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Zusammenfassung

Im Fokus meiner Dissertation stehen die mit Frontotemporaler Demenz (FTD) -assoziierten
Proteine Progranulin (PGRN) und Transmembranproteinl06b (TMEM106B). Heterozygote
Mutationen in dem PGRN-kodierenden Gen (GRN), haben eine reduzierte Expression und
einen Funktionsverlust zur Folge und fiihren zur FTD. Pathologische Merkmale der GRN-
assoziierten FTD sind die Frontotemporale Lobéardegeneration (FTLD) und TDP-43 (engl.:
Transactive response DNA binding protein 43 kDa) Aggregate. Einzel-Nukleotid-
Polymorphismen (SNP) in TMEM106B wurden im Zusammenhang mit GRN-Mutationen als
Risikofaktor fiir die Entwicklung der FTD identifiziert. Es war jedoch unklar, ob ein
Funktionsverlust, oder eine erhohte Aktivitit von TMEM106B, das Risiko an FTD zu
erkranken erhoht.

Um die Funktion von TMEM106B besser zu verstehen, habe ich zunichst Tmem106b™"
Mauszelllinien generiert. In diesen Zellen konnte ich beobachten, dass der Funktionsverlust
von TMEM106B zu einer generellen Reduktion der lysosomalen Kapazitit und damit
verbunden zu einem Problem in der Autophagie fiihrt. In einem weiteren Schritt wurde eine
Tmem106b”~ Mauslinie etabliert und in Zusammenarbeit mit Dr. Markus Damme (Universitit
Kiel) charakterisiert. Mit Hilfe dieser Mause konnte ich bestétigen, dass ein Funktionsverlust
von TMEMI106B zu einer Beeintrichtigung der lysosomalen Kapazitit fiihrt.
Interessanterweise wiesen die Motoneuronen dieser Maiuse vergroBerte lysosomale
Kompartimente auf. Diese Anhdufung von Vesikeln trat vor allem im Bereich des Axon-
Initiationssegments auf. Proteinexpressions-Analysen von Mausgehirnproben ergaben, dass
TMEM106B die Maturierung von Cathepsin D beeinflusst und somit auch die
Proteindegradation in Lysosomen. Eine Akkumulation der Autophagie-Marker Ubiquitin, p62
und LC3 in diesen Proben deutet darauf hin, dass TMEM106B das Zusammenspiel von
Autophagosomen und Lysosomen durch den Transport der Lysosomen reguliert
(Liiningschror et al., 2020).

Fiir das hauptsdchlich von Mikroglia-Zellen exprimierte PGRN, war nicht geklért, ob es die
Aktivitdt der Mikroglia beeinflusst. Daher habe ich in meiner Doktorarbeit Mikroglia-Zellen
aus Grn~ Mdusen isoliert und diese auf charakteristische krankheitsassoziierte Mikroglia
(DAM) Proteine analysiert. Ich konnte zeigen, dass diese Mikroglia-Zellen eine erhdhte
Protein-Expression von CLEC7A, CD68, APOE und TREM2 aufweisen. Diese erhohte
Expression der typischen DAM-Proteine fiihrte zu einer erhdhten Phagozytose-Kapazitit in aus
Grn~ Méusen isolierten Mikroglia und in von mir generierten Grn”~ Mikroglia-Zelllinien. Es
war bekannt, dass der TREM2-Funktionsverlust (engl.: Triggering receptor expressed on
myeloid cells 2) zu homdostatischen Mikroglia (HM) fiihrt. Auerdem war beschrieben, dass
der TREM2-Funktionsverlust im Mausgehirn eine starke Reduktion im Glukose-
Metabolismus, gekennzeichnet durch ein reduziertes Fluordesoxyglucose-Signal (FDG) in der
Positronen-Emissions-Tomographie (PET), bewirkt. Uberraschenderweise, verursachten auch
die hyperaktiven DAM in Grn”- Miusen eine starke Reduktion des FDG-PET Signals, damit
haben sowohl hypo- als auch hyperaktive Mikroglia einen negativen Einfluss auf Neuronen
(Gotzl et al., 2019).
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Um zu untersuchen, welchen Effekt die Reduktion der TMEM106B-Level auf die GRN-
abhingige FTD-Pathologie haben konnte, etablierte ich eine Grn”/Tmem106b” Mauslinie.
Diese  charakterisierte  ich  beziiglich  Genexpression,  Proteinexpression  und
Verhaltensauffélligkeiten im Vergleich zu den Wildtyp und Einzel-Defizienten Gran”- und
Tmem106b”- Miusen. Wihrend eine Reduktion der PGRN-Expression, in élteren Tieren, mit
einer Hyperaktivierung der Mikroglia einherging, kam es durch den Verlust der TMEM106B-
Aktivitdt zu dem oben beschriebenen, lysosomalen Phénotyp in Neuronen. Bei vier Monaten
alten Tieren beobachtete ich sowohl in den Grn”~ und als auch in Tmeml06b”- Méusen eine
geringe Aktivierung der Mikroglia, gekennzeichnet durch eine erhohte Expression von
TREM2, APOE, C1Q sowie CD68. Der kombinierte Verlust beider Proteine fiihrte zum
Auftreten einiger FTLD-TDP Merkmale, wie zum Beispiel zur Phosphorylierung und
Aggregation von TDP-43, gepaart mit einer signifikanten Astrogliose und Mikrogliose. Die
zusitzliche Akkumulation von p62, LC3 und Ubiquitin deutete auf eine beeintriachtigte
Fahigkeit der Proteindegradation in Lysosomen und dem Abbau iiber das Autophagie-System
hin. Die p62 Aggregate waren hauptsédchlich in Neuronen und teilweise in Mikroglia lokalisiert.
Daraus folgt, dass ein TMEMI106B-Funktionsverlust, durch eine gestorte Funktion der
Lysosomen und dem Autophagie-System, das GRN-abhingige FTD-Risiko erhoht.

Die Hypothese, dass ein Verlust der TMEM106B-Expression einen positiven Effekt auf
die GRN-abhingige FTD-Pathologie hat, konnte ich widerlegen. Es ist mir gelungen ein
FTD-Mausmodell mit prominenter TDP-43 Pathologie zu generieren, welches zusitzlich
eine starke Neuroinflammation und Probleme in der Proteindegradation aufweist.
(Werner et al., 2020).
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Summary

My dissertation focuses on the frontotemporal dementia (FTD) associated proteins progranulin
(PGRN) and transmembraneprotein106b (TMEM106B). Mutations in the gene encoding for
PGRN (GRN), result in reduced expression and lead to FTD. Pathological features of GRN-
associated FTD include aggregation of TDP-43 (transactive response DNA binding protein 43
kDa) and frontotemporal lobar degeneration (FTLD). Single nucleotide polymorphisms (SNP)
in TMEM106B have been identified as a risk factor for the development of FTD especially in
association with GRN mutations. However, it was unclear whether a TMEM106B loss or gain
of function, increases the risk of developing FTD. In addition, the physiological function of
TMEMI106B in vivo has not been clearly elucidated.

In order to get a better understanding of the TMEM106B function, I first generated a mouse
cell line with a genetic deletion of TMEM106B expression. I observed that a TMEM106B loss
of function leads to a reduction in lysosomal capacity and an impairment in autophagy. To study
the function in vivo, 1 established a Tmem 106b”- mouse line and characterized it in collaboration
with Markus Damme (University of Kiel) and others. Using these mice, I observed that
TMEMI106B loss of function leads to impaired lysosomal capacity. Interestingly, the
motoneurons of these mice exhibited enlarged lysosomal vesicles. This accumulation of
vesicles occurred primarily in the axon initiation segment. I discovered that without
TMEM106B the maturation of cathepsin D and thus protein degradation in lysosomes might be
impaired. The accumulation of the autophagy markers ubiquitin, p62, and LC3 suggests that
TMEMI106B regulates the interplay of autophagosomes and lysosomes through lysosomal
transport (Lilningschror et al., 2020).

For PGRN, which is mainly expressed by microglial cells, it was unclear how it affects
microglial activity. Therefore, I isolated microglia cells from Grn”” mice and analyzed them for
characteristic proteins of disease-associated microglia (DAM). I observed an increased
expression of CLEC7A, CD68, APOE and TREM2 in these microglia. This increased
expression of the DAM signature resulted in increased phagocytosis capacity in microglia
isolated from Grn”” mice and in Grn”" microglia cell lines generated by me. It was known that
the TREM2 (triggering receptor expressed on myeloid cells 2) loss of function leads to
homeostatic microglia (HM). Moreover, TREM?2 loss of function in mouse brain was described
to cause a strong reduction in glucose metabolism, characterized by a reduced FDG (fluoro-2-
deoxy-D-glucose) signal in positron emission tomography (PET). Surprisingly, hyperactive
DAM in Grn”” mice also caused a strong reduction in FDG-PET signal, thus both hypo- and
hyperactive microglia have a negative impact on neurons (Gotzl et al., 2019).

To investigate the potential effect of reduced TMEM106B expression on the GRN-dependent
FTD pathology, I established a Grn'/Tmem106b” mouse line. 1 characterized this line in
respect to gene as well as protein expression, and analyzed behavioral abnormalities in
comparison to wild-type and single-deficient mice. While a reduction in PGRN expression led
to a hyperactivation of microglia in older animals, loss of TMEM106B activity resulted in the
lysosomal phenotype in neurons, mentioned above. In four-month-old animals, I observed low
activation of microglia in both Grn”~ and Tmeml06b” mice, characterized by increased
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expression of TREM2, APOE, C1Q, as well as CD68. The combined loss of both proteins led
to the appearance of some FTLD-TDP features, such as phosphorylation and aggregation of
TDP-43, coupled with significant astrogliosis and microgliosis. The additional accumulation of
p62, LC3, and ubiquitin indicated an impaired capacity for protein degradation in lysosomes
and degradation via the autophagy system in neurons and microglia. Therefore, the GRN-
dependent FTD risk, might be increased due to a TMEM106B loss of function.

I could disprove the hypothesis that complete loss of TMEM106B expression has a positive
effect on the GRN-dependent FTD pathology. I have succeeded in generating an animal
model which recapitulates some features of FTD, such as a prominent TDP-43 pathology,
severe neuroinflammation and an impairment in protein degradation (Werner et al.,
2020).
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Einleitung

I. Einleitung

1 Neurodegenerative Erkrankungen

Weltweit leiden ca. 50 Millionen Menschen an einer Form von Demenz. Ein Grofteil davon,
etwa 60 bis 70 %, entfillt auf die Alzheimer-Demenz (AD). Eine andere neurodegenerative
Erkrankung, die Frontotemporale Demenz (FTD), macht in etwa 10 % aller
Demenzerkrankungen aus und ist die zweithdufigste Form von Demenz in der Bevolkerung
unter 65 Jahren (Forman et al., 2006, Harvey et al., 2003, Seelaar et al., 2011, Hogan et al.,
2016). Eine effektive Behandlung ist im Moment weder fiir AD noch fiir FTD moglich.
Proteinaggregation, Dysfunktion der Proteindegradation und Neuroinflammation sind
krankheitsiibergreifende Kennzeichen und Ursache zugleich fiir diese neurodegenerativen
Erkrankungen (Guerreiro et al., 2015, Wong and Holzbaur, 2015, Ferrari et al., 2019).

2 Frontotemporale Demenz

Die Frontotemporale Lobédrdegeneration (FTLD) ist eine Pathologie, die eine Familie von
neurodegenerativen Erkrankungen vereint, die als FTD bezeichnet wird (Forman et al., 2006,
Harvey et al., 2003, Seelaar et al., 2011, Hogan et al., 2016, Neumann and Mackenzie, 2019).
FTLD ist gekennzeichnet durch eine Atrophie in groBen Bereichen des frontalen und
temporalen Lappen des Gehirns und fiihrt zu unterschiedlichsten Verhaltensauffalligkeiten bei
den betroffenen Personen (Rosen et al., 2002). Klinische Symptome umfassen progressive
Verhaltensédnderungen, sprachliche Beeintrachtigungen und motorische Probleme (Rascovsky
et al., 2011, Neary et al., 2005). Einstufungen basierend auf dem weitgefacherten, heterogenen
Spektrum an Symptomen sind schwierig und wurden bereits mehrfach iiberarbeitet (Rascovsky
et al., 2011, Neary et al., 2005). Grundsitzlich lassen sich klinisch folgende Krankheitsbilder
abgrenzen, die jedoch im spiteren Krankheitsverlauf iiberlappen: die Verhaltens-Form der
Frontotemporalen Demenz (bvFTD), die Primér-Progrediente-Aphasien (PPA), sowie die
motorischen Varianten der Frontotemporalen Demenz, mit den Formen der progressiven
supranukledren Blickparese (PSP) und der kortikobasalen Degeneration (CBS) (Olney et al.,
2017).

Aufgrund der iiberlappenden Krankheitsbilder in FTLD Patienten ist eine pathologische
Einteilung, basierend auf einer molekularen Klassifizierung sinnvoll (Neumann and
Mackenzie, 2019) Abbildung 1. In Gehirnen von FTLD-Patienten wurden Ablagerungen mit
unterschiedlicher Zusammensetzung festgestellt. Darunter wurden die in Abbildung 1
dargestellten Proteine identifiziert: Ubiquitin, TDP-43, Tau, C9orf72-DPRs, FET (FUS, EWS,
und TAF15) und TRN1 (Petkau and Leavitt, 2014, Neumann and Mackenzie, 2019). Bei etwa
45 % der Patienten ist eine TDP-43 Pathologie vorhanden (FTLD-TDP), gefolgt von einer Tau
Pathologie (FTLD-Tau) bei etwas unter 45 % der Patienten. Lediglich in 9 % der Fille, ist die
FUS Pathologie (FTLD-FUS) die bestimmende Komponente, ausschlieBlich Ubiquitin ist
lediglich in 1 % bei CHMP2B Mutations-Triagern zu finden (FTLD-UPS) (Petkau and Leavitt,
2014, Ferrari et al., 2019, Neumann and Mackenzie, 2019). Nur durch eine Hirnbiopsie kann
abschlielend geklért werden, ob es sich um eine Tau- oder TDP-43 basierte Form der FTLD
handelt.
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Frontotemporale Lobiardegeneration
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Abbildung 1: Molekulare Einteilung der Subtypen der FTLD. Die neurodegenerative Erkrankung ldsst sich basierend auf
den aggregierten Proteinen in verschiedene Subtypen unterteilen (in unterschiedlichen Farben). Die hdufigsten Subtypen sind
FTLD-TDP und FTLD-Tau (Pfeilgroe symbolisiert die Haufigkeit). Ubiquitin positive Aggregate finden sich sowohl bei
FTLD-TDP als auch bei FTLD-FUS und treten nur bei FTLD-UPS ohne weitere Proteinaggregate auf. Pathologie-auslosende
Genmutationen sind kursiv in der untersten Zeile des Diagramms dargestellt. Angepasst aus (Neumann and Mackenzie, 2019).

Interessanterweise haben 30 bis 50 % der FTLD Patienten eine familidre Krankengeschichte,
was eine hohe genetische Komponente vermuten lisst (Seelaar et al., 2011). Bisher wurden
zahlreiche erbliche Mutationen, in den in Abbildung 1 aufgefiihrten Genen, gefunden (Van
Langenhove et al., 2012, Neumann and Mackenzie, 2019). Bei FTLD-TDP Patienten der
familidren Variante wurden, neben seltenen Mutationen in Genen, die mit dem Proteinabbau
(VCP, UBQLN2 und CHMP2B) assoziiert sind, am hdufigsten Mutationen in den beiden Genen
GRNund C9ORF72 detektiert (Ferrari et al., 2019). Die meisten Mutationen in GRN fiihren bei
FTLD-Patienten durch Haploinsuffizienz zu einer reduzierten Expression (Cruts et al., 2006,
Baker et al., 2006, Gass et al., 2006). Bei C9ORF72-assoziierten FTLD-Patienten wurden
Vervielfiltigung des Hexanukleotids GGCCCC im nicht-kodierenden Bereich des Gens
CY90ORF72 entdeckt (Renton et al., 2011, DelJesus-Hernandez et al., 2011). Diese
Vervielfiltigung, auf mehrere 100 Kopien, fiihrt bei Patienten zu FTLD, oder Amyotropher
Lateralsklerose (ALS) (Ferrari et al., 2019). Genetische Analysen in FTLD-Patienten und ALS-
Patienten ergaben, dass beide Krankheiten, neben Symptomen auch einige Gen-Mutationen
gemeinsam haben (Renton et al., 2011, Ferrari et al., 2019). Mutationen in C9ORF72, FUS,
UBQLN2 und CHMP2B sowie die TDP-43 Proteinaggregate deuten darauf hin, dass &hnliche
Mechanismen dieses Krankheitsspektrum aus ALS und FTLD verbindet (Ferrari et al., 2019,
Kawakami et al., 2019, Neumann and Mackenzie, 2019).

2.1 Die Rolle des RNA/DNA-bindenden Proteins TDP-43 in FTLD

TDP-43 (engl.: Transactive response DNA binding protein 43 kDa) Aggregate sind bei FTLD-
TDP namensgebend (Tome et al., 2020, Nag et al., 2018, Mackenzie and Rademakers, 2008).
In FTLD-TDP Patienten wurden TDP-43 Aggregate im Nukleus und Zytoplasma von
Nervenzellen festgestellt (Neumann et al., 2006, Hasegawa et al., 2008, Arai et al., 2006)
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(Abbildung 2). Die Form und Lokalisation der TDP-43 Aggregate wurde zur Einteilung in 4
verschiedene Subtypen (A, B, C und D) genutzt. GRN abhdngige FTLD-TDP Patienten sind
immer als Typ A klassifiziert, gekennzeichnet durch TDP-43 positive Aggregate in Zytoplasma
und in dystrophen Neuriten, sowie typische linsenféormige Aggregate im Nukleus (Abbildung
2) (Neumann and Mackenzie, 2019). Teilweise, ist die nukledre Lokalisation bei einzelnen
Zellen mit TDP-43-Aggregaten nahezu komplett aufgehoben und die Aggregate sind hdufig
zusitzlich Ubiquitin positiv (Neumann et al., 2006, Hasegawa et al., 2008, Arai et al., 2006).
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Abbildung 1: TDP-43-Pathologie in FTLD Patienten. Neuronale TDP-43 Aggregate im Kortex (A) bei FTLD-Patienten.
Sowie Farbung mit einem phoshor-TDP-43 spezifischen Antikorper (B). Linsenformige TDP-43 Aggregate im Nukleus (C).
Abbildung teilweise iibernommen aus (Neumann and Mackenzie, 2019).

Unter physiologischen Bedingungen ist TDP-43 vor allem im Nukleus lokalisiert, und als RNA-
bindendes Protein im mRNA-Metabolismus involviert (Buratti and Baralle, 2008, Budini et al.,
2017, Nagano et al., 2020, Briese et al., 2020). Die Funktion von TDP-43 umfasst
Stabilisierung, Transport und das Spleilen der mRNA (Buratti and Baralle, 2008, Budini et al.,
2017, Ling et al., 2013). Zusétzlich ist es nicht nur im Zellkern fiir die Regulation der
Transkription von mRNA zusténdig, sondern auch im Axon, wo ein TDP-43 Funktionsverlust
zu einer reduzierten Verfligbarkeit von ribosomalen Proteinen fiihrt, diese bewirkt eine
reduzierte lokale Proteinsynthese und fiihrt zu axonalen Beeintrachtigungen in Motoneuronen
(Nagano et al., 2020, Briese et al., 2020).

Bei FTLD-Patienten ist neben der Lokalisation von TDP-43 auch die Prozessierung verdndert.
Als TDP-43-prozessierende Proteine wurden Caspase 3 & 4 sowie lysosomale Proteasen
beschrieben (Zhang et al., 2007, Dormann et al., 2009, Herskowitz et al., 2012, Baralle et al.,
2013, Lietal., 2015). In sequenziell extrahierten Gehirnlysaten von FTLD-Patienten liegt TDP-
43 in der Harnstoff-16slichen-Fraktion in 35 & 25 kDa Fragmenten vor (Neumann et al., 2006).
Diese Fragmente sind mit hoher Wahrscheinlichkeit die Spezies, die zur Aggregation au3erhalb
des Zellkerns neigt, da diesen die Kernlokalisierungssequenz (NLS) fehlt und TDP-43 im
Zytoplasma akkumuliert (Woerner et al., 2016). Diese aggregierte Form von TDP-43 weist
zusitzlich noch Phosphorylierungen an der Aminosdure Serin in den Positionen 379, 403/404
und 409/410 auf (Hasegawa et al., 2008, Neumann et al., 2009).
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Zur Analyse der PGRN-assoziierten FTLD-TDP-Pathologie werden PGRN-Defiziente
Mauslinien als Modell verwendet. Diese zeigten mit 21 Monaten ein geringes Ausmal} an
phosphoryliertem TDP-43, jedoch fehlte die TDP-43 Mislokalisation und Aggregation im
Zytoplasma génzlich (Guo et al., 2010, Kleinberger et al., 2010, Wils et al., 2012, Yin et al.,
2010, Gétzl et al., 2014). Zur Untersuchung der Konsequenzen einer TDP-43 Pathologie wurde
ein Mausmodell mit einer induzierbaren Expression von humanem TDP-43-ANLS Mutanten
generiert. Die gezielte Uberexpression TDP-43-ANLS in Neuronen, fiihrte bei Miusen zu einer
verstirkten Aggregation und Phosphorylierung an der Position Serin 409/410 (Wils et al.,
2010). TDP-43-ANLS-Maéuse weisen zusétzlich zur TDP-43 Pathologie eine Mikrogliose im
Riickenmark und eine starke Beeintridchtigung der motorischen Fahigkeiten auf (Walker et al.,
2015). Eine Induktion der Autophagie konnte in TDP-43-ANLS-Maédusen die TDP-43
Pathologie sowie die damit einhergehende Mikrogliose teilweise blockieren (Kumar et al.,
2021). Durch zusitzliche Injektion von Gehirnextrakten von FTLD-TDP-Patienten in TDP-43-
ANLS-Miusen wurde die TDP-43 Pathologie verstérkt induziert. Dabei wurden eine TDP-43
Phosphorylierung, Mislokalisation und Aggregation im Zytoplasma beobachtet, zusitzlich
wurde eine Zell zu Zell Transmission beschrieben (Porta et al., 2018).

Zum gegenwiirtigen Stand gibt es keine Tiermodelle, die ohne eine gezielte Uberexpression
oder Injektion von humanem TDP-43, die TDP-43 Pathologie von FTLD-Patienten
reproduzieren (Porta et al., 2018, Chang et al., 2017, Winton et al., 2008).

2.2 Funktion und Dysfunktion der Proteindegradation

Heterozygote Mutationen in mehreren Genen mit einer Funktion in der Proteindegradation
wurden mit FTLD und ALS in Verbindung gebracht, darunter C9ORF72, OPTN, UBQLN2,
SOSTM1, VCP und TBK1 (Haack et al., 2016, Sanchez-Martin and Komatsu, 2018, Dooley et
al., 2014, Wong and Holzbaur, 2014, Cirulli et al., 2015, Sellier et al., 2016, Lee et al., 2018,
Wu et al., 2018, Casterton et al., 2020).

Zusétzlich konnten, krankheitsspezifische intrazelluldre Proteinaggregate in Verbindung mit
den Autophagie-Adapter-Proteinen (Ubiquitin, p62 und Optineurin) nachgewiesen werden.
Diese Akkumulation von Adapter-Proteinen deutet auf eine Beeintrdchtigung in der
Proteindegradation hin (Atkin and Paulson, 2014, Ciechanover and Kwon, 2015, Budini et al.,
2017, Darios and Stevanin, 2020). Wéhrend die zelluldre Proteindegradation fiir kurzlebige
Proteine iiber das Proteasomen erfolgt, werden langlebige Proteinstrukturen und beschidigte
Organellen iiber den Prozess der Autophagie von Zellen abgebaut (Budini et al., 2017, Darios
and Stevanin, 2020, Sanchez-Martin and Komatsu, 2018, Kimura et al., 2015, Huber et al.,
2012, Andre et al., 1998). Dabei wird das Zielprotein mit einem Adapter-Protein markiert und
anschlieend von einer Lipid-Membran vollstindig umschlossen, diese Autophagosomen
fusionieren mit Proteasen enthaltenden Lysosomen (Abbildung 3) (Budini et al., 2017,
Takeshige et al., 1992, Rusten and Stenmark, 2010, Darios and Stevanin, 2020).

Durch Ubiquitin zum Abbau markierte Proteine werden von Autophagie-Adapter-Proteinen
gebunden. Die Adapter Proteine Optineurin (OPTN) und p62 binden iiber ihre Ubiquitin-Binde
Doménen. Gleichzeitig, wird eine Lipid-Membran das Phagophore / Omegasom gebildet.
Dieser Prozess wird durch mehrere Proteinkomplexe vermittelt und reguliert, darunter die
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Kinasen ULK1 (engl.: Unc-51-like-kinasel) und PI3K (engl.: phosphatidyl-inositol 3-kinase)
(Schmelzle and Hall, 2000, Laplante and Sabatini, 2009). ULK1 phosphoryliert PI3K, daraus
resultiert die Bildung des Omegasomen am Endoplasmatischen Retikulum (ER) (Abbildung
3) (Kim et al., 2011, Hosokawa et al., 2009, Strohm and Behrends, 2020). Die Lipid Bindung
von ATG18/WIPI2 an das Omegasomen fiihrt zur weiteren Rekrutierung von mehreren
Autophagie-Proteinen, darunter ATGS5, ATG7, ATG12 und ATG16L1 (Polson et al., 2010,
Sakoh-Nakatogawa et al., 2013, Dooley et al., 2014). Dieser Autophagosomen-Komplex fiihrt
zur ATG3 vermittelten Lipidierung von dem ATGS8-Verwandten Protein LC3 (MAPILC3;
engl.: microtubule-associated protein light chain 3) (Polson et al., 2010, Strohm and Behrends,
2020, Dancourt and Melia, 2014).

Lysosomen
PGRN
CTSD o \
Lipidmembran
@OPTN o
e °
® Mitochondrium °
— ® o ° —

.p62 P *
Protein
Aggregat Omegasomen Autophagosomen Autolysosomen

Abbildung 3: Schematische Darstellung der Autophagie. Fehlerhaft gefaltete oder beschadigte Protein-Strukturen durch
Autophagie-Adapterproteine markiert. Eine Lipiddoppelmembran wird rekrutiert, und umschlieit vollstindig die Protein-
Struktur. Durch die Fusion mit Lysosomen werden Hydrolasen und Ko-Faktoren freigegeben und aktiviert. Der Protein-Abbau
fiihrt zur Riickgewinnung der zugrunde liegenden Metaboliten. Angepasst aus (Budini et al., 2017)

Die Fusion von Autophagosomen mit Lysosomen zu Autolysosomen wird durch die Proteine
CHMP2B (engl.: charged multivesicular body protein 2b), FIG4 (engl.: factor-induced gene),
VCP (engl.: valosin-containing protein) und dem PIKFYVE-Komplex reguliert (Chow et al.,
2009, Shatz et al., 2016, Strohm and Behrends, 2020, Filimonenko et al., 2007, Urwin et al.,
2010, Vaccari et al., 2015).

Der Transport von Autophagosomen und Lysosomen ist fiir die Fusion unerlésslich (Farias et
al., 2017, Pu et al., 2015). Interessanterweise, wird der Transport von LAMPI1-positiven
Lysosomen/Endosomen entlang der Axone auch zum assoziierten Transport von mRNA
Granule (engl.: messenger ribonucleic acid) genutzt, dadurch kénnen Proteine lokal translatiert
werden (Zheng et al., 2001, Glock et al., 2017, Liao et al., 2019). Das ALS-assoziierte Protein
ANXAT11 vermittelt den Kontakt zwischen LAMP1-positiven Vesikeln und RNA Granule
(Liao et al., 2019). Defizite im neuronalen Transport von Lysosomen fithren damit nicht nur
zu Storungen in der Autophagie, sondern mdglicherweise auch zu Defiziten in der lokalen
Protein-Synthese. Mutationen in TDP-43 fiihrten ebenfalls zu Beeintriachtigungen im Transport
der Lysosomen in den Axonen und verdnderten die Maturierung der Lysosomalen Proteasen
Cathepsin B & L (Alami et al., 2014, Roczniak-Ferguson and Ferguson, 2019). Gleichzeitig
reguliert TDP-43 die Expression vieler Autophagie-Gene, unteranderem ATG7 und ATXN2
(Ling et al., 2013). Fiir TDP-43 wurden ein Abbau {iiber das Proteasomen und eine
Prozessierung in Lysosomen und der Abbau durch Autophagie beschrieben (Kim et al., 2009).
TDP-43-Aggregate konnten sowohl den eigenen Abbau, als auch den allgemeinen Abbau iiber
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das Proteasomen inhibieren (Guo et al., 2018). Der Autophagie vermittelte Abbau von TDP-43
benoétigt p62 und VCP. Die zentrale Rolle der Autophagie in FTLD-Patienten wurde durch die
Identifikation von heterozygoten Mutationen in SQSTMI (kodiert flir p62) zusitzlich
unterstrichen (Haack et al., 2016, Rusten and Stenmark, 2010, Sanchez-Martin and Komatsu,
2018).

2.3 Funktion und Dysfunktion von Mikroglia in AD und FTLD

Mikroglia nehmen als phagozytierende Zellen im Gehirn eine Schliisselfunktion in der
Eliminierung von Zellschidden und in der Abwehr von pathogenen Organismen ein (Lewcock
et al., 2020, Song and Colonna, 2018b). Zusitzlich ibernehmen Mikroglia eine fundamentale
Funktion in der korrekten Entwicklung und Regulation der Vernetzung des Nervensystems
(Stevens et al., 2007, Epelman et al., 2014). Im Mausmodell wurde gezeigt, dass ungenutzte
Synapsen durch das Komplementsystem markiert und von Mikroglia eliminiert werden
(Stevens et al., 2007).

Moglicherweise spielt das Komplementsystem auch bei der Degeneration von Neuronen in AD
und FTLD-Patienten eine Rolle. Bei FTLD-Patienten wurden die Komplement-Faktoren C1
und C3 an Motor-Neuronen, Astrozyten und Mikroglia detektiert (Dalakas et al., 2020, Bright
et al., 2019). Komplement-Faktoren lagern sich bei AD-Patienten in der Umgebung der Aj-
Plaques ab (Eikelenboom and Stam, 1982). Auch im AD-Mausmodell wurden erhhte Mengen
an Komplement-Faktoren detektiert und durch die Deletion von C3, konnte die Eliminierung
der Synapsen blockiert werden (Hong et al., 2016, Shi et al., 2017). Dieser Zusammenhang
konnte in einem FTLD-Mausmodell (Grn™") bestitigt werden, indem sowohl die Aktivierung
der Mikroglia als auch die Eliminierung der Synapsen, durch C3 Deletion blockiert wurde
(Zhang et al., 2020, Lui et al., 2016). Die Aktivierung von Mikroglia kann damit zu erhdhter
Komplement Expression fithren, welche mit einer Eliminierung von Synapsen verbunden ist
(Zhang et al., 2020, Lui et al., 2016).

Die Identifikation von Mutationen in den iiberwiegend von Mikroglia exprimierten Genen GRN
und TREM? als krankheitsauslosende Gene bzw. Risikofaktoren verdeutlicht die Bedeutung
der Mikroglia in FTLD und AD (Baker et al., 2006, Cruts et al., 2006, Guerreiro et al., 2013b,
Cuyvers et al.,, 2014, Borroni et al., 2014, Tesi et al, 2020). Die Analyse des
Aktivierungszustandes von Mikroglia, in Abhidngigkeit von der Umgebung, Exposition und der
genetischen Situation, ist damit fiir das Verstindnis von neurodegenerativen Erkrankungen
essenziell. Mit dem Fortschritt in der RNA-Sequenzierung, konnen nach der Isolation von
Zellpopulationen aus dem Gewebe, verlédssliche Informationen iiber das Expressionsmuster bis
hin zur Einzel-Zell-Ebene gewonnen werden (Macosko et al., 2015). So verdndern einzelne
Mikroglia, abhéngig von Entwicklungsstadium, Lokalisation im Gehirn, Alter und wéhrend der
Demyelinisierung signifikant ihr Transkriptom (Hammond et al., 2019, Matcovitch-Natan et
al., 2016). In Bezug auf neurodegenerative Erkrankungen wurden unterschiedliche
Mausmodelle untersucht, darunter AD, Multiple Sklerose (MS) und ALS-Modelle. So fiihren
die extrazelluliren AB-Plaques zur Rekrutierung der Mikroglia, die Injektion von Myelin-
assoziierten Proteinen induziert eine Demyelinisierung im EAE-Modell (Experimentelle
autoimmune Enzephalomyelitis) und Mutationen in SOD1 (Superoxiddismutasel) gehen im
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ALS-Modell mit einer Mikrogliose einher (Keren-Shaul et al., 2017, Hammond et al., 2019,
Krasemann et al., 2017, Butovsky et al., 2015, Frakes et al., 2014). Doch obwohl
unterschiedliche Stimuli vorlagen, kam es durch neuronale Verletzungen und Aggregation von
Krankheits-assoziierten Proteinen teilweise zu dhnlichen Expressionsdnderungen in Mikroglia
(Macosko et al., 2015, Matcovitch-Natan et al., 2016, Keren-Shaul et al., 2017, Butovsky et al.,
2015, Krasemann et al., 2017, Hammond et al., 2019).
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Abbildung 4: Aktivierungszustinde der Mikroglia. Werden Mikroglia durch Stimuli aktiviert, beispielsweise, durch AB-
Plaque Ablagerungen oder Alterung, reagieren diese mit einer erhdhten Expression von sogenannten DAM-Genen (DAM engl.:
Disease-associated microglia). Charakteristische DAM-Gene: APOE, TREM?2, TYROBP, CLEC74, ITGAX, CD63, CTSB,
CTSD und CD68. Gleichzeitig wird die Expression von Genen, die charakteristisch fiir homeostatische Mikroglia sind
(P2RY12, CX3CRI und TMEM119), reduziert. Die morphologische Verdnderung, die eine homeostatische Mikroglia-Zelle
(griin), nach Kontakt mit einem Stimulus, hin zu einem reaktiven, amoéboiden Zustand (orange) durchlduft ist schematisch
dargestellt. Angepasst aus (Deczkowska et al., 2018).

Die Mikroglia, die einem Stimulus ausgesetzt wurden, regulierten die Expression einer Vielzahl
von Genen, im Folgenden als Krankheits-assoziierte Mikroglia (DAM, engl.: Disease-
associated microglia) Gene bezeichnet, stark hoch, wahrend homdostatische Gene in ihrer
Expression reduziert wurden (Abbildung 4). Zu den fiir homdostatische Mikroglia typischen
Genen gehoren P2RY12, CX3CRI und TMEM119. Charakteristische DAM-Gene sind: APOE,
TREM?2, TYROBP, CLEC7A, ITGAX, CD63 sowie die lysosomalen Gene CD68, CTSB und
CTSD. Viele dieser Gene wurden bereits mit unterschiedlichen Signalwegen und zelluldren
Funktionen in Verbindung gebracht, dazu gehdren unter anderem: Migration, Zytoskelett-
Aufbau, Phagozytose und lysosomale Aktivitdt (Mazaheri et al., 2017, Butovsky and Weiner,
2018, Song and Colonna, 2018a, Hickman et al., 2018). Die permanente Stimulation, unter
anderem durch extrazelluldre Protein-Aggregate, konnte dazu fiithren, dass Mikroglia in ihrem
aktivierten Zustand gefangen sind und dann ihrer urspriinglichen Funktion nicht mehr
nachgehen konnen. APOE, das urspriinglich nur als Lipid-Transporter betrachtet wurde, der
von Astrozyten sezerniert wird, wurde kiirzlich als zentrales Marker-Protein fiir aktivierte

21



Einleitung

Mikroglia identifiziert (Keren-Shaul et al., 2017, Krasemann et al., 2017, Parhizkar et al.,
2019). Zusammen mit APOE spielt TREM2 eine entscheidende Rolle fiir die Aktivierung von
Mikroglia und der damit verbundenen Migration, Phagozytose und Zellproliferation (Keren-
Shaul et al., 2017, Krasemann et al., 2017, Parhizkar et al., 2019).

3 Funktion und Dysfunktion von TREM2

3.1 Mutationen im TREM?2-Gen in neurodegenerativen Erkrankungen

Im TREM?2 (engl.: Triggering receptor expressed on myeloid cells 2) Gen wurden bereits mehr
als 60 Mutationen identifiziert, die im Zusammenhang mit AD, FTD und anderen
neurodegenerativen Erkrankungen stehen (Guerreiro et al., 2013a, Cuyvers et al., 2014, Slattery
et al., 2014, Sirkis et al., 2016, Tan et al., 2016, Sims et al., 2017, Zhou et al., 2019, Kunkle et
al., 2019). Die in AD-Patienten identifizierten TREM2-Mutationen, die zu einem
Aminosédureaustausch an Position 47 oder 62 fiihren (R47H & R62H) erhohen das Risiko an
LOAD (engl.: late-onset AD) sowie an FTD zu erkranken erhéhen (Guerreiro et al., 2013b,
Guerreiro et al., 2013a, Jonsson et al., 2013). Die TREM2-Mutationen R47C und T66M
erh6hen in einer heterozygoten Vererbung das Risiko fiir FTD (Guerreiro et al., 2013b, Borroni
etal., 2014). TREM2-Mutationen fiithren zu einer fehlerhaften TREM2-Prozessierung und einer
verminderten Verfiigbarkeit auf der Zelloberflache (Kleinberger et al., 2014, Kleinberger et al.,
2017, Schlepckow et al., 2017, Sirkis et al., 2016). Homozygote Mutationen in TREM?2 oder in
TYROBP (engl.: TYRO protein tyrosine kinase-binding protein) kommen selten vor und fithren
zu einer sehr aggressiven Leukoenzephalopathie (Degeneration der weillen Substanz im
Gehirn). Diese Form der Leukoenzephalopathie, wird als Nasu-Hakola Erkrankung
beschrieben (Hakola et al., 1970, Nasu T, 1970, Paloneva et al., 2000, Kliinemann et al., 2005,
Kaneko et al., 2010).

3.2 TREMZ2-abhangige Regulation der Aktivitat von Mikroglia

Der Rezeptor TREM2 ist ein Typ-I Transmembran Protein, dass im Gehirn ausschlieSlich von
Mikroglia exprimiert wird (Takahashi et al., 2005). TREM2 wird zur Zellmembran
transportiert, wo der Rezeptor zusammen mit TYROBP/DAP12 (engl.: DNAX activation
protein 12), einen Signal-kompetenten Komplex ausbildet. DAP12 besitzt eine ITAM (engl.:
Immunoreceptor tyrosine-based activation motif) Doméne, welche nach der Dimerisierung
phosphoryliert wird. Eine Stimulation von TREM2 und DAP12 {iber unterschiedliche Liganden
fithrt zur Rekrutierung und Signalweiterleitung iiber den SYK-Signaltransduktionsweg (engl.:
spleen associated tyrosine kinase) (Abbildung 5) (Takahashi et al., 2005, Peng et al., 2010).
Unter den beschriebenen TREM2-Liganden finden sich APOE, Lipide, Myelin und Bakterien-
Partikel sowie extrazelluldre Protein-Aggregate, z.B.: AB-Plaques (Kleinberger et al., 2014,
Atagi et al., 2015, Bailey et al., 2015, Yeh et al., 2016, Wang et al., 2015, Song et al., 2017).
Die Rekrutierung und Phosphorylierung der Tyrosin-Kinase SYK (engl.: spleen tyrosine
kinase), fiihrt iiber PLCy2 (engl.: 1-Phosphatidylinositol-4,5-bisphosphate phosphodiesterase
gamma-2), zur PKB (engl.: Protein kinase B) Aktvierung. PKB ist an die Energieschaltstelle
der Zelle, dem mTORCI1 Komplex, angebunden. Zusétzlich ist iiber PLCy2 der MAP-Kinase
Weg (engl.: mitogen-activated protein kinase) verkniipft (Abbildung 5) (Peng et al., 2010,
Ulrich and Holtzman, 2016, Ulrich et al., 2017). TREM2 wird nach der Signalweiterleitung

22



Einleitung

durch die Metalloproteasen ADAMI10 oder ADAMI17 (engl.: A disintegrin and
metalloproteinase domain-containing protein 10 / 17) gespalten und in Form von 16slichem
TREM2 (sTREM2, engl.: solubleTREM?2) sezerniert (Kleinberger et al., 2014).
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Abbildung 5: Signalkaskade ausgehend von TREM2. Zusammen mit DAP12 bildet TREM2 einen Signal-kompetenten
Komplex, welcher iiber unterschiedliche Liganden (z.B.: APOE, Lipide, AB-Plaques oder Myelin) aktiviert werden kann. Dies
fiihrt zur Rekrutierung und Signalweiterleitung tiber SYK, welches phosphoryliert wird und schlie8lich mit Hilfe von PLCy2
eine Aktivierung von PKB/AKT auslost. Uber PKB/AKT und PLCy2 werden letztlich mTOR und MAPK aktiviert. Die
Proteasen ADAM10 & ADAM17 sind schematisch in Rot dargestellt. Angepasst aus (Lewcock et al., 2020)

Maiuse ohne TREM2-Expression sind in ihren motorischen Féhigkeiten Verhaltens-unauffallig
und weisen keine Unterschiede in Bezug auf ihre Lebenserwartung auf (Turnbull et al., 2006,
Poliani et al., 2015, Kang et al., 2018). Die Isolation von Mikroglia, aus Méusen mit einer
genetischen Deletion der TREM2-Expression, offenbarte ein verdndertes Gen-
Expressionsmuster. Gene, wie CLEC74 und APOE, die fiir aktivierte Mikroglia
charakteristisch sind, werden reduziert exprimiert, wihrend homeostatische Gene, wie P2RY12,
verstédrkt exprimiert werden. Diese Verdanderungen in der mikroglialen Signatur, fiihren zu einer
funktionellen Einschrdnkung der Mikroglia (Mazaheri et al., 2017). Durch den
Expressionsverlust, ist die TREM?2 abhéngige Phagozytose-Féahigkeit von Zellen als Reaktion
auf AP, Bakterien und Lipide beeintriachtigt (Wang et al., 2015, Song et al., 2017, Kleinberger
et al., 2014). Die Féhigkeit zur Aktivierung der Mikroglia, als Reaktion auf Extrazelluldre
Protein-Aggregate, wie AP-Plaques, oder neuronale Verletzungen durch Laser-Strahlung, ist
bei einem TREM?2 Expressionsverlust ebenfalls blockiert (Mazaheri et al., 2017, Krasemann et
al., 2017). Zusitzlich weisen Trem2”- Mikroglia eine reduzierte Migration in vitro als auch in
vivo auf (Mazaheri et al., 2017, Wang et al., 2016).
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Die in FTD-Patienten identifizierte heterozygote Mutation T66M wurde in Méusen durch
Genom-Manipulation eingefiigt (Guerreiro et al., 2013b, Borroni et al., 2014, Kleinberger et
al., 2017). Die Analysen von Miusen mit T66M Mutation, zeigten, wie auch erste Zellkultur
Experimente, eine reduzierte Maturierung und Prozessierung von TREM2 (Kleinberger et al.,
2014, Kleinberger et al., 2017). In vivo kann die mikrogliale Aktivierung durch Messung des
radioaktiv markierten Tracers (engl.: trace; Spur), fiir das in Mitochondrien exprimierte Protein
TSPO (engl.: translocator protein) analysiert werden. Die TSPO-Signalstirke wird im PET
(engl.: positron emission tomography) als Zeichen fiir mikrogliale Aktivitit verwendet
(Brendel et al., 2016, Brendel et al., 2017). Bei TREM2 T66M Maiusen ist bereits ab einem
Alter von 8 Monate eine starke Reduktion des TSPO-Signals zu erkennen (Kleinberger et al.,
2017). Gleichzeitig kommt es zu einer starken Reduktion der Glukose-Aufnahme im Gehirn,
gekennzeichnet durch ein reduziertes FDG-PET Signal (Kleinberger et al., 2017, Brendel et al.,
2016). Diese starke Reduktion der Glukose-Aufnahme deutet auf einen reduzierten neuronalen
Energieumsatz hin. In AD-Maus-Modellen kommt es als Folge der Amyloid-Ablagerung
ebenfalls zu einem Anstieg der TREM2-Expression und einem erhohten Mikroglia TSPO-
Signal (Brendel et al., 2016, Brendel et al., 2017, Parhizkar et al., 2019).

Mutationen in TREM?2 fiihren damit zu einem Funktionsverlust, gekennzeichnet durch eine
beeintrichtigte Regulation und Aufrechterhaltung vieler Funktionen der Mikroglia, wie
Phagozytose und Migration. Im Gegensatz zum Funktionsverlust durch Mutationen, fiihrt eine
gezielte Stabilisierung des TREM2-Signalkomplexes durch Antikorper, zu einer erhohten
TREM2 abhiéngigen verbesserten Myelin-Aufnahme sowie AB-Phagozytose durch Mikroglia,
und einem gesteigerten Zelliiberleben unter Stressbedingungen (Schlepckow et al., 2020,
Cignarella et al., 2020, Price et al., 2020, Wang et al., 2020).

3.3 TREMZ2-abhingige Regulation der Proteindegradation

Die Féhigkeit zur Aufnahme und zum Abbau von Myelin ist TREM2 abhéngig (Safaiyan et al.,
2021, Monroe and Di Paolo, 2021, Dong et al., 2021). In primiren Mikroglia wurde beobachtet,
dass die Myelin Zugabe die Expression von Cathepsin L induziert, diese Induktion ist, durch
eine Deletion der TREM2-Expression, blockiert (Safaiyan et al., 2021). TREM2 ist damit fiir
die Aufnahme und die Lysosomale Degradation von Myelin wichtig (Safaiyan et al., 2021).
Isolierte Trem2”- Mikroglia reagieren auf eine AB-Exposition mit einer reduzierten Aktivitit
des mTORCI1-Komplexes (Ulland et al., 2017). Diese Reduktion des mTORCI1-Komplex
(engl.: mammalian target of rapamycin) ist gekennzeichnet durch reduzierte Phosphor-S6-
Kinase Mengen, gefolgt von einer Reduktion der Autophagie Proteine LC3 und p62. Daraus
ergibt sich, dass TREM2, iiber DAP12 und PLCy2, mit der lysosomalen Schaltzentrale
mTORCI1 direkt Einfluss auf viele Zellfunktionen nehmen kann und die Expression von
Lysosomalen Proteasen reguliert (Ulland et al., 2017, Safaiyan et al., 2021).
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4 Funktion und Dysfunktion von Progranulin

4.1 Mutationen im GRN-Gen in neurodegenerativen Erkrankungen

PGRN ist ein 593 Aminosduren langes, glykosyliertes und ldsliches Protein (Bateman and
Bennett, 2009, Lui et al., 2016). Bei FTD-Patienten sind Mutationen in dem Progranulin-Gen
GRN neben C9ORF72 der haufigste genetische Faktor (Cruts et al., 2006, Baker et al., 2006,
Gass et al., 2006). Es wurden bis heute iiber 140 Mutationen in dem GRN Gen nachgewiesen
(Moore et al., 2020, Greaves and Rohrer, 2019). Wobei nur ein nicht kodierender SNP (rs5848)
in GRN mit AD in Verbindung gebracht wurde (Brouwers et al., 2008). In duB3erst seltenen
Fillen haben Patienten Mutationen auf beiden Allelen. Bei diesen Patienten kommt es zu einer
adulten Form der Lysosomalen Speichererkrankung, der Neuronalen Ceroid-Lipofuszinose
(NCL) (Smith et al., 2012, Almeida et al., 2016). Die meisten Mutationen in GRN sind
sogenannte ,,loss-of-function” Mutationen, die zu einer Verschiebung des Lesemusters oder zu
einer Verdnderung von Splice- Erkennungsmotiven fiihren und damit zu einem vorzeitigen
Stopp-Codon. Dadurch kommt es zum Abbau der mRNA, oder einem nicht funktionellen
Protein, in der Konsequenz weisen Patienten in diesem Fall eine um 50 % reduzierte PGRN
Expression auf (Cruts et al., 2006, Baker et al., 2006, Gass et al., 2006, Moore et al., 2020,
Zhou et al., 2021). Punktmutationen in GRN, die nicht zu einem Funktionsverlust fiihren,
reduzieren die PGRN Expression in einem geringeren Ausmal} (Shankaran et al., 2008,
Paushter et al., 2018, Zhou et al., 2021).

4.2 Progranulin-abhiangige Regulation der Proteindegradation

Das Protein PGRN ist iiber verschiedenen Spezies relativ konserviert und wird von allen Zellen
exprimiert, im Gehirn ist PGRN jedoch hauptsédchlich mikroglialen Ursprungs (Bateman and
Bennett, 2009, Lui et al., 2016, G6tzl et al., 2018). Zunéchst wurden Prozessierungsprodukte
vom PGRN isoliert und vor allem die Funktion als Wachstumsfaktor analysiert (Bateman et al.,
1990, Bhandari et al., 1992, Shoyab et al., 1990). Interessanterweise kann PGRN sowohl in
Lysosomen als auch im extrazelluldiren Bereich zu 6kDa Peptiden, den Granulinen
(P,G,F,B,A,C,D und E), prozessiert werden (Paushter et al., 2018). Als PGRN prozessierende
Proteasen im extrazelluliren Bereich wurden NE (Neutophile Elastase), MMP-9 & MMP-12
(engl.: Matrix metalloproteinase) und ADAMTS-7 (A Disintegrin and metalloproteinase with
thrombospondin motifs 7) beschrieben (Abbildung 6) (Zhu et al., 2002, Suh et al., 2012,
Paushter et al., 2018). SLPI (engl.: Secretory leukocyte protease inhibitor) hingegen wirkt
stabilisierend auf PGRN. Zu den intrazellulir PGRN prozessierenden Lysosomalen Protease
gehoren die Aspartat Protease Cathepsin D (CTSD) und die Cysteine-Proteasen Cathepsin B
(CTSB) und Cathepsin L (CTSL) (Abbildung 6) (Holler et al., 2017, Lee et al., 2017, Zhou et
al., 2017b, Laurent-Matha et al., 2006). Eine Inhibition der Ansduerung von Lysosomen
stabilisiert die PGRN-Level und zeigt, dass die Prozessierung und der Abbau von PGRN iiber
pH-abhingige Enzyme geschehen muss (Capell et al., 2011, Tanaka et al., 2017).

Sezerniertes PGRN kann iiber C-terminale Bindung an Sortilin wieder in die Zelle
aufgenommen und zu Lysosomen transportiert werden (Abbildung 7) (Hu et al., 2010,
Prudencio et al., 2012, Zhou et al., 2015). Der lysosomale Transport kann auch gemeinsam mit
Prosaposin (PSAP) iiber den Mannose-6-Phosphat Weg erfolgen (Zhou et al., 2017c). Das
ebenfalls sekretierte und prozessierte Glycoprotein PSAP, ist ein wichtiger Faktor fiir den
lysosomalen Abbau von Sphingolipiden (Schulze and Sandhoff, 2014). PSAP wird in vier
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Saposin-Fragmente prozessiert (A-D), genetische Mutationen in PSAP fithren zu
unterschiedlichen lysosomalen Speichererkrankungen (Schulze and Sandhoff, 2014). Eine
potentielle Funktion von PGRN und den Granulinen in Lysosomen ist die Bindung an CTSD
und die Beta-Glucocerebrosidase (GCase) (Zhou et al., 2017a, Beel et al., 2017, Jian et al.,
2016, Butler et al., 2019). Rekombinantes humanes PGRN bindet in vitro an Cathepsin D und
erhoht die Aktivitét (Beel et al., 2017). In Abwesenheit von PGRN wurde eine erhéhte CTSD
Expression beobachtet, wihrend gleichzeitig eine reduzierte CTSD Aktivitéit vorlag (Beel et
al., 2017). Ob PGRN, oder die Granuline eine Chaperon-dhnliche Funktion fiir CTSD und
GCase durch eine direkte Interaktion und Stabilisierung der Enzyme haben, ist noch nicht
abschlielend geklért (Zhou et al., 2017a, Beel et al., 2017, Jian et al., 2016, Butler et al., 2019).

PGRN NaPmGeF a BdAdC aDeEm C

MMP12, MMPI14,
ADAMTS-7, NE, I_
CTSB, CTSD, e SLPI
F

CTSL

Granuline PG B
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Abbildung 6: Schematische Darstellung der Progranulin Dominenstruktur und Zelluliren Funktion. Die
GroBbuchstaben bezeichnen die Granulin-Doménen. PGRN kann sowohl extrazelluldr als auch Lysosomen vorkommen und
in sogenannte Granuline prozessiert werden.

Die Reduktion der PGRN Expression fiihrt in GRN-FTLD-Patienten, zu einer verénderten
Expression lysosomaler Hydrolasen und Transmembranproteinen (Gotzl et al., 2014, Ward et
al., 2017). Dartiber hinaus akkumuliert die Untereinheit-C der mitochondrialen ATP-Synthase
und SaposinD, die Akkumulation beider Proteine ist fiir NCL-Patienten charakteristisch (Go6tzl
et al., 2014). Ein Hinweis dafiir, dass die Lysosomen, funktionell beeintrachtigt sind ist auch
die Akkumulation von Ubiquitin und Lipofuszin in den Neuronen von FTLD-Patienten (G6tzl
et al., 2014, Ward et al., 2017, Ahmed et al., 2010, Hafler et al., 2014, Petkau et al., 2017).
Lipofuszin ist eine Anhdufung von unldslich gewordenen, autofluoreszierenden Lipiden und
Proteinen. Da PGRN im Gehirn hauptsdchlich von Mikroglia exprimiert wird, deutet die
neuronale Lipofuszin Anhdufung, auf eine Lysosomale Funktion in Mikroglia und Neuronen
hin.

Bei einem Verlust der PGRN-Expression verdndern sich die Lysosomen, und ihre
Proteinzusammensetzung in Zellkultur, sowie in Miusen. In der Folge detektierten einige
Arbeitsgruppen erhdhte Expression von Cathepsinen, wihrend andere eine Reduktion
beobachteten (Gotzl et al., 2014, Wils et al., 2012, Chang et al., 2017, Ward et al., 2017, Huang
et al., 2020). Es konnte nicht abschlieBend geklart werden, ob der pH-Wert der Lysosomen sich
PGRN-abhéngig veréndert (Tanaka et al., 2017, Klein et al., 2017).

Das bei PGRN-Defizienz ebenfalls gehdufte Auftreten von Ubiquitin sowie p62, spricht jedoch
dafiir, dass Proteine, die zum Abbau markiert wurden, nicht korrekt iiber das Autophagie-
System abgebaut werden (Abbildung 7) (Wils et al., 2012, Seibenhener et al., 2007, Tanaka
et al., 2014, Rusten and Stenmark, 2010, Foster and Rea, 2020, Chang et al., 2017). Der PGRN
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Expressionsverlust,  bewirkt  zusétzlich eine  Akkumulation der lysosomalen
Transmembranproteine LAMP1 und 2 (engl.: Lysosomal associated membrane protein 1/2)
(Gotzl et al., 2014, Tanaka et al., 2017, Gotzl et al., 2018). Die glykosylierten Proteine
LAMP1/2 sind wichtig fiir die Lysosomale Biogenese und ein Expressionsverlust bewirkte eine
Akkumulation von p62-positiven Autophagie Vesikeln in vivo (Eskelinen, 2006, Rothaug et
al., 2015). Damit konnte der PGRN Funktionsverlust, durch eine Fehlfunktion in LAMP1/2,
die Proteindegradation in Lysosomen und die Autophagie negativ beeintrachtigen (G6tzl et al.,
2014, Tanaka et al., 2017, Gotzl et al., 2018).
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Abbildung 7: Schematische Darstellung der Lysosomalen Funktion von Progranulin. Sezerniertes Progranulin (blau-
gelbe Kette) wird zusammen mit Prosaposin (blaue Kette) Rezeptor vermittelt endozytiert (M6PR und SORT1). PGRN bindet
in Lysosomen an GBA, CTSD sowie CTSL. CTSB, CTSD und CTSL prozessieren PGRN in die Granuline (blau-gelbe
Punkte). Der PGRN Expressionsverlust fithrt zu einer Beeintrachtigung der Lysosomalen Aktivitét, gekennzeichnet durch eine
Akkumulation von p62, Ubiquitin, Lipofuscin und phosphorylierter TDP-43 Aggregate. Angepasst aus (Root et al., 2021)

Da Mikroglia im Gehirn eine Schliisselfunktion im Proteinabbau einnehmen ist ein Verstindnis
der Funktion von PGRN auf Zelltyp spezifischer Ebene wichtig. Wihrend der Verlust der
PGRN Expression eine reduzierte Maturierung der Cathepsine in Mikroglia bewirkt, wurde ein
Anstieg an lysosomalen Proteasen im gesamten Gehirn auf Protein und mRNA Ebene detektiert
(Gotzl et al., 2014, Gotzl et al., 2018, Chang et al., 2017). Dem gegeniiber wurde, in einigen
Grn~ Mikroglia eine erhohte Fahigkeit zum Abbau von Lysosomalen-Substraten wie
fluoreszierendem Serum gemessen (Lui et al., 2016). PGRN konnte damit unter
physiologischen Bedingungen die lysosomale Aktivitdt regulieren (Gotzl et al., 2018).
Interessanterweise geniigt die PGRN-Expression in einem Zelltyp, Mikroglia oder Neuronen,
um die Grn”- abhiingigen lysosomalen Phiinotypen komplett zu eliminieren (Petkau et al., 2017,
Arrant et al., 2019). PGRN kann damit sowohl von Mikroglia als auch Neuronen sezerniert,
endozytiert und in Lysosomen transportiert werden.

Die fiir den Lipidstoffwechel in Lysosomen wichtige Interaktion zwischen PGRN und PSAP
oder Sortilin filhrt bei PGRN-Funktionsverlust zur Akkumulation von Lipiden und Lipid-
assoziierten Proteinen (Hu et al., 2010, Tayebi et al., 2020, Zhou et al., 2015, Prudencio et al.,
2012, Tanaka et al., 2017, Marschallinger et al., 2020, Gotzl et al., 2014, G6tzl et al., 2018).
Bei einem PGRN-abhingigen Funktionsverlust im Lipidstoffwechsel akkumulieren die Lipide
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zunichst in Makrophagen und Mikroglia und spiter in Neuronen (Kojima et al., 2009,
Marschallinger et al., 2020, Ahmed et al., 2010). Die Lipid Ansammlungen in Grn”- Mikroglia
filhren zu einer verdnderten Expression vieler DAM Gene, jedoch ohne eine Induktion der
TREM2 und APOE Expression (Marschallinger et al., 2020). Zusitzlich wiesen diese LDAM
(engl.: lipid-associated macrophages) eine Beeintrachtigung der Phagozytose Kapazitit auf
(Marschallinger et al., 2020).

4.3 Progranulin-abhiangige Regulation der Inflammation

Zusitzlich, zu dem lysosomalen Phénotyp, kommt es, sowohl bei FTD-Patienten als auch in
Grn”~ Méiusen, zu einer starken Aktivierung der Astrozyten (Astrogliose) und Mikroglia
(Mikrogliose), die bei 12 Monate alten Tieren beginnt (Ahmed et al., 2010, Yin et al., 2010,
Martens et al., 2012, Wils et al., 2012, Gotzl et al., 2014). Neuroinflammation, gekennzeichnet
durch einen Anstieg von CD68 (engl.: Cluster of Differentiation 68) und IBA1 (engl.: lonized
calcium-binding adapter molecule 1) in Gewebeschnitten, tritt bei allen FTD-Patienten und
NCL-Patienten auf (Cagnin et al., 2004, Lant et al., 2014, Castaneda et al., 2008, Bright et al.,
2019). Die Mikrogliose in FTD-Patienten wurde durch Messung des TSPO-PET Signals
untersucht, dabei wurde festgestellt, dass die Aktivierung der Mikroglia vor dem Eintreten der
Atrophie beginnt (Cagnin et al., 2004, Lant et al., 2014, Castaneda et al., 2008, Bright et al.,
2019). Der Zustand der Mikroglia ist damit von hoher Relevanz fiir die Pathogenese.
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Abbildung 8: Schematische Darstellung der Progranulin-Defizienz. Progranulin (blau-gelbe Punkte) wird von Mikroglia
exprimiert und sezerniert. Der PGRN Expressionsverlust fiihrt in Mikroglia zu einer erhohten Expression von CD68 sowie
einer Freisetzung von C3, C1Q und Proinflammatorischer Zytokine. In Neuronen kommt es zu einer Akkumulation von p62,
Ubiquitin, Lipofuscin und phosphorylierter TDP-43 Aggregate. Angepasst aus (Petkau and Leavitt, 2014).

Im Mausmodell fiihrte die Induktion einer neuronalen Verletzung zu einer Rekrutierung von
Mikroglia und einer erhohten PGRN-Expression in Mikroglia (Moisse et al., 2009, Beel et al.,
2018, Tanaka et al., 2013). Bei Verlust der PGRN-Expression verstirkte und verlingerte sich
die Aktivierung von Mikroglia nach der Verletzung (Tanaka et al., 2013, Martens et al., 2012).
Eine Anderung der Anzahl der IBA1-positiven Mikroglia war lediglich lokal zu beobachten
(Yin et al., 2010). Die Expressionséinderungen durch die Lipidakkumulation in Grn”- Mikroglia
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iiberlappen teilweise mit den Anderungen durch Stimulation der Zellen mit dem Bakterien-
Bestandteil LPS (Lipopolysaccharide) (Marschallinger et al., 2020). Der PGRN
Expressionsverlust fiihrt bei einer zusdtzlichen Stimulation der Zellen mit LPS zur
Dysregulation der Zytokine Ausschiittung (Yin et al., 2010). In Grn”- Méusen wurden erhdhte
neurotoxische Zytokine wie der Tumornekrosefaktor (TNF) gemessen, wéhrend das
Entziindungshemmende Interleukin-10 (IL-10) herunterreguliert wurde (Yin et al., 2010).
PGRN hingegen inhibiert die Freisetzung von Zytokinen durch Bindung an, die im
Entziindungsprozess wichtigen Rezeptoren, TLR-9 (engl.: Toll Like Receptor), TNF-Rezeptor
und EphA2 (Wei et al., 2014, Pickford et al., 2011). Zusétzlich fiihrt die LPS-Exposition von
Mikroglia zu einer erhdhten Expression von MMP12 (engl.: Matrix Metallo Proteinase) (Suh
et al., 2012). MMP12 gehort, neben MMP9 und der Neutorphilen Elastase, zu den PGRN
prozessierenden Proteasen im Extrazelluldren Raum (Zhu et al., 2002, Suh et al., 2012, Paushter
et al., 2018). Diese Proteasen werden vor allem von Astrozyten und Mikroglia exprimiert (Suh
et al., 2012, Mendsaikhan et al., 2019). Die Stimulation von Astrozyten und Mikroglia, konnte
damit zu einer zusidtzlichen Regulation von PGRN im Extrazelluldren Raum fiihren (Suh et al.,
2012, Mendsaikhan et al., 2019, Paushter et al., 2018).

Das Komplementsystem spielt eine entscheidende Rolle in der Abwehr und Beseitigung von
Pathogenen. Der klassische Komplementweg fiihrt nach initialer Bindung von C1Q an die
Zielzelle durch die Anlagerung mehrere Komplementfaktoren zur Rekrutierung und
Konvertierung von C3 (Dalakas et al., 2020). Die Konvertierung von C3 fiihrt zur Initiation
der Zell-Lyse durch Ausbildung des MAC (Membran Angriff Complex) (Dalakas et al., 2020).
Zusitzlich zur PGRN-abhdngigen Dysregulation der Zytokine, wurden bei FTD-Patienten
erhohte Konzentrationen der Komplementfaktoren C1Q und C3 detektiert (Dalakas et al., 2020,
Bright et al., 2019). Diese iibermidBige Komplement-Produktion wird durch das Grn™-
Mausmodell rekapituliert (Lui et al., 2016). Wahrend die Aktivierung der Mikroglia durch
genetische Deletion von C3 blockiert wurde, ist die der Einfluss auf die schwache TDP-43
Pathologie in Neuronen bei 20 Monate alten Tieren noch umstritten (Lui et al., 2016, Zhang et
al., 2020). Wie PGRN neben dem Aktivitdtszustand der Mikroglia auch die Produktion von
verschiedenen proinflammatorischen Faktoren reguliert ist noch nicht abschlieBend geklirt.
Zusitzlich stellt sich die Frage, wie der PGRN Funktionsverlust in Mikroglia, die TDP-43
Pathologie in Neuronen auslost (Abbildung 8).
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5 Funktion und Dysfunktion des Transmembranproteins 106B

5.1 Mutationen im TMEM106B-Gen in neurodegenerativen Erkrankungen
Das Gen TMEM106B kodiert fiir das 274 Aminosduren lange Transmembranprotein 106B
(Abbildung 10) (Lang et al., 2012). Im Gehirn wird TMEM106B von Neuronen, Mikroglia,
Astrozyten und Endothelzellen konstitutiv exprimiert (Busch et al., 2013). FTLD-TDP
Patienten wurden in Genomweite Assoziationsstudien (GWAS) auf SNP untersucht, um
genetische Risiko-Faktoren zu identifizieren (Van Deerlin et al., 2010, Cruchaga et al., 2011)
(van der Zee et al., 2011). Dabei wurde festgestellt, dass sich die Haufigkeit von drei SNPs
(rs1990622, rs6966915, rs1020004) in dem Bereich des Gens TMEM106B zwischen FTLD-
Patienten von Kontrollpatienten unterschieden (Van Deerlin et al., 2010). Bis heute wurden
viele weitere SNPs in den nicht-kodierenden Bereichen von TMEM106B in unterschiedlichen
Patienten-Kohorten identifiziert, nur zwei Mutationen in Exon 6 und 9 liegen im kodierenden
Bereich des Gens. Am héufigsten wurde der SNP rs1990622 nach der 3'UTR (Untranslatierte
Region) detektiert, die meisten anderen krankheitsrelevanten SNPs in TMEM106B treten mit
diesem gemeinsam auf (Abbildung 9) (Van Deerlin et al., 2010, Cruchaga et al., 2011, van der
Zee et al., 2011). In Bezug auf den SNP rs1990622 ist das T-Allel, die Risikovariante mit rund
60 %, die haufigere Form und das C-Allel die protektive Variante. Interessanterweise, wurde
die protektive Variante auf beiden Allelen (Homozygot fiir (C)) in GRN-FTD-Patienten
besonders selten festgestellt, in 2,6 % der GRN-Patienten gegeniiber 19,1 % in der
Kontrollgruppe (Finch et al., 2011, van der Zee et al., 2011). In anderen FTD-Patienten
Kohorten unterschied sich die Hiufigkeit der protektiven Variante nicht signifikant, dennoch
korrelierte das protektive Allele mit einer erhohten PGRN Expression und mit einem um bis zu
13 Jahre spéteren Beginn der FTD-Pathologie in GRN-Mutationstrigern (Cruchaga et al.,
2011). Neben der FTLD-Assoziation hat, das verbreite Risiko-Allel (rs1990622) gleichzeitig
einen Effekt auf das Volumen des linken Frontallappens (Adams et al., 2014).
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Abbildung 9: Schematische Darstellung der genomischen Region von TMEM106B. Kodierende Bereiche sind in Blau,
untranslatierte in Griin dargestellt. Die Translation beginnt in Exon 3 und ist durch einen Pfeil gekennzeichnet. Zusétzlich ist
die protektive Mutation T185S und die mit Leukodystrophie-assoziierte Mutation D252N gekennzeichnet. E1 bis 9: Exon 1
bis 9. In rs Nummern sind die Positionen ausgewahlter SNPs im TMEM106B Gen-Lokus dargestellt, angepasst aus (Nicholson
and Rademakers, 2016, Hunt et al., 2018).

Im kodierenden Bereich von TMEMI106B wurde eine Mutation in Exon 6 (rs3173615) an
korrespondierender Aminosdureposition 185 entdeckt, die zu einem Aminosédureaustausch von
Threonin zu Serin fiihrt (Abbildung 9 & 10 & Tabelle 1) (Nicholson et al., 2013). Die S185
Variante tritt meistens in Verbindung mit dem protektiven Allel (C) in SNP rs1990622 auf
(Cruchaga et al., 2011, Nicholson et al., 2013). Die S185-Form fiihrt méglicherweise zu einer
reduzierten Proteinstabilitit und Expression von TMEMI106B in Zellkulturexperimenten,
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gegeniiber der erhohten Expression der T185-Form (Nicholson et al., 2013). Aufgrund der
geringeren Haufigkeit der S185 Variante in FTD-Patienten, geht man von einem protektiven
Effekt aus (Nicholson et al., 2013). Ein TMEM106B rs3173615 Varianten-abhingiger Einfluss
auf die PGRN-Expression wird diskutiert (Nicholson et al., 2013, Nicholson and Rademakers,
2016, Feng et al., 2021).

Die zweite Mutation in Exon 9 (rs1554310600) fiihrt zu einem Aminosdureaustausch an der
Aminosdureposition 252, von Asparaginsdure zu Asparagin (Abbildung 9 & 10). Die
heterozygote D252N  Mutation wurde bei Patienten mit Leukodystrophie mit
Hypomyelinisierung entdeckt (Simons et al., 2017, Yan et al., 2018). Eine Hypomyelinisierung
wurde in Patienten und in Tmem106b”- Méusen nach der Induktion einer neuronalen Verletzung
beobachtet (Simons et al., 2017, Zhou et al., 2020, Feng et al., 2020).

Auch C9ORF72-FTLD Patienten wurden auf SNPs in TMEM106B untersucht. Dabei wurde
festgestellt, dass das protektive Allel (C) in SNP rs1990622 in TMEM106B, im homozygoten
Zustand, mit einer reduzierten TDP-43 Pathologie-assoziiert sind (van Blitterswijk et al., 2014,
Gallagher et al., 2014, Ferrari et al., 2019). Jedoch konnte in Mausexperimenten kein
TMEM106B-abhéngiger, modulierender Effekt auf die CO9ORF72-Pathologie festgestellt
werden (Nicholson et al., 2018).

Gleichzeitig wurde eine Interaktion mit dem APOE Genotyp im Kontext der Alzheimer-
Erkrankung untersucht (Lu et al., 2014). Dabei wurde entdeckt, dass bei gesunden APOE e4
Trigern das protektive Allel (C) in TMEM106B (21,4 %) haufiger vorkommt als in APOE e4
Tragern mit AD-Pathologie (13,6 %) (Lu et al., 2014). In AD-Patienten mit TDP-43 Pathologie
wurde das protektive Allel (C) in SNP rs1990622 seltener detektiert, als in AD-Patienten ohne
TDP-43 Pathologie (Rutherford et al., 2012). Es wurde vorgeschlagen, spite Formen der
Demenz mit TDP-43 Pathologie, die bei 25 % der Autopsie-Proben bei iiber 85-Jéhrigen
festgestellt werden konnten, als LATE zu klassifizieren (engl.; Limbic-predominant Age-
related TDP-43 Encephalopathy) (Nelson et al., 2019). Genau in diesen Patienten wurde das
Risiko Allel (T) in SNP rs1990622 in TMEM106B als Faktor identifiziert der mit erh6htem
neuronalen Zellverlust und Expressionsdnderungen, von Oligodendrozyten, Lysosom und
Myelin-assoziierten Genen, korreliert (Nelson et al., 2019, Hokkanen et al., 2020, Yang et al.,
2020).
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Krankheitsbild SNP Risiko Protektive  Assoziierter Phiinotyp Referenzen
Allele Allele
FTLD-TDP 1s1990622 T C Erhohtes Risiko fir FTLD-TDP (Van Deerlin et al., 2010,
GRN van der Zee et al., 2011,
Mutationen 1s3173615 C (T185) G (S185) Alle anderen SNPs sind im Finch et al., 2011,
(T185S) Verkupplungsungleichgewicht mit Cruchaga et al., 2011,
151990622 Deming and Cruchaga,
1s1990621 C G 2014, Lattante et al.,
1$1990620 A G Protektive SNP sind selten, vor allem 2014, Gallagher et al.,
151020004 A G bei GRN Mutationstragern 2017, Harding et al.,
156966915 C T 2017, Pottier et al., 2018)
FTLD-TDP rs1990622 T C Risiko Varianten assoziiert mit (Lattante et al., 2014,
CI9ORF72 rs3173615 C G verstirktem kognitivem Abbau van Blitterswijk et al.,
Hexanukleotid 2014, Deming and
Cruchaga, 2014,
Gallagher et al., 2014,
Vass et al., 2011)
AD 151595014 T A Risiko Varianten erhohen AD-Risiko, (Jun et al., 2016)
APOE 151990622 T C abhingig vom APOE Allele
AD /LATE rs1990622 T Risiko Variante korreliert mit (Rutherford et al., 2012,
TDP-43 verstirkter TDP-43 Pathologie Josephs et al., 2019,
Nelson et al., 2019,
Hokkanen et al., 2020) ,
AD 1s1990622 T C Protektive Variante korreliert mit (Lu et al., 2014, Milind
reduziertem Inflammationsprofil et al., 2020)
Alterung des rs1990622 T C Protektive Variante korreliert mit (Rhinn and Abeliovich,
Gehirns reduziertem Inflammationsprofil 2017, Li et al., 2020),
Leukodystrophie 151554310600 ¢.754G>A Sehr seltene Kodierende Mutation (Simons et al., 2017, Yan
(D252N) Starke Hypomyelisierung, et al., 2018)

Verlangsamte Entwicklung der
motorischen Fahigkeiten

Tabelle 1: SNPs in dem TMEM106B Gen Lokus in verschiedenen neurodegenerativen

Krankheitsbildern. Angepasst aus: (Feng et al., 2021).

5.2 TMEM106B-abhingige Regulation der Proteindegradation

TMEMI106B ist ein Typ 2 Transmembranprotein mit fiinf Glykosylierungsstellen und kann von
SPPL2a (engl.: Signal Peptide Peptidase-like 2a) innerhalb der Transmembranproteine
prozessiert werden (Abbildung 8) (Lang et al., 2012, Brady et al., 2013). Die Expression von
TMEM106B ist sowohl in FTD-Patienten als auch in Grn”- Miusen erhoht (Gotzl et al., 2014).
Interessanterweise ist TMEM106B auch in Mausmodellen fiir lysosomale Speicherkrankheiten
(Ctsd”") um ein vielfaches erhoht (Gotzl et al., 2014).

Das Risiko Allel (T) in SNP rs1990622 in TMEM 1068 fiihrt zu einer erhdhten Expression (Van
Deerlin et al., 2010, Cruchaga et al., 2011, van der Zee et al., 2011, van Blitterswijk et al.,
2014). In GRN-FTD, C9ORF72-FTD und AD-Patienten wurde das Risiko Allel (T) SNP
1s1990622 mit erhdhtem Aufkommen der TDP-43 Pathologie korreliert (Van Deerlin et al.,
2010, Cruchaga et al., 2011, van der Zee et al., 2011, van Blitterswijk et al., 2014, Gallagher et
al., 2014, Nelson et al., 2019, Hokkanen et al., 2020, Yang et al., 2020). Ob TMEM106B einen
direkten Einfluss auf die Entstehung der TDP-43 Pathologie hat, ist nicht untersucht. TDP-43
wird sowohl iiber das Proteasom als auch iiber die Autophagie abgebaut, deshalb ist ein
Verstindnis liber die TMEM106B-abhingige Regulation der Proteindegradation essenziell.
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Abbildung 10: Schematische Darstellung der Topologie von TMEM106B. Abgebildet sind der luminale C-terminus (C),
die Transmembrandoméne (TMD) und der zytoplasmatische N-terminus (N). Die Gylskosylierungsstellen sind links
gekennzeichnet (Asnl45 - Asn256). Rechts sind die beiden einzigen Krankheit-assoziierten kodierenden Mutation T185S
(Threonin zu Serin) und D252N (Asparaginsdure zu Asparagin) gekennzeichnet. Angepasst aus (Nicholson and Rademakers,
2016, Ware et al., 2020)

Uberexpressionsexperimente zeigten, dass TMEM106B sowohl in Lysosomen als auch in
Endosomen lokalisiert ist (Lang et al., 2012). In kultivierten Zellen fiihrt eine erhohte
Expression von TMEM106B zu vergroBerten Lysosomalen-Kompartimenten (LAMP1-postiv)
(Brady et al., 2013, Stagi et al., 2014, Busch et al., 2016, Kundu et al., 2018). Eine erhdhte
TMEM106B Expression bewirkte, dass der mTOR abhéngige Transkriptionsfaktor-EB (TFEB)
in den Kern wandert (Stagi et al., 2014). TFEB wurde als ein Transkriptionsfaktor identifiziert
der die Expression von vielen Lysosomalen-Hydrolasen, Lysosomalen-Membranproteinen und
Autophagie-assoziierter Gene induziert (Stagi et al., 2014, Palmieri et al., 2011). Zu den TFEB
induzierten Genen gehodren unter anderem die Lysosomen-assoziierten Gene C7SA4, CTSB,
CTSD, CTSF und PSAP. Auch die Expression der V-ATPase (Vakulire ATPase)
Untereinheiten wird von TFEB induziert und gehdrt damit zu den TFEB-abhéngigen CLEAR-
Genen (engl.: Coordinated Lysosomal Expression and Regulation) (Palmieri et al., 2011,
Tanaka et al., 2017).

In kultivierten Zellen bewirkte eine verstirkte TMEMI106B Expression, eine erhdhte
Sezernierung der Proteasen CTSA und CTSB (Ou et al.,, 2015, Kundu et al., 2018).
Demgegeniiber fiihrte die TMEM106B Mutation D252N, vermutlich zu einem TMEM106B
Funktionsverlust (Simons et al., 2017, Yan et al., 2018). So wurde in Fibroblasten von diesen
Patienten eine stark verminderte Maturierung der lysosomalen Proteasen CTSB & CTSL
nachgewiesen (Ito et al., 2018, Simons et al., 2017, Zhou et al., 2020, Feng et al., 2020). Damit
bewirkt eine erhohte Expression von TMEMI106B in Zelluliren-Systemen eine erhdhte
Maturierung und Sezernierung, wiahrend eine Reduktion mit einer verminderten Maturierung
der lysosomalen Proteasen einhergeht (Abbildung 11). Zugleich wurde eine, im Gegensatz zu
Grn 7~ Miusen, reduzierte CTSA, CTSB, CTSD und CTSL Expression in TmemI06b - Méusen
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festgestellt (Klein et al., 2017, Feng et al., 2020). Damit wiirden PGRN und TMEM106B einen
entgegengesetzten Effekt auf einige lysosomale Proteasen haben. Die entgegengesetzte
Regulation der Expression und der Maturierung einiger Cathepsine, wiirde eine Normalisierung
der GRN-Pathologie durch einen TMEM106B Funktionsverlust bewirken (Klein et al., 2017).

Die Maturierung und Prozessierung der Cathepsine ist pH-abhéngig, weshalb die beschriebene
reduzierte Expression der V-ATPase Untereinheiten (VO, VOal, VOc, und V0d1) durch den
TMEM106B Funktionsverlust umso bedeutender ist (Klein et al., 2017). Zusétzlich wurde eine
direkte Interaktion des mit der V-ATPase assoziierten Adapter Proteins (AP-1) mit
TMEMI106B beschrieben (Klein et al., 2017). Diese Regulation der V-ATPase Expression und
Interaktion wiirde eine TMEM106B-abhingige Ansduerung der Lysosomen bewirken (Klein
et al., 2017). Der TMEMI106B Funktionsverlust fithrte in Zellen zu einer reduzierten
Ansduerung der Lysosomen (Klein et al., 2017). Es wurde diskutiert, ob sowohl PGRN als auch
TMEM106B den pH der Lysosomen regulieren (Abbildung 11) (Tanaka et al., 2017, Klein et
al., 2017). Darauf basierend entstand die Hypothese, dass die PGRN-Defizienz zu einer
lysosomalen Hyperfunktion fiihrt, welche durch eine TMEM106B-Defizienz blockiert und
normalisiert wird (Klein et al., 2017).

Reduzierte Erhohte
Expression TMEM106B Expression
Zytosol Lysosomen
Reduzierte Anzahl & { Erhohte Anzahl &
GroBe der LAMP1 Vesikel Grofle der LAMP1 Vesikel
CTSB & CTSL c I CTSA & CTSB Sezernierung
Maturierung blockiert %
VATP I Lipofuszin
Beschleunigter Transport o , e
CMP2B =~ ; TMEM106B Transport blockiert
pH‘) Interaktion
/ N Anséuerung blockiert

MAP6

TFEB

Mikrotubuli Nucleus

f CLEAR-Gene

Abbildung 11: Schematische Darstellung der TMEM106B abhéngigen Lysosomalen Prozesse. Abgebildet sind die
TMEM106B Interaktionspartner CHMP2B, MAP6 und V-ATPase. Die Folgen einer verdnderten TMEM 106B-Expression sind
dargestellt. Angepasst aus (Root et al., 2021).

Eine reduzierte TMEM106B Expression bewirkte, einen verstirkten retrograden lysosomalen
Transport in Dendriten von kultivierten Neuronen (Schwenk et al., 2014, Stagi et al., 2014).
Deshalb konnte es sein, dass eine endogene Funktion von TMEMI106B darin besteht, den
Transport von Lysosomen entlang der Mikrotubuli zu regulieren (Schwenk et al., 2014, Stagi
et al., 2014). Zu den bekannten TMEMI106B Interaktionsproteinen gehdren zwei mit den
Endosomen/Lysosomen-Transport assoziierte Proteine. Darunter das Mikrotubuli-assoziierte
Protein (MAP6) und das Autophagie-assoziierte CHMP2B (engl.: Charged Multivesicular
Body Protein 2B) (Abbildung 11) (Schwenk et al., 2014, Jun et al., 2015).
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5.3 TMEM106B-abhingige Regulation der Inflammation

Bei der Expressionsanalyse von post mortem Gehirngewebe von AD-Patienten, die einen
spiten Krankheitsbeginn haben, wurde das protektive Allel (C) in SNP rs1990622 mit einer
reduzierten Entziindung in Verbindung gebracht (Milind et al., 2020). Eine Studie hat die
mRNA-Expressionsdaten von Autopsie-Proben von iiber 7000 Probanden miteinander
verglichen und mit dem Alter der Probanden korreliert (Rhinn and Abeliovich, 2017). Dabei
wurde festgestellt, dass einige Probanden, ab einem Alter von 65 Jahren, von ihrem
Expressionsmuster eher dlteren Probanden entsprachen als ihrer eigenen Altersgruppe. Gene
die von Mikroglia, Astrozyten und Oligodendrozyten exprimiert werden, waren in ihrer
Expression vom Alter der Probanden abhidngig (Rhinn and Abeliovich, 2017). GWAS in diesen
Probanden, zeigten genetische Variationen in den Genloci GRN und TMEM106B. Jedoch waren
nur SNPs in TMEM1068B signifikant assoziiert. Die SNPs in TMEM106B haben, ab einem Alter
von 65 Jahren, einen Effekt auf das Transkriptom im Gehirn und verschieben vor allem die
Expression von Genen die mit Entziindungspprozessen assoziiert sind. Zu den differenziell
regulierten Genen gehdrten unter anderem Komplementfaktor C/QA4 sowie TREM2, CSTL und
GFAP. Trager der Risiko-Variante SNP rs1990622(T) glichen von ihrem Expressionsmuster
damit eher dlteren als gleichaltrigen Personen (Rhinn and Abeliovich, 2017).
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II. Zielsetzung dieser Arbeit

In GRN-FTLD-Patienten wurden SNPs in TMEM106B als Risikofaktor identifiziert (Van
Deerlin et al., 2010, Cruchaga et al., 2011, van der Zee et al., 2011). Zusétzlich wurden in GRN-
Patienten und in FTLD-Patienten, ohne Mutation in GRN, erhohte Protein-Mengen an
TMEMI106B detektiert.

Der Einfluss der Expression von TMEM106B auf die PGRN-Pathologie wird kontrovers
diskutiert. Unter anderem wurde die Hypothese aufgestellt, dass eine Reduktion der
TMEM106B-Proteinmenge, die PGRN-Pathologie positiv beeinflussen kann (Nicholson and
Rademakers, 2016, Klein et al., 2017). Diese Hypothese wollte ich in einem Mausmodell
iiberpriifen. Das Ziel dieses Projektes war es zu kliren, wie die beiden lysosomalen Proteine
TMEM106B und PGRN funktionell zusammenhingen und ob sich die lysosomalen
Verinderungen gegenseitig nivellieren. Wie dndern sich die Neuronen und Astrozyten und
werden die Mikroglia in ihrem Aktivierungsprofil verdndert? Wie dndert sich die TDP-43
Pathologie von alten Grn”~ Miusen, wenn TMEMI106B nicht mehr exprimiert wird
(Publikation I)? Das Verstindnis dariiber wie PGRN und TMEM106B interagieren ist von
enormer Bedeutung, da TMEM106B Risiko-SNPs vor allem als zusitzlicher Faktor in
neurodegenerativen Erkrankungen im Zusammenhang mit TDP-43 Pathologie auftreten.

TMEM106B wurde in Zellkultur Experimenten mit dem Transport von Lysosomen in
Verbindung gebracht (Lang et al., 2012, Schwenk et al., 2014). Daher wollte ich zusétzlich in
meiner Doktorarbeit die physiologische Funktion von TMEMI106B in vivo genauer
untersuchen. Das Ziel war es, zu verstehen, in welchen zelluldren Prozessen und in welchen
Zelltypen das Transmembranprotein TMEM106B eine Rolle spielt. Welche Folgen hitte der
Expressionsverlust von TMEM106B fiir die Lysosomen in ihrer Zusammensetzung und
Funktion in vivo (Publikation IT)?

PGRN wird hauptsidchlich von Mikroglia exprimiert. Welche Auswirkungen ein
Funktionsverlust von PGRN auf den Aktivierungszustand der Mikroglia hat, war jedoch noch
nicht untersucht. Julia G6tzl konnte in Zusammenarbeit mit dem Labor von Dr. Oleg Butovsky
zeigen, dass akut isolierte Mikroglia eine charakteristische Krankheits-assoziierte Mikroglia
mRNA Signatur aufweisen. Mein Ziel fiir dieses Teilprojektes war somit die biochemische und
funktionelle Analyse von primdren Mikroglia und von Mikroglia-Zelllinien. Welche Folgen hat
der Expressionsverlust von PGRN fiir isolierte und kultivierte Mikroglia (Publikation I1I)?
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III. Meine Beitriage zu den Publikationen dieser kumulativen
Dissertation

Loss of TMEM106B potentiates lysosomal and FTLD-like pathology in progranulin-deficient
mice.
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O. Butovsky, A. Capell and C. Haass 2019.

EMBO Molecular Medicine 11(6):9711. * Geteilte Erstautorenschaft

1 Beitrag zur Publikation I

Im Rahmen dieser Publikation etablierte ich Grn”/ TmemI06b”- Defiziente Miuse. Diese
Maiuse untersuchte ich auf Verhaltensauffilligkeiten, Genexpressionsinderungen und auf
weitere biochemische und immunhistologische Verdnderungen. Meine Ergebnisse legen nahe,
dass ich das erste Tiermodell etabliert habe, welches zumindest einige der charakteristischen
FTLD-TDP-Merkmale rekapituliert. Darunter TDP-43 Phosphorylierung und Aggregation,
gepaart mit einer massiven Astrogliose und Mikrogliose. Somit konnte ich die Hypothese
widerlegen und zeigen, dass eine Reduktion der TMEM106B Level die GRN-abhédngige FTLD-
Pathologie weiter verstirkt (Publikation I).

Als Erstautor, dieser Veroffentlichung habe ich, gemeinsam mit Anja Capell und Christian
Haass, die Studie erarbeitet und geplant. Ich habe das Mausmodell etabliert, alle biochemischen
und immunbhistologischen Untersuchungen durchgefiihrt und ausgewertet. Des Weiteren habe
ich die Verhaltenstests, nach dem Training durch Martin Schludi, vollstindig durchgefiihrt und
analysiert. Die PET-Scans wurden durch die Gruppe von Matthias Brendel durchgefiihrt. Die
RNA-Extraktion wurde von Katrin Fellerer durchgefiihrt, Aufbereitung und Auswertung der
Expressionsdaten wurden von mir umgesetzt. Alle Abbildungen (auBer der TSPO-PET und der
Riickenmark-Daten) wurden von mir erstellt.

Alle von mir beigetragenen Ergebnisse sind in den Abbildungen 1 A-E, 2 A-E, 3A-E, 4 A-
D, 5 A-E, 6 A-C, 7A-F, 8 A-D und EV1, EV2, EV4, EVS5 gezeigt (Werner et al., 2020).
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2 Beitrag zur Publikation II

In von mir per CRISPR/Cas9 generierten Tmeml06b™ Zellen konnte ich eine generelle
Reduktion der lysosomalen Kapazitét und, infolgedessen, ein Autophagie-Problem beobachten.
Ich generierte eine Tmem106b”- Mauslinie durch Verpaarung, einer bestehenden TmemI06b-
LoxP-Linie, mit einer Cre-Recombinase-Linie. Die initialen Beobachtungen, in den von mir
generierten zelluldren Modellen, konnte ich in der von mir etablierten Mauslinie bestétigen.
Zusitzlich konnte ich in einem komplett unabhéngig generierten Mausmodell von Markus
Damme die gleichen Lysosomalen Verdnderungen mittels Biochemie detektieren. Meine
biochemischen Analysen in den beiden Mausmodellen zu unterschiedlichen Zeitpunkten
zeigten, dass TMEM106B die Maturierung verschiedener Cathepsine beeinflusst und somit
auch den Protein-Abbau in den Lysosomen. Zusétzlich konnte ich auf biochemischer Ebene
eine Akkumulation der Autophagie Marker p62 und LC3 zu beobachten. Die Funktion von
TMEM106B ist damit im Zusammenspiel von Autophagie und Lysosomen zu verorten. Diese
Ergebnisse konnten erkliren, warum SNPs in TMEMI06B in unterschiedlichen
neurodegenerativen Erkrankungen zu finden sind (Publikation II).

Begriindung fiir eine geteilte Erstautorenschaft (Publikation II):

Als einer der Erstautoren habe ich ein Mausmodell etabliert und zusammen mit einem weiteren
Mausmodell ~ biochemisch  charakterisiert. = Diese = Verdffentlichung  beantwortet
unterschiedlichste Aspekte der physiologischen Funktion von TMEM106B in vivo. Markus
Damme entdeckte vergroferte lysosomale Kompartimente in Motoneuronen im Nucleus
facialis. Patrick Liiningschror bestdtigte diese lysosomalen Beeintrdchtigungen in isolierten
und kultivierten Motoneuronen. Durch die kombinierte Expertise konnten wir, in dem von mir
etablierten Tmem106b”- Méusen und einem zweiten unabhingigen Tiermodellen, die Funktion
von TMEM106B untersuchen und validieren.

Alle von mir beigetragenen Ergebnisse sind in den Abbildungen 1F, 5C, S3A, S3B, S3F,
S7A, S7B gezeigt (Liiningschror et al., 2020).

3 Beitrag zur Publikation II1

Im Rahmen dieser Veroffentlichung konnte ich belegen, dass sich die erhohte Transkription
von DAM-Genen, in isolierten Grn”~ Mikroglia, auch auf Ebene der Protein-Expression
widerspiegelt. Dafiir habe ich erfolgreich Mikroglia aus Mausgehirnen isoliert und biochemisch
analysiert. Die isolierten Grn”~ Mikroglia weisen erhdhte Protein Level fiir mehrere DAM
Marker Proteine auf, unter diesen, TREM2, CLEC7A, CD68, sowie APOE. Zusitzlich konnte
ich bei isolierten und anschlieBend kultivierten Mikroglia von Wiltdtyp, Grn”* und Trem2”-
Maiusen Phagozytose Messungen mit E.coli-Bakterien-Partikeln durchfiihren. So konnte ich
belegen, dass auch kultivierte Grn” Mikroglia eine erhohte Phagozytose-Rate als funktionelle
Konsequenz der DAM-Signatur aufweisen. Gleichzeitig konnte ich die von mir etablierte
Technik, zur genetischen Modifikation der BV-2 Zelllinie, fiir dieses Projekt nutzen. Der
Verlust der PGRN-Expression fiihrt auch in den von mir per CRISPR/Cas9 generierten Grn™-
Mikroglia-Zelllinie zu der dhnlich erhdhten Expression von DAM-Genen. Diese Verschiebung
hin zu einem {iberaktivierten Zustand, duflerte sich ebenso in einer erhohten Phagozytose-
Kapazitit. Somit konnte ich zeigen, dass sowohl in akut isolierten Mikroglia, als auch in
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genetisch modifizierten mikroglialen Zelllinien, ein Verlust der PGRN-Expression zu einer
funktionalen Hyperaktivierung der Zellen fiihrt (Publikation I).

Begriindung fiir eine geteilte Erstautorenschaft (Publikation I):

Als einer der Erstautoren, habe ich primdre Mikroglia isoliert sowie biochemisch und
funktionell analysiert. Zusétzlich konnte ich in von mir etablierten Grn”- Mikroglia-Zelllinie
funktionelle Konsequenzen analysieren. Dieses umfangreiche Projekt wurde mit
unterschiedlichster Methodik experimentell von mehreren Personen getragen. Julia Gotzl fiihrte
die Isolation und Gen-Expression-Analyse von Mikroglia durch. Matthias Brendel untersuchte
die Aktivierungszustinde der Mikroglia und den Glukose-Metabolismus in vivo. Erst durch
diese interdisziplindre Zusammenarbeit war es moglich, die verschiedenen funktionellen
Konsequenzen eines PGRN-Expressionsverlustes zu untersuchen.

Alle von mir beigetragenen Ergebnisse sind in den Abbildungen 2 A,B,G,H, 3 A, EV1 A
und EV1 B dargestellt (Gotzl et al., 2019).
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IV. Ergebnisse

1 Publikation I

Loss of TMEM106B potentiates lysosomal and FTLD-like pathology in progranulin-deficient

mice.
G. Werner, M. Damme, M. Schludi, J. Gnorich, K. Wind, K. Fellerer, B. Wefers, W. Wurst, D.

Edbauer, M. Brendel, C. Haass and A. Capell 2020.
EMBO Reports 21(10):€50241.

Alle von mir beigetragenen Ergebnisse sind in den Abbildungen 1 A-E, 2 A-E, 3A-E, 4 A-
D, 5 A-E, 6 A-C, 7A-F, 8 A-D und EV1, EV2, EV4, EVS5 gezeigt (Werner et al., 2020).
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Abstract

Single nucleotide polymorphisms (SNPs) in TMEM106B encoding
the lysosomal type Il transmembrane protein 106B increase the
risk for frontotemporal lobar degeneration (FTLD) of GRN (progran-
ulin gene) mutation carriers. Currently, it is unclear if progranulin
(PGRN) and TMEM1068B are synergistically linked and if a gain or a
loss of function of TMEM106B is responsible for the increased
disease risk of patients with GRN haploinsufficiency. We therefore
compare behavioral abnormalities, gene expression patterns,
lysosomal activity, and TDP-43 pathology in single and double
knockout animals. Grn~/~/Tmem106b~'~ mice show a strongly
reduced life span and massive motor deficits. Gene expression
analysis reveals an upregulation of molecular signature character-
istic for disease-associated microglia and autophagy. Dysregulation
of maturation of lysosomal proteins as well as an accumulation of
ubiquitinated proteins and widespread p62 deposition suggest
that proteostasis is impaired. Moreover, while single Grn~/~
knockouts only occasionally show TDP-43 pathology, the double
knockout mice exhibit deposition of phosphorylated TDP-43. Thus,
a loss of function of TMEM106B may enhance the risk for
GRN-associated FTLD by reduced protein turnover in the
lysosomal/autophagic system.

Keywords FTD; neurodegeneration; progranulin; TDP-43; TMEM106B
Subject Categories Molecular Biology of Disease; Neuroscience
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Introduction

Frontotemporal lobar degeneration (FTLD) is the second most
common pre-senile neurodegenerative disease after Alzheimer’s

disease and is predominantly characterized by either tau or TAR
DNA-binding protein 43 (TDP-43) depositions. Clinically, FTLD-TDP
patients present with behavior and personality changes as well as
speech disabilities (Snowden et al, 2006). In addition, many patients
show an overlap with motor neuron diseases like amyotrophic
lateral sclerosis (ALS) (Hardy & Rogaeva, 2014). A strong family
history of dementia is present in FTD patients, implicating a signifi-
cant genetic component. C9orf72 repeat expansions (DeJesus-
Hernandez et al, 2011; Renton et al, 2011) and progranulin (PGRN)
haploinsufficiency are common causes of familial FTLD with TDP-
43 pathology (FTLD-TDP) (Baker et al, 2006; Cruts et al, 2006; Gass
et al, 2006). PGRN appears to exhibit neurotrophic and anti-inflam-
matory activities (Bateman et al, 2018). In addition, loss of PGRN is
linked to dysfunctional lysosomal degradation and autophagy
(Chang et al, 2017; Kao et al, 2017). While patients with PGRN
haploinsufficiency show lysosomal abnormalities and present with
some biochemical phenotypes of neuronal ceroid lipofuscinosis
(NCL) (Gotzl et al, 2014; Ward et al, 2017), homozygous mutations
leading to total loss of PGRN result in classical NCL (Smith et al,
2012; Almeida et al, 2016). PGRN is upregulated upon lysosomal
dysfunction (Capell et al, 2011) and co-regulated with other lysoso-
mal genes (Sardiello et al, 2009; Belcastro et al, 2011). Furthermore,
PGRN is transported to lysosomes (Hu et al, 2010; Zhou et al, 2015)
where it is processed by lysosomal proteases to granulin peptides
(Holler et al, 2017; Lee et al, 2017; Zhou et al, 2017b). Lysosomal
gene expression in Grn knockout mice is upregulated during aging
(Gotzl et al, 2014; Klein et al, 2017) or injury (Tanaka et al, 2013,
2017; Beel et al, 2017). In line with lysosomal dysfunction in GRN-
associated FTLD, aged Grn knockout mice are characterized by
accumulation of lipofuscin, saposin D, the autophagy markers
SQSTM1/p62 and ubiquitin. It is still puzzling that TDP-43 pathol-
ogy is abundant in GRN patients, but only occasionally observed in
aged Grn knockout mice (Ahmed et al, 2010; Yin et al, 2010a;
Ghoshal et al, 2012; Petkau et al, 2012; Wils et al, 2012; Gotzl et al,
2014; Tanaka et al, 2014).
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The high variability in age of onset as well as the incomplete
penetrance of GRN mutations led to the search for genetic risk
factors in a genome-wide association study (GWAS), which identi-
fied single nucleotide polymorphisms (SNPs) in the TMEMI06B
locus that segregate with GRN-associated FTLD (Van Deerlin et al,
2010). TMEMI06B risk variants are also associated with C9orf72
repeat mutations (van Blitterswijk et al, 2014; Gallagher et al,
2014), TDP-43 pathology, severity of GRN independent FTLD, and
other neurodegenerative disorders (Rutherford et al, 2012; Murray
et al, 2014; Nelson et al, 2015; Yu et al, 2015). The most signifi-
cant SNPs are in high linkage disequilibrium with a SNP that leads
to a threonine to serine exchange at amino acid 185. The minor
protective S185 allele is underrepresented in FTLD and may thus
reduce the risk of GRN mutation carriers (Cruchaga et al, 2011;
Finch et al, 2011; van der Zee et al, 2011). However, contradictory
findings make it difficult to understand how TMEMI106B and
PGRN functionally interact to increase the risk for FTLD-TDP.
There is some evidence that the risk haplotype enhances
inflammatory gene expression (Rhinn & Abeliovich, 2017; Ren
et al, 2018), whereas the protective variant provides neuroprotec-
tion (Li et al, 2020). Functionally, TMEM106B is linked to the
lysosomal protein degradation pathway and autophagy suggesting
an interaction with similar functions of PGRN. TMEM106B is an
endo-lysosomal type 2 transmembrane protein and plays a crucial
role in regulating lysosomal size, morphology, subcellular traf-
ficking, and acidification (Chen-Plotkin et al, 2012; Lang et al,
2012; Brady et al, 2013; Schwenk et al, 2014; Stagi et al, 2014). In
neurons, TMEM106B overexpression leads to enlarged lysosomes,
inhibits their acidification and transport, and results in accumula-
tion of LAMPI-positive structures at the cell soma (Stagi et al,
2014). This may be in line with increased mRNA and protein
levels (Van Deerlin et al, 2010; Nicholson et al, 2013; Gallagher
et al, 2017) in FTLD-TDP patients (Van Deerlin et al, 2010; Chen-
Plotkin et al, 2012; Gotzl et al, 2014). This would also be consis-
tent with the observation that a Tmem106b knockout rescues lyso-
somal deficits in Grn knockout mice (Klein et al, 2017). However,
knockdown of TMEM106B also results in clustering of lysosomes
in nuclear proximity and enhanced retrograde transport in
dendrites (Schwenk et al, 2014; Clayton et al, 2018). Moreover,
similar to TMEMI106B overexpression, TMEM106B deficiency in
mice also results in impaired lysosomal acidification and reduced
lysosomal enzyme activities (Klein et al, 2017; Arrant et al, 2018)
and altered axonal transport accompanied by accumulation of lipo-
fuscin and autophagosomes (Luningschror et al, 2020). Thus, it is

Figure 1. Early motor deficits in Grn /- /Tmem106b '~ mice.

Georg Werner et al

currently unclear if a loss or a gain of function contributes to the
elevated risk for FTLD.

To understand a potential pathological consequence and syner-
gistic effects of PGRN and TMEM106B loss of function, we investi-
gated single knockout and double knockout animals. Surprisingly,
we found that loss of TMEM106B strongly enhanced age-related
PGRN phenotypes resulting in robust TDP-43 pathology, early
lysosomal dysfunction accompanied by an accumulation of ubiqui-
tinated proteins, severe microgliosis/astrogliosis, and dramatically
reduced life span. This suggests that the TMEMI06B risk alleles
may modulate GRN-associated FTLD via a loss-of-function
mechanism.

Results

Loss of PGRN and TMEM106B leads to early motor deficits
in mice

To understand the contribution of a loss of function of TMEM106B
to FTLD pathology, we generated Grn/Tmem106b double knockout
animals. The Tmem106b~/~ mouse line was generated by injection
of targeted ES cells (KOMP clone EPD0047_1_E02) into BALB/C
blastocysts. Germline transmission of the tm2a allele (Wtsi lacZ
genetrap “knockout first” cassette between exon3 and exon4) was
verified, and the mice were bred with constitutively Cre recombi-
nase expressing mice to delete exon 4 and generate the
Tmem106b~/~ (tm2b) founder generation (Fig 1A) (see also
(Luningschror et al, 2020)). Grn/~/Tmeml106b~/~ mice were
generated by crossing Tmem106b~/~ mice with Grn™/~ mice (Kaya-
suga et al, 2007). All genotypes were verified by Western blotting
(Fig 1B). In contrast to the single knockout lines, double knockout
Grn~/~/Tmem106b~/~ mice showed a reduced life expectancy.
According to animal welfare practices, we had to sacrifice these
mice at 16-18 weeks of age when they reached pre-defined endpoint
criteria. The hind-leg clasping reflex test revealed an overt pheno-
typic difference between 3-month-old Grn~/~/Tmem106b~/~ mice
and single knockout littermates or wild-type (WT) mice. Grn’ -/
Tmem106b~/~ mice showed sustained hind limb clasping associated
with trunk flexion while single knockout and WT mice held their
hind limbs apart with paw external rotation (Fig 1C). Furthermore,
the rotarod test confirmed motor incoordination in Grn~/~/
Tmem106b~/~ mice (Fig 1D). The motor deficits of the Grn™/~/
Tmem106b~/~ mice, visible by shaking-like movements and paresis

A Schema of the mouse wild-type and mutant Tmem106b locus. The tm2a allele carries a LacZ-Neo selection cassette in intron 3 and a loxP-flanked exon 4. Upon Cre
recombinase expression in the germline, exon 4 is deleted and Tmem106b expression abolished (tm2b allele).
B Western blot analysis of total brain lysates of wild-type, Tmem106b~'~, Grn/~ and Grn~/~/Tmem106b~'~ mice using antibody 6F2 to detect TMEM106B. (4.5-month-

old mice with the given genotype; n = 3 biological replicates per genotype).

C Hind limb clasping test wild-type, Tmem106b~'~, Grn™/~, Grn*'~/Tmem106b~'~ and Grn~/~/Tmem106b~'"~ mice. Representative pictures are shown of three mice

analyzed for each genotype at 3 months of age.

D Rotarod performance of wild-type, Tmem106b~'~, Grn~'~, Grn*'~/Tmem106b '~ and double knockout animals at 3-4 months of age. Number of animals used for
analysis, 10 wild-type, 12 Tmem106b~'~, five Grn™/~, seven Grn*/~/Tmem106b~'~, three Grn™/~/Tmem106b~/~ mice.
E Representative picture of a 4.5-month-old double knockout (Grn™/~/Tmem106b~'~) mouse after manual flip.

Data information: For statistical analysis (D), one-way ANOVA with Tukey’s post hoc test was used to compare the mean + SD of the individual genotypes. Significance is

indicated; *P < 0.05; **P < 0.01; and ****P < 0.0001.
Source data are available online for this figure.
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Figure 1.

of hind limbs, increased with age to a stage in which the mice could
not turn back, when they were manually flipped over (Fig 1E and
Movie EV1). To investigate whether the total loss of TMEM106B
and PGRN is required for developing such a strong phenotype, we

© 2020 The Authors

analyzed Grn™/* /Tmem106b/~ mice. Although the hind-leg clasp-
ing reflex was normal (Fig 1C) and the mice could not be turned on
their back, rotarod performance was significantly impaired
compared to WT but significantly improved compared to double
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knockout mice (Fig 1D). Thus, reduced PGRN levels in combination
with TMEM106B loss of function exacerbate the rather mild pheno-
types of the individual knockouts. However, the strong effect on life
expectancy only occurred upon total loss of both proteins PGRN and
TMEM106B.

Enhanced dysregulation of genes in the double knockout is
associated with microglia and astrocyte function

To specify functional changes in Grn™/~/Tmem106b~/~ mice, we
analyzed the expression of genes associated with neurodegenera-
tive diseases using the nCounter® Neuropathology panel (Nano-
String Technologies) in total brain of 4.5-month-old mice. Genes
expressed in neurons, astrocytes, microglia, oligodendrocytes, and
endothelial cells, addressing six fundamental themes of neurode-
generation including neurotransmission, neuron-glia interaction,
neuroplasticity, cell structure integrity, neuroinflammation, and
metabolism, were analyzed. Gene expression levels of 760 genes
in each sample were normalized against the geometric mean of
10 housekeeping genes. The most significant dysregulation of
genes was found in Grn/~/Tmeml06b~’~ mice (Fig 2A-C).
While in single knockout mice expression of genes was altered
no more than two-fold up or 0.5-fold down, in the double knock-
out mice 23 genes were dysregulated above/below these values.
Overlap in gene expression was considered if a gene was signifi-
cantly changed in the respective mouse models with more than
20% change in at least one mouse model. Most overlap exists
between Tmeml06b~/~ and Grn~/~/Tmeml06b~/~ mice (15
genes, 10 up, five down), while the strongest modulation occurs
in a gene cluster associated with activated microglia in Grn™/~
and Grn~/~/Tmem106b~/~ mice (Cd68, Clgc) or in all three
mouse models (Trem2, Clqa, Clgb; Fig 2D). Notably, almost all
overlapping genes are regulated in the same direction. The double
knockout mice show the strongest effects, and the changes in
gene expression are not simply the additive effects of single
knockout mice (Fig 2D). In line with previous findings, pathway
analyses revealed upregulation of gene clusters associated with
activated microglia, autophagy (Lui et al, 2016; Gotzl et al, 2019),
and angiogenesis in Grn/~ mice and in Tmeml06b~/~ mice
(Fig 2E). Scores of these gene clusters were strongly elevated in

the double knockout animals (Fig 2E), suggesting severe

Georg Werner et al

microgliosis and deficits in protein degradation. Moreover, all
downregulated genes in Grn /" /Tmeml106b/~ mice are associ-
ated with “axon and dendrite structure” and “neural connectiv-
ity”. The strongest downregulation in Grn~/~/Tmem106b~/~ mice
was observed for genes affecting “myelination” (Fa2h, Mog, Mag,
Ugt8a, Mal; Fig 2C). Note that downregulation of myelination-
associated genes could be confirmed on the protein level
(Fig EV1). Interestingly, in several pathways associated with
neuronal function like “neuronal cytoskeleton”, “myelination”,
“axon and dendrite structure”, and “vesicle trafficking”, a high
score is only observed in double knockout mice, while single
knockout mice show no changes (Fig 2E).

Besides upregulated genes associated with hyperactivated micro-
glia, Gfap is 6.5-fold upregulated and therefore after Cd68, which is
eight-fold upregulated, the second strongest upregulated gene in the
double knockout mice (Fig 2C). Thus, we also addressed glial
pathology by analyzing gene expression using the nCounter®
Neuroinflammation panel (NanoString Technologies) covering 757
genes and 13 housekeeping in total brain of 4.5-month-old mice.
Gene expression levels were analyzed as described for the nCoun-
ter® Neuropathology panel. As expected expression changes in the
single knockout mice are low, no gene reaches a two-fold or 0.5-fold
change in expression (Fig 3A and B). The double knockout mice
show again the strongest effects with 27 genes either with a two-fold
or 0.5-fold change, and 126 genes with more than 20% change
(Fig 3C). Changes in gene expression are not simply additive
(Fig 3D). Ninteen genes were altered in all three mouse models and
17 genes altered in the double knockout together with either single
knockout (Fig 3D). As observed for the Neuropathology panel,
almost all overlapping genes are regulated in the same direction.
Downregulation overlapped only in Tmem106b~/~ and Grn/~/
Tmem106b~/~ mice, while upregulation overlapped more between
Grn~/~ and Grn~/~/Tmem106b~/~ mice in astrocytic and microglial
expressed genes (Fig 3D). Furthermore, all inflammation-associated
pathways, like “innate and adaptive”, “immune response”, “inflamma-
tory signaling”, and “astrocyte and microglia function”, were slightly
upregulated in Grn™/~ mice and strongly increased in Grn/7/
Tmem106b~/~ mice (Fig 3E). Thus, the hyperactivated microglial state
identified in the Neuropathology panel was confirmed with the
Neuroinflammation panel. In line with expression changes of genes
associated with myelination, detected in the Neuropathology panel,

Figure 2. Expression analysis reveals global dysregulation of gene clusters associated with autophagy and microglial activation in double knockout mice.

A-C Volcano plot of differentially expressed brain mRNAs of 4.5-month-old mice (n = 3 biological replicates per genotype) detected by the Neuropathology panel
of NanoString. Expression changes were only taken into consideration when the extent of change was above 20% as indicated by vertical lines for all
volcano plots. Gliosis- and myelination-related genes are highlighted if changes are above 20%. Fold changes are displayed after log, transformation. (A)
Comparison of differentially expressed brain mRNAs from Tmem106b~'~ and wild-type mice. From 680 detected genes, 21 are significantly upregulated, while

10 are significantly reduced. (B) Comparison of Grn~/~

and wild-type mice. From 680 detected genes, 12 are significantly upregulated, while six are

significantly reduced. (C) Volcano plot for Grn~'~/Tmem106b~'~ and wild-type mice. From 680 detected genes, 79 are significantly upregulated, while 24 are

significantly reduced.

D Display of differently expressed genes overlapping between the analyzed genotypes from (A-C). Overlap was considered if a gene was significantly changed in the
respective mouse models with more than 20% change in at least one mouse model. Note that nine genes are significantly altered in all three genotypes in
comparison to the wild type. Seven genes are exclusively overlapping between the Grn™/~ and the Grn~/~/Tmem106b~/~ mice. Tmem106b~'~ and Grn~'~/

Tmem106b ™'~ mice share 15 significantly altered genes. Tmem106b~'~ and Grn

/-

mice share one significant altered gene. Data represent the mean =+ SD.

B Gene set analysis based on NanoString advanced analysis R-script included in the Neuropathology panel.

Data information: For statistical analysis of volcano plot data, unpaired two-tailed Student’s t-test was performed between individual genotypes and the wild-type
control condition. Significance was accepted when P < 0.05 as indicated by the dotted line.

Source data are available online for this figure.
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Figure 3. Expression analysis reveals enhanced dysregulation of genes associated with microglia and astrocyte function.

A-C Analysis of brain mRNA expression of 4.5-month-old mice (five wild-type, four Grn™/~, four Tmem106b~/~, five Grn™/~/Tmem106b~'~ mice) detected by the
Neuroinflammation panel by NanoString. Expression changes were only taken into consideration when the extent of change was above 20% as indicated by
vertical lines for in all volcano plots. Gliosis-related genes are highlighted if changes are above 20%. Fold changes are displayed after log, transformation.

(A) Comparison of differentially expressed mRNA of Tmem106b~/~ mice in comparison to wild-type mice. From 622 detected genes, 21 are significantly upregulated,

while 12 are significantly reduced. (B) Comparison of differentially expressed mRNA in Grn

~/= and wild-type mice. From 622 detected genes, 32 are significantly

upregulated, while only one is significantly reduced. (C) Volcano plot of differentially expressed brain mRNAs from Grn~/~/Tmem106b~/~ mice in comparison to
wild-type mice. From 622 detected genes, 110 are significantly upregulated, while 16 are significantly reduced.

D Display of differently expressed genes overlapping between the analyzed genotypes from (A-C). Overlap was considered if a gene was significantly changed in the
respective mouse models with more than 20% change in at least one mouse model. Note that 19 genes are significantly altered in all three genotypes in
comparison to the wild type. Seventeen genes are exclusively overlapping between the Grn ™/~ and the Grn~/~/Tmem106b~'~ mice. Tmem106b~'~ and Grn~/~/
Tmem106b~'~ mice share 17 significantly altered genes. Data represent the mean = SD.

B Gene set analysis based on NanoString advanced analysis R-script included in the Neuroinflammation panel.

Data information: For statistical analysis of volcano plot data, unpaired two-tailed Student’s t-test was performed between individual genotypes and the wild-type
control condition. Significance was accepted when P < 0.05 as indicated by the dotted line.

Source data are available online for this figure.

“oligodendrocyte function” is also strongly reduced in the double
knockout (Fig 3E).

Exaggerated gliosis in young Grn~/~/Tmem106b~'~ mice

To validate the changes of the mRNA signature at the protein level, we
performed biochemical analyses of total brain homogenate from 4.5-
month-old mice. This confirmed a significant 3.4- to 4.7-fold increase
of GFAP and IBA1 expression in Grn™/~/Tmem106b~/~ mice (Fig 4A
and B) which is in line with strong astrogliosis and microgliosis in the
double knockout. Importantly and consistent with our previous find-
ings in Grn~/~ mice (Gotzl et al, 2014), at this age no microgliosis and
astrogliosis was apparent in the single knockouts (Fig 4A and B).
Next, we investigated by immunohistochemistry which brain regions
were particularly affected by gliosis. Astrogliosis and microgliosis were
most prominent in the thalamus, pons and medulla, midbrain, cerebel-
lum, and cerebral cortex of the double knockout mice (Figs 4C and D,
and EV2A and B). To confirm enhanced microgliosis in double knock-
out mice in vivo, we performed previously established TSPO-uPET
(Brendel et al, 2016; Gotzl et al, 2019). A higher increase of TSPO
signals between 2- and 3.5-month-old Grn™/~/Tmem106b~/~ mice
compared to WT was detected in the regions of accelerated astro- and
microgliosis, like thalamus, pons and medulla, midbrain, and cerebel-
lum (Fig 4E). To further investigate microglial activation in the dif-
ferent mouse lines, we analyzed protein expression of CD68, CLEC7A,
TREM2, and ApoE in total brain extracts of 4.5-month-old mice
(Fig SA). Quantification revealed a significant increase of all four
proteins in Grn™/~/Tmem106b~/~ mice (Fig 5B). Only TREM2 was

also significantly elevated in Grn™/~ mice (Fig 5B). In Grn™/~/
Tmem106b™/~ mice, most IBA1-positive microglia are also positive for
CLEC7A, CD68, and to a lower extent for TREM2 confirming activated
microglia already at the age of 4.5 months (Fig SC-E).

The strong motor phenotype together with the gliosis in regions
of the brainstem let us additionally analyze the spinal cord for
astrogliosis and microgliosis. Again, only Grn™/~/Tmem106b~/~
mice show a strongly increased expression of GFAP and CDG68, a
microglial lysosomal membrane protein, in both white and gray
matter (Fig EV3).

Enhanced lysosomal and autophagic dysfunction in Grn '~/
Tmem106b~'~ mice

Activation of microglia is accompanied by elevated expression of
lysosomal cathepsins, which was described for aged Grn™/~ mice
(Ahmed et al, 2010; Wils et al, 2012; Tanaka et al, 2013; Gotzl et al,
2014; Klein et al, 2017). In line with these observations, Grn’/’/
Tmem106b~/~ mice show elevated levels of the cathepsin D, cathep-
sin B, and cathepsin L compared to WT and single knockout mice
(Fig 6A and B). The elevated CatD and CatL expression levels result
in significantly increased enzymatic activities compared to WT and
single knockout mice (Fig 6C). Elevated lysosomal protease expres-
sion and lysosomal activity often indicate impaired protein degrada-
tion and accumulation of autophagy cargo as observed in NCL
mouse models (Gotzl et al, 2014) and in aged Grn knockout mice
(Ahmed et al, 2010; Wils et al, 2012; Gotzl et al, 2014). Further-
more, autophagy is among the strongest hits in the pathway analysis

Figure 4. Astrogliosis and microgliosis in different brain regions of Grn/~/Tmem106b~/~ mice.

A Western blot analysis of GFAP and IBA1 in total brain lysates from 4.5-month-old mice with the given genotype (n = 3 biological replicates per genotype).
B Quantification of (A). Protein expression was normalized to levels in wild-type animals. Data represent the mean =+ SD.
C Expression of GFAP in sagittal brain sections. Representative images of indicated brain regions (CBX, cerebellum; CTX, cortex; MY, medulla; TH, thalamus). Scale bar

indicates 100 pm.

D Expression of IBAL in sagittal brain sections. Representative images of indicated brain regions (CBX, cerebellum; CTX, cortex; MY, medulla; TH, thalamus). Scale bar

indicates 100 pm.

E In vivo **F-GE180 TSPO pPET imaging. Two female Grn~/~/Tmem106b~/~ and five female wild-type mice underwent longitudinal TSPO wPET at 2.0 and 3.5 months of
age. All analyses were performed by PMOD (V3.5, PMOD technologies). Normalization of injected activity was performed by the previously validated myocardium

correction method.

Data information: (B), one-way ANOVA with Tukey’s post hoc test was used to compare individual genotypes. Significance is indicated; ***P < 0.001; and ****P < 0.0001.

Source data are available online for this figure.

© 2020 The Authors
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of both NanoString panels (Figs 2E and 3E); therefore, we next
investigated accumulation of autophagic cargo. Since the complete
loss of PGRN results in a NCL-like storage phenotype with exagger-
ated deposition of lipofuscin in aged mice (Kleinberger et al, 2013),

8 0of 19  EMBO reports €50241 | 2020

48

0% N Il 80%
ATSPO-PET 2.0M-3.5M

we investigated the autofluorescence signal in single and double
knockout mice. Lipofuscin is detectable predominantly in the thala-
mus of the double knockout mice, while the single knockout mice
show weak (Tmem106b~/~) or no lipofuscin deposition (Grn™/~) at
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Figure 5. Enhanced expression of proteins associated with activated microglia in Grn /" /Tmem106b '~ mice.

A Western blot analysis of CD68, CLEC7A, TREM2, and ApoE in total brain lysates from 4.5-month-old mice with the given genotype. Asterisk indicates unspecific band

(n = 3 biological replicates per genotype).

B Quantification of (A). Protein expression was normalized to levels in wild-type animals. Data represent the mean =+ SD.
C Expression of CD68 and the microglial marker IBAL in sagittal brain sections. Representative images of indicated brain regions (TH, thalamus). Scale bar indicates

25 pm.

D Expression of CLEC7A and the microglial marker IBAL in sagittal brain sections. Representative images of indicated brain regions (MY, medulla). Scale bar indicates

25 um.

E Expression of TREM2 and the microglial marker IBA1 in sagittal brain sections. Representative images of indicated brain regions (MY, medulla). Scale bar indicates

25 um.

Data information: For statistical analysis of protein levels (B), one-way ANOVA with Tukey’s post hoc test was used to compare individual genotypes. Significance is

indicated; *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001.
Source data are available online for this figure.

4.5 months of age (Fig 7A). Interestingly, in Grn™/~/Tmem106b~/~
mice lipofuscin accumulation partially overlaps with the microglia
marker IBA1, which may suggest early degradation deficits in micro-
glia (Fig 7A). Lipofuscin accumulation indicates a dysfunction in
protein degradation as described for NCL (Palmer et al, 2013) and
GRN-associated FTLD (Ward et al, 2017). Since protein aggregates
and long-lived proteins are normally cleared by autophagy, we
investigated the multifunctional adaptor protein p62/sequestosomel
(p62/SQSTM1), which directs ubiquitinated cargos for autophagy.
Indeed, Grn~/~/Tmem106b~’~ mice show robustly elevated p62/
SQSTML1 levels in RIPA and urea lysates compared to single knock-
out and WT mice (Fig 7B and C). The accumulation of p62/SQSTM1
in the urea lysate reflects reduced solubility and indicates elevated
protein aggregation. Furthermore, p62/SQSTM1 accumulates in all
brain regions associated with elevated astrogliosis and microgliosis
of Grn™/~/Tmem106b~/~ mice including the spinal cord (Figs 7D
and EV3). Co-staining of p62/SQSTM1 with NeuN, Ibal, or GFAP
shows that most p62/SQSTM1 accumulates in neurons and not in
microglia or astrocytes (Figs 7E and F). The minor co-localization of
p62 with microglia is also supported by little overlay in the cerebel-
lar staining (Fig EV4). In line with accumulation of the p62/
SQSTM1, ubiquitinated proteins are significantly increased and
autophagosomes are accumulated, as indicated by elevated LC3II
levels, in double knockout mice compared to single knockout mice
(Fig 7B and C).

Accelerated TDP-43 aggregation and phosphorylation in Grn~/~/
Tmem106b~'~ mice

The pathological hallmarks of GRN-associated FTLD are nuclear and
cytoplasmic, ubiquitin positive inclusions composed of phosphory-
lated TDP-43 and its proteolytically generated C-terminal fragments.

In aged Grn knockout mice, cytoplasmic TDP-43 depositions were
only occasionally detected (Guo et al, 2010; Kleinberger et al, 2010;
Yin et al, 2010b). To address the question if the additional loss of
TMEM106B promotes TDP-43 pathology in the Grn knockout mice,
we performed immunohistochemistry. Small cytoplasmic TDP-43
inclusions were detected throughout the brain of Grn/~/
Tmem106b~/~ mice (Figs 8A and EV5). They were less frequent in
the cortex and most abundant in the midbrain (Fig 8A). Some of the
inclusions also contain TDP-43 phosphorylated at amino acids 409/
410, a specific hallmark of FTLD-TDP (Hasegawa et al, 2008;
Neumann et al, 2009) (Fig 8B). Sequential high salt (HS), RIPA, and
urea extraction of total brain homogenate revealed slightly reduced
levels of TDP-43 holoprotein in the HS fraction of the Grn™/~/
Tmem106b~/~ mice compared to WT and Tmeml06b~/~ mice
(Fig 8C and D), but elevated levels of a RIPA-extracted C-terminal
TDP-43 fragments of approximately 35 kDa (Fig 8C and D). Moreover,
phosphorylated TDP-43, specifically detected in the urea fraction, is
significantly elevated in the double knockout mice (Fig 8C and D).

Discussion

In this study, we demonstrate that the combined knockout of
Tmem106b and Grn accelerates the phenotypes of the individual
knockout mice suggesting that a loss of function of TMEM106B
further promotes Grn-associated FTLD.

Motor impairment is an early and very prominent phenotype
detected in Grn~/~/Tmem106b™~/~ mice and to a much lesser extent in
Grn*/~/Tmem106b~/~ mice already at 3 months of age (Fig 1C-E).
Hind limb clasping and paralysis has been observed in a number of
mouse models for neurodegenerative diseases like Alzheimer’s
disease, Parkinson’s disease, and other tauopathies (http://www.inf

Figure 6. Elevated lysosomal enzyme levels and activity in Grn /~/Tmem106b "/~ mice.

A Western blot analysis of cathepsin (Cat) D, B, and L in total brain lysates from 4.5-month-old mice with the indicated genotype. Different maturation variants are
indicated (hc, heavy chain; p, preform; sc, single chain; n = 3 biological replicates per genotype).

B Quantification of proteolytically generated variants of cathepsin D, B, and L normalized to levels in wild-type animals from (A). Data represent the mean =+ SD.

C Catalytic activity of cathepsin D, B, and L. Total brain lysates from 4.5-month-old mice were incubated with quenched fluorogenic substrate for Cat D, Cat B, and Cat
L. The linear increase of fluorescence signal was measured and then normalized to wild type. Data represent the mean normalized activity + SD (n = 3 biological

replicates per genotype).

Data information: For statistical analysis of normalized data (B, C), one-way ANOVA with Tukey’s post hoc test was used to compare individual genotypes. Significance is

indicated; ns P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001.
Source data are available online for this figure.
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Figure 7. Widespread impairment of autophagy and protein degradation in Grn~/~/Tmem106b '~ mice.

A Immunofluorescence analysis of lipofuscin (red) and IBAL (green) in sagittal brain sections. Representative images of the thalamus (TH). Scale bar indicates 25 pm.

B Western blot analysis of ubiquitin and the autophagy marker LC3 in RIPA, and p62 in RIPA and urea total brain lysates from 4.5-month-old mice with the indicated
genotype. Calnexin used as a loading control. (n = 3 biological replicates per genotype).

C Quantification of (B). Protein expression was normalized to levels in wild-type animals. Data represent the mean =+ SD.

D Immunofluorescence analysis of p62 in sagittal brain sections. Representative images of indicated brain regions (CBX, cerebellum; CTX, cortex; MY, medulla; TH,

thalamus). Scale bar indicates 100 um.

E Localization of p62 mainly in NeuN-positive cells in the cortex (CTX) of 4.5-month-old mice. Minor overlap of aggregates with microglial marker IBAL. Scale bar

indicates 15 pm.

F Complete overlap of co-staining of p62 with NeuN in the cortex (CTX) and not with the reactive astrocyte marker GFAP. Scale bar indicates 15 pm.

Data information: For statistical analysis of normalized data (C), one-way ANOVA with Tukey’s post hoc test was used to compare individual genotypes. Significance is

indicated; ns P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001.
Source data are available online for this figure.

ormatics.jax.org/mp/annotations/MP:0001513) and may indicate
progression of neurodegeneration, including cerebellar ataxia. In
addition, several FTD/ALS mouse models (Wils et al, 2010; Le et al,
2016; Liu et al, 2016) as well as autophagy-related mouse models
(Komatsu et al, 2005; Hara et al, 2006) present with similar motor
deficits. Impaired autophagy has been associated with many
neurodegenerative diseases (Nixon, 2013) including FTD/ALS (Gotzl
et al, 2016). In Tmem106b and Grn double knockout mice, dysfunc-
tion in the lysosomal/autophagic degradation is indicated by accu-
mulation of lipofuscin, ubiquitinated proteins, and the cargo adaptor
protein p62 (Fig 6A-E). P62 interacts with autophagic substrates and
delivers them to autophagosomes for degradation. Since p62 is also
degraded during this process, accumulation of p62 suggests that the
turnover of autophagosomes may be delayed which is also indicated
by LC3II accumulation. Elevated autophagy associated with an
increase of autophagosomes and cargo adaptor proteins is unlikely
since mRNA expression of autophagy initiating genes and cargo
adaptors is not elevated. However, we cannot distinguish between a
failure of autophagosome/lysosome fusion or lysosomal degradation
of engulfed autolysosome since both would result in cargo, p62 and
LC3II accumulation.

A significant contribution of dysfunctional autophagy to the
prominent phenotype of the double knockout mice is further
supported by “autophagy” being one of the strongest hits in the
pathway analysis of the nCounter® Neuropathology gene expression
panel (Fig 2E). Indicators of impaired protein degradation are also
detected in single knockout mice, albeit to a much lesser extent. In
line with our earlier findings (Gotzl et al, 2018), “autophagy” was
also one of the strongest hits in the pathway analysis in Grn~/~ mice
(Fig 2E). Furthermore, in line with previous findings (Ahmed et al,
2010; Ghoshal et al, 2012; Wils et al, 2012; Petkau et al, 2016; Beel
et al, 2017; Tanaka et al, 2017; Zhou et al, 2017a; Gotzl et al, 2018)
Grn™/~ mice also showed impaired protein degradation but recog-
nizable effects occur after the age 6 months.

Besides PGRN, the lysosomal transmembrane protein
TMEMI106B is linked to lysosomal integrity and function (Chen-
Plotkin et al, 2012; Lang et al, 2012; Brady et al, 2013; Schwenk
et al, 2014; Stagi et al, 2014). In cell culture, loss of TMEM106B
affects lysosomal positioning and trafficking (Schwenk et al, 2014;
Stagi et al, 2014) leading to reduced stress resistance (Stagi et al,
2014). However, overexpression also results in dysfunctional and
enlarged lysosomes (Chen-Plotkin et al, 2012; Brady et al, 2013;
Stagi et al, 2014) causing a translocation of the autophagy regula-
tion transcription factor EB (TFEB) to nuclei (Stagi et al, 2014).

© 2020 The Authors

Since such prominent phenotypes were detected in cellular systems,
it is surprising that some Tmeml06b knockout mouse models
revealed only minor changes in lysosomal integrity (Klein et al,
2017; Arrant et al, 2018; Nicholson et al, 2018). We demonstrate
that 4.5-month-old Tmem106b knockout mice show ubiquitin accu-
mulation and few p62-positive inclusions in cortex and cerebellum
(Fig 6A and C). Additionally, it was recently demonstrated that
these mice show vacuolization in thalamus and facial motor nucleus
accompanied by large LAMP1-positive membrane structures (Lun-
ingschror et al, 2020). Mechanistically, this could be explained by
an enhanced retrograde axonal transport of lysosomes followed by
an accumulation of endo-/lysosomal membrane structures at the
axon initial segment, which may result in reduced fusion of lyso-
somes with autophagosomes. Reduced fusion may lead to impaired
autophagic degradation in Tmem106b mice (Luningschror et al,
2020). Therefore, the strong phenotype of the Grn™/~/Tmem106b~/~
mice could be the consequence of disturbed lysosomal (Beel et al,
2017; Tanaka et al, 2017; Zhou et al, 2017a) and autophagic activities
(Chang et al, 2017) in neurons and microglia.

In clear contrast to our observations, additional loss of
TMEM106B has recently been reported to protect against the FTLD-
like phenotypes in Grn™/~ mice (Klein et al, 2017), while our find-
ings and those published independently by two other research
teams in this issue of EMBO Reports (Feng et al, 2020a; Zhou et al,
2020a) even demonstrate prominent gliosis, premature death, and
exacerbated FTLD-like pathology. Klein et al report an increase in
several lysosomal enzymes and their activity in 2-month-old Grn =/~
mice. These enhanced activities of lysosomal enzymes are reduced
upon additional TMEM106B knockout. However, lipofuscin accu-
mulation is not reduced, which indicates that dysfunction in protein
degradation is not improved. One may speculate that the elevated
lysosomal enzyme levels and activities in Grn/~ mice, which
predominantly occur in non-microglial cells (Gotzl et al, 2018),
could be a rescue attempt in response to the lysosomal dysfunction.
Lysosomal dysfunction shows the strongest effects in microglia
since these cells have the highest PGRN expression (Lui et al, 2016;
Gotzl et al, 2018) and are the degradation hub in the brain. Thus,
with additional loss of TMEM106B the ability to upregulate such
rescue mechanisms may be lost or overcome by factors released
from malfunctional microglia. In line with the idea that TMEM106B
plays a role in regulating a lysosomal rescue mechanism, it has been
shown that TMEM106B knockdown reduces the signaling of TFEB
(Stagi et al, 2014), a master regulator of the lysosomal autophagic
pathway (Settembre & Ballabio, 2011; Settembre et al, 2011).
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Loss of TMEMI106B in Grn™/~ mice dramatically enhanced
astrogliosis and microgliosis (Fig 4). Note, that 7- to 18-month-old
Grn™/~ mice show similar progressive astrogliosis and microgliosis
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(Ahmed et al, 2010; Yin et al, 2010b; Ghoshal et al, 2012; Petkau
et al, 2012; Wils et al, 2012) but the double knockout mice develop
these phenotypes already before 4.5 months of age. Furthermore,
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Figure 8. Enhanced TDP-43 aggregation and phosphorylation in Grn /" /Tmem106b '~ mice.

A Immunofluorescence analysis of TDP-43 in sagittal brain sections. Representative images of indicated brain regions (CTX, cortex; MB, midbrain). White arrow heads
indicate TDP-43 aggregation. Scale bar indicates 100 pm. Zoom in on TDP-43 aggregation in double knockout mouse brain sections of the midbrain, scale bar zoom

in indicates 50 um (animals 4.5 months of age).

B Immunofluorescence analysis of total TDP-43 and phosphorylated TDP-43 (p-TDP-43) in sagittal brain sections by confocal microscopy. Representative images of one
confocal layer in the midbrain. Zoom in on TDP-43 aggregation in double knockout mouse brain sections of the midbrain. Scale bar indicates 25 um (animals

4.5 months of age).

C Western blot analysis of TDP-43 and phosphorylated TDP-43 (p-TDP-43) in sequential high salt (HS)/RIPA/Urea fractionations of total brain lysates from 4.5-month-
old mice with the indicated genotype. Analysis of C-terminal fragments of TDP-43 (CTF) in RIPA fraction. p-TDP-43 analyzed in Urea fraction (n = 3 biological

replicates per genotype).

D Quantification of (C). Protein expression was normalized to levels in wild-type animals. Data represent the mean + SD.

Data information: For statistical analysis of normalized data (D), one-way ANOVA with Tukey’s post hoc test was used to compare individual genotypes. Significance is

indicated; ns P > 0.05; *P < 0.05; **P < 0.01.
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“activated microglia”, “innate and adaptive immune response”, “in-
flammatory signaling”, and “astrocyte function” are the strongest
hits in the gene expression pathway analysis (Figs 2E and 3E).
Several genes related to inflammation and disease-associated micro-
glia (DAM) are already slightly upregulated in the brain of Grn™/~
mice (Figs 2B and 3B) and further increased in Grn’7/
Tmem106b~/~ mice (Figs 2C and 3C). Of note, the double knockout
of Grn™/~/Tmem106b~/~ shifts the change in the mRNA signature
to a much earlier time point as observed in Grn~/~ alone (Lui et al,
2016; Gotzl et al, 2019). Among the strongest hits in double knock-
outs are mostly microglial expressed genes such as Cd68, Trem2,
Tyrobp, Apoe, and complement factors but also genes associated
with astrocyte activation such as Gfap, Serpina3n, and C4a (Figs 2C
and 3C). Additionally, we detect in 4.5-month-old double knockouts
reduced gene expression of myelination-associated genes (Fa2h,
Mog, Mag, Ugt8a, Mal) and reduced protein levels of MOG and MAP
(Fig EV1) which is in line with recent publications describing myeli-
nation deficits upon TMEM106B deficiency or loss of function (Feng
et al, 2020b; Ikemoto et al, 2020; Zhou et al, 2020b).

Finally, the question arises how PGRN and TMEMI106B defi-
ciency results in lysosomal dysfunction affecting mainly microglia,
which initiates autophagic cargo protein accumulation and patho-
logical TDP-43 deposition in neurons. Since PGRN is mainly
expressed in microglia, whereas TMEM106b is ubiquitously
expressed within the brain (with the lowest expression in micro-
glia), it is tempting to speculate that microglia lacking PGRN may
initiate a pathological crosstalk to neurons. Another option would
be that TMEM106B-deficient neurons required protective support
from microglia, which could not be provided upon additional PGRN
deficiency. In the same vein, malfunctioned oligodendrocytes may
not receive support in the absence of PGRN. These scenarios suggest
that dysfunctional microglia cannot appropriately communicate
with other brain cells or are unable to compensate neuronal or
oligodendrocyte defects.

Materials and Methods

Animal experiments

All animal experiments were performed according to German
animal welfare law and approved by the government of upper

Bavaria. Mice were kept under standard housing conditions includ-
ing standard pellet food and water provided ad [libitum.

© 2020 The Authors

Recombinant mouse ES cells carrying loxP sites flanking Exon 4 of
Tmem106b (tm2a allele) were provided by the KOMP consortium
(Clone EPD0047_1_E02). Blastocyst injection of the tm2a allele
carrying ES cells leads to chimeric mice that were further bread with
Cre deleter mice after germline transmission to obtain the
Tmem106b~/~ mouse line. The Grn™/~ mouse line was kindly
provided by Dr. M. Nishihara. Breeding and behavior tests were
performed under the animal license: ROB-55.2-2532.Vet_02-17-106.
Mice were perfused with PBS after deep/lethal anesthesia.

Rotarod behavior test

The rotarod test was conducted in accordance with European and
national guidelines, and all experiments were performed with the
researcher blinded to the genotype. The spindle speed was acceler-
ated from 5 to 50 rpm over 5 min. The test finished either when the
mouse dropped down or after the time limit of 5 min. After three
rounds of training on three individual days, the average time of
three trials with 1-h break in between was used.

In vivo pPET imaging

Small animal positron emission tomography (WPET) procedures
followed an established standardized protocol for radiochemistry,
acquisition, and post-processing (Brendel et al, 2016). In brief, 'F-
GE180 TSPO pPET with an emission window of 60-90 min post-
injection was used to measure cerebral microglial activity. Two
female Grn™/~ &Tmeml106b~/~ and five female wild-type mice
underwent longitudinal TSPO pPET at 2.0 and 3.5 months of age.
All analyses were performed by PMOD (V3.5, PMOD technologies,
Basel, Switzerland). Normalization of injected activity was
performed by the previously validated myocardium correction
method (Deussing et al, 2018). TSPO WPET estimates (percentage
changes over time) deriving from a brainstem target VOI (7 mm?)
were extracted and compared descriptively between the two age
and genotype groups. Percentage difference maps were calculated
for the changes between baseline and follow-up for the averaged
images of Grn~/~/Tmem106b~/~ and wild type.

Gene expression profiling and data analysis
Snap-frozen brain hemispheres were mechanically powdered in

liquid nitrogen. Following total RNA isolation with the Qiagen
RNeasy Mini Kit, 80 ng total RNA per sample was used for gene
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expression profiling with the nCounter® Neuropathology panel from
NanoString (NanoString Technologies). Expression analysis on the
nCounter® Neuroinflammation panel was conducted using 60 ng of
total RNA per sample. NanoString reads for all samples were
analyzed and normalized using the nSolver software including the R
plugin for advanced gene set analysis (NanoString Technologies).
The geometric mean of the on-chip housekeeping genes was used for
normalization of reads. The mean of each group was used for calcu-
lation of the fold changes. For the Neuropathology panel, each group
contained an n of three animals. The Neuroinflammation panel was
conducted on six wild-type, four Grn /™ and four Tmem106b~/~single
knockout, and five double knockout Grn~/~/Tmem106b~’~ mice.
Detailed information on mice used is listed in Table EV1. Volcano
plots were generated by plotting the log,-transformed changes
between wild-type and individual groups, against the calculated
values of significance with the software GraphPad Prism 8.

Western blotting and antibodies

Mice were PBS perfused, and for biochemically analysis, each brain
hemisphere was snap-frozen in liquid nitrogen and mechanically
ground to powder. Brain powder was lysed in RIPA buffer (150 mM
NaCl, 20 mM Tris-HCl pH 7.4, 1% NP40, 0.05% Triton X-100, 0.5%
sodium deoxycholate, 2.5 mM ETDA) using the Precellys lysing kit
(Ref.: P00933-LYSKO-A; Bertin Technologies). Supernatants were
collected after centrifugation at 17,000 g, 4°C, and protein concen-
tration was determined using the bicinchoninic acid assay (Inter-
chim Bioscience). For analysis of TDP-43 and p62, proteins were
sequentially isolated as described previously (Gotzl et al, 2014). All
samples were boiled in Laemmli buffer, and proteins were separated
on Tris-glycine gels. Proteins were transferred onto polyvinylidene
difluoride membranes or nitrocellulose membranes (both GE
Healthcare Life Science). HRP-conjugated antibodies and Pierce™
ECL Plus Western Blotting Substrate (Thermo Fisher Scientific) were
used for visualization. The following antibodies were used for
Western blotting: TMEM106B (clone 6F2, (Lang et al, 2012)), GFAP
(DAKO, Z0334), IBA1 (GeneTex, GTX100042), CD68 (Abcam,
ab125212), CLEC7A (R&D Systems, AF1756), TREM2 (clone 5F4,
(Xiang et al, 2016), p62 (MBL, PM045), LC3 (Novusbio, NB100),
Ubiquitin (Santa Cruz, clone P4D1), Cathepsin D (Santa Cruz, sc-
6486), Cathepsin B (R&D Systems, AF965), Cathepsin L (R&D
Systems, AF1515), TDP-43 (Proteintech, 12892-2AP), and Phospho-
TDP-43 409/410 (Cosmo Bio Co, CAC-TIP-PTD-MO01).

Immunofluorescence and image acquisition

Following deep/lethal anesthesia, animals were PBS perfused. One
brain hemisphere was fixed overnight in 4% PFA in PBS (pH = 7.4)
and transferred to 30% sucrose in PBS. Brains were processed into
35-um-thick sagittal sections. Sections were blocked in 4% goat
serum and incubated with indicated antibodies of the bellow listed
primary antibodies. After several washing steps, sections were incu-
bated with fluorophore conjugated secondary antibodies as indi-
cated (Alexa 488, 594, 647; Thermo Fisher Scientific). After
additional washing steps, nuclei were visualized with DAPI
Sections were embedded in Fluoromount™ (Sigma-Aldrich, Merck).
Image acquisition was performed on a LEICA DMI-8 with a
DFC9000GT camera and the following objectives: (HC PL FL L 20x/
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0.40 CORR PH1; HC PL APO 40%/0.95 CORR). Confocal Images were
acquired on Zeiss LSM 800 Microscope Axio Observer 7 (Objective
Plan-Apochromat 63x/1,4 Oil M27). The following antibodies were
used for immunofluorescence: GFAP (DAKO, Z0334), IBAl
(GeneTex, GTX100042), CD68 (Abcam, ab125212), CLEC7A (R&D
Systems, AF1756), TREM2 (R&D Systems, AF1729), p62 (MBL,
PMO045), p62 (Progen Biotech GP62C), NeuN (Millipore, MAB377),
TDP-43 (Proteintech, 12892-2AP), and Phospho-TDP-43 409/410
(Cosmo Bio Co, CAC-TIP-PTD-MO01).

Enzyme activity assay

Fluorescence-based activity assays (Abnova) were used to asses
enzyme activity of cathepsin D, cathepsin B, and cathepsin L.
Mouse brain powder was homogenized in the recommended lysis
buffer and subsequently centrifuged. Cleavage of the quenched fluo-
rescence substrate was continuously measured using the Fluoroskan
Ascent FL plate reader (Labsystems).

Statistical analysis

Data were analyzed using GraphPad Prism 8. The rotarod perfor-
mance is displayed as mean duration on the rotarod from three
rounds of testing for each tested animal with standard deviation
(SD) of the respective group. Differences between groups were
tested by one-way ANOVA with Tukey’s post hoc test (Figs 1D, 4B,
5B, 6B and C, 7C and 8D). For the analysis of gene expression, the
mean of the individual group is compared to the mean of the wild-
type controls by two-tailed, unpaired Student’s t-test (Figs 2A-C
and 3A-C). For multiple comparison expression analysis and
enzyme activity, all data were normalized to wild type.

Significant differences are indicated as follows in all diagrams:
*P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001.

Data availability

Data sets of raw and processed data produced in this study are avail-
able in the following database:

NanoString gene sequence, raw, and processed data:
Gene Expression Omnibus accession number (GSE155065) at
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE155065
Gene Expression Omnibus accession number (GSE155066) at
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE155066

Expanded View for this article is available online.
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¥ » Figure EV1. Reduced abundance of myelination-related proteins in
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36— 4.5-month-old mice with the indicated genotype (n = 3 biological replicates
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Figure EV2. Increased gliosis in sagittal brain sections of Grn/~/Tmem106b~'~ mice.

A B Gliosis analyzed by immunofluorescence staining of GFAP (A) and IBAL (B) in sagittal brain sections. Whole brain section of 4.5-month-old mice, all genotypes
acquired by same acquisition conditions. Scale bar indicates 1,000 pm.
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Figure EV3. Increased gliosis in the spinal cord of Grn /= /Tmem106b '~ mice.
Astrogliosis and microgliosis in spinal cord sections analyzed by immunofluorescence staining of GFAP and CD68. Scale bar indicates 500 pm in overview and 50 pm in
insert.
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Figure EV4. Overview of brain regions with p62-positive aggregates.

Immunofluorescence staining of p62 in sagittal brain sections. Merge of p62 and IBA1 staining from EV2. Whole brain section of 4.5-month-old mice, all images acquired by
identical acquisition conditions. Scale bar indicates 1,000 um.

Figure EV5. Enhanced TDP-43 aggregation in different brain regions of Grn/~/Tmem106b~'~ mice. >

Immunofluorescence analysis of TDP-43 in sagittal brain sections of 4.5-month-old mice. Representative images of indicated brain regions (CBX, cerebellum; CTX, cortex; MB,
midbrain; MY, medulla; TH, thalamus). White arrow heads indicate TDP-43 aggregates. Scale bar indicates 100 um. Zoom in on TDP-43 aggregates in double knockout mouse
brain sections of the midbrain, scale bar zoom in indicates 50 pm.
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Alle von mir beigetragenen Ergebnisse sind in den Abbildungen 1F, 5C, S3A, S3B, S3F,
S7A, S7B gezeigt (Liiningschror et al., 2020).
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SUMMARY

Genetic variations in TMEM106B, coding for a
lysosomal membrane protein, affect frontotemporal
lobar degeneration (FTLD) in GRN- (coding for
progranulin) and C9orf72-expansion carriers and might
play a role in aging. To determine the physiological
function of TMEM106B, we generated TMEM106B-
deficient mice. These mice develop proximal axonal
swellings caused by drastically enlarged LAMP1-posi-
tive vacuoles, increased retrograde axonal transport of
lysosomes, and accumulation of lipofuscin and auto-
phagosomes. Giant vacuoles specifically accumulate
at the distal end and within the axon initial segment,
but not in peripheral nerves or at axon terminals, result-
ing in an impaired facial-nerve-dependent motor per-
formance. These data implicate TMEM106B in medi-
ating the axonal transport of LAMP1-positive
organelles in motoneurons and axonal sorting at the
initial segment. Our data provide mechanistic insight
into how TMEM106B affects lysosomal proteolysis
and degradative capacity in neurons.

INTRODUCTION

Genetic variants in TMEM106B have been linked with differential
aging and various neurodegenerative diseases, including fronto-
temporal lobar degeneration (FTLD), limbic-predominant age-

3506 Cell Reports 30, 3506-3519, March 10, 2020 © 2020 The Author(s).
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related TDP-43 encephalopathy (LATE), and Parkinson’s dis-
ease (Nelson et al.,, 2019; Tropea et al.,, 2019; van der Zee
et al., 2011). The precise molecular function of TMEM106B is,
however, still enigmatic. TMEM106B encodes a glycosylated
lysosomal membrane protein with one transmembrane domain
and type Il topology (Lang et al., 2012). While the larger glycosy-
lated carboxy-terminus faces the lysosomal lumen, the 96-
amino-acid-long amino-terminus is localized in the cytosol.
TMEM106B may play a role in the transport of lysosomes, based
on studies in HelLa cells and cultured neurons (Clayton et al.,
2018; Schwenk et al., 2014; Stagi et al., 2014). Overexpression
of TMEM106B in neuronal and non-neuronal cells leads to
TMEM106B dose-dependent enlarged dysfunctional lyso-
somes, as shown in several studies (Brady et al., 2013; Busch
et al., 2016; Chen-Plotkin et al., 2012; Lang et al., 2012), though
the molecular mechanism(s) explaining this effect remains to be
determined. Acute knockdown of TMEM106B in Hela cells
causes a redistribution of lysosomes from the cell periphery to
the perinuclear region (Schwenk et al., 2014) and a reduced
number of lysosomes per cell (Stagi et al., 2014). In cultured pri-
mary hippocampal neurons, knockdown of TMEM106B affects
the transport of lysosomes in dendrites, ultimately leading to
reduced dendritic branching (Schwenk et al., 2014; Stagi et al.,
2014). TMEM106B-deficient mice were generated and charac-
terized previously (Arrant et al., 2018; Klein et al., 2017; Nichol-
son et al., 2018). Generally, no spontaneous phenotype in the
basal TMEM106B-deficient situation was found except for sub-
tle changes of lysosomal proteins, a downregulation of subunits
of the V-ATPase, and decreased LysoTracker staining in primary
cortical neurons (Klein et al., 2017).
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Genetic variants were first linked genetically with FTLD (Van
Deerlin et al., 2010), the second most common form of presenile
dementia, affecting up to 15in 100,000 people at 45-64 years of
age (Ratnavalli et al., 2002). Even though the precise mecha-
nisms leading to neuronal dysfunction and, finally, cell death
remain poorly understood, accumulating evidence hints to a
dysfunctional endo-/lysosomal pathway (Ghazi-Noori et al.,
2012; Gotzl et al., 2014; Shi et al., 2018). The second most com-
mon cause of familial FTLD are heterozygous missense and
nonsense mutations in GRN, coding for progranulin. Progranulin
haploinsufficiency considerably increases the risk of developing
FTLD (Baker et al., 2006; Cruts et al., 2006; Gass et al., 2006).
Genetic approaches aiming to identify risk factors and modifiers
for disease onset and severity by genome-wide association
studies (GWASSs) revealed the TMEM106B locus that segregates
with the disease (Van Deerlin et al., 2010). Stratification of the
patients highlighted a significantly reduced association of the
TMEM106B “protective” allele with GRN carriers compared to
non-GRN carriers. This genetic linkage of TMEM106B with
FTLD and GRN-mutation carriers was validated in follow-up
studies (Finch et al., 2011; Pottier et al., 2018; Premi et al.,
2017; van der Zee et al., 2011). Subsequently, the TMEM106B
protective allele was shown to be significantly associated with
lower disease risk in C9orf72 carriers (Gallagher et al., 2014;
Premi et al., 2017; van Blitterswijk et al., 2014). In conclusion,
TMEM106B is a bona fide risk factor and modulator for FTLD.

To gain insight into TMEM106B-dependent cellular pro-
cesses, we generated Tmem106b knockout (KO) mice by
CRISPR/Cas9 and independently by the homologous recombi-
nation of targeted embryonic stem cells (ESCs). TMEM106B-
deficient mice present features affecting primarily motoneurons
(MNs) of the facial motor nucleus (FMN) and other brain stem
motor nuclei. MNs of Tmem106b KO mice show dramatically
enlarged LAMP1-positive vacuoles specifically at the axon initial
segment (AIS) and an increased retrograde axonal transport of
lysosomes, implicating a pivotal role for TMEM106B in axonal
transport in distinct neuronal populations and, as a conse-
quence, impaired axonal autophagy. This phenotype was also
observed in a second, fully independent Tmem106b KO mouse
strain. Our results provide mechanistic insight into how
TMEM106B may affect lysosomal proteolysis.

RESULTS

Deficiency of TMEM106B in Mice Leads to Vacuolization
of Brain Stem Nuclei

Using CRISPR/Cas9-mediated genome editing, we generated
TMEM106B-deficient mice by introducing short frameshift
mutations in exon 3, the first coding exon (Figures S1A-S1D).
Immunoblotting of brain and spinal cord lysates validated the
complete absence of the detectable TMEM106B protein in
homozygous KO mice and a reduction to ~50% in heterozygous
animals (Figure S1E). Homozygous Tmem106b KO mice were
born according to Mendelian frequencies after mating heterozy-
gotes (Figure S1F). Adult Tmem106b KO mice had a similar
weight to wild-type mice at an age of 10 weeks (Figure S1G).
The major peripheral organs were unremarkable. Histologic
analysis revealed spongiform vacuolization of selected brain
areas at 10 weeks of age (Figures 1A and S2A). Spongiform va-
cuolization was particularly pronounced in the FMN but was also
detectable in subregions of the thalamus, the trigeminal motor
nucleus, and the hypoglossal nucleus. Vacuoles were regularly,
but less frequently, seen in the anterior horn of the spinal cord
(Figure S2A). The number of MNs in the FMN did not reveal dif-
ferences between KO animals and controls even at 22 weeks
of age (Figure 1B). Since TMEM106B is a lysosomal protein
and TMEM106B overexpression leads to enlarged lysosomes
in cultured cells (Brady et al., 2013; Chen-Plotkin et al., 2012;
Gallagher et al., 2017; Stagi et al., 2014), we analyzed lysosomes
in more detail. Immunofluorescence staining for the lysosomal
marker LAMP1 revealed intensely stained, large round or in-
folded structures in the FMN, trigeminal motor nucleus, and thal-
amus of Tmem106b KO mice resembling the number, distribu-
tion, and size of the vacuoles seen by hematoxylin/eosin (H&E)
staining (Figures 1C and S2B). Analysis of Tmem106b KO
animals at different ages revealed first a solid appearance at
4 weeks of age, while 2-week-old animals barely showed any
vacuoles, indicating that vacuoles are not due to defects in
embryonic development (Figure S2C). The vacuoles stained
negatively for the mitochondrial-marker Cox-IV (Figure S2D).
Furthermore, these vacuoles did not represent phagosomes of
microglia/macrophage origin, as revealed by Iba-1 co-staining.
Neither signs of microgliosis nor astrogliosis were observed in

Figure 1. Accumulation of Drastically Enlarged Vacuoles of Lysosomal Origin in the AIS of the FMN
(A) H&E staining of the hindbrain and the FMN of 5-month-old control and Tmem106b KO mice. The number of vacuoles per FMN of individual animals is plotted

(mean + SEM, n = 6).

(B) Number of FMN Nissl-positive MNs in 6-month-old control and Tmem106b KO mice (mean + SEM, n = 5-6).
(C) Immunofluorescence staining of the FMN with antibodies against LAMP1 (white, top panel; green, bottom panel) and NeuN (red, bottom panel) in 4-month-old

mice.

(D) Immunofluorescence of Iba1 (green) and LAMP1 (red) of the FMN. Maximum intensity Z-projection of confocal stacks. Nuclei are stained with DAPI (blue). Age:

4 months.

(E) Enzymatic activity of the lysosomal hydrolases B-hexosaminidase, a-mannosidase, p-galactosidase, and B-glucuronidase in brain extracts of 3- and 6-month-

old control and Tmem106b KO mice (mean + SEM, n = 5).

(F) Immunoblots from brain lysates of 6-month-old mice for CatD progranulin, TMEM106B to confirm the KO, and calnexin to confirm equal loading. CatD and
progranulin levels were quantified and normalized to wild-type mice (mean + SEM, n = 5). dc, double-chain CatD; sc, single-chain CatD.

(G) Immunofluorescence of LAMP1 (green) and CatD (red) of the FMN. Nuclei are stained with DAPI (blue). Age: 4 months.

(H) Immunofluorescence of LAMP1 (green) and BVI Spectrin (red) of the FMN. The dashed box is shown enlarged. The soma of the MN is encircled with a dashed

line. Nuclei are stained with DAPI (blue). Age: 4 months.

() Maximum intensity Z-projection of confocal stacks of LAMP1 (green) and AnkyrinG (red) staining of the FMN. Vacuolated lysosomes are marked by

arrowheads. Nuclei are stained with DAPI (blue). Age: 4 months.

(J) LAMP1 immunofluorescence STED-microscopy image of an FMN vacuole. Age: 4 months.
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Figure 2. Axonal Vacuolization of the Facial MN Is Restricted to the Proximal Axon and Leads to Functional Facial Motor Deficits

(A) Electron micrographs of the FMN of 4-month-old wild-type and Tmem106b KO mice. Representative axons are shown. The boxed area is shown enlarged.
(B) Immunofluorescence staining of the FMN with antibodies against LAMP1 (red) and MBP (green). Nuclei are stained with DAPI (blue). Age: 4 months. The boxed
area is shown enlarged.

(legend continued on next page)
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the heavily vacuolated FMN at 4 months of age, as detected by
immunofluorescence staining for Iba-1, CD68, and GFAP (Fig-
ures 1D and S2E). LAMP1-positive vacuoles in the FMN varied
in size ranging from 1 um to 35 um, thus even partially exceeding
the average size of MN somata. The activity of the lysosomal hy-
drolases B-hexosaminidase, a-mannosidase, and B-galactosi-
dase, but not that of B-glucuronidase, was significantly
increased in brain extracts of both 3- and 6-month-old
Tmem106b KO animals (Figure 1E), while their transcript levels
were unchanged (Figure S2F). Cathepsin D (CatD) levels in brain
extracts were 2-fold increased in the Tmem106b KO animals,
and progranulin expression was also significantly increased (Fig-
ure 1F). Since LAMP1 is not only present on lysosomes, but also
found on other organelles from the endocytotic pathway, we
further examine the identity of the LAMP1-positive vacuoles by
staining with CatD as a marker of mature lysosomes. Co-staining
of CatD and LAMP1 revealed a similar but not completely over-
lapping pattern of the vacuoles within the FMN (Figure 1G).
Notably, CatD staining was also ring-like and did not fill the
lumen of the vacuoles, but it often contained a “shaft”-like pro-
jection (Figure 1G, bottom panel). Most vacuoles showed immu-
noreactivity for both CatD and LAMP1 to a variable extent, but
LAMP1-negative vacuoles were generally rare. We observed a
general tendency of LAMP1-positive vacuoles being larger
than CatD-positive vacuoles (Figure 1G). Next to the CRISPR/
Cas9-mediated KO strain, we generated a second, independent
Tmem106b KO mouse line by blastocyst injection of
Tmem106b-targeted (ESCs) containing an artificial splice-
acceptor site and B-galactosidase-containing reporter construct
under the control of the endogenous Tmem106b promoter tar-
geting exon 4, which is flanked by Cre- and flippase recombi-
nase sites (tm2a allele). The KO in tm2a mice is based on efficient
usage of the splice acceptor site, which is often leaky, leading to
hypomorphic mice (Mitchell et al., 2001). To generate full KOs,
tm2a-heterozygous animals were bred with Cre-recombinase-
expressing mice, leading to a deletion of exon 4 and a frameshift
in the coding region after exon 4 (tm2b allele) (Figures S3A-S3G).
We used heterozygote tm2b animals to follow the expression of
Tmem106b by X-gal staining, which showed a broad and ubiqui-
tous expression throughout the brain, with a staining pattern
resembling the general distribution of neurons (Figure S3C).
Consistent with the CRISPR/Cas9 Tmem106b KO mouse line,
this second, fully independent tm2b mouse line showed
LAMP1-positive vacuoles in a similar distribution, increased
levels of CatD, but no changes in the transcript levels of Ctsd,
Hexb, Man2b1, Glb1, and Gusb (Figures S3D-S3G).

The close proximity of the LAMP1-positive giant vacuoles to
the soma in both Tmem106b KO strains prompted us to inves-
tigate a relationship to the AIS of affected MNs. Notably, the
entire AIS (visualized by staining for AnkyrinG or BIV-spectrin)
of facial MNs showed regularly intense LAMP1 immunoreac-
tivity, and very often a vacuole appeared at the distal end of
the AIS or bulged from the AIS (Figures 1H and 1l). The AIS of
cortical neurons or hippocampal CA3-neurons, however,
lacked such LAMP1-positive vacuoles (Figure S4A). Stimulated
emission depletion (STED) super-resolution microscopy of
MNs in situ revealed a single tubular LAMP1-positive organelle
often filling out the entire AIS, culminating with a giant vacuole
at the distal end (Figure 1J). Electron microscopy of the vacuo-
lated FMN revealed an electron-lucent character of the vacu-
oles. They were limited by a single membrane and were usually
localized in the AIS or in myelinated axons, squeezing the re-
maining axoplasm between the vacuole membrane and axo-
lemma (Figure 2A). However, organelles like mitochondria
were regularly observed between the vacuoles and the axo-
lemma, indicating that organelles are probably still able to
pass these “roadblocks” (Figure 2A). More than one vacuole
in a single axon was concomitantly observed, and the axon
extended after a vacuole, indicating no axonopathy due to va-
cuolization (Figure 2A). This finding was confirmed by co-stain-
ing of LAMP1 with Tuj1 for visualization of the axon and a 3D
reconstruction of Z stacks (Figure S4B). Immunofluorescence
staining for Myelin basic protein (MBP) and LAMP1 verified
the localization of the vacuoles in myelinated axons (Figure 2B).
Correlative light-electron microscopy additionally confirmed
the appearance of CatD at the limiting membrane of the vacu-
oles (Figure S5A).

Facial-Nerve-Innervated Muscle Groups Are
Functionally Impaired in TMEM106B-Deficient Mice
Since proximal FMN axons are severely affected by vacuoliza-
tion, we investigated the distal facial-nerve- and FMN-innervated
neuromuscular junctions (NMJs) of the orbicularis oculi muscle in
more detail and analyzed FMN-dependent behavioral changes
as a functional readout. The peripheral facial nerve of Tmem106b
KO mice was unaffected by vacuolization and appeared nor-
mally myelinated, as revealed by histology and immunofluores-
cence for MBP and neurofilament H (NFH) at the age of 5 months.
Moreover, LAMP1-positive vacuoles were absent in the periph-
eral facial nerve (Figures 2C and 2D), the compact facial nerve
in the hindbrain (Figure S2G), and the corresponding NMJ (Fig-
ure S2H). NMJs revealed a normal distribution and number of

(C) Toluidine blue-stained sections of the facial nerve (buccal branch) of a 4-month-old Tmem106b KO mouse and wild-type control.

(D) Immunofluorescence staining of the facial nerve (buccal branch) of a 4-month-old Tmem106b KO mouse and wild-type control for NFH (red), MBP (green),
LAMP1 alone (white), or LAMP1 (red) and MBP (green). Nuclei are stained with DAPI (blue).

(E) Immunofluorescence staining of neuromuscular junctions (NMJs) of the orbicularis oculi muscle of 3- and 6-month-old Tmem7106b and control animals with
fluorescently labeled Bungarotoxin (magenta) and an antibody against synaptophysin (green). Quantification depicts the number of fully innervated or partially
denervated NMJs of Tmem106b KO mice and wild-type controls (n = 3; 15-25 NMJs/animal).

(F) Quantification of the eye blink and whisker-orienting reflex in Tmem106b*'*, Tmem106b*'~, and Tmem106b~'~ mice (n = 12-17). The average of six
assessments was used for analysis. Three-point scale (0: absent; — 1: reduced; - 2: normal). Age: 2-3 months.

(G) Quantification of the whisker movement expressed as the addition of angles >20°, >35°, >35°, and >70° from Tmem106b KO and wild-type control mice. The
sum in degree is depicted (n = 11-13; each point represents one animal; age: 6 months).

(H) Quantification of neuromotor function: number of paw slips during balance beam traversal (square and round beams), vertical pole latency, average rotarod
latency, and grip strength of Tmem106b**, Tmem106b*'~, and Tmem106b~'~ mice (age 2-3 months; mean + SEM, n = 12-17).
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mitochondria and synaptic vesicles, as revealed by staining for
Hsp60 and synaptophysin (Figure S2I). In 8- to 10-week-old
mice, no signs of denervation or other pathologic alterations
were observed for the NMJs within the orbicular oculi muscle
in Tmem106b KO mice (Figure 2E). However, in 6-month-old an-
imals, we detected a significantly enhanced number of partially
denervated NMJs, as shown by synaptophysin staining. To a
lesser extent, we also observed fully denervated axon terminals
with a complete absence of synaptophysin (Figure 2E). Assess-
ment of the eye blink reflex and whisker orientation—FMN-
dependent motor groups—revealed a slight but significant
reduced response of both muscle groups (Figure 2F). More so-
phisticated video-based tracking of the whisker movement
measuring the total number of all angles and the total number
of peaks (Figures 2G, S5B, and S5C) by counting the addition
of angles, revealed significant differences between wild-type
and Tmem106b KO mice at the age of 8-10 weeks for all
angles >35°, implicating functional impairment of the corre-
sponding innervating MNs. More general motor function tests re-
vealed slightly reduced motor coordination in balance beam and
vertical pole tests, but no significant differences in rotarod per-
formance or grip strength. Heterozygous animals did not show
significant differences (Figure 2H). Eye blink reflex and whisker
orientation remained statistically significant between the geno-
types in mice at 14 months of age, and there was a progressive
decline in motor coordination, tested by the balance beam test
(Figure S5D). These data indicate proximal nerve pathology in
the absence of major myelination defects, leading to impaired
MN function and accompanied by moderate and partially
progressive behavioral deficits.

Retrograde Axonal Transport of Lysosomes Is Impaired
in Tmem106b KO Mice

Our findings of LAMP1-positive vacuoles within proximal but not
distal axons of MNs in situ encouraged us to investigate the
axonal transport of lysosomes in primary MNs ex vivo. Even
though vacuoles were less frequent, we routinely observed MN
vacuolization in situ in spinal cord sections, as assessed by his-
tology and co-staining with a ChAT antibody (Figures S2A, S2B,
and S6A), implying that spinal MNs serve as a good model
system.

In total, 28% of cultured MNs from TMEM106B-deficient
(but not wild-type) mice showed LAMP1-positive vacuoles, mostly
within the soma and to a much lesser extent in proximal axons, af-
ter 5 days in vitro (DIV5) (Figure 3A). Primary neurosphere-derived
neurons from Tmem106b KO mice lacked such vacuoles (Fig-
ure S6B), emphasizing again that MNs are the primary affected
neuronal cell type. LAMP1-positive vacuoles in primary MNs
stained negative for LysoTracker and CatD, suggesting that they
do not represent fully matured lysosomes (Figures 3A and S5C).
Since we almost exclusively detected these vacuoles at the AIS
in situ, we also stained for AIS markers in cultured MNs. In contrast
to MNs in situ, cultured MNs seem not to have fully established an
AIS, probably leading to the buildup of LAMP1-positive vacuoles
at the soma. We wondered whether these structures are still
active in terms of membrane exchange. Upon lentiviral expression
of LAMP1-GFP, we specifically monitored LAMP1-positive vacu-
oles and analyzed fusion and/or fission events. Our data show that
smaller LAMP1-GFP structures fuse with and bud off these large
vacuoles (Figure 3B). Based on these experiments, we calculated
the rate of fission and fusion events per minute and detected a
higher number of fusing structures in comparison to structures
budding off (Figure 3B). In summary, these experiments show
that in vitro, the LAMP1-positive vacuoles still undergo membrane
turnover, probably leading to the net growth of the vacuoles.

Although the LAMP1-positive vacuoles stained negative for
LysoTracker, we wondered whether acidified organelles in
axons were also affected in TMEM106B-deficient MNs. Live
cell imaging and tracing of LysoTracker-labeled vesicles in the
proximal axon of DIV7 MNs revealed a significantly higher per-
centage of retrograde transported LysoTracker-positive vesicles
in KO cells than in wild-type control cells. Furthermore, retro-
grade moving LysoTracker-positive vesicles traveled an
increased total distance in TMEM106B-deficient animals (Fig-
ure 3C). Intriguingly, LysoTracker-positive vesicles were
frequently observed moving along the proximal axon but stop-
ping before entering the soma and the very proximal part of
the axon, implicating defects in the entry into the soma (Fig-
ure 3D; Video S1). In wild-type MNs, lysosomes traveled a
shorter distance and were mostly stationary (Video S2). Further-
more, quantification of LysoTracker-positive vesicles in fixed
cells revealed a similar size and LysoTracker intensity but a

Figure 3. Retrograde Axonal Sorting of Lysosomes Is Impaired Ex Vivo and In Vivo

(A) LysoTracker DND-99 (green) with LAMP1 (red) immunofluorescence-staining of DIV7 primary MNs. Two representative images of Tmem106b KO MNs are
shown. Nuclei are stained with DAPI (blue).

(B) Single frames of two representative videos of lentiviral LAMP1-GFP-infected primary MNs of Tmem106b KO mice. Four representative independent fusion
events of two different cells are shown. Quantification of organelles undergoing fusion or fission with the large LAMP1-positive vacuole. Single lysosomes are
labeled with arrowheads.

(C) Kymographs of axonal LysoTracker-positive organelle movement in isolated MNs from control and Tmem706b KO mice (DIV7). Quantification of the
directional movement and the total retrograde traveled distance are shown. n = 16-19 lysosomes per genotype/condition. Two representative images of
Tmem106b KO MNs are shown.

(D) Single frames of a representative video of LysoTracker-stained MNs isolated from Tmem106b KO mice. A single lysosome is labeled with an arrowhead.
(E) LysoTracker DND-99 (green) with Tuj1 (red) immunofluorescence staining of axons (as in B) of DIV7 primary neurons. Quantification of the number of
LysoTracker-positive organelles, intensity, and size per axon is shown (mean + SEM, n = 12-16 cells/experiment; three experiments).

(F) Representative Tuj1 immunofluorescence-stained primary neurons (DIV7). Quantification of the axon length, dendrite length, and dendrite number.
(mean + SEM, n = 15-20 cells/experiment; three experiments).

(G) Immunofluorescence staining for LAMP1 (green) and CatD (blue) of lentiviral TMEM106B-mCherry (red) transduced or non-transduced primary cultivated
MNs from control and Tmem106b KO mice (DIV7). A quantification of the number of cells with LAMP1-positive swelling is depicted (mean + SEM, n = 3).
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slightly decreased number in the axons of Tmem106b KO mice
(Figure 3E). Next, we measured the dendrite number and
dendrite and axon length in cultured MNs to address whether
TMEM106B deficiency has any morphological consequences.
We detected a slight but significantly decreased axon length
but no differences in dendrite number or length in Tmem106b
KO MNs (Figure 3F).

Finally, we performed a rescue experiment with primary MNs.
Lentiviral re-expression of ubiquitin-driven mCherry-tagged
TMEM106B in primary neurons fully rescued the presence of
vacuoles in Tmem106b KO MNs, indicating that this phenotype
is indeed due to a loss of function of TMEM106B (Figure 3G).

To investigate the axonal transport of endocytic organelles
dynamically in facial MNs in situ, we applied the neuronal tracer
FluoroGold (FG), which is frequently used for retrograde labeling
experiments. FG is endocytosed and retrogradely transported in
endo-/lysosomes finally reaching the MN soma (Schmued and
Fallon, 1986). We first tested whether the endocytosis of FG differs
between wild-type and Tmem106b KO primary MNs (Figure 4A),
but we detected no difference in the endocytic uptake of FG after
15 or 60 min. Next, FG was injected into the FMN-innervated
whisker pads of 4-month-old animals (Figure 4B), an age with
established pathology. After perfusion and fixation of the mice
4 days after injection, sections were stained with an antibody
against FG and LAMP1. In total, ~75% of all LAMP1-positive vac-
uoles were positive for FG, confirming our observation in cultured
MNs that vacuoles are still active in terms of membrane fusion.
Several LAMP1-positive vacuoles, especially small ones, stained
intensively for FG, validating the axonal and endosomal origin of
the vacuoles, while large vacuoles were partially FG negative (Fig-
ure 4C). Importantly, for a shorter period of 1 day after FG injec-
tion, both the number of FG-positive MNs and the total area of
FG in the somata of the FMN were significantly reduced (Fig-
ure 4D). These findings provide further evidence that the
accumulation of lysosomal membrane structures at the AIS is
due to altered retrograde transport, resulting in an impaired
delivery of lysosomes to the soma (Figure 4E). These data also
suggest that TMEM106B deficiency affects MNs in a cell-autono-
mous manner, resulting in defective axonal transport of LAMP1-
positive organelles and axonal outgrowth in vitro and defective
retrograde transport of FG-positive vesicles in vivo.

TMEM106B Deficiency Causes Impaired Clearance of
Lysosomal Cargo and Reduced Turnover of
Autophagosomes

We next investigated in more detail whether the altered transport
of LAMP1-positive organelles leads to an impaired turnover of
axonal autophagosomes. To explore this in cultured MNs, we
utilized a lentiviral vector coding for tandem-fluorescent-tagged
RFP-GFP-LC3, allowing discrimination between acidified and
non-acidified vesicles (Luningschror et al., 2017). Quantification
of the number of autophagosomes and autolysosomes from
DIV7 primary MNs showed an almost doubled number of axonal
autophagosomes but a comparable number of autolysosomes in
Tmem106b KO compared to wild-type MNs, implicating
reduced fusion of autophagosomes with lysosomes (Figure 5A).
As previously shown (Luningschror et al., 2017), in axons of pri-
mary MNs, autolysosomes were hardly detectable, suggesting

that the final maturation into lysosomes takes place at the
soma. To further investigate the interaction of autophagosomes
with LAMP1-positive vacuoles in primary MNs, we simulta-
neously expressed LAMP1-GFP and RFP-LC3 in cultured MNs
(Figure 5B). We specifically analyzed MNs containing LAMP1
vacuoles and found that the majority of vacuoles were LC3-
RFP positive, suggesting that these vacuoles indeed fused
with autophagosomes at a certain stage but failed to mature to
genuine lysosomes, as shown by negative staining for CatD (Fig-
ure 3A). In this line, an increase of LC3 Il (the autophagosome-
bound lipidated form) was also observed in primary mouse em-
bryonic fibroblasts (MEFs) of Tmem106b KO mice under basal
conditions (Figure S7A). Inhibition of the fusion of lysosomes
with autophagosomes in MEFs by bafilomycin A showed no
further increase in LC3 Il in the Tmem106b KO cells compared
to the wild type, indicating no enhanced generation of autopha-
gosomes, but an impaired fusion of lysosomes and autophago-
somes in Tmem106b KO MEFs.

Immunoblots from brain extracts of 6-month-old wild-type and
Tmem106b KO mice for LC3, p62, and ubiquitin revealed a signif-
icant increase in LC3 Il, p62, and high-molecular-weight ubiquiti-
nated proteins, further providing evidence for a pathological accu-
mulation of autophagosomes and autophagic cargo/substrates
(Figure 5C). In this line, large p62-positive aggregates were
observed in the hindbrain and spinal cord of Tmem106b KO
mice by immunofluorescence (Figure 5D). The p62-positive ag-
gregates started to appear at 4 months of age and were very rarely
seen in regions other than the hindbrain. We observed a slight but
significant increase in the amount of autofluorescent neuronal lip-
ofuscin in the thalamus (Figure 5E), an area also affected by va-
cuolization. Electron microscopic evaluation and quantification
of the lysosomal volume density revealed a significant increase
in the volume of lipofuscin-filled lysosomes in both the spinal
cord and the thalamus, but not the cerebral cortex (Figure 5F).
In support of the data of the CRISPR/Cas9-mediated Tmem106b
KO mice, the Tmem106b™2° KO mice similarly showed an in-
crease of LC3 I, high-molecular-weight ubiquitin aggregates,
increased autofluorescence in the thalamus, and p62-positive ag-
gregates (Figures S7B-S7D). These results point toward a
reduced clearance of lysosomal substrates and autophagic cargo
in Tmem106b KO neurons, possibly caused by altered axo-den-
dritic sorting of lysosomes.

DISCUSSION

The major phenotypic features of Tmem106B KO mice are giant
LAMP1-positive vacuoles specifically occurring at the AIS of
MNSs. Vacuole formation ultimately leads to functional deficits
of the affected motor units as a consequence of the loss of
TMEM106B. The enlarged vacuoles are partially negative for
CatD in situ and in vitro and negative for LysoTracker, but they
are positive for LAMP1. Therefore, they do not represent genuine
functional lysosomes. Even the designation of those highly non-
physiological organelles as “lysosomes” should be taken with
caution, as they might also represent late endosomes, autolyso-
somes, or hybrid organelles. However, as they bear no similarity
to any physiological organelles in wild-type mice, a more precise
designation is useless. In this regard, it should also be noted that
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TMEM106B Deficiency Leads to Reduced Delivery of the Retrograde Tracer FluoroGold in MNs In Vivo

(A) Primary MNs from wild-type and Tmem106b KO mice (DIV5) were offered FluoroGold (FG) for 15 min, washed, and chased for the indicated time points. FG
was stained by immunofluorescence with an FG-specific antibody. The number of FG particles in axons was counted and is depicted on the right. Somata were

excluded from the analysis (mean + SEM, n = 4).
(B) Scheme of the FG retrograde labeling experiments.

(C) Immunofluorescence of the FMN for FG (red) and LAMP1 (green) 4 days after FG injection. Nuclei are stained with DAPI (blue). Quantification of FG and/or

LAMP1-positive vacuoles is depicted (n = 3).

(D) Representative image of the FMN stained for FG 1 day after injection of FG in wild-type control and Tmem106b KO mice (4 months). Quantification of the
number of FG-positive MNs and area covered by FG staining is shown (mean + SEM, n = 12-13).
(E) Scheme of the localization of LAMP1-positive organelles (green) in MNs of wild-type control and Tmem106b KO mice. The distribution of FG (yellow) is

indicated.

LAMP1-positive organelles even in wild-type neurons represent
a heterogeneous population of endocytotic organelles (including
late endosomes and autolysosomes) that are processed toward
degradative lysosomes (Cheng et al., 2018). Such LAMP1-posi-
tive organelles are enriched in axons and most likely contain
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retrogradely transported cargo derived from the distal axon
like maturing autolysosomes/autophagosomes (Maday et al.,
2014). The fact that most vacuoles in primary MNs were positive
for LC3 indicates that autophagosomes significantly contribute
to their biogenesis.
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Figure 5. TMEM106B Deficiency Impairs the Degradation of Lysosomal Substrates

(A) Representative confocal images of the axon of lentivirus-infected tandem fluorescent-tagged LC3 (mRFP-EGFP-LC3)-expressing primary MNs (DIV7) of
Tmem106b KO and control cells. RFP channel is depicted in red, GFP channel is depicted in green. The axon is stained with an antibody against Tuj1 (blue).
Quantification of RFP-positive (autolysosomes) and RFP-GFP-double-positive organelles (autophagosomes) in the axon. Mean + SEM; n = 10 neurons/
experiment; three experiments; two-way ANOVA; Bonferroni post-test.

(B) Primary MNs (DIV7) of Tmem106b KO mice infected with lentiviruses coding for LAMP1-GFP (green) and LC3-RFP (red).

(C) Immunobilots of total-brain lysates with the indicated antibodies. Age: 6 months. Quantification is shown below. Mean + SEM; n = 5.

(D) Immunofluorescence staining of the spinal cord for p62. p62-positive aggregates are marked with arrowheads. Quantification of the number of p62-positive
aggregates/section (mean + SEM, n = 3-4). Nuclei are stained with DAPI (blue). Age: 4 months.

(E) Representative confocal images of autofluorescence (488-nm laser excitation) in the thalamus of Tmem106b KO and control mice. Age: 4 months.

(F) Electron micrographs of neurons of the cortex, spinal cord, and thalamus. A quantification of lysosomal volume density is given. Mean + SEM (n = 40-80 single
neurons from two independent mice/genotype).

Three groups previously reported the generation and charac-
terization of TMEM106B-deficient mice (Arrant et al., 2018; Klein
etal., 2017; Nicholson et al., 2018). Interestingly, key phenotypic
alterations described in the two KO strains described in our
study (vacuolization of MNs, increased autophagosomes, and
aggregates) were not reported. Generally, no spontaneous

phenotype in the basal Tmem106b KO situation was found in
previous studies except for subtle changes of lysosomal proteins
like cathepsin B, cathepsin L, and DPP7; a downregulation of
subunits of the V-ATPase; and decreased LysoTracker intensity
in primary neurons. We, in contrast, observed an increase in the
activity of several lysosomal enzymes and increased levels of
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CatD. No major differences in the LysoTracker staining were
observed in primary neurons. Notably, both previously published
mouse models were generated by the same KO strategy: both
strains are “knock-in-/KO-first” alleles, in which an intronic
gene trap vector with an artificial splice-acceptor site abrogates
the transcription of the wild-type transcript. However, this strat-
egy might result in an incomplete KO: due to incomplete usage of
the splice-acceptor site, the resulting mouse lines can be hypo-
morphs with residual wild-type transcript and protein instead of a
full KO (Mitchell et al., 2001). In both studies, the authors crossed
homozygous or heterozygous Tmem106b gene trap mice with
progranulin KO mice and observed a partial rescue of the Grn
KO phenotype (Klein et al., 2017; Arrant et al., 2018). If the
Tmem106b KO was incomplete, the results of these experiments
are also difficult to interpret. Alternatively, in the previous
studies, the phenotype described here has not been detected
because the histological characterization focused on brain re-
gions more relevant for FTLD.

Overexpression of TMEM106B in cultured cells leads to
enlarged dysfunctional lysosomes, as shown in several studies
(Arrant et al., 2018; Brady et al., 2013; Chen-Plotkin et al.,
2012; Gallagher et al., 2017; Lang et al., 2012), and TMEM106B
knockdown leads to a reduced number of lysosomes (Chen-
Plotkin et al., 2012; Stagi et al., 2014). Our observation of drasti-
cally enlarged, LAMP1-positive organelles in the KO situation
appears to be counterintuitive in that regard. However, it seems
to be plausible that the levels of TMEM106B need to be tightly
balanced, and both reduced levels as well as increased levels
cause dysregulation of lysosomal size. Whether both situations
are caused by the same molecular mechanism(s), however,
needs to be formally proven. In this respect, it should also be
noted that the lysosome enlargement is dose dependent (Gal-
lagher et al., 2017). These findings have relevance for
TMEM106B’s role in disease, given that the effect of genetic
variants in different disease entities (e.g., on TMEM106B levels)
is still obscure. In cultured primary hippocampal neurons, knock-
down of TMEM106B affects the transport of lysosomes in den-
drites (Schwenk et al., 2014). These studies were complemented
by analyses with primary cortical neurons, showing a similar
effect on the neuritic transport of lysosomes (Stagi et al.,
2014). In both studies, an increase in the number of moving lyso-
somes was shown. However, it remained unclear whether
TMEM106B knockdown affects the transport of moving lyso-
somes in the anterograde or retrograde direction in neurites,
and both studies focused on moving lysosomes in dendrites.
The availability of the new Tmem106b KO models allowed histo-
pathological analyses of proximal and distal nerve segments and
an unbiased survey of the loss-of-function effect in different
terminally differentiated neuronal cell types. These in vivo data
support a primary defect in lysosome positioning, and they
clearly show that TMEM106B is particularly important in the sort-
ing of lysosomes in the axon rather than in dendrites and that the
retrograde movement is altered. The axon differs in several re-
gards from dendrites: in contrast to dendrites, the axon contains
a tight barrier, the AIS, which is preventing somatodendritic
cargo from entering . If there are any gatekeeper mechanisms
for retrograde cargo, controlling entry of cargo into the AIS
from the distal end is unknown. Additionally, the orientation of
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microtubules considerably differs between the axon and den-
drites: while the axon has a uniform arrangement of microtubules
with plus ends distal to the cell body (plus-end out), dendrites
have equal numbers of plus- and minus-end-out microtubules
(Yau et al., 2016). Both features might contribute to the observed
phenotype with an accumulation of large LAMP1-positive
vacuoles at the distal AlS. Finally, the cargo (i.e., the LAMP1-
positive organelles) differ in their microtubule-interacting motor
machinery between dendrites and the axon, contributing to dif-
ferences between dendritic and axonal sorting. Knockdown of
TMEM106B in primary cortical neurons was previously shown
to increase the retrograde transport of lysosomes in dendrites
(Schwenk et al., 2014). This effect might be even more pro-
nounced in vivo and in MNs with their long complex axon,
ultimately explaining the observed phenotype. Interestingly, a
recent study revealed altered positioning of endo-/lysosomes
in dendrites of cortical neurons of CHMP2B-deficient mice (Clay-
ton et al., 2018), which were previously shown to develop axonal
degeneration as well (Ghazi-Noori et al., 2012). This altered posi-
tioning of lysosomes in dendrites of CHMP2B-deficient mice
was rescued by knockdown of TMEM106B (Clayton et al.,
2018). It will be interesting to determine if TMEM106B levels
also affect axonal degeneration in CHMP2B-deficient mice.

The observation that cultured spinal MNs frequently show
LAMP1-positive vacuoles in both the soma and the proximal
axon suggests that an impaired transport of lysosomes is cell
autonomous and is the primary cause for the observed pheno-
type, and impaired autophagy and formation of vacuoles is a
secondary event. This finding is in good agreement with the
increased retrograde transport rate of lysosomes in the axon of
primary MNs ex vivo, presumably ultimately leading to a buildup
of lysosomes at the distal end of the AIS, but a reduced delivery
of the axonal tracer to the soma observed in vivo. The decreased
delivery of FG to the soma at later time points seems contradic-
tory, given a higher transport of FG-containing organelles. How-
ever, it seems reasonable that the tracer gets stuck in the vacu-
oles (of which the majority are FG positive), finally leading to
impaired somatic delivery. Surprisingly, the observed severe va-
cuolization of the FMN has only small functional consequences,
reflected by very mild behavioral deficits. At 2 months of age,
NMJs remain intact despite clear vacuolization. Furthermore, va-
cuolization seems not to completely impair axonal trafficking, al-
lowing survival of the proximal axon, the NMJ, and finally the MN
itself. However, denervation of NMJs in aged animals indicates a
functional decline. Notably, the AIS pathology might additionally
explain the observed functional behavioral and motoric alter-
ations despite a lack of degeneration in young animals: alter-
ations of the AIS due to, for example, mutations in Tau were
shown to affect neuronal excitability (Sohn et al., 2019). Similarly,
the altered morphology of the AIS in Tmem106b KO mice might
cause functional deficits.

It is tempting to speculate that lysosomes or retrogradely
transported late endosomes accumulating within or at the distal
end of the AIS undergo aberrant fusion, ultimately leading to the
ballooning of the axon. These lysosomes are likely dysfunctional
and unable to degrade any cargo, which might explain the slight
increase in some lysosomal enzymes and soluble proteins like
CatD or progranulin, considering that (active) lysosomal
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proteases regulate the levels of lysosomal enzymes. This expla-
nation is additionally supported by the unchanged transcript
levels of the investigated enzymes, suggesting posttranscrip-
tional regulation of the levels of these enzymes or modulation
of their activity. We can also not rule out that TMEM106B is
directly modulating their function, explaining the increased
activity, and that in fact, the giant vacuoles are a consequence
of such a dysregulation. The increase of progranulin is particu-
larly interesting, given the close genetic interaction between
GRN and TMEM106B in human FTLD patients. However, given
an increase of other lysosomal proteins to a similar extent, we
think this finding is not specific for progranulin but rather reflects
the general lysosomal alterations. Nevertheless, we cannot
fully rule out the possibility that TMEM106B directly affects
progranulin levels by a direct physical interaction (e.g., protect-
ing progranulin from proteolysis).

Alternatively to the suggested aberrant fusion hypothesis,
TMEM106B could have a dual function, involving the cytosolic N
terminus mediating the retrograde microtubule-dependent trans-
port of lysosomes by interacting directly or indirectly with motor
proteins and the luminal domain mediating fusion events and/or
activity of lysosomal enzymes. This might also explain
alterations in autophagy, which could lead both to defects in
fusion and to indirect effects due to impaired lysosomal degrada-
tion. Of note, our study provides experimental evidence for a sort-
ing mechanism for LAMP1-positive organelles at the distal end of
the AIS and suggests the presence of “gatekeeper” machinery
facilitating the retrograde entry of lysosomes into the AIS. Other
mechanisms are also conceivable: the entry of axonal retrograde
cargo into the AIS might be limiting, and through TMEM106B defi-
ciency, too much cargo is transported to the AIS, exceeding its
capacity. Microtubule modifications or motor preference might
differ between the distal end of the AIS and the proximal axon
and cause the disassembly of the motor and LAMP1-positive
cargo. Finally, the AIS is the site where myelin sheath begins,
and myelination might be critical for the formation of the vacuoles.
The precise mechanism by which vacuoles develop in situ at the
distal end of the AIS remains to be determined. Previous studies
reported that the fusion between LAMP1-positive endosomes
and autophagosomes in axons is an early event, taking place in
the distal axon. During retrograde transport, these organelles
mature, but the final maturation and acidification take place as a
last step in the soma (Maday et al., 2014). It is also possible to hy-
pothesize that the AIS is critical during this process, sorting retro-
grade transported autophagosomes/amphisomes to the soma for
their final maturation.

An interesting observation is the very restricted occurrence of
the vacuoles in selected MN nuclei. MNs show an extreme de-
gree of polarization and are characterized by exceedingly long
axons and highly complex arborization, making them suscepti-
ble to any (even subtle) alterations in the axonal transport of or-
ganelles. TMEM106B is expressed ubiquitously in neurons, and
there is no pronounced higher expression in MNs compared to
other neuronal subpopulations. Though we cannot finally prove
this hypothesis, we speculate that the complexity in the axonal
arborization and the long distances that need to be overcome
by LAMP1-positive organelles in axons of MNs might explain
their predominant susceptibility.

The “protective” effect of TMEM106B coding variants in hu-
mans with FTLD has been suggested to be the result of reduced
expression due to decreased stability of the resulting protein
bearing the T185S amino acid exchange (Nicholson et al.,
2013; Van Deerlin et al., 2010). The situation in the KO with a
full deletion instead of possibly slightly reduced protein levels
due to the T1858S variant is, however, clearly different and likely
has a much higher impact on cellular function and resulting
dysfunction. It should be noted that the purpose of our present
study was not to generate a model for FTLD, but to get a better
understanding of the physiological function of TMEM106B. Var-
iants in TMEM106B were initially found to convey the highest ef-
fect on GRN carriers, but later studies revealed a significant ef-
fect on C9orf72 carriers as well, implying that TMEM106B acts
in trans to both GRN and C9orf72 mutations. Our proposed
model of impaired lysosomal degradation based on altered
axonal trafficking leads us to the hypothesis that mutations in
progranulin and perhaps C9orf72 affect lysosomal proteolysis
and that alterations in TMEM106B additionally titrate disease
risk and severity in a dose-dependent manner. Moreover, the
observed accumulation of lipofuscin in the Tmem106b KO
mice, presumably caused by axonal transport defects, might
explain the effect of genetic TMEM106B variations on aging
and cognition (Rhinn and Abeliovich, 2017; White et al., 2017),
considering that an age-dependent lysosomal lipofuscin accu-
mulation is one of the hallmarks of neuronal aging.
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KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit-polyclonal TMEM106B
Rat-monoclonal TMEM106B Clone 6F2
Rabbit polyclonal p62

Rabbit-polyclonal Calnexin

Goat-polyclonal Cathepsin D C-20

Rabbit polyclonal cathepsin D
Rabbit-monoclonal GRN Clone 8H10
Mouse-monoclonal Ubiqutin (clone P4D1)
Rabbit-polyclonal LC3B
Mouse-monoclonal beta-Actin Clone AC-74
Goat polyclonal Ankyrin G (P-20)
Rabbit-polyclonal BIV-spectrin
Rabbit-polyclonal FluoroGold
Rat-monoclonal LAMP-1 Clone 1D4B
Mouse-monoclonal neurofilament (NF-M) Clone 2H3
Rabbit-polyclonal Myelin basic protein antibody (MBP)
Mouse-monoclonal Tuj1

Mouse-monoclonal NeuN

Rabbit-polyclonal Ibal

Rabbit-polyclonal COX IV

Rabbit-polyclonal ChAT

Bethyl Antibodies
Lang et al., 2012

MBL

Stressgen / Enzo

Santa Cruz Biotechnology

Shibata et al., 1998
Gotzl et al., 2014

Santa Cruz Biotechnology

Novus
Sigma-Aldrich

Santa Cruz Biotechnology
Gutzmann et al., 2014

Millipore

DSHB

DSHB

GeneTex
Neuromics
Millipore

GeneTex

Abcam

Synaptic Systems

Cat# A303-439A, RRID:AB_10953337
Clone 6F2

Cat# PM045, RRID:AB_1279301

Cat# ADI-SPA-860, RRID:AB_10616095
Cat# sc-6486, RRID:AB_637896

N/A

N/A

Cat# sc-8017, RRID:AB_628423

Cat# NB100-2220, RRID:AB_10003146
Cat# A2228, RRID:AB_476697

Cat# sc-31778, RRID:AB_2289736
N/A

Cat# AB153 RRID:AB_90738
RRID:AB_2134500

RRID:AB_531793

Cat# GTX22404, RRID:AB_370733
Cat# MO15013, RRID:AB_2737114
Cat# mAbA60, RRID:AB_2314891
Cat# GTX100042, RRID:AB_1240434
Cat# ab16056, RRID:AB_443304
Cat# 297 013, RRID:AB_2620040)

Rabbit-polyclonal Anti-Fluorescent Gold Antibody Millipore Cat# AB153-I, RRID:AB_2632408)
Goat anti-rabbit IgG Alexa Fluor 488 Invitrogen RRID: AB_143165

Goat anti-rat IgG Alexa Fluor 594 Invitrogen RRID: AB_10561522

Goat anti-rabbit IgG Alexa Fluor 647 Invitrogen RRID: AB_2535812

Goat anti-rabbit IgG Alexa Fluor 488 Invitrogen RRID: AB_143165

Goat anti-rat IgG Alexa Fluor 594 Invitrogen RRID: AB_10561522

Goat anti-rabbit IgG Alexa Fluor 647 Invitrogen RRID: AB_2535813

Donkey anti-sheep Alexa Fluor 594 Invitrogen RRID: AB_2534083

Biological Samples

ES Cell clone: Clone EPD0047_1_E02 KOMP consortium RRID:MMRRC_050092-UCD

Chemicals, Peptides, and Recombinant Proteins

FluoroGold

Fluorochrome

https://fluorochrome.com/flouro-gold/

a-Bungarotoxin, Alexa Fluor 488 conjugate Invitrogen Cat# B13422
LysoTracker Red DND-99 Invitrogen Cat# L7528
Experimental Models: Organisms/Strains

Mouse line: Tmem106b%¢2°° This paper N/A

Mouse line: Tmem106b™22 This paper N/A
Oligonucleotides

Tmem106b_ex3_F: GGTTTCCTTGTATCAGACATTAC Sigma-Aldrich N/A
Tmem106b_ex3_R: GCTTAACTCACTTCTATTACTGC Sigma-Aldrich N/A
Tmem106b_CE_F: GGCGTTACATCGACAGACAA Sigma-Aldrich N/A
Tmem106b_CE_R: TGAGAGACATCTCCATTTCTTCC Sigma-Aldrich N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
For1: TTCTCTCCATGTGCTGCATTATGAGC Sigma-Aldrich N/A

Rev1: ACGTGCTTCTCTCATCTACAGTTTTCC Sigma-Aldrich N/A

For2: GGGATCTCATGCTGGAGTTCTTCG Sigma-Aldrich N/A

Rev2: GAGATGGCGCAACGCAATTAATG Sigma-Aldrich N/A
Tmem106b: 5'-GCTGCTGCTAGCACCATGGGAAA Metabion N/A
GTCTCTTTCTCACTTACC-3

Tmem106b: 5'-GCTGCTACCGGTTTGTTGTGGCTGA Metabion N/A
AGGACATTTAG-3'

mCherry: 5'- GCTGCTACCGGTGGAGGTGGT GGA Metabion N/A
TCTTCTGTGAGCAAGGGCGAGGAGGATAACATGG-3

mCherry: 5'-GCTGCTTCTAGATTACTTGTACAGCTCGTCC -3’ Metabion N/A
Recombinant DNA

FUW-Tmem106b-mCherry this study N/A
LAMP1-mGFP Addgene #21075
pmRFP-LC3 Addgene #34831
FUW-RFP-GFP-LC3 Liningschror et al., 2017 PMID: 29084947
FUW-RFP-LC3 this study N/A

FUW -Lamp1-mGFP this study N/A
FUW-RFP-LC3-CMV::Lamp1-mGFP this study N/A
Software and Algorithms

GraphPad Prism GraphPad RRID:SCR_002798
Templo Software CONTEMPLAS GmbH N/A

Vicon Motus 2D software CONTEMPLAS GmbH N/A

LEAD CONTACT AND MATERIALS AVAILABILITY

Plasmids, not covered by any restrictions like MTAs generated in this study are available upon request. Further information and
requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Markus Damme (mdamme@
biochem.uni-kiel.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal Models

Generation of Tmem106b knockout Mice by CRISPR/Cas9

For the generation of Tmem106b KO mice by CRISPR/Cas9-mediated targeting of the Tmem106b locus, a guide RNA (gRNA_Tmem106b
F1; sequence: AGTGAAGTGCACAACGAAGACGG; protospacer adjacent motif (PAM) is underlined) was designed, that targets exon 3,
the first coding exon in the Tmem106b gene. The gRNA overlaps with a Bbsl restriction site. Single-cell embryos from C57BL/6 mice were
co-injected with Cas9 mRNA and gRNA_Tmem106b F1 gRNA. The resulting mutations after non-homologous end-joining repair identi-
fied after screening of the offspring in founder mouse lines were validated by Sanger-sequencing. The two chosen founder lines contained
either a 2bp deletion (#30907) or a 1bp insertion (#29772); both leading to frameshift mutations. Founder mice were mated with C57BL/6
and germline transmission of the mutation was validated again by Sanger sequencing. A founder line with a 2bp deletion was selected for
further experiments, but another strain with a 1bp insertion was phenotypically indistinguishable. The following generations of mice were
routinely genotyped by PCR with genomic tail DNA as a template followed by restriction enzyme digest with Bbsl and agarose gel elec-
trophoresis or capillary electrophoresis. Primers for amplification of a 552bp fragment of the wild-type locus partially covering exon 3 are:
Tmem106b_ex3_F: GGTTTCCTTGTATCAGACATTAC; Tmem106b_ex3_R: GCTTAACTCACTTCTATTACTGC. Alternatively, PCR
products amplifying a smaller fragment (121bp of the wild-type locus partially covering exon 3, sequences: Tmem106b_
CE_F: GGCGTTACATCGACAGACAA; Tmem106b_CE_R: TGAGAGACATCTCCATTTCTTCC) were separated by capillary
electrophoresis with a QIAXcel electrophoresis device (QIAGEN).

Generation of Tmem106b KO mice with targeted embryonic stem (ES) cells

Targeted ES cells were obtained from the KOMP consortium (Clone EPD0047_1_E02) and provided by the MMRRC consortium.
Generation, breeding and analysis of mice were in line with local and national guidelines and has been approved by the local
authorities. ES cells were injected into BALB/C blastocysts. The obtained chimeric mice were bred C57BL/6N wild-type mice to
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obtain germline transmission. In the resulting mouse line (tm2a, Knockout-first), expression of Tmem106b is disrupted by a splice
acceptor (SA) site in the intronic sequence between exons 3 and 4. A B-galactosidase reporter gene (lacZ) is expressed under the
control of the endogenous Tmem106b promoter. Mice carrying the tm2a allele were bred with Cre-deleter mice which constitutively
express the recombinase under the control of the Gt(ROSA)26Sor gene. Mice were genotyped with PCRs for the wild-type-allele,
covering a 301 bp sequence in the intronic sequence between exon 3 and exon 4 (For1: TTCTCTCCATGTGCTGCATTATGAGC
and Rev1: ACGTGCTTCTCTCATCTACAGTTTTCC) and the tm2b allele, covering partially the targeting cassette and the intronic
sequence between exon 4 and exon 5 (For2: GGGATCTCATGCTGGAGTTCTTCG and Rev2: GAGATGGCGCAACGCAATTAATG).
Animals for all phenotypic analyses were generated by heterozygous mating of mice with the Tmem106b tm2b allele.

Mice were housed at standard laboratory conditions (12 hours light/dark cycle, constant room temperature and humidity).
Behavioral testing took place during the light phase of the cycle. Food and water were available ad libitum. Experimental protocols
were approved by the ethical research committee of the KU Leuven according to EC guidelines or were approved by local german
authorities (Ministerium fur Energiewende, Landwirtschaft, Umwelt, Natur und Digitalisierung; AZ V242-4255/2018; Regierungspra-
sidium Tlbingen, Germany; TVA 1368). Mice of both genders were used for histology and biochemistry experiments. For the
behavioral studies, only female mice were used. The age of the animals is indicated for every experiment, generally animals between
two and six months were used, with the exception of the eye blink and whisker orienting reflex tests and balance beam test, in which
14 months old animals were inlcuded.

Primary Cells

Primary MN culture

Murine embryonic spinal MNs were isolated and cultured as described (Luningschror et al., 2017). Briefly, after dissection of the
ventrolateral part of E12.5 embryos, spinal cord tissues were incubated for 15 minutes in 0.1% trypsin in Hank’s balanced salt so-
lution. Cells were triturated and incubated in Neurobasal medium (Invitrogen, CA, USA), supplemented with 1 x Glutamax (Invitrogen,
CA, USA) on Nunclon plates (Nunc) pre-coated with antibodies against the p75 NGF receptor (MLR2, kind gift of Robert Rush,
Flinders University, Adelaide, Australia) for 45 minutes. Plates were washed three times with Neurobasal medium, and the remaining
MN were recovered from the plate with depolarization solution (0.8% NaCl, 35 mM KCI and 2 mM CaCl,) and collected in MN
medium (2% horse serum, 1x B27 in Neurobasal medium with 1x Glutamax).

METHOD DETAILS

Quantitative real time PCR (qRT-PCR)

Total RNA was prepared from homogenized mouse brain using the QlAshredder and RNeasy Mini Kit (QIAGEN) according to man-
ufacturer’s instructions. 2 ug of RNA was reverse transcribed into cDNA using SuperScript IV reverse transcriptase (Thermo Fisher
Scientific Termofisher) and random hexamer primers (Promega). The following primer sets from Integrated DNA Technologies were
used: mouse Ctsd Mm.PT.53a.7639164 (Exon boundary 4 to 5), mouse Glb1 Mm.PT.58.8893651 (Exon boundary 4 to 6),
Gusb Mm.PT.39a.22214848 (Exon boundary 1 to 2), Hexb Mm.PT.58.6976437 (Exon boundary 6 to 7) and Man2b1
Mm.PT.58.11143577 (Exon boundary 16 to 17). cDNA levels were measured in triplicates using TagMan assays on a 7500 Fast
Real-Time-PCR System (Applied Biosystems), normalized to Hrtp1 Mm.PT.39a.22214828. cDNA expression and relative transcrip-
tion levels of the respective sequences were analyzed using the comparative delta Ct method (7500 Software V2.0.5, Applied
Biosystems, Life Technologies).

Biochemical Experiments

Brain extracts and immunoblotting

Snap frozen brain tissue was mechanically powdered in liquid nitrogen and lysed in RIPA buffer (150 mM NaCl, 20 mM Tris-HCI pH
7.4,1% NP40, 0.05% Triton X-100, 0.5% sodium-desoxycholate, 2.5 mM ETDA) using the Precellys lysing kit (Ref.: PO0933-LYSKO0-
A) followed by centrifugation at 17,000 x g, 4°C for 45 minutes. Supernatants were collected and protein concentration was deter-
mined using BC assay. For SDS-PAGE samples were boiled in Laemmli sample buffer and separated on TRIS-glycine gels. Proteins
were transferred onto polyvinylidene difluoride membranes (GE Healthcare Life Science; Amersham Hybond PVDF,) or nitrocellulose
membranes (GE Healthcare Life Science). Membranes were blocked for one hour in I-Block™ (Thermo Fisher Scientific) and
exposed to the indicated antibody. HRP-conjugated antibodies and Pierce ECL Plus Western Blotting Substrate (Thermo Fisher
Scientific) were used for detection and visualization. The following antibodies were used: Cathepsin D (Santa Cruz, sc-6486),
GRN (clone 8H10) (Gotzl et al., 2014), TMEM106B (A303-439A, Bethyl Antibodies) (Gotzl et al., 2014), TMEM106B (clone 6F2)
(Lang et al., 2012), calnexin (Stressgen, SPA-860), ubiquitin (Santa Cruz; clone P4D1), p62 (MBL, PM045), LC3 (Novus Biologicals,
NB100-2220), actin (Sigma-Aldrich).

Enzymatic assays for lysosomal hydrolases

Brain tissue was homogenized with a potter Elvehjem in 15 volumes (w/v) ice-cold TBS containing 0.5% Triton X-100 and protease
inhibitor cocktail. After incubation on ice for 30 minutes with vortexing, lysates were cleared by centrifugation. The specific activity of
lysosomal hydrolases was determined as described previously (Markmann et al., 2017) with the following 4-Nitrophenyl-conjugated
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substrates (all 10 mM): p-Nitrophenyl-a-D-mannopyranoside (e-mannosidase), p-Nitrophenyl-B-D-glucuronide (B-glucuronidase),
p-Nitrophenyl-B-D-glucopyranoside (B-hexosaminidase), p-Nitrophenyl-p-D-galactopyranoside (B-galactosidase).

Histology and electron microscopy

Immunofluorescence of brain and nerve tissues

Mice were deeply anaesthetized and perfused through the left heart ventricle with 0.1 M phosphate buffer (PB) (pH 7.4) followed by
perfusion with 4% paraformaldehyde (PFA) in PB. After tissue removal, tissues were post-fixed for another 4 hours in 4% PFA and
subsequently transferred to 30% sucrose (in PB) over night. 35 pm thick free-floating sections were cut with a sliding microtome
(SM2000R, Leica). For antibody-labeling, sections were washed in PB, blocked with 4% normal goat serum and 0.5% Triton
X-100in 0.1 M PB for one hour at room temperature (RT) and subsequently incubated with the primary antibodies at 4°C over night
in blocking solution. After washing three times with PB containing 0.25% Triton X-100, sections were incubated with AlexaFluor
fluorophore-conjugated secondary antibodies (AlexaFluor 488, 594 or 647) (Life Technologies) for one hour at RT and washed again
three times with PB containing 0.25% Triton X-100. Finally, sections were mounted in Mowiol/DABCO containing DAPI. Images were
taken with an Olympus confocal microscope (FV1000, Olympus). STED images were acquired with a Stedycon STED (Abberior
Instruments) microscope. The following antibodies were used: AnkyrinG (Santa Cruz, P-20), BlIV-spectrin (kind gift from Maren
Engelhardt, Gutzmann et al., 2014), LAMP1 (DSHB, Hybridoma Bank, clone 1D4B), cathepsin D (gift from Thomas Braulke, Claussen
et al., 1997), Neurofilament H (DSHB, Hybridoma Bank, clone 2H3) Myelin Basic Protein (MBP) (Genetex, GTX22404), NeuN
(Millipore, clone A60), Ibal (Genetex, GTX100042), Cox IV (Abcam, ab16056), ChAT (#297 013, Synaptic Systems), FluoroGold™
(AB153, Millipore).

X-gal staining for (3-galactosidase reporter gene expression analysis

For B-galactosidase reporter gene expression analysis, free floating sections from heterozygote tm2b-mice were permeabilized for
10 minutes in PBS containing 0.01% (w/v) Na-Deoxycholat, 0.02% (v/v) Nonidet P-40, washed with PBS and subsequently incubated
in substrate solution (5 mM K3Fe(CN)s, 5 mM K4Fe(CN)g, 2 mM MgCl,, in PBS containing 1 mg/ml (w/v) of the B-galactosidase
substrate 5-bromo-4-chloro-indolyl-B-d-galactopyranoside (X-Gal) for 3 hours.

Electron microscopy and correlative electron/ light microscopy

After perfusion fixation with 4%PFA as described above, brains were further fixed for electron microscopy. For conventional electron
microscopy, they were fixed with 2% glutaraldehyde in PB for 2 hours at 4°C, and postfixed with 2% osmium tetroxide (OsO,) for 2
hours at 4°C. Specimens were dehydrated with graded ethanol and embedded in Epon812. For correlative light/electron microscopy,
the specimens were cut into 30 um sections with a vibratome (VT1200S, Leica Microsystems). Sections were immunolabeled with pri-
mary antibodies (cathepsin D, Shibata et al., 1998); LAMP1; Novus Biologicals; clone 1D4B) at 4°C over night. After washing with PBS,
sections were incubated with secondary antibodies (anti-rabbit IgG Alexa Fluor 488 FluoroNanogold, Nanoprobes; anti-Rat IgG Cy3)
and DAPI. Sections were then attached to a gridded glass-bottom dish (Matsunami) and observed with a confocal laser scanning mi-
croscope (TCS/SP5, Leica Microsystems). Sections were fixed in 2% glutaraldehyde in PBS for 1 hour at 4°C, and were subjected to
gold enhancement using GoldEnhance Plus (Nanoprobes). Sections were postfixed, dehydrated, and embedded as described above.
Embedded samples were cut at 80 nm with an ultramicrotome (UCB6, Leica Microsystems), while ultrathin sections were stained with 4%
uranyl acetate and 1% lead citrate. They were then examined with a transmission electron microscope (HT7700, Hitachi).
Immunohistochemical staining of neuromuscular junctions (NMJ)

Staining of NMJs was carried out as previously described (Dombert et al., 2014). Briefly, mice were deeply anesthetized and
transcardially perfused with 4% PFA. Subsequently, the orbicularis orbi muscle was dissected and post-fixed in 4% PFA for at least
two hours. The tissue was washed in PBS-T (0.1% Tween-20) for 20 minutes at RT and incubated with a-Bungarotoxin-Alexa488
(Invitrogen) for 25 minutes at RT. The tissue was then incubated overnight at 4°C with a blocking solution (2% BSA, 0.1% Tween-20
and 10% donkey serum), followed by incubation with the indicated primary antibodies for three days at 4°C. After washing with PBS
at pH 7.4 (PAA Laboratories) three times for 15 minutes, the appropriate secondary antibodies were applied for 1 hour at RT. The
tissue was washed again as above described, and embedded in Aqua Polymount (Polysciences).

IN VIVO LABELING WITH FLUORO-GOLD RETROGRADE TRACER

The application of the retrograde axonal tracer FluoroGold (FG; Fluorochrome) was previously described with minor modifications
(Gey et al., 2016). Mice were injected with 4 x pul of FG (4% in H,O) with a Hamilton syringe in the whisker pad. The animals were
sacrificed and the brains were fixed in 4% PFA for one day and cut into 80 pm vibratome sections. For each animal, FG positive neu-
rons of four sections were analyzed. Quantification was performed manually with Imaged. All experiments were in accordance with
institutional regulations by the local animal ethical committee (Regierungsprasidium Tubingen, Germany; TVA 1368).

Behavioral Studies

Eye blink reflex and whisker-orientation reflex

Facial nerve function was assessed by stimulation of facial movements (Crawley, 2007). The eye blink reflex was elicited by ap-
proaching the eye with the tip of a cotton swab. The whisker-orientation reflex was provoked by slightly stroking the whiskers

Cell Reports 30, 3506-3519.e1-e6, March 10, 2020 e4

OPEN

ACCESS
Cell’ress

85



Ergebnisse

with a cotton swab tip, promoting an orientation response. Vigorousness of both responses was subsequently rated on a 3-point
scale (0: absent - 1: reduced — 2: normal). The average of 6 assessments was used for analysis.

Whisker movement

Whisker movement was performed as described previously (Wanner et al., 2017). Prior to whisker movement analysis, mice were
handled daily to accustom them for videotaping. For whisker movement analysis, all whiskers except the whiskers in the C row
were clipped in anesthetized mice by micro scissors. Hand restraint mice were videotaped for 53 s by a high-speed camera at
100 Hz from top-view. Video sequences were reviewed and 1 s fragments were further processed in Templo Software
(CONTEMPLAS GmbH, Germany). The selected video sequences were analyzed by Vicon Motus 2D software (CONTEMPLAS
GmbH, Germany). The angular whisker position of the C1 whisker was determined by using a spatial model, consisting of a line
between the fix points right and left eye and its corresponding midsagittal plane in a 90 degree angle. The plane for the whisker
was set up by two points, the whisker shaft and a point on the vibrissae approximately 0.5 cm further out. The change of angle
between the midsagittal plane and whisker was analyzed within 1 s for lesion and control side. The threshold for a peak was set
to different angles (20°, 35°, 55° and 70°) and all angles for both pro- and retraction above these individual thresholds were summed
up within these 100 Hz sequences (Figure 2). In addition, the peak numbers above these threshold angles were calculated in one
100 hs sequence counting one peak for each direction (Figure S4C). All experiments were in accordance with institutional regulations
by the local animal ethical committee (Regierungsprasidium Tlubingen, Germany; TVA 1368).

Grip strength, Balance Beam, Vertical pole, Rotarod

Forelimb grip strength was assessed by letting mice spontaneously grab a T-shaped bar connected to a digital dynamometer
(Ugo Basile, Comerio, Italy). This allowed quantification of strength which was averaged over 10 trials. The rotarod test was included
as a measure of motor coordination and equilibrium. All mice received 2 minutes of training at a fixed speed of 4 rpm on the apparatus
(MED Associates Inc., St. Albans, Vermont, USA). Subsequently, 4 test trials (10 minutes intertrial interval) were conducted with an
accelerating rotation from 4 to 40 rpm for 5 minutes. Drop latency was registered up to the 5 minutes cut-off. Motor function was
further evaluated using the vertical pole test. Mice were positioned with their head upward on the top side of a vertical wooden
beam, the surface of which was made rough with rope (length 55 cm, cross-section 1.5 cm). Latency to turn downward and descend
was registered for every animal. Finally, the balance beam test was performed to gain further insight into sensorimotor function. Mice
were trained to walk across a set of 1 m long narrow beams. Six beams were used which shape and diameter represented an
increasing challenge for balance and equilibrium (square (SQ), cross-section: 28, 12 & 5 mm; round (RO), diameter: 28, 17 &
11 mm). Beams were placed 50 cm above the ground, terminating on a square escape platform. During the training phase, mice
learned to traverse the 12 mm square beam until all subjects reached the predetermined criterion of 20 s traversal latency. The
test phase consisted of 2 consecutive trials on each of the beams in the order described above. The average of both trials was
used for analysis.

Plasmid construction and lentiviral production

FUW-Tmem106b-mCherry was generated by digestion of the FUWG plasmid by Nhel and Xbal, and the resulting 10 kB fragment was
purified by gel extraction. The cDNA of mCherry was amplified by PCR using the following primer: 5- GCTGCTACCGGT
GGAGGTGGT GGA TCTTCTGTGAGCAAGGGCGAGGAGGATAACATGG-3' and 5-GCTGCTTCTAGATTACTTGTACAGCTCGTCC
-3'. The PCR product was purified, digested by Agel and Xbal, and purified. The cDNA of Tmem106b was amplified by PCR using
the following primer: 5'-GCTGCTGCTAGCACCATGGGAAAGTCTCTTTCTCACTTACC-3'and 5'-GCTGCTACCGGTTTGTTGTGGC
TGAAGGACATTTAG-3'. The PCR product was purified, digested by Nhel and Agel, and again purified. Both fragments were
simultaneously cloned into the FUGW backbone by ligation.

For the simultaneous expression of RFP-LC3 and Lamp1-GFP, we first constructed FUW-RFP-LC3. The FUGW plasmid was
digested by Xbal and EcoRlI, and the resulting 10 kB fragment was purified by gel extraction. pmRFP-LC3 (Addgene Plasmid
#21075) was digested by Nhel and EcoRl and the resulting 1.4 kB fragment was purified by gel extraction. Subsequently, both inserts
were ligated into the Xbal and EcoRl sites of the backbone. The Xbal site was destroyed during cloning.

Next, FUW-RFP was digested by EcoRl, blunted, purified, and dephosphorylated. Lamp1-mGFP (Addegene Plasmid #34831) was
digested by Asel and Notl, and the resulting CMV::Lamp1-mGFP fragment was purified by gel extraction, blunted and phosphory-
lated. Subsequently, both fragments were ligated to generate FUW-RFP-LC3-CMV::Lamp1-mGFP.

FUW-Lamp1-mGFP was generated by the digestion of FUGW by Xbal. The resulting 10kB fragment was purified by gel extraction,
blunted and dephosphorylated. Lamp1-mGFP (Addegene Plasmid #34831) was digested by EcoRI and Notl and the resulting 2 kB
fragment was purified by gel extraction, blunted and phosphorylated. Subsequently, both fragments were ligated.

Lentivirus was produced by co-transfecting HEK293T cells with the indicated expression and packaging plasmids using Lipofect-
amine 2000 (Invitrogen). The medium was replaced 24 hours after transfection and collected 24 hours later. Subsequently, the virus
was concentrated by ultracentrifugation. For lentiviral transduction, MN were incubated with viral particles for 10 minutes at RT
directly before plating.

Immunocytochemistry and live-cell imaging
Live-cell imaging: For live-cell imaging, 4,000 cells per cm? were plated on PORN/Laminin-coated coverslips and cultured for 7 days.

On day 7, the cells were labeled with LysoTracker Green DND-26 (New England Biolabs) for 30 minutes and subsequently imaged
for 7 minutes. The LysoTracker was applied in MN media without Phenol Red supplemented with BackDrop® Green Background
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Suppressor (Cell Signaling). Lysosomal movement was monitored using an upright microscope (BXWI, Olympus), in a heated imag-
ing chamber (Luigs & Neumann). Images (8-bit) were captured with a Rolera-XR camera (Qimaging) and StreamPix 4 software
(Norpix) under continuous illumination with a 470 nm LED light source (Visitron Systems). Lysosomes moving less than 5 um were
considered as stationary or bidirectional moving, respectively.

Immunocytochemistry

For immunocytochemistry, we plated 4,000 cells per cm? and cultured the cells for 7 days. For stainings with LysoTracker, cells were
labeled with LysoTracker Deep Red (Thermo Fisher Scientific) one hour prior to fixation. Subsequently, the cells were fixed with 4%
PFA for 15 minutes at RT, followed by three washes with PBS for 5 minutes at RT. For blocking and permeabilization, the cells were
incubated with blocking solution (10% Donkey Serum, 0.3% Triton X-100 in TBST) for 30 minutes at RT. Incubation with the primary
antibody was carried out overnight at 4°C in the following solution: 1% Donkey Serum, 0.03% Triton X-100 in TBST. The next day, the
cells were washed three times with TBST for 5 minutes at RT and the appropriate secondary antibodies were applied in TBST for 2
hours at RT. Finally, the MN were washed three times with TBST for 15 minutes. The cells were counterstained with DAPI during the
first washing step after incubation with the secondary antibodies. The following primary antibodies were used: Cathepsin D (gift from
Thomas Braulke, Claussen et al., 1997), Tuj1 (Neuromics, MO15013), LAMP1 (DSHB, Hybridoma Bank; clone 1D4B). Images were
acquired using an Olympus Fluoview1000i confocal microscope.

FluoroGold endocytosis in primary MIN

After five days in culture FluoroGold was added to the primary motoneurons at a final concentration of 0.01% (w/v) to the medium.
After 15 or 60 minutes the cells were washed three times with PBS and then fixed with 4% PFA for 15 minutes at RT. The number of
FluoroGold particles was analyzed using the Imaged “Analyze Particles” plug-in. At least 90 cells were analyzed per genotype and
time point.

Re-expression of TMEM106B

Expression of Tmem106b-mCherry in cultured MN: Primary MN were transduced with FUGW-Tmem106-mCherry and fixed with 4%
PFA for 15 minutes at RT after 5 days in culture.

QUANTIFICATION AND STATISTICAL ANALYSIS

If not stated otherwise, a two-tailed unpaired t test was performed using GraphPad Prism Software Version 5.03. Significant values
were considered at p < 0.05. Values are expressed as mean + standard error of the mean (SEM) and significance is designated as *,
p < 0.05; **, p < 0.005; ***, p < 0.0001.

Behavioral data are presented as mean + SEM. Shapiro-Wilk and Brown-Forsythe tests were used to determine normality and vari-
ance homogeneity. Violation of these assumptions was followed by non-parametric testing or (where possible) data transformation.
Transformed data was retransformed for consistent visualization. Performance of Tmem106b wild-type, heterozygous and KO mice
was compared using Kruskal-Wallis ANOVA on ranks (facial nerve reflexes), 1-way ANOVA (vertical pole, grip strength) and 2-way
repeated-measures ANOVA (balance beam, rotarod). Dunn’s and Holm-Sidak methods were used for multiple comparisons.

DATA AND CODE AVAILABILITY

No large datasets were produced in this study.
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SUPPLEMENTAL INFORMATIONS

Figure S1
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Figure S1. Related to Figure 1. CRISPR/Cas9-mediated generation and genotyping of Tmeml06b
knockout mice. (A) Schematic representation of the murine Tmeml06b locus covering exon 2 and the first
coding exon 3 containing the ATG start codon. Excerpt of the sequence of genomic tail DNA of several founder
lines (30907; 29722; 29558; 30298) with the resulting genomic modifications covering the target sequence of the
guide (g)RNA is shown. Recognition site of the restriction enzyme Bbsl is indicated. The coded amino acid
sequence is indicated below the nucleotide sequence. The predicted amino acid sequence of the strain 30907
with the 2 nucleotide deletion leading to a frameshift and premature stop-codon is depicted below in comparison

to the wildtype sequence. (B) Representative sequencing chromatogram of founder line 30907 containing a 2
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nucleotide deletion (del2nt) either heterozygous or homozygous is shown in comparison to the non-edited
wildtype sequence. (C) Agarose gel of the PCR product for initial genotyping generating a 552bp fragment (right
lane) that is further digested with the restriction enzyme Bbsl. In the case of an intact recognition site for Bbsl,
two fragments are generated after restriction digest (274 & 276bp) (left lane). Homozygous CRISPR/Cas9-
mediated genomic changes lead to the complete loss of the Bbsl cleavage site. Heterozygous animals show both,
undigested (552bp) and digested bands (274 and 276bp). (D) Electrophoresis chromatogram of the capillary-
electrophoresis-based genotyping-PCR. A smaller PCR-fragment (121bp in wildtype mice) covering the
CRISPR/Cas9-edited genomic sequence is generated with genomic tail-DNA as template. Capillary
electrophoresis efficiently separates the 2bp size-difference between homozygous wildtype and knockout
animals. In heterozygous animals, an additional band is observed, presumably due to the formation of a
heteroduplex of the small fragments. (E) Immunoblot analysis of Tmem106b +/+, +/- and -/- brain- and spinal
cord lysates with an antibody against TMEM106B (Bethyl-Laboratories; A303-439A) and GAPDH as loading
control. (F) Genotype distribution of litters from Tmem106b heterozygote couples. (n = 102 animals in total).
(G) Total bodyweight of 3 months old Tmem106b +/+, +/- and -/- animals. N = 12-17. Student’s t-test; ns = not

significant.
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Figure S2. Related to Figure 1. Vacuolization phenotype of Tmem106b KO mice. (A) Hematoxylin / Eosin

Facial nerve (Pons, CNS)

staining of sagittal sections of 4-months-old wildtype and Tmem106b KO mice of the indicated brain regions.
(B) Immunofluorescence staining of wildtype and Tmem106b KO mice of the corresponding regions to (A) for
LAMPI. Age: 4 months. (C) Immunofluorescence staining of the FMN of Tmem106b KO mice for LAMP1 at
indicated the age. (D) Immunofluorescence staining for LAMP1 (green) and the mitochondria-marker COX IV
(red). Nuclei are stained with DAPI (blue). The large vacuole is negative for Cox IV. (E) Immunofluorescence
staining of CD68 (red), GFAP (magenta) and Iba-1 (green) of the FMN of 4-months-old wildtype and
Tmem106b KO mice. Nuclei are stained with DAPI (blue). (F) Transcript levels of Hexb, Man2bl, Ctsd, Glbl,
and Gusb determined by qPCR from wildtype and Tmem06b KO mice. The mean of the wildtype was set as 1
and the ratio of the average of the KO animals is depicted. Age: 6 months. (Mean = SEM, n = 3). (G)

Hematoxylin / Eosin staining of the Pons / Medulla of wildtype and Tmem106b KO mice. The compact facial
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nerve is boxed. Immunofluorescence staining of the compact facial nerve for LAMP1 does not show any
vacuoles in Tmem106b KO mice. Nuclei are stained with DAPI (blue). Age: 4 months. (H) (Immuno-
)fluorescence staining of neuromuscular junctions (NMJ) of the orbicularis oculi muscle of six months-old
Tmem106b KO and control animals with fluorescently labelled Bungarotoxin (blue) and antibodies against
synaptophysin (magenta) and LAMP1 (green). (I) (Immuno-)fluorescence staining of neuromuscular junctions
(NMJ) of the orbicularis oculi muscle of six months-old Tmem106b and control animals with fluorescently

labelled Bungarotoxin (blue) and antibodies against synaptophysin (magenta) and Hsp60 (green).
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Figure S3. Related to Figure 1. Generation and characterization of Tmem106b KO mice generated by
targeted ES-cells (Tmem106b™). (A) Schematic representation of the Tmeml06b tm2a-targeting construct.
The coding exons, recombinase sites (FRT for Flippase, Cre for Cre-recombinase) and the knockout construct
containing the artificial splice-acceptor site (EN SA), LacZ, neo-cassette for selection and the polyadenylation
site (pA) are indicated. The conversion of the tm2a allele to tm2b by crossing with Cre-recombinase expressing
mice is indicated. (B) X-Gal (5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside)-staining of the brain of an
adult (3-month-old) old heterozygote Tmeml06b tm2a-mouse expressing the LacZ reporter gene under the
control of the endogenous Tmem106b promotor. (C) Genotyping PCR for the tm2b allele. The primer binding
site is indicated in (A). (D) Hematoxylin / Eosin staining of sagittal sections of the indicated brain regions. Age:

6 months. (E) Immunofluorescence staining of the indicated brain regions for LAMP1. Age: 6 months. (F)
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Immunoblot analysis of brain lysates from 4-months-old Tmeml066™* KO and wildtype control mice for
cathepsin D, TMEM106B and actin as a loading control. Quantification of the cathepsin D signal (Mean + SEM,
n = 3). (G) Transcript levels of Hexb, Man2b1, Ctsd, Glbl, and Gusb determined by qPCR from wildtype and
Tmem106b™*° KO mice. The mean of the wildtype was set as 1 and the ratio of the average of the KO animals is

depicted. Age: 4 months. (Mean £ SEM, n = 3).
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Figure S4. Related to Figure 1. Vacuolisation of facial motor neurons does not lead to axonopathy and
axonal vacuoles are absent in the cerebral cortex and the hippocampus. (A) Immunofluorescence of LAMP1
(green) and B-VI Spectrin (red) of the hippocampus (CA3-region) and the cerebral cortex. Nuclei are stained
with DAPI (blue). Age: two months. (B) Maximum intensity Z-projection of confocal stacks of LAMP1 (green)
and BllI-tubulin (red) staining of the FMN. The axon of the depicted motoneuron is marked by arrowheads. Age:

two months.
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Figure S5
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Figure S5. Related to Figure 2. Correlative light and electron
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CLEM is depicted in the magenta channel. (II) Merge of the toluidine-blue stained section and the
corresponding fluorescent image. Vacuoles are labeled with arrow heads. Two vacuoles anayzed by EM are
labeled with 1 and II. (IV) EM of the vacuoles depicted in (II). Cathepsin D immunolabeling after gold
enhancement is labelled with arrowheads. (B) Quantification of whisker movement expressed as the total
number of peaks >20°, <35°, <35° and <70° from Tmem106B KO mouse and wildtype control mice. The total
number of peaks is depicted (n = 11-13; each point represents one animal; age: 6 months). (C) The whisker
movement of the right and left whisker (expressed as the movement in degree over time) of a single,
representative control and TMEM106B KO mouse is depicted. (D) Quantification of the eye blink and whisker-
orienting reflex in Tmeml06b +/+, +/- and -/- mice (n = 11-16). The average of 6 assessments was used for
analysis. 3-point scale (0: absent — 1: reduced — 2: normal). Age: 14 months Quantification of neuromotor
function: number of paw slips during balance beam traversal (square and round beams of Tmem106b +/+, +/-

and -/- mice (Age 14 months); (Mean + SEM, n=11-16).

Figure S6
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Figure S6. Related to Figure 3. Vacuoles in the spinal cord are found in ChAT-positive lower

motoneurons. (A) Co-immunofluorescence staining of spinal cord sections (age: 10 weeks) from LAMP1
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(green) and Choline acetyltransferase (ChAT) (red) from control and Tmem106b knockout mice. (B) Co-
immunofluorescence staining of neurosphere-derived neurons for cathepsin D (red), LAMP1 (green) and MAP2
(blue) as a marker for neurons from control and Tmem106b KO mice. (C) Co-immunofluorescence staining of
primary MN (DIVS) stained for LAMP1 (green), cathepsin D (blue) and LysoTracker (red). Nuclei are stained

with DAPI (blue).
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Figure S7. Related to Figure 5. Analysis of autophagic flux in wildtype and Tmem106b KO mouse
embryonic fibroblasts and altered autophagy in Tmem106b™* KO mice. (A) Immunoblot analysis of lysates
from mouse embryonic fibroblasts (MEFs) prepared from CRISPR/Cas9-mediated KO mice for LC3. Three
replicates of untreated and Bafilomycin A (25 nm for 4 hours) treated wildtype and Tmeml06b KO cells are
shown. (B) Immunoblot analysis of total brain lysates from wildtype and Tmeml066™® KO mice for LC3,
ubiquitin and, p62. Calnexin is depicted as loading control. Age: 4-5 months. A quantification is depicted on the
right (mean = SEM, n = 3). (C) Representative confocal images of autofluorescence (488 nm laser excitation) in
the thalamus of TmemI06b™% KO and control mice. Age: 6 months. (D) Immunofluorescence staining of the
spinal cord for p62 of Tmem106b™?* KO and control mice. Age: 6 months. p62-positive aggregates are marked

with arrowheads.
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3 Publikation III

Opposite microglial activation stages upon loss of PGRN or TREM?2 result in reduced cerebral
glucose metabolism.

J. K. Gétzl", M. Brendel®, G. Werner®, S. Parhizkar, L. S. Monasor, G. Kleinberger, A. V.
Colombo, M. Deussing, M. Wagner, J. Winkelmann, J. Diehl-Schmid, J. Levin, K. Fellerer, A.
Reifschneider, S. Bultmann, P. Bartenstein, A. Rominger, S. Tahirovic, S. T. Smith, C. Madore,
O. Butovsky, A. Capell and C. Haass 2019.

EMBO Molecular Medicine 11(6):9711. * Geteilte Erstautorenschaft

Alle von mir beigetragenen Ergebnisse sind in den Abbildungen 2 A,B,G,H, 3 A, EV1 A
und EV1 B dargestellt (Gotzl et al., 2019).
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Abstract

Microglia adopt numerous fates with homeostatic microglia (HM)
and a microglial neurodegenerative phenotype (MGnD) represent-
ing two opposite ends. A number of variants in genes selectively
expressed in microglia are associated with an increased risk for
neurodegenerative diseases such as Alzheimer’s disease (AD) and
frontotemporal lobar degeneration (FTLD). Among these genes are
progranulin (GRN) and the triggering receptor expressed on
myeloid cells 2 (TREM2). Both cause neurodegeneration by mecha-
nisms involving loss of function. We have now isolated microglia
from Grn~’~ mice and compared their transcriptomes to those of
Trem2~'~ mice. Surprisingly, while loss of Trem2 enhances the
expression of genes associated with a homeostatic state, microglia
derived from Grn/~ mice showed a reciprocal activation of the
MGnD molecular signature and suppression of gene characteristic
for HM. The opposite mRNA expression profiles are associated with
divergent functional phenotypes. Although loss of TREM2 and
progranulin resulted in opposite activation states and functional
phenotypes of microglia, FDG (fluoro-2-deoxy-p-glucose)-pPET of
brain revealed reduced glucose metabolism in both conditions,
suggesting that opposite microglial phenotypes result in similar
wide spread brain dysfunction.

& Christian Haass>>*"
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Introduction

While for a long time researchers distinguished only two distinct
stages of microglia, the M1 and the M2 phenotype, recent evidence
strongly indicates that a multitude of functionally diverse microglial
populations exists in a dynamic equilibrium (Ransohoff, 2016;
Keren-Shaul et al, 2017; Krasemann et al, 2017). This becomes very
apparent when one compares mRNA signatures of microglia isolated
from various mouse models for neurodegeneration and compares
them to controls (Abduljaleel et al, 2014; Butovsky et al, 2015;
Holtman et al, 2015; Keren-Shaul et al, 2017; Krasemann et al,
2017). In mouse models for neurodegenerative diseases, mRNA
signatures were identified which are characteristic for a disease-
associated microglia (DAM)/a microglial neurodegenerative pheno-
type (MGnD) whereas in controls a homeostatic microglial (HM)
signature was observed (Butovsky et al, 2014, 2015; Holtman et al,
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2015; Keren-Shaul et al, 2017; Krasemann et al, 2017). MGnD
upregulates a characteristic set of genes, which may initially allow
microglia to respond to neuronal injury in a defensive manner. This
includes the induction of pathways triggering phagocytosis, chemo-
taxis/migration, and cytokine release. The upregulation of genes
involved in those pathways goes along with a suppression of home-
ostatic genes (Butovsky et al, 2015; Krasemann et al, 2017). Key
genes involved in the switch of HM to MGnD are regulated by the
TREM2 (triggering receptor expressed on myeloid cells 2) ApoE
(apolipoprotein E) pathway (Krasemann et al, 2017).

A pivotal role of microglia in neurodegeneration is strongly
supported by the identification of sequence variants found in a
number of genes robustly or even selectively expressed within
microglia in the brain, among them GRN (encoding the progranulin
(PGRN) protein; Baker et al, 2006; Cruts & Van Broeckhoven, 2008;
Zhang et al, 2014; Gotzl et al, 2016; Lui et al, 2016) and TREM2
(Guerreiro et al, 2013; Jonsson & Stefansson, 2013; Jonsson et al,
2013; Rayaprolu et al, 2013; Borroni et al, 2014; Cuyvers et al,
2014; Ulrich et al, 2017). Mutations in the GRN gene (Baker et al,
2006; Cruts et al, 2006) cause frontotemporal lobar degeneration
(FTLD) with TDP-43 (TAR-DNA binding protein 43)-positive inclu-
sions due to haploinsufficiency. PGRN is a growth factor-like protein
with neurotrophic properties in the brain (Van Damme et al, 2008).
PGRN is also transported to lysosomes (Hu et al, 2010; Zhou et al,
2015) where it appears to regulate expression and activity of lysoso-
mal proteins (Ahmed et al, 2010; Hu et al, 2010; Wils et al, 2012;
Tanaka et al, 2013a,b; Gotzl et al, 2014, 2016, 2018; Beel et al,
2017; Chang et al, 2017; Ward et al, 2017; Zhou et al, 2017). PGRN
is proteolytically processed into granulin peptides, which can be
found in biological fluids (Bateman et al, 1990; Shoyab et al, 1990;
Belcourt et al, 1993; Cenik et al, 2012). TREM2 is produced as a
membrane-bound type-1 protein (Kleinberger et al, 2014), which
traffics to the cell surface where it mediates signaling via binding to
its co-receptor, the DNAX activation protein of 12 kDa (DAP12;
Ulrich & Holtzman, 2016; Yeh et al, 2017). Signaling is terminated
by proteolytic shedding of the TREM2 ectodomain (Kleinberger
et al, 2014; Schlepckow et al, 2017). Several sequence variants
associated with TREM2 cause neurodegeneration via a loss of func-
tion (Kleinberger et al, 2014, 2017; Schlepckow et al, 2017; Ulland
et al, 2017; Song et al, 2018). Sequence variants of TREM2 affect a
multitude of functions including chemotaxis, migration, survival,
binding of phospholipids and ApoE, proliferation, survival, and
others (Kleinberger et al, 2014, 2017; Atagi et al, 2015; Bailey et al,
2015; Wang et al, 2015; Yeh et al, 2016; Mazaheri et al, 2017;
Ulland et al, 2017). Strikingly, a loss of TREM2 function locks microglia
in a homeostatic state (Krasemann et al, 2017; Mazaheri et al, 2017).
Instead of suppressing their homeostatic mRNA signature like mouse
models of neurodegenerative disorders, in the absence of TREM2
microglia even enhance expression of homeostatic genes and fail to
express the disease-associated signature (Krasemann et al, 2017; Maza-
heri et al, 2017). As a result, TREM2 deficiency decreases chemotaxis,
phagocytosis, and barrier function (Kleinberger et al, 2017; Mazaheri
et al, 2017; Ulland et al, 2017). TREM2 therefore appears to play a key
role as a central hub gene in the regulation of microglial homeostasis.
We now investigated microglial gene expression and function in the
absence of PGRN and made the surprising observation that loss of
TREM2 or PGRN leads to opposite microglial activity phenotypes,
which, however, both cause wide spread brain dysfunction.
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Results

Opposite molecular signatures of microglia in Grn~/~ and
Trem2~'~ mice

Loss-of-function mutations in TREM2 are associated with various
types of neurodegeneration, including a FTLD-like syndrome (Ulrich
& Holtzman, 2016). Similarly, haploinsufficiency of GRN is associated
with TDP-43-positive FTLD (Baker et al, 2006; Cruts et al, 2006; Cruts
& Van Broeckhoven, 2008). At least some of the GRN-dependent
FTLD-associated phenotypes can be mimicked in a mouse model
entirely lacking PGRN (Ahmed et al, 2010; Yin et al, 2010; Wils et al,
2012; Gotzl et al, 2014). Furthermore, both, a Trem2 knockout and
the knockin of the p.T66M mutation, mimic features of a FTD-like
syndrome (Kleinberger et al, 2017; Mazaheri et al, 2017). Since both
proteins are preferentially expressed in microglia, we compared loss-
of-PGRN-associated microglial phenotypes with those known for
TREM?2 deficiency (Krasemann et al, 2017; Mazaheri et al, 2017). To
do so, we first purified microglia from brains of adult Grn/~ mice by
fluorescence-associated cell sorting (FACS) using microglia-specific
anti-FCRLS and anti-CD11b antibodies. We then investigated the
expression pattern of gene characteristic for MGnD and HM using
NanoString gene expression profiling (MG534; Butovsky et al, 2014;
Krasemann et al, 2017; Mazaheri et al, 2017; Dataset EV1). Gene
expression levels in each sample were normalized against the geomet-
ric mean of five housekeeping genes including Cltc, Gapdh, Gusb,
Hprtl, and TubbS. Out of 529 genes analyzed, 58 genes were signifi-
cantly upregulated and 58 genes were downregulated. Strikingly,
genes most strongly upregulated in Grn~/~ microglia are those previ-
ously described for MGnD (Fig 1A; Butovsky et al, 2015; Holtman
et al, 2015; Keren-Shaul et al, 2017; Krasemann et al, 2017). These
include ApoE, as the most upregulated gene, Ly9, Clec7a, Dnajb4,
Cccl4, and many others suggesting that PGRN-deficient microglia
adopt the MGnD state. We then compared the Grn/~ microglial
signature to the previously analyzed molecular signature of Trem2™/~
microglia (Fig 1B and C; Mazaheri et al, 2017). Both NanoString gene
expression panels overlapped in 418 genes. Out these, 359 mRNAs
could be detected in both screens (Dataset EV1). In the Grn™/~ micro-
glia, 40 mRNAs were upregulated and 55 mRNAs were downregu-
lated, whereas in the Trem2 /~ microglia, 87 mRNAs were increased
and 27 mRNAs were decreased (Fig 1C; left two panels). Interestingly,
while only six mRNAs were equally up/downregulated in both pheno-
types, 32 mRNAs showed an opposite regulation (Fig 1C; right panel).
Strikingly, while in Grn ™/~ mice the neurodegenerative disease-asso-
ciated signature is massively upregulated, this set of genes is
suppressed in the Trem2~/~ microglia (Fig 1B and D; Mazaheri et al,
2017). Similarly, the homeostatic mRNA signature is slightly but
significantly upregulated in Trem2 /= microglia (Mazaheri et al,
2017) but severely suppressed in Grn/~ microglia (Fig 1B and D).

Confirmation of molecular microglial signatures on protein level

Expression of proteins associated with MGnDs such as ApoE,
CLEC7A, TREM2, and CD68 was also increased in acutely isolated
microglia (Fig 2A and B). sTREM2 was also found to be increased in
brains and serum of Grn~/~ mice (Fig 2C and D), although no
increase in Trem2 mRNA levels was observed in the NanoString

analysis  (Fig 1B), suggesting posttranscriptional regulation.

© 2019 The Authors
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Figure 1. Opposite mRNA signatures of Grn~/~/Trem2*/* and Trem2~/~/Grn** microglia.

A Volcano blot representation of the differently expressed genes in FCRLS- and CD11b-positive Grn~/~ microglia in comparison with wt microglia isolated from
5.5-month-old mice (male, n = 5). 116 genes out of 529 genes analyzed are significantly changed, and from these, 58 genes are upregulated and 58 genes are
downregulated. Eight up- and down regulated genes with the highest fold change are indicated.

B Heatmap of significantly affected genes (P < 0.05) in FCRLS- and CD11b-positive Grn~/~ microglia in comparison with Grn*/* microglia isolated from 5.5-month-old
mice (n = 5 per genotype). For the significantly affected genes of the Grn—/~ microglia, MRNA expression data of the Trem2~/~ microglia in comparison with the
corresponding wt microglia were taken from previously published data (Mazaheri et al, 2017). The RNA counts for each gene and sample were normalized to the
mean value of wt followed by a log2 transformation (n > 5 per genotype). *labeled genes were not analyzed or below detection limit in Trem2~/~ microglial mMRNA
expression dataset (Mazaheri et al, 2017).

C Changes in gene expression of 359 detected genes in G- microglia and Trem2~
genes are regulated in opposite direction.

D Expression levels of significantly altered homeostatic and MGnD genes of Grn~'~ and Trem2 '~ microglia from the data set in (B). Gene expression is normalized to
the mean of the wt cohort in comparisons with the published normalized dataset of Trem2 '~ microglia (Mazaheri et al, 2017). Data represent the mean +/— SD.

/= microglia. Note that from the 38 genes significantly altered in both genotypes, 32

G

Data information: For statistical analysis, unpaired two-tailed Student’s t-test was performed between Grn™/~ microglia in comparison with Grn*/* microglia or Trem2~/~

microglia in comparison with Trem2*/* microglia: not significant P > 0.05; *P < 0.05; **P < 0.01; and ***P < 0.001.

Furthermore, protein expression of the homeostatic P2ry12 gene is
downregulated in cortical Grn™/~ microglia (Fig 2E and F), while
cortical microglia from Trem2 /= mice show strongly elevated
P2RY12 levels (Fig 2E and F), consistent with the finding that micro-
glia from both mouse models are in opposite activation states. These
findings were further confirmed in genetically modified BV2 micro-
glia-like cells lacking PGRN expression, where ApoE, CLEC7A, and
TREM2 were upregulated, whereas P2RY12 was downregulated
(Fig 2G-I). In line with the protein expression, in PGRN-deficient
BV2 cells, transcripts encoding Apoe, Clec7a, and Trem2 were also
significantly upregulated, whereas P2ryl2 was downregulated
(Fig 2J) further confirming that loss of PGRN results in a microglial
hyperactivation.

Increased phagocytic capacity, chemotaxis, and clustering
around amyloid plaques upon loss of PGRN

Next, we investigated a series of functional phenotypes in Grn loss-
of-function mutants, which may be differentially affected by dysreg-
ulated Trem2 or Grn gene expression. First, we investigated the
phagocytic capacity of PGRN-deficient BV2 cells, which recapitulate
expression profile changes found in isolated Grn/~ microglia such
as enhanced expression of ApoE, CLEC7A, and TREM2 (Fig 2). We
observed a significantly increased uptake of pHrodo-labeled Escheri-
chia coli (E. coli) in PGRN-deficient BV2 cells compared to wt

(Fig 3A). Enhanced uptake of pHrodo-labeled bacteria is in strong
contrast to the reduced uptake detected in Trem2 loss-of-function
mutations (Fig EV1A; Kleinberger et al, 2014, 2017; Schlepckow
et al, 2017), thus demonstrating that differentially regulated mRNA
signatures translate into opposite phagocytic phenotypes. In acutely
isolated microglia, uptake of bacteria was also reduced upon loss of
TREM2 (Fig EV1B). Grn~/~ microglia displayed only a slight but
significant increase in phagocytosis (Fig EV1B). The rather minor
effect of the Grn knockout on increased microglial phagocytosis
is most likely due to isolation-induced activation of microglia
(Gosselin et al, 2017), which as a consequence already show a
rather high uptake capacity.

Previously, we demonstrated that microglia of Trem2~/~ mice
are locked in a homeostatic state and fail to migrate (Mazaheri et al,
2017). Since microglia of Grn/~ mice express a RNA profile typical
for MGnD, we investigated if that results in increased migration. To
assess migration ex vivo, we cultured organotypic brain slices from
young (P6-7) mice as recently described (Daria et al, 2017; Maza-
heri et al, 2017). In line with our previous findings, we found only
baseline migration of wt microglia reflected by few migrating CD68-
positive cells detected mainly in the vicinity of the brain tissue
(Fig 3B-D). On the contrary, the number of migrating CD68-positive
cells and their distance migrated were both significantly increased
in brain slices derived from the Grn™/~ mice (Fig 3B-D). Again, this
finding is in clear contrast to our previous observation in cultured

atic or di iated state.

Figure 2. Expression of microglial marker protein characteristic for the h

A Immunoblot analysis of ApoE, CLEC7A, TREM2, and CD68 in lysates of acutely isolated microglia from Grn™

/= and Grn*"* mice (9 months of age, n = 3 per genotype,

female). IBAL was used as loading control. The asterisk indicates an unspecific band.

Quantification of protein expression normalized to levels of Grn**

ELISA-mediated quantification of STREM2 in brain homogenates of Grn™/~

Microglial expression of P2RY12 in cortical sections of wt, Grn™/~

O Mmoo w

+/+

microglia (n = 3). Data represent the mean + SD.
and Grn
ELISA-mediated quantification of STREM2 in serum of Grn™/~ and Grn*/* mice. Data are shown as mean =+ SEM (n = 4-13).

and Trem2~/~ mice. (9 months of age, female). Scale bar indicates 10 pm.

Quantification of P2RY12-positive microglia. Data are shown as mean + SD (n = 3 per genotype, female, except one male for Trem2~/").

Immunoblot analysis of secreted PGRN and ApoE (ApoEeq) in conditioned media and PGRN, ApoE, CLEC7A, P2RY12, and TREM2 in lysates of BV2 wild-type (Grn)

mice. Data are shown as mean £ SEM (n = 3-6).

and PGRN-deficient (Grnqt) cells. Soluble amyloid precursor protein (APPs) and calnexin were used as a loading control. The asterisk indicates an unspecific band.
H Quantification of immunoblots normalized to BV2 Grn,, levels (n = 3-5). Data represent the mean =+ SD.
| ELISA-mediated quantification of STREM2 in conditioned media of BV2 Grny,, and Grnp, cells. Data represent the mean + SD (n = 4).
] Quantification of relative mRNA levels of Apoe, Clec7a, P2ry12, and Trem2 in BV2 Grn,,, and Grn,, cells. Data represent the mean + SD (n = 3).

Data information: For statistical analysis, unpaired two-tailed Student’s t-test was performed between Grny. or Grn™

/= in comparison with Grn, or Grn*’*: n.s., not

significant; *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001. For (F), the one-way ANOVA with Tukey post hoc test was used.

Source data are available online for this figure.
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Figure 3. Enhanced phagocytosis, migration, and clustering around amyloid plaques upon PGRN deficiency.

A Flow cytometric analysis of phagocytic capacity in BV2,,, and BV2,, cells using pHrodo green E. coli as target particles. Phagocytosis was terminated after 30 and
60 min (min) of incubation. Data are presented as mean percentage of cells positive for pHrodo uptake & SD (n = 3).

B Enhanced migration of CD68-positive, PGRN-deficient cells in an ex vivo model. Immunofluorescence analysis of cultured Grn*"* and Grn™/~ organotypic brain at 7
DIV immunostained using microglial marker CD68. Nuclei were counterstained using DAPI. Images of boxed regions in left panels are shown at higher magnifications
in right panels. Scale bars: 500 um (left panels), 250 pm (right panels).

C Quantitative analysis reveals that Grn~'- microglia migrate larger distances than Grn**. Data are shown as mean + SD (n = 3 independent experiments).

D Quantification displays an increased number of migrating Grn™/~ cells compared to Grn*/* cells. Data are shown as mean + SD (n = 3 independent experiments).

E Enhanced microglial clustering around amyloid plaques in the absence of PGRN. Left: IBA1-stained microglial clustering around X-34-positive amyloid plaque cores in
4-month-old APPPS1/Grn*/* mice. Right: Age-matched APPPS1/Grn™'~ mice display microglial hyper-clustering around amyloid plaques compared with APPPS1/Grn*’*.
Dotted white boxes indicate the area that is shown at higher magnification. Scale bars indicate 10 and 3 pm in inset.

F Immunohistochemical quantification of IBAL-positive microglial cell number per plaque (APPPS1/Grn*/* n = 4, APPPS1/Grn~/~ n = 4; 4-month-old; two males and
two females per genotype) normalized to APPPS1/Grn** mice. Approximately 20-50 amyloid plaques were counted per mouse in 3 cortical sections to calculate the
number of IBA1-positive microglia per plaque. Data are shown as mean + SD.

G

Data information: For statistical analysis, unpaired two-tailed Student’s t-test was performed (A, C, D) between PGRN-deficient Grnp,,. BV2 cells or G- microglia and
Grn, BV2 cells or Grn*'* microglia. For (F) the Mann-Whitney U-test, two-tailed analysis was used. Significance is indicated by *P < 0.05; **P < 0.01; and ***P < 0.001.
Source data are available online for this figure.

6 of 15 EMBO Molecular Medicine €9711 | 2019 © 2019 The Authors

104



Ergebnisse

Published online: May 23,2019
Julia K Gotzl et al

>

TSPO-UPET

Grn'/ ~vs. wt

120 -
100 A
80 -
60 -
40 -
20 -

[% of control]

w ~I-
PGRN serum level Trem2-'~ vs. wt

0 -

FTLD GRN
FTLD non-GRN
Healthy control

EMBO Molecular Medicine

+20%

o 225 1

(&S]
o A oo

o, o =

-20% X, 200 -

% o

5 175

8 ]

e ¢

o

ey 150 A *
5% &

F 125

AGrn'/' owt @ Trem2-/-

TSPO-PET FTLD non-GRN

Figure 4. Enhanced microglial activity in Grn~/~ mice and in a patient with Grn haploinsufficiency.
A TSPO-pPET in rodents: Axial slices (A1, A2, A3) of averaged %-TSPO-PET differences between Grn™'~ or Trem2~'~ mice and wt indicate increased microglial activity in

the cerebrum of Grn/~

mice (hot color scale) and decreased microglial activity in the cerebrum of Trem2™

= mice (cold color scale). Scatter plot depicts single TSPO-

WPET values deriving from a neocortical volume of interest. Data represent the mean +/— SD. pPET results are illustrated upon an MRI template; 6-10 female mice per
group (Grn”’ n = 6at8 months, Trem2 '~ n = 8 at 11 months; wt n = 10 at 8-11 months). Statistics were derived from one-way ANOVA with Tukey post hoc test.
B PGRN serum levels of the patients subjected to TSPO-PET confirmed the GRN mutation and non-GRN mutation carrier. PGRN was measured by ELISA in technical
triplicates and normalized to serum levels of a healthy control. Data represent the mean +/— SD.
C TSPO-PET in human FTLD patients: Visual interpretation of axial TSPO-PET SUVR images in upper cranial layers reveals increased microglial activity in frontal and
parietal cortices (white arrows) of a FTLD patient with a GRN loss-of-function mutation in comparison with a FTLD patient without a GRN mutation. PET results are
illustrated upon an MRI template; 60-80 min p.i. emission recording; and global mean scaling. Both patients were low-affinity binder.

organotypic brain slices derived from Trem2 ™/~ mice, where we found
a severe inhibition of migration as compared to wt (Mazaheri et al,
2017). The increased migratory potential is in line with enhanced clus-
tering of IBA1-positive microglia that we detected around amyloid
plaques in APPPS1/Grn~/~ versus APPPS1/Grn™*/ " mice (Figs 3E and
F, and EV1C). Again, this finding is opposite to what was found in the
absence of functional TREM2, namely impaired clustering of microglia
around amyloid plaques (Wang et al, 2016; Parhizkar et al, 2019) and
a general reduction of chemotaxis (Mazaheri et al, 2017).

Increased TSPO-PET signals in Grn~/~ mice and a human patient
with GRN haploinsufficiency

To confirm that our findings have relevance in vivo, we searched for

differences in microglial activity between Trem2/~ and Grn™/~
mice by previously established in vivo TSPO-uPET imaging (Liu

© 2019 The Authors

et al, 2015; Kleinberger et al, 2017). In line with the hypothesis
gained from in vitro experiments, we observed a striking upregula-
tion of microglial activity throughout the cerebrum of Grn™/~ mice
when compared to wt (Fig 4A). Differences were pronounced in the
neocortex but also present in subcortical areas. On the contrary, a
reduced microglial activity was apparent in the entire cerebrum of
Trem2 /~ mice, fitting to our recent findings in a TREM2 loss-of-
function model (Kleinberger et al, 2017; Fig 4A).

Furthermore, we translationally investigated a FTLD patient with
a genetically confirmed GRN (NM_002087.2) loss-of-function muta-
tion (c.328C>T, p.(Argl10*)). Haploinsufficiency of PGRN was
proven by ELISA-mediated quantitative analysis of the patient’s
serum (Fig 4B). TSPO-PET imaging revealed elevated cortical micro-
glial activity in comparison with a FTLD patient screened negative
for variants in the GRN, MAPT, CY9orf72, or the TREM2 gene
(Fig 4C).
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Cerebral hypometabolism upon loss of PGRN and TREM2

Next, we investigated whether alterations of microglial activity have
an impact on synaptic brain function as assessed by in vivo FDG-
WPET. We observed a cerebral hypometabolism not only in
Trem2~/~ mice, which had been anticipated from our previous
study (Kleinberger et al, 2017), but even more severe in Grn/~
mice (Fig 5). As activated microglia itself could lead to increased
energy consumption, the results in Grn™/~ mice appear even more
striking. Thus, a failure of brain function was confirmed as a conse-
quence of both, arresting microglia in a homeostatic and a disease-
associated stage.

Discussion

Taken together, our findings demonstrate that microglia lacking
functional TREM2 or PGRN exhibit opposite mRNA profiles. This is
consistent with the differential TSPO-PET signal observed in both
animal models. While Grn~/~ mice exhibit a hyperactivated pheno-
type, which is consistent with the observation that Grn™/~ mice
exhibit an exaggerated inflammation (Yin et al, 2010; Martens et al,
2012; Tanaka et al, 2013a; Lui et al, 2016) as well as induced
expression of TYROBP network genes including Trem2 (Takahashi
et al, 2017), TREM2 loss of function results in reduced microglial
activity. As a consequence, several functional assays including
phagocytic capacity, migration, and chemotactic clustering around
amyloid plaques revealed opposite phenotypes. Thus, loss of PGRN
or TREM2 arrests microglia at the two extreme ends of a potential
gradient of dynamic microglial populations (Fig 6; upper panel).
Nevertheless, in both animal models we observed a dramatic reduc-
tion of glucose metabolism throughout the brain and loss of either
protein causes severe neurodegeneration in humans. Reduced
energy metabolism in Trem2 /- mice is in line with previous
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Schematic presentation of the disease-associated/nomeostatic phenotypes
observed in Grn™/~ mice versus Trem2~/~ and the potential consequences for a
therapeutic window of microglial modulation.

observations (Kleinberger et al, 2017; Ulland et al, 2017). Thus, it is
tempting to speculate that microglia on the opposite ends of a large
spectrum of functionally divergent microglial populations cause

© 2019 The Authors
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neurological dysfunctions that ultimately may result in neurodegen-
eration. In fact, disease-associated variants of TREM2 are associated
with a loss of a protective function of TREM2 (Kleinberger et al,
2017; Song et al, 2018) and some mutations appear to lock micro-
glia in a homeostatic stage (Krasemann et al, 2017; Mazaheri et al,
2017). On the other hand, during aging wild-type microglia in an
AD mouse model lose their motility and phagocytic activity (Krabbe
et al, 2013) although they express a neurodegenerative disease-asso-
ciated mRNA profile (Krasemann et al, 2017). This may indicate
that “over-activation” for a prolonged period of time may be detri-
mental for microglia and drive them into a loss-of-function pheno-
type. Our findings also indicate that arresting microglia in either a
homeostatic state or a disease-associated state would be equally
detrimental. This has important consequences for therapeutic strate-
gies aiming to modulate microglial activity. Clearly, locking micro-
glia in any of the two extreme states is detrimental (Fig 6, upper
panel). Rather, microglia locked in a homeostatic state should be
activated whereas microglia arrested in a disease-associated state
may be silenced (Fig 6, lower panel). Nevertheless, during long-
term treatment “over-activation” and “over-silencing” of microglia
may both be equally detrimental, since that may drive microglia
to the opposite ends of the gradient. As a consequence, the
therapeutic window for microglial modulation may be rather
limited (Fig 6, lower panel) and care must be taken to balance
microglial activity.

Materials and Methods
Animal experiments

All animal experiments were performed in accordance with local
animal-handling laws. Housing conditions included standard pellet
food and water provided ad libitum, 12-h light-dark cycle at tempera-
ture of 22°C with maximal 5 mice per cage and cage replacement once
per week, and regular health monitoring. Mice were sacrificed by CO,
inhalation. Brain tissue, microglia, and serum were obtained from the
Grn~/~ mouse strain (Kayasuga et al, 2007), brain tissue and microglia
were obtained from the Trem2~/~ mouse strain (Turnbull et al, 2006),
and brain tissue was obtained from a mouse model for amyloid pathol-
ogy (APPPS1; Radde et al, 2006) crossed with the Grn~/~ mouse strain
(APPPS1/Grn™/"). Experiments were performed with mice of both
genders at 2-18 months of age. Organotypic brain slices were taken
from postnatal days 6-7 of Grn™/~ and wt mice.

Gene expression profiling

FCRLS (Butovsky et al, 2014)- and CD11b (BD biosciences; Clone
M1/70)-positive primary microglia were isolated from mouse brains
of 5.5 months of Grn ™/~ and wt mice (n = 5 per genotype, male) as
described (Mazaheri et al, 2017). Total RNA was isolated using
mirVanaTM miRNA Isolation Kit (Ambion) according to the manu-
facturer’s protocol. 100 ng RNA per sample was used for gene
expressing profiling using nCounter Analysis, NanoString technol-
ogy as described (Butovsky et al, 2014, 2015). In brief, the MG534
NanoString chip was designed using the quantitative NanoString
nCounter platform. Selection of genes is based on analyses that
identified genes and proteins, which are specifically or highly

© 2019 The Authors
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expressed in adult mouse microglia (Butovsky et al, 2014) and
encompasses 400 homeostatic unique and enriched microglial genes
(Butovsky et al, 2014), 129 disease-associated genes, and 5 house-
keeping genes (Krasemann et al, 2017).

Data normalization and analysis

NanoString data were normalized and analyzed using nSolver™ soft-
ware. RNA ncounts were normalized using the geometric mean of
five housekeeping genes including Cltc, Gapdh, Gusb, Hprtl, and
TubbS5 using nSolver™ Analysis Software, version 3.0 (NanoString
Technologies, Inc.). A cutoff was introduced at the value two-fold of
the highest negative control present on the chip. Fold changes were
calculated using the average of each group. For each experiment, the
fold changes were calculated comparing the experimental group to
their appropriate controls. To compare the normalized gene expres-
sion levels in Grn /" and wt mice, unpaired two-tailed Student’s
t-test was performed (*P < 0.05, **P < 0.01, ***P < 0.001). The
volcano blot was generated employing GraphPad Prism 7 software.
The heatmap was generated employing Multi Experiment Viewer v
4.9. The expression value for each gene was normalized to the mean
value of wt mice followed by a log2 transformation.

sTREM2 ELISA analysis of mouse plasma and brain samples

Blood collected from Grn ™/~ and wt mice (3, 6, 13, 16-18 months of
age, female and male mice as indicated in the source data file to
Fig 2) was left at room temperature (RT) to allow the blood to clot.
After centrifugation (15 min, 2,000 x g, RT), the supernatant (serum)
was collected, snap-frozen in liquid nitrogen, and stored at —80°C.

Snap-frozen mouse brain hemispheres were homogenized by
crunching the brain in liquid nitrogen to fine powder. Approxi-
mately 10-20 mg of powdered mouse brain from Grn /" and wt
mice (3-4, 6, 13, 16-18 months of age, female and male mice as
indicated in the source data file to fig 2) was homogenized in Tris-
buffered saline (TBS) supplemented with protease inhibitor cocktail
(Sigma-Aldrich) and centrifuged for 30 min, 15,000 x g, 4°C.
Protein concentrations of supernatants were determined using the
BCA protein assay (Pierce, Thermo Scientific), and equal amount of
protein was analyzed for TREM2. sTREM2 levels in mouse serum or
mouse brain extracts were quantified using the Mesoscale platform
essentially as described previously (Kleinberger et al, 2017) using
0.25 pg/ml biotinylated polyclonal goat anti-mouse TREM2 (R&D
Systems; BAF1729) as capture antibody and 1 pg/ml rat monoclonal
anti-TREM2 antibody (R&D Systems, MAB17291) as detection anti-
body. Calculation of the concentration of STREM2 was performed
with the MSD Discovery Workbench v4 software (MSD).

Cell culture and CRISPR/Cas9 genome editing in BV2 cells

The murine microglial cell line BV2 (Bocchini et al, 1992) was
maintained in Dulbecco’s modified Eagle’s medium (DMEM) +
GlutaMAX™- I (Thermo Fisher Scientific, 61965-026) supplemented
with 10% (v/v) FBS (Sigma-Aldrich, F7524), 100 U/ml penicillin,
and 100 pg/ml streptomycin. For genome editing, BV2 cells were
transfected with pSpCas9(BB)-2A-GFP (PX458; gift from Feng Zhang
(Ran et al, 2013), targeting exons 3 and 4 with the gRNA1 ATAAC
GAGCCATCATCTAGA and gRNA2 GGCTTCCACTGTAGTGCAGA;
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Addgene plasmid #48138) by electroporation with the Cell Line
Nucleofector® Kit T (Lonza VACA-1002) following the manufac-
turer’s instructions. GFP-positive cells were isolated by FACS 24 h
after transfection. Single-cell clones from the GFP-positive fraction
were obtained by serial dilution and screened for genetic modifi-
cations in Grn by PCR amplification of exons 3 and 4. Media and
lysates of edited clones were analyzed by Western blot for PGRN
expression.

Quantitative real-time PCR (QRT-PCR)

Total RNA was prepared from BV2 cells using the QIAshredder
and RNeasy Mini Kit (Qiagen) according to manufacturer’s instruc-
tions. 2 ug of RNA was reverse transcribed into ¢cDNA using M-
MLV reverse transcriptase (Promega) and oligo(dT) primers (Life
Technologies). The following primer sets from Integrated DNA
Technologies were used: mouse Trem2 Mm.PT.58.46092560 (Exon
boundary 2 to 4b), mouse Apoe Mm.PT.58.33516165 (Exon bound-
ary 1 to 3), Clec’a Mm.PT.58.42049707 (Exon boundary 1 to 2),
and P2ryl2 Mm.PT.58.43542033 (Exon boundary 3 to 4). cDNA
levels were measured in triplicates using TagMan assays on a
7500 Fast Real-Time-PCR System (Applied Biosystems), normalized
to Gapdh cDNA expression, and relative transcription levels of the
respective sequences were analyzed using the comparative delta
Ct method (7500 Software V2.0.5, Applied Biosystems, Life
Technologies).

Isolation of adult primary microglia for immunoblotting

Primary microglia were isolated from adult mouse brain (9 months
of age, n = 3 per genotype, female) using MACS Technology (Mil-
tenyi Biotec) according to manufacturer’s instructions as described
previously (Gotzl et al, 2018).

Cell lysis and immunoblotting

Snap-frozen cell pellets were lysed in RIPA lysis buffer followed by
centrifugation at 17,000 x g, 4°C for 20 min [RIPA lysis buffer
(150 mM NaCl, 20 mM Tris—HCI pH 7.4, 1% NP-40, 0.05% Triton
X-100, 0.5% sodium deoxycholate, 2.5 mM ETDA)]. Protein concen-
trations were determined using the BCA protein assay (Pierce,
Thermo Fisher Scientific), and equal protein amounts were analyzed
in SDS-PAGE. For the detection of PGRN, TREM2, CLEC7A,
P2RY12, calnexin, CD68, IBA1, and APP gels were transferred on
polyvinylidene difluoride membranes (Amersham Hybond P 0.45
PVDF, GE Healthcare Life Science). For the detection of ApoE, nitro-
cellulose membranes were used (GE Healthcare Life Science).
Membranes were blocked for 1 h in I-Block™ (Thermo Fisher Scien-
tific) and exposed to the following antibodies. In-house antibodies
were as follows: PGRN (Rat 8H10 1/50; Gotzl et al, 2014) and
TREM2 (Rat 5F4 1/50; (Xiang et al, 2016)). Commercial antibodies
were as follows: CLEC7A (R&D Systems, AF1756, 1/2,000), P2RY12
(Abcam, [EPR18611] (ab184411), 1/1,000) and ApoE (Merck,
AB947, 1/2,000), and APPs (Merck, MAB348 clone 22C11, 1/5,000).
For immunoblotting in primary microglia: ApoE (HJ6.3, 1/700),
kindly provided by David E. Holtzman (Kim et al, 2012), CD68
(Abcam, ab125212, 1/1,000), and IBA1 (GeneTex, GTX100042,
1/1,000) were used. HRP-conjugated secondary antibodies and ECL
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Plus (Pierce™, Thermo Fisher Scientific) were used for detection.
For the quantitatively analysis, images were taken by a Luminescent
Image Analyzer Vilber/Peglab Fusion SL and evaluated with the
Multi Gauge V3.0 software (Fujifilm Life Science, Tokyo, Japan).

Phagocytosis assay

Assays to determine the phagocytic capacity were carried out as
described before (Kleinberger et al, 2014, 2017). Briefly, BV2 cells
were seeded at a density of 100,000 cells per well of a 12-well dish
and 1 day after seeding, incubated with pHrodo green E. coli for 30
and 60 min at 37°C after (pHrodo® Green E. coli BioParticles®
Thermo Fisher). To analyze E. coli uptake, cells were resuspended
in FACS buffer (PBS, 2 mM EDTA and 1% FBS) and subjected to
flow cytometry. Data were acquired using the MACSQuant®.
Cytochalasin D was used as an uptake inhibitor at a final concentra-
tion of 10 pM. Phagocytosis assays with primary microglia were
performed similar to BV2 cells with the following modifications:
Cells were isolated from adult mouse brain (2 months of age, n = 3
per genotype, male) as described above. Following isolation,
primary microglia were cultivated in DMEM/F-12 (Thermo Fisher
Scientific, 31330-038) supplemented with 10% (v/v) FBS (Merck,
Sigma-Aldrich), 100 U/ml penicillin, 100 pg/ml streptomycin, M-
CSF (10 ng/ml), and TGF-B (50 ng/ml). Four days after seeding at a
concentration of 100,000 cells per well of a 24-well plate, cells were
incubated with pHrodo for 45 min at 37°C. APC-Cy™7 Rat Anti-
CD11b (BD Pharmingen™, M1/70, 557657, 1/100) was used as a cell
population control.

Ex vivo migration assay

Organotypic brain slices from postnatal days 6-7 of Grn™/~ and wt
mice were prepared, cultured, and immunostained as described
before (Daria et al, 2017; Mazaheri et al, 2017). Microglial migra-
tion was analyzed after 7 days ex vivo as described (Daria et al,
2017; Mazabheri et al, 2017). Quantification was performed in three
independent experiments, each including three biological replicates
(three independent slice culture dishes per animal and genotype).
From each biological replicate, three defined image regions
(775 x 775 pm) of the cortical area in the brain slice were acquired
using a Leica SP5 confocal microscope with a 20x dry objective. Tile
scan images were captured using a 10x dry objective. The number
of migrating CD68-positive microglia and the maximum distance
migrated were quantified using Fiji. The migration distance
measurements (average of three length measurements per acquired
image) were performed on an area defined by two manually drawn
lines, one limiting the boarder of the tissue and the other surface
covered by at least 90% of migrated microglial cells.

Immunohistochemistry and image analysis

Following deparaffinization and rehydration of paraffin-embedded
brain sections, tissue sections mounted on slides were subjected to
citric acid antigen retrieval (1 M sodium citrate in PBS, pH 6.0) and
boiled in a microwave for 20 min. After cooling, sections were
blocked with 5% donkey serum for 1 h at room temperature. Follow-
ing this, sections were incubated with primary antibodies against
IBA1 (Invitrogen, Thermo Fisher Scientific, 1/300) and B-amyloid
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(Biolegend, 6E10, 1/300) over two nights at 4°C. Subsequently,
sections were washed and incubated with secondary antibodies
(donkey anti-rabbit Alexa Fluor 488, 1/700, donkey anti-mouse
Alexa Fluor 555, 1/1,000, respectively) overnight at 4°C. For the
P2RY12 co-stainings, brains of 9-month-old female mice (except one
male for Trem2~/~, n = 3 per genotype) were immerse-fixed in 4%
PFA for 24 h following perfusion. Brains were subsequently cryopro-
tected in 30% sucrose for 48 h. After freezing, 50-um-thick micro-
tome sections were sequentially collected in phosphate buffer saline
with 15% glycerol and kept at —80°C until further use. Free-floating
sections were blocked in 5% goat serum for 1 h at room temperature
and then incubated in primary antibodies P2RY12 (Biolegend,
1/100) and IBA1 (Invitrogen, Thermo Fisher Scientific, 1/300) for
two nights at 4°C. Sections were washed and incubated in secondary
antibodies (goat anti-rat Alexa Fluor 555, 1/500, goat anti-rabbit
Alexa Fluor 488, 1/500) for 3 h at room temperature. Lastly, slides
were washed and stained with 4’,6-diamidino-2-phenylindole (DAPI,
5 pg/ml) before mounting coverslips with ProlongTM Gold Antifade
reagent (Thermo Fisher Scientific). Images were acquired using a
LSM 710 confocal microscope (Zeiss) and the ZEN 2011 software
package (black edition, Zeiss). Laser and detector settings were
maintained constant for the acquisition of each immunostaining. For
analyses, three images were taken per slide using 20x objective
(Plan-Apochromat 20x/0.8 M27) at 2,048 x 2,048 pixel resolution,
with Z-step size of 1 um at 16 pm thickness. Approximately 150
plaques per genotype were counted using FUI software (ImageJ) to
calculate the number of IBAl-positive microglia around plaques in
the cortex. Microglia coverage was quantified by importing acquired
images to FIJI, and data channels were separated (Image\Color\Split
Channels). Gaussian filtering was used to remove noise, and inten-
sity distribution for each image was equalized using rolling ball algo-
rithm, which is implemented as background subtraction plug-in in
FIJL. For the feasibility of the quantification, all layers from a single
image stack were projected on a single slice (Stack\Z projection).
Next, the microglia were segmented using automatic thresholding
methods in Fiji with “Moments” thresholding setting. Subsequently,
the diameter (25 or 50 pm) around each plaque was selected to
calculate the sum number of positive pixels over total number of
pixels within the selected area. Data for 50 pm were subtracted from
25 pm to calculate the microglia coverage in the periphery of the
plaque only. Data were normalized to age-matched APPPS1/Grn™*/™*
or Grn*/* controls (4-month-old mice; two males and two females
per genotype).

Rodent pPET

All rodent pPET procedures followed an established standardized
protocol for radiochemistry, acquisition, and post-processing
(Brendel et al, 2016; Overhoff et al, 2016). In brief, *F-GE180 WPET
with an emission window of 60-90 min p.i. was used to measure
cerebral microglial activity and '®F-fluordesoxyglucose (FDG) PET
with an emission window of 30-60 min p.i. was used for assess-
ment of cerebral glucose metabolism. We studied Grn™/~ mice
(n=6; female, 8 months), Trem2~/~ mice (n=6-8; female,
11 months), and wt mice (n = 7-10; female, 8-11 months) by dual
PET. Normalization of injected activity was performed by the previ-
ously validated myocardium correction method (Deussing et al,
2017) for TSPO-PET and by percentage of the injected dose (%-ID)
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for FDG-PET. Known changes in TSPO and FDG-PET during aging
(Brendel et al, 2017) were accounted to compensate for natural
age differences between individual mice. Groups of Grn™/~ and
Trem2~/~ mice were averaged and compared against wt mice by
calculation of %-differences in each cerebral voxel. Finally, TSPO
and FDG-PET values deriving from a cortical target VOI
(Rominger et al, 2013) were extracted and compared between
groups of different genotype by a one-way ANOVA including
Tukey post hoc correction.

Patient identification, genetic studies, PGRN ELISA, and PET

Written informed consent was obtained from all subjects prior to
PET examination, and the experiments conformed to the principles
set out in the World Medical Association (WMA) Declaration of
Helsinki on ethical principles for medical research and the Depart-
ment of Health and Human Services Belmont Report.

A female patient, 63 years at date of PET, presented with primary
progressive aphasia with semantic and non-fluent features. Genetic
testing was performed because of a positive family history (triplet
brother with early-onset dementia). Exome sequencing from blood
DNA and data analysis was performed as described before (Kremer
et al, 2017). In brief, exonic regions were enriched using the SureS-
elect Human All Exon Kit V6 from Agilent followed by sequencing
as 100 bp paired-end runs on an Illumina HiSeq4000 (Illumina, San
Diego, CA, USA) to an average read depth of 144x. Reads were
aligned to the UCSC human reference assembly (hgl9) with
Burrows—Wheeler algorithm (BWA v.0.5.9). More than 98% of the
target sequences were covered at least 20x in all samples. Single
nucleotide variants (SNVs) as well as small insertions and deletions
were detected with SAM tools v.0.1.19. In-house custom Perl scripts
were used for variant annotation. PGRN serum levels measured by
ELISA confirmed the GRN mutation carrier. PGRN levels were
measured and quantified using the Mesoscale platform essentially
as described previously (Capell et al, 2011) using a biotinylated
polyclonal goat anti-human PGRN antibody at 0.2 pg/ml (R&D
Systems; BAF2420) as capture antibody and a monoclonal mouse
anti-human PGRN antibody at 0.25 pg/ml for detection (R&D
Systems, MAB2420). Calculation of the concentration of PGRN was
performed with the MSD Discovery Workbench v4 software (MSD).
Prior to PET in the patient, the affinity of the TSPO receptor for
binding of PET radioligands was assessed by determining the geno-
type of the SNP rs6971 as previously described (Mizrahi et al, 2012;
Owen et al, 2012).

The patient was scanned at the Department of Nuclear Medicine,
University hospital of Munich, by an established TSPO-PET protocol
(Albert et al, 2017). In brief, PET was acquired with a PET/CT scan-
ner (Biograph 64, Siemens) 60-80 min after intravenous injection of
187 MBq of '®F-GE180. A low-dose CT scan preceded the PET acqui-
sition and served for attenuation correction. An SUVR image was
generated by a global mean scaling and compared visually with
TSPO-PET data deriving from a 56-year-old female patient with
bvFTD, indicating no mutation in GRN and the same binding affinity
status. This patient was scanned secondary to informed consent
following the same TSPO-PET scanning procedure. In this patient,
mutations in GRN, TREMZ2, and MAPT were excluded by panel
sequencing as well as the C9orf72 hexanucleotide expansion by
repeat-primed PCR.
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The paper explained

Problem

A number of variants in genes selectively expressed in microglia
within the brain are associated with an increased risk for neurodegen-
erative diseases such as Alzheimer’s disease and frontotemporal lobar
degeneration. Among these genes are progranulin (GRN) and the trig-
gering receptor expressed on myeloid cells 2 (TREM2), which both
cause neurodegeneration by a loss of function. Since many function-
ally different microglial population exist within the brain and since a
loss of TREM2 locks microglia in a homeostatic state, we now investi-
gated the mRNA signature of microglia derived from Grn™/~ mice and
compared the key microglial functions of Grn '~ and Trem2 '~ mice.

Results

While Trem2~/~ microglia enhance the expression of genes associated
with a homeostatic state, microglia derived from Gm ™~ mice showed a
massive increase in the disease-associated signature. The opposite mRNA
expression profile is reflected by completely divergent functional pheno-
types. In contrast to Trem2~'~ mice, phagocytic capacity, migration, clus-
tering around amyloid plaques, and TSPO activation were all greatly
stimulated upon loss of PGRN in mice. TSPO activation is also detected in
a GRN-associated FTLD patient. Albeit opposite functional phenotypes, loss
of PGRN and TREM2 both reduce cerebral energy metabolism.

Impact

Opposite microglial phenotypes of PGRN and TREM2 loss-of-function
result in similar wide spread brain dysfunction. Thus, microglia
arrested at either end of a gradient of functionally divergent micro-
glial populations cause severe neurological syndromes. Importantly,
this narrows the therapeutic window in attempts aiming to modulate
microglial activity.

Statistical analysis

All data were analyzed using GraphPad Prism 7. Data are presented as
mean + SD or SEM as indicated. Statistical significance was calculated
by unpaired two-tailed Student’s t-test (Figs 1A-D and 2B, C, D, H, I
and J, and 3A, C, D and EV1A and B), one-way ANOVA with Tukey’s
post hoc test (Figs 2F, 4A and 5) for multiple comparison, and the
nonparametric two-tailed Mann-Whitney U-test (Figs 3F and EV1C).
Statistical evaluations were displayed as follows: n.s. not significant
for P> 0.05; statistical significance was assumed at *P < 0.05;
**P < 0.01; ***P < 0.001; and ****P < 0.0001.

For the uPET experiments, animal numbers were calculated for a
significance of 0.05 and a power of 80%. Animal numbers were not
changed during the experiments, and no outliers were excluded
from datasets. For all experiments, the genotype was unknown to
the investigators.

Data availability

The datasets produced in this study are available in the following
databases:

® Pathogenic variant in GRN: ClinVar SCV000897721.1 (https://
www.ncbi.nlm.nih.gov/clinvar/?term = SCV000897721.1).

® NanoString gene sequence, raw, and processed data: Gene Expres-
sion Omnibus GSE129709 (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE129709).

12 of 15  EMBO Molecular Medicine 9711 | 2019

110

Julia K Gotzl et al
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Figure EV1. Reduced phagocytosis upon TREM2 deficiency in contrast to enhanced phagocytosis and clustering around amyloid plaques in the absence of

PGRN.

A Flow cytometric analysis of phagocytic capacity in N9 Trem2,,. and N9 Trem2,, cells using pHrodo green E. coli as target particles. Phagocytosis was terminated
after 45 min of incubation. Data are presented as mean percentage of cells positive for pHrodo uptake 4 SD (n = 3).

B Flow cytometric analysis of phagocytic capacity of cultured primary microglia from wild-type, Grn/~, and Trem2~/~ mice (2 months of age, male) using pHrodo
green E. coli as target particles. Phagocytosis was terminated after 45 min of incubation. Left panel: Data are presented as mean percentage of CD11b* cells positive
for pHrodo uptake + SD (three biological replicates). Right panel: Data are presented as mean percentage of CD11b* cells positive for pHrodo uptake + SD (two
biological replicates).

C Percentage IBA1-positive microglia within given plaque distance quantified from immunohistochemical stainings shown in Fig 3E. Data are normalized to APPPS1/

++

Grn*"* mice (n = 4; 4-month-old; two males and two females per genotype). Data are shown as mean + SD.

Data information: For statistical analysis, unpaired two-tailed Student’s t-test was performed (A, B) between TREM2 or PGRN-deficient microglia against wild-type
microglia, and the Mann-Whitney U-test, two-tailed analysis (C) was performed between genotypes. Significance is indicated by *P < 0.05.

Source data are available online for this figure.
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