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Abstract 
 

AN INVESTIGATION OF THE ROLE OF THE HISTONE DEMETHYLASE LSD1, AND ITS 
DISORDERED DOMAIN, IN NEURONAL MAINTENANCE AND TAU-MEDIATED 

NEURODEGENERATION 
 

By Amanda K. Engstrom 
 
Over a century ago, Alois Alzheimer first investigated the brains of dementia patients. Since 
then, researchers have been investigating the mechanism of neurodegeneration. Alzheimer’s 
disease (AD) is a tauopathy, due to deposition of tau protein into filamentous and insoluble 
aggregates. In AD, the amount of pathological tau (pTau) highly correlates with the degree of 
dementia, implicating pTau in the mechanism. In this dissertation, we provide evidence that 
pTau causes neurodegeneration by interfering with the lysine specific histone demethylase 1 
(LSD1/KDM1A). We show that deletion of Lsd1 in adult mice results in paralysis, hippocampal 
and cortical neurodegeneration, and genome-wide transcriptional changes that highly correlate 
with the those in the degenerating brain of AD cases. We find LSD1 aberrantly co-localized with 
pTau in the cytoplasm of AD cases. Additionally, in mice, we show that LSD1 is completely 
depleted from the nucleus of neurons with pTau. These data raise the possibility that tau 
contributes to neuronal cell death by sequestering LSD1 in the cytoplasm, which interferes with 
its required nuclear function. If LSD1 is the main target of pTau, then altering LSD1 levels 
should be sufficient to modulate the tauopathy phenotype. Strikingly, making tauopathy mice 
heterozygous for Lsd1 exacerbates the neurodegenerative phenotypes while overexpressing 
LSD1 in hippocampal neurons with pTau present can block the neurodegeneration. Additionally, 
Lsd1 heterozygosity exacerbates the expression changes induced by pTau, but does not induce 
new pathways. These data argue that pTau is functioning through LSD1 to induce 
neurodegeneration. This suggests that it may be possible to target the LSD1 pathway for 
therapeutic intervention. Therefore, we focused on the interaction between pTau and LSD1. 
Preliminarily, our data suggests that the N-terminal disordered domain of LSD1 is necessary for 
the interaction with pTau. This makes this domain a potential target for therapeutic intervention. 
However, utilizing a novel N-terminal deletion of Lsd1 mouse model, we find that this domain 
may have a required function. Our results provide direct functional evidence that pTau induces 
neurodegeneration through the sequestration of LSD1, likely by interacting with the N-terminal 
disordered domain. This novel mechanism provides a highly promising target for therapeutic 
intervention in tau-mediated neurodegeneration.  
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CHAPTER 1: 

 

An Introduction to Neurodegeneration and  

Epigenetic Regulation 

  



 2 

1.1 Tau’s neuronal function and role in neurodegeneration 

Neurodegenerative diseases are progressive brain disorders that result in dementia due to 

neuronal cell death. Patients are unable to form or recall memories, problem solve, perform basic 

daily functions, and even have personality changes1. A subset of neurodegenerative diseases are 

classified as tauopathies such as, Pick’s disease, cortobasical degeneration, frontotemporal 

dementia with Parkinsonism linked to chromosome 17(FTDP-17), and Alzheimer’s disease 

(AD)2,3. Currently, there are no methods to prevent or cure tauopathies, only temporary 

treatments for the symptoms4. Despite the identification of tau-mediated neurodegeneration as a 

leading cause of dementia, the molecular mechanism(s) of neuronal cell death is unclear5. 

Therefore there is a pressing need to further understand tau biology and the mechanism of 

neuronal cell death when tau aggregation has occurred. 

 

1.1.1 Biological function of tau in neurons 

The tau protein is highly conserved from flies to humans. Tau is predominately present in 

the axons of neurons and functions to stabilize microtubules (MTs), although tau is also found in 

oligodendtrytes and astrocytes6. There are six major isoforms of tau expressed in the adult 

human brain. All are derived from the single MAPT gene and generated by alternative splicing. 

The MAPT gene consists of 16 exons and alternative splicing occurs at exons 2,3, and 107. The 

tau protein is characterized by a MT-binding domain at the carboxy-terminal (C-terminus) 

followed by a basic proline-rich region and an acidic amino-terminal (N-terminus) referred to as 

the ‘projection domain’. The MT-binding domain is composed of repeats of a highly conserved 

tubulin-binding motif. This domain is made up of either three or four repeats (depending on the 

splicing of exon 10), which is the first major difference between the various isoforms8. 
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Additionally the isoforms can differ in the presence or absence of either one or two 29 amino-

acid-long inserts at the N-terminal domain. Therefore the six isoforms are referred to in two 

parts, first as either 3or 4R  and then as 0 or 1 or 2N signifying the number of MT-binding 

repeats and the number of acidic N-terminal inserts present in the protein. For example, the 

4R2N tau protein contains all four MT-binding repeats and two of the amino-acid inserts in the 

N-terminal domain9,10. All isoforms are broadly functionally similar, but it is likely that they 

have precise differences in their cellular function11. There are also some differences in the 

expression of the isoforms during development, however in most regions of the adult brain, the 

3R and 4R tau isoforms are expressed in a 1:1 ratio12. Deviations in this ratio are characteristic of 

neurodegenerative diseases7,12. Additionally, in some disease such as AD, all isoforms are 

present in tau pathology, however there are tauopathies in which only specific isoforms become 

pathogenic9,12.  

Functionally, it has been shown that the MT-binding repeats bind to specific pockets of 

β-tubulin at the inner surface of the MTs. The positively charged proline-rich regions tightly bind 

to the negatively charge MT-surface.12 Tau is one of many MAPs (Microtubule Associated 

Proteins) that are redundant in function in order to stabilize MTs throughout the entire axon13. 

Interestingly, there is evidence that tau may also engage with other structures and enzymes, 

including RNA and presenilin 1 (PS1)9. The biological relevance of these functions are unclear, 

however this does support the notion that tau is a promiscuous binding protein that is prone to 

heterogenous interactions. 

Another important aspect of tau function is its post-translational regulation primarily 

through serine/threonine-directed phosphorylation14. This phosphorylation is important to 

modulate the binding affinity of tau for MTs, and it is tightly regulated15. Tau phosphorylation is 
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substantially higher during development of the fetal brain, and considerably lower in the adult 

brain. Under normal physiological conditions, tau is in a constant dynamic equilibrium on and 

off MTs, which is controlled primarily by the phosphorylation state of tau14. Importantly, 

aberrant tau phosphorylation is always observed in the course of tau-mediated 

neurodegeneration.  

 

1.1.2 The pathophysiology of tauopathies 

Under pathological conditions, tau is highly phosphorylated, and the negative charge of the 

phosphate residues neutralize the positive charge of the MT-binding domain15. This 

neutralization induces detachment of tau from tubulin and perturbs the tightly regulated 

equilibrium of bound versus unbound tau, resulting in an abnormal increase in the level of free 

tau16. It has been suggested that the higher cytosolic concentration of tau increases the chances of 

the pathogenic conformational changes that in turn lead to the aggregation and fibrillization of 

tau9. Additionally, the altered conformation of tau, due to hyperphosphorylation, could 

contribute to its higher susceptibility for aggregation17. Ultimately, it is this aggregate form of 

tau that is the hallmark of tauopathies.  

All tauopathies have deposition of tau protein into filamentous and insoluble aggregates 

that become sequestered into neurofibrillary tangles (NFTs) in neurons and into glial tangles in 

astrocytes and oligodendrocytes. However, each tauopathy varies in manifestation and clinical 

presentation. Firstly, there are those tauopathies that primarily affect neurons versus those that 

primarily affect glial cells. Additionally, tauopathies differ in isoform composition, aggregate 

conformation, and anatomical distribution of cellular tau pathology. The clinical spectrum of 
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tauopathies includes a range of symptoms from primary motor defects to primary cognitive 

dysfunction, and combinations of the two4.  

Tauopathies include, but are not limited to, Alzheimer disease (AD) and frontotemporal 

lobar degeneration with tau (FTLD-Tau). FTLD-Tau subtypes include, progressive supranuclear 

palsy (PSP), corticobasal degeneration (CBD), Pick disease (PiD), and frontotemporal dementia 

with parkinsonism-17 (FTDP-17) 2,10,18. AD is classified as a secondary tauopathy and will be 

described in further detail below19. Presently, FTLD is the preferred term used to describe a 

spectrum of non-Alzheimer’s degenerative conditions associated with focal atrophy of the frontal 

lobes and/or temporal lobes20. However not all FTLD patients have tau aggregates. In addition to 

tau, FTLD patients can present with inclusions of TDP-43, FUS, or ubiquitin inclusions. In 

addition to FTLD-Tau, our lab is also interested in FTLD with TDP-43 inclusions (FTLD-

TDP)21-23. Our efforts to understand FTLD-TDP will be discussed later in the ongoing 

experiments.  

One of the major distinguishing features between tauopathies is the tau isoform involved. In 

AD, all six isoforms are abnormally hyperphosphorylated. However, in Pick’s disease there is a 

prominence of pathological 3R tau, which forms aggregates (in this case called Pick bodies), 

while CBD and PSP tau pathology primarily consists of the 4R tau isoforms21,23. In addition, the 

confirmation of the tau pathology varies among tauopathies. Recently, structural analysis has 

shown that each tauopathy could be characterized by disease-specific misfolded conformation24. 

It has been suggested that cross-talk between different post translational modifications, such as 

ubiquitination, influence tau filament structure which contributes to the structural diversity of 

tauopathies25. Lastly, the variations of pathological tau give rise to distinct clinical presentation. 

Patients with CBD and PSP typically present with motor deficits and eventually cognitive 
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dementia due to nerve cell loss and atrophy in the cerebral cortex, basal ganglia and brain stem21. 

Interestingly, analysis of post mortem brains of both CBD and PSP cases suggests that there is 

tau pathology present in glial cells as well as neurons26. Although rare, there is also a familial 

form of FTLD-Tau caused by MAPT mutations. The MAPT gene is located on chromosome 

17q21.1, and over 50 different pathogenic mutation have been reported including missense, 

silent, and splice-site mutations27.  

 

1.1.3 Tau’s role in Alzheimer’s disease 

The most common form of late onset dementia is Alzheimer’s disease (AD)1. The etiology 

of AD is different from the FTLDs in many ways. AD is characterized as a secondary tauopathy 

due to the accumulation of β-amyloid plaques as well as tau pathology28. Genetic forms of AD, 

known as early onset or familial AD, are the result of mutations in the amyloid precursor protein 

(APP), as well as presenilin-1 (PS1). APP is a type 1 transmembrane protein, and PS1 is the 

catalytic subunit of γ-secretase, an intramembranous protease that cleaves a variety of type 1 

transmembrane proteins, including APP29,30. The identification of these causative mutations in 

APP and PS1 gave rise to the “amyloid cascade hypothesis.” This hypothesis postulates that β-

amyloid is the causative agent of AD’s pathology and that the NFTs, cell loss, vascular damage, 

and dementia follow as a direct result of the deposition of β-amyloid31. The amyloid cascade 

hypothesis highlights the importance of both β-amyloid and tau in the pathway of AD. However, 

thus far trials in AD patients using drugs that target β-amyloid plaques have been shown to 

reduce β-amyloid plaque burden in the brain, but have had no effect on dementia. Additionally, 

in AD patients, tau aggregation is more tightly correlated to severity of disease. This has led to 

the current thinking that β-amyloid may be critical in the initiating process, but may not be the 
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factor that ultimately results in neuronal cell death. Instead β-amyloid may serve as the catalyst 

that initiates a series of pathophysiological events, including the formation of NFTs31-36. 

NFTs are primarily composed of aggregated hyperphosphorylated tau, which ultra-

structurally appears as paired helical filaments. The hyperphosphorylation releases tau from 

binding to microtubules, enabling it to aggregate and form NFTs within the neuronal processes 

and the cell body of neurons9. In AD, the paired helical filaments that are associated with neuritic 

plaques are referred to as neuropil threads. Lastly, tau aggregates can be found intraneuronal as 

ghost tangles, which are the result of the death of neurons containing NFTs and distinguished by 

the absence of a nucleus or cytoplasm37.   

Neuropathological studies on the postmortem brains of AD cases provided the first 

evidence that there is a temporal and special hierarchy to the observed tau pathology. Recent 

studies have shown that the temporal and spatial accumulation of tau inclusions in specific brain 

regions may be due to the propagation of aggregated tau between synaptically connected 

neurons38,39. The inter-neuronal propagation of abnormal tau is referred to as “tau spread.”40,41 

The progression of this spreading gave rise to what is now referred to as Braak staging. 

Originally, it was thought that the first appearance of tau pathology was in the transentorhinal 

cortex (Braak I-II). However recent data has shown that tau pathology can be observed earlier in 

the locus caeruleus (Braak a-c). From the entorhinal cortex, neurons project into the 

hippocampus, and tau pathology gradually advances into the CA1 of the hippocampus (Braak II). 

Tau pathology eventually spreads into the limbic structures and the inferior temporal neocortex 

(Braak III), then the amygdala and thalamus (Braak IV) and ultimately into the neocortex (Braak 

V-VI)42-44.  
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1.1.4 Modeling tauopathy in animal models 

Many animal models and cell culture systems have been used to investigate the effects of 

pathological forms of tau and how this leads to neurodegeneration. Despite the fact that mouse 

and human tau share 88% identity, spontaneous developments of tau pathology has not been 

observed in rodents45,46. Thus, it is necessary to utilize animal models that develop artificially 

driven tau pathology. A wide variety of models have been utilized, including C. elegans, 

Drosophila, mice, and cell lines47. Additionally, there are various approaches to modeling tau 

pathology, ranging from altering or deleting endogenous tau to overexpressing wildtype or 

mutated forms of human tau, and altering proteins that affect tau phosphorylation. Models have 

also been made to specifically target pathological tau to neurons or glial cells, and even specific 

neuronal cell types within the brain45,48. All of these models have contributed to our knowledge 

of tau etiology. However, many of these are outside of the scope of this thesis. For this 

introduction, I have included a description of the tauopathy mouse model that was utilized in this 

dissertation, and discuss any other models of relevance where necessary later in the dissertation.  

My research utilized the PS19 tauopathy mouse generated by Virginia Lee’s lab in 

200749. The PS19 mouse (referred throughout this dissertation as PS19 Tau) is a transgenic 

mouse that overexpresses the P301S mutated form of the 4R/1N human tau protein five-fold 

higher than the endogenous mouse tau protein49. The transgene insertion occurred at 

Chr3:140354280-140603283 (Build GRCm38/mm10) and causes a 249Kb deletion that does not 

affect any known genes50. It is driven by the prion (PrP) promoter and therefore is predominantly 

expressed in neurons throughout the entire nervous system. The P301S mutation was first 

identified in a patient with familial early onset frontotemporal dementia with parkinsonism 

(FTDP-17). The P301S mutation, where a proline at position 301 is replaced with a serine, is due 
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to a point mutation at chromosome 17:44087754 that converts the genetic code from CCG to 

TCG51. In vitro, the P301S mutation in the tau protein results in greatly impaired microtubule 

binding and an increased tendency to self-assemble into paired helical filaments49.   

PS19 Tau transgenic mice have abundant hyperphosphorylated Tau4R filaments form 

NFTs throughout the brain and spinal cord. These mice develop neuronal loss and brain atrophy 

primarily in the hippocampus but also spreading into other brain regions including the neocortex 

and the entorhinal cortex. Importantly they do not have β-amyloid plaques and all effects are due 

to the transgenic tau. In contrast, overexpression of wildtype human tau in the same mouse 

system does not cause tau aggregation or neuronal cell death. PS19 Tau mice have a highly 

stereotyped onset and progression of disease. Although time of the progression of paralysis (how 

long it takes to progress from a hindlimb clasp to terminal paralysis) is variable, all mice with the 

P301S tau transgene develop the tauopathy phenotype. Prior to the appearance of tau by 

histology, hyperphosphorylated tau can be found in brain homogenates as early as 1.5 months. 

At three months, mice display a clasp or hind limb retention, along with synapse loss and the 

first signs of microgliosis. At six months, there is reduced long term potential (LTP) in the CA1 

region of the hippocampus and cognitive impairments. Particularly there are severe deficits in 

spatial learning and memory, as well as deficits in contextual fear conditioning. Histologically, 

between six to eight months, hyperphosphorylated tau aggregates are present throughout the 

hippocampus. Over time tau aggregation forms NFTs throughout the neocortex, amygdala, brain 

stem, and spinal cord. This is coupled with increased gliosis throughout the brain. Ultimately 

PS19 Tau mice undergo neuronal loss, which results in roughly a 20% reduction in brain volume 

at one year of age, and terminal paralysis due to motor neuron loss in the spinal cord. Overall, by 

one year, 80% of PS19 Tau mice are dead, with a median survival of about nine months49. 
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Recently, there have been reports that indicate a delay in onset of pathology based on the genetic 

background. Importantly, we do not observe genotypic background effects because all mice are 

maintained on the same genetic background.  

The PS19 Tau mouse serves as our model for tauopathy and allows us to investigate the 

mechanism of cell death. To this point, PS19 Tau mice have been well characterized and utilized 

to investigate the effect of tau aggregation throughout the brain. In this study, we utilize the PS19 

Tau mouse to address the novel question - “How does accumulation of pathological forms of tau 

directly result in neuronal cell death?” In order to address this question, we will combine the 

fields of tau mediated neurodegeneration, and epigenetic regulation in post-mitotic neurons.  

 

1.2   Epigenetic regulation in the nervous system 

Over the past few decades genetic mutations have shed light on many neurological diseases. 

However in some cases genetic mutations were not sufficient to fully explain the mechanism. 

Epigenetic regulation offers an additional layer of complexity to neurological diseases. This has 

given rise to the field of neuroepigenetics. For the scope of this dissertation I will first describe 

the basic mechanisms of epigenetic regulation, with a focus on their role within the central 

nervous system (CNS). Then I will describe the role of epigenetic regulatory proteins in CNS 

aging and degeneration. Lastly, I will describe the function of the histone-modifying enzyme 

LSD1, and propose a model for how LSD1 is involved in tau mediated neurodegeneration.  

 

1.2.1 DNA methylation  

DNA methylation is a well-described epigenetic layer of gene expression classically 

associated with suppression of gene transcription52. This is generally the case for DNA 
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methylation in regions near the transcription start site (TSS), however recent data suggests that 

gene body methylation likely increases transcriptional activity53. The process of cytosine 

methylation occurs by the addition of a methyl group to the fifth position of the cytosine base 

(5mC or 5-methylcytosine). DNA methylation in mammals predominantly occurs within 

cytosine-guanine (CpG) dinucleotide sequences54,55. However, recent data has demonstrated that 

a small amount of 5mC can occur at non-CpG sites, as well as methylation on other nucleotides. 

During methylation, the methyl group is donated by S-adenosylmethionine and the reaction is 

catalyzed by DNA methyltransferase enzymes (DNMTs). Although 5mC is very stable, some 

DNA demethylation by-products, such as 5-hydroxymethylcytosine (5hmC)56, have been shown 

to be biologically functional suggesting DNA methylation and demethylation is a dynamic 

process. The removal of the methyl group can take place in an active or passive manner, leading 

to the recovery of nonmethylated cytosine. The passive process occurs during DNA replication. 

However, since neurons are post-mitotic, they require active demethylation57. This active 

demethylation of 5mC, which results in variations of methylated cytosine, has been shown to 

play important roles in CNS development, function, and disease57-59.  

DNMT1, the maintenance methyltransferase, recognizes palindromic hemimethylated CpG 

dinucleotides and adds a methyl group to the unmethylated cytosine on the opposite strand60. 

DNMT1 is the enzyme that allows for the inheritance of methylation marks on DNA through 

replication and cell divisions56. In addition, the methyltransferases DNMT3a and DNMT3b can 

methylate cytosines de novo, without the context of other methylated residues61. The removal of 

methyl marks on DNA involves enzymes that were previously implicated as part of the DNA 

repair machinery such as ten eleven translocation proteins (TET 1-3), growth arrest and DNA 

damage-45 (GADD45), and activation-induced cytidine deaminase (AID)55. TET1 removes 
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DNA methylation through a series of oxidation reactions, which leads to variant forms of 5mC, 

starting with 5hmC mentioned above, then 5-formylcytosine, and 5-carboxylcytosine62,63.  

DNMTs and DNA methylation are dynamically regulated through development and in the 

adult nervous system64. Non-specific inhibition of DNMT activity altered the methylation 

landscape surrounding plasticity promoting genes such as brain-derived neurotrophic factor 

(BDNF)65. In neuronal stem cells, DNMT3a was associated with methylated non-proximal 

promoter regions of genes that are transcribed during neurogenesis. Furthermore, when Dnmt3a 

and Dnmt1 were deleted in excitatory neurons of the postnatal forebrain in mice, mutants 

displayed impaired long-term spatial and contextual memory. Deletion of Dnmt3a and Dnmt1 in 

post mitotic neurons also resulted in learning and memory deficits, but not neuronal cell loss, and 

hippocampi from these mice displayed abnormal long-term potentiation following stimulation, 

suggesting that learning deficits are due to neuronal plasticity66. Interestingly, mice with a single 

mutation in either Dnmt3a or Dnmt1 in the brain do not display these deficits, suggesting some 

redundancy in their role in regulating neuronal processes.  

Similar to the regulation of DNA methyltransferases, enzymes that remove DNA 

methylation are highly regulated. TET1 enzymatic function is induced by neuronal activity to 

catalyze 5mC to 5hmC. As a result, 5hmC is most highly enriched in the brain compared to any 

other tissue. 5hmC, which occurs exclusively in the CpG context, is acquired in a 

developmentally dependent manner, and is enriched in the gene bodies of highly expressed 

genes65,67,68. TET1 expression has been shown to positively regulate subsets of genes associated 

with learning and memory69, and TET1 null mice have impaired synaptic plasticity and memory 

extinction70. Together this suggests that 5hmC, and the function of TET1 DNA demethylation, is 

involved in active transcription of activity-related genes within neurons.    
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1.2.2 Histone modifications 

Histones are a highly conserved set of proteins that, along with DNA, make up the nucleosome. 

Nucleosomes are the basic repeating unit of chromatin fibers which provide structure and 

support in order to compact the genome in an organized and regulated manor. Histones assemble 

in an octamer comprised of two copies of each of the four core histones H3, H4, H2A, and 

H2B72,73. Roughly 147 base pairs of DNA is wrapped around a single histone octamer to form a 

nucleosome. Histone modifications influence local gene expression by altering the charge of 

nucleosomes, or by recruiting proteins that alter the spacing of nucleosomes71. Individual 

nucleosomes are linked by the histone H1, referred to as a linker histone, which associates with a 

short linker DNA segment71,74,75. This nucleosomal organization provides for higher-order 

chromatin structure, which facilitates or inhibits access of gene regulatory machinery, thereby 

adding an additional layer of transcriptional control. The mechanism for this control is through 

post-translational modifications (PTMs). These PTMS occur predominantly on the N-terminal 

tails, which are less structured than the core of the octamer. Modifications such as acetylation 

directly affect the three-dimensional structure of the chromatin, whereas methylation, 

phosphorylation, and ubiquitination recruit proteins that can either activate or repress gene 

transcription by using ATP to alter the spacing of nucleosomes59.  

 Similar to DNA methylation, histone modifications are reversible and highly dynamic. 

Enzymes that add PTMs to histones are referred to as ‘writers’ while those that remove PTMs 

are referred to as ‘erasers.’74,76,77 Proteins that recognize modifications on chromatin to direct 

transcriptional outputs are referred to as “readers”. Reader proteins such as chromatin 

remodelers, recognize specific histone modifications and reposition the histone octamers along 

the linear DNA in order to regulate the spacing of nucleosomes and DNA accessibility78,79. 
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Additionally, histone variants including H2A.Z, H2A.X, and H3.1-3, are all structurally different 

from the canonical histones. These structural differences affect the stability of nucleosomes 

within the chromatin fiber. Histone variants are also subject to PTMs and can influence 

chromatin dynamics in specific tissues or developmental paradigms75. 

 Histone acetylation at lysine residues is generally associated with transcriptional 

activation by promoting euchromatin formation through loosening DNA-histone binding. 

Acetylation of a lysine residue removes the positive charge of the nucleosome and therefore 

increases the space between the nucleosome and DNA. This can be functionally seen by the 

disruption of the proposed higher-order chromatin structure called the 30nm fiber by acetylation 

of lysine 16 on histone 4 (H4K16)80. This state facilitates the binding of transcription factors and 

other regulatory proteins. Histone acetylation is regulated by two classes of enzymes: histone 

acetyltransferases (HATs) that add acetylation and histone deacetylases (HDACs) that remove 

acetylation57.  

 Histone methylation can occur at lysine and arginine residues and will alter the three-

dimensional structure of chromatin, however the effect on transcription is dependent on the 

methylation state and the residue being modified81. Enzymes that add methyl groups to either 

lysine or arginine residues are histone methyltransferases (HMTs), such as the SET family of 

enzymes. Methylation marks are removed by histone demethylases. HMTs can transfer one, two, 

or three methyl groups to each residue82,83. However in the case of histone demethylases there 

are two major classes. Amine oxidase demethylases, LSD1/KDM1A and LSD2/KDM1B, are 

only capable of removing mono- and dimethylated residues84. Removal of trimethylation marks 

is accomplished by a set of Jumonji domain (Jmj) containing demethylases85.  
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 The most well characterized histone methylation mark is methylation of lysine 4 on 

histone 3 (H3K4). H3K4 can be mon-, di-, or trimethylated by the HMT called mixed lineage 

leukemia (MLL) in mammals. H3K4 mono- and di- methylation (H3K4me1/me2) are removed 

by the amino oxidase demethylase, LSD1, while H3K4 trimethylation (H3K4me3) is removed by 

the Jmj containing demethylases JARID1a/KDM5A and JARID1b/KDM5B. H3K4me3 

facilitates transcriptional activation and is primarily found at the promoters of active or poised 

genes86,87. In addition to being found at promoters and the 3’ region of active genes, H3K4me1 is 

also associated with enhancer regions that can be distant from the transcriptional start sites of 

genes88.  

In contrast to H3K4 methylation, methylation of lysine 9 on histone 3 (H3K9) is 

associated with gene repression. H3K9 is primarily di-, or trimethylated (H3K9me2/me3) and 

can be methylated by several methyltransferases, including SUV39H1, G9a, and SETDB189,90. 

H3K9me is removed by the Jmj containing demethylase JHDM2A/KDM3A. H3K9me2/me3 

often correlates with the presence of DNA methylation in the mammalian genome, and it has 

been suggested that H3K9me can be inherited together with DNA methylation through cell 

division to maintain repressive chromatin regions. Additional histone methylation marks such as 

H3K36, H3K27, and H4K20 all play distinct roles in either active (H3K36 and H4K20) or 

repressive (H3K27) chromatin states57,91,92. These and other histone PTMs, and well as DNA 

methylation, operate in tandem to regulate chromatin structure and in most cases the relationship 

between them is complex and still unclear93.  

Many histone-modifying proteins play important roles during differentiation and early 

development. For example, in mammals many histone-modifying enzymes are essential and 

deletion of them is embryonic lethal. However, histone-modifying enzymes also continue to play 
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important roles in the adult CNS. Histone-modifying enzymes and their corresponding histone 

function in synaptic plasticity, learning, and long-term memory formation58. Manipulation of 

HDACs and HATs affect a range of cognitive functions ranging from memory performance, 

such as in fear conditioning and spatial learning, to long-term potentiation (LTP). But the exact 

phenotype observed is dependent on which HDAC is manipulated and whether the HDAC is 

deleted or overexpressed. These findings suggest that different HDACs act as crucial positive 

and negative regulators of learning and memory94-97. Deletion of enzymes that modulate histone 

methylation, such as LSD1 and some of the JARID proteins, are typically embryonic or neonatal 

lethal98. Nevertheless, manipulation of these enzymes in the CNS typically results in learning 

and memory defects, reduced spin density, and neurite maturation defects99.  

 

1.2.3 Noncoding RNAs that regulate chromatin 

Noncoding RNAs (ncRNAs) are functional RNA molecules that are transcribed from DNA 

but not translated into proteins. ncRNAs are divided into classes by their length. The arbitrary 

cutoff between long and short RNAs (lncRNAs and sncRNAs respectively) was set at 200 bases, 

regardless of function. Three major classes of sncRNAs are microRNAs (miRNAs), short 

interfering RNAs (siRNAs), and piwi-interacting RNAs (piRNAs)100. All of these groups of 

ncRNAs have been implicated in establishment and regulation of chromatin states, and have 

been shown to play a role in heterochromatin formation, histone modification, DNA methylation 

targeting, and gene silencing101.  

 The best-studied example of ncRNAs role in chromatin regulation is the process of X-

inactivation by the lncRNA, X-inactivation specific transcript (Xist)102. In placental mammals, 

female XX cells express the Xist transcript in order to repress expression from one of the X 
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chromosomes, a process called X-chromosome inactivation. Xist transcripts bind to and recruit 

the heterochromatin- forming PRC2 complex that silences the inactive X chromosome103,104. 

Additionally, lncRNAs have been shown to function cooperatively with histone modifying 

enzymes. For example, the HOX transcript antisense RNA (HOTAIR) can function as a scaffold 

between the H3K27 methyltransferase PRC2 complex and the histone demethylase LSD1-

CoREST complex, allowing for the removal of activating H3K4 methylation while 

simultaneously adding the repressive H3K27 methylation mark to the same residue105. Similar to 

lncRNAs, sncRNAs such as piRNAs, named for their interactions with piwi family of proteins, 

are involved in chromatin regulation through their ability to target and suppress transposon 

activity in the germline106. 

 Taken together, the regulation of chromatin state in the mammalian system through DNA 

methylation, histone modification and noncoding RNAs, is a complex and dynamic process101. 

During neuronal development, these mechanisms function cooperatively in the maintenance and 

function of mature neurons. 

 

1.3  Neuroepigenetic mechanisms of degeneration 

Epigenetic regulation plays critical roles in development, maintenance, and neuronal 

function in the CNS, however these epigenetic mechanisms are altered both in normal aging as 

well as in degeneration. Since neurodegeneration is a multifactorial disease with low genetic 

penetrance, it is perhaps not surprising that epigenetic mechanisms are particularly relevant.  

 

1.3.1 Chromatin changes in the aging brain 
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As with various other cellular processes, epigenetic regulation is affected by aging. 

Effects of aging have been observed for both DNA methylation and chromatin modifications. 

Interestingly, most of the changes result in an increase of repressive chromatin. At a functional 

level, aging results in deficits in learning and memory107. One mechanism for this could be the 

alterations in histone modifications that result in repression (or decreased chromatin 

accessibility) of memory-related genes. For example, aging leads to a decrease in acetylation of 

histone 4 lysine 12 (H4K12)58. Reduction of H4K12ac in mice disrupts memory-associated 

activities due to reduction of transcription of several memory-related genes108. Administration of 

HDAC inhibitors, such as hydroxamic acid, in the hippocampus can restore the transcriptional 

activation of several memory-related genes and improve neurobehavioral outcomes in aged 

mice109. Similar to decreases in acetylation, increases in repressive methylation marks such as 

H3K9me2/3 and H3K27me3, as well as loss of active methylation marks such as H4K20me and 

H3K36me3 are observed in aged mouse models110. Increases in repressive chromatin occurs in 

both neurons and oligodendrocytes111-113. This results in a decline in signaling in nerve cells as 

well as defects in axon myelination that have both deleterious effects on neuronal function and 

memory consolidation.  

Changes in dynamic DNA methylation are also associated with the aging process. Age 

dependent changes in DNA methylation largely consist of global hypomethylation. However 

region-specific hypermethylation is also observed114,115. Because DNA methylation consistently 

changes with age, it has become a major focus of research to generate an epigenetic predictor of 

biological age116. Over the lifetime of a mammal, global levels of 5mC are highest in embryos 

and decrease gradually115. However, there are also site-specific regions, such as bivalent 

chromatin domains, that have been shown to become hypermethylated during aging. Current data 
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suggests that decreases in DNA methylation are due to down-regulation of the expression of 

DNMTs, along with an insufficient supply of folic acid (which is utilized in the enzymatic 

reaction of DNA methylation) in elderly patients64,117,118.  

 

1.3.2 Epigenetic component of Parkinson’s disease 

Currently, Parkinson’s disease (PD) is the second most prevalent neurodegenerative 

disorder. Patients with PD typically suffer from motor dysfunction such as bradykinesia, muscle 

rigidity, resting tremor, and postural instability, due to degeneration of dopaminergic neurons of 

the substantia nigra. PD patients can also suffer from nonmotor symptoms including anxiety, 

depression, dementia, and sleep disturbances51,119. The pathological hallmark of PD cases is the 

accumulation of intracellular protein inclusions referred to as Lewy bodies, which are mainly 

composed of the protein alpha-synuclein (aSyn)120. Most of the PD cases are sporadic. However, 

familial cases make up roughly 10% of all PD cases. Amongst the familial cases, there are many 

genes that have been implicated in onset of PD such as SNCA, Parkin, PINK1, and LRRK2119. 

Together these genes are known as the PARK family of genes119.  

 In PD, depositions of misfolded aSyn form within neurons, and it has been suggested 

that their primary toxic effects occur in the nucleus where they can disrupt chromatin 

conformation121. aSyn was shown to associate with histones and inhibit acetylation through its 

association with the HDAC Sirtuin-2 (Sirt2). In a Drosophila model for PD, down-regulation of 

Sirt2 resulted in reduction of aSyn toxicity122,123. Conversely, in isolated dopaminergic neurons 

from the brain of post-mortem human PD cases, there was increased acetylation levels and 

reduction of the expression of various HDACs124. This and other work has shown that there is a 

complex relationship between histone acetylation and PD, and that the balance between HAT 
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and HDAC activities is vital for normal cellular function. Studies have also shown that HDAC 

inhibitors have therapeutic potential for PD, but adverse side effects have also been observed125-

127. Similarly, the role of DNA methylation in PD is complex. Analysis of blood and brain tissue 

from PD cases showed genome-wide DNA methylation changes. This included significant 

dysregulation of CpG island methylation where many genes, including PD risk genes, were 

found to be either hypo- or hypermethylated128. However, the specific sites and implications of 

the genes that are hypo- or hypermethylated have been controversial and difficult to 

reproduce129. Lastly, miRNAs have been implicated in PD. Recently tissue samples isolated from 

PD cases showed an overall downregulation of miRNAs compared to healthy controls. 

Differences in expression of several miRNAs have also been detected in mouse models of PD130. 

For example, miR-133b, a miRNA that is specifically expressed in midbrain dopaminergic 

neurons, is deficient in midbrain tissue from post-mortem PD cases131. Additionally, alternations 

of miRNAs were detected in blood samples of PD patients when tested pre- and post-

treatment132,133. This suggests that there is potential for miRNAs in blood to serve as a screening 

method for PD.  

 

1.3.3 Epigenetic component of Huntington’s disease 

Huntington’s disease (HD) is a neurodegenerative disorder that typically occurs midlife 

with symptoms such as chorea, dementia, and changes in personality due to degeneration of cells 

within the striatum134. Unlike most neurodegenerative diseases, HD is exclusively due to a fatal 

autosomal dominant mutation consisting of a CAG trinucleotide repeat expansion within exon 1 

of the HD gene. The extended CAG repeat is translated into a lengthened glutamine tract at the 

amino terminus of the HD protein. This expansion of the protein disrupts both its function and 
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structural properties so that the HD protein forms aggregates within the cell135-137. Despite 

knowing the genetic basis for the disease, the mechanism (or mechanisms) of neurodegeneration 

are still unclear because of the variety of cellular processes that are disrupted. Recently, an 

altered chromatin state has been observed in HD138. In addition, treatment with inhibitors 

targeting chromatin modifying proteins have been shown to alleviate the neurodegenerative 

phenotype in mouse models139. Together these data suggest that there is a possible epigenetic 

component to HD.  

 Increased H3K9 methylation140, as well as increased expression of the variant histone 

macro H2A1141, were observed in blood and brain tissue from HD patients. These changes were 

shown to lead to the decreased expression of the neurotropic factor BDNF, dopamine receptors 

and MAP kinase signaling components, all of which have all been observed in the striatum142,143. 

Pharmacological intervention reducing the HMT SETDB1 function resulted in decreased 

H3K9me3 and ameliorated the behavioral and neuropathological phenotype of HD mice138,144. 

Additionally, inhibition of the H3K4 demethylase, JARID1C, in primary neurons increased the 

expression of neuronal genes that are downregulated by the HD gene mutation145,146. These data 

from Huntington’s disease suggest that epigenetic regulation can play a role in 

neurodegenerative disease even when there is a specific genetic cause. Thus, manipulation of 

chromatin modifying enzymes may aid treatment by alleviating some of the downstream 

transcriptional alterations.  

 

1.3.4 Epigenetics in Alzheimer’s disease 

AD is characterized by β-amyloid plaques and NFTs of hyperphosphorylated tau present 

in the post-mortem brain. Despite intensive investigation into the etiology of AD, clinical trials 
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targeting these pathologies have been unsuccessful, likely because the intervention occurs to late 

in the process of neurodegeneration1. This has led to the search for downstream mechanisms. 

Recently, AD models have implicated multiple processes in the connection between protein 

aggregates and neuronal cell death. These include neuroinflammation, cell cycle reactivation, 

nuclear pore instability, and deficits in mitochondria resulting in reactive oxygen species147,148. 

However, it remains unclear how protein aggregates lead to these downstream defects. One 

possibility is that protein aggregates lead to these downstream defects by disrupting epigenetic 

mechanisms.  

As detailed above epigenetic regulation is critical to neuronal function, and multiple 

epigenetic disruptions have been observed in AD patients and models. For example, decreased 

histone acetylation on both H3 and H4 has been observed in neuronal cultures of the APP 

overexpression mouse, as well as in two different APP/PS1 mouse models of familial AD149,150. 

Additionally, several studies have suggested that APP can directly modulate lysine acetylation of 

histones during the progression of AD150,151. Furthermore, in an AD mouse model, HDAC2 was 

found to be highly expressed in the hippocampus and prefrontal cortex. In support of this 

finding, neuron-specific overexpression of HDAC2 led to a decrease in dendritic spine density, 

synapse number, synaptic plasticity, and memory formation. Also administration of a class I 

HDAC inhibitor in the DK-p25 mouse model of AD, rescued memory impairments, though it did 

not affect neuronal loss58. This suggests that, at least for class I HDACs, histone acetylation 

plays a more signification role in neuronal function rather neuronal cell maintenance. Consistent 

with the data from mouse, in human postmortem brain samples there was an increase in HDAC2 

levels in the hippocampus and entorhinal cortex152,153. Another class of histone deacetylates, the 

sirtuin family, are also reduced in the cortex of AD patients. Interestingly, SIRT1 levels are 
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negatively correlated with the accumulation of paired helical tau filaments. Tau acetylation can 

promote pathological tau aggregation, while SIRT1 causes tau deacetylation153.  

 Changes in chromatin structure have also been implicated in tau-induced 

neurodegeneration. For example, it was recently shown that in tau transgenic Drosophila and 

mice, as well as human AD cases, that there is widespread loss of heterochromatin which leads 

to aberrant gene expression. This was suggested to be due to oxidative stress and subsequent 

DNA damage caused by tau overexpression. Consistent with a function for heterochromatin in 

tau-induced neurodegeneration, genetic rescue of tau-induced heterochromatin loss reduced 

neurodegeneration in Drosophila154. This raises the possibility that epigenetic regulation could 

be targeted therapeutically to inhibit tau-mediated neurodegeneration or counteract the 

downstream effects of aberrant transcription in AD.  

 

1.4 The lysine specific histone demethylase LSD1  

The histone demethylase LSD1 is a transcriptional repressor most well studied for its role 

facilitating cell fate transitions. Histone methylation is a dynamic and highly regulated process, 

and disruption of this process can have detrimental effects on cellular functions. LSD1 is 

continuously expressed in cells that are terminally differentiated, but its role in these cells 

requires further investigation. 

 

1.4.1 LSD1 decommissions enhancers at stem cell genes  

LSD1/KDM1A is an amine-oxidase lysine specific histone demethylase. It specifically 

removes mono- and dimethylation from lysine 4 on histone 3 (H3K4me/me2). LSD1 was first 

characterized by the Shi lab in 2004, as both a histone demethylase and transcriptional 
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corepressor84. LSD1 consists of an unstructured N-terminal domain, a SWIRM domain, a FAD 

binding motif, and the amine oxidase domain, which contains a helical insertion domain within 

it. In its three-dimensional structure the helical insertion, referred to as the tower domain, forms 

the primary domain for LSD1’s interaction with its binding partners84. LSD1 operates in a 

variety of cell types, and its functional specificity is due to the cell-type dependent interactions 

with its binding partners. It is most well-known for its role within the CoREST complex. LSD1 

requires the corepressor CoREST in order to demethylate H3K4 in the context of 

nucleosomes155. Other binding partners of LSD1 include, but are not limited to, Snail1, 

HDAC1/2, BRAF35, PRKCB, NuRD, AXL1, BHC80, and ZFP516156. Although LSD1 is 

thought to primarily function as an H3K4 demethylase, the specificity of LSD1’s target histone 

modification can be modulated depending on the binding partner. For example, when bound to 

the androgen receptor, LSD1 has been shown to act as a transcriptional activator by 

demethylating H3K9me2157. Additionally, LSD1 has non-histone targets such as p53 and 

DNMT1158.  

 LSD1 is evolutionarily conserved from S. pombe to mammals. Predominantly, LSD1 has 

been shown to play a critical role in cell fate transitions in multiple model systems. In C. elegans, 

mutation of the LSD1 ortholog spr-5 results in transgenerational progressive sterility. The 

sterility in spr-5 mutants is thought to be due to the observed accumulation of H3K4me2 in 

spermatogenesis genes159. Drosophila mutants of Lsd1 have an even more severe phenotype, 

with sterility occurring in the first generation160,161. In mouse models, deletion of Lsd1 is lethal 

by embryonic day 7.598,162. In addition, deletion of LSD1 in the female oocyte alone results in 

embryonic lethality at the one-two cell stage, with embryos failing to properly undergo the 

maternal-to-zygotic transition163,164. Taken together, these data support the hypothesis that 
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LSD1’s evolutionarily conserved role is to prevent the passage of cell fate information between 

generations, likely by removing the epigenetic memory associated with H3K4 methylation.  

 In addition to LSD1’s evolutionarily conserved role, in mammals, LSD1 functions in 

other cell fate transitions. For example, LSD1’s most well studied role is in transition from the 

embryonic stem cell (ESC) fate to the differentiated cell fate. LSD1 is not required for the 

maintenance of stem cells, however without LSD1 ESCs cannot differentiate. In mouse 

embryonic stem cells (mESCs), it was shown that LSD1 binds to the promoters and enhancers of 

critical stem cell genes. However, LSD1 does not actively remove the H3K4 methylation mark 

until the mESCs undergo differentiation. In this context, LSD1 erases the H3K4methylation in 

coordination with the NuRD (nucleosome remodeling and deacetylase) complex. When LSD1 

function is inhibited during mESC differentiation, critical stem cell genes continue to be 

expressed, and there is aberrant H3K4 methylation both at enhancers and promoters of these loci. 

A similar mechanism has been shown during murine hematopoietic stem cells, and almost all 

other mammalian stem cell population165. In this context, H3K4 methylation at enhancers 

appears to act as an epigenetic memory, allowing cells to maintain their stem fate and removal of 

this memory by LSD1 is required to allow a transition in cell fate. 

 

1.4.2 LSD1 in neurons 

In addition to the critical role during stem cell differentiation, loss of LSD1 in specific 

cell types causes a wide range of phenotypes. For example, LSD1 depletion in the developing 

telencephalon causes defects in olfactory receptor choice.166 Conversely, transgenic mice that 

overexpress of Lsd1 have increased oxidative phosphorylation and fat retention167. Recently, 

there has also been increasing evidence that LSD1 plays an important role in neuronal 
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differentiation. When in the CoREST complex, LSD1 has been shown to orchestrate radial 

migration during pyramidal neuron development. Additionally, inhibition of the LSD1/CoREST 

complex during development results in a dramatic reduction of neural migration where neurons 

pause in both the ventricular zone and subventricular zone and ultimately retain a multipolar 

shape characteristic of intermediate progenitor cells168.  

 In mammals, LSD1 can also be alternatively spliced into a neuronal- specific isoform, 

LSD1n. LSd1n contains the additional exon 8a. Exon 8a is only 12 bp long, translated into 4 

amino acids, and immediately precedes the CoREST-binding tower domain169. This isoform has 

been reported to demethylate H3K9me1/2 when complexed with supervillain (SVIL)170 and 

H4K20me1/2 when complexed with CoREST171. In vitro knockdown of LSD1n in cortical 

neurons resulted in inhibition of neurite maturation and outgrowth and overexpression enhances 

it170. Consistent with the in vitro results, Lsd1n mutation in mice results in deficits in spatial 

learning and long-term memory formation169. In cell lines, LSD1n was shown to be required for 

transcription initiation and elongation in response to neuronal activity171.  

 Until investigated by our lab, there had been no direct indication that LSD1 is involved in 

neurodegenerative disease. However there were data that suggested a possible connection. LSD1 

has been shown to have a functional role in differentiated neurons, as it is neuroprotective 

against oxygen glucose deprivation in rat cortical neurons172. Additionally, the observation of 

loss of heterochromatin in human AD could suggest a defect in histone modifying proteins that 

regulate chromatin confirmation. As is the case with most neurodegenerative diseases, the 

balance of epigenetic regulation, and therefore transcriptional regulation, may be critical to the 

etiology or treatment of AD.  
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1.5 Outstanding questions and objectives 

In recent years, researchers have come to appreciate the extensive role that epigenetic 

regulation plays in the central nervous system. Given these data it has become increasingly clear 

that transcriptional regulation and neuronal function through epigenetics is a critical component 

in neurodegenerative disease. At the start of my work, the investigation into the role of LSD1 in 

neurons and the relationship to AD was ongoing. Our lab had observed that deletion of Lsd1 in 

the adult mouse is sufficient to cause neurodegeneration. Lsd1 deletion mice recapitulate many 

aspects of human degeneration. In addition to neuronal cell loss, Lsd1 deletion mice have 

learning and memory defects, increased gliosis in the brain, and genome-wide transcriptional 

changes in the hippocampus that highly correlate with AD and FTD patients specifically173. 

Additionally, I showed that the loss of LSD1 was specific to neurons in this system, and showed 

that LSD1 is not expressed in microglia. Finally, it was shown that LSD1 mislocalizes to NFTs 

of pathological tau protein in human AD, and TDP-43 inclusions in human FTD-TDP43 cases.  

These data suggested that mislocalization of LSD1 with these pathologies in the cytoplasm may 

contribute to neurodegeneration by sequestering LSD1 outside of the nucleus. This would 

deplete the nuclear pool of LSD1 protein, leading to aberrant transcription and neuronal cell 

death. For my dissertation, I interrogated this model by focusing on the interaction of LSD1 and 

tau pathology. Thus the main objectives of this dissertation were to (1) investigate the in vivo 

functional interaction between LSD1 and pathological tau,  (2) demonstrate that AD can be 

targeted therapeutically by manipulating LSD1, and (3) investigate the mechanism of the 

interaction between LSD1 and pathological tau.  

  



 28 

 

 

CHAPTER 2: 

 

Materials and Methods 

  



 29 

2.1  Solutions and buffers 

0.1 M Phosphate buffer 

0.2 M Solution A: NaH2PO4 24.0 g/L 

0.2 M Solution B: Na2HPO4 28.4 g/L 

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

Solution A). 

Dilute 1/2 with diH2O when needed to make 0.1 M 

Tail prep buffer 

10 mL 1 M Tris-Cl 

2 0mL 5 M NaCl 

20 mL 0.5 M EDTA 

50 mL 10% SDS 

900 mL diH2O 

1X TBS 

7.88 g Tris-Cl 

9.0 g NaCl 

1,000 mL diH2O 

10X Citrate Buffer 

 2.0 g Citrate Monohydrate 

 1000 mL diH2O 

 pH to 6.0 with NaOH 

 dilute 1:10 for working 1X solution 

H20 Brij 



 30 

1,000 mL of diH2O 

2.5 mL of 30% Brij 35 solution (Sigma) 

Tris Brij 

100 mL 1 M Tris-Cl pH 7.5 

100 mL 1 M NaCl 

5 mL 1 M MgCl2 

2.5 mL 30% Brij 35 

797.5 mL diH2O 

Tau secret formula 

10 mL 1 M Tris-Cl pH 7.5 

1.5 mL 1 M NaCl 

0.5 mL 1 M MgCl2 

88 mL diH2O 

 

2.2 Mouse work 

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

Institutional Animal Care and Use Committee 

 

2.2.1 Mouse lines 

Lsd1fl/fl mice98 were crossed to CAGG-CreERTM174, a tamoxifen inducible Cre, to 

generate CAGG-CreERTM, Lsd1fl/+ mice, which were then intercrossed to produce CAGG-

CreERTM, Lsd1fl/fl mice. This cross also produced CAGG-CreERTM negative animals with Lsd1fl/fl, 
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which were used as littermate controls in all experiments. The line was maintained by crossing 

CAGG-CreERTM negative, Lsd1fl/fl mice with CAGG-CreERTM, Lsd1fl/fl mice. 

Using the same Lsd1fl/fl mice we generated Lsd1Δ/+ mice that were maintained as 

heterozygotes. Lsd1Δ/+ mice were crossed with PS19 Tau mice49. 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, Lsd1Δ/+, PS19 Tau, and PS19;Lsd1Δ/+ mice. Additionally, we maintain a colony of 

mice that harbor the TDP-43 transgene175.  

We additionally generated a novel mouse line heterozygous for an exon 1 deletion of 

Lsd1 (hereafter referred to as Lsd1ΔN/+). Lsd1ΔN/+ mice were crossed with PS19 Tau mice, 

generating four experimental genotypes: wildtype, Lsd1ΔN/+, PS19 Tau, and PS19;Lsd1ΔN/+. 

PS19;Lsd1ΔN/+ mice were crossed with Lsd1ΔN/+ mice to generate mice homozygous for the exon 

1 deletion of Lsd1 (hereafter referred to as Lsd1ΔN/ΔN) in the Tau background. These crosses 

generated five experimental genotypes: wildtype, PS19 Tau, Lsd1ΔN/+, PS19;Lsd1ΔN/+, and 

PS19;Lsd1ΔN/ΔN. 

 

2.2.2 Mouse genotyping by PCR 

At weaning, a 5 mm piece of mouse tail was removed with a razor blade and digested 

overnight in a 50 °C water bath with 500 μL tail prep buffer and 5 μL of 20 mg/mL protease K 

(Ambion). This digest was then phenol/chloroform extracted by adding 500 μL 

phenol/chloroform and vigorously vortexing followed by separation of the aqueous and organic 

layers by centrifugation (5 minutes). The 250 μL of the aqueous (top) layer was extracted, 

brought back up to 500 μL with water, and then re-extracted with 500 μL phenol/chloroform. 
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The aqueous layer of the second extraction was recovered (400 μL) and DNA was precipitated 

with ethanol by adding 40 μL of 3 M sodium acetate and 800 μL 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 150 μL of 70% ethanol 

(room temperature) and centrifuged again for 5 minutes, followed by careful removal of the 

ethanol and allowed to dry at room temperature for 5 minutes and finally reconstituted with 

water. This DNA served as the template for genotyping PCR reactions. 

For genotyping, each PCR reaction contained 3 μL of template DNA diluted either 1/100 

(Cre, Tau) or 1/1000 (Lsd1) and 22 μL of PCR reaction mix. Each PCR reaction mix contained 

2.5 μL 10X AmpliTaq Gold 360 buffer, 0.5 μL 10mM dNTPs, 1.0 μL each primer (50 μM stock, 

Table 2-1), 35.0 μL 25mM MgCl2, 0.2 μL AmpliTaq Gold 360 Polymerase and water. The 

Lsd1genotyping reaction yields two possible products: 483bp for wildtype and289bp 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. Each genotyping reaction is 

optimized for the specific primer set. Detailed protocol (reagent concentrations can vary) for 

each genotyping PCR reaction are in the protocols binder for all mouse work.  

 

2.2.3 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, 
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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 8µm coronal sections.  

 

2.2.4 Quantitative Analysis of Paralysis: Rotarod and Grid Performance 

We performed experiments on PS19 Tau, Lsd1Δ/+, PS19;Lsd1Δ/+  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 4 rpm. Rotational speed then gradually increased over a 5-minute test session 

up to a maximum rotational speed of 40 rpm. Latency to fall off of the accelerating rotarod was 

used as the dependent variable. We calculated the latency to fall, 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 s, and then scored for forepaw and back paw distance traveled. Mice that could not hold onto 

grid for 10 s were censored. Investigators were blinded to the genotypes for both experiments.  

 

2.2.5 Mouse magnetic resonance imagining (MRI) 

MRI studies were conducted on PS19 Tau, Lsd1Δ/+, PS19;Lsd1Δ/+ 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 
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imaging parameters were as follows: TR = 3000 ms, Eff.TE = 64 ms, RARE factor = 4, field of 

view (FOV) = 23.04 × 23.04 mm2, matrix = 192 × 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).  

 

2.2.6 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 meloxicam (5 

mg/kg). Using a Stoeling Quintessential Stereotaxic Injector pump and Hamilton syringe, mice 

were injected with either the AAV-DJ-LSD1- HA virus, the N-terminally truncated LSD1 

construct (AAV-DJ- LSD1ΔN) or the control AAV-DJ- 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 µL per injection site, administered at a rate of 0.15 µL/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.  

 

2.2.7 Tamoxifen injections and quantification of Lsd1 deletion 

Each mouse was weighed to determine appropriate dosage for 75.0 mg tamoxifen per 

kilogram of body mass. Tamoxifen for injections was prepared from a 10 mg/mL in 100% 
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ethanol stock by vigorously vortexing with 300 μL corn oil for 30 s followed by 1 minute of 

centrifugation to separate corn oil and ethanol. The ethanol was evaporated off by vacuum 

centrifugation at 26 room temperature for 15 minutes (Pallas lab vacuum centrifuge). Mice were 

intraperitoneally injected once a day on days 1, 2, 4, 5, and 7 of a seven day period using a one 

milliliter syringe with a 25 gauge needle. 

Hippocampus, cortex and cerebellum tissues from tamoxifen injected Lsd1CAGG mice 

were collected at 24 hours after the last injection (hippocampus) and the terminal 

neurodegeneration phenotype (cortex and cerebellum) and genomic DNA was extracted as 

described in 2.2.2. Intact Lsd1 alleles were quantified with qPCR on the Bio-Rad CFX96 Real-

Time System using the following primers: Lsd1 forward: 5’ 

CCAACACTAAAGAGTATCCCAAGAATA-3’; Lsd1 reverse: 5’-

GGTGATTATTATAGGTTCAGGTGTTTC-3’; Actb forward: 5’-

AGCCAACTTTACGCCTAGCGT-3’; Actb reverse: 5’-TCTCAAGATGGACCTAATACGGC-

3’. The Lsd1 reverse primer anneals to exon 6 of Lsd1, which is deleted in Lsd1CAGG. Each 

reaction contained 7.5 μL Bio-Rad iQ Sybr Green Supermix, 1.5 μL of 1/100 diluted forward 

primer, 1.5 μL of 1/100 diluted reverse primer, 1 μL of 1/20 diluted sample, and water. Starting 

quantities of intact Lsd1alleles were normalized to the amount of ActB for each sample to 

determine the amount of deletion. 

 

2.2.8 Learning and memory testing: Morris water maze and fear conditioning  

A cohort of 15 control and 23 Lsd1CAGG mice were tamoxifen injected, and then trained on 

the Morris water maze 28 days later. Training was carried out in a round, water-filled tub (52 

inch diameter). Mice were trained with 4 trials per day for 5 days with a maximum trial length of 



 36 

60 s and a 15 minute intertrial interval. Subjects that did not reach the platform in the allotted 

time were manually guided to it. Mice were allowed 5 seconds on the platform to survey spatial 

cues. Following the 5 day training period, probe trials were performed by removing the escape 

platform and measuring the amount of time spent in the quadrant that originally contained the 

escape platform over a 60 s trial. All trials were recorded and performance analyzed by 

determining the mean values of latency to mount the platform and tracking mice with MazeScan 

(Clever Sys, Inc.). 

Three days after completion of the Morris water maze, the same cohort was subjected to fear 

conditioning. On Day 1, mice were placed in a fear conditioning apparatus (Colbourn) and 

allowed to explore for 3 minutes. Following this habituation period, three conditioned stimulus- 

unconditioned stimulus pairings were presented with a 1 minute intertrial interval. The 

conditioned stimulus consisted of a 20 s 85db tone and the unconditioned stimulus consisted of a 

2 s foot shock that co-terminated with each conditioned stimulus. On Day 2, mice were presented 

with a context test by placement in Day 1 conditioning apparatus and amount of freezing 

behavior was recorded by camera and quantified by Colbourn software. On Day 3, subjects were 

presented with a tone test by exposure to conditioned stimulus in a novel context. Mice were 

allowed to explore novel context for 2 minutes then presented with the 85db tone for 6 minutes 

with freezing behavior recorded. 

 

2.3 Staining 

2.3.1 Mouse 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 
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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.  

 

2.3.2 Immunofluorescence and Immunohistochemistry- Mouse 

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 α Rabbit, 

1:200, Vector Labs BA-1000 or Biotinylated Goat α 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 0.01 M 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 S1) 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.  



 38 

2.3.3 Quantification of tau accumulation  

For the assessment of tau accumulation, six random sections (sampling from CA1, CA3, 

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. Imagining for immunofluorescence of LSD1 staining was performed 

on a Yokagawa spinning-disk confocal 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. 

 

2.3.4 Immunofluorescence and Immunohistochemistry- Human 

All washes and incubations were done on an orbital rotator in mesh tissue culture cups 

unless noted otherwise. Frozen free floating sections of 40 μm thickness, cut by the Emory 

Neuropathology and Histopathology core facility, were washed five times for 3 minutes with 0.1 

M phosphate buffer to remove cryprotectant. Then, sections were treated with 3.0% H2O2 for 15 

minutes to quench endogenous peroxidase activity, and then washed five times for 3 minutes 

with 0.1 M phosphate buffer, then once with 1X TBS for 3 minutes. Sections were then 

permeabilized and blocked by incubating in 10μg/mL avidin, 0.1% Triton X-100, and 8% goat 

serum in 1X TBS for 45 minutes at 4 °C, then washed with 1X TBS three times for 3 minutes. 

Primary antibodies (Table 2-2) were diluted in 50 μg/mL, 2% goat serum in 1X TBS and 

incubated with tissues overnight at 4 °C followed by four washes with 1X TBS for 3 minutes. 

Sections were then incubated with biotinylated goat secondary antibody (Vector Labs BA-1000 

and BA-9200) in 2% goat serum in 1X TBS for one hour at 4 °C followed by four 1X TBS 
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washes for 3 minutes. Signal amplification was performed with Vector Labs Elite ABC reagent, 

which was prepared by mixing two drops of reagent A and two drops of reagent B with 2.5 mL 

1X TBS then incubated on ice for 30 minutes, then brought up to 5.0 mL with 1X TBS prior to 

treatment of tissue. Sections were incubated with fully prepared ABC reagent for 1 hour at 4 °C, 

then washed four times with 1X TBS. To detect immunoreactivity, sections were then treated 

with DAB (Sigma prepared by manufacturer’s instructions) for 3-4.5 minutes (until medium 

brown in color) then moved to four 3 minute 1X TBS washes to stop the reaction. Sections were 

then mounted on slides by floating them in 0.1 M sodium nitrate then placing them on slides. 

Slides were then dried overnight and serially dehydrated by incubating (not rotating) in H2O for 

3 minutes, 70% ethanol for 3 minutes, twice in 95% ethanol for 3 minutes, twice in 100% 

ethanol for 3 minutes, then three times in xylenes for 3 minutes, and coverslipped with 

Permount. 

For the peptide block control experiment, the LSD1 primary antibody (Table 2-2) was 

preincubated for 24 hours at 4°C with 74 fold molar excess of target peptide (Abcam 17763). 

For immunofluorescence, sections were prepared as with IHC, except that tissue was 

incubated with two primary antibodies (Table 2-2), and with two secondary antibodies, 

fluorescent goat anti-mouse (Invitrogen A11001) and biotinylated goat anti-rabbit (Vector Labs 

BA-1000). Fluorescent signal amplification of the biotinylated secondary was carried out with 

Vector Labs Elite ABC reagent as with immunohistochemistry, but developed by incubating 

with PerkinElmer TSA Plus Cyanine 3 System diluted 1:100 in 0.0015% H2O2, 1X TBS for 10 

minutes at room temperature, then washed twice for 3 minutes in 1X TBS. Sections were then 

mounted as with immunohistochemistry, then air dried for one hour. Slides were incubated with 

1X TBS and 20 μL DAPI for 5 minutes, and then rinsed twice with 1X TBS for 5 minutes, then 
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once with 70% ethanol for 5 minutes. Finally, sections were treated with autofluorescence 

inhibitor (Millipore 2160) for 5 minutes, then rinsed three times with 70% ethanol for 1 minute 

and once with 1X TBS for 3 minutes, dabbed on a paper towel to dry, then coverslipped with 

Prolong. 

 

2.3.5 Quantification of LSD1 colocalization with aggregates 

Three random fields per section that contained NFTs marked by pTau at 20X and pTDP-

43 inclusions at 40X were manually examined. Beginning with the pTau/pTDP-43 fluorescence 

channel, each aggregate structure was visually inspected, and then the microscope was switched 

to the LSD1 fluorescence channel and inspected for LSD1 signal. Structures were scored as 

positive for LSD1 colocalization if the LSD1 staining pattern was localized to a majority of the 

aggregate structure. 535 NFTs and 103 pTDP inclusions were scored. 

 

2.3.6 Protein quantification 

Protein levels were determined by homogenizing brains in 1 ml/g of tissue in ice-cold 

lysis buffer (150m M NaCl, 1% Triton X-100, 0.5% Na-deoxycholate, 1% SDS, 50 mM 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, 
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and detected by chemiluminescence using ChemiDoc MP Imaging System (BIO RAD). Protein 

levels were normalized using total protein calculated using BIO RAD ImageLab software. 

 

2.3.7 TUNEL assay 

Frozen embedded brain tissue was sectioned at 12μm thickness on a cryostat, and then 

washed for 30 minutes in PBS. Slides were permeabilized in 0.1% Triton X-100, 0.1% sodium 

citrate for 2 minutes followed by two 2 minute washes in PBS. For antigen retrieval, slides were 

microwaved in a coplin jar for 1 minute at 10% power in preboiled 0.1M sodium citrate then 

rapidly cooled by adding deionized water then pouring off the buffer, repeating this twice. Slides 

were then washed in PBS for 2 minutes and blocked for 30 minutes at room temperature in 0.1M 

Tris, 3.0% BSA, 10% goat serum. Slides were washed twice with PBS for 2 minutes then 

incubated with 50μL (5μL enzyme and 45μL labeling reagent) of TUNEL labelling solution 

(Roche In situ Cell Death Detection Kit, Fluorescein) for 1 hour at 37°C in a humidity chamber. 

Slides were then washed three times with PBS, the second containing 20 μL DAPI, then dabbed 

dry with a paper towel and coverslipped. 

 

2.4  RNA sequencing 

2.4.1 RNA isolation 

Mice were euthanized by cervical dislocation, hippocampi were dissected and snap 

frozen with liquid nitrogen in 1mL Trizol, and stored at -80°C. For RNA isolation, samples were 

thawed at 4°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 tenth the sample volume of 

1-bromo-3chloropropane was added, mixed by inversion and incubated for 3 minutes at room 
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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 50μL 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). 

 

2.4.2 RNA sequencing analysis 

The RNA sequencing data described in Chapter 3 were analyzed as follows: 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 mm9 genome using tophat2175,176 

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)177. Downstream 

analyses were performed in R/Bioconductor178 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 

bootstrapping179. Principle Components Analysis (PCA) was conducted using the “prcomp” 

function of the stats package in R/ Bioconductor. Enriched gene ontologies were determined 
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using the package “GOstats” (v. 3.1.1)180. Gene Set Enrichment Analysis (GSEA) was performed 

using a pre-ranked gene list determined by cuffdiff test statistic and GSEA (v. 2.1.0)181. 

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” package182 and custom R scripts as previously described183. 

The RNA sequencing data described in Chapter 4 were analyzed as follows: The 

sequencing data were uploaded to the Galaxy web platform, and we used the public server 

at usegalaxy.org to analyze the data 184,185. 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) 185. 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 

normalized counts 186. Volcano plots were produced using the enhanced volcano package 

(v.0.99.16) and adjusted p-values 187. Additionally, Gene Set Enrichment Analysis (Pre-ranked 

list) was performed using the online platform WebGestalt 188-191. Custom R-scripts available 

upon request. 
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2.4.3 Comparison to human gene expression data 

Normalized gene expression data from late onset Alzheimer’s disease (LOAD)192, frontal 

temporal dementia (FTD)193 and Parkinson’s disease (PD)194 patients were downloaded from 

Gene Expression Omnibus gene sets GSE44772, GSE13162 and GSE20295, respectively. 

Comparison to Lsd1CAGG gene expression data was performed by mapping mouse and human 

genes using the NCBI homologene database (Wheeler et al., 2001). Correlation of Lsd1CAGG gene 

expression changes and those found in LOAD, FTD and PD patients were assessed using 

Spearman’s rank correlation (ρ). P-values were determined by analysis of variance (ANOVA). 
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Lsd1 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 
control 

Forward  5’-TTACGTCCATCGTGGACAGC-3’ 
Reverse TGGGCTGGGTGTTAGCCTTA-3’ 

Lsd1ΔN 
deletion 

Forward 5’-GATATGCTGGGTCGCACTCC-3’ 
Reverse 5’-GTAGACAAACGCGTCGGGAA-3’ 

Lsd1ΔN 
control 

Forward 5’-GCCCATGGAGACCGGAATA-3’ 
Reverse 5’-CACACAGGTAGACAAACGCG-3’ 

TDP-43 Forward 5’- GGATGAGCTGCGGGAGTTCT-3’ 
Reverse 5’- TGCCCATCATACCCCAACTG-3’ 

TDP-43 
control 

Forward 5’-CAAATGTTGCTTGTCTGGTG-3’ 
Reverse 5’- GTCAGTCGAGTGCACAGTTT-3’ 

 

Table 2-1 Genotyping Primers 

Mouse genotyping for the Cre transgene and floxed or deleted allele, and the tau transgene of 

Lsd1 were performed with the listed primers. Lyopholized stocks were reconstituted to 50μM. 

Forward and Reverse primers are mixed together in equal parts. The Cre Forward, Cre Reverse, 

Cre Control Forward and Cre Control Reverse were mixed together in equal parts prior to use in 

the PCR reaction.  
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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 
 Human IF 1:500 
 Human IHC 1:500 

PHF-Tau ThermoFisher MN 
1020 

AT8 TI2611431 Mouse IHC  1:1,000 
AT8 TI2611431 Mouse  IF  1:200 

HA  Abcam ab130275 16B12 GR3190856-
12 

Mouse IHC  1:500 

16B12 GR3190856-
12 

Mouse IF 1:100 

HA Abcam ab9110  GF3224022-1 Mouse IF 1:500 
GFAP Dako  Z0334 20047046 Mouse IHC  1:100 
IBA1 Synaptic System 

234004 
 2-16 Mouse IF 1:100 

Neurofilament 
(phospho) 

Millipore NE1022 SMI-31R  Mouse IHC 1:500 

PHF-1 Peter Davies (Albert 
Einstein College of 
Medicine, NY) 

  Mouse IHC 1:1,000 

LSD1 Cell Signaling 2139  5 Immunoblot 1:1,000 
TLR2 Abcam ab9100 TL2.1 GR3189369-7 Mouse IF 1:100 
pTDP-43 Cosmo Bio TIP-PTD-

P02 
  Human IHC 1:1,000 
  Mouse IHC 1:4,000 

PTDP-43 Cosmo Bio TIP-PTD-
P02 

  Human IF 1:1,000 

α- synuclein  J. Trojanowski and V. 
Lee (University of 
Pennsylvania, PA) 

  Human IHC 1:10,000 

MAP2 Chemicon  AB5622  Mouse IHC 1:500 
Tau Accurate  BYA10741  Mouse IHC 1:200 
SV2 DSHB2 SV2  Mouse IHC 1:500 
Aβ Signet 9220-02  Mouse IHC 1:1,000 
KLF4 R&D Systems AF3158  Mouse IHC 1:100 
c-MYC Santa Cruz SC-40  Mouse IHC 1:100 
OCT-4 BD Transduction Labs 611202  Mouse IHC 1:300 
FOXO-1 Santa Cruz SC-11350  Mouse IHC 1:100 
PCNA Santa Cruz SC-56  Mouse IHC 1:250 
HS310P Active Motif 39254  Mouse IHC 1:1,000 
NESTIN Abcam Ab11306  Mouse IHC 1:1,000 
VIMENTIN Dako M072529-2  Mouse IHC 1:50 
MBP Millipore MAB386  Mouse IHC 1:100 
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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. 
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3.1  Abstract 

To investigate the mechanisms that maintain differentiated cells, we inducibly deleted the 

histone demethylase LSD1/KDM1A in adult mice. Loss of LSD1 leads to paralysis, along with 

widespread hippocampus and cortex neurodegeneration, and learning and memory defects. Here, 

we focus on the hippocampus neuronal cell death, as well as the potential link between LSD1 

and human neurodegenerative disease. We find that loss of LSD1 induces transcription changes 

in common neurodegeneration pathways, along with the reactivation of stem cell genes, in the 

degenerating hippocampus. These data implicate LSD1 in the prevention of neurodegeneration 

via the inhibition of inappropriate transcription. Surprisingly, we also find that transcriptional 

changes in the hippocampus are similar to Alzheimer’s Disease (AD) and Frontotemporal 

Dementia (FTD) cases, and LSD1 is specifically mislocalized to pathological protein aggregates 

in these cases. These data raise the possibility that pathological aggregation could compromise 

the function of LSD1 in AD and FTD. 

 

3.2  Introduction 

LSD1/KDM1a (hereafter referred to as LSD1) is an amine oxidase histone demethylase. 

In conjunction with the CoREST complex, it specifically demethylates mono- and di-methylation 

of lysine 4 on histone H3 (H3K4me1/2), but not H3K4me384,155. Alternatively, when associated 

with the Androgen Receptor complex, LSD1 has been shown to demethylate H3K9me2157. LSD1 

homozygous mutant mice arrest at embryonic day 5.5 and fail to properly elongate the egg 

cylinder, before being resorbed by embryonic day 7.598,162. In addition, loss of LSD1 results in 

olfactory receptor choice166 and circadian rhythm defects195 when conditionally deleted in mice, 

along with defects in plasma cell196 and hematopoietic differentiation197 in vitro, and pituitary98, 
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hematopoietic stem cell198 and trophoblast stem cell199 differentiation defects in vivo. These 

defects, along with developmental phenotypes in yeast196, Arabidopsis200, Drosophila160,201 and 

C. elegans159, indicate that LSD1 may function during changes in cell fate. For example, in 

mouse embryonic stem cells (ES cells), LSD1 binds to the promoter and enhancers of the critical 

stem cell genes, Oct4, Sox2, Klf4 and Myc165. Upon differentiation, LSD1 is required to remove 

H3K4me1 to repress the transcription of these stem cell genes and enable proper ES cell 

differentiation165. Similarly, LSD1 has also been implicated in regulating stem cell gene 

transcription during the differentiation of hematopoietic stem cells198.  

Although LSD1 has many roles throughout development, little is known about its 

function in differentiated cells. However, one hint comes from studies of the LSD1-containing 

CoREST complex, which has been implicated in the maintenance of cell fate by repressing the 

transcription of neuronal genes in non-neuronal cell types202,203. Based on this finding, we 

hypothesized that LSD1 may function similarly in the maintenance of other differentiated cell 

types. To address this possibility, we inducibly deleted Lsd1 in adult mice. Loss of LSD1 leads 

to paralysis, along with widespread neuronal cell death in the hippocampus and cortex, and 

associated learning and memory deficits. Here we have chosen to focus on the function of LSD1 

in preventing hippocampus neurodegeneration, and the potential link to human 

neurodegenerative disease. In the degenerating hippocampus, we detect transcriptional changes 

in pathways implicated in human neurodegeneration. This suggests that LSD1 may prevent 

neuronal cell death by repressing common neurodegenerative pathways. In the degenerating 

neurons, we also detect the inappropriate expression of stem cell genes. This indicates that LSD1 

may be part of an epigenetic maintenance program that continuously prevents inappropriate 

transcription. Surprisingly, we also find that LSD1 mislocalizes with pathological aggregates 
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specifically in Alzheimer’s Disease (AD) and Frontotemporal dementia (FTD) cases, and the 

genome-wide transcriptional changes in the degenerating Lsd1 hippocampus specifically 

correlate with those found in AD and FTD cases. These data raise the possibility that LSD1 

function could be affected in these dementias. 

 

3.3 Results 

3.3.1  LSD1 is continuously required to prevent neurodegeneration  

To determine if LSD1 is required in terminally differentiated cells within the brain, we 

inducibly deleted Lsd1 in adult mice by crossing floxed Lsd1 mice98,163,166,204,205 to the Cagg-Cre 

tamoxifen inducible Cre transgene174,206-209 (hereafter referred to as Lsd1CAGG). LSD1 is 

expressed widely in the mouse brain. Specifically, immunofluorescence detected LSD1 protein 

in the nuclei of NeuN positive neurons throughout the brain, including the hippocampus and 

cerebral cortex (Figure 3-1a-l). LSD1 protein is also present in astrocytes (Figure 3-2a-d, i-l) and 

oligodendrocytes (Figure 3-3a-d, i-l, q-t), but not microglia (Figure 3-4a-h). Tamoxifen injection 

in Lsd1CAGG animals resulted in the widespread loss of LSD1 protein in hippocampal and 

cerebral cortex neurons between 4 and 9 weeks after the final injection (Figure3-5a-d). However, 

surprisingly, at this time point LSD1 protein remained unchanged in astrocytes (Figure 3-2e-h, 

m-p) and oligodendrocytes (Figure 3-3e-h, m-p, u-x) throughout the brain. Thus, within the 

brain, LSD1 loss is confined to neurons. As a result, Lsd1CAGG animals enable us to interrogate 

the result of losing LSD1 specifically in these neurons. 

We do not observe any defects in non-tamoxifen-injected Cre positive Lsd1CAGG mice, 

nor in tamoxifen-injected Cre minus Lsd1CAGG littermate controls (hereafter used as controls in 

all subsequent experiments). However, all (n = 45) tamoxifen-injected Lsd1CAGG mice developed 
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a severe motor deficit between 4 and 9 weeks after deletion, characterized initially by weakness 

in the hindlimbs followed by weakness in the forelimbs. These deficits are associated with 

hindlimb clasping, failure to maintain body posture, docile behavior, an inability to keep eyes 

open and ultimately, death (Figure 3-5e-g showing the terminal phenotype used in subsequent 

assays). Development of this motor defect occurred rapidly, with generally one week elapsing 

between initial onset and full defect. Importantly, the full motor defect occurred within 4 to 9 

weeks after tamoxifen injection regardless of age at Lsd1 deletion (Figure 3-5g). This suggests 

that LSD1 is required throughout adulthood to protect against the development of these deficits. 

Though both males and females ultimately exhibit the motor defect, the number of days after 

tamoxifen injection to reach the terminal motor phenotype was longer in males compared to 

females (Figure 3-5g inset). It is unclear at the moment why there is a small sex specific 

difference in the timing of this defect. 

 To investigate this phenotype further, we examined the spinal cords, neuromuscular 

junctions, muscles, and brains of Lsd1CAGG mice. Mutant spinal cords appeared morphologically 

normal and the number of motor neurons in the spinal cord did not significantly differ from 

control littermates (Figure 3-6a,b). We also did not detect any defects in the morphology of 

neuromuscular junctions, or in myelination of the spinal cord (Figure 3-6c-f). Upon examination 

of limb muscles, we observed severe atrophy in the soleus muscle, as indicated by the much 

smaller diameter of the muscle cells, and moderate atrophy of the tibialis anterior muscle (Figure 

3-6g-j). However, we did not find any evidence of muscle degeneration, suggesting the motor 

defect is not due to complications in muscles.  

Although we do not detect degeneration in the spinal cord or hind limb muscle, we find 

widespread severe neurodegeneration in the hippocampus and cerebral cortex of Lsd1CAGG mice 
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(Figure 3-5h,i). As a result, we have initially focused here on the function of LSD1 in preventing 

this neurodegeneration. Within the hippocampus, many neuronal nuclei of the CA1, CA3, 

dentate gyrus, and cerebral cortex were pyknotic, and displayed a corresponding loss of the 

dendrite marker MAP2, as well as the axon marker Tau (Figure 3-5j-s). Of these hippocampal 

regions, the CA1 was the most affected with 77.3±5.2% pyknotic nuclei (average with s.e.m.), 

while the CA2 and CA3 were moderately affected (Figure 3-7a,b). Within individuals, the 

percent of condensed nuclei in all regions of the hippocampus was higher in the posterior of the 

brain and less affected anteriorly (Figure 3-7c-f). Between individuals, the dentate gyrus was 

more variably affected, with the nuclei sometimes being completely pyknotic, completely 

unaffected, or intermediately affected (Figure 3-5n,o and Figure 3-7g-j). In addition, we 

consistently observed pyknotic neuronal nuclei in the cerebral cortex, amygdala, thalamus and 

motor cortex, though the effect in the amygdala and thalamus was less severe than the 

hippocampus or cortex. (Figure 3-5h,i,p,q and Figure 3-7k-r). Within the cerebral cortex, most of 

the pyknotic nuclei were typically found in layers II/III, IV and VI (Figure 3-7k,l). It is possible 

that the neurodegeneration in the motor cortex contributes to the observed paralysis phenotype. 

However, at the moment it is not possible to determine definitively if this is the case. Finally, in 

the cerebral cortex of Lsd1CAGG mice, and to a lesser extent in the hippocampus, we observed a 

strong reactive gliosis response (Figure 3-5t-w), an effect previously associated with neuronal 

distress69.  

To confirm that the pyknotic nuclei in the hippocampus and cortex of Lsd1CAGG mice 

have undergone cell death, we performed TUNEL. Nearly every pyknotic nucleus exhibited 

positive TUNEL staining, indicating that they were undergoing or had undergone cell death 

(Figure 3-5x-aa). Also, the neuronal cell death was observed at the terminal phenotype regardless 



 54 

of the age of the mice when Lsd1 was inducibly deleted. These data indicate that LSD1 is 

continuously required for the survival of hippocampal and cortex neurons.  

Immunohistochemistry verified that LSD1 protein is lost in the degenerating neurons of 

Lsd1CAGG mice. Specifically, LSD1 was undetectable in most cortical nuclei and nearly all 

hippocampal nuclei, including all of the pyknotic nuclei in both regions (Figure 3-5a-d). In 

contrast, LSD1 persisted in the remaining normal uncondensed nuclei within these brain regions 

(Figure 3-5b,d and Figure 3-8a-d). The reciprocal relationship between LSD1 protein and 

pyknotic nuclei indicates that the neuronal cell death is likely due to the cell autonomous loss of 

LSD1. To confirm that hippocampal neurodegeneration is cell autonomous, we also induced 

deletion of Lsd1 in Lsd1CAGG mice using a single low dose tamoxifen injection. In contrast to the 

widespread LSD1 protein loss that we observe in the hippocampus with multiple higher dose 

tamoxifen injections (Figure 3-8a-d), 10 weeks after tamoxifen injection the low dose injection 

resulted in the loss of LSD1 protein in only a small number of neurons within the hippocampus 

(Figure 3-8e-f). Nevertheless, the few neuronal nuclei that lack LSD1 still become pyknotic, 

indicating that they have undergone neurodegeneration (Figure 3-8e-f).  These results suggest 

that within the hippocampus, the neuronal cell death is cell autonomous.  

Despite the severe neurodegeneration of the hippocampus and cortex in Lsd1CAGG mice, 

the cerebellum appeared normal. This can be seen, for example, by the absence of pyknotic 

nuclei and the normal distribution of the dendrite marker MAP2 (Figure 3-9a-d). To determine 

whether the lack of neuronal cell death in this region could be due to the failure of Lsd1 deletion 

there, we performed quantitative PCR to assess the extent of remaining undeleted Lsd1 in 

different brain regions. This analysis demonstrated high levels of deletion in the hippocampus 

and to a lesser extent in the cerebral cortex. However, there was very little Lsd1 deletion in the 
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cerebellum (Figure 3-9g). Overall, the extent of deletion matches the level of remaining LSD1 

protein in each brain region at the terminal stage, with very little LSD1 in the hippocampus, low 

levels of LSD1 in the cortex, and higher levels of LSD1 in the cerebellum (Figure 3-5a-d and 

Figure 3-9e,f). This distribution suggests that the brain region specificity of the 

neurodegeneration in Lsd1CAGG mice may be due to the specificity of Lsd1 deletion. Notably, 

though Lsd1 deletion in the hippocampus occurred within the first 24 hours after tamoxifen 

injection (Figure 3-9g), the loss of LSD1 protein in the hippocampus occurred much later. For 

example, in the hippocampi of mice just beginning to display hindlimb weakness (approximately 

one week before the terminal phenotype) we observed some remaining LSD1 immunoreactivity 

and far fewer pyknotic nuclei (Figure 3-9h,i). This indicates that there is slow RNA or protein 

turnover in hippocampal neurons, a finding that is consistent with the continuous requirement for 

LSD1 in these cells. 

Many previous mouse models of neurodegeneration display moderate levels of neuronal 

loss over an extended period of time (many months)49,210, so the extent of neuronal cell death that 

we observed in Lsd1CAGG mice within nine weeks was striking. Therefore, we considered the 

possibility that LSD1 is generally required for cell viability. If this were the case, deletion of 

Lsd1 throughout the mouse would be expected to result in a similar disruption in other organs 

and cell types. To address this possibility, we examined the liver and kidneys of terminal 

Lsd1CAGG mice using dual IF. Hepatocytes and nephron epithelial cells lacking LSD1 appeared 

morphologically normal (Figure 3-10a-l). Additionally, Purkinje neurons lacking LSD1 in the 

cerebellum did not display any morphological signs of cell death despite the absence of LSD1 

(Figure 3-9e,f). Taken together, these data suggest that LSD1 is not required for general cell 

viability. This conclusion is consistent with what has been reported in the literature 
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elsewhere98,165-167,197-199. Thus, the continuous requirement for LSD1 to prevent neuronal cell 

death in the hippocampus and cortex appears to be specific to these neurons.  

 

3.3.2 Loss of LSD1 results in learning and memory defects 

To determine, whether LSD1-dependent neurodegeneration leads to learning and memory 

deficits, we assessed female Lsd1CAGG mice in the Morris water maze and fear conditioning 

assays, 28 days after tamoxifen injection (prior to the onset of motor defects). Compared to 

littermate controls, Lsd1CAGG mice had significant defects in the latency to mount the platform in 

the water maze assay on Day 5 (Figure 3-11a). This is despite the fact that Lsd1CAGG mice swam 

at speeds not significantly different than their littermate controls (Figure 3-12a). Also, on Day 5, 

there is an increase in overall distance traveled as Lsd1CAGG mice swim randomly rather than 

locating the platform (Figure 3-12b). Together these results suggest that the impaired 

performance of Lsd1CAGG mice in the water maze is not due to motor deficits. On Day 6, when 

the platform was removed, controls spent nearly half of their time swimming in the platform 

quadrant, while Lsd1CAGG mice spent approximately equal time swimming in each of the four 

quadrants (Figure 3-11b). These data suggest that Lsd1CAGG mice have reduced spatial learning 

and reference memory capacity. Lsd1CAGG mice were also impaired in contextual fear 

conditioning, spending less time freezing (30.0±8.3% average with s.e.m.) compared to controls 

(47.9±4.5% average with s.e.m.) (Figure 3-11c). The contextual fear conditioning was reduced in 

Lsd1CAGG mice at all points, and this reduction was statistically significant at 120,180 and 360 

seconds (Figure 3-11c). However, Lsd1CAGG mice froze normally in response to a conditioned 

tone during cued fear conditioning (Figure 3-11d). These data suggest that Lsd1CAGG mice have 

defects in contextual, but not cued, learning and memory. This specificity is consistent with the 
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observed pattern of neuronal cell death in the brains of these mice.  Notably, though we do not 

detect any evidence of visual impairment, it is possible that a slight defect in visual impairment 

also contributes to the deficit observed in the water maze and contextual fear conditioning 

assays. 

 

3.3.3 LSD1 inhibits reactivation of stem cell transcription 

Previous work has implicated the LSD1 containing CoREST complex in repressing 

neuronal genes in non-neuronal cell types202,203. This raised the possibility that LSD1 may be 

functioning similarly in terminally differentiated hippocampal neurons to block the expression of 

genes associated with alternative cell fates. To test this possibility, we examined hippocampal 

gene expression changes in terminal Lsd1CAGG mice by RNA-seq. At this terminal stage, there 

was no difference in the number of pyknotic nuclei in Lsd1CAGG mutants versus the number of 

normal nuclei in unaffected controls, indicating that neurons in Lsd1CAGG were actively 

undergoing neuronal cell death, but not yet cleared (Figure 3-13a). Comparison of global gene 

expression by unsupervised hierarchical clustering and principle components analysis in two 

Lsd1CAGG mutants and two tamoxifen-injected Cre minus littermate controls, showed that the 

expression states were similar between biological replicates, but different between Lsd1CAGG 

mutants and controls (Figure 3-13b,c). Also, analysis of differentially expressed genes between 

Lsd1CAGG mutant and control hippocampi revealed more significantly upregulated (281) than 

significantly downregulated (124) genes (Figure 3-13d,e, FDR < 0.05).  

LSD1 has previously been shown to repress the expression of several critical stem cell 

genes during differentiation in multiple stem cell populations165,197,199. Therefore, we 

hypothesized that LSD1 may also be continuously required in terminally differentiated neurons 
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to repress the transcription of stem cell genes to block the re-initiation of a stem cell fate. To 

address this possibility, we examined the expression of stem cell genes in our Lsd1CAGG 

hippocampus RNA-seq dataset. Remarkably, three pluripotency genes (Klf4, Myc, and Foxo1), 

two of which are induced pluripotent stem cell (iPSC) factors211, were amongst the most 

significantly upregulated genes in Lsd1CAGG mice (Figure 3-14a-c). Immunohistochemistry (IHC) 

analysis confirmed that KLF4 and FOXO1 proteins were reactivated widely in the degenerating 

pyknotic neurons, as well as in some of the remaining non-condensed nuclei, but not in controls 

(Figure 3-14e,f,i,j). In contrast, c-MYC was reactivated only in a few nuclei (Figure 3-14g,h). 

Therefore, to confirm that these c-MYC positive cells are neurons, we performed dual IF with 

the neuronal marker NeuN. This analysis confirmed that c-MYC is reactivated in neuronal nuclei 

(Figure 3-15a-h). Interestingly, although we did not observe increased Oct4 expression in our 

RNA-seq dataset (Figure 3-14d), one out of four mice analyzed displayed reactivation of OCT4 

protein throughout the pyknotic hippocampal nuclei (Figure 3-14k,l). This expression pattern 

appeared to be specific, as it was not observed in any of the controls or in other brain regions of 

the affected animal. These results suggest that LSD1 is continuously required to repress the 

inappropriate expression of stem cell genes in hippocampal neurons.  

Amongst the most highly activated genes in our RNA-seq dataset we also noticed the up 

regulation of the neuronal stem cell genes Vimentin and Nestin (Figure 3-15i,j). To determine 

whether VIMENTIN and NESTIN may also be reactivated in the dying neurons of Lsd1CAGG 

mice, we performed IHC to detect the expression of these proteins. IHC detected VIMENTIN 

protein in a subset of hippocampal neurons, though at a higher frequency in Lsd1CAGG mice than 

controls, while NESTIN protein is found in the reactive glia of the Lsd1CAGG hippocampus and 

cortex (Figure 3-15k-p).  
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3.3.4 Loss of LSD1 induces common neurodegenerative pathways 

To identify additional pathways associated with the hippocampal neuronal cell death, we 

also performed gene ontology (GO) and Gene Set Enrichment Analysis (GSEA) on our RNA-seq 

datasets. Amongst the pathways that are affected by the loss of LSD1, we observed the 

upregulation of inflammatory response genes and complement cascade genes, along with the 

downregulation of oxidative phosphorylation genes and genes involved in neurotransmission 

(ion transport) (Figure 3-13f,g). All four of these pathways have been previously linked to 

neurodegeneration. For example, several studies have implicated the inflammatory response 

pathway in neurodegeneration. Activation of the inflammatory response pathway could 

contribute to neurodegeneration via macrophage mediated phagocytosis212. There is also 

evidence linking the complement cascade pathway to neurodegeneration. Activation of the 

complement cascade pathway could lead to neuronal cell death through axonal pruning213. In 

addition, impaired neurotransmission could contribute to neuronal cell death through the loss of 

electrical potential214. Finally, a defect in oxidative phosphorylation, with the accompanying 

mitochondrial dysfunction, could lead to neurodegeneration via the generation of reactive 

oxygen species215. To determine the extent that these four neurodegeneration-associated 

pathways are misregulated in our Lsd1CAGG hippocampus RNA-seq, we plotted the enrichment of 

these gene sets in our dataset for each of these four pathways. This analysis demonstrated that all 

four of these common neurodegeneration pathways are highly affected (Figure 3-16a-d). 

Importantly, while each of these pathways has been implicated in neurodegeneration, it is 

difficult to determine whether these pathways contribute to neuronal cell death, or whether they 

may simply be a consequence of the neurodegeneration. 
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3.3.5 Lsd1CAGG gene expression changes overlap with AD and FTD cases  

The common neurodegeneration pathways affected by loss of LSD1 are also affected in 

human neurodegeneration patients. For example, systems biology approaches in human late 

onset Alzheimer’s Disease (LOAD) brains have identified a critical microglia and immune 

transcription network upregulated in AD cases192. Interestingly, we noticed that many genes in 

the LOAD microglia and immune gene signature, including the critical receptor Tyrobp, are 

highly enriched in the Lsd1CAGG hippocampus. Also, many of these microglia and immune genes 

are amongst the 281 most significantly upregulated genes in our RNA-seq dataset. Therefore, to 

determine if the LOAD microglia and immune response module is similarly misregulated in our 

mice, we compared the expression changes in the Lsd1CAGG hippocampus to previously 

published expression changes at orthologous loci in LOAD cases192. This analysis demonstrated 

that loss of LSD1 in the mouse hippocampus leads to microglia and immune response gene 

expression changes that are highly similar to those that occur in the prefrontal cortex of LOAD 

cases. The microglia and immune expression changes in the Lsd1CAGG hippocampus also highly 

overlap with those that occur in the frontal cortex of FTD cases with progranulin mutations 

(FTD-progranulin)193 (Figure 3-16e,f).  

Surprisingly, a similar correlation with AD and FTD cases is also found with the other 

neurodegeneration pathways that are misregulated in our RNA-seq dataset. For example, in the 

Kyoto Encyclopedia of Genes and Genomes (KEGG) complement cascade genes, expression 

changes in the Lsd1CAGG hippocampus highly overlap with the upregulation that occurs in the 

prefrontal cortex of AD and FTD cases (Figure 3-16g,h). A correlation is observed in pathways 

that are downregulated in the Lsd1CAGG hippocampus as well. For example, we find a large 

overlap with expression changes in the neurotransmission genes (Synaptic Transmission 
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Module) that were also identified using systems biology approaches in LOAD cases (Figure 3-

16k,l)192. Similarly, we observe a high correlation with the transcriptional changes in oxidative 

phosphorylation genes (Figure 3-16,j).  

Finally, amongst the top upregulated genes in the Lsd1CAGG hippocampus we noticed the 

cell cycle gene PCNA (Figure 3-16m). Evidence for the potential re-initiation of the cell cycle 

has been found in AD cases216. Therefore, to determine if PCNA, and other cell cycle markers, 

are being reactivated in degenerating Lsd1CAGG neurons, we performed IHC analysis. This 

analysis confirmed the reactivation of PCNA protein, along with that of another cell cycle 

marker, H3S10p, specifically in the remaining non-pyknotic hippocampal nuclei (Figure 3-16n-

q). Intriguingly, the observation that c-MYC, PCNA and H3S10p were reactivated 

predominantly in the remaining uncondensed nuclei of the Lsd1CAGG hippocampus raises the 

possibility that these neurons may be attempting to re-initiate the cell cycle prior to neuronal cell 

death.  

The high degree of overlap within multiple neurodegeneration pathways between 

Lsd1CAGG mice and human dementia cases was unexpected. Thus, we considered the possibility 

that the expression changes in our mice might overlap more broadly with AD and FTD cases. To 

address this possibility, we next compared the expression changes in the Lsd1CAGG hippocampus 

with the expression changes in AD and FTD cases genome-wide. Remarkably, we found that the 

genome-wide expression changes in the prefrontal cortex of LOAD cases highly correlate with 

the expression changes in the hippocampus of Lsd1CAGG mice (Figure 3-17a). Likewise, the 

correlation was highly significant when compared to the frontal cortex of FTD-progranulin 

(Figure 3-17b). 



 62 

The genome-wide correlation in expression changes with AD and FTD cases could 

indicate the possible involvement of LSD1 in these diseases. However, it is also possible that the 

overlap is being primarily driven by the consequences of neuronal cell death. To address this 

second possibility we compared the expression changes in the Lsd1CAGG hippocampus with other 

neurodegenerative diseases that have similar levels of neuronal cell death. If the genome-wide 

correlation is being driven by a common underlying mechanism, rather than neuronal cell death, 

we would expect the correlation to be less significant in these comparisons. Importantly, we 

observe relatively little overlap with the expression changes in the substantia nigra of 

Parkinson’s disease (PD), a region with extensive neuronal cell death (Figure 3-17c)194. We also 

see relatively little overlap with the expression changes that occur in the motor neurons of 

Amyotrophic Lateral Sclerosis (ALS) cases (Figure 3-17d)217. Furthermore, compared to the 

high degree of correlation that we observe in FTD-progranulin cases, we find a dramatic 

reduction in the correlation when compared to sporadic FTD cases, despite the fact that these 

sporadic FTD cases have levels of neuronal cell death that are the same as FTD-progranulin 

cases (Figure 3-17g). The large decrease in gene expression overlap, that we observe in PD, ALS 

and sporadic FTD cases, suggests that the genome-wide overlap in expression with AD and FTD 

cases, is not simply due to neuronal cell death. Finally, we also compared Lsd1CAGG 

hippocampus expression changes to changes in the cerebellum of AD and FTD cases. Compared 

to the prefrontal cortex, the cerebellum is relatively unaffected in AD and FTD cases. In both AD 

and FTD, we find that expression changes in the cerebellum overlap much less than the 

prefrontal cortex (Figure 3-17e,f). This discrepancy indicates that within AD and FTD cases, the 

overlap in expression may be driven by the neurodegeneration, rather than brain region.  
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3.3.6 LSD1 is mislocalized in human dementias 

The RNA-seq data suggest that deletion of Lsd1 alone is sufficient to recapitulate 

transcriptional changes observed in the affected brain regions of AD and FTD-progranulin cases, 

including many of the individual gene categories that have previously been implicated in the 

etiology of these dementias. These data potentially implicate the loss of LSD1 function in these 

human dementias. As a result, we wondered whether LSD1 might be affected in AD and FTD 

patients. AD is characterized by protein aggregates of amyloid b (Ab) and Tau, while FTD is 

associated with aggregates of either Tau or Tar DNA binding protein 43 (TDP-43)218-220. These 

pathological aggregates are thought to lead to downstream pathways of neurodegeneration, but it 

remains unclear mechanistically how these aggregates are linked to neuronal cell death.  

To determine if LSD1 may be affected in AD and FTD patients, we examined the 

localization of LSD1 in post-mortem AD, FTD with TDP-43 inclusions (FTD-TDP43), and age-

matched control cases. We also examined the localization of LSD1 in Parkinson’s disease (PD) 

cases, as a disease control with pathological protein aggregates. Similar to the expression in 

mice, LSD1 immunoreactivity was found in neuronal nuclei throughout the frontal cortex and 

hippocampus of age-matched control cases (Figure 3-18a,b). In contrast, in all 14 AD cases 

analyzed, LSD1 was found both in neuronal nuclei as well as inappropriately associated with 

cytoplasmic tangle-like aggregates and neurites, (Figure 3-18c,d). This pattern is highly 

reminiscent of the neurofibrillary tangles and neuropil threads marked by pTau in the same AD 

cases (Figure 3-18c-f). In addition, in all 14 FTD-TDP43 cases analyzed, LSD1 was abnormally 

associated with neurites in the frontal cortex, and cytoplasmic inclusions in the hippocampus 

(Figure 3-18j,k). This pattern is highly similar to the pTDP-43 aggregation observed in FTD-

TDP43 cases (Figure 3-18j-m). To confirm the co-localization of LSD1 with pTau and pTDP-43 
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we performed dual IF. This analysis demonstrated that LSD1 co-localizes with pTau in 56.3% of 

neurofibrillary tangles in AD (n = 14 patients), and with pTDP-43 in 52.4% of neurites in FTD-

TDP43 (n = 5 patients) (Figure 3-18g-i,n-q). Within AD cases the extent of co-localization 

ranges from 19%-76%, while in FTD-TDP43 cases, the co-localization ranges from 43%-71%. 

The finding that LSD1 is localized to pathological aggregates raises the possibility that it could 

be increasingly sequestered in the cytoplasm. This could result in less LSD1 being available to 

function in the nucleus of affected neurons in AD and FTD cases.  

To confirm the specificity of the LSD1 localization, we performed several controls. 

Preincubation of the LSD1 Antibody (Ab) with its target LSD1 peptide completely abrogated the 

immunoreactivity (Figure 3-19a,b). We also did not observe the localization of LSD1 to the 

amyloid β core of senile plaques in the same AD cases where we observed co-localization with 

pTau (Figure 3-19c,d). Nor do we observe LSD1 localized to any Lewy body-like structures 

(aggregates of a-synuclein), or any other abnormal localization of LSD1, in the substantia nigra 

of PD cases (Figure 3-19e-h). These results suggest the mislocalization of LSD1 to 

neurofibrillary tangles in AD, and pTDP-43 inclusions in FTD cases, is specific. Notably, the co-

localization of proteins with these pathological aggregates is exceedingly rare. For example, 

though many proteins have been recently described as enriched in the insoluble fraction of AD 

brains, only one was confirmed to be co-localized with neurofibrillary tangles221.  

 

3.3.7 Lsd1CAGG mice do not have protein aggregates 

Since LSD1 associates with pathological aggregates in AD and FTD-TDP43 cases, we 

considered the possibility that the neuronal cell death that we observe in the Lsd1CAGG mice could 

be due to the induction of pathological aggregates in the mice. To test this possibility, we 
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performed IHC on the brains of terminal Lsd1CAGG mice using antibodies to Ab, pTau, and 

pTDP-43, along with Gallyas (silver, nonspecific aggregates) staining (Figure 3-20a-h). We find 

no evidence of any pathological protein aggregates or tangles associated with the degenerating 

neurons or otherwise. This suggests that if loss of LSD1 is involved in AD and/or FTD, it is 

likely downstream of pathological aggregation. This finding is consistent with the 

mislocalization of LSD1 to pathological aggregates in the human cases (Figure 3-18). 

 

3.3.8 Increased stem cell gene expression in AD and FTD patients 

The loss of LSD1 in mice is associated with the surprising reactivation of stem cell 

transcription in hippocampal neurons. If LSD1 is affected in AD and/or FTD, these diseases 

could be associated with a similar increase in stem cell gene expression. To test this possibility, 

we re-examined the expression of stem cell genes in previously published microarray 

experiments from LOAD and FTD-progranulin post-mortem cases192,193. This analysis revealed a 

significant increase in the expression of Klf4, Myc, Oct4, Foxo1, and Vimentin in LOAD cases 

compared to controls (Figure 3-21a,c,e,g,k,), while PCNA expression was unchanged (Figure 3-

21i). In FTD-progranulin cases there was also a significant increase in the expression of Klf4 and 

Foxo1, as well as a trend toward the increased expression of Myc, Oct4, PCNA and Vimentin 

(Figure 3-21b,d,f,h,j,l,). These data are consistent with the possibility that LSD1 function could 

be compromised in AD and FTD patients. 

 

3.4 Discussion 

Despite its well-known role throughout development, LSD1 protein can also be found in 

terminally differentiated cells throughout the brain. To determine if there is an ongoing role for 
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LSD1 in these terminally differentiated cells, we conditionally deleted Lsd1 in adult mice. 

Surprisingly, within the brain at the terminal time point, the inducible loss of LSD1 in Lsd1CAGG 

mice results in loss of LSD1 protein only in neurons. This indicates that neurons may be more 

vulnerable to LSD1 protein or RNA turnover, a specificity that mirrors what occurs in AD and 

FTD cases.  

Within the brain, the selective vulnerability of neurons in Lsd1CAGG mice enables us to 

specifically interrogate the function of LSD1 in these cells. Loss of LSD1 in Lsd1CAGG mice 

results in widespread hippocampus and cortex neuronal cell death. This demonstrates that loss of 

LSD1 in hippocampus and cortex neurons is sufficient to induce neuronal cell death. This 

conclusion is consistent with our high/low tamoxifen mosaic experiments which indicate that 

LSD1 acts cell autonomously in hippocampal neurons. Thus, we propose that LSD1 functions 

continuously in hippocampal and cortex neurons to prevent neurodegeneration.  

To further investigate the neuronal cell death in the hippocampus, we examined gene 

expression changes genome-wide. Previous analyses of human neurodegeneration cases and 

experimental models have implicated common pathways leading to neuronal cell death. These 

include; activation of genes in the microglia and immune pathways, a defect in oxidative 

phosphorylation, loss of synaptic transmission, and failure to maintain cell cycle arrest. 

Remarkably, the loss of LSD1 affects all of these common neurodegenerative pathways. 

Therefore, it is possible that the loss of LSD1 creates a perfect storm where multiple 

neurodegenerative pathways are affected simultaneously, with one or more of these pathways 

leading to the observed neuronal cell death.  

 The prevailing view in developmental biology is that cells are irreversibly committed to 

their differentiated cell fate. Indeed, the very word “fate” promotes the idea that a differentiated 
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cell has reached its final destiny. However, there may be a requirement for differentiated cells to 

actively maintain their differentiated status. The LSD1-containing CoREST complex has been 

previously implicated in repressing neuronal genes in non-neuronal cells202,203.  Based on this, 

we considered the possibility that LSD1 could be similarly required to maintain terminally 

differentiated hippocampus and cortex neurons by repressing gene transcription associated with 

alternative cell fates. In the degenerating neurons of Lsd1CAGG mice, we detect the re-activation 

of stem cell transcription factors, such as KLF4, OCT4, c-MYC and FOXO1. This demonstrates 

that LSD1 is continuously required in terminally differentiated neurons to block the re-activation 

of these factors. Also, we detect a widespread decrease in the expression of neuronal pathways. 

This suggests that LSD1 is also required, directly or indirectly, to maintain the expression of 

these genes. Therefore, we propose that LSD1 is a key component of an epigenetic maintenance 

program that reinforces the differentiated state of hippocampal neurons by continuously 

restraining the re-activation of factors associated with alternative cell fates. 

At this moment, we cannot definitively determine why the loss of LSD1 results in a 

severe motor defect. Nevertheless, Lsd1CAGG mice develop a motor defect that is similar to a 

tauopathy mouse model49. For example the P301S mice, which overexpress an aggregation prone 

form of human Tau, have a motor defect that is reminiscent of Lsd1CAGG mice49. The 

concordance of phenotypes between P301S mice and Lsd1CAGG mice is consistent with Tau and 

LSD1 acting in a common pathway. Also consistent with this possibility, we find that that LSD1 

inappropriately mislocalizes to cytoplasmic aggregates of pTau in AD, and global gene 

expression changes in the degenerating Lsd1CAGG hippocampus correlate with changes in AD and 

FTD-progranulin cases. Finally, the re-examination of stem cell genes that are specifically 

affected by the loss of LSD1 in the mouse hippocampus demonstrates that these genes are also 
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increased in AD and FTD cases. Together these data indicate a potential link between the loss of 

LSD1 and these human dementia cases. This could occur through the following potential model: 

as neurons age, the accumulation of protein aggregates sequesters LSD1 in the cytoplasm, and 

interferes with the continuous requirement for LSD1. Normally, LSD1 maintains terminally 

differentiated neurons, and prevents the activation of common neurodegenerative pathways, by 

continuously repressing the transcription of inappropriate genes. As a result, the inhibition of 

LSD1 by the pathological aggregates in the aging neurons of AD and FTD brains creates a 

situation where neurons are subject to an onslaught of detrimental processes. This results in 

neuronal cell death and dementia.  
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3.5 Figures 

 

Figure 3-1 LSD1 expression in adult murine hippocampal and cortical neurons.  

(a-l) Immunofluorescence labelling with the neuronal nucleus marker NeuN (a,d,g,j,), LSD1 

(b,e,h,k,) and merged (c,f,i,l) showing LSD1 protein in neurons of the CA1 (a-c) and CA3 (d-f) 

of the hippocampus, cortex (g-i) and dentate gyrus (j-l)  of wild-type mice. Scale bars= 50µm. 
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Figure 3-2 LSD1 expression in adult murine hippocampal and cortical astrocytes.  

(a-p) Immunofluorescence labeling of DAPI (a,e,i,m), LSD1 (b,f,j,n), GFAP (c,g,k,o) and 

LSD1/GFAP merge (d,h,l,p) showing LSD1 is present in GFAP positive astrocytes both in 

control hippocampus (a-d) and cortex (i-l), as well as  Lsd1CAGG hippocampus (e-h) and cortex 

(m-p), indicating LSD1 expression is not affected in astrocytes. Arrows denote representative 

nuclei. Arrowheads indicate nuclei magnified in inset. Scale bars= 50µm. 
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Figure 3-3 LSD1 expression in adult hippocampal and cortical oligodendrocytes.  

(a-x) Immunofluorescence labeling of DAPI (a,e,i,m,q,u), LSD1 (b,f,j,n,r,v), CC1 (c,g,k,o,s,w) 

and LSD1/CC1 merge (d,h,l,p,t,x) showing LSD1 is present in CC1 positive oligodendrocytes in 

the control hippocampus (a-d), cortex (i-l), and corpus callosum (q-t), as well as Lsd1CAGG 

hippocampus (e-h), cortex (m-p), and corpus callosum (u-x), indicating LSD1 expression is not 

affected in oligodendrocytes. Arrows denote representative nuclei. Arrowheads indicate nuclei 

magnified in inset. Scale bars= 50µm. 
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Figure 3-4 LSD1 is not expressed in adult hippocampal and cortical microglia.  

(a-h) Immunofluorescence labeling of DAPI (a,e,i,m), LSD1 (b,f,j,n), IBA1 (c,g,k,o) and 

LSD1/IBA1 merge (d,h,l,p) showing LSD1 is absent in IBA1 positive microglia in the 

hippocampus (a-d) and cortex (e-h) of control mice. Arrows denote representative nuclei. 

Arrowheads indicate nuclei magnified in inset. Scale bars= 50µm. 
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Figure 3-5 Neurodegeneration in Lsd1CAGG mice.  

(a-d) LSD1 immunohistochemistry (IHC) of control (a,c) and Lsd1CAGG (b,d) CA1 (a,b) and 

cortex (c,d). Arrowheads highlight non-pyknotic LSD1 immunoreactive nuclei. Arrows highlight 

pyknotic LSD1 negative nuclei. (e,f) Representative images of Lsd1CAGG mice with the terminal 

motor defect including hindlimb clasping (e) and failure to maintain posture (f). (g) The age of 

each individual male (blue) or female (red) mouse at the final tamoxifen injection (start of each 

line) to inducibly delete Lsd1, and the number of days (length of the line) until the terminal 

motor defect is reached. Inset shows survival in days for each sex. Data are shown as mean 

survival in days ± s.e.m. (h,i) H&E staining of tamoxifen injected Cre minus control (control) 

(h) and Lsd1CAGG (i) CA1 and cortex. Insets are magnified views of non-pyknotic (h) and 

pyknotic (i) nuclei. CC denotes corpus callosum. (j-q) MAP2 IHC of control (j, l, n, p) and 

Lsd1CAGG (k, m, o, q) CA1 (j,k), CA3 (l,m), dentate gyrus (n,o) and cortex (p,q). Brackets 

highlight dendrites and arrows highlight pyknotic nuclei. (r,s) Tau IHC of control (r) and 

Lsd1CAGG (s) CA1. Bracket highlights axons. (t-w) GFAP IHC of control (t,v) and Lsd1CAGG 

(u,w) hippocampus (t,u) and cortex (v,w). Arrowheads highlight sparse astrocytes in control 

cortex. Insets show magnified view of representative astrocytes. (x-aa) Merge of DAPI (red) and 

TUNEL (green) in control (x,z) and Lsd1CAGG (y,aa) CA1 (x,y) and cortex (z,aa). All IHC (j-w) 

is counterstained with hematoxylin. All Lsd1CAGG images are taken at the terminal phenotype. 

Scale bars= 50µm. 
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Figure 3-6 Absence of spinal cord motor neuron and muscle defects in Lsd1CAGG mice. 

(a,b) Thionin staining of control (a) and Lsd1CAGG (b) ventral horn spinal cord motor neurons 

(arrowheads). Inset shows histogram of percentage motor neurons (per total ventral horn nuclei) 

for control (n = 3) and Lsd1CAGG (n = 4). Values represent mean ± s.e.m. No significant 

difference between genotypes (p = 0.838, unpaired t test) (c,d) Immunofluorescence of 

neuromuscular junctions showing SV2 (presynaptic motor neurons, green) and fluorescent α-

bungarotoxin (muscle acetylcholine receptors, red) in control (c) and Lsd1CAGG (d). Co-

localization SV2 and α-btx demonstrate an intact junction. (e,f) Immunohistochemistry (IHC) of 

myelin basic protein (MBP) in lower cervical spinal cord showing no difference in myelin 

amount or distribution between control (e) and Lsd1CAGG (f). IHC is counterstained with 

hematoxylin. (g-j) H&E staining of soleus (g,h) and tibialus anterior muscles (i,j) showing 

muscle fiber size (circles) in controls (g,i) compared to reduced cell size in Lsd1CAGG (h,j). 

Absence of gaps in the tissue and absence of centrally located nuclei indicate a lack of muscle 

degeneration. Scale bars= 50µm.  
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Figure 3-7 Neurodegeneration in Lsd1CAGG mice.  

(a-r) H&E staining of control and Lsd1CAGG hippocampus (a,b), anterior and posterior CA1 (c-f), 

dentate gyrus (g-j), cerebral cortex (k,l), amygdala (m,n), thalamus (o,p), and motor cortex (q,r). 

(a,b) Distribution of pyknosis in Lsd1CAGG hippocampus with CA1 being most affected, and CA2 

and CA3 moderately affected (b), compared to control with no pyknosis (a). (c-f) Increasing 

severity of pyknosis from anterior (d) to posterior (f) from the same Lsd1CAGG hippocampus 

compared to control with no pyknosis (c,e). (g-j) Varying severity of pyknosis from three 

Lsd1CAGG dentate gyruses; unaffected (h), moderately affected (i) completely affected (j) 

compared to control with no pyknosis (g). (k,l) Distribution of pyknosis in cerebral cortex of 

Lsd1CAGG (l) in layers II/III, IV and VI, compared to control with no pyknosis (k), CC designates 

corpus callosum. (m-r) Distribution of pyknosis in the amygdala (n), thalamus (p) and motor 

cortex (r) of Lsd1CAGG compared to control of same brain regions with no pyknosis (m,o,q). 

Arrowheads denote pyknotic nuclei. Scale bars= 50µm.  
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Figure 3-8 LSD1 in different cell types 

(a-d) LSD immunohistochemistry (IHC) in control (a,c) and Lsd1CAGG (b,d) CA1 (a,b) and 

cerebral cortex (c,d) showing the breadth of pyknosis associated with absence of LSD1 

immunoreactivity in Lsd1CAGG (b,d) compared to control (a,c) where LSD1 immunoreactivity is 

ubiquitous and pyknosis is absent. Images are the source images from Figure 1a-d. Insets below 

highlight immunoreactive non-pyknotic neuronal nuclei and non-immunoreactive pyknotic 

neuronal nuclei. (e,f) LSD1 immunohistochemistry in control (e) and Lsd1CAGG (f) CA1 ten 

weeks after a single, reduced dose of tamoxifen (1 mg/ 40g of body mass). Every neuronal 

nucleus in control and most neuronal nuclei in Lsd1CAGG mice display normal LSD1 

immunoreactivity and are not pyknotic (arrowheads). However, a small number of nuclei are 

non-immunoreactive for LSD1 and are also pyknotic (arrows), which is consistent with a cell 

autonomous effect on neuronal cell death.) All IHC (a-f) is counter stained with hematoxylin. 

Scale bars= 50µm.  
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Figure 3-9 Absence of neurodegeneration in the Lsd1CAGG cerebellum. 

(a,b) H&E staining of control (a) and Lsd1CAGG (b) cerebellum showing similar cellular 

morphology and lack of pyknotic nuclei in Lsd1CAGG. (c,d) MAP2 immunohistochemistry (IHC) 

in control (c) and Lsd1CAGG (d) showing similar distribution in cerebellar neurons. (e,f) LSD1 

IHC in control (e) and Lsd1CAGG (f) cerebellum showing lack of LSD1 in some (arrowheads), but 

not all Lsd1CAGG purkinje neurons. (g) Quantification of intact Lsd1 alleles (revealing the extent 

of Lsd1 deletion) in control (blue) and Lsd1CAGG (orange) hippocampus 24 hours after tamoxifen 

injection, and in cortex and cerebellum at terminal phenotype. Data are shown as relative units 

normalized to ActB, where the control value is set to 100. (h,i) Merge of LSD1 (green) 

immunofluorescence and DAPI (red) in control (h) and Lsd1CAGG (i) CA1 nuclei showing LSD1 

protein remaining in non-pyknotic nuclei approximately one week before the Lsd1CAGG terminal 

motor phenotype. All IHC (c-f) is counterstained with hematoxylin. Scale bars= 50µm. 
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Figure 3-10 LSD1 is not required for kidney and liver cell viability. 

(a-l) Representative immunofluorescence images showing LSD1 (red), staining control 

H3K4me2 (green) and DAPI (blue) in mouse epithelial cells of the kidney nephron (a-f, arrows) 

and hepatocytes of the liver (g-l, arrowheads). LSD1 is normally ubiquitously expressed in 

controls (c,i). In Lsd1CAGG mice, LSD1 is absent (f,l), but kidney and liver morphology remains 

normal compared to controls (a,d,g,j). Absence of LSD1 immunoreactivity is not due to lack of 

antibody penetrance (b,e,h,k). Scale bars= 50µm. 
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Figure 3-11 Loss of LSD1 results in learning and memory deficits.  

(a) Latency to mount platform (in seconds) in the Morris water maze across the 5 day training 

period of control (blue, n = 15) and Lsd1CAGG (orange, n = 12) mice. Data are shown as mean ± 

s.e.m. **P < 0.01 on Day 5 compared by repeated measures two-way ANOVA with post hoc 

Sidak’s multiple comparisons test. (b) Percent time spent swimming in platform quadrant during 

probe (day 6) after 5 days of water maze training for control (blue n = 15) and Lsd1CAGG mice 

(orange, n = 11) mice. Data are shown as mean ± s.e.m. *P < 0.05 by unpaired t-test. (c) Percent 

time spent freezing during contextual fear response after fear conditioning of control (blue, n = 

12) and Lsd1CAGG (orange, n = 8) mice. Data are shown as mean ± s.e.m. *P < 0.05 by unpaired 

t-test at individual timepoints. P = 0.052 for difference between genotypes by repeated measures 

two-way ANOVA. (d) Percent time spent freezing during cued fear response after fear 

conditioning of control (blue, n = 12) and Lsd1CAGG (orange, n = 8) mice. Data are shown as 

mean ± s.e.m. Dashed line represents sound of tone. 
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Figure 3-12 Lsd1CAGG mice have learning and memory deficits. 

(a) Speed during travel to mount platform in Morris water maze across 5 day training period of 

control (blue, n = 15) and Lsd1CAGG (orange, n = 12) mice. Data are shown as mean ± s.e.m. No 

significant difference between genotypes by repeated measures two-way ANOVA. (b) Distance 

traveled to mount platform in Morris water maze across 5 day training period of control (blue, n 

= 15) and Lsd1CAGG (orange, n = 12) mice. Consistent with the increased latency to mount 

platform (Fig. 2a), Lsd1CAGG mice travel longer distance on Day 5. Data are shown as mean ± 

s.e.m. 
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Figure 3-13 Differential expression of genes in Lsd1CAGG hippocampus. 

(a) Total number of nuclei per area counted in control (n = 4) and terminal Lsd1CAGG (n = 10) 

CA1. Data are shown as mean ± s.e.m. (b) Hierarchical clustering of gene expression across 

24,412 transcripts (FPKM > 0.5) shows that control and Lsd1CAGG replicates significantly 

segregate by gene expression. The y-axis represents the log10 FPKM correlation. Approximate 

Unbiased P-values (AU, red) and Bootstrap Probabilities (BP, green) for each cluster are shown. 

(c) Principle component analysis (PCA) of 24,412 transcripts (FPKM > 0.5) shows consistent 

separation of control and Lsd1CAGG samples in the first two principle components. (d) Heatmap 

of most significantly differentially expressed (281 upregulated, 124 downregulated) RNA-seq 

transcripts between Lsd1CAGG and control hippocampi. Samples are hierarchically clustered by 

relative expression of differentially expressed transcripts. Relative higher (red) or lower (green) 

expression is indicated. (e) Volcano plot of fold-changes in gene expression (x-axis) by statistical 

significance (P-value; y-axis). Each circle represents a transcript and the normalized change in 

expression is represented by the size of the circle (legend). Those transcripts that are 

significantly (FDR < 0.05) differentially expressed are represented in red (281 upregulated) and 

green (124 downregulated). (f) Histogram of Gene Ontology analysis shows ontologies that are 

associated with those genes that are upregulated (red) and those genes that are downregulated 

(green) in the Lsd1CAGG RNA-seq dataset. The top 10 ontologies are shown with P-values. (g) 

Histogram of Gene Set Enrichment Analysis shows the most enriched (red) and depleted (green) 

gene sets in the Lsd1CAGG RNA-seq dataset. The top 10 gene sets are shown with normalized 

enrichment scores. 
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Figure 3-14 Ectopic activation of stem cell genes in Lsd1CAGG mice.  

(a-d) Genome browser style plot of RNA-seq reads per million (RPM) from control (blue) and 

overlaid Lsd1CAGG (orange) hippocampi showing expression of the genes Klf4 (a), Myc (b), 

Foxo1(c), Oct4 (d). (e-l) Immunohistochemistry (IHC) with antibodies to KLF4 (e,f), c-MYC 

(g,h), FOXO1 (i,j), and OCT4 (k,l) in control (e,g,i,k) and Lsd1CAGG (f,h,j,l) CA1 neuronal 

nuclei. Arrows denote non-pyknotic nuclei and arrowheads denote pyknotic nuclei. All IHC is 

counterstained with hematoxylin. All Lsd1CAGG images are taken at the terminal phenotype. Scale 

bars= 50µm. 
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Figure 3-15 Neural stem cell gene expression in Lsd1CAGG mice. 

(a-h) Immunofluorescence labelling of DAPI (a,e), NeuN (b,f), c-MYC (c,g) and NeuN/c-MYC 

merge (d,h) in control (a-d) and Lsd1CAGG (e-h) CA1. c-MYC protein is present in the nuclei of 

neurons in Lsd1CAGG mice (e-h, arrowheads), but absent from neurons in control mince. (i,j) 

Genome browser style plot of RNA-seq reads per million (RPM) from control (blue) and 

overlaid Lsd1CAGG (orange) hippocampus showing expression of the genes Vimentin (i) and 

Nestin (j). (k-p) Immunohistochemistry (IHC) with antibodies to VIMENTIN (k,l) and NESTIN 



 89 

(m-p) in control CA1 (k,m) and cortex (o), and Lsd1CAGG CA1 (l,n) and cortex (p). VIMENTIN 

immunoreactivity was present in CA1 neurons in both control (k, arrowheads) and Lsd1CAGG (l, 

arrowheads), with more immunoreactive neurons in Lsd1CAGG. NESTIN immunoreactivity was 

found in glial-shaped cells in Lsd1CAGG hippocampus (n) and cortex (p, arrows) and absent in 

control (m,o). All IHC is counterstained with hematoxylin. All Lsd1CAGG images were taken at 

the terminal phenotype. Scale bars= 50µm.  
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Figure 3-16 Loss of LSD1 induces common neurodegeneration pathways. 

 (a-d) Gene set enrichment plots of neurodegeneration pathways where Lsd1CAGG impacted 

transcripts (x-axis) are sorted by magnitude of upregulation (red) to downregulation (green). The 

position of each gene from the gene set is represented as a black tick mark (x-axis). Enrichment 

score (y-axis) shows where enrichment of genes from the set occurs in the Lsd1CAGG 

transcriptome. Gene sets shown are regulation of inflammatory response (a), Kyoto 

Encyclopedia of Genes and Genomes (KEGG) complement cascade (b), ion transport (c), and 

KEGG oxidative phosphorylation (d). FDR is shown for each plot. (e-l) Scatter plots showing 
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correlated changes in gene expression of genes from the Microglial and Immune Module192 (e,f), 

KEGG complement cascade (g,h), Synaptic Transmission Module192 (i,j) and KEGG oxidative 

phosphorylation (k,l) gene sets between the Lsd1CAGG and control hippocampus (FPKM, x-axes) 

compared to changes in log2 gene expression between late onset AD (LOAD) and control 

prefrontal cortex192 (e,g,i,k; y-axis), or compared to changes between FTD-progranulin and 

control frontal cortex193 (f,h,j,l; y-axis). The most significantly changed genes in the Lsd1CAGG 

hippocampus (Supplementary Fig. 11d,e) are shown in red (upregulated) and green 

(downregulated). All other genes with a direct mouse/human orthologue are shown in grey. 

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 other quadrants. (m) Genome browser style 

plot (as described in Fig. 3a-d) showing Pcna expression in Lsd1CAGG hippocampus (orange) 

compared to control (blue). (n-q) Immunohistochemistry with antibodies to PCNA (n,o), and 

H3S10p (p,q) in control (n,p) and Lsd1CAGG (o,q) CA1 neuronal nuclei. Arrows denote non-

pyknotic nuclei. All IHC is counterstained with hematoxylin. All Lsd1CAGG images are taken at 

the terminal phenotype. Scale bars= 50µm. 
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Figure 3-17 Expression changes in Lsd1CAGG mice correlate in AD and FTD.  

(a-f) Scatter plots (as described in Fig. 4e-l) showing genome-wide correlated changes in gene 

expression between the Lsd1CAGG and control hippocampus (FPKM, x-axes) compared to log2 

gene expression changes in late onset AD (LOAD) prefrontal cortex192 (a; y-axis), FTD-

progranulin frontal cortex193 (b; y-axis), PD substantia nigra194 (c; y-axis), ALS motor neurons217 

(d; y-axis), LOAD cerebellum192 (e; y-axis), FTD-progranulin cerebellum193 (f; y-axis), and 

sporadic FTD frontal cortex193 (g; y-axis). P-values and ρ Pearson correlation coefficient are 

given. 
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Figure 3-18 LSD1 co-localization with pTau and pTDP-43 aggregates.  

(a,b) LSD1 immunohistochemistry (IHC) showing expression of LSD1 in age-matched control 

frontal cortex (a) and hippocampus (b). (c,d) Representative IHC images showing LSD1 

immunoreactivity localized to cytoplasmic tangle-like aggregates (c, arrows) and neurites (d, 

arrows) in AD frontal cortex. (e,f) IHC images showing pTau (AT8 epitope) neurofibrillary 

tangles (e, arrows) and neuropil threads (f, arrows) from the same AD frontal cortex as (c,d). (g-

i) Representative image of LSD1 (g, red), pTau (h, green), and merged (i) immunofluorescence 

(IF) showing co-localization of LSD1 with a pTau neurofibrillary tangle in AD (arrow). (j,k) 

Representative IHC image showing LSD1 immunoreactivity localized to abnormal deposits in 
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neurites (j, arrowheads) and cytoplasmic inclusions (k, arrowheads) in FTD-TDP43 frontal 

cortex (j) and hippocampus (k). (l,m) IHC images showing pTDP-43 in neurites and cytoplasmic 

inclusions (l,m, arrowheads) from the same FTD-TDP43 frontal cortex (l) and hippocampus (m) 

as (j) and (k), respectively. (n-p) Representative image of LSD1 (n, red), pTDP-43 (o, green) 

and merged (p) IF showing co-localization of LSD1 with pTDP-43 in a neurite in FTD-TDP43 

(arrowhead). Insets are magnified views of LSD1 nuclear localization (a,b) and representative 

pathologies (c-f, j-m). Scale bars= 50µm. (q) The percentage of neurofibrillary tangles (pTau) 

with LSD1 colocalization in AD (n = 14 cases assayed, closed circles), and neurites (pTDP-43) 

with LSD1 colocalization in FTD-TDP43 (n = 5 cases assayed, open circles), with the average 

percentage shown (red bar). 
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Figure 3-19 LSD1 mislocalization is specific to AD and FTD. 

(a,b) LSD1 IHC with primary antibody preincubated with the target peptide shows an absence of 

signal in AD (a) and FTD-TDP43 (b). (c,d) LSD1 (c) and pTau (AT8 epitope) (d) 

immunohistochemistry (IHC) showing immunoreactivity localized to neurites (c) and neuropil 

threads (d) around a senile plaque, but not to the amyloid core of the plaque. (e,f) LSD1 IHC in 

control (e) and PD (f) dopaminergic neurons of the substantia nigra shows LSD1 localized to the 

nucleus (arrows) and not Lewy bodies. (g,h) α-Synuclein IHC in PD shows formation of Lewy 

bodies in dopaminergic neurons of the substantia nigra (arrowheads). Scale bars= 50µm.  
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Figure 3-20 Absence of pathological protein aggregates in Lsd1CAGG mice. 

(a-f) pTau (AT8 epitope) (a,b), Aβ (c,d), and pTDP-43 (e,f) immunohistochemistry in control 

(a,c,e) and Lsd1CAGG (b,d,f) CA1 neurons showing absence of aggregate forms of the proteins. 

pTDP-43 is found sporadically in control nuclei (e, arrowheads) and shows a similar staining 

pattern in Lsd1CAGG non-pyknotic nuclei (f, arrowheads), but there is no evidence of pTDP-43 

aggregation. (g,h) Gallyas silver staining in control (g) and Lsd1CAGG (h) CA1 neurons showing 

lack of any protein aggregation (positive stain is black). Scale bars= 50µm.  
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Figure 3-21 Stem cell gene expression in human dementia. 

(a-n) Beeswarm plots showing expression of Klf4 (a,b), Myc (c,d), Oct4 (e,f), Foxo1 (g,h), 

PCNA (i,j) and Vimentin (k,l) in control (blue) versus LOAD prefrontal cortex29 (a,c,e,g,i,k, 

orange), or control (blue) versus FTD-progranulin frontal cortex30 (b,d,f,h,j,l, orange). Values 

represent the log2 expression of each patient and bars represent mean ± s.d., *P < 0.05, **P < 

0.01, ***P < 0.001, n.s.: not significant. 
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4.1 Abstract 

Tauopathies are a class of neurodegenerative diseases associated with pathological tau. 

However, the mechanism through which tau contributes to neurodegeneration remains unknown. 

Previously, our lab implicated the histone demethylase LSD1 in tau-induced neurodegeneration 

by showing that LSD1 localizes to pathological tau aggregates in Alzheimer's disease 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 tau-mediated neurodegeneration. Finally, 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. Thus, LSD1 is a promising 

therapeutic target for tauopathies such as Alzheimer's disease. 

 

4.2 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 2-5,222. In addition 

to these primary tauopathies, neuropathological observations of postmortem Alzheimer’s disease 

(AD) brains show the presence neurofibrillary tangles (NFTs) of hyperphosphorylated tau 

protein, as well as plaques containing β-amyloid (Aβ) peptide 28,33,34,223. 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 223. As dementia progresses, the spatial pattern of tau pathology 
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highly correlates with the level of cognitive impairment 32,224-226. In addition, Aβ oligomers 

and/or plaques can enhance tau pathology in various mouse models 227,228, and there is increasing 

evidence that accumulation of Aβ plaques can contribute to tau pathology 4,42,229. The most well-

defined physiological role of tau is in stabilizing microtubules, particularly in neuronal axons 3. 

However, in the pathological state, tau becomes aberrantly phosphorylated 3,230,231, truncated 

2,222, and aggregates into oligomers and larger insoluble filaments 18,232. This pathology is 

thought to trigger synaptic loss, dramatic genome-wide expression changes, increased 

inflammatory response, and neuronal cell death 233-236. 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 173. 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). Consistent with this overlap, we observed LSD1 protein mislocalized to 

cytoplasmic NFTs, but not associated with Aβ plaques in AD cases or Lewy bodies of a-

synuclein in Parkinson’s disease cases 173. 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 
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nervous system49. When expressed in mice, the P301S tau protein is prone to 

hyperphosphorylation and somatodendritic aggregation, without the presence of Aβ 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 237,238. 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. 

 

4.3 Results 

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

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 173. 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 
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have significant tau pathology49. 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 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 (Figure 4-1A-C) and the hippocampus (Figure 4-

2A-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 (Figure 4-1D-F) and the 

hippocampus (Figure 4-2D-F). These are both regions where we observe substantial cytoplasmic 

tau pathology (Figure 4-1G-I; Figure 3-2G-I). 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 (Figure 4-2J-O), but abnormally localized to the cytoplasm in 

PS19 Tau mouse littermates (Figure 4-2P-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 (Figure 4-2V-X), to depletion from the 

nucleus (Figure 4-2Y-DD).   

 

4.3.2 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;Lsd1Δ/+, 

Figure 4-3A). Lsd1 heterozygotes (hereafter referred to as Lsd1Δ/+) have a functioning copy of 

Lsd1 and do not have phenotypes associated with LSD1 loss of function 166,239,240. Thus, Lsd1 



 103 

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 (Figure 4-3B) and a 35% 

reduction in protein levels (Figure 4-3C,D) in Lsd1Δ/+ mice compared to their 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 Lsd1Δ/+ mice, 

PS19;Lsd1Δ/+ mice have a similar 26% reduction in transcript levels (Figure 4-3B) and a 31% 

reduction in protein levels (Figure 4-3C,D) compared to PS19 Tau littermates. In addition, all 

genotypes were born at normal Mendelian ratios with equal male/female ratios.  

 As expected, Lsd1Δ/+ mice had normal survival (Figure 4-4A). In contrast, PS19 Tau mice 

had a reduced overall survival (Figure 4-4A)49. When one copy of Lsd1 was removed from PS19 

Tau mice, their lethality was significantly exacerbated (P-value = 0.0017, Figure 4-4A). As 

expected, there was little effect on the onset of reduced viability. The initial decline in the 

survival of PS19;Lsd1Δ/+ mice started only slightly earlier than PS19 Tau mice, after the 

appearance of pathological tau in neurons (Figure 4-9K-M)49. This suggests that pathological tau 

may have to be present before Lsd1 heterozygosity has deleterious effects. Subsequently, 

PS19;Lsd1Δ/+ 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;Lsd1Δ/+ 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;Lsd1Δ/+ 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;Lsd1Δ/+ mice had died (Figure 4-4A). 
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 PS19 Tau mice develop paralysis starting with hind limb clasping which progresses until 

they are unable to feed49. 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 reported by Yoshiyama and 

colleagues49. PS19;Lsd1Δ/+ mice also displayed intermittent hind limb clasping beginning at 

approximately 6 months of age. However PS19;Lsd1Δ/+ 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;Lsd1Δ/+  mice were severely paralyzed and typically terminal. 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) (Figure 4-4B), the speed of the rod 

at which they fall off the rotarod (rotations per minute) (Figure 4-4C), and the total distance 

traveled (Figure 4-4D). All genotypes performed the same at 6 months and 8 months (Figure 4-

4B-D). However, at 10 months, when PS19 Tau mice still performed normally, PS19;Lsd1Δ/+ 

mice had a significant deficit in mobility (P-value < 0.01, Figure 4-4B,C). A deficit in 

PS19;Lsd1Δ/+ mice was also observed at 10 months in the total distance traveled (Figure 4-4D) 

and in grid performance testing (Figure 4-5A), 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 (Figure 4-5B-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 (Figure 4-5E), many of the 

motor neurons in PS19;Lsd1Δ/+ mice at 12 months had abnormal morphology, with the nucleus 

skewed to the edge of the cell body (Figure 4-5Evs.F) and a ballooned cell body (Figure 4-5F). 

Within the cell body we found aberrant hyperphosphorylated NFH (heavy chain neurofilament), 
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which is a sign of activated neuronal stress pathways (Figure 4-5Gvs.H) 241,242. This abnormal 

morphology is highly reminiscent of a well-established process known as chromatolysis, which 

is characterized by swelling of the neuronal cell body, disruption of Nissl granules, and pyknotic 

or shrunken nuclei abnormally skewed to the edge of the cell body 243,244. Chromatolysis, which 

is linked to neuronal stress and often leads to apoptosis 244, has been observed in AD and other 

neurodegenerative diseases 243,245-247.  

 

4.3.3 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 (Figure 4-6A-H) 

based on histological analysis. There was also no difference between Lsd1+/+ and Lsd1Δ/+ mice at 

10 months or 12 months (Figure 4-7A,B; Figure 4-6I,J,M,N; Figure 4-8A,B,E,F,I,J,M,N). At 10 

months, PS19 Tau mice had very little cell loss in the hippocampus compared to Lsd1+/+ and 

Lsd1Δ/+ control mice (Figure 4-6I-K, M-O). In contrast, at 10 months, PS19;Lsd1Δ/+ mice had 

dramatic cell loss both in the CA1 region of the hippocampus and throughout the posterior 

hippocampus (Figure 4-6L,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. 3A,B; Fig. S5 A-C, E-G). In comparison, PS19;Lsd1Δ/+ 

mice had a 52% and 54% decrease in the CA1 and CA3 respectively (Figure 4-7A,B; Figure 5-

8D,H) compared to Lsd1+/+ control mice. This resulted in decreased overall brain size (Figure 4-

7C) and brain weight (Figure 4-7D) in PS19;Lsd1Δ/+ mice compared to PS19 Tau and Lsd1Δ/+ 
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mouse littermates. Additionally, at 12 months there were increased levels of cell loss in the 

Dentate Gyrus (Figure 4-8I-L), and throughout the posterior hippocampus (Figure 4-8M-P). 

 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. At 6 months, there was no sign of cell loss or ventricular dilatation in 

Lsd1Δ/+, PS19 Tau, or PS19;Lsd1Δ/+ mice (Figure 4-7E-G). However, at 10 months the MRI 

showed that there was dramatic ventricular dilatation in PS19;Lsd1Δ/+ mice, as evidenced by 

high-intensity areas in T2- weighted imaging, with substantial hippocampal and neocortical 

atrophy (Figure 4-7Jvs.H). At this timepoint, PS19 Tau mice had some ventricular dilatation and 

hippocampal atrophy throughout the hippocampus (Figure 4-7I), but much less than 

PS19;Lsd1Δ/+ mice (Figure 4-7J).  

 

4.3.4 Tau pathology is not effected 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;Lsd1Δ/+ mice in the endogenous mouse Mapt RNA expression, nor in 

the human P301S MAPT transgene expression (Figure 4-9A). 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 Lsd1Δ/+ at 6, 8, or 10 months (Figure 4-9B,E,H). Additionally, we observed very little 

AT8 positive immunoreactivity at 6 months in both PS19 Tau or PS19;Lsd1Δ/+ mice (Figure 4-

9C,D). At 8 months both PS19 Tau and PS19;Lsd1Δ/+ mice had low but consistent levels of AT8 

positive immunoreactivity (Figure 4-9F,G), and by 10 months both PS19 Tau and PS19;Lsd1Δ/+ 
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mice developed the same high level of AT8 positive tau immunoreactivity (Figure 4-9I,J). This 

was consistent throughout both the CA1 and CA3 regions of the hippocampus and the cerebral 

cortex (Figure 4-9K-M). We also did not observe any difference between PS19 Tau mice and 

PS19;Lsd1Δ/+ mice when assaying PHF1 (an alternative phospho-tau antibody) immunoreactivity 

in the CA1 region of the hippocampus at 8 months (Figure 4-10A-C, G) and 10 months (Figure 

4-10D-F, G), nor in the CA3 region of the hippocampus or the cerebral cortex at 8 and 10 

months (Figure 4-10H,I).  

 

4.3.5 The 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+/+, Lsd1Δ/+, PS19 Tau, and PS19;Lsd1Δ/+ 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;Lsd1Δ/+ 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+/+ (Figure 4-11A,B), and 271 significant gene expression 

changes in PS19;Lsd1Δ/+ mice compared to Lsd1+/+ (Figure 4-11C,D). Importantly, Lsd1Δ/+ mice 

had only 4 gene expression changes observed genome-wide (Figure 4-11E,F), indicating that the 
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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;Lsd1Δ/+ mice. In PS19 Tau mice that do not yet have significant 

neurodegeneration, we identified 54 genes (36 up and 18 down) that were differentially 

expressed. Of these 54 genes, 50 were similarly deregulated in PS19;Lsd1Δ/+ mice (93%). In 

addition, amongst the 50 genes changed in the same direction, 36 (72%) had exacerbated 

expression in PS19;Lsd1Δ/+ mice compared to PS19 Tau mice (Figure 4-12A). Therefore we see 

the similar gene expression changes with severity increased when LSD1 levels are reduced. 

Based on this overlap, we further compared the expression changes between PS19 Tau mice and 

PS19;Lsd1Δ/+ mice genome-wide. Amongst the transcripts that were changed in both PS19 Tau 

mice and PS19;Lsd1Δ/+ 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;Lsd1Δ/+ mice are very similar (Figure 4-11G-J). However, the genes affected in both sets of 

mice tended to be further exacerbated in PS19;Lsd1Δ/+ mice compared to PS19 Tau mice. 

Amongst the 71% of genes that changed in the same direction in both PS19 Tau mice and 

PS19;Lsd1Δ/+ mice, 76% of these transcripts had a higher fold-change in PS19;Lsd1Δ/+ mice 

compared to PS19 Tau mice (Figure 4-12B). 

 

4.3.6 Overexpression of LSD1 rescues neurodegeneration in PS19 Tau mice 



 109 

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 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 

(Figure 4-13A-D), with no HA expression observed in IBA+ microglia (Figure 4-13E-H), or 

GFAP+ astrocytes (Figure 4-13I-L). It also confirmed that virally expressed LSD1 is nuclear 

(Figure 4-13M) and confined to the hippocampus (Figure 4-13N). 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 (Figure 4-13O,P). 

As expected, because the viral injections were restricted to the hippocampus, the mice injected 

with LSD1 still developed paralysis. 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 (Figure 4-13Q-T). Therefore, any modulation to the phenotype was not due to 

changes in tau pathology.  
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 Injected mice were evaluated for cell death by neuronal cell counts in the hippocampus. 

Injection of LSD1 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 CA1 

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 (Figure 4-14A-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 (Figure 4-14Bvs.C). Marker analysis demonstrated that this was due to a strong 

inflammatory response, with a large increase in the number of GFAP+ astrocytes (Figure 4-15A-

Cvs.D-F) and TRL2+ activated microglia (Figure 4-15J-Lvs.M-O, S-Vvs.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 (Figure 4-15G-Ivs.D-F) and TRL2+ activated microglia (Figure 4-15P-Rvs.M-O, AA-

DDvs.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 CA1 

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 (Figure 4-14E). These abnormal 
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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 (Figure 4-14F). 

In contrast, the six mice with abnormal nuclear blebbing had some HA-tagged LSD1 that was 

mislocalized to the cytoplasm (Figure 4-14G). This includes the one PS19- LSD1 inj mouse that 

had an elevated number of astrocytes and TRL2 positive microglia. Thus, the blebbing state 

correlates with when the viral produced LSD1 begins to be sequestered in the cytoplasm, similar 

to the endogenously produced LSD1. 

 

4.4 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 173. 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. 
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 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;Lsd1Δ/+ 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;Lsd1Δ/+ mice die significantly 

earlier, most likely due to the increased rate of paralysis. Additionally, PS19;Lsd1Δ/+ 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;Lsd1Δ/+ 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. 
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  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;Lsd1Δ/+ 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 affected in both PS19 Tau mice and PS19;Lsd1Δ/+ 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 interaction that we 

observe between pathological tau and reduced LSD1 is occurring through one downstream 

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 Ab 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 

248-250. It should be noted that this mechanism would potentially exacerbate the model that we 

propose. 
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 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. 

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 
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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.  
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4.5 Figures 

 

Figure 4-1 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 (I) where hyper-

phosphorylated tau accumulates in the cytoplasm of the cell body. Arrowheads denote hyper-

phosphorylated tau. Scale bars=25µm. 
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Figure 4-2 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-I, 

Representative immunofluorescence showing DAPI (G), AT8 positive hyper-phosphorylated tau 

(H), and merged (I) 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-O,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=25µm. 
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Figure 4-3 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 (Lsd1D/+, 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;Lsd1D/+, 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+/+, Lsd1D/+, PS19 Tau, and PS19;Lsd1D/+ mice. Lsd1D/+ mice had a 30% 

reduction in expression compared to Lsd1+/+ mice, and PS19;Lsd1D/+ had a 26% reduction in 
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expression compared to PS19 Tau mice. Values are mean ± SD (n=2, one-way analysis of 

variance (ANOVA) **P<0.01, ***P<0.005). c, Representative image of protein levels in the 

brain of  Lsd1+/+, Lsd1D/+, PS19 Tau, and PS19;Lsd1D/+ 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 Figure 4-3c. Compared to Lsd1+/+ mice, Lsd1D/+ 

mice had a 35% reduction and PS19 Tau mice had 20% increase in LSD1 protein levels. PS19; 

Lsd1D/+ 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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Figure 4-4 Reduction of Lsd1 exacerbates the PS19 Tau mouse paralysis phenotype. A, 

Lifespan curve showing that no Lsd1Δ/+ mice died before 18 months (orange, n=20). 

PS19;Lsd1Δ/+ 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. Lsd1Δ/+ 

(orange, n=10,11,14), PS19 Tau (green, n=11,22,9), and PS19;Lsd1Δ/+ (purple, n=8,17,11). 

Values are 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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Figure 4-5 Reduction of Lsd1 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. Lsd1Δ/+ (orange, n=10,11,12), PS19 Tau (green, n=12,22,9), and 

PS19;Lsd1Δ/+ (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 

NeuN (b), LSD1 (c), and merged with DAPI (d) in spinal cord motor neurons of 12 month old 
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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;Lsd1Δ/+ (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;Lsd1Δ/+ (h) littermates. Arrows denote healthy motor neurons. Arrowheads denote 

abnormal motor neurons. Scale bars=50µm. 
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Figure 4-6 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), 

Lsd1Δ/+ (b,f,j,n), PS19 Tau (c,g,k,o), and PS19;Lsd1Δ/+ (d,h,l,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=50µm.  
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Figure 4-7 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+/+, Lsd1D/+, PS19 Tau, and PS19;Lsd1D/+ mice. Quantification from histology 

represented in Figure 4-8A-H. Values are mean ± SD (A, n=13 & B, n=9). C, Representative 

image of the brains of 12 month old Lsd1D/+, PS19 Tau, and PS19;Lsd1D/+  littermates. D, Total 



 126 

brain weight of 12 month old littermates represented in Fig. 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 Lsd1D/+ (E,H), PS19 (F,J), and 

PS19;Lsd1D/+ (G,J) mice (n=3). Arrow denotes region of hippocampal atrophy. 
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Figure 4-8 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), Lsd1Δ/+ (b,f,j,n), PS19 

Tau (c,g,k,o), and PS19;Lsd1Δ/+ (d,h,l,p) littermates in the CA1 (a-d) and CA3 (e-h) regions of 

the hippocampus, the dentate gyrus (i-l), 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-l), and region of cell clearance in posterior hippocampus (p). Scale bars=50µm. 
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Figure 4-9 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; Lsd1D/+ 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 Lsd1Δ/+ (b,e,h) , 

PS19 Tau (c,f,i), and PS19;Lsd1Δ/+ (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=50µm. k-m, 
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Quantification of the average AT8 positive tau immunoreactivity per area from histology 

represented in Figure 4-9b-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 25th 

and 75th 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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Figure 4-10 Reduction of Lsd1 does not affect PHF1 positive tau pathology. a-f, 

Representative image of immunohistochemistry staining of PHF1 in the CA1 region of the 

hippocampus in Lsd1Δ/+ (a,d), PS19 Tau (b,e), and PS19;Lsd1Δ/+ (c,f) littermates at 8 months (a-

c) and 10 months (d-f). Arrows denote PHF1 positive immunoreactivity. Scale bars=50µm. g-i, 

Quantification of average PHF1 positive tau immunoreactivity per area from histology 

represented in Figure 4-10a-f in the CA1 (g) and CA3 (h) regions of the hippocampus, and the 

cerebral cortex (i) (n=4 box plot edges are 25th and 75th 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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Figure 4-11 Differential expression in 9 month old Lsd1Δ/+, PS19 Tau, and PS19;Lsd1Δ/+ 

hippocampus. A,C,E, Heatmap of differentially expressed RNA-seq transcripts between Lsd1+/+ 

and PS19 Tau (A), PS19; Lsd1Δ/+ (C), and Lsd1Δ/+ (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, Volcano plot of log2 fold-changes 

in gene expression (x-axis) by statistical significance (-Log10 P-value; y-axis) in PS19 Tau (B), 

PS19; Lsd1Δ/+ (D), and Lsd1Δ/+ (F) compared to Lsd1+/+ mouse hippocampus. Each dot 

represents a transcript, and the dotted line represents a significance log2 fold change cut off of 

0.5. G-J, Histogram of Gene Set Enrichment Analysis compared to KEGG pathways (G,H) and 

the Reactome (I,J). The top ten most enriched (red) and depleted (green) gene sets in the PS19 

Tau (G,I) and PS19; Lsd1Δ/+ (H,J) are shown with normalized enrichment scores.  
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Figure 4-12 Molecular overlap between loss of LSD1 function and tauopathy. A, Histogram 

(log2 fold change) of the 54 genes that have significant changes in expression in the PS19 Tau 

mouse (green) and their corresponding expression changes in the PS19;Lsd1Δ/+ mouse (purple). 

B, Scatter plot showing the correlation between the genome-wide log2 fold change in gene 
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expression between PS19 Tau and PS19;Lsd1Δ/+. The most significantly changed genes in 

PS19;Lsd1Δ/+ 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;Lsd1Δ/+. 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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Figure 4-13 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 IBA1 (e-h), which lack HA expression. i-

l, Representative immunofluorescence labeling showing DAPI (i), GFAP (j), HA(LSD1) (k), and 

merged (l) images. Asterisks denote cells stained positive for GFAP (i-l), 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 Figure 4-

13o 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. q-r, Representative image of immunohistochemistry staining of phosphorylated tau 

(AT8 antibody) in the CA1 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=50µm. (t) Quantification of average AT8 positive tau immunoreactivity per area. Box plot 

edges are 25th and 75th percentile, central line is the median, and whiskers are max and min (n=8, 

one-way analysis of variance (ANOVA) with Tukey’s post hoc test (two-sided), ns=not 

significant). 
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Figure 4-14 LSD1 overexpression rescues the neurodegenerative phenotype in the 

hippocampus of 11 month old PS19 Tau mice. A-C, Representative image of H&E stained 

CA1 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 

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. 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 CA1 region of the hippocampus. E’-E’’’, High 

magnified image of cells denoted by arrows in Figure 4-14E of individual nuclei that are either 

abnormally blebbed (E’, E”) or normal (E’’’). F,G, Immunohistochemistry staining of 
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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 Figure 4-14F of nuclear HA 

localization in individual nuclei. G’-G’’’, High magnified image of cells denoted by arrows in 

Figure 4-15G of individual nuclei with HA(LSD1) either sequestered to the cytoplasm (G’, G”) 

or confined to the nucleus (G’’’). Scale bars=50µm. 
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Figure 4-15 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 

marker IBA1 (k,n,q), and merged (l,o,r) images in WT- HA inj  (j-l), PS19-HA inj (m-o), 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 
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(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=50µm. ee, Quantification of the 

percentage of microglia that are TRL2+ in WT- HA inj, PS19- HA inj, and PS19- LSD1 inj mice 

represented in Figure 4-15s-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). 
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Interaction of pathological tau and LSD1 through 

the N-terminal disordered domain 
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5.1 Introduction 

The microtubule binding protein, tau has been well characterized as the driving pathology 

for tauopathies. However, the molecular mechanism of how tau pathology contributes to 

neuronal cell loss is incompletely understood. Tau becomes hyperphosphorylated and a 

misfolding event leads to the formation of tau oligomers. Accumulation of tau oligomers 

eventually form into the intracellular neurofibrillary tangles (NFTs) which are observed in the 

postmortem brain of tauopathies cases9. This pathology is thought to trigger synaptic loss, 

dramatic genome-wide expression changes, increased inflammatory response, and neuronal cell 

death4. Aggregated human tau has been shown to exhibit prion disease properties, in which 

misfolding and subsequent aggregation can induce further misfolding of both tau38,40. 

Furthermore, it has been shown that introduction of aggregated human tau into the brains of 

young P301S mice not yet exhibiting tau pathology induces the rapid onset of tau aggregation41. 

In AD, NFTs are composed of paired helical filaments (PHF) of the tau protein. The 

conversion from unaffected tau into PHFs is a multi-step process and is based on the innate 

structure of the tau protein. Native tau is classified as an intrinsically disordered protein (IDP) 

(Figure 5-1A). IDPs have very little stable secondary or tertiary structure in their free form. This 

provides structural flexibility to bind with multiple partners and the binding to other proteins 

typically stabilizes the disordered nature of IDPs251-253. For example, tau has the ability to 

interact with various tubulins. In addition, posttranslational modifications, such as 

phosphorylation may modulate the conformational freedom that tau would normally have by 

altering the binding-folding events to induce conformational changes. These conformational 

shifts aid in the formation of PHF and exposes the protein to new binding partners14,252. 

Interestingly, tau has been shown to interact with the disordered domains of other proteins, such 
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as the small nuclear ribonucleoprotein U1-70K. In AD cases it was shown that, tau co-aggregates 

with the C-terminal low complexity domain of U1-70K254. These data raise the possibility that 

tau PHFs could interact with other IDPs or even low complexity domains of other proteins.  

 Previously, our lab has implicated the histone demethylase LSD1 as a significant 

downstream mediator of the tau neurodegenerative pathway. LSD1 specifically removes mono- 

and di-methylation from lysine 4 on histone 3 (H3K4me/me2), and is required to suppress the 

stem cell program during differentiation in mouse embryonic stem cells84,165. In multiple 

paradigms, LSD1 has been shown to be a transcriptional repressor that facilitates cell fate 

transitions. Interestingly, in mammals, LSD1 continues to be expressed throughout adulthood, 

even in terminally differentiated cells such as neurons. Deletion of Lsd1 in adult mice leads to 

significant neuronal cell death in the hippocampus and cortex with associated learning and 

memory defects, as well as genome-wide expression changes that significantly overlap with 

those observed in the brains of postmortem human AD cases. Additionally, in postmortem brains 

of AD cases, we observed LSD1 protein mislocalized to cytoplasmic NFTs173. In this thesis, we 

further demonstrate that tau can sequester LSD1 in the cytoplasm and that manipulating LSD1 

can modulate tau-induced neurodegeneration. These data implicate the inhibition of LSD1 as the 

downstream mediator of tau aggregation.  

LSD1 is highly structured, and is thought to have completely ordered functional domains. 

However, human LSD1 also has an 172 amino acid intrinsically disordered N-terminal domain 

(Figure 5-1B)84. This domain has no known function except for containing the six amino acid 

nuclear localization sequence (NLS) that is known to interact with importin-a and be required 

for proper nuclear localization255. In particular, the N-terminal disordered domain is known to be 

dispensable for H3K4 demethylation, forming a secondary structure and interacting with known 
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associated complex members, such as CoREST256. Since it has been shown that tau can interact 

with the unstructured region of other proteins, we hypothesized that LSD1’s intrinsically 

disordered N-terminal domain is interacting with tau aggregates and blocking the NLS from 

being recognized and imported into the nucleus. In order to address this, we first investigated 

what is known about the N-terminal domain of LSD1. The LSD1 protein is evolutionarily 

conserved from S.pombe to mammals (Figure 5-1C). However, the N-terminal disordered 

domain, present in Drosophia and mammals, is only partially conserved (Figure 5-1D)84. The 

lack of this domain in other organisms, such as C. elegans, S. pombe and Arabidopsis suggests 

that LSD1 can function without it in vivo. Additionally, all in vitro studies on LSD1 have been 

performed using an N-terminally truncated clone. Considering these findings, we predicted that 

removing the N-terminal domain of LSD1 might inhibit LSD1’s interaction with tau without 

disrupting the in vivo function.  

 With this consideration, we proposed to interrogate a potential interaction between tau 

and the disordered domain of LSD1 in two complementary experiments. First, we utilized the 

same overexpression paradigm of injecting aged PS19 Tau mice in the hippocampus, but here we 

utilized an N-terminally truncated LSD1 virus (LSD1ΔN). The viral construct used for these 

experiments has the NLS added back to the N-terminus of the protein to allow for nuclear 

import. This approach will allow us to interrogate if LSD1ΔN is capable of entering the nucleus 

and avoid sequestration by tau, as well as determine if the truncated LSD1ΔN protein is 

functional in the hippocampus. Because the viral injection approach can only influence 

neurodegeneration in the hippocampus and does not block degeneration throughout the rest of 

the CNS, injected PS19 Tau mice still develop paralysis and die at the same rate as un-injected 
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tauopathy mice. This limits our ability to observe the viral product’s localization and effects on 

cell death beyond the onset of paralysis.  

For our second approach we generated the N-terminally truncated LSD1 protein at the 

endogenous locus in mouse and crossed these mice into the PS19 Tau mouse background. We 

predicted that the truncated protein would no longer be sequestered by pathological tau, allowing 

LSD1ΔN to enter the nucleus unencumbered. Because Lsd1 heterozygous mice are 

phenotypically wildtype, we hypothesized that one copy of Lsd1ΔN would be enough to maintain 

the nuclear pool of LSD1, despite tau-mediated sequestration of the full-length copy. By 

comparing neurodegeneration of the PS19 Tau mice with those that are heterozygous for 

Lsd1ΔN, we can determine tau functions through the N-terminal domain of LSD1 to induce 

neurodegeneration. If this is the case, the N-terminal domain of LSD1 could provide a novel 

therapeutic target for tauopathies, such as Alzheimer’s disease.  

 

5.2 Results 

5.2.1 Overexpression of LSD1ΔN rescues neurodegeneration more completely than full 

length LSD1 

Previously we showed that overexpression of the full length LSD1 protein in the 

hippocampus of PS19 Tau mice can rescue neurodegeneration after the onset of tau pathology. 

There was no cell loss of hippocampal neurons in LSD1 injected PS19 Tau mice at 11 months. 

However, this rescue was not permanent and in some cases we observed abnormal nuclear 

blebbing corresponding to the observation of HA-tagged LSD1 localized to the cytoplasm. Based 

on this, we hypothesized that the full length LSD1 protein was continuing to be sequestered and 

could only overcome the nuclear depletion of LSD1 temporarily. Here, we assessed whether 
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overexpression of N-terminally truncated LSD1 in PS19 Tau mice would recapitulate this rescue 

or possibly result in more effective or long-term rescue. For this, we performed the same viral 

injection experiments described in Chapter 4 using an N-terminally truncated LSD1 construct 

(Figure 5-2A). Briefly, 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), control virus expressing only the HA 

tag (hereafter referred to as PS19- HA inj), and the N-terminally truncated LSD1 (hereafter 

referred to as PS19- LSD1ΔN inj). Additionally, to control for the effects of viral injection, we 

injected Wild Type littermates with the HA only expressing virus (hereafter 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.  

At this time, with only preliminary numbers, we have analyzed and pooled all cohorts 

where the injections have been validated to be successful. At a later date we may be able to sub 

categorize the cohorts based on age of post-injection analysis. Since we are only injecting the 

hippocampus, the PS19 Tau mice still reach terminally paralysis. This typically occurs at 12 

months, but can occur as early as 8 months. For this analysis, mice range from 9-13 months old. 

Injected mice were evaluated for cell death by neuronal cell counts in the hippocampus. As 

expected, there was significant neuronal cell death in PS19- HA inj mice compared to WT- HA 

inj (Figure 5-2B,C,F; p=0.0002). Continued from our data in Chapter 4, we show a statistically 

significant rescue of the neuronal cell death in PS19 Tau mice injected with full length LSD1 

(Figure 5-2B,D,F; p=0.0002). Similar to what we documented previously, compared to WT-HA 

inj control mice, 58% (10 of 17) of the PS19-HA inj mice had hippocampal cell counts that were 

below the lowest WT-HA inj control, while only 1 of the 12 PS19- LSD1 inj mice (8%) were 
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below this level. For PS19- LSD1ΔN inj mice, the overall neuronal cell count was not 

statistically different from the WT- HA inj mice (Figure5-2B,E,F;p=0.0002). This suggests that 

the PS19- LSD1ΔN inj mice may be rescued, similar to full length PS19- LSD1 inj. However, 

the neuronal cell counts in PS19- LSD1ΔN inj are also not statistically significant from the 

PS19- HA group (p = 0.7692, comparing means of the PS19- LSD1ΔN inj group to the PS19- 

HA inj group). This indicates that the rescue may not be as robust as the rescue observed in full 

length PS19- LSD1 inj. Nevertheless, it is promising to note that only 2 out of the 6 PS19- 

LSD1ΔN inj mice were below the lowest WT-HA inj control (33%) and the cohort of mice with 

the most significant neuronal cell death in PS19- HA inj mice is clearly absent in PS19- 

LSD1ΔN inj mice. Although this work is ongoing, the results indicate that 1)  N-terminally 

truncated LSD1 construct rescues neurodegeneration in PS19 Tau mice, and 2) it is possible that 

the N-terminal domain has a minor function that is compromising the rescue.  

For the comparison of whether the N-terminally truncated LDS1 rescues better than the 

full length protein, more cohorts of older aged mice will need to be evaluated. However, to get 

an early indication, we can evaluate the blebbing that was previously observed in over half of 

rescued PS19- LSD1 inj mice. In Chapter 4, we proposed these neurons with blebbing nuclei 

represented an intermediate state between a healthy neuron and a dying neuron that is prolonged 

by the overexpression of LSD1 from the virus. In these cohorts, we observed the same ~60% of 

PS19- LSD1 inj mice exhibit blebbing in the CA1, while there was no blebbing observed in the 

CA1 of PS19- LSD1ΔN inj mice (Figure 5-3A-D). This was true in the mice analyzed at both 10 

months (Figure 5-3A,B) and one year (Figure 5-3C,D). Furthermore, when investigating 

blebbing throughout the hippocampus, only 38% of PS19- LSD1ΔN inj mice had blebbing 

outside of the CA1. In comparison, we observed CA1 blebbing in most of the PS19- LSD1 inj 
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mice and blebbing in other regions of the hippocampus as well as other brain regions in 100% of 

PS19- LSD1 inj mice (Figure 5-3E). The comparative lack of blebbing in the PS19- LSD1ΔN inj 

mice raises the possibility that neurons still present when PS19 mice are rescued with the N-

terminally truncated LSD1 construct are healthier or more functional than those rescued by the 

full length protein.  

 

5.2.2 Removal of the N-terminal domain aids in LSD1 nuclear localization in the presence 

of pathological tau  

When PS19 Tau mice are injected with full length LSD1 protein, this protein begins to be 

sequestered into the cytoplasm at around 11-12 months of age. To determine if deleting the N-

terminal disordered domain is sufficient to allow LSD1 to properly localize to the nucleus even 

in the presence of pathological tau aggregates, we examined the localization of LSD1 protein 

produced from the N-terminally truncated LSD1 construct via the HA tag. In controls injected 

with the full length protein, all of the mice that had CA1 blebbed nuclei showed HA-tagged 

LSD1 that mislocalzied to the cytoplasm (Figure 5-4A,C). In contrast, PS19- LSD1ΔN inj mice 

show persistent nuclear HA staining. This is consistent with the lack of blebbed nuclei (Figure 5-

4C). Even in the oldest PS19- LSD1ΔN inj mouse analyzed at 12.3 months of age (Figure 5-4D), 

we did not observe blebbing or HA-tagged LSD1 mislocalization. This suggests that LSD1ΔN 

evades tau aggregates to be successfully imported into the nucleus.  

 

5.2.3 Heterozygous removal of the N-terminal domain modulates the PS19 Tau mouse 

phenotype 
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Viral expression of the N-terminally truncated LSD1 protein preliminarily showed that 

removal of this domain increases the ability of LSD1 to localize to the nucleus even in the 

presence of tau pathology, and eliminates the blebbing phenotype observed in full length LSD1 

overexpression. However, data from the viral rescue experiments also suggested that the N-

terminal domain may be required for the maximum function of LSD1. To further address the 

function of the N-terminal disordered domain in vivo, we generated a novel mouse line with an 

exon 1 deletion of Lsd1 at the endogenous locus (hereafter referred to as Lsd1ΔN/+). As with the 

virally expressed protein, the NLS was inserted back into the Lsd1ΔN/+ construct. However, the 

mouse model is not identical to the viral expression construct, as the mouse maintains all of exon 

2, which includes a small portion of the disordered domain (21 amino acids). Importantly, the 

new Lsd1 mouse allele also retains all the intronic regulatory elements between exon 1 and 2 

(Figure 5-5A). Based on the preliminary virus data, we hypothesized that the Lsd1ΔN/+ variant 

would be resistant to sequestration by cytoplasmic tau aggregates and therefore increase the 

nuclear pool of LSD1. Lsd1 heterozygous mice do not have a neurodegenerative phenotype. 

Therefore, even if the N-terminal disordered domain is required for LSD1 function, the one full 

length copy of LSD1 should be sufficient to bypass any potential embryonic lethality. This 

would enable us to still determine whether having one copy of Lsd1 with the N-terminal deletion 

that can still be transported into the nucleus can rescue tau-mediated neurodegeneration. 

Importantly, from the viral experiments, we know that the N-terminal deleted version of LSD1 is 

at least mostly functional in degenerating neurons of the brain. 

 Lsd1ΔN/+ mice were crossed with PS19 Tau mice (Figure 5-5B), generating four 

experimental genotypes at: Wild Type (Lsd1+/+), Lsd1ΔN/+, PS19 Tau, and PS19;Lsd1ΔN/+. Thus 

far, the ratio of the four genotypes that we have obtained is not completely equal,  Lsd1+/+  made 
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up 32% of mice, Lsd1ΔN/+ made up 19.5%, PS19 Tau made up 33.5%, and PS19;Lsd1ΔN/+ made 

up 15%. It is possible that there is a slight selection against the Lsd1ΔN/+ allele, but this will have 

to continue to be monitored. If the N-terminal disordered domain is dispensable for LSD1 

functionality and is required for sequestration by pathological tau, we would anticipate a 

complete rescue of the PS19 Tau phenotype. However, it is possible that the N-terminal domain 

is required for LSD1 function. In this case, we would expect varying phenotypes based on the 

degree to which the domain contributes to enzymatic function or loci targeting. If the N-terminal 

disordered domain is entirely required for LSD1 function, we would anticipate PS19;Lsd1ΔN/+ 

mice to have an exacerbated neurodegeneration phenotype that is similar to PS19 Tau mice with 

reduced LSD1 (PS19;Lsd1Δ/+, see Chapter 3). In that case, the truncated product from the 

Lsd1ΔN 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 the Lsd1ΔN allele is hypomorphic, 

then we might expect PS19;Lsd1ΔN/+ mice to have a phenotype slightly better or worse than PS19 

Tau mice, depending on the degree to which truncation affects LSD1’s functionality, combined 

with the disordered domain’s requirement for association with pTau.  

Thus far in overall lifespan, Lsd1ΔN/+ (red) have the same survival was Lsd1+/+ mice. This 

is similar to what we found for Lsd1Δ/+ mice in Chapter 3. PS19;Lsd1ΔN/+ mice (yellow) appear 

to have a survival phenotype intermediate between PS19 Tau mice (green) and tau mice that are 

heterozygous for an Lsd1 loss of function allele (purple; data taken from Figure 4-4A) (Figure 5-

6A). This suggests that the Lsd1ΔN/+ allele may be hypomorphic for LSD1 function. However, 

this experiment is ongoing, and a survival curve is only truly informative once the entire 

population is deceased. Therefore we have also plotted all the remaining living mice >11 months 

old on top of all mice that reached terminal paralysis and died (dots in red) (Figure 5-6B). This 
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figure more legibly represents the remainder of the colony. Interestingly, the PS19;Lsd1ΔN/+ mice 

that died were all younger then 10 months and the few mice that lived past 10 months are all still 

alive. This raises the possibility that there ultimately may be a bimodal distribution. 

 When Lsd1 was reduced in the PS19 Tau mice the exacerbated effect on survival was due 

to an increase in the progression of paralysis. Although we have not yet performed quantitative 

analysis of paralysis (i.e. rotarod, grid performance) in the PS19;Lsd1ΔN/+ animals, we did record 

the age at clasp onset for all mice during weekly monitoring. Figure 5-6C 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 Tau and PS19;Lsd1ΔN/+ mice >11 months.  All of the longest-

lived PS19;Lsd1ΔN/+ mice show no sign of paralysis, despite being older than one year of age. 

There are still PS19 Tau mice of similar age that do not have a clasp, so perhaps this is part of the 

normal distribution. Nevertheless, it is intriguing that certain animals remain unaffected into old 

age. This is potentially consistent with a bimodal distribution of the paralysis phenotype. Taken 

together, the survival curve and the paralysis phenotypes indicate that there could ultimately be a 

population of PS19;Lsd1ΔN/+ mice that are resistant to tau-mediated neurodegeneration. However, 

quantitative analysis at multiple time points, as well as further analysis of the full population of 

mice is necessary to confirm the effects that the N-terminal truncation has on paralysis and 

neurodegeneration.  

 

5.2.4 Homozygous loss of the N-terminal domain of LSD1  

Preliminary data suggests that the Lsd1ΔN/+ allele may be hypomorphic, which could 

potentially result in the subtle effect on survival. Lsd1-/- mice are embryonic lethal, arresting at 

E5.5 and are resorbed by E7.5 98,162. Therefore, if LSD1’s N-terminal disordered domain is 
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functionally required, then we might not be expect to be able to obtain mice that are homozygous 

for the Lsd1ΔN allele. Similar to the cross described above, we crossed Lsd1ΔN/+ mice with 

PS19;Lsd1ΔN/+ mice. These crosses will generate six genotypes: wildtype, PS19 Tau, Lsd1ΔN/+, 

PS19;Lsd1ΔN/+, Lsd1ΔN/ΔN, and PS19;Lsd1ΔN/ΔN (Figure 5-7A). In order to be able to distinguish 

between heterozygotes and homozygotes, we need to be able to detect the wild-type Lsd1 band. 

We are currently in the process of optimizing a new PCR genotyping reaction that will enable us 

to do so. Once that reaction is functioning, we will be able to determine if Lsd1ΔN/ΔN 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. As a result, we expect 

that mice that are homozygous for the N-terminal Lsd1 allele will be viable. 

 

5.3 Discussion 

Tauopathies are molecularly characterized by the presence of aberrantly 

hyperphosphorylated tau protein that forms aggregates within the cell body of neurons. This is 

thought to lead to neuronal cell death. To date, many factors that contribute to tau aggregation, 

neuronal dysfunction, and neuronal cell death have been uncovered. However the complete 

downstream mechanism of tau-mediated neurodegeneration is poorly understood. Previously, we 

showed 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 neurons, thereby inhibiting its required 

function to maintain proper transcription. Additionally, we showed that overexpression of LSD1 

directly into the hippocampus of neurons can rescue the tau-mediated neurodegeneration, but 
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only temporarily. Eventually, the exogenous LSD1 becomes sequestered. Our ongoing work 

looks to address the in vivo interaction between LSD1 and pathological tau and address how to 

avoid the ongoing sequestration of LSD1.  

Based on studies that have implicated tau’s intrinsic disorder in its association with the 

disordered domains of other proteins, we predicted that tau associates with LSD1’s N-terminal 

disordered domain, blocking the NLS of LSD1. This would inhibit the interaction between LSD1 

and the importin proteins, causing LSD1 to be sequestered in the cytoplasm. If this is the case, 

then removal of LSD1’s disordered domain should prevent sequestration by tau, resulting in 

persistent nuclear localization, despite the presence of tau pathology. Excitingly, when the 

LSD1ΔN virus was expressed into 8 month old PS19 Tau mice, we observed improved 

persistence in the nuclear localization of exogenous LSD1ΔN compared to the full length LSD1 

exogenous protein. This persistence lasted as late as one year of age (4 months post viral 

injection). At this time point almost all mice injected with full length LSD1 show sequestration 

of the exogenous protein. These data support the hypothesis that the N-terminal domain of LSD1 

is required for the interaction between LSD1 and tau. If this is the case, then interfering with this 

pathological interaction could significantly help AD patients therapeutically.  

In addition to the increased nuclear persistence of the LSD1ΔN virus, we demonstrated 

that overexpression of LSD1ΔN eliminates the degenerating population consistently seen in age-

matched samples of PS19- HA animals. This rescue, suggests that N-terminally deleted LSD1 is 

functional in hippocampal neurons, at least when overexpressed. Additionally, in full length 

PS19-LSD1 inj mice, many hippocampal neurons have an abnormal blebbing phenotype, even at 

11 months and younger. In contrast, there is relatively little blebbing in the hippocampus overall, 

and no blebbing in the CA1, when PS19 mice are injected with the Lsd1ΔN construct. We 
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propose that the nuclear blebbing is an intermediate stage of cell death due to prolonged survival. 

If this is the case, the relative lack of blebbing points to an improved rescue by overexpression of 

the N-terminal truncated LSD1. However, we do not currently have evidence that overexpressed 

LSD1ΔN rescues cell death longer than full length (past 12 months) because the experiments are 

currently ongoing and limited by the death of these mice due to spinal cord paralysis.  

Within our mouse colony, initially we have observed that the majority of PS19;Lsd1ΔN/+ 

mice have paralysis. The presence of this phenotype could be interpreted in a number of ways: 1) 

the exclusive deletion of exon 1 left enough of the disordered domain remaining to allow for 

interaction with and sequestration by tau; 2) the N-terminal disordered domain, specifically the 

sequence encoded by exon 1, is partially required for LSD1 functionality in vivo; or 3) the 

domain encoded by exon 1 is not the mechanism through which LSD1 is sequestered in the PS19 

Tau mouse. Currently, there are three old (>400 days) PS19;Lsd1ΔN/+ mice living with no sign of 

paralysis. While there is a PS19 Tau mouse of the same age that has yet to show a clasp, we feel 

confident that this animal will eventually develop paralysis. It is possible that the PS19;Lsd1ΔN/+ 

mice will show the same stochasticity as the PS19 Tau mice; however, it is also possible that 

these mice will never develop paralysis. This preliminary result indicates that PS19;Lsd1ΔN/+ 

mice may be bimodally distributed, in that most will undergo some degree of neurodegeneration 

that is perhaps exacerbated due to the function of the disordered domain, while some mice may 

remain phenotypically wildtype and have a normal lifespan. This would be because they have 

stochastically avoided the reduced function associated with loss of the disordered domain, and 

are able to benefit from the ability of the truncated LSD1 to avoid association with tau 

aggregates. 
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Overall, PS19;Lsd1ΔN/+ mice show a survival phenotype that is intermediate between 

PS19 Tau and PS19 Tau mice that are heterozygous for Lsd1 deletion. The fact that the 

PS19;Lsd1ΔN/+ mice show a worse survival phenotype than PS19 Tau mice with two normal 

copies of Lsd1 suggests that LSD1ΔN is functionally compromised compared to the full-length 

protein. However, because PS19;Lsd1ΔN/+ mice appear to have a better survival phenotype than 

PS19;Lsd1-/+ animals, we argue that LSD1ΔN retains partial functionality in vivo.  

This finding is consistent with the observation that full length LSD1 potentially rescues 

slightly better than the Lsd1ΔN version (based on neuronal cell count). 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 level. This abundance of partially functioning 

LSD1 could be compensatory, facilitating the elimination of the degenerating population we 

observed in the viral injection experiment. Conversely, when the hypomorphic allele is expressed 

at endogenous levels in the mouse model, 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 resistant to sequestration by tau, the 

argument that Lsd1ΔN is a hypomorphic allele potentially further explains the bimodal pattern of 

paralysis observed in the PS19;Lsd1ΔN/+ mice. This is because the neuronal cell death and 

paralysis would be explained by a combination of 1) the amount of LSD1ΔN 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, particularly in the case of transcriptional condensates at 

highly specific genomic loci. It has been proposed that chromatin could be in a form of phase 



 156 

separation and the disordered domains of chromatin proteins have been suggested to enable these 

proteins access to the phase separated compartments. This is similar to RNA binding proteins 

which interact with cytoplasm granules, through their disordered domains257.  If removal of the 

N-terminal disordered domain in vivo precludes LSD1 from accessing or interacting with regions 

of chromatin that are in this state, then we would observe LSD1 failing to demethylate at a few 

specific targets as opposed to a global decrease in methylation. Therefore, 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 modifications. This would result in disruption of the cell’s transcriptional program, 

leading to its dysfunction or death.  

Alternatively, it is possible that the N-terminal domain aids in efficiency or somewhat 

contributes to general function of the LSD1. In this case, homozygotes in the PS19 Tau 

background would show an improved phenotype compared to heterozygotes because now both 

copies would avoid sequestration and increase nuclear levels of LSD1. Despite the partial loss of 

function in LSD1ΔN, 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;Lsd1ΔN/+ colony only allow for 

speculation at this time. The function of the N-terminal domain can be further studied in the 



 157 

homozygous Lsd1ΔN/ ΔN mice outside of its role in the PS19 Tau mouse. This ongoing work will 

aid in our understanding of both the in vivo interaction between LSD1 and pathological tau as 

well as the function, if there is one, of the N-terminal domain of mammalian LSD1.Through our 

investigation of the interaction between pathological tau and N-terminal domain of LSD1 we can 

target the specific interaction in order to restore LSD1 function in tauopathies. Additional 

discussion of how this mechanism could be targeted is detailed in the discussion chapter.  
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5.4 Figures 

 

Figure 5-1 LSD1 contains an intrinsically disordered domain which is partially conserved. 

A, B, Disorder frequency by amino acid residue of human proteins showing that tau is a highly 

disordered protein with very little secondary structure (A) and LSD1 is highly ordered, apart 

from the 172 amino acid intrinsically disordered N-terminal domain (B). Figure generated at 

http://iupred.elte.hu/ courtesy of Dr. David J. Katz and Dr. Stephanie M. Kyle. C, Cartoon 
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depiction of the structure of LSD1 homologs. N-terminal intrinsically disordered domain is 

conserved across humans, mice, and flies. This figure was generated at 

https://www.ncbi.nlm.nih.gov/homologene courtesy of Alicia Walker D, NCBI blastP multiple 

sequence alignment showing detailed primary structure of LSD1 homologs. This figure was 

generated using https://www.ncbi.nlm.nih.gov/projects/msaviewer/ courtesy of Alicia Walker. 

Brackets denote N-terminally unstructured domain of LSD1.  
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Figure 5-2 N-terminal domain of LSD1 is not required for survival in PS19 Tau mice. A, 

Cartoon depiction of the LSD1 with the functional domains and corresponding amino acid 

number. LSD1 is the endogenous mouse protein and AAV-DJ-LSD1 ΔN shows the N-

terminally truncated protein with a the HA-tag and nuclear localization sequence inserted. B-E, 

Representative image of H&E stained CA1 region of the hippocampus of 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- LSD1ΔN inj mouse aged 10.8 months (E). Square brackets denote 
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thickness of pyramidal layer of the CA1 of the hippocampus. Scale bars= 50µm. F, 

Quantification of the average number of nuclei in the pyramidal layer of the hippocampus per 

area per mouse from histology represented in Fig. 5-2B-E. Values are mean ± SD. WT- HA inj 

n=17, PS19- HA inj n=17, PS19- LSD1 inj n=13, PS19- LSD1ΔN 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. 
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Figure 5-3 Removal of the N-terminal domain of LSD1 rescues nuclear blebbing when 

overexpressed in PS19 Tau mice. A-D, Representative image of H&E stained CA1 region of 

the hippocampus showing blebbing in PS19- LSD1 inj mice (A,C) analyzed at both 10 months 

(A) and 12 months (B) but no blebbing in PS19- LSD1ΔN inj mice (B,D) analyzed at both 10 

months (B) and 12 months (D). Scale bars= 50µm. E, Quantification of the percentages neurons 

in each mouse condition where blebbing was observed in either the CA1 (black bars) or 

throughout other brain regions, but not in CA1 (grey).  None of the PS19- LSD1ΔN inj mice 

show CA1 blebbing, even past 1 year of age (D).  
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Figure 5-4 LSD1ΔN virus remains nuclear at the timepoint when the full length LSD1 is 

sequestered. A-D, Representative image of immunohistochemistry staining of HA(LSD1 in the 

CA1 region of the hippocampus showing sequestration of exogenous LSD1 tagged with HA 

(A,C) analyzed at both 10 months (A) and 12 months (C) but in PS19- LSD1ΔN inj mice (B,D) 

exogenous LSD1ΔN is localized to the nucleus analyzed at both 10 months (B) and 12 months 

(D). Arrows denote HA staining is sequestered and excluded from the nucleus. Scale bars= 

50µm. 
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Figure 5-5 Generation of tauopathy mice heterozygous for the exon 1 deletion of Lsd1. A, 

Cartoon depiction of the LSD1 with the functional domains and corresponding amino acid 

number. LSD1 is the endogenous mouse protein and LSD1ΔN Mouse shows the N-terminally 

truncated protein produced by the Lsd1ΔN allele in the mouse with the NLS inserted. B, PS19 

Tau mice that are wild-type for Lsd1 were crossed with Lsd1ΔN heterozygous mice. These 

crosses generated four genotypes: Wild Type mice (Lsd1+/+, grey), PS19 Tau (green), Lsd1ΔN/+ 

(red),  and PS19;Lsd1ΔN/+ (yellow). Colors designated here are maintained throughout all figures. 
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Figure 5-6 Lsd1ΔN/+ allele has a hypomorphic-like effect on the tauopathy phenotype. A, 

Ongoing lifespan curve showing that Lsd1ΔN/+ mice (red, n=34) have the same survival as Wild 

Type mice (blue, n=66). PS19 Tau (green, n=66), PS19;Lsd1ΔN/+ (yellow, n=28), and 

PS19;Lsd1Δ/+ (purple dotted line taken from Figure 4-4, n=44) mice have reduced survival. B, 

Remaining living mice >11 months old in the same colony merged with the mice that have died 

(red dots) C, Age at clasp onset of living mice >11 months only. 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=15 and PS19;Lsd1ΔN/+ n=6. 
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Figure 5-7 Generation of tauopathy mice homozygous for the exon 1 deletion of Lsd1. A, 

PS19 Tau mice that are heterozygous for the Lsd1ΔN allele were crossed with Lsd1ΔN 

heterozygous mice. These crosses are expected to yield six experimental genotypes (with an 

expected Mendelian ratio): Wild Type mice (Lsd1+/+, grey, 12.5%) , PS19 Tau (green, 12.5%), 

Lsd1ΔN/+ (red, 25%),  and PS19;Lsd1ΔN/+ (yellow, 25%), Lsd1ΔN/ΔN (pink, ~12.5%), 

PS19;Lsd1ΔN/ΔN (blue, ~12.5%).  
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CHAPTER 6: 

 

Discussion 

 

Each section of this discussion contains a summary of the conclusions from the previous chapters 

that correspond with the section topic.  
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6.1 LSD1 is continuously required for neuronal maintenance  

In this dissertation, we have shown that LSD1 is required for neuronal maintenance and 

survival. Through this work we argue that normally, LSD1 maintains terminally differentiated 

neurons, and prevents the activation of common neurodegenerative pathways, by continuously 

repressing the transcription of inappropriate genes. Consequently, when LSD1 function is 

impaired, either through deletion of Lsd1 or through cytoplasm sequestration by pathological 

aggregates, neurons undergo cell death, which results in learning and memory defects and 

dementia in human patients. 

Inducible deletion of Lsd1 in adult mice leads to widespread neurodegeneration 

throughout the cerebral cortex and hippocampus as well as terminal motor paralysis. In addition, 

global gene expression changes in the hippocampus highly correlate with those documented in 

human cases of late-onset Alzheimer’s disease (LOAD)192 and Frontotemporal Dementia with 

progranulin mutation (FTP-progranulin)193. The transcriptional changes may not be surprising at 

first, as you would expect that a signature of neuronal cell death would be shared amongst these 

diseases. However, it is surprising that the expression changes of a complex human disease can 

be recapitulated by deletion of a single gene. Additionally, these changes appear to be specific to 

LOAD and FTD-progranulin, as the overlap in expression between Lsd1 deletion mice and 

Parkinson’s disease, Huntington’s disease, or sporadic FTD was not significant. This lack of 

similarity with other neurodegenerative diseases suggests that the overlap observed with LOAD 

and FTD-progranulin is being driven by a shared mechanism, rather than a common 

neurodegeneration signature.   

Consistent with this idea, there are enrichments and depletions of gene ontologies in Lsd1 

deletion mice that have been implicated in these diseases. Several pathways were identified such 
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as a reduction in the oxidative phosphorylation pathway as well as a reduction in synaptic 

transmission. Interestingly, there is a dramatic upregulation of genes involved in 

neuroinflammation and the inflammatory complement cascade, both of which have been 

implicated in neurodegenerative diseases such as Alzheimer’s disease (AD)192,258,259. The 

majority of genes in the neuroinflammatory pathway are involved in microglial activation. The 

complement cascade is required during early postnatal development for the deletion of 

supernumerary weak synapses and axons by microglia phagocytosis. This pruning by the 

complement cascade is required for properly refining the connective landscape of neurons213,260. 

Identification of the developmentally-regulated complement cascade in AD molecular pathology 

has raised the possibility that microglia do not merely act passively to clear cells that have 

undergone neurodegeneration. Instead microglia may function actively to aberrantly clear 

synapses and axons of living neurons. The aberrant upregulation of the complement cascade due 

to deletion of Lsd1, and in AD patients, poses an interesting question of how neurons and 

microglia are connected during neurodegeneration.  

 Our data suggests that the neuronal cell loss observed in Lsd1 deletion mice is cell 

autonomous. First, although LSD1 protein is lost from all hippocampal and cortical neurons that 

undergo neuronal cell death, LSD1 persists in both astrocytes and oligodendrocytes when 

neurons are dying in Lsd1 deletion mice. In addition, we found that LSD1 protein is not present 

in microglia. To confirm cell autonomy, we performed clonal analysis. To perform the clonal 

analysis, we induced deletion of Lsd1 in mice using a single low dose tamoxifen injection. This 

resulted in a much lower level of Lsd1 deletion then the standard protocol. Nonetheless, the few 

neuronal nuclei that lack LSD1 still undergone neurodegeneration. Taken together, these results 
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suggest that the neuronal cell death that we are observing in Lsd1 deletion mice is due to loss of 

LSD1 function cell autonomously within the neuron.   

 Although Lsd1 deletion functions cell autonomously, this does not preclude the 

involvement of external factors and other cell types in the neurodegenerative mechanism. 

Recently, genomic techniques including genome-wide association studies, integrated network 

analyses, and RNA-sequencing of AD cases and mouse models have pointed to a role for 

microglia and the complement cascade in AD etiology. From our work, we have shown that in 

addition to the increased inflammatory transcriptional signature, there is a strong reactive gliosis 

response in the hippocampus and cortex the brain of Lsd1 deletion mice. Additionally, we 

observe that the dying neurons that are still present in the brain have lost all of their axons and 

dendrites. Given the role of the complement cascade in developmentally-regulated pruning, 

perhaps the aberrant activation of the complement cascade is orchestrating the synaptic and 

axonal loss observed in Lsd1 deletion mice. It has been difficult to interrogate the dynamic 

process of synapse and axon loss during neurodegeneration in current animal models of AD 

because modest neuronal cell death occurs over many months. Thus dying neurons are rare and 

typically cleared before they can be observed. However, unlike other mouse models of 

neurodegeneration, Lsd1 deletion mice consistently and rapidly produce near complete 

hippocampal neuronal cell death, and this neurodegeneration has striking similarities to AD. This 

allows us to utilize this model to investigate the mechanisms of AD neurodegeneration more 

easily. Specifically, the Lsd1 mouse model can be used to interrogate the complex relationship 

between the increased immune response, the activation of the complement cascade, and the loss 

of axons and dendrites from degenerating neurons. There are multiple ways we can approach this 

question. Thus far we have started pursuing a few. All will involve the use of the Lsd1 deletion 
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mouse. Importantly, since the neurons in Lsd1 deletion mice degenerate rapidly and 

coordinately, we can interrogate these questions by observing the cell death as it is occurring. 

 The first approach utilizes an ex-vivo system, hippocampal slice culture. In order to 

observe live neurons we crossed Lsd1CAGG mice with Thy1-GFP mice.  Thy1-GFP mice provide a 

strong ‘Golgi staining-like” marker of hippocampal axons, dendrites, and cell bodies, with only a 

small number of neurons being labeled261. This allows these labeled neurons to be observed 

among the rest. ex-vivo slice cultures are taken after Lsd1 has been deleted in the mouse and then 

monitored by confocal live-imaging. This approach allows us to track the cell death and observe 

if the loss of axons and dendrites is a progressive process. During the process of neuronal cell 

death in Lsd1 mice, we observed that the nuclei become highly condensed, referred to as 

pyknotic. By live imaging the neuronal cell death in slice culture, it also allows us to determine 

the timing of when the nuclei become pyknotic in relation to the loss of axons and the onset of 

neuronal cell death. Up to this point, the mice have been crossed and the colony is easily 

maintained, hippocampal slices are kept alive in culture, and we can image the Thy1-GFP 

neurons. However, surprisingly the hippocampal slices where Lsd1 has been deleted do not 

undergo cell death. This is despite the fact that we observe LSD1 protein lost from the 

hippocampal neurons. This surprising result raised a few critical questions: What is different in 

the ex-vivo hippocampus? Is there something present in the Lsd1 deletion mice that is missing in 

the slice cultures? One key component that is missing is the peripheral nervous system. The 

hippocampal slice cultures do not have the ability for the microglia to invade into the 

hippocampus. It is possible that as the complement cascade is aberrantly activated in response to 

Lsd1 deletion, this recruits the microglial response. In the ex-vivo system, neurons may be 

activating the complement cascade, but the microglia are not able to respond. Therefore, despite 
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the “activation” of the cell death mechanism present from Lsd1 deleted neurons, the “response” 

from microglia is not present. There are a few ways to address this. First, we can confirm that the 

neuronal response is not effected by the change to an ex-vivo system. This can be done by RNA-

seq analysis of the hippocampal slice culture, or through RT-qPCR. The most important 

signature would be to look at the components of the complement cascade and neuroinflammation 

to determine how this has changed. Additionally, it would be interesting to re-introduce elements 

to the slice system that could activate the few microglia that are present, or to co-culture the 

system with activated microglia.  

An alternative approach would be to utilize the Lsd1 deletion mouse and determine the 

role of the microglia in vivo. To do this, we will treat the mice with the microglial inhibitor 

PLX3397. PLX3397 is a CSF1 inhibitor, which when administered to adult mice, depletes ~90% 

of microglia262. PLX3397 administration in adult mice has no effect on motor function, or on 

cognitive and memory function. Nor does it affect the blood brain barrier, or the number of 

neurons, oligodendrocytes, or astrocytes. If the action of microglia is required for neuronal cell 

death after deletion of Lsd1 we would expect that treatment with this inhibitor will rescue or 

ameliorate the neurodegenerative phenotype. These experiments are currently under way. 

 The second approach to examining the relationship of the immune system to the loss of 

axons and dendrites in our Lsd1 mice is to employ in vivo imagining of a live mouse. This 

procedure requires a cranial window surgery and two-photon imaging of the brain263. For this, 

we needed to optimize the protocols for performing the surgeries and imagining. The cranial 

window surgery technique, while more complex than the viral vector infusions, is a standard 

surgery routinely performed in many labs. Therefore we are in the process of adopting it in the 

lab. Prior to cranial window surgery, mice that express the Thy1-GFP will be tamoxifen injected 
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in order to delete Lsd1. After roughly 5 weeks post injection we would expect to see effects on 

the neurons. At that point we can image the mice through the cranial window to observe the GFP 

labeled neurons in the outer layers of the cortex. Since we observe cell death throughout the 

cortex, we expect that the window on the surface of the brain should capture dying neurons. 

Using time-lapse live-imaging to observe the cell death via the cranial window, we can 

determine if the neurodegeneration is an active or passive process, and what happens to the 

labeled axons and dendrites. Although imaging via a cranial window is a challenging technique, 

this will allow us to remove any artifacts from the ex-vivo system. Thus far, we have fabricated a 

special immobilization device to hold the anesthetized mice in place for two-photon imaging. We 

have also obtained the necessary components to carry out the protocol.  

 

6.2 LSD1 represses the stem cell program in terminally differentiated neurons 

One important consideration is the function of LSD1 in neurons. In Chapter 3 of this 

study we show that stem cell gene transcription is ectopically reactivated in the absence of 

LSD1. Although robust reactivation occurred in neurons, it remains unclear whether this 

requirement for stem cell gene repression is neuronal specific or more general. Indeed, if the 

requirement is general, it would dramatically change our view of differentiation. The current 

view, established by Conrad Waddington, describes cells in a developing embryo as being like a 

ball rolling down a hill264. Each starts at the top (undifferentiated), then descends due to gravity, 

making path choices in the form of valleys (cell fate choices), until it ultimately reaches the 

bottom of the hill (terminally differentiated), where it can never return to the top 

(undifferentiated state). This analogy is accurate for natural development. However, several 

experiments have challenged this idea terminal differentiation. Somatic cell nuclear transfer265,266 
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and inducible pluripotency reprogramming211 revert a differentiated cell or nucleus back into a 

completely undifferentiated state. In both of these experiments, the donor cells or nuclei contain 

all the genetic information necessary to produce an organism. The chromatin must be 

epigenetically reprogrammed to both silence the differentiated cell fate program and activate the 

undifferentiated program. These experiments present an enormous shift in the developmental 

paradigm, because they suggest that terminal differentiation can be overcome, albeit in artificial 

systems. Nevertheless, they demonstrated that the widely held view of differentiation was 

incomplete. 

Conversely, if this is a neuronal specific phenomenon, it raises many questions as to why 

neurons maintain such a propensity to reactivate stem cell gene transcription. This would be 

quite striking for a cell type that is considered to be highly differentiated, including post-mitotic 

status, complex structure and asymmetry. Future experiments could aim to determine whether 

the reactivation of stem cell gene transcription contributes to the observed neuronal cell death in 

the absence of LSD1. During the course of inducible pluripotency reprogramming, the four 

Yamanaka factors (OCT4, c-MYC, SOX2 and KLF4)267 each bind to the promoter of p53. It is 

thought that through this binding, tumor suppressor pathways are activated, leading to apoptosis. 

This mechanism is a potential explanation of the relatively low efficiency of inducible 

pluripotency reprogramming. Therefore, it is possible that stem cell gene reactivation when 

LSD1 is lost triggers apoptotic pathways by activation of p53. If this is the case, deletion of the 

Yamanaka factors or p53 along with LSD1 should rescue the LSD1-mediated neurodegeneration 

phenotype. Consistent with these ideas, we have shown that there is an upregulation of 

pluripotency factor expression in post-mortem AD and FTD brain samples relative to controls. 
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This raises the exciting possibility that human neurodegeneration could occur through the loss of 

neuronal cell fate.  

 

6.3 LSD1 interacts with specific pathological aggregates 

In this study we discovered that LSD1 co-localizes with hyperphosphorylated tau (pTau) 

aggregates in AD patients. This was surprising because few proteins have been shown 

histologically to interact with intracellular tau pathology. The standard nonbiased method for 

identifying interacting proteins is mass spectrometry on the detergent insoluble fragment from 

brain tissue homogenates. Since pTau and Aβ plaques are detergent insoluble, the proteins that 

have a strong interaction with these pathologies should then be detected by mass spectrometry. 

However, this method will not identify more “loosely” associated proteins that may not maintain 

their interaction after the neuron has been engulfed and the tau aggregates are free in extra 

cellular space. Mass spectrometry has been used to identify candidate proteins that are present in 

the insoluble fraction. However of these potential interactors, only one protein, U1-70K, was 

shown to colocalize with intracellular pTau221. Of course this failure to validate the mass 

spectrometry results could be due to the requirement of antibody detection, which varies based 

on the protein of interest. Nonetheless, it is clear that novel proteins that colocalize with 

pathological tau aggregates in AD are quite rare. 

The observation that LSD1 colocalizes with pTau in AD suggests that the proteins are 

physically interacting. However, whether this interaction is direct or indirect remains to be 

determined. The observation that LSD1 colocalizes with pTau in the cytoplasm suggested to us 

that  the nuclear pool of LSD1 could be depleted. There are multiple approaches that could aid in 

addressing this question. First, is the genetic approach where we modulated the 
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neurodegenerative phenotype in a tauopathy mouse model by altering the levels of LSD1. These 

experiments are described in Chapter 4, and further discussed below. Second, is a cell biological 

approach. In the tauopathy mouse model we observed LSD1 protein being sequestered in the 

cytoplasm, and in most cases completely depleted from the nucleus. LSD1 has two nuclear 

localization sequences that have been well characterized and function to transport LSD1 into the 

nucleus. Since LSD1 is synthesized in the cytoplasm by the ribosome and transported directly 

into the nucleus, it would rarely encounter tau, a cytoskeleton protein in axons. We believe that 

under normal conditions, LSD1 and tau do not interact. It is only when tau is aberrantly forming 

aggregates in the cell body that they have the opportunity to interact. Thus, this aberrant 

interaction only occurs in the neurons with tau pathology. However, when pathological tau is 

present in the cell body, the interactions between pathological tau and LSD1 masks the NLS. 

This prevents the importin complex from recognizing LSD1 and translocating it to the nucleus. 

As a result, the nuclear pool becomes depleted and essentially becomes like a Lsd1 deletion 

neuron. 

There are limitations to working in vivo, and an alternative approach for understanding 

the relationship between LSD1 and pTau is to explore their colocalization biochemically. The 

observation that LSD1 and pTau colocalize in human AD suggests these proteins physically 

interact, though whether this interaction is direct or indirect is completely unknown. Notably, 

LSD1 was not identified as one of the proteins enriched in the insoluble fraction of AD patient 

brain lysates in a recent study221. However, it is possible that the interaction between LSD1 and 

pTau is disrupted by detergent treatment and therefore prevents the detection of LSD1 in the 

insoluble fraction. Co-immunoprecipitation experiments from homogenates of AD patient brains 

or mouse models could provide insight into the nature of LSD1 and pTau colocalization. 
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However, if LSD1 only interacts with pTau intracellularly, then it may not be possible to detect 

the interaction. In addition, experiments of insoluble proteins are particularly difficult and there 

are many technical factors that could result in false negative results. To partially circumvent 

these issues, one experiment that we are planning is to determine the fraction of LSD1 that is 

present in the nuclear versus cytoplasmic fractions of AD cases. This will allow us to 

quantitatively determine how much of the LSD1 protein is inappropriately sequestered in the 

cytoplasm at different stages in the progression of the disease.  

 In addition to tissue homogenate from AD patients, we also have access to tissue that we 

can stain for LSD1. We previously showed that there is colocalization between LSD1 and pTau 

via standard wide-field microscopy. However, we can further investigate the colocalization via 

super resolution Structure Illumination Microscopy (SIM). SIM is a widefield technique in 

which a grid pattern is generated through interference diffraction orders and superimposed on the 

tissue while capturing images. The grid pattern is shifted or rotated between captures of the same 

image and then reconstructed into an image that has a lateral resolution of roughly 200nm, 

approximately twice that of diffraction-limited imagining268. SIM can be readily applied to 

samples that are prepared for conventional fluorescence microscopy. Therefore, with only a few 

optimization steps we can use similar staining protocols that have been used in the lab 

previously. Employing SIM may allow us to better determine the spatial relationship between 

LSD1 and pTau.  

 Many questions remain regarding the interaction of LSD1 and pTau in AD. For example, 

what form of tau does LSD1 interact with? One of the ways to address this is to look at the 

colocalization of LSD1 in other tauopathies. Tauopathies differ is in the isoform of tau that the 

aggregates are composed of. In AD, aggregates are composed of both the 3R and 4R isoform21. 
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However most tauopathies only contain one or the other. Therefore if LSD1 did have a specific 

isoform that it interacted with, we would not be able to detect that bias. The PS19 Tau mouse 

that we utilized for our in vivo studies harbors the P301S mutation that was identified from an 

FTD-Tau patient with a tau mutation in the 4R isoform. Since LSD1 colocalizes with pTau in 

these mice, it suggests that LSD1 interacts with at least the 4R isoform. We have received tissue 

from the Emory Brain Bank for FTD-tau patients with Pick’s disease, Corticobasal degeneration 

(CBD), Progressive supranuclear palsy (PSP), and FTDP-17 with tau mutations. Aggregates in 

Pick’s disease are composed of the 3R isoform, while aggregates from CBD and PSP are 

composed of the 4R isoform21. The isoform of tau in cases of  FTDP-17 with tau mutations is 

patient dependent. This allows us to investigate a different combination of the tau isoform in 

aggregates. In addition, since these tauopathies have different brain region specificities, 

examining LSD1 in these different diseases may shed light on what brain region most effected.  

 Another piece of evidence that might suggest LSD1 is truly related to human dementia 

would be to examine extremely rare cases with neurofibrillary tangles but no dementia. 

Neurofibrillary tangles have a higher correlation with disease severity than Aβ plaques32, 

suggesting they may play a more important role in the development of the disease. However, in 

extremely rare cases, neurofibrillary tangles have been observed in healthy elderly brains from 

patients without cognitive impairment269. If LSD1 mislocalization with pTau is part of the 

etiology of AD, then some of these rare cases might show an absence or reduction of LSD1 

colocalization with pTau. This might provide further evidence that cognitive impairment only 

occurs when LSD1 is colocalized with pTau. 

When considering the role of LSD1 in neurodegeneration, the majority of my focus has 

been on the interaction between LSD1 and pathological tau. However, as shown in Chapter 3, 
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LSD1 colocalizes with TDP-43 inclusions, and the RNA-seq data suggests that the deletion of 

Lsd1 is sufficient to recapitulate the transcriptional observed in FTD-progranulin cases. In 

addition to FTD-tau, FTD can also be due to aggregates of Tar DNA binding protein 43 (TDP-

43), FTD-TDP43218. Just as we are able to exacerbate the tauopathy phenotype by reducing 

LSD1 and rescue the neurodegeneration through over expression of LSD1, it may be possible to 

modulate the TDP-43 phenotype. Transgenic TDP-43 mice can develop cytoplasmic aggregates 

within neurons of the brain and the spinal cord. In these mice the onset of the paralysis and 

reduction in survival is much faster than in the PS19 Tau mice. Therefore, rather than 

exacerbating the phenotype, we will directly attempt to rescue it. For these experiments, we 

would like to test an alternative method for LSD1 overexpression. Rather than inject LSD1 

directly into the hippocampus of adult mice, we would inject the LSD1 virus into pups via tail 

vain injection. This would allow for the virus to be expressed throughout the body, including 

spinal cord motor neurons. Of course we would need to control for any effects of LSD1 

overexpression during development, as upregulation of LSD1 has been implicated in multiple 

forms of cancer52. Nonetheless, viral overexpression of LSD1 throughout the mouse may allow 

us to overcome the paralysis issue that we face when we only overexpressed LSD1 in the 

hippocampus of PS19 Tau mice. If overexpressing LSD1 in TDP-43 mice rescued or temporarily 

rescued the neurodegeneration phenotypes in TDP-43 mice, it would indicate that TDP-43 may 

also be functioning through the sequestration of LSD1. In this case, comparing the sequestration 

between the Tau P301S and TDP-43 mouse models may provide insight into the mechanism of 

the interaction based.  
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6.4 Reduction of LSD1 specifically exacerbates the tauopathy disease pathway 

Based on the ability of pathological tau to deplete the nuclear pool of LSD1, we 

hypothesized that neuronal cell death may be due, at least partly, to LSD1 being sequestered by 

tau. 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 is not haploinsufficient.  Mice that are 

heterozygous for Lsd1 (Lsd1Δ/+) have been used as controls for many different studies166,239,240, 

and in our hands we do not observe any neurodegeneration or other neurological phenotypes in 

these mice (seizers, behavioral abnormalities etc.). In addition, we show that Lsd1Δ/+ mice have 

wildtype lifespan, no deficit in rotarod or grid performance, and normal neuronal cell counts. 

Most importantly, LSD1 heterozygosity alone induces only 4 significant gene expression 

changes. This suggests that any effects observed in PS19 Tau mice with reduced Lsd1 

(PS19;Lsd1Δ/+) are not simply due to LSD1 haploinsufficiency.   

PS19 Tau mice with wildtype levels of LSD1 develop paralysis and neurodegeneration, 

along with reduced survival. When we reduce LSD1 in the PS19 Tau mice, PS19;Lsd1Δ/+ mice 

die significantly earlier, most likely due to the increased rate of paralysis. Additionally, 

PS19;Lsd1Δ/+ 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. Importantly, the exacerbation of the PS19 Tau mouse neurodegenerative phenotype does 

not occur until after pathological human tau is present. This suggests that, although PS19 Tau 

mice have reduced LSD1 from birth, the effect of Lsd1 heterozygosity requires the presence of 

pathological tau, placing LSD1 downstream of tau. Consistent with LSD1 being downstream of 
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pathological tau, we find no evidence that Lsd1 heterozygosity affects the expression of the tau 

transgene, or the buildup of pathological tau in PS19 Tau mice. 

In addition to exacerbating the PS19 Tau phenotype, we show that the functional 

interaction between pathological tau and reduced LSD1 is specific. Pathway analysis from the 

transcriptional changes in the hippocampus of PS19;Lsd1Δ/+ and PS19 Tau mice show that the 

same pathways are affected. This suggests that LSD1 enhances the tauopathy pathway rather 

than inducing any new neurodegenerative mechanisms. Additionally, the genome-wide 

expression changes induced by pathological tau are specifically exacerbated in the PS19;Lsd1Δ/+ 

mice. This suggests that the functional interaction that we observe between pathological tau and 

reduced LSD1 is occurring through the tau pathway. This analysis was performed at the time of 

the earliest signs of neuronal distress, allowing us to assess molecular changes prior to cell death 

and clearance. Therefore, the expression changes in the PS19 Tau and PS19;Lsd1Δ/+ may only be 

a small subset of those observed in the Lsd1 deletion mouse or in AD cases, which were taken 

after large levels of cell death. It could, however, be interesting to do a few other comparisons. 

First, it would be interesting to see if there are transcriptional changes in the hippocampus of 

Lsd1 deletion mice at an earlier stage, such as 3-4 weeks post tamoxifen injection. This was at a 

time when there were learning and memory defects observed, but not yet paralysis, which could 

be more similar to the nine month time point of PS19 Tau and PS19;Lsd1Δ/+ mice. Additionally, 

performing RNA-seq on PS19 Tau and PS19;Lsd1Δ/+ mice at one year, a more terminal stage, 

would be interesting to compare to the human AD dataset and the Lsd1 deletion mice. Based on 

our model, we would expect that at a more terminal stage, the PS19;Lsd1Δ/+ mice, which have a 

much more severe form of neurodegeneration than PS19 Tau mice, would have gene expression 

changes that are highly similar to AD cases.  



 182 

Together these data argue that there is a specific, functional interaction between LSD1 

and pathological tau in the mouse model of tauopathy. Nevertheless, there are two additional 

questions that remain. The first is whether Ab plaques also function through the tau LSD1 

pathway. There are a number of papers that have provided evidence that Ab plaques can induce 

the formation of pathological tau229. If Ab plaques primarily work by inducing tau pathology, we 

would expect that modulating LSD1 would be able to alter neurodegeneration in the Ab mouse 

model. One way to address this would be to introduce the same paradigm into mice with the 

transgene containing mutations associated with familial Alzheimer’s disease270 (3xTg- APP 

Swedish mutation, and PSEN1 M146V, and the tau mutation). A second remaining question 

involves an additional observation that did not follow up on. At the transcriptional level, Lsd1 

heterozygosity results in a reduction of roughly 30% and a similar 35% reduction of LSD1 

protein. PS19 Tau mice have wildtype levels of Lsd1 transcripts, but a 20% increase in LSD1 

protein compared to wildtype. Lsd1 heterozygosity in the PS19 Tau mice results in the same 30% 

decrease relative to the PS19 Tau level, such that there is only 14% decrease in PS19;Lsd1Δ/+ 

mice compared to wildtype. There are many potential explanations for this observation. The 

most basic explanation is that we only tested three mice, and this is part of the natural variation 

caused by analyzing bulk brain tissue. Alternatively, the explanation could be related to the 

sequestration of the protein in the cytoplasm. Perhaps as LSD1 is being sequestered by 

pathological tau, the protein is not turning over as quickly. Based on the many weeks required 

for LSD1 deletion to result in a complete loss of the protein, we know that the turn-over rate of 

LSD1 is very slow in neurons. Perhaps as LSD1 is being sequestered in the cytoplasm by 

pathological tau, it is not able to be degraded at the normal rate. To test this hypothesis, we could 

perform a pulse-chase experiment to determine the rate of protein turnover. This could be done 
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in a cell culture model of tau aggregation using cells that are heterozygous for Lsd1. However, 

setting up a neuronal culture model is not trivial, and the turnover rate of proteins in culture may 

not reflect in vivo. Alternatively, this could be done in vivo by feeding the mice isotopically 

labeled diets, but again these experiments are technically challenging.  

 

6.5 Intervention via LSD1 overexpression or disruption the LSD1-tau interaction 

Our model states that LSD1 is functionally inhibited due to tau aggregates sequestering 

LSD1 in the cytoplasm and depleting the nuclear pool where it is required. Reducing the levels 

of LSD1 in the tauopathy mouse exacerbated the neurodegenerative phenotype. Based on our 

previous data, our 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. We determined that the virally expressed LSD1, which was fused with an HA tag, is only 

expressed in neurons and localizes to the nucleus. 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. 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. Based on this evidence it may be possible to 

therapeutically intervene in tauopathies, such as AD, after symptoms have started by modulating 

the LSD1 pathway.  
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 Another important prediction from our model is that the virally overexpressed LSD1 does 

not prevent it, or the endogenous LSD1, from being sequestered. Thus, although 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 over a longer period of time, we would not 

expect it to permanently rescue. Consistent with this, LSD1 overexpression temporarily rescues 

neurons, delaying the effect of pathological tau rather than permanently rescuing. At 11 months, 

there is no decrease in the number of neurons in the CA1, however in 60% of the mice, the 

surviving neurons have abnormal morphology, and the overexpressed version of LSD1 is also 

sequestered. Our 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. When 

considering intervention for human patients, it is possible that simply overexpressing LSD1 will 

be enough to delay the onset of AD for years. Nevertheless, to permanently overcome 

pathological tau it will likely be necessary to permanently disrupt the interaction between 

pathological tau and LSD1.  

 In considering the mechanism of the interaction between tau and LSD1, we hypothesized 

that the N-terminal disordered domain of LSD1 could be interacting with the disordered tau 

protein. Tau has previously been shown to interact with the RNA binding protein, U170K, 

through the disordered region of each protein254. Similarly, LSD1 has a 172 amino acid 

unstructured domain at the N-terminus of the otherwise fully structured protein. This domain has 

no known function, and all in vitro studies of LSD1 have been done without the domain present. 

However, the N-terminal disordered domain does contain the nuclear localization sequence 

(NLS). This sequence is required for import into the nucleus through the nuclear pore. We 
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predicted that tau associates with LSD1’s N-terminal disordered domain, blocking LSD1’s NLS 

and inhibiting interaction with importin proteins. If this is the case, then removal of LSD1’s 

disordered domain would prevent sequestration by tau, resulting in persistent nuclear localization 

despite the presence of tau pathology. To do this, we injected PS19 Tau mice with an N-

terminally truncated LSD1 virus (LSD1ΔN), with the NLS and an HA-tag added. With the 

LSD1ΔN virus, we observed improved persistence in the nuclear localization compared to the 

full length LSD1exogenous protein. This persistence lasted as late as one year of age (4 months 

post viral injection). At this time point almost all mice injected with full length LSD1 show 

sequestration of the exogenous protein. These preliminary data argue that removal of LSD1’s N-

terminal disordered domain aids in the proper localization of LSD1 in the presence of tau 

aggregates. These data also strongly support the claim that the N-terminal domain for LSD1 

could be required for the interaction between LSD1 and tau. However there is ongoing work in 

order to be able to fully argue this. For example, we demonstrated that overexpression of 

LSD1ΔN eliminates the degenerating population consistently seen in age-matched samples of 

PS19- HA animals at 11-months. This suggests that LSD1ΔN effectively rescues at this time 

point. However, we do not currently have evidence that overexpressed LSD1ΔN rescues cell 

death longer than full length (past 12 months), because these experiments are currently ongoing 

and dependent on the timing of spinal cord paralysis. What we have consistently observed is that 

the abnormal blebbing phenotype that was seen in the full length LSD1 virus is not present in the 

LSD1ΔN injected mice. If the blebbing morphology is a sign of cellular distress or prolonged 

cell death, the relative lack of blebbing may indicate an improved rescue by overexpression of 

truncated LSD1, but this remains to be further investigated. Regardless, the preliminary evidence 

indicates that the N-terminal disordered domain is responsible for the interaction with 
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pathological tau. To test this directly, we are creating a construct in which the NLS is moved to 

the C-terminus of LSD1. If the NLS is being blocked by the association of LSD1’s disordered 

domain with aggregates of tau, then we would expect this modified version of LSD1 to continue 

to localize to the nucleus even in the presence of tau aggregates. Additionally, biochemical 

analysis could support this hypothesis. Determining the physical interaction between these 

proteins is an important missing piece to this mechanism. However it can be technically 

challenging. In section 6.2, I have described approaches to circumvent these challenges. Another 

way to investigate if the N-terminal domain of LSD1 is required for interaction with tau would 

be to assess the ability of AD brain homogenate to induce the aggregation of LSD1 truncation 

constructs. To address this, we could isolate the tau-containing sarkosyl-insoluble fraction from 

AD brain samples and add it to mice containing tagged versions of truncated LSD1 constructs.  

 The N-terminal disordered domain of LSD1 is a promising therapeutic target for 

tauopathies such as AD. However there is a concern that the disordered domain may have at least 

a minor function in vivo. There are two ways to target the LSD1 pathway in tauopathies without 

interfering with the endogenous LSD1 protein. The first would be to use a peptide of the disorder 

domain. If the disordered domain is responsible for interacting with tau, it is possible that the N-

terminal domain peptide would “coat” the interacting epitope of pathological tau. This might 

block the full length protein from interacting with pathological tau and allow it to enter the 

nucleus. However, the amount of N-terminal peptide would most likely need to be relatively 

high. This is also making the assumption that the N-terminal domain truly “sticks” to tau and 

would remain there to block the full length protein from being sequestered.  

The second approach would be to bypass the interaction between LSD1 and tau by 

targeting the downstream transcriptional changes. To do this, we are carrying out a chemical 
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screen of LSD1 agonists in C.elegans. In C. elegans, Lsd1 and Met-2, a H3K9 methyltransferase, 

act synergistically to silence germline transcription during the transition from gamete to zygote. 

Previously, our lab demonstrated that loss of the Lsd1 pathway in an Lsd1;Met-2 double mutant 

results in a developmental delay and ultimately complete sterility due to a failure to repress 

transcription of germline genes in somatic lineages. To identify agonists of the Lsd1 pathway, 

our lab is utilizing a high-throughput C. elegans drug screen to identify compounds that reverse 

the developmental delay and sterility of Lsd1;Met2 mutants. This work has already started in the 

lab in collaboration with the Emory Chemical Biology Discovery Center. We have selected an 

initial 5,000 compounds to carry out a pilot screen, and could eventually screen a whole 

chemical library of ~100,000 compounds. In addition, we have identified some candidate 

compounds based on genes that suppress the Lsd1;Met2 phenotypes via RNA interference. 

Successful drugs are expected to antagonize the loss of Lsd1 by elevating expression of Lsd2, a 

conserved homologue of Lsd1, or by reverting chromatin structure through inhibition of an 

aberrant chromatin activator. Although our research efforts are underway to understand how 

LSD1 localizes to pathological tau aggregates and how LSD1 functions mechanistically to 

prevent neurodegeneration, this drug screening approach allows us to circumvent that. The 

results from this screen will also provide insight into the mechanism of LSD1 function and will 

guide our future research. Thus, with this drug screen we will be able to simultaneous search for 

a therapeutic target while continuing to investigate the cellular mechanism of tau-mediated 

neurodegeneration. 

 

6.6  Investigating the function of the N-terminal domain of LSD1 in vivo 



 188 

We propose that the disordered domain of LSD1 is necessary for its interaction with 

pathological tau. Injection of a truncated version of the LSD1 protein allows us to specifically 

interrogate whether the disordered domain is required for mislocalization to pathological tau. In 

addition it could potentially shed light on the function of this domain by determining if there is a 

better rescue of the hippocampal neurons compared to full length. However the analysis is 

dependent on the timing of paralysis, which is not being altered in this experiment. Therefore, to 

determine the function of the N-terminal disordered domain in tau-mediated neurodegeneration, 

we truncated the N-terminal of Lsd1 at the endogenous locus and crossed this allele into the 

PS19 Tau mouse background. We predicted that the truncated protein will no longer be 

sequestered by pathological tau, allowing LSD1ΔN to enter the nucleus unencumbered. Because 

Lsd1 heterozygous mice are phenotypically wildtype, we predicted that one copy of Lsd1ΔN 

would be sufficient to maintain the nuclear pool of LSD1, despite tau-mediated sequestration of 

the full-length copy. Other than containing the nuclear localization sequence (NLS), the function 

of the N-terminal domain is unknown. LSD1 is evolutionarily conserved from from S.pombe to 

mammals, but the N-terminal disordered domain is only present in Drosophila and mammals. 

Additionally, all in vitro studies of LSD1 have been performed using an N-terminally truncated 

clone. Nevertheless, the function of the N-terminal disordered domain had never been tested in 

vivo in mice.  

Within our mouse colony, initially we observed that the majority of PS19;Lsd1ΔN/+ mice 

have paralysis. The presence of this phenotype could be interpreted in a number of ways. First it 

is important to note that the Lsd1ΔN/+ is not the same construct as the LSD1ΔN virus. They differ 

in the amount of the LSD1 protein that is deleted. In the mouse, we have only deleted exon 1 of 

Lsd1. Therefore Lsd1ΔN/+ mice maintain all the intragenic regulatory elements after exon 1, and 
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all of exon 2 which contains a small portion of the disordered domain (21 amino acids). 

Therefore the first interpretation of the paralysis in PS19;Lsd1ΔN/+ mice could be that the 

exclusive deletion of exon 1 left enough of the disordered domain remaining to allow for 

sequestration by tau. Previously, it was shown that pathological tau interacts with the splicing 

protein U170K. U170K has two disordered regions, but only one of those specific regions is 

required254. The N-terminally disordered region of LSD1 is roughly 20% of the protein, and 

similar to U170K, this region can be divided into two somewhat distinct disordered sections. One 

potential interpretation of the difference between our viral result and our in vivo results, is that 

LSD1 does not require the entire disordered region to interact with pathological tau. Instead, only 

a section may be sufficient for the interaction with pathological tau. There are both in vitro and 

in vivo methods for addressing this. First is through the biochemical assays utilizing injections of 

the tau-containing sarkosyl-insoluble fraction from AD brain samples into mice (described in the 

previous section). Second is by distinguishing between the full length and the N-terminally 

truncated version of LSD1 in vivo. We can utilize two-different antibodies for LSD1; one of 

them targets the N-terminus while the other targets the C-terminus. We have tested these 

antibodies via western blot and validated that the N-terminal targeting antibody does not 

recognize an LSD1 construct with the N-terminus removed. This will allow us to monitor full 

length LSD1 protein versus N-terminally truncated LSD1 protein. If the N-terminal deletion 

enables LSD1 to properly localize to the nucleus, even in the presence of tau aggregates, we 

would expect the following. The C-terminus antibody, which recognizes both the full length and 

N-terminally truncated LSD1 protein, would show both nuclear and cytoplasmic staining, while 

the N-terminus antibody, which recognizes only the full length LSD1 protein, would be confined 

to the cytoplasm because of the sequestration by pathological tau.   
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The alternative interpretation of the preliminary data from our mouse colony is that the 

N-terminal disordered domain, specifically the sequence encoded by exon 1, is required for 

LSD1 functionality in vivo. If exon 1 is required for the entire function of LSD1, we would 

expect that the PS19;Lsd1ΔN/+ mice would have the same phenotype as the PS19;Lsd1Δ/+ mice, 

because the Lsd1ΔN allele would be equivalent to the null allele. Additionally, if mice were 

homozygous for the Lsd1ΔN allele they would be embryonic lethal. To determine whether this is 

the case, we have performed crosses to generate the Lsd1ΔN/ΔN mice. At this time we are 

genotyping these litters to determine if there are Lsd1ΔN/ΔN mice. We have not determined if there 

are Lsd1ΔN/ΔN mice yet. However, based on the large litter sizes (up to 9-11 pups in some litters) 

and very little perinatal lethality, we hypothesize that the Lsd1ΔN/ΔN mice are viable. 

Nevertheless, this work is ongoing, so it remains an open question. For example, even if the 

Lsd1ΔN/ΔN mice are viable, these mice could have cognitive or behavioral deficits in adulthood. 

This has been observed in other epigenetic regulatory enzymes and in mice that have a maternal 

loss of LSD1163.  

Currently, we do have data on the heterozygous removal of the N-terminal domain in the 

tau background. Our preliminary results indicate that PS19;Lsd1ΔN/+ mice, with the heterozygous 

removal of the N-terminal domain in the tau background, may be bimodally distributed. This 

bimodal distribution is formed by most of the mice undergoing neurodegeneration and having 

reduced survival, while a few remain phenotypically wildtype past 400 days old. Overall, 

PS19;Lsd1ΔN/+ mice show an intermediate survival phenotype that is reduced compared to PS19 

Tau mice, but not as severe as PS19 Tau mice that are heterozygous for the Lsd1 deletion. This 

suggests that the Lsd1ΔN protein retains partial functionality in vivo. This result is consistent with 

the observation that the Lsd1ΔN viral expression constructs eliminates the most severe loss of 
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hippocampal neurons observed in PS19 Tau mice, but perhaps does not rescue quite as well as 

full length LSD1. In this case the possibility that a hypomorphic allele can rescue at all may only 

be due to the viral overexpression, which is 6-fold higher than the endogenous expression level. 

This abundance of partially functioning LSD1 could be compensatory, facilitating the 

elimination of the degenerating population we observed in the PS19 Tau mice. Conversely, when 

the hypomorphic allele is expressed at endogenous levels in the mouse model, we can observe 

the consequences of its functional shortcomings in the form of paralysis and shortened survival. 

We do not yet know what effect on neuronal survival is in the brains of PS19;Lsd1ΔN/+ mice, 

however the paralysis suggests that there is cell death or dysfunction in spinal cord motor 

neurons. Combined with our evidence that truncated LSD1 is impervious to sequestration by tau, 

the argument that Lsd1ΔN is a hypomorphic allele potentially further explains the bimodal 

pattern of paralysis observed in the PS19;Lsd1ΔN/+ mice. This is because the neuronal cell death 

and paralysis would be explained by a combination of 1) the amount of LSD1ΔN 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. If removal 

of the N-terminal 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. If this is the case, 

we might anticipate that homozygosity of the N-terminal deletion in the tau background (PS19; 

Lsd1ΔN/ΔN) would exacerbate this bimodal distribution. In the affected animals, neurons would 

accumulate transcription-coupled H3K4me2 on the loci where truncated LSD1 cannot 
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demethylate. This would lead to inappropriate transcription of those loci, as well as further 

accumulation of active H3K4 methylation. This would result in disruption of the cell’s 

transcriptional program, leading to dysfunction or death. However, the stoichasticity of this 

affect would mean that sometimes mice would be able to bypass this detrimental effect. When 

this happens, it is possible that PS19; Lsd1ΔN/+ will show an improved phenotype compared to 

PS19 Tau mice because N-terminal truncated LSD1 would avoid sequestration and increase 

nuclear levels of LSD1. Despite the partial loss of function from the Lsd1ΔN allele, persistent 

nuclear localization could allow for LSD1 to demethylate targets most crucial to cell survival, 

creating improved paralysis and survival phenotypes. If this is the case, we expect that it might 

be exaggerated in PS19; Lsd1ΔN/ΔN mice. Because of the ongoing nature of these experiments, our 

preliminary data from the PS19;Lsd1ΔN/+ colony only allow for speculation at this time. 

Nevertheless, the existence of multiple PS19;Lsd1ΔN/+ mice with no phenotype even after 400 

days raises the exciting possibility that removal of LSD1’s N-terminal disordered domain may be 

sufficient to allow some mice to be completely impervious to tau mediated neurodegeneration. If 

this is the case, it would represent a big step for therapeutic intervention in tauopathies such as 

AD.  

 

6.7  Conclusions  

 Through my research, I have investigated the role of LSD1 in neurodegenerative disease 

and implicated LSD1 in the downstream mechanism of tau and TDP-43 mediated 

neurodegeneration. I have shown that LSD1 localizes inappropriately to tau and TDP-43 

pathology in human dementia cases, and is sequestered away from the nucleus in the PS19 

tauopathy mouse model. Loss of LSD1 in adult mice recapitulates many aspect of Alzheimer’s 
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disease, including widespread neurodegeneration in the brain, learning and memory deficits, and 

global gene expression changes that highly correlated with AD cases. I have shown that the 

interaction between LSD1 and pathological tau is function in vivo by modulating the tauopathy 

phenotype in two ways: (1) reduction of LSD1 in PS19 Tau mice is sufficient to highly 

exacerbate the neurodegenerative phenotype and (2) overexpression of LSD1 in PS19 Tau mice, 

even after tau aggregates, blocks tau-mediated neurodegeneration.  Together these data led to the 

following model: 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 throughout the genome. In tau and TDP-43 mediated 

neurodegeneration, pathological forms of these proteins accumulate, sequestering LSD1 in the 

cytoplasm. This interferes with the continuous requirement for LSD1, resulting in neuronal cell 

death. Thus our work identifies a new epigenetic step in the AD and FTD pathways, and shows 

that manipulating this step can block the progression of neurodegeneration, even after 

pathological aggregates have formed. 

 
We have elucidated a novel role for LSD1 in neurodegenerative disease, but perhaps the 

most interesting question is still unanswered; Why is an epigenetic regulator of cell fate required 

in terminally differentiate neuron? During development, LSD1 is required to remove H3K4 

methylation at enhancers, which acts as a transcriptional memory. This is necessary for a cell to 

“forget” the transcriptional program from its previous state and move into the new transcriptional 

program of its differentiate state. If this is the role of LSD1 and H3K4me/me2, what is its 

requirement in cells that are no longer changing their transcriptional program into a new 

differentiated state? This will be an important ongoing investigation within the lab. However, the 

work presented here hints that the cell fate of neurons is not terminally differentiated. Deletion of 
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Lsd1 leads to ectopic expression of stem cell genes in differentiated adult neurons. Neurons 

appear to be the most sensitive to loss of LSD1, but it is unclear why. It is possible they are a 

more vulnerable cellular population due to their complex regulation and plasticity. Nonetheless, 

this observation suggests that the commonly held view of terminal differentiation may not quite 

be complete. Instead, there may be some capacity for expression of genes associated with the 

undifferentiated state to re-express. Enzymes such as LSD1 may be continually employed to 

prevent this from happening. This should continue to be investigated, and could lead to new 

breakthroughs in not only in the interaction between epigenetic regulation and neuron function, 

but also in treatments for tau-mediated neurodegeneration. This work has revealed an important 

and novel role for LSD1, and I hope to look back on this thesis work and appreciate that it made 

a major contribution to improving the lives of people with dementia.  
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