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In Alzheimer's disease (AD), toxic oligomers of tau proteins originate from a small number of cells deep inside the
brain and propagate to other regions of the brain, ultimately causing cell death in up to 50% of neurons in the cerebral
cortex. Based on the pathological observations of over 2000 brains [1,2], it has been hypothesized that the phosphorylated
tau, the primary cause of tauopathy, initially appears in the locus coeruleus (LC) in the brainstem and entorhinal cortex
(EC), spreading from there to the hippocampus and cerebral cortex. Integrating results from these human pathological
anatomy and animal experiments [3] suggests that tau aggregation begins in a small number of neurons in LC and/or EC,
and rapidly expands to affect the entire brain at some point. This phenomenon is considered a "singularity phenomenon",
and neurons in LC and EC that acquired an ability to propagate toxic tau are referred to as "singularity cells". Interestingly,
the formation of protein aggregates and their propagation from one brain region to another are common pathogenesis
mechanisms shared by various neurodegenerative diseases. Amyloid B (AB), a-synuclein, and TAR DNA-binding protein
43 (TDP-43), which are found as aggregates in the patients of AD, Parkinson's disease as well as dementia with Lewy
bodies, and amyotrophic lateral sclerosis (ALS), respectively, are also characterized by the expansion of large-scale
neurodegeneration starting from a few cells [4]. These neurodegenerative diseases can also be considered "singularity
phenomena". However, traditional research has not viewed neurodegenerative diseases as having a "singularity", or the
cells forming toxic protein aggregates and gaining the ability to propagate aggregates have not been recognized as
"singularity cells" in the onset of neurodegenerative diseases. To understand the mechanisms underlying these neuronal
diseases and to advance prevention and treatment, it is essential to seamlessly analyze the process of accumulation of
aggregated proteins, which gives rise to singularity cells and causes damage to neurons and the entire brain, across
molecular, cellular, and tissue levels.
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In the Singularity Biology A03-1 group (Table 1), we focused on tau proteins, as the aggregation of tau protein is
involved in multiple neurodegenerative diseases such as AD, corticobasal degeneration (CBD), progressive supranuclear
palsy (PSP), chronic traumatic encephalopathy (CTE) that are generally referred as "Tauopathy". Our objective is to
answer biological questions that when and where "singularity cells" acquire the ability to propagate and accumulate toxic
tau oligomers. This involves understanding the biological challenges of when and how tau oligomers released from
singularity cells rapidly propagate to the cerebral cortex. Here, we report the research activities by the Singularity Biology
AO03-1 group to understand the "singularity" of neurodegenerative diseases, revealing the singularity phenomena at the
cellular and neuronal circuit levels by developing novel technologies to discover" singularities".

Table 1 A03-1 group composition and collaborators in the Singularity Biology
A03-01 group

Principal Investigator Hiroko Bannai (Waseda University)
Co-Investigator (CI) Akihiko Takashima (Gakushuin University)

Michio Hiroshima (RIKEN, Osaka University)

Gen Matsumoto (Nagasaki University)

Keiko Matsuda (Keio University)
Collaborating Researcher (CR) Yoshiyuki Soeda (Gakushuin University)

Collaborators in the Singularity Biology

AO01-2 PI Takeharu Nagai (Osaka University)

A01-2 CI Hideaki Yoshimura (University of Tokyo)

A01-2 CR Mitsuru Hattori (Osaka University)

A03 PI Naruhiko Sahara (National Institutes for Quantum Science and Technology

Takashima team in A03-1 confirmed in SH-SYS5Y cells that hyper-excitation enhanced the translation of tau protein
depending on the strength of stimulation, without altering tau mRNA levels [5]. This result suggests the possibility of
local translation induction in dendrites leading to an increase in tau concentration, and possibly the increase in tau
oligomers. Additionally, Soeda and Bannai team of A03-1 and Yoshimura of the A01-2 group established a technique to
control the state and localization of tau within cells using optogenetics. We developed the optogenetic tool "OptoTau",
consisting of a P301L mutant human tau fused with the light-sensitive protein CRY?2olig, which formed homo-oligomers
upon blue light stimulation [6]. Twenty-four hours of blue-light stimulation increased the phosphorylation of OptoTau
and resulted in tau translocation into the aggresomes [7]. In brains of AD and other tauopathies, N-terminally deficient
tau has been identified [8]. When cells overexpressed OptoTau-AN, a Cry20lig fused to one of these N-terminally
deficient tau fragments, they were found to form liquid-liquid phase-separated droplets of tau seeds upon stimulation with
blue light [7]. These results suggest that tau liquid droplet formation and N-terminal truncation are necessary for the
formation of neurofibrillary tangles (NFT) in neurodegenerative diseases, representing a cellular-level singularity known
as tau seed formation.

Groups led by Sahara from the publicity offered research group A03 and Matsumoto from the A03-1 group revealed
the molecular mechanism of selective autophagy, which continuously degrades tau oligomers [9]. They proposed that the
imbalance between tau generation and degradation could become a cellular-level singularity.

From the research activities by the A03-1 group, several novel imaging technologies contributing to detecting the
singularity in neurological diseases have been developed. Before this study was initiated, Hiroshima in the A03-1 group
had developed a fully automated in-cell single-molecule imaging system (AiSIS) using computer operations, robotics,
and artificial intelligence (AI) [10]. Using AiSIS, Hiroshima analyzed the dynamics of plasma membrane molecules in
cells expressing OptoTau with blue-light illumination and the dynamics of tau molecules at the single-molecule resolution,
aiming to reveal the impact of various tau supramolecular complexes on neural activity and survival.

Another ongoing challenge is the development of new probes to detect the moment of tau oligomer formation in the
brain. In collaboration with the A01-2 group's Hattori and Nagai, the A03-1 team led by Bannai found the prototype of
luminescent probes to detect tau seeds within OptoTau knock-in cells. In the future, we would like to improve this probe
and develop a probe that can detect tau oligomers that appear in earlier stages in the pathogenesis of tauopathy. This will
allow us to ask when and where "singularity cells", which acquire the ability to propagate and accumulate toxic tau
oligomers, arise within an individual animal.

Finally, we introduce research aimed at detecting the singularity phenomenon that causes tauopathy and other
neurodegenerative diseases within neural circuits or animals and humans. The EC in the brain serves as a hub connecting
several regions of the cerebral cortex and hippocampus, playing a crucial role in spatial recognition and navigation.
Cognitive impairments observed in AD and tauopathies are considered to be associated with the accumulation of NFT,
preceding the onset of impairments [11]. A03-1 Takashima team developed a 3D virtual reality (3DVR) task reflecting
the activity of grid cells responsible for spatial recognition in the EC [12]. Conducting this 3DVR task with 177 dementia-
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free volunteers aged 20 to 89 revealed an age-related increase in error rates in navigation tasks involving the EC. Given
the correlation between NFT accumulation in the EC and age [13], errors in this 3DVR task may reflect the accumulation
of NFT in the EC. Since NFT accumulation in the EC precedes awareness of cognitive impairment [11], this 3DVR task
could be a method for early identification of persons who may develop AD.

In the research where A03-1 Matsumoto joined, an innovative technology was developed to amplify and detect a-
synuclein aggregate cores in the blood of Parkinson's patients and those with Lewy body dementia using super-resolution
microscopy [14]. This method holds the potential for application in detecting Tau seeds present in the cerebrospinal fluid
of patients.

In summary, the A03-1 group in Singularity Biology has considered tauopathy, a neurodegenerative disease, as a
"singularity phenomenon" and has developed methods to discover and manipulate "singularity cells". In the future, we
would like to further develop the results of this research to understand the cellular level singularity of tauopathy, which
will lead to the elucidation of the pathogenesis mechanism and the solution of diagnostic methods.
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