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Abstract

This paper seeks to analyze the results of a Drosophila melanogaster high-
throughput sequencing experiment to understand the role of AICD protein
overexpression in Alzheimer’s Disease. Of particular interest was Rad23, a
nucleotide excision repair and protein shuttling gene upregulated with AICD
overexpression. Analysis of these results and existing literature indicated a
possible link between Rad23 overexpression and the buildup of Tau neurofi-
brillary tangles in the brains of Alzheimer’s Disease patients. Rad23 has a role
in the degradation of proteins; it is thought to shuttle polyubiquitinated pro-
teins to the proteasome. Rad23 binds more effectively to K48 than to other
lysine residues, and K48 residues are primarily responsible for marking pro-

USA.
teins for degradation. However, overexpression of Rad23 leads to the inhibi-

tion of proteolysis, thought to be a product of competition between polyubi-
quitinated substrate binding to Rad23 and to the proteasome. This paper pro-
poses a possible mechanism through which Rad23 overexpression inhibits the
proteolysis of Tau neurofibrillary tangles, causing the development of Alz-
heimer’s Disease.
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1. Introduction

The amyloid precursor protein (APP) is a protein that has been associated with the development of Alzheimer’s
Disease (AD). After cleavage by beta and gamma secretase, APP produces two fragments, amyloid beta (Ap) and
the amyloid intracellular domain (AICD). Much research over the past decades has been centered around the ab-
normal accumulation of AP plaques in AD patients as the cause of disease progression, a theory known as the amy-
loid cascade hypothesis. However, medications that successfully target Ap plaques for removal have seen mixed
effectiveness due to a lack of clinical benefits in patients found after the administration of such drugs [1].

The purpose of this paper is to analyze the role of the AICD in AD pathogenesis based on data produced from the
use of high-throughput sequencing of AICD-overexpressed Drosophila mRNA. It was hypothesized that overex-
pression of Rad23, a gene upregulated by AICD overexpression, contributes to the progression of AD by causing a
decrease in the amount of neurofibrillary tangle proteins shuttled to the proteasome for degradation.

2. Methods

The data used for this paper was produced by an experiment conducted in the Kunes Laboratory at Harvard Uni-
versity. In this experiment, a recombinant gene was created that only produces the AICD section of the APP protein,
which would normally only be created in the proteolysis of APP using beta secretase and gamma secretase. This
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experiment contained two groups: a control group and a group of Drosophilae with the overexpressed AICD pro-
tein.

RNA was isolated from the heads of the experimental and control groups, and the RNA from the two samples
were sequenced using high-throughput sequencing. This process was repeated three times, and the number of se-
guences for each RNA molecule was counted. This allowed for the determination of the identity and number of
RNA molecules for each gene in each animal. The data was then collected into spreadsheets organized by Droso-
phila chromosome, and the log?2 ratio of the RNA molecules of each gene in the experimental group to the control
group was determined. This procedure led to the identification of genes that were upregulated or downregulated
with the overexpression of AICD in Drosophila as well as the degree to which these changes occurred.

3. Results

A gene that was found to be upregulated after the high-throughput sequencing procedure was Rad23, which had
a log2 ratio of 0.769650365 compared to the control. This meant that flies with overexpressed AICD saw the Rad23
gene upregulated approximately 1.7 times compared to the control (2°0.769650365 = 1.704856564).

One of the main functions of Rad23 is as a nucleotide excision repair (NER) protein. However, Rad23 has also
been known to play an important role in the delivery of ubiquitinated proteins to the proteasome for proteolysis [2].

Ubiquitination is the process of attaching ubiquitin marks to proteins, indicating them for further processing, in-
cluding for proteasomal degradation. Ubiquitin has 7 lysine residues: K6, K11, K27, K29, K33, K48, and K63.
These linkages are formed between the C-terminus of ubiquitin and the e-amino group of a substrate’s lysine resi-
due. Each of these residues can be further ubiquitinated, producing polyubiquitination, or poly-Ub chains. Though
ubiquitination at each lysine residue produces different results, K48 and K63 are currently the most thoroughly stu-
died of the seven. K48 ubiquitinated chains are primarily used for marking a target protein for proteasomal degra-
dation, while K63 pathways have been found to be more relevant toward endocytic trafficking, inflammation, and
DNA repair.

The Rad23 protein has three domains: two ubiquitin-associated (UBA) domains and one ubiquitin-like (UbL)
domain [3]. The UBA domains of Rad23 bind to the chain of ubiquitinated proteins, while the UbL domain binds to
the proteasome. These two sections of Rad23 are thought to help it accomplish its shuttle-like role in moving ubi-
quitinated proteins to the proteasome. Studies have shown that the UBA domains of Rad23 bind more effectively
with K48-linked chains compared to K63 or K29-linked chains [4-6]. This is a result of Rad23 binding more tightly
with K48-linked chains than others, although the reason for this tighter binding remains unclear. Rad23 thus ap-
pears to have a direct role in the movement of ubiquitinated proteins to the proteasome due to its interactions with
K48-linked chains.

However, contrary to what is expected from the model, it was discovered that human Rad23 inhibits proteolysis
when overexpressed [7]. The researchers explained this phenomenon through a mechanism of binding competition
between Rad23 UBA domains and the proteasome’s polyUb receptor. Polyubiquitinated chains typically bind to the
proteasome’s polyUb receptor for degradation, but it appears that they also have an affinity for the UBA domains of
Rad23. This competition decreases the amount of substrates that end up binding to the proteasome, thus inhibiting
proteolysis. While Rad23 has both ubiquitin-associated (ubiquitin-binding) domains and a UbL domain that mimics
ubiquitin in binding to the proteasome, it is possible that the UBA domains compete with the proteasome in the
binding of K48-linked chains, causing Rad23’s inhibitory effect on proteolysis to arise primarily from the surplus of
K48-linked chains binding to Rad23 instead of to the proteasome.

Additionally, these inhibitory results were demonstrated to be largely a result of UBA properties as opposed to
those associated with the UbL domain, further supporting the competition model. Raasi and Pickart found that de-
leting the UbL domain produced stronger inhibition, demonstrating that the UbL domain is not the cause of proteo-
lysis inhibition. Rather, strong inhibition was seen through deletion analysis to be associated with the two UBAs
and not the region between them. Additionally, polyUb chain binding to the UBA domains may lead to other de-
fects in substrate-linked chain assembly and disassembly. These effects may be significant in the inhibition of pro-
teolysis; assembly and disassembly of substrate-linked chains, or ubiquitination and deubiquitination, are both cru-
cial in the proteolysis pathway. Other post-translational modifications may also be significant, producing a complex
model of Rad23’s role in proteolysis that has not yet been fully defined. Similar results have also been seen in yeast
Rad23 [3]. Whether through competition, assembly or disassembly of other substrate-linked chains, post-translatio-
nal modifications, or other mechanisms, overexpression of Rad23 appears to produce an inhibitory effect on pro-
teolysis of K48-linked chains.
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One protein whose proteasomal degradation pathway involves Rad23 is Tau. Tau is a microtubule-associated
protein, altered forms of which have been implicated in AD [8].

In its unaltered state, Tau has been thought to contribute toward microtubule assembly and stabilization. However,
studies in mouse and human brains have largely failed to conclusively determine a clear neuron-specific function;
knockout experiments in mice did not produce phenotypic abnormalities, and humans with mutant or disrupted tau
were shown to have developmentally normal microtubules [9]. Normal tau forms appear to maintain the plasticity
of synapses, while abnormal or pathogenic forms appear to impair it. Normal Tau largely associates with axon mi-
crotubules, although synaptic activity can cause it to interact with postsynaptic density proteins. This normal form
of Tau is highly soluble and is relatively unfolded; however, it can undergo conformational changes to produce a
less soluble form that is associated with weaker microtubule stabilization. These altered proteins aggregate in the
brains of AD patients.

Post-translational modifications such as phosphorylation, acetylation, and ubiquitination may also play signifi-
cant roles. Phosphorylation, or the addition of phosphate groups onto a molecule, has been indicated in Tau species
to be significant in AD development [9]. Hyperphosphorylation is the complete saturation of a molecule with mul-
tiple potential phosphorylation sites, and the problematic, less soluble state of tau is usually considered a result of
hyperphosphorylation. Experiments have shown that the phosphorylation of Tau reduces its microtubule-binding
ability and causes it to form tangles or filaments.

The relationship between A and Tau has been long investigated. It has been shown that AB plaques can enhance
the aggregation of Tau proteins in AD brains. Injection of human Tau into mice with AP plaques caused the produc-
tion of new Tau pathologies, including neurofibrillary tangles and neuropil threads (NTs) [10]. These new forma-
tions were characterized by beginning initially as small dystrophic neurite aggregates and gradually progressing to
become NFTs and NTs, suggesting a relationship between the products of APP cleavage and Tau propagation. Ad-
ditionally, the buildup of AB is an earlier occurrence in AD progression than the aggregation of Tau’s many altered
forms. This is often used as evidence to support the amyloid cascade hypothesis and the idea of Ap plaques as the
crux of AD pathology.

Phosphorylation is one step that typically occurs before Tau aggregation. Aggregation is likely controlled largely
by microtubule-binding domains (MBDs), which binds to microtubules and holds together tubulin dimers. Proteas-
es have also been shown to play a role in Tau aggregation. For example, when inhibited, delta-secretase—a pro-
tease that cleaves both APP and Tau—has been shown to reduce the cleavage of both molecules, subsequently
augmenting long-term potentiation and improving memory [11].

Tau also undergoes ubiquitination, and ubiquitin has been shown to be a component of AD PHFs [12]. Specifi-
cally, insoluble Tau PHF aggregates have been shown to be modified by K48-linked ubiquitin chains over other
lysine sites, such as K6, K11, or K63 [13]. Additionally, almost 50% of ubiquitinated NFTs observed in patients
with AD received K48-linked polyubiquitination [14]. Their research raised the question of why polyubiquitinated
Tau molecules are not degraded, despite their majority affiliation with K48-linked ubiquitin chains, which are heav-
ily associated with proteasomal degradation. Nevertheless, the presence of insoluble NFTs remains a significant
indicator of the severity of AD in patients.

4. Discussion

This secondary research yielded a possible link between the amyloid cascade hypothesis and the buildup of Tau
neurofibrillary tangles due to the effects of the Rad23 protein. This paper hypothesizes that AICD overexpres-
sion-derived upregulation of Rad23 contributes to the buildup of problematic Tau NFTs in AD brains.

Studies have shown Rad23’s inhibitory properties in proteolysis. In this model, Rad23 overexpression suppresses
the shuttling of ubiquitinated Tau to proteasome 26S for degradation. Rad23’s UBA domains preferentially bind to
K48-linked ubiquitin chains as opposed to K63-linked ones. K48-linked chains, as the literature shows, mark pro-
teins for proteolysis; Rad23 overexpression, therefore, could inhibit the transport of K48-linked chains to the pro-
teasome. Raasi and Pickart found that human Rad23 had an exclusively inhibitory effect on polyubiquitinated sub-
strate degradation in the proteasome. They explained these findings using a model of competition for polyubiquiti-
nated substrate binding between Rad23 UBA domains and the proteasome—K48-linked chains would bind to the
UBA domains of Rad23 instead of to proteasome 26S, resulting in a lack of degradation.

Applying these findings to AD, Tau PHFs, which are often modified by K48-linked ubiquitin chains, might then
fail to be degraded when required due to the overexpression of Rad23. The buildup of PHFs produces NFTs that
contribute to the neurodegeneration associated with AD. Therefore, preferential binding of Tau NFTs to K48 lin-
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kages over those of K63 or other lysine residues may inhibit the proteolysis of the NFTSs.

Professor Kunes’s research on the high-throughput sequencing of fly genes produced a Rad23 log2 ratio of ~0.77;
Rad23 thus appeared to be upregulated almost 1.7 times compared to controls. This may be due to a number of
reasons not restricted to Rad23’s potential role in the ubiquitination and cleavage of Tau. For example, rather than
being a cause of AD in itself, the upregulation of Rad23 may be a response to other factors in AICD overexpression
that are potentially responsible for AD development. Additionally, as detailed briefly in the literature review above,
AD is a complex disease involving many proteins and pathways that likely does not have a single gene as its root
cause. Rather, this secondary research on Rad23 and its potential linkages to the ubiquitination and buildup of Tau,
if true, serves as a stepping stone in the larger framework of AD research.

An experiment that observes the symptoms of AD in mice would serve to test the validity of this hypothesis. Ar-
tificially reducing the expression of Rad23 in FAD mice and observing them in timed intervals for the presence of
NFTs may reveal whether Rad23 overexpression has a significant role in the pathology of Alzheimer’s Disease. For
example, Bulaklak et al. demonstrated a method to downregulate genes using microRNA segments in their mouse
model research on Duchenne muscular dystrophy. MicroRNAs are non-coding RNA molecules that inhibit gene
expression by binding to the RNA-induced silencing complex (RISC), decreasing the ability for certain sections of
RNA to properly stabilize and translate into proteins. This experiment used miR-206, a microRNA specific to ske-
letal muscles, to inhibit the expression of certain genes; future studies on Rad23 could use microRNA molecules
that specifically target Rad23 or other genes related to ubiquitination. Such a method of Rad23 inhibition may be
preferable to a knockout study, as it is difficult to fully understand the impact of removing a gene altogether and
how that may affect the experiment’s results, although a knockout study may be more precise in isolating Rad23 as
the gene to be inhibited.

5. Conclusion

This hypothesis addresses the shortcomings of prior drugs intended to target amyloid plaques in AD brains. If
AD pathogenesis is related to the overexpression of Rad23 through the production of AICD from APP cleavage,
drugs that serve to reduce amyloid plaques would fail because they do not address the root of the disease. Ap, and
with it amyloid plaques, would continue to be produced as a result of APP cleavage, but reducing amyloid plaques
themselves would not suppress the overexpression of Rad23 that may cause further aggregation of NFTs. This link
between the AICD, Rad23, and the aggregation of NFTs, if true, would bridge the gap between the amyloid cascade
and Tau hypotheses; the excess cleavage of APP produces excess AICD and AB. AP produces the amyloid plaques
associated with AD, while the excess AICD upregulates Rad23, causing the aggregation of insoluble Tau PHFs that
eventually become neurotoxic NFTs. Experiments that involve miRNA-derived gene inhibition or a knockout study
are further steps to test the validity of this hypothesis.
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