and WT mice. Quantification of staining intensity in
the dendritic compartment (periphery) in relation to cell layer is shown on the right. Magnification 20x,
scale bar overview = 200 um, scale bar inset = 20 um. StO, stratum oriens; StP, stratum pyramidale;
StR, stratum radiatum; SLM, stratum lacunosum moleculare; CA, cornu ammonis; DG, dentate gyrus.
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4.3. Investigation of a possible Pum2 and mTOR interaction

Pum2CT mice showed changes in mTOR protein expression (4.1.1) and target proteins
such as Ky channels (4.2.4). mTOR has already been discussed to be involved in RBP-
mediated local translation regulation (Pernice et al. 2016). In order to investigate such
an interplay between Pum2 and mTOR in the regulation of the mentioned target

proteins in the Pum2C®T mouse, | analyzed a possible interaction of Pum2 and mTOR.

4.3.1. Pum2 overexpression has no effect on mTOR 3’-UTR dependent

translation

mMTOR mRNA location via binding of 3’'UTR has been shown before (Terenzio et al.
2018). Since Pum2 is also involved in location regulation and binds the 3'UTR of its
targets (Martinez et al. 2019), | first investigated whether the RBP Pum2 regulates the
translation of mTOR via its 3’-UTR. This approach was chosen, because mTOR was
localized in dendrites and its expression suggested to be dependent of Pum2
expression (4.1). Therefore, we performed luciferase assays (Figure 17). For this, we
cloned the 3-UTR of mTOR mRNA into a dual luciferase reporter plasmid.
Subsequently, HelLa cells were co-transfected with the mTOR 3’-UTR containing
plasmid or control, and with a red fluorescent protein (tagRFP) construct to
overexpress tagRFP-Pum2 or tagRFP only. In the luciferase experiment, the impact of
Pum2 overexpression on translation of the luciferase gene containing the mTOR 3’-
UTR was measured by adding luciferin and quantifying fluorescence compared to the
empty vector control (no Pum2 overexpression). As depicted in Figure 17B (bottom),
there was no difference between translation of the gene containing mTOR 3’-UTR
when Pum2 is overexpressed compared to NTC: 0.95+0.18 fold change of the YFP-
Pum2 group compared to YFP only (normalized to 1). Therefore, in the following
experiments | concentrated on a possible protein-protein interaction between Pum2
and mTOR.
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Figure 17: Pum2 overexpression has no effect on mTOR 3’-UTR dependent translation. The dual
luciferase plasmid containing the mTOR 3’-UTR is shown in A. The graph in B depicts total luciferase
activit. Statistics: Unpaired t-test, n (replicates) = 3, n (independent cultures) = 4, mean + SEM.
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4.3.2. mTOR and Pum2 protein partially colocalize in the mouse

hippocampus and in synapses of rat hippocampal neurons

Previous unpublished work by Rico Schieweck in the Kiebler group has shown
phosphorylation of Pum2 through Phostag gels, which specifically trap phosphorylated
proteins. Furthermore, phosphoproteome analysis of mouse brain tissue indicates
Pum2 phosphorylation. To check for (transient) protein-protein interactions possibly
allowing enzymatic interaction such as phosphorylation of Pum2 by mTOR, |
investigated colocalization of the two proteins (Kohnhorst et al. 2016). First,
hippocampal tissue of adult WT mice was co-immunostained against mTOR and
Pum2, respectively (Figure 18). In the overview, there was colocalization visible,
particularly in the CA1 cell layer. Using a higher magnification of this inset, colocalizing
puncta were visible in cell bodies and to a lesser extent in dendrites of pyramidal
neurons. Images of these sections only showed colocalization events in cell bodies as
pointed out by arrowheads (Figure 18). For a more precise analysis of a possible
colocalization, rat hippocampal neurons were used for immunostaining against Pum2
and mTOR (Figure 19). Here, | additionally co-immunostained with Homer 1 to check
for possible synaptic localization of both proteins. Partial colocalization of Pum2 and
Homer puncta (Figure 19, top), as well as mTOR and Homer puncta (Figure 19,
middle) could be seen in the widefield images. Last, co-immunostainings for Pum2 and
MmTOR were merged and showed overlap in the same Homer-labeled puncta,
indicating synaptic localization (arrowheads in Figure 19, bottom). Additional
colocalization events that did not clearly relate to Homer-positive synapses are pointed

out by arrows.
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Figure 18: Pum2 and mTOR protein partially colocalize in the hippocampus. Immunohistochemical
staining of hippocampal sections of 5 months old WT mice. Pum2 and mTOR colocalization is prominent
in the CA1 and CA2 region, as well as in the SLM. White arrowheads point to colocalizing puncta of
mTOR and Pum2 protein, respectively in cell bodies of pyramidal neurons, in magnifications of the CA1
cell layer. Magnification 20x, scale bar: Overview 200 pym, inset 20 pm. StO, stratum oriens; StP, statum
pyramidale; StR, stratum radiatum; SLM, stratum lacunosum moleculare; CA, cornu ammonis; DG,

dentate gyrus.
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Figure 19: Pum2 and mTOR protein partially colocalize at synapses. Cultured rat hippocampal
neurons (DIV 15) were immunostained with anti-Pum2, anti-mTOR and anti-Homer antibodies,
respectively. Representative deconvoluted images are depicted. mTOR (top) and Pum2 (middle) partial
association with Homer positive puncta, representing synapses, is indicated by arrowheads. Additional
mTOR and Pum2 colocalization independent of Homer is indicated by arrows (bottom). Magnification
63X, scale bar = 20 uym.
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4.3.3. Rapamycin treatment of HN10e cells inhibits mTOR and S6

phosphorylation and reduces colocalization of Pum2 and mTOR

Previous experiments suggested a partial colocalization of mMTOR and Pum2 in
sections of the mouse hippocampus as well as in rat hippocampal neurons (4.3.2). As
effects of Pum2 downregulation had already shown to impact protein expression of
common targets of Pum2 and mTOR, | now asked the question which effect mTOR
inhibition might play on Pum2 and on the possible interaction between Pum2 and
mTOR. In order to perform these experiments without the need of animal sacrifice, |
established an immortalized cell line. Using the hippocampal neuroblastoma cell line
from embryonic day 10 (HN10e) as a reproducible model (Lee et al. 1990), the effect
of rapamycin (Rapa) treatment was tested. For this, undifferentiated HN10e cells were
treated with 100 yuM rapamycin or left untreated (control) for 1.5 h. Cell lysates were
then used for Western blot analysis for mTOR, pmTOR and pS6, respectively as
depicted in Figure 20. To determine the concentration achieving the best inhibition of
mTOR, three different concentrations of rapamycin, 50 nM, 100 nM, and 200 nM, were
tested. Also, DMSO alone was applied to one experimental group to rule out effects
through the solvent alone. mTOR protein did not show any prominent change, while
pmTOR showed slightly weaker bands with increasing rapamycin concentration. A
pronounced reduction of pS6 protein was visible with increasing rapamycin

concentration.
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Figure 20: Rapamycin treatment reduces pS6 protein levels in HN10e cell line. Western blot
analysis of HN10e cell line treated with final concentrations of 50, 100, and 200 nM rapamycin (Rapa).

To further investigate the colocalization of Pum2 and mTOR, | differentiated HN10e
cells (Weiss et al. 2009; Lee et al. 1990). For this, | tested for the ideal concentration
of retinolic acid (RA) to induce growth of neurites allowing survival of cells, using 20,
50, and 100 pM RA compared to no treatment (Figure 21). As a criteria for
differentiation, development of more than 3 neurites was chosen. Here, concentrations
of 20 and 50 uM RA showed the best survival of HN10e cells developing more than 3
neurites. Cells treated with 100 uM RA as well as controls died, although death through
other reasons than RA toxicity could not be excluded, because also the untreated
control culture did not survive beyond day 3 of the experiment. Therefore, further
experiments also included 100 uM as a test concentration evaluating the effect of

different RA concentrations on HN10e cells.
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Figure 21: Differentiation of hippocampal neuroblastoma cell line of embryonic day 10 (HN10e)
by retinoic acid (RA). HN10e neurons were cultured in FCS DMEM media in 12-well plates and
subsequently treated with RA diluted in DMSO. Concentrations of 20 uM, 50 yM and 100 uM were
chosen to test for differentiation and survival of the cells. Cells were treated and imaged every second
day until day 7 after initial treatment. Magnification 10x. Scale bar = 20 pm.
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In order to find the concentration of FCS in culture media and the concentration of RA
allowing cell growth and survival under additional treatment with shRNA constructs or
rapamycin, | tested different concentrations of DMEM FCS media, transfection
efficiency and the effect of rapamycin on differentiated HN10e cells (Figure 22). Since
previously published studies showed culture of HN10e cells in both DMEM medium
supplied with both 1% FCS (Lee et al. 1990) and 10% FCS (Weiss et al. 2009) for
culture of HN10e, | tested for differences in growth and survival of cells depending on
FCS complementation to find the optimal concentration for following experiments.
Growth of undifferentiated HN10e cells was observed up to 7 days and cell death was
determined by detachment of cells from the dish. Culture of cells for 7 days showed a
comparable growth and survival of cells in 1% and 10% DMEM FCS media (Figure
22A). Because there were no signs of a toxic effect (cell death) and nutrient availability
was higher in 10% DMEM FCS availability, following experiments with differentiated
HN10e cells were performed in 10% DMEM FCS media. To check for transfection
efficiency, an shPumz2 construct containing GFP was chosen. The purpose of using
this plasmid was to simultaneously test for cell death or change in cell morphology in
RA-treated cells in combination with Pum2 KD. After transfection of equally grown
HN10e cells treated with 0, 10, 50, and 100 uM RA, the number of fluorescent cells
was observed by imaging. Here, 20 uM RA showed most transfected cells (Figure
22B). Therefore, 20 yM RA was used for HN10e differentiation in further experiments.
Inhibition of MTOR has important effects on cell metabolism (Saxton and Sabatini
2017). Therefore, the effect of rapamycin on cell morphology and survival of HN10e
cells treated with 20 yM RA was tested. Here, no obvious difference in morphology

was seen in cell survival and morphology.
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Figure 22: Cultured HN10e cells in different DMEM media concentrations, transfected and treated
with rapamycin. A HN10e cells were cultured in FCS media containing either 1% (left) or 10% DMEM
(right). B GFP fluorescence of HN10e cells transfected with shPum2-GFP for 3 days in culture treated
with either no, 20, 50, or 100 uM RA for 3 days is shown. C HN10e cells were treated with RA for 6 days
and 100 nM rapamycin (Rapa) for 1.5 h on day 6 of differentiation. Magnification 10x. Scale bar = 100
um.
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Differentiated HN10e cells were immunostained against Pum2 and mTOR to check for
colocalization and to compare staining patterns to cultured primary hippocampal
neurons. After 3 days of differentiation, HN10e cells were fixed and immunostained,
as depicted in Figure 23. Individual Pum2 and mTOR puncta were visible (pointed out
with green colored arrowheads for Pum2 and red arrowheads for mTOR). Also,
numerous colocalizing puncta were detectable in neurites of differentiated HN10e cells

(white arrowheads).

Figure 23: Pum2 and mTOR partially colocalize in HN10e differentiated neurons. Representative
image of HN10e neurons that were cultured and differentiated using RA for 6 days, then fixed, washed
and co-immunostained with anti-Pum2 (green) and anti-mTOR (red) antibodies, respectively. White
arrowheads in the magnification of a representative neurite show colocalizing puncta. Red arrowheads
show mTOR only puncta, green arrowheads point to Pum2 only puncta. Magnification 63x, scale bar =
20 ym.
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Compared to hippocampal neurons (Figure 19), HN10e cells displayed less branches
of neurites and a higher cell body to neurite ratio. The staining pattern was less intense
in the cell body of HN10e cells compared to hippocampal neurons. However, clear
similarities in cell morphology seen were seen here and in previous studies, which also
described comparable electrophysiological features between HN10e and primary
hippocampal cells (Lee et al. 1990). Because of the effective reduction of S6 and
mMTOR phosphorylation by rapamycin treatment on HN10e cells (see Figure 20), |
decided to use HN10e cells to perform pilot experiments on the effect of rapamycin
treatment on Pum2 and mTOR staining patterns.

In the next experiment, | therefore quantified colocalization events of Pum2- and
mTOR-positive puncta in differentiated HN10e cells that were treated with 100 nM
rapamycin compared to the DMSO-treated control. Colocalization events were
quantified per micrometer neurite length. The graph depicted in Figure 24 shows a
reduction from 0.18+0.03 colocalizing puncta per ym neurite length in DMSO vs. only
0.08+0.02 colocalizing puncta per um neurite length in the rapamycin group.

In summary, rapamycin treatment on HN10e cells led to reduced protein expression of
pmTOR and pS6 compared to DMSO-treated control. In primary hippocampal neurons
of the rat, where immunostaining of Pum2 and mTOR showed multiple colocalizing

puncta in neurites, rapamycin reduced the amount of colocalizing puncta significantly.
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Figure 24: Rapamycin treatment reduces mTOR and Pum2 colocalization in differentiated HN10e
neurons. HN10e neurons were differentiated for 5 days using 20uM RA and treated with 100nM
rapamycin (right) or DMSO control (left) for 1.5h. Cells were then fixed, washed and immunostained
with anti-Pum2 and anti-mTOR antibodies, respectively. Colocalizing puncta were counted in 17
neurites (DMSO) vs 12 neurites (Rapa) from 15 cells each of one neuronal culture. Statistics: Unpaired
t-test. Magnification 63x, scale bar = 20 pm.
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Rapamycin led to a reduction of the colocalization events and therefore on a potential
interaction of Pum2 and mTOR. The aim of the next experiment was to mimic
rapamycin treatment of a Pum2 KD and to explore possible changes in protein
expression and phosphorylation of mMTOR and S6. Therefore, | tested for the effects of
simultaneous MTOR inhibition and Pum2 KD on mTOR expression, the underlying
mTOR pathway, and Pum2 protein. Undifferentiated cells at passage 6 were
transfected with shPum2 or shNTC. After two days of transfection, a fraction of either
group was treated with DMSO or rapamycin for 1.5 h. Western blot for analysis of
MmTOR, pmTOR, S6, pS6 and Pum2 protein levels was performed (Figure 25). mTOR
protein was mildly increased upon Pum2 KD, but was unaffected under any other
condition. pmTOR band intensities were similar to mTOR. S6 protein did not show
apparent differences, while the pS6 band was very pronounced in Pum2 KD cells and
almost undetectable in all conditions that involved rapamycin application, including
combination of Pum2 KD and mTOR inhibition. Pum2 band intensities were strongly
reduced in Pum2 KD and rapamycin treatment alone but not when the two conditions

are combined.
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Figure 25: Effect of shPum2 and rapamycin treatment on mTOR and S6 phosphorylation and
Puma2 protein expression in HN10e. Western blot analysis of protein in HN10e cells under different
conditions. Undifferentiated HN10e cells were transfected with shNTC or shPum2 for 24 h (left) or
treated with DMSO or Rapa for 1.5 h (middle), then both conditions were combined (right). Rapamycin
treatment shows strong effects on pS6 and Pum2 protein levels, but not on mTOR, pmTOR or S6.

73



4.4. Summary of results

The role of mMTOR for epileptogenesis in a mouse model of Pumilio2 deficiency by (1)
testing for changes in mTOR expression in Pum2CT mice, (2) analyzing expression of
relevant targets in Pum2CT mice, and (3) investigating a possible interplay of Pum2
and mTOR was analyzed here.

Weaned, pre-symptomatic Pum2C®T mice show decreased mTOR protein levels. Adult,
epileptic Pum2CT mice, in contrast, do not show any significant difference compared to
WT. Upon memory training and stress, mTOR levels increase five-fold in Pum2®T mice.
Immunochemical stainings of the mouse hippocampus and primary hippocampal
neurons of the rat show that mTOR localizes dendritically and partially in synapses.
The translational regulator elF4e shows no difference between Pum2®T and WT mice
but increasingly localizes to synapses upon Pum2 KD. The voltage-gated potassium
channel K,1.1 is significantly decreased in weaned Pum2€T mice and increased in
adult Pum2€T animals compared to WT and localizes in hippocampal dendrites. K4.2
is significantly upregulated in weaned Pum2€T mice but shows no difference to WT in
adult animals and does not localize in dendrites.

A luciferase assay showed that translation of the 3-UTR of mTOR is Pum2
independent. Costaining of Pum2 and mTOR in slices of the mouse hippocampus,
primary hippocampal neurons of the rat, and differentiated HN10e cells showed partial
colocalization of the two proteins in neurites. Rapamycin treatment of HN10e cells
decreased the number of colocalizating puncta.

These findings suggest a dynamic role of mTOR and potassium channel expression in
the aging brain of Pum2C®T mice. The resulting potential mechanisms of
epileptogenesis and the consequence of a possible relationship between Pum2 and

mMTOR will be discussed below.
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5. Discussion

5.1. A possible role for mTOR in the epileptogenesis of Pum2¢™ mice

In juvenile, 3 weeks old Pumilio2 gene trap (Pum2€T) mice, we detected a significant
downregulation of mechanistic target of rapamycin (mMTOR) and phosphorylated
ribosomal protein S6 (pS6) protein indicating reduced activity of the mTOR pathway.
Interestingly, adult mice (5 months old) exhibited no effect on mTOR expression or S6
phosphorylation. At this same age, Pum2C®T mice experience epileptic seizures
(Follwaczny et al. 2017; Siemen et al. 2011). Strikingly, Pum2CT mice that underwent
cognitive behavior testings such as novel object recognition/localization and Barnes
maze testing — all paradigms that depend on hippocampus-dependent and
independent spatial memory and novelty response — showed significantly higher
mTOR protein and activity levels compared to WT animals that underwent the same
procedure. | hypothesize that the balance between Pum2- and mTOR-mediated
regulation of synaptic homeostasis contributes to synaptic plasticity in this model of
genetic epilepsy (Figure 26). Absence of Pum2 has shown an increase in dendritic
expression of proteins contributing to neuronal excitability, such as the metabolic
glutamate receptor (mGIuR) (Dong et al. 2018). Therefore, my model proposes that in
the WT hippocampus (Figure 26A), Pum2 contributes to repression of dendritic protein
expression, and acts against hyperexcitability. At the same time, mTOR in its role as
an activator of translation, contributes to excitability in response to stimuli (Takei and
Nawa 2014; Swiech et al. 2008). In the WT mouse, mTOR acts as an activator of
neuronal activity, and, in balance with Pum2 as a suppressor, supports neuronal
homeostasis. Earlier studies described that reduction of mTOR signaling reduces
seizures (McDaniel and Wong 2011). Upon deficiency of Pum2, my findings indicate
that downregulation of mTOR during epileptogenesis in juvenile animals is
compensatory, preventing epileptic seizures at this age (5.1.1). | conclude that the
downregulation of mTOR as a central regulator of versatile cellular functions including
translation and synaptic transmission (Saxton and Sabatini 2017) compensates the
higher network activity observed in juvenile Pum2®T mice (Follwaczny et al. 2017),
therefore suppressing epileptic seizures in weaned mice (Figure 26B). Secondly
(5.1.2), | propose that the relative increase of mTOR protein in adult (compared to

weaned), seizure-prone Pum2€T mice fails to balance increased excitability, which is
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supposedly generated by the decreased paired-pulse inhibition in adult Pum2C®T mice
(Follwaczny et al. 2017), and, in turn, contributes to network hyperexcitability (Figure
26C). Finally (5.1.3), our behavior testings strongly suggest that neuronal activation
during cognition boosts mMTOR expression (Figure 26C, bottom). To dissect the role
of mTOR in Pum2 depleted neurons, | focused on important aspects of the mTOR
pathway such as synaptic localization and effects on elF4e and K1.1. and K\4.2.

proteins, which are potentially targets of this kinase (Pernice et al. 2016).

5.1.1. mTOR downregulation as an antiepileptic factor in weaned Pum2¢T

mice

A disruption of synaptic homeostasis through changed expression of potassium
channels Nay1.1, Nay1.2 and Na,1.6 are contributors to epileptogenesis (Lerche et al.
2013; Driscoll et al. 2013), and, as Follwaczny et al. reported, especially juvenile mice
are likely to establish this changed expression of Nays and present with seizures at an
older age (Follwaczny et al. 2017). mTOR, in general, is believed to be a central
positive regulator of protein synthesis, leading to a higher level of cellular activity and
excitability (Saxton and Sabatini 2017). In several studies, it has been shown that not
only increased mTOR activity promotes epilepsy, but also inhibition of the mTOR
pathway decreases neuronal activity and seizure frequency (McDaniel and Wong
2011) in different mouse models (Ljungberg et al. 2009; Tang et al. 2012) as well as in
pharmaceutical trials in humans (French et al. 2016). Since | was able to detect a
significant downregulation of mTOR as well as pS6 protein in Pum2®T mice compared
to WT, it allows me to assume that the low mTOR levels and activity might compensate
the increasing excitability possibly induced by or Nay channel misregulation
(Follwaczny et al. 2017), therefore preventing the onset of epilepsy in weaned mice
(Figure 26B).

5.1.2. mTOR as a contributor to hyperexcitability in adult Pum2¢T mice

In adult Pum2CT mice, however, mTOR protein is no longer downregulated compared
to WT, which raises the possibility that mTOR might contribute to epilepsy in adult
Pum2®T mice. At 5 months of age, Pum2®T mice develop epileptic seizures

(Follwaczny et al. 2017). According to the hypothesis that downregulated mTOR in
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weaned Pum2CT mice balances excitability and prevents epilepsy, the rising mTOR
levels in adult Pum2€T mice might lead to hyperexcitability (Figure 26C). Other studies
have already shown that mTOR is an essential local regulator of synaptic transmission
(Niere and Raab-Graham 2017). In pyramidal neurons of the CA1 hippocampal cell
layer, NMDA dependent late long term potentiation (LTP) is rapamycin sensitive
(Vickers et al. 2005). Furthermore, in CA3-CA1 pyramidal neurons, the mTOR pathway
is activated by the extracellular signal regulated kinase (ERK) upon high frequency
stimulation (Tsokas et al. 2007). Therefore, | asked whether mTOR is increasingly
localized in dendrites of Pum2€T mouse hippocampi, contributing to epileptogenesis in
this model. My immunohistochemical stainings of adult Pum2®T and WT mouse
hippocampus show dominant signal intensity of mTOR in dendrites of CA3 pyramidal
neurons that is slightly stronger in Pum2CT mice, though in the quantification of staining
intensity of the periphery compared to the cell layer the difference is not (yet)
significant. This supports the hypothesis of a selective localization of mMTOR in Pum2CT
mouse hippocampus, and might point to an increase of mTOR signaling at the
postsynaptic side of connections between mossy fibers and CA3 pyramidal dendrites.
Several studies have reported reduced mossy fiber sprouting upon mTOR inhibition,
proposing that mTOR plays a role in the increase in the connection between dentate
gyrus (DG) cells and the CA pyramidal cells, which contribute to the pathogenesis of
TLE (Buckmaster and Lew 2011; Yamawaki et al. 2015; Godale and Danzer 2018).
Additionally, mossy fiber sprouting likely plays a role in epileptogenesis in Pum2¢T
mice as well, for Pum2 KD leads to increased dendritic growth (Vessey et al. 2010)
and also increased axon growth through Pum2 KD has been shown (Martinez et al.
2019). The prominent mTOR staining in CA3 dendrites in Pum2®T mice might
contribute to this process.

In order to confirm my results showing dendriic mTOR localization in
immunohistochemistry of mouse brain sections, | performed immunocytochemistry on
rat primary hippocampal neurons, where mTOR and Homer partially colocalize at
synapses. Consistent with this, previous studies have linked mTOR signaling to
synapses: Rong et al. reported that the synaptic marker Homer 1 couples the metabolic
glutamate receptor 1 (mGIluR1) to PI3BK/mTOR pathway (Rong et al. 2003). Therefore,
synaptic stimulation through mGIuR1 via the mTOR pathway could also be a

contributor to increased synaptic activity in Pum2CT mice.
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5.1.3. mTOR as a marker for failed synaptic homeostasis in adult Pum2¢T

mice after behavioral training

Interestingly, Western blot experiments in Pum2€T mice that were subject to behavioral
training suggest that mTOR levels and activity shoots up upon neuronal stimulation
through learning in Pum2€T mice, but not in WT littermates. This suggests that in
Pum2€T mice, mTOR fails to balance synaptic activity upon increased firing. Previous
studies have suggested the importance of the mTOR pathway in memory and learning:
Inhibition of mMTOR by rapamycin strongly inhibits LTP in mice (Stoica et al. 2011) and
rats (Tang et al. 2002); furthermore, mTOR signaling is required for mGIuR dependent
long-term depression in mice (Hou and Klann 2004). Compatible with prior studies
suggesting mTOR activation to be crucial for memory and learning (Graber et al. 2013),
the uprising mTOR levels in Pum2CT mice after behavioral training provide further
support for this hypothesis. | suggest that the observed excessive mTOR signaling
after the exposition to stimulating situations and memory induction in Pum2¢T mice is
due to a generally increased susceptibility of the mTOR pathway, leading to higher
neuronal excitability in epileptic Pum2®T mice (Figure 26C, bottom). Whether the
observed increased tendency of mTOR expression upon synaptic stimulation is
caused by Pumz2 directly, by a greater induction of mGluR-mediated signals or by other

indirect factors is yet to be determined.
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Figure 26: Model for the potential role of mTOR in epileptogenesis in Pum2C™ mice. A. Model of
Pum2 and mTOR interaction in WT mice. Pum2 is dendritically localized and stabilizes excitability by
repression of local protein synthesis. mTOR increases excitability through increased protein synthesis.
B Weaned Pum2®™ mice exhibit increased excitability. Excitability is balanced by downregulation of
mTOR. C In adult Pum2®T mice, mTOR is no longer downregulated and increased excitability
overweighs and results in seizures. Additionally, memory and behavioral training or cognitive stress lead

to elevation of mTOR protein levels (own graph).
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5.2. Voltage-gated potassium channels are potentially regulated by

mTOR and may contribute to epileptogenesis in adult Pum2¢T mice

In Pum2€T mice, channelopathies have been suggested to largely contribute to the
epileptic phenotype (Follwaczny et al. 2017). Also, Kv1.1 has been linked to mTOR
signaling and epilepsy in multiple previous studies, including models of cultured
hippocampal neurons (Raab-Graham et al. 2006; Sosanya et al. 2013), kainate
induced status epilepticus in rats (Sosanya et al. 2015), and PTEN KO mouse models
(Nguyen and Anderson 2018). Since Pum2CT mice showed disturbed mTOR signaling,
| investigated a possible effect on K,1.1 protein expression in Pum2CT mice.
Interestingly, weaned mice show a significantly decreased level of Ky1.1 protein, while
K.1.1 protein expression is elevated in adult Pum2®T mouse brains. A genetic deficit
of Kv1.1 has shown to cause an epileptic phenotype (reviewed in D’Adamo et al.,
2013). Since Pum2CT mice are likely to develop epilepsy in the juvenile age, the
reported lack of Ky1.1 protein could be a factor contributing to the pathogenesis of the
epileptic phenotype. Kirchheim et. al on the other hand found an increase of K,1.1
MRNA and protein in the kainate injected mouse hippocampus (Kirchheim et al. 2013).
Here, besides the potassium channel protein levels, also action potential response
delays were measured by gramicidin-perforated patch-clamp recordings in kainate-
treated dentate granule cells, resulting in a highly increased response delays in treated
cells compared to control. The authors interpret the elevation of Ky1.1 as a
compensatory effect, since Ky channels usually promote the hyperpolarizing current
leading to reduced excitability (Kirchheim et al. 2013). A similar effect could be seen in
whole brain lysates of adult (20 weeks old) Pum2CT mice, the age at which the epileptic
phenotype is believed to be already established (Follwaczny et al. 2017). Ky1.1 might
therefore contribute to epileptogenesis in weaned Pum2€T mice, and could be
upregulated as a compensatory reaction to the hyperexcitability in adult Pum2®T mice.
Could the changing protein expression levels of Ky1.1 be influenced by mTOR?
Previous studies have shown increased staining intensity of Ky1.1 in the dendritic
compartment of pyramidal neurons of the CA1 hippocampal subregion upon mTOR
inhibition (Raab-Graham et al. 2006). Also, the immunohistochemical staining patterns
of both Pum2CT and WT adult mice hippocampus show prominent dendritic staining
patterns in the CA1 region. This matches previously published immunostainings
(Vacher et al. 2008; Rhodes et al. 1997; Veh et al. 1995; Monaghan et al. 2001).
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However, Pum2CT hippocampus only show slightly stronger K,1.1 staining intensities
in quantification, making future studies necessary to further evaluate a significant
effect. Nevertheless, many studies have pointed towards an interaction between
mMTOR and K\1.1 (Raab-Graham et al. 2006; Sosanya et al. 2013; Sosanya et al. 2015;
Nguyen and Anderson 2018). Recently, Nguyen and Anderson showed that higher
MTOR levels correlate with higher K,1.1 levels in an epileptic PTEN KO mouse model,
in which both mTOR and K.1.1 overexpression could be reversed by rapamycin
treatment (Nguyen and Anderson 2018). Similar parallel expression changes are seen
in Pum2CT mice: In weaned Pum2CT mice, both mTOR and K,1.1 protein levels were
reduced compared to WT. In adult mice, both protein levels relatively increase. Other
studies show an upregulation of Ky1.1 protein levels when mTOR is decreased
(Sosanya et al. 2015; Raab-Graham et al. 2006; Sosanya et al. 2013). In these studies,
local protein synthesis of Ky1.1 in dendrites was observed upon inhibition of mTOR or
the N-methyl-D-aspartate receptor (NMDAR), indicating that increased synaptic
excitation and increased mTOR signaling reduces local Ky1.1 synthesis (Niere and
Raab-Graham 2017; Nguyen and Anderson 2018). However, these results originate
drug induced epilepsy and cell culture models, while a in genetic epilepsy such as
modeled by the Pum2®T mouse, mTOR and K,1.1 expression are likely influenced by
an interplay of many more factors.

In contrast to elevated K,1.1, K\4.2 protein is reduced in weaned Pum2CT mice brains
compared to WT controls, while adult Pum2€T mice show normal K4.2 protein levels.
As reduced K.4.2 expression levels lead to increased seizure susceptibility (Barnwell
et al. 2009), upregulation of K.4.2 protein in Pum2®T mice could be, like mTOR
downregulation, a compensatory effect to the beginning hyperexcitability in weaned
mice. In the literature, changed expression levels of K\4.2 have been reported to
contribute to disruption of synaptic homeostasis in various epilepsy models, including
mouse (Barnwell et al. 2009), rat (Su et al. 2008; Lugo et al. 2008), hippocampal cell
culture (Kim et al. 2007), and Xenopus laevis oocyte models (Lin et al. 2018), as well
as tissue of patients with hippocampal sclerosis (Aronica et al. 2009). Due to these
data, | suggest that the low K.\4.2 levels could be mediated by mTOR, which also shows
low protein levels in weaned Pum2€T mice. In various epilepsy models, an increased
excitability through ERK mediated phosphorylation of K.,4.2 was proposed (Aronica et
al. 2009; Lugo et al. 2008). Since ERK and mTOR act on several common epilepsy

targets (Pernice et al. 2016), a similar influence of mTOR on K.4.2 in Pum2°T is
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possible. Also, regulation of K\4.2 by FMRP, which has been associated with mTOR
in several studies (Sharma et al. 2010; Narayanan et al. 2008; Hoeffer et al. 2012),
has been reported, providing another possible interaction mechanism between the
MmTOR pathway and K\4.2 (Lee et al. 2011; Gross et al. 2011). Other than K1.1
though, K.4.2 protein showed dendritic localization in neither Pum2CT mice, nor in WT.
In epilepsy associated focal lesions of human brains, including hippocampal sclerosis,
focal cortical dysplasia, cortical tubers of patients with tuberous sclerosis, and
ganglioglioma, a reduction of Kv4.2 immunoreactivity in the neuropil and prominent
staining in the cell body has been reported (Aronica et al. 2009). This data is
compatible with the immunohistochemistry performed on adult Pum2®" and WT mouse
hippocampus, although a difference between mutant and WT is not obvious. In
conclusion, the increase of K.4.2 protein in weaned Pum2C€T mice brains is more likely
to be a compensatory mechanism than an effect of disturbed local translation control
in weaned mice.

Other than Ky1.1 and K\4.2, elF4e levels do not change significantly in the developing
Pum2€T mouse brain. As a central downstream indirect target of mTOR, the elF4e is
central for (local) translation (Graber et al. 2013). The effect of Pum2 on elF4e mRNA
is commonly accepted in the literature; several studies have provided data implying
direct binding and suppression of e/lF4e mMRNA by Pum2 in mouse (Vessey et al. 2010),
Drosophila (Menon et al. 2004), and Saccharomyces cerevisiae models (Blewett and
Goldstrohm 2012). Furthermore, in glia cells within the hippocampus of patients with
TLE as well as of a kainate acid induced epilepsy mouse model, increased levels of
elF4e binding protein 1 (4EBP1), the upstream activator of elF4e, could be observed
(Shuyan et al. 2019). Even though in Pum2CT and WT mouse brains, elF4e can be
seen in CA1 dendrites, which play an important part in epileptogenesis (El-Hassar et
al. 2017), a significant difference between WT and mutant could not be seen here. It
is more likely that the changing mTOR levels in the Pum2C®T mouse influence
epileptogenesis through large scale changes in ion channel expression, while elF4e

expression changes might be more local or independent mechanisms.

82



5.3. Outlook: Possible Pum2-mTOR interaction and therapeutic

significance

mMTOR protein levels change significantly during development and upon stimulation in
Pum2C€T mice. Furthermore, mTOR shows dendritic localization. As mTOR and several
potential mTOR targets are misregulated in Pum2®T mice, | conducted pilot
experiments on a possible interplay between the Pum2 and mTOR pathways. Because
mMTOR has been reported to be transported and locally translated by RBPs depending
on its 3’-UTR in axons of dorsal root ganglion (DRG) neurons (Terenzio et al. 2018), |
performed luciferase assays to investigate a possible regulation of the mTOR 3’-UTR
by Pum2. There was no difference in luciferase activity in HeLa cells overexpressing
Pum2 versus control, indicating that either mTOR expression is Pum2 independent, a
different region of the mTOR mRNA is recognized by Pum2, or entirely different
mechanisms for translational control, such as coding or non-coding sequences, are
responsible (Jung et al. 2014). Interestingly, it has already been shown that Pum2
binds to the 3'-UTRs of mRNAs coding for both mitogen-activated protein kinase 1
(MAPK1) and p38a MAPK (Lee et al. 2007), which do not only have similar functions,
but also overlap with the mTOR pathway (Pernice et al. 2016). Therefore, the observed
changes of protein expression of target proteins like K,1.1 and K\4.2 in Pum2CT mice
might underlie a more complex or multistep regulation involving Pum2 and mTOR.
Another possible mechanism is regulation of RBPs by mTOR through phosphorylation,
which has been proposed before (Venigalla and Turner 2012). Also, a local function of
MTOR at the synapse in regulating mRNAs has been previously discussed (Niere and
Raab-Graham 2017). Since Pum2 acts as a local dendritic translational regulator, a
joint regulation of common targets appears to be possible. Therefore, | investigated
colocalization of Pum2 and mTOR, and found partial colocalization in
immunohistochemical stainings of adult mouse hippocampus, as well as in
immunostaining of cultured rat primary hippocampal neurons. In the latter, partial
overlap of mMTOR and Pum2 at Homer-marked synapses could be seen, suggesting
synaptic localization. Assuming a protein-protein interaction, the most likely
mechanism is phosphorylation of Pum2 by mTOR. Unpublished data previously
established by the Kiebler group shows Pum2 phosphorylation using Phostag gels
(Schieweck, unpublished). As a serine/threonine kinase, mTOR targets sites match

those detected in Pum2. Furthermore, a phosphoproteome analysis of the mouse brain
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performed in cooperation with Rico Schieweck (unpublished data) shows rapamycin
dependent Pum2 phosphorylation. | tested differentiated cells of the hippocampal
neuroblastoma cell line of embryonic day 10 (HN10e), in which colocalization of Pum2
and mTOR was prominent. Rapamycin is the best known drug for mTOR inhibition,
and is also effectively used in a phase 3 study treating drug refractory epilepsy in TCS
(French et al. 2016). In HN10e cells, rapamycin treatment reduced the number of
Pum2 puncta colocalizing with mTOR significantly. This might point to a reduced
interaction between the two proteins. Western blot analysis of Pum2 protein expression
in HN10e cells upon rapamycin treatment showed reduction of Pum2, while Pum2 KD
increased mMTOR expression. My pilot experiments therefore suggest that Pum2 and
mTOR might interact, further studies, however, will be necessary to substantiate this
interaction in more detail.

In summary, my results suggest that mTOR is a likely contributor to epileptogenesis in
adult Pum2C®T mice, effecting downstream targets like voltage-gated potassium
channels that influence synaptic excitability. A direct interaction of Pum2 and mTOR,
however, can only be assumed. In the future, it will be of great interest to investigate
the role of mMTOR in genetic epilepsies such as those caused by RBP deficiencies.
Already, mTOR inhibitors are successfully used in treatment of epilepsies caused by
TSC (French et al. 2016). Furthermore, promising results have been shown in animal
models, suggesting that the antiepileptic effect of ketogenic diets largely functions
through inhibition of the mTOR pathway (McDaniel and Wong 2011). Interestingly, the
concept of mTOR inhibition as a therapeutic option does not only account for genetic
epilepsies that are believed to be directly caused by mTOR misregulation, but also in
different kinds of genetic and acquired epilepsies (Citraro et al. 2016). On the other
hand, further knowledge about the interplay of the mTOR pathway with RBPs could
provide a new perspective on diagnosing intractable genetic epilepsy: Pum2 could play
a role in yet unknown types of epilepsy, and other RBPs than FMRP, HuD and Pum2
may be controlled by mTOR. In the future, screenings for RBP deficiencies in patients
suffering from unknown genetic epilepsies could provide valuable hints for seizure

prevention and treatment, maybe even through pharmaceutical mTOR inhibition.
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