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ABSTRACT

Comprehensive Proteome and Transcriptome Studies Reveal RNA
Processing Dysfunction in Alzheimer’s disease

By Bing Bai

Alzheimer’s disease (AD) is an age-related neurodegenerative disorder, currently with
no effective cure. The major hypothesis posits that AD is caused by two hallmark
proteins, AP and Tau. However, patients with similar Ap and Tau pathology can
demonstrate completely different types of dementia.

In order to find more mechanistic proteins to better understand AD neurodegeneration,
we comprehensively studied the insoluble proteome where AP and Tau were initially
discovered. Proteins resistant to detergents were extracted from affected frontal cortex in
postmortem brains of AD and non-demented controls, and then analyzed by liquid
chromatography coupled to tandem mass spectrometry (LC-MS/MS).

Among the 4,216 proteins identified, 36 are significantly increased in AD. These
include AP, Tau and other proteins in pathways known to be disrupted in AD. In addition
to these known proteins, novel proteins from RNA splicing pathway such as U1-70K and
U1A were found to be significantly enriched in AD patients.

Validation by western blotting showed specific, widespread and early-occurring
accumulation of U1-70K and U1A insoluble in AD. Brain tissue immunohistochemical
staining of U1-70K and U1A demonstrated cytoplasmic tangle-like structures in AD
neurons, indicating possible aggregation and dysfunction. Aberrancy of these U1
spliceosomal proteins may lead to defective RNA splicing in AD.

Analysis of the mRNA transcriptome by RNA-seq revealed several splicing alterations
in AD: 1) accumulated pre-mRNA, where the ratio of exon reads to intron reads is
reduced; 2) altered exon junctions; 3) increased premature cleavage and polyadenylation
in AD, where more polyA reads were mapped to the 5’ terminus of coding regions rather
than the 3° UTR region. All these point to deficient RNA splicing in AD.

In summary, two comprehensive analyses involving proteomics and transcriptomics
both revealed RNA splicing disruption in AD, providing a novel mechanistic clue to AD
neurodegeneration.
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Chapter 1:
INTRODUCTION



1. Neurodegenerative disease and protein aggregation
Neurodegenerative diseases such as Alzheimer's disease (AD), Parkinson's
disease (PD), Huntington's disease (HD), amyotrophic lateral sclerosis (ALS) and
prion diseases are all hallmarked by aggregates of misfolded proteins that form

beta-sheet conformation aberrantly (1).

AD is the most common form of dementia with manifestations of memory loss
and cognitive deficit. It is age-related synaptic loss and neuronal loss in the brain.
AD has two types of protein aggregates: extracellular amyloid plaques and
intracellular neurofibrillary tangles. The plaques are mainly composed of the
peptide AP generated by sequential proteolytic cleavage from protein APP, and
the tangles mainly comprise hyperphosphorylated protein Tau. The plaques and
tangles usually initiate in the medial temporal lobe and then spread into
neocortex and other non-cortical regions.

PD mainly affects motor movements, exhibiting symptoms such as rigidity,
bradykinesia, tremor, gait, and balance problems (2). It is caused by death of
dopamine-generating cells in the substantia nigra of midbrain. The pathological
feature of PD is the accumulation of protein alpha-synuclein in the Lewy bodies
in neurons. The protein inclusions are often in the cytoplasm near the nucleus or
in the neurites. The anatomical distribution of the Lewy bodies is directly
correlated to the clinical symptoms of movement disorders.

Huntington's disease (HD) is a neurodegenerative genetic disorder that
affects muscle coordination and also demonstrates cognitive decline and
psychiatric problems (3). It is caused by expanded CAG repeat in the huntingtin
gene, resulting in production of abnormal protein huntingtin with long repeat of
polyglutamine that makes it aggregation-prone. This mutant protein huntingtin
forms aggregates in both cytoplasm and nucleus in the striatum and other basal
ganglia areas, and the cortex as well. The length of the polyglutamine correlates
well with the density of the inclusions, but the existence of inclusion body may
not completely overlap with degenerating neurons (4).

ALS is characterized by rapidly progressive motor weakness including muscle

atrophy and spasticity, with the results of difficulty speaking, difficulty



swallowing, and difficulty breathing (5). It is the most common motor neuron
diseases. In ALS, the ubiquitinated TDP-43 can form aggregates in neuronal cell
bodies and axons in the spinal motor neurons and motor cortex (6). Its causal
role in ALS has been supported by genetic evidence (7).

Prion diseases are a group of progressively neurodegenerative disorders. They
are caused by non-viral proteins that can induce wide spread of both intracellular
and extracellular protein aggregates in the nervous system (8). These aggregates
appear to be similar to the plaques in AD.

There are several factors that contribute to protein aggregation. First, the
aggregation can be accelerated by protein concentration. For example, Down’s
syndrome in which an extra copy of APP is present shows early deposition of A3
plaques (9). PD patients with triplication of the a-synuclein locus have extensive
Lewy bodies and earlier onset of parkinsonism (10). Secondly, protein
aggregation is enhanced by covalent modifications. Examples include oxidation
of a-synuclein (11), phosphorylation of Tau (12) and ubiquitination of TDP-43 (6).
Last, Proteolytic cleavage can lead to protein aggregation too. The amyloid culprit
AR is the fragment cleaved from the soluble protein precursor APP sequentially
B- and y-secretase. Besides, the N-terminal truncate of mutant huntingtin, which
contains the expanded polyglutamine, has much more tendency to undergo
conformational change and aggregate (13).

Overall, insoluble protein deposition is a hallmark of neurodegenerative
diseases, and may involve common cellular and molecular mechanisms. The
different protein aggregates have provided mechanistic clues to the pathogenesis

of neurodegenerative disorders.

2.AD general facts

Alzheimer’s disease (AD) is the most common dementia. It is caused by aging-
related neurodegeneration in the brain (14, 15). AD patients usually experience
memory loss, cognitive impairment, sociability reduction and personality change
(16-18).

The AD situation is worsening in this society. There are currently about 5.2

million Americans estimated to have AD, comprising ~5.0 million people over 65



years old and ~0.2 million younger patients (19-22). AD is now becoming the
sixth leading cause of death in the United States. The direct financial cost of AD
in 2013 was more than 200 billion dollars. Because of no effective cure, the
proportion of AD deaths has been continuously growing over the other major
health problems such as cardiovascular disease, strokes and cancer.

In an attempt to address the effect AD has on society, the government is
investing more on AD research. About 400 million dollars has been provided by
National Human Genome Research Institute and the National Institute on Aging
to support conducting whole-genome and whole-exome studies on AD patients,

aiming to “prevent and effectively treat Alzheimer’s disease by 2025”.

3.AD pathology

AD pathology is hallmarked by: 1) brain atrophy; 2) massive neuronal and
synaptic loss; 3) extracellular plaques and 4) intracellular tangles in cerebral
cortex and the medial temporal lobes (MTL) including the amygdale, subiculum,
hippocampal CA-1 region, entorhinal cortex, and transentorhinal regions (23-25),
although early changes in the olfactory bulb can also be observed (26). AD brains
usually look shrunk, about 10% smaller than age-matched non-demented
controls, with widened sulci and narrowed gyri. The MTL is usually the earliest
affected region (27), shrinking by about 15% per year (28) and by about 66% in
the end (29). The atrophy is even more accelerated when the disease proceeds
from the stage of mild cognitive impairment (MCI) to symptomatic AD (30). The
cortical and MTL atrophy can now be easily monitored in live patients by CT and
MRI (30, 31).

Neuronal loss is a remarkable characteristic in AD. It is considered the cause
of dementia. Normally, the number of neurons in nondemented brains can be
relatively stable for several decades after 60 years old. However, more than 50%
of neurons are lost in AD brains in the superior temporal sulcus (32), and
hippocampal neurons can even drop by 84% in the end stage (29). The entorhinal
cortex (EC) is another most affected region in AD. It is part of the neural circuit
with hippocampus responsible for memory consolidation and maintenance. In

certain layers of this region, there are 32% fewer neurons in patients with mildest



dementia, 40%~60% loss in moderate cases and up to 90% loss in severe cases
(33). It’s notable that Layer II of this region demonstrates the most remarkable
loss, suggesting its critical role in the development of AD. Moreover, the dead
neurons in the neocortex and the hippocampus, regions exhibiting high Ap and
Tau pathology, are mostly cholinergic. Because of this, AD was proposed to be
caused by the failure of the cholinergic system (34).

Synaptic loss occurs very early and even before plaque and tangle formation
in AD pathogenesis. It is proposed to be the key event in AD (35). In the AD
temporal cortex, about 25% of all synapses in layers II-11I and nearly 36% in layer
V are lost; and in the frontal cortex, synapse density is reduce by 27% in layer V.
In average, about 14%~38% of synapses are lost on each neuron (36). The
prominent feature of synaptic loss was further confirmed (37-40).

Deposition of aggregated proteins is intensively studied in AD pathology,
which is hallmarked by extracellular plaques and intracellular tangles. The
plaques mainly include two types: diffuse and neuritic. The diffuse plaques have
no clear boundary and contain no dystrophic neurites or glial cells. They appear
early in the cerebral cortex. In contrast, the neuritic plaques are more condensed
and often mixed with neurites, activated glial cells and inflammatory components.
They can eventually evolve into so-called “burned-out” plaques when other cells
and proteins components are degraded. Plaques occur initially in the neocortex
(24, 25), and might be more abundant in temporal and occipital lobes, while
moderate plaque numbers are seen in the parietal lobe and fewest in limbic and
frontal lobes (41). There is no significant correlation between plaque pathology
and dementia severity in AD (42).

Neurofibrillary tangles (NFT) are made up of paired helical filaments from the
Microtubule-associated Protein Tau (MAPT, or Tau) protein, each of which
contains two axially opposed helical filaments (43-45). They are usually present
in the cell body and neurites of neurons, and called “neuropil” when they appear
in the bundles of axons. When neurons die and neurites disappear, they become
the so-called “ghost tangles”(25). In addition, by age of 85, almost all people will
develop tangles (46). The tangles in AD first appear in the transentorhinal region,

then spread to the adjacent hippocampus, later to the temporal cortex and finally



to the parietal and frontal and cortex. According to the tangle progression and
distribution, AD pathology can be characterized into six stages. In Braak I & IT
stages (early stage): tangles are confined to the transentorhinal region; in I1I & IV
(intermediate stage): tangles spread into entorhinal and transentorhinal regions;
in V and VI (late stage): tangles proceed into neocortex. The NFT stages
correlates better with dementia progression than plaques. In Braak stages I & II,
the cognitive deficit is mild, while it will become much worse in stages V and VI

when the neocortex is widely affected (25).

4.AD molecular research

4.1. Toxic insults and disrupted pathways

4.1.1. Amyloid plaque and AP toxicity

The major component of the extracellular plaques are small protein fragment
species called AP peptides (47). They are sequentially cleaved from the
membrane protein APP (Amyloid Protein Precursor) by two proteases: [3-
secretase (48, 49) and y-secretase (50).

APP is a cell surface receptor that is thought to regulate neurite growth,
neuronal adhesion and axonogenesis in neurons. Normally, APP is directly
cleaved by a-secretase (51) predominantly on the cell surface. However, it can
also be cleaved intracellularly to generate Af (the culprit in AD) by B-secretase
(48). In this pathway, APP is internalized into endosomes where it will either
translocate back to the membrane again or merge with proteases-containing
vesicles to become a lysosome to be degraded. A certain portion of APP in the
endosome will be recycled to trans-Golgi network in which it will be cleaved by [3-
secretase (52). The [-secretase is also present at low level in endoplasmic
reticulum, endosomes and on the cell surface.

Despite these promising advances in our understanding, the more specific
details of APP trafficking and cleavage in neurons are not very clear in neurons
(50). The fundamental question of why APP favors the [-secretase cleavage

pathway in AD is not very clear. The proposed mechanisms include perturbed



APP processing, increased neuronal and synaptic activity (53), altered cell
membrane composition (54-56), reduced level of neurotrophic factors and
declined clearance of AP (57), etc.

Extracellular plaques are mostly composed of A} fragments that can have
different peptide lengths. AB42 and AB40 (named based on the cleavage residue
in the APP protein) are the two major forms, in which the AB42 is more toxic
while AB40 shows potentially protective role. Their ratio in AD determines
neuronal toxicity (58). Treating rat primary hippocampal neurons with A can
directly cause synaptic and neuronal degeneration. Transgenic mice that express
AP and form plaques in the brain demonstrate certain extents of impaired
cognition (59).

The A fragment can be detected in three forms: soluble monomers and
oligomers as well as the insoluble fibrils. These different forms are present in
patients in dynamic equilibrium (60). The soluble monomers and oligomers are
generally considered more toxic (61-63), causing synaptic and network
dysfunction by binding to and interrupting certain receptors on neurons or glial
cells (42, 64). In addition, intracellular Af can be present in mitochondria where

it causes oxidative stress through ROS generation in neurons (65).

4.1.2. Tau hyperphosphorylation and aggregation

The intracellular tangles are mainly made of the microtubule associated
protein Tau (MAPT) (66-68) which is highly phosphorylated (69). MAPT is an
adaptor protein that connects neural plasma membrane and axonal microtubules
to regulate microtubule assembly and structural stability. It is also likely involved
in the establishment and maintenance of neuronal polarity. In AD, MAPT is
heavily phosphorylated at multiple sites, which is thought to allow it to aggregate
and form tangle-like structures. Because dozens of sites are phosphorylated on
Tau, there are many kinases that are involved. The major ones are GSK3[3
(Glycogen synthase kinase-3 beta), CDK5 (Cyclin-dependent kinase 5) and
MARK (microtubule-affinity-regulating kinase) (70). Involvement of these

kinases links tau hyperphosphorylation to inflammation, oxidative stress,



dysregulated energy metabolism, trophic factor deprivation and possible cell
cycle re-entry events.

Tau hyperphosphorylation and aggregation has both neurotoxic loss-of-
function and gain-of-function roles. Normally, phosphorylation of Tau causes its
dissociation from microtubules, preventing its ability to regulate antegrade
axonal transportation. In this way, uncontrolled hyperphosphorylation of Tau
certainly makes it lose this function. Besides this loss-of-function role, soluble
hyperphosphorylated tau induces neuronal toxicity in both rat and mouse
primary neurons (71). It also interferes with mitochondrial respiration (72, 73).
Thus, intracellular Tau tangles usually represent a neuron in the process of dying.

More importantly, Tau mediates amyloid - toxicity in both in vitro and in
vitro experimental systems. For example, AB-induced neuronal death in cultured
primary neurons is not seen when Tau is knocked out (74). A similar
phenomenon is also confirmed in mouse models (75, 76). This ability of Tau to
mediate AP toxicity is proposed to be the major mechanism of AD

neurodegeneration.

4.1.3. Inflammation

Inflammation is widely present in AD brains (77). First, there are substantial
amounts of complement components (C3, C1q, etc.) that colocalize with
extracellular plaques (78). In the AD insoluble proteome, the amount of C3, C4a
and C4b is comparable to the AP level (779). The final activation effector MAC
(membrane attack complex, composed of C5b-9) can also be found on the neuron
membrane and cytoplasm (80). In addition to the complement system, activated
microglia and astrocytic cells also appear surrounding the plaques (81, 82). These
surrounding cells highly express proinflammatory factors including MHC class 11,
Cox-2, MCP-1, TNF-a, IL-1b, and IL-6 (83, 84), some of which can activate or
recruit other glial or immune cells to elicit inflammatory responses (85). Finally,
additional chemokines and cytokines and their receptors such as IL-1a, CXCR2,
CCR3, CCR5, and TGF-b, have been detected in post-mortem AD brains (86, 87).

In recent years, the whole-genome genotyping and genome-wide association

studies have identified new risk genes and gene loci. Some of these include



TREM2(88), CLU, PICALM, CR1, BIN1(89), CD33, ABCA7, MS4A6A CD2AP(90),
EPHA1, HLA-DRB5/DRB1, SORL1, PTK2B, SLC24A4, ZCWPW1, CELF1,
FERMT2, CASS4, INPP5D and MEF2C(91). More than half of these belong to the
immune and inflammatory pathways. Such strong genetic evidence clearly
highlights the role of inflammation in AD, which is now a major direction of
research in the field.

AP peptide is believed to be an initiator of the inflammation in AD (92). A3
soluble oligomers or insoluble plaques activate the complement cascade by
binding to the component C1 (93). They also bind to TLRs (Toll-like receptors)
and RAGE (Receptor for Advanced Glycation End products) on microglia cells.
This leads to activation of transcription factors such as NF-kB and AP-1 and
production of reactive oxygen species (ROS) and inflammation factors (94),
which can then act on cholinergic neurons and stimulate astrocytes to be involved
in this inflammation process. Continuous insult by Af amplifies these immune
responses to an uncontrollable extent. Besides, degenerating neurons release ATP
which further activates microglia through the P2X7 receptor, making the whole
process become a vicious cycle (95-97).

It is notable that inflammation is initially useful for clearance of Ap (98, 99).
The overall deleterious inflammation in AD is probably due to chronic
accumulation of an unbalanced immune response caused by continuous insult of
ApB.

4.1.4. Endocytosis

The discovery of risk loci, PICALM, BIN1, CD2AP and SORL1 by genome-wide
association studies (GWAS) has highlighted the potential role of endocytosis in
AD neurodegeneration(91). Endocytosis is a process of cellular internalization of
extracellular material and subsequently a migration through a series of vesicular
compartments. Abnormal endocytosis has been indicated in multiple human
diseases(100).

In neurons, endocytosis is required for maintenance of synaptic transmission
and regulation from extracellular environment. After firing, some

neurotransmitters or other substance released into the synaptic cleft are
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internalized and repacked with other substances to become a fully mature
presynaptic vesicle for the next firing(101). Disruption of this process certainly
affects the efficiency of constant transmission between neurons. Besides,
endocytosis is the major approach for neurons to receive regulatory signaling by
extracellular molecules, such as hormones and growth factors. For example, the
nerve growth factor(NGF) binds to the neuronal surface receptor and then
internalized into endosome, where it continue to signal in complex with other
partners (TrkA, Ras-MAPK)(102). Defective endocytosis affects neuronal survival.
Because of the synaptic transmission and the enormous distance between
neurites and the cell body, neurons heavily rely on endocytosis which is
extremely active in the dendrites(103). Subtle impairment of endocytosis might
cause neurodegeneration.

Indeed, endosomal abnormality is observed in AD and might play a causal
role. At early stage of the disease when soluble Af starts to increase, endosomes
appears enlarged and overexpress Rabs and Rab4, proteins that regulate
endosome formation and trafficking(104), suggesting endosomal alteration is an
early event in AD pathogenesis. In contrast, such change was not reported in the
early stage of other neurodegenerative diseases.

This uniqueness of endosomal alteration in AD can be corroborated by A3
generation. After APP is internalized, it is first cleaved by B-secretase in the
endosome, and then cleaved again by y-secretase in the late endosome or trans-
Golgi complex for generation of AP} fragments(105). These fragments are less
soluble and tend to aggregate into amyloid. This is a highly specific process in AD.
Therefore, the endosomal alteration and AP generation, the two closely related
events and both unique to AD, might have inherently mechanistic connection, in
which endosome pathology is not likely to be consequential(106).

The potential causal role of endosomal aberrancy can be further implied by a
disease with mutations that cause lysosomal storage disorder. Lysosome is a
fusion of late endosome with membrane vesicles that contains proteases.
Formation of lysosomes is part of the endocytic process. In Neimann-Pick type C
disease (NPC), mutation in either gene NPC1 or NPC2 leads to disrupted

trafficking of cholesterol into trans-Golgi for esterification. The resultant over-
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accumulation of immature cholesterol imposes tremendous stress on the late
endosomes. The NPC patients demonstrate neurodegeneration-related
manifestations including cognitive decline, a typical symptom in AD. More
importantly, what most attractive is that the NPC brains present with robust
neurofibrillary tangles, another AD hallmark, strongly suggesting endosomal
dysfunction has a causative effect in AD.

PICALM, BIN1, CD2AP and SORL1 are genes mainly involved in endocytosis.
Their genetic evidence directly from AD patients by GWAS, together with the
existence of endosomal abnormality, might provide new mechanistic clues. More
studies are required for our better understanding of their roles in AD

pathogenesis.

4.1.5. Oxidative stress

Oxidative stress is clearly evident in AD brains at different molecular targets
including protein, lipid, DNA/RNA and sugars (107). Carbonyls and nitration are
significantly elevated in AD on tyrosine residues, the marker of oxidized proteins
(108, 109). Increased levels of thiobarbituric acid reactive molecules,
malondialdehyde, isoprostanes and 4-hydroxy-2-trans-nonenal, are found in AD
brain extract, indicating excess lipid peroxidation (110, 111). The DNA and RNA
oxidation markers, 8-hydroxy-2-deoxyguanosine (80OHdG) and 8-
hydroxyguanosine (80OHG) products, are highly expressed in both nuclear and
mitochondrial DNA (112-118). The demonstration of increased amounts of
glycation and glycoxidation shows that sugars are also likely to be over-oxidized
in AD (119).

The major contributor of oxidative stress in AD is proposed to be age-related
mitochondrial dysfunction, which is caused by accumulation of mutation in its
DNA over decades of years (117, 120-123). As neurons do not divide, it is
reasonable to assume that any unrepairable modification or damage on the
mitochondrial DNA by spontaneously leaking ROS (Reactive Oxygen Species)
products will be accumulated over time. This accumulation will be accelerated in
neurons at senior age when uncontrolled ROS leaking happen more frequently

and the DNA repairing system is less effective. Mitochondrial DNA encodes 13
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proteins that are critically involved in the oxidative respiratory chain, a process
that has to be tightly controlled for proper control of ROS generation. Mutations
on the DNA can result in aberrant function of these proteins, leading to
disastrous production of ROS. Then, the vicious cycle begins.

Ap is the second insult in AD that can disrupt mitochondrial function. A,
especially the more toxic form AB42, can be detected in mitochondria (65, 124,
125) In mice, AP directly binds to the protein alcohol dehydrogenase to interrupt
its redox function, leading to dysfunctional mitochondria and impaired memory
(126). In addition, altered metabolism of the A} precursor protein APP is thought
to be associated with mitochondrial Dysfunction in Down’s syndrome, an AD-like
disease that is caused by a trippled APP-containing chromosome (127).

Altered levels of oxidized metals are another important source contributing to
oxidative stress in AD. The AP} plaques in AD brains contain remarkably high
concentrations of Cu (400uM), Zn (1 mM) and Fe (1 mM) ions which can bind to
AP in vitro directly (128, 129). Thus, the plaques can be considered as localized

source of oxidative stress (130).

4.1.6. Excitotoxicity

From the studies presented above, it appears that oxidative stress from
excessive free-radical generation plays an important role in AD mechanism (131-
133).

Excitotoxicity in the context of AD is caused by overactivation of NMDA (N-
methyl-d-aspartate) receptors on neurons (134). Almost every neuron in the
brain has this type of ionotropic L-glutamate receptor to mediate postsynaptic
Ca2+ influx. Although normal levels of NMDA receptor signaling are essential for
proper post-synaptic Ca2+ homeostasis, high levels can be detrimental. For
example, high levels of L-glutamate in the growth medium causes extended
period of elevated intracellular Ca2+ for up to one hour, and neuronal death in 24
hours (135, 136).

The excessive activation by NMDA receptors can be caused by AB. Synthetic
AP peptides can potentiate glutamate neurotoxicity in human cortical cultures

(137). Besides, an increased level of AB42 makes mouse hippocampal neurons
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more vulnerable to excitotoxic necrosis (138), possibly by inhibiting glutamate
reuptake or enhanced release (139, 140). More interestingly, NMDA receptor
overactivation can increase Tau expression, phosphorylation and toxicity in
cultured neurons (141-144). Thus, A and Tau can be linked again through
NDMA receptors.

4.1.7. ER (endoplasmic reticulum) stress

ER is the subcellular organelle responsible for a number of functions such as
protein synthesis and folding, calcium storage, and metabolism of lipid and
carbonate. ER stress is a common feature in many neurodegenerative diseases
including AD, Huntington’s disease, ALS (amyotrophic lateral sclerosis) and
Parkinson’s disease (145).

Several studies showed that the unfolded-protein response (UPR) and other
multiple ER-stress associated proteins are altered in AD (146-152). It is reported
that UPR can even be seen in pretangle neurons (153), implying ER stress can be
an early event in AD neurodegeneration.

Abnormal intracellular concentration and distribution of calcium ions is
another indicator of dysfunction of ER in which Ca2* is mainly stored. In AD,
neurons bearing tangles demonstrate more dysregulated Ca2+ than those without
tangles (154). This, again, indicates ER stress is present in AD degenerating
neurons.

As all these lines of evidence point to the ER dysfunction, we might expect AD
brains should have considerable misfolded proteins because protein folding is
mainly performed in ER. However, in a large scale study of potentially misfolding
proteome using mass spectrometry in this thesis, only 43 proteins showed
remarkable accumulation in AD while the other 4000~ proteins show similar
levels in AD and non-demented controls (79). This suggests that the
consideration of ER dysfunction as a causal event in AD pathogenesis needs be

cautious.

4.1.8. Calcium dyshomeostasis
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As mentioned previously, intracellular calcium is altered in AD brain neurons
(146, 155, 156). Although it is technically difficult to measure calcium in situ in
AD postmortem brains, calcium dyshomeostasis is supported by several lines of
evidence.

First, both protein-bound and -free calcium in tangle-bearing neurons are
higher than tangle-free neurons. The increased level of calcium can occur even at
the early stage of neurons with hyperphosphorylated Tau. Moreover, elevated
calcium is observed in spines of neurons surrounding plaques in APP transgenic
mice (157). Secondly, the calcium-dependent protease “Calpain” is widely
activated in AD brains (158, 159). It is notable that calcium dyshomeostasis is not
restricted to neurons, but also appears in other tissues and cells in AD, such as
fibroblasts.

The disrupted calcium can be attributed to ER stress and calcium-binding
proteins. In addition to the dysfunctional ER mentioned before, the calcium-
buffering protein calbindin also plays a role in maintaining calcium balance.
Calbindin levels decrease during aging and much more significantly in AD as
compared to nondemented controls. Furthermore, calbindin knockout mice have
elevated basal calcium in dendritic spines (160) and develop abnormal spine
morphologies (161).

Finally, AP oligomers can bind to NMDA receptors to induce calcium influx
(162), linking calcium dyshomeostasis to the Ap cascade in AD

neurodegeneration.

4.1.9. Neurotrophic factor deprivation

There are mainly four types of neurotrophic factors in the human brain. These
are NGF (Nerve growth factor), BDNF (Brain-derived neurotrophic factor), NT-3
(Neurotrophin-3) and NT-4 (Neurotrophin-3). The best studied one in AD is
BDNF.

BDNF is largely reduced in AD brain neurons in the cortex and hippocampus
at both the mRNA and protein levels (163), and even in MCI (Mild Cognitive
Impairment) patients (164), the early dementia stage of AD. The reduction is

often in the most affected brain regions such as the hippocampus, entorhinal,
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temporal, parietal and frontal cortices. Interestingly, BDNF is largely reduced in
neurons bearing neurofibrillary tangles, but is more abundant in tangle-free
neurons, implying a possible link between BDNF and Tau. However, BDNF is
also reported to be increased not only in AD brains in hippocampal neurons (165,
166), but also in glial cells surrounding AP plaques in APP transgenic mice (167),
suggesting the complicated role of BDNF in AD pathology.

The potential role of BDNF in AD was studied recently. Knockout of BDNF or
its receptor TrkB (tropomyosin receptor kinase B) in mice leads to defective
learning and memory (168), but the same effect of BDNF could not repeated in
other reports (169, 170). A recent study published in Nature medicine confirmed
again the neuroprotective effects of BDNF in APP transgenic mice (171), in which
BDNF gene expression after formation of plaques and neuronal loss successfully
rescued mice from development of learning and memory impairment.
Nevertheless, the role of BDNF deprivation in AD pathogenesis requires more

evidence to be established (172).

4.1.10. Energy metabolism alteration

GSK3B (Glycogen synthase kinase-3 beta) is one of the major kinases
responsible for the phosphorylation of aggregated Tau. Because one of its major
functions is regulating glucose homeostasis, energy metabolism in AD has gained
even more attention in the field. Research found patients with type 2 diabetes or
obesity/dyslipidemic disorders have higher risk factor for mild cognitive
impairment (MCI) and AD, which is confirmed in animal studies (173-175).
Moreover, brain insulin resistance and insulin deficiency correlate with the
progression of AD (176-179). Insulin treatment can actually improve cognitive
performance in both humans and animal models (180). Indeed, type 2 diabetes
and AD do share common molecular alterations (181).

Altered energy metabolism is also evident in living AD patients using
functional MRI (Magnetic Resonance Imaging) or PET (Positron Emission
Tomography) technology. Brain regions often affected early by plaques, such as
posterior cingulate, retrosplenial, and lateral parietal cortex, are very active in

energy metabolism in young adults, while significantly reduced in AD patients
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during memory retrieval (182). This regionally specific default activity might
predispose these regions to plaque formation as more A3 can be generated in
neurons with increased activity (183, 184).

Neuronal energy crisis has also been suggested by reduced cerebral blood flow
(CBF) in most affected brain regions in AD (185-191). Although conclusions from
these reports are confounded by their difference in technological sensitivity and
case selection, it is plausible that stoke and myocardial infarction reduce blood

supply to the brain and thus certainly exacerbate the neuronal stress in AD.

4.1.11. Neuronal cell cycle reentry

Cell cycle re-entry in AD has been observed by several groups for more than a
decade (192-197). Because one of the major kinases that phosphorylates Tau for
its aggregation is CDKs5, a cyclin-dependent kinase involved in mitosis, it is
reasonable to speculate that cell cycle might be activated in the dying neurons.
This assumption is supported by elevated levels of several other cyclins and cell
proliferation markers PCNA and Ki67 in AD brain neurons (198-205).

Interestingly, Tau is phosphorylated during mitosis (206, 207), probably for
reassembly of the tubulins required for cell division. Thus, it is possible that Tau
hyperphosphorylation in AD is just a reflection of neuronal cell cycle reentry as a
secondary effect to aberrant activation of other pathways in neurons. It is notable
that mice overexpressing human Tau also display activated cell cycle event in
brain neurons (194).

Interestingly, neuronal cell cycle reentry can be convincingly observed in APP
transgenic mice (192). They appear much earlier, at about ~6 months of age,
before visible plaques, indicating that it is soluble AP that plays the critical role to
induce them. Again, the toxicity-initiating effect of AP is confirmed. What is more
interesting is that the earliest regions to show cell cycle reentry are locus ceruleus
and dorsal raphe. Although these two regions usually bear few plaques in AD,
they start to demonstrate phosphorylated Tau in young adults as early as under
30 years old (208), a stage even before the initial formation of Tau tangles in the
transentorhinal region (209). These findings highlight that the neuronal cell cycle
reentry fits well into the hypothesis of the AB-Tau axis.
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In this thesis study, I also observed the nuclear protein U1-70K, a RNA
spliceosomal component, redistributes into the cytoplasm surrounding the nuclei.
It is known that U1-70K moves out of nuclei during mitosis, which happens even
before Tau phosphorylation. Therefore, neuronal cell cycle reentry is probably

true in AD neurons as an early event in neuronal degeneration.

4.1.12. Neuronal death in AD

There are three important types of cell death in neurodegenerative diseases:
apoptosis, necrosis and autophagy (210). Determination of the specific type of
cell death can certainly focus the research on the particular triggers and
dysregulated components in the upstream pathway.

Neuronal death in AD brains is not typical apoptosis. Substantial DNA
fragmentation is observed in AD brains in the subiculum, the hippocampus and
the entorhinal cortex with 50-fold increase in neurons those closely AD-
associated regions (211). Although increased expression of both pro- and
antiapoptotic proteins and other cell death-related factors has been evidenced in
AD brains, only 0.02-0.05% hippocampal neurons show apoptotic morphology
and express activated caspase-3. This suggests apoptosis is not the major type of
cell death for neurodegeneration.

Necrosis is possibly involved in AD neuronal death. Although thorough
examination of the morphology and biochemical characteristics is yet to be done
in large number of sporadic AD cases, a ultrastructural study of dying neurons in
neuronal familial Alzheimer's disease brains with E280A mutation on presenilin-
1 has shown typical features of necrosis in the majority of TUNEL-positive
neurons (212). Necrosis as a more prominent feature in AD neurons is also
suggested in many other reports (213).

It’s notable that only about 28% degenerating neurons are nearby the plaques
and about 41% degenerating neurons bear NFTs, suggesting both the AP plaques
and neurofibrillary tangles are not likely the direct initiating death triggers. It’s
reported that soluble form of AP can induce neuronal necrosis but not
apoptosis(214). Moreover, activated caspase 3 can be detected in over 50%

neurons showing signs of granulovacuolar degeneration (GVD); it was restricted
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to the granules that have a “pre-tangle” stage but no nuclear alterations of
apoptosis. These findings suggest that soluble A might be able to induce
neuronal death, but not Tau.

Autophagy could be the main type of neuronal death according to a study in
which it was extensively present in AD neocortex as demonstrated by immuno-
electron microscopy(215).

Considering the long duration of AD disease progression and complicated
cellular context, we might expect that neuronal death can be an integrated type of
apoptosis, necrosis and autophagy, which may even differ among individual

neurons(216).

4.2. The genetics of Alzheimer disease

So far, through whole-genome genotyping and genome-wide association
studies (GWAS), three genes are identified to have causative mutations in AD:
APP, PSEN1 and PSEN2. In contrast, the other components in the paradigm Af-
Tau pathway such as BACE1&2, PEN and APH (y-secretase subunits) as well as
Tau, have no mutations reported to be associated with AD so far. Mutations in
APP either cause doubled APP protein expression or increased production of AB.
Mutations in PSEN1&2 are loss-of-function, which changes their cleavage
preference of APP at the C-terminus so as to increase the ratio of AB42/ Ap40
although the total AP level is reduced. Because all these three mutated genes
belong to the AP cascade pathway, their causal role in AD pathogenesis is greatly
confirmed.

APOE and TREM2 (Triggering Receptor Expressed on Myeloid cells 2) are
two risk genes for AD (91). APOE allele 4 and TREM2 mutation (R47H) are
statistically associated with AD patients (88, 217, 218). APOE normally regulates
cholesterol and lipid metabolism. It is also shown to be involved in A3
aggregation and the allele 4 has greater ability to promote the formation of
plaque than other alleles (219-221). TREM2 is a membrane protein that is

involved in immune response and chronic inflammation.
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Twenty one other variants are identified to be in loci close to genes including
CLU, PICALM, CR1, BIN1, CD33, ABCA7, MS4A6A/MS4A4E, CD2AP, EPHA1,
HLA-DRB5/DRB1, SORL1, PTK2B, SLC24A4, ZCWPW1, CELF1, FERMTz2,
CASS4, INPP5D, MEF2C, and NMES respectively (91). Interestingly, they mainly
belong to functions related to immune response and cholesterol metabolism. The
comprehensive genetic evidence confirms APP metabolism and reinforce

inflammation as am important contributor in the etiology of AD pathogenesis.

4.3. Animal Models of Alzheimer Disease

Many different animal models have been used in AD, including C. elegans, fly,
zebra fish, monkey, etc. The most common one is mouse. Current mouse models
are mainly transgenic lines using the three AD-associated genes: APP, presenilin
and Tau. The common ones are Tg2576 (APP695-K670N/M671L), 5X FAD
(APP695-K670N/M671L, 1716V, V7171, PSEN1-M146L, L.286V) and 3xTg
(APP695-K670N/M671L, PSEN1-M146V, Tau- P301L) (222). These mouse
models show plaques and/or tangles depending on the gene they express.

The mouse models described above have been used as a tool to study
particular insult(s) in the brain and provided valuable information. However,
there are certain limitations with these models. First, the APP transgenic mice
usually do not develop tangles and Tau mice do not have plaques. Moreover, the
AD hallmarked synaptic and neuronal loss are not always seen and never
massively present like in AD, even in the triple transgenic mice (3xTg). Last,
learning and memory impairment can be seen even before the formation of
plaques or tangle, although this can be interpreted as neuronal toxicity caused by
soluble A rather than the insoluble plaque (223, 224). Because of the substantial
difference of these mouse brains from human brains, we should be cautious when

we consider them as “Alzheimer’s mice”.

4.4. Summarized AD model and the opening question
The major hypothesis in the field posits AD is initiated by Ap and mediated by
Tau (Figure 1.1). The initiating role of A is supported by genetic evidence.
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Three AD associated genes that have been identified so far are APP, PSEN 1 and 2,
all of which are involved in A} generation (225). Besides, a mutation in APP that
leads to reduced production of AP prevents individuals from developing AD (226),
supporting the requirement of AP in AD pathogenesis. However, the brain load of
AP plaques does not correlate with the severity of dementia, in which patients
with heavy Ap amyloid may present no memory loss at all, indicating AP} plaque
alone cannot cause AD neurodegeneration. Therefore, disruption of other
pathways is required to induce neuronal degeneration.

As mentioned previously, inflammation, oxidative stress, ER stress,
neurotrophic factor deprivation and other toxic insults or aberrant cellular events
are present in the brain either as a secondary effect to AP soluble oligomers and
insoluble plaques or present as co-criminals. They should be the executors of
neuronal death. However, it is not clear which one plays the major role in order
for us to develop drugs to target it specifically. Tau hyperphosphorylation and
aggregation can be one of the contributors, just like those disrupted pathways in
the black box, but it could be just a consequence of those disrupted pathways,
because the dying neurons outnumbers the tangle-bearing neurons and
dysregulation of many pathways has already been observed prior to presence of
the tangle.

Overall, AP aggregation is certainly the initiating event as it induces
inflammation and causes disruption of multiple pathways, corroborated by the
fact that neuritic plaques (the AP plaque merged with activated microglia and
astrocytes, degenerating neurons and neurites with aggregated Tau) correlates
much better than diffusive plaque (mainly AP aggregates only) with dementia
stages. However, the remaining question in the current AD model is that we still
have no clue how exactly the neurons are killed. Therefore, in this study, we try to
find a widespread, AD-specific and early-occurring disruption of a protein or a

pathway in order for better understanding the mechanism of AD neuronal death.
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Figure 1.1 AD mechanism model. AB initiates the AD pathogenesis, but
requires involvement of other pathway disruption to induce neuronal
degeneration. Tau might be just one of the disrupted pathways in the black box.
Which pathway plays the major role and how it causes the synaptic and neuronal
loss is still an opening question in AD field. The aim of the thesis is to find
potential molecules that can fit in this model for better understanding of AD

mechanism.
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5.Introduction of Proteomics by LC-MS/MS

5.1. Working principle of LC-MS/MS

Mass spectrometry (MS) measures the mass-to-charge ratio (m/z) of an
analyte. The mass and charges of an analyte determine its moving track in a
defined electromagnetic field, which can be captured and recorded by a specific
detector (227, 228). A protein or a peptide is composed of amino acids with
known molecular mass each. Thus, when it brings charges, its overall mass can be
measured by MS.

Currently, there are two common methods for this purpose: Electrospray
ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI) (229,
230). ESI ionizes the analytes out of a solution and it is often used for detection
of peptides with large complexity, while MALDI ionizes the samples out of a dry
and crystalline matrix by laser pulses and it is suitable for detection of relatively
larger and purer peptides or proteins. Therefore, ESI is applied in the LC-
MS/MS pipeline.

LC-MS/MS (Liquid chromatography coupled with tandem mass
spectrometry ) is now the most prevalent method to analyze the proteins in
highly complex samples like whole tissues or cell lysates. In this method (Figure
1.2), whole lysate samples are first digested by a protease (usually trypsin) into
peptides in a solution or in a gel band after SDS-PAGE. These peptides are then
loaded to a capitulary column filled with hydrophobic micron beads for reverse
phase liquid chromatography. Peptides with different hydrophobicity are
sequentially eluted by the flowing buffer with increasing gradient of organic
solvent like acetonitrile. Eluted peptides flow to the end tip of the column where
high voltage (1.8~2.5kV) is applied. At such high voltage, peptides in the acid
liquid mist full of hydrogens (H+*) are sprayed into the entry part of MS machine
where high temperature suddenly evaporates the liquid droplets into gas phase.
This makes the H* ions attach to the peptides, a process called peptide ionization
or ESI. Ionized peptides keep moving toward traps with different well-defined

electromagnetic field and scanned by the detector to measure their m/z ratio.
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This first scan is commonly called MS1. Because many different peptides can
have the same overall mass, mere m/z ratio is not sufficient to differentiate them.
The MS machine then selects one peptide at a time to fragment it and measure
the product ions. This generates the spectra which is MS2. The whole process
only takes about 0.1 second. Thus, 18,000 sequencing events can be attempted in
30 min. Each peptide should have a particular spectrum of fragments and thus
generate a unique MS2 spectra that can different it from others. The MS1 and
MS2 can be mapped to a database that has theoretically standard spectra for each
peptide. The best matched standard is considered as the peptide candidate.
Major limitations of protein detection by LC-MS/MS include: 1) Proteins have
no suitable cleavage sites to generate MS compatible peptides with appropriate
length and hydrophobicity; 2) Proteins have heavy modifications. Modified

amino acids might not be cleavable by proteases for digestion. The additional

mass is unpredictable if the modifications are largely unknown.
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Figure 1.2 Working principle of liquid chromatography coupled with tandem
mass spectrometry (LC-MS/MS).
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5.2. LC-MS/MS application in neurodegenerative diseases

Mass spectrometry-based proteomic analysis has been widely used to study
neurodegenerative diseases not only for large scale proteome profiling (231-236)
but also for protein modifications such as phosphorylation (237), ubiquitination
(238, 239), nitration (240, 241) and others in both human postmortem and
mouse tissues. These proteomic studies have provided useful information for
better understanding of the disease mechanism (242), and also discovered
several candidates for disease-specific markers (243-245). Our discovery of U1
pathology in this study can be a great example for the first time that proteomic
analysis can reveal proteins dysregulated in a critical pathway.

Despite the unique merit of MS technology, it also has some limitations in
studying neurodegenerative diseases (235, 246). One major problem arises from
the use of clinical tissue samples. These samples from different cases have large
variations, including tissue complexity, disease stage, sample preservation, etc.
Besides, each sample is composed of highly heterogeneous cells with different
number, type, cycle stage, activation status and others. For example, if a subset of
neurons has a protein change at about 10-fold, it could demonstrate no change at
all in the whole tissue homogenate when this subset only occupy less than 10% of
total cells. Selection of the sample at reasonable disease stage and from the
pertinent brain regions is essential to guarantee the results will represent the
disease status precisely.

The other problem comes from the current capability of LC-MS/MS. Because
the brain is a highly complicated organ, the proteins in it are highly complex. It
can be estimated that the number of proteins is about 20,000. This requires
much higher performance of LC-MS/MS that has more efficient fractionation of
peptides, higher resolution of the reverse phase liquid chromatography and
enhanced sequencing speed and accuracy of MS machine.

These technical challenges are now under intensive study and progresses have

been continuously made.
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6. Transcriptome analysis by RNA-seq

6.1. Working principle of RNA-seq

RNA-seq is a revolutionary technique that was recently developed for
comprehensive analysis of the transcriptome (247-249). In this technique, total
RNA is first extracted from cell or tissue samples. Then the subset of RNA (e.g.,
mRNA, microRNA, etc.) is purified using specific methods. The highly enriched
RNA is fragmented into RNA pieces and reverse transcribed into cDNA using
random primers. (Sometimes, the fragmentation can also be performed after the
reverse transcription.) After the second strand ¢DNA is synthesized by DNA
polymerase I, the termini of the double strand DNA are end-repaired and
adenylated in order to be ligated with adaptors next.

After purification, the cDNA template with about 200bp is chosen and
amplified by PCR. Sequencing is done usually on a next-generation-sequencing
(NGS) machine. The machine has a flow cell that is densely coated with two
adaptors. The denatured DNA sample is loaded onto the flow cell. When the
concentration is low enough, DNA stands are far from each other and bind to
either of the adaptors. After the amplification process, each strand forms a cluster
of amplified products on a micro-spot. After removing one of the strands, the
other adaptor-specific primer and fluorescent nucleotide are added to start the
sequencing. Nowadays, the transcriptome analysis can be done in just two weeks.
It is now becoming widely used in studying human diseases by analyzing

transcriptome of clinical tissues (250).

6.2. RNA-seq application in neurodegenerative diseases

RNA-seq has been recently used in neurodegenerative diseases (251). In the
field of amyotrophic lateral sclerosis and frontotemporal degeneration, TDP-43
was discovered to be the major component of the protein aggregates in the
patient brain. RNA-seq analysis revealed long pre-mRNA depletion and RNA

missplicing in mice when TDP-43 was knocked down, providing evidence that
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TDP-43 dysfunction in neurons can result in RNA disruption and neuronal
vulnerability to death (252, 253).

RNA-seq was also utilized to study the mRNA transcriptome in brains of
Alzheimer’s disease, and revealed RNA expression level changes and certain
splicing alterations in different brain regions (254, 255). It is also utilized to
analyze total mRNA from AD mice brain tissues which has provided some useful
information (256). However, most of the studies on clinical brain tissues were

compromised by sample heterogeneity and case variation (257).
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Chapter 2:

U1 SMALL NUCLEAR
RIBONUCLEOPROTEIN COMPLEX AND
RNA SPLICING ALTERATIONS IN
ALZHEIMER’S DISEASE
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Deposition of insoluble protein aggregates is a hallmark of neu-
rodegenerative diseases. The universal presence of p-amyloid
and tau in Alzheimer’s disease (AD) has facilitated advancement
of the amyloid cascade and tau hypotheses that have dominated
AD pathogenesis research and therapeutic development. How-
ever, the underlying etiology of the disease remains to be fully
elucidated. Here we report a comprehensive study of the human
brain-insoluble proteome in AD by mass spectrometry. We identify
4,216 proteins, among which 36 proteins accumulate in the dis-
ease, including U1-70K and other U1 small nuclear ribonucleopro-
tein (U1 snRNP) spliceosome components. Similar accumulations in
mild cognitive impairment cases indicate that spliccosome changes
occur in early stages of AD. Multiple U1 snRNP subunits form cy-
toplasmic tangle-like structures in AD but not in other examined
neurodegenerative disorders, including Parkinson disease and
frontotemporal lobar degeneration. Comparison of RNA from AD
and control brains reveals dysregulated RNA processing with ac-
cumulation of unspliced RNA species in AD, including myc box-
dependent-interacting protein 1, clusterin, and presenilin-1. U1-
70K knockdown or antisense oligonucleotide inhibition of U1
snRNP increases the protein level of amyloid precursor protein.
Thus, our results demonstrate unique U1 snRNP pathology and
implicate abnormal RNA splicing in AD pathogenesis.

proteomics | liquid chromatography-tandem mass spectrometry | U1A |
RNA-seq | premature cleavage and polyadenylation

eposition of insoluble protein aggregates is a prominent
feature of neurodegenerative diseases. Identification of the
aggregated proteins provides crucial insights into molecular path-
ogenesis, such as p-amyloid (Af) and tau in Alzheimer’s disease
(AD) (1-3), a-synuclein in Parkinson disease (PD) (4, 5), and
TDP-43 in ubiquitin-positive frontotemporal lobar degeneration
(FTLD-U) and amyotrophic lateral sclerosis (ALS) (6). In AD,
studies of amyloid (7) and tau (8) have provided extensive knowl-
edge concerning pathogenic mechanisms; however, the underlying
etiology of the disease remains incompletely understood (9).
Unbiased approaches have great potential to shed new light on
AD pathogenesis. For example, genome-wide association studies
have identified a growing list of more than 10 genes linked to
AD risk. Advances in proteomics technologies (10, 11) allow
unparalleled opportunities to directly examine protein level
differences in neurodegenerative diseases. These differences can
be used to develop biomarkers of disease and provide insights
into disease pathogenesis. Feasibility of a proteomics approach
as well as disease-relevant changes have been described in both
plasma (12-14) and cerebrospinal fluid (15-17), highlighting the
utility of proteomics in biomarker development. We, and others,
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have also demonstrated the potential for this approach in iden-
tifying neurodegenerative-specific changes in postmortem brain
tissues. Using subproteome studies, constituents of isolated amyloid
plaques (18), AD hippocampus (19), cortical Lewy bodies (20),
AD membrane fraction (21), and specific phosphorylation sites
in neurofibrillary tangles (22) were identified. Using broader
discovery proteomics, we demonstrated unique candidate proteins
in both AD (23, 24) and FTLD-U (25).

To achieve more detailed characterization of abnormally ag-
gregated proteins in AD, we undertook a comprehensive study
of the human brain-insoluble proteome in AD and other neu-
rodegenerative diseases by liquid chromatography-tandem mass
spectrometry (LC-MS/MS). Among the proteins that accumulate
in the AD-insoluble proteome, we identified several components
of the U1 small nuclear ribonucleoprotein (U1 snRNP), which is
a constituent of the spliceosome complex responsible for RNA
processing. Pathological examination demonstrated striking and
widespread accumulation of extranuclear aggregated Ul snRNP
components in neuronal cell bodies. Functional consequences
of these observations were reflected in widespread alterations
in RNA processing in human AD brains. Our findings demonstrate
a unique pathological association and suggest that disruption of
neuronal RNA processing may play a key role in AD pathogenesis.

Results and Discussion

LC-MS/MS Analysis Reveals an Enrichment of U1 snRNP in the AD
Proteome Compared with Other Neurodegenerative Proteinopathies.
We designed a pooling strategy with replicates (26) to simplify
the analysis of protein aggregates in cortical tissue harvested
from 10 AD and 10 age-matched, nondemented cases (Fig. 14;
Fig. S1, and Dataset S1). Aggregated proteins typically show low
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solubility and differential extraction with the anionic detergent
sarkosyl has been commonly used to enrich for aggregated tau
(27), a-synuclein (28), and TDP-43 (6). We thus prepared and
analyzed sarkosyl-insoluble fractions by gel electrophoresis (Fig.
1B) and LC-MS/MS. A total of 4,216 proteins were identified
(<1% false discovery rate; raw data has been deposited at www.
proteomexchange.org, identifier PXD000067), and 36 proteins
accumulated in AD (<5% false discovery rate by two statistical
approaches; Table 1). As expected, AP and tau were abundantly
enriched in AD, together with other known proteins regulating
AP metabolism (29). Consistent with the notion that inflamma-
tion (30), phosphorylation networks (8), synaptic plasticity (31),
and mitochondrial regulation (32) are altered in AD, we found
that numerous proteins involved in these pathways are prefer-
entially enriched in the disease tissues. Interestingly, we observed
that two subunits (U1-70K and U1A) of the Ul snRNP and
the associated RNA helicase Prp5 (33) were highly elevated in
the AD-insoluble proteome, indicating possible deposition of the
Ul snRNP.

Bai et al.

Control AD

the maximum to 100. Two replicates were
analyzed, and the bars indicate the values
of mean + SEM. (E-/) Western blotting
| analysis of U1-70K or U1A in biochemical

Control AD
5 6 710 2 3 8 10
|

il : brain extracts from control and neuro-
UL-70K : degenerative cases, and the strategy for
= (fulllength) - o = protein sequential extraction. The case
numbers are shown. B, blank. The exposure
N4OK- - -

time was longer in [ Left than in others. At
least one AD sample and one control sample
were loaded on every gel for comparison.

We used the same proteomics strategy to analyze cases of PD,
FTLD-U, ALS, and corticobasal degeneration (CBD; Dataset
S1), and determined whether the U1 snRNP changes are specific
to AD or common in other diseases with protein aggregates. We
also studied cases of mild cognitive impairment (MCI), which
is often a prodromal stage of AD, to determine if proteomic
changes occur early in the disease. As anticipated, the level of
detergent insoluble tau was high in AD and CBD (a prototypical
tauopathy), lower in MCI, and barely detectable in PD, FTLD-
U, and ALS (Fig. 1 C and D); A also showed a marked increase
in AD, a moderate increase in MCI, but no accumulation in the
other diseases. Importantly, the levels of insoluble U1-70K and
U1A were highly correlated with that of AP rather than tau, sup-
porting the conclusion that U1l snRNP accumulation is specific to
AD and occurs early during the disease development.

To confirm the proteomic changes and further analyze the
aggregation of Ul snRNP proteins in individual cases, we used
specific antibodies (Fig. S2) to probe for U1l-70K and UlA in
brain extracts (Fig. 1 £ and F). The detergent insoluble U1-70K
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Table 1. Identified proteins that are accumulated in AD vs. control cases
Spectral counts*
Accession no. Protein names Cti1 Ct2 AD1  AD2
AB peptide metabolism
NP_000475.1 AB peptide 9 31 169 196
‘ NP_000032.1 Apolipoprotein E 1 1 49 92
- . NP_115907.2 Collagen, type XXV, alpha 1 isoform 2 1 23 24
- NP_004369.1 Cellular retinoic acid binding protein 1 0 0 9 7
r‘ Cytoskeleton maintenance
m NP_058519.2 Microtubule-associated protein tau 10 11 824 989
NP_116757.2 Dystrobrevin alpha 0 11 23 24
Inflammation
NP_009224.2 Complement component 4a preproprotein 7 7 77 128
NP_001002029.3 Complement component 4b preproprotein 7 7 81 163
NP_000055.2 Complement component 3 1 2 57 93
Protein phosphorylation
NP_005246.2 Cyclin G-associated kinase 0 1 7 11
NP_002842.2 Protein tyrosine phosphatase, zeta1 2 0 9 10
NP_644812.1 T-cell activation protein phosphatase 2C 0 0 6 7
Synaptic plasticity
NP_982271.1 Synaptojanin 1 17 9 59 56
NP_001626.1 Amphiphysin 16 14 44 35
NP_640337.3 Syntaxin binding protein 5 2 9 24 22
NP_055804.2 Regulating synaptic membrane exocytosis 1 0 2 12 11
NP_056993.2 Neuroblastoma-amplified protein (with a Sec39 domain) 0 0 4 10
NP_066973.1 Glutamate receptor interacting protein 1 0 0 7 7
Mitochondrial regulation
NP_892022.2 Mitochondrial nicotinamide nucleotide transhydrogenase 46 46 133 95
NP_066923.3 Mitochondrial NFS1 nitrogen fixation 1 11 17 45 40
NP_000134.2 Mitochondrial fumarate hydratase 5 12 34 33
NP_570847.1 Optic atrophy 1 1 2 15 15
NP_004270.2 Mitochondrial processing peptidase 1 1 13 8
RNA splicing
NP_003080.2 U1 small nuclear ribonucleoprotein 70 kDa 2 2 &l 39
NP_004587.1 U1 small nuclear ribonucleoprotein A 0 1 12 22
NP_055644.2 ATP-dependent RNA helicase DDX46, Prp5 0 0 9 17
Metabolic reactions
| NP_001120920.1 4-Aminobutyrate aminotransferase 20 25 56 60
NP_036322.2 10-Formyltetrahydrofolate dehydrogenase 10 16 40 33
NP_001094346.1 Phytanoyl-CoA dioxygenase domain containing protein 1 0 0 9 7
NP_835471.1 Nicotinamide nucleotide adenylyltransferase 3 0 7 4
NP_149078.1 Asparagine-linked glycosylation 2 0 5 4
Others
NP_056450.2 GTPase activating protein and VPS9 domains 1 1 2 13 13
NP_065871.2 Phosphatidylinositol-dependent Rac exchanger 1 (P-REX1) 0 0 5 6
NP_006086.1 Aminophospholipid transporter 9 6 24 29
NP_055839.3 RAN binding protein 16 (exportin 7) 3 8 24 24
NP_055806.2 ALFY, involved in macroautophagy 0 0 5 4

Results of two control case pools (Ctl1 and Ctl2) and two AD case pools (AD1 and AD2). These proteins elevated
in AD were analyzed by two statistical approaches (false discovery rate <5%) with accession no. in National Center for
Biotechnology Information Reference Sequence Database. AB, ApoE, tau, and RNA splicing factors are shaded.

*Spectral counts are used as a quantitative index.

was increased in all 10 AD cases as well as in 7 of 10 MCI cases;
U1A accumulated in 8 of 10 AD cases. In contrast, U1-70K was
not aggregated in any other cases of PD, FTLD-U, FTLD-tau,
and CBD, except in three PD samples. Reexamination of these
three PD cases with additional histochemical staining identified
coexisting AD plaque and tangle pathology. These data strongly
validate the uniqueness of Ul snRNP accumulation to AD.

16564 | www.pnas.org/cgi/doi/10.1073/pnas.1310249110

Biochemical Confirmation of U1 snRNP Alterations in AD. We next
sought to examine the total protein level of U1-70K and to
characterize U1-70K biochemically in the AD brain. Samples
were homogenized and extracted using three buffers with in-
creasing stringency: a low-salt buffer, a sarkosyl-containing so-
lution, and 8 M urea (Fig. 1G). In a comparison of AD and
control cases (Fig. 1H), U1-70K displayed no obvious difference

Bai et al.



in either the total homogenate or the sarkosyl soluble fraction.
Intriguingly, the low salt-extracted U1-70K was decreased in AD
cases (~threefold difference; P < 0.01; Fig. S3). This result, to-
gether with the enrichment of U1-70K in the sarkosyl-insoluble
(i.e., urea) samples, indicates that the biophysical characteristics
of U1-70K are altered in AD, resulting in its aggregation and
depletion from the low salt-soluble pool. These findings suggest
a possible loss of U1-70K function in AD.

Aggregation of protein fragments is common in neurodegen-
eration (34, 35). We found that in the AD samples, U1-70K was
identified by mass spectrometry in two regions of the SDS gels
(~70 kDa and ~40 kDa; Fig. 1B), and the 40-kDa region con-
tained only N-terminal peptides of U1-70K. The heterogeneous
N-terminal fragments were confirmed by immunoblotting using
antibodies specific to either N terminus or C terminus of U1-70K
(Fig. 1I). Thus, U1-70K is internally cleaved and the resulting
N-terminal fragments are detected in the detergent-insoluble
proteome. We examined U1-70K for characteristics of prion-like
domains (PrLDs) that were recently identified in heterogeneous
nuclear ribonucleoproteins (hnRNP) in multisystem protein-
opathy and ALS (36). Though structural analysis (37) indicates
that the first 100-residue region in U1-70K is intrinsically dis-
ordered and may contribute to the aggregation process, no PrL.Ds
were identified.

U1 snRNP Forms Tangle-Like Inclusions in AD Brain. Immunohisto-
chemical analysis was performed to examine the localization and
accumulation of Ul snRNP components in AD. These studies
revealed that Ul-70K and UlA form cytoplasmic tangle-like
aggregates in 17/20 and 9/10 AD cases, respectively, but not in
controls (Fig. 2 A-D; Dataset S1). These pathological changes
were not present in FTLD-U and FTLD-tau cases (Fig. 2 E-H)
despite the presence of TDP-43 (Fig. 2F) and tau (Fig. 2H)
pathology. PD and CBD cases also did not show abnormal
accumulations of U1l snRNP protein components (Dataset S1).
Antibodies against the 2,2,7-trimethylguanosine cap that is
characteristic of spliceosomal RNAs also stained cytoplasmic
tangle-like aggregates (Fig. S4 M and N), and quantitative RT-PCR
showed enrichment of U1 snRNA in the AD-insoluble fraction
(Fig. S54). Other RNA splicing factors, such as hnRNP A/B,
recently suggested as a dysfunctional splicing factor in AD (38),
and serine/arginine repetitive matrix protein 2 (SRRM2), did not
demonstrate tangle-like aggregates, suggesting that this may
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be a Ul snRNP-specific process (Fig. S4 A-D). Although pure
tauopathies (e.g., FTLD-tau and CBD) do not show U1-70K
aggregation, double staining of AD cases indicates that U1-70K
inclusions are closely associated with tau-immunoreactive neuro-
fibrillary tangles (NFTs; Fig. 2 I-L), implying possible relationship
between the mechanisms of U1-70K and tau deposition in AD.
To better define the relationship of U1-70K pathology to that of
NFTs, we examined hippocampus and temporal, frontal, and
occipital cortices of AD cases with progressively severe neuro-
fibrillary pathology (Braak stages 0, III, and VI). The appearance
of U1-70K spreads across the brain in a sequence similar to that
seen for tau NFTs (Fig. S40). Dramatic progression in U1-70K
pathology between Braak stage III and VI leads to uniform ac-
cumulation in all brain regions (Fig. S4 E-L). These data are highly
consistent with our biochemical analyses, strongly demonstrating
specific U1 snRNP pathology in AD.

Deep RNA Sequencing Demonstrates Splicing Abnormalities in AD.
The biochemical and pathological changes in Ul snRNP compo-
nents in AD brains suggest a possible loss of nuclear spliceosome
activity. Though alternative splicing of specific genes has been
previously reported (39), global disruption of RNA processing
has never been suggested in AD. To address this possibility, we
performed deep RNA sequencing (40) of frontal cortex RNAs
using two independent sample groups from the brain banks of
Emory University (four control and five AD cases) and the Uni-
versity of Kentucky (UKY; three control and three AD cases). In
both groups, a higher proportion of AD brain-derived reads
mapped to intronic sequences of known genes (P = 0.041 in
Emory cases, P = 0.003 in UKY cases; Fig. 34). For individual
genes, we further defined the ratio between length-normalized
intronic and exonic reads as a splicing deficiency score. The dis-
tribution of the splicing deficiency scores of all mapped genes
clearly indicated splicing defects in AD (n = 10,490 in Emory
group, n = 14,583 in UKY group; P < 2.2 x 107'® in both groups;
Fig. 3B). A large number of genes were affected in AD (3,014
genes with high splicing deficiency scores in both Emory and
UKY AD cases, 5% false discovery rate, by two statistical ap-
proaches; Fig. 3B and Dataset S2). To confirm these findings, we
applied the NanoString approach (41) to analyze 12 selected
transcripts implicated in AD pathogenesis using high-quality RNA
samples (average RNA integrity number score = 8.0; 14 control and
15 AD cases; Dataset S1). For each gene, we quantified the ratio

D U1A (AD)

o

A

Fig. 2. U1-70K and U1A show neurofibrillary
tangles in AD pathology. (A-D) Representative
immunohistochemistry images with diaminobenzidine
staining of selected control and AD brain slides
(50-pum sections). (Scale bar, 5 um.) (E-H) Represen-
tative adjacent sections of FTLD-U and FTLD-tau cases
demonstrating normal U1-70K distribution despite
the presence of TDP-43 and tau pathology, respec-
tively. (I-L) Double-immunofluorescence staining
indicates partial colocalization of U1-70K with tau
in AD. (Scale bar, 5 pm.)
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Fig. 3. RNA splicing impairment in AD, and APP up-regulation upon splicing inhibition. (A) The frequency of summed intron reads is higher in AD than in
control. The bars indicate mean + SEM (P value derived by Student t test). The Emory and UKY samples were processed independently. The batch discrepancy
may be due to sample quality difference and experimental variations. (B) The histograms of splicing deficiency scores of all mapped genes show a statistically
significant difference between AD and control in both Emory and UKY groups (P < 2.2 x 107'® for both groups, Kolmogorov-Smirnov test). (C) Evaluation of
RNA splicing efficiency by measuring mRNAs and pre-mRNAs of selected genes in control and AD cases. The bars indicate the values of mean + SEM (AD: n =
15; control: n = 14; asterisks: P < 0.05, Student t test). (D) Poly(A)-containing reads from 5’ to 3’ of every gene were defined and normalized according to the
total poly(A) reads of the gene. Every transcript was divided into coding region (0-100, from start to stop codon) and 3’ UTR region (100-200), then into
20 bins. The poly(A) read percentage in each bin was averaged for all genes in every case, and plotted to represent the frequency of PCPA. The PCPA frequency
was markedly different between control and AD cases (P < 2.2 x 10~'® for Emory group, P < 6.9 x 107" for UKY group, Kolmogorov-Smirnov test). (E) U1-70K
knockdown increases APP and Ap40 levels in HEK293 cells. The cells were transfected for 2 d, then cultured in a low-serum medium and harvested at day 0, 1,
and 2 for analysis (asterisks: P < 0.05, Student t test; N.D., not detected). APP and AB40 were analyzed by immunoblotting and ELISA, respectively. (F) PCR
to examine the specificity of U1 AMO. The reaction was designed to amplify the U1 RNA 5’-end region with the addition of control AMO or U1 AMO as

inhibitory competitor. (G) The APP level increases upon AMO inhibition of U1 snRNP.

between pre-mRNAs and mature mRNAs, comparing abundance
of exonl-intronl junction sequences to exonl-exon2 junction
sequences, as a measure of splicing efficiency. The splicing ef-
ficiency for eight transcripts in the AD cases showed significant
reduction (i.e., a relative increase in intron 1-containing RNAs;
P < 0.05; Fig. 3C and Dataset S3). Finally, using traditional
quantitative RT-PCR methods, we validated the results for three
transcripts genetically linked to AD pathogenesis: myc box-
dependent-interacting protein 1, clusterin, and presenilin-1 (Fig.
S5B). Taken together, these results strongly support a profound
alteration in RNA processing in AD.

In addition to a role in splicing, Ul snRNP is recruited to
nascent transcripts to suppress premature cleavage and poly-
adenylation (PCPA) on cryptic poly(A) sites, and moderate
inhibition of U1 snRNP by antisense morpholino oligonucleotide
(AMO) leads to PCPA in a 5'-3’ direction (42). We did not
perform high-throughput sequencing of differentially expressed
transcripts (43) in our experiments and did not have sufficient
data to fully assess potential changes in telescripting in AD; how-
ever, examination of RNA sequencing (RNA-seq) data revealed
more poly(A)-containing reads in the 5" end of transcripts among
AD cases than controls in both Emory and UKY groups (n =
13,315 in Emory group, # = 11,431 in UKY group; P < 1 x 107

16566 | www.pnas.org/cgi/doi/10.1073/pnas.1310249110

in both groups; Fig. 3D). These data suggest the intriguing
possibility that partial loss of U1l snRNP function in AD might
result in increased PCPA in addition to altered splicing.

U1 snRNP Deficiency Alters Amyloid Precursor Protein (APP) Expression
and A Levels. To assess Ul snRNP loss of function in an exper-
imental system, we performed U1-70K knockdown in HEK293
cells and sought to determine possible effects on APP metabo-
lism. U1-70K knockdown (<10% remaining) induced an increase
in endogenous APP and AP40 compared with the scrambled
siRNA control (Fig. 3E and Fig. S64). Human APP has three
isoforms (APP77, APP7s;, and APPgos) generated by alternative
splicing (44). RT-PCR analysis indicated that U1-70K knockdown
resulted in a decrease of APP7;, transcript and an increase of
APP;5, and APPgos transcripts (Fig. S6B). This up-regulation of
APP and AP40 was also observed in differentiated SH-SY5Y
neuroblastoma cells (Fig. S6 C-E). In addition to U1-70K knock-
down, Ul AMO inhibition of Ul snRNP function elevated APP
level as well (Fig. 3 F and G). Though we did not observe an ob-
vious isoform-switching phenomenon in human brain, NanoString
experiments found an increase in RNA species containing contig-
uous exonl-intronl sequences for APP in AD (P = 0.068; Fig. 3C).
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These results indicate that disruption of RNA splicing function
may result in mechanistically relevant changes in APP expression.
We have discovered U1 snRNP proteinopathy and global RNA
processing defects in the AD brain, and a role for U1-70K in APP
metabolism. The dysregulation of core RNA splicing machinery
in AD was unexpected; remarkably, it is highly disease-specific,
occurs early, and is widespread in AD cases. The malfunction of
these core splicing factors provides important insight into molecular
mechanisms outside of Ap and tau that contribute to AD.

Methods

Case Materials. Human postmortem frozen and paraformaldehyde-fixed
tissues from cortical areas were provided from clinically and pathologically
well-characterized cases at the Alzheimer’s Disease Research Center (ADRC)
Brain Bank at Emory University, Rush Alzheimer’s Disease Center’s Religious
Orders Study at Rush University Medical Center, the University of Washington
ADRC, and the University of Kentucky ADRC, with signed informed
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Details of proteomic and RNA-seq analyses, Western blot, immunohisto-
chemical staining, RT-PCR, U1-70K knockdown, and U1 snRNP inhibition
procedures are described in S| Methods.
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S| Methods

Sample Pooling. To minimize the variations caused by the con-
founding biological and other uncontrollable factors (1), we
employed the following strategies: (i) to use well-characterized
brain specimens; (ii) to select brain tissues without large bias in
race, age and gender; (iii) to enhance datasets by correlating
protein changes with disease progression (e.g. MCI and AD); (iv)
to adapt a pooling strategy (Fig. 14) to average variations in-
duced by the confounding factors (2, 3). Since samples of poor
quality (e.g. degraded) may negatively influence the result of
the entire pool, we tested the integrity of brain homogenates
prior to pooling (Fig. S1). Finally, we implemented one bi-
ological replicate for each pool to facilitate statistical evaluation
of differentially expressed proteins.

Sequential Biochemical Fractionation. The brain tissues were se-
quentially extracted similar to previously described methods (4, 5)
with a low salt buffer (10 mM Tris, pH 7.5, 5 mM EDTA, 1 mM
DTT, 10% (wt/vol) sucrose, Sigma protease inhibitor cocktail,
~10 ml buffer per gram tissue), a detergent buffer (the low salt
buffer with the addition of 1% (wt/vol) sarkosyl, N-Lauroyl-
sarcosine), and finally 8 M urea with 2% (wt/vol) SDS. Gener-
ally, the protein yield in final urea samples (detergent insoluble
fractions) during sequential extraction was approximately 2% of
the starting material.

Protein Identification by Shotgun Mass Spectrometry (MS). MS anal-
ysis of detergent insoluble fractions was processed based on our
optimized LC-MS/MS protocol (6, 7). 50 pg of protein per sample
were resolved on an SDS gel (9%, wt/vol) and stained with
Coomassie blue. Each gel lane was excised into 20 bands followed
by in-gel trypsin digestion (8). The resulting peptides were analyzed
by LC-MS/MS (2 h) on an LTQ-Orbitrap mass spectrometer
(Thermo). A total of ~640 h MS running time was spent in this
project. MS/MS spectra were searched against a human reference
database from the National Center for Biotechnology Informa-
tion using the SEQUEST Sorcerer algorithm (version 2.0, SAGE-N)
(9) as previously described (6).

MS/MS spectra searching parameters included mass tolerance
of precursor ions (+ 20 ppm) and product ion (+ 0.5 Da), partial
tryptic restriction, fixed mass shift for modification of carboxy-
amidomethylated Cys (+ 57.0215 Da), dynamic mass shifts for
oxidized Met (+ 15.9949 Da), three maximal modification sites
and three maximal missed cleavages. Only b and y ions were
considered during the database match. To evaluate false discov-
ery rate during the spectrum-peptide matching, all original pro-
tein sequences were reversed to generate a decoy database that
was concatenated to the original database (1, 2). False discovery
rate (FDR) was estimated by the number of decoy matches (nd)
and total number of assigned matches (nt), according to

FDR =2xnd/nt,

assuming mismatches in the original database were the same as
in the decoy database. To remove false positive matches, assigned
peptides were grouped by charge state and then filtered by
minimal peptide length (7 amino acid), mass-to-charge accuracy
(+ 5 ppm) and matching scores (XCorr and deltaCn) to reduce
protein FDR to below 1%. Furthermore, we removed all pro-
teins identified by a single spectral count, which eliminated all
decoy matches. If peptides were shared by multiple members of
a protein family, the matched members were clustered into

Bai et al. www.pnas.org/cgi/content/short/1310249110

a single group. Based on the principle of parsimony, the group
was represented by the protein with the highest number of as-
signed peptides, and by other proteins if they were matched by
unique peptide(s), resulting in the acceptance of 4,216 proteins
in two control pools and two AD pools. Raw MS files are uploaded
to the ProteomeXchange consortium (www.proteomexchange.org,
identifier PXD000067).

Label-free Protein Quantification and Statistical Inference. To iden-
tify differences between the control and AD cases, we quantified
the proteins in multiple samples based on spectral counts (SCs)
(10). The SCs were first normalized to ensure that the average
SC per protein was the same in all datasets (11). We used two
statistical approaches, a straightforward G-test analysis and a one-
sided z-test analysis, to evaluate protein alteration.

A G-test was previously used to judge statistical significance
of protein abundance difference (3). Briefly, the G-value of each
protein was calculated as shown in the equation below:

G=2x(S1x In[S1+((S1+52)+2)]+S2x In[S2 = ((S1 +S2) = 2))),

where S1 and S2 are the detected spectral counts of a given
protein in any of two samples for comparison, respectively, and
“In” is the natural logarithm. Although theoretical distribution of
the G values is complex, these values approximately fit to the x2
distribution (one degree of freedom), allowing the calculation of
related P-values (3).

We then set up a reliable P-value threshold to identify protein
changes with statistical significance as previously reported (4).
Ideally, the threshold should accept a very small number of
proteins (i.e. false discoveries) in null experiments (e.g. com-
parison of control 1 versus control 2; or comparison of AD 1
versus AD 2). When the same threshold was used for AD-control
comparison, the list is deemed acceptable with a low false dis-
covery rate. To find the appropriate threshold, we dynamically
adjusted the P-value from 0.4 to 0.001, and determined that
P-value of 0.04 was a reasonable threshold with balanced sensi-
tivity and specificity (false discovery rate ~5%), resulting in the
acceptance of 63 proteins. We manually examined these proteins
and removed protein paralogs, reducing the list to 43 proteins.

In addition, we developed a z-test analysis to analyze the data
in multiple steps. (i) The spectral counts were standardized (5)
and square root of spectral counts was used to stabilize the
variance within each group (i.e. control or AD). (ii) For each
group, a parameter phi was estimated to represent technical
variance plus minimal biological variance. This was accomplished
by a trimmed average of the sample variances: trimming off the
largest 5% and smallest 5% of the sample variances so that the
estimated phi was resistant to outliers. (iii) Each protein’s vari-
ance was estimated using a shrinkage estimator as previously
reported(6), in which a given protein’s variance was based on
a weighted average of phi and the protein-specific sample vari-
ance in only two observations (i.e. two pools). The weights were
calculated using an empirical Bayes approach (wl = 0.8 for phi
and w2 = 0.2 for the protein-specific sample variance). (iv) We
derived P-values under the assumption that z-tests were in-
dependent and normally distributed, and then used the original
FDR controlling procedure of Benjamini and Hochberg (7) to
set a threshold corresponding to an estimated FDR of 5%. (v)
After manually examination and removal of protein paralogs,
a list of 61 proteins were accepted.

10f9



BEEERRNAS - PNASN  PNASN

Finally, we accepted 36 proteins (Dataset 1) passing the thresh-
olds of both statistical approaches.

Antibodies. Two polyclonal rabbit U1-70K antibodies were developed
and purified using synthetic peptides GDAFKTLFVARVNYDT-
TESKLR (N-terminal amino acid 99-120) and GGDGYLAPEN-
GYLMEAAPE (C-terminal amino acid 419 to 437). Other
commercial antibodies include: APP (22C11, Millipore; Y188,
Epitomics), tau (ATS, Pierce), ULA (WH0006626M1, Sigma),
hnRNP A/B (98273, Santa Cruz), SRRM2 (122719, Abcam), 2,2,7-
trimethylguanosine (K121, Millipore), actin (6276, Abcam), and
NF-H (Sigma).

Immunohistochemical Staining. The staining was performed as
previously reported (4, 5, 12). Semi-quantitative analysis across
brain regions was performed by a blinded rater to score U1-70K
cytoplasmic aggregate and neurofibrillary tangle density in hip-
pocampus and temporal, frontal and occipital cortex as absent,
sparse, moderate or frequent in AD and control cases (Fig. S40).

RNA Deep Sequencing Data Acquisition. The mRNA-seq was per-
formed according to the Illumina standard kit protocol on human
control and AD specimens from the Emory University and
University of Kentucky brain banks (Dataset S1). TRIzol (In-
vitrogen) extracted RNA was used for poly(A) RNA purification
and converted to cDNA. The double stranded cDNA fragments
were ligated to Illumina paired end adaptors, followed by size
selection (~200 bp). Finally, the libraries were enriched using
PCR and analyzed by HiSeq 2000 sequencing systems (Illumina).
The initial RNA quality was evaluated by the values of RNA in-
tegrity number (RIN). It was a challenge to obtain RNA samples
from port-mortem human brain specimens. We screened over 20
human brain samples from the Emory brain banks and finally
selected 5 AD and 4 control cases (RIN 4.4-7.7) for RNA-seq
analysis. Approximately 34-52 million reads were acquired for
each sample. To replicate the analysis, we obtained samples with
much shorter postmortem interval from the University of Ken-
tucky brain bank. We isolated high quality RNA samples (RIN
7.8-8.8) and performed deep RNA-seq analysis. Approximately
78-108 million reads were acquired for each sample.

RNA-seq Sequencing Alignment and Analysis. Paired end reads were
mapped to University of California Santa Cruz (UCSC) human
reference genome hgl9 using Illumina iGenomes pre-built in-
dexes (http://tophat.cbcb.umd.edu/igenomes.html) and TopHat
programs (13): TopHat and Bowtie. Default parameters were
used except that a gene transfer format file with known tran-
scripts was also provided (-G parameter). This additional file
permitted TopHat (v2.0.3) to map reads in multiple stages. Ini-
tially, all reads were mapped to a virtual transcriptome (i.e.
a UCSC “knownCanonical” set of 27,297 transcripts). Only if the
reads were not fully mapped to the transcriptome, they would be
mapped to the genome (hgl9). Finally, the reads mapped to the
transcriptome were converted to genomic mapping, and merged
together in the final output Binary Sequence Alignment/Map
(BAM) files. During the transcriptome-to-genome conversion,
the skipped regions of the genome (due to introns) were captured
in the concise idiosyncratic gapped alignment report string of the
resulting BAM files.

To extract the reads mapped to whole genes, including exons
and introns, we converted the BAM to Browser Extensible Data
(BED) files using bedtools (http://code.google.com/p/bedtools,
bamToBed, v2.16.1), and used an in-house perl program to gen-
erate three BED files: (i) knownCanonical Genes, (ii) known-
Canonical Exons and (iii) knownCanonicallntrons. Finally, we
used intersectBed (v2.16.1) to define the intersections between
uniquely mapped reads and the three knownCanonical BED files.

Bai et al. www.pnas.org/cgi/content/short/1310249110

The global splicing deficiency was first evaluated by the per-
centage of reads uniquely mapped to introns, after normalized to
the total reads uniquely mapped to whole genes. The two-tailed
student ¢-test analysis was performed to evaluate the P-values
(Fig. 34). Moreover, we defined a splicing deficiency (Sd) score
for each gene as the ratio of length-corrected read counts aligned
to introns and exons:

Sd=(no. of intronic reads/total intronic length)
+(no. of exonic reads/total exonic length).

A high Sd value indicated low splicing efficiency. The histogram
of the Sd value distribution was shown for every case (Fig. 3B).
The Kolmogorov-Smirnov test was used to analyze statistical
significance of the comparison between AD and control cases.
Finally, we used the method of Significance Analysis of Micro-
arrays (SAM)(8) to compute P-values and FDR and analyzed the
effect of FDR on the acceptance of false positives and false
negatives. As the sample size in this RNA-seq study was rela-
tively small, we found that 5% FDR showed a reasonable bal-
ance between false positives and false negatives, leading to the
acceptance of 6,976 genes in the Emory group and 6,036 genes in
the UKY group, in which 3,614 genes were overlapped.

In addition, we used another experimental approach to identify
gene changed in both Emory and UKY groups with statistical
significance as previously reported (4) (Dataset S2). (i) For every
gene detected in both groups (n = 10,253), we calculated log,.
ratio for splicing deficiency score:

log, (AD/control) =log,(Sd score average of all AD cases
+8Sd score average of all controls).

(ii) We established a reliable cutoff using the values of log,Ratio.
Four null experiments were performed to analyze the distribution
of logyRatio (i.e. intra-control comparison and intra-AD com-
parison in either Emory or UKY group). The data were centered
on almost zero with a consistent standard deviation (0.49+0.04,
Dataset S2), reflecting the sum of biological and experimental
variations. Ideally, the cutoff should accept a few genes (i.e. false
discoveries) in null experiments, which was used to derive FDR
when applying the same cutoff to filter AD-control comparisons.
We then adjusted the log,Ratio value from one standard deviation
to more than two standard deviation, and found that log,Ratio of
0.78 led to ~5% FDR with the acceptance of 3,514 genes shared
in the Emory and UKY groups (Dataset S2). This result was
highly consistent with the SAM-based analysis.

To further improve the stringency of threshold, we only ac-
cepted genes that survived during both SAM-based and null
hypothesis-based methods. A total of 3,027 (~85%) genes re-
mained, in which only two (0.06%) genes had lower Sd scores
(removed), 11 (0.36%) genes showed inconsistent data between
Emory and UKY groups (removed), and 3014 (99.6%) genes
exhibited higher Sd scores in AD in both groups, clearly in-
dicating that a large portion (29.4%, 3014/10,253) of genes were
altered in AD (Dataset S2).

In addition, we found that both the percentage intronic reads
and the Sd scores between the Emory and UKY groups were
different. As the Emory and UKY samples were processed in-
dependently, the batch discrepancy may be due to the difference
in sample quality and other technical variations, including ex-
perimental settings in brain sample collection, genomic DNA
contamination, and poly(A) RNA purification. Nevertheless,
during the comparison of AD and control cases in the same batch,
the results were highly consistent and reproducible in two groups
of samples. Raw RNA-seq files are uploaded to NCBI’s Sequence
Read Archive database (www.ncbi.nlm.nih.gov/sra, SRA060572).
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A program was developed to analyze cleavage and polyadeny-
lation sites. Reads with a poly(A) tail need to have at least 20
consecutive adenines at the 3’ end. Similarly, reads with a poly(T)
stretch (at least 20 consecutive thymines at the 5 end) were counted
as reverse complement strands. Poly(A) tails were then trimmed in
every read, and the 3’ end of a trimmed read indicated a poten-
tial cleavage and polyadenylation site. If the length of a trimmed
read was shorter than 25 nt, the read was discarded. Trimmed reads
were aligned to the human genome (hgl9) with Bowtie program
(version 1.0.0; parameters: -q -p 5 -k 2 —best -v 2). The uniquely
mapped reads were subjected to a quality control filtering, in
which the 20 nt genomic region downstream of potential poly(A)
sites was examined. If the 20 nt region contained more than 12
adenines or 8 consecutive adenines, the sites were removed. Be-
cause the cleavage and polyadenylation events for transcripts usu-
ally occur in a sequence region instead of one precise RNA site, we
iteratively clustered the reads carrying polyadenylation sites within
24 nt on the same strand of a chromosome. In one cluster, the
position of poly(A) site was represented by the mode that was
defined as the position with maximum reads.

To summarize polyadenylation sites for every transcript, we
normalized each gene region (0-100 from start codon to stop
codon) and its 3’ UTR region (100-200) independently, and then
divided the full-length gene sequence into 20 bins. In each bin,
the occurrence of poly(A) sites was indicated by the percentage
of the corresponding reads among all poly(A) reads of the
transcript. Finally, to summarize all transcripts in every sample,
the occurrence of poly(A) sites in each bin was averaged.

Amplification-Free Counter Assay and qRT-PCR for Relative Quantitation
of Pre- and Mature mRNA. Total RNA was extracted from frontal
cortices (0.5-1.0 g per sample) using TRIzol (Invitrogen), and
assayed by the N-Counter gene expression system (NanoString
Technologies, Seattle WA, 100 ng total RNA per sample, RIN
7.8-8.8) using capture and reporter probes complementary to
a 100 bp target sequence for each RNA species as previously
described (14). Each of the target sequences (Dataset S3) was
unique to spliced (i.e., exonl-exon2 junction) and pre-spliced
(i.e., exonl-intronl junction) mRNA from selected genes, plus
loading control RNAs of varying abundance (CEP170, EEF1A1
and RPL27, for which only mature mRNA species were coun-
ted). Counts for target RNAs were subtracted by background,
which was determined by negative control target sequences not
present in the human transcriptome. The counts were then nor-
malized according to the abundant three control RNAs. To further
improve the dataset, we required that the minimal normalized
counts were at least 2-fold of the maximal standard deviation. To
control for sampling heterogeneity, two-tailed Dixon’s Q outlier
removal was performed with a = 0.05(9). Finally, relative pre-
mRNA level was calculated based on the equation below:

Relative pre — mRNA =pre — mRNA - mRNA,

where “mRNA” and “pre-mRNA” represent the counts mea-
sured in the control or AD cases. To simplify the dataset, relative
pre-mRNA level was normalized by setting the value in the
controls to 100.

TagMan quantitative RT-PCR was also used for analyzing
transcripts and Ul snRNA (Dataset S3). The pre- and mature
mRNA levels are represented by the PCR products spanning
exonl-intronl and exonl-exon2 junctions, respectively. We used

1. Hynd MR, Lewohl JM, Scott HL, Dodd PR (2003) Biochemical and molecular studies
using human autopsy brain tissue. J Neurochem 85(3):543-562.

2. Allison DB, Cui X, Page GP, Sabripour M (2006) Microarray data analysis: From disarray
to consolidation and consensus. Nat Rev Genet 7(1):55-65.

3. Kendziorski CM, Zhang Y, Lan H, Attie AD (2003) The efficiency of pooling mRNA in
microarray experiments. Biostatistics (Oxford, England) 4(3):465-477.
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RNA samples of high quality (Mean RINconio1 = 8.6, range 7.9-
8.8; Mean RINp = 8.5, range 8.5-8.8). Total RNA (2 pg) was
used for cDNA synthesis by High Capacity cDNA Reverse
Transcription Kit (Life Technologies), followed by qRT-PCR in
triplicate (Applied Biosystems 7500 Fast Real-Time PCR Sys-
tem). Multiplex reactions were performed with additional detection
of the house-keeping gene TBP. RNA expression was calculated
by the 272" method(10). The relative pre-mRNA level was de-
rived using the equation above. Quantitative RT-PCR of Ul-
snRNA was performed as above with 150 ng of total RNA extracted
from 80 pg of control and AD insoluble fractions with 0.5 ml TRIzol
reagent (Invitrogen). An additional chloroform rinse (200 pl) was
added to remove residual phenol from the aqueous phase.

Knockdown of U1-70K and AMO Inhibition of U1 snRNP. U1-70K in
HEK293 and SH-SYS5SY cells was knocked down by an equally
mixed siRNA pool or individual siRNAs. The U1 AMO treatment
was performed as previously reported (15). ON-TARGETplus of
nontargeting control and U1-70K siRNA were purchased from
Thermo Scientific Dharmacon. U1-70K siRNA pool was an equal
mix of 4 siRNAs: 05-GCCGUACAUUCGAGAGUUU, 06-AC-
ACGCAGAUGGCAAGAAG, 07-UACACAUGGUCUACAG-
UAA, 08-GAGAGUGAAUUAUGACACA. The HEK293 cells
were cultured in DMEM/F12 media supplemented with 10%
FBS, with 2 x10° cells in each well of 12-well plates. Next day
cells were transfected with 10 nM siRNA by Lipofectamine
RNAiMax (Life technologies), incubated for two days, and then
changed into a low serum medium (1% FBS) for indicated time.
The cells and media were harvested for Western blotting and
AB40 ELISA (Millipore), respectively. The Lentiviral vectors of
microRNA-adapted shRNAs for nontargeting control (GIPZ-
NTC) and U1-70K shRNA (GIPZ-643682: CGGAGAGAGTT-
TGAGGTGT) were purchased from Thermo Scientific Open
Biosystems. Cells were infected with Lentiviral particles at a mul-
tiplicity of infection of 10, incubated for two days followed by the
change of the low serum medium with additional two day in-
cubation before harvest. HEK293 cells were treated by U1 AMO
(30 uM) as previously reported (11), incubated for one day and
then changed into low serum medium (1% FBS) for another two
day incubation before harvest.

Differentiation and Knockdown of U1-70K in Neuroblastoma SH-SY5Y
Cells. SH-SYSY cells were treated with 10 pM all-trans-retinoic
acid (RA, Sigma) in DMEM/F12 with 10% FBS for 5 days, and
then incubated in serum-free DMEM/F12 supplemented with 10
uM RA and 50 ng/ml brain-derived neurotrophic factor (BDNF,
Alomone Labs) for another 3 days. For U1-70K knockdown,
tandem transfections of 10 nM siRNA pool of nontargeting
control or U1-70K were performed by Lipofectamine RNAiMax
at day 1, 3, and 5 during the differentiation process.

RT-PCR for Selected Transcripts in Cultured Cells. Total RNA (2 pg)
was extracted by RNeasy Mini Kit (Qiagen) followed by cDNA
synthesis by High Capacity cDNA Reverse Transcription Kit
(Life Technologies) and PCR reactions (see primers in TagMan
quantitative RT-PCR was also used for analyzing transcripts and
Ul snRNA Dataset S3). The PCR products were resolved by
electrophoresis on 10% Novex polyacrylamide TBE (Tris/Boric
acid/ EDTA) Gels (Life Technologies), and probed with SYBR
Safe DNA Gel Stain (Life Technologies).

4. Gozal YM, et al. (2009) Proteomics analysis reveals novel components in the detergent-
insoluble subproteome in Alzheimer’s disease. J Proteome Res 8(11):5069-5079.

5. Gozal YM, et al. (2011) Aberrant septin 11 is associated with sporadic frontotemporal
lobar degeneration. Mol Neurodegener 6:82.

6. Xu P, Duong DM, Peng J (2009) Systematical optimization of reverse-phase chroma-
tography for shotgun proteomics. J Proteome Res 8(8):3944-3950.
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Fig. S1. Proteomic discovery scheme. (A) Overview of the discovery and validation scheme using protein quantification strategies. To ensure accurate protein
loading, samples were measured using both the bicinchoninic acid (BCA) protein assay and short SDS gel electrophoresis followed by Coomassie staining. (B) One-
dimensional SDS gel staining was used to examine sample quality (e.g., extensive protein degradation or blood contamination that may alter protein staining
patterns). (C) Stained SDS gels were used to confirm the BCA results. A short (~2 mm) gel was run to compress all proteins into a single band, allowing accurate
quantification during Coomassie staining, which allowed equal loading during MS and Western analysis. (D) Quantitative working curve based on the short SDS gel
staining, demonstrating linear correlation between titrated protein levels and Coomassie dye intensities. The square of the correlation coefficient (R?) is shown.
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Fig. S2. Antibody specificity demonstrated by Western blotting and tissue staining. The Abs were tested using three protein samples: total cell lysate from
human HEK293 cells without or with transfection of U1-70K or U1A with tandem Myc- and FLAG-tags at the C terminus and an AD detergent-insoluble
fraction. (A) Antibodies recognizing the N-terminal epitope (amino acids 99-120) of U1-70K. (B) Antibodies recognizing the C-terminal epitope (amino acids

419-437) of U1-70K. (C) A commercial antibody against UTA. The U1A signal is typically weak in brain samples. (D) U1-70K diaminobenzidine staining of
a human brain specimen was abolished by the addition of the epitope peptide.
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Fig. $S3. Quantification of low salt-soluble U1-70K in control and AD cases by Western blotting. (A) Technical duplicate of the Western blotting analysis in Fig.
1H with titrated standards (1x to 16x). (B) Quantification of the standards for a working curve. (C) Analysis of the U1-70K level shows a statistically significant
difference between control and AD cases (~threefold, P < 0.01, Student t test). The error bars indicate SEMs.
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Fig. S4. Specificity of U1 small nuclear ribonucleoprotein (snRNP) component pathology. Immunohistochemistry staining of 50-um free-floating sections. (A-
D) Staining of other splicing factors (heterogeneous nuclear ribonucleoprotein A/B and serine/arginine repetitive matrix protein 2) in control and AD cases does
not show pathological changes. (Scale bar, 20 um.) (E-J) Representative sections (n = 4; Braak stage IV AD cases) demonstrating moderate to frequent U1-70K
cytoplasmic aggregations throughout different brain regions (F, H, J, and L) with frequent neurofibrillary tangles (paired helical filament, AT8) from adjacent
sections shown as reference (E, G, /, and K). Control cases (n = 4, Braak stage 0) were also evaluated and they demonstrated normal nuclear U1-70K staining
across all cases and brain regions except for one case with sparse aggregates in the hippocampus. The control cases did not demonstrate pathological tau (PHF-1,
AT8) immunoreactivity. (M and N) The 2,2,7-trimethylguanoisine (2,2,7-TMG) cap antibody labeled U-snRNA cytoplasmic aggregations in AD (N, representative
section, n = 3) but maintained normal nuclear distribution in controls (M, representative section, n = 3). (O) Mean density of neurofibrillary tangles (PHF-1, AT8)
and U1-70K tangles across four brain regions from four cases for each Braak stage. Tangles were scored semiquantitatively as 0, absent; 1, sparse; 3, moderate;
and 5, frequent. P value was calculated with Student’s t test for tangle density within each brain region. Asterisk denotes statistical significance between PHF-1
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and U1-70K cases within hippocampus of Braak VI. NA, could not calculate P value because all values were zero.
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transcripts from AD (n = 7) and control cases (n = 7).
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Fig. S6. (A) APP was up-regulated in cells in which U1-70K was knocked down by individual siRNA reagents, or U1-70K shRNA-expressing virus. (B) RT-PCR
analysis of APP transcripts in HEK293 cells upon U1-70K knockdown. (C) Neuroblastoma SH-SY5Y cells were differentiated upon the treatment with RA and
BDNF, and then stained with a neuronal marker, neurofilament heavy chain (NF-H) (Scale bar, 5 pm.) (D and E) APP and AB40 levels were increased upon U1-
70K knockdown in differentiated SH-SY5Y cells. (F) RT-PCR showed that U1-70K knockdown did not alter the level of U1 snRNA in cells.
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ABSTRACT: The accumulation of pathologic protein frag- U'-7%% WapRING:erGieayage Sie NADIS

) ) 3 . Cleaved to 4. LC-SRM Neurotoxicity
ments is common in neurodegenerative disorders. We have  nsokin e papide 2
recently identified in Alzheimer’s disease (AD) the aggregation Alzheimer's o [remy | [uem

of the Ul-70K splicing factor and abnormal RNA processing. & A If\ ‘
Here, we present that Ul-70K can be cleaved into an N- o‘f@ & / T
terminal truncation (N40K) in ~50% of AD cases, and the

N40K abundance is inversely proportional to the total level of b. Western Blot
Ul-70K. To map the cleavage site, we compared tryptic — sm.uimx ey MADK Truncition Ladzer
peptides of N40K and stable isotope labeled U1-70K by liquid

chromatography—tandem mass spectrometry (MS), revealing
that the proteolysis site is located in a highly repetitive and
hydrophilic domain of Ul-70K. We then adapted Western
blotting to map the cleavage site in two steps: (i) mass spectrometric analysis revealing that U1-70K and N40K share the same
N-termini and contain no major modifications; (i) matching N40K with a series of six recombinant U1-70K truncations to
define the cleavage site within a small region (Arg300 + 6 residues). Finally, N40K expression led to substantial degeneration of
rat primary hippocampal neurons. In summary, we combined multiple approaches to identify the Ul-70K proteolytic site and
found that the N40K fragment might contribute to neuronal toxicity in Alzheimer’s disease.
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KEYWORDS: mass spectrometry, LC—MS/MS, proteomics, neurodegenerative disease, Alzheimer’s disease, stable isotope labeling,
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Bl INTRODUCTION platform in proteomics.'® We have been using this advanced
platform to analyze AD specimens,'’ > and recently

Alzheimer’s disease (AD) is the most common form of
discovered the aggregation of Ul small nuclear ribonucleopro-

dementia and the sixth-leading cause of death in the U. S,

affecting ~S million people in the U. S., with a care cost of tein complex (snRNP),***” a spliceosome complex consisting
~$200 billion in 2012." However, no treatment is available to of U1-70K, U1A, UIC, Sm proteins, and Ul snRNA.”* Both
slow memory decline in AD. Analysis of familial early onset AD U1-70K and U1A form cytoplasmic tangle-like structures in AD
patients identified the association of three disease genes,” but not in other neurodegenerative disorders. Deep RNA
including amyloid  (Af) precursor protein (APP), presenilin sequencing revealed global dysregulation of RNA splicing in
1, and presenilin 2, the mutations of which are thought to alter AD brains. Moreover, Ul-70K knockdown or antisense
the cleavage of APP to accelerate the production of neurotoxic oligonucleotide inhibition of Ul snRNP increases the levels
A peptides. Genetic susceptibility, such as ApoE-e4” and a of APP and Af in cellular models. Importantly, Ul-70K
TREM?2 variant,”* and environmental factors also influence the aggregates are present in cases of mild cognitive impairment, a

onset and progression of AD. Pathologically, AD is manifested prodromal stage of AD, suggesting that Ul snRNP alteration
by amyloid plaques and neurofibrillary tangles mainly occurs early in AD development. These results support specific

. 6— .
compos%l of Af and tau, lfespectlvely. ? The resulting Ul snRNP pathology and implicate dysfunctional RNA
amyloid™ and tau hypotheses ™ have dominated AD research. 26,27

) i RS L processing in AD pathogenesis.”™
However, the precise disease mechanism is still not fully
understood."”

The advent of proteomics technology provides an
unprecedented opportunity to characterize human AD brain
tissues. Highly sensitive liquid chromatography—tandem mass Received: April 11, 2014
spectrometry (LC—MS/MS) has become the mainstream

13-15 Special Issue: Proteomics of Human Diseases: Pathogenesis,

Diagnosis, Prognosis, and Treatment
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During our analysis of the aggregation-enriched proteome in
AD by 1D SDS gel coupled with LC—MS/MS, U1-70K
peptides were detected in two gel regions (~70 kDa and ~40
kDa), corresponding to the full length protein and a truncation
form, respectively. The truncation contained only N-terminal
peptides and was thus named N40K.** The N-terminal
sequence in N40K was further confirmed by immunoblotting
using antibodies specific to either the N-terminus or C-
terminus of Ul-70K. As the N40K truncation cannot be
explained by the alternative splicing isoforms of Ul-70K, the
data indicate that U1-70K is internally cleaved to produce the
N40K fragment in AD.

Protein cleavage is common in neurodegeneration, with the
resulting proteolytic fragments forming aggregates and
contributing to pathogenesis,”* we sought to fully characterize
the N40K fragment in AD. In the present study, we evaluated
the N40K occurrence in AD cases and mapped the cleavage site
of N40K by combining quantitative MS and Western blotting.
Finally, the neuronal toxicity of the N40K fragments was
investigated in cultured primary neuronal cells.

B MATERIALS AND METHODS

AD Sample Analysis and Protein Preparation

Cortical Brain Tissues. Human frozen tissues from
prefrontal cortical regions were provided by the brain bank of
AD Research Center at Emory University. The cases
(Supporting Information Table S1) were clinically and
patholo§ically characterized in accordance with established
criteria.”’

Sequential Protein Extraction. The brain samples were
sequentially extracted with increasingly stringent detergents.”®
Briefly, the cortical tissues were homogenized in a low salt
buffer (10 mM Tris—HCL, pH 7.5, S mM EDTA, 1 mM DTT,
10% sucrose, and Sigma protease inhibitor cocktail), with 10mL
buffer per gram of tissue, yielding the “total homogenate”. After
centrifugation at 180000g for 30 min, the pellet was re-
extracted with the same volume of the low salt buffer with the
addition of 1% Triton X-100 and sonication. The extraction was
further performed with the low salt buffer plus 1% sarkosyl (N-
lauroylsarcosine) twice. Finally, the pellet was dissolved in 8 M
urea with 2% SDS, generating the “detergent insoluble
fraction”.

Western Blotting. Protein samples were analyzed by
NuPAGE Bis—Tris gel (Invitrogen) polyacrylamide gel electro-
phoresis and then transferred to nitrocellulose membrane. The
membrane was blocked with 5% dry milk, incubated with
antibodies, and followed by chemiluminescent detection
(Thermo Fisher Scientific). The specificity of antibodies used
in this study was previously characterized.>® The band
intensities of selected proteins were quantified by the Image]
program (National Institutes of Health).

Generation of N40K Truncations and Neuronal Toxicity
Analysis

DNA Plasmids and HEK293 Cell Transfection. Full-
length U1-70K and its truncations were cloned from a
commercial plasmid (U1-70K-myc-DDK, pCMV6, Origene,
RC201713). The PCR products were inserted into the
mammalian expression vector “pcDNA3.1(+)” between
BamHI and EcoRI sites using “Quick Ligation” kit (New
England Biolabs). All DNA plasmids were validated by
restrictive enzymatic digestion patterns and DNA sequencing,
To express the recombinant proteins in HEK293 cells, the

plasmids were transfected by the phospholipid-based trans-
fection reagent FuGENE HD (Promega).

Recombinant U1-70K Expression and Purification.
Full-length U1-70K-myc-DDK (FLAG tag) was overexpressed
in HEK293 cells for 48 h after transfection. The cells were
harvested and lysed in the Tris-buffered saline (TBS, 50 mM
Tris—HC, pH 7.5, and 100 mM NaCl) plus 1% Triton X-100
and Sigma protease inhibitor cocktail. After centrifugation at
~20 000g for 3 min, the pellet was dissolved with sonication in
the radioimmunoprecipitation assay buffer (RIPA, S0 mM
Tris—HC], pH 7.4, 100 mM NaCl, 1% Triton X-100, 0.5%
sodium deoxycholate, 0.1% SDS, and Sigma protease inhibitor
cocktail). FLAG-tagged U1-70K was purified by M2 anti-FLAG
beads (Sigma), and confirmed by Western blotting and mass
spectrometry.

Rat Primary Hippocampal Neuron Culture, Trans-
fection, and Toxicity Assays. Hippocampal neurons were
isolated from Sprague—Dawley rat embryos at E18, and
cultured in completed Neurobasal A (Life Technologies)
supplemented with B27 complex and GlutaMAX. Transfection
was carried out using the calcium phosphate method (CalPhos,
Clontech) in the complete medium Hibernate E for 3 h
without CO, in the incubator. The morphology of neurons was
imaged after 2 day transfection. Transfection efliciency was
optimized by using high quality plasmids (EndoFree Plasmid
Maxi Kit, Qiagen) and adjusting the ratio of plasmids to
calcium phosphate. Approximately 80 neurons were transfected
per well in one 12-well plate for analyzing the degree of
neuronal degeneration. Neuronal toxicity was also measured by
the MTT assay (Thermo Fisher Scientific) upon 12 day
Lentiviral infection (the multiplicity of infection of 10), in
which mitochondrial activity in living cells converts the
tetrazolium dye MTT 3-(4,5-dimethylthiazol-2-yl)-2,S-diphe-
nyltetrazolium bromide to insoluble formazan crystals for
detection.

Quantitative Mass Spectrometry

Metabolic Labeling of U1-70K and Purification. Full-
length U1-70K-myc-DDK (FLAG tag) was expressed in
HEK293 cells labeled with heavy isotopes: ['*C4'°N,] arginine
(+10.0083 Da) and ["C4] lysine (+6.0201 Da) from
Cambrid§e Isotope Laboratories, following our previous
protocol.”* The U1-70K was affinity purified and validated by
Western blotting.

Targeted LC—SRM Analysis. The purified labeled U1-70K
was analyzed on an SDS gel, together with N40K isolated from
AD brain. The corresponding gel bands were excised for
standard in-gel digestion (12.5 ng/uL trypsin in SO mM
NH,HCO; overnight). Small peptide aliquots of heavy isotope
labeled U1-70K and native N40K were mixed at different ratios
to examine their relative amounts. Then the two samples were
mixed at an equal molar ratio for LC—SRM analysis, in which a
number of peptide pairs were coeluted by nanoscale reverse
phase LC—MS. During selected reaction monitoring (SRM),
the peptide ion pairs were selected for fragmentation and
quantified according to the signal ratio of coeluting product ion
pairs. The analysis was performed on an LTQ-Velos Orbitrap
(Thermo Fisher Scientific). The optimized parameters for the
peptide pairs are included in Supporting Information
(Supporting Information Table S2).

LC—MS/MS Analysis of Recombinant U1-70K to
Confirm the N-Terminal Acetylated Peptide. Purified
recombinant Ul-70K sample was resolved on an SDS gel
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followed by in-gel digestion. The resulting peptides were
analyzed on our optimized platform,®" which includes an LTQ-
Velos Orbitrap (Thermo Fisher Scientific), Nano Acquity
UPLC (Waters), and a Cq reverse phase column (75 pm ID X
20 cm, 2.7 pm HALO beads, Michrom Biosources). The buffer
system consisted of buffer A (0.1% formic acid) and buffer B
(0.1% formic acid plus 70% AcN). The peptides were eluted by
a gradient of 15—50% bufter B in 35 min at 0.3 yL per min. The
MS settings included one survey scan (60 000 resolution in the
Orbitrap, 10° automatic gain control (AGC), and 50 ms
maximal ion time), and top 10 low resolution (linear ion trap)
MS/MS scans (5000 AGC, 250 ms maximal ion time, 3 m/z
isolation window, default collision-induced dissociation, and 15
s dynamic exclusion). Charge state screening was enabled to
exclude precursor ions of singly charged or unassigned charge
states.

Acquired MS/MS raw files were searched against Uniprot
human databases by the Sequest algorithm (v28, revision 13)
with the target—decoy strategy to analyze false discovery rate
(FDR).**** Spectra were matched with a mass tolerance of +
10 ppm for precursor ions and + 0.5 Da for product ions, with
partially tryptic restriction and three maximal missed cleavages.
Dynamic mass shift parameters were oxidized Met (+15.9949)
and N-terminal acetylation (+42.0106), and four maximal
modification sites. Only b and y ions were scored. Matched
peptides were first refined by mass accuracy (+4 standard
deviations, defined by all empirical good matches of doubly
charged peptides with Xcorr of at least 2.5). These good
matches were also utilized for mass recalibration. The refined
matches were classified by precursor ion charge state and
further filtered by Xcorr and ACn values until a protein FDR
below 1% was reached. When peptides were matched to
multiple proteins, these peptides were assigned to the proteins
with the highest spectral counts based on the rule of parsimony.

B RESULTS

N40K, a Proteolytic Product of U1-70K, Occurs Frequently
in AD

To probe AD disease mechanism, we performed a
comprehensive GeLC—MS/MS analysis of detergent insoluble
proteome and found unique U1-70K pathology in AD.***’ In
the analysis, U1-70K was identified by a large number of
spectral counts and distributed in two main gel areas shown in a
MS-based virtual Western blot image®* (Figure 1A and
Supporting Information Figure S1A), including 10 spectral
counts in the ~40 kDa region and 33 spectral counts near its
full-length 70 kDa region. Western blot demonstrated the
presence of detergent insoluble Ul-70K and the fragment
(N40K) only in the diseased sample, whereas the nonspecific
actin was found at an equal level in the control and AD samples
(Figure 1B).

We further examined the prevalence of N40K in AD cases (n
= 17, disease onset age of 58.7 + 7.8 years old, age of death of
67.7 + 8.6 years old, postmortem interval of 10.1 + 5.7 h,
Supporting Information Table S1). Approximately half of the
cases (9/17, ~52.9%) exhibited N40K, and there was no
significant difference between N40K negative (N40K™) and
N40K positive (N40K*) AD cases when comparing the age of
disease onset (N40K™: 58.5 + 7.7 y; N4OK*: 58.9 & 8.4 y) or
the age of death (N40K™: 66.8 + 9.7 y; N40K": 68.5 + 8.1 y).
Although the postmortem interval of the two AD groups
appears to display a difference (N40K™: 8.1 + 5.3 h; N40K": 12
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Figure 1. N40K occurrence is independent of the postmortem interval
and correlates with the decrease of the Ul-70K level in AD. (A)
Identification of N40K in the detergent insoluble fraction of AD brain
by 1D SDS gel and LC—MS/MS. Ctl: control case. (B) Validation of
N40K only in AD (case 8 in Supporting Information Table S1) by
Western blotting. (C) No statistically significant difference in
postmortem intervals between the N40K negative and positive cases.
(D) Western blotting to show reduced U1-70K level in the total
homogenate in N40K positive cases. The numbers above the gel
indicate the corresponding case numbers in Supporting Information
Table S1. (E) Quantitation of the Western blotting intensity in panel
D to indicate an inverse correlation of Ul-70K in total homogenate
with insoluble N40K. Relative intensities of U1-70K and N40K were
normalized by setting the maximal values to 100, respectively.

+ 5.8 h), it is not statistically significant (p = 0.16S, Student’s ¢-
test, Figure 1C). The results suggest that the generation of
N40K is unlikely caused by prolonged postmortem interval
during the collection of brain tissues.

When extracting proteins from AD brain tissues, we observed
that the U1-70K level was low in total homogenate of some
cases.” Interestingly, the occurrence of N40K in the detergent
insoluble fraction was concomitant with the reduction of total
U1-70K (Figure 1D and Supporting Information Figure S1B),
and the two protein abundances showed an inverse correlation
(Figure 1E).

We then sought to determine whether N40K is an alternative
splicing isoform or a cleaved fragment of full-length U1-70K. In
the UniProt/Swiss-Prot database, U1-70K has four different
splicing isoforms of 437 (full length, Figure 2), 428, 341, and
166 residues. None of these four isoforms fit the size of N40K.
To explore potential new U1-70K splicing isoforms in AD, we
analyzed RNA-seq data sets of multiple AD brains>® but did not
identify any additional isoforms. All exon reads of U1-70K were
evenly distributed along the transcript, consistent with only one
major RNA form of the full length U1-70K. In addition, Ul
SnRNP deficiency may cause premature cleavage and
polyadenylation in AD,*® leading to shortened RNA transcripts.
However, we did not find any premature polyadenylation in the
exons of U1-70K. Therefore, N40K is most likely produced by
the proteolysis of full length U1-70K.
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Figure 2. Identification of U1-70K and N40K peptides in AD. These peptides are shown in different colors in the protein sequence, together with

peptides monitored in LC—SRM.
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Analysis of N4OK Termini by Mass Spectrometry

We attempted to determine both termini of N40OK protein by
mass spectrometry. First, shotgun MS analysis®®  identified
seven peptides in N40K in the region from Aspl7 to Arg200
(Figure 2), but N40K is clearly larger than a protein of 200
amino acids. Additional database search for protein modifica-
tions did not uncover any modified peptides. Some N40K

peptides may be missed in the analysis, possibly due to the low
level of N40K, undersampling of shotgun proteomics, or the
incompatibility with LC—MS/MS.

To address the undersampling problem of shotgun MS, we
then performed a systematic LC—SRM screening of N40K
tryptic peptides using stable isotope labeled, recombinant Ul-
70K protein as an internal standard (Figure 3A). Compared to
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Figure 4. Analysis of the N4OK N-terminus by MS. (A—C) MS/MS spectra for identifying the N-terminal peptide with methionine removal and
threonine acetylation in Ul-70K, N40K, and purified U1-70K in HEK293 cells, respectively. Matched ions were assigned by arrows indicating

specific b or y ions.

precursor ion quantification on survey MS scans that may be
interfered by coeluted isobaric ions, the SRM enables targeted
analysis of product ions from precursor ion fragmentation
(Supporting Information Table S2), typically showing better
specificity and sensitivity. Theoretically, when U1-70K peptides
are equally mixed with N40K peptides, shared peptides have a
1:1 ratio and unique peptides have a 1:0 or 0:1 ratio. On the
basis of this principle, we purified heavy Lys and Arg labeled
U1-70K from HEK293 cells and validated by immunoblotting.
The sample was resolved on an SDS gel, and the Ul-70K-
containing band was excised for in-gel trypsin digestion (Figure
3B). Meanwhile, N40K extracted from the AD insoluble
fraction was similarly processed (Figure 3C). The two samples
were mixed at a nearly 1:1 ratio for LC—SRM, in which four
selected peptides were monitored according to MS/MS spectra
of purified U1-70K (Supporting Information Figure $2—SS).
Two peptides (residues 17—27 and 219—231) showed roughly
1:1 ratio, whereas the other two peptides (residues 311—346
and 394~411) were not detected in the light forms, suggesting
that the C-terminus of N40K is between amino acids 231 and
345 (Figure 3D).

Additional attempts to analyze putative peptides between
residues 231 and 345 were futile, as the region is highly
repetitive and hydrophilic, enriched in Lys, Arg, Asp, and Glu
residues (Figure 2). Any peptides digested by available
proteases are either too small or too hydrophilic for LC—
MS/MS analysis using standard methodology. Thus, we

decided to use Western blotting to narrow down the range of
N40K C-terminus. Prior to the Western blotting analysis, we
needed to ensure that full length U1-70K and N40K have the
same N-terminus (Figure 2) and lack other post-translational
modifications that may affect protein migration.

As the N-terminal amino acid of proteins is usually
modified,®> we tested multiple modification possibilities and
found that U1-70K and N40K have the first Met removed and
the second Thr acetylated (Figure 4A). The MS/MS pattern of
the resulting tryptic peptide (residues 2—16) was detected for
both U1-70K and N40K in AD (Figure 4A and B). Importantly,
the MS/MS pattern was fully recapitulated in the analysis of
recombinant U1-70K purified from HEK293 cells (Figure 4C).
Moreover, the precursor ions in these three independent LC—
MS/MS runs showed highly similar isotopic patterns and LC
retention properties (i.e, eluted by ~33% acetonitrile,
Supporting Information Figure S6). These data strongly
support that N40K has the identical N-terminus as the full
length U1-70K.

N40K C-Terminus Is Around Arg300 Based on Western
Blotting

Protein migration during Western blotting is determined by its
amino acid sequence and post-translational modifications. Our
MS analysis did not identify any major post-translational
modification sites with high occupancy in N40K. RNA-seq
analysis did not reveal any alternative splicing isoforms similar
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to N40K. To ensure the comparison of proteins with the same
amino acid composition, we constructed serial U1l-70K N-
terminal truncations (N272, N282, N289, N300, N306, and
N316, without any tag) based on the MS-mapped C-terminal
range. When expressed in HEK293 cells, these proteins showed
a ladder on Western blot using U1-70K polyclonal antibodies®®
that recognize a peptide antigen of residues 99—120 (Figure
SA). After multiple rounds of analyses, the cleavage site was
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Figure 5. Determination of N40K C-terminus by Western blotting.
(A) Expression of U1-70K N-terminal truncations in HEK293 cells.
(B) Analysis of N40K in AD and three recombinant truncations. (C)
Diagram of Ul1-70K domains and predicted N40K cleavage region.
(D) N40K truncations covering all possible cleavage products with
different C-terminal residues.

determined to be Arg300 [+0.8 kDa (six residues)] (Figure SB;
only the three closest truncations are shown). As most
proteases exhibit residue specificity, we generated six N-
terminal truncations including all possible C-terminal residues
for subsequent functional studies (Figure SC-SD).

N40K Fragment Expression Induces Neuronal Toxicity

As proteolytic cleava%e may result in neurotoxic fragments in
neurodegeneration,””” we examined the toxicity of the full-
length U1-70K and six N40K truncations (N295, N297, N299,
N300, N302, and N306) in cultured primary neurons. To test
the expression efficiency of these recombinant proteins, we
transfected equal amounts of DNA plasmids (Figure 6A) in
HEK293 cells and detected highly similar levels of recombinant
proteins (Figure 6B). These plasmids were then cotransfected
into rat primary hippocampal neurons that were cultured for 14
days in vitro, together with a vector expressing red fluorescent
protein (RFP) to monitor neuronal morphology. Interestingly,
at two days after transfection, all six truncations caused neuritic
beading and dystrophy, reminiscent of neuronal morphologies
observed in degeneration.**"*® In contrast, the effects of mock
vector and expression of enhanced green fluorescent protein

(EGFP) were mild, and the expression of U1-70K showed a
moderate toxicity (Figure 6C). This conclusion was further
confirmed by statistical analysis of quantitative data (ie,
counting morphologically altered neurons, Figure 6D).

As all of the six N40K truncations showed almost identical
effect during the morphology analysis, we selected a
representative construct N300 and Ul-70K to perform the
MTT cell viability assay,® in which mitochondrial activity in
living cells converts MTT to formazan crystals for detection.
Dying cells have less mitochondrial activity and, thus, produce
weaker signals. Because this biochemical assay requires a large
number of neurons expressing targeted proteins, we generated
recombinant Lentivirus to infect hippocampal neurons. The
Ul-70K expression exhibited a moderate neurotoxity to
decrease cellular viability by ~35%, whereas the N300
expression resulted in ~50% decrease compared to the control
virus (Figure 6E). These results strongly support that N40K
expression in cultured neurons induces cellular death.

Bl CONCLUSIONS AND DISCUSSION

In this study, we have demonstrated that N40K, a cleaved
fragment of U1-70K, occurs frequently in Alzheimer’s disease.
Whereas the N-terminus of N40K is identical to that of Ul-
70K, N40K C-terminus is approximately Arg300 + 6 residues.
Extremely repetitive, hydrophilic residues in the C-terminal
area raise a challenge to precisely define the cleavage site. All
putative N40K truncations exhibit similar molecular properties,
with respect to protein expression level and neuronal toxicity,
suggesting that the accumulation of N40K in human brain may
contribute to neuronal degeneration in Alzheimer’s disease.

Interestingly, we have found that the N40K level is inversely
correlated with the total level of full length U1-70K, which
might result in the loss of function of U1-70K in addition to the
toxic gain of function of N40K. It is notable that expression of
C-terminal fragment of TDP-43,* another RNA processing
factor involved in the pathogenesis of ALS, also caused similar
suppression of endogenous full-length protein.*’ Both N40K
and the TDP-43 fragments contain RNA recognition motifs,
suggesting a common self-regulation mechanism of RNA
binding proteins. Indeed, another Ul snRNP subunit UlA
binds to Ul snRNA to maintain its expression level.** It is also
possible that the reduction of U1-70K level is primarily caused
by proteolytic cleavage because numerous proteases are
activated in AD, such as caspases, calpains, and cathepsins.*~*°

Moreover, it is known that Ul-70K is cleaved bZ caspase-3,
granzyme B, and Cu/H,0, oxidation reactions.**™** However,
these protease-derived fragments are larger than N40K. Further
investigation of the protease responsible for N40K cleavage is
important to elucidate its involvement in AD.

In addition, we have used several approaches for mapping
N40K proteolytic site. N40K was first identified by virtual
Western blotting reconstructed from GeLC—MS/MS and then
validated by traditional Western blotting (Figure 1A and B). It
needs to be mentioned that the virtual Western blot image
showed a more complex pattern than conventional Western
blot, partially because of ambiguity during gel excision. In
addition, the GeLC—MS/MS detects proteins in a large
dynamic range (~10 000), whereas Western blot only displays
proteins in a narrow dynamic range (<100). These features
contribute to the different images from the two semi-
quantitative methods.

To overcome the undersampling problem for proteins of low
abundance in shotgun LC—MS/MS analysis, we have
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Figure 6. Toxicity analysis of N40K in rat hippocampal primary neurons. (A) Restriction enzyme digestion at the cloning sites by BamHI and EcoRI
to show equal levels of the plasmids of U1-70K and six N40K truncations. (B) Western blotting to show similar protein expression in HEK293 cells.
(C) Co-transfection of nine plasmids each with RFP by the calcium phosphate method. (D) Quantitative analysis by counting degenerating neurons.
Error bars represent standard errors of mean (SEM) of analyzed neurons in duplicated plates of the same batch of neuronal culture. The experiments
were repeated three times with different batches of culture, all showing similar results. The asterisks indicate p < 0.05 by the ANOVA and Tukey
range test. (E) The MTT assay of neuronal viability upon Lentiviral N40K transfection. Error bars represent SEM. The double asterisks indicate p <

0.01 by Student’s t-test.

developed an LC—SRM method to determine the N40K C-
terminus. The direct monitoring of U1-70K peptides based on
pre-existing recombinant protein data greatly enhanced the
sensitivity of detection, which was critical for the analysis of
N40K in a limited amount of human samples. Because of
irregular amino acid composition of N40K C-terminus, no
suitable peptides are compatible with standard LC—MS/MS
settings. We fully explored the usage of Western blotting using
a ladder of recombinant proteins, which restricted the C-
terminus in a small region.

We have further tested a series of putative N40K truncations
in HEK293 cells and primary neuronal culture. All N40K
proteins had no obvious influence on HEK293 cells but clearly
demonstrated toxicity in rat primary neurons. Although full
length U1-70K also led to a moderate toxicity, reminiscent of
cell death caused by the expression of the RNA processing
factor TDP-43,* U1-70K had less effect than the N40K
fragments. Apoptosis is a fundamental process essential for
tissue homeostasis and its dysfunction is involved in AD
pathogenesis.*® Neuronal apoptosis results in neuritic degen-
eration manifested by beading, thinning, and breakage, as well
as the destruction of mitochondria.**™** N40K-expressing
neurons displayed these morphological changes reported in
apoptotic neurons and showed mitochondrial deficit in the
MTT assay, suggesting that the toxicity in cell culture might be
mediated by apoptotic events, although other alternative cell
death mechanisms cannot be excluded.

In summary, we have identified that the N40K fragment in
AD not only is associated with the reduction of full length Ul-
70K but also directly exerts toxic effects in cultured neurons,
providing lines of evidence to support that the U1-70K cleavage
event occurs in human AD brain and might contribute to the
neurodegeneration in AD.
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Figure S1. Protein loading on Western blots shown by Ponceau S staining.
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Chapter 4:
GENERAL DISCUSSION AND FUTURE
DIRECTIONS
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1. Summary of the dissertation work

This study was initiated in ~2007 by Drs James Lah, Allan Levey and Junmin
Peng, and involved 8 different case categories: AD (Alzheimer’s disease), MCI
(mild cognitive impairment), DLB (Dementia with Lewy bodies), FTLD-U
(frontotemporal dementia with ubiquitin positive), CBD (corticobasal dementia),
PD (Parkinson’s disease), ALS (amyloid lateral sclerosis) and non-demented
controls. It attempted to discover novel proteins that can potentially be involved
in AD pathogenesis, because of the fact that A, Tau and some other proteins or
pathways fail to provide sufficient rationale for fully understanding of AD.

From the brain insoluble proteome where the Ap and Tau were historically
identified, 4,216 proteins were identified using label-free quantitative analysis by
mass spectrometry, and 36 among them showed significant enrichment in AD
compared to controls cases, including A, Tau, ApoE, complement C3 as
commonly known, validating the accuracy of the whole proteomic analysis.

In addition, several novel proteins were also identified in the enrichment list,
including U1-70K, U1A and DDX46. All three belong to RNA splicing factors with
U1-70K and U1A from the same spliceosomal complex U1. This is particularly
interesting because during that time, TDP-43, also a RNA binding protein, has
been just demonstrated to be the major component in the aggregates of brains
with two neurodegenerative diseases, FTLD-U (frontotemporal lobe dementia
with ubiquitin positive) and ALS (amyloid lateral sclerosis)(2), and its causal role
was quickly supported by genetic evidence in familial cases(3-6). According to the
discovery of TDP-43, it was very reasonable to determine whether the three RNA
splicing factors is similarly play involved in AD pathogenesis. Therefore, my
dissertational work is to validate the U1 spliceosomal pathology and to examine
the consequential effect on RNA splicing.

I first made three different polyclonal antibodies in rabbit that target N-
terminal, middle, and C-terminal regions of U1-70K, and validated their
specificity using HEK cells overexpressing C-terminally tagged U1-70K. The

antibodies for U1A and other proteins were purchased from commercial vendors
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as they are less frequently used in this study. All these antibodies were validated
using the similar approach.

With the specific antibodies, I western-blotted the insoluble U1-70K and U1A
in the insoluble extraction from all cases recruited in the initial MS analysis. As
expected, U1-70K is remarkably increased in almost all AD cases, but not in any
other disease cases. Intriguingly, it is also elevated in MCI cases, often considered
the early stage of AD. The wide-spread, highly specific, early-occurring U1-70K
alteration strongly suggests its possible causative role.

My colleagues, Howard Rees and Chadwick Hales, performed
immunohistochemical staining of the brain cortex slides and revealed tangle-like
structures in the cytoplasm of neurons in AD in a manner consistent to the
Western blot results. Those structures co-localize well with Tau tangles. Similar
tangle-like structures were also found on other U1 spliceosomal components in
AD.

U1 complex is one of the five major spliceosomes essentially exerting RNA
splicing in mammalian cells. Loss-of-function of U1 complex by knocking out U1-
70K in drosophila is embryonically lethal. It is, therefore, very reasonable to
think U1 dysfunction is involved in AD pathogenesis as a novel mechanism. In
this study, I focused on the possible RNA splicing deficiency as a consequential
effect of U1 dysfunction, and my colleagues, Ping-Chung Chen, mainly engaged in
establishing a mouse models to study the potential dementia phenotype upon U1
disruption.

I used RNA-seq to examine whether RNA splicing is affected in AD. Two
batches of RNA with different quality and RNA-seq protocol were done. Three
analyses were performed to evaluate the splicing function, including pre-RNA
accumulation (normalized exon-to-intron ratio for each gene), exon junction
alteration and PCPA (premature cleavage and polyadenylation, occurs when U1
spliceosomal function is inhibited). All showed positive results that supported
RNA splicing deficiency in AD. Two different batches of experiments showed
consistent results.

Besides U1-70K aggregation, I also observed that U1-70K appeared to have a
fragment in the ~40 kDa region in addition to its full-length region about ~70kD.
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This fragment was then validated by western blot using an N-terminal antibody.
We then named if as N4OK. As protein proteolytic cleavage is common in brains
with neurodegenerative diseases and the fragments are often toxic to neurons.
Therefore, we sought to determine if N40oK is similarly toxic to neurons.

I first found N40K was present in more than 50% AD cases and was not likely
a product from global sample degradation due to delayed brain preservation at
room temperature. Interestingly, N4oK-positive brains demonstrated reduced
level of full-length U1-70K, suggesting a proteolytic event of U1-70K. Then, I
analyzed the N4oK both N- and C-terminus using mass spectrometric and
biochemical approaches. After that, I made serial recombinant N40K proteins
accordingly. Expression of these proteins in cultured rat primary hippocampal
neurons caused neuronal death, suggesting the potential toxic effect of N4oK.

In summary, this dissertation work utilized comprehensive proteome and
transcriptome analyses to thoroughly study the U1 spliceosomal alteration and
RNA splicing efficiency in AD, and integrated approaches for analyzing U1-70K
cleavage event. It introduces U1 spliceosomal alteration and RNA splicing

deficiency as potentially novel mechanisms in AD (Figure 4.1).
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Figure 4.1 Summary of the dissertation study. Stress conditions in the black box
may the conditions that cause U1 mislocalization and tangle-formation. This U1
alteration is co-existing with but independent of tau tangle formation. The
defective RNA splicing is probably the consequence of dysfunctional U1, and
might contribute to AD neuronal degeneration. Meanwhile, U1-70K can be
cleaved into the neurotoxic fragment N40K, imposing extra neuronal insult.
Based on the fact that U1 alteration is widespread, disease-specific, early-
occurring and concomitant with dysfunctional events in AD, it can be speculated
to a potentially causative player in AD.
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2.Future directions

2.1. To determine if U1-70K can be causally involved in AD

The major concern in the field about the U1 pathology is about its causative

role in AD pathogenesis, because it could be just a phenomenon of neuronal

death in the end stage. This can be addressed by looking at neurons to see

whether death is triggered when they bear U1 pathology. I noticed that the
neurons with U1 alteration still show normal-looking nuclei as visualized by the
DNA binding dye “DAPT”. To further address this concern, I can first co-stain
some death makers with U1-70K. These include TUNEL to see DNA
fragmentation, Cytochrome C to see mitochondrial integrity and cleaved caspase-
3 to see apoptosis. Markers of oxidative stress, ER stress and others can also be
used to see the functional status of these subcellular organisms or pathways.
Neuronal viability can also be assessed by morphology of dendrites and
expression of functional proteins like GluR, synatophysin, SV2, etc. The
ultrastructure of neurons can provide definitive conclusions about the
intracellular status of a neuron. Neurons bearing U1-70K pathology are expected
to be at early stage of death.

If the U1 spliceosome pathology is a unique cellular event without involving

other nuclear proteins, then it can speculated that a particular upstream pathway

is disrupted and the RNA splicing is disrupted specifically. This will be easier for

therapeutic intervention. It is shown in this thesis that the other U1 components
U1A and U1 snRNA can form similar tangle-like structures in AD neurons.
Despite of the absence of similar pathology in this study, some RNA binding
proteins proteins do appear in cytoplasmic aggregations in certain
neurodegenerative disorders. TDP-43 is known to be able to form cytoplasmic
inclusion in frontotemporal dementia and ALS(2). Both hnRNPA2B1 and
hnRNPA1 can also do the same in multisystem proteinopathy and ALS (8). In
addition, hnRNP A/B is reduced in neurons in AD (9). Co-immunostaining of
these proteins each with U1-70K in the same neuron will provide not only more
confidence in the specificity of U1 alteration in AD, but also mechanistic clues to

U1 dysregulation.
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If U1-70K pathology is only present in AD specifically, but not in the most

affected brain regions of other neurodegenerative diseases, then it can be

suspected to be an initiator of neuronal degeneration. Otherwise, it is either a

general dysregulation in the end stage of neuronal death, or involved in a
common neuronal death pathway. Either outcome will provide useful
information for better understanding of the mechanism of these
neurodegenerative disorders.

If U1-70K pathology is a causal event, it is supposed to occur in the early

affected brain regions. U1-70K pathology is largely overlapped with Tau tangles

in the frontal cortex (10). Tau tangles usually start in the transentorhinal region
and then spread diffusively to the adjacent medial temporal lobe including
perirhinal, parahippocampal, and entorhinal neocortex and hippocampus, etc.
This progression correlates well with AD dementia progression. We already
showed that U1-70K can form tangle-like structure in the hippocampus in one AD
case. Thorough analysis of the surrounding regions in more cases is required. If
U1-70K pathology occurs early in these regions, then there is much higher
possibility that it is casually involved in AD neurodeneration.

I observed that in some neurons U1-70K shows mislocalization but Tau
phosphorylation or tangles are absent (Figure 4.2 A), indicating U1-70K
alteration may be even earlier than Tau phosphorylation. If this is largely present
in the transentorhinal region at early stage of dementia, then we can trace nearer
to the initial pathway disruption that triggers neuronal death.

In order to determine whether the altered RNA splicing plays a causative role
in AD pathogenesis, it is critical to demonstrate that genes identified with

significant splicing alterations have neuronal toxicity. Altered RNA splicing may

be causally involved in neurodegenerative disorders. For example, certain

mutations on Tau cause the splice isoforms biased to the exon 10-including
transcript which is more toxic, which is the etiological mechanism of
frontotemporal dementia and parkinsonism linked to chromosome 17 (11). Some
genes have been reported to have aberrant RNA splicing in AD such as
presenilin-2 with exon-5 skipping (12, 13) and EAAT2 with exon 7 and 9 skipping

(14). Although these aberrant splice events are not detected because of
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insufficient reading depth, the RNA-seq data show abnormal splicing of other
genes. More thorough analyses are required to provide the final list of these genes,
and publications of their involvement in AD will be extensively searched. A
neuronal culture system can be employed to examine their possible neurotoxic
effect.

It is necessary to examine the pre-RNA and splicing alterations in neurons
with mislocalized U1-70K by in-situ RNA hybridization. In this thesis, both U1

pathology and RNA splicing deficiency were demonstrated in AD. However, to
provide more evidence to link these two directly, it is better to show U1
cytoplasmic aggregation and the nuclear accumulation of pre-RNA in the same
neuron by in situ RNA hybridization using both U1 snRNA and intron-exon
junction specific fluorescent probes. This method can also be used to validate the
aberrant splice events indicated in the RNA-seq data, in order to strengthen the
direct link between them and the U1 alteration.

It would be very convincing if the AD-specific splicing alterations can be

induced by U1 spliceosomal inhibition. The causal connection of U1 pathology to
aberrant splice events can be determined in a cell culture system by reducing the
U1 spliceosomal function by siRNA mediated knockdown of U1-70K or by
morpholino antisense oligomer induced inhibition of U1 snRNA in human
neuronal cell line SH-SY5Y or rat primary hippocampal neurons, to see those
splicing alterations can be recapitulated. This would facilitate in our
understanding of whether U1 pathology and splicing alteration are causally
related or just independently co-existing in AD brains.

It is necessary to study of potential involvement of U1 snRNP in AB-Tau axis.

We have already shown that U1 dysfunction by U1-70K knockdown or U1 snRNA
inhibition causes increased production of AB (10). This indicates U1-70K might
contribute to the regulation of AP generation. However, to strengthen this, it
would be necessary to show increased intracellular Ap or plaques surrounding
the neurons that bear tangle-like structures or mislocalization of U1-70K, or its
nuclear reduction in AD, compared to nondemented healthy controls.

We also looked whether AP plaques are the insult that induces the U1

alteration. Immunostaining of U1-70K in the brain of APP transgenic mice that
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bear heavy load of AP plaques shows no aggregation, mislocation, or any
difference from the wildtype controls, suggesting that AB accumulation and
aggregation cannot cause U1 pathology directly.

It is also interesting to examine the relationship between U1 and Tau
dysregulation. It was already shown in this study that U1-70K pathology is not

likely the result of Tau aggregation because of its absence in corticobasal
dementia and frontotemporal dementia diseases which have plenty of Tau
phosphorylation and aggregation. As U1-70K and Tau are largely overlapped in
the AD brain cortex, it probably indicates that they share the same upstream
regulating protein or pathway. However, U1-70K depletion from the nuclei and
redistribution to the cytoplasm can be present in the absence of Tau aggregation
(Figure 4.2 A), suggesting it might be an earlier event than Tau dysregulation.
Besides, the amount of Tau phosphorylation in the insoluble fraction is correlated
to the reduced amount of U1-70K low salt fraction (Figure 4.2 B, C). Moreover, in
the U1-70K knockdown cells, the Tau phosphorylation kinase GSK-3p is
increased and appears with an extra isoform (Figure 4.2 D). These results
indicate that reduced protein level of U1-70K might have a promoting effect on
Tau phosphorylation and aggregation in AD.

However, when U1-70K is knocked down, human Tau shows decreased
phosphorylation (Figure 4.2 E), suggesting that U1-70K pathology and Tau
phosphorylation might be separate events in AD. Because U1-70K can also
interact with GSK-3p (15), it is possible that U1 and Tau are both regulated by the
same upstream pathway. However, a neuronal culture system should be applied
to further clarify the relationship between U1-70K knockdown and Tau
phosphorylation.

The Tau splice isoform that includes exon 10 is more toxic to neurons and it is
causally involved in frontotemporal dementia and parkinsonism linked to
chromosome 17 (FTDP-17) (11, 16, 17). However, U1-70K knockdown showed no
effect on Tau splicing (Figure 4.3 A-F). This negative result is consistent with the

fact that Tau has no splicing alteration in AD (16, 18, 19).
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Figure 4.2 Correlation of insoluble Tau and U1-70K in AD and effect of U1-70K
knockdown on Tau phosphorylation. A) U1-70K mislocalization can be earlier
than Tau phosphorylation. Co-immunostaining of U1-70K and Tau in the cortex
of a AD postmortem brain. B) AD with lower U1-70K in the low salt fraction (LS)
demonstrates more hyperphosphorylation and aggregation of Tau. C)

Correlation of U1-70K in LS with phosphorylated Tau in the insoluble fraction. D)
Knockdown of U1-70K causes increased amount of GSK-3[3 and an extra form. E)
Knockdown of U1-70K results in reduced Tau phosphorylation. Tau is cloned

from the human neuronal cell line SH-SY5Y.
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Figure 4.3 Effect of U1-70K knockdown on Tau splicing. A) In the Tau splicing
reporter design, exon 10 (Ex10) has 94bp instead of 93bp (endogenous), causing
a downstream framing shift when included. Therefore, when Ex10 is included,
then no EGFP expression occurs due to reading frame shift. In contrast, EGFP
will start to express when Tau Ex10 is skipped due to no reading frame shift. B)
GFP expression before harvesting for RT-PCR in C). C) RT-PCR to show Ex10
skipping of the Tau splicing reporter under RNA splicing inhibition (IGK,
Isoginikgetin, 33uM; Sud, Sudomycin, 2uM; 6h after knockdown). C) GFP
expression before harvesting for RT-PCR in B). D) Western blotting to
demonstrate successful knockdown of U1 components. E) RT-PCR to show Tau

minigene splicing isoforms. F) No obvious GFP expression in the EHK293 cells

before harvesteding for RT-PCR in and E).
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2.2. To study the mechanism of U1-70K pathology

As mentioned before, U1 pathology mainly includes the formation of tangle-
like structures and the mislocalization to perinuclear distribution. Presence of
U1-70K tangle-like structures is occurs only when Tau tangles exist in the cell and
is always overlapping with Tau, while U1-70K mislocalization in a neuron without
a Tau tangle. This implies U1 mislocalization is the early stage of the formation of
tangle-like structure. Thus, mechanistic studies should focus on the
mislocalization.

Redistribution of U1 in the cytoplasm can be the result of two possible events:
one is the interrupted translocation of newly synthesized protein from ER-Golgi
system to the nuclei, and the other is its translocation from nuclei. The studies
will be designed accordingly to address these possibilities.

ER stress might be the reason for U1 mislocalization. U1-70K is first
synthesized in the ER and then transported to the nuclei for the assembly of a
mature spliceosome (20). The distribution pattern of U1 in the cytoplasm looks
like the shape of ER in cortical neurons (21). ER is known to be under stress even
before the Tau tangle formation (22). Besides, the small GTPase Rab6, which is
responsible for retrograde Golgi—ER trafficking for possible protein post-ER
quality control, has a similar overlapping pattern with Tau in the temporal cortex
of AD brains (23). Therefore, it is highly likely that this perinuclear distribution is
caused by ER dysfunction. Therefore, it will be necessary to perform co-
immunostaining of Rab6 (23), ER marker Calnexin (21), Golgi marker TGN-38
(21), mitochondria marker COX I (24), late endosomal marker LAMP2 (25) each
together with U1-70K on AD cortical and hippocampal slides.

U1 mislocalization might be underlined by activated cell cycle reentry. The U1
cytoplasmic distribution could be a result of activation of cell cycle reentry. Itis
known that U1 proteins moves out of nuclei during mitosis (26). In this study, the
U1 redistribution that surrounds nuclei in the cytoplasm looks very similar to the
pattern of a transcription factor Sp1 during prometaphase of mitosis (277). There
is already ample evidence of cell cycle reentry in AD brain neurons (28-31). It is

very likely that U1 depletion from nuclei is a reflection of initiated mitosis. Tau
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can be phosphorylated during mitosis (32, 33). Therefore, the co-existent
aggregation of both Tau and U1 may reflect the reentry of neuronal cell cycle. To
test whether this is true, the mitosis markers such as Ki-67, PCNA, cyclines,
CDKs can be used to be co-immunostained with U1-70K and Tau in the AD brain
neurons, to see if the cell cycle reentry event co-exists with the pathology of U1 or
Tau in the same neuron.

The insoluble form of U1-70K might be due to abnormal modification. The

major modification of U1-70K that has been intensely studied is phosphorylation.
It will be phosphorylated during cellular apoptosis (34), cell cycle (35) and RNA
splicing (36). Because AD neurons with U1 tangle-like structure are probably
undergoing cell cycle progression and apoptosis, the cytoplasmic U1-70K is
probably phosphorylated, or added with other modifications. This can be
determined by measuring the protein intact mass of purified U1-70K using mass
spectrometry. U1-70K in the insoluble fraction is expected to have a different
mass spectrum as compared to U1-70K in the soluble fraction using non-
demented healthy individuals as controls. The suspected modifications can be
further analyzed by both MS and biochemical approaches.

U1-70K interactome study might be the essential approach for discovering

critical clues to its pathological change. There are about 99 interacting proteins of

U1-70K that have been identified so far according to BioGRID
(http://thebiogrid.org/112509). The unique cytoplasmic distribution of U1-70K

in AD should be regulated by proteins that are very likely still associated with
it.The interactome of U1-70K in AD is certainly different from that in non-
demented healthy brains. Using specific antibody with high binding affinity to co-
immuoprecipitate U1-70K and identify associated proteins by LC-MS/MS can
probably reveal mechanistic proteins for understanding of U1 mislocalization and

potentially aggregation.
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