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Abstract

From epigenetic memory to memory loss: How tau prevents LSD1 from regulating transcription
and induces cell death in Alzheimer’s disease
By Alicia Walker

During development, the histone demethylase LSD1 functions as an eraser of epigenetic
memory, removing ‘bookmarks’ of active transcription to induce cellular reprogramming.
However, LSD1’s role in terminally differentiated cells is unknown. Previously, our lab
implicated LSD1 in tau-induced neurodegeneration by showing that LSD1 localizes to
pathological tau aggregates in Alzheimer's disease (AD) cases, and that it is continuously
required for the survival of hippocampal and cortical neurons in mice. Here, we utilize the
P301S tauopathy mouse model to demonstrate that pathological tau can exclude LSD1 from the
nucleus in neurons. In addition, we show that reducing LSD1 in these mice is sufficient to highly
exacerbate the tauopathy phenotype. We find that overexpressing LSD1 in the hippocampus of
tauopathy mice, even after pathology has formed, is sufficient to significantly delay
neurodegeneration. These results suggest that inhibiting LSD1 via sequestration contributes to
tau-mediated neurodegeneration. In considering the mechanism of the interaction between tau
and LSD1, we recognized that both proteins have disordered regions. Tau has been shown to
interact with disordered regions of other proteins, therefore we hypothesized that tau might
similarly interact with LSD1 in this way. Here, we show preliminary evidence that loss of the N-
terminal disordered domain reduces the sequestration of LSD1 by tau aggregates. Additionally,
we further conceive that this disordered domain may be partially required for LSD1 functionality
in vivo. Taken together, this work provides evidence that LSD1, specifically its N-terminal

disordered domain, is a promising therapeutic target for tauopathies such as AD.
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CHAPTER I

Introduction



Our lab is interested in the chromatin modifying enzyme LSD1 (Lysine-specific histone
demethylase 1). LSD1 removes mono- and di- methyl groups from lysine 4 of histone H3
(H3K4me1/2) (Shi et al., 2004). H3K4me1l/2 are deposited by a methyltransferase that functions
in conjunction with RNA Polymerase 1l elongation, thereby activating chromatin in a
transcription-coupled manner (Ng et al., 2003; Mito et al., 2005; Shilatifard, 2012). LSD1
regulates a form of transcriptional memory, a process which allows for the maintenance of
specific histone tail modifications, such as H3K4me2, through cell divisions to mark previously
active loci (Muramoto et al., 2010). While other active marks on chromatin may induce
transcription, transcription-coupled modifications are specifically used to mark RNA Polymerase
II’s previous targets, ‘bookmarking’ active loci throughout the process of cell division so that
daughter cells can ‘hit the ground running’ on the same transcriptional program as their parent
(Lee and Katz, 2020). Tight regulation of this process is intuitively important when considering
transitions of cell fate, such as differentiation or fertilization, in which a cell must abandon its
current transcriptional program for an entirely new path. During development, LSD1 functions as
an eraser, removing marks of active transcriptional memory to induce cellular reprogramming
(Whyte et al., 2012). An example is its function with the REST complex to derepress neuronal
genes during stem cell differentiation into neural progenitors, and subsequent maturation to
neurons (Ballas et al., 2005). A neuronal specific isoform of LSD1 produced by alternative
splicing of exons 2 and/or 8 has been shown to induce neurite morphogenesis upon
overexpression (Zibetti et al., 2010). This mechanism has been linked to substrate specificity of
LSD1 isoforms, where neuronal specific LSD1 splices specifically demethylate H4K20 or H3K9
(depending on the isoform and its interacting partner) in order to activate neuronal transcriptional

programs in response to neuronal activity (Laurent et al., 2015; Wang et al., 2015). Conditional



knockout of a neuronal-specific LSD1 isoform in adult mice results in learning and memory
deficits; this deficiency was not explained by anatomical changes, but rather was the result of
downregulated transcription factors critical for neuronal activity (Wang et al., 2015).
Alternatively, canonical LSD1 acts primarily on H3K4 to erase transcriptional memory as
described above. LSD1 is also known to function with REST to prevent neuronal cell fates in
non-neuronal cells (Chong et al., 1995) but little else was known about the role of ubiquitously

expressed LSD1 outside of development.

With the intent to further understand LSD1 function in the maintenance of differentiated
cells, our lab conditionally knocked out Lsd1 in adult mice using a Cre/Lox tamoxifen inducible
system (Christopher et al., 2017). To our surprise, these mice developed massive hippocampal
and cortical neurodegeneration, and corresponding learning and memory defects, within weeks
of Lsd1 deletion, demonstrating that LSD1 is required for neuronal survival in adult mice
(Christopher et al., 2017). The cell death observed in these animals is correlated with reactivation
of pluripotency genes (Christopher et al., 2017). Stem cell networks are particularly vulnerable to
the accumulation of inappropriate marks of active transcriptional memory because these genes
produce transcription factors which further activate their own production in a positive feedback
manner (Lee and Katz, 2020). Taken together, these data suggest that RNA Polymerase 11 and
the H3K4 methyltransferase are continuously landing and elongating on pluripotency genes in
these neurons, requiring LSD1 to continuously erase the marks they leave behind to prevent the
inappropriate reactivation of a developmental transcriptional program in differentiated cells.
When LSDL1 is deleted in adult mice and the epigenetic mechanism of maintaining cell fate is
lost, neurons in the hippocampus and cortex crucial for learning and memory die. This suggests

that the erasure of this epigenetic memory is required for neuronal survival. This result is



separate from the aforementioned behavioral deficits observed in mice with a conditional
knockout of the neuronal specific LSD1 splice, which does not occur due to cell death, but rather

as a result of inappropriate repression of neuronal activity.

In addition, the patterns of neurodegeneration, behavioral deficits, and expression
changes that we observed in Lsd1 deletion mice closely resemble Alzheimer’s Disease (AD) and
frontotemporal dementia cases, but not other neurodegenerative diseases (Christopher et al.,
2017). These overlaps between our Lsd1 deletion mice and the human neurodegenerative
diseases raise the possibility that LSD1 could be involved in these diseases. Frontotemporal
dementia and AD are tauopathies, a class of neurodegenerative disease associated with
pathological tau. Interestingly, LSD1 specifically mislocalizes to Tau aggregates in human AD
cases, but not Amyloid-beta plaques in AD or alpha-synuclein aggregates in Parkinson’s Disease
cases (Christopher et al., 2017). These results clearly implicate a relationship between tau and
LSD1. The following chapters detail the next two projects we undertook to understand how

LSD1 fits into the story of AD pathogenesis.



CHAPTER 11

Materials and Methods

The following materials and methods were utilized to collect the results in Chapters 111 and IV.
Methods denoted with an asterisk (*) represent those performed by A.C.W.



A. Solutions and buffers

0.1M Phosphate buffer

0.2M Solution A: NaH2PO4 24.0g/L

0.2M Solution B: Na2HPO4 28.4g/L

To 1,000mL Solution B, add Solution A slowly to bring pH to 7.3 (about 220mL

Solution A).

Dilute 1/2 with diH20O when needed to make 0.1M

Tail prep buffer

10mL 1M Tris-ClI

20mL 5M NaCl

20mL 0.5M EDTA

50mL 10% SDS

900mL diH20

IXTBS

7.88g Tris-Cl

9.0g NaCl

1,000mL diH20

10X Citrate Buffer



2.g Citrate Monohydrate

1000mL diH20

pH to 6.0 with NaOH

dilute 1:10 for working 1X solution

H20 Brij

1,000mL of diH20

2.5mL of 30% Brij 35 solution (Sigma)

Tris Brij

100mL 1M Tris-Cl pH 7.5

100mL 1M NacCl

5mL 1M MgCI2

2.5mL 30% Brij 35

797.5mL diH20

Tau secret formula

10mL 1M Tris-Cl pH 7.5

1.5mL 1M NacCl

0.5mL 1M MgCI2

88mL diH20



B. Mouse work

All mouse work was approved by and conducted in accordance with the Emory University

Institutional Animal Care and Use Committee.
I Mouse lines

Lsd1" mice (Wang et al., 2007) were crossed to CAGG-CreERTM (Hayashi and
McMahon, 2002), a tamoxifen inducible Cre, to generate CAGG-CreER™, Lsd1™* mice,
which were then intercrossed to produce CAGG-CreER™, Lsd1"™ mice. This cross also
produced CAGG-CreER™ negative animals with Lsd1" which were used as littermate
controls in all experiments. The line was maintained by crossing CAGG-CreER™

negative, Lsd1"" mice with CAGG-CreER™, Lsd1"" mice.

Using the same Lsd1"" mice we generated Lsd1”* mice that were maintained as
heterozygotes. Lsd1”* mice were crossed with PS19 Tau mice (Yoshiyama et al., 2007).
PS19 Tau mice are hemizygous for the P301S mutated form of the human tau protein
identified from a human patient. PS19 Tau mice were maintained as hemizygotes. These
crosses generated four experimental genotypes: wildtype, Lsd17*, PS19 Tau, and

PS19:Lsd1”* mice.

We additionally generated a novel mouse line heterozygous for an exon 1 deletion
of Lsd1 (hereafter referred to as Lsd14V*). Lsd1#V* mice were crossed with PS19 Tau
mice, generating four experimental genotypes: wildtype, Lsd1/V*, PS19 Tau, and
PS19;Lsd14V* (Figure 4.10). PS19;Lsd14"Y* mice were crossed with Lsd14V* mice to
generate mice homozygous for the exon 1 deletion of Lsd1 (hereafter referred to as

Lsd14¥N) in the Tau background. These crosses generated six experimental genotypes:



wildtype, PS19 Tau, Lsd14V*, PS19;Lsd14V*, Lsd14¥4N and PS19;Lsd14¥4¥ (Figure

4.14).

I, Mouse genotyping by PCR*

At weaning, a 5mm piece of mouse tail was removed with a razor blade and
digested overnight in a 50°C water bath with 500uL tail prep buffer and 5uL of 20mg/mL
protease K (Ambion). This digest was then phenol/chloroform extracted by adding 500uL
phenol/chloroform and vigorously vortexing followed by separation of the aqueous and
organic layers by centrifugation (5 minutes). The 250uL of the aqueous (top) layer was
extracted, brought back up to 500uL with water, and then re-extracted with 500uL
phenol/chloroform. The aqueous layer of the second extraction was recovered (400uL)
and DNA was precipitated with ethanol by adding 40uL of 3M sodium acetate and
800uL of ice cold 100% ethanol, followed by inversion. The mixture was then
centrifuged at 4°C for 10 minutes to produce a pellet and the supernatant was discarded.
The pellet was washed with 150uL of 70% ethanol (room temperature) and centrifuged
again for 5 minutes, followed by careful removal of the ethanol. The isolated pellet was
allowed to dry at room temperature for 10 minutes and finally reconstituted with water.

This DNA served as the template for genotyping PCR reactions.

For genotyping, each PCR reaction contained 3uL of template undiluted DNA
(LSD1AN deletion) or DNA diluted either 1/100 (Cre, Tau) or 1/1000 (Lsd1) and 22uL
of PCR reaction mix. Each PCR reaction mix contained 2.5 pL 10X AmpliTag Gold 360
buffer, 0.5 uL 10mM dNTPs, 1.0 uL each primer (50 uM stock, Table 2-1), 35.0 uL

25mM MgCI2, 0.2 uL AmpliTaqg Gold 360 Polymerase and water. The Lsd1 genotyping



10
reaction yields two possible products: 483bp for wildtype and 289bp for deleted. The Cre
genotyping reaction yields a positive control product (250bp) and 320bp product when
the Cre transgene is present. The Tau genotyping reaction yields a positive control
product (250bp) and 350bp product when the Tau transgene is present. The LSD1AN
deletion genotyping reaction yields a 480bp product when the deletion is present, while

the LSD1AN control genotyping reaction yields a 230bp product.

. Euthanasia* and tissue fixation*

Mice were given a lethal dose of isoflurane via inhalation, then transcardially
perfused with ice cold 4.0% paraformaldehyde in 0.1M phosphate buffer. Brain and
spinal cord were dissected and post fixed in cold paraformaldehyde solution for 2 hours.
Brain weights and sizes were taken from mice that were euthanized by cervical
dislocation. Brain was dissected, immediately weighed, imaged, and fixed in cold 4.0%
paraformaldehyde in 0.1M phosphate buffer overnight. In all cases, tissues were
transferred to cold PBS, then serially dehydrated and embedded in paraffin and serially

sectioned into 8um coronal sections.

Iv. Quantitative Analysis of Paralysis: Rotarod and grid

performance*

We performed experiments on PS19 Tau, Lsd1”*, PS19;Lsd1”* mice at 6, 8, and 10
months. For the rotarod experiments, mice were given two practice trials and then placed
on the rotating cylinder at 4rpm. Rotational speed then gradually increased over a 5-
minute test session up to a maximum rotational speed of 40rpm. Latency to fall off of the

accelerating rotarod was used as the dependent variable. We calculated the latency to fall,
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maximum speed in rotations per minute, and distance traveled. For grid performance,
mice were placed on a horizontal grid that was then inverted so mice are hanging upside
down by their paws. Mice were videotaped for 10 seconds, and then scored* for forepaw
and back paw distance traveled. Mice that could not hold onto grid for 10 seconds were

censored. Investigators were blinded to the genotypes for both experiments.

V. Mouse magnetic resonance imagining (MRI)

MRI studies were conducted on PS19 Tau, Lsd1”*, PS19;Lsd1* mice at 6 months
and 10 months (n=3/genotype). Mice were anesthetized with isoflurane, and monitored
for heart rate and temperature changes while anesthetized. MRI measurements were
performed using a 9.4 T/20 cm horizontal bore Bruker magnet, interfaced to an
AVANCE console (Bruker, Billerica, MA, USA). A two-coil actively decoupled imaging
set-up was used (a 2 cm diameter surface coil for reception and a 7.2 cm diameter volume
coil for transmission). Axial T2-weighted images were acquired with a RARE (Rapid
Acquisition with Refocused Echos) sequence. Its imaging parameters were as follows:
TR = 3000 ms, Eff. TE = 64 ms, RARE factor = 4, field of view (FOV) = 23.04 x 23.04
mm2, matrix = 192 x 192, Avg = 4, slice thickness (thk) = 0.6 mm, number of
slice(NSL)=20. Specific emphasis was placed on the neocortex and hippocampus in the

coronal images (1.0 — 4.0 mm posterior to the bregma).

Vi. Stereotaxic surgery and viral infusion
All surgical procedures were approved by and conducted in accordance with the
Emory University Institutional Animal Care and Use Committee. Mice were anesthetized

with isoflurane (3% induction, 1-2% maintenance) and administered the analgesic
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meloxicam (5 mg/kg). Using a Stoeling Quintessential Stereotaxic Injector pump and
Hamilton syringe, mice were injected with either the control AAV-DJ- HA virus, the
AAV-DJ-LSD1- HA virus, or the AAV-DJ-LSD1AN-HA virus into both hippocampi.
Each virus was injected into the rostral (AP: -2.5, ML:+ 2.2, DV: -1.6, relative to
bregma) and caudal (AP: -3.1, ML:£ 3.0, DV: -3.5) hippocampus of both hemispheres
(four injection sites total). Infusion volumes were 0.5 pL per injection site, administered
at a rate of 0.15 pL/min. Following surgery, mice were monitored daily for the duration
of the experiment. Brains were extracted 3 months post-surgery which allows sufficient
time for viral expression. Injection accuracy was confirmed by HA positive staining, and
those mice where staining was outside the hippocampus or that did not fully reach

hippocampus were censored.

Staining
Histology* and histological quantification*

Hematoxylin and eosin staining was performed according to standard procedures.
Briefly, sections were dewaxed with xylenes and serial ethanol dilutions then stained
with Eosin using the Richard-Allan Scientific Signature Series Eosin-Y package
(ThermoScientific). To derive unbiased estimates of neuronal loss in the hippocampus,
the number of primordial neurons in CA1 and CA3 (corresponding approximately to
bregma coordinates -2.0 mm and -3.0 mm) were counted from 2 randomly selected
regions in the field of a Zeiss Axiophot ocular graticule grid and measured manually
using digital micrographs of H&E-stained preparations. Investigators were blinded to the

genotype or treatment.
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I, Immunohistochemistry* and Immunofluorescence*

Sections were dewaxed with xylenes and serial ethanol dilutions, then treated with
3% hydrogen peroxide at 40°C for 5 minutes to quench endogenous peroxidase activity,
blocked in 2% serum at 40°C for 15 minutes, and incubated with primary Ab (Table S1)
overnight at 4°C. Slides were washed, then incubated with biotinylated secondary Ab
(Biotinylated Goat a Rabbit, 1:200, Vector Labs BA-1000 or Biotinylated Horse o
Mouse, 1:200, Vector Labs BA-9200) at 37°C for 30 minutes. Signal amplification was
then carried out by incubating at 37°C for 1 hour with Vector Labs Elite ABC reagent
(PK-6200). Slides were developed with DAB for 1-5 minutes, counterstained with
hematoxylin for 1 minutes, and coverslipped.

For immunofluorescence, dewaxed sections were first rinsed with TBS. Antigen
retrieval was performed by microwaving at 10% power 2X for 5 minutes in 0.01M
sodium citrate. Slides were then cooled, washed with TBS, permeabilized in 0.5% Triton
X-100 for 20 minutes, followed by blocking in 10% goat serum 20 minutes. Primary Abs
(Table 2-2) were incubated overnight at 4°C. Slides were then washed and incubated in
secondary Abs (Invitrogen A1 1001 and Invitrogen A11012) for 1 hour at room

temperature, followed by TBS washes, counterstained with DAPI, and then coverslipped.

iii. Quantification of tau accumulation

For the assessment of tau accumulation, six random sections (sampling from CAL,
CAZ3, and cerebral cortex) per sample were manually counted using digital micrographs
of AT8 stained preparations in the field of a Zeiss Axiophot ocular graticule grid.
Investigators were blinded to the genotype or treatment. Imaging for

immunofluorescence of LSD1 staining was performed on a spinning-disk confocal
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Nikon-Tie controlled with the software NIS Elements (Nikon). Imaging for all other
immunofluorescence staining was performed on an Eclipse Ti2 inverted microscope
(Nikon, Toyko, Japan) controlled with the software NIS Elements (Nikon). Image J

software ((NIH, http://imagej.nih.gov/ij/) was used for viewing all images.

Iv. Protein quantification

Protein levels were determined by homogenizing brains in 1 ml/g of tissue in ice-
cold lysis buffer (150mM NaCl, 1% Triton X-100, 0.5% Na-deoxycholate, 1% SDS,
50mM Tris, pH8.0) in a dounce homogenizer, followed by end-over-end spin at 4°C for 2
hours, and centrifugation at 20,000 x g for 20 minutes at 4°C. Protein concentrations
were determined following standard BCA protocol (Pierce BCA Protein Assay Kit).
Equal amounts of protein for each sample were loaded and run on a 12% SDS-PAGE gel,
transferred (Semi-dry transfer using BIO RAD Trans-Blot Turbo Transfer System),
blocked in 5% BSA, and probed with primary Ab (Table S1) over night at 4°C. Blots
were rinsed and stained with HRP-conjugated secondary Ab, and detected by
chemiluminescence using ChemiDoc MP Imaging System (BIO RAD). Protein levels

were normalized using total protein calculated using BIO RAD ImagelLab software.

D. RNA sequencing

I RNA isolation

Mice were euthanized by cervical dislocation, hippocampi were dissected and snap
frozen with liquid nitrogen in ImL Trizol, and stored at -80°C. For RNA isolation,
samples were thawed at 37°C then kept on ice prior to homogenization with Polytron

homogenizer with a 5 second pulse. After a 5 minute incubation at room temperature, one
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tenth the sample volume of 1-bromo-3chloropropane was added, mixed by inversion and
incubated for 3 minutes at room temperature. Samples were then centrifuged at 13,000 X
g for 15 minutes at 4°C to separate the aqueous and organic layers. As much of the
aqueous layer was recovered as possible, then RNA was precipitated with isoproponal.

Pellets were then washed with 75% ethanol and resuspended in 50uL of dionized water.

RNA library preparation and sequencing were performed by HudsonAlpha Genomic
Services Lab. RNA was Poly(A) selected and 300bp size selected. Libraries were
sequenced for 25 million 50bp paired end reads. All RNA-seq FASTQ files will be

uploaded to Gene Expression Omnibus (GEO).

I RNA sequencing analysis

Short read FASTQ files were quality trimmed using FASTX toolkit (v. 0.0.14) to
trim three bases from the 5” end of the reads. Paired-end reads were then mapped to the
mm39 genome using TopHat2 (Kim et al., 2013) and the UCSC knownGene gtf file. The
following parameters were used in the TopHat2 call “-N 1 —g 1 —read-gap-length 1 —
mate-inner-dis 170”. Reads that had the same starting location and strand with mate-pairs
that also had the same location and strand were considered to be PCR duplicates and
removed from subsequent analyses using Picard tools (v.1.103). Differentially expressed
transcripts were determined using Cufflinks and Cuffdiff (v2.1.1) (Trapnell et al., 2010).
Downstream analyses were performed in R/Bioconductor (Gentleman et al., 2004) and
used gene summarized expression levels normalized using Fragments Per Kilobase per
Million (FPKM) from Cufflinks. Hierarchical clustering was performed using the pvclust

R package were significance was determined using bootstrapping (Suzuki and



16
Shimodaira, 2006). Principle Components Analysis (PCA) was conducted using the
“prcomp” function of the stats package in R/ Bioconductor. Enriched gene ontologies
were determined using the package “GOstats” (v. 3.1.1) (Falcon and Gentleman, 2007).
Gene Set Enrichment Analysis (GSEA) was performed using a pre-ranked gene list
determined by cuffdiff test statistic and GSEA (v. 2.1.0) (Mootha et al., 2003;
Subramanian et al., 2005). Hierarchical clustering of gene expression data was performed
using average clustering in the heatmap.2 package. UCSC-style display of gene
expression data were plotted using the “rtracklayer” package (Lawrence et al., 2009) and

custom R scripts as previously described (Scharer et al., 2013).

The sequencing data were uploaded to the Galaxy web platform, and we used the
public server at usegalaxy.org to analyze the data ((Afgan et al., 2016; Afgan et al.,
2018)). FASTQ files were quality assessed using FASTQC (v.0.11.7), trimmed using
Trimmomatic (v.0.36.5) and minimum QC score of 20 and minimum read length of 36bp.
Paired-end reads were subsequently mapped to the GRCm38 genome using HISAT2
(v.2.1.0). Unmapped, unpaired and multiply mapped reads were removed using Filter
SAM or BAM (v.1.1.2). Assignment of transcripts to GRCm38 genomic features was
performed using Featurecounts (v.1.6.0.6) and the Ensembl GRCm38.93 gtf file.
Differentially expressed transcripts were determined using DESEQ2 (v.2.11.40.2) (Afgan
et al., 2018). For all datasets, a cutoff of adjusted p-value < 0.3 and abs (log2 fold change)
> 0.58 was applied. TPM values were calculated from raw data obtained from
Featurecounts output. Subsequent downstream analysis was performed using R and
normalized counts and adjusted P-values from DESEQ2 (v.2.11.40.2). Heatmaps were

produced and hierarchical clustering was done using the gplots package (v. 3.0.1) and
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normalized counts (B. B. Gregory R. Warens, 2019). Volcano plots were produced using
the enhanced volcano package (v.0.99.16) and adjusted p-values ((Blighe, 2019)).
Additionally, Gene Set Enrichment Analysis (Pre-ranked list) was performed using the
online platform WebGestalt ((Zhang et al., 2005; Wang et al., 2013; Wang et al., 2017;

Liao et al., 2019)). Custom R-scripts available upon request.

iii. Comparison to human gene expression data

Normalized gene expression data from late onset Alzheimer’s disease (LOAD)
(Zhang et al., 2013), frontal temporal dementia (FTD) (Chen-Plotkin et al., 2008) and
Parkinson’s disease (PD) (Zhang et al., 2005) patients were downloaded from Gene
Expression Omnibus gene sets GSE44772, GSE13162 and GSE20295, respectively.
Comparison to Lsd1“A®¢ gene expression data was performed by mapping mouse and
human genes using the NCBI homologene database (Wheeler et al., 2001). Correlation of
Lsd1“ACC gene expression changes and those found in LOAD, FTD and PD patients were
assessed using Spearman’s rank correlation (p). P-values were determined by analysis of

variance (ANOVA).

Table 2-1 Genotyping Primers

Mouse genotyping for the Lsd1 control and deleted alleles, the Tau transgene, and the LsdIAN
deletion allele were performed with the listed primers. Lyophilized stocks were reconstituted to
50uM. The Lsd1 Forward and Reverse were mixed in equal parts and the Tau Forward, Tau
Reverse, Cre/Tau Control Forward and Cre/Tau Control Reverse were mixed in equal parts prior
to use in the PCR reaction. The Lsd1AN deletion Forward and Reverse were not pre-mixed and

were used in equal parts in the PCR reaction.
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Lsdl Forward | 5’-GCACCAACACTAAAGAGTATCC-3’
Reverse | 5’-CCACAGAACTTCAAATTACTAAT-3’

Cre transgene | Forward | 5’-GAACCTGATGGACATGTTCAGG-3’
Reverse | 5’-AGTGCGTTCGAACGCTAGAGCCTGT-3’

Tau transgene | Forward | 5’-GGGGACACGTCTCCACGGCATCTCAGCAATGTCTCC-3’
Reverse | 5’-TCCCCCAGCCTAGACCACGAGAAT-3’

Cre and Tau Forward | 5’-TTACGTCCATCGTGGACAGC-3’

control Reverse | TGGGCTGGGTGTTAGCCTTA-3

LsdIAN Forward | 5’-GATATGCTGGGTCGCACTCC-3’

deletion Reverse | 5’-GTAGACAAACGCGTCGGGAA-3’

LsdIAN Forward | 5’-GCCCATGGAGACCGGAATA-3’

control Reverse | 5’-cacacaggtagacaaacgcg-3’

Table 2-2 Primary Antibodies

Primary antibodies for immunohistochemistry and immunofluorescence staining experiments are

given. Also listed are the manufacturer and catalog number, experiment, and dilution used.

Target Manufacturer Clone Lot number | Experiment | Dilution
NeuN Millipore MAB377 A60 2392283 Mouse IF 1:500
LSD1 Abcam 17721 GR3193508-2 | Mouse IF 1:100
Mouse IHC | 1:500
PHF-Tau ThermoFisher MN ATS8 T12611431 Mouse IHC | 1:1,000
1020 ATS8 T12611431 Mouse IF 1:200
HA Abcam ab130275 16B12 GR3190856- | Mouse IHC | 1:500
12
16B12 GR3190856- | Mouse IF 1:100
12
HA Abcam ab9110 GF3224022-1 | Mouse IF 1:500
GFAP Dako Z0334 20047046 Mouse IHC | 1:100
IBAl Synaptic System 2-16 Mouse IF 1:100
234004
Neurofilament | Millipore NE1022 SMI-31R Mouse IHC | 1:500
(phospho)
PHF-1 Peter Davies (Albert Mouse IHC | 1:1,000
Einstein College of
Medicine, NY)
LSD1 Cell Signaling 2139 5 Immunoblot | 1:1,000
TLR2 Abcam ab9100 TL2.1 GR3189369-7 | Mouse IF 1:100
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The inhibition of LSD1 via sequestration
contributes to tau-mediated neurodegeneration
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INTRODUCTION

Tauopathies such as corticobasal degeneration, progressive supranuclear palsy, and
frontotemporal lobar degeneration with tau inclusions are neurodegenerative diseases
pathologically defined by different forms of tau positive intraneuronal deposits (Goedert et al.,
1988; Wischik et al., 1988; Holtzman et al., 2016; Wang and Mandelkow, 2016; Orr et al.,
2017). In addition to these primary tauopathies, neuropathological observations of postmortem
Alzheimer’s disease (AD) brains show the presence of neurofibrillary tangles (NFTs) of
hyperphosphorylated tau protein, as well as plaques containing f-amyloid (AB) peptide (Barage
and Sonawane; Hardy and Selkoe, 2002; Duyckaerts et al., 2009; Bloom, 2014). AD is the
leading cause of age-related dementia, resulting from neuronal cell death in the frontal and
temporal cortices, as well as the hippocampus (Barage and Sonawane). As dementia progresses,
the spatial pattern of tau pathology highly correlates with the level of cognitive impairment
(Arriagada et al., 1992; Gomez-Isla et al., 1997; Karran et al., 2011; Bejanin et al., 2017). In
addition, AP oligomers and/or plaques can enhance tau pathology in various mouse models
(Hurtado et al., 2010; He et al., 2018), and there is increasing evidence that accumulation of Af
plaques can contribute to tau pathology (Braak and Braak, 1997; Choi et al., 2014; Holtzman et
al., 2016). The most well-defined physiological role of tau is in stabilizing microtubules,
particularly in neuronal axons (Wang and Mandelkow, 2016). However, in the pathological state,
tau becomes aberrantly phosphorylated (Morishima-Kawashima et al., 1995; Hanger et al., 1998;
Wang and Mandelkow, 2016), truncated (Wischik et al., 1988; Orr et al., 2017), and aggregates
into oligomers and larger insoluble filaments (Arendt et al., 2016; Castellani and Perry, 2019).
This pathology is thought to trigger synaptic loss, dramatic genome-wide expression changes,

increased inflammatory response, and neuronal cell death (Masliah et al., 2001; Ingelsson et al.,
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2004; Rubio-Perez and Morillas-Ruiz, 2012; Kinney et al., 2018). These data suggest that
pathological tau may be a downstream mediator of the neurotoxic effects leading to neuronal
degeneration in AD.

Previously, our lab demonstrated that deleting the histone demethylase Lsd1 in adult mice
leads to significant neuronal cell death in the hippocampus and cortex with associated learning
and memory defects (Christopher et al., 2017). In this mouse model, loss of Lsd1 induces
genome-wide expression changes that significantly overlap with those observed in the brains of
postmortem human AD cases, but not other neurodegenerative diseases, such as Parkinson’s
disease or amyotrophic lateral sclerosis (ALS) cases. Consistent with this overlap, we observed
LSD1 protein mislocalized to cytoplasmic NFTSs, but it was not associated with A plaques in
AD cases or with Lewy bodies of a-synuclein in Parkinson’s disease cases (Christopher et al.,
2017). These data highlight the requirement for LSD1 in neuronal survival and suggest that the
nuclear function of the histone demethylase LSD1 could be disrupted by mislocalization to
pathological tau.

To investigate how LSD1 may contribute to tau-mediated neurodegeneration, we utilized
the PS19 P301S tauopathy mouse model (hereafter referred to as PS19 Tau). PS19 Tau mice
express a P301S mutated form of the human tau protein, originally identified in a frontotemporal
dementia with parkinsonism (FTDP-17) patient, driven by the prion promoter throughout the
nervous system (Yoshiyama et al., 2007). When expressed in mice, the P301S tau protein is
prone to hyperphosphorylation and somatodendritic aggregation, without the presence of A
plaques. PS19 Tau mice develop a heavy pathological tau burden and have been well

characterized for the temporal progression of tau pathology and disease-related phenotypes
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(Bellucci et al., 2004; Iba et al., 2015). However, the mechanism of neuronal cell death caused
by pathological tau is still unknown.

Here, we provide functional data that the inhibition of LSD1 function contributes to tau
induced neurodegeneration. We demonstrate in PS19 Tau mice that pathological tau sequesters
LSD1 in the cytoplasm of neurons throughout the brain. This results in depletion of LSD1 from
the nucleus. Additionally, we provide genetic and molecular evidence that pathological tau
contributes to neurodegeneration by disrupting LSD1. Finally, we show that overexpressing
LSD1 in hippocampal neurons is sufficient to suppress neuronal cell death even after
pathological tau has formed. We propose that pathological tau contributes to neuronal cell death
by sequestering LSD1 in the cytoplasm, depleting the nuclear pool of LSD1 that is required for

neuronal survival.

RESULTS

Tau pathology depletes LSD1 from the nucleus in the PS19 Tau mouse model

Previously, we showed in human AD cases that LSD1 protein inappropriately colocalizes with
NFTs in the cell body of hippocampal and cortical neurons, while in unaffected controls LSD1
was properly localized exclusively to the nucleus (Christopher et al., 2017). However, because
neurons in AD cases with intracellular NFTs presumably die and are cleared, it was difficult to
determine whether tau prevents LSD1 from localizing to the nucleus in a dying neuron. To
address this possibility, we performed LSD1 immunofluorescence on 12 month old PS19 Tau
mice, which have significant tau pathology (Yoshiyama et al., 2007). Because PS19 Tau mice
undergo neurodegeneration over a shortened period, there are more neurons undergoing

neurodegeneration at any given time point. Thus, we reasoned that it may be possible to observe
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LSD1 depletion from the nucleus. Similar to what we observe in humans, LSD1 protein in 12
month old Wild Type mice was localized to the nucleus of neurons in the cerebral cortex (Fig.
3.1A-C) and the hippocampus (Fig. S1 A-C). However, in 12 month old PS19 Tau mice, LSD1
protein was sequestered in the cytoplasm and depleted from the nucleus both in the cerebral
cortex (Fig. 3.1D-F) and the hippocampus (Fig. S1 D-F). These are both regions where we
observe substantial cytoplasmic tau pathology (Fig. 3.1G-I; Fig. S1 G-1). Similarly, in other brain
regions that accumulate tau pathology, such as the thalamus and amygdala, LSD1 was localized
to the nucleus in 12 month old Wild Type control mice (Fig. S1 J-O), but abnormally localized to
the cytoplasm in PS19 Tau mouse littermates (Fig. S1 P-U). Overall, we observed sequestration
of LSD1 in 6 out of 7 mice analyzed. In each of the 6 mice, there were varying levels of
sequestration ranging from LSD1 found in both the nucleus and cytoplasm (Fig. S1 V-X), to
depletion from the nucleus (Fig. S1 Y-DD).
Reduction of LSD1 increases the mouse tauopathy phenotype
If the presence of pathological tau in the cytoplasm is leading to neuronal cell death through the
sequestration and nuclear depletion of LSD1, we would expect that lowering the overall levels of
LSD1 would accelerate depletion and exacerbate the progression of disease. To test this, we
made PS19 Tau mice heterozygous for Lsd1 (hereafter referred to as PS19;Lsd17*, Fig. S2 A).
Lsd1 heterozygotes (hereafter referred to as Lsd17*) have a functioning copy of Lsd1 and don’t
have phenotypes associated with LSD1 loss of function (Foster et al., 2010; Jin et al., 2013;
Lyons et al., 2013). Thus, Lsd1 heterozygosity does not completely compromise LSD1 function.
Instead mice that are heterozygous for Lsd1 are sensitized to mechanisms affecting LSD1
localization and function. Consistent with this, we observed a 30% reduction in transcript levels

(Fig. S2 B) and a 35% reduction in protein levels (Fig. S2 C,D) in Lsd1”* mice compared to their
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Lsd1*™* littermates. Surprisingly, PS19 Tau mice have a 20% increase in LSD1 protein levels
compared to Lsd1*"* littermates. Nevertheless, consistent with the reduction in LSD1 that we
observe in Lsd17* mice, PS19;Lsd1”* mice have a similar 26% reduction in transcript levels (Fig.
S2 B) and a 31% reduction in protein levels (Fig. S2 C,D) compared to PS19 Tau littermates. In
addition, all genotypes were born at normal Mendelian ratios with equal male/female ratios.

As expected, Lsd1”* mice had normal survival (Fig. 3.2A). In contrast, PS19 Tau mice
had a reduced overall survival (Fig. 3.2A) (Yoshiyama et al., 2007). When one copy of Lsd1 was
removed from PS19 Tau mice, their reduced survival was significantly exacerbated (P-value =
0.0017, Fig. 3.2A). As expected, there was little effect on the onset of reduced viability. The
initial decline in the survival of PS19;Lsd1”* mice started only slightly earlier than PS19 Tau
mice, but after the appearance of pathological tau in neurons (Fig. S6 K-M) (Yoshiyama et al.,
2007). This suggests that pathological tau may have to be present before Lsd1 heterozygosity has
deleterious effects. Subsequently, PS19;Lsd1”* mice had a 14% reduction in median lifespan
compared to PS19 Tau mice and reached median survival 44 days earlier then PS19 Tau mice. In
addition, there was a further exacerbation of reduced lifespan as pathology became more severe.
PS19;Lsd1”* mice reached the point when there was only 10% of the population remaining 83
days earlier than PS19 Tau mice, and all but one of the last 25% of PS19;Lsd1”* mice died
between 11.5-13.5 months, compared to 13.5-19 months in PS19 Tau mice. As a result, 28% of
PS19 Tau mice were still alive after all but one of the PS19;Lsd1”* mice had died (Fig. 3.2A).

PS19 Tau mice develop paralysis starting with hind limb clasping which progresses until
they are unable to feed (Yoshiyama et al., 2007). In our hands, PS19 Tau mice displayed
intermittent hind limb clasping starting at approximately 6 months of age. At 12 months, these

mice had a severe clasp, but were still mobile. This is delayed compared to what was originally
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reported by Yoshiyama and colleagues (Yoshiyama et al., 2007). PS19;Lsd1”* mice also
displayed intermittent hind limb clasping beginning at approximately 6 months of age. However
PS19;Lsd1”* mice became terminally paralyzed at a faster rate compared to PS19 Tau mouse
littermates. At 12 months, when PS19 Tau mice were still mobile, PS19;Lsd1”* mice were
severely paralyzed and typically terminal (Movie S1). To quantitatively assess paralysis we
performed rotarod and grid performance tests. In the rotarod, we assessed the ability of the mice
to stay on the rotating rod (latency to fall) (Fig. 3.2B), the speed of the rod at which they fall off
the rotarod (rotations per minute) (Fig. 3.2C), and the total distance traveled (Fig. 3.2D). All
genotypes performed the same at 6 months and 8 months (Fig. 3.2B-D). However, at 10 months,
when PS19 Tau mice still performed normally, PS19;Lsd1”* mice had a significant deficit in
mobility (P-value < 0.01, Fig. 3.2B,C). A deficit in PS19;Lsd1”* mice was also observed at 10
months in the total distance traveled (Fig. 3.2D) and in grid performance testing (Fig. S3 A),
though neither were statistically significant.

To further investigate the exacerbation of paralysis we examined the spinal cord motor
neurons. Healthy motor neurons from Lsd1** control mice express LSD1 (Fig. S3 B-D) and are
classically identified by circular nuclei at the center of a large cell body. In contrast to the
healthy motor neurons we observed in 12 month old PS19 Tau mice (Fig. S3 E), many of the
motor neurons in PS19;Lsd1”* mice at 12 months had abnormal morphology, with the nucleus
skewed to the edge of the cell body (Fig. S3 E vs. S3 F) and a ballooned cell body (Fig. S3 F).
Within the cell body we found aberrant hyperphosphorylated NFH (heavy chain neurofilament),
which is a sign of activated neuronal stress pathways (Fig S3 G vs. S3 H) (Giasson and
Mushynski, 1996; Liu et al., 2008). This abnormal morphology is highly reminiscent of a well-

established process known as chromatolysis, which is characterized by swelling of the neuronal
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cell body, disruption of Nissl granules, and pyknotic or shrunken nuclei abnormally skewed to
the edge of the cell body (Cragg, 1970; Moon, 2018). Chromatolysis, which is linked to neuronal
stress and often leads to apoptosis (Cragg, 1970), has been observed in AD and other
neurodegenerative diseases (Cataldo et al., 1994; Riancho et al., 2014; Sil et al., 2014; Moon,
2018).

Reduction of LSD1 exacerbates PS19 Tau neurodegeneration

In addition to accelerating the paralysis phenotype, reducing the level of Lsd1 in PS19 Tau mice
exacerbated neuronal cell death in the brain. At 6 months and 8 months, we observed no
difference between genotypes in the overall morphology in the hippocampus (Fig. S4 A-H)
based on histological analysis. There was also no difference between Lsd1** and Lsd1”* mice at
10 months or 12 months (Fig. 3.3A,B; Fig. S4 1,J,M,N; Fig. S5 A,B,E,F,1,J,M,N). At 10 months,
PS19 Tau mice had very little cell loss in the hippocampus compared to Lsd1** and Lsd17*
control mice (Fig. S4 I-K, M-0). In contrast, at 10 months, PS19;Lsd1”* mice had dramatic cell
loss both in the CAL region of the hippocampus and throughout the posterior hippocampus (Fig.
S4 L,P). At 12 months, the PS19 Tau mice had a slight decrease in CA1 and CA3 neurons
spanning the hippocampal pyramidal cell layer compared to Lsd1*"* control mice (17% and
19.4% respectively, Fig. 3.3A,B; Fig. S5 A-C, E-G). In comparison, PS19;Lsd17* mice had a
52% and 54% decrease in the CA1 and CA3 respectively (Fig. 3.3A,B; Fig. S5 D,H) compared
to Lsd1** control mice. This resulted in decreased overall brain size (Fig. 3.3C) and brain
weight (Fig. 3.3D) in PS19;Lsd1”* mice compared to PS19 Tau and Lsd1”* mouse littermates.
Additionally, at 12 months there were increased levels of cell loss in the Dentate Gyrus (Fig. S5

I-L), and throughout the posterior hippocampus (Fig. S5 M-P).
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Along with the histology, we monitored the progression of neuronal cell death in the
same individual over time by performing magnetic resonance imaging (MRI) at 6 months and
again at 10 months (Movie S2). At 6 months, there was no sign of cell loss or ventricular
dilatation in Lsd1”*, PS19 Tau, or PS19;Lsd1”* mice (Fig. 3.3E-G). However, at 10 months the
MRI showed that there was dramatic ventricular dilatation in PS19;Lsd1”* mice, as evidenced by
high-intensity areas in T2- weighted imaging, with substantial hippocampal and neocortical
atrophy (Fig. 3.3J vs. 3H, Movie S2). At this timepoint, PS19 Tau mice had some ventricular
dilatation and hippocampal atrophy throughout the hippocampus (Fig. 3.31), but much less than
PS19;Lsd1”* mice (Fig. 3.3J, Movie S2. 0:51sec vs. 1:00sec).
Tau pathology is not affected by change in LSD1 levels
Since LSD1 is a chromatin regulator, it is possible that reducing LSD1 protein levels affects the
PS19 Tau transgene. However, we confirmed that there was no difference between PS19 Tau
mice and PS19;Lsd1”* mice in the endogenous mouse Mapt RNA expression, nor in the human
P301S MAPT transgene expression (Fig. S6 A). It is also possible that LSD1 affects tau
pathology. To test this, we performed immunohistochemistry staining for a hyperphosphorylated
form of tau (AT8). As expected, we did not observe any AT8 positive staining in Lsd17* at 6, 8,
or 10 months (Fig. S6 B,E,H). Additionally, we observed very little AT8 positive
immunoreactivity at 6 months in both PS19 Tau or PS19;Lsd1”* mice (Fig. S6 C,D). At 8
months both PS19 Tau and PS19;Lsd17* mice had low but consistent levels of AT8 positive
immunoreactivity (Fig. S6 F,G), and by 10 months both PS19 Tau and PS19;Lsd1”* mice
developed the same high level of AT8 positive tau immunoreactivity (Fig. S6 1,J). This was
consistent throughout both the CA1 and CA3 regions of the hippocampus and the cerebral cortex

(Fig. S6 K-M). We also did not observe any difference between PS19 Tau mice and PS19;Lsd17*
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mice when assaying PHF1 (an alternative phospho-tau antibody) immunoreactivity in the CAl
region of the hippocampus at 8 months (Fig. S7 A-C, G) and 10 months (Fig. S7 D-F, G), nor in
the CA3 region of the hippocampus or the cerebral cortex at 8 and 10 months (Fig. S7 H,I).

The functional interaction between tau pathology and LSD1 inhibition is specific
To test the specificity of the functional interaction between tau pathology and LSD1, we
investigated the overlap in the effected molecular pathways associated with both pathological tau
and Lsd1 heterozygosity. To address this, we performed RNA sequencing on the hippocampus of
9 month Lsd1*"*, Lsd1”*, PS19 Tau, and PS19;Lsd1* littermates. As opposed to analyzing
transcriptional changes at the terminal stage of disease, this time point allows us to assess
molecular changes prior to the onset of neuronal cell death. This is also the time point that we
observed the earliest signs of exacerbation of paralysis in PS19;Lsd1”* mice. Because of this
early stage in the progression of the disease, we would not expect dramatic changes in
transcription overall. Nevertheless, if tau pathology is inhibiting LSD1 function, we would
expect that the genome-wide expression changes induced by tau might be exacerbated by a
reduction in LSD1. The RNA-seq analysis detected 54 significant gene expression changes in
PS19 Tau mice compared to Lsd1** (Fig S8 A,B), and 271 significant gene expression changes
in PS19;Lsd1”* mice compared to Lsd1** (Fig S8 C,D). Importantly, Lsd1”* mice had only 4
gene expression changes observed genome-wide (Fig. S8 E,F), indicating that the partially
reduced level of LSD1 expression had very little effect on transcription on its own. This is
consistent with the lack of phenotype in these animals.

We first examined the relationship between tau-induced expression changes and the
effects of Lsd1 heterozygosity by comparing the transcriptional changes observed in PS19 Tau

mice with PS19;Lsd17* mice. In PS19 Tau mice that do not yet have significant



29
neurodegeneration, we identified 54 genes (36 up and 18 down) that were differentially
expressed. Of these 54 genes, 50 were changed in the same direction in PS19;Lsd1”* mice
(93%). In addition, amongst the 50 genes changed in the same direction, 36 (72%) had
exacerbated expression in PS19;Lsd1”* mice compared to PS19 Tau mice (Fig. 3.4A). Based on
this overlap, we further compared the expression changes between PS19 Tau mice and
PS19;Lsd1”* mice genome-wide. Amongst the transcripts that were changed in both PS19 Tau
mice and PS19;Lsd1”* mice compared to Lsd1** mice, 71% changed in the same direction
(either up or down). Consistent with this overlap in gene expression, Gene Set Enrichment
Analysis demonstrated that the pathways that are affected in both PS19 Tau mice and
PS19;Lsd1”* mice are very similar (Fig. S8 G-J). However, the genes affected in both sets of
mice tended to be further exacerbated in PS19;Lsd17* mice compared to PS19 Tau mice.
Amongst the 71% of genes that changed in the same direction in both PS19 Tau mice and
PS19;Lsd1”* mice, 76% of these transcripts had a higher fold-change in PS19;Lsd1”* mice
compared to PS19 Tau mice (Fig. 3.4B).

Overexpression of LSD1 rescues neurodegeneration in the hippocampus of PS19 Tau mice
Our data demonstrate that reduction of LSD1 protein exacerbates the tauopathy phenotype in
PS19 Tau mice. Based on this, we considered the possibility that overexpression of LSD1 might
counter the loss of LSD1 from the nucleus and protect against neurodegeneration in PS19 Tau
mice. To address this possibility, we injected PS19 Tau mice with a neuronal specific virus
(AAV-DJ driven by the synapsin promoter) expressing either the full length LSD1 protein with
an N-terminal HA tag (hereafter referred to as PS19- LSD1 inj) or a control virus expressing
only the HA tag (hereafter referred to as PS19- HA inj). Additionally, to control for the effects of

viral injection, we injected Wild Type littermates with the HA only expressing virus (hereafter
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referred to as WT- HA inj). All injections were performed directly into the hippocampus at 8-8.5
months, when tau pathology is already present throughout the nervous system. Immunolabeling
for the HA tag demonstrated that the virus is specific to NeuN+ neurons (Fig. S9 A-D), with no
HA expression observed in IBA+ microglia (Fig. S9 E-H), or GFAP+ astrocytes (Fig. S9 I-L). It
also confirmed that virally expressed LSD1 is nuclear (Fig. S9 M) and confined to the
hippocampus (Fig. S9 N). After 3 months of overexpression, 11-11.5 month old mice were
euthanized, and the brains were analyzed. Injections resulted in a ~6-fold increase in expression
of LSD1 in the hippocampus compared to endogenous LSD1 in the PS19- HA inj mice, but no
increase in the cerebellum (Fig. S9 O,P). As expected, because the viral injections were restricted
to the hippocampus, the mice injected with LSD1 still developed paralysis (Movie S3). This
confirms that the tau transgene is expressed and functioning. Additionally, we did not observe a
difference in total levels of AT8 positive tau immunoreactivity (Fig. S9 Q-T). Therefore, any
modulation to the phenotype was not due to changes in tau pathology.

Injected mice were evaluated for cell death by neuronal cell counts in the hippocampus.
Injection of LSDL1 virus into the hippocampus of PS19 Tau mice rescued the neurodegeneration
phenotype. At 11 months, compared to WT-HA inj control mice, 70% of the PS19-HA inj mice
had hippocampal cell counts that were below the lowest WT-HA inj control, while none of the
Tau mice injected with the LSD1 virus were below this level. Overall, we observed significantly
more neurons (P-value <0.05) spanning the pyramidal cell layer (84% of WT- HA inj CAl
counts) compared to their PS19- HA inj littermates (59% of WT- HA inj CA1 counts), such that
overall the neuronal cell count in PS19- LSD1 inj mice was not statistically different from the
WT- HA inj (Fig. 3.5A-D). Additionally, in the histological analysis we observed a large number

of cells infiltrating the hippocampus in PS19- HA inj mice compared to WT- HA inj littermates
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(Fig. 3.5B vs. 3.5C). Marker analysis demonstrated that this was due to a strong inflammatory
response, with a large increase in the number of GFAP+ astrocytes (Fig. S10 A-C vs. D-F) and
TRL2+ activated microglia (Fig. S10 J-L vs. M-O, S-V vs. W,Z, EE). Injection of PS19 Tau
mice with LSD1 virus rescued this inflammatory response. For example, all but one (9 out of 10
analyzed) of the PS19- LSD1 inj mice had a reduction in the number of GFAP+ astrocytes (Fig.
S10 G-l vs. D-F) and TRL2+ activated microglia (Fig. S10 P-R vs. M-O, AA-DD vs. W-Z, EE).
Of note, the one PS19- LSD1 inj mouse where we did observe increased glial cells, similar to
PS19- HA inj mice, had the lowest neuronal cell count (74% of WT- HA inj CAl neurons). It is
possible that this mouse was already undergoing neurodegeneration prior to the injection of the
LSD1 overexpression virus.

Although the number of hippocampal neurons in PS19- LSD1 inj mice did not differ
from WT- HA inj controls, in 6 of the 10 PS19- LSD1 inj mice we observed cells with abnormal
blebbed nuclei at varying numbers throughout the hippocampus (Fig. 3.5E). These abnormal
cells are rare in PS19- HA inj mice, which have a reduced overall number of cells in the
pyramidal cell layer compared to WT- HA inj control mice. One possibility is that these
abnormal cells with blebbing nuclei represent an intermediate state between a healthy neuron and
a dying neuron that is prolonged by rescue via LSD1 overexpression. Interestingly, these
abnormal cells also differed in the localization of HA-tagged LSD1. The four mice with normal
nuclei had HA-tagged LSD1 protein localized uniformly throughout the nucleus (Fig. 3.5F). In
contrast, the six mice with abnormal nuclear blebbing had some HA-tagged LSD1 that was
mislocalized to the cytoplasm (Fig. 3.5G). This includes the one PS19- LSD1 inj mouse that had

an elevated number of astrocytes and TRL2 positive microglia. Thus, the blebbing state
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correlates with when the viral produced LSD1 begins to be sequestered in the cytoplasm, similar

to the endogenously produced LSD1.

DISCUSSION

In this study we investigate a potential downstream mediator of tau pathology in
neurodegenerative disease. We find that modulation of the chromatin modifying enzyme LSD1
can alter neurodegeneration in a tauopathy mouse model. Previously, we showed that LSD1
colocalizes with tau pathology in the cell body of neurons in AD cases (Christopher et al., 2017).
This suggested that LSD1 might be disrupted in tauopathies such as AD, by being excluded from
the nucleus. To address this directly, we utilize the PS19 tauopathy mouse model. In these mice,
we find that LSD1 is sequestered in the cytoplasm, in some cases being completely depleted
from the nucleus. This provides the first cytological evidence that pathological tau can prevent
LSD1 from properly localizing to the nucleus in hippocampal and cortical neurons, where we
have previously shown it is continuously required.

Based on the ability of pathological tau to sequester LSD1, we hypothesized that
neuronal cell death may be due, at least partly, to LSD1 being sequestered in the cytoplasm and
depleted from the nucleus. In this case, reducing LSD1 levels should make it easier for tau to
deplete LSD1 from the nucleus, resulting in a faster progression of neurodegeneration and/or a
more severe neurodegenerative phenotype. Importantly, LSD1 heterozygosity alone induces only
4 significant gene expression changes and does not lead to any neurodegeneration. This suggests
that any effects observed in PS19;Lsd1”* mice are not simply due to LSD1 haploinsufficiency.
Normally, PS19 Tau mice develop paralysis and neurodegeneration, along with reduced survival.

In contrast, when we reduce LSD1 in the PS19 Tau mice, PS19;Lsd1”* mice die significantly
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earlier, most likely due to the increased rate of paralysis. Additionally, PS19;Lsd17* mice have
increased neuronal cell death and clearance in the hippocampus. This suggests that pathological
tau functions through LSD1 to cause neurodegeneration in vivo in mice.

PS19;Lsd1”* mice have a 31% reduction in LSD1 protein levels compared to PS19 Tau
mice from birth. This reduction should theoretically make mice sensitive to LSD1 depletion at
any time. However, tau pathology starts at 6-8 months in PS19 Tau mice. As a result, if Lsd1
heterozygosity is functioning by making it easier for pathological tau to deplete LSD1 from the
nucleus, we would not expect to see any exacerbation until after pathological tau is present. The
exacerbation of the PS19 Tau mouse neurodegenerative phenotype does not occur until after
pathological human tau was present. This suggests that the effect of Lsd1 heterozygosity requires
the presence of pathological tau, placing LSD1 downstream of tau. Consistent with LSD1 being
downstream of pathological tau, we found no evidence that Lsd1 heterozygosity affects the
expression of the tau transgene, or the buildup of pathological tau in PS19 Tau mice.

To test whether the functional interaction between pathological tau and reduced LSD1 is
specific, we used RNA-seq to determine whether the downstream molecular pathways altered in
PS19 Tau mice are exacerbated in PS19;Lsd1* mice. This analysis was performed at the time of
earliest signs of neuronal distress, allowing us to assess molecular changes prior to cell death and
clearance. LSD1 heterozygosity induces only 4 significant expression changes. In addition, the
pathways are affected in both PS19 Tau mice and PS19;Lsd17* mice are very similar. This
suggests that reducing LSD1 did not induce any additional neurodegeneration pathways. In
contrast, when LSD1 is reduced in PS19 Tau mice, the genome-wide expression changes

induced by pathological tau are specifically exacerbated. This suggests that the functional
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interaction that we observe between pathological tau and reduced LSD1 is occurring through the
tau pathway.

Our previous data implicated LSD1 in the tau-mediated neurodegeneration pathway.
Utilizing the PS19 Tau mouse model, we now show a functional interaction between
pathological tau and LSD1. Importantly, because PS19 Tau mice do not have A plaque
accumulation, this functional interaction is specific to tau. Based on these data we propose the
following model (Movie S4): in healthy hippocampal and cortical neurons, LSD1 is translated in
the cytoplasm and transported into the nucleus where it is continuously required to repress
inappropriate transcription. In tauopathy, pathological tau accumulates in the cytoplasm blocking
LSD1 from nuclear import. This interferes with the continuous requirement for LSD1, resulting
in neuronal cell death. Recently, it has been observed that the nuclear pore breaks down in AD
(Sheffield et al., 2006; Frost et al., 2016; Eftekharzadeh et al., 2018). It should be noted that this
mechanism would potentially exacerbate the model that we propose.

This model makes a direct prediction: if tau is predominantly functioning through LSD1,
then increasing the levels of LSD1 should rescue the tau-induced neurodegenerative phenotype.
To address this, we overexpressed LSD1 in the hippocampal neurons of PS19 Tau mice.
Overexpression of LSD1 specifically in hippocampal neurons rescues the neuronal cell death and
limits the inflammatory response. This rescue is neuronal specific, suggesting that the functional
interaction between LSD1 and tau is occurring in neurons. In addition, this rescue occurs despite
there being no effect on tau aggregation. This negates the possibility that the tau transgene is
simply not functioning when LSD1 is overexpressed. The ability of LSD1 overexpression to
overcome tau-mediated neurodegeneration in the presence of pathological tau aggregates,

provides further evidence that pathological tau is functioning through the inhibition of LSD1.
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Importantly, overexpressing LSD1 should not prevent it from being sequestered. Rather
overexpressing LSD1 should make it more difficult for pathological tau to sequester all of the
LSD1 protein, allowing some LSD1 to be transported to the nucleus. Thus, overexpressing LSD1
would be expected to temporarily rescue the ability of pathological tau to kill neurons.
Consistent with this, LSD1 overexpression delays the effect of pathological tau rather than
permanently rescuing. In 60% of the mice, the surviving neurons have abnormal morphology,
and the overexpressed version of LSD1 is also sequestered. observation that neurons fail to
maintain their morphology when the overexpressed LSD1 begins to be sequestered in the
cytoplasm provides further support for the model that tau mediates neurodegeneration through
the sequestration of LSD1. Nevertheless, our data suggest that overexpression of LSD1 cannot
permanently overcome pathological tau. To permanently overcome pathological tau, it would
likely be necessary to permanently disrupt the interaction between pathological tau and LSD1.
This work is currently ongoing in the lab. Overall, our data establish LSD1 as a major
downstream effector of tau-mediated neurodegeneration. Based on these data, we propose that

the LSD1 pathway is a potential late stage target for intervention in tauopathies, such as AD.

FIGURES
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PS19 Tau Control

PS19 Tau

Fig. 3.1 | LSD1 sequestration and tau accumulation in PS19 Tau mice. A-C, Representative
immunofluorescence of 12 month old control Wild Type mice showing DAPI (A), LSD1 (B),
and merged (C) in the cerebral cortex where LSD1 is localized specifically to DAPI positive
nuclei. D-F, Representative image of the cerebral cortex in 12 month old PS19 Tau mice.
Staining for DAPI (D), LSD1 (E), and merged (F) shows that LSD1 is localized outside the
nucleus, and depleted from the DAPI positive nucleus. Arrows denote cells where LSD1 is
localized outside of the nucleus, and asterisks denote LSD1 localized specifically to the nucleus.
G-I, Representative immunofluorescence of 12 month old PS19 Tau mouse with staining for
DAPI (G), AT8 positive hyper-phosphorylated tau (H) and merge (1) where hyper-
phosphorylated tau accumulates in the cytoplasm of the cell body. Arrowheads denote hyper-

phosphorylated tau. Scale bars=25um.
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Fig. 3.2 | Reduction of Lsd1 exacerbates the PS19 Tau mouse paralysis phenotype. A,
Lifespan curve showing that no Lsd1”* mice died before 18 months (orange, n=20). PS19;Lsd1"*
mice (purple, n=44) have a significant reduction in survival compared to PS19 Tau mice with
wild-type levels of Lsd1 (green, n=37)(Log-rank Mantle-Cox test ***P<0.005). B-D, Rotarod
testing of latency to fall (in seconds) (B), rotations per minute (when the mouse fell) (C), and
distance traveled (in centimeters) (D) for mice at age 6, 8 and 10 months. Lsd1”* (orange,

n=10,11,14), PS19 Tau (green, n=11,22,9), and PS19;Lsd1”* (purple, n=8,17,11). Values are
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mean £ SEM (two-way analysis of variance (ANOVA) with Tukey’s post hoc test *P<0.05

**P<0.01, ns=not significant).
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Fig. 3.3 | Reduction of Lsd1 exacerbates neurodegeneration in PS19 Tau mice. A,B, Average
nuclei per area in the CA1 (A) and CA3 (B) regions of the hippocampus in 12 month old
Lsd1**, Lsd1”*, PS19 Tau, and PS19;Lsd1”* mice. Quantification from histology represented in
Fig. S5 A-H. Values are mean = SD (A, n=13 & B, n=9). C, Representative image of the brains
of 12 month old Lsd1”*, PS19 Tau, and PS19;Lsd1”* littermates. D, Total brain weight of 12
month old littermates represented in Fig. 3.3C. Values are mean + SD (n=5). For all graphs: one-
way analysis of variance (ANOVA) with Tukey’s post hoc test (two-sided)
*P<0.05,****P<0.001. E-J, Representative image of T2- weighted RARE coronal MRI taken
from 6 months (E-G) and 10 months (H-jJ) of age in Lsd1”* (E,H), PS19 (F,J), and PS19;Lsd1"

*(G,J) mice (n=3). Arrow denotes region of hippocampal atrophy.
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mouse (green) and their corresponding expression changes in the PS19;Lsd1”* mouse (purple).

B, Scatter plot showing the correlation between the genome-wide log fold change in gene
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expression between PS19 Tau and PS19;Lsd17*. The most significantly changed genes in
PS19;Lsd1”* mouse are shown in red (upregulated) and green (downregulated). All other genes
are shown in grey. Dotted line represents 1:1 relationship between gene expression changes in
PS19 Tau vs. PS19;Lsd17*. Exacerbated genes fall to the right of the dotted line in the positively
correlated quadrant and to the left of the dotted line in the negatively correlated quadrant. Genes
with correlated expression changes are found in the top right and bottom left quadrants, while

genes that do not correlate are found in the opposite quadrants.
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Fig. 3.5 | LSD1 overexpression rescues the neurodegenerative phenotype in the
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hippocampus of 11 month old PS19 Tau mice. A-C, Representative image of H&E stained
CAL1 region of the hippocampus of 11 month old Wild Type mice injected with HA control virus

(WT- HA inj) (A), PS19 Tau mice injected with HA control virus (PS19- HA inj) (B), and PS19
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Tau mice injected with Lsd1 overexpressing virus (PS19- LSD1 inj) (C). Square brackets denote
thickness of pyramidal layer of the CA1 of the hippocampus and curvy brackets denote
hippocampal region with or without infiltrating cells. D, Quantification of the average number of
nuclei in the pyramidal layer of the hippocampus per area per mouse from histology represented
in Fig. 3.5A-C. Values are mean = SD (n=10, one-way analysis of variance (ANOVA) with
Tukey’s post hoc test, **p<0.01, ns=not significant). E, Representative H&E of PS19- LSD1 inj
mouse with abnormal nuclei blebbing in the CAL region of the hippocampus. E’-E’*’, High
magnified image of cells denoted by arrows in Fig. 3.5E of individual nuclei that are either
abnormally blebbed (E’, E”) or normal (E***). F,G, Immunohistochemistry staining of
HA(LSD1) in 11 month PS19- LSD1 inj mice. HA is either localized specifically to the nucleus
in all nuclei (F) or in only a few nuclei while it is partially sequestered in the cytoplasm in others
(G). F’-F’>’, High magnified image of cells denoted by arrows in Fig. 3.5F of nuclear HA
localization in individual nuclei. G’-G”*, High magnified image of cells denoted by arrows in
Fig. 3.5G of individual nuclei with HA(LSD1) either sequestered to the cytoplasm (G’, G”) or

confined to the nucleus (G’*?). Scale bars=50um.

SUPPLEMENTAL DATA
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Fig. S1: Sequestration of LSD1 in PS19 Tau mice. A-F, Representative immunofluorescence
showing DAPI (A,D), LSD1 (B,E), and merged (C,F) images in the CA1 region of the
hippocampus in 12 month old Wild Type (A-C) and PS19 mice (D-F). G-1, Representative
immunofluorescence showing DAPI (G), AT8 positive hyper-phosphorylated tau (H), and
merged (1) in the CA1 region of the hippocampus of 12 month old PS19 Tau mice showing
hyper-phosphorylated tau accumulation in the cytoplasm of the cell bodies. Arrowheads denote
hyper-phosphorylated tau. J-U, Representative immunofluorescence showing DAPI (J,M,P,S),
LSD1 (K,N,Q,T), and merged (L,O,R,U) images in the thalamus (J-L,P-R) and amygdala (M-
0O,S-U). In 12 month old control Wild Type mice (J-O), LSD1 is localized specifically to the
DAPI positive nuclei, but in 12 month old PS19 Tau mice (P-U) LSD1 is localized outside of the
nucleus. V-DD, Additional examples of immunofluorescence showing DAPI (V,Y,BB), LSD1
(W,Z,CC), and merged (X,AA,DD) of the cerebral cortex of 12 month old PS19 Tau mice.
Arrows denote cells where LSD1 is localized outside of the nucleus, asterisks denote LSD1
localized specifically to the nucleus, and § denotes cells where LSD1 is both nuclear and
cytoplasmic. n=7 mice analyzed (images representative of 6 of the 7 mice analyzed). Scale

bars=25um.
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Fig. S2: Generation of PS19 Tau mice with reduced levels of LSD1. a, PS19 Tau mice
carrying the P301S human tau transgene that are wild-type for Lsd1 were crossed with Lsd1
heterozygous mice. These crosses generated four genotypes: Wild Type mice (Lsd1*/*, grey),
Lsd1 heterozygous mice (Lsd1”*, orange), PS19 Tau mice that are wild-type for Lsd1
(PS19;Lsd1*"* referred to as PS19 Tau, green), and PS19 Tau mice that are heterozygous for
Lsd1 (PS19;Lsd17*, purple). Colors designated here are maintained throughout all figures. b,
Average transcripts per million (tpm) from RNA-sequencing of Lsd1 expression in the

hippocampus of Lsd1**, Lsd1”*, PS19 Tau, and PS19;Lsd1”* mice. Lsd1”* mice had a 30%
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reduction in expression compared to Lsd1** mice, and PS19;Lsd17* had a 26% reduction in
expression compared to PS19 Tau mice. Values are mean + SD (n=2, one-way analysis of
variance (ANOVA) **P<0.01, ***P<0.005). ¢, Representative image of protein levels in the
brain of Lsd1**, Lsd1”*, PS19 Tau, and PS19;Lsd1”* mice from LSD1 immunoblot and
corresponding total protein blot. d, Quantification of immunoblot for LSD1 normalized to total
protein loaded per sample as represented in Extended Data Fig. 2c. Compared to Lsd1** mice,
Lsd1”* mice had a 35% reduction and PS19 Tau mice had 20% increase in LSD1 protein levels.
PS19; Lsd1”* mice had a 31% reduction in LSD1 protein level compared to PS19 Tau mice.

Values are mean £ SD (n=3, one-way analysis of variance (ANOVA)).
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Fig. S3: Reduction of Lsd1l affects spinal cord in PS19 Tau mice. a, Grid performance test
measuring the distance traveled (grid squares traversed) with both forelimbs and hindlimbs in 6,
8, and 10 month old mice. Lsd1”* (orange, n=10,11,12), PS19 Tau (green, n=12,22,9), and
PS19;Lsd1”* (purple, n=8,18,8). Values are mean + SEM (two-way analysis of variance

(ANOVA) with Tukey’s post hoc test. ns=not significant). b-d, Immunofluorescence staining of
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NeuN (b), LSD1 (c), and merged with DAPI (d) in spinal cord motor neurons of 12 month old
Lsd1*"* control mice. e,f, Representative image of hematoxylin and eosin (H&E) staining of
motor neurons in 12 month old PS19 Tau mice (e) and PS19;Lsd1”* (f) littermates. g,h,
Representative image of immunohistochemistry staining for phospho-nuerofilament (brown)
counterstained with DAPI (blue) in the motor neurons of 12 month old PS19 Tau mice (g) and
PS19;Lsd17* (h) littermates. Arrows denote healthy motor neurons. Arrowheads denote

abnormal motor neurons. Scale bars=50um.

Lsd1** Lsd1™*

6 months
CA1

8 months
CA1 CA1

10 months

Posterior Hippocampus




49
Fig. S4: There is no exacerbation of neurodegeneration in PS19 Tau mice with reduced
Lsd1 until 10 months of age. a-p, Representative image of H&E staining of Lsd1*/* (a,e,i,m),
Lsd1”* (b,f,j,n), PS19 Tau (c,g,k,0), and PS19;Lsd1”* (d,h,I,p) littermates at 6 months (a-d), 8
months (e-h) and 10 months (i-p) in the CA1 (a-l) and posterior hippocampus (m-p). Brackets
denote thickness of pyramidal layer of the CA1 (a-l), and region of cell clearance in posterior

hippocampus (p). Scale bars=50um.
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Fig. S5: Increased neurodegeneration throughout the hippocampus and cortex of 12 month
old mice. a-p, H&E staining of 12 month old Lsd1** (a,e,i,m), Lsd1”* (b,f,j,n), PS19 Tau
(c,0,k,0), and PS19;Lsd17* (d,h,I,p) littermates in the CA1 (a-d) and CA3 (e-h) regions of the
hippocampus, the dentate gyrus (i-1), and the posterior hippocampus (m-p). Brackets denote
thickness of pyramidal layer of the CA1 (a-d), CA3 (e-h), the granule cell layer of the Dente

Gyrus (i-1), and region of cell clearance in posterior hippocampus (p). Scale bars=50um.
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Fig. S6: Reduction of Lsd1 does not affect AT8 positive tau pathology. a, Average transcripts
per million (tpm) from RNA sequencing of endogenous MAPT and the expression of the human
P301S MAPT transgene in the hippocampus of PS19 Tau, and PS19; Lsd1”* mice. Values are
mean £+ SD (n=2). b-j, Representative image of immunohistochemistry staining of
phosphorylated tau (AT8 antibody) of the CA1 region of the hippocampus in Lsd17* (b,e,h) ,
PS19 Tau (c,f,i), and PS19;Lsd1”* (d,g,j) littermates at 6 months (b-d), 8 months (e-g), and 10
months (h-j). Arrows denote AT8 positive immunoreactivity. Scale bars=50um. k-m,
Quantification of the average AT8 positive tau immunoreactivity per area from histology
represented in Extended Data Fig. 6b-j in the CA1 (k) and CA3 (l) regions of the hippocampus,
and the cerebral cortex (m) (6 months n=3, 8 months n=6, and 10 months n=6, box plot edges are
25" and 75" percentile, central line is the median, and whiskers are max and min). For all
graphs: one-way analysis of variance (ANOVA) with Tukey’s post hoc test (two-sided), ns=not

significant.
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Fig. S7: Reduction of Lsd1 does not affect PHF1 positive tau pathology. a-f, Representative
image of immunohistochemistry staining of PHF1 in the CAL1 region of the hippocampus in
Lsd1”* (a,d), PS19 Tau (b,e), and PS19;Lsd1"* (c,f) littermates at 8 months (a-c) and 10 months
(d-f). Arrows denote PHF1 positive immunoreactivity. Scale bars=50um. g-i, Quantification of
average PHF1 positive tau immunoreactivity per area from histology represented in Extended

Data Fig. a-f in the CA1 (g) and CA3 (h) regions of the hippocampus, and the cerebral cortex (i)

(n=4 box plot edges are 25" and 75" percentile, central line is the median, and whiskers are max



and min). For all graphs: one-way analysis of variance (ANOVA) with Tukey’s post hoc test

(two-sided), ns=not significant.
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Fig. S8. Differential expression in 9 month old Lsd1”*, PS19 Tau, and PS19;Lsd1”*
hippocampus. A,C,E, Heatmap of differentially expressed RNA-seq transcripts between Lsd1*/*
and PS19 Tau (A), PS19; Lsd1”* (C), and Lsd1”* (E) mouse hippocampus. Samples are
hierarchically clustered by relative expression of differentially expressed transcripts. Relative
higher (red) and lower (green) expression is indicated. B,D,F, VVolcano plot of log> fold-changes
in gene expression (x-axis) by statistical significance (-Logio P-value; y-axis) in PS19 Tau (B),
PS19; Lsd1”7* (D), and Lsd1”* (F) compared to Lsd1** mouse hippocampus. Each dot represents
a transcript, and the dotted line represents a significance log fold change cut off of 0.5. G-J,
Histogram of Gene Set Enrichment Analysis compared to KEGG pathways (G,H) and the
Reactome (1,J). The top ten most enriched (red) and depleted (green) gene sets in the PS19 Tau

(G,1) and PS19; Lsd1”* (H,J) are shown with normalized enrichment scores.
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Fig. S9: LSD1 overexpression in hippocampal neurons of PS19 Tau mice. a-d,
Representative immunofluorescence labeling in a WT- HA inj mouse showing DAPI (a), NeuN
(b), HA (which represents the LSD1 virus, hereafter denoted as HA(LSD1)) (c), and merged (d).
Viral produced LSD1 is present in NeuN+ neurons. Arrows denote NeuN+ cells that have HA
expression. Arrowheads denote cells that lack NeuN staining and also lack HA expression. e-h,
Representative immunofluorescence labeling showing DAPI (e), IBA1 (f), HA(LSD1) (g), and
merged (h). Asterisks denote cells stained positive for IBAL (e-h), which lack HA expression. i-
I, Representative immunofluorescence labeling showing DAPI (i), GFAP (j), HA(LSD1) (k), and
merged (I) images. Asterisks denote cells stained positive for GFAP (i-1), which lack HA
expression. m-n, Immunohistochemistry staining for HA(LSD1) showing expression localized to
the nucleus of neurons (m) specifically within the hippocampus (n). o, Representative image of
immunoblot for LSD1 protein and corresponding total protein blot in the hippocampus versus the
cortex of mice injected with either LSD1 or HA only expressing virus. p, Quantification of
immunoblot for LSD1 normalized to total protein loaded per sample as represented in Extended
Data Fig. 90 shows overexpression in the hippocampus, but not the cortex. Values are mean +
SD (n=3, one-way analysis of variance (ANOVA) with Tukey’s post hoc test (two-sided),
*P<0.05, ns=not significant. g-r, Representative image of immunohistochemistry staining of
phosphorylated tau (AT8 antibody) in the CAL region of the hippocampus in 11 month old WT-
HA inj (q), PS19- HA inj (r), and PS19- LSD1inj (s) mice. Arrows denote AT8 positive
immunoreactivity. Scale bars=50um. (t) Quantification of average AT8 positive tau
immunoreactivity per area from histology represented in Extended Data Fig. 99-s. Box plot

edges are 25" and 75" percentile, central line is the median, and whiskers are max and min (n=8,
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one-way analysis of variance (ANOVA) with Tukey’s post hoc test (two-sided), ns=not

significant).

WT- HA inj

PS19- HA inj

PS19- LSD1 inj

WT- HA inj

ee

6

PS19- HA inj

Percent of TLR2+ microglia
L)

PS19- LSD1 inj

Fig. S10: LSD1 overexpression reduces the gliosis in PS19 Tau mice. a-i, Representative
immunofluorescence showing DAPI (a,d,g), astrocyte marker GFAP (b,e,h), and merged (c,f,i)
images in WT- HA inj (a-c), PS19- HA inj (d-f), and PS19- LSD1 inj (g-i). Arrows denote

GFAP+ astrocytes. j-r, Representative immunofluorescence showing DAPI (j,m,p), microglia
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marker IBAL (k,n,q), and merged (l,0,r) images in WT- HA inj (j-1), PS19-HA inj (m-0), and
PS19- LSD1 inj (p-r). Arrows denote IBA1+ microglia. s-dd, Representative
immunofluorescence labeling showing DAPI (s,w,aa), microglia marker IBA1 (t,x,bb), activated
microglia marker TRL2 (u,y,cc), and merged (v,z,dd) images in WT-Ha inj (s-v), PS19-HA inj
(w-z), and PS19-LSD1 inj (aa-dd). Inset of microglia that is IBA1 positive but TRL2 negative
(s-v, denoted by arrowhead) or both IBA1 and TRL2 positive (w-dd, denoted by arrow). All
images are from the CA1 region of the hippocampus Scale bars=50um. ee, Quantification of the
percentage of microglia that are TRL2+ in WT- HA inj, PS19- HA inj, and PS19- LSD1 inj mice
represented in Extended Data Fig. 10s-dd. Values are mean + SD are (n=3, one- way analysis

of variance (ANOVA) with Tukey’s post hoc test, *p<0.05, **p<0.01, ***p<0.005).

Movie S1. Reduction of LSD1 in PS19 Tau mice exacerbates paralysis. (0-0:06 sec), Tail
suspension of 12 month old Lsd1”* mouse that has full mobility in hindlimbs and no paralysis.
(0:07-0:13 sec), Tail suspension of 12 month old PS19 Tau mouse that has a hindlimb clasp,
seen by holding legs contracted inward and not moving them, but is still mobile upon release.
(0:14-0:19 sec), Tail suspension of 12 month old PS19;Lsd17* mouse that is terminally

paralyzed.

Movie S2. Magnetic Resonance Imaging of hippocampal atrophy throughout the brain
when LSD1 is reduced in PS19 Tau mice. (0-0:33), Serial coronal slices from T2-weighted
RARE MR, starting posterior ending anteriorly, through the brain of a 6 month old Lsd1”*
mouse (0:03-0:13), PS19 Tau mouse (0:13-0:22), and PS19;Lsd1”* mouse (0:23-0:32). (0:33-

1:05), Serial coronal slices from T2-weighted RARE MRI, starting posterior ending anteriorly,
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through the brain of the same mouse Lsd1”* mouse (0:35-0:45), PS19 Tau mouse (0:45-0:55),
and PS19;Lsd1”* mouse (0:55-1:05) at 10 months old. High intensity areas (white/light grey)

signify ventricular dilatation.

Movie S3. Hippocampal injection of viral LSD1 did not affect development of paralysis in
PS19 mice. (0-0:13 sec), Tail suspension of 11 month old WT- HA inj mouse that has full
mobility in hindlimbs and no paralysis. (0:14-0:28 sec), Tail suspension of 11 month old PS19-
HA mouse that has a hindlimb clasp, seen by holding legs contracted inward and not moving
them, but is still mobile upon release. (0:29-37sec), Tail suspension of 11 month old HA- LSD1
inj mouse that similarly has a hindlimb clasp holding legs contracted inward and not moving

them, but is still mobile upon release.

Movie S4. Pathological Tau Induces Neurodegeneration by sequestering and inhibiting
LSD1. In healthy hippocampal and cortical neurons, LSD1 is translated in the cytoplasm and
transported through the nuclear pore into the nucleus where it is continuously required to repress
inappropriate transcription. In tauopathy, LSD1 is translated in the cytoplasm, but as
pathological tau accumulates in the cytoplasm it blocks LSD1 from being imported into the
nucleus. This interferes with the continuous requirement for LSD1, resulting in neuronal cell

death.

Data S1. (separate file)

Expression changes in 9 month old Lsd1”*, PS19 Tau, PS19;Lsd1”* mice. Spreadsheets for
all, significantly upregulated, and significantly downregulated transcripts. Provided for each
genotype with two biological replicates are the log2 fold change, P-value, and p adjusted-value

as determined by DESEQ?2.
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INTRODUCTION

Currently, our model posits that in healthy hippocampal and cortical neurons, LSD1 is
translated in the cytoplasm and transported into the nucleus, where it is continuously required to
repress inappropriate transcription. In tauopathy, pathological tau accumulates in the cytoplasm
and blocks LSD1 from being imported into the nucleus. This failed import interferes with the
cell’s continuous nuclear requirement of LSD1 to erase transcriptional memory, resulting in
inappropriate transcription and neuronal cell death. Despite convincing evidence for this model,
the mechanism of LSD1’s interaction with pathological tau remains unknown. The following
project aims to elucidate this mechanism by investigating the in vivo interaction between LSD1

and hyperphosphorylated tau (pTau).

As previously stated, tau is a phosphoprotein known to promote and stabilize the
formation of tubulin into microtubules in mature neurons (Weingarten et al., 1975), a function
that is critical for axonal maintenance and neuronal function (Alonso et al., 2018). Post-
translational modifications influence protein structure and function; in the case of tau,
phosphorylation promotes tubulin depolymerization (Lindwall and Cole, 1984; Castellani and
Perry, 2019). Therefore, regulation of this modification allows for modulation of tau function. In
healthy brains, the degree of tau phosphorylation is strictly regulated throughout development
(Alonso et al., 2018). In tauopathy cases, tau protein becomes aberrantly hyperphosphorylated,
disrupting microtubule stability and promoting tau oligomerization and somatodendritic
aggregation (Arendt et al., 2016; Castellani and Perry, 2019). Aggregated human tau has been
shown to exhibit prion disease properties, in which misfolding and subsequent aggregation can
induce further misfolding of both tau and other proteins (Sanders et al., 2014). Furthermore, it

has been shown that introduction of aggregated human tau into the brains of young P301S mice
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not yet exhibiting tau pathology induces immediate onset of tau aggregation that can be

transferred and maintained across several generations (Sanders et al., 2014).

The tau protein is itself highly disordered (Fig. 4.1A) meaning it has little secondary or
tertiary structure (Igbal et al., 2010). Highly disordered proteins have the structural flexibility
necessary to interact with multiple targets in a wide array of cellular processes (Wright and
Dyson, 1999; Skrabana et al., 2006). In the case of tau, flexibility may be advantageous for
improved interaction with an array of tubulins. Alternatively, LSD1 is highly structured, and is
thought to have completely ordered functional domains (Forneris et al., 2005; Jin et al., 2014).
However, human LSD1 also has an intrinsically disordered N-terminal domain of 172 amino
acids (Fig. 4.1B, indicated by arrows) whose functionality, besides the embedded nuclear
localization sequence, remains enigmatic (Forneris et al., 2005; Zibetti et al., 2010; Jin et al.,
2014). Interestingly, Tau has been shown to interact with the disordered domains of other
proteins such as the small nuclear ribonucleoprotein U1-70K (Diner et al., 2014; Bishof et al.,
2018). We therefore propose that tau associates with LSD1 via LSD1’s intrinsically disordered
N-terminal domain, blocking the embedded nuclear localization sequence and preventing LSD1

from entering the nucleus, resulting in neurodegeneration.

To investigate whether pTau interacts with LSD1 via its N-terminal disordered domain,
we aimed to remove this domain in vivo in tau transgenic mice. In doing so, we first had to
consider whether loss of this domain would disrupt or alter LSD1’s function. LSD1 is
evolutionarily conserved among mammals, Drosophila, C. elegans, and Arabidopsis (Fig. 2) (Shi
et al., 2004). However, the N-terminal disordered domain is only partially conserved across these
species (Fig. 2, indicated by arrows) (Forneris et al., 2005; Jin et al., 2014). Absence of this

domain in C. elegans and Arabidopsis suggests that LSD1 can still function without it in those
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organisms in vivo. Indeed, LSD1 exhibits conserved functionality in C. elegans (Katz et al.,
2009), and Arabidopsis (Jiang et al., 2007) despite absence of the N-terminal disordered domain.
Additionally, in vitro studies investigating LSD1 functionality utilize an N-terminally truncated
clone, which was found to exhibit demethylase activity comparable to in vivo studies (Forneris et
al., 2005; Zibetti et al., 2010). Considering these findings, we predict that N-terminally deleted

LSD1 can act as a functional demethylase in mammals.

We have taken two approaches to understand the interaction between LSD1 and pTau.
The first utilizes neuronal-specific viral vectors to overexpress either an N-terminally truncated
LSD1 protein or the full length LSD1 protein in the hippocampi of PS19 mice. This approach
will allow us to interrogate the role of the N-terminal disordered domain of LSD1 in the
interaction with pTau. LSD1 is translated in the cytoplasm and imported into the nucleus via
direct interaction between importin o proteins and the nuclear localization sequence found in the
N-terminal domain of LSD1 (Jin et al., 2014). Removal of the N-terminus including this nuclear
localization signal would abolish nuclear import of LSD1 (Jin et al., 2014). To resolve this issue,
we added the nuclear localization sequence back into the N-terminally truncated Lsd1 virus
(LSD1AN) (Fig 4.3). We aim to answer two questions with this AAV approach: 1) is LSD1AN
present in the nucleus despite tau aggregates, implying that the N-terminal disordered domain is
required for interaction with pTau? And 2) does overexpression of LSDIAN in the hippocampus
rescue tau-mediated neurodegeneration at least as well as full length LSD1, indicating that the N-

terminal disordered domain is not required for functionality in vivo?

Because the viral injection approach can only influence neurodegeneration in the
hippocampus and does not discount crosstalk-induced degeneration throughout the rest of the

CNS, injected PS19 mice still develop paralysis and die at the same rate as un-injected tauopathy
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mice (Engstrom et al., 2020), limiting our ability to observe the viral product’s localization and
effects on cell death beyond the onset of paralysis. Our second approach aims to create PS19
mice that produce a functional LSD1 product impervious to sequestration by tau aggregates. As
indicated in Figure 4.3, the unstructured domain of LSD1 spans the amino acids encoded by
exon 1 and a small part of exon 2. The intronic sequence between exons 1 and 2 of Lsd1 contains
important regulatory elements, so we generated a tau mouse with a complete exon 1 deletion in
one copy of the Lsd1 gene (PS19;Lsd14¥*). We predict that the truncated protein will no longer
be sequestered by pTau, due to the elimination of most of its disordered domain, allowing
LSDI1AN to enter the nucleus unencumbered. Because Lsd1”* mice appear phenotypically
wildtype (Engstrom et al., 2020), we predict that one copy of Lsd /AN would be enough to
maintain the nuclear pool of LSD1, despite tau-mediated sequestration of the full-length protein.
The best-case scenario is that the heterozygous (PS19;Lsd14V*) mice will not develop any
neurodegenerative or paralysis phenotype; however, there are multiple potential outcomes that
will inform us about the functionality of the N-terminus in vivo. By comparing the survival and
paralysis outcomes of these mice to tau (PS19) and tau mice with reduced LSD1 (PS19;Lsd17*),
we can start to deduce the degree of functionality, if any, of the N-terminal disordered domain,

and whether removal of the N-terminus of LSD1 can reduce sequestration by pTau.

RESULTS
Overexpression of LSD1AN rescues as well as full length LSD1 until one year of age

Our data from Chapter 3 demonstrate that overexpression of full length LSD1 in PS19

mice (PS19- LSD1 inj) after the onset of tau pathology temporarily rescues neurodegeneration,
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as measured by hippocampal cell counts in 11 month old mice (Engstrom et al., 2020). Here, we
assessed whether overexpression of N-terminally truncated LSD1 in PS19 mice (hereafter
referred to as PS19- LSD1AN inj) would recapitulate this rescue. First, we counted the cells in
the injected hippocampus of terminally paralyzed mice (ranging from 8.9-13.1 months) from
images of hematoxylin and eosin (H&E) stained tissue. As expected, we observed significant
neuronal cell death in PS19 mice injected with the HA-control virus compared to wildtype (Fig.
4.4A,B,E p=0.0002). Continued from our data in Chapter 3, we show a statistically significant
rescue of the neuronal cell death seen in the PS19- HA group upon overexpression of full length
LSD1 (Fig. 4.4B,C,E p=0.0079). The PS19- LSD1AN inj is not significantly different from the
wildtype, indicating that overexpression of the LSD1AN may have rescued (Fig 4.4A,D,E).
However, the PS19- LSD1AN inj group is also not statistically significant from the PS19- HA
group (Fig. 4.4E — p = 0.7803, comparing means of the PS19- LSD1AN inj group to the PS19-
HA inj group). This suggests that the rescue may be incomplete. Nevertheless, despite the lack of
significant difference between the PS19- LSD1AN inj group and the PS19- HA group, there is a
clear absence of the degenerating population in the PS19- LSD1AN inj group that is clearly
present in the Tau- HA inj group (Fig. 4.4B,D,E). This suggests that there is a rescue of at least
the most significantly affected population. Finally, comparing the PS19-LSD1 full length
rescued mice to the potential rescue seen in the PS19- LSD1AN inj group indicates that the
LSDI1AN protein may not be as functional as the full protein. Although more numbers would be
needed to determine definitively whether this is the case, this interpretation is further supported

by survival data from the PS19;Lsd14V* mice (Fig. 4.8).

Injection with truncated LSD1 does not result in neuronal blebbing
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Previously we showed that the rescue produced by full-length LSD1 overexpression is
incomplete — the majority of ‘rescued’ animals with high cell counts show blebbing morphology
that we propose to be a marker of slowed, ongoing cell death (Engstrom et al., 2020). Here we
show that 60% of all PS19- LSD1 inj mice exhibit CA1 blebbing (Fig. 4.7E, representative
histology Fig. 4.7A,C), while no PS19- LSD1AN inj mice exhibit CA1 blebbing (Fig. 4.7E,
representative histology Fig. 4.7B,D). Furthermore, 100% of PS19- LSD1 inj animals show
blebbing in some region of the hippocampus (Fig. 4.7E), while this number is substantially
reduced in animals overexpressing truncated LSD1 (38%). In comparison, we observed both
CAL1 and other hippocampal blebbing in a single PS19- HA inj mouse (11%). The comparative
lack of blebbing in the PS19- LSD1AN inj mice raises the possibility that neurons that don’t die
in these mice are potentially more rescued than what we observe in PS19 mice rescued by the
full-length protein. This finding is potentially consistent with a small group of PS19;Lsd14V"*

mice that may be more rescued (see below; Fig. 4.9).
Overexpressed LSD1AN localizes to the nucleus more consistently than full length LSD1

We observed that the blebbing morphology detected in H&E correlates to cytoplasmic
diffuse HA staining, which we suggest represents sequestration of the viral product preceding
cell death and clearance (Engstrom et al., 2020). We have recapitulated that result in this sample
of PS19- LSD1 inj mice, where all three animals with CA1 blebbing show cytoplasmic diffuse
HA staining in that region (two of the three shown in Fig. 4.6A,C), suggesting sequestration.
Contrastingly, PS19- LSD1AN inj mice show persistent nuclear HA staining (Fig. 4.6B,D), even
as late as 12.3 months of age (Fig. 4.6D), well past the onset of tau pathology. This suggests that
LSD1AN evades tau aggregates to be successfully imported into the nucleus. This finding could

potentially account for the lack of blebbing that we observe in PS19- LSD1AN inj mice (see
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above; Fig. 4.7), as well as a small group of PS19;Lsd14¥* mice that may be more rescued (see

below; Fig. 4.9).

PS19;Lsd14V"* mice show an intermediate survival phenotype to PS19 and PS19;LsdI7*

mice

To further explore the function of the N-terminal disordered domain of LSD1, we
generated a novel mouse line heterozygous for an exon 1 deletion of Lsd1 (hereafter referred to
as Lsd14V*). With the goal of creating PS19 mice that produce a functional LSD1 product
impervious to sequestration by tau aggregates, Lsd14¥* mice were crossed with PS19 mice,
generating four experimental genotypes at equal ratios: wildtype, Lsd1¥*, PS19, and
PS19;Lsd14V* (Figure 4.7). We would expect different phenotypes in these mice based on the
degree to which LSD1’s N-terminal disordered domain contributes to enzyme function and
association with pTau. If the N-terminal disordered domain is entirely required for LSD1
function, we would anticipate PS19;Lsd1”V* mice to have a similar phenotype to PS19 mice
with reduced LSD1 (PS19;Lsd1”*, see Chapter 3), because the truncated product from the
LsdIAN allele would be entirely compromised and no better than a null allele. If the N-terminal
disordered domain is partially required for LSD1 function and therefore the Lsd14N allele is
hypomorphic, then we might expect PS19;Lsd14¥* mice to have a phenotype slightly better or
worse than PS19 mice, depending on the degree to which truncation affects LSD1’s
functionality, as well as the disordered domain’s requirement for association with pTau. Finally,
if the N-terminal disordered domain is dispensable to LSD1 functionality and is required for
sequestration by pTau, we would anticipate a complete rescue of the PS19 phenotype. The
PS19;Lsd14V* mice would be effectively equivalent to our Lsd1”* mice, who do not present any

phenotypes. As seen in Figure 4.8A, PS19;Lsd14Y* mice (orange) appear to have a survival
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phenotype intermediate between normal tau mice (green) and tau mice that are heterozygous for
an Lsd1 loss of function allele (30% reduction in LSD1) (purple; data taken from Fig. 3.2A).
This suggests that the Lsd14""* allele may be hypomorphic for LSD1 function. However, because
this experiment is ongoing, and a survival curve is most informative once the entire population is
deceased, the remaining living mice >11 months were plotted by age in days in Figure 4.8B. This

figure more legibly represents the remainder of the colony.
PS19;LsdI4V* mice show a bimodal paralysis phenotype

Although we have not yet performed an objective measure of paralysis (i.e. rotarod, grid
performance) in the PS19;Lsd/“V* animals, we did record the age at clasp onset for all mice
during weekly monitoring. Figure 4.9 shows age at clasp onset (black dots), or current age for
mice that have no paralysis phenotype (blue dots, y = current age), for all living PS19 and
PS19;Lsd1“N* mice >11 months. All of the longest-lived PS19;Lsd1*"* mice show no sign of
paralysis, despite being older than one year of age. While the majority of the PS19;Lsd14V*
population developed terminal paralysis as indicated by Figure 4.8A, this evidence shows that
certain animals remain unaffected into old age, suggesting a potential bimodal distribution of the
paralysis phenotype. However, this interpretation is potentially mitigated by the presence of

control PS19 mice that also do not have a clasp at this advanced age.

Generation of Lsd14V4N animals will rule out the N-terminal disordered domain as

required for LSD1 function

Lsd1”- mice are embryonic lethal, arresting at E5.5 and are resorbed by E7.5 (Wang et al., 2007;
Wang et al., 2009). Therefore, if LSD1’s N-terminal disordered domain is functionally required

then we will not be able to breed mice homozygous for the exon 1 deletion of Lsd1. We have set
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up these crosses in both wildtype and tau backgrounds, with the latter expected to generate six
experimental genotypes: wildtype, PS19 Tau, Lsd14¥"*, PS19;Lsd14V*, Lsd14V4N, and
PS19;Lsd14V4N (Figure 4.10). However, we are having some difficulties genotyping the wildtype
band for the exon 1 deletion. As a result, we currently cannot distinguish between heterozygotes
and homozygotes. We are in the process of optimizing a new PCR genotyping reaction to detect
the wildtype band. Once that reaction is functioning, we will be able to determine if Lsd14V4V
mice are viable, and whether they have any phenotype. So far, these crosses have repeatedly
generated large litters (9+ pups), which decreases the likelihood that any genotype is embryonic

lethal. Furthermore, we have not observed perinatal lethality in these progeny.

DISCUSSION

We have previously shown that modulation of the histone demethylase LSD1 can alter
neurodegeneration in a tauopathy mouse model. We produced the first cytological evidence that
pathological tau can prevent LSD1 from properly localizing to the nucleus in hippocampal and
cortical neurons, where we previously showed it is continuously required. Based on studies that
have implicated tau’s intrinsic disorder in its association with the disordered domains of other
proteins (Diner et al., 2014; Bishof et al., 2018), we predicted that tau associates with LSD1’s N-
terminal disordered domain, blocking LSD1’s nuclear localization sequence from interacting
with importin proteins, and thereby sequestering it in the cytoplasm. From this proposed
mechanism we hypothesized that removal of LSD1’s disordered domain would prevent
sequestration by tau, resulting in persistent nuclear localization despite the presence of tau

pathology. We observed improved persistence in the nuclear localization of exogenous LSD1AN
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compared to full length LSD1, as late as one year of age, well past the onset of tau pathology.
This preliminary data suggests that LSD1’s N-terminal disordered domain is required for
association with tau.

We further hypothesized that removal of the N-terminal disordered domain would not
alter LSD1’s function. We demonstrated that overexpression of LSD1AN eliminates the
degenerating population consistently seen in age-matched samples of PS19- HA animals,
suggesting an effective rescue at this time point. Additionally, the presence of significant
blebbing in PS19- LSD1 inj mice and relative lack thereof in PS19- LSD1AN inj animals
potentially suggests an improved rescue by overexpression of truncated LSD1. However, we do
not currently have evidence that overexpressed LSD1AN rescues cell death longer than full

length (past 12 months), because these experiments are currently ongoing.

The majority of our PS19;Lsd1*V"* mice have paralysis. Presence of this phenotype could
be interpreted in one of two ways: 1) perhaps the exclusive deletion of exon 1 left enough of the
disordered domain remaining to allow for interaction with and sequestration by tau; and/or 2) the
N-terminal disordered domain, specifically the sequence encoded by exon 1, is partially required
for LSD1 functionality in vivo. We have three old PS19;Lsd1%V* mice living with no sign of
paralysis. While there are PS19 mice of a similar age that have yet to show a clasp, we feel
confident that those animals will eventually develop paralysis (Yoshiyama et al., 2007). It is
possible that the PS19;Lsd 1%V mice will show the same stochasticity as the PS19 mice;
however, it is also possible that these mice will never develop paralysis. This preliminary result
indicates that PS19;Lsd 1%V mice may be bimodally distributed, in that most are phenotypically

similar to PS19 mice, while some appear phenotypically wildtype and have a normal lifespan.
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Overall, PS19;Lsd1“N* mice show a survival phenotype intermediate to PS19 and
PS19;Lsd1”" mice. The fact that the PS19;Lsd 1Y mice show a worse survival phenotype than
PS19 mice with two normal copies of Lsdl suggests that LSD1AN is functionally compromised
compared to the full-length protein. However, because PS19;Lsd1*Y* mice appear to have a

better survival phenotype than PS19;Lsd "

animals, we argue that LSD1AN retains partial
functionality in vivo. This finding is consistent with the observation that full length LSD1
potentially rescues slightly better than the truncated version. In this case the possibility that a
hypomorphic allele can rescue at all may only be due to the viral expression, which results in 6-
fold overexpression compared to endogenous levels (Engstrom et al., 2020). This abundance of
partially functioning LSD1 could be compensatory, facilitating the elimination of the
degenerating population we observed in the viral injection experiment.

Alternatively, when the hypomorphic allele is expressed at normal levels in the mouse
colony, we can observe the consequences of its functional shortcomings in the form of paralysis
and shortened survival. Combined with our evidence that truncated LSD1 is impervious to
sequestration by tau, the argument that Lsd14N is a hypomorphic allele potentially further
explains the bimodal pattern of paralysis observed in the PS19;Lsd/*Y* mice. This is because the
neuronal cell death and paralysis would be explained by a combination of 1) the amount of
LSDI1AN versus full length LSD1 any cell is producing, 2) the tau burden in that animal, and 3)
how the loss of the N-terminal disordered domain ultimately affects LSD1 function.

As an epigenetic enzyme with a wide array of target loci, it is possible that LSD1’s
disordered domain is necessary for binding to certain targets or interacting partners (Sandhu,

2009), particularly in the case of transcriptional condensates at highly specific genomic loci as

proposed by Richard Young’s group at MIT (Shrinivas et al., 2019). If removal of the N-terminal
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disordered domain in vivo precludes LSD1 from demethylating a few specific targets, it is
possible that moving forward we will continue to observe a bimodal distribution of mice that die
early of paralysis, and mice that appear phenotypically normal and are long-lived. If this is the
case, we might anticipate that homozygosity of the N-terminal deletion would exacerbate this
bimodal distribution, where some homozygotes become terminal even younger than their
heterozygous counterparts and some remain unaffected. In the affected animals, neurons would
accumulate transcription-coupled H3K4me2 on the loci where truncated LSD1 cannot
demethylate. This would lead to inappropriate transcription of those loci, as well as further
accumulation of active epigenetic ‘bookmarks’. This would result in disruption of the cell’s
transcriptional program, leading to its dysfunction or death (Lee and Katz, 2020).

Alternatively, it is possible that homozygotes would show an improved phenotype
compared to heterozygotes because all their LSD1 would be truncated and therefore impervious
to sequestration. Despite the partial loss of function in LSD1AN, persistent nuclear localization
despite aggregation of tau could allow for LSD1 to demethylate targets most crucial to cell
survival, creating improved paralysis and survival phenotypes. Our preliminary data from the
PS19;Lsd1*¥"* colony only allow for speculation at this time, but as we continue to breed and age

these mice, we will soon have a much clearer idea of what is happening.

FIGURES
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Fig. 4.1 | Tau and LSD1 both have disordered regions. (A, B) Disorder frequency by amino

acid residue of human proteins tau and LSD1. (A) Tau is a highly disordered protein with very
little secondary structure (B) LSD1 is highly ordered, apart from the 172 amino acid intrinsically
disordered N-terminal domain indicated by bracket arrows. This figure generated at

http://iupred.elte.hu/ courtesy of Dr. David J. Katz and Dr. Stephanie M. Kyle.
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Fig. 4.3 | N-terminally truncated LSD1 constructs. Number of amino acids encoded by each
exon in Lsd1 (LSD1) in the endogenous mouse protein, as well as the HA-tagged protein product
produced by the LSDI1AN viral vector (LSD1IAN AAV), and the protein produced by the

LsdIAN allele in the mouse that we designed (LSD1AN mouse).
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Fig. 4.4 | Overexpression of LSD1AN rescues as well as full length. (A-D) Representative
images of histology used to collect the counts quantified in (E). (A) WT- HA inj mouse aged
11.4 months, (B) PS19- HA inj mouse aged 11.7 months, (C) PS19- LSD1 inj mouse aged 10.8
months, (D) PS19- LSD1AN inj mouse aged 10.8 months. Hippocampal thickness denoted by
square bracket ([), which is the same size for (A, C, D) but smaller in (B). All images taken on

20X objective. (E) Quantification of the average number of nuclei in the pyramidal layer of the
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hippocampus per area per mouse (<12 months old) from histology represented in Fig. 4.4A-D.
WT- HA inj n=17, PS19- HA inj n=17, PS19- LSD1 inj n=13, PS19- LSD1AN inj n=6. Values
are mean = SD (one-way analysis of variance (ANOVA) with Tukey’s post hoc test,
***p=0.0002, **p=0.0079, ns=not significant; PS19- HA inj — PS19- LSDI1AN inj also ns,

p=0.7803).

g
a
)
.}
®
(2]
o
—_ E . Lo .
k= Hippocampal blebbing in surgery mice
Z
= 150
2 2 mm CA1
- ] B3 Other regions
o K]
o = 100+
& §

3

[
E é 50
) ]
? ES
& 0-
% & & & @

N
o QX' :b?' s \Vé
& & N X
S
° N
Q (-2 )
R

PS19- LSD1AN inj

Fig. 4.5 | Only mice injected with the full length LSD1 virus show blebbing in the CAl. (A-
D) Representative images of age-matched histology showing blebbing in the CA1 quantified in
(E). (A-B) show 10 month old mice, while (C-D) show 12 month old mice. (E) Quantification
(%) of mice with CA1 blebbing (black) superimposed over the % of mice with blebbing in the

rest of the hippocampus (gray). Every mouse with CA1 blebbing also shows blebbing elsewhere.
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Therefore, 100% of PS19- LSD1 inj mice show blebbing somewhere in the hippocampus, 60%
of which also show blebbing in the CAl. None of the PS19- LSDIAN inj mice show CAl

blebbing, even past 1 year of age (D). All images taken on 20X objective.
-

Fig. 4.6 | LSD1AN virus remains nuclear even after sequestration in age-matched PS19-

LSD1 inj. (A) 10 month old PS19- LSDI inj mouse shows sequestration of exogenous LSDI1
tagged with HA (B) 10 month old PS19- LSDIAN inj mouse shows nuclear localization of
exogenous LSD1AN (C) 12.2 month old PS19- LSD1 inj mouse shows both cytoplasmic diffuse
(*) and nuclear exclusion (=) HA staining, demonstrating sequestration. (D) 12.3 month old
PS19- LSD1AN inj mouse shows consistent nuclear localization of the HA-tagged viral product

despite the presence of tau aggregates. All images taken on 20X objective.
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Figure 4.7 | Generation of mice heterozygous for the exon 1 deletion of Lsd1 in the tau
background. Cross of a PS19 hemizygote to a mouse heterozygous for the exon 1 deletion of

Lsd1 generates four experimental genotypes at equal ratios: wildtype (blue), Lsd14¥* (red), PS19

(green), and PS19;Lsd14¥* (brown).
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Fig. 4.8 | PS19;Lsd14V* mice show a survival phenotype intermediate of PS19 and
PS19;Lsd17* mice. (A) Ongoing survival curve: WT (blue) n=66, PS19 (green) n=66, Lsd1*N*
(red) n=34, and PS19;Lsd1*N* (orange) n=28 are all progeny >7 months old from the cross
shown in Fig. 4.10. PS19;LsdI”" (purple) n=44 data is taken from Fig 3.2A, which is why the
line is dotted and all of the mice are deceased. (B) Remaining living mice >11 months old in the
same colony: WT (blue) n=21, PS19 (green) n=12, LsdI*¥* (red) n=9, and PS19;LsdI*V*

(orange) n=4.
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Fig. 4.9 | Some PS19;Lsd14V* mice have no paralysis despite old age. Age at clasp onset of
living mice >11 months only (represented in Fig. 4.8B); black points represent animals living
with hindlimb paralysis and show y = age at clasp onset, blue points represent animals without a

clasp and show y = current age in days. PS19 n=12 and PS19;Lsd*V* n=4.
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Figure 4.10 | Generation of mice homozygous for the exon 1 deletion of Lsdl in the tau
background. Cross of a mouse heterozygous for the exon 1 deletion of Lsd1 with another of
these mice which also expresses the tau transgene (PS19;Lsd14V™) is expected to yield six
experimental genotypes: wildtype (blue, ~12.5%), PS19 (green, ~12.5%), Lsd14V* (red, ~25%),

PS19;Lsd14M* (brown, ~25%), Lsd14V4¥ (gray, ~12.5%), PS19;Lsd14V4¥ (purple, ~12.5%).
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Because the results in Chapter 4 represent a project that is very much ongoing, we are

taking some ‘future’ directions more immediately than others. The most imminent of these is
conclusive determination whether the exon 1 deletion of Lsd1 is embryonic lethal, which we will

be able to determine once we have optimized the PCR genotyping.

Based on our preliminary data from the PS19;Lsd1Y* mice, objective measures of
paralysis such as a rotarod and/or grid performance assay for grip strength for these mice relative
to their Lsd14V*, PS19, and PS19;Lsd1”* counterparts at different ages will inform which
genotypes share the most similar phenotype, providing more reliable evidence for the
contribution of LSD1’s N-terminal disordered domain in vivo. To better understand if the
paralysis in a majority of the PS19;Lsd/*V* mice is due to tau sequestering truncated LSD1 by
continued interaction with the remainder of the disordered domain in exon 2, we can create an
AAV viral construct that matches the PS19;Lsd V" mouse’s Lsd1 exon 1 deletion. If this exon
2-mediated sequestration model is the case, we would expect this virally produced LSDI1 to
continue to localize to tau aggregates in the cytoplasm. We are also interested in determining
whether overexpression of only the N-terminal disordered domain in PS19 mice can effectively
‘coat’ tau and prevent it from sequestering endogenous LSDI1 in the cytoplasm; this would
provide a promising drug target for AD. Finally, we could also create a viral construct in which
the N-terminal disordered domain remains intact, but the NLS is moved to the C-terminus.
Assuming that moving the NLS to the C-terminus is far enough away to avoid tau aggregates
from masking the NLS when LSD1 localizes to tau aggregates, this construct could enable a
fully functioning LSD1 protein to evade sequestration. If this works, we could then create a
mouse with the NLS moved to the C-terminus. This mouse would be expected to fully block tau

from causing neurodegeneration.
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To assess the validity of our speculation that the disordered domain is partially required
for LSD1 flexibility, and is therefore required for binding with specific chromatin targets, we can
perform RNA Sequencing and H3K4me2 ChIP of PS19;Lsd/*V* mice (and ideally
PS19;Lsd1*VN if we can generate them). These experiments will tell us which targets truncated
LSDI fails to interact with, and how the neuronal transcriptional program has changed as a
result. Taking the project in this direction would focus the story back on chromatin and has the

potential to provide new insights into the mechanism of LSD1 functionality in vivo.

In summary, the preceding chapters have demonstrated several important findings. We
have identified a novel role for the histone demethylase LSD1 in protection against
neurodegeneration — canonical LSD1 is required for neuronal survival (Christopher et al., 2017),
while conditional knockout of a neuronal-specific LSD1 isoform does not induce cell death
(Wang et al., 2015). We have shown that pathological tau sequesters LSD1 from the nucleus,
interfering with this critical role, and resulting in neuronal cell death in mouse models of AD.
This conclusion is corroborated by the fact that genetic reduction of Lsd/ in a PS19 tauopathy
mouse model exacerbates tau-mediated neurodegeneration, while overexpression of Lsd/
temporarily rescues cell death (Engstrom et al., 2020). Additionally, we provide preliminary
evidence suggesting that the interaction between tau and LSD1 occurs via the chromatin
modifier’s N-terminal disordered domain, which we have hypothesized may be partially required
for LSD1 functionality in vivo. These projects provide exciting new discoveries with the

potential to pioneer both the neurodegeneration and epigenetics fields.
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