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Introduction:

Why would someone choose not to escape a painful

electrical shock when given the chance? In 1967,
psychologist Martin Seligman conducted a famous
experiment on dogs—he strapped the dogs to a

harness and administered electrical shocks to them.

One group of dogs could terminate the shocks by
pressing a lever nearby. The second group received
the same shocks, but, pressing the lever would not
affect them.

The next day, all dogs were tested in a different
environment. They were placed in a “shuttlebox”, a
laboratory apparatus separated into two
compartments by a low barrier. This time, the dogs
were unrestrained; all they had to do to escape the
painful shocks was jump over the low barrier.

Surprisingly, the dogs behaved significantly
differently depending on whether they had
control over the shocks the previous day. 90% of
the escapable shock group quickly learned to
jump over the barrier and escape the shocks,
yet % of the inescapable shock group did not
even attempt to escape. Instead, they lay down
passively and endured the shocks, even though
escape was possible.

Ventromedial Prefrontal Cortex, Depression
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Seligman’s experiment gave rise to the influential
psychological concept of “learned helplessness.”
Learned helplessness illustrates that when
individuals are exposed to repeated or prolonged
aversive events, they learn that their actions do
not impact have any outcomes. They will
integrate this lesson into their beliefs and
generalize it to other situations even when they
are not considered objectively helpless, or when
they do have control over the outcomes.

Discoveries in Human
Experiments

Consolidated by later studies, learned helplessness
is also observed in human subjects. Studies on
college students by delivering escapable vs.
inescapable loud noises or asking participants to
solve solvable vs. unsolvable anagrams yielded
similar patterns to the dog experiment. Those in the
inescapable group consistently failed to escape or
solve the anagrams. For instance, one report
indicates that people from the inescapable group
commented, “Nothing worked, so why try?”
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Furthermore, researchers discovered that for “learning” part backwards. Passivity and anxiety, it
humans, explanations or excuses people give for their turns out, are not learned; they are the brain’s
failure to escape can effectively predict the duration default, instinctive reactions to harmful or traumatic

and extent of their perceived helplessness. Subjects experiences. Instead, it is the perception of control
who attribute their failure to permanent causes (e.g., that must be actively learned.

"I am always bad at solving problems") predict
prolonged helplessness. In comparison, subjects
attributing make attributions to temporary causes
(e.g., "This was a bad day") predict short-lived
helplessness. Attributions to pervasive causes (e.g.,
“most problems are unsolvable”) lead to helplessness
across multiple situations. In contrast, attributions to

specific causes (e.g., "This particular task is too hard")

limit helplessness to the original context.
Lastly, studies on human subjects establish learned
helplessness as a laboratory model for understanding
the mechanisms underlying depressive disorders.
Defined in the DSM-III (1980) and DSM-IV (1994), major
depressive disorder is diagnosed when the individual
exhibits at least five of the following nine symptoms:
1.Sad mood.
2.Loss of interest or pleasure in activities.
3.Significant weight loss or gain.
4.Sleep disturbances (insomnia or hypersomnia).
5.Psychomotor agitation or retardation.
6.Fatigue or loss of energy.
7.Feelings of worthlessness or excessive guilt.
8.Difficulty concentrating or making decisions.
@.Recurrent thoughts of death or suicide.

The symptoms seen in learned helplessness
closely mirror those of clinical depression.
Laboratory experiments with animals and
humans replicated eight out of nine symptoms
of depression. The only symptom not
reproducible in the laboratory was suicide or
suicidal thoughts, due to the ethical limitations
of laboratory experiments. Conversely,
depressed individuals who were not exposed to
inescapable events in the experiments showed
more passivity and more often failed to escape
or complete cognitive tasks.

Neuroscience Revises
the Theory

New neuroscience investigations revealed that
although psychologists were right about the
associations between exposure to inescapable
negative stimuli and passivity, they got the

The original theory of learned helplessness, as
articulated by Seligman and colleagues, proposed
the following two primary mechanisms:
1.Detect: Animals (or humans) detect whether the
consequences of events are controlled by their
behaviours.
2.Expect: After detecting uncontrollability, animals
form an expectation that future events will also
be uncontrollable.
The original model assumed that 'detecting
uncontrollability' was the active ingredient-learned
helplessness arises when an individual recognises
uncontrollability. As more recent neuroscience
discoveries emerge, the case proves that proves
detecting control (not uncontrollability) is the
critical factor for preventing passivity—learned
helplessness is inhibited when an individual detects
controllability.
1. Passivity/Anxiety
Aversive stimuli activate the serotonergic (5-HT)
neurons in the dorsal raphe nucleus (DRN). The DRN
sends serotonin (5-HT) to several brain regions, such
as the periaqueductal grey, striatum, and extended
amygdala. In the periagueductal grey and striatum,
S5-HT inhibits active escape behaviours. In the
amygdala, 5-HT enhances fear and anxiety
responses. Prolonged activation of the DRN leads to
sensitisation, which persists for days, causing
increased passivity and exaggerated fear and
anxiety. Unlike what the detection-expectation
theory assumed, this response is triggered by the
intensity and duration of the aversive experience
per se, not by the organism's perception of
uncontrollability. In other words, regardless of
whether an individual perceives the situation as
uncontrollable, passivity and anxiety responses are
automatically activated when intense or prolonged
shocks are experienced.
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2. Detection and Action (DETECT and ACT)

When control is possible (e.g., escapable shock), the
prelimbic ventromedial prefrontal cortex (PL)
communicates with the DRN to recognise control.
Then, after detecting control, another PL pathway
suppresses the DRN, preventing the activation of 5-HT
neurons, and thus reducing the response of passivity
and fear. This demonstrates that it is the detection of
control by the prelimbic medial prefrontal circuits,
not its absence that represses the instinctive DRN
responses.

3. Expectation of Control (EXPECT):

After experiencing control, the PL-DRN pathway
undergoes plastic changes, forming a circuit that
"remembers"” control. In future stress scenarios, even
if the shock is inescapable, this circuit activates as if
control were present. For example, an inescapable
shock would not be detected as inescapable but
would be experienced as if the individual had control
over it. Importantly, this proves that EXPECTATION is
not a conscious process but rather a neural bias
shaped by prior experience of control.

Conclusion

The discovery of the prelimbic cortex and its critical
role in detecting and acting upon control reframes
helplessness—not as an inevitability of failure, but as
a failure to detect power. When the brain learns
control, it rewires itself, embedding an expectation
of agency that can reinterpret even inescapable
trials as valuable opportunities. These insights hint
at a promising prospect where individuals can learn
to be resilient and gain agency by rewiring their
minds to recognise control. By taking on leadership
roles or seeking positions that demand initiative,
even those prone to passivity can cultivate the
ability to assert control and change their previously
“hardwired” responses to challenging situations.

AUTHOR: Evelyn Yi

EDITOR: Amanda

References

Baratta, M. V., Seligman, M. E. P., & Maier, S. F. (2023).
From helplessness to controllability: Toward a
neuroscience of resilience. Frontiers in Psychiatry, 14,
1170417._https://doi.org/10.3389/fpsyt.2023.1170417
Maier, S. F., & Seligman, M. E. (2016). Learned
helplessness at fifty: Insights from neuroscience.
Psychological Review, 123(4), 349-367.
https://doi.org/10.1037/revO000033

Song, X., & Vilares, I. (2021). Assessing the relationship
between the human learned helplessness depression
model and anhedonia. PLOS ONE, 16(3), e0249056.
https://doi.org/10.1371/journal.pone.0249056



https://doi.org/10.3389/fpsyt.2023.1170417
https://doi.org/10.1037/rev0000033
https://doi.org/10.1371/journal.pone.0249056

SMART MAGAZINE AUTHOR Evelyn Yi EDITOR: Amanda

Unraveling the Brain: The Mystery
of REM and Non-REM Dreams

Keywords: dreaming; sleep stages; REM

I ﬂ t rOd U Ct i O n : sleep; NREM sleep; concept of self;

Some dreams we can easily recall. They are vivid, rich in details, and have almost movie-like plot
developments. Others are much less memorable—more akin to GIFs or TikTok shorts rather than intense,
story-packed experiences. What accounts for these differences in our dreaming experiences? The answer
may lie in the distinct phases of sleep during which dreams occur.

When 8-year-old Armond Aserinsky went to bed one night in 1952, researchers first recorded periodic,
rolling eye movements that accompanied periods of erratic brain activity. They also found that when
awakened during this rapid eye movement period (REM), people more frequently reported having dreamed,
that is, 71% of those awakened in REM sleep compared with only 17% in non-REM (NREM) sleep. Since this
discovery, the term ‘REM sleep’ has become synonymous with dreaming and conscious experience, giving
the impression that dreaming only occurs during REM. Yet such an assumption is incorrect. For instance,
pharmacologically produced suppression of REM sleep does not eliminate dreaming nor does dream-
suppressing lesions affect REM sleep. Therefore, dreaming is not exclusive to REM sleep but occurs in
NREM, or n on-rapid eye movement, sleep.
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Figure 1: REM sleep and non-REM sleep Figure 2:different sleep stages

Sleep Stages:

To understand what accounts for the differences in REM and NREM dream experiences, a closer look at
the nightly cycle of sleep stages might help. People experience a night’s sleep in a cycle of 4 stages: N1,
N2, N3, and REM. N1, N2, and N3 are considered NREM sleep, and about 75%-80% of our sleep is spentin
NREM. Each night, people alternate between REM and NREM, with the time spent on REM gradually

increasing for each cycle. A complete sleep cycle typically lasts between 90 to 110 minutes and people
usually go through 4-6 cycles per night.
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@® N1: A person enters N1 when they first fall asleep and they can easily wake up during this stage.
During this stage, muscle activities and breathing slow down and hallucinations such as the sensation
of sudden falling or floating can happen. N1 lasts about 1-7 minutes.

® N2: We spend the majority of our sleep in N2, which lasts around 10-25 minutes. Individuals are
clearly asleep, although they can still be awakened easily. In N2, people’s brain waves can show
periodic bursts of rapid activity, or sleep spindles.

@ N3 (and N4): N3, usually combined with N4, is considered deep sleep. The brain emits slow delta
waves and people in this stage find it hard to awaken. N3 is where night terrors and sleepwalking
generally occur. People spend 20% of the time in N3 sleep, most of which occurs during the early half
of the night and decreases as the night progresses.

@® REM: In REM sleep, an individual’s heart rate rises, breathing becomes fast and irregular, eyes dart
around behind eyelids, and brain activities resemble a waking brain. Because of this, REM dreams are
marked by their vividness and emotional intensity. The brain’s motor cortex is active during REM but
the brainstem blocks motor signals, leaving the person in muscle paralysis. This paralysis can linger as
the person awakens, causing people to experience sleep paralysis—when the person is awake but
unable to control their body movement. REM sleep is also called paradoxical sleep, as the person
appears externally calm and asleep but is internally active.

REM Dreams v. NREM Dreams

Dream Structure

Aside from recall rates, the differences between REM and NREM dreams can also be highlighted
regarding linguistic structure. A study solicited and analyzed dream reports from participants by
waking them up in REM sleep and the N2 stage of NREM sleep. During N2 awakening participants were
more likely to report having not dreamt (19.40% vs. 7.41%) or to have had a white dream (15.67% vs.
1.85%), which is the feeling of having dreamt but could not recall the content. More importantly, their
study concludes that, in addition to greater report length, REM dream reports also demonstrate higher
structural connectedness than N2 reports, suggesting that REM dreams often feature longer reports
with greater structural coherence, resembling ongoing narratives.

In contrast, NREM dream reports are shorter and more fragmented, often reflecting simple, thought-
like impressions (Martin et al.). This aligns with findings that NREM dreams lack the hallucinatory and
story-like qualities typical of REM dreams. These differences highlight how varying brain activity
during REM and NREM shapes the architecture of dreams.

Representation of the “Self”

Another distinction between REM and NREM dream characteristics can be found in their divergent
representation of the Self. The properties that compose our awareness of “self”’—the “I” in dreams-are
notably altered in dreaming compared to how we experience the “self” in waking times. For instance,
one might dream of attending a high school class when they graduated years ago or dream of seeing
a dead relative. This indicates limited access to autobiographical memory and abnormal emotional
reactions, and that the dream self lacks the ability to integrate past and present experiences.
Additionally, dreaming also tends to showcase impaired self-monitoring, as we may dream of
nonsensical and completely bizarre happenings that do not appear out of place to the senses of our
dream self. Lastly, dreams seem to display an ego-centered perspective, with the dream’s narrative
revolving around the dreamer’s actions, emotions, desires, and experiences. In this sense, the dream
self is lacks temporal coherence and an integrative sense of "self".

Due to the differing physiological responses and levels of consciousness observed in REM and NREM
sleep, examining the differences in self-representation in REM and NREM dreams may tell us
something intriguing about the nature of Self.
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One study investigated the differences in the representation of the Self in REM and NREM dreams by
systematically analyzing dream reports from a large database. Interestingly, the study found that the
self in REM dreams more frequently engaged in aggressive interactions—a strikingly 52%—while the self
in NREM dreams rarely acted as the aggressor. Instead, the self is represented as a more friendly
image in NREM dreams. Although social encounters in NREM are mostly unpleasant, the same as other
dream states, the percent of being a befriender in NREM dreams approaches 90% compared to 54%
for REM dreams. Moreover, the REM dream self is more likely to appear with other people who have
similar intentions, hence the frequent use of “we” in dream reports, whereas NREM dreams are more
often articulated in terms of “I” (McNamara et al., 2009).

Physiological Explanations

REM sleep is characterized by the selective activation
of [imbic and paralimbic regions, including the lateral
hypothalamus, amygdala, parahippocampal cortex,
and medial and orbitofrontal cortices. These areas are
deeply involved in emotional processing, memory
consolidation, and motivational states, which explains
why REM dreams tend to be vivid and emotionally

charged.

Compared to the waking-like brain activity in REM, NREM REM

NREM generally indicates a global decrease in cerebral

energy metabolism in positron emission tomographic Figure 3: brain activity in NREM and REM
(PET) studies and more localized cortical activity in

electroencephalographic (EEG) studies. For example, REM sleep, on the other hand, tends to
during NREM sleep, although the thalamocortical retain most of the connectivity with other
system remains active, the brain shows reduced brain regions that a waking brain has
cortical connectivity, or diminished capability to (Massimini et al., 2011). This widespread
interact with other brain regions to produce complex, = communication between brain regions
integrated responses, when stimulated under allows the brain to create more coherent
experimental conditions. This disconnection between  and complex experiences, reflected in the
regions leads to fragmented, abstract dream vivid, narrative-like dreams of REM sleep.

experiences in NREM sleep.

Conclusion

Dreaming during REM typically occurs when the brain is highly active, driven by intense activity in brain
regions associated with emotions and sensory experiences. NREM dreams, however, emerge when the
brain is in a quieter, oscillatory state, reflecting the lower level of brain activity during this sleep stage.
Even though the current studies on physiological differences between REM and NREM can justify certain
distinctive features of REM dreams such as vividity and emotional richness, they, however, are not
sufficient to explain the striking dissociation seen in the roles of the Self in REM versus NREM dreams.
This leaves a host of intriguing questions concerning the nature of the Self unanswered: Why is the NREM
Self constrained to engage solely in friendly interactions, while the REM Self is predominantly involved in
aggressive encounters? What mechanisms in the brain dictate these divergent roles of the Self in
different dream states?

By exploring such questions, we can glean deeper insights into how the brain constructs the sense of self
and processes social and emotional experiences.
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The Importance of Autophagy in
the Integumentary Tapetum for
Embryo Pattern

Introduction:

In May 2024, Professor Zhao Peng’s team from Wuhan University published a research paper in Nature
Communications titled "Autophagy-mediated degradation of integumentary tapetum is critical for embryo
pattern formation" [1]. This paper primarily elaborates on the regulatory significance of autophagy in the
integumentary tapetum concerning programmed cell death (PCD) and plant lipid metabolism.

Research Background

The integumentary tapetum (IT) is a specialized layer of cells located on the outer surface of the embryo
sac in the ovule of angiosperms, originating from the innermost layer of the integument. Its function is
similar to that of the anther tapetum, providing nutrients and signaling molecules (such as gibberellins) to
support early embryo and endosperm development. Although the integumentary tapetum itself does not
develop into a seed, it regulates normal embryonic development through intercellular communication, and
its programmed cell death (PCD) is essential for embryo pattern formation.As the counterpart of the
integumentary tapetum in the male reproductive system of plants, the anther tapetum has been extensively
studied for its role in promoting male reproduction through PCD. Although the integumentary tapetum also
facilitates embryo development via PCD, its underlying mechanism remains unclear. Therefore, the authors
conducted this study to explore the mechanism involved.

Autophagy can be categorized into three major types: macroautophagy, microautophagy, and chaperone-
mediated autophagy. This study focuses on macroautophagy. Previous research has identified ATG
(AUTOPHAGY-RELATED) genes as key regulators of macroautophagy, exhibiting relatively high expression
levels and dynamic temporal changes during tobacco seed development. This finding suggests that
autophagy plays a crucial role in seed development [2]. o e

Research Content and Results 08 A A

By utilizing GFP gene fusion targeting ATG genes and -.....

immunofluorescence techniques, the researchers found that ATGS, ATG7,
and autophagosomes were abundantly present in the integumentary ......
tapetum (IT), confirming the existence of active autophagy in IT.
Additionally, electron microscopy revealed the detailed ultrastructure of ......
autophagosomes and autolysosomes within IT cells.

To further investigate the impact of IT
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autophagy on seed development, the D L
research team constructed atgS and Figure 1. Active autophagy in IT during seed
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Additionally, the researchers observed that before fertilization and within the first four days post-
fertilization, there was no significant difference between the mutants and the wild type. However, after
four days post-fertilization, the loss of autophagic activity in the mutants prevented IT degradation, unlike
in the wild type, resulting in a gradual thickening of IT. Moreover, the mutants exhibited three distinct
abnormal embryonic development patterns, where zygote division deviated from the normal process. This

finding suggests that autophagy plays a crucial role in embryo development.
Figure 4. TUNEL Staining Results

To investigate the relationship between autophagy and programmed s ROE e e
cell death (PCD), the researchers performed TUNEL staining to detect
DNA fragmentation (a hallmark of PCD) and used transmission electron
microscopy (TEM) to observe nuclear membrane integrity.The results ;
showed that four days after fertilization, the wild-type IT exhibited
abundant DNA fragmentation, nuclear membrane rupture, and
cytoplasmic vacuolization. In contrast, the mutant IT displayed minimal
DNA fragmentation, and the nuclear membrane remained intact.This g
experiment demonstrated that ATG deficiency leads to the loss of PCD;
further suggesting that autophagy-related genes play a crucial role in
initiating PCD.

How does autophagy influence embryo development through PCD?
To investigate the molecular connection between IT and embryo
pattern formation, the researchers isolated embryos from wild-type
and mutant plants and performed RNA sequencing. They then conducte
principal component analysis (PCA) and hierarchical clustering analysis on the sequencing results.The
results showed a significant decrease in the number of differentially expressed genes (DGESs) in the
mutants, suggesting the regulatory role of ATG in embryo differentiation. Subsequent GO analysis also
identified several pathways related to embryo pattern formation, including pattern specification and
auxin-related pathways, all of which were regulated by autophagy in IT.This finding further confirmed the
non-cell-autonomous role of autophagy in the process of embryo development.

TUNEL

TUNEL-PI

TUNEL

TUNEL-PI

TUNEL

atg7-1

@UNEL-PI

In addition to elucidating how IT autophagy regulates embryo development through PCD, this study also
highlights its dual role in lipid metabolism during embryo development. By analyzing the differences in lipid
metabolism between wild-type and mutant plants in egg cells and seeds, the researchers found that
before fertilization, ATG inhibited triacylglycerol (TG) accumulation, whereas after fertilization, ATG
promoted TG accumulation. This indicates that autophagy is involved in both the degradation and
biosynthesis of TG in plant lipid metabolism.

Discussion

This study innovatively demonstrates that autophagy in the integumentary tapetum influences plant
embryo pattern formation through both PCD and lipid metabolism. While PCD is an important regulatory
mechanism of cell life, the role of autophagy in this process remains unclear. The regulation of PCD by
autophagy is cell type-specific. For example, autophagy is essential for PCD in proximal root cap cells but
not necessary for PCD in distal lateral root cap cells [3]. The regulatory patterns of PCD in different cell
types and their physiological significance remain important topics for future research.
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From Off-Target to On-Demand:
How Chinese Innovations in Base
Editing Are Revolutionizing
Genetic Medicine

Introduction

In recent years, significant breakthroughs have been made in the
research of single-base editing technology. The core function of base
editing genes is to use a dead Cas? protein to bring a deaminase to a
specific location, where it catalyzes deamination, triggering a cell
repair response, ultimately achieving a single-base conversion. As
gene editing has advanced, its application in rare diseases has been
both the most promising and the first to be practically applied. Base
editing is an important gene-editing technology, but there are still
some issues that need to be addressed, with hopes for gradual
solutions in the future.

Existing Problems in Base Editing

The firstissue is the limited types of editing. Professor Liu Rugian was the first to develop cytosine
base editors (CBE) and adenine base editors (ABE). In theory, base editing allows for 12 types of
conversions, but only four have been successfully achieved, with eight remaining unachieved.
Future work is expected to make these other conversions possible.

Additionally, a serious issue with single-base editors is “bystander editing,” where the editor
inadvertently modifies bases adjacent to the target base. Researchers are hoping for more precise
editing, as nearly all rare diseases and genetic conditions are caused by single nucleotide changes.

Another issue is the low efficiency of base editing. Currently, to treat a disease, it is necessary to
first conduct experiments in cell and animal models or organoid models before proceeding to
therapeutic applications. This aspect of base editing lags behind in practical applications.

First-Generation Base Editors

In recent years, China developed the GBE (Gene Base Editor), a base editor for both base
conversions and base exchanges. This editor builds on Professor Liu Rugian’s CBE technology, where
a cytosine deaminase is brought to a specific location to deaminate cytosine, converting it into
uracil (U). Uracil is recognized as thymine (T) in base pairing, which, during replication, triggers
repair, ultimately resulting in a C-to-T conversion. However, if uracil is created by deaminating
cytosine, a glycosylase can be used to excise the base from the DNA backbone, leaving an abasic
(AP) site. This induces a new DNA repair mechanism and leads to a C-to-G conversion with the GBE
base editor.
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On this basis, Chinese scientists developed the second-generation GBE base editor, using a more
potent and active uracil glycosylase and optimizing the linker structure between the two proteins.
Internationally, David Liu and J. Keith Joung’s research groups simultaneously developed the
second-generation CGBE, with relatively advanced performance.

It is well-known that, in both gene editing and base editing, the crucial aspect is designing the
gRNA, as the choice of target site for the gRNA is very important. To address the challenges in
selecting gRNA target sites, Chinese scientists have developed a deep learning model for the GBE,
collecting high-throughput editing data to train the Al model. After learning, the Al can generate
weight maps to indicate which nucleotide compositions at the target site are favorable for
improving efficiency. Additionally, scientists have built machine learning models that predict the
efficiency of any given gRNA, allowing for high-efficiency gRNA to be identified before formal
experiments.

Currently, base editing research in China is relatively limited. Whether in base editing or first-
generation CRISPR/Cas9 editing, all editing results are indirect, as they trigger mammalian cell
repair systems. Therefore, base editing research is typically carried out in eukaryotic
Saccharomyces cerevisiae (baker’s yeast) cells, which are highly homologous to mammalian cells,
and extensive gene knockout experiments in yeast cells can help identify enzymes critical to the
repair process.

Second-Generation Base Editors

This year, Chinese scientists developed a glycosylase-based base
editor with high efficiency, but it suffers from serious off-target
issues, especially with cytosine. This editor does not depend on Cas9.
There are two primary causes for off-target effects: one is the
inherent tolerance of Cas9 protein to mismatched sequences,
meaning even when the gRNA is not perfectly matched, it may still
perform editing, resulting in Cas?-dependent off-target effects.
However, the current deaminase is highly active, and after evolution,
cytosine deaminase can cause unpredictable, random mutations
across the entire genome, which is a significant risk. Therefore,
scientists aim to avoid off-target effects at the whole-genome level
by directly removing cytosine or other bases from the DNA single
strand without relying on deamination.

Researchers are also trying to develop enzymes for cytosine and
thymine. Unfortunately, these glycosylases do not exist in nature, and
currently, there is no base editor capable of targeting thymine. In
Escherichia coli, a mutation screening system has been designed. By
constructing a low-activity glycosylase editor and using this system to
restore a designed tryptophan mutant to a functional tryptophan
synthase, E. coli can synthesize tryptophan and survive in simple media.

Using a growth-coupled screening system, large numbers of mutants can be accurately screened.
After several rounds of screening, mutants with higher activity can be obtained. After nearly 1.5 years
of screening, the scientists successfully developed a high-activity cytosine glycosylase and a
glycosylase capable of directly excising thymine. After obtaining the glycosylases, they aimed to bring
these editors from E. coli to mammalian cells. After codon optimization and structural adjustments,
the first-generation glycosylase-based editor was obtained, with a C-to-G editing efficiency of about
40%, comparable to the performance of popular CBE and ABE editors. The T-to-G base editor has a
narrower editing window, making it more suitable for applications in genetic and rare diseases.
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After further optimizing the first-
generation glycosylase-based base
editor, a second generation was
developed. This second-generation
editor outperforms the first in terms
of efficiency and specificity, though
the editing window has changed.
Notably, no RNA off-target effects
were observed, and DNA off-target
effects remained below the noise
level, indicating that the second-
generation glycosylase-based base
editor is safer than the first
generation. Currently, the efficiency
of domestic base editors is still
slightly lower than the highest-
performing international editors, and
scientists are continuing
optimization efforts to achieve even
better glycosylase-based base
editors.

Best gRNA Database for Immediate Use

In single-window editors, off-target effects often occur when the gRNA is not perfectly matched,
and this effect increases over time. Researchers believe this is due to Cas?’s high tolerance for
mismatched gRNAs, resulting in off-target effects similar to mismatches. Therefore, scientists
introduced non-100% matching sites in the gRNA, greatly reducing off-target rates while increasing
single-base editing efficiency. However, the best-performing gRNA is still to be determined,
requiring high-throughput testing of different gRNAs.

The ClinVar database now includes over 37,000 known SNV loci for genetic diseases, with more
being added daily. To address SNVs corrected by ABE, scientists have cloned all relevant loci and
integrated them into cells using lentivirus. By performing high-throughput editing on the cell library
and collecting data, they can determine the best gRNA for each disease locus. Most gRNAs have
been chemically modified, and using mechanisms like intron splicing or viral cleavage can greatly
improve stability, thereby enhancing editing efficiency.

An automated system has been built in microbial cell factories for full automation of cell editing.
Within two weeks, several thousand mammalian cells can be edited, provided that the
transformation system is sufficiently efficient. The steps for full automation include: 1) automated
construction of primer pools, 2) automated generation of editing instructions, 3) automated cell
transformation, and 4) fully automated collection of edited cells and measurement of editing
efficiency. Although manual intervention is still needed for subsequent operations, such as single-
clone isolation from 384-well plates, the editing process itself is fully automated. This system
enables high-throughput determination of editing efficiency for thousands of loci, and Al models
can be used to predict the relationship between gRNA and editing efficiency. The results of these
predictions have been relatively accurate. The impact of chromatin accessibility on editing
efficiency is approximately 1:5 for CBE, meaning chromatin accessibility contributes, on average,
one-sixth to editing efficiency.
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Finally, scientists have found that many cell factors significantly affect base editing efficiency. They
have screened for these factors and discovered a class of “pioneer factors” that can greatly
enhance editing efficiency before replication and transcription. By fusing these cell factors with the
editor, they have seen improvements in efficiency, especially with the PE editing systems (PE3, PES).
This recruitment mechanism can be applied to non-template RNAs or regular RNAs without PEG
(polyethylene glycol), showing a significant increase in efficiency compared to the original PE3/PES
systems.

Applications for Treating Genetic Diseases

Retinitis pigmentosa is a rare genetic disease caused by gene mutations. In the normal sequence,
GCG codes for arginine, but in affected individuals, it is mutated to GCA, leading to the replacement
of arginine with cysteine. This mutation disrupts the activity of the PD6B enzyme, which plays a
crucial role in transmitting retinal light and chemical signals. When PDé6B is damaged, toxic
intermediates accumulate, damaging retinal neurons and causing blindness.

The principle of base editing to treat this disease is straightforward: researchers use the ABE base
editor to correct the GCA mutation to GCG, restoring the normal gene sequence. The key is
optimizing the editor’s efficiency using commonly used 293-mode cells. Through gRNA selection and
editor optimization, the highest editing efficiency achieved so far is approximately 60%.

After optimizing the base editor, due to the limited capacity of AAV (adeno-associated virus), it must
be split into two parts and placed into two separate AAV vectors, which are then delivered to the
lens. The researchers injected the vectors into the retina of mice on approximately day 14 for
functional validation.

Upon collecting the mice for functional validation, the genome editing efficiency was about 20%, but
the editing efficiency of cDNA that actually exerted its function could reach 40%. However, whether
this can truly restore visual function in the mice requires further pathological, behavioral, and
optoelectronic analysis. In the control group, the outer nuclear layer was severely suppressed,
showing almost no growth. However, in the injected areas, the outer nuclear layer grew well, and the
response to light was significantly restored. The water maze experiment also demonstrated that,
compared to the control group, the treatment group exhibited significant behavioral recovery.

This represents an important application of base editing. Genetic eye diseases are among the most
treatable hereditary conditions and present a promising avenue for commercialization, offering
hope for application to other diseases in the future.
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The Intricacies of tBNA and the
CCR4-NOT Complex

Keywords: tRNA modifications, tRNA processing,
proteomics, CCR4-NOT complex, de-adenylation,

1. The Cellular Energy
Carrier — tRNA

In the past decade, the mRNA industry has made
rapid progress and achieved tremendous success,
such as with mRNA vaccines and modification
technologies. mMRNA-based therapies have shown
enormous medical and market potential. The
achievements of the mRNA industry also reflect the
vast therapeutic potential of RNA modifications.
suggests that tRNA
modifications play a crucial role in human diseases,

Increasing evidence
including cancer and neurological disorders. The
following focuses on the physiological functions and
pathological effects of tRNA modifications.

tRNA Biosynthesis:

tRNA molecules are approximately 70-80 nucleotides
long and fold into a secondary "cloverleaf" and
tertiary "L-shaped" structure. The cloverleaf
structure consists of five parts: the acceptor stem,
the 5' and 3' ends containing the tRNA, the D-loop,
the anticodon loop, the variable loop, and the T-loop.
The process begins with the transcription of tRNA
genes by RNA polymerase Il (Pol Ill) and the
transcription factors TFIIIB and TFIIIC in the nucleus,
generating a precursor tRNA (pre-tRNA) of
approximately 100 nucleotides. This precursor tRNA
undergoes initial trimming, where RNase P and RNase
Z remove the 5' leader sequence and 3' trailer
sequence, respectively. The precursor tRNA is then
processed by the tRNA splicing endonuclease (TSEN)
complex and hematopoietic stem cell 117 (HSPC117)
splicing. Additionally, the CCA-adding enzyme
synthesizes the 3'-CCA end of the pre-tRNA using
ATP and CTP. Before being exported to the
cytoplasm via the export protein t (Xpo-t), the pre-
tRNA undergoes further modifications and is
ultimately processed into a mature tRNA of 70-80
nucleotides in length.

tRNA translation mechanisms

Finally, aminoacyl-tRNA synthetase acetylates
the mature tRNA and attaches it to the 3' end
in the cytoplasm or nucleus, after which it is
catalyzed by elongation factor Tu and GTP
complexes (EF-Tu-GTP) to bind to the
ribosome’s A-site for translation.
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Figurel. The synthesis of tRNA
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tRNA Biochemical
Modifications:

tRNA modification refers to various chemical
modifications made to its nucleotides, which
can alter the structure and function of tRNA,
thereby impacting protein synthesis and
cellular metabolic processes. Representative
steps of tRNA modification typically include
the processing of the 5' leader and 3' tail,
removal of introns, and addition of CCA. There
are at least 70 known modifications on tRNA,
and each modification affects different
regions of the cloverleaf structure (various
loops), which leads to different functional
outcomes. These modifications can be
categorized into the following main types:
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1. Expanding or restricting base pairing ability.
2. Enhancing the stability of codon-anticodon
binding.

3. Affecting translation initiation and
maintaining the reading frame.

4. Regulating intracellular metabolism.

Methods for Analyzing tRNA
Expression and Modifications:

The advancement of tRNA modification
sequencing technologies is crucial for
analyzing and studying the functions of tRNA
modifications. Due to the widespread
modification and stable three-dimensional
structure of tRNA, tRNA to
complementary DNA (cDNA) can lead to
premature termination or mismatches in base

converting

pairing. Thin-layer chromatography (TLC),
liquid chromatography, and mass
spectrometry (LC/MS) can access all

modification types in purified tRNA without
requiring reverse transcription (RT). Another
traditional method, primer
extension identify  tRNA
modification sites by detecting RT termination
or mismatched base insertions, but it has a
high false-positive rate and cannot identify
modification types. Currently, sequencing
methods such as hydrazine cleavage
sequencing (HAC-seq) and m7G reduction and
cleavage sequencing (TRAC-seq) are used to
analyze specific tRNA modifications more
efficiently and accurately through unique
chemical treatments. These analytical
techniques have significantly enhanced our
understanding of tRNA expression and
modifications.

measurement
analysis, can

Methods for Analyzing tRNA
Expression and Modifications:

The CCR4-NOT complex is a major mRNA
deadenylase. The core CCR4-NOT complex consists
of nine subunits and plays a role in post-
transcriptional regulation of mMmRNA stability by
shortening the poly(A) tail or removing adenylation,
as well as in other gene regulation functions.

Structure of the CCR4-NOT
Complex:

In yeast, the complex is centered around the
scaffold protein Notlp, with the other
components including CCR4, Cafl, Caf40,
Caf130, and Noti-4. Homologs of these subunits
are also found in other eukaryotes.
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Figure 2. Schematic of the CCR4-NOT Complex

« Notl: The large Notl protein links the other
subunits of the CCR4-NOT complex, serving as
the scaffold for the entire complex. In yeast,
Notl is the only protein in this complex that plays
a crucial role in yeast fertility.

« Not2: The Not2 protein contains two functional
domains. The C-terminal region participates in
the function of the CCR4-NOT complex, while
the N-terminal domain interacts with the Ada2
protein. The Not2 protein in yeast is essential for
the stability of the CCR4-NOT complex and is
crucial for yeast survival. In mammals, the loss of
Not2 also leads to programmed cell death.

« Not3/Not5: The CCR4-NOT complex in yeast
contains the subunits Not3 and Not5, which are
linked to each other. Due to their sequence
similarity, their functions are redundant. Both
Not3 and NotS contain coiled-coil domains and a
presumed HR1 domain. The HR1 domain is
believed to bind small Rho GTPases and play a
role in signal transduction.

« Not4: In vitro experiments confirm that Not4 is
an unstable, conserved subunit of the CCR4-
NOT complex and primarily acts as a functional
ubiquitin ligase. This protein contains a ring
finger domain, a coiled-coil domain, and an RRM
domain.
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«Ccr4: Ccr4 is one of the two catalytic subunits
in  the CCR4-NOT
experiments have confirmed that yeast Ccr4
has a Mg?**-dependent, poly(A)-specific 3
exonuclease activity. In addition to the
nuclease domain, Ccr4 also contains a leucine-
rich repeat (LRR) region, which provides a
platform for interaction with Cafi.

« Cafl: Cafl is the second catalytic subunit of
the CCR4-NOT complex. The N-terminal
domain of Cafl is rich in glutamine, and no
homologous counterpart has been found in
mammals. This domain is not essential for
function. It is speculated that this protein
contains another glutamine-rich domain,
which has been experimentally shown to
exhibit nuclease activity.

« Caf40: Knockout of the CAF40 gene in
Drosophila does not significantly affect mRNA
deadenylation. Similarly, in yeast caf40
mutants, no impact on MRNA stability has
been observed.

« Caft30: Caft30 contains a
transmembrane domain.

complex. In vitro

presumed

Deadenylases and Their
Diversity:

Deadenylases are typically defined as magnesium-
dependent exonucleases that recognize the poly(A)
tail as the primary substrate and hydrolyze RNA in
the 3'-5' direction, leading to the release of 5'-AMP.
This deadenylation process occurs in both the
nucleus and cytoplasm. In the nucleus,
deadenylation limits the newly added poly(A) tail of
MRNA to an appropriate length, while extensive
deadenylation in  the cytoplasm  triggers
degradation or translation repression.
Deadenylation is often considered a rate-limiting
step in mMRNA decay and translation silencing.
Currently, based on their nuclease domains,
deadenylases are divided into two groups:

1. DEDD-type Exonucleases: Named for the
conserved catalytic Asp and Glu residues in the
three nucleic acid exonuclease motifs. Major family
members of DEDD-type deadenylases include
POP2, CAF1Z, Poly(A) specific ribonuclease (PARN),
and PAN2.

2. Exonuclease-Endonuclease-Phosphatase (EEP)
Family: Includes CCR4, nocturnin, ANGEL, and 2'
phosphodiesterase (2'PDE).

CCR4-NOT Deadenylases:

The Saccharomyces cerevisiae CCR4-NOT
complex contains two deadenylases, Ccr4p and
Pop2p (Caflp), both of which participate in
MRNA degradation, although Pop2p is not
necessary for the deadenylase activity of Ccr2p.
The two human orthologs of yeast Ccr4p are
CNOT6 (hCcr4a) and CNOT6L (hCcr4b), while
the two orthologs of Pop2p are CNOT7 (hCAF1)
and CNOTS8 (hPOP2/CALIF).
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Figure 3. Structural Model of the Human CCR4-NOT Complex

CNOT7 and CNOT8 are critical for cell
proliferation and share high amino acid
sequence similarity with overlapping functions.
CNOT6 and CNOT6L have distinct functions.
CNOT7 and CNOT8 have been identified as
members of the DEDD-type exonuclease family,
while CNOT6 and CNOTé6L belong to the EEP
superfamily. Furthermore, mammalian cell
growth can be reduced by overexpression of
CNOT7 or reduction in CNOT6L expression.

Structure and Activity of Pop2
Deadenylase:

The crystal structure of Pop2p was first
determined in 2003 from Saccharomyces
cerevisiae and later in 2009 from
Schizosaccharomyces pombe. The overall
structure of Saccharomyces cerevisiae Pop2p is
kidney-shaped, containing 13 a-helices and 6 [3-
strands.
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Structural and functional studies of homologous
proteins from Schizosaccharomyces pombe and
other yeasts have revealed more information
about the activity and selectivity of
deadenylases, which differ from Saccharomyces
cerevisiae Pop2p. The corresponding protein
from Schizosaccharomyces pombe indeed
contains a complete DEDD motif. From a
structural perspective, two divalent metal ions (A
and B) located at the active site are critical for its
activity.

)
F

S.pombe Pop2

Figure 4. Crystal Structure of S. pombe Pop2 and Magnified View of the Active Site
of S. pombe Pop2

(The residues forming the conserved DEDD motif are shown as sticks, Zn*+ and
Mn ?+ ions are represented as spheres, and water is shown as red small spheres.)

In the presence of Mg?**, Mn?*, and Zn?* ions, the
deadenylation reaction is slow and non-specific.
However, in the absence of Zn*, Pop2p can rapidly
and specifically degrade the entire poly(A) tail of
RNA substrates, suggesting that changes in cellular
Zn** levels may provide a mechanism to regulate
the overall turnover rate of mRNA.

Structure of the Yeast Homolog
of Human CNOT?7:

Similar to the case of S. pombe Pop2p, the
structure of human CNOT7 was studied in the
presence of metal ions such as Mg?*+, Ca*, Mn?*+, and
Co?** to examine the nuclease activity of CNOT7. No
activity was observed in the presence of Ca?*.
CNOT7 showed significantly higher activity toward
RNA substrates than DNA substrates. The highest
RNase activity was observed in the presence of
Mn?+, indicating that Mg?** is essential for the full
activity of CNOT7.

CCR4 Deadenylase:

yCcr4p is the main cytoplasmic deadenylase in
yeast and acts as the primary catalytic component.
Biochemical studies have classified yeast Ccr4p
into the EEP family, and it has been shown to
contain three main functional domains.

The N-terminal region is rich in glutamine and
asparagine, while the central region contains
several tandem copies of a leucine-rich repeat
(LRR) domain, which is thought to link yCcr4p
with the rest of the complex and other ligands.
The LRR domain distinguishes all Ccr4p
homologs from other EEP family members and
CCR4-like proteins. The C-terminal region
contains the deadenylase domain characteristic
of the EEP superfamily, with conserved catalytic
Asp and His residues in the activation domain.
The human homologs, CNOT6 and CNOT6L,
share the LRR domain and nuclease domain with
yCcr4p but lack the N-terminal region rich in
Glu/Asp.

TOB/BTG Anti-Proliferative
Proteins:

Tob/BTG proteins acquire anti-proliferative
activity by binding to target proteins in the cell.
Both Tob and BTG2 have been shown to interact
with CNOT7 via the CCR4-NOT complex. BTG2
acts as a co-activator of ERa-mediated
transcription via the CCR4-like complex. Tob,
BTG2, and TIS21 have similar structures,
consisting of five a-helices and four B-strands,
forming two anti-parallel B-sheets. The N-
terminal region immediately forms a bundle of
three a-helices, followed by four B-strands, with
two small a-helices inserted between [(31 and [32
strands.

LXXLL |1

LXXLL 2

Figure 5. Crystal Structure of Human BTG2
(The conserved BoxA region is shown in red; BoxB is in blue; and the conserved BoxC
region is colored yellow. Two conserved LXXLL motifs are indicated.)
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The structure of human BTG2, which shares 40%
sequence identity with Tob, displays three highly
conserved domains in the Tob/BTG2 family.
BoxA, also known as the GR (growth regulation)
box, consists of 31 strand, a short a3 helix, part of
the a2 helix, and the connecting loop between
them. Two anti-parallel B-strands (B2 and [(3)
form BoxB, which is crucial for binding to various
molecular targets, including CNOT7. BoxC is
formed by the B4 strand and an extended C-
terminal loop.

The structure of BTG2 suggests that the
relevant interfaces are located on different
surfaces of the protein, which may not interfere
with each other. This increases the likelihood
that BTG2 can simultaneously bind to two or
more molecular targets to fulfill different
regulatory requirements. Two LXXLL motifs, also
known as nuclear receptor boxes (NR boxes), are
located on a2 and aS helices, respectively.
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Figure 6. Crystal Structure of Human Tob-CNOT7 Complex

These two motifs are located on the opposite face
of BTG2, providing a hydrophilic surface that may
facilitate interaction with nuclear receptors, while
hydrophobic residues are buried in the core of the
protein.

As mentioned earlier, accumulating evidence
supports the notion that the Tob/BTG protein
family is a common binding partner of CNOT7 in the
CCR4-NOT complex. In 2009, Horiuchi and
colleagues reported the crystal structure of the
Tob-CNOT7 complex, thereby elucidating the
interaction pattern between the two proteins and
suggesting the mechanism behind the anti-
proliferative activity of the complex. The
interaction between Tob and CNOT7 is largely
hydrophobic and is mediated by the conserved Box
A and Box B regions. The presence of Tob does not
significantly affect the activity of CNOT7.

Analysis of human BTG2 has shown that BTG2
inhibits the deadenylase activity of CNOT7 in
vitro by directly interacting with it. However,
structural analysis clearly indicates that the
binding interface between BTG2 and CNOT7 is
not close to the CNOT7 active site, suggesting
that the binding of BTG2 may induce local
conformational changes that affect CNOT7
activity, or even distort the active site. BTG2
has recently been shown to be a general
activator of mRNA degradation, involving the
deadenylase activity of both CNOT7 and CCRA4.
1. Specific tRNA Promotes mRNA Decay by
Recruiting the CCR4-NOT
Translating Ribosomes

Complex to

The CCR4-NOT complex is a highly conserved
multi-subunit assembly that acts as the major
cytoplasmic deadenylase. mMRNA deadenylation
rates and half-lives vary by several orders of
magnitude and are highly influenced by the
mechanisms recruiting the CCR4-NOT complex
to specific transcripts. Many RNA-binding
proteins (RBPs) interact with the CCR4-NOT
complex, accelerating the deadenylation of the
specific mMRNAs they bind. Similarly, microRNAs
(miRNAs) target mRNAs by directly recruiting
the CCR4-NOT complex—TNRC6 interacts with
CNOT9, which is a core component of both the
MiRNA-induced silencing complex and the
CCR4-NOT complex.

The CCR4-NOT complex can also be directly
recruited to translating ribosomes to trigger
the accelerated degradation of specific
transcriptomes. When the
encounters a suboptimal codon, the E-site
tRNA may be released before the A-site codon

ribosome

is decoded, resulting in a conformation with
empty A- and E-sites. This allows the N-terminal
helix bundle of Not5 (the human homolog of
CNOT3) to enter the empty E-site. In this way,
the CCR4-NOT complex can monitor decoding
efficiency and accelerate the degradation of
MRNAs rich in suboptimal codons. It has been
demonstrated that ribosome stalling on highly
suboptimal codons in mammalian cells also
leads to the recruitment of CNOT3 to the
empty E-site.
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Figure 7. P-Site tRNA Controls Recruitment of the CCR4-NOT Complex to
Translating Ribosomes

By using selective ribosome profiling to determine
the translation characteristics of mMRNAs that lead
to CNOT3 recruitment to the ribosome, an
previously unrecognized P-site tRNA-mediated
MRNA decay (PTMD) pathway was revealed.

Ribosomal P-Site Codons Are the

Major Determinants for CNOT3
Recruitment:

Selective ribosome analysis was used to
identify the characteristics of mMmRNAs
associated with CNOT3 binding to the
ribosome, along with immunoprecipitation (IP)
of CNOT3. Sequencing of the observed
enriched ribosome footprints confirmed the
expected triplet periodicity within the open
reading frame (ORF).
Saccharomyces cerevisiae, it was confirmed
that non-optimal codons with Ilow tRNA
adaptation index (tAl) are highly enriched at
the A-site of ribosomes that are not bound by
Ccr4. Codon optimality can be quantified
using the tRNA adaptation index (tAl).
However, no specific A-site codon was
strongly enriched in the experimental dataset,
with only one codon showing more than a two-
fold enrichment.
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Figure 8. Codon Enrichment at Ribosomal E, P, and A Sites on CNOT3-Bound Ribosomes

This suggests that the slow decoding of A-site
codons significantly promotes the recruitment of
CNOT3 to translating ribosomes, but it also
increases the possibility that other determinants
play a more dominant role in co-translational CNOT3
recruitment in mammalian cells.

By studying codon enrichment at selective
ribosome P- and E-sites, and analyzing the amino
acids encoded by CNOT3-bound ribosome
footprints, it was shown that the most enriched
codons on ribosomes binding CNOT3 are located at
the P-site. The identity of P-site codons is closely
related to co-translational CNOT3 recruitment in
human cells, with arginine codons at the P-site
providing the strongest detectable signal for CNOT3

binding.

CGG, CGA, and AGG Arginine
Codons Promote CNOT3-
Mediated mRNA Decay:

By calculating the weighted CGG/CGA/AGG scores
to stratify mRNAs, it was found that transcripts with
high weighted CGG/CGA/AGG scores preferentially
stabilize after the loss of CNOT3. Transcripts rich in
other arginine codons (CGC, AGA, and CGU) did not
exhibit this behavior. Further analysis of MmRNA
in CNOT3-depleted Jurkat cells or
steady-state mRNA levels in Cnhot3 knockout mouse
pro-B cells confirmed that transcripts rich in CGG,
CGA, or AGG arginine codons, but not CGC, AGA, or
CGU-encoded arginine, preferentially stabilized in
CNOT3-deficient cells.
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Figure 9. Highest Weighted Scores of mRNAs Rich in CGG/CGA/AGG or CGC/AGA/CGU
Arginine Codons

A doxycycline-regulated transcript

constructed, and a control mMRNA was designed where

reporter was
each arginine codon was replaced with a codon not
enriched at the P-site of CNOT3-bound ribosomes.
Experimental results were consistent with whole
transcriptome analysis, showing that the decay rate of
the arginine-encoding reporter was significantly faster

than that of the control reporter,
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and it was selectively stabilized after CNOT3
depletion. This indicates that CGG, CGA, and AGG
arginine codons recruit CNOT3 to translating
ribosomes, leading to accelerated mRNA decay.

Mitochondrial Ribosomal
Protein mRNAs Are Rich in
CGG/CGA/AGG Codons and Are
Regulated by CNOT3:

By analyzing a gene set of endogenous mRNAs that
are most highly regulated by CNOT3 due to the
presence of unstable arginine codons, it was found
that the gene set encoding mitochondrial
ribosomal proteins was the most enriched. These
findings suggest that MRNAs encoding
mitochondrial ribosomal proteins are regulated by
CNOTa3. It was also confirmed that CNOT3 depletion
in HEK293T or Jurkat cells resulted in a significant
increase in the steady-state abundance of these
transcripts, with a corresponding increase in
mitochondrial mass.
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Figure 10. HEK293T Enrichment Analysis

Depletion of the scaffold subunit CNOT1 of the
CCR4-NOT complex led to a similar increase in the
steady-state abundance of mitochondrial ribosomal
protein MRNAs, suggesting that the CCR4-NOT
complex regulates mitochondrial ribosomal proteins
(encoded by arginine codons CGG, CGA, and AGG)

and influences mitochondrial homeostasis in

mammalian cells.

Structural Basis of P-Site Arginine
Codon Co-Translational
Recruitment of CNOT3 to
Ribosomes:

A reporter mRNA encoding a sequence of 41

repeats was

leucine-arginine-aspartic acid
constructed, representing the most abundant

tripeptide in CNOT3-bound ribosomes.

TRANSLATOR: Zeke EDITOR: Yates

Lysine codons (41xLKAAGD) were used to replace

the arginine codons as a control. In vitro translation
of 41xLRCGGD, rather than 41xLKAAGD, led to
significant recruitment of labeled CNOT3 to the
polyribosomes, with other CCR4-NOT complex
components selectively recruited to the 41xLRCGGD
MRNA.

The system was then used to determine the
structural basis for CNOT3 recruitment to
ribosomes by P-site arginine codons. Through flag
immunoprecipitation (IP) enrichment of actively
translating 41xLRCGGD mMRNA poly-ribosomes,
ribosomes bound by CNOT3 were analyzed using
cryo-electron microscopy (cryo-EM), revealing
linear aggregation of ribosomes, indicating that the

polyribosomes remained intact during sample
preparation.
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Figure 11. Cryo-EM Electron Microscopy Analysis and In Vitro Control Analysis
By analyzing the individual
ribosomes (but not dimers or higher-order
polyribosomes), single-particle reconstruction
of the ribosome produced a uniform structure
with an overall resolution of 2 A. Density
interpretation and model building revealed an
empty A-site, tRNA in the P-site, and CNOT3
occupying the E-site.

structure of

Figure 12. Low-Temperature Electron Density Map
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The analysis results are consistent with previous
observations, where the N-terminal 3-helix bundle
of CNOT3 connects the two ribosomal subunits and
interacts with the D-loop, D-stem, and anticodon
stem of the P-site tRNA. The arginine encoded by
the CGG codon in the P-site was clearly identified,
and as predicted by selective ribosome analysis,
the CGG codon present in the transcript can be
recognized by two tRNA*Arg, CCG, or one of the
five tRNA”MArg, UCG, decoders present in HEK293T
cells due to wobble base pairing.

P-Site tRNA D-Arm as a Key
Determinant for Co-Translational
Recruitment of CNOT3:

It has been reported that selective codon pairs in the
P- and A-sites of the ribosome distort the structure
of the A-site mMRNA, leading to decoding impairment,
which may cause ribosome stalling and result in
CNOT3 recruitment. By simulating the A-site mRNA,
the mRNA geometry in the structure was compared
to the mRNA structure in the translating ribosome,
and tRNA detected the A-site. The conformation of
the A-site mRNA and the overall structure of the
ribosome bound to CNOT3 are compatible with
decoding, indicating that CNOT3 recruitment is not a

result of ribosome stalling caused by mMRNA
distortion.
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Figure 13. mRNA Configuration in CNOT3 Ribosome Structure

The results also suggest that changes in the D-
loop and anticodon stem of the arginine tRNA may
alter their affinity for CNOT3 in the context of the
translating ribosome, and propose the possibility
of nucleotide modifications, particularly the loss
of m”7 G at nucleotide 46 Iin tRNA”Arg,
CCG/UCG/CCU involved in the D-stem triplet
base interaction, which could affect CNOT3
recruitment. In aminoacylation assays
confirmed that no mutations impaired tRNA
activity compared to each corresponding parental
tRNA. This evidence indicates that the sequence
of the P-site tRNA plays a critical role in co-
translational CNOT3 recruitment, and this effect
does not depend on specific tRNA nucleotide

vitro

modifications.

By testing different D-stem sequences of
tRNAMArg, ACG and tRNA”MArg, CCG, it was
found that adding the D-stem sequence of
tRNA*Arg, CCG to tRNA”*Arg, ACG (tRNA”Arg,
ACG-m5), or introducing a single C13U
mutation (tRNA*Arg, ACG-mé6) that forms a
U13:A22 base pair in tRNA*Arg, ACG, was
sufficient for CNOT3 recruitment. Similarly, the
inversion of the G12:C23 base pair (tRNA*Arg,
ACG-m7) had no effect. In conclusion, these
results identify the U13 position in the D-arm of
tRNAMArg, CCG/UCG/CCU, which interacts
with A22 and A46 to form a triplet base
interaction, as a Key feature associated with
CNOT3 recruitment to the ribosome. In
tRNA*Arg, UCU, the triplet
C13:G22:m7G46,
configuration for these positions in all tRNAs.

interaction is

which IS a common

Subsequent studies also structurally
confirmed that the arginine tRNA, containing
the U13:A22:A46 triplet base

enhances the recruitment of CNOT3.

interaction,
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Figure 14. Secondary Structure of tRNA and CNOT3
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Impact of P-site tRNA Anticodon
Stem Cells on Co-translational
CNOT3 Recruitment:

The interaction between CNOT3 and the anticodon
stem of the P-site tRNA is mediated by tCM, which
forms several direct backbone interactions and
water bridge interactions with the G42 and A43
bases of the P-site tRNA.

IRNAn CCG

Figure 15. Secondary Structure of CNOT3-tCM Motif and Anticodon Stem Loop

The K105S substitution in tCM abolishes the
recruitment of CNOT3 to transcripts rich in
CGG/CGA/AGG. Subsequently, tRNAArg, UCU-1
was reprogrammed to recognize CGU arginine
codons. Experimental results showed that adding
the tRNAArg.CCG U13:A22:A46 triplet, but not
adding the tRNAArg.CCG anticodon stem loop,
was sufficient to enhance CNOT3 recruitment.
Therefore, the presence of the U13:A22:A46 triplet
is a key determinant for the recruitment of CNOT3
by arginine tRNA, while the role of the anticodon
stem loop is small but measurable.

Additional Nucleotides Upstream of
the D-loop GG Motif Prevent CNOT3
Recruitment:

Further  tRNA
revealed that changes in the D-loop b element

mutagenesis experiments
do not affect CNOT3 recruitment, as mutations
introducing C20A (tRNAMet-mi14) or C20U
(tRNAMet-m15) had no impact on CNOT3
binding. In conclusion, our results suggest that
the D-stem U13:A20:A46 triplet and the short
single nucleotide D-loop a element in P-site
tRNA are the main determinants for co-
translational CNOT3 recruitment, providing a
structural basis for explaining the primary
pattern of P-site codon enrichment and the

depletion of CNOT3-bound ribosomes.
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Figure 16. Shear Density Map (left) and Atomic Model (right) Highlighting
Ribosome E, P, and A Sites

Finally, a weak but statistically significant correlation
was detected between A-site dwell time and CNOT3
recruitment in the selective ribosome analysis data.
This suggests that slow decoding can significantly
enhance CNOT3 recruitment in human cells. When
the P-site is occupied by CGG, CGA, or AGG arginine
codons, the correlation between A-site dwell time
and CNOT3 recruitment is greatly strengthened. In
contrast, when the P-site contains any other codons,
no correlation in dwell time is detectable. Slow
decoding increases the likelihood of simultaneous
vacancies at the ribosome A and E sites, providing an
opportunity for CNOT3 to enter the E site. This
further demonstrates that the detection of P-site
tRNA’s D-arm by CNOT3 ultimately determines
whether CNOT3 stably binds to the ribosome and
initiates MRNA decay.
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Genetic Engineering Approaches to Prevent
the Outspread of and Cure Prion Diseases: A
Focus on Creutzfeldt-Jakob Disease (CJD)

Keywords: Creutzfeldt-Jakob Disease, Machine Learning,
Nanobodies, Immunotherapy, Antibody Engineering

Abstract

Creutzfeldt-Jakob Disease (CJD) is a rare and fatal neurodegenerative disorder linked to prion protein misfolding. This study
explores genetic engineering and machine learning approaches for CJD diagnosis and treatment. Using Convolutional Neural
Networks (CNNs), we compared diagnostic models and found ResNet50 achieved a 97% accuracy rate in classifying MRl images.
Additionally, we discuss the therapeutic potential of nanobodies and humanized antibodies, such as PRN100, which offer
promising avenues for CJD treatment with reduced side effects. The integration of computational methods and immunotherapy
as well as the use of antibody engineering pave the way for advancements in CJD management. In this way, we achieve the

detection and treatment of CJD.

Introduction

Prion proteins are self-templating proteins that are in two
forms: PrPC and PrPSc (Baraznenock & Kravchuk, 2023; Ribes
et al., 2023, p. xx). The non-cytotoxic form of prion protein,
PrPC can misfold into the cytotoxic, insoluble and prone to
aggregate PrPSc (Zerr et al., 2024, p. xx). Moreover, PrPSc is a
shockingly conformationally stable protein (Rouvray, 2005).
Irradiation, ultra-violet light exposure, formaldehyde
treatment, and caustic soda exposure cannot alter its
infectious feature (Rouvray, 2005). Although still not entirely
revealed, it was proposed that the aggreagation of insoluble
proteins which ultimately damages the neurosystem is caused
by the highly crystalised structure of PrPSc, leading to the
formation of spongiform cerebra (Rouvray, 2005; Zerr et al.,
2024, p. xx). As the cluster of PrPSc meets PrPC, the harmless
prion (PrPC) changes its conformation to fit into the cluster
(Rouvray, 2005). In another research, it is claimed that PrPSc
replicates its structure onto PrPCs’, thus carrying out a chain
reaction of protein infection, leading to stockage of PrPScs in
the brain, and that the process can last up to a decade
(Baraznenock & Kravchuk, 2023). However, the definition of
prion has broadened, perhaps overused, now including all
neurodegenerative diseases that involves protein aggregation,
regardless of whether the protein has infectivity (Scheckel &
Aguzzi, 2018, p. xx).
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Figure 1 PrPc misfolds and PrPSc aggregates.

Meanwhile, the Brain cellular protein quality control machinery
with its central constituents of chaperones and proteases is
vital to maintain protein homeostasis under physiological
conditions and to protect against acute stress
conditions(Rustenhoven, 2021). Imbalances in protein
homeostasis also are keys to a plethora of genetic and
acquired, often age-related, diseases as well as aging in
general.

A public survey was done, and it was found out that only
25.86% of the interviewees claim to have heard of the prion
virus (the culprit of CJD), indicating a lack of attention to and
public acknowledgement of this disease. Among these
interviewers, fortunately, 68.97% of them adopt a serious
attitude towards gene screening which can diagnose
hereditary CJD. Meanwhile, CJD can also be infected due to
contaminated beef (Variant Creutzfeldt-Jakob Disease, vCJD).
When asking people's opinions, 30.99%, which is the highest
proportion of people, mention that they hope the country can
reinforce regulation of food safety. 29.93% of people think that
they always go to the place with certificates of food safety for
beef. 15.85% and 11.62% of interviewees claim to follow food-
safety magazines, channels, official accounts, video makers
and websites on a frequent basis, and emphasizing the source
of cattle feed on matter as a buyer or producer of beef.
However, only 3.52% claim to have experience of work and
research in terms of safety of meat products.

Developing
Prevention Methods

The level of understanding people has about CJD
(Creutzfeldt-Jakob Disease)

In our public survey, it is found that only 25.86% of the
interviewees claim to have heard of the prion virus (the culprit
of CJD), indicating a lack of attention to and public
acknowledgement of this disease. Among these interviewers,
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fortunately, 68.97% of them adopt a serious attitude towards
gene screening which can diagnose hereditary CJD.
Meanwhile, CJD can also be infected due to contaminated beef
(Variant Creutzfeldt-Jakob Disease, vCJD). When asking
people's opinions, 30.99%, which is the highest proportion of
people, mention that they hope the country can reinforce
regulation of food safety. 29.93% of people think that they
always go to the place with certificates of food safety for beef.
15.85% and 11.62% of interviewees claim to follow food-safety
magazines, channels, official accounts, video makers and
websites on a frequent basis, and emphasizing the source of
cattle feed on matter as a buyer or producer of beef. However,
only 3.52% claim to have experience of work and research in
terms of safety of meat products.

Significance of Conventional Neural Networks in Medicine
Brilliant achievements have been made by conventional neural
networks(CNN), enabling to become one of the most
representative neural networks in deep learning. It is computer
vision based on conventional neural networks that enables
people to accomplish those considered to be impossible in the
past few centuries, especially in image recognition (Li, Z. W., et
al. 2004). In the year 1959, it was found by Hubel & Wisel that
cells in animal visual cortex have the duty to detect light in
receptive fields. This discovery inspired Kunihiko Fukushima to
propose the neocognition in 1980, which can be considered as
the predecessor of CNN. Since then, many models of CNN had
been developed. Notably, Krizhevsky et al. proposed a classic
CNN architecture and showed significant improvements to
previous methods on the image classification task (Gu, J., et al.
2017).

With the progress made in data-driven machine learning, it
becomes increasingly important to use machine learning
method to analyse medical data. CNNs, as a powerful image
processing tool, are increasingly applied across the medical
field. Their exceptional performance has been notably
demonstrated in various branches such as biomedical image
analysis, assistive diagnostics, pathology, radiology, and
neuroscience.

Convolutional Neural Networks (CNNs) demonstrate their
sophistication not only in their deep analytical capabilities for
images but also in their potential contributions to enhancing
the quality and efficiency of medical services. By accurately
identifying subtle patterns and anomalies in medical images,
CNNs can assist doctors in diagnosing diseases at an early
stage. Such early detection is crucial for treatment because
many diseases are more easily treated and have relatively
lower treatment costs when caught early. Most importantly, it
has a higher level of accuracy in terms of diagnosis.

Four different models of CNN and comparisons

To decide whether one is infected with CJD, we use the
machine to do this diagnosis. We train machines with few
shots since CJD is a rare disease and there is very little data
about it. Since CJD is a rare disease, it is hard to find the
training and testing data needed. There are very few cases of
MRI of patients. We spend days and nights visiting medical
communities, websites and forums and contacting relevant
organizations, hoping to obtain the data we needed, regardless
of how slow and difficult this process is. Using the conventional
neural network, we can classify the pictures of MRI pictures of
patients’ brains into with or without CJD. In this way, we can
more precisely and reliably diagnose this disease and decide
whether to adopt relevant treatment.
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Basic CNN

Convolutional Neural Networks (CNNs) are deep learning models
specifically designed for processing structured grid data, such as
images (LeCun et al., 1998). Their main structures include
convolutional layers, pooling layers, and fully connected layers.
Convolutional layers extract spatial features from input data
through convolution operations, while pooling layers reduce data
dimensions through subsampling while retaining important
information. Basic CNNs typically consist of four regular layers,
each with a kernel size of 3, a stride of 1, and padding of 1. These
layers incrementally build an understanding of the image content
by extracting and combining features layer by layer.

Results
On the test data, the basic CNN achieved an accuracy rate of 95%.

ResNet34

ResNet34 is a deep residual network designed to address the
issues of gradient vanishing and gradient explosion that can occur
during the training of deep neural networks (He et al., 2016). The
structure of ResNet34 includes multiple residual blocks, each of
which bypasses part of the layers through a skip connection to
ensure that gradients can be effectively propagated forward.
Specifically, ResNet34 repeats 3x3 convolutional layers three, four,
six, and three times, respectively, and uses skip connections in
each residual block to achieve a deeper network structure without
increasing the difficulty of training.

Results
The accuracy rate of ResNet34 on the test data was 94%.

ResNet50

ResNet50 is a deeper version in the ResNet series, which employs
more complex residual blocks (He et al., 2016). Each residual block
of ResNet50 contains a combination of 1x1, 3x3, and 1x1
convolutional layers. This design not only retains efficient feature
extraction capabilities but also reduces computational complexity
through the 1x1 convolutional layers. Specifically, ResNet50 repeats
these combinations of convolutional layers three, four, six, and
three times, respectively, also using skip connections to maintain
effective gradient propagation.

Results
ResNet50 achieved an accuracy rate of 97% on the test data.

DenseNeti21

DenseNet121is a densely connected convolutional network
designed to maximize information flow and gradient propagation
by directly connecting any two layers (Huang et al., 2017). The
structure of DenseNet121includes a 7x7 convolutional layer and a
3x3 max pooling layer, followed by six, twelve, twenty-four, and
sixteen repetitions of combinations of 1x1 and 3x3 convolutional
layers (referred to as dense blocks). Between each dense block,
DenseNeti121 transitions through 1x1 convolutional layers and 2x2
average pooling layers, thereby maintaining the compactness and
computational efficiency of the network.

Results
The accuracy rate of DenseNet121 on the test data was 96%.

Comparisons

It is found that ResNet50 has the best performance in this picture
classifying task. Using ResNet50(accuracy of 97%), we can quickly
detect CJD so that they can be cured as soon as possible.
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Reflections

We use too little data when training the model. Although that is
because CJD is very rare so there are only a few pieces of data
about it. Only 100 pictures of CJD MRI brain are collected and
200 pictures of non-CJD MRI brain are collected. Therefore, we
use data augmentation and resizing the pictures. However,
there is a problem with data augmentation. Only rotation,
linear transformation, flip and mirror are applied to data. This
may cause data leakage. Moreover, due to the change in shape
to fit the MRI pictures into the model, some are over-stretched,
making shape a factor in determining whether one has CJD,
which is obviously not a factor. Hence, in the future, we will,
and we advise everyone to make the following improvements.
First, establish a community for the collection of cases of rare
dieseases. Second, use part of the MRl instead of the whole
picture of it to compare the detailed difference. Third, group
several MRI pictures of one brain together into a tensor.

Limitations

There might be false negative and false positive problems.
Human doctors are more likely to make false negative
mistakes. Meanwhile, machines are considered to have the
tendency to make false positive mistakes since they are
sometimes 'too careful'. Therefore, it is hard to decide whether
to believe in a machine. This field concerns Philosophy and
Ethics and needs further research.

Designing Antibodies

Immunotherapy, known for its strong specificity and few side
effects, has huge potential in curing prion disease.
Immunotherapy has made progress in Alzheimer disease
through the discovery of Aducanumab, a human antibody
targeting A3 aggregates. And since different prion diseases
have minor structural differences between the sequence of
amino acids. And to be effective, these molecules would need
to target a region that is crucial for the seeding activity. Thus, a
small molecule that fits the seeding region is likely to be a good
inhibitor for a specific prion strain, but the probability for such
a small molecule to have a universal anti-prion molecule is not
going to be high. Thus, antibodies treatment is seen to be more
effective, since it can usually tolerate the structure differences
and have more stable efficacy.

Antibodies treatment have made progress in curing CWD
(Chronic Wasting Disease), a prion disease that was popular in
deer, cows, and other mammals and could affect humans.

In the sick animals, the antibodies induced by vaccination will
at least reduce PrPSc in the peripheral tissues and prevent the
shedding of CWD prions, which is believed to be a main reason
for the efficient lateral transmission of CWD (Chames, 2009).
Scientists focus more on using monoclonal antibodies to do
immunotherapy, for example, Professor Simon's team have
generated the Prion protein monoclonal antibody (PRN100)
therapy for Creutzfeldt-Jakob disease. In 2022 April, the first-
in-human treatment programme was finished. However, here
we want to mention another strategy that is relatively rare,
nanobodies.

Nanobodies are naturally found in the Camelidae family,
including the dromedaries, alpacas and llamas (Sun, 2021).
They are famous for better efficiency and less side effects
compared to the regular antigens. In addition, they can also be
produced by bacteria due its smaller size, strong
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hydrophilicity, and single-domain properties. Nanobodies can be
rapidly produced in Gram-negative bacteria (such as Escherichia
coli), Gram-positive bacteria (such as Bacillus brevis Little Rock),
certain lactic acid bacteria, and bifidobacteria. The advantage of
bacterial systems is that they are relatively easy to change and
more economically viable as production systems (Bhavar, 2022).
Nanobodies provide the incredible specificity of antibodies within
a single immunoglobulin VHH domain that includes more
extended and mixed CDRs, meaning that it has higher efficiency
of binding to specific antigens. Complementarity-determining
regions (CDRs) is a part of the variable chains in antibodies
(generated by B-cells) and T cell receptor (generated by T-cell)
(Nanomedicine, 2021). Due to its better resistance to the
environment, nanobodies can express in bacteria, yeast and
mammalian hosts. Nanobodies also have resistance to protease
degradation and PH variation. (My BioSource, 2023) That gives a
higher possibility of binding. The smaller size (around 30kda)
allows them to target antigens and bind to receptors that are not
available for full size conventional antibodies (Wesdorp, 2023).

L
Nanobody .
Purification
N Ly
Finding gene AL,
corresponding
to certain antibody
/ Transformation
: f: D,
MNP A &
Cutting and editing .-'_,I,{_;'J
DNA fragment N, S
Inserting into
plasmid

Using gene engineering to generate
nanobodies.

Figure 7 Gene engineering generating nanobodies.

Also, nanobodies have fewer side effects. Patients used to suffer
from side effects caused by monoclonal antibodies. They are
called infusion reactions, which are most common while the drug
is first being given. Infusion reactions may lead to these
symptoms: fever, chills, weakness, headache, nausea, vomiting,
ddiarrhoea, low blood pressure, and rashes (ACS, 2022).

Despite that passive immunotherapy is rather convenient in
treating prion diseases, by ensuring the antibodies are readily
prepared before being injected into the patient and saves the
time for patients to develop antibodies on their own, it has a fatal
flaw, which is the possibility of causing neurodegeneration
(Frontzek & Aguzzi, 2020, p.169). Furthermore, some antibodies
that are used in passive immunity treatments often are obtained
from infected mice, or other nonhuman organisms, thus making
humanization of the antibodies crucial (Wang et al., 2021, p.45-
46). Through antibody humanization, the safety risks could be
minimised, and the efficacy could be improved (Hummer &
Deane, 2023, p. XX).

To elaborate, the conventional method of humanization is
complementarity-determining regions (CDR) grafting, in which a
nonhuman antibody is transferred and added onto a human
antibody framework (Hummer & Deane, 2023, p. xx). Where the
sequence of the antibody defines its efficacy, developability and
humanness, despite a balance between them is needed (Hummer
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& Deane, 2023, p. xx). Currently, there has been interdisciplinary
crosses between computer science and immunology. This
collaboration between different subject areas greatly improved
the work efficiency and opens new possibilities for technical
evolution. For example, the use of computational grafting and
energy-based ranking method to humanise antibodies has
greater efficiency (more than 2000 human acceptors can
become attached to non-human CDRs) than the one-to-one
result from the conventional experimental grafting (Hummer &
Deane, 2023, p. xx; as shown in figure 8).
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[

Computational
grafting and energy-
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Figure 8 Computational grafting and energy-based ranking.

Discussion and

humanized

Limitations

The current research presents an in-depth exploration of genetic
engineering approaches in the context of prion diseases,
specifically focusing on Creutzfeldt-Jakob Disease (CJD). Our
study underscores the complexity and challenges associated
with the diagnosis and treatment of CJD, given the rarity of the
disease and the unique properties of prion proteins.

One of the pivotal findings of our research is the effectiveness of
Convolutional Neural Networks (CNNs) in diagnosing CJD
through the analysis of MRl images. The ResNet50 model
demonstrated the highest accuracy rate of 97%, indicating its
potential as a reliable diagnostic tool. However, the limitations of
data availability for training these models cannot be overlooked.
The rarity of CJD cases has necessitated the use of data
augmentation techniques, which, while helpful, may introduce
biases or inaccuracies in model training. The potential for data
leakage and the distortion of MRl images due to resizing are
concerns that warrant further investigation and refinement of
our methodology.

Moreover, the discussion on the development of antibodies for
immunotherapy against prion diseases highlights the promise
and challenges of this therapeutic approach. The use of
nanobodies, derived from the Camelidae family, presents a novel
avenue for treatment due to their high specificity, reduced
immunogenicity, and ability to target antigens not accessible to
traditional antibodies. The progress made in the humanization of
antibodies, as illustrated by the PRN100 therapy, is a significant
step towards minimizing adverse effects and enhancing the
efficacy of immunotherapy.
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However, our research also reveals the limitations and ethical
considerations of using machine learning and immunotherapy.
The potential for false positives and false negatives in machine
learning models, as well as the risk of neurodegeneration
associated with passive immunotherapy, are issues that require
careful consideration. The balance between the benefits of early
and accurate diagnosis and the risks of overdiagnosis and
overtreatment is a delicate one that must be navigated with
caution.

Furthermore, the public survey conducted as part of this
research reveals a concerning lack of awareness about CJD and
prion diseases among the general population. This finding
emphasizes the need for increased public education and
awareness campaigns to ensure that individuals are informed
about the risks, symptoms, and preventive measures associated
with CJD.

In conclusion, while our research presents significant
advancements in the diagnosis and treatment of CJD, it also
highlights the need for further research, improved
methodologies, and increased public awareness. The integration
of machine learning and immunotherapy holds great promise,
but it must be pursued with a thorough understanding of the
limitations and ethical implications. Future work should focus on
expanding the dataset for training diagnostic models, refining
the techniques for data augmentation, and conducting more
extensive clinical trials for immunotherapies to ensure their
safety and effectiveness.
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Figure 11 Results of an Investigation on the attitude towards
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Figure 12 The results for an investigation on the acknowledgement
of prion diseases across different age groups
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