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SUMMARY Alzheimer's disease is a neurocognitive disorder and one of the contributing factors to dementia.

Keywords

According to the World Health Organization, this disease has a sig-nificant impact on the global
population's health, with the number of affected individuals steadily increasing each year. Amidst
rapid technological development, the use of artificial intelligence has significantly expanded into
the field of medical diagnostics, encompassing areas such as the analysis of medical images, drug
development, design of personalized treatment plans, and disease prediction and treatment. Deep
learning, which is an important branch in the field of artificial intelligence, is playing a key role in
solving several medical challenges by providing important technical support for the early detection,
diagnosis, and treatment of Alzheimer's disease. Given this context, this review aims to explore
the differences between conventional methods and artificial intelligence techniques in Alzheimer's
disecase research. Additionally, it aims to summarize current non-invasive and portable techniques
for detection of Alzheimer's disease, offering support and guidance for the future prediction and
management of the disease.

Alzheimer's disease, mild cognitive impairment, artificial intelligence, machine learning, deep

learning

1. Introduction

Alzheimer's disease (AD) is a progressive neurological
disorder, with the highest in-cidence among individuals
ages 65 and older. Current evidence suggests that the
age range of the disease is gradually expanding, with
middle-aged AD patients under the age of 65 years
constituting the younger population affected by AD
(). Providing insight into the core mechanisms of AD,
Jack et al. (2) found that the core pathological features
of AD are amyloid pathology, tau protein pathology,
and neurodegeneration. These three key pathological
features are also key to predicting, diagnosing, and
treating AD. Before the widespread adoption of
artificial intelligence (AI) in healthcare, conventional
testing for AD consisted of several approaches. Initially,
physicians would rely on their professional expertise
to evaluate whether a patient exhibited symptoms of
the disease and assess its severity through in-person
consultations and inquiries into the patient's medical
history. Subsequently, cognitive assessment tools such
as the Mini-Mental State Examination (MMSE) and
Montreal Cognitive Assessment (MOCA) were used
to score the patient's cognitive abilities and determine
their cognitive levels (3). Now that technology has

advanced, magnetic resonance imaging (MRI), positron
emission tomography (PET), diffusion tensor imaging
(DTI), biomarkers, and cerebrospinal fluid (CSF) (4)
are gradually being used to detect AD because they
do not involve subjective intervening factors. MRI
technology uses a strong magnetic field and harmless
radio waves to generate high-resolution brain images,
aiding physicians in observing the brain structure
and detecting potential abnormalities. Biomarkers
as described in (2) are used to detect AD by labeling
specific markers such as amyloid and tau proteins and
by ascertaining their presence and the degree of their
accumulation. CSF involves the extraction of CSF
samples from subjects' spinal region, which are then
tested and analyzed to diagnose AD.

However, the aforementioned conventional methods
for detection of AD have certain limitations. First,
clinical assessment and cognitive testing methods
rely to some extent on the subjective judgment of
physicians. Second, due to the less distinct pathological
features of AD in its early stages, brain imaging
techniques such as MRI may lack the sensitivity
required to predict this condition (9).

2. An overview of Al and its applications

www.irdrjournal.com
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2.1. An overview of Al

Al is a field focused on enabling computer systems to
possess cognitive capabilities akin to human thinking. Its
objective is to impart machines with the capacity to per-
ceive their surroundings, comprehend natural language,
acquire knowledge, engage in logical reasoning,
problem-solving, and demonstrate adaptability to
varying tasks (6). The study of Al extends across diverse
domains, predominantly encompassing machine learning
(ML) and deep learning (DL).

ML is an important branch in the field of Al that
uses algorithms and statistical models to learn from
large amounts of data to solve specific tasks (7). The
core of ML is to perform tasks such as decision-
making, classification, and prediction by analyzing
and learning the features of data. Common ML models
include decision trees (§), random decision forests (RFs)
(9), logistic regression (/0), support vector machines
(SVM) (11), and Bayesian classifiers (/2).

DL is a subfield of ML. Driven by the proliferation
of data and enhanced compu-tational capabilities, ML
has evolved into DL (/3). DL emulates the functioning
of neuronal networks in the human brain, acquiring
an understanding of data relation-ships through multi-
layered neural networks and autonomously extracting
data fea-tures. The core of DL is deep neural networks
such as the Convolutional Neural Net-work (CNN) (/4),
Long Short-Term Memory Network (LSTM) (/5), and
Transformer (16).

2.2. Widespread use of Al in medicine

The applications of Al in medicine are divided into
two main categories, physical applications and virtual
applications (/7). Physical applications refer to the use
of Al technology to invent and create medical robots
and other medical devices in order to assist in medical
research and clinical practice. Virtual applications
are based on ML and DL and involve algorithmic
and software analysis to assist medical research. The
scope of virtual applications in healthcare is extensive,
including medical testing and treatment, case analysis,
and analysis of the progression of chronic diseases.
Addi-tionally, the use of virtual applications in the field
of AD has garnered significant attention.

The subsequent discussion will focus on the use
of Al in the realm of virtual medicine. Its specific
applications and potential value in AD detection,
diagnosis, and case analysis will be delved into.

3.ML in AD

ML has been used in the field of medical imaging
for several decades, with its appli-cations found
in computer-aided diagnosis and functional brain
imaging (/8). In the early days, the main task of ML

was to assist physicians in identifying and localizing
obvious signs of disease. As ML techniques developed
and matured, they were gradu-ally used to handle
more complex medical detection tasks. By acquiring
18-month longitudinal trajectories of 1,909 patients
with mild cognitive impairment (MCI) or AD, an
unsupervised ML model, the Conditional Restricted
Boltzmann Machine (CRBM), was utilized to simulate
the disease trajectories of patients, ultimately doing so
in a way that could accurately model the progression
of AD (19). A study (20) summarized multiple brain
regions that are closely associated with the pathological
mechanisms of AD, including the hippocampus, the
internal olfactory cortex, the basal ganglia, the rectus
gyrus, the precuneus, and the cerebellum, and it used
ML techniques to extract these multivariate biomarkers
from structural MRI brain images in order to detect AD
early. Studies such as the ones mentioned that utilized
ML techniques to detect latent disease markers have
made some progress (20,21,22). However, ML often
requires manual extraction of features, which adds to
the difficulty of analyzing large amounts of data.

4.DL in AD

DL performs better and has higher accuracy when
dealing with complex data com-pared to conventional
ML methods. In addition, DL models are more flexible
in of-fering different architectures to adapt to different
data characteristics, which is particularly important in
AD research.

4.1. Early prediction of AD

The focus of research on early AD is mainly on MCI,
because MCI is the transition state between normal
aging and AD, and therefore accurate prediction of MCI
is im-portant for early prediction of AD (23,24). In DL,
LSTM performs well in processing time-related data
and can be used in prediction problem. Patients' clinical
or behav-ioral data usually contain extensive time-
series information, and LSTM can capture the features
in these time-series and they can be used to predict the
changes in pa-tients' cognitive function and disease
progression over future time intervals, rather than just
a simple categorization of the current patient's disease
status (25,26). More-over, Hong ef al. (25) focused on
predicting AD using five quantitative biomarkers, i.e.,
the cortical thickness standard deviation (TS), cortical
thickness average (TA), WM parcellation volume (SV),
surface area (SA), and cortical parcellation volume
(CV), and the results of that study showed that all five
biomarkers displayed excellent ability to predict AD.
TA yielded the best results in prediction. In addition,
some studies have explored AD prediction using only
retinal pictures, and they have achieved a fairly high
accuracy (27).

www.irdrjournal.com
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4.2. Diagnosis of AD

DL can be used to build models of disease progression.
Unlike early prediction of AD, detection of AD
focuses more on patients who already been diagnosed,
utilizing DL techniques to assess the extent of cognitive
impairment. Nowadays, the diagnosis of AD mostly
utilizes MRI images. In the field of processing image
data, the CNN ex-cels in processing neuroimaging data,
and it can mine important pathologic features from
these images to help doctors detect the progression of
the patient's disease (28,29,30). Other studies have used
eye-tracking data to diagnose AD. They track the eye
movements and visual focus of test subjects to gather
cognitive information (37). The studies (25,26,32)
have integrated early prediction and diagnosis of
AD, forming a comprehensive process or framework
for predicting AD throughout its course. Medical
imaging data are used in pre-trained DL architectures
to accurately identify the stage of AD and to help
physicians and researchers understand the progression
of the condition. In addition, Ho ef al. (33) attempted to
use non-invasive near-infrared spectroscopy to diagnose
AD, and the highest accuracy (90.91%) was achieved
using a CNN-LSTM DL model. These methods enable
effective diagnosis of AD in a non-invasive manner
and portable format, helping to develop personalized
treatment plans and monitor disease progression.

4.3. Treatment of AD

DL plays an important role in the treatment of AD.
Transformer is a DL model that can flexibly process
different types and lengths of sequence data. In addition,
it can capture more detailed feature information. For
example, a study used graph neural networks (34) to
learn and capture structural features of drug molecules,
with AD-related ApoE as a target, to search for
corresponding acting drugs in the Kyoto Encyclopedia
of Genes and Genomes (KEGG) database and PubChem
database, to create drug—target interaction (DTI) data,
to extract molecular structure information from the DTI
data, and to utilize the Transformer network to fuse the
features of dif-ferent layers in a graph convolutional
neural network to predict potential therapeutics for
AD. Amyloid-beta 42 (AB-42) is a high-risk factor for
triggering AD. In order to predict the efficacy of drugs
on AD, Kaushik ef al. (35) used deep neural network
technology to screen the PubChem compound library,
and they discovered possible AB-42 inhibitors and
assessed the effects of drugs on AD by observing the
effects of inhibitors on AB-42.

5. Conclusion

This paper provides an overview of the role of existing
Al methods in AD research (Table 1), with a focus
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Table 1. Artificial intelligence-based studies related to Alzheimer's disease

Primary data type Task Ref-

Main model

Artificial intelligence approach

518,20
19
21

Diagnosis of AD

Magnetic resonance images of brain structures

SVM

Machine learning

Prediction of the whole course of AD

AD prognosis

Scales, tests, background and other clinical data
Longitudinal MRI image

CSF data

Boltzmann machine

SVM, Logistic regression, Decision tree

SVM, ANN

22

Diagnosis of AD

AD diagnosis 4,26

Multimodal medical imaging, clinical data

CNN, LSTM

Deep Learning

23,25,28,29,30,32

27

Detection of early AD
Detection of AD

Magnetic resonance images of brain structures

Retinal image

VGG-TSwinformer, CNN, LSTM

EfficientNet-b2
VGG, ResNet
CNN-LSTM

31

Evaluation of the efficacy of drug therapy in AD

Prediction of AD inhibitors

Detection of AD

Eye tracking data

33
34

Functional near-infrared spectral data

Drug and target data

Graph neural networks
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on prediction, detection, and treatment. Historically,
AD research and diagnosis usually relied on highly
specialized techniques and equipment, including CSF,
biomarkers, MRI, PET, and DTI. However, the rapid
advancement of DL has opened new avenues. Presently,
AD can be predicted using eye-tracking data, retinal
images, and non-invasive near-infrared technology,
offering a more accessible path to early intervention.
In addition, DL technology can be used to determine
drug efficacy by observing drug-inhibitor interactions,
providing a convenient way to personalize treatment.
The future will presumably offer more portable and
advanced approaches for the prediction, detection,
and treatment of AD. DL models are sure to continue
playing a pivotal role in this endeavor.

Funding: None.
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SUMMARY

This study aimed to determine the challenges that cause a delay in the diagnosis of Japanese patients
with specific intractable diseases by means of a survey. We conducted a questionnaire survey involving
424 patients with 12 specific intractable diseases. Pearson's chi-square test was used to examine the
relationship between diagnostic delay and each factor. The reasons for the diagnostic delay were
analyzed. Pearson's chi-square test showed statistically significant differences in the relationship
between the period to definitive diagnosis and period between symptom onset and first hospital visit
(p = 0.002), and the period when the patients suspected the disease (p < 0.001). Reasons for diagnostic
delay of these patients were patients' time constraints, problem in access to medical institutions,
hesitancy in seeking medical attention, and healthcare system issues. Early definitive diagnosis of
intractable diseases was hindered by several important issues. The resolution of these issues will
require combined societal efforts as well as improvements in the healthcare system. The study revealed
the need for improving patients' awareness about their disease, enabling patients to be proactive
towards achieving a definitive diagnosis, and making improvements in the healthcare system regarding

early diagnosis and care of patients with intractable diseases.

Keywords

1. Introduction

Rare diseases, as indicated by the term, affect a small
number of people; however, there are thousands of rare
diseases. Therefore, the number of patients with rare
diseases is quite high, and rare diseases are considered
critical public health issues. Furthermore, the treatments
for 94% of all rare diseases are insufficient, and many
patients experience decades of uncertainty and challenges
until they reach a definitive diagnosis (/,2). The
difficulties in diagnosis and access to a specialist also
frequently result in misdiagnosis and delayed diagnosis;
therefore, it takes a long time for many patients to get a
definitive diagnosis (/,3).

In addition, the prevalence and general awareness
of individual rare diseases are low, resulting in many
challenges regarding funds and access to clinical studies
that demand international collaborative systems to
overcome these barriers (4).

Rare diseases are also challenging for physicians
to treat. Given the limited information regarding rare
diseases, it is not uncommon for primary physicians,

diagnostic delay, hospital visit, questionnaire

who are often the first health care providers with the
opportunity to diagnose, to have little experience with
rare diseases; hence, referral to a specialist is delayed.
Such delays in diagnosis are attributed mainly to
physicians lacking experience and information regarding
rare diseases (2). Therefore, it is necessary to educate
physicians about using online and other tools to quickly
acquire information on rare diseases (5). Early definitive
diagnosis is essential for patients with rare diseases
because it can help guide them about methods and
measures for controlling or slowing disease progression,
even if no effective treatment exists (6). Furthermore,
definitive diagnosis can improve the patient's quality of
life (QOL) (7).

The European Union (EU) emphasized the
importance of supporting "adequate education and
training for all health professionals to make them aware
of the existence of these diseases and resources available
for their care" as actions against rare diseases in 2009 (8).
The EU has also been the leader in building global data
networks for rare diseases (9).

The vision of the International Rare Diseases
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Research Consortium (IRDiRC) is to "enable all people
living with a rare disease to receive an accurate diagnosis,
care, and available therapy within 1 year of coming to
medical attention" by 2027 (/). Japan has been making
parallel national and administrative efforts to build
medical support networks for intractable diseases (/0)
and shorten the period to definitive diagnosis as much
as possible. Such efforts define the "period to definitive
diagnosis" as the "undiagnosed period", starting from
when the patient first notices physical symptoms to when
they seek medical attention. However, the undiagnosed
period would be more accurate if it indicates the period
from when the patient first notices the symptoms to when
they visit a medical institution.

Previous research has identified two challenges
affecting the period from symptom identification to the
definitive diagnosis of intractable diseases (/7). The first
challenge is related to the high number of patients who
wait to make a hospital visit after first noticing physical
symptoms, whereas the second is related to the high
number of patients from whom it takes a long time to
reach a definitive diagnosis, despite the suspicion of the
diagnosed disease for a very long time. Determining the
reasons for these two challenges will aid in identifying
the unmet needs and solutions that will help in shortening
the undiagnosed period as well as the period to the
definitive diagnosis.

Therefore, the present study addressed two research
questions: i) why do patients wait to seck medical
attention despite noticing physical symptoms, and if)
why does it take a long time for patients to reach a
definitive diagnosis, despite suspecting the diagnosed
disease for a very long time? This study aimed to address
these research questions from the patient's perspective
and identify the unmet needs.

2. Materials and Methods
We conducted an online questionnaire survey that

included 488 participants with 12 specific intractable
diseases recruited from a patient panel owned by

Rakuten Insight, Inc., in February 2023. After excluding
patients whose data could not be analyzed, 424 patients
were finally included in the analysis. The data collection
process in this study is shown in a flow chart (Figure 1).
Furthermore, the various specific intractable diseases and
the number of patients with each disease are presented in
Table 1.

The questionnaire items consisted of basic
sociodemographic data (age, sex, and location of
residence), misdiagnosis experience, number of
hospital visits until reaching a definitive diagnosis,
time from the first medical consultation to reaching the
current diagnosis, and period between first noticing the
physical symptoms and the first medical consultation.
These responses were selected from a list of options.
The data from 424 patients were analyzed statistically
using the following methods. A subanalysis of 133
patients — who took > 6 months between first noticing
physical symptoms and their first medical consultation
— was performed to determine the reasons for delay
in visiting a medical institution despite experiencing
physical symptoms. Another subanalysis of 66 patients
who suspected the diagnosed disease for > 6 months
was performed to explore the reasons why making a
definitive diagnosis took a long time despite suspicions
of the current diagnosis, which they answered by
selecting responses from among several options. The
questionnaire included a space for writing free responses
to enable those who selected the "other" option to
provide a specific reason. In addition, 141 patients, for
whom it took > 1 year to reach a definitive diagnosis,
answered the following two questions: "What actions do
you think you could have taken to shorten the period to a
definitive diagnosis?" and "What kind of environmental
or systemic changes do you think could have further
shortened the period to definitive diagnosis?"

The IRDIRC's vision is to "Enable all people living
with a rare disease to receive an accurate diagnosis,
care, and available therapy within 1 year of coming to
medical attention by 2027" (/). However, due to the
lack of a standard definition for "delay to diagnosis", the

488 patients were collected
through patient panel owned
by the research vendor

64 patients were excluded from the

study as their answers were found
to be inadequate in some areas

424 patients fi
the ques

ully answered
tionnaire

l

|

133 patients whose period
between symptom onset
and first hospital visit was
more than 6 months were

asked reasons for not asked r

66 patients whose period of
more than 6 months patients
suspected the disease before a
definitive diagnosis were

141 patients who required a period
of more than one year from initial
diagnosis to definitive diagnosis
were asked two free text

visiting the hospital
immediately

for prol
time to definition of self-
suspected diagnosis

regarding their desire
to achieve an early definitive
diagnosis

Figure 1. Flow chart of data collection process.
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consortium guideline was used as the standard, defining
diagnostic delay as > 1 year from the first medical
consultation to a definitive diagnosis.

2.1. Sample size

Sample size calculation was based on the following
criteria: 5% margin of error, 95% confidence level, and
50% expected response rate. The sample size required for
this study was at least 384 cases. The number of patients
for each disease designated as intractable was used as a
reference for the health administration reports published
by the Ministry of Health, Labor and Welfare (/2).

2.2. Analysis

IBM SPSS, ver28, (IBM Corp. Released 2021. IBM
SPSS Statistics for Windows, Version 28.0. Armonk, NY:
IBM Corp) was used for statistical analysis.

The eligible data of 424 patients were included in the
statistical analysis. Correlations between the period to
definitive diagnosis (Diagnosis in 1 year and Diagnosis
delay) and misdiagnosis experience, number of hospital
visits, period between symptom onset and first hospital
visit, and duration for which patients suspected the
disease were analyzed using Pearson's chi-square test.
Statistical significance was set at p <0.05.

Thematic analysis was used for qualitative data (/3).
The analysis was performed using MAXQDA software
2022 (VERBI Software, 2021). We categorized the code
into themes and clustered the themes. Themes, subthemes,
and quotes are displayed in tabular form to facilitate the
understanding of the phenomenon described.

The reason for not consulting a medical institution
immediately, despite noticing physical symptoms, was
selected by the respondents from among 12 options
(multiple selections were allowed). Those who selected
"other reasons" could write the specific reason in the
free response form. The responses were interpreted
and classified into the following themes: A) Factors
associated with patients' access to healthcare facilities,
B) time constraints for patients, C) patient-sided
psychological factors, and D) other factors. Regarding
the reason why it took a long period to reach a definitive
diagnosis despite suspecting the diagnosed disease,
patients were required to answer by selecting one or
more from among seven options. Those who selected
"other reasons" could also write the specific reason in the
free response form. These options were classified into
the following themes: A) Problems regarding medical
facilities and healthcare systems, B) factors associated
with one's actions, C) factors associated with situational
changes, and D) other reasons.

2.3. Ethical approval

The data used in this study were consigned to Rakuten

Insight, Inc. and obtained using the company's panel. All
data obtained were fully anonymized before analysis.
We had no access to the correspondence tables of
anonymization or other information that could be used
to identify the individuals. Therefore, this study used a
completely anonymized questionnaire survey and was
carried out in accordance with the method designated
by the Research Ethics Review Committee, School of
Health Innovation, Kanagawa University of Human
Services. The same committee indicated that ethics
approval was not required. The study notification number
was SHI No. 59. The study's aims were explained to all
the participants, who provided informed consent before
participating in the survey.

3. Results

As shown in Table 1, this study focused on 12 diseases
designated as specific intractable diseases in Japan, and
analyzed the data of 424 patients.

The participant characteristics are shown in Table 2.
Patients in their 60s accounted for the largest proportion
of participants (30.7%), followed those aged 2949 years
(29.2%), 50-59 years (25.5%), > 69 years (13.0%), and
< 29 years (1.7%). Furthermore, 27.1% of the patients
experienced misdiagnosis. Notably, 8.5% of the patients
took 6-12 months between first noticing physical
symptoms and seeking medical attention for the first
time, whereas 22.9% waited for > 1 year. Furthermore,
2.1% of the patients suspected having the diagnosed
discase for 6—12 months, whereas 13.4% suspected
having it for > 1 year. Notably, for 33.3% patients, the
time from the first medical consultation to the definitive
diagnosis was > | year.

Next, Pearson's chi-square test was used to examine
the correlations between the period to definitive
diagnosis (diagnosis in 1 year and diagnosis delay) and
misdiagnosis experience, number of hospital visits,
period between symptom onset and first hospital visit,
and duration for which the patients suspected the
disease (Table 3). Chi-square test showed a statistically
significant relationship between misdiagnosis and the
period to definitive diagnosis (p = 0.042) (Table 3a). A
relationship was also observed between misdiagnosis and
delayed diagnosis. The correlation between the number
of hospital visits until reaching a definitive diagnosis
and the period to definitive diagnosis is shown in Table
3b, and a significant correlation was observed between
both items (p < 0.001). A relationship was also observed
between the number of hospital visits and the period to
definitive diagnosis. There was a significant difference
between the period to definitive diagnosis and the period
between symptom onset and first hospital visit (p =
0.002) (Table 3c). Delayed definitive diagnosis occurred
in 44.4% of patients who took 6-12 months between
symptom onset and their first hospital visit, and in 44.3%
of those who took > 1 year, clearly indicating that the
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Table 1. Patients with specified intractable diseases registered
in this survey

Specified intractable disease Number Percentage (%)

Crohn's disease 46 10.8
Sjogren's syndrome 45 10.6
Polycystic kidney disease 47 11.1
IgA nephropathy 50 11.8
Systemic lupus erythematosus 48 11.3
Parkinson's disease 30 7.1
Idiopathic dilated cardiomyopathy 28 6.6
Multiple sclerosis/neuromyelitis optica 28 6.6
Spinocerebellar degeneration (excluding 19 4.5
multiple system atrophy)

Idiopathic interstitial pneumonia 40 9.4
Eosinophilic sinusitis 29 6.8
Spinal muscular atrophy 14 33

rate of delayed definitive diagnosis increased when the
patients waited for > 6 months to seek medical help
after the onset of symptoms. Furthermore, the patients
who waited for a long time between first noticing
physical symptoms and visiting a medical institution also
experienced a long duration between the first medical
consultation and definitive diagnosis. Furthermore, a
significant difference was found between the period
when patients suspected the disease and the period to
definitive diagnosis (p <0.001), as shown in Table 3d.
Furthermore, 55.6% of the patients who suspected
the disease for 6-12 months and 66.7% who suspected
the disease for > 1 year experienced delayed definitive
diagnosis, indicating that patients who suspected the
disease for > 6 months experienced delayed definitive
diagnosis. To explain the reason for these findings from
the patient's perspective, we asked the patients who
took > 6 months to visit a medical institution despite
noticing physical symptoms why they avoided visiting
a medical institution, and their responses are presented
in Table 4. The patients selected their answers from
12 options, and those who selected "other", described
the specific reason in a free-response form. The most
frequently cited reason was that they "decided to wait
and see" (36.2%), followed by they "did not know which
medical institution to visit" (15.1%), they thought "it was
inconvenient to go to a medical institution" (9.3%), they
"did not have time to visit a medical institution" (7.8%),
they faced "difficulty making an appointment” (4.1%),
they were "afraid of receiving a diagnosis" (4.1%), they
were "afraid that a definitive diagnosis would affect
their work or education" (3.8%), they had "no nearby
medical institution" (3.5%), they were "afraid to visit
a medical institution" (3.2%), and they had "financial
concerns that prevented them from seeking medical
help" (2.6%). In addition, 2.6% of the patients "did not
consider it at all", and 7.8% provided "other reasons".
These responses were interpreted and classified into four
themes as follows: A) factors associated with patients'
access to healthcare facilities, B) time constraints for
patients, C) patient-sided psychological factors, and D)
other factors, accounting for 32.0%, 44.0%, 11.1%, and

Table 2. Characteristics of the study sample

Characteristic Number Percentage (%)
Sex
Male 256 60.4
Female 168 39.6
Age
<29 years 7 1.7
29-49 years 124 29.2
50-59 years 108 25.5
60—69 years 130 30.7
> 69 years 55 13.0
Misdiagnosis experience
Yes 115 27.1
No 309 72.9

The period between symptom onset and
first hospital visit

Immediately after symptom onset 76 17.9
<1 month 130 30.7
1-6 months 85 20.0
6 months—1 year 36 8.5
> 1 year 97 229

The duration for which patients suspected
the disease before a definitive diagnosis

Never doubted 251 59.2
< 1 months 74 17.5
1-6 months 33 7.8
6 months—1 year 9 2.1
> 1 year 57 134

The period from first hospital visit to

definitive diagnosis
Diagnosis in 1 year 283 66.7
Diagnosis delay 141 333

13.0% of the patients, respectively, as shown in Figure 2.
Psychological factors seem to stem from problems such
as the inability to continue working because the name of
one's disease is revealed by visiting a medical institution,
or hesitation to visit a medical institution because of
prejudice from others.

Table 5 presents the answers to the question
regarding the reasons for the prolonged time to definitive
diagnosis, despite having suspected the disease for > 6
months. The most frequently cited reason was "extensive
tests were conducted before the definitive diagnosis of
the current medical condition, but the cause remained
elusive, leading to a prolonged duration" (33.3%),
followed by "prior misdiagnosis at previous healthcare
facilities led to a belief in the incorrect diagnosis and
subsequent delay in seeking specialized medical care"”
(17.2%), "lack of recommendation from physicians
to seek specialized medical care contributed to the
delay in visiting a specialized healthcare institution"
(15.1%), "being busy and postponing their own visit to a
specialized medical facility" (12.9%), and "limited access
to specialized healthcare institutions in the residential
area posed difficulties in seeking medical consultation"
(8.6%). Furthermore, 2.2% of the patients responded
that "the recent COVID-19 situation prevented proactive
visits to hospitals for medical consultation" and 10.8%
cited "other reasons". As shown in Figure 3, the themes
A) problems regarding medical facilities and healthcare
systems, B) factors associated with one's actions, C)
factors associated with situational changes, and D) other
reasons, accounted for 74.2%, 12.9%, 2.2% and 10.8%
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Table 3. Distribution of each independent variable and the definitive diagnosis period

3a. Distribution of misdiagnosis experience and the definitive diagnosis period

Study sample  Diagnosisin 1 year  Diagnosis delay )
n (%) n (%) n (%) P y~ for trend
Misdiagnosis experience
Total 424 (100) 283 (66.7) 141 (33.3) 0.042 4.122
Yes 115 68 (59.1) 47 (40.9)
No 309 215 (69.6) 94 (30.4)
3b. Distribution of the number of hospitals visited in the period before and after a definite diagnosis was made
Number of hospital visits
Total 424 (100) 283 (66.7) 141 (33.3) <0.001 22.569
1 visit 156 114 (73.1) 42 (26.9)
2 visits 164 118 (72.0) 46 (28.0)
3 visits 63 35(55.6) 28 (44.4)
> 3 visits 41 16 (39.0) 25(61.0)
3c. Distribution of the period between symptom onset and first hospital visit and the definitive diagnosis period
Period between symptom onset and first hospital visit
Total 424 (100) 283 (66.7) 141 (33.3) 0.002 16.864
Immediately after symptom onset 76 46 (60.5) 30 (39.5)
<1 month 130 100 (76.9) 30(23.1)
1-6 months 85 63 (74.1) 22 (25.9)
6 months—1 year 36 20 (55.6) 16 (44.4)
> 1 year 97 54 (55.7) 43 (44.3)
3d. Distribution of the period between suspicion of the disease and definitive diagnosis
The duration for which patients suspected the disease
before a definitive diagnosis
Total 424 (100) 283 (66.7) 141 (33.3) <0.001 36.847
Never doubted 251 184 (73.3) 67 (26.7)
< 1 month 74 54 (73.0) 20(27.0)
1-6 months 33 22 (66.7) 11 (33.3)
6 months—1 year 4(44.4) 5(55.6)
> 1 year 57 19 (33.3) 38 (66.7)

Table 4. Reasons for delayed medical consultation despite perceiving physical symptoms

Option number Description Quantity of responses (%) Clustered theme
1 I decided to wait and see. 125 (36.2) B
2 I did not know which medical institution to visit. 52 (15.1) A
3 It was inconvenient to go to a medical institution. 32(9.3) A
4 I didn't have time to visit a medical institution. 27 (7.8) B
5 Lack of convenience in the medical institution (e.g., difficulty in making 14 (4.1) A
appointments).
6 I was afraid of receiving a diagnosis. 14 (4.1) C
7 I was afraid that a confirmed diagnosis would affect my work or education. 13 (3.8) C
8 There was no nearby medical institution. 12 (3.5) A
9 I was afraid to visit a medical institution. 11 (3.2) C
10 Financial concerns prevented me from seeking medical help. 9(2.6) D
11 I didn't consider it at all. 9(2.6) D
12 Other reasons. 27 (7.8) D

of responses, respectively. These results suggested that
the main reasons for delayed definitive diagnosis despite
suspecting the disease for > 6 months were associated
with problems regarding medical facilities and healthcare
systems.

Next, patients who took > 1 year to reach a definitive
diagnosis were asked the following questions: "What

actions do you think you could have taken to shorten
the period to a definitive diagnosis?" and "What kind
of environmental or systemic changes do you think
could have further shortened the period to definitive
diagnosis?" Notably, 141 patients who took > 1 year to
reach the definitive diagnosis provided free-response
answers that were qualitatively analyzed and classified
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Figure 2. Clustering themes of reasons for delayed medical consultation despite perceiving physical abnormalities. (A) Factors related to
patients' access to healthcare facilities; (B) Factors related to the time challenge of getting to the hospital; (C) Psychological factors; (D) Other

factors.

Table 5. Reasons for prolonged time to the definition of self-suspected diagnosis

Option Number Description Quantity of responses (%) Clustered theme

1 Extensive tests were conducted before the definitive diagnosis with the current 31(33.3) A
medical condition, but the cause remained elusive, leading to a prolonged
duration.

2 Prior misdiagnosis at previous healthcare facilities led to a belief in the incorrect 16 (17.2) A
diagnosis and subsequent delay in seeking specialized medical care.

3 Lack of recommendation from physicians to seek specialized medical care 14 (15.1) A
contributed to the delay in visiting a specialized healthcare institution.

4 Because I was busy and postponed my own visit to a specialized medical facility. 12 (12.9) B

5 Limited access to specialized healthcare institutions in the residential area posed 8 (8.6) A
difficulties in seeking medical consultation.

6 The recent COVID-19 situation prevented proactive visits to hospitals for medical 2(2.2) C
consultation.

7 Other reasons. 10 (10.8) D
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Figure 3. Clustering themes of reasons for prolonged time to the definition of self-suspected diagnosis. (A) Factors related to the
medical facility or health care system; (B) Factors related to a decrease in one's willingness to visit a doctor; (C) Factors related to changes in

circumstances; (D) Other factors.

into several themes and subthemes.

The free-response answers to the first question are
presented in Table 6. The most frequently cited response
was "having a strong interest in one's own symptoms"
(n =75), followed by "cannot be improved by one's
own actions alone" (n = 48). Regarding "having a strong
interest in one's own symptoms", the patients answered
that having an interest in their symptoms would have led
to them actively seeking medical attention, researching
for information about their disease, and even seeking
a second opinion. Regarding "cannot be improved by
one's own actions alone", the patients expressed that
attempts to change their behaviors would not have

accelerated the process of reaching a diagnosis; however,
improved efficiency of the healthcare system and access
to health screening data might have shortened their time
to diagnosis. Relationship of trust with the physician
was another factor that patients indicated as a condition
for effectively reaching an early diagnosis. In addition,
topics related to the COVID-19 pandemic were also
mentioned.

Next, the free responses to the second question are
presented in Table 7. The most frequently cited response
was "better systems for early diagnosis" (n = 105), where
the respondents mentioned the importance of correcting
regional disparities in terms of effective use of health

www.irdrjournal.com



219

Intractable & Rare Diseases Research. 2023; 12(4):213-221.

Table 6. Themes from the free text comments regarding what actions the patients themselves could have taken to shorten the
time to a definitive diagnosis

Theme

Subthemes

Number

Quotes

Having a strong interest
in one's own symptoms

Cannot be improved by
one's own actions alone

Environmental changes

Arranging work schedules to decide
on early medical consultation

Active use of second opinion doctors

Independently researching on the
disease

Building a healthcare system that
allows early diagnosis

Effective and active use of health
screening data

Effects of the COVID-19 pandemic

Building a relationship of Building a relationship of trust with

trust with the physician

T do not know

the physician

75

48

3

14

1 was unable due to my work engagements. (Respondent 187)

I didn't go to a hospital even though my symptoms were getting worse.
1 wonder whether my condition would have changed if I had visited
a hospital earlier, so I believe it's necessary to take early action.
(Respondent 70)

I should've taken advantage of a second opinion more actively.
(Respondent 404)

I should've been more interested in my own body and told someone
about it, even about small things like symptoms. (Respondent 304)

I should have contacted the appropriate institution to get access to a
medical consultation that would have allowed me to find the appropriate
medical facility. (Respondent 332)

It would accelerate the process if we could go directly to a specialized
institution, such as a national hospital, without a referral. (Respondent
155)

There was a long watch-and-wait period after getting the test results.
While waiting for the next health checkup, I should have visited other
medical institutions, or been re-tested. (Respondent 268)

There was nothing I could do about it. It's a problem of cooperation
between medical institutions (or lack thereof). (Respondent 38)

At first, I consulted my family doctor and had the family doctor write a
referral to a university hospital. However, it was summer, and I didn't
have the energy to put a mask on and go out, and it would have taken a
long time to walk, so I could not go out.

1t was very tough walking, dragging my feet. (Respondent 101)

1 should have built a relationship of trust with the physician. (Respondent
298)

Table 7. Themes from free text comments regarding requests for improvements in the medical environment and system

Theme

Subthemes

Number

Quotes

Better systems for early
diagnosis

Having a strong interest
in one's own symptoms

Effective use of health screening data

Support to take advantage of a second
opinion

Definitive diagnosis by the family
physician

Increased accuracy of tests

Medical fee coverage support

Accessibility of hospital consultations

Correcting regional disparities in
medical service accessibility

Strong motive to come to terms with
one's illness

Building a relationship of Building a relationship of trust with

trust with the physician

1 do not know

the physician

105

32

would be referred to a doctor with knowledge and experience, not just
someone who reads the health screening results. (Respondent 268)

It's nice that we have this system to seek a second opinion, but how
useful is it really?? When you don't know what disease you have, it is
hard to find a new hospital, so active referral by the physician would be
helpful. (Respondent 482)

The system should have the family physician make a definitive
diagnosis before they refer the patient to a specialized hospital (in my
case, a university hospital). That is, it would be great if the patient
can find out that they have a specific intractable disease as early as
possible. (Respondent 69)

1 thought it would accelerate the process to definitive diagnosis if all
the tests could be done at once. (Respondent 356)

1t would be ideal if we weren't sent to specialized departments, but
to a physician or department who can make a multifaceted, overall
assessment so that we are not left with the diagnosis "reason unknown".
(Respondent 39)

My disease is not severe, so I would not get financial assistance even if
my diagnosis is confirmed. The tests that led to my definitive diagnosis
did cost a lot of money, though. I'm sure it depends on the disease,
but financial support to get the diagnosis may increase the number of
people who get the definitive diagnosis.(Respondent 148)

It is so hard to get an appointment. I get completely exhausted while
waiting at the hospital. It might have made a difference somewhat if
these problems were solved. (Respondent 408)

hospitals opening on Saturdays and Sundays. (Respondent 37)

1 think it's a problem that there are no specialists in rural areas.
(Respondent 77)

1t was my own problem, so it's not so much a matter of the environment
or systems, but a problem of individual mentalities. I mean, most people

won't imagine getting such a disease. (Respondent 70)

relationship of trust with the physician. (Respondent 298)
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screening data, supporting second opinions, definitive
diagnosis by the family physician, increased accuracy of
tests, medical fee coverage, and accessibility to hospital
visits.

Regarding "Having a strong interest in one's own
symptoms", the respondents indicated the importance
of having a strong motive to come to terms with one's
illness. The theme of "building a relationship of trust
with the physician" also emerged.

4. Discussion

As shown in Table 3c, many patients who waited a
long time between the first onset of symptoms and the
first medical consultation took a long time to reach
a definitive diagnosis, even after seeking medical
attention. To determine the reasons for this phenomenon,
we surveyed the reasons why the patients did not
immediately visit a hospital (Figure 2); the reasons were
mainly associated with time constraints for patients and
access to medical institutions in most cases (76%). These
patients seemed to either not think too deeply that they
might be affected by an intractable disease or were aware
that it was possible but did not think too much about
it. Therefore, boosting incentives for these patients to
seek medical attention, such as providing information
about diseases to patients, would increase their chances
of getting an carly diagnosis. Regarding patients'
psychological factors, which accounted for 11.1% of
participants, it seemed unlikely that mere attempts to
boost their motivation would lead to an early diagnosis
because they experienced anxiety about visiting medical
institutions. Many patients who hesitate to seek medical
care are concerned about the potential consequences
of a definitive diagnosis, such as becoming unable to
continue their current employment, losing their source of
income, or facing prejudice from their workplace or the
communities they are involved in. Therefore, we need
to not only to address medical issues but also foster a
broader societal transformation that embraces patients
with intractable diseases and makes them feel included in
society.

Regarding the reasons it took a long time to reach
a definitive diagnosis despite the patient suspecting the
disease for > 6 months, problems regarding medical
facilities and healthcare systems were the most frequent
reasons (Figure 3). Patients seemed to have a strong
desire for improvements in the healthcare system.
Furthermore, when the patients who took > 1 year to
reach a definitive diagnosis were asked, "what actions do
you think you could have taken to shorten the period to
definitive diagnosis?", the most frequently cited reason
was "having a strong interest in one's own symptoms'".
Patients' research about the disease and actively seeking
a second opinion were also positive actions to avoid
delayed definitive diagnosis. Notably, patients mentioned
that the presence of a physician they trusted might

shorten the time to definitive diagnosis and time to the
introduction of appropriate care; however, this was
limited to a minority. Our previous research showed that
patients who experienced delayed diagnosis scored low
on parameters of trust in their physician (/7). This topic
needs further investigation.

Our results suggested the importance of changes
to medical facilities and systems and ways to ensure
the patients are motivated to seek medical attention
to shorten the period to the definitive diagnosis of
intractable diseases. In such cases, motivation should
not only involve encouraging them to visit a medical
institution but also involve creating a social environment
that is accepting of patients with intractable diseases and
where patients and their families can obtain the latest
information.

Researchers studying rare diseases are also obtaining
a broad spectrum of precise associated data. Patients
with rare diseases are geographically dispersed, and it is
difficult to aggregate information into a single database.
However, recent efforts are made using social media
platforms to help find patients with similar intractable
health problems and also clinicians with expertise in rare
diseases. It is aimed to promote sharing of information
on symptoms, treatments, side effects, other diseases
and activities, and other various data types beyond those
typically captured in a clinical setting or patient registry
(14). In addition, Klein et al. (15) recently used Twitter
to receive the data on rare health-related problems
reported by patients and found it useful for collecting
patient-centered information that can be used in future
epidemiological analyses.

Yamaguchi ef al. (16) are exploring how data from
the medical histories of patients with rare diseases
posted on social media can capture patients' perspectives
on their health status and assist in speeding up the
timeline to diagnosis and treatment. Such an initiative
would be useful to researchers and also could motivate
undiagnosed patients worldwide to seek medical
attention.

The present study identified two important aspects:
Firstly, patients who spend a long time until their initial
consultation tend to experience a prolonged duration
from the initial consultation to a definitive diagnosis, and
we have identified the reasons behind this phenomenon.
Secondly, there is a prevalent trend among patients
who have harbored suspicions about their own illness
for an extended period but still experience delays in
receiving a definitive diagnosis. We identified the factors
contributing to this problem.

However, this study also has some limitations. First,
the data was collected through a questionnaire survey
aimed at collecting patient input from their perspective.
To gain further in-depth patient insight, conducting a
survey through interviews is also necessary. In particular,
interviews could have provided deeper insights regarding
the reasons why the patients were reluctant to visit
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healthcare facilities. However, we aimed to obtain
the largest possible sample size and broad range of
information. Therefore, we believe that the questionnaire-
based approach used in our study was appropriate for this
purpose. In future, an in-depth investigation regarding
the reasons for combining the interviews with surveys
may become necessary. Furthermore, future studies
should also conduct surveys of physicians to gain a better
understanding of challenges experienced in healthcare
facilities and identify other unmet needs that lead to
delayed diagnosis of patients with intractable diseases.

This study has raised several important issues
regarding early definitive diagnosis of intractable
diseases. Initiatives by organizations such as IRDiRC and
governmental organizations aim to shorten the duration
between when patients visit a medical institution and
when they receive a definitive diagnosis. However, we
believe that the term "undiagnosed period" should refer
to the duration from when patients first notice bodily
changes to the point at which they receive a definitive
diagnosis. In this study, it was observed that many
patients who did not immediately seek medical help
upon noticing bodily changes and those who spent a long
duration until seeking care also experienced diagnostic
delay. Moreover, patients who harbored suspicions about
their own illness for an extended period also experienced
diagnostic delay. In this study, we have elucidated the
underlying factors behind why these patients experience
delays in receiving a definitive diagnosis.

To fundamentally address these issues, it is crucial
to not only focus on improving the current healthcare
system, which the government is currently undertaking,
but also to raise awareness among patients about their
conditions, promote proactive efforts toward obtaining a
definitive diagnosis, and foster a societal transformation
that embraces patient with intractable diseases and
addresses these medical challenges.
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SUMMARY

Keywords

Circular RNAs (circRNAs) are emerging as important regulators in human disease, but their function
in osteoporosis (OP) is not sufficiently known. The aim of this study was to identify the possible
molecular mechanism of circ KIAA0922 in osteogenic differentiation of Saos-2 cells in vitro and the
interactions among circ KIAA0922, miR-148a-3p, and SMAD family member 5 (SMADS). Circ_
KIAA0922, miR-148a-3p, and SMADS were overexpressed by transient transfection. Dual-luciferase
reporter assay system was used to analyze the combination among circ KIAA0922, miR-148a-3p, and
SMADS. In addition, the levels of circ KIAA0922, miR-148a-3p, SMADS, osteocalcin (OCN), and
runt-related transcription factor 2 (RUNX2) were detected using RT-qPCR or western blot analysis.
Alizarin red staining was performed to analyze the degree of osteogenic differentiation under the
control of circ KIAA0922, miR-148a-3p, and SMADS. We found that circ KIAA0922 knockdown
inhibited the proliferation and osteogenic differentiation of Saos-2 cells. Circ KIAA0922 directly
targeted miR-148a-3p, and miR-148a-3p inhibition reversed the effects of circ KIAA0922 knockdown
on the proliferation and osteogenic differentiation of Saos-2 cells. Overexpression of SMADS5
promoted the proliferation and osteogenic differentiation of Saos-2 cells and attenuated the inhibitory
effect of miR-148a-3p on cell proliferation and osteogenic differentiation. In conclusion, circ
KIAA0922 facilitated Saos-2 cell proliferation and osteogenic differentiation via the circ KIAA0922/
miR-148a-3p/ SMADS axes in vitro, thus providing insights into the mechanism of osteogenic
differentiation by circ . KIAA(0922.

Circ_ KIAA0922, miR-148a-3p, SMADS, cell proliferation, osteogenic differentiation

1. Introduction

Bone homeostasis is a dynamic balance between
bone formation by osteoblasts and bone resorption
by osteoclasts (/). In case of an imbalance, various
destructive bone diseases such as OP occur (2). OP
is a debilitating bone disease with a high prevalence
worldwide and is the most common in older individuals,
especially in postmenopausal women (3). Because
the incidence of osteoporotic fractures increases with
advancing age, measures to diagnose and prevent OP and
its complications are of major public health importance
(4,5). There is accumulating evidence that epigenetic
modifications may be mechanisms underlying the links
of genetic and environmental factors with increased
risk of OP and bone fracture. It has been shown that

some forms of RNAs, such as microRNAs (miRNAs),
long noncoding RNAs (IncRNAs), and circular RNAs
(circRNAs), are epigenetic regulators with significant
involvement in the control of gene expression, and as
such they affect multiple biological processes, including
bone metabolism.

CircRNAs are a new type of noncoding RNAs with
a closed continuous loop structure formed by covalent
concatenating of the 3'-poly(A) tails and 5'-end capping
splice sites. They were first found in viroid in 1976, but
are widely distributed in nature (6). Previous studies
have demonstrated that some circRNAs have a function
of microRNA "sponges", which can offset microRNA-
mediated mRNA inhibition (7), thereby participating
in epigenetic regulation and transcriptional and
posttranscriptional regulation by different mechanisms
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(8). There is substantial evidence that circRNAs have
a major role in the development of OP, and their great
potential as biomarkers and therapeutic targets for
OP is being elucidated (9,70). It has been shown that
circRNAs are differentially expressed in postmenopausal
OP. Target prediction and dual luciferase reporter gene
assay have shown that circ_0016624 sponge inhibits
miR-98 and circ_0048211 sponge inhibits miRNA-93-
5p, which increases BMP-2 expression and promotes
the transformation of stem cells into osteoblasts (/1,12).
According to Yao ef al., senile OP is associated with
the regulation of circRNA expression (/3,/4). Next-
generation sequencing and RT-qPCR have revealed
that circ. KIAA0922 is downregulated in a murine
asthma model group compared with the control group
(15). Xie et al. have reported that the downregulation
of 28 annotated circRNAs, including circ KIAA(0922,
characterizes high-cholesterol diet-induced nonalcoholic
fatty liver disease (/6). However, there have not yet
been reports on the role of circ. KIAA0922 in bone
differentiation.

MicroRNAs (miRNAs) are a type of noncoding
RNAs with a regulatory function and a length of
approximately 20-25 nucleotides, which identify target
mRNAs according to the principle of complementary
base pairing and guide the silencing complex to degrade
the target mRNAs or repress the translation of mRNAs
(17). In addition to circRNAs, osteoclast differentiation
involves dysregulation and function of miRNAs, such
as miR-7223-5p (18), miR-19b (/9), and miR-125b
(20). Liu et al. have demonstrated the inhibitory effect
of miR-148a-3p on osteoblast differentiation and bone
remodeling (27). However, it remains unknown whether
miR-148a-3p mediates the function of circ KIAA0922
in OP.

SMADS is an intracellular signal transducer for the
transforming growth factor-B (TGF-) superfamily,
which is classified into TGF-fs, activins, and bone
morphogenetic proteins (BMPs). As one of the
receptor-activated Smad molecules (R-Smad), Smad5
is directly phosphorylated by activated type I TGF-
receptors and associates with the common Smad,
Smad4, to form a heteromeric complex, which moves
to the nucleus to act as a transcription factor. Many
studies have demonstrated that bone morphogenetic
proteins (BMPs) and TGF-f are the most important
cytokines affecting the differentiation of osteoblasts.
BMP-2 is a member of the TGF-f superfamily that is
a key signaling component in osteoblast differentiation
Smad5 is a downstream transcription factor that is
phosphorylated and activated by BMP-2 receptors.
SMADS is an important element involved in the TGF-3
signaling pathway. Activated SMADS stimulates the
TGF-p signaling pathway. According to Wang et al.,
miR-148a and SMADS participate in the regulation of
pancreatic stellate cell activation through a mechanism
that involves competing endogenous RNA (/7).

In the present study, SMADS was considered the
candidate target gene regulated by miRNA-148a-3p.
The role of circ KIAA0922 in osteogenic differentiation
of Saos-2 cells via the miRNA-148a-3p/SMADS/
TGF-p axis is also worth further investigation. Taken
together, our study aimed to investigate the effects of
circ KIAA0922 on the proliferation and osteogenic
differentiation of cultured Saos-2 cells and to clarify its
regulatory effects on miR-148a-3p.

2. Materials and Methods
2.1. Cell culture and osteogenic induction

The human osteosarcoma cell line (Saos-2 cells) was
purchased from the cell bank of the Chinese Academy
of Science (Shanghai, China). Saos-2 cells were cultured
in McCoy's 5A medium (Gibco, Rockville, MD, USA)
supplemented with 10% fetal bovine serum (FBS; Gibco,
Rockville, MD, USA) and 1% penicillin—streptomycin
(Beyotime Biotechnology, Shanghai, China) at 37°C
in an atmosphere containing 5% CO,. The culture
medium was changed every two days. For subcultures,
the cells at 80-90% confluence were passaged at a ratio
of 1:2 using 0.25% trypsin (Beyotime Biotechnology,
Shanghai, China). When the cells again grew to 80-90%
confluence, they were exposed to McCoy's SA complete
medium containing 2% FBS. The cells were subjected to
cell proliferation assay and transfection.

When Saos-2 cells reached 80% confluence,
they were cultured in osteoblast medium (OM)
supplemented with 10% FBS, 200 uM L-ascorbic acid
(Sangon, Shanghai, China), 10 mM glycerophosphate
(Sigma-Aldrich, St. Louis, MO, USA), and 100
nM dexamethasone (Sangon) to induce osteoblastic
differentiation. The osteogenic induction medium was
changed every 3 days, and the cells were collected after 0,
3,7, and 14 days of differentiation. Saos-2 cells cultured
in the growth medium (GM) were used as controls.

2.2. Cell transfection

Small interfering RNA (siRNA) against circ KIAA0922
(si-circ. KIAA0922) or circ. KIAA(0922 overexpression
vector (circ KIAA(0922) was synthesized to knock down
or elevate circ KIAA(0922 expression, respectively, with
si-NC or pCD2.1-ciR utilized as control. The mimic or
inhibitor of miR-148a-3p (miR-148a-3p or anti-miR-
148a-3p) was used to increase or decrease miR-148a-
3p expression, respectively, while miR-NC or anti-miR-
NC was used as scramble control. Moreover, siRNA
targeting SMADS or SMADS overexpression was
employed to reduce or enhance SMADS expression,
respectively, while si-control or pcDNA was used as
control. All of the above vectors or oligonucleotides were
synthesized by GenePharma Co., Ltd. (Shanghai, China).
Cell transfection was executed using Lipofectamine 2000
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(Invitrogen, Carlsbad, CA, USA) in accordance with the
described protocols.

2.3. Cell counting kit-8

Cell counting kit-8 (CCK-8; Beyotime Biotechnology,
Shanghai, China) assay was performed to determine the
viability of Saos-2 cells. A total of 2 x 10° cells were
seeded into 96-well cell culture plates and maintained
at 37°C. At each of the desired time points, the plates
were cultured for 4 h after adding 10 pL CCK-8
reagent to each well. Next, the wavelength at 450 nm
was determined using a microplate reader (Bio-Rad
Laboratories, Richmond, CA, USA).

2.4. Quantitative real-time polymerase chain reaction
(qRT-PCR)

Total RNA from Saos-2 cells was extracted by TRIzol
RNA reagent (Invitrogen, Carlsbad, CA, USA),
and 1 pg of RNA sample was prepared for reverse
transcription into cDNA using PrimeScriptRT kit
(TaKaRa, Shiga, Japan). With cDNA as the template,
the noncoding RNA and gene expression levels were
analyzed by PCR using SYBR qPCR Master Mix
(Sparkjade, Jinan, China) on the Applied Biosystems
7500 Real-time Fast PCR System. By using the 27
method, the expression was computed with GAPDH
or U6 as the internal control. The primers used are
presented in Table 1.

2.5. RNase R treatment

To estimate the stability of circ KIAA0922, the RNA in
Saos-2 cells was treated with or without (Mock) RNase
R (Epicenter Biotechnologies, Madison, WI, USA) at
37°C for 30 min. Following RNase R treatment, qRT-
PCR was performed to detect the expression levels of
circ KIAA(0922 and GAPDH.

2.6. Isolation of nuclear and cytoplasmic fractions

Table 1. Primers sequences used for qRT-PCR

Name of primer Sequences (5'-3")

hsa-circ-KIAA0922 Forward ACAAAGCCTTCTTCAGAAAAGA
Reverse GTGCTTGTTGGAAGGCTATTAAA
OCN Forward CTGACCTCACAGATGCCAAGC
Reverse TGGTCTGATAGCTCGTCACAAG
Forward AGCAAGGTTCAACGATCTGAGAT
Reverse TTTGTGAAGACGGTTATGGTCAA
Forward TCAGTGCACTACAGAACTTTGT
Reverse GAATACCTCGGACCCTGC
Forward CCAGCAGTAAAGCGATTGTTGG
Reverse GGGGTAAGCCTTTTCTGTGAG
ué6 Forward GCTTCGGCAGCACATATACTAA
Reverse AACGCTTCACGAATTTGCGT
Forward GGTGTTCAGCACCCTCTACC
Reverse TGTAGCACTTGGCTTTGGAG

RUNX2
hsa-miR-148a-3p

SMADS

hsa-GAPDH

In brief, 1 x 10° cultured Saos-2 cells were rinsed in
phosphate-buffered saline (PBS) and placed into the
cell fractionation buffer and cell disruption buffer in
sequence. The fractions of cell cytoplasm or cell nucleus
were individually separated in line with the manual of
PARIS™ kit (Invitrogen). The expression levels of circ
KIAA0922, U6, and GAPDH were analyzed by qRT-
PCR.

2.7. Western blot assay

Total protein in Saos-2 cells was isolated by RIPA lysis
buffer (Beyotime Biotechnology, Shanghai, China)
and quantified utilizing a BCA protein quantification
kit (Vazyme, Nanjing, China). Then, the proteins
were separated by 10% SDS-PAGE electrophoresis
and subsequently transferred onto PVDF membranes
(Invitrogen, Carlsbad, CA). The membranes were
blocked with 5% defatted milk for 1 h and incubated
with primary antibodies against runt-related transcription
factor 2 (RUNX2) (bs-1134R; 1:2000; Bioss, Beijing,
China), osteocalcin (OCN) (bs-4917R; 1:2000; Bioss),
SMADS5 (ab40771; 1:20000; Abcam), transforming
growth factor beta 1(TGFB1) (bs-0086R; 1:1500; Bioss),
transforming growth factor beta 2 (TGFB2) (bs-20412R;
1:1500; Bioss), bone morphogenetic protein 4 (BMP4)
(bs-1374R; 1:2000; Bioss) and GAPDH (ab9485;
1:10000; Abcam) at 4°C overnight. After that, the
membranes were probed with horseradish peroxidase—
conjugated secondary antibody (bs-40296G-HRP;
1:10,000; Bioss) for 1 h at room temperature. The protein
bands were visualized via ECL kit (Vazyme, Nanjing,
China) and quantified using ImageJ software.

2.8. Alizarin Red-S (ARS) staining assay

To detect calcium deposition in the extracellular matrix,
Saos-2 cells were subjected to 3, 7, and 14 days of
incubation in the osteogenic medium in 24-well plates.
After fixation, calcified nodules were treated with 0.1%
Alizarin red S solution (Beyo time, Shanghai, China)
at pH 4.2. Images were obtained using a microscope
(Olympus, Japan). Cetylpyridine chloride (CPC, 100
mM) was used to dissolve calcified nodules, and the
relative calcium mass was calculated based on the
absorbance at 562 nm.

2.9. Dual-luciferase reporter assay

We used online bioinformatics software (circBank and
StarBase) to predict the targets of circ KIAA0922 and
miR-148a-3p. The results showed that miR-148a-3p
could potentially be targeted by circ. KIAA0922 and that
SMADS was a larvaceous target of miR-148a-3p. The
circ. KIAA0922 or SMADS 3'UTR fragment containing
the wild-type (WT) or mutant-type (MUT) binding site
of miR-148a-3p was cloned into pmirGLO (Geneseed,
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Guangzhou, China) to obtain circ KIAA(0922, MUT-
circ KIAA0922, WT-SMADS5 3'UTR, and MUT-
SMADS 3'UTR. The generated vector was cotransfected
with miR-148a-3p/miR-NC into Saos-2 cells. At length,
a Dual-Luciferase Reporter Assay System (Vazyme,
Nanjing, China) was prepared for detecting luciferase
vectors at 48 h after transfection. At least three biological
replicates were performed to compare luciferase activity
between the groups.

2.10. RNA immunoprecipitation assay

The EZMagna RIP-Kit (Millipore Burlington, MA,
USA) was used in accordance with the protocols. Target
cells were lysed in a complete RNA immunoprecipitation
(RIP) lysis buffer, and the cell extract was incubated
with magnetic beads conjugated with anti-Argonaute 2
(AGO2) or control anti-IgG antibody (Millipore) for 6
h at 4°C, followed by incubation with Proteinase K to
remove the proteins. Purified RNA was analyzed using
real-time PCR. Next, enrichment analysis of circ _
KIAA0922, miR-148a-3p, and SMADS was performed.

2.11. RNA pull-down assay

Magnetic beads (Thermo Fisher Scientific, Waltham,
MA) were incubated with a biotin-labeled miR-148a-3p
probe (bio-miR-148a-3p; RiboBio, Guangzhou, China)
and a bio-negative control probe (bio-miR-NC; RiboBio)
at 4°C overnight. Saos-2 cells were lysed, and the cell
lysates were collected and incubated with magnetic
beads. Then, the magnetic beads were purified, and the
enrichment of circ-KIAA922 and SMADS in bio-miR-

C Em Random primers D
1.59 =3 Oligo(dT)18primers

Relative RNA levels

circ_KIAA0922 GAPDH

mm MOCK
157 E= RNaseR  we
1

circ_KIAA0922

148a-3p and bio-miR-NC was detected using qRT-PCR.
2.12. Statistical analysis

The results are presented as the mean + standard error of
the mean (SEM). Statistical comparisons were made with
one-way ANOVA and the Tukey multiple-comparison
tests using GraphPad Prism software, version 7.0
(GraphPad Software Inc., San Diego, CA, USA) to
identify significant differences. P values lower than 0.05
were considered statistically significant (* represents P <
0.05, ** represents P < 0.01, *** represents P < 0.001).
All experiments were performed at least three times.

3. Results

3.1. Characterization and expression analysis of circ
KIAA0922

Circ_ KIAA0922 (chrd: 154524454-154533552), located
on chromosome 4, is derived from exon 24 to exon 26
(928 bp) of the host gene KIAA0922 via back-splicing.
By designing divergent primers and Sanger sequencing,
we confirmed the predicted junction of circ KIAA0922
(Figure 1A). To verify the characterization of circ
KIAA0922, we first designed specific primers to amplify
linear and circ KIAA0922 sequences. qRT-PCR analysis
suggested that circ KIAA(0922 amplification product
was only observed in cDNA by divergent primers but
not in gDNA (Figure 1B). Then, Oligo (dT)18 primers
reverse-transcript cDNA could barely amplify circ_
KIAA0922 compared with Random primers (Figure 1C).
In addition, RNase R assay showed that circ KIAA(0922
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Figure 1. Characterization and expression analysis of circ_KIAA0922. (A) Schematic illustration of the genomic locationand back splicing
of circ. KIAA0922 with the splicing site validated by Sanger sequencing. (B) RT-PCR with divergent and convergent primers and agarose gel
electrophoresis analysis were performeoto detect the presence of circ. KIAA0922 and its maternal gene KIAA0922 in cDNA and gDNA samples
from Saos2 cells. (C) The RNA in Saos-2 cells was reversely transcribed using Oligo (dT)18 primers or Random primers, and the expression of
circ. KIAA0922 and GAPDH was detected. (D) RNase treatment was used to evaluate the stability of circ. KIAA0922 and GAPDH mRNA in
Saos-2 cells. (E) The expression of circ. KIAA0922 in the nucleus and cytoplasm of Saos-2 cells was examined with qRT-PCR.
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was resistant to RNase R treatment, while GAPDH was
evidently digested by RNase R (Figure 1D). Subcellular
fraction analysis indicated that circ KIAA0922 was
mainly located in the cytoplasm rather than in the nucleus
of Saos-2 cells Figure 1E). These findings indicate that
circ KIAA0922 possesses a ring structure and that it is
stable.

3.2. Circ._ KIAA0922 contributes to the process of
osteogenic differentiation of Saos-2 cells in vitro

To explore the role of circ KIAA0922 in the osteogenic
differentiation of Saos-2 cells, Saos-2 cells were
induced with OM for indicated times, with GM-treated
groups used as controls, and transfected with si-circ
KIAA0922 or circ KIAA0922 overexpression vector
to silence or potentiate circ KIAA0922 expression,
respectively. We found that circ KIAA0922 level after
osteogenic induction was markedly increased relative to
that in the GM groups (Figure 2A). Next, we detected
the expression of the osteogenesis-related markers
OCN and RUNX2 in Saos-2 cells treated with GM or
OM for 0, 3, 7, and 14 days. We found that OCN and
RUNX2 levels were enhanced in OM-induced Saos-
2 cells compared with GM-treated Saos-2 cells (Figure
2B-C). All these findings indicated that circ KIAA0922
might be related to the progression of OP. In addition,
si-circ_ KIAA0922 transfection markedly suppressed
circ KIAA0922 expression, and circ KIAA(0922
overexpression vector transfection evidently enhanced
circ. KIAA0922 expression in Saos-2 cells compared
with si-NC or pCD2.1-ciR control groups (Figure 2D).
Next, CCK-8 assay was performed to explore the effect
of circ KIAA(0922 on the proliferation of Saos-2 cells
after 3 days of OM induction. The results showed that
circ KIAA0922 knockdown repressed the proliferation
of Saos-2 cells, whereas circ KIAA(0922 overexpression
promoted the proliferation of Saos-2 cells (Figure 2E).

Relative protein levels

of circ_KIAA0922 in transfected
Saos-2 cells was detected by qRT-
PCR. (E) The proliferation of Saos-
2 cells was assessed by CCK-8 assay.
(F and G) The protein levels of OCN
and RUNX2 in Saos-2 cells were
measured via western blot. (H and
I) Alizarin Red staining was used to
analyze the calcification of osteogenic
differentiation.

The results of western blot assay showed that silencing of
circ KIAA0922 decreased the protein levels of OCN and
RUNX2 in Saos-2 cells after 3 days of OM induction,
while overexpression of circ KIAA0922 increased
OCN and RUNX2 levels (Figure 2F-G). Alizarin Red
staining revealed that the matrix mineralization level was
decreased by silencing circ. KIAA0922 and increased by
elevating circ KIAA0922 (Figure 2H-I). The elevated
OCN level, RUNX2 level, and matrix mineralization
level demonstrated the promotional effect of circ
KIAA0922 on osteogenic differentiation of Saos-2 cells
in vitro.

3.3. Circ_ KIAA0922 acts as the sponge for miR-148a-3p

To explore the potential target miRNAs of circ_
KIAA0922, the online prediction websites starBase 2.0,
circBank and RegRNA 2.0 were used. As displayed in
Venn diagram, seven candidate miRNAs (miR-34a-5p,
miR-130a-3p, miR-130b-3p, miR-148a-3p, miR-152-
3p and miR-145-5p) were found to contain the putative
binding sites on circ_ KIAA0922 (Figure S1, http://
www.irdrjournal.com/action/getSupplementalData.
php?ID=174). The effect of overexpression or
knockdown of circ_ KIAA0922 on the expression of the
aforementioned miRNA in Saos-2 cells was detected by
qRT PCR. The results showed that overexpression of
circ KIAA0922 significantly inhibited the expression
of miR-148a-3p and 148b-3p in Saos-2 cells, with
the most significant inhibitory effect on miR-148a-
3p (Figure S2A, http.://www.irdrjournal.com/action/
getSupplementalData.php?ID=174). In Saos-2 cells,
knocking down circ KIAA0922 significantly promoted
the expression of miR-148a-3p and miR-148b-3p.
However, the promotion effect on miR-148a-3p is the
most significant (Figure S2B, http.//www.irdrjournal.
com/action/getSupplementalData.php?ID=174).
Therefore, it is speculated that the circ_ KIAA0922
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sequence may contain a miR-148a-3p binding site,
which serves as a competitive endogenous RNA in
Saos-2 cells and indirectly regulates the expression
of downstream target genes of miRNA. Based on the
prediction results and previous experimental screening
verification, miR-148a-3p was selected for further study.
The complementary sequences between circ KIAA(0922
and miR-148a-3p are presented in Figure 3A. DNA
sequencing results indicated successful construction
of the mutation vector (Figure 3B). The transfection of
miR-148a-3p mimic markedly increased miR-148a-3p in
Saos-2 cells, compared with miR-NC—transfected cells
(Figure 3C). The results of dual-luciferase reporter assay
showed that miR-148a-3p overexpression suppressed
the luciferase activity of WT-circ KIAA0922, but
it did not affect the luciferase activity of MUT-circ
KIAA0922 (Figure 3D). RIP assay showed that miR-
148a-3p and circ KIAA(0922 were evidently increased
by Ago2 RIP compared with IgG RIP control (Figure
3E). Moreover, RNA pull-down assay showed that bio-
miR-148a-3p pulled down more circ KIAA0922 than
bio-miR-NC (Figure 3F). These results demonstrated
the interaction relationship between circ. KIAA0922
and miR-148a-3p. As expected, miR-148a-3p was
lowly expressed in OM-induced Saos-2 cells compared
with GM-treated Saos-2 cells (Figure 3G). In addition,
circ. KIAA0922 overexpression reduced miR-148a-3p
expression in Saos-2 cells (Figure 3H). Taken together,
circ KIAA0922 directly interacts with miR-148a-3p.

3.4. circ KIAA0922 silencing inhibits osteogenic
differentiation of Saos-2 cells by targeting miR-148a-3p

As shown in Figure 4A, anti-miR-148a-3p transfection
evidently reduced miR-148a-3p expression in Saos-
2 cells compared with anti-miR-NC—transfected cells.

M

miR-148a-3p circ_KIAA0922

M{MWV

- gG
= Ago2

=

I

Figure 3. Circ_KIAA0922 acts as the sponge for
miR-148a-3p. (A) The binding sites between circ
KIAA0922 and miR-148a-3p. (B) DNA sequencing
results of mutation vector. (C) The expression of
miR-148a-3p in Saos-2 cells transfected with miR-
NC or miR-148a-3p was detected by qRT-PCR. (D—
F) The targeting relationship between miR-148a-3p
and circ. KIAA0922 was analyzed by dual-luciferase
reporter assay, RIP assay, and RNA pull-down assay.
(G) The expression of miR-148a-3p in Saos-2 cells
treated with GM and OM was detected by qRT-PCR.
(H) The expression of miR-148a-3p in Saos-2 cells
transfected with pCD2.1-ciR, WT-circ KIAA0922,
and MUT-circ KIAA0922 was detected by qRT-
PCR.

Next, the relationship between circ. KIAA0922 and miR-
148a-3p in regulating the osteogenic differentiation of
Saos-2 cells was explored by transfecting Saos-2 cells
with si-NC, si-circ. KIAA0922, si-circ KIAA0922 +
anti-miR-NC, or si-circ KIAA0922 + anti-miR-148a-
3p. The qRT-PCR results exhibited that circ KIAA0922
silencing increased miR-148a-3p expression in Saos-2
cells, whereas the effect was rescued by anti-miR-148a-
3p introduction (Figure 4B). CCK-8 assay showed that
the inhibitory effect of circ KIAA0922 knockdown on
Saos-2 cells proliferation was rescued by miR-148a-
3p inhibition (Figure 4C). As analyzed by western blot
assay, circ KIAA0922 deficiency reduced OCN and
RUNX2 protein levels in Saos-2 cells, while miR-
148a-3p inhibition reversed these effects (Figure 4D-
E). Furthermore, Alizarin Red staining assays showed
that the decreased differentiation activity of Saos-2 cells
was reversed by downregulating miR-148a-3p (Figure
4F-G). Collectively, miR-148a-3p inhibition reverses
circ. KIAA0922 knockdown—mediated suppression of
osteogenic differentiation of Saos-2 cells in vitro.

3.5. MiR-148a-3p directly targets SMADS

Subsequently, the potential target genes of miR-148a-
3p were explored by analyzing starBase 2.0. We found
that SMADS contained the binding sites of miR-148a-
3p (Figure 5A). Then, dual-luciferase reporter assay,
RIP assay, and RNA pull-down assay were conducted
to verify the relationship between miR-148a-3p and
SMADS. As indicated by dual-luciferase reporter assay,
miR-148a-3p upregulation repressed WT-SMADS 3'UTR
luciferase activity, but MUT-SMADS 3'UTR luciferase
activity was not influenced (Figure 5B). RIP assay
results showed that miR-148a-3p and SMADS were
enriched by Ago RIP compared with IgG RIP (Figure
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Figure 4. Circ_KIAA0922 silencing inhibits
osteogenic differentiation of Saos-2 cells by
targeting miR-148a-3p. (A) The expression of miR-
148a-3p in Saos-2 cells transfected with anti-miR-
NC or anti-miR-148a-3p was detected by qRT-
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PCR. (B-E) Saos-2 cells were transfected with si-
NC, si-circ KIAA0922, si-circ. KIAA0922 + anti-
miR-NC, or si-circ. KIAA0922 + anti-miR-148a-
3p. (B) MiR-148a-3p expression in Saos-2 cells was
determined by qRT-PCR. (C) The proliferation of
Saos-2 cells was evaluated by CCK-8 assay. (D and
E) The protein levels of OCN and RUNX2 in Saos-2
cells were measured by western blot assay. (F and G)
Alizarin Red staining assays were used to determine
the ability of osteogenic differentiation of Saos-2
cells. Scale bar, 100 um.
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Figure 5. SMADS was targeted by miR-148a-3p. (A) The binding sites between SMADS and miR-148a-3p were exhibited. (B-D) The relationship
between miR-148a-3p and SMADS5 was analyzed by dual-luciferase reporter assay, RIP assay, and RNA pull-down assay. (E) The protein level
of SMADS in Saos-2 cells treated with OM or GM was measured by western blot assay. (F and G) The protein level of SMADS in Saos-2 cells
transfected with anti-miR-NC, anti-miR-148a-3p, miR NC, or miR-148a-3p was measured by western blot.

5C). The results of RNA pull-down assay suggested that
the enrichment of SMADS was promoted by bio-miR-
148a-3p (Figure 5D). Moreover, SMADS protein level
was increased in Saos-2 cells after OM induction (Figure
5E). In addition, anti-miR-148a-3p transfection elevated
SMADS protein level, whereas miR-148a-3p mimic
transfection reduced SMADS protein level in Saos-2
cells (Figure SF-G). All these findings suggest that miR-
148a-3p interacts with SMADS5 and negatively regulates
SMADS expression.

3.6. SMADS promotes the osteogenic differentiation of
Saos-2 cells

To explore the roles of SMADS in osteogenic
differentiation in Saos-2 cells, Saos-2 cells were
transfected with si-SMADS5 or SMADS. The results of
western blot assay showed that si-SMADS transfection
decreased SMADS5 expression, whereas SMADS
transfection increased SMADS expression compared
with relevant controls (Figure 6A-B). The results
of CCK-8 assay indicated that SMADS5 knockdown
inhibited Saos-2 cells proliferation, whereas SMADS
overexpression promoted Saos-2 cells proliferation
(Figure 6C). Silencing of SMADS5 reduced the
protein levels of OCN and RUNX2 in Saos-2 cells,
while overexpression of SMADS led to the opposite
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results (Figure 6D-E). As suggested by Alizarin Red
staining, SMADS knockdown repressed osteogenic
differentiation of Saos-2 cells, while SMADS
overexpression promoted osteogenic differentiation
of Saos-2 cells (Figure 6F-G). In summary, SMADS
overexpression promotes osteogenic differentiation of
Saos-2 cells in vitro.

3.7. MiR-148a-3p directly targets SMADS to regulate
osteogenic differentiation of Saos-2 cells

As shown in Figure 7A-B, miR-148a-3p mimic
transfection inhibited SMADS protein level in Saos-
2 cells, but the effect was rescued by the introduction
of the SMADS overexpression vector. CCK-8 assay
indicated that the proliferation of Saos-2 cells was
repressed by miR-148a-3p overexpression, but the
effect was weakened by elevating SMADS (Figure 7C).
Overexpression of miR-148a-3p decreased the protein
levels of OCN and RUNX2 in Saos-2 cells, whereas
SMADS upregulation abrogated these effects (Figure
7D-E). Moreover, based on Alizarin Red staining,
miR-148a-3p overexpression suppressed osteogenic
differentiation of Saos-2 cells, whereas SMADS5
enhancement moderated the effect (Figure 7F-G). Circ_
KIAA0922 knockdown reduced the mRNA and protein
levels of SMADS in Saos-2 cells, while miR-148a-
3p inhibition reversed these effects (Figure 7H-G). All
these findings suggest that SMADS overexpression
weakens miR-148a-3p overexpression—mediated
inhibition of osteogenic differentiation of Saos-2 cells
in vitro.

3.8. circ. KIAA0922 targets miR-148a-3p/SMADS to

T T
48 72

Figure 6. SMADS promotes the osteogenic
differentiation of Saos-2 cells. Saos-2 cells were
transfected with si-control, si-SMADS, pcDNA, or
SMADS. (A and B) The protein level of SMADS
in Saos-2 cells was measured via western blot.
(C) The proliferation of Saos-2 cells was assessed
by CCK-8 assay. (D and E) The protein levels of
OCN and RUNX2 in Saos-2 cells were measured
by western blot. (F and G) The osteogenic
differentiation of Saos-2 cells was examined by
Alizarin Red staining.

regulate osteogenic differentiation and activates the
TGF-f signaling pathway in Saos-2 cells

As shown in Figure 8A-B, the proteins involved in the
TGF-p signaling pathway, namely, TGF-B1, TGF-B2,
and BMP4, were downregulated after miR-148a-3p
overexpression, but upregulated after miR-148a-3p
downregulation in Saos-2 cells. The promotive effect of
miR-148a-3p overexpression on the protein expression
levels was rescued by simultaneously overexpressing
SMADS or circ._ KIAA0922. Therefore, the TGF-8
signaling pathway in Saos-2 cells was activated by the
upregulation of circ. KIAA0922, which resulted in the
downregulation of miR-148a-3p and the overexpression
of SMADS. The RNA-induced silencing complex (RISC)
led by miR-148a-3p degraded SMADS5 mRNA, while
circ. KIAA0922 bound miR-148a-3p to reduce the
degradation of SMADS (Figure 8C). circ KIAA0922
upregulated SMADS5 and TGF-f signaling pathway in
Saos-2 cells through targeting miR-148a-3p, thereby
influencing the progression of osteogenic differentiation
of Saos-2 cells.

4. Discussion

OP is a bone metabolic disorder characterized by
decreased bone density and deteriorated microstructure,
which increases the risk of fractures. The imbalance
between bone formation and bone resorption results in
the occurrence and progression of OP. Bone homeostasis
in the human body is a dynamic equilibrium that consists
of bone formation and bone resorption processes.
Imbalance and dysfunction of bone homeostasis are
the basis of many skeletal diseases, including OP (Kim
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Figure 7. MiR-148a-3p directly
targets SMADS to regulate osteogenic
differentiation of Saos-2 cells. (A-D)
Saos-2 cells were transfected with miR-
NC, miR-148a-3p, miR-148a-3p + pcDNA
or miR-148a-3p + SMADS. (A and B) The
protein level of SMADS in Saos-2 cells
was measured via western blot. (C) The
proliferation of Saos-2 cells was assessed
by CCK-8 assay. (D and E) The protein
levels of OCN and RUNX2 in Saos-2
cells were examined by western blot. (F
and G) The osteogenic differentiation of
Saos-2 cells was analyzed by Alizarin Red
staining. (H-G) After Saos-2 cells were
transfected with si-NC, si-circ KIAA(0922,
si-circ. KIAA0922 + anti-miR-NC, or si-
circ_ KIAA0922 + anti-miR-148a-3p, the
mRNA and protein levels of SMADS were
determined by qRT-PCR or western blot.

Figure 8. Circ_KIAA0922 targets miR-
148a-3p/SMADS to regulate osteogenic
differentiation and activate the TGF-§
signaling pathway in Saos-2 cells. (A
and B) The relative protein expression
levels of TGF-B1, TGF-B2, and BMP4
were decreased in the miR-148a-3p group,
increased in the anti-miR-148a-3p group,
and rescued in the miR-148a-3p + SMADS
and miR-148a-3p + circ_KIAA0922
groups. (C) The mechanistic diagram
illustrates that the RNA-induced silencing
complex (RISC) of miR-148a-3p, which
degrades the SMADS5 mRNA, would be
broken by circ_ KIAA0922 binding to
miR-148a-3p.
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et al., 2020). Bone remodeling is a tightly controlled
process in which osteoblasts (the cells responsible for
bone formation), osteoclasts (the cells specialized for
bone resorption), and osteocytes (the multifunctional
mechanosensing cells embedded in the bone matrix) are
the main actors. Increased oxidative stress in osteoblasts,
the cells that produce and mineralize bone matrix, has
been associated with the development of OP.

Saos-2 cells, also known as osteoblast-like cells, are
derived from human osteosarcoma and have osteoblastic
characteristics in that they can grow, differentiate, and
cause mineralization of the extracellular matrix under
certain induced conditions, which makes them an
important cell line to study osteoblast differentiation
(22). They are very easily induced to form a large
number of mineralized nodules in a short period of
time under the action of ascorbic acid and sodium
B-glycerophosphate and are also able to express certain
osteogenic mineralization signature genes and have a
strong osteogenic capacity.

CircRNAs participate in a variety of physiological
and pathological processes through diverse
mechanisms, including miRNA sponging, interaction
with proteins, and transformation into small peptides
(23,24). 1t has been suggested that circRNAs may be
used as diagnostic biomarkers or treatment targets
in OP. For example, Wu ef al. demonstrated that
circRNA 003795 was able to promote the osteogenic
differentiation activity of hBMSCs (25). Lin ef al.
claimed that the knockdown of circRNA IGSF11
increased miR-199b-5p expression and promoted
osteoblast differentiation (26). According to Guan ef al.,
overexpression of circRNA 0021739 reduces miR-502-
5p levels and inhibits osteoclasts differentiation (27).
Circ-SLC8ALI is downregulated in OP and promotes
OP development by miR-516b-5p/AKAP2 (28). These
reports have indicated the involvement of circRNAs in
OP. In this study, we demonstrated that circ KIAA0922
was upregulated in Saos-2 cells during osteogenic
differentiation. Moreover, circ. KIAA0922 knockdown
inhibited the proliferation and osteogenic differentiation
and reduced the osteogenic differentiation markers
(OCN and RUNX?2) in Saos-2 cells in vitro, indicating
the positive regulatory role of circ KIAA0922 in the
osteogenic differentiation of Saos-2 cells. Thereafter,
the downstream mechanism underlying the role of circ
KIAAO0922 in the osteogenic differentiation of Saos-2
cells was further elucidated.

MicroRNAs are important regulatory factors
necessary to maintain bone homeostasis, which is of
great significance for bone health and diseases (29).
Pan et al. demonstrated that miR-148a overexpression
promoted osteoclastogenesis and bone resorption in vitro
(30), and Liu et al. claimed that miR-148a-3p expression
was restrained during osteoblast differentiation (27).
Bedene et al. reported that the expression of miR-148a-
3p was significantly higher in osteoporotic patients

(31). In line with these results, we found that miR-148a-
3p inhibited osteogenic differentiation of Saos-2 cells
in vitro. In addition, our findings revealed that circ
KIAA0922 inhibited the proliferation and osteogenic
differentiation of Saos-2 cells by targeting miR-148a-3p.

SMADS is a critical downstream transcription
factor for BMP2. Smad5 phosphorylation due to
BMP2 signaling leads to a Smad5 complex formation,
which translocates into the nucleus to transactivate
the expression of osteogenic genes such as Runx2 and
Atf4 (32). Previous studies have confirmed its essential
role in skeletal development and bone formation (33).
SMADS has been reported to enhance the expression
of osteogenic markers, such as OCN and alkaline
phosphatase (ALP) (33). The active TGF-f signaling
pathway can negatively promote osteoblast maturation,
mineralization, and osteoblast transformation (34).
MiRNAs and their targets are mainly involved in the
key signaling pathways that control bone formation,
including the TGF-B/BMP/SMAD signaling pathways
(5,35). However, previous studies have not confirmed the
relationship between miR-148a-3p and SMADS in the
process of osteogenic differentiation. In this study, we
demonstrated that overexpression of SMADS5 promoted
cell proliferation and osteogenic differentiation and
increased OCN and RUNX2 levels in Saos-2 cells in
vitro. Specifically, miR-148a-3p overexpression inhibited
the osteogenic differentiation of Saos-2 cells in vitro by
targeting SMADS.

In summary, we showed that circ KIAA0922 affected
OP by regulating SMAD5/miR-148a-3p, providing the
first line of evidence to clarify the underlying regulatory
mechanisms of circ KIAA(0922 in the development of
OP in vitro. Our findings provide a theoretical foundation
for circ KIAA0922 as a novel diagnostic biomarker and
therapeutic target to improve osteogenic differentiation
in OP. However, this was an in vitro study, and no in vivo
experiments have been performed, which constitutes a
limitation of the present study and calls for additional in-
depth investigations in further studies.
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SUMMARY Developmental and epileptic encephalopathy 45 (DEE45) is an autosomal dominant disease caused
by variation in the gamma-aminobutyric acid type A receptor subunit beta 1 (GABRBI) gene.
Affected individuals have severely impaired intellectual development, hypotonia, and other persistent
neurological deficits. However, DEE45 is rare; only four infants with DEE45 have been reported
worldwide and no case has been reported in China. Confirming a diagnosis of DEE45 is of great
significance for guiding further treatment, assessing patient prognosis, and genetic counseling. The
clinical characteristics of DEE45 and the medical history of DEE45 patients requires supplementation
and clarification. Here, we present the clinical and genetic findings of a 7-year-old girl with DEE45
carrying a novel de novo GABRBI mutation (c.858 859delinsTT, p.286 287delinslleSer) identified
by whole exome sequencing (WES). The mutation is phylogenetic conserved in the second helix of
the B1-subunit's transmembrane region. Western blot and RT-qPCR both indicated significant increase
in the expression levels of GABRB1 mutant when compared with wild. The proband has epileptic
encephalopathy and experienced refractory epilepsy onset at age 2 months and showed developmental
delay at age 8 months. Electroencephalography (EEG) displayed hypsarrhythmia. Magnetic resonance
imaging (MRI) showed no significant abnormalities in the internal structure of the patient's brain,
which is displayed in two previously reported cases. The patient's symptoms of hypotonia, ataxia,
profound mental retardation, and dysmetria became evident with development. In summary, we
report the genetic and clinical characteristics of the first Chinese patient with DEE45 and explores the
relationship between mutation and clinical symptoms.

Keywords DEEA45, GABRBI, de novo mutation, developmental delay, epilepsy of infancy, electroencephalography

1. Introduction (GABA,) (3). GABA, is a ligand-gated chloride ion

channel that mediates GABAergic inhibition in the

Epileptic encephalopathies include a large group of
severe epileptic syndromes with a broad phenotype
spectrum. At present, the incidence of epileptic
convulsive state, non-convulsive state epilepsy, and
sudden unexplained death in epilepsy for these diseases
is unknown (/). DEEA4S5 is a neurological disorder
characterized by significant total developmental
retardation in infancy or early childhood and seizures
in the first 12 months of life, with frequent mental
retardation, functional impairment, and other persistent
neurological deficits (2). It is caused by a heterozygous
variation in the GABRBI gene, which encodes a subunit
of the gamma-aminobutyric acid type A receptor

central nervous system and is involved in controlling
neuronal excitability in the brain and spinal cord (4,5).
The binding of GABA to a GABA, receptor can quickly
open its CI channel and mediate rapid inhibitory synaptic
transmission in the central nervous system (6). Changes
in the quantity, distribution, and dynamic properties of
GABA, receptors at the synapse are key mechanisms
for regulating the intensity of inhibitory synaptic
transmission and neural circuit information processing
.

To date, four variations in GABRBI have been
identified in patients with DEE45, with no patients
reported in China. Here, we report the clinical and
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genetic findings of a fifth patient with GABRB-related
DEE45. This study expands the GABRBI variation
spectrum and clinical symptoms of this rare disease and
contributes to understanding the phenotype genotype
relationship of the disease.

2. Subjects and Methods
2.1. Study subjects

This study was approved by the ethics committee
of Shandong First Medical University & Shandong
Academy of Medical Sciences. We certify that the study
was performed in accordance with the Declaration of
Helsinki (as revised in 2013). Written informed consent
was obtained from the patient's family. Peripheral blood
samples were collected from the patient and her parents.
The patient's medical records, clinical examination and
treatment were reviewed.

2.2. Genetic analysis by WES and Sanger sequencing

Genomic DNA was extracted from blood samples using
the TIANamp Blood DNA Kit (TTANGEN Biotech Co.,
Beijing, China). WES of the proband was performed
on the Illumina Novaseq 6000 platform (Illumina Inc.,
San Diego, CA, USA). After sequencing, base-call file
conversion and demultiplexing were conducted using
bel2fastq software (Illumina). The resulting fastq data
were analyzed by in-house quality control software to
remove low quality reads, and were then aligned to the
reference human genome (hs37d5) using the Burrows-
Wheeler Aligner (BWA) (8), and duplicate reads were
marked using Sambamba tools (9). Single nucleotide
variants (SNVs) and indels were called with GATK
(10). Copy number variant (CNV) data were detected
using the SVD-ZRPKM algorithm, CoNIFER (version
0.2.2) (11). Mutation Taster was used for predication of
mutation effect (/2).

After filtering for rare variants, the pathogenicity
of identified discase-attributable gene variants
was evaluated using the updated guidelines for the
interpretation of molecular sequencing from the
American College of Medical Genetics and Genomics.
The candidate variants were validated in the proband and
her parents by Sanger sequencing, which was conducted
by Beijing Liuhe BGIL.

2.3. Phylogenetic analyses and Three-dimensional (3D)
structural model predication

Amino acid sequences among human al-6, B1-3,
and y1-3 GABAA receptor subunits and amino acid
sequences of GABRBI1 from ten different species
were drawn from National Center for Biotechnology
Information website and then aligned using software of
Molecular Evolutionary Genetics Analysis (MEGA) and

GeneDoc with default setting (/3). The phylogenetic tree
was drawn using MEGA software. Three-dimensional
structural model of variant was predicted by AlphaFold
Protein Structure Database (/4).

2.4. In vitro expression of GABRBI

To explore the effect of the identified GABRBI variation
(858 _859delinsTT) on the expression of GABRBI,
human embryonic kidney 293 (HEK293) cells were
transfected with plasmids of pcDNA3.1 containing
wild-type GABRBI (WT- GABRBI) or variant GABRBI
(MUT-GABRBI) plasmid using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA) according
to manufacturer's guide, respectively. RT-qPCR and
Western blot analysis validated the expression of both
mRNA and protein after 72h transfection.

Total RNA from HEK293 cells was extracted using
TRIzol RNA reagent (Invitrogen), and 1 ug of RNA
was prepared for reverse-transcription into cDNA
using a PrimeScriptRT kit (TaKaRa, Shiga, Japan). The
expression of GABRBI mRNA were analyzed by qPCR
using the cDNA as template and SYBR qPCR Master
Mix (Sparkjade, Jinan, China) on a Roche 480 Real-
time Fast PCR System. The 2™**“ method was performed
to determine expression, with GAPDH as the internal
control. The primers used in the qPCR are presented in
Supplemental Table S1 (Attp://www.irdrjournal.com/
action/getSupplementalData.php?ID=175).

Total protein was isolated from HEK293 cells in
RIPA lysis buffer (Beyotime Biotechnology, Shanghai,
China) and quantified using a BCA Protein Quantification
Kit (Vazyme, Nanjing, China). The proteins were then
separated by 10% sodium dodecyl-sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and subsequently
transferred onto polyvinylidene fluoride membranes
(Invitrogen). The membranes were blocked with 5%
skimmed milk for 1 h and then incubated overnight at
4°C with primary antibodies against GABRBI1 (ab16703;
1:1000; Abcam) and GAPDH (ab9485; 1:10000; Abcam).
The membranes were then probed with a horseradish
peroxidase conjugated secondary antibody (bs-40296G-
HRP; 1:10,000; Bioss) for 1 h at room temperature. The
protein bands were visualized using an ECL kit (Vazyme)
and quantified using ImageJ software.

2.5. Statistical analysis

The results are presented as the mean + standard error of
the mean. Statistical comparisons were made with one-
way ANOVA and the Tukey multiple-comparison tests
using GraphPad Prism software, version 7.0 (GraphPad
Software Inc., San Diego, CA, USA) to identify
significant differences. P values lower than 0.05 were
considered statistically significant (* represents P < 0.05,
** represents P < 0.01). All experiments were performed
at least three times.
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3. Results
3.1. Clinical history of the proband

The proband was a 7-year-old girl of normal height
and weight at birth. She was the first child of a non-
consanguineous couple of Chinese ancestry. Her family
history was unremarkable. The child was born at 41+1
weeks gestation by vaginal delivery. The birth weight
was 3,800 g, and the Apgar score was 10 at 0 min, 10 at
5 min and 10 at 10 min according to the standard (the
reference population was Asian and Pacific Islander
from the National Institute of Child Health and Human
Development Fetal Growth Study) (15).

The patient had suffered from refractory epilepsy
and developmental delay since the age of 2 months.
She experienced recurrent convulsions 2 months after
birth, characterized by loss of consciousness, clenched
teeth, both eyes rolling or staring, facial cyanosis, limb
shaking or stiffness, and urinary and fecal incontinence.
Pinching therapy had a relieving effect on the condition
in the initial stage. An initial diagnosis of hypocalcemia
convulsion was made and she received calcium
supplementation treatment, but there was no significant
improvement in seizure control. Physical examination
at the initial diagnosis showed clear consciousness
and good mental health. The girl's head was free from
deformities and she was sensitive to light. The patient had
no resistance in the neck but muscle strength and tension
of the limbs were normal. Biochemical examination was
generally normal. EEG showed abnormalities with partial
electrical seizures originating from the right central and
middle temporal regions (Figure 1A).

When the patient was 5 months old, she experienced
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epileptic relapses with frequent blinking, gnathospasmus,
purple lips, clenched hands, and an inability to exhale.
Treatment with levetiracetam was initiated, with no
improvement in seizure control. Consequently, several
different anti-epileptic drugs were administered,
including phenobarbital, lysine inositol, vitamin B12, and
vitamin B6. Laboratory investigations, including humoral
immunity, liver and kidney function, biochemistry,
myocardial enzymes, and routine blood parameters,
showed hepatic dysfunction. The patient also received
new drug treatments, including oxiracetam, ribonucleic
acid for injection, and reduced glutathione tablets. EEG
examination showed abnormalities, and focal seizures
in the right posterior temporal area were detected seven
times on waking up and during sleep (Figure 1B).
Results from cerebral magnetic resonance imaging (MRI)
at the age of 5 months were normal (Figure 1C).

Abnormal EEG was observed at 9 months old. The
background brainwaves were mainly characterized by
medium to high amplitude irregular fast rhythms, with
a high number of high amplitude spike waves, spike
rhythms, and delta rhythms distributed asynchronously
and asymmetrically in the left and right hemispheres of
the brain (Figure 1D). EEG examination at 27 months of
age showed an asymmetric frontal background rhythm
(Figure 1E). EEG details at different ages are summarized
in Supplemental Table S2 (http://www.irdrjournal.com/
action/getSupplementalData.php?ID=175). Assessment
of development at 27 months of age showed that the
developmental age of each functional area of the patient
was significantly lower than the actual age, especially
in terms of adaptability, fine motor skills, and personal
social interaction. Their developmental quotient was
severely lower than the normal level (Table 1).
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Figure 1. EEG and brain MRI features. (A) EEG of the patient at age 2 months was abnormal, with partial electrical seizures originating from the
right central and middle temporal regions. (B) EEG of the patient at age 5 months showed focal seizures in the right posterior temporal area. (C) MRI
of the patient at the age of 5 months showed no abnormalities in the brain. (D) EEG performed at the age of 9 months showed high amplitude spike
waves and spike rhythms. (E) EEG of patient at age 27 months showed an asymmetric frontal background rhythm.
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At the most recent follow-up, the patient was 7
years old, 115 cm tall, and weighed 17 kg. The patient's
symptoms were comprehensive developmental delay,
with severe language and motor developmental delay,
poor cognitive ability, ataxia, dyskinesia, and decreased
overall muscle tone.

3.2. Identification and verification of GABRBI mutation

Four variants were identified in the proband by WES:
GABRBI ¢.858 859delinsTT, p.286 287dellleSer
(NM 000812.4); KCNQ2 ¢c.1764-5G>A,
(NM _172107.4); KIF7 c.175G>A, p.Val59Met
(NM _198525.3); KIF7 ¢.3964T>C, p.Ser1322Pro
(NM_198525.3). Sanger sequencing confirmed that
only the GABRBI variation (¢.858 859delinsTT) was
de novo (Figure 2). The other three variants were either
found in the proband's mother or father. GABRBI
¢.858 859delinsTT was only identified in the proband
and not in her parents.

The p.286_287dellleSer change in GABRBI
results in replacement of the encoded amino acids, 286
methionine and 287 threonine, with isoleucine and
serine, respectively. In silico analysis with Mutation
Taster predicted the pathogenicity of the variant to be
damaging. The variant was not found in the Human Gene
Mutation Database (HGMD), ESP6500siv2_ALL, 1000
person genome (1000g2015aug_ALL) and dbSNP147

databases. The variation was classified as likely
pathogenic following the American College of Medical
Genetics and Genomics guidelines.

3.3. Multiple sequence alignment and 3D structure
predication

Multiple sequence alignment analysis among human ol-
6, B1-3, and y1-3 GABA, receptor subunits (Figure 3A)
showed the conserved residues altered by the de novo
mutations in this study. The GABRBI protein sequence
from different species were aligned and the variant
located at amino acid 286-287 of GABRBI1 protein
within a highly evolutionary conserved region of the
subunit (Figure 2B). Phylogenetic analysis indicating
that the GABRBI is relatively conserved among species
ranging from fish to humans (Figure 3C).

The 3D view of the GABRBI1 protein is
shown in Figure 4A, indicating the location of the
identified pathogenic variants. The novel variant,
p-286_287delinslleSer, identified in this study is in the
second helix of the B1-subunit's transmembrane region
affecting transmembrane domains, which is important
for the function of the receptor (Figure 4B).

3.4. Increased GABRBI expression in HEK293 cells

The expression of both wild-type and mutant GABRBI1

Table 1. Developmental tests of the patient at the age of 27 months

Test energy zone DA (month) DQ Evaluation
Adaptability 2.33 9 Extremely severe developmental delay
Gross motor 7.93 29 Severe developmental delay

Fine motor 2.80 10 Extremely severe developmental delay
Language 7.23 27 Severe developmental delay

Personal Social 2.10 8 Extremely severe developmental delay

DA: developmental age; DQ: development quotient. (According to the standards of the National Health Commission of China)
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Figure 2. Sanger sequencing results of the proband and her parents. The single-nucleotide substitution is indicated by the red arrow.

www.irdrjournal.com



Intractable & Rare Diseases Research. 2023; 12(4):234-240. 238

A
GABRA1 NRESV§ .
GABRA2 i35 NRESV PSS! 1
GABRA3 [ i NRESVELL: i
GABRA4 ]
GABRAS ]
GABRAG6 ]
GABRB1
GABRB2
GABRB3
GABRG1
GABRG2
GABRG3

B
H.sapiens TTISTHLRETLPKIP
Ptroglodytes TTISTHLRETLPKIP?
M.musculus TTISTHLRETLPE
C.lupus TTISTHLRETLER
B.taurus TTISTHLRETLPEIP:
M.mulatta TMTTISTHLRETLPKIP?Y
R.norvegicus TMTTISTHLRETLPKIPY
G.g(lllus TMTTINTHLRETLPEKIP?Y
D.rerio TMTTINTHLRETLPKIP?
X.tropicalis TMTTISTHLRETLPKIPY

C

.mulatta
.musculus
wI|R.norvegicus

.taurus

lupus

X. tropicalis

D.rerio

.gallus

Figure 3. Multiple sequence alignment and phylogenetic analysis
of GABRBI. (A) Multiple sequence alignments of human al1-6, $1-3,
and y1-3 GABA, receptor subunits. The residues highlighted in dark
are conserved across all of the subunits. Conserved amino acids are
indicated in dark (=100%) and light grey (= 75%) area. (B) The variant
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are higher than that of control, referring to the success
transfection and expression of wild-type and mutant
GABRBI. Significantly enhanced expression was
observed in the mutation of p.286 287dellleSer than
that of wild-type GABRBI1 (Figure 5A). Western blot
revealed significant increase of GABRBI1 expression
level in mutant, which is consistent with the RNA
expression (Figure 5B-C). Taken together, these results
further confirmed that p.286_287dellleSer variation
is a functional mutation. However, the molecular
mechanisms still needs to be further explored.

4. Discussion

Epilepsy is a paroxysmal brain disorder that results
from an imbalance between neuronal excitation and
inhibition. Gamma-aminobutyric acid (GABA) is the
most important inhibitory neurotransmitter in the brain
and plays an important role in the occurrence and
development of epilepsy. Abnormalities in all aspects
of GABA metabolism, including GABA synthesis,
transport, genes encoding GABA receptors, and GABA
inactivation, may lead to epilepsy. GABRBI encodes a
subunit of one of the GABA receptors and is associated
with epilepsy. Heterozygous variations in GABRB]
on chromosome 4p13 can cause DEE45. Four DEE45
patients with heterozygous variations in GABRB1 have
been identified. In the study, we described a fifth DEE45
patient with a GABRB1 variation, which is also the first
DEEA45 case in China.

The Epi4K Consortium and Epilepsy Phenome/
Genome Project identified a single de novo heterozygous
missense variant in GABRBI (c.737T>C, p.F246S) in
2013 (2). They reported a 4.5-year-old boy with epileptic
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Figure 4. Location of the de novo mutations of GABRBI found in DEE45 patients. (A) 3D structural model of the GABRBI protein (AlphaFold)
indicating the positions of the identified pathogenic variants. (B) The p.F246S and p.M2471 variants were in the TM1 domain; and the p.T281A, p.
286_287delinslleSer, and p.T2871 variants were in TM2 domain. (TM1-TM4) of GABAA receptors were predicted based on the method of Ernst
et al (19). TM, transmembrane-spanning domain. Red circles indicate the variant (p. 286 _287delinslleSer) identified in this study, yellow triangles
indicate previously reported variants (p.F246S, p.M2471 and p.T281A), and the green star indicates the variants identified in this and previous studies

(p. 286_287delinslleSer and p.T287).
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Figure 5. qPCR and Western blot of wild-type and mutant GABRB1 in HEK293 cells. Wild-type (WT) or mutant (MUT) GABRBI was
overexpressed in HEK293 cells. (A) mRNA was extracted from cells and quantified using RT-qPCR to measure GABRBI, relative expression of
GABRBI of wild-type is lower than mutant. (B) Western blotting showing expression levels of GABRB1 wild-type and mutant. (C) The intensity of
the bands was quantified by densitometry. Results are expressed as fold-change relative to NC group. Data were normalized to GAPDH. *p <0.01,

**p <0.001. NC, negative control; MOCK, transfection reagent control.

encephalopathy. The patient had seizure onset at age 12
months and showed developmental regression at age 35
months. EEG showed hypsarrhythmia. He had global
developmental delay, hypotonia, ataxia, cortical visual
impairment, and a thin corpus callosum. Janve et al.
published functional studies on this variant in 2016. The
variant is reported to change the kinetic properties of
the channel in HEK293 cells, resulting in a net loss of
GABAergic inhibition (/6).

In 2016, Lien et al. reported a 32-month-old boy
with severe developmental delay and hypotonia who
developed refractory epilepsy at age 3 months (/7). Brain
MRI of this patient was normal. This was the second
case of DEE45 with a de novo heterozygous missense
variation in GABRB1 (c.860C>T, p.T2871).

Burgess et al. (2019) reported a 2-year-old girl
with DEE45 who carried a de novo heterozygous
missense variation in GABRBI (¢.740T>C, p.1247T).
She experienced the onset of focal and tonic seizures
at 4 months of age with cessation of seizures at about 2
years of age. She had profoundly impaired intellectual
development with hypotonia, dysmorphic features, and
progressive cerebral and white matter atrophy on brain
imaging (/).

Monfrini et al. (2023) described the clinical
and genetic findings of a 21-year-old woman with
DEEA45 carrying a novel de novo GABRBI variation
(c.841A>G, p.T281A) which was the fourth report of
a DEEA45 patient (/8). This patient presented at birth
with hypotonia and focal apneic seizures evolving in a
phenotype of epilepsy of infancy with migrating focal
seizures that were refractory to anti-seizure medications.
Epileptic spasms that were partially responsive to steroid
therapy appeared in the second year of life. Acquired
microcephaly, profound mental retardation, and
tetraparesis became evident with development. During
childhood and adolescence, the epileptic phenotype
evolved towards Lennox-Gastaut syndrome.

The novel mutation (p.286_287delinslleSer)
reported in our study is localized in the proximity
of the previously described GABRBI pathogenic

variant, p.T2871 (Lien et al. in 2016), which affects
the same alpha-helical transmembrane domain. In
addition, methionine and threonine in this position
are phylogenetic conserved. All above five GABRBI
pathogenic variants affect transmembrane domains of
the GABRBI protein, possibility indicating a common
molecular pathogenic mechanism causes of DEE45.

More noteworthy, however, is that through
comparative analysis of these five DEE4S5 cases,
we found that the brain MRI results of patients with
p.F246S, p.1247T and p.T281A variants all showed a
thin corpus callosum or white matter lesions. However,
the brain MRI of the patient in this study (with a
p.286_287delinslleSer variant) and of a previously
reported patient with a p.T287I variant were normal.
Moreover, these two patients are similar in terms of
age of onset. The overall severity of symptoms is also
relatively mild compared with that in patients with the
other three variants (p.F246S, p.1247T and p.T281A).

Taken together, this study reports the first case of
DEE45 in China. Relationship between genotype and
phenotype of DEE45 were overviewed through case
analysis. The study also provides further clinical and
molecular evidence for exploring the role of GABRB1 in
this disease.
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Expression of collagen-related piRNA is dysregulated in cultured
dermal fibroblasts derived from patients with scleroderma
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SUMMARY PIWI-interacting RNA (piRNA) is a class of recently discovered small non-coding RNAs. piRNAs
derive from an initial transcript encompassing a piRNA cluster via a unique biosynthesis process,
interact with PIWI proteins, bind to specific targets, and recruit chromatin modifiers to enable
transcriptional repression. Abnormal expression of PIWI proteins and piRNAs has been reported
in some human cancers, with participation of some PIWI/piRNAs complexes in tumorigenesis and
association with cancer prognosis. Their expression in patients with systemic sclerosis (SSc) has not
been widely elucidated. PIWI/piRNAs and their role in the pathogenesis of collagen accumulation in
SSc was therefore investigated; no difference was found in the PIWIL1-4 levels between normal and
cultured SSc dermal fibroblasts. Among piRNAs predicted to target SSc-related molecules, we first
found significant piR-32364 up-regulation in