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The distribution of RNAs in neurons is non-random, and there are complex cellular 

mechanisms regulating the transport and localization of RNAs along neural projections to 

synaptic locations. This enables synapses to respond rapidly to synaptic signaling by 

synthesizing proteins from a pool of sequestered dormant mRNAs to alter synaptic strength, 

morphology, and connections. This phenomenon is called “localized translation” and is an 

essential mechanism facilitating plasticity in the brain and cognition. Alzheimer’s disease (AD) is 

a neurodegenerative disease characterized by buildup of extracellular amyloid plaques and 

intracellular hyperphosphorylated tau neurofibrillary tangles in the brain followed by synapse 

and neuron loss and subsequent cognitive impairment. Previous studies of AD have revealed 

disruptions among cytoskeletal trafficking and RNA binding proteins which are essential for 

proper synaptic localization of RNAs. Differences in expression of non-coding RNAs including 

microRNAs and circRNAs, which serve regulatory functions in the expression of mRNAs, have 

also been observed. Therefore, it is likely mislocalization of RNAs to synapses is taking place in 

AD which would negatively impact the mechanism of localized translation and contribute to 

synaptic dysfunction in disease. Given how dynamic and finely regulated RNA localization is for 



neuronal function, it is also possible changes in localization are taking place across lifespan. In 

this thesis, I investigate differences in RNA localization, including mRNAs, microRNAs, and 

circRNAs, in AD by RNA sequencing synaptosomes from patient and control tissue. 

Synaptosomes are fractionated particles encapsulating synaptic material. We find substantial 

differences in mRNA localization, and we also find differences in circRNA isoforms present at 

synapses. There are also correlations between differential expression of microRNAs and target 

mRNAs mislocalized in AD. Finally, we discover changes in synaptic RNAs across lifespan in 

mouse models that suggest AD may represent an acceleration of age-related changes. This 

research adds a new dimension to our understanding of AD pathology and suggests new 

targets for therapeutic interventions. 
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Chapter 1: Introduction 

 

1.1 Alzheimer’s disease 

 

Alzheimer’s disease (AD) is a progressive neurodegenerative disease characterized by the 

formation of amyloid plaques in the extracellular space and formation of neurofibrillary tau 

tangles inside the neurons1. It is the most prevalent form of dementia accounting for at least 50 

million cases worldwide2. AD presents in both familial forms (fAD), in which genetic heritability 

can be identified, and sporadic forms (sAD), in which there is no certain genetic cause. Known 

causative mutations include those in amyloid precursor protein (APP) and two components of 

the gamma secretase complex, presenilin 1 (PSEN1), and presenilin 2 (PSEN2), which all play 

a role in the cleavage of APP into the pathogenic peptide Amyloid beta (Aβ), aggregation of 

which is the primary hallmark of AD. Other genetic risk factors have been extensively sought out 

in genome-wide association studies (GWAS)3,4. Chief among these is apolipoprotein E (APOE) 

which has been shown to affect several aspects of neural function5,6.  

Although AD pathology has been, and continues to be, exhaustively characterized by its 

symptoms and molecular profiles, very little success has been made to connect cause and 

effect, leading to various hypotheses that have yet to be proven7,8. It is known that molecular 

pathology precedes cognitive impairment symptoms up to 20 years beforehand in disease 

progression1. This leads to efforts that can identify and intervene therapeutically before cognitive 

decline begins, although most attempts have not been fruitful7. Critically, we have to understand 

how amyloid and tau pathology affect synaptic function. Studies to date have characterized how 

protein composition at the synapse is altered and that, overall, synaptic excitability weakens 

upon buildup of amyloid in the late stages of disease progression8. However, downstream 
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events from synaptic dysfunction to neurodegeneration and cognitive deficit have yet to be 

fully elucidated. 

In this study, we highlight a cellular phenomenon called localized translation and how 

it may be impacted in AD and aging. Localized translation is an essential process in 

synaptic and neural function which facilitates the brain’s plastic nature and cognitive ability. 

In the following sections, we elaborate on how the mechanisms underlying localized 

translation fit into our understanding of AD and how research into this phenomenon sets 

forth a novel direction in elucidating AD neuropathology. 

 

1.2 Localized translation in synapse function 

 

Cognitive function in the brain is facilitated by chemoelectrical currents 

transmitted along circuitries established across a vast network of specialized cells called 

neurons in a manner analogous to transistors on a computer microchip. Neurons form 

connections between each other called synapses which receive inputs from neighboring 

cells and can transmit outputs to subsequent neurons in the network. Neurons are 

polarized cells and consist of three main anatomical components: The soma, which is 

the central component of the cell containing the nucleus and main organelles; dendrites, 

which receive inputs from other cells; and axons, which transmit outputs to other cells. 

Dendrites contain post-synaptic compartments that pair with pre-synaptic compartments 

from axons. These neuronal anatomical structures are highly plastic and can adjust their 

morphology and composition to modify circuits between cells and brain regions. 

Synaptic plasticity requires the rapid translation of proteins proximal to synaptic 

sites. This process is called localized translation9-11. When a synapse is stimulated, the 

axonal pre-synaptic site releases neurotransmitters from synaptic vesicles which 
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traverse the synaptic cleft and bind to receptors on the dendritic post-synaptic site. When 

receptors on the post-synapse are activated, ion channels open which causes a shift in local ion 

concentrations and charge. This change influences the phosphorylation state of nearby proteins 

as well as the binding of translation initiation factors, translational repressors, and ribosomes to 

mRNA transcripts localized to the synaptic site. This leads to rapid translation of these 

transcripts and their protein products that can modify the structure of the synapse create 

signaling factors that can be transported along neural projections or back to the soma and 

nucleus, which can influence the transcription of other genes12-15. Synaptic signaling can also 

stimulate the release of extracellular vesicles that can contain additional signaling molecules, 

proteins, and transcripts to neighboring cells16. 

Synaptic signaling triggers a cascade of protein modifications that drive response. In 

particular, protein phosphorylation can affect protein action on other substrates. For example, in 

excitatory neurons, upon synaptic stimulation, CAMKII becomes phosphorylated which in turn 

activates PKA, CPEB, and mTORC1. This activates translation initiation factors and releases 

translational repressors that allow for the rapid translation of immediate early genes17. 

One immediate early gene that stands out and was among the first discovered to be 

locally translated is the activity-related cytoskeletal protein ARC18. ARC has been shown to bind 

its own RNA at synapses and has the capacity to form membrane-bound capsids that exocytose 

and become internalized by neighboring neurons in a manner akin to retroviruses and has been 

widely accepted to be a retroviral gene that integrated in vertebrate genomes and became 

repurposed for synaptic transmission19-21. ARC capsids can deliver RNA cargos between 

neurons that can also undergo localized translation22. Locally translated ARC can also undergo 

retrograde transport back to the nucleus to modulate transcription12. 

Long term structural changes that take place include strengthening of synapses by the 

synthesis of scaffold proteins including Actin, PSD-95, Homer, Shank1-3 as well as increased 
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density of synaptic receptors. The extension of additional dendritic (post-synaptic) spines 

can also take place increasing neuron responsiveness17. 

 

1.3 Cellular mechanisms that make localized translation possible 

 

The distribution of RNAs in a cell is non-random, and a critical component 

allowing localized translation to take place is the cytoskeletal transport of target RNAs to 

distal cellular compartments including synaptic sites. For this to work, RNAs need to bind 

to RNA-binding proteins (RBPs) that mediate interaction with motor proteins which use 

energy to “walk” along microtubules. RBPs can bind to specific or non-specific sites in a 

transcript in which RNA secondary structure creates a complementary interface. Many of 

these sites are located in the transcripts’ untranslated regions (UTR), most frequently on 

the 3′ end. 3′ UTRs can contain motifs known as “zip codes” in which unique sequences 

can drive selective trafficking to target destinations in the cell. UTR content can be 

modified during the transcription process where alternative splicing and alternative poly-

adenylation sites can manipulate transcript length and composition of the same encoded 

protein23-25. It has been found that longer 3′ UTRs also correlate with longer transport 

distances in neurites. Experiments that splice 3′ UTRs between different genes have 

been found to differentially affect transport26,27. Alternative UTR exons can also control 

translational efficiency28,29. Additional post-transcriptional mechanisms driving RNA 

transport include RNA modifications such as methylation which make RNA transcripts 

more stable in the cytoplasm (Fig 1.1)30-32. 

These RBP-RNA complexes form what are called biomolecular condensates 

which are membraneless organelles that distinctly separate from the cytoplasm by liquid-

liquid phase separation33. Biomolecular condensates are a ubiquitous feature of cell and 
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neuron function and encompass the nucleolus, stress granules, and synaptic scaffolds34. Phase 

separation is largely mediated by intrinsically disordered regions (IDRs) or low-complexity 

domains (LCDs)35. These motifs tend to have redundant amino acid content that creates flexible 

protein surfaces that may condense with other proteins or nucleic acids in favorable solute 

conditions. Examples of proteins harboring LCDs include TDP-43 and FUS which both have C-

terminal regions extensively rich in glycine and serine or glutamine. Mutations in these LCDs 

often result in disease including amyotrophic lateral sclerosis (ALS) and frontotemporal 

dementia (FTD) because of an increased propensity to phase-separate causing dysregulation of 

biomolecular condensates36. 

One of the features that makes biomolecular condensates essential for modulating 

localized translation is their nature to respond rapidly to localized physiological changes in the 

cytoplasm. An essential component of this is phosphorylation. For example, phosphorylation of 

the RBP FMRP destabilizes its interaction with RNA and makes the transcript accessible for 

translation by ribosomes37. Targets of both FMRP and TDP-43 are found to be enriched in 

axons38. And FMRP-mRNA granules are enriched in synapses and associate with translational 

machinery39. 

In addition to RBPs, motor proteins and the cytoskeleton are also essential. In neurons, 

microtubules extend from the soma and are polarized with a minus end proximal to the nucleus 

and a plus end growing with the addition of monomers creating distal neural projections 

including axons and dendrites – Although dendrites can contain microtubules in both 

orientations. Motor proteins mediate interaction between the microtubules and cargos to be 

transported and use ATP to traverse along the microtubule. Motor proteins encompass two 

main families: One is Kinesin (KIFs) which transport cargos from minus-end to plus-end, the 

other is dynein which transport cargos from plus-end to minus-end. Common cargos that need 

to be transported include endosomes, mitochondria, proteins, and RNAs40,41. Colocalization 

experiments have found that FMRP-mRNA granules associate with microtubules to traffic 
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mRNAs to synapses39. Knock-down experiments on KIFs have shown reductions in 

dendritic branching, synaptic density, and neuron firing in neuronal cell culture as well as 

cognitive deficits in mice largely via the disruption of trafficking synaptic components and 

translational machinery including mRNAs42-45. In contrast, an experiment where KIF5C 

was overexpressed enhanced these neuronal features and also led to enhanced spatial 

memory in mice46. 

 

 

 

Fig 1.1. The mechanisms of localized translation. First, transcribed mRNAs in the nucleus 

can undergo alternative splicing or post transcriptional processing to modify sequence content 

that can drive targeted localization patterns. Next, RNA-binding proteins and motor proteins 

condense with the transcript to transport it along microtubules to synaptic sites. Finally, upon 

reaching synaptic locations, synaptic activity can initiate translation by triggering release of 

translational repressors from the mRNA to synthesize proteins locally at the stimulated synapse. 

Figure created using a biorender.com license. 
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1.4 Involvement of other RNA species 

 

Given the importance of mRNA 3′ UTRs length and motifs in proper transport and 

expression at synapses, micro RNAs (miRNAs) have been determined to have critical roles in 

transcript expression dynamics in subcellular compartments. miRNA’s mechanism of action is 

by binding argonaute (AGO) proteins which form the RNA induced silencing complex (RISC). 

The miRNA duplex is unwound and one strand is retained which binds to short complementary 

7-8bp motifs in 3′ UTRs of mRNA targets. This binding leads to translational repression and/or 

mRNA degradation. In rare instances, perfect complementarity between the full ~21nt miRNAs 

and target mRNAs leads to transcript elimination via the endonuclease activity of AGO2. In each 

of these scenarios, mRNA targets are removed from the pool of local mRNAs that can be 

translated47. It has been shown that miRNAs in addition to the RISC can be selectively 

transported to synaptic sites. In addition, 3′ UTR miRNA binding sites on synaptic-localized 

transcripts play a role in facilitating their localized expression dynamics29. 

Circular RNAs (CircRNAs) are a class of non-coding RNAs that are formed by back-

splicing a downstream exon to an upstream exon forming a closed loop. CircRNAs have been 

shown to have various regulatory functions. Examples include serving as microRNA (miRNA) 

“sponges” whereby a circRNA can include multiple miRNA binding sites that effectually remove 

miRNAs from binding to other targets. Similarly, circRNAs can include multiple RBP sites which 

will also reduce their associated RBP’s presence in the cytoplasm and affect the expression of 

other transcripts that they target. Finally, circRNAs are stable molecules that can persist in the 

cytoplasm longer than their linear counterparts due to exonuclease resistance. CircRNA biology 

is still a developing area of study, and functional roles of individual isoforms are largely 

unknown48. 
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Given the incredible regulatory potential of circRNAs and the fine-tuned nature of 

localized translation, it is possible that circRNAs are playing critical roles at synapses regulating 

the expression of other localized transcripts. Previous research and the research presented in 

this thesis have demonstrated that circRNAs are enriched at synapses. In addition, 

circRNAs appear to accumulate in the aging brain in rodent studies49. RNA sequencing 

in AD patient brain samples also revealed significant expression differences of circRNAs 

in AD. 

Long non-coding RNAs (lncRNAs) also play a role in regulating synaptic function 

and this is an active area of research. These RNAs can serve similar functions to 

circRNAs by interacting with other components that regulate the expression of mRNAs 

including interactions with miRNAs and RBPs. lncRNAs interact with RBP-RNA granules 

as well as translational machinery and perturbations of lncRNAs can thus affect the 

translation of mRNAs at the synapse and have downstream effects on cognition50. 

lncRNAs have been found to be enriched at synapses and show changes with age51.  

 

1.5 Ways to study synaptic-localized translation 

 

One approach to studying compartmental mRNA and protein localization in 

neurons is controlling the growth and physical separation of neurites and the soma using 

physical barriers. Cell culture plates can be lined with a nylon membrane where the 

pores are sized such that neurites can penetrate the barrier whilst the larger cellular 

compartments such as the soma remain on the seeded side of the membrane52. 

Microfluidic chambers can be used in a similar way to drive the growth of axons through 

structured channels. 
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A related technique is microdissection. This has been used to separate between the 

outer layer of somata from the inner layer of neuropil in the CA1 region of the hippocampus due 

to its distinct anatomy53-55. Therefore, the compartmental protein composition can be 

distinguished within intact tissue. 

Among the most robust approaches to studying localized translation and related 

mechanisms are subcellular fractionation techniques. One of these is the fractionation of intact 

synaptic particles called “synaptosomes”56. Synaptosome fractionation leverages the unique 

structural morphology of synapses to design approaches that separate them from the rest of the 

cell body. Specifically, synapses are very protein rich with scaffolds that intercalate within the 

plasma membrane. These structures of high density can survive homogenization where they 

remain intact and pinch off from the cell body and reseal to form dense membrane-bound 

particles encapsulating nearby molecular components. Synaptosomes can then be isolated from 

the bulk homogenate by passing the homogenate through a density gradient that is centrifuged 

at high force. This gradient can be composed of a continuous or discontinuous solution of 

sucrose, percol, or ficol, where the homogenate passes through a column of low density to high 

density57. Particulate matter thus migrates through the gradient and localize to points of 

matching density. Other techniques to fractionate synaptic particles include successive filtering 

steps of the homogenate through nylon membranes of decreasing pore size which isolate based 

on their average size as opposed to density. In the literature, this technique results in particles 

that are called “synaptoneurosomes” to distinguish between whether the particles were isolated 

based on size versus density58,59. 

Synaptosomes and synaptoneurosomes have generally been used to study protein 

compositional differences at synapses in aging and disease. Successful fractionation of 

synapses can be determined by the enrichment of synaptic markers as well as the visualization 

the particles under electron microscope. Mass spectrometry techniques have been used to 

determine and quantify synaptic protein composition in age and in disease60. Neuronal cultures 
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can also be stimulated and changes in protein composition can be measured. 

Experiments like this have shown that AMPA receptors and scaffold proteins become 

upregulated at synapses in long-term-potentiation. Visualization techniques have been 

employed to accompany mass spectrometry and produce three dimensional 

representations of synaptic organization61. 

A more specific approach to studying differences occurring at synapses includes 

fluorescent activated synaptosome sorting (FASS). This technique involves tagging 

specific synapse types using fluorescent antibodies which can then be separated in a 

manner similar to single-cell sorting62. For example, the receptor GLUR1 can be labeled 

and be used to define the glutamatergic synaptic proteome63. Another study used FASS 

labeling Nectin 3 in conjunction with microdissection to specify the unique synaptic 

proteome of hippocampal CA1 mossy-fiber synapses64. 

With the increasing technological breakthroughs in next-generation sequencing, 

studying the RNA composition of synaptosomes has become an emerging area of 

investigation. RNAseq has been used to determine differences in the transcript 

composition of neuropil versus soma in mouse hippocampal neurons by culturing in 

dishes separated by a nylon membrane52. RNAseq has also been used to determine 

specific differences in UTR composition of transcripts that are selectively transported to 

neurites27. Ribo-seq is a technique in which ribosomes can be crosslinked to mRNA and 

therefore measure ribosome occupancy on actively translating mRNAs; this has been 

termed the “translatome”54. This can be used to determine what transcripts become 

locally translated upon neuronal stimulation. Crosslinking can also be used in 

conjunction with immunoprecipitation to sequence the targets of RNA binding proteins 

such as FMRP and KIF3C46.  

Creative sequencing techniques have been employed to study synaptic-localized 

transcriptomes or other subcellular compartments. One of these is an APEX proximal 
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labeling approach to tag localized transcripts nearby compartmental protein markers which can 

then be isolated by conjugation and the isolated transcripts sequenced. This approach has been 

used to elucidate the localized transcriptome of the mitochondria, endoplasmic reticulum, 

nuclear lamina, among other compartments65. These localized transcriptomes can then be 

compared to the cytoplasm to determine enriched transcripts. Single-cell sequencing 

approaches are also being adapted to separate synapse and cell types in brain tissue and cell 

culture66,67. 

In neurons cultured in vitro, localized translation can be studied by stimulating neurons 

and measuring newly synthesized proteins. This can be measured even more precisely by 

glutamate uncaging experiments where light can be used to release glutamate at specific 

locations along neural projections thereby isolating localized translation activity to an area less 

than 50nm. Experiments of this type have shown that stimulation and localized translation in 

one synapse can affect other synapses nearby to strengthen connections68. 

In addition to quantitative protein measurement techniques, several visual techniques 

have also been developed to study localized translation. RNA localization can be measured 

using fluorescent in situ hybridization69. Ribosome occupancy can be measured using electron 

microscopy. Newly synthesized proteins can also be measured in neuronal culture by pulsing in 

an amino acid analogue that facilitates click chemistry of fluorophores70,71. And proteins 

undergoing active translation can be identified by colocalization with ribosomes52. 

In summary, a wide selection of techniques has been developed over the past several 

decades to delve deeper into the phenomenon of localized translation. Each of these 

techniques helps explore and appreciate different facets of the complex regulatory nature of 

localized translation in neurons to respond to stimulation to elicit structural changes facilitating 

synaptic plasticity and cognition. 
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1.6 Relationship of localized translation to neurodegenerative 

disease 

 

Given the complexity of mechanisms involved in facilitating synaptic localized 

translation and their essential role in cognitive function, it stands to reason that 

perturbations in this delicate process can elicit disease phenotypes resulting in cognitive 

impairment or neurodegeneration. Studies into the genetic etiology of various 

neurological diseases have revealed connections to mutations or differential expression 

of genes coding for RNA binding proteins, miRNAs, and alternative splicing. Therefore, 

understanding the impact these deficits can have on the process of localized translation 

can bridge the gap between genetics and cognitive impairment or neurodegeneration. 

 

Fragile X syndrome 

 

One of the most comprehensively studied neurological diseases related to 

defects in localized translation is Fragile X syndrome. Fragile X syndrome (FXS) is a 

genetic disease inherited in an X-linked dominant manner. Therefore, the disease is 

more severe in males than females. The disease is clinically characterized as an autism 

spectrum disorder (ASD) and typically diagnosed within 3-4 years after birth, or it can be 

determined by perinatal genetic testing. Symptoms include cognitive delays 

accompanied with hyperactivity, anxiety, and heightened sensitivity to sensory stimuli. 

Individuals with FXS may also display physical abnormalities related to changes in 

connective tissue resulting in hyperextensible joints and susceptibility to dislocations72. 

FXS is genetically characterized by a repeat expansion in the 3′ region of the 

Fragile X mental retardation 1 gene (FMR1) severely reducing the expression of the 
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Fragile X mental retardation protein (FMRP) which, as mentioned earlier, is an RNA-binding 

protein essential for RNA trafficking to synapses and localized translation. FMRP coordinates 

the translation of several proteins in post-synaptic compartments and glutamatergic synapses in 

particular. The loss or decreased expression of FMRP therefore leads to an overall increase in 

localized translation at synapses resulting in an excitatory/inhibitory imbalance in the brain72. 

Target and impacted proteins include AMPA receptors, GABA receptors, translation initiation 

factors, ERK signaling, MMP9, GSK3, AKT, and mTOR. Downstream effects include altered 

dendritic spine morphology. In FMR1 knock-out mouse models, translational repressors are 

being explored as therapeutic options. Pharmaceuticals targeting some of the downstream 

overexpressed proteins controlled by FMRP are also showing promise at mitigating FXS 

symptoms including metformin, minocycline, JQ1, antibiotics, and bumetanide. 

FMRP is RNA-binding, however a consensus motif has not been identified, but there is 

evidence that it binds to G-quadruplexes73. Coimmunoprecipitation experiments and ribosome 

profiling have identified several FMRP mRNA targets including CAMK2A, ANKRD11, KIF5A, 

and GRIN2A38,74.  Although it is hypothesized that these account for only a small fraction of all 

potential targets. FMRP is known to directly interact with ribosome subunits and translation 

initiation factors by way of a binding partner, CYFIP1. FMRP has also been shown to 

preferentially interact with m6A modified RNA as well as the RNA-editing enzyme ADAR. Thus, 

studies centered on FMRP and FXS have demonstrated extraordinary complexity of RNA and 

translational regulation mediating synaptic plasticity. 

Overall, FXS is an important example of localized translation going awry. Study of the 

disease offers an essential platform for studying how RBPs and translational repressors play 

critical roles in regulating synaptic plasticity and downstream morphological and phenotypic 

outcomes of their loss or differential expression. Though FXS is a monogenic disease, its study 

also serves as a basis for addressing other neurological diseases, such as other developmental 

disorders that do not have a clear genetic cause, since many of the molecular and synaptic 
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pathologies overlap. FMRP could be a common therapeutic target among many of these 

diseases. 

 

Amyotrophic lateral sclerosis 

 

Studies of synaptic localization deficits in amyotrophic lateral sclerosis (ALS) 

have been gaining more attention. ALS is characterized by progressive degeneration of 

motor neurons leading to spasticity, limb weakness, and fatality by respiratory failure 

within 2-5 years of initial symptom onset. ALS can be either familial or sporadic and has 

been linked to genetic variants in more than 60 different genes. Two of the most well-

studied genes, which were identified via autosomal dominant inheritance patterns, are 

Fused in Sarcoma (FUS), which encodes an RNA-binding protein, and TAR DNA 

binding protein (TARDBP), which encodes the protein TDP-43. These two proteins 

harbor low-complexity domains which make them prone to pathogenic aggregation. 

Ubiquitin-positive TDP-43 inclusions, which can include various other proteins and 

nucleic acids, are seen as an essential hallmark of ALS and observed in almost all 

cases. The notable exception to this is ALS related to genetic variants in superoxide 

dismutase 1 (SOD1) which also leads to pathogenic aggregates that can propagate in a 

prion-like manner. 

Several cases of ALS have been linked to mutations in other RNA-binding 

proteins. This includes EWS RNA Binding Protein 1 (EWSR1), heterogeneous nuclear 

ribonucleoproteins A1 and A2B1 (hnRNPa1, hnRNPa2b1), Ataxin 2 (ATXN2), Matrin 3 

(MAT3), and TIA1 cytotoxic granule associated RNA binding protein (TIA1). Other 

groups of genes implicated in ALS are those involved in the cytoskeleton or proteostasis 

including Kinesin Family Member 5A (KIF5A), Dynactin subunit 1 (DCTN1), Valosin 

Containing Protein (VCP), and Optineurin (OPTN)75. Taken together, perturbations 
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among any of these genes may result in disruption of the essential mechanisms supporting 

synaptic-localized translation. 

Analogous to how dysregulation of the RNA-binding protein FMRP is the central 

mechanism of FXS, dysregulation of TDP-43 appears to be the central explanatory component 

behind most forms of ALS revealing similar complexity in its interactions. TDP-43 is a common 

component of RNP granules and can bind to motifs within mRNA 3′ UTRs. TDP-43 also 

interacts with other transport proteins including FMRP, kinesin proteins, Staufen, and SMN. 

RNA targets regulated by TDP-43 include itself, CAMK2A, HNRNPA1, MAPT, STMN2, and 

UNC13A. TDP-43 plays essential roles in the nucleus such as alternative splicing. In ALS, TDP-

43 forms cytoplasmic aggregates which interrupt cytoskeletal transport and sequester other 

critical RNA and protein factors in pathological cytoplasmic phase-separated aggregates which 

increase over time. TDP-43 sequestration in the cytoplasm also prevents the protein from 

performing its essential roles in the nucleus. Motor neurons are uniquely susceptible to these 

pathologies given their extraordinary length where cytoskeletal transport of essential factors to 

the neuromuscular junction takes substantial time. Although these pathologies are also not 

exclusive to ALS, and the related disease of frontotemporal dementia (FTD), which sometimes 

co-occurs with ALS, show similar neuronal aggregates. It is also becoming more appreciated 

that TDP-43 cytoplasmic aggregation is a co-pathology in some cases of AD and has been 

found to exacerbate tau pathology76,77. Given the connection between ALS and AD pathologies, 

a common mechanism could be sequestering essential factors required by synapses, including 

both proteins and RNAs, thus preventing their transport. 

Our understanding of ALS suggests that inappropriate aggregation of proteins reduces 

the capacity of cells to transport RNA and proteins to synapses resulting in deficits in localized 

translation and neuron degeneration. Central factors in ALS pathology include a wide variety of 

RNA-binding proteins which are inhibited from carrying out their normal functions and affect 

downstream processes. Given that aggregation is largely driven by the same mechanisms 
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behind liquid-liquid phase separation in biomolecular condensates, therapeutic options 

being tested include ways of dissolving the aggregates as well as gene therapies. 

 

1.7 Localized translation in Alzheimer’s disease, aging, and 

rationale for this study 

 

Given this evidence and the essential role localized translation has in synaptic 

plasticity and observations in other neurological diseases, it stands to reason that this 

process could be perturbed in AD. Furthermore, identifying changes in localized 

translation has the potential to create a connection between AD molecular hallmarks and 

the resulting neurodegeneration. Tying localized translation into the study of AD 

mechanisms is starting to gain traction in the field with studies in 5xFAD mice, a mouse 

model that harbors mutations in humanized APP and PSEN1, showing an upregulation 

of inflammatory gene mRNAs in synaptosomes including complement components 

which were not upregulated in nuclei67. A microarray RNA profile of human AD 

synaptosomes showed an upregulation of synaptic and intracellular transport genes and 

a downregulation of cell cycle genes78. In this collection of research, we explore the RNA 

localization differences that are taking place in disease and in aging including mRNAs, 

circRNAs, and miRNAs. 

There is substantial evidence supporting an exploration into localized translation 

in AD. Some of the risk loci indicated by GWAS are in genes that code for proteins 

involved in vesicle trafficking such as SORL179. Transcriptomic studies have shown that 

genes involved in protein metabolism were frequently perturbed in AD suggesting a 

subsequent dysregulation of localized translation80. And single-cell RNAseq has shown 
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that genes related to myelination are regulated specifically in oligodendrocytes, astrocytes, and 

glia which can impact the efficiency of neuronal communication81. Another important piece of 

evidence is tau pathology, which is a ubiquitous feature of AD, and the protein has the ordinary 

function of stabilizing microtubules. With its pathogenic aggregation in the cytoplasm, transport 

of RNAs, proteins, and other cargos along the cytoskeleton becomes impaired. It has also been 

found that enlarged endosomes also occur in disease furthermore blocking normal transport 

functions82,83. These studies have thus led to the proposal of the “traffic jam” hypothesis of AD 

pathology84. 

AD pathology has also been found to incorporate TDP-43 inclusions, similar to those 

seen in ALS, and the TDP-43 inclusions have been shown to interact with tau76,77,85. Given TDP-

43 pathological impacts in ALS, this suggests that the RNA splicing and transport functions the 

protein normally facilitates are disrupted. Indeed, splicing changes have been observed in AD 

among several genes including EIF5B, EIF3K, ANXA2, VPS48, DNAJC7, MAP1B, DYNLRB1, 

and DCTN286. 

Another important line of evidence includes proteomic studies in AD brains that have 

showed differences in RNA-binding and motor proteins as well as changes in mitochondrial 

proteins, cell adhesion proteins, and cytoskeletal proteins86,87. An essential takeaway from 

proteomic studies is that differentially expressed proteins do not necessarily align with 

differentially expressed mRNAs which shows that there are critical regulatory steps that are 

perturbed between transcription and translation in neurons88. Proteomic studies in AD 

synaptosomes observed increases in immune response proteins and decreases in proteins 

related to long-term potentiation and oxidative phosphorylation60. Altogether these studies 

suggest that there could be other mechanisms driving the differences in protein composition at 

synapses. 

One common feature of AD progression is a stage of neuronal hyperexcitability89-92. This 

stage also leads some patients to develop seizures. Studies in localized translation have shown 
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that perturbing its underlying mechanisms affects neuronal excitability. This could mean 

that disruptions in localized translation in AD are contributing towards this phenotype. 

Collectively, these lines of evidence suggest that RNA trafficking to, and its 

regulation at, synapses could be affected by AD cellular pathologies. The research 

presented in this thesis explores how mRNAs could be mislocalized to synapses in AD 

and aging. In our study, we use the term mislocalized to mean that the differences in 

mRNA at synapses occur independently of global transcriptional changes. This provides 

a new line of evidence that can be used to hypothesize mechanisms of causation among 

various hypotheses and suggest opportunities for therapeutic intervention. 
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Chapter 2: mRNA and circRNA mislocalization at 

synapses are key features of Alzheimer's disease 

 

This chapter comes from the text of the manuscript currently under review at PLOS Genetics as 

of 5/22/2024: 

 

Smukowski SN, Danyko C, Somberg J, Kaufman EJ, Course MM, Postupna N, Barker-Haliski 

M, Keene CD, and Valdmanis PN. mRNA and circRNA mislocalization to synapses are key 

features of Alzheimer’s Disease. PLOS Genetics. 2024. –Under Re-review 

 

2.1 Abstract 

 

Proper transport of RNAs to synapses is essential for localized translation of proteins in 

response to synaptic signals and synaptic plasticity. Alzheimer’s disease (AD) is a 

neurodegenerative disease characterized by accumulation of amyloid aggregates and 

hyperphosphorylated tau neurofibrillary tangles followed by widespread synapse loss. To 

understand whether RNA synaptic localization is impacted in AD, we performed RNA 

sequencing on synaptosomes and brain homogenates from AD patients and cognitively healthy 

controls. This resulted in the discovery of hundreds of mislocalized mRNAs in AD among frontal 

and temporal brain regions. Similar observations were found in an APPswe/PSEN1dE9 mouse 

model. Furthermore, major differences were observed among circular RNAs (circRNAs) 

localized to synapses in AD including two overlapping isoforms of circGSK3β, one upregulated, 

and one downregulated. Expression of these distinct isoforms affected tau phosphorylation in 
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neuronal cells substantiating the importance of circRNAs in the brain and pointing to a 

new class of therapeutic targets. 

 

2.2 Introduction 

 

For years, AD research has centered upon the formation of amyloid plaques 

which is the most distinguishable event before downstream pathologies and cognitive 

impairment are observed1. Yet, it remains to be explained whether amyloid plaques 

themselves result in neurodegeneration or simply precipitate other events that ultimately 

cause cognitive dysfunction. This has led to several lines of research dedicated to 

specific hypotheses of AD mechanisms including neuroinflammation, tau neurofibrillary 

tangles, excitotoxicity, and metabolic dysfunction7. It has also been found that some 

patients are cognitively resilient to some of the characteristic pathologies making 

amyloid plaques necessary, but not sufficient, for AD dementia1,93.  

Synapse loss is one of the cardinal features of AD pathology and precedes Aβ 

deposition and tau neurofilament tangles. Therefore, maintaining synaptic integrity is 

important to prevent cognitive decline. A key component of this integrity is the localized 

translation of mRNAs at the synapse in rapid response to stimuli that modify synaptic 

structure and connections that are essential for synaptic plasticity10,94,95. For localized 

translation to take place, mRNAs need to be properly trafficked to synaptic destinations. 

This is orchestrated by a combination of localization signals in the untranslated regions 

of mRNA and formation of complexes with RNA binding proteins (RBPs) and motor 

proteins that shuttle RNA-protein biomolecular condensates along microtubules in the 

neurites to reach synaptic destinations23,27,30,33,54,66,69,74,96-99. Given the importance and 

complexity of this process for cognition, it remains to be seen how RNA transport and 
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synaptic-localized translation is impacted by AD pathologies. Previous research has shown that 

retrograde transport of transcriptional factors in neurons further propagates pathology 

throughout the brain13. Additional studies have revealed that cytoskeletal transport is impacted 

in AD including roles for SORL1 and Dyneins82,100. The observed dysfunctions of these and 

other proteins involved in cytoskeletal transport and the endocytic cycle has led to hypotheses 

describing that at least some of the downstream AD pathology is propagated by impaired 

vesicle transportation along the cytoskeleton causing a “traffic jam” along transportation 

conduits41,84. Given that RNA, proteins, and vesicles are transported along the same 

cytoskeletal network, competition may arise for transportation among all these cargos, and 

disruption of this critical system can impact cellular function as a whole. Thus, impacting RNA 

localization and translation thereof to elicit synaptic dysfunction and cognitive impairment. 

To better understand questions pertaining to synapse biology and integrity, techniques 

have been optimized to collect synapses in the form of synaptosomes56,57. Synaptosomes are 

particles of synaptic material that form from the sheering forces during brain tissue 

homogenization. During homogenization, the dense, protein-rich membranes of synapses 

remain intact and pinch off from the larger plasma membrane allowing for the synapses to 

reseal and form individual particles and can be purified via gradient ultracentrifugation. The 

synaptosome model has frequently been used to analyze synaptic protein changes in AD58-

60,101,102. This has led to discoveries including an upregulation of immune response pathways 

and downregulation of synaptic-signaling pathways60. Microarray analysis on AD human patient 

synaptosomes previously demonstrated an increase in localized synaptic genes and a decrease 

in metabolic genes. However, this data was not compared against expression changes in a 

brain homogenate background, and the analysis was limited to known mRNAs, precluding 

discovery and analysis of novel RNA species78. A study on mouse hippocampal synaptosomes 

derived from the 5xFAD model (bearing pathogenic variants in APP and PSEN1) that were 

droplet sequenced and compared to single nuclei sequencing showed synaptic mRNA 
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localization differences in inflammatory pathway related genes67. Thus, synaptosomes 

offer an unparalleled opportunity to investigate the localized regulatory processes and 

mRNA expression differences in the context of brain aging and AD. 

It is well-appreciated that several species of non-coding RNAs exist that fine-tune 

RNA and protein expression, including locally at the synapse. Circular RNAs (circRNAs) 

are non-coding RNAs serving regulatory functions that have been gaining more 

appreciation in the study of AD. CircRNAs are produced by back-splicing a downstream 

exon’s 3′ end, the “Donor”, to a preceding exon’s 5′ end, the “Acceptor”, creating a 

closed-loop structure. CircRNAs are primarily formed from conserved exon junctions, are 

stable due to exonuclease resistance, and can exceed linear counterparts in abundance 

by an order of magnitude48,103-105. Several properties of circRNAs lend themselves as 

unique regulators in neurobiology. Some circRNAs are translated and others can act as 

sponges for microRNAs106-108. Their expression is highest in the brain, especially 

synaptic vesicles and exosomes and accumulate during rodent postnatal 

development109,110. However, the role of circRNAs in synapses and in neurodegeneration 

and AD remains poorly understood. 

 To fill this gap, we herein utilized brain tissue from human AD samples and a transgenic 

mouse model of fAD to identify mislocalized coding and non-coding RNAs in synaptosomes. We 

discovered significant mRNA localization differences in AD brains compared to cognitively 

healthy controls. We also identified major differences among circRNAs localized to synapses in 

AD. Among our data, we discovered two unique isoforms of circGSK3β that are differentially 

expressed in AD. These differential expression changes among non-coding RNAs may reveal 

novel mechanisms of synaptic regulation critical to the development of AD and 

neurodegeneration. 
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2.3 Methods 

 

2.3.1 Human brain samples 

 

Human brain tissue samples used in this study were derived from brains donated for 

research by participants in the UW ADRC and the Kaiser Permanente Washington (KPW) ACT 

study, including 11 donors with neuropathologically-confirmed AD dementia, and 12 cognitively 

healthy individuals with no or low AD neuropathologic change (S2.1 Table). The ACT study is a 

community-based cohort study in Seattle, WA in which KPW patients 65 years or older are 

randomly invited to join the ACT study and, if cognitively normal, are enrolled and undergo 

cognitive screening every two years until they convert to dementia, withdraw from the study, or 

die; a subset of ACT participants consent to donate their brains for research111. The UW ADRC 

is a mostly clinic-based study of participants with varying levels of cognitive impairment who are 

followed annually with a battery of neuropsychometric tests until they withdraw from the study or 

die, and most consent to donate their brains for research. In selecting donors for this study, 

cognitive status and AD and related dementias neuropathologies were considered, with donors 

with AD dementia carefully matched with non-demented controls for age, sex, and post-mortem 

interval (PMI). All samples were collected following approved protocols with informed consent 

as approved by the University of Washington Institutional Review Board (IRB). Tissues were 

collected during rapid brain autopsy and flash frozen in liquid nitrogen or supercooled 

isopentane. For 16 of the samples, we acquired tissues from both the frontal lobe (middle frontal 

gyrus – dorsolateral prefrontal cortex) and temporal lobe (middle temporal gyrus) which were 

preserved in 0.32M sucrose, 25mM tris buffer. Other samples we collected were from the frontal 

lobe which were preserved by flash-freezing in isopentane.  
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2.3.2 Mouse brain samples 

 

The University of Washington Institutional Animal Care and Use Committee 

(IACUC) approved all mouse studies (protocol 4387-01). Mice were maintained on an 

irradiated diet and provided free access to filtered water, with housing conditions 

maintained as previously described112. Following CO2 asphyxiation according to AVMA 

guidelines, brains were dissected from a mouse line bearing the APP Swedish mutation 

(K595N/M596L) and deletion of PSEN1 exon 9 in the C57BL/6J background with WT 

littermates used as controls113. Brains were sectioned based on brain regions, of which 

the frontal cortex was used for sequencing.  

 

2.3.3 Synaptosome Isolation and RNA extraction 

 

We adapted established protocols to isolate synaptosomes56,57. Approximately 

300 mg of brain tissue was homogenized using a glass douncer in 1.5 mL of 

homogenization buffer: 0.32 M sucrose, 1 mM sodium bicarbonate, 1 mM magnesium 

chloride, 0.5 mM calcium chloride, 100 μM aurintricarboxylic acid, 24 U/mL NEB Murine 

RNAse inhibitor, and 0.5x Thermo HALT protease and phosphatase inhibitor cocktail. 

Following homogenization, 120 μL of homogenate was set aside for RNA extraction and 

sequencing and additional analyses. The remaining homogenate was spun down at 750 

× g for 10 min at 4ºC to remove debris. Next the supernatant was centrifuged at 13,800 × 

g to produce a pellet of crude synaptosomes. The supernatant was collected as the 

cytoplasmic fraction. The crude synaptosome pellet was resuspended in 1 mL of 

homogenization buffer. A discontinuous sucrose gradient was prepared in a 4.2 mL 

ultracentrifuge tube with a 1 mL bottom layer of 1.2 M sucrose + 1 mM sodium 
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bicarbonate, 1 mL middle layer of 1.0 M sucrose + 1 mM sodium bicarbonate, and a 1 mL top 

layer of 0.85 M sucrose + 1 mM sodium bicarbonate. The 1 mL of resuspended crude 

synaptosome was layered on top of the gradient. The samples were then spun using a swinging 

bucket rotor in an ultracentrifuge at 28,000 rpm (~82,000 × g). The purified synaptosomes were 

collected from the interface between the 1.2 M and 1.0 M layers. RNA was subsequently 

extracted from 500 μl of the collected synaptosomes with Trizol/chloroform. We validated 

synaptosome isolation by western blot.  

 

2.3.4 Synaptosome protein analysis 

 

Protein from the homogenate, crude P2 pellet, cytoplasm S2, and isolated synaptosome 

fractions were precipitated using methanol/chloroform extraction. Proteins were resolubilized in 

1% SDS, 100 mM triethylammonium bicarbonate and 15 min bath sonication. Protein 

concentrations were estimated using Qubit (Thermo) and equal amounts were set aside for 

western blot loading. Blot quantification conducted with FIJI software (Image J). Antibodies: 

Mouse anti-actin (mAbGEa) (Invitrogen: MA51-744), Rabbit anti-NeuN (Invitrogen: PA5-78499), 

Rabbit anti-synaptophysin (SP11) (Invitrogen: MA5-14532), Mouse anti-IBA1 (Proteintech: 

66827-1-Ig). IR dye 680 goat anti-rabbit (LI-COR: 926-68071), IR dye 800 goat anti-mouse (LI-

COR: 926-32210). 

 

2.3.5 Sequencing 

 

100 ng of RNA from synaptosome and pre-fractionated homogenate fractions were 

aliquoted for library preparation using the Illumina stranded total RNA with rRNA removal 

(human). Samples were barcoded and pooled into batches of twelve for sequencing submission 
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to GeneWiz (Azenta) using 2 x 150 bp reads, on an Illumina NovaSeq S4 instrument. 

Data was delivered as fastq files pertaining to each sample. Prior to data analysis, 

sequencing data quality was evaluated using the fastp tool available on the Galaxy 

online platform. All samples passed accepted thresholds (examples in S2.16A and 

S2.16B Fig). 

 

2.3.6 Data analysis for localization 

 

Transcriptome mapping and quantification was conducted with Salmon114. 

Transcriptome references were retrieved from Gencode (version 33 Homo sapiens, and 

version M31 Mus musculus). Salmon quant files for each sample were imported into R 

for differential expression analysis using the DESeq2 package and workflow115,116. 

Expression analysis was normalized based on default DESeq2 parameters which takes 

into account the total number of reads as well as the length of each gene. We first ran 

DESeq2 on a dataset of all samples with (design = ~ Fraction + Condition). We filtered 

our gene list by having ten counts in at least nine samples. From this, we used sample 

clustering and multidimensional scaling analysis to identify outliers and hierarchical 

clustering and weighted gene correlation analysis (WGCNA) to identify confounding 

variables117. WGCNA parameters included all defaults with adjustments as follows: 

maxblocksize=10500, power=9, corType = "bicor”, networkType = "signed", TOMType = 

"signed", deepSplit = 3, minModuleSize = 24, stabilityCriterion = "Individual fraction", 

reassignThreshold = 0.00001, and mergeCutHeight = 0.15. The single variable that 

stood out most was the way in which the brain tissue was preserved.  Some frontal lobe 

samples were sucrose preserved, while some samples were preserved by isopentane; 

all temporal lobe samples were sucrose preserved. If we ran DESeq2 using 
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“preservative” as our variable of comparison in synaptosome data, we saw substantial 

differences in RNA expression. We successfully corrected for this phenomenon using 

the software ComBat-Seq treating “preservative” as a batch variable118. This correction nearly 

eliminated the variation as seen before (S2.17A and S2.17B Fig). After batch correction and 

removing outliers, clustering of sample distances and multidimensional scaling analysis showed 

robust separation and clustering of synaptosomes vs homogenate and modest separation and 

clustering of disease status (Fig 2.1D and S2.1B). A minor confounding variable determined by 

WGCNA was age. We did not correct for age or incorporate it into our interpretation of results. 

PMI, RIN score, sex, and APOE genotype did not show significant effects on data clustering and 

not considered as confounding variables. 

 To conduct localization analysis on a brain region, we first created four separate 

datasets corresponding to control samples, AD samples, homogenate samples, and 

synaptosome samples. We ran DESeq2 independently on each dataset. We filtered our gene 

list by having ten counts in at least nine samples. Next, we applied batch correction using 

ComBat-Seq based on preservative for frontal lobe samples; we did not apply batch correction 

for temporal lobe nor mouse frontal lobe samples118. To identify synaptosome enriched 

transcripts, we ran DESeq2 differential expression analysis on either the control dataset or AD 

dataset using results (“Fraction”, “Synaptosome”, “Homogenate”). To identify differentially 

expressed genes between AD and control in either the homogenate or synaptosome datasets 

we ran results (“Condition”, “AD”, “Control”).  

To determine mislocalized transcript differences, we first made a ratio-of-ratios 

comparing the synaptosome results fold change to homogenate results fold change as such: 

 

𝐹𝑜𝑙𝑑 𝐶ℎ𝑎𝑛𝑔𝑒 ൌ logଶ

ቀ 𝐴𝐷
𝐶𝑜𝑛𝑡𝑟𝑜𝑙ቁௌ௬௡௔௣௧௢௦௢௠௘

ቀ 𝐴𝐷
𝐶𝑜𝑛𝑡𝑟𝑜𝑙ቁு௢௠௢௚௘௡௔௧௘
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To construct a p value, we assumed a normal distribution of the synaptosome 

log2 fold change versus homogenate log2 fold change values from a y=x (i.e. 1:1) 

trendline as pictured in Fig 2.2D. We therefore calculated a difference of log2 fold 

changes of AD vs control between the synaptosome value and the homogenate value 

weighted by their standard error for each measured transcript. We calculated the 

weighted log2 fold change differences across all measured transcripts to produce a T-

statistic based on the assumption that the weighted log2 fold change differences follow a 

normal distribution along y=x. A p value was drawn from a two-tailed normal distribution 

with N-1 degrees of freedom and setting an FDR cutoff of 0.001 for the frontal lobe and 

0.01 for the temporal lobe and mice due to differences in sample sizes. Our formula for 

calculating a T-statistic per gene is represented by: 

 

𝑇 ൌ
𝑅௪

ඨ∑ 𝑅௪
ଶ௡௨௠௕௘௥ ௢௙ ௚௘௡௘௦

௜ୀଵ
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑔𝑒𝑛𝑒𝑠

ඥ𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒𝑠

 

Where: 

𝑅௪ ൌ
1
𝑆𝐸

ൈ logଶ ൬
𝐴𝐷

𝐶𝑜𝑛𝑡𝑟𝑜𝑙
൰
ௌ௬௡௔௣௧௢௦௢௠௘

െ
1
𝑆𝐸

ൈ logଶ ൬
𝐴𝐷

𝐶𝑜𝑛𝑡𝑟𝑜𝑙
൰
ு௢௠௢௚௘௡௔௧௘

 

 

Rw represents the difference in log2 fold changes of AD vs control weighted by 

their respective standard errors between. Since DESeq2 calculates differential 

expression using a Wald statistic, our approach could be interpreted as simply taking a 

T-statistic between the Wald statistics. This resulted in a selection of significantly 

measured mislocalized mRNAs representing the expected fraction of a transcript’s reads 

found in synaptosomes compared to homogenate is different in AD versus control. This 
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could represent errors specifically in RNA transport or degradation dynamics within the neurites 

independent of global expression changes. 

Gene ontology analysis was conducted using GOpanther “biological process 

complete”119. Genome alignments for visualization were conducted using RNA-STAR120. Human 

genomes were aligned to GRCh38 and mouse genomes were aligned to GRCm39 acquired 

from Ensembl. 

 

2.3.7 CircRNA identification 

 

We generated a custom back-spliced junction database by adding all possible 

permutations of exon combinations in which a downstream exon’s 3′ end, the “Donor”, is joined 

to the 5′ end of an upstream exon, the “Acceptor”. Next, we generated bowtie2 indexes for both 

the back splice junction file and the Gencode v. 33 reference transcriptomes. The samples’ 

fastq files were first mapped to the reference canonical transcriptome using bowtie2121. 

Unmapped reads were extracted from the resultant alignment files using samtools122. The 

unmapped read files were then converted into fastq files using bedtools123. Next these fastq files 

were mapped to the back splice junction index with bowtie2. CircRNA read alignments were 

counted for each sample producing a count matrix. This count matrix was then appended to the 

count matrix of linear canonical transcript unnormalized counts and imported back into R to run 

DESeq2 differential expression analysis on the combined counts to normalize in context of the 

rest of the transcriptome. We filtered our circRNA list by having four counts per unique circRNA 

in at least five samples. To test our approach against DCC, we used the standard workflow and 

settings including the preliminary alignment using RNA-STAR124. 

 



Smukowski, Samuel N.  40 

   

2.3.8 miRNA site analysis 

 

To identify miRNA binding sites, the biomaRt package was used to obtain 3′UTR 

sequences for all genes we measured which were then input into Targetscan producing 

a result table counting all miRNA binding sites within each UTR across the 

transcriptome125,126. To predict miRNA binding site enrichment among significantly 

mislocalized mRNAs, the UTRs were retrieved for our short-list and using Targetscan v. 

7.0, and we produced a count table of all miRNA binding sites. Using our transcriptome-

wide miRNA site index as a background, we calculated the expected values for each 

miRNA binding site distributed among our short-lists. We calculated a log2 fold change 

based on the ratio of observed vs expected fraction each miRNA was represented out of 

the total number of identified binding sites (i.e. the fraction of total binding sites for a 

miRNA found within our short list versus the fraction of total binding sites for said miRNA 

throughout the entire transcriptome). We calculated significance of miRNA binding site 

enrichment using a χ2 test.  

 

2.3.9 PCR validation 

 

PCR amplicons for circRNAs were designed with primers that would amplify the 

back splice junction. We then Sanger sequenced these amplicons to validate the 

junctions. Primers are listed in S2.32 Table. 
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2.3.10 Circ plasmids 

 

We ordered custom synthesized plasmids from Genscript designed with GSK3β exon 

inserts between Alu elements in the pcDNA3.1+ backbone designed, proven, and published to 

coax RNA circularization (Addgene #60648)127. 

 

2.3.11 Transfections 

 

SH-Sy5y cells, obtained from ATCC, were differentiated into neurons using an 

abbreviated protocol based on Shipley et al128. Undifferentiated cells were cultured in a 50/50 

mixture of DMEM/F12 media supplemented with 15% heat inactivated fetal bovine serum (FBS) 

plus 1% penicillin/streptomycin solution. Undifferentiated cells were passaged into T25 flasks to 

begin differentiation on day 0. On day 1, media was swapped to 3% FBS solution supplemented 

with 10 μM all-trans retinoic acid. On day 3, media was swapped to 1% FBS solution 

supplemented with 10 μM all-trans retinoic acid. On day 5 cells were passaged onto Geltrex 

(Gibco) coated 6 well plates, 120,000 cells each. On day 6, media was refreshed, and 

transfections took place using lipofectamine using 1.5 μg plasmid with 5 μl per well in 250 μl 

Opti-MEM. On day 7, media was swapped to Neurobasal plus media supplemented with 1x B27 

plus, 2 mM Glutamax, 1% penicillin/streptomycin, 20 mM potassium chloride, 50 ng/mL BDNF, 

2 mM dibutyryl cyclic AMP, and 10 μM all-trans retinoic acid. Media was refreshed on day 9, day 

11, and day 12. Cells were harvested on day 13 with 1 mL RIPA buffer and sonicated in a bath 

at 4ºC for 15 min. Protein was quantified with qubit for equal loading in western blot. Blot 

quantification conducted with FIJI software (Image J) We validated circular RNA formation using 

PCR and Sanger sequencing where we confirmed bands associated with the complete circle 

and proper splicing (data not shown). Antibodies include: rabbit anti-GSK3β (Cell systems: 
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D5C5Z), rabbit anti-pS9-GSK3β (Cell systems: D85E12), mouse anti-pS202,T205-tau 

(AT8) (Invitrogen: MN1020), mouse anti-tau (Tau5) (Invitrogen: AHB0042), rabbit anti-

GAPDH (Cell Systems: 14C10), Mouse anti-beta tubulin (BT7R) (Invitrogen: MA5-

16308), Rabbit anti-NeuN (Invitrogen: PA5-78499), Rabbit anti-synaptophysin (SP11) 

(Invitrogen: MA5-14532), IR dye 680 goat anti-mouse (LI-COR: 926-68070), IR dye 680 

goat anti-rabbit (LI-COR: 926-68071), IR dye 800 goat anti-mouse (LI-COR: 926-32210), 

IR dye 800 goat anti-rabbit (LI-COR: 926-32211). 

 

2.3.12 BaseScope in situ hybridization 

 

Custom BaseScope probes spanning the GSK3β circRNA exon 10-to-9 and exon 

9-to-7 junctions of NM_002093.4 were designed and ordered by ACD. In addition, we 

designed a similar probe to the mRNA sequence of GSK3β that is not part of the 

circRNA. The BaseScope duplex reagent kit and protocol was used for hybridization. 

Brain slices of a square area approximately 0.3 cm x 0.3 cm from our frontal lobe sample 

collection were sectioned via cryostat into 20 μm sections onto Superfrost Plus slides. 

Brain tissue slides were fixed using chilled 4% formaldehyde in PBS for 15 min. Next, 

the slides were dehydrated by a 5 min wash with 50% ethanol, a 5 min wash with 70% 

ethanol, and two 5 min washes in 100% ethanol. Slides were dried at room temp before 

proceeding with the BaseScope Duplex protocol. The only modification to the protocol 

was extending the AMP step [11] to 40 min instead of 30 min. CircGSK3β exon 9-to-7 

and CircGSK3β 10-to-9 were visualized using Fast-Green chromogenic reagent. Linear 

GSK3β visualized using Fast-Red chromogenic reagent. Nuclear and membrane stained 

using 0.5x Gil’s hematoxylin. Slides were imaged in brightfield on a Nikon Ti-2 

microscope. Quantification was done by research scientists uninvested in the final 
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outcome whereby mRNA molecules were counted and summed among 8 images per tissue. 

 

2.3.13 Synaptosome confocal microscopy 

 

We followed a modified protocol previously utilized for synaptosome 

immunohistochemistry 61. First, bovine serum albumin coated slides were prepared by 

immersing the slides in 3% BSA, PBS and sodium azide overnight at 4ºC. Slides were 

subsequently washed with PBS and left to dry. 0.5 cm x 0.5 cm squares were drawn on the 

slides with nail polish. 250 μL synaptosomes were diluted 5x in PBS in microcentrifuge tubes. 

They were spun down at 12,000 × g for 20 min at 4ºC. The synaptosome pellet was 

resuspended in 50ul PBS. 5ul of resuspended synaptosomes were added to each outlined 

square on the BSA coated slides. This was followed by the addition of 5 μl of PBS. Next, 10 μl 

of 8% formaldehyde was added to the synaptosomes on the square. Synaptosomes were 

allowed to fix at room temperature for 1 hour. Next, excess liquid was aspirated from the 

squares leaving synaptosomes fixed on the slides. Excess formaldehyde was quenched with 35 

μl of 100 mM glycine. Excess liquid was aspirated. Synaptosomes were stained with the 

lipophilic fluorophore FM1-43, 20 μl at 5 μg/mL concentration for 5 min at room temperature. 

Excess stain was aspirated. Stained synaptosomes were washed with 35 μl PBS for 10 min at 

room temperature. Excess liquid was aspirated. Drops of Vectashield mounting media were 

placed within the squares and coverslips placed on top. Coverslips were sealed with nail polish. 

Slides were imaged on an Olympus FV-1000 confocal in the GFP channel. 
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2.4 Results 

 

2.4.1 Synaptosome sequencing identifies mRNAs enriched and localized to synapses. 

 

We obtained post-mortem human brain samples from participants in the 

University of Washington (UW) Alzheimer’s Disease Research Center (ADRC) and the 

Adult Changes in Thought (ACT) Study based at Kaiser Permanente Washington111. We 

acquired frontal lobe (prefrontal cortex) samples from 23 individuals including donors 

with late-onset sAD and healthy controls. For 16 of these individuals, we also studied 

tissue samples from the temporal lobe (middle temporal gyrus). Patient samples were 

carefully selected to match for age, postmortem interval, and neuropathological features. 

A benefit from the ADRC and ACT programs is that the post-mortem interval (PMI) for 

collection is less than eight hours substantially reducing the impact of PMI as a 

confounding variable (Table 2.1; S2.1 Table). 

  We isolated synaptosomes from frontal lobe brain samples using a well-established 

sucrose gradient protocol (Fig 2.1A)56,57. We validated our technique by western blot of 

common markers demonstrating enrichment of synaptophysin in the synaptosome fraction and 

depletion of the neuronal marker NeuN as well as the robust elimination of the glial marker IBA1 

in control samples (Fig 2.1B and 2.1C). Fractionation was similar in the AD samples (S2.1A 

Fig). Furthermore, for a visual confirmation, we imaged particles in the synaptosome fraction 

using a fluorescent lipophilic stain by confocal microscopy. We observe particles of the 

expected 0.5-1.5µm size, several of which appear as bipartite structures indicative of joined pre-

synaptic and post-synaptic terminals (S2.1B Fig). After synaptosome isolation, we extracted 

RNA from the bulk synaptosome fraction as well as from the pre-fractionated homogenate that 

served as a background with which to compare the expression at synapses. We subsequently 
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performed RNA sequencing using a ribo-removal stranded total RNA kit to capture coding RNAs 

and non-coding RNAs lacking poly-A tails, such as circRNAs. After measuring read counts, we 

analyzed sample variability using sample distance clustering and multidimensional scaling 

analysis (Fig 2.1D and S2.1C). This analysis revealed robust clustering distinctly separating 

synaptosome and homogenate fractions as well as between AD and control albeit with more 

variability among the AD samples compared to the control samples. We ran hierarchal 

clustering on the expression data and discovered no other confounding variables except a 

possible contribution from patient age (S2.1D Fig). Critically, we did not identify PMI, RNA 

integrity number (RIN), sex, or APOE alleles, to be confounding variables. The lack of any other 

variables confounding our analyses of interest on Fraction, and Condition after batch correction 

was confirmed by weighted gene correlation analysis (see methods and S2.14 Fig). We 

repeated multidimensional scaling analysis focusing on groups of samples including only control 

(S2.2A Fig) and only AD (S2.2B Fig) which substantiated robust separation of homogenate vs. 

synaptosome in both groups. We also looked at only homogenate (S2.2C Fig) and only 

synaptosome (S2.2D Fig) which showed more distinct profiles among AD vs. control in the 

synaptosome fraction compared to the homogenate.  

 To identify RNAs enriched at synapses in the frontal lobe, we first compared RNA 

abundance differences between synaptosomes versus the pre-fractionated homogenate in 

control samples. This resulted in 3,402 significantly enriched mRNAs at synapses (p < 0.01). 

Notably, synaptically-enriched mRNAs are still a minority of all measured mRNAs detected in 

control tissue while most mRNAs were still preferentially localized elsewhere in the bulk 

homogenate including in the cytoplasm, nucleus, and non-neuronal cells (Fig 2.1E; S2.2 Table). 

We similarly analyzed the synaptosome transcriptome in the frontal lobe AD samples (S2.1E 

Fig; S2.3 Table). We observed a very strong correlation between the control and AD samples 

(R2 = 0.9266) (Fig 2.1F and 2.1G). Successful synaptic-transcriptome enrichment was validated 

by high expression of PSD-95 (Discs Large MAGUK scaffold protein 4; DLG4) in synaptosomes 
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vs. homogenate. Other notable synaptic transcripts we observe include activity related 

cytoskeleton associated protein (ARC), calcium/calmodulin dependent protein kinase II alpha 

(CAMK2A), and SH3 and multiple ankyrin repeat domains 3 (SHANK3). Another telltale 

signature of synaptosome fractionation is the alternative splicing of fused in sarcoma (FUS) 

mRNA where we observe intron retention isoforms specifically in nuclear transcripts (S2.3 Fig). 

We also analyzed GO biological process enrichment in the synaptic transcriptome and 

discovered that synaptic-localized mRNAs are significantly enriched in translation, metabolic 

functions, and organelle organization processes (Fig 2.1H). To this end, some notable gene 

families are represented among our synapse-enrichment data including several eukaryotic 

translation initiation factors (EIF1-EIF6). We also observed an enrichment of motor proteins 

including dyneins and kinesins, as well as RNA-binding proteins including Fragile-X mental 

retardation protein (FMR1). 
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Table 2.1 Human brain sample properties. 

Brain tissue donors including sAD patients and cognitively healthy controls were recruited by the 

University of Washington Alzheimer’s Disease Research Center and the Kaiser Permanente 

Adult Changes in Thought (ACT) study. Brain tissue was collected from the frontal lobe 

(dorsolateral prefrontal cortex) of 23 individuals and temporal lobe (middle temporal gyrus) from 

16 of the aforementioned 23 individuals. PMI: Postmortem Interval. 

 

Group Samples (n) PMI (hrs) Age (yrs) Sex Thal 

Phase 

Braak 

Stage 

Frontal Lobe:       

Control 12 4.8 ± 1.8 87.6 ± 6.7 11F, 1M 0 – 3 I - III 

Sporadic AD 11 5.4 ± 1.4 86.0 ± 9.0 10F, 1M 4 – 5  V - VI 

       

Temporal Lobe:      

Control 8 4.3 ± 0.8 87.3 ± 7.7 7F, 1M 0 – 3 I - III 

Sporadic AD 8 5.6 ± 1.0 86.5 ± 4.1 7F, 1M 4 – 5  V - VI 
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Fig 2.1. RNA sequencing of synaptosomes is an effective strategy for identifying 

localized RNA transcripts in the human frontal lobe. A. Schematic of synaptosome isolation, 

which are particles formed during the shearing forces of brain tissue homogenization whereby 

synaptic terminals pinch-off and reseal to form intact bipartite particles consisting of pre- and 

post-synaptic compartments. Based on their density, synaptosomes can be purified by 

sequential centrifugation steps concluding with gradient ultracentrifugation. After purification, the 

RNA contents of synaptosomes can be isolated and sequenced. Figure created using a 

biorender.com license. B. Western blot of a synaptic marker, synaptophysin, a nuclear marker, 

NeuN, and a microglial marker, IBA1, for the different fractionation steps during synaptosome 

preparation in control samples. C. Quantification of the blot in (B). N=4 per group. Significance 

calculated via T-test. *: p < 0.05, **: p < 0.01, ****: p < 0.0001. D. Multidimensional scaling 

analysis demonstrating separation between mRNA counts of homogenate and synaptosome 

fractions as well as variability between sporadic AD samples and controls. E. Volcano plot 

comparing synaptosome vs homogenate mRNA enrichment in only control samples. A distinct 

minority of mRNAs are significantly enriched at synaptic terminals (p < 0.01, gold box). F. 

Correlation between the fold change/enrichment of synaptosome vs homogenate between AD 

and control (R2 = 0.9266). G. Venn diagram demonstrating overlap of synaptosome enriched 

genes between AD and control samples. H. GO biological process analysis of synaptosome-

enriched genes. 

 

2.4.2 Significant mRNA localization differences occur at AD synapses 

 

First, we analyzed the frontal lobe sequencing data from synaptosomes and 

homogenate separately and compared AD and control in each case (Fig 2.2A and 2.2B; S2.4 

and S2.5 Table). We saw substantially more differentially expressed mRNAs (2,998; p < 0.05) 
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in the synaptosome data, compared to the homogenate (380; p < 0.05). 134 of these 

mRNAs overlapped and 98% were concordant in their direction of log2 fold-change 

expression differences (Fig 2.2C). Given the high concordance between synaptosome 

and homogenate fractions, it may be the case that significantly differentially expressed 

mRNAs at synapses are merely a result of global expression changes. Therefore, we 

wanted to understand the extent to which mRNA differences at the synapse in AD 

occurred as a result of changes in how mRNAs were transported and localized to the 

synapse in addition to global expression changes. We refer to this as “mislocalization” in 

which the expected fraction of a transcript’s reads sequenced within the synaptosome 

fraction compared to the homogenate is different in AD versus control. The exact 

mechanism by which an mRNA becomes mislocalized in AD has yet to be determined, 

though it could be hypothesized this is a result of errors in cytoskeletal transport or the 

degradation dynamics of mRNAs within neurites. 

 To identify mislocalized mRNAs at synapses in AD, we compared the log2 fold change 

between AD and control of each mRNA in synaptosomes to that of AD vs control in homogenate 

(Fig 2.2D). This analysis showed that mRNA expression differences between AD and control in 

synaptosomes are largely uncorrelated with global expression changes and deviates from a 1:1 

trendline (R2 = 0.2327). To identify mislocalized RNAs, we calculated the ratio of log2 fold 

change of AD to control in the synapse to the log2 fold change of AD to control in the 

homogenate to determine the fold change of mislocalization. We calculated a p value based on 

the deviation from a 1:1 (i.e. y = x) trendline by assuming a normal distribution while also 

accounting for the standard error of the respective log2 fold change measurements (see 

methods for additional details). This analysis resulted in the identification of 1,198 significantly 

mislocalized mRNAs in the frontal lobe synapses of AD brains (FDR < 0.001), 712 of which 

were upregulated and 483 were downregulated (S2.6 Table). We found that by clustering 

results and visualizing them in a heatmap, these mislocalized mRNAs form distinct blocks 
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representing independent expression changes in synaptosomes versus homogenate (S2.4A 

Fig). Gene ontology analysis of the upregulated mRNAs revealed enrichment of anatomical 

structure morphogenesis, developmental process, cell differentiation, and cell-adhesion 

biological processes (Fig 2.2E). The downregulated mRNAs showed enrichment of vascular 

endothelial cell proliferation, response to osmotic stress, signaling, and ion import across the 

plasma membrane (Fig 2.2F). 

 Next, we compared results from frontal lobe to results from the temporal lobe. First, we 

ran sample distance clustering and multidimensional scaling analysis. Similar to the frontal lobe, 

we observed robust separation between the synaptosome and homogenate fractions as well as 

between AD and control (S2.5A and S2.5B Fig). We then ran multidimensional scaling analysis 

in 3D to compare the frontal lobe samples to the temporal lobe samples (Fig 2.3A). This 

analysis revealed that principal component 1 distinctly separated the synaptosome and 

homogenate fractions among both frontal lobe and temporal lobe samples, principal component 

2 appeared to explain variation between AD and control, while principal component 3 appeared 

to distinguish between the frontal lobe and temporal lobe brain regions, notably with less 

variation that of the other components. Sample distance clustering similarly reflected these 

observations (S2.5C Fig). Via heatmap, it appeared that clustering of disease status defined 

sample mRNA expression patterns preceding the clustering of brain regions, and most 

importantly synaptosome versus homogenate took overall precedence (S2.6A Fig).  

 Next, we analyzed synaptic enrichment of mRNAs in the temporal lobe. There was a 

similar pattern where a minority of mRNAs were synaptosome enriched (S2.7A Fig; S2.7 

Table). This was also observed in the AD temporal lobe tissue with a strong correlation between 

AD and control (R2 = 0.8955) (S2.6B and S2.7C Fig; S2.8 Table). Comparing synaptic 

enrichment between temporal lobe and frontal lobe among our control samples also showed a 

strong correlation (R2 = 0.886) (Fig 2.3B and 2.3C). We analyzed AD versus control in the 

temporal lobe separately between the homogenate and synaptosome fractions and discovered 
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many more significant differences in mRNA expression between them (p < 0.05). 568 of these 

differentially expressed mRNAs overlapped between the fractions with 99% having a 

concordant directionality in log2 fold change (S2.7D-F Fig; S2.9 and S2.10 Tables). 

 We repeated our mislocalization analysis on the temporal lobe samples. We found a 

moderately stronger (41% larger) correlation between synaptosome and homogenate 

expression differences between AD and control (R2 = 0.3281) (Fig 2.3D). Given a stronger 

correlation, there were fewer mislocalized genes in the temporal lobe versus the frontal lobe 

with very little overlap between the two brain regions (Fig 2.3E). This showed only 351 

upregulated mRNAs and 222 downregulated ones (FDR < 0.01; S2.11 Table). GO analysis 

indicated enrichment of trans-synaptic signaling, cell surface receptor signaling, 

neurotransmitter secretion, and protein localization to the presynapse biological processes 

among upregulated mRNAs (Fig 2.3F). Among downregulated mRNAs there was an 

enrichment of microtubule-based movement regulation, regulation of calcium-mediated 

signaling, and neuron projection guidance (Fig 2.3G). As was the case for the frontal lobe, 

hierarchical clustering of mRNA expression showed distinct blocks representing disproportional 

expression changes between AD and control between the synaptosome and homogenate 

fractions (S2.7G Fig).  
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Fig 2.2. Comparison between AD and control in synaptosomes vs homogenate reveals 

mislocalized transcripts in the human frontal lobe. A. Volcano plot comparing expression 

differences between AD and control in the bulk, unfractionated homogenate. B. Volcano plot 

comparing expression differences between AD and control just within the synaptosome 

particles. C. Venn diagram comparing the significant expression differences in homogenate (A) 

and synaptosome (B). D. Comparison of the fold changes of AD vs control between 

synaptosomes and homogenate (R2 = 0.2327). Genes that have a T-statistic most distant from a 

y=x trendline are significantly mislocalized, independent of global expression changes (FDR < 

0.001, see methods). E. GO biological process analysis of upregulated genes in (D). F. GO 

biological process analysis of downregulated genes in (D). 
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Fig 2.3. Synaptosome sequencing in the human temporal lobe reveals similarities among 

synaptosome-enriched transcripts and differences in mislocalized transcripts. A. 

Multidimensional scaling analysis among the frontal lobe and temporal lobe samples. B. 

Comparison of synaptosome-enriched transcripts between frontal and temporal lobe samples 

(R2 = 0.886). C. Venn diagram showing overlap of synaptosome-enriched transcripts between 

frontal and temporal lobe samples (p < 0.01). D. Comparison of the fold changes of AD vs 

control between synaptosomes and homogenate in temporal lobe samples (R2 = 0.3282). 

Genes that have a T-statistic most distant from a y=x trendline are significantly mislocalized, 

independent of global expression changes (FDR < 0.01, see methods). E. Venn diagram 

showing minimal overlap of mislocalized transcripts between frontal and temporal lobe samples. 

F. GO biological process analysis of upregulated genes in (D). G. GO biological process 

analysis of downregulated genes in (D). 

 

2.4.3 Synaptosome sequencing findings in the APP/PSEN1 mouse model are poorly 

correlated with findings from human samples. 

 

Finally, given the difficulties with studying functional consequences of 

mislocalized RNAs in human samples, we wanted to examine whether the well-studied 

APPswe/PSEN1dE9 mouse model recapitulated the differences we observed in our human 

datasets113. We sequenced homogenates and synaptosome fractions from mouse frontal 

cortex tissue including six WT control and eight APP/PSEN1 aged mutant mice matched 

closely for age (S2.8A Fig). Using sample distance clustering and multidimensional 

scaling analysis, we found more robust separation and less variation between AD and 

WT compared to the human samples in addition to the distinct separation between the 

synaptosome and homogenate fractions (S2.8B and S2.8C Fig).  
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When we analyzed the sequencing data between synaptosome and homogenate in 

mouse frontal lobe, we also found a small selection of mRNAs that were synaptic enriched, 

which was also strongly correlated between AD and control (R2 = 0.8913) (Fig 2.4A, S2.9A, and 

S2.9B; S2.12 and S2.13 Tables). However, we did not find this model to reflect the differences 

we observed among our human frontal lobe samples. Comparing synaptic enriched mRNAs 

between control mouse and human frontal lobe tissue, we observed a weak correlation (R2 = 

0.2164) with very little overlap between the two species (Fig 2.4B and 2.4C). Next, we looked at 

significant expression differences between AD and control separately in homogenate and 

synaptosome. We found that 105 mRNAs overlapped between the fractions with 92% having 

concordant directionality in log2 fold change (S2.9C-E Fig; S2.14 and S2.15 Tables). 

We conducted our mislocalization analysis and found 280 upregulated and 268 

downregulated mRNAs. Only 13 of these mRNAs overlapped with our human frontal lobe data 

(Fig 2.4D and 2.4E; S2.16 Table). GO analyses seemed to contrast with the human data as 

well with upregulated mRNAs being enriched for immune-related biological processes and cell 

projection assembly (Fig 2.4F). In addition, downregulated mRNAs were enriched for 

extracellular structure organization, carbohydrate transmembrane transport, transforming 

growth factor beta activation, and (interestingly) response to amyloid-beta (Fig 2.4G). 
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Fig 2.4. Synaptosome sequencing of frontal lobe samples from the APPswe/PSEN1dE9 AD 

and wild-type mouse models reveals substantial differences in transcript localization 

patterns from that of human samples. A. Volcano plot comparing synaptosome vs 

homogenate in wild-type mouse samples (FDR < 0.001). B. Comparison of synaptosome-

enriched transcripts between mouse and human frontal lobe samples (R2 = 0.2164). C. Venn 

diagram showing overlap of synaptosome-enriched transcripts between human and mouse 

frontal lobe samples (p < 0.01). D. Comparison of the fold changes of AD vs control between 

synaptosomes and homogenate in temporal lobe samples (R2 = 0.0729). Genes that have a T-

statistic most distant from a y=x trendline are significantly mislocalized, independent of global 

expression changes (FDR < 0.01, see methods). E. Venn diagram showing minimal overlap of 

mislocalized transcripts between mouse and human and mouse frontal lobe samples. F. GO 

biological process analysis of upregulated genes in (D). G. GO biological process analysis of 

downregulated genes in (D). 

 

2.4.4 Synaptic-localized RNAs in mouse aligns with independent studies 

 

Recently, a study was published in which individual 5xFAD and control mouse 

hippocampus synaptosomes and nuclei were sorted into droplets and sequenced67, though 

concerns have been raised regarding the study’s methodology and synaptosome purity129. We 

conducted a comparison analysis between our data and Niu et al’s to highlight differences in our 

approaches.  

There are notable differences between our methods presented here and Niu et al.’s 

approach. The most significant is that instead of using bulk pre-fractionated homogenate as the 

background, Niu et al. used single nuclei RNAseq as their background to compare synaptosome 

localization. The drawback is that this approach would only identify nascent mRNAs while the 
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benefit being that cell type diversity, specificity, and clustering can add new dimensions 

to interpreting the data. Remarkably we found substantial similarity in synaptic-localized 

mRNAs with a modest correlation of R2 = 0.58 and an overlap of 1155 genes (S2.10A 

and S2.10B Fig) while a minority of mRNAs show opposite compartmental enrichment.  

We repeated our mislocalization analysis on their data and discovered an entirely 

different repertoire of mislocalized mRNAs within the mouse hippocampus reflecting 

tissue differences akin to the differences observed between human frontal and temporal 

lobes as well as differences between the 5xFAD and APP/PSEN1 mouse models 

(S2.10C Fig). We found that 147 genes were upregulated including Nrxn1/3, Calm3, and 

Camk2a/b, as well as 21 downregulated including Mef2c and Septin7.  

 

2.4.5 Mislocalized mRNAs are enriched for particular microRNA (miRNA) binding sites 

 

Another recent publication presented a study in which miRNA abundance was 

quantified in AD and control human synaptosomes which found an upregulation of miR-

502-3p, miR-103a-3p, and miR-501-3p among AD synaptosomes130. In an attempt to 

postulate mechanisms relating to mislocalized mRNAs, we analyzed miRNA binding 

sites in the 3′UTRs of differentially expressed mRNAs and found striking patterns. 

Among the frontal cortex upregulated mislocalized mRNAs, we observed an enrichment 

of 241 miRNA binding sites compared to background frequencies (FDR < 0.05) including 

miR-101, miR-203, and miR-501-5p (S2.11A Fig; S2.17 Table). We found 309 binding 

sites that were enriched among the frontal lobe downregulated mRNAs including miR-

10, miR-22, miR-138, and miR-503 (S2.11B Fig; S2.18 Table). A notable observation is 

that miRNAs that are enriched among the upregulated mRNAs are correspondingly de-

enriched among the downregulated mRNAs and vice versa. In the temporal upregulated 



Smukowski, Samuel N.  61 

   

mislocalized mRNAs, we saw an enrichment of 360 sites including miR-22, miR-138, miR-151, 

and miR-503 (S2.11C Fig; S2.19 Table). In the temporal downregulated mRNAs, we saw an 

enrichment of only 8 miRNA binding sites including miR-296-3p, miR-145 and miR-181 (S2.11D 

Fig; S2.20 Table). These data can support the hypothesis that these miRNAs are also mis-

expressed in AD and contribute towards mRNA stability at synapses suggesting a mechanism 

behind their mislocalization. 

 

2.4.6 CircRNAs are enriched at synapses and show significant localization differences 

in AD 

 

Despite considerable advances in circRNA biology, the primary mechanistic role(s) of 

most circRNAs are still uncertain (Fig 2.5A). We wanted to understand whether there are 

differences among circRNA species localized to synapses in AD. To identify circRNAs, we 

analyzed our sequencing data for reads mapping to back-splice junctions by an alignment 

strategy where we first mapped our RNA sequence reads to canonical transcripts and 

subsequently extracted the unmapped reads. From there, we aligned the reads to a file 

containing all possible back splice junctions including 150 bp on either side within each 

canonical transcript (Fig 2.5B).  

 First, we calculated expression differences between synaptosomes and pre-fractionated 

homogenate from human frontal lobe control samples (Fig 2.5C; S2.21 Table). We found that 

the overwhelming majority (2,276) of circRNAs are enriched and localized to synapses 

compared to unfractionated homogenate (p < 0.001). An identical pattern was seen in the 

frontal lobe AD samples, and correlation between AD and control was moderate (R2 = 0.3928) 

(S2.12A and S2.12B Fig; S2.22 Table). This is consistent with observations from previous 

studies in rodents demonstrating that circRNAs are enriched at synapses49,51,104,110. Next, we 
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compared circRNA expression differences between AD and control in the frontal lobe 

homogenate samples (Fig 2.5D; S2.23 Table). Here we found 20 upregulated and 90 

downregulated circRNAs (p < 0.05). Given the observation of high synaptic enrichment of 

circRNAs, we focused on differences between AD and control among the synaptosome data. 

We found more substantial differences in circRNA synaptic expression including 87 upregulated 

and 220 downregulated circRNAs (Fig 2.5E; S2.24 Table). Only 9 of these differentially 

expressed circRNAs overlapped between the homogenate and synaptosome fractions (Fig 

2.5F). We visualized these circRNA expression trends by hierarchical clustering (Fig 2.5G). 

From this we confirmed that expression changes in circRNAs between AD and control take 

place exclusively at the synapse independent of changes in the unfractionated homogenate. To 

visualize how circRNA expression varies across the samples, we conducted multidimensional 

scaling analysis exclusive to circRNA counts (no linear counts). We observed more variation 

among the synaptosome samples between AD and control, and more uniformity among the 

homogenate samples (S2.12C Fig). Another intriguing observation was the predicted length of 

circRNAs we observed. The majority of circRNAs have back-splice junctions that are between 2 

and 4 exons apart (S2.12D Fig). Furthermore, a number circRNAs consist of only a single exon 

spliced back on itself. 

 One of the most noteworthy discoveries from the frontal lobe synaptosome circRNA data 

was the observation of isoform switches within the same genes between AD and control (Table 

2.2). For example, ATF6 showed an exon 9-to-2 isoform that is downregulated in AD synapses 

while simultaneously there is an exon 15-to-10 isoform that was upregulated. 

 When analyzing the human temporal lobe data, there was a similar trend where 

circRNAs are substantially enriched in the synaptosome fraction (S2.13A Fig; S2.25 Table). We 

also observed a moderate correlation of circRNA synaptic enrichment between temporal and 

frontal lobes (R2 = 0.4843) (S2.13B Fig). We similarly conducted a multidimensional scaling 

analysis among the temporal lobe samples exclusive to circRNA counts. This showed similar 
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trends to the frontal lobe circRNA clustering (S2.13C Fig). In the temporal lobe homogenate 

fraction, we observed 99 upregulated and 35 downregulated circRNAs in AD versus control 

(S2.13D Fig; S2.26 Table). In the temporal lobe synaptosome fraction, we found 218 

upregulated and 52 downregulated circRNAs (S2.13E Fig; S2.27 Table). Between the temporal 

lobe synaptosome and homogenate fractions, only 10 of these circRNAs overlap as differentially 

expressed between AD and control (S13F Fig). Finally, between temporal lobe synaptosomes 

and frontal lobe synaptosomes, 17 circRNAs overlap with only 65% as being similarly 

differentially expressed between AD and control (S2.13G Fig). 

 CircRNAs among our mouse frontal lobe samples demonstrated little similarity to what 

we observed in the human samples. Though we found that circRNAs are still prominently 

enriched in synaptosomes, these identifications were less abundant and pronounced, 

encapsulating only 200 circRNAs (p < 0.01) (S2.14A Fig; S2.28 Table). Among mouse frontal 

lobe synaptosomes, between AD and control, we saw upregulation of 83 circRNAs and 

downregulation of 83 circRNAs (S2.14B Fig; S2.29 Table). 

 We sought to benchmark our novel approach to identifying circRNAs against another 

popular software, DCC124 which has been used previously in AD research131. In contrast to the 

DCC method which relies on the chimeric junction files produced by RNA STAR, we create a 

custom fasta junction reference which substantially narrows the search space and boosts 

sensitivity to identify unique splice isoforms of coding exons (Fig 2.5B). We tested DCC on our 

human frontal lobe RNA seq data following standard DCC workflow and settings, and the 

software detected 2374 total circRNAs, while our approach detected 3999 circRNAs. We 

repeated our synaptosome analysis using the DCC data and found 1080 circRNAs significantly 

enriched in synaptosomes, 752 of which aligned with our data where we discovered 2,276 

(S2.30 Table). Next, we compared AD synaptosomes to control synaptosomes and DCC found 

296 significant differentially expressed circRNAs, 45 of these overlapped with our finding of 307 

circRNAs (S2.31 Table).  
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Fig 2.5. Analysis of circular RNAs in synaptosomes shows their preferential localization 

to synapses and substantial differences in AD samples. A. Schematic of circular RNAs 

(circRNAs) that are formed by back-splicing a later exon onto a preceding exon. Figure created 

using a biorender.com license. B. Workflow for analyzing circRNAs includes first mapping the 

sequencing data to the canonical transcriptome. Second, unmapped reads are extracted from 

the alignment file. Third, unmapped reads are aligned to a custom list of all possible back-splice 

junctions within genes including 150bp flanking each side. Finally, reads mapping to back splice 

junctions are counted and differential expression is evaluated using DESeq2. C. Volcano plot 

comparing circRNAs in synaptosome vs homogenate in control frontal lobe samples. The 

overwhelming majority of circRNAs are significantly enriched at synaptic terminals. D. Volcano 

plot comparing circRNAs in AD vs control in the unfractionated homogenate (p < 0.05). E. 

Volcano plot comparing circRNAs in AD vs control in the synaptosome fraction (p < 0.05). F. 

Venn diagram showing overlap of AD vs control differentially expressed circRNAs between the 

homogenate and synaptosome fractions. G. Heatmap of differentially expressed circRNAs 

between AD vs control in synaptosomes. Differential expression is both independent of, and 

substantially greater than, the bulk homogenate. 

 

Table 2.2 Examples of circRNA isoform switches between sAD and control in frontal lobe 

synaptosomes. 

Comparing RNA sequencing data mapped to circRNA back-splice junctions between AD and 

control synaptosomes revealed that significant expression changes often arose from multiple 

circular isoforms originating from the same gene and would show contrasting fold changes. 

“Donor” refers to the downstream exon by which its 3′ end is spliced back onto the upstream 

“Acceptor” exon’s 5′ end. We report the raw p value. 
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Gene Donor Acceptor Log2 Fold Change p value 

ATF6 9 2 -2.81 0.00740 

ATF6 15 10 1.94 0.00860 

ATF6 14 10 -1.25 0.0363 

ANKS1B 4 2 1.21 0.000585 

ANKS1B 8 2 -1.01 0.0170 

GSK3β 9 7 1.58 0.00370 

GSK3β 10 9 -1.68 0.00666 

UBA2 16 9 -1.84 0.00755 

UBA2 16 10 1.49 0.0473 

 

2.4.7 CircGSK3β isoforms show contrasting expression changes at AD synapses and 

can regulate protein and phosphorylation levels including for tau 

 

One of the most intriguing discoveries from our human data concerned two 

distinct isoforms of GSK3β. A circGSK3β exon 9-to-7 isoform was upregulated in AD 

with a log2 fold change of 1.58, while a circGSK3β exon 10-to-9 isoform was 

downregulated in AD with a log2 fold change of -1.68 (Fig 2.6A). Importantly, these 

isoforms have not been previously established nor associated with AD. The GSK3β 

protein plays a well-established role in AD pathology given it is among the chief proteins 

that phosphorylate tau 111,132,133. We validated the back-splice junctions using PCR and 

Sanger sequencing with an exon 9 forward primer and an exon 7 reverse primer and an 

exon 10 forward primer and an exon 9 reverse primer respectively (Fig 2.6B), and used 

similar methods to confirm another significant circRNA present in HOMER1 (S2.15A 

Fig). To validate synapse localization and sequencing quantitative measurements we 
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probed human frontal cortex brain sections using BaseScope RNA in situ hybridization. We 

discovered that, indeed, these circGSK3β isoforms have a propensity to localize in neurites 

distal from the soma while the linear GSK3β isoform tends to be localized more proximal to the 

nucleus (Fig 2.6C and S2.15B Fig). We confirmed neurite enrichment by quantifying relative 

distance from the soma as marked by the nucleus (S2.15C Fig). We also discovered supporting 

evidence confirming the AD versus control expression differences of circGSK3β isoforms by 

analyzing BaseScope images (S2.15D Fig). 

To investigate the biomolecular impacts of the circGSK3β isoform expression, we 

utilized a plasmid vector that coerces circRNA splicing by inserting circRNA-producing exons 

between two Alu elements (Fig 2.6D) 127. We used this vector to transfect neuron-differentiated 

SH-Sy5y cells with circGSK3β isoforms and subsequently measured protein expression. We 

used a differentiation protocol incorporating retinoic acid and BDNF. We confirmed neural 

morphology as visualized under a light microscope (S2.15E Fig).We also validated successful 

neural differentiation by the enrichment of neural markers including NeuN and synaptophysin 

using western blot (S2.15F and S2.15G Fig) 128.  

Compared to transfection with a control plasmid, we found that transfection of both the 

circGSK3βx9-7 and circGSK3βx10-9 isoforms resulted in reduced phospho-tau with the 

circGSK3βx10-9 isoform impacting phospho-tau significantly more so than circGSK3βx9-7 (Fig 

2.6E and S2.15H). We also found transfection of both isoforms to result in reduced total GSK3β 

abundance and the circGSK3βx10-9 isoform resulted in decreased phospho-Serine 9 GSK3β. 

When we compared the ratio of phosphorylated protein to total protein, we found that 

transfection of both circGSK3β isoforms resulted in reduced tau phosphorylation compared to 

control. However, circGSK3βx10-9 in particular reduced tau phosphorylation significantly more 

than circGSK3βx9-7 (Fig 2.6F). We did not find any significant differences in phosphorylated 

GSK3β. Taken together, these results demonstrate that these circGSK3β isoforms have 

contrasting impacts on tau and its phosphorylation. 
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Fig 2.6. CircGSK3β isoforms show contrasting expression differences between AD and 

control and may play regulatory roles related to AD pathologies. A. Two distinct isoforms of 

circGSK3β with contrasting expression differences in AD. An isoform where exon 9 is back-

spliced onto exon 7 is upregulated in AD, while an exon 10 spliced onto exon 9 isoform is 

downregulated. Figure created with a biorender.com license. B. Confirmation of circGSK3β 

isoform back-splice junctions by Sanger sequencing using primers flanking the splice junction. 

C. BaseScope RNA hybridization probes show that circGSK3β isoforms (green) are more 
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frequently distal to the nucleus than the linear GSK3β transcript (red) in human control frontal 

lobe brain slices. Tissue and nuclei were stained with hematoxylin. D. A specialized plasmid 

containing Alu elements coerces circular back-splicing of gene insert 127. E. Western blot of 

neuron-differentiated SH-Sy5y cells transfected with either a control plasmid, a circGSK3β exon 

9-7 plasmid, or a circGSK3β exon 10-9 plasmid. Cell lysates were probed for total Tau (Tau5), 

phospho-Tau (AT8), GSK3β, phospho-S9 GSK3β, and GAPDH. F. Quantification of the ratios 

between phospho-Tau and total Tau as well as between phospho-S9 GSK3β and total GSK3β 

in each of the transfection conditions in (E). N=8 samples per group. Significance calculated by 

T-test. *: p < 0.05, **: p < 0.01, ***: p < 0.001. 

 

2.5 Discussion 

 

Synaptosome sequencing reveals RNA mislocalization as a key feature of Alzheimer’s 

disease. When a synapse is stimulated, rapid, local changes result in the activation of 

translational machinery on relevant, proximal RNAs10,94,95. Past studies have established 

synaptic-localized transcriptomes in cell culture and healthy models52,54,55. In this study, we 

sequenced the synaptic-localized transcriptomes of human brain tissue, and we discovered 

remarkable differences between AD patients and cognitively healthy, age-matched controls. We 

furthermore identified differences among different brain regions (frontal and temporal lobes), as 

well as differences from a popular mouse model of fAD. Therefore, our study reveals that the 

synaptic-localized transcriptome is perturbed in AD independent of global expression changes, 

which can impact proper localized translation and synaptic plasticity.  

There may be several mechanisms responsible for this observation. One could be that 

there are differences in the abundance of RNA binding proteins to shuttle their respective RNA 

targets or that help protect mRNAs at the synapse from degradation38,39,74,134-136. It has been 
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shown that dysfunction of motor proteins such as the kinesin family affects the transport 

of mRNAs in neurons46. Another could be errors in alternative splicing and post-

transcriptional processing that dictate RNA destinations24,30,137. There is substantial 

evidence that alternative 3′UTRs facilitate mRNA localization23,27,54,66,97-99. Although our 

ability to detect this phenomenon was limited, we nevertheless identified enrichment of 

particular microRNA binding sites within the 3′UTRs of mislocalized mRNAs suggesting 

that the interaction between 3′UTRs and microRNAs contributes to mRNA 

mislocalization. Alternatively, it could be that the efficiency of RNA cytoskeletal transport 

itself is impaired41,82,84. There is evidence that each of these mechanisms are impacted 

in AD, though it has been unknown how they could be connected to localized translation 

despite observations that localized translation was impaired in AD mouse 

synaptosomes138. We show that there is at least an impact of RNA localization to 

synapses in AD and a collection of specific transcripts that are common among sAD 

patients. This finding is underscored by the fact that changes in synaptic transcripts 

between AD and control are not correlated to homogenate differential expression 

between AD and control (Fig 2.2D, 2.3D, and 2.4D), thus indicating that transport of 

RNAs play a more critical role than global differential expression in synaptic function and 

degeneration. 

 The data produced from this study adds a new dimension to our understanding of 

neurodegeneration and AD. Overall, synaptic localized transcripts are largely congruent 

between AD and control, and between different brain regions. Importantly, hierarchical 

clustering methods continuously differentiate synaptosome expression from homogenate 

expression (S2.2 Fig). The difference is the ability of these transcripts to be properly trafficked 

and localized to the synapse independent of global expression changes in AD. Inefficiently 

localized RNAs may not be translated at their expected levels thereby impacting functions 

taking place at the synapse52,54,138. For example, GO analysis among the frontal lobe 
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mislocalized genes postulates that cell adhesion processes are largely affected (Fig 2.2F and 

2.2G). In addition, transcripts related to ion transport are downregulated which could provide a 

means of interpreting synaptic dysfunction in AD. On the other hand, GO terms among 

upregulated mislocalized transcripts in both the human frontal and temporal lobes relate to 

signaling, cell communication, and development. This finding could substantiate theories of 

neuronal overexcitability in AD1,7. Another finding is that the frontal lobe appears to be impacted 

differently than the temporal lobe. This is reflective of our understanding of the development and 

spread of AD pathology in the brain. 

 Something that stands out from this research is that this mouse model does not faithfully 

recapitulate our findings from human sAD brain tissue. There are stark contrasts between 

synaptic localized transcripts between wild type mice and non-demented humans, as well as 

contrasts in mislocalized transcripts between AD and control, perhaps reflecting species or 

mouse model differences. It is worth noting that the AD mouse model is more representative of 

fAD, as opposed to the sAD patients from which tissue was obtained considering that 

pathological and non-pathological features are more heterogeneous in sAD. Although mouse 

models have been extremely beneficial at studying hallmark aspects of AD, they may not be 

entirely suited for studying the complexity of mRNA transport and subsequent localized 

translation139. PMI and cause of death may also play a substantial role in transcript differences. 

Human samples were collected <8 hrs postmortem, while mice were euthanized via CO2 and 

dissected within 2 hrs. 

Our circRNA analysis reveals novel insights into possible mechanisms behind synaptic 

dysfunction. We discovered circRNAs are key regulatory molecules at synapses likely impacting 

protein expression. We find more than 200 circRNAs are misregulated in AD both in the frontal 

and temporal lobes. There are also stark differences between the brain regions. We compared 

our circRNA findings to the data produced from Dube et al. which was obtained from bulk 

homogenate131. We discovered considerable overlap between the data sets including 
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circHOMER1, which has previously been shown to be misregulated in AD, as well as 

circATRNL1, circMAP7, circRTN4, circMLIP, circFMN1, and circICA1140. A noteworthy finding 

from our data is that a selection of circRNAs show contrasts in the differential expression 

of different isoforms arising from the same gene, including two isoforms of circGSK3β: 

an exon 9-to-7 isoform that is upregulated and a 10-to-9 isoform that is downregulated in 

AD. These isoforms also have contrasting regulatory effects on tau phosphorylation 

when expressed in neural cell culture. This finding, in the context of a study 

demonstrating oligomeric tau can be spread by way of synaptic junctions, suggests that 

proper balance of these circRNA isoforms may slow the spread of tau pathology 

between neurons141. 

 

Future directions. Our discovery of two unique circGSK3β isoforms with differential expression 

in AD presents new targets for the development of AD therapeutics. We present evidence 

suggesting that these two isoforms play contrasting regulatory roles in the expression and 

phosphorylation of proteins relevant to AD progression including GSK3β and tau. Previously, 

attempts have been made to target GSK3β as a treatment for AD, though trials have been 

unsuccessful thus far142,143. Indeed, administration of the FDA-approved GSK3β inhibitor, 

valproic acid, may even worsen disease course in people with AD92,144,145. Therefore, innovative 

attempts to carefully restore the balance of these two isoforms may represent a potential 

treatment strategy. In addition, we identify hundreds of other circRNAs to be misregulated in 

AD, all of which could be playing consequential regulatory roles at the synapse. Our circGSK3β 

delivery experiments demonstrate successful expression and correct splicing of designed 

circular RNAs using a specialized plasmid created by Liang et al127. This paves the way for the 

design of viral payloads that could express circRNAs as gene therapies. 

Our results also open a new avenue to test neuron and synaptic dysfunction in 

AD and neurodegenerative disease. Although we identify mislocalized RNAs, it remains 
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to be seen whether these mislocalized RNAs are also improperly translated upon synaptic 

stimulation. A follow-up study could include a Ribo-Seq approach to identify what transcripts are 

being actively translated146,147. Ideally, metabolically active synaptosomes could be isolated and 

stimulated, subsequently measuring protein translation over time 138. 

 

In conclusion, we put forth a novel RNA-seq analysis of AD from human sAD brain 

synaptosomes and in the APPswe/PSEN1dE9 fAD mouse model. We highlight a rigorous 

approach to identify mislocalized synaptic RNAs. This includes both mRNAs, as well as many 

circRNAs, which could both be contributing to synaptic dysfunction and loss in AD or related 

neurodegenerative diseases. These datasets present a launching point for additional studies 

into the mechanisms by which RNAs become mislocalized and their corresponding impact on 

localized translation and synaptic function. Finally, we provide evidence that novel therapeutic 

strategies could be established to express circRNAs to regulate proteins at the level of synaptic 

translation. 

 

2.6 Supplemental Data 
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S2.1 Fig. Extended data for Fig 2.1; Human frontal lobe sample properties. A. Western blot 
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of a synaptic marker, synaptophysin, a nuclear marker, NeuN, and a microglial marker, IBA1, for 

the different fractionation steps during synaptosome preparation in AD samples. B. Fluorescent 

membrane staining and confocal imaging of the synaptosomal fraction shows intact bipartite 

structures of expected size. C. Sample distance heatmap showing robust clustering of 

synaptosome and homogenate fractions among AD and control frontal lobe samples. D. 

Heatmap substantiating robust clustering of synaptosome and homogenate fractions as well as 

minimal impact of other variables after batch correction including PMI, RIN, sex, and APOE 

alleles. E. Volcano plot comparing synaptosome vs homogenate in AD samples shows the 

same pattern as control samples in (See Fig 2.1E).  
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S2.2 Fig. Extended data for Fig 2.1; Additional PCA (multidimensional scaling) plots. A. 

Multidimensional scaling analysis among control samples only substantiating that most sample 

variation is determined by synaptosome vs. homogenate fraction. B. The same phenomenon is 

apparent among only AD samples. C-D. Multidimensional scaling analysis among only 

homogenate, and only synaptosome, respectively, reveals greater separation between control 

and AD among the synaptosome fraction compared to homogenate. 
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S2.3 Fig. Extended data for Fig 2.1; Fus alternative splicing in synaptosomes. Integrated 

genome viewer (IGV) version 2.16.2 image of control and AD homogenate and synaptosome 

RNA-seq tracks spanning the Fused in Sarcoma (FUS) locus (GRCh38 chr16:31,179,688-

31,195,372) and demonstrating intron 6 and intron 7 retention events specific to homogenate 

samples. 
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S2.4 Fig. Extended data for Fig 2.2; Expression patterns of mislocalized mRNAs in the 

human frontal lobe. A. Heatmap of significantly mislocalized mRNAs in the frontal lobe (see 

Fig 2.2D). Expression patterns reveal that mislocalized mRNAs in the synaptosome fraction 

cluster disease condition more robustly than expression patterns in the homogenate fraction 
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demonstrating independence from global expression changes. Furthermore, other variables 

seem to have minimal bearing on clustering. 
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S2.5 Fig. Extended data for Fig 2.3; Human temporal lobe sample properties. A.  Sample 

distance heatmap showing robust clustering of synaptosome and homogenate fractions among 

AD and control temporal lobe samples. B. Multidimensional scaling analysis shows robust 
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separation between mRNA counts of homogenate and synaptosome fractions among temporal 

lobe samples as well as moderate separation between disease condition. C. Sample distance 

heatmap including both frontal and temporal lobe samples showing more similarity between 

fractions than either tissue or disease condition. 
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S2.6 Fig. Extended data for Fig 2.3; Heatmap of human temporal lobe gene expression. A. 

Heatmap including both frontal and temporal lobe samples (sucrose preservative only) showing 
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that fraction and disease condition precedes brain region in clustering impact with minimal 

effects from other variables. 
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S2.7 Fig. Extended data for Fig 2.3; Expression patterns in the human temporal lobe. A. 

Volcano plot of synaptosome-enriched mRNAs in control temporal lobe samples. B. 
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Comparison of synaptosome-enrichment between AD and control temporal lobe samples shows 

strong correlation (R2 = 0.8955). C. Venn diagram showing substantial overlap of synaptosome-

enriched mRNAs between AD and control temporal lobe samples (p < 0.01). D. Volcano plot 

comparing expression differences between AD and control in the bulk, unfractionated 

homogenate. E. Volcano plot comparing expression differences between AD and control just 

within the synaptosome particles. F. Venn diagram showing minimal overlap of differentially 

expressed mRNAs in temporal lobe synaptosome and homogenate fractions (p < 0.05). Those 

that do overlap have 99% concordant log2 fold change. G. Heatmap of significantly mislocalized 

mRNAs in the temporal lobe (See Fig 2.3D). Expression patterns reveal that disease condition 

has a stronger bearing on mislocalized mRNAs in the synaptosome fraction compared to the 

homogenate fraction demonstrating independence from global expression changes. 

Additionally, other variables seem to have minimal bearing on clustering. 
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S2.8 Fig. Extended data for Fig 2.4; Mouse frontal lobe sample properties. A. Table 

showing sample properties of mice used for synaptosome sequencing. B. Sample distance 

heatmap shows robust separation between synaptosome and homogenate fractions. C. 

Multidimensional scaling analysis also shows robust separation between synaptosome and 

homogenate fractions, yet minimal separation between AD and wild-type samples. 
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S2.9 Fig. Extended data for Fig 2.4; Expression patterns in the mouse frontal lobe. A. 

Volcano plot showing synaptosome-enriched mRNAs in control mouse frontal lobe samples. B. 

Comparison of synaptosome-enrichment (p < 0.01) between AD and control mouse frontal lobe 

samples shows strong correlation (R2 = 0.8913). C. Volcano plot comparing expression 

differences between AD and control in the bulk, unfractionated homogenate. D. Volcano plot 

comparing expression differences between AD and control just within the synaptosome 

particles. E. Venn diagram showing minimal overlap of differentially expressed mRNAs in 

mouse frontal lobe synaptosome and homogenate fractions (p < 0.05). Those that do overlap 

have 92% concordant log2 fold change. 
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S2.10 Fig. Comparison of mouse synaptosome data with a previous study from Niu et al 

67. A. Comparing the fold changes/enrichment of synaptosome vs homogenate between our 

data and Niu et al. shows a moderate correlation (R2 = 0.5816). B. Venn diagram shows plenty 

of synaptosome enriched genes overlap between our data and Niu et al. C. Comparing the fold 

changes of AD vs control between synaptosomes and homogenate in Niu et al.’s data shows 

moderate correlation (R2 = 0.5062). Genes that have a T-statistic most distant from a y=x 

trendline are significantly mislocalized, independent of global expression changes (p < 0.05). 
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S2.11 Fig. Mislocalized mRNAs show specific enrichment and de-enrichment of 

microRNA binding sites. A. Volcano plot showing enrichment of microRNA binding sites 

among the upregulated mislocalized mRNAs in the human frontal lobe (p < 0.05, see Fig 2.2D). 

B. Volcano plot showing enrichment of microRNA binding sites among the downregulated 

mislocalized mRNAs in the human frontal lobe (p < 0.05, see Fig 2.2D). C. Volcano plot 

showing enrichment of microRNA binding sites among the upregulated mislocalized mRNAs in 

the human temporal lobe (p < 0.05, see Fig 2.3D). D. Volcano plot showing enrichment of 

microRNA binding sites among the downregulated mislocalized mRNAs in the human temporal 

lobe (p < 0.05, see Fig 2.3D). 
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S2.12 Fig. Extended data for Fig 2.5; CircRNA expression and properties in the human 

frontal lobe. A. Volcano plot comparing circRNAs in synaptosome vs homogenate in AD frontal 

lobe samples shows that the majority of circRNAs are significantly enriched at synaptic 

terminals. B. Comparing circRNAs in synaptosome vs homogenate in both AD and control 
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frontal lobe samples shows that synaptic enrichment of circRNAs is a shared phenomenon. C. 

Multidimensional scaling plot of samples used for circRNA analysis representing the variation 

exclusively among circRNA reads (this is separate from the differential expression analysis 

where the combination of linear and circular reads were used for normalization). D. Analyzing 

the difference between the donor and acceptor exons involved in back-splicing shows that the 

majority of circRNAs consist of 2-3 exons. 
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S2.13 Fig. Extended data for Fig 2.5; CircRNA expression in the human temporal lobe. A. 

Volcano plot comparing circRNAs in synaptosome vs homogenate in control temporal lobe 

samples shows that the majority of circRNAs are significantly enriched at synaptic terminals. B. 

Comparing circRNAs in synaptosome vs homogenate in both control frontal lobe and temporal 

lobe samples shows that synaptic enrichment of circRNAs is similar in both tissues. C. Volcano 

plot comparing circRNAs in AD vs control in the unfractionated homogenate (p < 0.05). D. 

Volcano plot comparing circRNAs in AD vs control in the synaptosome fraction (p < 0.05). E. 

Venn diagram shows minimal overlap of differentially expressed circRNAs between 

synaptosome and homogenate fractions with more occurring in the synaptosome fraction (p < 

0.05). Those that do overlap show 100% concordant Log2 fold change. F. Venn diagram shows 

minimal overlap of differentially expressed circRNAs in the synaptosome fraction between 

human frontal and temporal lobes (p < 0.05). 
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S2.14 Fig. Extended data for Fig 2.5; CircRNA expression in the mouse frontal lobe. A.  

Volcano plot comparing circRNAs in synaptosome vs homogenate in control mouse samples 

continues to show synaptic enrichment of circRNAs. B. Volcano plot comparing circRNAs in AD 

vs control in mouse synaptosomes (p <0.05). 
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S2.15 Fig. Extended data for Fig 2.6; SH-Sy5y differentiation into neurons and CircGSK3β 

transfections. A. Sanger Sequencing confirmation of back-splice junction between exons 5 and 

2 of HOMER1. B. BaseScope RNA hybridization probes show that circGSK3β isoforms (green) 

are more frequently distal to the nucleus than the linear GSK3β transcript (red) in human control 

frontal lobe brain slices. Tissue and nuclei were stained with hematoxylin. C. Pie charts 

representing quantification of soma versus neurite localization of linear GSK3β and circular 

isoforms in BaseScope images (not significant). D. Quantification of GSK3β circular isoforms in 

AD vs control in BaseScope images (no significant). E. Bright field microscopy of neuron-

differentiated SH-Sy5y cells confirms development of neuron morphology including polarized 

cells, axons, and dendrites. F. SH-Sy5y neuron differentiation confirmed by western blot 

showing an enrichment of two neuronal markers, Synaptophysin and NeuN. G. Quantification of 

blots in (S2.15F Fig). N = 6 samples per group. **: p < 0.01, ***: p < 0.001. H. Quantification of 

blots in (Fig 2.6E). N = 8 samples per group Significance calculated by T-test. *: p < 0.05, **: p 

< 0.01, ***: p < 0.001, ****: p < 0.0001.  
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S2.16 Fig. Quality assessment of sequencing. Screenshots from the output of quality 

assessment tool, Fastp, found on the Galaxy online resource. A. Representative quality 

assessment of a homogenate sample. B. Representative quality assessment of a synaptosome 

sample 148. 
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S2.17 Fig. Brain tissue preservation method has a major impact on mRNA measurements 

and can be successfully corrected for. A. Volcano plots comparing isopentane vs sucrose 

tissue preservation among both AD and control frontal lobe synaptosome samples before and 

after batch correction. ComBat_seq appears to substantially reduce the variation among 

samples based on this variable 118. B. Weighted gene correlation network analysis (WGCNA) 

among human AD and control frontal lobe homogenate and synaptosome samples identifies 

confounding variables before and after ComBat_seq batch correction which shows that batch 

correction almost completely removes gene expression modules that correlate with preservation 

method with little impact on the expression variation defined by modules correlated with other 

variables including fraction and condition. 
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Chapter 3: microRNAs are differentially expressed at 

AD synapses and may explain mRNA 

mislocalization 

 

3.1 Abstract 

 

 MicroRNAs (miRNAs) are a class of small, non-coding RNAs that regulate the 

expression of other transcripts including coding mRNAs. They function by binding to 

complementary sequences in the 3′ UTR of target mRNAs and recruit factors that either 

facilitate the target’s degradation or repress its translation. miRNAs have previously been found 

to be dysregulated in AD and have also been shown to localize near synapses. In Chapter 2, we 

found enrichment of common miRNA binding sites among mislocalized transcripts. This could 

mean that differences in miRNAs are contributing to alteration of expression dynamics of 

transcripts localized to synapses impacting the efficiency of localized translation in AD. In this 

chapter, we use small-RNA sequencing to determine differences in miRNA abundance in AD 

and control human tissue and synaptosomes. We discover differences in miRNAs that correlate 

with differences in their targets’ localization to synapses in AD. 

 

3.2 Introduction 

 

 MicroRNAs (miRNAs) are a non-coding class of RNAs that play an essential role in 

regulating the expression of mRNA transcripts. Transcribed miRNAs produce stem loop 
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structures that are recognized by the Drosha microprocessor complex which cleaves the 

primary transcript to a precursor (pre)-miRNA stem loop for export from the nucleus. In the 

cytoplasm the pre-miRNA undergoes further processing by Dicer to produce an approximately 

21-22 nucleotide sequence which then binds to argonaute (AGO) proteins as part of the RNA 

induced silencing complex (RISC). miRNAs serve the general role of translational regulation of 

mRNAs by 6-8 nucleotide seed sequences that target regions in mRNA 3′ UTRs. This miRNA 

binding can regulate translation either by endoluclease degradation of the mRNA by AGO2, 

recruiting exonucleases to the 5′ or 3′ ends, blocking translation initiation by interacting with the 

5′ cap and eIF proteins, or stalling ribosomes by recruiting RNA-binding proteins (RBPs) such 

as FMRP149. 

Initially, miRNA identification and pairing often had to be done on a one-by-one 

basis whereby single miRNAs were knocked-down or overexpressed and the 

downstream effects were measured. Then parallel approaches developed in which AGO 

proteins could be immunoprecipitated and bound RNAs sequenced150. Predictive 

software was developed that used collective evidence to identify putative mRNAs with 

miRNA target sequences in their 3′ UTRs, leveraging the sequence conservation that 

often exists at bona fide target sites125. In fact, almost all mRNAs include sites that can 

interact with miRNAs151,152. Over time, experimental evidence could be extensively 

catalogued into online resources such as miRbase153. qPCR and microarrays could also 

be employed to analyze differential miRNA expression. Finally, small RNA sequencing 

approaches were developed to identify widespread differences among miRNAs in 

disease which differ from traditional RNAseq approaches by adding a size selection 

step154. 

 miRNAs have been found to have an integral role in synaptic plasticity and the 

progression of AD pathology155-157. miRNAs and RISC have been found localized at 

synapses158. Well known examples that are known to repress APP and Aβ production include 
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miR-20, miR-101, and miR-153159-161. miRNAs known to affect BACE1 include miR-29 and miR-

107162,163. Also, miR-132 and miR-137 have been shown to reduce tau hyperphosphorylation164-

166. These data have led to speculation that modulation of miRNAs could mitigate 

neurodegenerative diseases or be used as biomarkers in cerebrospinal fluid or blood68,167. 

 Studies into the differential expression of miRNAs at synapses in AD has recently 

garnered attention. A micro-array experiment found that there was an enrichment in miR-9, let-

7d, and miR-124 in synaptosomes from healthy controls130. miR-9 is a well-established neuronal 

miRNA and its targets include several genes involved in neurogenesis such as FOXG1 and 

ELAV2 as well as synaptic plasticity including DMD and SAP97168,169. let-7d is known to 

modulate HMGA2 which affects neural cell proliferation170,171. miR-124 similarly has an 

established role in synaptic plasticity and is being explored as a therapeutic target for 

neurodegeneration172-174. In a comparison between AD patient synaptosomes and controls, 

significant upregulation of miR-103a-3p, miR-501-3p, and miR-502-3p were observed. miR-

103a is known to inhibit neural stem cell proliferation, miR-501 targets glutamatergic receptor 

mRNAs, and miR-502 targets GABA receptor mRNAs175-177. 

 In this chapter we employ a new strategy to explore the differences of miRNA present in 

AD synaptosomes by using small-RNA sequencing. In contrast to a microarray, this approach 

has the added benefit of capturing different isoforms of miRNAs that may be driving the fine-

tuned regulation of mRNAs at synapses. Small RNA sequencing has a higher dynamic range of 

miRNA expression that can be measured and importantly can reveal small RNAs in the genome 

that are not pre-spotted on the microarray. This study is a follow-up to the previous chapter 

(Chapter 2.4.5) in which we discovered mislocalized mRNAs in AD and generated predictions of 

miRNAs that could be influencing these differences. 
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3.3 Methods 

 

3.3.1 Human brain samples 

 

As described in Chapter 2, human brain tissue samples used in this study were 

derived from brains donated for research by participants in the UW ADRC and the 

Kaiser Permanente Washington (KPW) ACT study including both healthy controls and 

neuropathologically-confirmed AD dementia. For miRNA analysis, seven controls and 

five AD patients were used. All samples were collected following approved protocols with 

informed consent as approved by the University of Washington Institutional Review 

Board (IRB). Tissues from the frontal lobe (middle frontal gyrus – dorsolateral prefrontal 

cortex) were collected during rapid brain autopsy and flash frozen in liquid nitrogen or 

supercooled isopentane.  

 

3.3.2 Small RNA sequencing 

 

RNA material from the same preparations in Chapter 2 underwent small RNA 

sequencing conducted using the NextFlex kit (Perkin Elmer cat#NOVA-5132-32). We 

started with 100-200ng of RNA and used 24 PCR cycles as part of the amplification 

step. Samples were barcoded and pooled and sequenced on an Illumina NovaSeq S4 

instrument using 150bp paired-end reads. Adapters were clipped from the reads using 

the fastx-toolkit. We obtained roughly 10 million reads per sample, with over 60% of 

reads mapping to miRNAs. 



Smukowski, Samuel N.  105 

   

 

3.3.3 miRNA data analysis 

 

miRNA data analysis followed a similar paradigm as described in Chapter 2. First, 

clipped reads were mapped to an index of miRNAs using Bowtie2121. Then the number of reads 

mapping to each miRNA were counted and this count matrix was imported into DESeq2 to 

determine fold differences between AD and control as well as synaptosome and homogenate115. 

Localization analysis followed the same formulae described in Chapter 2.3.6. Significantly 

differentially expressed miRNAs were input into targetscan v. 7.0 to identify coding transcripts 

that may be targeted by the miRNAs125. 

 

3.4 Results 

 

3.4.1 miRNA differential expression in both AD synaptosomes and homogenate 

suggests differences in transcript expression at synapses 

 

 Using the same human frontal lobe homogenate and synaptosome samples used for 

total mRNA and circRNA sequencing, we prepared small RNA libraries for sequencing to 

identify miRNAs differences between AD and control that may correlate with previously 

observed synaptic localization differences. We identified 558 different species of miRNA in our 

samples. Although not as robust as mRNAs or circRNAs, using multidimensional scaling 

analysis we observe a general difference in synaptosome versus homogenate and AD vs 

control (Fig 3.1A). The greater degree of variability is also observed based on clustering on a 

heatmap where we also see age as a potential covariable (S3.1A Fig). By comparing 
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synaptosome versus homogenate in control samples, we also see that the majority miRNAs are 

localized to the bulk homogenate as opposed to synapses (Fig 3.1B and S3.1 Table). Notably, 

miR-7, miR-17, miR-34a, miR-103, miR-107, and miR-127 are enriched at synapses which 

corroborates previous evidence130. When comparing synaptosome versus homogenate between 

AD and control, we see a weak correlation with an R2 of 0.356 demonstrating that major 

differences in miRNAs are present at synapses in disease (Fig 3.1C). When comparing AD 

versus control in synaptosome versus homogenate, we observe an even weaker correlation 

with an R2 of 0.123 indicating that miRNA localization differences between AD and control is 

largely independent from differences in the bulk homogenate (Fig 3.1D). 

 Comparing between AD and control in the homogenate fraction we observe 59 

differentially expressed miRNAs (p<0.1; Fig 3.1E and S3.2 Table). Of the downregulated 

miRNAs, we saw members of the let-7 family, miR-24, miR-34c, and miR-134c. Upregulated 

miRNAs include miR-20b, miR-106a/b, and miR-515. In the synaptosome fraction we observed 

81 differentially expressed miRNAs between AD and control (p<0.1; Fig 3.1F and S3.3 Table). 

Downregulated miRNAs include miR-17, miR-21, miR-34b/c, and miR-219. Members of the let-7 

family are actually found to be upregulated in AD synaptosomes along with miR-1, miR-7, miR-

9, and miR-101. Of the differentially expressed miRNAs, only 13 are differentially expressed in 

both fractions with concordant fold change (Fig 3.1G and S3.4 Table). These included 

downregulation of miR-34c and miR-132 as well as upregulation of miR-144. When running the 

mislocalization analysis, we identify 103 mislocalized miRNAs between AD and control. miR-1 

and members of the let-7 family were found to be positively mislocalized in AD synaptosomes 

whilst miR-34b, miR-214, miR-506 were negatively mislocalized with miR-608 showing the 

greatest fold change of -2.8. miR-1238 showed the largest degree of positive mislocalization 

with a 3.1 fold-change. 

 Next, we sought to identify what potential mRNA targets these miRNAs may be affecting 

and if they matched with any of our previously identified mislocalized transcripts. Overall, there 
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were over 4000 implicated targets of the differentially expressed miRNAs. Upregulated miRNAs 

in the homogenate had matches to 58 mislocalized mRNAs in AD frontal lobes. Downregulated 

miRNAs matched to 76 mislocalized mRNAs. Upregulated miRNAs in synaptosomes matched 

to 57 targets and downregulated miRNAs matched to 80 targets. Of the miRNAs that were 

mislocalized between synaptosomes and homogenate in AD versus control, upregulated 

miRNAs had 57 matching targets, and downregulated miRNAs had 83 matching targets (S3.5 

Table).  
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Fig 3.1. miRNA differential expression in human AD and control frontal lobe 

synaptosomes and homogenates. A. Multidimensional scaling analysis showing moderate 

separation between synaptosome and homogenate miRNA expression profiles and substantial 

heterogeneity between AD and control. B. Volcano plot showing fold differences between 

synaptosome and homogenate fractions in control samples. C. Correlation between AD and 

control miRNA synaptic enrichment. D. Correlation between synaptosome and homogenate AD 

vs control miRNA fold changes. E. Volcano plot comparing expression differences between AD 

and control in the bulk, unfractionated homogenate. F. Volcano plot comparing expression 

differences between AD and control just within the synaptosome particles. G. Venn diagram 

comparing the significant expression differences in homogenate (E) and synaptosome (F). 

 

3.4.2. Sequenced miRNAs show modest alignment with predictions from mislocalized 

mRNAs and target genes 

 

 In the previous chapter, we used the 3′ UTR sequences of mislocalized mRNAs to make 

predictions on what miRNAs have the potential to be regulating expression dynamics at the 

synapse. Therefore, we wanted to compare the data from small RNA sequencing to our 

predictions to test the efficiency of using sequence predictions to hypothesize regulatory 

mechanisms possibly driving differences in mRNA localization and expression dynamics at 

synapses. 

 For our data we compared both true-matches and false-matches between the predicted 

and observed data. A true-match would be the case where we predicted either an upregulated 

miRNA or a downregulated miRNA based on the sequence analysis of mislocalized mRNAs and 

the differences observed via small-RNA sequencing were congruent with these predictions. A 

false-match would be the case where the differences observed in small-RNA sequencing were 
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opposite of the trends we predicted based on sequence analysis of mislocalized genes. We 

found that approximately 30% of predicted miRNAs matched with the small-RNA sequencing 

results with the differences in the homogenate, on average, matching the most. However, our 

false-matching rate was substantially higher at a rate of approximately 50% (Fig 3.2A). The 

downregulation of miR-219 in synaptosomes and miR-132 in both synaptosomes and 

homogenate matched our prediction of enriched miRNA binding sites among positively 

mislocalized transcripts the best (see Chapter 2.4.5). And the upregulation of miR-515 in the 

homogenate also matched our prediction for negatively mislocalized transcript miRNA binding 

site enrichment. 

 Next, we ran the lists of differentially expressed miRNAs in the software Targetscan to 

see if their targets matched with any of the mislocalized mRNAs. Here we found a matching rate 

of approximately 40% among upregulated miRNAs that have the potential to affect mislocalized 

mRNAs (Fig 3.2B). 
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Fig 3.2. Differentially expressed miRNA correspondence to mislocalized mRNA targets 

(From Chapter 2). A. Plot showing the percentage of miRNA differences identified by 

sequencing matching, or falsely matching, predicted enrichment based on mislocalized mRNAs’ 

3′ UTR sequences. Graph is partitioned based on miRNAs that were predicted to be 

upregulated, predicted to be downregulated, and in total. Bars correspond to matches or false-

matches among the miRNA differences observed in either only the homogenate fraction, only 

the synaptosome fraction, or among mislocalized miRNAs. A match indicates that the miRNA 

fold change from sequencing is alignment with its predicted fold change based on mRNA 3′ 

UTR analysis. A false match indicates that the miRNA fold change from sequencing is opposite 

of its predicted fold change direction. B. Plot showing the percentage of upregulated or 
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downregulated mislocalized mRNAs that are targets of differentially expressed miRNAs in either 

the homogenate fraction, the synaptosome fraction, or mislocalized miRNAs. 

 

3.4.3 Sequence analysis of reads mapping to miRNAs show isoform differences 

between miRNAs localized to synapses versus the bulk homogenate 

 

 The technique of small RNA sequencing affords us the opportunity to capture isoform 

differences in miRNAs. Although arising from the same pre-miRNA transcript, there can be 

differences in cleavage leading to alternative nucleotide inclusion within the ~22nt sequence. 

Differences in miRNA isoforms could possibly be driving different localization patterns or 

disease outcomes. 

 After mapping the small RNA sequencing data to the small RNA transcriptome, we took 

an in-depth analysis of the reads themselves that matched. We discovered multiple isoforms 

mapping to the same miRNA with 1-2 nucleotide alterations to the beginning or end of 

sequences. Amazingly, distinct isoforms showed preferential enrichment in the synaptosome 

fraction versus the bulk homogenate. For example, the miRNA miR-9-3p had more than five 

different isoforms. In synaptosomes, the predominant sequence was 

“TAAAGCTAGATAACCGAAAGTA”, whereas in the homogenate the predominant sequence 

was “ATAAAGCTAGATAACCGAAAGT”. The difference is a 1nt offset in the starting position of 

the miRNA (Fig 3.3A). This was similar for both AD and control samples. We also saw different 

distributions of isoforms in miR-124-3p and miR-132 (Fig 3.3B and Fig 3.3C). 
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Fig 3.3. Different miRNA isoforms have preferential localization to synapses versus bulk 

homogenate. A. Normalized reads of different miR-9-3p isoforms showing differential synaptic 
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enrichment. B. Normalized reads corresponding to miR-124-3p isoforms in synapses and 

homogenate. C. Normalized reads corresponding to miR-132 isoforms in synapses and 

homogenate. 

 

3.5 Discussion 

 

 The primary takeaways from this research analyzing miRNAs in AD synaptosomes 

include: 1) differential expression of miRNAs in both the bulk homogenate and synaptosomes 

are a possible explanation for differences in mRNA localization dynamics at AD synapses since 

there are many matching targets; 2) small RNA sequencing has the enhanced capability of 

discovering isoform differences that may be driving miRNA localization patterns and their 

regulatory effects. 

 We discovered that a fair degree of AD-related differentially expressed miRNAs in our 

homogenate and synaptosome data align with previous studies including that of miR-17, miR-

24, miR-34c, miR-132, and miR-134c. We also confirmed enrichment of miR-7, miR-34a, and 

miR-103 at synapses as well as many new candidates including miR-30c, miR-107, and miR-

139. We showed that a large percentage of differentially expressed miRNAs aligned with targets 

among mislocalized transcripts which suggest the miRNA regulation could be a mechanism 

driving differences in localized translation. One intriguing new discovery is the downregulation of 

miR-219 in synaptosomes. This is relevant because there is evidence that expression of miR-

219 prevents tau hyperphosphorylation. Therefore, its downregulation at synapses may be a 

mechanism propagating tau pathology in AD. 

 It has been mentioned in the literature that frequent inconsistencies exist among the 

miRNA studies in AD tissue68. This dataset adds an additional resource to integrate into meta-

analyses of the data that is available and come to a better consensus. An important note to 
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consider is that these meta-analyses often cover studies using a wide diversity of methods. We 

show here that small-RNA sequencing provides some of the most comprehensive data from 

which to analyze both differential expression and isoform differences among miRNAs in 

neurodegenerative disease. Another important consideration is sample quality. We source our 

postmortem tissue from brain banks with high quality standards with collection taking place less 

than eight hours after being declared deceased. Small RNAs may have different degradation 

kinetics than longer transcripts, so quality control is paramount to interpreting the accuracy of 

the data. As seen in Chapter 2, collection methods can also show substantial variation that 

needs to be corrected for. For this study, our sample size is low and multidimensional scaling 

analysis shows that there is more variability among the small-RNA sequencing versus mRNA 

sequencing in Chapter 2. Therefore, continued efforts to sequence more samples will need to 

be done to achieve a more accurate view of consistent changes taking place in AD. 

 Another possible explanation for sample variability is that miRNAs are intrinsically more 

variable than global transcriptomes or proteomes. Protein expression and localized translation 

are controlled by a very complex regulatory network orchestrated by a combination of 

underlying genetic variation, transcriptional processing, cytoskeletal dynamics, RNA-protein 

interactions, other RNA species including circRNAs, miRNAs, and lncRNAs, as well as synaptic 

signaling. A deficit among any of these regulatory factors in an individual may be compensated 

by differences in others yet arriving at the same phenotypes and final disease outcome. This 

has been studied in other neurodegenerative diseases such as FXS. Compensatory effects may 

also explain AD resilient subjects. This all underscores the need for studies including more 

comprehensive medical and sample data and multi-omic experiments to produce a more 

complete picture of pathological pathways in AD. 

 Experiments that can take this research further include modulating the expression of 

identified miRNAs in neuronal cultures to see if they drive localization differences of their target 

mRNAs. FISH experiments could determine whether a target mRNA is appropriately localized. 
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Pulse-chase experiments could determine target mRNA half-life. Fluorescent click-chemistry 

experiments could determine differences in translational efficiency and similarly, ribo-seq could 

determine differences in ribosome occupancy. In synaptosome preparations from the cultures 

RNA-seq could determine mRNA localization differences as well. Electrophysiology experiments 

could determine if there is ultimately an effect on synaptic signaling as a result of miRNA 

modulation. Finally, each of these experiments could be scaled up to mouse models to assess 

downstream phenotypes. In summary, analyzing the differences among miRNAs in AD 

synaptosomes sets the stage for homing in on pathological pathways leading to synaptic 

dysfunction in AD. 

 Finally, research into miRNAs correlated with differences in synaptic localized transcripts 

in AD provide a basis by which to assess targets for therapeutic intervention to restore synaptic 

function in AD and other neurodegenerative diseases. Many gene therapy studies taking place 

utilize delivery of small hairpin RNAs (which mimic the mechanism of miRNAs) to modulate 

gene expression. Other studies related to miRNAs in AD have suggested let-7, miR-9, and miR-

124 as possible targets, and our data here corroborates this hypothesis169,173,174,178. Therefore, 

studying the impact of miR-9 or miR-124 modulation on localized translation and synaptic 

function could be the next step in assessing their therapeutic potential. 

 In conclusion, the combination of synaptosome small RNA sequencing along with total 

RNA sequencing (in chapter 2) provide a more complete picture of how synaptic function may 

be going awry in AD. The mislocalization of mRNAs could be dependent on miRNA expression 

differences in both the bulk homogenate as well as in synaptosomes. This is evidenced by 

strong correlations between the differentially expressed miRNAs identified here and their target 

mRNAs which are differentially localized in AD. Therefore, miRNA expression differences could 

be impacting synaptic plasticity and result in synaptic degeneration. 
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3.6 Supplemental Data 

 

 

S3.1 Fig. Extended data for Fig 3.1; Heatmap of miRNA expression patterns. A. Heatmap 

showing strong clustering of synaptosome and homogenate fractions yet limited partitioning 

between disease condition. Age may have a moderate effect on sample variation. 
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Chapter 4: Differential RNA synaptic localization 

across lifespan in mice suggests differences 

observed in AD models represent accelerated aging 

 

4.1 Abstract 

 

 Synaptic plasticity is an intrinsic feature of the brain essential for cognition and memory. 

Substantial differences in neuronal RNA and protein expression take place across development 

and during aging. Regardless of dementia diagnosis, cognitive abilities generally decline with 

human aging. Given how integral synaptic-localized translation is for cognitive function and the 

fine-tuned regulatory mechanisms required, it is likely that cognitive development and decline 

correlate with changes in the RNA localized to synapses. To differentiate between the neuronal 

changes associated with dementia and changes associated with healthy aging, it is important to 

understand how the localization changes seen in AD compare to ordinary changes taking place 

across healthy lifespan. In this chapter, we sequence synaptosomes from WT mice at various 

time points, and we discover common trajectories of mRNA and circRNA localization changes. 

Furthermore, differences observed in AD mice appear to continue these trends as an example 

of accelerated brain aging. 

  



Smukowski, Samuel N.  119 

   

4.2 Introduction 

 

 In 1994, Dr. David Drachman asked the question “If we live long enough, will we all be 

demented?”179 This question becomes ever more pertinent in the 21st century as US human life 

expectancy has been extended from 75.8 to 79.3 between 1994 and 2024 with a projection of it 

reaching 83.4 by 2050 according to United Nations data180. It has been established that age is 

the largest risk factor for developing Alzheimer’s1. We have also seen in Chapter 2 that age was 

the second strongest explanatory variable behind RNA localization differences. Therefore, it 

would be pragmatic to understand how RNA synaptic localization changes during healthy aging 

to determine if synaptic differences observed in AD are more broadly relevant; particularly 

because AD molecular pathologies can precede cognitive symptoms by decades. Aging in all 

tissues can be traced to several hallmarks including loss of proteostasis, stem-cell exhaustion, 

mitochondrial dysfunction, inflammation, and altered cellular communication181,182. Notably, all of 

these hallmarks also encompass many of the changes seen in AD7.  

One of the most well-studied hallmarks of brain aging is mitochondrial dysfunction and 

bioenergetic defects. Throughout brain aging it has been found that there is reduced efficiency 

of the electron transport chain, membrane potential, and NAD+ production as well as an 

enlargement or fragmentation of the mitochondria. Phospho-tau buildup is also found in the 

synaptic mitochondria of aged mice183. The generation of reactive oxygen species (ROS) is a 

common source of cellular deterioration, and experiments in neuronal cultures and mouse 

models have shown improvement with the treatment of antioxidants. One signaling network 

central to aging and metabolism is mammalian target of rapamycin (mTOR) which functions as 

a regulator of protein translation and is also closely intertwined with insulin signaling184. Aging 

research has demonstrated that reducing the activity of mTOR in model organisms using caloric 

restriction or pharmaceuticals such as rapamycin or metformin leads to positive health 
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outcomes including improvements in cognitive function, retardation of aging phenotypes 

such as oxidative damage, and lifespan extension185-189. However, there is debate 

whether these paradigms work in humans. mTOR has also been studied in the context 

of AD where it is found to have increased activation and inhibition of mTOR reduces tau 

pathology. In AD, the generation of ROS has been found to lead to attenuation of AKT 

signaling in synapses which is downstream of mTOR signaling and found to interfere 

with localized-translation190. 

 Inflammation also appears to unite the pathologies of several diseases in the brain 

including not only dementias, but also cancers, autoimmune diseases, and aging in general 

(often called “inflammaging”)191. A prime example is that of chronic or early-life stress where 

increased activated microglia proliferation is observed192. It has also been found that poor 

mental health, such as depression, is associated with decreases in brain grey matter which can 

be interpreted as accelerated aging193. Increases in inflammatory markers such as TNF-α and 

IL-6 are also positively correlated with cognitive decline. 

 Loss of proteostasis is observed as a consequence of many diseases including AD and 

ALS which exacerbates downstream effects75,194. It has been found that Aβ oligomers inhibit 

proteasomal function which can lead to a buildup of damaged proteins further contributing to 

synaptic dysfunction195. A reduction in lysosomal acidity is also observed in neuronal aging 

leading to synapse loss. Proteostasis is also closely intertwined with mTOR and insulin 

signaling. 

 Studies have shown that considerable proteomic and transcriptional changes happen in 

neurons and synapses throughout lifespan. One proteomic study found that the TGF-β signaling 

cascade was a unifying correlation of the aging brain196. Another proteomic study found that 

cognitive resilience was correlated with a decrease in inflammatory and apoptotic proteins and 

an increase in mitochondrial and synaptic proteins in human DLPFC homogenates. This could 

imply that maintaining stable localized translation is essential for healthy cognition in old age. 
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 In this chapter, we aim to address the consistency of RNA synaptic localization through 

lifespan and compare healthy aging trends to the differences we observed in fAD mice. We 

selected mice from various age groups to fractionate synaptosomes and sequence localized 

mRNAs and circRNAs. We calculate trends in localization differences that are independent of 

global expression changes, thus they are a result of perturbations of upstream pathways 

including RNA-RBP interactions, alternative splicing, and cytoskeletal transport across lifespan. 

 

4.3 Methods 

 

4.3.1 Mouse brain samples 

 

As in Chapter 2, The University of Washington Institutional Animal Care and Use 

Committee (IACUC) approved all mouse studies (protocols 4387-01 and 4419-01). Mice were 

maintained on an irradiated diet and provided free access to filtered water, with housing 

conditions maintained as previously described112. Following CO2 asphyxiation according to 

AVMA guidelines, brains were dissected from three male and three female WT C57BL/6J mice 

(Jackson Laboratory) at a two-month time point, a six-month time point, and eight-month time 

point. Brains were sectioned based on brain regions, of which the frontal cortex was used for 

sequencing. The same WT and fAD mouse data used in Chapter 2 experiments were used as 

an eleven-month time point and the fAD group, respectively. The fAD mice APP Swedish 

mutation (K595N/M596L) and deletion of PSEN1 exon 9 in the C57BL/6J background with WT 

littermates used as controls113.  

 



Smukowski, Samuel N.  122 

   

4.3.2 Synaptosome fractionation 

 

As in Chapter 2, we adapted established protocols to isolate synaptosomes56,57. 

Approximately 300 mg of brain tissue was homogenized using a glass douncer in 1.5 mL 

of homogenization buffer. 120 μL of homogenate was set aside for RNA extraction and 

sequencing. The remaining homogenate was spun down at 750 × g for 10 min at 4ºC 

followed by centrifuging the supernatant at 13,800 × g to produce a pellet of crude 

synaptosomes. The crude synaptosome pellet was resuspended in 1 mL of 

homogenization buffer and a discontinuous sucrose gradient was prepared in a 4.2 mL 

ultracentrifuge tube with a 1 mL bottom layer of 1.2 M sucrose, 1 mL middle layer of 1.0 

M sucrose, and a 1 mL top layer of 0.85 M sucrose buffers. The 1 mL of resuspended 

crude synaptosome was layered on top of the gradient and spun using a swinging 

bucket rotor in an ultracentrifuge at 28,000 rpm (~82,000 × g). The purified 

synaptosomes were collected from the interface between the 1.2 M and 1.0 M layers. 

RNA was subsequently extracted from 500 μl of the collected synaptosomes with 

Trizol/chloroform for sequencing. 

4.3.3 Sequencing 

 

100 ng of RNA from synaptosome and pre-fractionated homogenate fractions 

were aliquoted for library preparation using the Illumina stranded total RNA with rRNA 

removal (human). Since the experiments we completed in Chapter 2, Illumina released a 

new version of the RNA sequencing kit and discontinued the one we used previously. 

Therefore, to retain consistency, the eleven-month mouse controls were prepared again 

for sequencing using the new kit. Samples were barcoded and pooled into batches of 

twelve for sequencing submission to GeneWiz (Azenta) using 2 x 150 bp reads on an 
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Illumina NovaSeq S4 instrument. Data was demultiplexed and delivered as fastq files pertaining 

to each sample. 

4.3.4 Data analysis 

 

As in Chapter 2, transcriptome mapping and quantification was conducted with 

Salmon114. Transcriptome references were retrieved from Gencode (version M31 Mus 

musculus). Salmon quant files for each sample were imported into R for differential expression 

analysis using the DESeq2 package and workflow115,116. Expression analysis was normalized 

based on default DESeq2 parameters which takes into account the total number of reads as 

well as the length of each gene. We first ran DESeq2 on a dataset of all samples with (design = 

~ Fraction + Age). We filtered our gene list by having 10 counts in at least 8 samples. From this, 

we used sample clustering and multidimensional scaling analysis to identify outliers and 

hierarchical clustering to identify confounding variables. Clustering by fraction and age was 

most robust, and sex did not appear to be a confounding variable. 

Localization analysis was done by creating a ratio of ratios fold change acquired from 

DESeq2 as follows: 

 

𝐹𝑜𝑙𝑑 𝐶ℎ𝑎𝑛𝑔𝑒 ൌ logଶ

൬
ሾ𝐴𝑔𝑒௢௟ௗ௘௥ሿ
ሾ𝐴𝑔𝑒௬௢௨௡௚௘௥ሿ

൰
ௌ௬௡௔௣௧௢௦௢௠௘

൬
ሾ𝐴𝑔𝑒௢௟ௗ௘௥ሿ
ሾ𝐴𝑔𝑒௬௢௨௡௚௘௥ሿ

൰
ு௢௠௢௚௘௡௔௧௘

 

 

p values were calculated by generating a T-statistic as follows and matching to a two-

tailed normal distribution with N-1 degrees of freedom: 
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𝑇 ൌ
𝑅௪

ඨ∑ 𝑅௪
ଶ௡௨௠௕௘௥ ௢௙ ௚௘௡௘௦

௜ୀଵ
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑔𝑒𝑛𝑒𝑠

ඥ𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒𝑠

 

Where: 
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1
𝑆𝐸

ൈ logଶ ቆ
ሾ𝐴𝑔𝑒௢௟ௗ௘௥ሿ
ሾ𝐴𝑔𝑒௬௢௨௡௚௘௥ሿ

ቇ
ௌ௬௡௔௣௧௢௦௢௠௘

െ
1
𝑆𝐸

ൈ logଶ ቆ
ሾ𝐴𝑔𝑒௢௟ௗ௘௥ሿ
ሾ𝐴𝑔𝑒௬௢௨௡௚௘௥ሿ

ቇ
ு௢௠௢௚௘௡௔௧௘

 

 

To determine a combined p value for genes that changed in their localization the 

most over lifespan, we used Fisher’s Method as below which sums the natural log of 

each p value for each age comparison and matches the value to a χ2 distribution with 2k 

degrees of freedom where k represents the number of p values being combined: 

 

𝜒ଶ௞
ଶ ൌ െ2෍ ln 𝑝௜

௞

௜ୀଵ

 

 

The three p values that were combined were from 6mo vs 2mo, 8mo vs 2mo, and 

11mo vs 2mo. For comparisons with fAD mice, a fourth p value was added that 

represented AD vs 2mo. A significance cut-off was set at 0.01. Analysis of mRNAs and 

circRNAs followed the same principle, except circRNAs had a p value cut-off of 0.1. 

Gene ontology analysis was conducted using GOpanther “biological process 

complete”119. Genome alignments for visualization were conducted using RNA-STAR in 

which mouse genomes were aligned to GRCm39 from Ensembl120. 
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4.4 Results 

 

4.4.1 mRNAs show distinct localization patterns over time 

 

 To determine how RNA localization changes with age as opposed to disease, we 

collected mouse frontal lobe tissue from wild-type (WT) two-month, six-month, and eight-month 

mice in addition to the eleven-month controls we had already sequenced. These age groups 

roughly correspond to 15 year, 30 year, 38 year, and 41 year humans respectively covering 

adolescence to middle-age197. We fractionated synaptosomes as described previously and 

isolated and sequenced the total RNA from both the synaptosomes and bulk homogenate. 

Using multidimensional scaling analysis, we saw a clear distinction between age groups for 

each fraction (Fig 4.1A). Heatmap visualization also showed robust clustering between age 

groups, and to a lesser degree, sex (S4.1A Fig). We compared synaptosome to homogenate 

enrichment of transcripts across all age groups and found consistent alignment with R2 value 

ranging from 0.69-0.92 (S4.2A Fig). Six-months versus two-months synaptic enrichment 

showed the least concordance with two-month mice showing greater synaptic fold enrichment of 

transcripts. Eleven-months versus eight months showed the most concordance with a 1:1 ratio 

in synaptic enrichment. Both eight-month versus six-month and eleven-month versus six-month 

showed greater enrichment of synaptic transcripts as well as greater concordance with the two-

month group. These correlations appear to explain some of the variation evidenced by the 

multidimensional scaling plot. This also seems to distinguish the six-month time point as a 

unique point in synaptic development. 

 We compared these results to our previous sequencing of AD mice to see correlations 

between the eleven-month AD mice and each of the other age groups. We found that AD mRNA 

synaptic enrichment was most concordant to the eleven-month WT mice with progressively less 
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concordance with younger age (with the exception of the six-month group) (S4.3A Fig). This 

indicates that AD mRNA synaptic enrichment correlates with aging. 

Next, we looked at localization differences independent from global expression 

changes between each of the age groups using the statistical method described in 

Chapter 2. For example, we compared expression six-month mice to two-month mice in 

synaptosomes and then compared these values to expression in the homogenate of six-

month versus two-month mice. We then repeated this analysis for each pair of age 

groups (Fig 4.1B). We found the greatest localization changes taking place between six-

month and two-month followed by eight-month versus six-month (Fig 4.1C, and S4.4A 

Fig). We wanted to understand the patterns of these transcripts across lifespan, and we 

discovered that the most common trend was upregulation at six months, followed by a 

downregulation at eight months, and then an upregulation at ten months (Fig 4.1D). The 

next most common trend was an initial upregulation followed by successive 

downregulation over time. 

We conducted a GO analysis to see if there were common functions that 

corresponded to these changes in localization. Of the mRNAs upregulated at six-months 

compared to two-months, top GO terms included cellular component and extracellular 

matrix organization, as well as cell adhesion and vasculature development (Fig 4.2A). 

Downregulated mRNAs included regulation of gene silencing by ncRNA and 

transmembrane transport. Curiously, several of these same or related terms showed 

opposite regulatory trends in eight-month versus six-months (Fig 4.2B). This matches 

the Up-Down-Up/Down patterns observed for many of the individual transcripts. At 

eleven-months versus eight-months, we see an upregulation of metabolic GO terms as 

well as immune terms and a downregulation of signal transduction, protein modification, 

and response to stress (Fig 4.2C). Curiously, many of these GO terms are semantically 

similar to those between AD and eleven-month WT mice in Chapter 2. 
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Fig 4.1. mRNA localization trends across WT mouse lifespan. A. Multidimensional scaling 

analysis of aging mice mRNA expression show robust partitioning between synaptosome and 

homogenate fractions as well as between each age group. B. Localization fold changes of 

mRNAs among 6mo, 8mo, and 11mo mice vs 2mo mice (Top 200 significant, p < 0.05). Fold 

changes represent the formula: ([Age2] vs [Age1])Synaptosome / ([Age2] vs [Age1])Homogenate. C. 

Quantification of localization changes shown in (B). D. Quantification of localization patterns 

across lifespan in (B) where Up/Down indicates the direction of fold change at the next later 

timepoint compared to the previous fold change value. (i.e. [6 vs 2] – [8 vs 6] – [11 vs 8]). 
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Fig 4.2. GO analysis of mRNAs changing in synaptic localization across lifespan. A. 

mRNAs that are either upregulated (red) or downregulated (blue) in their synaptic localization at 

6mo vs 2mo. B. 8mo vs 6mo. And C. 11mo vs 8mo. 
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4.4.2 AD mice show exacerbated mislocalization trends across lifespan 

 

 We wanted to understand how the synaptic changes we observe previously in fAD mice 

fit into the general context of aging. In essence, we sought to understand if the transcriptional 

profile of diseased synapses was a unique state or showed general trends that aligned with 

changes across lifespan. There are lines of evidence we discovered that hint at both these 

possibilities. 

 We first conducted multidimensional scaling analysis to see how fAD mice 

synaptosomes and brain homogenates clustered compared to each of the mouse age groups, 

which had already showed distinctive clustering profiles. Indeed, we found robust separation of 

AD mice from all other mouse age groups with substantially more distance (Fig. 4.3A). AD 

homogenates appeared relatively equidistant from each of the other age groups, but AD 

synaptosomes appeared to cluster closer to the ten-month synaptosomes. Heatmap clustering 

also shows robust separation between the AD condition and all other age groups (S4.5A Fig). 

 In a similar manner to the localization trends plotted in Fig 4.2, we added the fAD mice 

as a fourth data point following the eleven-month group comparing fold change to the two-month 

mice (Fig 4.4B and S4.6A Fig). We observed a most prominent continuation of the age-related 

trend with an Up-Down-Up-Up pattern accounting for the majority of mislocalized transcripts 

(Fig 4.3C). We also saw a major subset of transcripts showing a trend reversal showing an Up-

Down-Down-Up pattern. When comparing the total number of mislocalizations taking place in 

fAD mice compared to just the eleven-month mice, we see an overlap of 41% and almost twice 

as many mislocalizations in fAD versus the eleven-month mice (Fig 4.3D). Examples showing 

exacerbated aging trends include transcripts relating to GABAergic and cholinergic receptors, 

as well as numerous cell-adhesion genes (Table 4.1 and S4.1 Table).   
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Fig 4.3: Comparing AD synaptic mRNA localization to other age groups. A. 

Multidimensional scaling analysis showing substantial separation of AD 11mo mice to all other 

WT age groups’ expression profiles among both synaptosome and homogenate fractions. B. AD 

11mo mice are added as a fourth datapoint succeeding 6mo, 8mo, and 11mo WT mice as in 

(Fig 4.1B). C. Quantification of localization patterns across lifespan in (B) where Up/Down 

indicates the direction of fold change at the next later timepoint/group compared to the previous 

fold change value. (i.e. [6 vs 2] – [8 vs 6] – [11 vs 8] – [AD-11mo vs WT-11mo]). D. Venn 

diagram comparing the synaptic mislocalized mRNAs found in either AD-11mo vs WT-11mo or 

WT-11mo vs WT-2mo.  



Smukowski, Samuel N.  131 

   

 

Table 4.1: Major fold change localization differences in aging mice and fAD mice 

Fold changes represent the formula: ([Age2] vs [Age1])Synaptosome / ([Age2] vs [Age1])Homogenate. Raw 

p value is reported combined from the p values of each of the four fold-change values being 

compared using Fisher’s Method. 

 

Gene Symbol Log2 FC 

6mo vs 2mo 

Log2 FC 

8mo vs 2mo 

Log2 FC 

11mo vs 2mo 

Log2 FC 

AD vs 2mo 

p value 

      

Cholinergic Receptors:     

Chrm5 -0.277 -0.696 -0.753 -0.957 0.0101 

Chrna2 -0.810 -1.00 -0.468 -0.710 9.38E-4 

Chrna3 -0.420 -1.02 -0.848 -0.958 2.40E-4 

Chrna4 -0.549 -0.736 -0.647 -0.910 8.05E-3 

Chrna7 -0.401 -0.556 -0.695 -0.940 0.0360 

Chrnb3 -0.791 -0.510 -0.788 -1.24 3.91E-3 

      

GABAergic Receptors:     

Gabra1 -0.920 -0.903 -0.756 -1.22 8.51E-5 

Gabrb2 -0.518 -0.730 -0.540 -0.741 0.0222 

Gabrg2 -0.656 -0.736 -0.741 -1.05 2.15E-3 

      

Cell-Adhesion:      

Cdh1 -0.518 -0.954 -1.08 -1.20 4.21E-5 

Cdhr3 1.83 0.838 0.618 0.514 2.42E-6 
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Cldn5 3.44 0.193 -0.122 -0.507 9.96E-6 

Col4a5 -0.0480 -0.722 -0.831 -0.780 5.25E-3 

Dcn 0.214 -0.946 -0.631 -1.05 4.20E-3 

Edn3 2.07 0.866 0.554 0.294 1.12E-6 

Epha7 -0.339 -0.614 -0.624 -0.813 0.0475 

Fbln2 1.93 1.46 0.913 0.284 8.03E-10 

Fn1 1.58 -0.193 -0.303 -0.788 4.71E-3 

Lama5 2.05 0.425 0.275 0.380 2.58E-4 

Matn2 -0.386 -0.614 -0.668 -0.781 0.0303 

Nectin2 -0.248 -0.605 -0.755 -0.863 0.0211 

      

Metabolic/Other:     

Ctsb -0.688 -0.569 -0.739 -0.974 7.12E-3 

Igf2r -0.572 -0.613 -0.591 -1.07 0.0300 

Igfbp7 1.68 -0.110 -0.463 -0.994 1.41E-3 

Kif22 -1.40 -2.93 -2.29 -2.44 5.31E-15 

Syp -0.632 -0.535 -0.635 -0.926 0.0282 

 

 

4.4.3 Progressive circRNA isoform changes at synapses increase over lifespan 

 

 Given previous studies, we wanted to confirm whether circRNAs accumulate at 

synapses as mice aged. We compared synaptosome to homogenate enrichment at each age 

group (Fig 4.4A). This validated that more circRNAs become increasingly enriched at synapses 

over lifespan (p < 0.1) (Fig 4.4B, Fig 4.4C, and S4.2 Table). Curiously, synaptosome 
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enrichment is not nearly as prominent as the human samples analyzed in Chapter 2 and there 

are still many circRNAs in the homogenate, although still less than half of all identified 

circRNAs. 

 To analyze differences in aging mouse synaptosomes we first conducted a 

multidimensional scaling analysis of the aging mice circRNA samples in the synaptosomes only. 

As with the linear mRNA analysis, we saw a clear distinction between all age groups (Fig 4.4D). 

As we tracked the significant circRNA changes over time in synaptosomes, we saw substantial 

divergence at the eleven-month age group with 846 differentially expressed circRNAs in 

contrast to only 261 and 337 in the six-month and eight-month groups respectively (Fig 4.4E). 

We also saw, similar to mRNAs, the prevailing expression trend over time for circRNAs is an 

initial upregulation at six-months, followed by a downregulation at eight-months, then 

subsequent upregulation at eleven-months (Fig 4.4F). We also saw the opposite trend taking 

place with an almost equal group of circRNAs with the degree of expression fold changes 

increasing over time. 

 Among the differentially expressed circRNAs, we also saw major differences in which 

splice isoforms, arising from the same gene, are present at the synapse (Table 4.2 and S4.3 

Table). Notably, isoforms of Actb, Tuba1a, and Tspan7 show the most disparate fold changes 

over lifespan. We also observed several isoforms of synapse relevant genes including Camkii, 

Aldoa, and Shank3. We also identified a significant fold change of circApoe which has a 

previously established role in neurodegeneration. 
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Fig 4.4. Synaptic circRNA expression differences across lifespan. A. Series of volcano 

plots comparing circRNA synaptic enrichment at various ages in WT mice. B. Plot showing the 

progression of circRNA synaptic enrichment across lifespan (Top 200, p < 0.05). C. 

Quantification of synaptic enrichment changes in (B). D. Multidimensional scaling analysis of 

aging mice circRNA expression in synaptosomes show robust partitioning between each age 

group. E. Expression fold changes of circRNAs among 6mo, 8mo, and 11mo mice vs 2mo mice 

(Top 200 significant, p < 0.05). Quantification of changes to the right. F. Quantification of 

circRNA expression patterns at synapses across lifespan in (E) where Up/Down indicates the 

direction of fold change at the next later timepoint compared to the previous fold change value. 

(i.e. [6 vs 2] – [8 vs 6] – [11 vs 8]). 

 

Table 4.2 Examples of circRNA isoform switches across lifespan in frontal lobe mouse 

synaptosomes. 

Comparing RNA sequencing data mapped to circRNA back-splice junctions among mice of 

various age groups including 2mo, 6mo, 8mo, and 11mo WT mice. “Donor” refers to the 

downstream exon by which its 3′ end is spliced back onto the upstream “Acceptor” exon’s 5′ 

end. We report the raw p value. 

 

Gene Donor Acceptor Log2 FC 

6mo vs 2mo 

Log2 FC 

8mo vs 2mo 

Log2 FC 

11mo vs 2mo 

p value 

Tuba1a 4 2 -0.253 0.506 -2.64 2.17E-5 

Tuba1a 4 1 0.446 1.47 -0.605 1.35E-4 

Tuba1a 4 4 -0.699 1.08 1.13 3.06E-3 

Aldoa 9 6 0.0845 1.54 -1.26 9.61E-10 

Aldoa 9 7 -0.476 0.975 -1.38 3.01E-8 



Smukowski, Samuel N.  136 

   

Aldoa 9 8 -0.382 1.42 -2.34 1.98E-5 

Tspan7 8 1 0.253 1.26 -0.698 1.17E-7 

Tspan7 8 5 -0.0235 1.80 0.942 9.49E-6 

Tspan7 1 1 -0.380 -0.805 -2.23 5.49E-5 

Tspan7 7 2 -0.627 -1.17 -0.499 1.09E-3 

Actb 4 4 0.877 -0.598 2.02 1.95E-9 

Actb 6 2 -0.686 -0.0939 -3.61 9.12E-7 

Actb 6 4 -0.578 -0.332 -2.78 1.37E-5 

Actb 6 1 -0.604 -0.320 -0.974 5.07E-5 

Actb 3 2 0.373 1.51 -0.520 4.53E-3 

Actb 3 1 -0.803 -0.136 -0.935 6.51E-3 

Eif1 2 1 -0.472 -1.57 -1.85 1.2E-12 

Eif1 1 1 -1.28 -0.595 1.02 2.94E-4 

 

4.5 Discussion 

 

In this research, we have shown that changes in RNA localization to synapses is a 

pervasive feature of development. Whether these developmental changes are in any way 

pathological remains to be seen. It is likely that these changes are simply a means behind 

cognitive development and correlates with other synaptic processes such as synaptic 

pruning. Evidence that supports this notion is the most dramatic differences between six-

month and two-month age groups which roughly correspond to human middle age and 

human adolescence, respectively197. Additional evidence comes from the GO terms 

associated with the changes in synaptic-localized mRNAs; particularly changes in vascular 

genes, cell-adhesion genes, and cellular component organization genes which are 
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strikingly similar to the GO terms associated between fAD mice and WT mice in Chapter 2 

suggesting that localization changes in fAD appear to be on a trajectory of accelerated 

aging in this aspect of synaptic biology. 

Notable groups of genes that stood out were cholinergic receptor units, GABAergic 

receptor units, and various cell-adhesion proteins (Table 4.1). There is a persistent decreasing 

trend in the synaptic-localization of these transcripts from six to eleven months, and even more 

so in fAD mice. A decrease in cholinergic neuron related genes has been observed before in AD 

and therapeutic avenues have been investigated to mitigate cognitive impairment by increasing 

cholinergic signaling7,198. The decrease in GABAergic neuron related genes also fits into a 

model of the AD hyperexcitability phase of disease in which case excess glutamate 

accumulates between synapses and increases Ca2+ influx. Increase in Ca2+ influx is also 

associated with an increase in ROS in old age91. Finally, the decrease in cell-adhesion protein 

genes could explain models in which synaptic plasticity decreases with age. Given the data 

here, it may be that these are common features of brain aging overall and similar therapeutic 

explorations directed towards dementia could have more broad applications towards 

maintaining cognitive resilience in both healthy and diseased subjects. 

More could be done to pursue answering the question of whether mislocalization trends in 

fAD represent accelerated synaptic aging. What sets the fAD cohort apart from the aged WT 

mice is the greater quantity of differentially localized mRNAs by almost two-fold. The most 

straightforward next step would be to sequence synaptosomes and homogenates from WT mice 

at even later timepoints such as fourteen or sixteen months. 

This research also confirmed previous observations that circRNAs accumulate at 

synapses across lifespan110. One other important consideration from the circRNAs observed 

here is that the localization of circRNAs to synapses is not as prominent as humans and there 

are much less circRNA differences overall. This could reflect that synaptic utilization of 

circRNAs is a more recent evolutionary development and may be associated with more complex 
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brains. This observation also suggests that circRNAs in mouse brains tend to serve 

different functions in the cytoplasm or other cell types in contrast to humans. 

These data point to possible limitations to studying localization changes across 

lifespan. It is uncertain how these observations relate to humans. It is not easily feasible to 

acquire brain samples from heathy humans at different ages since premature death is 

usually a consequence of disease, although accidents of injury, such as vehicle collisions, 

are a possible resource. However, the take-away from this collection of research is that 

synaptic localization changes in RNA species over time is a feature of cognitive 

development and aging. Subsequent studies could aim to artificially modulate both 

mRNAs or circRNAs to identify the consequences of localization changes on other RNAs 

and protein composition at synapses as well as morphological features such as dendritic 

spine density. This would be a follow-up to previous discoveries regarding localization 

changes as a consequence of changes in 3′ UTR composition or RNA binding proteins. 

Another exciting prospect would be probing the effects of differentially expressed 

circRNAs on synaptic changes.  

In summary, the research in this chapter demonstrates RNA synaptic localization is a 

flexible process and a possible driver of cognitive development and age-related cognitive 

decline. This research also distinguishes healthy aging from disease states given that 

changes in fAD mice are more pronounced. However, it remains to be seen how the 

differences in fAD mice compare to healthy mice at older ages. Another valuable 

observation arising from this research are the changes in circRNAs which suggest that 

they play regulatory roles in the RNA dynamics at synapses and likely different than the 

functions they may be serving in human brains. Taken together, this research underscores 

the importance of changes in synaptic localized translation in driving cognitive 

development and aging which can inform therapeutic interventions for cognitive resilience 

both in healthy aging and disease. 
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4.6 Supplemental Data 

 

S4.1 Fig. Extended data for Fig 4.1; Heatmap of mRNA expression patterns across age 

groups. A. Heatmap showing robust clustering of synaptosome and homogenate fractions as 

well as strong partitioning between age groups. 
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S4.2 Fig. mRNA synaptic enrichment between age groups. A. Correlation of synaptic 

enrichment of mRNAs between older mice and younger mice. Fold changes represent the 

formula: (Synaptosome vs Homogenate)[Age-Top] / (Synaptosome vs Homogenate)[Age-Right]. 
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S4.3 Fig. mRNA synaptic enrichment between fAD mice and other age groups. A. 

Correlation of synaptic enrichment between fAD mice and other age groups. Fold changes 

represent the formula: (Synaptosome vs Homogenate)AD / (Synaptosome vs Homogenate)[Age]. 
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S4.4 Fig. Extended data for Fig 4.1; mRNA localization changes between age groups. A. 

Correlations between older mice vs younger mice in synaptosomes and older mice vs younger 

mice in homogenate. Fold changes represent the formula: ([Age2] vs [Age1])Synaptosome / ([Age2] vs 

[Age1])Homogenate. 
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S4.5 Fig. Extended data for Fig 4.3; Heatmap of mRNA expression patterns across age 

groups including fAD mice. A. Heatmap showing robust clustering of both synaptosome and 
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homogenate fractions as well as efficient separation between AD and control, plus between age 

groups. 

 

S4.6 Fig. Extended data for Fig 4.3; mRNA localization differences between fAD mice and 

other age groups. A. Correlations between fAD mice vs aged WT mice in synaptosomes and 

fAD mice vs aged WT mice in homogenate. Fold changes represent the formula: ([AD] vs 

[Age])Synaptosome / ([AD] vs [Age])Homogenate.  
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Chapter 5: Concluding remarks 

 

5.1 Impact of presented research 

 

This collection of research highlights a new dimension to understanding synaptic defects in 

Alzheimer's disease and aging, and this methodology can also be applied to many other 

neurodegenerative diseases. The novelty of this presented approach lies in the method by 

which synaptic-localized RNAs are compared to bulk homogenate brain tissue to identify 

changes specifically occurring at synapses that are exclusively due to mislocalization 

independent of global expression changes. Although this has been done many times before in 

other models, this is the first application of the method to analyzing RNA mislocalization in 

human AD brains. In addition, this study encompasses a wide array of RNA isoform synaptic 

differences in AD including circRNAs and miRNAs. The study uses a combination of both total-

RNA (with ribosome depletion) and small-RNA sequencing to understand the complete 

repertoire of RNA regulatory changes that may be occurring. These are all important features of 

synaptic function that cannot be addressed by simply studying protein composition at the 

synapse and global transcriptional changes because there are intricate regulatory steps taking 

place between the steps of transcription to translation. 

Localized translation is a fine-tuned process that involves coordination between many 

mechanistic components including alternative splicing, cytoskeletal trafficking, biomolecular 

condensate dynamics, the interaction between multiple RNA species, and synaptic signaling. 

The research presented in this thesis demonstrates that differential localization of RNAs to 

synapses in AD and aging is occurring. These differences could be due to disruption of any of 

the aforementioned factors involved in accurately transporting RNAs to synapses, which sets 
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the stage for future experiments. Our research suggests that miRNAs may be playing a role 

in the abundance of mRNAs at synapses given that there are correlations between 

differentially expressed miRNAs and their targets among our datasets in AD. 

We also highlight the importance of circRNAs at synapses. We validate previous 

evidence that circRNAs are enriched at synapses implying that they serve regulatory roles in 

the expression of other localized transcripts. This could be due to interactions with miRNAs 

or RBPs. We show that there are differences in the splice isoforms present at synapses in 

AD and throughout age. We highlighted an example of how a difference in circGSK3β 

isoforms may have a differential effect on tau phosphorylation suggesting that changes in 

circRNAs at synapses play causal roles. 

We also show that changes in synaptic RNA localization is a pervasive feature of brain 

aging, and that localization patterns in an fAD model appear to follow aging trends to a 

greater degree suggesting that fAD pathologies may represent “accelerated” brain aging. 

This suggests that RNA mislocalization is not a feature exclusive to neurodegenerative 

disease, yet still a target for understanding processes of neurodegeneration and possible 

therapeutic strategies. This also could mean that therapeutic interventions that target RNA 

localization in AD may also be relevant towards retaining cognitive resilience in otherwise 

healthy aging individuals. 

 

Limitations 

There are notable limitations to this study of mRNA mislocalization. The most prominent 

concern is the diversity of cell types in the brain. The bulk homogenate we use as a 

reference to compare synaptosomes is derived from brain tissue that contains diverse cell 

types including astrocytes, oligodendrocytes, and glia. It would be ideal to use only neurons 

since we are comparing transcripts that are specifically localized to synapses. It is also of 

note that synaptic terminals also form connections between these other cell types and mixed 
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processes such as both synapse-to-glia processes and synapse-to-astrocyte processes can 

occur and co-fractionate with synaptosomes. Among neurons themselves, there are also a 

diversity of cell types including glutamatergic excitatory neurons or GABAergic inhibitory 

neurons. Therefore, all these considerations must be taken into account when interpreting these 

results. Alternative methods could address these issues such as fluorescence activated cell, or 

synaptosome, sorting which can isolate specific populations of interest. Barcoding methods 

such as single cell RNA sequencing could also tackle these questions. Both of these 

approaches would require substantially more tissue input, however the study presented here 

underscores the value these other endeavors could have since it clearly demonstrates RNA 

localization is a key component of neurodegeneration. 

Another limitation that was revealed during this study was the impact of co-variables. Firstly, 

a weighted gene correlation network analysis (WGCNA) on our human frontal lobe samples 

revealed that tissue preservation has a substantial effect on RNA sequencing results and 

variation. We compared a selection of samples that were preserved using slow freezing in a 

sucrose buffer and a selection of samples that were preserved using flash freezing in 

isopentane. We demonstrated that combat_seq, which is a program that uses linear regression 

to correct for batch variation between samples, successfully eliminates the variation between 

the two tissue preservation methods whilst keeping the variables of interest intact. Nevertheless, 

this will be a critical consideration for future studies into synaptic RNA localization and additional 

examinations on the effects of different freezing methods will have to take place. 

The second major co-variable was age. In this study we compare both the effects of 

localization based on age as well as disease condition. We found both by hierarchical clustering 

and WGCNA that age influenced sample variation, albeit secondary to disease status. Although 

in our sample selection for AD patient samples, we tried to control for age as much as possible, 

it cannot be dismissed that age contributes to differences in RNA synaptic localization. Thus, we 

conducted a second experiment observing the differences in localization across lifespan in 
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aging mice and compared that to the differences we observed in fAD mice. Remarkably we 

found that there was considerable overlap between the indicated mRNAs that become 

mislocalized in both age and disease, and that disease resulted in more significantly 

mislocalized mRNAs overall. Thus, when studying RNA localization, disease will likely be 

the primary variable, though age is something that also must be controlled or accounted for 

when interpreting results between cohorts.  

 

Therapeutic potential 

These discoveries of mRNA synaptic mislocalization suggest new targets for therapies 

that could mitigate synaptic dysfunction and degeneration in disease as well as the resultant 

cognitive impairments.  

As seen with studies on FXS, targeting the RNA-binding protein FMRP or any of the 

downstream processes it affects can rescue cognitive deficits. In the context of AD or other 

neurodegenerative diseases, the research here suggests that targeting any of the 

mechanisms responsible for RNA localization and translational regulation at the synapse 

have the potential to restore synaptic function and thus mitigate resulting cognitive deficits72. 

These targets could include targeting FMRP or any other RBPs responsible for transporting 

mRNAs to synapses. 

Other possibilities for intervention include expressing miRNAs or circRNAs that can drive 

regulatory differences in synaptic-localized translation. This could include the delivery of 

RNAs using viral or lipid nanoparticles. For example, there are current efforts to deliver 

miRNAs via adeno-associated virus (AAV) vectors to treat Huntington’s disease by targeting 

a pathogenic repeat expansion in the HTT gene199. There are also a wide variety of clinical 

trials taking place testing the delivery of anti-sense oligonucleotides (which block pathogenic 

mRNAs) and miRNAs that target ALS-associated genetic mutations200. CircRNAs appear to 

have a most promising potential for such therapies giving their multifunctional regulatory 
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nature and molecular stability. Delivery of circRNAs has been proposed as a gene therapy 

approach for disease201. The research here suggests that differences in circRNAs at 

synapses is a major component of synaptic changes in aging and disease. Therefore, delivering 

circRNAs of regulatory significance to synapses may be a therapeutic avenue to explore.  

Given the research here on differential miRNA expression in the same samples studied for 

mRNA mislocalization, we show that these differentially expressed miRNAs have targets that 

overlap with the mislocalized mRNAs. We also make predictions on other miRNAs that could 

affect localization patterns. This means that expression of any of the miRNAs by therapeutic 

delivery of shRNA constructs to neurons or their synapses could be tested as a means of 

modulating the localization to and translation of mRNAs in synapses. 

 

5.2 Future directions 

 

One critical piece of information that has been left out of this presented research is the role 

of RNA-binding proteins (RBPs). As seen with other neurological diseases including Fragile X 

syndrome and ALS, pathogenic variants among RNA-binding proteins show causal impacts on 

disease pathology and progression. Previous transcriptome and proteomic studies in AD 

indicate differential expression of RBPs86. Given the observations in the research described in 

this thesis regarding the mislocalization of RNAs at synapses, understanding its relationship to 

RBP differential expression may explain a mechanistic pathway by which RNA localization 

becomes disrupted. Specifically, the differences in RBP-RNA binding dynamics can be 

measured.  

There are a few methods by which RBP-RNA interactions can be investigated. One method 

is UV-crosslinking and enrichment of protein-RNA complexes. These complexes can be 

separated from unbound RNA and protein by organic phase separation and the bound and 
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unbound proteins can be quantified by mass spectrometry202. If there is a correlation 

between differential RBP interactions and RBP motifs in the mislocalized transcripts, it would 

indicate that these interactions are a likely mechanism driving differential RNA synaptic-

localization and localized translation in AD. Another method could employ crosslinking and 

poly-A pulldown of transcripts to quantify differences in RBP abundance. 

Other experiments that can follow this work include a variety of functional studies that 

can directly measure differences in newly synthesized proteins between AD and control 

conditions. The research in this thesis largely demonstrates correlation, and leads to 

inferences about how protein composition at the synapses may be impaired in AD. 

However, demonstrating RNA mislocalization as a causal mechanism remains to be 

examined. This could be done by stimulating brain slices from AD and control mice at late 

age and measuring differences in nascent protein synthesis. There is also evidence this can 

work in freshly prepared synaptosomes that retain metabolic activity138,203,204. Another 

approach could utilize Ribo-seq which is a technique that crosslinks ribosomes to transcripts 

being actively translated, then the bound ribosomes can be isolated and their attached 

transcripts sequenced. This technique has been used to show differences in translation 

efficiency between soma and neuropil in micro dissected brain tissue54. 

Another area to be investigated is that of resilient AD patients. AD resilience is defined 

as patients having demonstrable AD pathological hallmarks such as amyloid plaques, but 

little to no cognitive impairment or other clinical symptoms. If we conclude that synaptic 

dysfunction may be a consequence of improper localized translation resulting from 

mislocalized RNAs, it could be that RNA localization is one of the explanatory variables 

defining AD resilience. It may be that despite classic molecular hallmarks such as amyloid 

being present, mRNA synaptic localization is not affected thus not impacting synaptic 

function and cognitive function is retained. Repeating synaptosome sequencing on tissue 

from AD resilient patients could test the merit of this hypothesis. 
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In summary, research into the relationship between localized translation and synaptic 

dysfunction in neurodegenerative disease and aging has a long way to go. The research in this 

thesis sets the stage for realizing the magnitude and importance of how RNA mislocalization at 

synapses may be contributing to disease pathologies and cognitive impairment. Subsequent 

experiments can address possible causes behind mislocalization and assess whether they 

could be therapeutically targeted to restore synaptic plasticity and cognitive function in 

neurodegenerative disease or aging. 
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