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Contemporary oral anticoagulant therapy of patients with 
atrial fibrillation in China: Status, obstacles, and strategies for 
improvement

Luxiang Shang1, Yujiao Zhang1, Yang Zhao2, Baopeng Tang2, Yinglong Hou1,*

1 Department of Cardiology, The First Affiliated Hospital of Shandong First Medical University & Shandong Provincial Qianfoshan Hospital, 
Shandong Medicine and Health Key Laboratory of Cardiac Electrophysiology and Arrhythmia, Ji'nan, China;

2 Department of Pacing and Electrophysiology, Xinjiang Key Laboratory of Cardiac Electrophysiology and Remodeling, The First Affiliated 
Hospital of Xinjiang Medical University, Urumqi, China.

1. Introduction

Atrial fibrillation (AF) is the most prevalent arrhythmia 
in clinical practice (1). It is well known that one of the 
major hazards of AF is the significantly increased risk 
of ischemic stroke, disability, and mortality (2). Hence, 
stroke prevention is central in the management of AF.
	 Oral anticoagulation (OAC) therapy, involving the 
use of vitamin K antagonists (VKA, mostly warfarin) 
and non-VKA oral anticoagulants (NOAC), could 
reduce thromboembolic events and improve prognosis in 
patients with AF who have a high stroke risk. Currently, 
OAC therapy is recommended as a standard treatment for 
stroke prevention by international guidelines for AF (3-5). 
However, OAC usage is inconsistent on the global and 
national levels. Although numerous data on OAC use in 
AF patients in China have been published, a systematic 
overview and discussion are still lacking. In the present 
review, we intend to summarize the contemporary OAC 
use for patients with AF in China and compare it with the 
studies conducted internationally to help identify which 
aspects need refining. We also analyzed potential causes 

of the deficiencies, and explored improvement strategies. 
Furthermore, we present some recommendations on 
OAC management during the COVID-19 pandemic.

2. Burden of AF in China

With the aging trends in global population, the incidence 
and prevalence of AF are increasing (6). The Global 
Burden of Diseases study in 204 countries found that in 
2019, there were about 59.7 million (95% uncertainty 
interval: 45.7 to 75.3 million) prevalent cases of AF 
and atrial flutter, nearly doubled to the prevalent cases 
in 1990 (Figure 1A) (7). The problem seems to be 
even worse in China. On one hand, the rapid aging 
of the population and the increased industrialization 
and urbanization have resulted in a rapid increase in 
the prevalence and absolute number of patients with 
AF in China (Table 1). Two community-based studies 
showed the weighted prevalence rates of 0.65% (8) and 
0.77% (9) for AF in Chinese adults nearly twenty years 
ago. A subsequent data from the China Hypertension 
Survey Group found that prevalence of AF in the 

DOI: 10.5582/bst.2022.01278

SUMMARY

Keywords atrial fibrillation, oral anticoagulation, stroke, temporal trends, China.

Atrial fibrillation (AF) and subsequent stroke and death have become major public health problems in 
China. Oral anticoagulant (OAC) forms the backbone of prevention of AF-related stroke. However, 
the quality of OAC use in AF patients in China is not clear. The focus of this narrative review is to 
summarize the current status of OAC therapy in China and compare it with the studies conducted 
internationally. In general, most data of OAC use in China were reported around 10-50%, with an 
increasing proportion of high-risk patients receiving OACs, however, still much lower than those 
in other countries and regions. Moreover, the phenomenon of inappropriate OAC prescribing and 
poor long-term persistence and adherence with OAC therapy in AF patients in China have also been 
noted. The 1-year adherence and persistence of OACs are as low as 50%. Multiple factors from the 
physicians, patients, and OAC drugs contribute to these phenomena. The management of OACs in AF 
patients in China needs to be further improved by the joint efforts of healthcare administration (policy 
makers) and health systems including medical associations, hospitals, and physicians.
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Chinese population above 35 years of age was 0.71% 
(10). A national survey of middle-aged and older 
adults conducted between 2014 and 2016 indicated the 
weighted AF prevalence was 1.8% (11). A most recent 
epidemiological survey showed that the prevalence 
of AF in Chinese adults was 1.6% (Figure 1B), and it 
is estimated that currently approximately 20 million 
patients have AF in China, which is significantly higher 
than previously reported and the estimation (12). We 
anticipate that with an aging population, the growing 
trend in the causes of AF (such as ischemic heart 
disease), and the higher detection of AF with advanced 
technology and screening, the healthcare burden of AF 
will continue to increase in China.
	 On the other hand, AF-related stroke is becoming an 
alarmingly increasing burden on the national healthcare 
system. Based on data from medical insurance database, 
the incidence of AF-related stroke has increased by more 
than 13-fold in the southwest of China from 2001 to 2012 
(13). Another study from Hong Kong illustrated a 2.5-
fold increase of AF-related stroke and transient ischemic 
attack over a 15-year period in Chinese populations, 
affecting all age groups and mostly non-anticoagulated 
patients (14). Thus, more effort is needed to improve 
health care for AF in China.

3. OAC use in patients with AF in China

In general, epidemiological studies investigating OAC 
use in patients with AF in China have been uneven. Few 
nationally representative surveys have been conducted, 

and provincial-level studies are often conducted in 
economically developed regions. The vast majority 
of studies showed that the proportion of patients with 
AF prescribed OACs ranged from 10% to 50% in 
China, which is much lower than that in European and 
American countries and many Asian countries such as 
Japan and South Korea (15-18). These data provide deep 
insight into current practice and opportunities for quality 
improvement in AF management.

3.1. Unsatisfied OAC use in hospital-based studies

Early nationwide, multicenter studies were mostly 
subgroups of global registries, as listed in Table 2. 
Two large-scale, worldwide, prospective registries of 
AF, including Global Anticoagulant Registry in the 
Field-Atrial Fibrillation (GARFIELD-AF) and Global 
Registry on Long-Term Oral Antithrombotic Treatment 
in Patients with Atrial Fibrillation (GLORIA-AF) 
cohort have both shed light on the lowest OAC use in 
China compared with other countries or regions (Figure 
2) (15,17-19). Among the cohorts, OAC therapy was 
administered to only 20% to 30% of patients in China, 
which was paralleled by up to 80% usage in patients 
from Japan. Gratifyingly, follow up studies identified 
promising trends in OAC use for AF in China (Figure 
3). Two latter national investigations, performed in 
2012 and 2014, respectively, showed that OAC use 
had increased to 31.7% and 43.7% in AF patients in 
China (20,21). The most recent data from the China 
AF Center (which involved 362 hospitals and is the 

318

Figure 1. The map of age-standardized AF prevalence in the world (1A) and China (1B). Data in panel A are derived from GBD 2019, and 
are presented as cases of AF per 100,000 population in both sexes (available from http://vizhub.healthdata.org/gbd-compare); data in panel B 
are from the latest national epidemiology survey of China (Data from Shi S, et al. Lancet Reg Health West Pac. 2022, 11;23:100439. Map data is 
copyrighted and available from https://d-maps.com/carte.php?num_car=17503).

Table 1. Overview of the prevalence of AF in the general population of China

First author

Zhou Z
Li Y
Wang Z
Du X
Shi S

Period

2003
2004
2012

2014 to 2016
2020 to 2021

Abbreviations: AF, atrial fibrillation; Num., number; Ref., reference; NA, not available.

Sample size

29,079
19,363
31,230
47,841

114,039

Population (age in years)

Adult (≥ 30)
Adult (≥ 35)
Adult (≥ 35)
Adult (≥ 45)
Adult (≥ 18)

Age

52.5 ± 22.4
NA

52 (51 - 53)
NA

55±17

Male (%)

46.6
44.6
50.0
NA
47.9

Num. of AF

   224
   199
   357
   932
2,604

Prevalence of AF

  0.65
  0.77
  0.71
1.8
1.6

Ref.

(8)
(9)
(10)
(11)
(12)
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	 Regarding regional studies from different provinces, 
widespread but extremely variable OAC underuse for AF 
could be observed. However, it is gradually improving. 
As early as 2006, there have been reports of only 18.2% 
of high-risk patients with NVAF on OAC medication 
in Beijing, the capital city of China (23). Two registry-
based studies thereafter indicated that the use of OAC 
in patients with AF admitted into tertiary hospitals in 
Beijing increased from 35% in 2011 to 49% in 2015 
(24). Similarly, a recent report on the medical insurance 
database covering up to 30 million people in Shanghai, 
the most developed city in China, showed a substantial 
increase in OAC use among patients with AF, in which 
more than half (56.57%) were taking OAC in 2020, 
compared to 19.46% in 2015 (25). Two cross-sectional 
survey studies conducted in 2013 and 2018, respectively, 
showed OAC use of inpatients with NVAF had increased 
from 11.5% to 36.2% in Chongqing area (26,27).
	 In addition, the presence of OAC underuse in AF 
patients with ischemic stroke has also been noted. OAC 
therapy should be made mandatory in these patients 
in the absence of contraindications according to the 
current guidelines. Approximately ten years ago, there 
were reports of a 20% of OAC use in patients with AF-
associated stroke in northwestern China (28). In another 
study from Beijing, this rate was reported to be 40% in 
patients with NVAF within 3 months of new-onset acute 
stroke (29). Similarly, the use of OAC in stroke patients 
with AF and/or rheumatic heart disease at discharge 

largest sample size analyzed to date) demonstrated 
that among 137,181 hospitalized patients with AF in 
reporting information systems from November 2017 to 
October 2018, two-thirds had a CHA2DS2-VASc score 
of ≥ 2, 79.1% (72,176/91,246) of whom were treated 
with OAC (22). However, the data from the China AF 
Center were manually entered and collected only from 
tertiary general medical centers; these might have led to 
an overestimation of the true OAC use in AF patients in 
China.

Table 2. The OAC use in patients with AF from multicenter or international studies in China

First author

Sun Y
Huisman MV
Mazurek M
Sun Y

Guo Y
Zhao QY

       Data source

GARFIELD-AF
GLORIA-AF Phase I
GLORIA-AF Phase II
China Registry of 
Atrial Fibrillation
ChiOTEAF registry
China AF Center

Abbreviations: OAC, oral anticoagulation; NVAF, non-valvular atrial fibrillation; AF, atrial fibrillation; Ref., reference; GARFIELD, Global 
Anticoagulant Registry in the Field-Atrial Fibrillation; GLORIA-AF, Global Registry on Long-Term Oral Antithrombotic Treatment in Patients with 
Atrial Fibrillation; NA, not available; ChiOTEAF, Optimal Thromboprophylaxis in Elderly Chinese Patients with Atrial Fibrillation.

           Period

Dec 2009 to Oct 2011
May 2011 to Jan 2013
Nov 2011 to Dec 2014
Jul 2012 to Dec 2012

Oct 2014 to Dec 2018
Nov 2017 to Oct 2018

    Study location

29 tertiary hospitals
NA
NA
111 hospitals

44 hospitals
362 tertiary hospitals

    Numbers of patients

805 NVAF
713 NVAF
1,018 NVAF
3,562 NVAF and 599 VAF

6,420 AF
137,181 AF

OAC use

28.7%
20.3%
21.0%
31.7%

43.7%
64.8%

Ref.

(19)
(17)
(15)
(20)

(21)
(22)

Figure 2. The OAC use in patients with AF in China compared 
with other countries or regions. Data in panel A are derived from 
GLORIA-AF Phase I; data in panel B are from GLORIA-AF Phase II; 
data in panel C are from GARFIELD-AF.

Figure 3. Secular trends of OAC use in patients with AF in China. 
The OAC use gradually increased in national studies over time.
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increased between 2010 and 2011 and 2016 and 2017 
(26.4% to 45.1%, P for trend < 0.001) in West China 
Hospital, one of the top comprehensive hospitals in 
China (30). Data from the most authoritative survey 
data source of China Stroke Center Alliance, involving 
35,767 patients from 1,430 hospitals, showed OAC use 
was almost double in the five years from 2015 to 2019 
(pre-hospital: 14.3% to 21.1%, at discharge: 23.2% to 
47.1%) (31).
	 It appears from the above studies (either national 
or regional) that although OAC use has gradually 
increased over time in China, it has remained less than 
satisfactory. Another notable fact is that most previous 
studies focused exclusively on patients in tertiary-grade 
hospitals. Further research is needed on OAC use in 
patients with AF in hospitals at the lower end of the 
distribution and economically underdeveloped areas.

3.2. Gross OAC underuse in population- or community-
based samples

Although OAC undertreatment was found in hospital-
based studies in China, it is important to acknowledge 
this problem is not limited to that. Typically, the OAC 
intake rate of in-hospital patients is often higher than 
that of patients in the community. In fact, statistics have 
shown more serious OAC underuse in population-based 
studies in China.
	 Data from the China National Stroke Screening 
Survey, collected between 2013 and 2014, a representative 
nationwide sample of 1,252,703 individuals showed 
that as low as 2.2% of AF patients with stroke were 
taking OAC medication (32). Two later large-scale AF 
epidemiology surveys found that 4.1% and 6.0% of high-
risk patients with AF received OAC, respectively (33,34). 
This situation is also not optimistic even in economically 
developed regions. A cross-sectional survey conducted in 
rural Shanghai in 2015 showed that 5.9% of patients with 
AF were on warfarin, while up to 61.1% were off any 
antithrombotic medication (35). In another community-
based study recently conducted in Shanghai in 2017, 
Chen et al. (36) found that the OAC use had risen to 
20%. Thus, the lack of awareness and undertreatment 
of community patients is already a serious public health 
problem in China that needs to be addressed using a 
whole-of-system approach.

3.3. Temporal trends of OAC prescription patterns

For almost a decade, the change in the OAC use away 
from VKA towards NOACs for thromboembolic 
prevention in AF worldwide is evident from studies 
across various countries (15,37). However, NOACs 
use varied substantially across countries because of 
the different timing of approval and variations in the 
attitudes of physicians/patients. In 2017, about 86.1% to 
93.1% of patients with AF initiated on NOACs in Europe 

and the United States through electronic health records 
or administrative claims databases (38). The Fushimi AF 
Registry indicated NOACs overtook warfarin in 2016 in 
Japan (39). In China, NOAC use has increased rapidly in 
parallel with global trends and became the most common 
OAC in 2019, 3-7 years later than other main countries. 
Through the database of the Hospital Prescription 
Analysis Corporation Program of China, the prescription 
of NOACs has rapidly increased in visits and costs in 
five major, well-developed economic cities (Beijing, 
Shanghai, Hangzhou, Guangzhou, and Chengdu) from 
2012 to 2019 (40, 41). And that the defined daily doses of 
rivaroxaban exceeded those of warfarin in patients with 
NVAF since 2019 (42). Similarly, data from the China 
Stroke Center Alliance also showed that the combined 
use of dabigatran and rivaroxaban exceeded the use of 
warfarin for AF patients with stroke in the third quarter 
of 2019 (31). In fact, the costs of NOACs decreased 
markedly after they were included in the National Health 
Insurance in 2017 and had similar cost-effectiveness to 
warfarin in patients with NVAF (42). The overall use 
rate of OAC has increased in China, partly driven by an 
increase in the availability of NOACs.
	 Although it is evident from time-series analyses that 
the OAC use in patients with AF in China is consistently 
gradually improving. However, these studies also 
showed that overall OAC use remained suboptimal and 
that there is still much room for improvement. Further 
concerted and comprehensive efforts by society as a 
whole are needed to improve the quantity and quality of 
OAC therapy for patients with AF in China.

4. Other roadblocks to high-quality OAC usage in 
China

It should be emphasized that the use of OAC is the first 
step in preventing ischemic stroke in patients with AF. 
In clinical practice, however, other issues also remain. In 
addition to low OAC use, the presence of inappropriate 
OAC prescribing and poor adherence and persistence 
with OAC therapy in AF patients in China have also 
been noted.

4.1. High prevalence of inappropriate OAC prescribing

A reasonable dose of OAC can maximize its effect and 
reduce adverse events. However, studies have shown 
that less than 50% of patients on OAC medication were 
prescribed with appropriate OAC in China according 
to the recommended guidelines. In an early analysis of 
the China National Stroke Registry, among 96 NVAF 
patients with stroke who were taking warfarin, only 
one was admitted with an international normalized 
ratio between 2 and 3 (43). A later multicenter study 
conducted in Xinjiang province showed that up to 
86.3% and 3.3% of patients with a CHA2DS2-VASc 
score ≥ 2 received insufficient and excessive OAC, 
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respectively (44). Two recent single-center studies from 
Fuwai Yunnan Cardiovascular Hospital and West China 
Hospital reported the prevalence of inappropriate OAC 
prescription was 46.3% and 56.1% in 2020, respectively 
(45,46). By contrast, the rate of inappropriate OAC 
prescription was found to be 13.7% to 26.3% in elderly 
Japanese AF patients from ANAFIE Registry (47), 
and 17% in AF patients from Swiss-AF and BEAT-AF 
registers (48).
	 Despite the magnitude of the problem, research in 
this field is not active in China. To uncover the frequency 
and factors that may contribute to inappropriate NOACs 
use, two ongoing, national, multicenter studies were 
investigating real-world data on the rationality of 
NOACs prescription in AF patients in China (49,50). The 
results of these studies are keenly awaited and will be of 
importance in guiding rational OAC therapy in Chinese 
patients.

4.2. Poor adherence and persistence with OAC therapy 
in Chinses patients

The optimal benefit of OAC therapy requires good 
medication-taking behavior. Both non-adherence and 
non-persistence of OAC are associated with increased 
stroke risk in patients with AF. Long-term adherence and 
persistence with OAC therapy are global challenges (51). 
However, significant area disparities were observed. 
Although studies investigated the adherence and 
persistence of OAC in patients with AF in China are few 
with small sample sizes. The published data revealed 
a relatively lower adherence and persistence to OAC 
among AF patients in China compared with American, 
Western European, and major Asian cities (Figure 4) 
(16,52-54). In addition, during the literature review, we 
found a noteworthy issue in that many of the studies 
from China conflated the concepts of "adherence" and 
"persistence". Indeed, adherence or compliance refers to 
patients actually taking the prescribed medication, while 
persistence or continuation indicates a patient staying on 
therapy, regardless of drug dosing and schedule (55).
	 A recent meta-analysis showed that 1 in 3 patients 
with AF adhered to NOAC < 80% of the time at the 

global scale, whereas the good adherence rate at 1 year 
can be up to 90% in many Western countries (54). One 
study involving 315 patients with AF in 11 hospitals 
across China showed that adherence (defined as the mean 
proportion of days covered ≥ 0.80) declined steadily to 
73.7% after the first month after admission and 36.4% in 
the 10-month follow-up (56).
	 Data from several studies conducted in Beijing 
showed a considerable variation in the proportion of 
OAC persistence (57-59). In one study, only 40.4% of 
patients who received warfarin completed the first repeat 
prescription within 3 months (57). Similar findings have 
been reported in another multicenter study, in which 
44.4% of NVAF patients discontinued warfarin within 
one year (58). However, researchers of the China-AF 
Registry reported that the 3-year persistence to warfarin 
and NOACs were 87.2% and 81.3% over a similar 
period, respectively (59). The authors believed that 
the China-AF Registry was created by cardiologists; 
therefore, patients enrolled in this registry could have 
actively or passively gained knowledge about OAC.

5. Potential reasons for unsatisfactory OAC therapy 
in China

Multiple possible factors (Figure 5) may be responsible 
for the unsatisfactory use of OAC in China. First, the 
gaps in medical technical level and service quality in this 
middle-income country compared to Western countries 
cannot be ignored. Second, the difficulty in detecting AF 
and screening universal high-risk populations influences 
the awareness and further treatment of patients with 
AF. Third, OAC use in patients with a known AF may 
be influenced by several physician-, patient-, and drug-
related factors such as physician specialization, patient 
health literacy, and patient economic status (Table 3).

5.1. Physician-related factors

Physicians' knowledge of anticoagulation and correct 
assessment of thromboembolic risk in AF patients is 
the premise of OAC therapy. However, multiple studies 
have shown that Chinese doctors' knowledge of OAC is 

Figure 4. The proportion of adherence (4A) and persistence (4B) to OAC therapy of AF patients in China compared with other countries 
or regions.
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insufficient and that there are huge gaps between regions, 
hospitals, and departments, which suggests opportunities 
for improvement at the hospital level.
	 A national survey of Chinese doctors showed 
approximately 70% of emergency physicians and general 
practitioners were unfamiliar with the CHA2DS2-VASc 
score, while cardiologists and clinical pharmacists 
performed better (60). Another survey of neurologists in 
Hubei Province showed that education level, professional 
title, working years, hospital grade, and hospital location 
influenced doctors' knowledge of AF and the options 
for OAC (61,62). Several studies performed in different 
areas, such as Shanghai (63), Guangdong (64), and 
western provinces (65), reported similar results: up to 
80% of doctors in primary hospitals or communities had 
insufficient knowledge of OAC use for patients with 
AF. It seems that grassroots physicians are the weak 
link in the management of AF in China. Therefore, it 
is necessary to improve the practice of primary care 
medicine.
	 In addition, possessing knowledge does not translate 
into action. Based on data from the Improving Care 

for Cardiovascular Disease in China (CCC)-Atrial 
Fibrillation (AF) project, the proportion of hospitalized 
patients with NVAF who underwent embolization risk 
assessment increased from 16.2% in the first quarter 
of 2015 to 67.1% in the fourth quarter of 2019 (P < 
0.001) in tertiary hospitals in China (66). This suggests 
that the evaluation of thromboembolism risk in patients 
with AF is not ideal, even in a batch of top hospitals in 
China. There is a need for more training on anticoagulant 
therapy and for clinicians to standardize their clinical 
practice.

5.2. Patient-related factors

Patient cognition and preferences are important reasons 
for the initiation, adherence, and persistence of OAC 
therapy. A cross-sectional survey conducted in the 
People's Hospital of Henan Province showed that 32.6% 
and 15.6% of patients with AF passively forgot and 
voluntarily discontinued warfarin, respectively (67). 
The concerns arising from the belief that OAC therapy 
is harmful are important reasons for non-adherence to 
OAC (67). A cohort study from five hospitals in China 
showed that 66.3% of the patients discontinued OAC 
between 3 and 14 months after AF ablation because 
of concerns over the risk of bleeding (68). A discrete 
choice experiment investigated the attribute preference 
for OAC therapy in patients with AF from Beijing and 
Shenzhen, and the results showed that patients were 
most concerned about the risks of myocardial infarction, 
stroke, and major bleeding (69). These findings reflect 
concerns about the possible adverse health effects of 
OAC. Therefore, it is necessary to educate patients with 
AF on the efficacy and safety of anticoagulation therapy 
to encourage them to adhere to OAC therapy.
	 In addition to intrinsic patient factors such as health 
literacy and knowledge regarding AF, many clinical 
patient-level factors could also influence OAC therapy 
in patients with AF. Several studies have investigated 
the characteristics of patients who did not take, adhere 
to, or persist with OAC therapy (31,46,70-73). Common 
patient factors integrated from the findings of previous 
studies were older age, non-urban residence, lower 
education level, lower income, history of stroke, multiple 
comorbidities, and antiplatelet therapy (14). In fact, 
it is important to note that the risk factors for poor 
compliance to OAC in AF patients in China were usually 
not the same as those in patients from other countries. 
For example, older patients often had better adherence 
and persistence to OAC therapy in other countries 
(74), but not in China. Therefore, we should focus on 
identifying the risk factors and characteristics associated 
with OAC adherence and persistence in Chinese patients, 
which may be helpful in identifying patients with non-
adherence and non-persistence. The next step is to 
translate these findings into incentives to help patients 
take OAC appropriately.

Figure 5. Illustration of the multifactorial etiology of OAC 
underuse in China. Although there is overlap among these factors, 
their co-existence induces unsatisfactory OAC therapy in China.

Table 3. Common factors associated with suboptimal OAC 
use in AF patients in China

Physician-related factors
    Medical services vary markedly by hospitals
    Lack of knowledge about oral anticoagulants among doctors 
    Synchronization of previous experience with evolving guidelines
    Insufficient focus on the quality of OAC therapy 
Patient-related factors
    Unaware of AF-related stroke risk
    Medication concerns 
    Multiple comorbidities
    Elderly
    Lower health literacy
    Low socioeconomic status
Drug-related factors
    Drug price, costs and availability
    Health policy on OAC drugs
    Multiple medication

Abbreviations: OAC, oral anticoagulation; AF, atrial fibrillation.
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5.3. Drug-related factors

Compared with warfarin, NOACs have the advantages of 
having a rapid onset of action, no need for unnecessary 
routine coagulation monitoring, no dosage adjustment, 
and fewer food-drug interactions. The long-term 
persistence of NOACs is better than that of warfarin 
(75). However, domestic studies have shown that the 
rate of discontinuation of NOACs was higher than that 
of warfarin in AF patients in China (59,76). According 
to a questionnaire survey from the China-AF registry, 
dabigatran therapy in patients with NVAF was associated 
with no improvement in satisfaction and a higher 
discontinuation rate compared with warfarin therapy, 
which was thought to be largely due to the increased 
economic burden of NOACs (176.78 ± 9.15 vs. 2.49 
± 0.76 USD/month, P < 0.001) (77). Indeed, the level 
of NOACs use also partly depends on government 
subsidies. However, with the patent expired status of 
many NOACs, the costs of China's generic drugs have 
markedly dropped, and we speculate that circumstances 
might change and drug costs would no longer be a 
decisive factor governing the use of NOACs. Further 
studies on this topic are required. In addition, studies 
have shown that other drug-related factors, such as 
dosing frequency, affect OAC use and deserve attention.

6. Strategies to improve OAC therapy in AF patients 
in China

How can we overcome these obstacles? We believe 
that the collaboration of our healthcare administration, 
medical associations, hospitals, and physicians is needed 
to promote OAC use in AF patients in China and further 
improve the overall prognosis of patients with AF in 
China (Table 4).

6.1. Measures from the government departments

In fact, the government can do much to ameliorate 
the reality of OAC underuse in AF patients in China; 
first of all, they could reduce the economic burden on 

patients. In 2019, the Chinese government launched a 
centralized medicine procurement policy together with 
the resident medical insurance reimbursement policy for 
chronic diseases, both of which substantially reduced 
the price and improved the cost-effectiveness of drugs 
(78). A cost-benefit analysis showed that NOACs 
have comparable and even better cost-effectiveness 
than warfarin in Chinese patients with NVAF since 
the inclusion of NOACs in the catalog of medication 
reimbursement (42,79). A welcome fact is that there 
has been an increase in overall OAC prescriptions since 
NOACs became available in China (80). At present, 
dabigatran and rivaroxaban have entered the fifth batch 
of national centralized drug procurement, and it is 
expected that implementing low central government 
prices would benefit more patients with AF.
	 Second, most published data regarding OAC use 
in AF patients in China were obtained from hospital 
digital information systems or community sampling 
surveys, although there have been a small number of 
reports using regional medical insurance databases (81). 
In contrast, many national cardiovascular registries in 
other countries are widely used to improve the quality of 
healthcare services, assess the effectiveness and safety 
of new therapies, and conduct research (82). Thus, we 
suggest that the national medical insurance database and 
medicine agency monitoring data be developed and made 
open access to facilitate better evaluation of the actual 
OAC usage in China, which will lead to the proposal of 
new strategies (83).
	 Third, quality control should be further strengthened 
through medical administration. Currently, the National 
Health Commission of China has formulated five 
management indicators for admitted patients with AF: 
the evaluation rates of stroke and bleeding risk, the rate 
of OAC use in patients with valvular and non-valvular 
AF, and the incidence of complications during left atrial 
appendage closure (84). It is hoped that national-level 
interventions will be more effective than calls from 
doctors and that medical institutions will continue to 
improve the OAC management of patients with AF.
	 Fourth, the Ministry of Health of China established 

Table 4. Strategies to combat poor OAC use of patients with AF in China

Topic

Poor knowledge 
of AF patients

Insufficient capacity 
of physicians

High cost of NOACs

Strategies

1. Improving residents' health literacy.
2. Promoting patient education campaigns on AF and OAC.
3. More convenient tools such as multimedia, electronic 
    communications, and networking technology.
1. Promotion and introduction of the AF guideline.
2. Build hierarchical diagnosis and treatment system.
3. More home-grown clinical trials to offer more clinical 
    evidence.
1. When the patent expires, the drug price decreases through 
    competition with generic drugs.
2. NOACs include in medical insurance reimbursement.

Abbreviations: OAC, oral anticoagulation; AF, atrial fibrillation; NOAC, non-vitamin K antagonist oral anticoagulant.

Scope/Location

Government, public policies.
Hospitals and physicians.
Government, public policies, related enterprises, physicians.

Medical associations and large hospitals.
Government, medical associations, and hospitals.
Medical associations and hospitals.

Pharmaceutical companies in China.

Government and national health insurance system.
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a hierarchical diagnosis and treatment system for AF 
management. We hope that the efficiency of AF therapy 
can be improved through this hierarchical system. The 
form of "up and down assistance" is supported by tertiary 
hospitals and participated in by secondary hospitals 
and community hospitals, which enables grassroots 
patients with AF to obtain homogeneous, standardized, 
and efficient management. However, the establishment 
of the AF management system in such a large setting 
is a lengthy and challenging process and requires the 
cooperation of specialist cardiologists, pharmacist 
teams, and community general practitioners. Several top 
hospitals have established integrated management models 
based on local characteristics (85). These hospitals have 
developed a local network for sharing clinical decision 
making; they have used the alliance platform to link the 
management of AF in top and primary hospitals, which 
is worthy of widespread promotion.
	 In addition, the government should support regular 
AF screening for those at high risk of AF in the context 
of an aging population and support original research on 
anticoagulation therapy in the Chinese population. We 
strongly believe that these administrative interventions 
under China's unique medical model may have distinct 
advantages in improving the quality of OAC use in 
patients with AF.

6.2. Measures from the cardiovascular medical 
associations

The dedicated efforts of many cardiologists have greatly 
improved anticoagulation therapy in AF patients in 
China. Experts formed the Atrial Fibrillation Center 
Union of China (AFCUC), which created the China 
Atrial Fibrillation Day (June 6th) and developed a 
flurry of activities such as advocating for education of 
inhabitants on AF and helping with the construction of 
the AF management system. Nevertheless, additional 
efforts are needed to maintain and further improve OAC 
use in AF patients in China.
	 First, studies have shown that doctors in primary 
and community hospitals and non-cardiologists, such 
as emergency department physicians, are the weak 
link in the management of AF. However, these doctors 
are in close contact with patients with AF. Therefore, 
it is necessary to guide and train these medical staff 
to improve their knowledge and strengthen their 
management capacity. We believe that the goal of 
medical associations and top hospitals is by no means 
solely to foster experienced electrophysiologists. Training 
primary healthcare physicians will be driven by medical 
associations, such as AFCUC, so that the primary 
healthcare facilities can strengthen their gatekeeper role.
	 Second, most of the studies cited in the current AF 
guidelines of China were conducted abroad. Management 
strategies and guidelines for AF need to be modified 
using data obtained from Chinese patients. However, 

single-center studies have often provided inadequate 
clinical evidence. Hence, medical associations should 
prompt high-quality, multicenter clinical research to 
fill the evidence gap for OAC therapy in AF patients in 
China, such as the comparison of the clinical net benefit 
of different NOACs and the efficacy and safety of OAC 
therapy in high bleeding risk groups, the elderly, and 
other special populations.
	 Third, medical associations should launch more 
quality improvement programs, such as the CCC-AF 
project (86). A major strength of medical associations 
is that they can recruit hospitals to participate in one 
program to improve the quality of national medical 
care. Such projects will involve collection of clinical 
information from patients with AF, analysis, feedback, 
and process improvement to eventually help guide the 
development of the national health quality improvement 
system (86).
	 Overall, medical associations should leverage this 
strength to achieve the most impact in this area of 
national health. The associations could provide detailed 
national information and discover the gaps and barriers 
to effective OAC use in AF patients in China, which 
is valuable for better OAC usage across China and to 
explore more reasonable management pathways suitable 
for the national conditions in China (87).

6.3. Measures from the hospitals and physicians

Medical treatment can be characterized by a series 
of interactions between patients and doctors. The 
first step in solving current problems is recognizing 
that collaboration must occur between health care 
practitioners and patients. Poor knowledge about AF 
and OAC among patients with AF is associated with 
adverse cardiovascular events (88). Educating patients 
is an essential part of the clinical management of AF. 
Propagating and educating patients about their disease 
conditions and about the efficacy, and advantages and 
disadvantages of OAC use during outpatient visits, 
hospitalization, and after discharge is an important basis 
for improving drug compliance and fostering mutual trust 
between physicians and patients. An international cluster-
randomized trial conducted in developing countries 
showed that a multifaceted educational intervention 
could increase the proportion of patients with AF treated 
with OACs (89).
	 Growing evidence-based research findings support 
the Atrial Fibrillation Better Care (ABC) pathway as a 
structured approach for the management of AF, endorsed 
in the 2020 European Society of Cardiology guidelines 
(3,90,91). In fact, the ABC pathway emphasizes 
the importance of integrated care, which requires a 
multidisciplinary team (from specialists to caregivers) 
in AF management. First, patient participation should 
be encouraged in the process of deciding whether 
anticoagulation should be used as this can improve 
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patient understanding, trust, satisfaction, and OAC 
compliance (92). Secondly, clinical pharmacists 
can assist clinicians in prescribing rational doses of 
OAC and avoiding adverse drug interactions. Studies 
from Shanghai (93) and Chongqing (94) showed that 
patients' OAC compliance can be improved through 
comprehensive evaluation and medication education 
by clinical pharmacists and physicians. Therefore, 
for some qualified top hospitals, clinical pharmacists 
should be encouraged to participate in OAC treatment 
and the whole-process management of patients with 
AF (Figure 6). Third, with the development of modern 
technology, many medical tools such as mobile phone 
software have been developed. A pilot study developed 
a WeChat mini-program integrating decision support 
and patient follow-up, which was shown to improve 
medication compliance and satisfaction in patients 
with AF (95). The mobile Atrial Fibrillation App 
trial managed patients with AF using mobile phone 
software that integrates clinical decision support, health 
education, patient participation, and structured follow-
up. The results showed that mobile health management 
can improve patients' disease cognition, medication 
adherence, quality of life, anticoagulation satisfaction 
(96), and long-term outcomes (97). In addition, 
another computer-assisted platform was also shown 
to improve the medical compliance of patients with 
AF (98). However, more efficient and easy-to-accept 
management platforms should be explored to improve 
OAC compliance in patients with AF. We also hope that 
artificial intelligence-assisted tools could help doctors in 
primary care to manage patients with AF (99).
	 To conclude, the integrated care approach to AF 
management is not only for prompting OAC use but also 
for improving patient prognosis and reducing the risk of 
mortality and hospitalization. This requires consistent 
efforts and the involvement of the medical team. 

Education and changing ideas in health care need to be 
increased in hospitals and physicians in China.

7. Management of OACs during the COVID-19 
pandemic

Today, the global epidemic situation remains sobering, 
and China is no exception. The increase of AF-related 
mortality during the COVID-19 pandemic in US has 
been observed (100). Several issues should be taken into 
consideration in order to protect AF patients in China. 
First, the epidemic has reduced the frequency of patients 
seeking medical treatment, especially those in grassroots 
areas and far from hospitals. Thus, it is necessary to 
encourage primary physicians to be responsible for 
the OAC management and follow-up visit. Second, 
NOACs is especially suitable during the epidemic 
since it does not require frequent blood monitoring. 
Third, personalized smartphone Apps with user-friendly 
design that involve medical professionals are needed for 
improving antithrombotic therapy safety.

8. Summary and perspective

AF-related stroke incurs a heavy burden to patients, 
doctors, and the healthcare system in China. Over 
the past two decades, clinical management of AF has 
gradually improved in China through updates in AF 
management guidelines, various practice incentives, 
the introduction of NOACs, and the strong marketing 
of biopharmaceutical manufacturers. However, at 
present, OAC therapy in AF patients in China is far from 
ideal, with obstacles such as low OAC use, frequent 
inappropriate dose prescription of OAC drugs, and 
poor long-term medication adherence and persistence 
in patients with AF. We have come a long way, but we 
know that there is yet far to go.
	 Our present review highlights important gaps in the 
current clinical management of AF patients in China, 
which has important implications for healthcare policy 
making to achieve the Healthy China 2030 goal. Overall, 
these aspects are timely and thought-provoking. The 
information may provide further insights for more 
effective surveillance of AF and stroke prevention 
for improved clinical outcomes. Joint efforts of the 
government and medical communities are needed to 
minimize the burden of stroke and death caused by poor 
OAC use, adherence, and persistence.
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1. Introduction

Phase separation between intracellular biomolecules 
usually refers to the separation of eukaryotic proteins 
or nucleic acids (mostly RNA) through protein-protein, 
protein-nucleic acid and nucleic acid-nucleic acid 
multivalent binding aggregates from the surrounding 
liquid (cytoplasm or nucleoplasm) to form a semi-liquid 
(1), thereby maintaining order in the crowded chaos of 
cells. Study of phase separation began in 2009 when 
Tony Hyman and Cliff Brangwynne stuck worm gonads 
filled with P particles between two thin glass plates and 
slid the plates against each other. Under the shear stress 
of the sliding plates, the solids should have fallen off, 
however, the particles merged like raindrops, dropping 
and beading together (2). In 2021, Michael Rosen and 
Steven McKnight discovered a weak force between 
RNA and protein molecules in test tubes, which came 
close to each other and formed droplet-like substances 
(3). In 2015, Julie Forman-Kay discovered that a protein 
that affects sperm function forms droplets within human 
cells; this study accelerated the research into phase 
separation (4).
	 Many intracellular biological processes involve 

phase separation (Figure 1). Accumulating evidence has 
revealed that multiple membraneless organelles (MLOs) 
within cells, such as paraspeckles, Cajal bodies and stress 
granules, are condensates formed via phase separation 
of specific proteins/RNAs. These dynamic MLOs, 
along with the normative membranous organelles, 
maintain the spatial order within the cell, thus ensuring 
that continuous or independent biochemical reactions 
and regulatory processes are performed in an orderly 
manner. In response to stimulation by cellular stressors 
such as heat shock, hypoxia, nutritional starvation and 
DNA damage, ncRNAs can control the stability of 
the intracellular environment by forming biological 
condensates through phase separation (5). SERRATE-
mediated phase separation forms D-bodies, which are 
essential for miRNA production (6). In addition, phase 
separation can lead to the formation of physicochemical 
and mechanical filters, such as nuclear pores (7). 
Meanwhile, ncRNA-mediated phase separation is 
required for genomic stability (8). Phase separation can 
locally concentrate molecules in cohesive condensates 
to activate cytoskeletal structural responses, signaling 
processes and nucleation (9). The understanding that 
phase separation underlies the formation of membrane-
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Phase separation refers to a phenomenon in which different components of a cell collide and 
fuse with each other to form droplets such that some components are encapsulated within the 
droplet and some are blocked outside. It is prevalent in eukaryotic cells and is closely related to 
genome assembly and transcriptional regulation, enabling multiple biological functions. With the 
development of high-throughput sequencing technologies, several non-coding RNAs (ncRNAs) 
have been shown to play an important role in epigenetic regulation of gene expression in addition 
to their roles at the transcriptional and post-transcriptional levels. In addition, some ncRNAs 
are involved in the formation of membraneless organelles (MLOs), the regulation of genomic 
stability and stress response through phase separation. Notably, phase separation can also affect 
the biogenesis, processing and maturation of ncRNAs. This review summarizes recent discoveries 
related to the relationship between ncRNAs and phase separation, providing new perspectives to 
guide future interventions.
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free compartments in cells has led to significant efforts to 
characterize the function of biomolecular condensates in 
neurodegenerative diseases and tumors (7).
	 The genomes of higher eukaryotes are commonly 
transcribed to produce large amounts of non-coding 
RNAs (ncRNAs) (10), which function in many ways 
and can interact with proteins, DNAs and RNAs to 
participate in various cellular activities, including but 
not limited to gene activation and silencing, RNA 
splicing, modification and editing and protein translation. 
Since the 1950s, various types of ncRNAs have been 
identified in eukaryotic cells, including the most 
abundant transfer RNA (tRNA), ribosomal RNA (rRNA), 
small nucleolar RNA (snoRNA), small nuclear RNA 
(snRNA), microRNA (miRNA), linear long ncRNA 
(lncRNA), circular RNA (circRNA), etc. ncRNAs can be 
classified according to their length: small (about 20 bp), 
intermediate (less than 200 bp) and long (longer than 
200 bp). Small ncRNAs have attracted many studies, 
such as: piwi-interacting RNAs (piRNAs) and miRNAs 
[14]. Intermediate ncRNAs include snRNAs involved 
in splicing during protein synthesis, and the remaining 
ncRNAs larger than 200 bp are classified as lncRNAs, 
which are involved in epigenetic regulation of transcripts 
and inactivation of the X chromosome.
	 ncRNAs, especially miRNAs and lncRNAs, have 
been shown to play an important role in the pathogenesis 
of many diseases. miRNA-132/212 promotes axonal 
evolution, neural migration, plasticity, and has very 
promising applications in neurodegenerative diseases 
such as Alzheimer's, Parkinson's, and epilepsy (11). 

Zhixin Ling reported miR-193a inhibited prostate cancer 
cell growth, suppressed migration and invasion, and 
significantly reduced prostate cancer xenograft tumor 
growth (12). lncRNA ITGB8-AS1 is highly expressed in 
colon cancer cells and tissues, and promotes proliferation, 
colony formation and tumor growth of colon cancer cells 
through integrin-mediated focal adhesion signaling (13). 
lncRNA SNHG1 regulates Treg cell differentiation and 
thus immune escape from breast cancer by regulating 
the miR-448/IDO signaling axis (14). A growing body 
of research indicates that ncRNAs can not only serve 
as biomarkers for disease diagnosis and prognosis, but 
they are also expected to be targets for novel therapeutic 
strategies.
	 Although ncRNAs were initially defined as a 
class of RNA transcripts without coding capacity, 
it has been determined that some ncRNAs actually 
contain open reading frames that can to be translated 
into micropeptides or microproteins with regulatory 
functions in a variety of biological and oncological 
processes. ncRNA performs biological functions in the 
form of encoded peptides, suggesting it as a new tumor 
marker and anti-cancer drug target with high clinical 
translational value.
	 Recent studies have revealed different effects of 
RNA on the occurrence of phase separation in cells. 
Some RNAs can facilitate protein phase separation by 
decreasing the critical saturation concentration. For 
example, the RNA-binding protein PTB can bind to RNA 
in the absence of intrinsically disordered regions (IDRs) 
and undergo phase separation in vitro. In addition, 
RNA can influence the properties of intracellular phase 
separation products. For example, short poly(A) RNA 
(50 nt) has a minimal effect on the critical saturation 
concentration for phase separation of the P-granule 
protein LAF-1 but causes dramatic changes in the 
internal physical properties of LAF-1 phase separation 
droplets, thus reducing their viscosity (15). Furthermore, 
including lncRNAs, miRNAs, circRNAs and eRNAs, 
can be involved in the regulation of biological processes 
via phase separation. In this review, we have summarized 
recent studies on the regulatory functions of phase 
separation and discussed its research progress in various 
biological processes in recent years, beginning from 
the relationship between ncRNAs and phase separation 
(Figure 2).

2. Molecular characterization and environmental 
conditions of phase separation

Phase separation is a process in which large molecules 
are separated from a large volume of solvent into 
different liquid phases, which is affected by a variety 
of factors. First, it is driven by multivalent interactions 
and prion-like structural domains (PrLDs), and IDRs 
and low-complexity regions (LCRs) of the protein are 
essential for the formation of phase separation (16). IDRs 
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Figure 1. Summary of functions of phase separation. i. Formation 
of MLOs for spatial and temporal control. ii. Perceives external stimuli 
such as heat shock, hypoxia, nutritional starvation and DNA damage, 
and responds to them quickly. iii. Mediate miRNA production. iv. 
Formation of physicochemical and mechanical filters such as nuclear 
pore. v. Maintain genomic stability by repairing broken DNA duplexes. 
vi. Concentrate molecules in condensates to activate signaling process.
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the nucleic acid molecule inhibits phase separation; if 
both nucleic acid-protein interaction and electrostatic 
shielding are present but weak, phase separation is 
usually promoted at low nucleic acid concentrations 
and inhibited at high nucleic acid concentrations. This 
phenomenon provides novel insights into the relationship 
between ncRNA and phase separation and its mode of 
regulation in biological processes.
	 Third, the occurrence of phase separation is highly 
dependent on the proteins and nucleic acids in solution, 
but also on the environment and physicochemical 
properties of the solution such as temperature, pH, salt 
ion concentration, salt ion type, and the presence of other 
biomolecules in solution (19). Once phase separation 
occurs, the biomolecule is present in two forms, one at 
a low concentration in the solution and one at a higher 
concentration in the 'droplet'. The two forms can be 
transformed into each other as the relevant conditions 
change. In other words, phase separation is a highly 
dynamic process.

3. Experimental approaches and vital roles of phase 
separation

Various experimental approaches continue to enhance 
our understanding of phase separation (Table 1). 
The existence of a phase separation mechanism 
was demonstrated by purifying the target substance 
expression and reconstituting phase separation in vitro 
(20). Microscopic imaging plays an indispensable role 
as the main technique for observing phase separation. 
Phase separation in vitro can be observed very simply 
with an ordinary light microscope (21). The occurrence 
of phase separation is characterized by a cloudy solution 
and the presence of droplets in the solution such as oil 
droplets in water. The use of PEG or lipid-coated slides 
allows for better observation and documentation of phase 
separation. Time-lapse imaging, fluorescence recovery 
after photobleaching (FRAP) and 1,6-hexanediol 
sensitivity assays have been used to verify the dynamics 
and reversibility of phase-separated droplets (7). In 
addition, phase separation can be detected using a 
method that detects turbidity of a solution, or via 
centrifugal precipitation (17). Electrophoretic mobility 
shift assay (EMSA) and thermal shift measurement are 
also used to verify protein and nucleic acid interactions.
	 The role of phase separation in various physiological 
processes confers its importance in clinical translation. 
YAP mediates the pro-tumor effects of IFN-γ via 
phase separation and can be used as a predictive 
biomarker and target for anti-PD-1 combination 
therapy (22). Wang Shuai et al. demonstrated that the 
phase separation activity of SARS2-NP protein can 
be a possible therapeutic target for neo-coronavirus 
infection, providing new possibilities for related drug 
development (23). Lu Bing et al. proposed a small-
molecule compound called GSK-J4, which regulates 

are usually free of the more aromatic and aliphatic amino 
acids that often construct the core of a folded structural 
domain. LCRs are regions with a higher proportion of a 
specific amino acid compared with other amino acids. 
In addition, the linear crosstalk of multiple identical/
similar structural domains, such as SH2 and SH3 repeats 
of proteins such as NCK, and oligomerization of proteins 
can specifically mediate phase separation (17). During 
phase separation, solutions containing proteins and 
other biomolecules automatically form two phases, one 
enriched in proteins and one deficient in proteins. The 
dense phase formed is surrounded by a membrane that 
is selectively permeable to certain macromolecules and 
acts as a relative isolator, which ensures that various 
components of the cell are assembled at the right 
time and space to perform appropriate functions. The 
compartment formed via phase separation is similar to a 
liquid droplet and allows rapid exchange of substances 
with the surroundings (18).
	 Second, phase separation of certain proteins can 
also be regulated by other related proteins, DNAs and 
RNAs. If a nucleic acid molecule has a strong and 
specific multivalent interaction with a protein molecule, 
the nucleic acid molecule promotes protein phase 
separation. If the strongly charged nature of the nucleic 
acid molecule acts mainly as a salt ion-like electrostatic 
shield, weakening protein interactions, addition of 

Figure 2. Interactions between ncRNAs and phase separation. 
i. lncRNAs mediate formation of MLOs, genomic stability, stress 
response, activation of signaling pathways, gene expression and 
endodermal differentiation via phase separation. ii. miRNAs regulate 
stress response by phase separation while phase separation contributes 
to miRNA processing, sorting miRNAs into exosomes and miRNA-
mediated translational repression. iii. snRNA and snoRNA act as 
a scaffold for protein recruitment. iv. Yb bodies are multivalent 
condensates formed by phase separation and are responsible for piRNA 
biogenesis in Drosophila. v. circVAMP3 contributes to the formation of 
stress granules through phase separation. vi. ThymoD induces Bcl11b 
enhancer and promoter to form a loop that controls T cell development.
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phase separation of core regulatory circuitry factors, for 
therapeutic intervention in patients with chemoresistant 
and metastatic osteosarcoma (24). Ali Miserez et al. 
reported a coupled peptide that can form pH- and 
redox-responsive cohesive microdroplets through 
phase separation, thus facilitating delivery across cell 
membranes (25). In addition, stimulation of chaperone 
mechanisms to disassemble MLOs, induction of 
pathways that may inhibit aberrant phase separation, 
and development of antisense oligonucleotides to knock 
down RNAs can be evaluated as new strategies for the 
treatment of human diseases characterized by abnormal 
phase separation.
	 With the gradual increase in the study of phase 
separation, researchers have found that phase separation 
may lead to diseases such as neurodegenerative diseases, 
tumors, and aging. FUS aggregation is a pathological 
hallmark in patients with amyotrophic lateral sclerosis 
(ALS). FUS protein and hnRNPA1 form droplets in ALS, 
which become progressively more viscous and eventually 
form fibrous solids that are abnormally deposited in 
cells (26). Phosphorylation of Tau repeats under cellular 
protein conditions leads to phase separation of Tau 
and promotes its abnormal deposition in the brains of 
Alzheimer's disease patients (27). EWSR1 is a protein 
with a PrLD that is a fusion partner with transcription 
factors leading to oncogenicity. The abnormal 'phase 
separation' of EWSR1 promotes its accumulation near 
the genome associated with tumorigenesis, which is 
important for the oncogenicity of Ewing sarcoma (28). 
Super enhancers can induce the activation of classical 
oncogenes and other genes associated with tumorigenesis. 
Recent studies have found that transcription factors 
containing IDRs, transcriptional cofactors and RNA pol 
II form phase-separated condensates at super enhancers 
(29). APC phase separation was observed in colorectal 
cancer, resulting in excessive activation of the Wnt 
pathway, affecting cell differentiation and promoting 
rapid proliferation, playing a key role in the initiation 
of tumorigenesis (30). The tumor suppressor gene 
SPOP forms phase-separated membrane-free clusters in 
nuclear speckles, and these droplets play a central role 
in suppressing the development of a variety of human 
malignancies such as gastric, hepatocellular and prostate 
cancers (31). Biomolecular condensates are intracellular 
assemblies without membranes that are usually formed 
by phase separation. Its formation and dissolution can 
lead to protein misfolding and aggregation, which is 
often the cause of aging-related diseases (32).

4. Interaction between lncRNAs and phase separation

lncRNAs are ncRNAs that are > 200 nt in length. They 
play an important role in various life processes including 
a dosage compensation effect, epigenetic regulation, cell 
cycle regulation, and cell differentiation regulation. Like 
mRNAs, lncRNAs are transcribed from corresponding 
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genes with 5' caps and polyA tails, and are formed into 
mature lncRNAs by splicing. lncRNAs show a strong 
tissue-specific expression pattern, suggesting their 
integral role in cell type-specific processes. Abnormal 
expression or function of lncRNAs is closely related to 
the development of human diseases, including cancer 
and degenerative neurological diseases, and other 
serious human health risks (33). In recent years, it has 
been demonstrated that lncRNAs can mediate phase 
separation involved in various physiological processes 
such as the formation of membrane-free compartments 
and maintenance of genomic stability (Table 2).

4.1. lncRNA mediates the formation of MLOs through 
phase separation

The eukaryotic nucleus is not a homogeneous 
monospace organelle but a highly compartmentalized 
organelle separated by various types of membrane-free 
structures. In living organisms, cells ensure accurate 
spatial and temporal control of complex biochemical 
reactions through independent subcellular compartments. 
Although these compartments differ in composition, 
localization, and function, they have extremely similar 
morphological features, kinetic properties, and assembly 
(34). Understanding the mechanism and function of 
membrane-free compartments in detail has been a 
challenge because of their protein and RNA complexity. 
The interaction between proteins and RNAs leads to 
the formation of MLOs, which are involved in various 
biological functions including but not limited to response 
to environmental changes. The liquid condensates formed 
via lncRNA-related phase separation include nucleolus, 
paraspeckles, nuclear speckles, Cajal bodies, amyloid 
bodies (A-bodies), stress bodies and Omega speckles 
(Figure 3). These compartments are composed of specific 
lncRNAs, which play a role in their organization and 
function.

alluRNA

The nucleolus is the most evident structure in the 
interphase nucleus of eukaryotic cells, and its main 
function is to synthesize rRNA. It consists of three 
major components as follows: a fiber center (FC), dense 
fibrillar component (DFC) and granular component 
(GC). The lncRNA alluRNA, an RNA polymerase II 
transcript derived from the intron Alu element, plays 
an important role in the assembly and function of the 
nucleolus. Both NCL and NPM contain IDRs and LCRs 
that form protein structural domains. alluRNA acts as a 
scaffold to regulate nucleolus formation by promoting 
the self-organization of NCL/NPM-containing 'droplets' 
into domains that efficiently associate with rDNA 
and support Pol I transcriptional activity within the 
nucleolus, leading to nucleolus structure regulation and 
rRNA production (35).
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NEAT1

Paraspeckles are composed of component proteins and 
RNA scaffolds that are essential for gene expression and 
intracellular homeostasis. They are subnucleosomes that 
are found near speckles, contain splicing factors and 
may regulate gene expression by sequestering mRNAs 
and proteins (36). The number of paraspeckles increases 
in many situations, such as when cells change from one 
state to another, are infected by viruses and bacteria, 
begin to degenerate and are in a state of inflammation, 
aging and cancer (37). Many paraspeckle proteins 
contain prion-like IDR structural domains that contribute 
to the formation of large phase-separated condensates in 
cell nuclei and hydrogels in vitro. Recent studies have 
shown that lncRNA NEAT1 can act as a scaffold to 
recruit specific component proteins to be enriched at high 
local concentrations. Subsequently, these component 
proteins recruit other proteins that mediate phase 
separation and the formation of paraspeckles through 
LCR. NEAT1 has three distinct RNA structural domains 
(A, B and C) that play a role in stabilization (A), isoform 
conversion (B) and scattering assembly (C) (38). NEAT1 
has two transcripts, NEAT1-1 and NEAT1-2, both of 
which share the same 5' terminus. The longer NEAT1_2 
isoform (22.7 kb in humans) is an important component 
of paraspeckles, whereas the shorter NEAT1_1 isoform 
(3.7 kb in humans) is dispensable. NEAT1-2 provides a 
structural scaffold for paraspeckles and has high-affinity 
constitutive sites for the core paraspeckle proteins 
NONO and SFPQ, which rapidly bind to NEAT1-2 
ribonucleoproteins, which are intermediates in para-
plaque formation. Subsequently, FUS and RBM14 are 

recruited and mediate the onset of phase separation, 
resulting in the formation of mature paraspeckles (39).

MALAT1

Nuclear speckles are prominent membrane-free 
compartments in the nucleus, which control different 
steps in gene expression, including transcription, 
splicing and mRNA export (40). An important function 
of nuclear speckles is to harbor spliceosomal small 
nuclear ribonucleoproteins (RNPs) and enable them to 
catalyze the removal of introns from transcriptionally 
active genes located at the periphery of the speckle. 
lncRNA MALAT1 is a major component of this droplet. 
It is localized in the periphery of nuclear speckles and 
in the centrally located pre-RNA splicing factor (41). 
Most proteins within nuclear speckles can directly bind 
to RNA, including SRSF1, SRSF2 and SPOP, leading to 
the recruitment of polyadenylated mRNA and uridine-
rich small nuclear RNA within nuclear speckles and 
eventually phase separation to initiate droplet formation 
(42). m6A-modified MALAT1 acts as a scaffold to 
recruit YTHDC1 to nuclear speckles and regulate the 
expression of key oncogenes (43).

rIGSRNA

A-bodies are a prime example of the widespread use 
of architectural RNA in the construction of membrane-
free compartments. They are non-dynamic MLOs, and 
their non-dynamic nature is attributed to proteins that 
adopt a reversible amyloid conformation. Assembly 
of A-bodies requires the expression of rIGSRNA 
derived from stimulus-specific sites of rDNA intergenic 
spacers. Low-complexity rIGSRNA sequences interact 
with short cationic peptides to induce a unique liquid-
like phase in the nucleolus region. rIGSRNA is a 
determinant of A-body protein recruitment because its 
silencing reduces the number of liquid-like nucleolus 
foci and impairs the formation of mature A-bodies 
during heat shock (44).

HSATIII

HSATIII  is  t ranscr ipt ional ly  repressed under 
physiological conditions, and its transcription is 
induced by HSF1 under heat shock stress conditions. 
Several repetitive sequences of HSATIII can bind to 
scaffold attachment factor B (SAFB), SR proteins and 
transcription factors to assemble nuclear stress bodies. 
Downregulation of HSATIII significantly affects the 
recruitment of RNA processing factors to nuclear stress 
bodies without altering the association of HSF-1 with 
these structures or the presence of acetylated histones in 
the nuclear stress bodies (45). Comprehensive HSATIII 
identification of RNA-binding proteins via mass 
spectrometry has helped to identify multiple splicing 

Figure 3. Biomolecular condensates formed by ncRNAs mediated 
phase separation. Nucleolus, Nuclear stress body, Perinucleolar 
compartment, Omega speckle, Nuclear body, Paraspeckle, Nuclear 
speckle, Amyloid body, HiNoCo body and Cajal body are found in 
the nucleus while processing body and stress granule are found in the 
cytoplasm. Not all compartments are present in each cell type, but are 
shown here for the sake of completeness. For example, Cajal bodies are 
only observed in a limited number of human cell types such as neurons 
and cancer cells.
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factors in nuclear stress bodies, including SRSFs, whose 
phosphorylation status affects the splicing pattern. SRSFs 
rapidly dephosphorylate upon heat stress exposure. 
During stress recovery, CDC recruits substances such 
as CLK1 to nuclear stress bodies and accelerates the 
rephosphorylation of SRSF9, thereby promoting target 
intron retention (46).

hsr-omega

Omega speckles are scaffolded by hsr-omega and 
distributed in the interchromatin space, close to 
chromatin. In situ immunocytochemical staining using 
antibodies against heterogeneous nuclear RNA binding 
proteins (hnRNPs) such as HRB87F, Hrp40, Hrb57A and 
S5 has shown that all hnRNPs resulted in diffuse staining 
of chromatin regions in all cell types, in addition to the 
presence of a large number of spots. In addition, studies 
have revealed absolute co-localization of hnRNPs and 
omega speckles. Immunoprecipitation studies using 
hnRNP antibodies have demonstrated the physical 
association between hnRNPs and hsr omega. Therefore, 
hsr-omega plays an important structural and functional 
role in the organization and establishment of hnRNP-
containing omega speckles, thereby regulating the 
transport and availability of hnRNPs and other associated 
RNA-binding proteins in the nucleus (47).

TNBL

Somatic global genomic hypomethylation is common 
in almost all cancer types, including colon cancer. 
Following DNA hypomethylation and histone 
acetylation, NBL2 repeat sequences are transcribed in 
colon cancer cell lines, exhibit promoter activity, and 
are contained in a novel non-polyA antisense lncRNA 
named TNBL. TNBL is stable throughout the mitotic 
cycle and forms perinuclear aggregates preferentially in 
the interphase nucleus near a subpopulation of NBL2 
sites (48).
	 In addition, processing bodies (PBs) are RNPs 
formed via RNA-dependent phase separation, are 
enriched with various enzymes required for RNA 
processing and degradation and play a key role in the 
spatial regulation of gene expression. Super-resolution 
single-molecule fluorescence microscopy has shown 
that most miRNAs are stably anchored to the core or 
shell layer of PBs, whereas lncRNAs are temporarily 
bound to the PB shell, indicating that the localization of 
RNAs in PBs is closely related to the RNA species (49). 
Examining the effects of RNA assemblies on particle 
formation, and the effects of particle formation on RNA 
assemblies, may help to reconstruct at least some aspects 
of RNA particles in vitro.

4.2. lncRNA affects genomic stability via phase 
separation

Although proteins and DNA were previously considered 
to be the major components of chromatin, scholars have 
recently recognized that RNA occupies a large amount 
of chromatin and acts as a regulator of nuclear structure 
(50). Many lncRNAs tend to remain in the nucleus and 
cooperate with protein complexes to regulate epigenetic 
regulation, which is essential for gene expression and 
genomic stability (51).

dilncRNA and BGL3

DNA damage can increase genomic instability, which 
can lead to cellular senescence and death. DNA damage 
response (DDR) identifies the sites of DNA damage 
and repairs them, which can be regulated by RNAs. In 
DDR, 53BP1 protein is recruited to form foci in DNA 
double-strand breaks (DSBs). These foci have recently 
been identified as biomolecular condensates with 
droplet-like behavior. Homologous recombination and 
non-homologous end-joining are two repair modes of 
DSBs. DDSR1, BGL3, PRLH1, and TERRA promote 
DNA break repair through homologous recombination, 
whereas HITT, LINP1 and SNHG promote DNA break 
repair through non-homologous end-joining.
	 Once a DSB has occurred, the MRE11-RAD50-
NBS1 (MRN) complex recognizes the exposed DNA 
ends and recruits RNA polymerase II (RNAPII) to 
synthesize damage-induced long non-coding RNA 
(dilncRNA). dilncRNA promotes DDR proteins, such as 
53BP1, to undergo phase separation, causing DDR lesions 
to exhibit fluid-like behavior, which in turn completes 
the process of DNA damage repair (52). LncRNA 
BGL3 acts as a molecular scaffold during homologous 
recombination by binding BARD1 and enhancing the 
binding of BARD1 to other repair proteins (53).

LINP1

Studies have confirmed that some RNAs can form 
phase-separated condensates through RNA-RNA 
interaction, such as the lncRNA LINP1. LINP1 is highly 
conserved among species and is involved in DNA repair 
in triple-negative breast cancer; its expression is closely 
associated with tumorigenesis. In the presence of 5% 
PEG400, full-length LINP1 is expressed as droplets 
ranging in size from 10 to 24 nm. Non-homologous end-
joining does not depend on DNA homology but avoids 
the retention of DNA or chromosome breaks and the 
resulting DNA degradation or impact on viability by 
connecting two broken DNA ends to each other via Ku 
proteins. Ku is a heterodimer composed of 70 and 80 
kDa polypeptides (Ku70/80) of heterodimers that bind to 
LINP1, which in turn multimerizes to stabilize the initial 
synaptic event, thus enabling efficient non-homologous 
end joining (54).

NORAD
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NORAD is a highly conserved and cytoplasmically 
enriched lncRNA that is activated by DNA damage and 
is required for mammalian genomic stability. It drives 
efficient condensation and sequestration of PUM through 
multivalent PUM-NORAD RNA binding interactions 
and IDR-driven PUM-PUM interactions to form phase-
separated PUM condensates that competitively repress 
other PUM-binding transcripts. NORAD deficiency 
leads to PUM hyperactivity, resulting in the suppression 
of PUM target mRNAs, which includes important 
regulators of mitosis, eventually leading to a significant 
genomic instability phenotype in NORAD-deficient 
cells (8).

TERRA

Telomeres are nuclear protein structures formed at 
the end of chromosomes, which are essential for 
chromosome integrity and stability. One of the hallmarks 
of pluripotent telomeres is high TERRA levels, and 
TERRA depletion induces telomere dysfunction. In 
humans, TERRA is transcribed from subtelomeric 
promoters at the ends of most chromosomes and is 
associated with telomere maintenance. In mice, TERRA 
originates primarily from the pseudoautosomal PAR 
locus; however, TERRA derived from chromosomes 18q, 
2 and X has also been identified. TERRA is enriched 
in telomeric regions and scaffolds the nucleation of 
telomere-associated proteins. Phase separation provides 
an attractive model for coordinating various biochemical 
reactions occurring in genomic compartments and the 
nucleus and is fundamental for maintaining genomic 
integrity (55).

Sme2

Meiosis is the basic process of sexual reproduction in 
eukaryotes and plays an important role in the inheritance 
and variation of organisms. During this process, 
homologous chromosomes are selectively aligned 
and paired. Sme2 RNA is a meiosis-specific 1,500 nt 
lncRNA that accumulates at its locus, plays an active role 
in recombination-independent pairing, and is essential 
for recombination-independent pairing of homologous 
chromosomes in Schizosaccharomyces pombe. A portion 
of Sme2 RNA is present in the nucleus and co-localizes 
with Mei2p sites during the prophase of meiosis, forming 
Mei2p dots with droplet-like morphological features, 
which are smaller and clearer than the nucleolus and 
appear very compact (56). Smp proteins are conserved 
RNA-binding proteins that are associated with meiosis-
specific lncRNAs that co-accumulate at sme2 and two 
other chromosomal loci. In addition, Smp proteins co-
localize with Mei2-mCherry, a known protein located 
at the sme2 locus, and are required for robust pairing at 
the sme2 locus. Smp proteins contain IDRs necessary 
for phase separation. 1,6-hexanediol treatment reversibly 

disassembles these complexes and disrupts pairing at the 
relevant loci, suggesting that lncRNA-protein complexes 
mediate homologous chromosome recognition through 
phase separation, thereby mediating the pairing of 
homologous chromosomes (57).

SNHG8

The binding of histone H1 to ribosomes stabilizes 
the condensed state of chromatin and allows for the 
relative structural isolation of DNA. lncRNA SNHG8 is 
localized to chromatin and can interact with and promote 
the phase separation of histone H1. Overexpression of 
SNHG8 increases the amount of H1 bound to chromatin, 
promotes chromatin condensation, and induces 
gene expression patterns associated with epithelial 
differentiation (58).
	 lncRNA XIST mediates the silencing of gene 
transcription on the X chromosome during female 
mammalian development by recruiting repressive 
protein complexes (59). During early development, 
one of the two X chromosomes in female mammals 
is suppressed for dosage compensation. During this 
process, approximately 17 kb of XIST is produced from 
a region of the inactive X chromosome called the X 
inactivation center. It subsequently spreads along the 
entire chromosome, forming a cloud of XIST RNA on 
it, and compresses and inhibits it. In the nucleus, XIST 
RNA can act as a platform to create a microenvironment 
for repression of genes on inactive X chromosomes. 
For example, XIST recruits proteins such as HNRNPU 
(with a phase separation propensity of 2.5) and MATR3 
(with a phase separation propensity of 1.5) to recruit 
the polycomb repression complex 2 (PRC2), which 
contributes to chromosome compaction and gene 
repression. Similarly, Andrea Cerase hypothesized 
that during X chromosome inactivation, XIST acts 
as a scaffold to recruit repressor proteins, which in 
turn recruit other IDR-containing proteins to bind to 
them, forming phase separation agglutination from 
which inactive X chromosomes are separated, and the 
peripheral localization of inactive X chromosomes 
helps to maintain phase separation. However, further 
experiments are warranted to support this hypothesis (60).

4.3. lncRNA mediates cellular stress response through 
phase separation

Stress is the adaptive response of an organism to 
environmental changes. Various factors such as 
hormones, neuroendocrine mediators, peptides and 
neurotransmitters are involved in maintaining the 
homeostasis of the central nervous system, digestive 
system, cardiovascular system and endocrine system. 
In recent years, it has been shown that membrane-free 
compartments formed via the phase separation of specific 
proteins are involved in the stress response. lncRNAs are 
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one of the important regulators of cellular stress. Some 
lncRNAs interact with proteins, resulting in the partition 
of molecules between dense cohesive and dilute liquid 
phases. Upregulation or translocation of lncRNAs may 
lead to changes in the local concentration of lncRNAs, 
which may trigger the nucleation of RNPs under stressful 
conditions (5).

MALAT1

MALAT1 is primarily localized to nuclear speckles 
and regulates selective splicing in nuclear speckles by 
interacting with serine- and arginine-rich family proteins. 
It is released from nuclear speckles shortly after heat 
shock via the PCBP-mediated pathway and localizes to 
HiNoCo bodies in an activity-dependent transcriptional 
manner. MALAT1 translocates from nuclear speckles 
to the nucleoplasm and is predominantly translocated 
to the nucleus after 10-15 min. HiNoCo bodies remain 
in the nucleus as long as 3 h after heat shock. They are 
disrupted after treatment with 1,6-hexanediol, indicating 
that they may be formed via phase separation. In 
addition, cell proliferation is reduced under heat shock 
stress after MALAT1 knockdown, suggesting that 
MALAT1/HiNoCo bodies are important for the heat 
shock response (61).

NEAT1

TDP-43 is a highly conserved RNP that is currently 
considered a pathological  marker  protein for 
neurodegenerative diseases such as ALS. The TDP-43 
protein contains a nuclear localization signal, a nuclear 
export signal, and three potential Caspase-3 recognition 
sites. In recent years, TDP-43 has been shown to undergo 
phase separation in vitro. Nuclear bodies (NBs) are 
dynamic, membrane-free structures that contain specific 
nuclear proteins and RNAs to regulate nuclear function 
and homeostasis. Various cellular stresses trigger the 
dynamic, reversible formation of TDP-43 NBs, which 
are partially co-localized with paraspeckles, and their 
scaffold lncRNA. NEAT1 is dramatically upregulated in 
stressed neurons and mediates their nucleation. Because 
NEAT1 is > 20 kb in length and has a complex secondary 
structure, it can provide multiple binding sites for TDP-
43 molecules. This provision may increase multivalent 
interactions, leading to the co-phase separation of TDP-
43 and NEAT1, thus forming the first line of defense 
against stress and diseases (62).

GIRGL

Glutamine is the most abundant circulating amino acid, 
and glutaminase-1 (GLS1) is the rate-limiting enzyme 
for glutamine catabolism. Under glutamine-deficient 
conditions, GLS1 expression is inhibited. lncRNA 
GIRGL inhibits GLS1 translation via phase separation. 

Under physiological conditions, HuR affects the stability 
of GIRGL transcripts via an AGO2-mediated RNA-
induced silencing complexes (RISCs) mechanism. In 
glutamine-deficient cells, GIRGL levels are upregulated 
owing to both a c-Jun-mediated increase in transcription 
and significantly longer half-lives, thus inducing the 
complex formation of CAPRIN1 and GLS1 dimers. 
This phenomenon helps to promote phase separation of 
CAPRIN1 and induces the formation of stress granules, 
which are produced by various factors, including heat 
shock, osmotic stress, oxidative stress, and nutrient 
starvation (63).

4.4. lncRNA regulates signaling pathways through phase 
separation

Some lncRNAs regulate signal transduction and cancer 
progression through phase separation. One of the core 
kinases of the Hippo pathway, LATS1, contains a PrLD 
in its N-terminal fragment, indicating that LATS1 can 
undergo phase separation. In addition, exogenously 
expressed LATS1-GFP forms puncta in the cytoplasm, 
whereas PrLD-deficient LATS1 mutants cannot 
form puncta. When the Hippo pathway is activated, 
MST, MAP4K, TAOK and other upstream regulators 
phosphorylate and activate LATS1. Activated LATS1 
promotes YAP phosphorylation and isolates YAP in 
the cytoplasm, leading to YAP degradation. SNHG9, 
a conservative lncRNA in humans, rhesus monkeys 
and mice, is up-regulated in breast cancer and interacts 
directly with LATS1 to promote the formation of 
heavy particles or potential droplets containing LATS1. 
SNHG9 reduces LATS1 phosphorylation and its kinase 
activity, inhibiting the Hippo pathway and leading to 
the activation and translocation of YAP to the nucleus, 
thereby promoting breast cancer progression (64).

4.5. lncRNA regulates gene expression through phase 
separation

The function of many lncRNAs depends on their ability 
to interact with multiple copies of specific RNA binding 
proteins (RBPs). Such lncRNAs can mediate gene 
expression in various ways via phase separation.

PNCTR

lncRNA PNCTR is upregulated in multiple cancers 
and is associated with programmed cell death, which is 
encoded as a short tandem repeat in the rDNA intergenic 
spacer and contains many PTBP1-specific motifs. 
PTBP1 has been shown to stimulate the expression of 
several apoptosis activators by altering the splicing of its 
pre-mRNA or increasing its translation efficiency. It has 
recently been shown that PNCTR contains hundreds of 
PTBP1-specific motifs, acting as a scaffold structure to 
recruit PTBP1 and form relatively isolated perinuclear 
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compartments to control alternative splicing and promote 
cell survival (65).

SLERT

The nucleolus is a membrane-free nuclear condensate 
driven by phase separation, in which FC/DFC units 
are the site of RNA polymerase I (RNAPI)-mediated 
transcription of ribosomal DNA (rDNA) and pre-
processing of rRNA. Rapid rRNA transcription occurs at 
the boundary of FC and DFC units, which is formed by 
the RNA helicase DDX21. lncRNA SLERT facilitates 
the transition of DDX21 from an open to a closed 
conformation through phase separation. DDX21 forms 
loose clusters in the closed conformation, providing 
the FC/DFC units with sufficient mobility and space 
required for RNAPI synthesis, thus regulating the 
multilayer nucleolus structure and enabling rapid 
RNAPI synthesis (66).

4 .6.  lncRNA regulates  defini t ive endodermal 
differentiation through phase separation

The liver, lungs, pancreas and digestive tract originate 
from the endoderm, and the optimization and 
specification of endodermal differentiation are essential 
for generating the cell types of these organs. lncRNA 
DIGIT is induced during endodermal differentiation, 
and the loss of its expression results in defective 
endodermal differentiation (67). Mass spectrometry 
and immunoblotting have validated the interaction 
between DIGIT and the BRD3 protein, a member of 
the bromodomain and extra-terminal domain family 
of proteins. BRD3 and H3K18ac interact and occupy 
promoters and enhancers of genes in embryonic stem 
cells. Furthermore, DIGIT is enriched in H3K18ac-
modified chromatin regions, and BRD3 occupancy 
decreases as DIGIT is depleted, suggesting that 
DIGIT recruits BRD3 to the H3K18ac locus via the 
bromodomain. DIGIT-induced BRD3 has the properties 
of a phase-separated condensate that regulates definitive 
endoderm differentiation (68).

5. Interaction between miRNAs and phase separation

Genes encoding miRNAs in the nucleus are transcribed 
by RNA polymerase to produce primary transcripts 
(pri-miRNAs) of several thousand bases in length. 
These pri-miRNAs are mainly processed via the protein 
complex of the micro-processor. This complex, which 
is approximately 400-500 kDa in size, mainly consists 
of two proteins, Drosha and Pasha. Drosha is an RNase 
III protein, whereas Pasha is a double-stranded RNA-
binding protein involved in substrate recognition by 
Drosha. pri-miRNAs are further processed into precursor 
miRNAs (pre-miRNAs) containing 60-70 nt of stem-
loop structure by the action of Drosha. pre-miRNAs 

are transported from the nucleus to the cytoplasm via 
the RanGTP/Exportin-5 transport protein (69). Nuclear 
pores responsible for transporting pre-miRNAs exhibit 
hydrogel characteristics (70). In the cytoplasm, pre-
miRNAs are recognized by Dicer and form miRNA: 
miRNA* dimers through shearing and modification of 
the stem-loop structure. miRNA: miRNA* dimers are 
destabilized by the action of decapping enzymes and 
eventually generate mature, functional single-stranded 
miRNAs, which subsequently bind to the miRNP 
complex, whereas miRNA* is rapidly degraded. The 
mature miRNA, along with other proteins, forms the 
RISC, which degrades or inhibits the translation of the 
target mRNA (71). Both cleavage steps are catalyzed 
by the cleavage complex (D-body), which contains 
three core components, including the RNase III family 
protein Dicer-like 1 (DCL1), the double-stranded RBP, 
Hyponastic leaf 1 (HYL1) and the zinc finger protein 
Serrate (SE) (6).

5.1. miRNA regulates stress responses through phase 
separation

miRNAs can simultaneously regulate multiple targets 
and rapidly adapt to cellular metabolism in response 
to reversible stress. Drosophila miR-980 is one of the 
stress response factors and is associated with ovarian 
germ line differentiation. In a study, under stress 
conditions, miR-980 levels were significantly reduced, 
whereas Rbfox1 mRNA levels were increased, and 
a luciferase reporter gene assay verified that miR-
980 directly targeted Rbfox1 in vitro and in the ovary. 
miR-980 also affects the protein levels of Rbfox1. 
Drosophila Rbfox1 protein contains multiple LCRs 
and can undergo phase separation under stress to 
form condensates, which can be disintegrated by 
1,6-hexanediol. Therefore, miR-980-mediated Rbfox1 
phase separation is a novel stress-responsive signaling 
cascade with profound effects on the survival, growth 
and differentiation of cells, and on the ability of 
organisms to survive under stress (Table 3) (72).

5.2. Phase separation regulates miRNA processing

The D-bodies are 0.2-0.8 μM in diameter and are 
essential for miRNA processing. They are central to 
miRNA biogenesis and represent phase-separated 
condensates of SE proteins, which contain IDRs (73). 
SE can form phase-separated droplets through weak 
intermolecular interactions generated by its N-terminal 
IDR and can subsequently recruit DCL1, HYL1 and pri/
pre-miRNAs into the droplets to form D-bodies (74). As 
cleavage proceeds, pri-miRNAs are gradually consumed, 
intermolecular collisions are reduced, the interaction 
between HYL1 and SE is weakened and pri-miRNAs 
are released outside the cleavage vesicle. The release of 
miRNAs from D-bodies is achieved via co-transport. 
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D-bodies are involved in gene transcription, RNA 
variable splicing and transposon silencing in addition to 
contributing to the maturation and release of miRNAs 
through phase separation. Therefore, phase separation 
may also play a role in these processes (6). Consistently, 
Seung Cho Lee and Robert A Martienssen reported that 
D-bodies are sites of miRNA biogenesis in plants and 
represent phase separated condensates of SE proteins 
containing IDRs. 
	 FUS is one of the RNA-binding proteins containing 
an IDR and is associated with neurodegeneration. 
Mutations in its PrLD or nuclear localization signal 
enhance the conversion of FUS from liquid to solid 
deposits. FUS promotes Drosha recruitment on nascent 
pri-miRNAs, leading to miRNA maturation (75). As 
a pathological marker of ALS and frontotemporal 
dementia, TDP-43 fuses with FUS and is involved in 
the biogenesis and metabolism of coding RNAs and 
ncRNAs (76).
	 Stress-induced interactions between stress granules 
and miRNA-associated proteins (AGO2 and DICER) 
can regulate miRNA biogenesis by attenuating DICER 
catalytic activity (70). In a study, in a rat model of acute 
ischemic stroke with middle cerebral artery occlusion, 
miR-335 promoted the formation of stress granules by 
downregulating ROCK2 (77). Therefore, membraneless 
compartments and biomolecular condensates can regulate 
miRNA biogenesis. In addition, miRNAs can regulate 
the homeostasis of many biological and physiological 
processes such as transcription and apoptosis (78).

5.3. Phase separation specifically sorts miRNAs into 
exosomes

The RNA-binding protein YBX1 not only forms liquid 
biomolecular condensates in cells, but also undergoes 
phase separation in vitro via tyrosine- and arginine-rich 
motifs in the IDR. Two structural domains of YBX1, 
namely, CSD and IDR, are sorted together into cell-
secreted exosomes, leading to the recruitment of miR-
223 to droplets. Overexpression of YBX1 increases miR-
223 levels in HEK293T and U2OS exosomes, and YBX1 
phase separation is critical for the recruitment of miR-
223 to exosomes (79). Point mutations in YBX1 inhibit 
its phase separation, prevent biomolecular condensation 
resulting from the admixture of YBX1 protein into cells 

and interfere with the sorting of miR-233 into exosomes. 
Increasing the RNA/YBX1 ratio initially promotes 
droplet size until the droplet is unstable or not produced.

5.4. Phase separation contributes to miRNA-mediated 
translational repression

The AGO family and miRNAs assemble into miRISCs 
that synergize with the GW182 protein to bind to target 
mRNAs with sequence complementarity to miRNAs, 
leading to their degradation (80). Nup358, a mutated 
protein present in patients with acute necrotizing 
encephalopathy, interacts with the C-terminal silencing 
domain of GW182 in its N-terminal region, affecting 
the inhibition of miRNA-mediated translation (81). 
miRISCs can assemble into phase-separated condensates 
through the interaction between AGO2 and GW182. 
Recent studies have also supported the phase-separating 
property of Nup358. Therefore, it can be speculated 
that Nup358 phase separation contributes to the stable 
binding of miRISCs to target mRNAs in the cytoplasm 
and hence plays a role in miRNA-mediated translational 
repression (82). In addition, AGO proteins undergo lipid-
mediated phase separation to control de novo peptide 
ubiquitination (83).
	 FMRP is enriched in neuronal granules and can 
bind to RNA to regulate translation. It contains LCRs 
that form droplet-like condensates with 4E-BP2 and 
miR-125b, which coincides with in vitro inhibition of 
translation. Phosphorylation of the LCRs of FMRP 
increases its phase separation tendency and facilitates 
particle assembly, whereas their methylation decreases 
the phase separation tendency and facilitates particle 
disassembly (84).

6. Interaction between other ncRNAs and phase 
separation

snRNA and snoRNA

Cajal bodies are organelles present in the nucleus of 
proliferating cells. They are often close to the nucleolus, 
which is the most prominent nucleolar structure (85). 
Cajal bodies are structures that coordinate, facilitate and 
investigate the nuclear phase of spliceosomal snRNP 
biogenesis. They undergo fusion and fission events 
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Table 3. List of other ncRNAs (except lncRNAs) interacting with phase separation

ncRNA

miR-980
miR-223
snRNA
snoRNA
piRNA

circVAMP3
ThymoD

Localization

Cytoplasm
Cytoplasm
Nucleus

Cytoplasm

Cytoplasm
Nucleus

Interaction

Rbfox1
YBX1
Coilin

Piwi proteins

CAPRIN1
Cohesin

Structure

Not known
Not known
Not known

Uridine at the 5' end and 
2'-O-methyl modification 
at the 3' end
Closed loop
Not known

Function

Cell survival
Packaging RNAs into exosomes
Forming Cajal bodies

Regulating gene silencing

Inhibiting Hepatocellular Carcinoma
Repositioning of the Bcl11b enhancer

References
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90-91
96
99
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and are sensitive to 1,6-hexanediol treatment, which 
is a key feature of the droplet organelle. Cajal body-
associated regions are enriched with highly expressed 
histone genes and U sn/snoRNA loci that form intra- 
and inter-chromosomal clusters (86). snRNAs and 
snoRNAs act as scaffolds for local recruitment through 
RNA-protein interactions at high protein concentrations. 
The Cajal body structural protein, coilin, is both highly 
phosphorylated and methylated, which is essential 
for nucleosome assembly (87). Coilin, along with 
another essential Cajal body protein called SMN1, 
can oligomerize and interact with various key effector 
proteins and snRNPs. It forms a shell around the 
periphery of Cajal bodies, whereas SMN1 forms the 
inner core. Notably, Logan et al. demonstrated that 
disruption of Cajal bodies is associated with altered 
levels of primary and mature miRNAs and the let-7a 
mRNA target HMGA2 and suggested that Cajal bodies 
and miRNA processing mechanisms functionally interact 
to promote the biogenesis of miRNAs and snRNPs (88). 

piRNA

piRNAs are small ncRNAs (24-31 nt) that can form 
complexes with Piwi proteins of the AGO family (89). 
piRNAs are characterized by uridine at the 5' end and 
2'-O-methyl modification at the 3' end (90). They are 
mainly found in mammalian germ cells and stem cells 
and form piRNA complexes by binding to Piwi proteins. 
They regulate gene silencing pathways by binding to 
piRNA complexes.
	 In Drosophila, Yb bodies are liquid-like multivalent 
condensates that are considered the site of piRNA 
biogenesis in ovarian somatic cells. Yb is the major 
component of Yb bodies and consists of the C-terminus 
of helicase, RNA helicase and the extended Tudor 
structural domain; among which, the structural domain 
of RNA helicase is required for Yb-RNA interactions, Yb 
body formation and piRNA biogenesis (91).
	 AGO2 and TNRC6B are core protein components of 
RISCs, and multivalent interactions between the glycine/
tryptophan-rich structural domain of TNRC6B and the 
tryptophan-binding pocket in the PIWI structural domain 
of AGO2 facilitate the formation of phase-separated 
droplets (92). Phase separation can isolate miRNA targets 
and accelerate their deadenylation, thereby regulating 
the rate of mRNA translation and decay. In a study on 
Caenorhabditis elegans, an IP assay verified that DEPS-
1 binds to the PIWI protein PRG-1 through its PIWI 
binding site and forms elongated cohesions in vivo that 
mediate piRNA-dependent silencing (93).

circRNA

circRNAs are a unique class of RNA molecules. 
Unlike traditional linear RNAs, circRNA molecules 
have a closed-loop structure, are not affected by RNA 

exonucleases and are more stably expressed and less 
susceptible to degradation (94). Recent studies have 
shown that circRNAs are rich in miRNA binding sites, 
which act as miRNA sponges in cells, thereby relieving 
the repressive effect of miRNAs on their target genes 
and elevating their expression levels. This mechanism 
of action is known as the competitive endogenous RNA 
(ceRNA) mechanism (95). Several studies have shown 
that circRNAs play an important regulatory role in 
diseases.
	 circVAMP3, formed by reverse splicing of exons 
3 and 4 of the VAMP3 gene, is lowly expressed 
in hepatocellular carcinoma tissues and correlates 
negatively with patient prognosis. In a study, an 
immunoprecipitation assay showed that antibodies to the 
RNA-binding protein CAPRIN1 or G3BP1 significantly 
enriched circVAMP3 relative to IgG antibodies. In 
addition, circVAMP3 promoted CAPRIN1 and G3BP1 
phase separation in a concentration-dependent manner, 
leading to the formation of a stress granule, inhibition of 
c-Myc translation to downregulate protein levels of the 
Myc proto-oncogene protein and impairment of HCC 
cell proliferation and metastasis in vitro and in vivo (96).

eRNA 

The ncRNA transcribed from enhancers is defined as 
'enhancer RNA' (eRNA) (97). Studies have shown 
that eRNA transcription can stabilize or enhance 
phase separation. Super enhancer RNA promotes 
phase separation of super enhancer through RNA-
RNA interactions and successfully forms local liquid 
condensates (98).
	 T cells are the primary performers of human immune 
function, and their developmental progression is 
regulated by a combination of transcriptional regulators. 
During T cell development, the intergenic region of 
Bcl11b containing enhancers is relocated from the lamina 
to the nuclear interior to direct the Bcl11b enhancer to 
the Bcl11b promoter. Enhancer RNA ThymoD mediates 
the repositioning of Bcl11b enhancers. ThymoD 
transcription promotes the demethylation of CTCF 
binding sites, recruiting the cohesin complex to the 
transcribed region to activate the cohesin-dependent loop 
that induces loop formation of Bcl11b enhancers and 
promoters, allowing epigenetic labeling of the activated 
deposited loop domain to facilitate phase separation (99).

7. Conclusion

Protein phase separation has emerged as a potential 
mechanism for regulating biological function. RNA-
protein condensates are essentially hydrogel-like droplets 
rich in RNA and RNA-associated proteins. Stress-
induced phase separation via RNA-binding proteins 
may be an evolutionarily conserved mechanism for 
cellular adaptation to and survival against environmental 
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stress (76). Notably, the sequence-specific base-pairing 
properties of RNAs can lead to their phase separation 
and are responsible for many neurological disorders such 
as Huntington's disease, muscular dystrophy, and ALS 
(100). The genomes of higher eukaryotes are commonly 
transcribed to produce large amounts of ncRNAs, which 
are key regulators of embryonic development, DNA 
damage response, and human diseases such as neuronal 
diseases, heart dysfunction and cancer.
	 The extensive involvement of ncRNAs and phase 
separation in the regulation of physiological processes 
suggests that their functional significance remains to be 
discovered. Therefore, specific regulatory mechanisms 
of ncRNAs associated with phase separation should 
be assessed to enhance the understanding of ncRNA 
regulation and function.
	 The association between ncRNAs and phase 
separation offers novel insights into the biology of 
enigmatic ncRNAs. Although the properties that allow 
ncRNAs to act as a scaffold structure remain uncertain, 
the underlying mechanisms can be explained with 
further investigation. Several questions remain to be 
addressed: What are the physicochemical mechanisms 
underlying the assembly of MLOs? How can precise 
IDRs and drug target regions be predicted? Can specific 
kinetics of lncRNA-driven phase separation be used 
as markers of disease? Can specific MLOs be targeted 
by targeting the corresponding RNAs? How can phase 
separation be accurately controlled? More research into 
phase separation in diseases is required to derive medical 
benefits from therapeutic strategies, early and accurate 
diagnosis and disease prevention.
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1. Introduction

Altered gene expression induced by estradiol (E2)-
positive feedback in hypothalamic anteroventral 
periventricular nucleus (AVPV) neurons results 
in diminished neurotransmitter output and is well 
established as a key contributor to neuroendocrine 
changes in reproductive aging. Female reproductive 
aging is characterized by reduced gonadotropin-releasing 
hormone (GnRH) neuronal activation and dysfunction 
of the luteinizing hormone (LH) surge (1-4). Several 
studies have yielded findings regarding understanding 
of the molecular mechanisms that contribute to age-
related dysregulation of genes in the AVPV. However, an 
unbiased view of diverse species undergoing reproductive 

aging has revealed that such gene alterations under E2-
positive feedback were not caused by disparities among 
ovarian steroid exposure (5), altered estrogen receptor 
expression related to age (6,7), or in combination with 
decreased sex steroid receptors in the hypothalamus (8).
	 Epigenetic regulation, and especially histone 
modification, has recently been highlighted as a key 
mechanism to control gene expression (9-11) and 
is closely related to neuronal activation (12) and/or 
dysfunction (13-16). A global view of histone acetylation 
patterns has revealed a correlation between the level of 
histone acetylation at specific loci and the transcriptional 
activity of the gene (17-19). Hyperacetylation of histone 
in the gene promoter/enhancer region leads to chromatin 
organization and transcriptional activation (20,21). 
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SUMMARY

Keywords aging, AVPV, estradiol, histone, acetylation, Kiss1

Female reproductive senescence is heralded by hypothalamus region-specific changes in the 
transcription of genes such as Kiss1 under estradiol (E2) positive feedback, associated with 
luteinizing hormone (LH) surge dysfunction and reproductive decline. The current study explored 
whether the anteroventral periventricular nucleus (AVPV) displayed epigenetic changes mediated 
by age-related dysregulation of gene expression and whether an epigenetic-based intervention could 
alleviate an aging-related neuroendocrine disorder. Chromatin immunoprecipitation sequencing 
(ChIP-seq) and ChIP-qPCR were used to assess the differential acetylation of histone H3 in the 
AVPV and the expression of genes in hormone-primed middle-aged rats. The association between 
acetylated histone H3 and Kiss1 expression and the underlying mechanisms of dysregulation were 
determined using pharmacological inhibitors and molecular experiments in vitro and in vivo. An 
AVPV gene expression program failed to initiate in middle-aged females displaying typical genome-
wide hypoacetylation of histone H3, and this coincided with decreased LH. Hypoacetylation of 
histone H3 at the 3' intergenic region of Kiss1 in particular was associated with enhanced chromatin 
looping between the promoter and enhancer. Restoration of physiological histone H3 acetylation 
by intracerebroventricular injection of trichostatin A (TSA) restored the expression of Kiss1 by 
modifying chromatin looping and led to the restoration of Kiss1 neuronal activation and Kiss1 
synthesis as well as circulating LH. These findings have revealed novel epigenetic-associated 
changes in gene expression in female reproductive aging. These results also suggest that HDAC 
enzyme-based treatment is a potential therapeutic approach for insufficient preovulatory LH release 
in aging females.
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Hypoacetylation of histone H3 in the coding region 
severely inhibits transcription by active genes (20) and 
may represent a critical aspect of the aging process (22). 
Moreover, histone acetylation is hypothesized to regulate 
binding between ERα and the estrogen response element 
(ERE) within the regulatory region of E2-responsive 
genes, mediating their transcription (23-26). Consistent 
with this hypothesis, the current authors recently 
reported that under E2-positive feedback conditions, 
acetylated histone H3 (AcH3)-immunoreactive (IR) 
cells in the preoptic area (POA) and AVPV increased, 
activating GnRH neurons for a robust LH surge (27,28). 
Of particular interest, the current authors found that 
females in middle age experienced differential histone 
H3 acetylation (H3ac) characteristics in the two 
nuclei as well as significant changes in HDACs (29), 
coincident with the down-regulation of Kiss1 (anterior 
hypothalamus-AVPV) and a decreased LH surge (28). 
Based on these findings, more detailed and extensive 
information on genome-wide changes in gene expression 
related to acetylated histone H3 binding in the AVPV of 
middle-aged individuals needs to be assembled.
	 The Kiss1 gene-encoded neuropeptide kisspeptin 
in the AVPV potently drives GnRH neuronal activation 
and the subsequent LH surge (30-33). Female rats that 
exhibit reproductive aging display reduced total Kiss1 
mRNA (34) and less Kiss1 mRNA per cell in the AVPV 
as well as decreased Kiss1 cellular activation under E2-
positive feedback conditions (2). Under E2 positive 
feedback, ERα recruitment and histone acetylated in the 
Kiss1 promoter region consequently promote chromatin 
looping between the promoter and enhancer (35,36), 
which is associated with specific upregulation of AVPV 
Kiss1. However, there are few studies on the association 
between epigenetic changes and Kiss1 expression 
in reproductive senescence. Therefore, the current 
hypothesis is that reduced Kiss1 in the AVPV of middle-
aged individuals may be mainly attributed to suppressed 
H3ac-induced chromatin loop formation, limiting the 
potential for interaction between a remote enhancer and 
a Kiss1 gene promoter.
	 The current study used chromatin immunoprecipitation 
sequencing (ChIP-seq) analysis to characterize the 
contribution of altered H3ac to impaired gene expression 
in the AVPV of middle-aged females. The Kiss1 and 
Period 1 (Per1) with reduced mRNA in the AVPV were 
found to be epigenetically regulated via H3ac. Chromatin 
looping between the promoter and intergenic region 
was analyzed to determine the interaction of a Kiss1 
enhancer-promoter using chromosome conformation 
capture (3C) (37,38). Presented here is in vivo and in vitro 
evidence that treatment with a pharmacological histone-
acetylating agent increases Kiss1 mRNA expression and 
avoids age-related neuroendocrine alterations. These 
data provide mechanistic insight into H3ac-dependent 
gene expression changes in the AVPV; Kiss1 in particular 
may underlie female reproductive aging characteristics, 

thus representing a potential therapeutic target for an LH 
release disorder of hypothalamic origin.

2. Materials and Methods

2.1. Animal care

Young (2-3 months) and middle-aged (9-10 months, 
retired breeders) female rats (Sprague Dawley, Charles 
River, Beijing) that were given free access to food and 
water were divided into groups. A 12:12 L/D cycle (lights 
on at 7 A.M.) was maintained. Estrous cyclicity was 
monitored with a daily vaginal smear for at least 2 cycles. 
Only rats with 2 regular estrous cycles (4-5 days) were 
randomly assigned to groups (2,39,40). All experimental 
procedures performed on animals were approved by the 
Institutional Animal Care and Use Committee of Fudan 
University.

2.2. Surgery and tissue harvest

2.2.1. Ovariectomy and hormone administration

After animals were anesthetized with pentobarbital 
sodium (30 mg/kg, ip), an ovariectomy (OVX) was 
performed. At 9 A.M. on day 7 after OVX, the females 
received a daily subcutaneous injection of 2 µg estradiol 
benzoate (E2; Hangxiang Inc., China) dissolved in 0.1 
mL of peanut oil for two days. Forty-eight hours after 
the first E2 injection, the rats were treated with 500 
µg of progesterone (P; Steraloids, Inc.). This hormone 
treatment protocol reliably stimulates neuron activation 
and an LH surge (2,28,39,40).

2.2.2. Stereotaxic surgery and cannula placement

After OVX, rats were immobilized in a RWD 
stereotaxic apparatus for cannula placement. A 22-gauge 
intracerebroventricular (icv) guide cannula (RWD Life 
Science, China) was positioned into the third ventricle 
stereotaxically (anterior/posterior + 0.2 mm; medial/
lateral + 0.0 mm; dorsal/ventral - 9.8 mm relative to the 
bregma). A 26-gauge dummy was plugged and extended 
1 mm below the guide and anchored with dental acrylic 
(2,39,40). The position of the guide cannula was 
confirmed by dye injection and brain sectioning to track 
the cannula path at the end of all experiments. Females 
with an accurately placed cannula were used in data 
analysis. A seven-day recovery was provided before 
animals were primed with exogenous hormone.

2.2.3. Hypothalamic dissection

The brain was quickly removed and set in a chilled 
stainless steel brain matrix (RWD Surgical Instrument 
Co.) to cut a coronal section containing the entire anterior 
hypothalamus, and the thickness was approximately 2 
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the IP sample reads per kilobase per million mapped 
reads (RPKM) minus the input RPKM. As a result, 
peaks indicating an increase of over 2-fold or a decrease 
of more than 1/2 between the rats of different ages 
were defined as differential H3ac regions. The regions 
enriched with H3ac were identified using the Integrated 
Genome Viewer (IGV) in alignment with the mapped 
reads.

2.3.4. qPCR detection of chromatin immunoprecipitated 
DNA

ChIP-seq data were validated with ChIP-qPCR. The 
input DNA sample was used for normalization. Primers 
were selected within the H3Ac-enriched regions detected 
using ChIP-seq (Table S1, http://www.biosciencetrends.
com/action/getSupplementalData.php?ID=122). Primers 
from non-H3Ac region were used as the negative control. 
Real-time qPCR was performed in triplicate using SYBR 
Premix Ex Taq (Takara Biomedical Technology, Japan). 
The relative amount of each amplified fragment was 
evaluated according to the amplification acquired from 
input DNA.

2.3.5. RNA extraction and RT-qPCR

The Neasy lipid minikit (Qiagen) was used to purify 
DNA-free total RNA. The high-capacity cDNA RT kit 
with ribonuclease inhibitor (Applied Biosystems) was 
used to perform RT-qPCR. Gene expression was detected 
with quantitative PCR using the Lightcycle Roche 
480 SYBR green master mix (Roche) and the Applied 
Biosystem 7700 Real-time PCR cycler. With GAPDH as 
a normalizer, the quantity of the amplified transcripts was 
calculated using the comparative threshold cycle method. 
The mean CT values and the ΔΔCT were calculated for 
duplicate samples. The primer sequences are shown 
in Table S1 (http://www.biosciencetrends.com/action/
getSupplementalData.php?ID=122).

2.4. Cell culture

The GT1-7 cell line was cultured in Dulbecco's modified 
Eagle's medium (DMEM; Life Technologies) containing 
10% (vol/vol) FBS (Invitrogen), 100 U/mL penicillin, 
and 100 μg/mL streptomycin (Sigma-Aldrich) at 37°C 
in 5% (vol/vol) CO2. Cells were cultured in media 
replenished with 10% dextran and charcoal-stripped 
serum 24 h before treatment. Cells were exposed to E2 
(10 mol) or not exposed for 48 h and then exposed to 
trichostatin A (TSA) (Sigma-Aldrich) at 200 nM for 24 h. 
Control wells were processed in parallel with the vehicle.

2.5. Drug administration

For LH measurements, TSA (Sigma-Aldrich) was 
dissolved in 5% dimethyl sulfoxide (DMSO) in saline 

mm. The AVPV block was micro-dissected out with a 
microblade (Flying Eagle Razor, Gillette) and pooled in 
light of experimental requirements. For example, tissue 
from 10 young females was pooled into a single sample 
prior to ChIP-seq or qPCR. All tissues were frozen 
instantly in liquid nitrogen and transferred to a -80oC 
freezer.

2.3. ChIP and qPCR

2.3.1. ChIP

The ChIP-IT High Sensitivity Kit (Active motif) was 
used for ChIP assays. Generally, the dissected AVPV 
tissues were fixed with 1% formaldehyde at room 
temperature for 10 min, transferred into 500 µL of lysis 
buffer, and sonicated for 10 min. Chromatin was sheared 
using an Ultrasonic Processor (Sonics VCX130) and 
cleared by centrifugation. The solubilized chromatin was 
pulled down using anti-acetylated H3 (Millipore, 06-
599). The beads were rinsed and the immunoprecipitated 
(IP) complex was eluted after incubation overnight.  
Libraries were constructed with IP DNA and an un-
immunoprecipitated control (Input) that had been refined.

2.3.2. ChIP-seq library construction and sequencing

A NEB Ultra DNA library kit was used for library 
preparation, for which 50 ng of each sample was 
needed. A library containing the input DNA (no IP) was 
constructed. The quantity, size distribution, and purity of 
the libraries were qualified using a Qubit fluorometer and 
an Agilent 2100 Bioanalyzer. Sequencing was performed 
by an Illumina HiSeq X Ten platform (Novogene, 
Beijing, China). Approximately 30 million reads per 
sample were obtained.

2.3.3. ChIP-seq data analysis and gene ontology

Quality control was performed using the Saicheng 
Biology (Guangzhou, China) Sequencing Core with 
the ENCODE chip pipeline (version 1.8.4). The rattus 
norvegicus genome version (Rnor 6.0/rn6) was used 
for mapping with BWA (version 0.7.10). Peaks of 
enriched H3ac compared to the background input 
were identified using MACS2 (41). BedTools (version 
2.27.0) was used to manipulate basic genomic regions, 
encompassing intersections, and windows (42). The 
enriched peaks were annotated using ChIPpeakAnno 
(43) and ChIPseeker (44) based on the rat genome. The 
promoter regions were determined to be – 3 kb to + 3 
kb from the position of the transcription start site (TSS). 
The differential H3ac modified regions were determined 
as described previously (45,46). In brief, after H3ac 
regions were confirmed by BedTools (version 2.27.0), 
the number of reads in those regions was normalized 
with peaks within 3 kb. The signal was calculated using 
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to a concentration of 50 ng/mL, 200 ng/mL, or 500 ng/
mL. On the day of infusion, middle-aged rats received an 
icv infusion into the third ventricle via microliter syringe 
(RWD Life Science, China) attached with a plastic 
connector. The effect of TSA (500 ng/mL) on H3ac was 
observed in AVPV cells. This concentration was chosen 
based on its efficacy on LH release. E2 was purchased 
from Hangxiang Inc. (Wuhan, China) and prepared as 
previously described (5).

2.6. Combined fluorescence in situ hybridization (FISH) 
and immunohistochemistry

OVX animals were treated with E2 and P and sacrificed 
during the LH surge as previously described (39,40). 
Blood was collected, and animals were decapitated. The 
brain was instantly removed, cryopreserved on dry ice, 
and stored at -80°C until cryogenic sectioning. Brains 
were coronally cut into five sets of 20-μm sections, 
thaw-mounted onto Superfrost-plus slides, and stored 
at -80°C. One set was used for a combined FISH and 
immunohistochemistry assay.
	 After fixation in 4% paraformaldehyde, elution 
in 0.1 M phosphate buffer (pH 7.0), and immersion 
in proteinase K (20 µg/mL) for 5 min, slide-mounted 
sections were then placed in prehybridization buffer for 
1 h and then with Fam-labeled sense and antisense RNA 
probes specific to the Kiss1 sequence (sequences of 
probes are listed in Table S1, http://www.biosciencetrends.
com/action/getSupplementalData.php?ID=122). 
Subsequently, the hybridized sections were rinsed with 2 
× SSC, 1 × SSC and 0.5 × SSC, blocked with 1% bovine 
serum albumin in PBS with 0.25% TritonX-100 for 30 
min, incubated overnight with rabbit anti-acetylated 
histone H3 (AcH3, 1:1200, Millipore) and rabbit anti-c-
Fos (1:100, Servicebio) antibodies in blocking solution, 
and washed in PBS. After incubation with FITC anti-
rabbit secondary antibody and counter staining with 
DAPI, the sections were mounted with anti-fluorescence 
quenching sealing tablets.

2.7. 3C assay

A 3C assay was performed as in previous studies (37) 
with some modifications. After 600 U of Kpnl (Roche) 
was digested, crosslinked chromatin was incubated 
overnight at 37°C. It was then ligated in 6 mL of 1 
× ligation buffer. The Kiss1 locus encompasses four 
Kpnl sites; the primers flanking the Kpnl sites were 
designated K1F: CATGCCAGGTTATACCC CAAC, 
K1R: CAGAAGTCTGGATCACCAAC, K2F: CTGTG 
TCATGAGGACGTG, K2R: GGTTCCCGTGATGAAG
TAG, K3F: GTGAGAAGAAGACA CTCGTG, K3R: C
TGGTGTTATAGCACGTTG, and K-anchor-F: 
CTGGTGTTATAGCACG TTG. The chromatin 
loop of the Kiss1  gene was detected using the 
primer K-anchor F along with one of the other 

primers. A loading control region was amplified with 
CAGGACTGAGGGACGGAAG and GCATCCCTGCC
CTGCAAAC. The PCR workflow was as follows: 
95°C for 5 min; 35 cycles of 95°C for 30 s, 60°C for 1 
min, 72°C for 1 min; and final extension at 72°C for 10 
min. The PCR products were detected using agarose gel 
electrophoresis.

2.8. LH assay

Samples of trunk blood were obtained between 3 
P.M. and 5:30 P.M. on the expected day of an LH 
surge. Serum LH was measured using enzyme-linked 
immunosorbent assay (ELISA) while LH reagents were 
provided by the Beijing Sino-UK Institute of Biological 
Technology (Chaoyang, Beijing).

2.9. Statistical processing

Statistical analyses were performed using the software 
GraphPad Prism 9.0. Data are expressed as the mean 
± SEM. The t-test was used to detect differences in 
the H3ac+ and c-Fos+ Kiss1 cells in the AVPV and 
gene expression between groups. Analysis of variance 
(ANOVA) was used to evaluate the effects of TSA on the 
Kiss1 mRNA expression in GT1-7 cells and LH release. 
Bonferroni or Tukey's post-hoc test was used to identify 
individual group differences following ANOVA.

3. Results

3.1. Genome-wide ChIP-seq analyses revealed age-
associated epigenomic changes in the rat AVPV

Cells containing acetylated histone H3 decreased in the 
AVPV of middle-aged females as previously reported 
(28), but the total histone H3 did not change (Figure 
S1 and S2, http://www.biosciencetrends.com/action/
getSupplementalData.php?ID=122).  ChIP-seq was 
performed to generate a genome-wide landscape of H3ac 
in the AVPV for OVX middle-aged and young rats that 
were exposed to E2-positive feedback (Figure 1A). Peak 
calling analysis was performed using a model-based 
analysis for ChIP-seq with a false discovery rate (FDR) 
< 0.05. In total, 91,708 and 143,186 H3ac peaks were 
identified in middle-aged and young rats, respectively. 
As shown in Figure 1B, H3ac signals peaked within ± 3 
kb from the TSS in both groups.
	 The feature sets spanning sub-types were defined 
by genomic locations (Figure 1C) according to the 
description in the ChIPseeker (44): promoter (within ± 3 
kb region from the TSS), exon, intron, downstream (3 kb 
downstream of the transcription termination site, TTS), 
untranslated region (UTR), and distal intergenic region. 
Most H3ac modification regions were distributed in the 
proximal promoter region (≤ 3 kb) and distal intergenic 
regions. Redistribution to both of the TSSes (≤ 3 kb) 
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and remote intergenic regions was noted in middle-aged 
females (Figure 1C). Peaks with an increase of over 2-fold 
or a decrease of more than 1/2 between middle-aged and 
young females were subsequently defined as differential 
H3ac regions. As shown in Figure 1D, the H3ac-binding 
signals markedly decreased in middle-aged rats, and most 
of the peaks found in the promoter, intergenic, and intron 
regions were 13,890, 25,265 and 22,118, respectively. 

The H3ac-binding up regions located in those regions 
were 1219, 6382 and 3083, respectively.
	 Most of the H3ac-binding down regions were 
enriched within ± 3 kb from the TSS (Figure 1B), so the 
differentially H3ac-associated genes between the two 
groups were assessed (Figure 1E), and a scatter plot of 
log2 (RPKM) was prepared. Two thousand eight hundred 
and seventy-three genes were identified as down-

Figure 1. Preponderance of hypoacetylations in the AVPV of middle-aged females compared to young controls and the biological process 
of hypoacetylated genes under E2 positive feedback. (A) Schematic illustration of the experimental design. Chromatin immunoprecipitation 
was performed in the AVPV of E2-primed middle-aged and young rats, followed by next-generation sequencing (ChIP-seq). (B) Profiles of 
the active genes (H3ac enrichment) around the TSS. Heatmap showing the H3ac signal from 3 kb upstream to 3 kb downstream of H3ac peaks 
in middle-aged and young females after normalization. (C) Functional annotation plot showing the age-related differential proportion of H3ac 
regions with several genomic features. (D) Pie chart showing the genome-wide distribution patterns of differential H3ac-binding sites in the 
AVPV in the middle-aged and young groups. Arrows represent sites displaying a significant E2-induced increase (red) or decrease (blue) in H3ac 
binding. (E) The H3ac-binding gene expression pattern in the AVPV of middle-aged and young rats around + 3.0 kb of the TSS. The difference 
in counts between groups was evaluated using the scatter plot of log2 (RPKM). Red and blue dots represent 3.0 kb upstream of the TSS with 
different hypoacetylated or hyperacetylated signals in the AVPV of middle-aged animals compared to the controls, while grey dots correspond 
to unchanged H3ac modification in the AVPV. (F and G) Functional enrichment analysis performed with DAVID on the genes associated 
with hypoacetylated regions were compared in middle-aged and young rats. GO biological processes and KEGG pathways related to histone 
modification and hormone secretion are shown. The significance is indicated as the log10 P value.
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regulated (16.9%) in the AVPV of middle-aged rats, 2,749 
genes were up-regulated (16.2%), and the expression of 
11,340 genes did not change (66.9%) (Figure 1E).
	 Gene ontology (GO) term enrichment analysis was 
subsequently performed and revealed distinct functional 
categories for the H3ac-associated gene lists. Within the 
category of biological processes of the hypoacetylated 
genes, histone modification and the regulation of 
hormone secretion were listed as related functions (Figure 
1G). Regarding the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathways, the hypoacetylated 
genes were participants in the mitogen-activated 
protein kinase (MAPK), neurotransmitter, and hormone 
signaling pathways (Figure 1F). The top 20 significantly 
downregulated genes and pathways are shown in Figures 
S3 and S4 (http://www.biosciencetrends.com/action/
getSupplementalData.php?ID=122).

3.2. Histone H3 hypoacetylation in the loci of Kiss1 and 
Per1 genes in middle-aged rats

A genome-wide view shows that impaired H3ac in 
middle-aged females occurred quite homogenously 
across all chromosomes (Figure 2A). Moreover, 
hypoacetylated H3 was evaluated in the loci of the 
pivotal genes involved in the GnRH-LH surge such as 
Kiss1 and circadian clock genes with functional histone 

modification including Per1, Per2, Bmal1, and Clock 
in the AVPV of middle-aged rats (for a representative 
Integrative Genome Viewer view, see Figure 2B). This 
finding was confirmed using ChIP followed by qPCR 
to show that hypoacetylated histone H3 is associated 
with a significant reduction in Kiss1, Per1, and Per2 
mRNA (Figure 2C) in middle-aged rats. Consistent with 
these findings, a 2-fold decrease in Kiss1 and a 1.5-
fold decrease in Per1 was revealed by qPCR validation 
analysis versus young controls (Figure 2D, P < 0.05, 
respectively). ChIP-qPCR using primers from non-
H3Ac regions revealed no significant differences (data 
not shown). Overall, these experiments identified several 
genes associated with the hormone-mediated LH surge 
and reproductive regulation and with the altered H3ac 
profile in the AVPV of middle-aged females undergoing 
a reproductive decline.

3.3. Suppressed H3ac in AVPV Kiss1 cells is associated 
with attenuated Kiss1 transcriptional activation in 
middle-aged rats

FISH and immunofluorescence revealed that the cells 
expressing Kiss1 mRNA were abundant in the AVPV 
(Figure 3A), but few of them were H3ac+ in young and 
middle-aged OVX rats (Figure 3A-a and g). In line with 
a previous study (28), the AVPV from young females 

Figure 2. Altered chromosomal distribution of H3ac reads and acetylation signatures in the AVPV of middle-aged rats. (A) Chromosome 
ideogram showing the level of H3ac peaks across the chromosomes of middle-aged female rats compared to young female rats. The color key 
from blue to red indicates low to high relative levels of H3ac, respectively. (B) Representative tracks of Kiss1 and Per1 ChIP-seq data showing 
pronounced loss of the H3ac signal in the AVPV of middle-aged rats. (C) Chromatin was isolated from the AVPV removed from middle-aged (n 
= 4) and young (n = 4) females. ChIP-qPCR experiments performed in the two groups of animals. Unpaired Mann-Whitney t-test. (D) qRT-PCR 
analyses using primers against the genes listed were performed in AVPV tissues of young (n = 4) and middle-aged offspring (n = 4). Unpaired 
Mann-Whitney t-test. Data in (C) and (D) are expressed as the mean ± SEM. *P < 0.05.

http://www.biosciencetrends.com/action/getSupplementalData.php?ID=122
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primed with E2 exhibited a marked increase in H3ac 
immunoreactivity and H3ac+ was strikingly identified 
within Kiss1 cells. Detailed quantification subsequently 
revealed that approximately 42% of Kiss1-expressing 
cells located in the AVPV were H3ac+ (P < 0.001, Figure 
3A-f and l). However, H3ac+ induced in AVPV Kiss1 
cells by E2 was disrupted to approximately 24% in 
middle-aged females (Figure 3A-l and o, P < 0.001). The 
percentage of H3ac+ Kiss1 cells decreased markedly by 
approximately 60% compared to that in young controls 
treated with E2.
	 Given the close association between histone 
acetylation and chromatin accessibility and the 
transcriptional activity of cells (20,36,47), whether 
the suppressed H3ac in AVPV Kiss1 cells observed in 
middle-aged females (Figure 3A-l and o) was associated 
with a parallel decline in Kiss1 transcriptional activation 
was determined next. C-Fos immunoreactivity was used 
as a marker for Kiss1 neuronal activation in the AVPV 
(Figure 3B) based on previous studies by the current 
authors (39,40). Approximately 32% of AVPV Kiss1 
cells from E2-primed young females had c-Fos+ nuclei 

(Figure 3B-a and c). FISH and IF profiles revealed 
marked impairment in c-Fos immunoreactivity in middle-
aged rats (Figure 3B-d, P < 0.05); that is, the percentage 
of c-Fos+ Kiss1 cells decreased to approximately 20% 
(Figure 3B-b and c, P < 0.05).

3.4. TSA promotes Kiss1 transcription and counteracts 
neuroendocrine dysfunction in middle-aged females by 
enhancing H3ac

ChIP-seq analyses pointed to a preponderance of 
hypoacetylation in the AVPV of middle-aged rats, so 
the therapeutic potential of TSA was examined next 
(Figure 4). The effects of TSA on Kiss1 expression in 
GT1-7 cells were first tested using a mouse-derived 
immortalized GnRH-secreting neuronal cell line (Figure 
4A-a). E2 exposure (10 mol) induced a significant 20-
fold increase in Kiss1 expression in the cell line. Kiss1 
mRNA increased significantly in GT1-7 cells as a result 
of TSA (200 nmol). Moreover, the level was strikingly 
upregulated by the simultaneous presence of both TSA 
and E2 (Figure 4A-b). Thereafter, cycling middle-aged 

Figure 3. Middle-aged female rats exhibit suppressed histone H3ac in Kiss1AVPV associated with reduced c-Fos expression. (A) Confocal 
representative photomicrographs showing Kiss1 and H3ac immunoreactivity in the AVPV. 3V, third ventricle. Bars, 10 μm. (a–f) and (g-l) 
Kiss1AVPV cells with (white solid triangles) or without H3ac (yellow open triangles) in young and middle-aged rats primed with E2 or oil, as 
determined by FISH combined with IF (Kiss1 mRNA, red; H3ac, green). (m-n) and (o-p) Quantitative analysis of the percentage of H3ac+ 
Kiss1AVPV cells in young (n = 4) and middle-aged females (n = 4) after E2 or oil treatment. (B) C-Fos+ Kiss1 neurons decreased in the AVPV of 
middle-aged females treated with E2. (a) Representative AVPV section showing Kiss1 cells expressing c-Fos in young rats. (b) Kiss1 cells lack 
activation to express c-Fos in middle-aged rats. (c) and (d) Statistical analysis of c-Fos expression in Kiss1 and non-Kiss1 cells in the AVPV of 
young and middle-aged rats. Bars, 100 μm. The statistical significance for all analyses was *P < 0.05; ‡P < 0.001.
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rats were selected and treated with daily icv injections 
of DMSO or different doses of TSA (Figure 4B). Trunk 
blood samples were collected upon sacrifice of the rats 
for LH measurement on the predicted day of an LH 
surge. Control animals had a high level of LH release, 
while 500 ng/mL of TSA restored LH release compared 
to that in females treated with DMSO (P < 0.001, Figure 
4C).
	 Next, whether TSA had a directly effect on Kiss1 
neurons was examined. In line with previous data (see 
Figure 3A), there were few H3ac+ Kiss1 neurons in 
middle-aged rats treated with DMSO (Figure 4D-b and 
f). The TSA treatment significantly induced a 1.5-fold 
increase in H3ac+ Kiss1 cells in the AVPV (P < 0.05, 
Figure 4D-c, i and r). Similarly, rats treated with TSA 

had a marked increase in the c-Fos+ nuclei of the AVPV 
Kiss1 cells by approximately 50% compared to that in 
rats treated with DMSO (P < 0.05, Figure 4D-k, q and s). 
Whether LH restored by TSA (Figure 4C) was associated 
with an epigenetic effect of H3ac was also determined. 
ChIP-qPCR assays were performed to target the different 
gene loci of Kiss1, Per1, and Esr1. A marked increase in 
H3ac was observed in the enhancer region of Kiss1 (P 
< 0.05) and in the promoter region of Per1 as a result of 
TSA (P < 0.01). Changes in H3ac were not observed at 
Esr1 (Figure 4E).
	 To further evaluate the effect of TSA on the levels 
of gene expression, qRT-PCR of Kiss1, Per1, and Esr1 
was performed (Figure 4F). Levels of Esr1 transcription 
were comparable among the different groups, but Kiss1 

Figure 4. Histone deacetylase inhibitor TSA rescues neuroendocrine dysfunction in middle-aged females by modulating hypoacetylated 
genes in the AVPV. (A) Effects of inhibitors of histone deacetylation on Kiss1 expression in the immortalized GT1-7 cell line. RT-PCR analysis 
of Kiss1 gene expression in GT1-7 cells treated with 200 nM of TSA. (B) Schematic illustration of the experimental design. TSA or DMSO was 
injected into the third cerebral ventricle of middle-aged rats treated with E2. (C) Mean LH levels were measured using trunk blood collected 
from middle-aged (3-4 h after TSA or DMSO injection) and young rats treated with E2. (D) Icv injection of TSA enhances H3ac and improves 
c-Fos expression in Kiss1AVPV. (a) Brain sections of the hypothalamic AVPV were collected. (b-i) Representative FISH combined with IF images 
showing H3ac or non-H3ac in Kiss1AVPV after TSA or DMSO treatment. (j-q) Representative FISH combined with IF pictures showing c-Fos or 
non-c-Fos expressed Kiss1AVPV cells in the groups treated with TSA or DMSO. (r) Quantitative analysis of the percentage of H3ac+ in Kiss1AVPV 
cells in the groups treated with TSA (n = 4) or DMSO (n = 4). (s) Quantitative analysis of the percentage of Kiss1AVPV cells expressing c-Fos in 
the groups treated with TSA (n = 4) or DMSO (n = 4). (E) and (F) Statistical analysis of ChIP-qPCR and qPCR data on young and middle-aged 
rats treated with TSA or DMSO (n = 4, respectively). The statistical significance for all analyses was *P < 0.05; †P < 0.01; ‡P < 0.001.
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and Per1 were significantly upregulated in the group 
treated with TSA (Figure 4F; P < 0.01 and P < 0.05, 
respectively).

3.5. The mechanism of reduced Kiss1 gene expression 
in middle-age includes changes in chromatin looping 
associated with histone hypoacetylation

Chromatin access (opening) to transactivating factors 
driven by histone acetylation is the major epigenetic 
mechanism for gene transcription (47). Whether the 
chromatin conformational loop changed at the AVPV 
Kiss1 gene loci after E2 treatment was assessed using 
3C primers as shown in Figure 5A. The intensity of 
PCR products for the controls did not differ between the 
groups (Figure 5B-a). No PCR products were observed 
with the K2F-K1R, K3F-K1R, and K1F-K2R primers 
in the OVX young or middle-aged groups (n = 4, Figure 
5B-b), indicating that there were no looping interactions 
without E2. E2 treatment increased the 3′ PCR products 
with K-anchor-K3F primers (Figure 5B-b) in the AVPV 
of young rats. These results indicate that chromatin loop 
formation between the promoter and the 3' intergenic 
region of Kiss1 is enhanced by E2. The patterns of 
chromatin loop formation within the Kiss1 loci differ 
between young and middle-aged rats. The PCR product 
obtained using primers between the promoter and 
3′ intergenic region markedly increased in the rats, 

suggesting that an intense loop was formed in the 3′ 
region under E2-positive feedback conditions (Figure 
5B-b). Whether H3ac drove the differential chromatin 
looping conformation of the AVPV Kiss1 gene was 
further examined in middle-aged females using TSA. 
PCR products of the 3C assay with the K-anchor-K3F 
primer sets displayed less intensity. The intensity of the 
PCR product decreased to a level similar to that in young 
females treated with E2 (Figure 5C-b), indicating that 
H3ac enhancement by TSA normalized loop formation 
in the 3′ intergenic region, which in turn permitted Kiss1 
transcription. There were no differences in the amounts 
of PCR products for the controls among the groups 
(Figure 5C-a).

4. Discussion

The current study has provided the first high-throughput 
sequencing profile of epigenome changes in the AVPV. 
This key E2-positive feedback region is causally involved 
in neuroendocrine impairment in female reproductive 
aging. Given the importance of the hyperacetylation 
of histones in the promoter region to gene expression 
induced by steroid hormones (24,35,48,49), advanced 
reproductive age heavily contributed to differential H3ac 
peaks enriched by the TSS in the AVPV; a preponderance 
of hypoacetylation in particular contributed to the altered 
gene expression in middle-aged females under E2-
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Figure 5. Icv administration of TSA modifies chromatin loop formation at the Kiss1 gene locus in the AVPV of middle-aged rats. (A) 
Diagram of the Kiss1 locus; filled boxes indicate exons, and thin dotted lines indicate introns. Kpnl restriction endonuclease sites are indicated by 
vertical lines (labeled as K1–K3). Arrows show the positions of primers used in 3C assays. The thick horizontal bar indicates the region used in 
loading control PCR. (B) Chromatin loop formation at the Kiss1 gene locus in the AVPV of middle-aged rats. (a) PCR for loading control. Tissue 
from the AVPV was sampled in young and middle-aged OVX rats with (OVX+E2) or without E2 treatment (OVX). (b) 3C analysis of the Kiss1 
locus obtained from AVPV tissue from young and middle-aged females exposed or not exposed to E2. 3C assays were performed, and the PCR 
products were analyzed using agarose gel electrophoresis. The PCR products were generated using the primer K-anchor forward (K-anchor-F) 
along with one of the other Kpnl primers (K1–K3) as indicated. (C) TSA induces chromatin conformational loop changes at the Kiss1 gene locus 
in the AVPV of middle-aged rats. (a) PCR for loading control. Tissue from the AVPV was sampled from OVX+E2-primed middle-aged rats 
injected with TSA or DMSO. (b) PCR products of a 3C assay were analyzed using agarose gel electrophoresis. Primers and PCR products were 
generated as described above.
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positive feedback conditions. This conclusion is backed 
up by AVPV ChIP-seq data showing the hypoacetylation 
of histone H3 coupled with changes in the expression of 
33.1% of genes. Despite the number of sequences and 
regions involved in histone acetylation and the complex 
chromatin alterations that exist alongside gene expression 
(10), the current data expand our understanding that 
age-dependent epigenomic changes ultimately defining 
the AVPV cellular transcriptional response to E2 may 
cause the dysregulation of transcriptional and chromatin 
networks in advanced age. Interestingly, GO and KEGG 
analyses revealed that age-related differences in histone 
acetylation occurring in specific genes and pathways 
were associated with reproduction and hormone secretion 
as well as neurotransmitter synapses. The selective 
analysis of epigenomic changes in several neuronal 
and non-neuronal cells using genetic strategies such 
as the fluorescently tagged technique combined with 
fluorescence activated nuclear sorting (FANS) to isolate 
specific cell types from the AVPV would further increase 
our understanding of aging GnRH neuronal networks.
	 Tomikawa et al. found that increased E2-promoted 
H3ac and ERα binding in the promoter region of 
Kiss1AVPV positively enhanced Kiss1 gene expression 
(35), suggesting that the promoter region is critical to 
E2-activated Kiss1 gene expression. Bioinformatic 
analysis predicted that a reduction in Kiss1 in the AVPV 
of middle-aged rats was the result of the hypoacetylation 
of histone H3 at the 3′ intergenic region of the Kiss1 
loci. Removal of the 3' region, which is known to be a 
functional estrogen-responsive enhancer for Kiss1, in 
Tg-2 mice reduced GFP expression induced by estrogen 
in Kiss1 (35). The acetylation of histones changes the 
chromatin flexibility in the nucleus and the interaction 
between the coding gene and its remote enhancer, 
but a low acetylation threshold destabilizes higher-
order folding, which has a similar effect to N-terminal 
removal (21,50). Therefore, suppressed H3ac in the 
3′ region of Kiss1 may weaken its facilitating role in 
chromatin-looping conformation for Kiss1 transcription. 
As indicated by the 3C assay, the interaction between 
the promoter and 3′ region of Kiss1 via chromatin 
looping is likely to be associated with E2-dependent 
Kiss1 expression in the AVPV of young females. 
H3ac decreased markedly in middle-aged rats, but an 
intensified chromatin loop between the promoter and 3′ 
region of Kiss1 was notably detected and was associated 
with reduced Kiss1 expression. These discordant findings 
can be explained by the 3′ enhancer region of Kiss1, 
which may be a specific locus that loses sensitivity to 
E2 when females transition to middle age, or by the 
hypoacetylation of histone H3, which is continuously 
responsible for looping conformation but which finally 
changes chromatin to an "off" state. Nevertheless, 
age-associated changes in H3ac may induce a stable 
repressive higher-order chromatin structure via a CCCTC 
binding factor (CTCF) in the AVPV nuclei of middled-

aged animals to suppress gene expression despite E2 
positive feedback.
	 The current study also found that expression of a 
circadian gene, Per1, was affected by the hypoacetylation 
of histone H3. Previous studies have reported the 
circadian regulation of higher-order chromatin formation 
(37), long-range interchromosomal interplay  (51), 
and short-range looping at specific loci (52,53). AVPV 
Kiss1 cells express Per1 with an E2-sensitive circadian 
rhythm (54,55); however, whether the H3ac-mediated 
suppression of Per1 ultimately limited Kiss1 expression 
remains unknown. Evaluating the complex dynamics 
between Per1, Kiss1, and other molecular players is an 
important topic of future research.
	 Even more strikingly, the current results revealed that 
the administration of TSA to E2-primed middle-aged rats 
corrected neuroendocrine alterations and rescued GnRH/
LH release. Consistent with previous studies which 
found that TSA intensified the transcription of the c-fos 
and c-jun genes in neurons after kainite stimulation (56), 
TSA significantly increased c-Fos activation in the Kiss1 
cells of middle-aged females, suggesting an appropriate 
level of histone acetylation is required to activate Kiss1 
transcription. The current findings are also consistent 
with those of a recent study which found that histone 
hyperacetylation induced by TSA can induce Kiss1 
expression in the mouse hypothalamic cell line N6 (35), 
suggesting that reduced H3ac may result in negative 
down-stream effects on GnRH neuron activation and 
LH release. An HDAC inhibitor is clinically used for 
cancer treatment (57-59). The current study cannot rule 
out the possibility that TSA promoted some other gene 
expression or protein acetylation in the GnRH neuronal 
network, but the current results highlight the therapeutic 
potential of acetylation agents as promising epigenetic 
therapies to treat women with LH surge dysfunction.
	 Under E2 positive feedback, Esr1 is required for 
E2-regulated gene expression in the hypothalamus 
(6,60). Acetylation of the Esr1 hinge region manipulates 
transcriptional transactivation and hormone sensitivity 
(61), but the level of H3ac at the Esr1 promoter and the 
Esr1 mRNA in middle-aged females is similar to that in 
young females. These data do not support the contention 
that decreased H3ac at the regulatory sequences of Esr1 
reduces Kiss1 expression in the AVPV of middle-aged 
females.
	 In summary, the current study provides evidence 
showing that altered H3ac plays a pivotal role in age-
related neuroendocrine changes, including LH disorders. 
That said, specific histone H3 lysine acetylation remains 
to be determined. Other epigenetic modifications 
cannot be excluded as contributing factors, but recent 
studies have confirmed the unique role of H3ac in 
orchestrating E2-induced gene expression under positive 
feedback. Therefore, H3ac seems to be of particular 
importance to transcriptional activation as characterized 
by hyperacetylation along gene bodies. In addition, the 
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dysregulation of H3ac in middle age is mainly found 
along with reduced gene expression. Altered H3ac may 
manipulate Kiss1 expression in particular by remodeling 
chromatin (Figure 6). This work presents important 
insights into the molecular mechanisms underlying 
reduced responsiveness to E2-positive feedback in 
specific regions of the hypothalamus when females 
transition into perimenopause.
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Liquid-liquid phase separation: A new perspective to understanding 
aging and pathogenesis

Jufeng Xia*

Arai Japan Medical Institute, Tokyo, Japan.

Liquid-liquid phase separation (LLPS) describes a 
phenomenon whereby proteins and/or nucleic acids in 
a solution separate into a dense phase that resembles 
liquid droplets when their concentration rises above 
a certain level, just like oil drops forming in water. 
The dense phase will form biomolecular condensates 
such as membraneless organelles (MOs). MOs such 
as nucleoli were described as early as the 1830s (1). 
Recently, Keizer et al. found that, outside of cell 
division phases, chromosomes are actually almost liquid 
and that this structure may be formed through LLPS 
(2). Condensates have been reported to have several 
functions including the enhancement or inhibition of 
cellular reactions, sensing changes in the niche (the 
environment surrounding cells in aging tissue), and 
buffering biomolecule concentration (3). In a lot of 
biological processes, condensates play an important 
role and thus condensate assembly, a phase change, 
the quality control system (QCS), and the relationship 
between condensates and aging-related diseases need to 
be understood.

Condensate assembly

When a liquid phase is formed by LLPS, the liquid 
state is maintained by continuous interactions between 
biomolecules in the liquid phase. A common way that 
proteins form a liquid phase is through multivalence 

of phase-separating molecules (4). Multivalence is 
derived from folded interaction domains or intrinsically 
disordered regions (5). Besides proteins, RNAs have 
also been found to be key factors in the formation and 
composition of condensates (6). Cooperation between 
folded protein domains and nucleic acids may be 
necessary for most phase separation processes.
	 When condensates begin to assemble, two types of 
molecules are needed, scaffold molecules and client 
proteins. Scaffold molecules have numerous valences 
and play a role in promoting LLPS, and client proteins 
have lower valences and specifically bind to elements in 
the scaffolds (7). Cells employ various mechanisms to 
regulate the formation of condensates. Phosphorylation 
and/or methylation of proteins was reported to change 
the saturation concentration of proteins via post-
translational modification (8,9). That said, LLPS is very 
sensitive to RNA concentrations and cells can control 
transcription to regulate condensates. In addition, other 
factors including temperature, the concentration of 
metabolites, pH, and ions also regulate the formation of 
condensates and cooperate to change them.

Phase change and aging

Although condensates are initially in a liquid phase, 
they will age and change to a more solid phase under 
certain conditions (10). The liquid phase can age into 
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SUMMARY
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Mounting evidence has suggested that phase separation, and especially liquid-liquid phase separation 
(LLPS), underlies the formation of membraneless organelles, which are supramolecular assemblies 
of proteins and RNA molecules in cells. These membraneless organelles are also called biomolecular 
condensates. Evidence is now growing that condensates, such as stress granules, P bodies, Cajal bodies, 
and nucleoli, play vital roles in biological processes, like RNA storage and processing, signaling 
regulation, transcription regulation, gene regulation, and transport. Conversely, condensates may cause 
diseases, such as neurodegenerative diseases and tumors, when they go wrong. Condensates initially 
have liquid-like properties, but accumulating biological and chemical mutations with age render them 
into a more solid-like state, like amyloids in Alzheimer's disease, Huntington's disease, and Parkinson's 
disease. Research into phase separation is still in its infancy, but this field is a promising avenue for 
treatment of aging-related diseases.
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a gel or glass state. In gelation, the physical crosslinks 
between condensate components reach a percolation 
threshold and the condensate changes to a gel. However, 
condensates are soft glasses themselves and can 
harden into a solid-like state as a result of changes in 
temperature or density. Both a gel and glass state can 
slow down protein dynamics and promote aggregation. 
There are various types of aggregated proteins, such as 
oligomers, amyloid fibrils, and disordered or amorphous 
protein aggregates. A leading villain, amyloid fibrils lead 
to various neurodegenerative diseases; once formed, they 
can become seeds and change other soluble proteins into 
an amyloid state (11). Aging is a two-edged sword: it can 
preserve the biological structure and suppress redundant 
biochemical reactions during stress adaption, but it is 
also linked to various diseases (12). 
	 A few factors have been reported to promote 
condensate aging, such as high protein concentrations, 
loss of binding partners, and insufficient water. 
Conversely, increasing the heterogeneity of the protein 
composition in condensates could be a way to suppress 
aging; as an example, adding a few binding partners such 
as RNA and RNA-binding proteins (RBPs) will delay or 
prevent the aging of condensates (13).

QCS for condensates

The QCS has gradually been recognized as an important 
regulator of condensate assembly, disassembly, and 
dynamic equilibrium. Recently, a study suggested that 
misfolding proteins accumulate in condensates and lead 
to aging (14). For example, stress granules combine 
with RNA and operate under stress, and they dissolve 
and release RNA once stress resolves. However, when 
misfolded proteins bind to stress granules, they are 
unable to release RNA (15). The same study found that 
the molecular chaperone 70-kDa heat shock protein 
(HSP70) can prevent the accumulation of misfolded 
protein in stress granules and even disassemble stress 
granules containing misfolded protein; those granules 
change from a liquid state to a solid-like state. In 
addition to chaperones, the ubiquitin-proteasome system 
has also been put forward as a component of the QCS. 
The ubiquitin-proteasome system is reported to play a 
key role in stress granule clearance, but the functions of 
most of the components in this system are still unclear 
(16). Another way to remove misfolded proteins is 
autophagy, which can selectively degrade condensates. 
For example, P62 was reported to be able to disassemble 
ubiquitin-positive stress granules. There are a few 
potential mechanisms that operate in the QCS, but in 
most instances they have not been studied in detail and 
more studies should be conducted to elucidate those 
mechanisms (Figure 1).

Mechanisms by which condensates are involved in 
aging-related diseases

Mounting evidence has indicated that abnormal 
condensate assembly or disassembly will lead to 
various diseases. Numerous diseases, such as tumors 
and neurodegenerative diseases, are driven by genetic 
or epigenetic mutations. A mutation in a LLPS protein 
will not only affect the protein itself but the interaction 
between it and other surrounding condensate proteins. 
Mutations in condensate-forming proteins could inhibit 
the formation of a condensate or affect condensate 
stability by changing the saturation concentration of 
scaffold proteins.
	 Abnormal condensate formation leads to various 
diseases. This happens in the following ways. Firstly, 
aberrant condensates disrupt proteostasis. Many 
neurological diseases are caused by mutations in QCS 
factors. For instance, a mutation in an autophagy protein 
led to an early onset neurodegenerative phenotype in 
an experiment with mice (17). Enhancing the QCS 
may be a viable option for preventing aging-related 
diseases. Secondly, aberrant condensates can disturb 
epigenetic gene regulation and heterochromatin 
formation. Abnormal LLPS could affect many epigenetic 
and chromatin regulatory factors and also promote 
oncogenic transformation-related enhancers and gene 
promoters (18). An aging-related abnormality in gene 
expression could be driven by aberrant condensates in 
the nucleus. Keeping condensates in good condition is 
crucial to maintaining tissues and organs, and especially 
in stem cells. Thirdly, aberrant condensates are involved 
in genome instability. Cancer cells frequently carry 

360

Figure 1. Functions of condensates. This graph provides an 
overview of the different condensates that have been studied in 
cells to date.
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Conclusions and perspectives for the future

Our understanding of phase separation and biomolecular 
condensates has increased greatly over the past decade, 
but it is still in its beginning stages. The role played by 
many factors and domains in condensate assembly and 
maturation is unclear. In the QCS, a few well-known 
proteins such as chaperones are also key components 
in regulating condensates. Further elucidation of the 
components of the QCS offers promise since it will 
reveal how cells cooperate with condensates and also 
uncover the link between out of control condensates 
and diseases. Numerous studies on aging-related 
diseases have indicated that condensates can promote 
neurodegenerative diseases and cancers by forming 
amyloids, affecting genetic and epigenetic regulation, 
losing the ability to repair DNA, and disturbing signaling 
in cells. Phase separation and condensates have given 
us new insights into aging-related diseases and unveiled 
new molecular mechanisms of those diseases. This could 
lead to the  development of new diagnostic methods and 
therapies. Moreover, condensates and related factors 
could be new targets for drug development. This offers 
fresh hope for the treatment of intractable diseases such 
as cancers and neurodegenerative diseases.
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Vestibular injury can be caused by a variety of factors, 
including ototoxic drugs, excessive noise, and aging 
(1). Indeed, ototoxicity is a major toxic side effect of 
several beneficial pharmaceutical drugs, including 
chemotherapy agents such as cisplatin. Cisplatin-
induced ototoxicity has a mean rate of 62% (2). 
Chemotherapeutic drugs can cause irreversible damage 
to the vestibule of the inner ear, leading to oscillopsia, 
blurry vision, distorted perception of self-orientation, 
imbalance, gait ataxia, and abnormal posture (3). 
In contrast to the non-regenerative cochlear hair 
cells of many mammals, vestibular hair cells exhibit 
spontaneous regeneration. However, the regeneration 
of vestibular hair cells is very limited, and vestibular 
function cannot be restored by their spontaneous 
regeneration (4). Therefore, it is very important to 
protect the vestibular hair cells from damage.
	 Hair cell production in the adult utricle is regulated 
by the Notch signaling pathway (5). In mammals, the 
Notch signaling pathway consists of four receptors 
(Notch1, Notch2, Notch3, and Notch4) and five ligands 

(Jagged1, Jagged2, DLL1, DLL3, and DLL4). Ligands 
attach to receptors, and the activated form of Notch 
protein is cleaved by γ-secretase and released into 
the cytoplasm (6). Subsequently, it may activate the 
downstream target gene Hes1 (7). DAPT, a γ-secretase 
inhibitor, can block Notch signaling. Therefore, 
DAPT has been used as a tool drug to inhibit the 
Notch signaling pathway in a large number of studies. 
Involvement of the Notch signaling pathway in 
development of the inner ear has garnered increasing 
attention in recent years. Notch signaling induces hair 
cell formation through lateral inhibition and is involved 
in hair cell proliferation and apoptosis (8). Moreover, 
the activation of Notch signaling has been linked to 
cochlea hair cells loss (9). However, whether the Notch 
signaling pathway plays a role in chemotherapeutic 
drug-induced vestibular injury has not been investigated 
yet. 
	 Therefore, we investigated the role of the Notch 
signaling in chemotherapeutic drug-induced vestibular 
injury. To our knowledge, this is the first time this 
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The vestibule of the inner ear is susceptible to certain chemotherapeutic agents in clinical practice. 
Therefore, it is of great significance to discover molecular pathways and targets that can protect the 
vestibule from chemotherapeutic drugs. The Notch signaling pathway is closely related to hair cell 
regeneration in the inner ear. However, the role of Notch signaling in chemotherapeutic drug-induced 
vestibular injury still remains unclear. The aim of this study was first to evaluate the role of Notch 
signaling in chemotherapy-induced vestibular injury. Cisplatin-induced vestibular injury of mice was 
evaluated by the swimming test. Changes of vestibular hair cells and the expression levels of Notch1, 
Jagged1, and Hes1 in Notch signaling were observed by immunofluorescence. The results showed that 
Notch signaling was found activated in cisplatin-induced injured vestibular cells, while, DAPT (Notch 
signaling inhibitor) could reversed this effect. In conclusion, the Notch signaling pathway may play a 
critical role in chemotherapeutic drug-induced vestibular injury and, therefore, serves as a promising 
therapeutic target for vestibular injury. 
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Figure 1. Inhibition of Notch signaling protected against cisplatin-induced vestibular injury. (A)Three groups of C57BL/6 mice received 
intraperitoneal medication injections as illustrated. (B) The scoring criteria swimming test was as follows. Zero points were scored if the mouse 
could keep its head out of the water and swim straight to the side of the container. One point was scored if the mouse could keep its head out of 
the water and maintain a slightly circular swimming posture. Two points were scored if the mouse could not keep its head above water and swim 
slightly in a circular manner. Three points were scored if the mouse could not keep its head above water and swim severely in a circular manner. 
(C) Cuticular plate and hair cell stereociliary bundles are marked with phalloidin (green), while hair cells are labeled with myosin VIIa (red). (D) 
Quantitative analysis of myosin VIIa-positive cell numbers in the utricles.

Figure 2. Effects of Notch signaling inhibition on 
cisplatin-induced vestibular injury in mice. (A) and (B) 
Immunofluorescence with Notch1 and Hes1 (red) antibodies 
and DAPI (blue) in utricles from control, cisplatin, and 
cisplatin + DAPT groups. (C) and (D) Quantitative analysis 
of Notch1 and Hes1 fluorescence intensity in the utricles. 
(E) Immunofluorescence with Jagged1 (red) antibodies 
and DAPI (blue) in utricles from control, cisplatin, and 
cisplatin + DAPT groups. (F) Quantitative analysis of 
Jagged1 fluorescence intensity in the utricles. Control: 0.9% 
physiological saline, Cis: cisplatin, Cis+DAPT: cisplatin 
+ DAPT. Scale bars = 20 μm. Data were showed as mean 
± SD. (Statistical analysis was performed using one-way 
analysis of variance (ANOVA), ns means no significant 
difference, *p < 0.05, ***p < 0.001, ****P < 0.0001). 
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expression levels between cisplatin and cisplatin + 
DAPT groups (Figures 2E and 2F).
	 The relationship between Jagged1, Notch1, and 
Hes1 expression remains unclear in the inner ear. After 
cochlear hair cell injury, Jagged1 expression levels in 
cochlea hair cells did not change (10). Other studies 
have shown that Jagged1 is mainly expressed in support 
cells (11). However, Notch1 can interact with Jagged2, 
DLL1, DLL3, and DLL4 to activate the Notch signaling 
pathway. In addition, other signaling pathways (such 
as Fgf, Bmp, or Wnt) can regulate the Notch signaling 
pathway (12,13). In our study, we found that the Notch 
signaling pathway was activated after vestibular injury. 
Ligands or signaling pathways that interact with Notch1 
in the vestibular system require further study.
	 In conclusion,  our  s tudy revealed that  the 
Notch signaling pathway may play a critical role in 
chemotherapeutic drug-induced vestibular injury. 
These results lay the foundation for preventing the 
side effects of chemotherapy. It should be pointed 
out that this study is a preliminary exploration of the 
role of the Notch signaling pathway in the vestibule. 
Accordingly, future research is still needed to explore 
the molecular mechanism by which Notch signaling 
reduces chemotherapeutic drug-induced vestibular 
injury. In addition, DAPT is a γ-secretase blocker, and 
it is necessary to explore whether other Notch signaling 
blockers or approaches have the above-mentioned 
effects.
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has been investigated, the results have important 
implications for the prophylaxis and treatment of 
vestibular injury.

Inhibition of Notch signaling protected against 
cisplatin-induced vestibular injury 

In this study, thirty C57BL/6 mice (aged 7 weeks) 
were randomly divided into control, cisplatin, and 
cisplatin + DAPT groups, with 10 mice in each group. 
Mice in the control group were intraperitoneally 
injected with 0.9% physiological saline (0.6 mL/100g). 
Mice in the cisplatin group were intraperitoneally 
injected with cisplatin (3 mg/kg; Sigma, St. Louis, 
MO, USA). Mice in the cisplatin + DAPT group were 
first intraperitoneally injected with DAPT (10 mg/kg; 
Sigma), and 2 h later were injected intraperitoneally 
with cisplatin (3 mg/kg). All the above operations were 
performed continuously for 7 days (Figure 1A). 
	 Vestibular function was assessed by observing 
the swimming posture of mice. It was showed that 
the vestibular injury was less severe in the cisplatin + 
DAPT group than in the cisplatin group. Mice in the 
cisplatin group displayed a severe circular swimming 
posture and were unable to keep their heads above 
water. In addition, mice in the cisplatin group showed 
abnormal vestibular function compared with mice in the 
control group. Mice in the cisplatin + DAPT group had 
a steady swimming posture and kept their heads above 
water, indicating that their vestibular function was not 
significantly impaired. Indeed, swimming test scores 
were significantly improved in the cisplatin + DAPT 
group compared with the cisplatin group (Figure 1B). 
	 Changes of vestibular  hair cells were observed 
by immunofluorescence. In the cisplatin group, the 
number of hair bundles and hair cells in the utricles was 
significantly lower, and were disorganised and spread 
out. In comparison, hair bundles and hair cells were 
effectively preserved, morphologically normal, and 
tightly arranged in the cisplatin + DAPT group (Figure 
1C). The results of quantitative hair cell analysis were 
consistent with the swimming test (Figure 1D). It 
is therefore likely that inhibition of Notch signaling 
protected against cisplatin-induced vestibular injury.

Notch-related expression in the mouse utricle after 
Notch signaling pathway inhibition

Immunofluorescence were used to observe protein 
expression levels of Notch signaling pathway molecules 
in the utricles. As shown in Figures 2A and 2B, Notch1 
and Hes1 protein levels were elevated in the cisplatin 
group compared with the control group. In addition, 
the cisplatin + DAPT group showed decreased protein 
levels of Notch1 and Hes1 in the utricles compared 
with the cisplatin group (Figures 2C and 2D). However, 
there was no significant difference in Jagged1 protein 
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In 1990, a new cytokine named interleukin 11 (IL-11) 
was discovered in fibrocyte-like stromal cells of the 
bone marrow (1). More than 30 years have passed since 
the discovery of IL-11. Initially, a study indicated that 
IL-11 is important to the process of hematopoiesis, and 
especially for the maturation of megakaryocytes (1). A 
study by Mehler et al. posited that there are similarities 
in the regulation of the processes of hemalymphopoiesis 
and neurogenesis by means of cytokines (2). The study's 
results confirmed that there are indeed similarities 
between the mechanisms that regulate these processes. 
	 Further studies have shown that IL-11 and its 
components of the receptor complex are widely localized 
among various parts of the central nervous system (CNS), 
which may indicate the involvement of IL-11 in cascades 
of reactions that regulate various physiological processes 
in the CNS (3-11). IL-11 is expressed in hippocampal 
neurons, stimulating the proliferation of progenitor cells, 
so the cytokine is involved in the process of neurogenesis 
(2). These initial studies were probably the reason for 
further examination of this cytokine's involvement. 
	 The current work has summarized information 
about the roles that IL-11 can play in the development 
of pathological conditions of the nervous system. The 
results of such studies can help to discover new ways to 

treat these pathological conditions where this cytokine 
and signaling cascades of IL-11 are involved.

1. IL-11 and its intracellular signaling cascade of 
reactions

IL-11 is a protein with an approximate molecular weight 
of 19 kDa. The IL-11 precursor (pre-IL-11) consists of 
199 amino acid residues. The pre-IL-11 gene, consisting 
of 5 exons and 4 introns, is located on the 19th human 
chromosome (12-15). There are data on expression of the 
IL-11 protein in many tissues in the body (16). 
	 IL-11 and components of its receptor complex are 
expressed in the brain (3-7,9-11). The expression of IL-
11 was noted in the olfactory bulb, amygdala, basal 
ganglia, thalamus, midbrain, bridge, medulla oblongata, 
hippocampus, cerebral cortex, and cerebellum (8-
11). Localization of the key receptor component of 
the gp130 protein was also found in the brain of rats 
(immunoreactivity was observed in both glial and 
neuronal cells) (9). Electron microscopy revealed that 
both types of gp130 immunoreactivity are mainly 
associated with the cytoplasmic membrane and are not 
precisely localized in synaptic sites (9). The results of 
RNA-Seq analysis also revealed the presence of IL-
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Interleukin 11 (IL-11) was discovered in 1990 in fibrocyte-like stromal cells of the bone marrow, but 
there has recently been an increased interest in the cytokine. Understanding the physiological roles of 
cytokines will allow their use as pharmacological agents in clinical practice. Studies have indicated 
that IL-11 affects the mechanism for the development of a number of pathologies of the nervous 
system. IL-11 plays a significant role in the central nervous system. The local expression of this 
cytokine by nerve cells has been observed. The current work summarizes the results of studies which 
found that the cytokine affects the mechanism of development of pathologies of the central nervous 
system. In the near future, this cytokine may be used clinically to fix the mechanisms that are involved 
in the development of pathological conditions of the nervous system.
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11, IL-11Ra, and gp130 mRNA among various brain 
structures. The level of IL-11 mRNA is insignificant 
in all types of cells of the nervous system, but IL-11Ra 
and gp130 mRNA is found in the greatest amount in 
astrocytes, microglia, and the endothelium (10-11). 
	 Currently, there is no high-resolution structural 
data on the IL-11 signaling complex, although there 
is evidence that IL-11Ra and IL-6Ra are structurally 
similar (17). The interaction of IL-11 with the receptor 
complex serves as a signal to activate the JAK/SHP2 – 
dependent pathway of intracellular signal transmission 
(Figure 1). Another signaling pathway begins with 
phosphorylation of the STAT1 and STAT3 proteins 
(12-15). Unlike many cells that can serve as a source 
of cytokines such as IL-11, the expression of receptor 
subunits is more limited, which determines the more 
specific effect of cytokines on certain populations 
of cells in the body that can be directly activated by 
the IL-11 cytokine (18). In addition, part of the IL-
11Ra receptor complex may not only be localized on 
the cell membrane but may exist in soluble form (18). 
Metalloprotease ADAM10, as well as serine proteases, 
neutrophil elastase, and proteinase 3 can cleave the 
ectodomain from IL-11Ra, and the ectodomain formed 
during cleavage serves as a soluble form of the receptor 
- sIL-11R (soluble IL-11R).

2. IL-11 affects the mechanism of development of 
neurological diseases

2.1. Alzheimer's disease

The ability of IL-11 to regulate the mechanism of 
pathologies in the nervous system was indicated in a 

neuroblastoma cell culture model of Alzheimer's disease 
(AD) (16). AD is characterized by the deposition of 
β-amyloid in the brain, and the increased production 
of β-amyloid peptide is considered to be one of the 
early events in the pathogenesis of AD. β-amyloid 
was found to activate L-phosphoserine phosphatase 
in neuronal cells (B104 rat neuroblastoma cells); that 
activation was inhibited by IL-11 while IL-11 inhibited 
neurotoxicity. The aforementioned study suggested 
that L-phosphoserine phosphatase may play a role in 
changing cellular metabolism in AD by increasing 
neurotoxicity and that IL-11 through its receptor system 
can act as a neuroprotector.

2.2. Multiple sclerosis

In 2006, researchers noted an increase in IL-11 in 
astrocytes and expression of IL-11R by oligodendrocytes 
in multiple sclerosis (19). Studies of astrocyte and 
oligodendrocyte cultures concluded that the IL-
11/IL-11R pathway can play an important role in 
protecting oligodendrocytes in multiple sclerosis. When 
recombinant IL-11 was added to a culture of human 
fetal spinal cord cells, an increase in the number of 
oligodendrocytes was noted, an increase in the process 
of oligodendroglia branching was noted, apoptotic cell 
death decreased and IL-11 potentiated the formation 
of myelin. A 2009 study of knockout mice without the 
IL-11Ra gene (IL-11Ra−/− and IL-11Ra+/−) revealed a 
pronounced neuroinflammatory process in spinal cord 
tissues, characterized by infiltration by macrophages, 
followed by demyelination and a decrease in the 
number of nerve cells (5). That study evaluated the 
effect of exogenous IL-11 on a culture of progenitor 
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Figure 1. The interaction of IL-11 with the receptor complex serves as a signal to activate the JAK/SHP2–dependent pathway of 
intracellular signal transmission.
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of oxidative stress in brain tissues.

2.5. Other research

Another finding warrants attention. A recent study 
found that cytokines of the IL-6 family can mediate an 
increase in the chemoresistance of medulloblastoma 
tumor cells. Conditioned in vitro with IL-6, OSM, LIF, 
or IL-11 cytokines, cultured medulloblastoma cells 
exhibit increased activity of JAK1/STAT3 signaling, 
while chemoresistance to a number of drugs begins to 
be noted (22). In addition, the use of gp130 inhibitors or 
JAK-canis inhibitors effectively overcame the resistance 
of medulloblastoma to vincristine in gp130-expressing 
cells. These findings may indicate the existence of 
restrictions on the use of recombinant IL-11 in a number 
of individual cases, but in vivo studies need to be 
conducted to clarify the observed phenomenon and to 
examine the indirect effect of IL-6 cytokines on other 
types of tumor cell lines.
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Globally, the number of infections with the Omicron 
variant of SARS-CoV-2 has increased unlike ever before 
due to its higher transmissibility (1,2). Japan in particular 
has experienced its highest level of COVID-19 infections 
ever, with an average of nearly 200,000 new infections 
per day nationwide during a six-week period from July 
20 to August 31, 2022 (Figure 1A); a cumulative total of 
18,917,782 infected and 39,872 deaths were reported as 
of August 31, 2022 (3).
	 On July 20, 2022, the number of new infections 
per day in Japan exceeded 200,000 for the first time, 
the peak to date was reached on August 2, 2022 with 
267,470 new infections (accounting for over 30% of new 
cases globally), and the number was 169,771 on August 
31, 2022 (3,4). In addition, the infection status may have 
been underestimated in light of severe pressure on the 
testing system, changing healthcare-seeking behavior, 
and a delay in the conducting of tests and examinations 
and the publication of reports during the summer 
vacation and Obon holidays (5).
	 With an average of nearly 200,000 new infections 
per day over a six-week period, the number of cases 
requiring inpatient care, severe cases, and deaths have 
tended to increase (Figure 1B), causing an unprecedented 

shock to the healthcare system. The number of cases 
requiring inpatient care peaked at 1,993,062 on August 
11, and 637 of those cases were severe (3). 
	 Hospital bed occupancy has increased nationwide. 
Over a six-week period, 27 prefectures (out of 47 
prefectures) had an average hospital bed occupancy of 
50% or higher. Bed occupancy in Kanagawa in particular 
reached 98% in mid-August (Figure 2A). In addition, bed 
occupancy by patients with severe COVID-19 (defined 
based on the characteristics of the Omicron variant) has 
also increased. The situation was most critical in Tokyo, 
where average bed occupancy reached 57%, peaking at 
64% in mid-August (Figure 2B).
	 There are unique characteristics with respect to the 
progression of the COVID-19 pandemic in Japan and 
the response of the Japanese healthcare system. This 
is particularly evident in declaring states of emergency 
during peaks with voluntary self-isolation, the low 
mortality rate, the sharp decline in the number of 
cases after the impact of the Tokyo 2020 Olympic and 
Paralympic Games on the healthcare system (6), and the 
unprecedented rise in the number of infections due to the 
current spread of the Omicron variant, with an average 
of nearly 200,000 new infections per day nationwide 
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During a six-week period from July 20 to August 31, 2022, Japan experienced its highest level of 
COVID-19 infection ever, with an average of nearly 200,000 new infections per day nationwide. 
Cases requiring inpatient care peaked at 1,993,062. Twenty-seven prefectures (out of 47 prefectures) 
had an average hospital bed occupancy of 50% or higher, and bed occupancy in Kanagawa in 
particular reached 98% in mid-August. In Tokyo, bed occupancy by patients with severe COVID-19 
reached 57% and peaked at 64% in mid-August. Although the number of new infections per day has 
decreased since September, hospital bed occupancy, the number of severe cases, and deaths remain 
high nationwide. Efforts including vaccination campaigns, domestic surveillance, and routine infection 
control measures based on the varied knowledge that the Japanese public already has should be 
thoroughly implemented to reduce the number of the infected in order to avoid an increase the number 
of serious cases and deaths.
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reported during a six-week period.
	 Japan's basic policy on COVID-19 is to curb the 
outbreak of infection, maintain the medical system, and 
focus on dealing with the severely ill (7). Based on this 
policy, Japan declared a state of emergency during peaks 
accompanied by a call for the public to change their 
behavior patterns to minimize the risk of being infected; 
, it allocated hospital beds and at-home care depending 
on the symptoms of the infected, and it preferentially 
supplied vaccines to the elderly. As a result of these 
combined efforts, the past six waves of the pandemic 
have been effectively contained nationwide, but the 
unprecedented increase in the number of infections due 
to the current spread of the Omicron variant has placed a 
significant burden on the healthcare system.
	 Although the number of new infections per day 
has decreased since September, with 112,175 newly 
confirmed cases reported on September 6, 2022 (3), 
hospital bed occupancy, the number of severe cases, and 
deaths remain high nationwide. In addition, the number 
of close contacts and patients receiving at-home care are 
still increasing in many regions. Coupled with increased 
instances of difficulty obtaining an emergency hospital 
admission and shortages of healthcare workers (8), the 
current pandemic continues to impose a significant 
burden in terms of both COVID-19 treatment and on the 
medical system in general. 
	 In the face of the current COVID-19 pandemic, 

efforts including vaccination campaigns, domestic 
surveillance, and routine infection control measures 
based on the varied knowledge that the Japanese public 
already has should be thoroughly implemented to reduce 
the number of the infected in order to avoid an increase 
the number of serious cases and deaths. Further efforts 
such as use of telemedicine should be made to reinforce 
the medical system and reduce the burden on medical 
facilities and public health centers.
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Figure 1. Number of COVID-19 cases 
reported in Japan. (A) Number of cases 
reported from 2020-2022; (B) Number of 
cases requiring inpatient care, severe cases, 
and deaths from July 20-August 31, 2022. 
Data source: https://www.mhlw.go.jp/stf/
covid-19/open-data.html (Calculations are 
based on data made public by the Ministry 
of Health, Labor, and Welfare on September 
6, 2022).
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trends: Current situation  (as of August 31, 2022). https://
www.niid.go.jp/niid/ja/2019-ncov/11451-covid19-ab97th.
html (accessed September 6, 2022). (in Japanese)

Received September 2, 2022; Revised September 7, 2022; 
Accepted September 9, 2022.

*Address correspondence to:
Peipei Song, Center for Clinical Sciences National Center for 
Global Health and Medicine, 1-21-1 Toyama, Shinjuku-ku, 
Tokyo 162-8655, Japan. 
E-mail: psong@it.ncgm.go.jp

Released online in J-STAGE as advance publication September 
12, 2022.

mhlw.go.jp/en (accessed September 6, 2022)
4.	 The World Health Organization. WHO Coronavirus 

(COVID-19) Dashboard (as of August 2, 2022). https://
covid19.who.int (accessed September 2, 2022)

5.	 National Institute of Infectious Diseases. COVID-19 
trends: Current situation (as of August 18, 2022. https://
www.niid.go.jp/niid/en/2019-ncov-e/11450-covid19-
ab95th-en.html (accessed September 2, 2022)

6.	 Song P, Karako T. The strategy behind Japan's response to 
COVID-19 from 2020-2021 and future challenges posed 
by the uncertainty of the Omicron variant in 2022. Biosci 
Trends. 2022; 15:350-352. 

7.	 Inoue H. Japanese strategy to COVID-19: How does it 
work? Glob Health Med. 2020; 2:131-132.

8.	 National Institute of Infectious Diseases. COVID-19 
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Influenza has been the greatest public health challenge. 
The terms "Spanish flu" or "the Great Influenza 
epidemic" were used to describe the 1918 influenza 
pandemic, a deadly global pandemic of the H1N1 
influenza A virus that infected approximately 500 million 
people and caused 24.7-39.3 million deaths (1). The 
subsequent Asian flu in 1957, Hong Kong flu in 1968, 
and swine flu in 2009 were major public health incidents 
with appreciable morbidity and mortality. The World 
Health Organization (WHO) estimated that global there 
are approximately 1 billion new influenza cases per year, 
including 3-5 million severe cases and 290,000-650,000 
deaths (2). However, since the COVID-19 pandemic 
struck in 2019, the higher morbidity and mortality 
of COVID-19 seem to have garnered more public 
attention, and influenza seems to have been forgotten. 
Unfortunately, influenza has never actually disappeared 
from the scene, even in this era of COVID-19. Data from 
the WHO Global Influenza Surveillance and Response 
System (GISRS) indicated a resurgence of influenza 
in 2021-2022 (Figure 1A). GISRS laboratories tested 
161,959 samples reported by 107 countries from May 
30 to June 12, 2022 and found influenza A in 97.5% 
and influenza B in 2.5% (3). A point worth noting is 
that despite the lower global total morbidity during the 
second wave of 2022, data from two countries, namely 
China (Figure 1B) and Australia (Figure 1C), revealed 

markedly higher numbers of influenza cases, indicating 
a resurgence of influenza. Clustered cases were reported 
in several provinces in the south of China and mainly 
involved primary and secondary schools. The rate of 
infection is known to be significantly higher in children 
than in adults during this wave. Data from the Chinese 
National Influenza Center (CNIC) revealed that cases 
of influenza-like-illness (ILI) reported in the past two 
weeks were markedly higher than during the same period 
in previous years and that the predominant subtype of 
the influenza A virus is H3N2 (4). CNIC also reported 
that Guangdong Province has the highest morbidity (vs. 
other provinces). There were 126,857 new ILI cases 
reported in Guangdong, which is 10.38 times the normal 
figure from the previous year (5). However, actual data 
on influenza morbidity might be underestimated due to 
the strict prophylactic measures against COVID-19 in 
China, which have prompted patients to refrain from 
seeking medical advice. The situation in Australia 
is also daunting. Australia is now suffering its worst 
epidemic of influenza. Australia's National Notifiable 
Communicable Disease Surveillance System (NNDSS) 
has reported 147,155 cases during this wave, and 55,101 
of those cases were reported from June 6 to 19, 2022. 
Six-point-one percent of patients with severe influenza 
had to be admitted to the ICU. Influenza's morbidity is 
approximately 300 times the normal rate (Figure 1C) 

DOI: 10.5582/bst.2022.01297

SUMMARY

Keywords COVID-19, influenza, coinfection, pandemic

COVID-19 has been a topic of interest since a pandemic struck in 2019. The morbidity of influenza 
tended to decrease due to the measures to prevent COVID-19. Indeed, influenza seems to be "ignored" 
in this era of COVID-19. However, influenza has not disappeared from the scene. Presented here are 
two examples of recent influenza epidemics in China and Australia. Possible interactions between 
COVID-19 and influenza are discussed. Measures against COVID-19 may reduce contact with 
influenza, subsequently reducing adaptive immunity against influenza in the general population. 
Influenza might not be center stage right now, but insufficient adaptive immunity in the population 
may potentially trigger a future influenza pandemic. Coinfection with COVID-19 and influenza might 
potentially be a thorny problem. Hence, influenza cannot be ignored. Governments around the world 
should take measures to prepare for a possible influenza pandemic in the future.
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(6). A "twindemic" of COVID-19 and influenza is a 
knotty problem now facing the Australian Government. 
The examples of China and Australia indicate that the 
influenza problem is far from being resolved despite this 
being an era of COVID-19.
	 One crucial problem, namely coinfection with 
COVID-19 and influenza, should be seriously considered 
during this "twindemic" scenario. Several recent studies 
reported coinfection with COVID-19 and influenza in 
Japan (7), the US, Australia, Chile, South Africa (8), 
Turkey (9), and the UK (10). Kawai et al. conducted 
a retrospective study of 193 patients with COVID-19 
using a rapid diagnostic approach, and they found that no 
patients with COVID-19 were coinfected with influenza 
(7). They therefore concluded that coinfection with 
COVID-19 and influenza was rare during the winter 
of 2020 in Japan, but they urged that attention be paid 
to the coinfection problem during the next influenza 
season. Ozaras et al. reported six patients coinfected with 
COVID-19 and influenza among 1,103 patients with 

COVID-19 (0.54%) in Turkey. All of these patients with 
a coinfection had a mild to moderate infection (9). Swets 
et al. examined 6,965 patients with COVID-19 in the 
UK and found that 227 were coinfected with influenza 
(3.26%) (10). All of these studies reported that cases of 
coinfection with COVID-19 and influenza are rare at the 
present time but that attention needs to be paid to this 
situation because the clinical outcomes of coinfection 
with COVID-19 and influenza remain unknown. Swets et 
al. found that coinfection with COVID and influenza was 
significantly associated with an increased probability of 
death. Moreover, coinfection with COVID-19 and other 
respiratory viruses significantly increased the likelihood 
being placed on invasive mechanical ventilation (10). 
That study predicted a worse outcome due to coinfection, 
but the actual situation requires further investigation.
	 The interactions between COVID-19 and influenza 
are complicated and not fully understood. Several issues 
need to be kept in mind: 1) As respiratory viruses, both 
viruses have analogous transmission characteristics 
and common clinical manifestations. Hence, measures 
to prevent COVID-19 are also effective in preventing 
influenza (11). This suggests that the morbidity of 
influenza decreased since many measures had been 
taken against COVID-19 (such as mask wear, city 
lockdowns, and social distancing) (12,13). 2) Prioritizing 
COVID-19 while neglecting influenza might lead to 
diminished adaptive immunity against influenza in the 
general population, increased the risk of infecting with 
influenza particularly among specific populations of the 
elderly and individuals with certain underlying medical 
conditions. 3) A previous study indicated that infection 
with COVID-19 tends to involve coinfection with 
other respiratory viruses (10). However, distinguishing 
between COVID-19 and influenza in the early stages 
based solely on symptoms is extremely difficult. More 
effective differential diagnosis tools are needed. Other 
than the PCR assays, thoracic radiology findings might 
be useful in screening for patients coinfected with 
COVID-19 and influenza (9).
	 The morbidity of influenza has recently tended to 
decline, possibly due to the measures against COVID-19 
(13). That said, influenza has definitely not disappeared. 
Measures against COVID-19 may conversely reduce 
contact with influenza, subsequently reducing adaptive 
immunity against influenza in the general population. 
Hence, these measures against COVID-19 are a double-
edged sword with regard to influenza. Influenza might 
not be center stage right now, but insufficient adaptive 
immunity in the population may potentially trigger a 
future influenza pandemic. Coinfection with COVID-19 
and influenza might potentially be a thorny problem in 
the near future. Public health authorities around the world 
should be aware of this situation and make preparations 
ahead of time, particularly with regard to the coming 
influenza season. More effective vaccines and antivirals 
should be developed. In addition, correct knowledge 
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Figure 1. Status of current influenza infections from 2020 to 2022. 
(A), Global data on influenza infections from 2020 to 2022. (B), Data 
on influenza infections in China from 2021 to 2022. (C), Data on 
influenza infections in Australia from 2021 to 2022. All of the data 
are publicly available from the WHO Global Influenza Surveillance 
and Response System. http://www.who.int/flunet.
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regarding the prevention of COVID-19 and influenza 
needs to be updated and conveyed to the public. Put 
simply, this may be an era of COVID-19, but it may act 
as a Trojan horse for influenza. In any event, influenza 
should never be forgotten. 
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Hepatocellular carcinoma (HCC) is one of the most 
common malignancies with typical immunogenic tumor 
characteristics, and it develops most frequently in the 
context of chronic hepatitis virus infection and cirrhosis 
(1). Although surgical resection and liver transplantation 
are potentially curative options for patients with early-
stage HCC, the high rate of tumor recurrence limits 
long-term survival (2). A point worth noting is that 
treatment with radiofrequency ablation (RFA) is widely 
accepted as a first-line therapeutic approach for early 
HCC, and its advantages are a high level of efficacy, a 
low incidence of complications, and low cost. Compared 
to surgery, RFA alone has a discouraging 5-year survival 
rate, with a high rate of HCC recurrence as the main 
problem post-ablation, and particularly for tumors 
more than 2-3 cm in size (3). To resolve this dilemma, 
recent efforts have focused on a combination of RFA 
and immunotherapy as a multimodal treatment strategy. 
So far, there is a lack of reliable comparative clinical 
data as to whether immunotherapy could really reduce 
additional sessions of RFA to treat HCC and halt cancer 
progression. Therefore, the current recommendations 
for combined strategies involving RFA and distinct 

immunotherapies need to be devised for this deadly 
disease, and the long-term effects of this promising 
approach need to be validated further.

1. Use of RFA to treat HCC

RFA is a common minimally invasive therapeutic 
technique to destroy HCC through a Joule effect 
induced by the generation of a high-frequency 
alternating current and local heat from an electrode 
tip inserted into neoplastic tissues. RFA can produce 
tissue hyperthermia to achieve tumor necrosis at 375-
480 kHz. Currently, heat-ablated lesions are surmised 
to consist of three zones: a central zone (> 60°C), a 
transitional zone (43-50°C), and the surrounding tissue 
unaffected by ablation (4). In the transitional zone, 
a tumor could undergo sublethal injury and result in 
tumor dissemination after insufficient RFA (iRFA). 
International clinical practice guidelines on HCC do 
not recommend the use of RFA for tumors larger than 
5 cm due to the high risk of residual tumors (2). Aside 
from tumor size, multiple studies (5,6) have confirmed 
several clinical characteristics associated with a risk 
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Hepatocellular carcinoma (HCC) remains a health challenge with increasing incidence worldwide. 
Radiofrequency ablation (RFA) is a potentially curative option for patients with early-stage HCC. 
However, the high rate of tumor recurrence limits long-term survival when the tumors are larger than 
2 cm and undergoing insufficient RFA (iRFA). Notably, in situ tumor necrosis due to thermal ablation 
is assumed to be a source of antigens that induce antitumor immunity. Therefore, mounting studies 
and trials have attempted to provide a rational and effective therapeutic strategy combining RFA and 
immunotherapy to treat HCC. Nowadays, many controversies and challenges with this combined 
therapeutic strategy remain to be resolved, such as the indications for adjuvant immunotherapy along 
with RFA in early HCC, the sequence of the two treatments in advanced HCC, and the optimal timing 
of immunotherapy before or after RFA. In addition, individualized treatment strategies need to be 
perfected for patients with HCC.
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of local recurrence, such as multiple tumor nodules, 
poorly defined HCC margins, and the location of 
the tumor near major intrahepatic blood vessels. As 
well as local recurrence, iRFA was also found to be 
significantly related to distant recurrence (7). Based on 
HCC guidelines, RFA is not a curative treatment option 
for patients with cancer in the intermediate (BCLC 
B) or advanced (BCLC C) stage. That said, if treating 
HCC with transarterial chemoembolization (TACE) and 
systemic therapies yields no better efficacy, then this 
task would be an insurmountable mountain. Fortunately, 
thanks to the advent of the genomic era as well as an in-
depth understanding of the immune response generated 
directly by RFA in the tumor microenvironment, the 
combination of RFA and immunotherapy seems to 
be a potential therapeutic strategy for decreasing the 
recurrence and metastasis of HCC.

2. Immune response induced by RFA when treating 
HCC

Research has firmly established that HCC is not a 
local disease even in the early stages. In fact, ablation 
treatments physically eliminate local tumors but also 
play a considerable role in distant lesions through an 
immune response, named the "abscopal effect". One 
possible rationale is that thermally induced in situ 
tumor necrosis can constantly give rise to antigens that 
induce antitumor immunity (8). In 2003, Wissniowski 
et al. (9) reported the first study to identify an RFA-
mediated antitumor response and they found a 
potential immunological effect on tumor growth due 
to a tumor-specific T-cell response elicited 2 weeks 
after RFA treatment. A recent study involving a mouse 
model revealed that iRFA enhanced the immuno-
suppressive environment, increasing CD11b+CD15+ 
polymorphonuclear-myeloid-derived suppressor cells 
(PMN-MDSCs) and decreasing CD8+ T cells, and it 
subsequently promoted tumor growth and metastasis 
(10). However, mounting evidence has revealed that 
dendritic cell (DC), natural killer (NK) cell, and CD4+ 
and CD8+ T-cell responses to tumors and systemic 
immune variations increased significantly following 
RFA (11,12). The prevailing view posits that tumor-
specific immune responses facilitate an increased innate 
immune response and reduced immunosuppression after 
RFA. However, inconsistent findings are constantly 
emerging. For example, CD4+ and CD8+ T cells played 
a temporary antitumor role in RFA-treated mice that 
was quickly tampered by active immune suppression 
responses and then followed by a higher regulatory T-cell 
to CD8+ cell ratio and increased PD-L1/PD-1 expression 
(13). A clinical observation of patients with HCC 
receiving RFA revealed that the memory phenotype and 
survival time of enhanced tumor-associated antigen-
specific T-cells following RFA were not sufficient to 
impede HCC recurrence (14). Hence, these results 

are thought provoking because anti-tumor immune 
responses initiated by RFA are not strong enough to 
eliminate all tumor cells, potentially leading to the 
recurrence of HCC. 

3. Current status of and challenges with this 
combination therapy 

In clinical practice, there is contradictory evidence 
regarding which population is eligible for RFA and 
immunotherapy. On one hand, RFA is recommended 
for patients with very early and early stage HCC 
who could not be suitable for immunotherapy. On 
the other hand, RFA is considered to be a curative 
treatment in early HCC instead of an adjuvant approach 
like immunotherapy for patients with HCC in the 
intermediate or advanced stage. The rationale for this 
novel combined therapeutic strategy is based on the 
positive results of basic studies and pilot trials. The 
promising results of immunotherapy in patients with 
advanced HCC imply that adjuvant treatment with RFA 
is a possible option in early to intermediate stage HCC. 
Notably, the STORM trial noted no benefit in terms of 
recurrence-free survival (RFS) in patients with HCC 
receiving the adjuvant sorafenib, an oral multityrosine 
kinase inhibitor, post-resection or ablation (15). 
Undoubtedly because of this, the combined therapy 
strategy is also attracting the attention of clinicians who 
want to know whether enhanced anti-tumor immunity 
may optimize RFA to treat HCC. 
	 In a multicenter, randomized, open-label, phase 3 
trial conducted in South Korea, Lee et al. (16) reported 
that adjuvant immunotherapy with activated cytokine-
induced killer (CIK) cells increased recurrence-free 
and overall survival (OS) in patients with HCC who 
underwent curative treatment with surgical resection, 
RFA, or percutaneous ethanol injection. A combined 
treatment involving RFA and cellular immunotherapy 
(CIT) yielded similar results in patients with HCC (17). 
In this trial, autologous mononuclear cells inducing 
NK cells, γδT cells, and CIK cells were infused 
intravenously to patients within 8-11 days of RFA. 
The preliminary results implied that a combination of 
sequential CIT and RFA may prevent the recurrence 
of HCC in patients after RFA. In another clinical 
trial, Kitahara et al. also demonstrated that RFA + 
administration of OK432-stimulated DCs to a necrotic 
tumor improved RFS in patients with HCC (18). Based 
on the results of CheckMate-040 and KEYNOTE-224, 
n ivolumab and pembrol izumab,  two immune 
checkpoint inhibitors (ICIs) causing a PD-1 blockade, 
were approved as second-line therapy for patients with 
HCC after sorafenib failure. Interestingly, a propensity 
score matching analysis of recurrent HCC revealed that 
combination therapy with anti-PD-1 inhibitors (initially 
administered within 72 hours of RFA) and RFA resulted 
in longer RFA and OS than RFA alone (19). Greten et 
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The frequency of ablation and immunotherapy still 
needs to be specified. Third, current clinical trials have 
no satisfactory answer regarding the optimal timing 
of immunotherapy to produce a synergistic effect with 
RFA. Most importantly, ablative immunotherapy has 
yielded better outcomes in some studies but the objective 
response rate has yet to improve, so the combination 
therapy could be administered to all patients with HCC. 
Consequently, individualized treatment strategies need 
to be taken into consideration in combined therapy 
for HCC. Nonetheless, immunotherapy is an option to 
compensate for the deficiencies of RFA in treating HCC. 
Rational and standardized clinical use of this therapy is 
still a long way away.
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al. reported a survival analyses and immune monitoring 
data via anti-CTLA4 (tremelimumab) treatment prior 
to subtotal RFA or chemoablation in patients with 
advanced HCC (20). In contrast to previous studies, 
the median OS rate of patients treated with RFA 
was 9.2 months (95% CI: 6.6–11.2 months). They 
also demonstrated the safety and feasibility of anti-
CTLA4 treatment plus RFA and they observed the 
clear activation of T cell responses. Table 1 reviews 
clinical trials involving combinations of RFA and 
immunotherapy to treat HCC. 

4. Conclusions and perspectives

Nowadays, many controversies and challenges remain 
to be resolved as various proof-of-concept clinical trials 
are underway. First, would adjuvant immunotherapy for 
early HCC beyond the Milan criterion have a further 
survival benefit for completely ablated HCC according 
to imaging? Second, which treatment should be used 
first in advanced HCC since both are adjuvant therapies? 

Table 1. Clinical trials registered with the NIH investigating combinations of RFA and immunotherapy to treat HCC

Study 
Registrant

Greten TF, 
et al.

Lai K, 
et al.

Zhao M, 
et al.

Peng ZW, 
et al.

Kuansheng 
Ma, et al.

Zhou JX, 
et al.

Renier W, 
et al.

Chen MS, 
et al.

Kuang M, 
et al.

Trial ID (Phase)

NCT01853618
(Phase Ⅰ/ II)

NCT03124498
(Phase Ⅰ/ II)

NCT03939975
(Phase II)

NCT02678013
(Phase Ⅲ)

NCT05277675
(NA)

NCT05162898
(Phase II)

NCT04727307
(Phase II)

NCT04652440
(Phase II)

NCT03067493
(Phase II)

Abbreviations: NIH: National Institutes of Health; RFA: radiofrequency ablation; HCC: hepatocellular carcinoma; CTLA-4: cytotoxic T lymphocyte-
associated protein-4; TACE: trans-arterial catheter chemoembolization; PEIT: percutaneous ethanol injection treatment; CIK: cytokine-induced killer; 
PD-1: programmed cell death protein-1; CTL: cytotoxic T lymphocyte; NA: not applicable; MWA: microwave ablation; MASCT: multiple antigen-
stimulating cellular therapy.

Clinical Title

A Pilot Study of Tremelimumab - A Monoclonal 
Antibody Against CTLA-4 in Combination with 
Trans-Arterial Catheter Chemoembolization (TACE), 
Radiofrequency Ablation (RFA), or Cryoablation in 
Subjects with Hepatocellular Carcinoma (HCC) or 
Biliary Tract Carcinomas (BTC)

A Study to Evaluate Autologous CIK Cells in 
Patients with Hepatocellular Carcinoma After TACE, 
PEIT or RFA

A Prospective Study of Anti-PD-1 Inhibitor Therapy 
in Combination with Incomplete Thermal Ablation in 
Patients with Advanced Hepatocellular Carcinoma

Radiofrequency Ablation Combined with Highly-
purified CTL vs. Radiofrequency Ablation Alone for 
Recurrent HCC

A Prospective Study of Radiofrequency Ablation 
Combined with Systematic Neoadjuvant Therapy in 
the Treatment of Recurrent Hepatocellular Carcinoma

Radiofrequency Ablat ion Combined with 
Toripalimab and Lenvatinib in the Treatment of 
Short-term Recurrent Hepatocellular Carcinoma

Neoadjuvant Atezo, Adjuvant Atezo + Beva 
Combined with RF Ablation of Small HCC: A 
Multicenter Randomized Phase II Trial

Phase II Study of Ablation Combined With PD-1 
Antibody in Patients with Hepatocellular Carcinoma

RFA or Surgical Resection Combined with Neo-
MASCT for Primary HCC: A Phase II Trial

Number of 
Patients

  61

  55

  50

210

160

  90

202

  30

  98

          Treatment 

RFA/TACE/Cryoablation
+ Tremelimumab

RFA/TACE/PEIT + CIK

Thermal Ablation + PD-1

RFA + CTL

RFA + Tislelizumab/Sintilimab
+ Lenvatinib/Bevacizumab

RFA + Toripalimab 
+ Lenvatinib

RFA + the Neoadjuvant 
Atezolizumab, and the 
Adjuvants Atezolizumab 
+ Bevacizumab

RFA/MWA + PD-1

RFA/Surgical Resection 
+ Neo-MASCT

Study 
Period

5/2013-
6/2017

11/2017-
6/2019

6/2019-
7/2019

1/2016-
1/2022

1/12/2021-
30/10/2023

1/2022-
12/2025

1/2022-
7/2027

12/2020-
12/2023

1/2022-
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