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Background: Cancer as a deathly disease with high prevalence has impelled
researchers to investigate its causative mechanisms in the search for effective
therapeutics. Recently, the concept of phase separation has been introduced to
biological science and extended to cancer research, which helps reveal various
pathogenic processes that have not been identified before. As a process of
soluble biomolecules condensed into solid-like and membraneless structures,
phase separation is associated with multiple oncogenic processes. However,
there are no bibliometric characteristics for these results. To provide future
trends and identify new frontiers in this field, a bibliometric analysis was
conducted in this study.

Methods: The Web of Science Core Collection (WoSCC) was used to search for
literature on phase separation in cancer from 1/1/2009 to 31/12/2022. After
screening the literature, statistical analysis and visualization were carried out by
the VOSviewer software (version 1.6.18) and Citespace software (Version 6.1.R6).

Results: A total of 264 publications, covering 413 organizations and 32 countries,
were published in 137 journals, with an increasing trend in publication and
citation numbers per year. The USA and China were the two countries with the
largest number of publications, and the University of Chinese Academy of
Sciences was the most active institution based on the number of articles and
cooperations. Molecular Cell was the most frequent publisher with high citations
and H-index. The most productive authors were Fox AH, De Oliveira GAP, and
Tompa P. Overlay, whilst few authors had a strong collaboration with each other.
The combined analysis of concurrent and burst keywords revealed that the
future research hotspots of phase separation in cancer were related to tumor
microenvironments, immunotherapy, prognosis, p53, and cell death.

Conclusion: Phase separation-related cancer research remained in the hot
streak period and exhibited a promising outlook. Although inter-agency
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collaboration existed, cooperation among research groups was rare, and no
author dominated this field at the current stage. Investigating the interfaced
effects between phase separation and tumor microenvironments on carcinoma
behaviors, and constructing relevant prognoses and therapeutics such as
immune infiltration-based prognosis and immunotherapy might be the next
research trend in the study of phase separation and cancer.
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1 Introduction

Cancer, a complex disease characterized by uncontrolled cell
proliferation, is one of the leading causes of human death (1, 2).
Although much work has been done to decipher the underlying
mechanisms behind cancer development, the pathogenesis of this
severe disease remains to be investigated because the development
and progression of cancer is a dynamic process involving multiple
gene-environment interactions (1-3). Recently, the concept of
phase separation has been introduced into cancer research, which
dramatically expands our knowledge of cancer biology (4-6).

Phase separation is the process of separating (or semi-separating)
a homogeneous liquid solution (or phase) of macro-molecular
components such as proteins and nucleic acids into two distinct
phases, one enriched in macromolecules and the other depleted of the
same macromolecules (7). The cellular structures formed by phase
separation are called membraneless organelles or biomolecular
condensates to reflect their origin through condensation formation
(8). Unlike canonical membrane-bound organelles such as the
nucleus, mitochondria, and endoplasmic reticulum, these
membraneless structures are not enveloped by a lipid bilayer, and
thereby they are inherently unstable, allowing them rapidly assemble
or disassemble to satisfy cell requirements (8, 9). Biomolecular
condensates provide a capacity to concentrate certain molecules in
stable and well-defined structures, resulting in high biochemical
reaction rates; for instance, the RNA cleavage activity of
hammerhead ribozyme could be increased by 70 folds in phase-
separated droplets (10-12). To date, biomolecular condensates are
found to participate in various cellular processes such as genomic
regulation, signal transduction, and protein degradation (8).

Interestingly, reciprocal causation is observed between abnormal
phase separation and cancer development. Phase separation
aberrations are closely associated with several features of cancer,
including sustained proliferative signaling, inducing angiogenesis,
and cell death resistance (13, 14). For example, elevated AKAP95
expression leads to membraneless structure formation in cancer,
which could promote cancer outgrowth by controlling the adequate
splicing of cancer-related targets (15); by binding to super-enhancers,
Myc forms transcription condensates to enhance VEGF expression,
leading to the promotion of angiogenesis (16); the ability of tumor
cells to resist cell death under stress conditions is partially ascribed to
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their prompt formation of stress granules, which are another kind of
membraneless organelles responsible transient translation halting for
cell energy saving and life prolonging (17). On the other hand,
cancer-associated mutations could initiate the formation of new
biomolecular condensates, which would activate oncogenic
pathways or drive oncogene transcriptions to promote
tumorigenesis (18, 19). For example, SHP2 cancer-related mutants
are prone to forming phase-separated compartments that boost
oncogenic MAPK hyperactivation (18). Interestingly, small-
molecule compounds such as ET516 and Elvitegravir, which could
respectively disrupt the condensate formation of androgen receptors,
and SRC-1/YAP/TEAD, have already exhibited anticancer effects (20,
21). Therefore, it is of great potential to develop drugs targeting
abnormal phase separation for cancer therapeutics.

Bibliometric analysis, a valuable tool for scientific researchers,
could comprehensively analyze basic information such as the
authors, countries, institutions, journals, and citations in
particular publications (22). The bibliometric analysis could not
only present the hotspots and features of global research but also
forecast the direction of future studies. Although phase separation is
one of the hot topics in cancer research, there is no bibliometric
analysis in this area. In this study, we carried out a comprehensive
analysis of the characteristics and hotspots regarding phase
separation in cancer from a bibliometric viewpoint, which not
only provides a general overview and development trend but also
identifies new clues and ideas in this field.

2 Methods
2.1 Database and searching strategy

The Web of Science Core Collection (WoSCC) was used to
search for literature on phase separation in cancer. The paper
retrieved was satisfied with the following criteria: {(Topic =
neoplas* OR Topic = cancer* OR Topic = Tumor* OR
Topic = Malignan*) AND (Topic = phase separation OR Topic =
biomolecular condensate* OR Topic = membraneless organelle*)}.
The publication period was set from 1 January 2009 to 31 December
2022, and only articles published in English were included. %’
represents any group of characters, including no character.
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The strategy for paper extraction is illustrated in Figure 1. After
literature screening, all document types were included except
editorial materials such as correspondence, research highlights,
and meeting abstracts. All recorded data of selected papers were
downloaded from WosCC in the EndNote Desktop format. The
paper information such as author names, institutions, countries,
and keywords was normalized to a standard format. Duplicate
authors were cross-checked among documents to avoid ambiguity.

Ethics committee approval was not applicable in this study as
the collected data were all from a public resource.

2.2 Data visualization

GraphPad Prism 8 was applied to present the number of papers
published at the indicated time. The top 10 authors/organizations/
countries and most cited articles were summarized with Microsoft
Excel 2021. The bibliometric investigation, including co-authorship
analysis, keyword burst, and keyword co-occurrence analysis, was
carried out through VOSviewer software (version 1.6.18) and
Citespace software (Version 6.1.R6), correspondingly.

3 Results
3.1 Publication trend and research focus

After literature extraction based on our strategy, 264 papers,
comprised of 137 articles and 127 reviews, were enrolled for deep
analysis (Supplementary Material). It was found that although
Clifford P. Brangwynne and colleagues first introduced the

10.3389/fonc.2023.1170157

concept of phase separation in biology in 2009 (23), the first
study on phase separation in cancer was observed in 2016,
followed by a yearly rise in the number of publications and
citations, as shown in Figure 2A. The evolution of the number of
publications and citations on phase separation-related cancer
research can be divided into two stages. The first stage was from
2016 to 2018, with a slow and steady growth rate. The second phase
was from 2018 to 2022, and there had been a spurt in the number of
publications and citations, with each year twice as many as the
previous year, reaching more than 100 publications and 2800
citations in 2022. Although the discovery of the relationship
between phase separation and cancer was less than a decade old,
its rapid progress showed that it had a broader scope for
future development.

As shown in Figure 2B, although these 264 papers were divided
into 33 research categories, only seven categories had more than ten
publications. Notedly, the categories of biochemistry molecular
biology, and cell biology alone accounted for 187 papers (54.8%)
in total, indicating the essential physiological functions that phase
separation played in cancer cells. The remaining predominant
categories, such as Oncology (n=40), Chemistry Multidisciplinary
(n=24), Multidisciplinary Sciences (n=23), Genetics Heredity
(n=20), and Developmental Biology (n=12), reflected the
multidisciplinary cross during the development of phase
separation-related cancer research.

3.2 Citation counts

There are 6573 citations for these 264 papers, averaging 24.90 per
paper. The ten most cited documents related to phase separation and

WoS Core Collections

(Topic = neoplas* OR Topic = cancer* OR Topic = Tumor* OR Topic = Malignanc*)
AND (Topic = phase separation OR Topic = biomolecular condensate* OR Topic =
membraneless organelle*); Time span: 2009.01.01--2022.12.31;Written only in English;

All publication types

N=2799

2393 papers excluded by
browsing of titles or abstracts

Papers screened
N=406

not focus on the search topic
or was an erratum
N=119

Full-text papers
N=287

not closely related to the topic
N=23

in the bibliometric analysis
N=264

FIGURE 1

Searching strategy for paper extraction focussing on phase separation in cancer. A total of 264 publications closely related to the topic of phase

separation and cancer were finally extracted
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FIGURE 2

Trends and categories of publications regarding the phase separation in cancer. (A) The annual output and citations of papers related to phase
separation and cancer from 2016 to 2022. (B) Categories of 264 publications.

cancer were illustrated in Table 1, including four research articles and
six reviews. According to the number of citations, the review written
by Alberti S. (290 citations) was ranked first, followed by reviews
written by Guccione E. (222 citations), Aguzzi A. (215 citations),
Stadhouders R. (209 citations), and Lafontaine DLJ. (201 citations).
The research articles from the ten most cited papers were respectively
written by Bouchard JJ., Nair SJ., Klein IA., and Isoda T., with
citations ranging from 184 to 154.

3.3 Analysis of countries and organizations

Thirty-two countries had published papers related to this
field; the analysis of country distribution revealed that the USA

TABLE 1 Top 10 most cited papers related to phase separation and cancer.

ranked first with 105 articles, accounting for 39.77% of the total
publications, sequentially followed by China (n=95, 35.98%),
Germany (n=18, 6.82%), Japan (n=15, 5.68%), Spain (n=13,
4.92%), and Canada (n=13, 4.92%) (Table 2). The USA and
China appeared to dominate this field, with production
covering approximately three-quarters of all publications.
However, their average number of citations per paper was
lower than that of Germany, which ranked first with an average
of 60.11 citations per paper. With the criteria of at least three
publications from each country, a co-authorship network map
was established to evaluate the status of cooperation between
countries. It was shown that the USA, the earliest country
involved in this field, was the best at cooperating with other
countries, followed by Germany (Figure 3).

Journal Authors Year = Citations
Annual Review o Alberti S., et al.
1 Liquid-Liquid Phase Separation in Disease “ ) f Review ! 2019 290
Genetics (24)
. . . . . . . Guccione E.,
2 The regulation, functions and clinical relevance of arginine methylation Nature Reviews Review etal. (25) 2019 222
Trends in Cell Aguzzi A., et al.
3 Phase Separation: Linking Cellular Compartmentalization to Disease renl e Review guzzl A, et 2016 215
Biology (4)
. o . X Stadhouders R.,
4 Transcription factors and 3D genome conformation in cell-fate decisions Nature Review et al. (26) 2019 209
. Lo . . Lafontaine
5 The nucleolus as a multiphase liquid condensate Nature Reviews Review 2020 201
DLJ., et al. (9)
C Mutati f the T N SPOP Disrupt the F tion of Bouchard JJ.,
6 ancer Mutations of : e Tumor Suppressor isrupt the Formation o Molecular Cell Article ouchard JJ 2018 184
Active, Phase-Separated Compartments etal. (27)
Nat Structural
Phase separation of ligand-activated enhancers licenses cooperative ature Structura . Nair SJ., et al.
7 and Molecular Article 2019 164
chromosomal enhancer assembly i (28)
Biology
ournal of Cell Sanchez-Martin
8 p62/SQSTM1-steering the cell through health and disease J . f Review 2018 164
Science P, et al. (29)
Klein IA., et al.
9 Partitioning of cancer therapeutics in nuclear condensates Science Article e 30) e 2020 159
Non-coding Transcription Instructs Chromatin Folding and Isoda T.. et al
soda T, et al.
10 Compartmentalization to Dictate Enhancer-Promoter Communication and T Cell Article G1) 2017 154
Cell Fate
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TABLE 2 Top 10 countries ranked by the number of papers related to phase separation in cancer.

Publications Percentage Total citations Average citations H-index
1 USA 105 39.77% 3633 34.60 35
2 China 95 35.98% 1217 12.81 18
3 Germany 18 6.82% 1082 60.11 10
4 Japan 15 5.68% 387 25.80 8
5 Spain 13 4.92% 669 51.46 7
6 Canada 13 4.92% 549 4223 8
7 France 11 4.17% 187 17.00 7
8 Ttaly 11 4.17% 166 15.09 5
9 Belgium 8 3.03% 266 33.25 6
10 England 8 3.03% 200 25.00 7

These 264 papers were generated from 413 different
institutions, and the number of papers from the top ten
organizations accounted for 38.95% (104/264) (Table 3). The
most productive organization was the University of Chinese
Academy of Sciences (n=16, with 363 citations), followed by the
University of Texas System (n=15, with 329 citations). Among these
top 10 organizations, according to the average citation (AC),
Howard Hughes Medical Institute and Barcelona Institute of
Science and Technology ranked the first (AC=80.44) and second
(AC=76.5), respectively. Network analysis was performed to
analyze the inter-institutional cooperation after the enrolment of
organizations with a minimum of three documents, and it was

illustrated that the University of Chinese Academy of Sciences was
the most active in cooperating with other institutions, followed by
Zhejiang University (Figure 4).

3.4 Analysis of journals and authors

A total of 137 journals published 264 papers on phase
separation in cancer, and the top ten journals with five or more
publications were listed in Table 4. These journals included 71
articles, accounting for 26.89% of all accepted papers. In contrast, 87
journals (63.5%) only published one paper in the past. The most
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FIGURE 3

Visual maps of countries related to phase separation and cancer. (A) Visualization of country collaborations with Citespace. Node size represents the
number of publications. Colors indicate different publish years. (B) Country cooperation analysis conducted with VOSviewer. Node size means the

count of publications. Line thickness indicates connection strength.
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TABLE 3 Top 10 organizations ranked by the number of papers related to phase separation in cancer.

Organization Countries  Publications = Citations ARG T Rank by AC . 5
(AQ) index
1 University of Chinese Academy of Sciences China 16 363 22.69 7 7
2 University of Texas System USA 15 329 21.93 6 8
3 University of California System USA 14 757 54.07 3 10
4 Howard Hughes Medical Institute USA 9 724 80.44 1 8
5 Harvard University USA 9 473 52.56 4 8
6 Zhejiang University China 9 103 11.44 9 5
. Barcelona Institute of Science and Spain s 612 76,50 ) 5
Technology

8 St Jude Children’s Research Hospital USA 8 386 48.25 5 7
9 UDICE-French Research Universities France 8 163 20.38 8 4
10 Sun Yat Sen University China 8 69 8.63 10 5

productive journal is Molecular Cell, which published ten articles
with the highest H-index (n=9). Cell Journal had the highest total
citations with only five publications, consistent with its high
journal impact.

There were 1677 authors contributing to these 264 publications.
Interestingly, it was found that no scholars dominated this area in
terms of publication numbers since the most productive author Fox
AH, De Oliveira GAP, and Tompa P had published only four
articles, respectively (Table 5). Surprisingly, Altmeyer M from the
University of Zurich achieved the top citations (n=246) with only
three papers. An authorship network analysis was then conducted
on 119 authors with at least two publications. The 119 authors were
then scattered into 36 clusters without obvious connections
(Figure 5), indicating few author collaborations in this field.

3.5 Keyword co-occurrence and
burst analysis

Keyword co-occurrence analysis is a method to evaluate the
appearance frequency and associations of two keywords if they are
simultaneously present in an article. After visualization via VOSviewer,
the popularity of keywords and the strength of their interconnections
could be indicated by node size and line thickness, respectively. To

univ fed rigide janeiro
v

@ nantonguniv
zhejianguniv.
univ texas mdi@nderson canc ct uni Ch”. ac‘u

stanfggl uivg

chan zuckeflperg biohub
# vosviewer

FIGURE 4

further investigate the research focus and trends of phase separation in
cancer, we applied keyword co-occurrence analysis after merging
keywords with the same meanings or categories and collecting 402
keywords in sum from these 264 papers. Thirty-eight keywords
satisfied the criterion when an author keyword was limited to 3 co-
occurrences. The keyword of “phase separation”, which appeared in 94
papers (n=94), was the most frequent co-occurrence word, followed by
“cancer” (n=68), and “biomolecular condensate” (n=39). Then, based
on these 38 author keywords, the network was established, which could
be further divided into five clusters with different colors (Figure 6A and
Table 6). Cluster 1 (red) contained eleven items: biomolecular
condensate, RNA metabolism, nuclear body, RNA granules,
epigenetic regulation, non-coding RNA, p53, SFPQ-NONO, DNA
damage or repair, cell death, and translation. Cluster 2 (green)
contained nine items: intrinsically disordered regions, transcription,
post-translational modification, transcription factor, therapeutics, drug
discovery, signal transduction, protein-protein interactions, and cancer
metastasis. Cluster 3 (blue) contained seven items: chromatin,
enhancer elements, neurodegenerative diseases, RNA-binding
protein, RNA, disease, and gene expression regulation. Cluster 4
(yellow) had six items: phase separation, cancer, immune response,
tumor microenvironment, prognosis, and immunotherapy. Cluster 5
(purple) contained five items: mutations, autophagy, stress, Keapl-
Nrf2, p62, and SPOP.

mem sloan ketering canc ctr

harvard{universisy@®

Analysis of organization cooperation. The picture was conducted with VOSviewer. Node size indicates the number of publications. The lines

represent cooperation between different organizations.
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TABLE 4 List of journals with five or more papers focused on phase separation and cancer.

Journals Counts Percentage Times Cited Country H-index  IF (2021)
1 Molecular Cell 10 3.79% 387 USA 9 19.328
2 International Journal of Molecular Sciences 9 3.41% 82 USA 5 6.208
3 Nucleic Acids Research 8 3.03% 115 England 5 19.16
4 Frontiers in Cell And Developmental Biology 8 3.03% 81 Switzerland 5 6.081
5 Nature Communications 7 2.65% 101 England 5 17.694
6 Frontiers in Oncology 7 2.65% 17 Switzerland 3 5.738
7 Frontiers in Genetics 6 2.27% 58 Switzerland 4 4.772
8 Cancers 6 2.27% 7 Switzerland 1 6.575
9 Cell 5 1.89% 397 USA 5 66.85
10 Journal of Cell Science 5 1.89% 270 England 4 5.235

To investigate the future directions of phase separation-related
cancer research, an overlay visualization map was constructed
according to the mean publication year (Figure 6B). Purple nodes
indicated keywords appearing comparatively earlier, while yellow
nodes told those appearing most recently. It was found that earlier
research in this field mainly focused on the topics in Cluster 5;
however, items in Cluster 4 gradually received more attention with
time. Specifically, the keywords of “tumor microenvironment”,
“immunotherapy”, “prognosis”, “p53” and “cell death”, with
relatively later mean publication years and lower mean frequency
of occurrence, were probably the next hotspots in the future.

In addition to keyword overlay visualization, burst keywords,
which represent frequently cited words in related research filed over
a period of time, could also be used to uncover new research
frontiers. After performing a burst keywords analysis via Citespace
(Figure 7), it was found that “nuclear body”, the most extended
burst keyword with a duration of 3 years from 2017 to 2019,
happened to be the strongest burst with a strength of 2.27, which
indicated that elucidating the function and mechanisms of the
nuclear body during cancer development was the research
hotspot at the initial stage of this research field. Apart from that,

keywords including “intrinsically disordered region”, “immune
response”, and “signal transduction” should draw more attention
as they are the most recent bursts, suggestive of the following
hot topics.

4 Discussion
4.1 Research trends

The concept of phase separation was first introduced into
biology in 2009, which was gradually introduced and helped
explain many intracellular biological puzzles in cancer research
(6, 13, 32, 33). The first study elucidating the biological function of
phase separation in cancer was observed in 2016, followed by a slow
yearly rise. The publication curve showed that 2018 was the critical
point, and since then, the number of related studies exploded. This
was most likely because, in 2018, Science magazine named phase
separation as one of the top 10 scientific accomplishments of the
year, which made it more widely known among cancer researchers
(34). As more studies about phase separation and cancer were

TABLE 5 Top 10 authors ranked by the number of papers related to phase separation and cancer.

Institution

Times of citations H-index

Number of papers

Fox AH University of Western Australia 4 116 3
De Oliveira GAP Universidade Federal do Rio de Janeiro 4 70 3
Tompa P Flanders Institute for Biotechnology (VIB) 4 32 2
Altmeyer M University of Zurich 3 246 3
Young RA Massachusetts Institute of Technology (MIT) 3 244 3
Mittag T St Jude Children’s Research Hospital 3 228 3
Salvatella X Barcelona Institute of Science & Technology 3 212 2
Banerjee PR State University of New York (SUNY) System 3 170 2
Wang GG University of North Carolina 3 173 3
Dundr M Rosalind Franklin University Medical & Science 3 124 3
Frontiers in Oncology 07 frontiersin.org
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FIGURE 5

Author analysis in the field of phase separation-related cancer studies. Co-authorship network analysis was conducted with VOSviewer. Different
colors mean different clusters. The lines indicate cooperation between the authors.

published, the number of citations for those articles increased
dramatically, especially in 2022, demonstrating the research’s
widespread influence. The average number of citations per article
was 24.90, which implied that the publications in this field were
generally of a high standard.

4.2 Countries and organizations

Regarding a country’s productivity in cancer research, the USA
and China are always in the front rank (35-40). Expectedly, in
phase separation-related cancer research, the USA and China were
the most productive countries among the involved 32 countries,
contributing to 75.76% of all publications. However, the AC of
papers from China (12.81 times) were the lowest among the top 10
productive countries; this was probably due to the time lag, as the
first research from China related to phase separation and cancer was
in 2019 (41). Furthermore, the USA and China contributed to five
and three institutions among the top 10 active organizations,
respectively; Four of these five American institutions ranked in
the top five, while those three organizations from China all placed in
the bottom five according to the AC. The Howard Hughes Medical
Institute from the USA got the most AC, whereas the University of
California System from the USA achieved the highest H-index.
These results informed us that researchers from the USA possessed
both outstanding productivity and excellent influential power in
phase separation-associated cancer research.
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4.3 Journals and authors

Through analysis of the journal distribution, we found that the
top 10 productive journals on phase separation in cancer were
mainly from three countries, including the USA, England, and
Switzerland. The Journal of Molecular Cell (IF=19.328) from the
USA, with the highest H-index of 9, published most papers (n=10,
3.79%) in this field. Cell (IF=66.85), another journal from the USA
ranked first by total times of citations, only with five articles,
possibly because of its high global impact. Frontiers in Cell And
Developmental Biology (IF=6.081) and Molecular Cell (IF=19.328)
published the most papers in the last two years; Nucleic Acids
Research (IF=19.16) and Cancers (IF=6.575) were the emerging
journals that accepted most of the related documents recently.
Researchers could select journals based on our results when
submitting future manuscripts associated with phase separation
in cancer.

After analysis of the top 10 authors related to phase separation
in cancer, it was found that cooperation appears suboptimal
between the research groups. Therefore, more collaboration
between different groups should be encouraged, which would
benefit the future development of this research field. Highly cited
papers are regarded as the most authentic and influential
achievement in a research field; after listing the top 10 papers
regarding phase separation in cancer, it was found that these ten
papers accounted for approximately one-third of all citations in this
area. Among them, a review entitled “Liquid-Liquid Phase
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Separation in Disease” was the most cited publication (24). This
review described the concept, mechanisms, and features of phase
separation and provided a new framework to understand and fight
some of the most severe human diseases like cancer.

4.4 Keywords and future hotspots

Five clusters were enriched after the keyword co-occurrence
analysis. Cluster 1 mainly focused on the role of biomolecular
condensates in nuclear homeostasis due to the inclusion of items
such as RNA metabolism, nuclear body, epigenetic regulation, p53,
SFPQ-NONO, and DNA damage or repair. p53, as a well-known
tumor suppressor, could form biomolecular condensates when it is
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mutated, post-translationally modified, or interacted with its binding
partners; the formation of p53 biocondensates could regulate its
transcriptional activity, which might change its anticancer properties
(42-45). As one cell death inducer, DNA damage can be repaired by
SFPQ and NONO, which could accumulate and form membraneless
condensates at the DNA damage site (46-48). Cluster 2 represented
the biological principle of anticancer drugs for targeting the phase
separation process. This cluster contained the keywords of
intrinsically disordered regions, transcription, post-translational
modification, transcription factor, therapeutics, drug discovery,
signal transduction, protein-protein interactions, and cancer
metastasis. Proteins possessing intrinsically disordered regions
composed of biased amino acids or repetitive sequences are easily
post-translationally modified before interacting with each other to
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TABLE 6 The clusters organized by keyword co-occurrence analysis.

Number

(@[T ES of items

Research hotspots

10.3389/fonc.2023.1170157

Keywords

The role of biomolecular condensates
Cluster 1 X R 11
in nuclear homeostasis

anticancer drug targeting phase
Cluster 2 4g setng p
separation process

biomolecular condensate, RNA metabolism, nuclear body, RNA granule, epigenetic regulation,
non-coding RNA, p53, SFPQ-NONO, DNA damage or repair, cell death, translation

intrinsically disordered regions, transcription, post-translational modification, transcription factor,
therapeutics, drug discovery, signal transduction, protein-protein interactions, cancer metastasis

The role of DNA and RNA elements
Cluster 3 . . . 7
in phase separation and diseases

chromatin, enhancer elements, neurodegenerative diseases, RNA binding protein, RNA, disease,

gene expression regulation

Phase separation in tumor

Cluster 4 microenvironment-related prognosis 6
and therapy
How cells cope with internal and
Cluster 5 5

external stress by phase separation

phase separation, cancer, immune response, tumor microenvironment, prognosis, immunotherapy

mutations, autophagy, stress, Keapl-Nrf2, p62, SPOP

form biomolecular condensates (49-51). These membraneless
condensates would either act as a signaling platform to activate
oncogenic pathways or assemble as transcriptional complexes to
promote oncogenic gene expression, both of which could result in
carcinogenesis (52-55). Therefore, the discovery of drugs to disrupt
multivalent protein-protein interactions would be an excellent choice
to disassemble aberrant biocondensates and block tumor signal
transduction for anticancer effects (56, 57). Cluster 3 was related to
the role of DNA and RNA elements in phase separation-related
diseases; it covered the keywords of chromatin, enhancer elements,
neurodegenerative diseases, RNA-binding protein, RNA, disease, and
gene expression regulation. DNA and RNA, with their binding
proteins, could promote the formation of condensates at specific
genetic foci, facilitating transcription, chromatin structure
maintenance, RNA processing, and other nuclear activities (58). It
was demonstrated that dysregulated nuclear condensation was
correlated with many human diseases, including cancer and
neurodegenerative diseases (59, 60). There were several
overlappings between Cluster 3 and Cluster 1; however, research in

Cluster 1 mainly focused on the biological function of phase
separation in nuclear, while Cluster 3 predominately investigated
the pathologic consequences of nuclear condensation disorder. The
potential of phase separation in tumor microenvironment-related
prognosis and therapy was strengthened in Cluster 4. Tumor
microenvironments comprise cancer-associated fibroblasts, immune
cells, stromal cells, and noncellular matrix. As the main component of
tumor microenvironments, immune-associated cells surveil cancer
development by responding to the antigens produced by cancer cells
(61, 62). Phase separation has been reported to play a significant role
in the immune-relevant signaling assembly during the immune
response (63). Therefore, phase separation-regulated immune-
relevant signaling pathway is expected to be involved in cancer
progression. Specifically, IFN-y could promote YAP phase
separation and cause cancer resistance to anti-PD-1 therapy (64).
In addition, the risk models based on the expression of phase
separation-related genes were proven to be strongly correlated with
tumor immune infiltration and clinicopathological features, which
could be applied to predict cancer patients’ prognosis and

Top 10 Keywords with the Strongest Citation Bursts

Keywords
nuclear body 2017
p62 2018
keap1/nrf2 2018
chromatin 2017
neurodegenerative disease 2019
eif2 alpha 2020
translation 2020
intrinsically disordered region 2019
immune response 2021
signal transduction 2018

FIGURE 7
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Keyword burst analysis. The graph was conducted with Citespace. Red squares indicate the burst duration.
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immunotherapy sensitivity (65-67). The fifth cluster tried to elucidate
how cells adopted and addressed internal and external stimuli
through phase separation. It was reported that protein mutations
or post-translational modifications could affect the secondary or
tertiary protein structures, thereby controlling their phase
separation behaviors. When internal and external signalings are
transduced in protein modifications, cellular activities can be tuned
by the dynamics of phase separation formation. For example, during
oxidative stress, the oxidization of cysteine 105 and 113 sites on p62
would trigger p62 condensates and subsequently autophagy
activation (68); The high level of autophagy would trigger Keapl
autophagic degradation and Nrf2 nuclear translocation, which
promotes antioxidant gene transcription to maintain a normal
intracellular redox state (69). Undoubtedly, Abnormal autophagy
regulation is regarded as another causative factor for cancer (70, 71).

For the perspectives of phase separation in cancer research, the
keywords “tumor microenvironment”, “immunotherapy”,

» o«

“prognosis”, “p53”, “cell death”, “intrinsically disordered region”,
“immune response”, and “signal transduction” are likely to gain
more attention in the future as our keyword co-occurrence and
burst analysis showed that they were recent research hotspots. The
relationship between aberrant phase separation and cancer has been
well documented; discovering more phase separation-related
oncogenes and related transduction molecules facilitates precise
cancer prognosis and helps design new pharmaceuticals to kill
cancer cells. In addition to intrinsic self-causing mechanisms,
abnormal biocondensations are also determined by crosstalks
between the tumor microenvironments and cancer cells; however,
how intrinsically disordered region-possessing proteins such as p53
initiate phase separation to drive oncogenesis under various
extracellular stimuli conditions remains ambiguous; as the main
component of tumor microenvironments, immune cells such as T
cells and NK cells often loss their anticancer effects during cancer
progression, therefore, recovering their immune surveillance
capacity would benefit anticancer therapies. Phase separation is
required to activate key immune signalings such as T cell receptor
(TCR) and NF-xB pathways in immune cells. Therefore, it is
interesting to investigate whether targeting phase separation could
be used in T cell or NK cell engineering that leads to the
establishment of new immunotherapy approaches (72, 73).
Collectively, future phase separation-related cancer research
should not only focus on cancer cells, but also expand to tumor
microenvironments, including cancer-associated fibroblasts,
immune cells, stromal cells, and noncellular matrix; Exploring the
interactive influence between phase separation and tumor
microenvironments (like immune cells), and defining the impacts
of these interrelations on cancer behavior might shed light on a
more precise and efficient approach to cancer prognosis
and therapeutics.

4.5 Limitations

The bibliometric analysis allows for a more comprehensive and
intuitive picture of the current state of research. In contrast to
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traditional reviews, our study would provide objective insights into
the future landscapes of phase separation-related cancer studies.
However, several limitations are not inevitable. First, although the
WoSCC database had a high article coverage, insufficient data
collection and variable results might appear due to the inability to
obtain all papers from multiple databases. Second, the bibliometric
data will evolve over time, which leads to inconsistent results and
requires prompt updating. Additionally, there are some restrictions
on the literature type when screening literature. For example, some
essential non-English studies, conference abstracts, and editorials
are excluded from our research. Finally, the bibliometric analysis is
unable to depict the whole picture of the current research status. For
instance, some high-quality articles were not given sufficient
attention due to time lags, which is the possibility of missed
research direction.

4.6 Conclusion

Our results showed that phase separation-related cancer
research remained in the hot streak period and exhibited a
promising outlook. The USA was the leading and most influential
country. Although inter-agency collaboration existed, cooperation
among research groups was rare, and no author dominated this field
at the current stage. Investigating the interfaced effects between
phase separation and tumor microenvironments on carcinoma
behaviors, and constructing relevant prognoses and therapeutics
such as immune infiltration-based prognosis and immunotherapy
might be the next research trend in the study of phase separation
and cancer.
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