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Background: Wnt signaling pathway plays a vital role in the regulation of development. An increasing 
number of articles about Wnt pathway components have been published. By analyzing these studies’ 
characteristics and qualities, we aim to reveal the current research focus and emerging trends in Wnt 
signaling.
Methods: The databases of Web of Science Core Collection, BIOSIS Citation Index, MEDLINE, etc. 
were utilized to identify articles on May 23rd, 2020. Wnt signaling pathway-related articles were identified, 
the 100 most cited articles and articles in the last decade were selected and calculated for citations without 
self-citation. The subsequent analysis included citation density (citations/article age), time-related flux, 
authorship, institution, journal, geographic distribution, and theme.
Results: These articles were published mainly from 2000 to 2009 (62%). Citations per article ranged from 
599 to 3,780 with a median number of 880 times. Most studies (66%) came from the United States. Nusse 
Roel and Clevers Hans (15 and 13 papers) have contributed significantly to the field. The most highlighted 
study themes were cancer (15%), embryo development (14%), and cytoplasm signal transduction (11%). 
From 2011 to 2020, interest in emerging subtopics, including osteogenesis, immune, apoptosis, autophagy, 
microRNA, and cancer stem cell, are rising. 
Conclusions: Cancer, embryo development, stem cell, and signal transduction process still play a major 
role in the field. With multiple emerging subtopics and investigation on an integrated view of the Wnt signal 
network, the association of Wnt with diseases was further revealed.
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Introduction

Nearly four decades after the discovery of the Wnt-
1 gene (1), which encodes the first member of the Wnt 
family, interest and insight in Wnt signaling pathways are 
still rapidly increasing. This family of secreted glycol-
lipoproteins, along with various agonist and antagonist, 
weaves an intricate signal network and plays an important 
role in development, physiological processes, and disease 
(2,3). So far, three Wnt signaling pathways are the focus of 
investigation, the canonical β-catenin pathway, planar cell 
polarity (PCP) pathway, and the Wnt/Ca2+ pathway (4).  
The Wnt/β-catenin pathway has been well described 
in receptor signaling, cytoplasmic signal transduction, 
and nuclear transcription (5). Wnt genes are found in 
all animal genomes and are indispensable for embryo 
development (6). Besides, bone mass regulation (7), stem 
cell differentiation (8), degenerative disease (9), and 
carcinogenesis (10) are all closely correlated with Wnt 
signaling. With the link between disease and Wnt further 
revealed, therapeutic targets are also emerging (11). 
However, further research and analysis are required to 
understand the signal regulation process and therapeutic 
utilities fully. Hans Clevers and Roel Nusse (2012) have 
pointed out ten questions in the Wnt field (12), some of 
which are still worth investigating today.

Bibliometric analysis is a unique and efficient tool for 
analyzing the influence, characteristics, and trends of 
published articles on specific topics. It was used in many 
fields, including orthopedics (13,14), thoracic surgery (15), 
radiography (16), and cancer (17). During the analyzing 
process, basic characteristics of identified manuscripts 
were first extracted. Then the quality and distribution 
of manuscripts were evaluated using statistical methods 
and analyzing tools. Citation analysis was one of its key 
methodologies. Citation number received by manuscripts 
is viewed as a marker for its importance and is reflected in 
the impact factor of journals. Generally, high-cited articles 
provided the basis for their field, and growing citation 
counts often mean emerging focuses (18,19). Recently, a 
bibliometric analysis of signaling pathways is becoming 
increasingly popular (20,21). While most bibliometric 
analyses look at the top 100 most cited articles in a research 
area, another method analyzes all the articles within 
the search range to obtain information. For example, 
the advancements and trends in Wnt signaling in liver 
diseases were quantitatively summarized by this mean (20). 
However, few bibliometric studies analyzed both the top-

cited and most recent studies. And a comprehensive analysis 
of the overall Wnt field remains to be completed.

In this study, we combine the bibliometric analysis of 
the top 100 most cited articles and all articles within the 
last ten years in the Wnt field. While analyzing the history 
and critical advances in the development of Wnt, we aim 
to elucidate the growing trends and future direction of this 
vital cellular signaling pathway.

Methods

Search strategy and criteria 

Articles were identified by searching in the ISI Web of 
Science database (Thomson Reuters, New York, the 
United States). We selected WOS Core Collection, 
BIOSIS Citation Index, KCI-Korean Journal Database, 
MEDLINE, Russian Science Citation Index, and SciELO 
Citation Index in WOS to retrieve all articles related to 
Wnt. The search terms used were the following: “wnt” OR 
“wingless” OR “wingless-type” OR “int-1”. The search was 
conducted in May 23rd, 2020 and yielded a total of 61,469 
results; both original articles and review articles were 
included. After reviewing the title and abstract, the 275 top-
cited articles cited were included to reduce the number of 
articles necessitating subsequent screening, which resulted 
in 61,194 articles excluded from analysis. Two independent 
investigators read and analyzed the whole content of the 
275 included articles at the same time to enhance the 
screening sensitivity. Inclusion criteria: (I) basic study and 
animal study in molecular biology, cell biology, genetics, 
developmental biology, which consider Wnt as the research 
core; (II) the clinical studies of Wnt related disease; (III) 
reviews on particular Wnt related field or comprehensive 
Wnt signaling review. Exclusion criteria: (I) content not 
related to Wnt; (II) Wnt which is not the central focus of 
the topic. The disagreement between the two reviewers was 
discussed to reach an agreement. After the screening, 144 
articles failed to meet the inclusion criteria, and 131 articles 
were qualified for analysis. These articles were ranked in 
descending order of citations without self-citation, and the 
top 100 most cited articles were included. 

Meanwhile, we analyzed all articles within the last ten 
years in the Wnt field. For research’s consistency and an 
accurate prediction of emerging trends, we used the same 
Database portfolio and search terms as above. By limiting 
the publication date to the last decade (2011 to 2020), we 
retrieved 41,337 articles. Those articles were subsequently 
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Figure 1 Flowchart illustrating the process of allocation of articles. The detailed process of screening and enrollment.

61,469 articles identified by using the search terms: “wnt” OR “wingless” OR 
“wingless-type” OR “int-1” in the following databases: Web of Science Core 
Collection, BIOSIS Citation Index, KCI-Korean Journal, MEDLINE, Russian 

Science Citation Index, SciELO Citation Index

275 articles were included

Exclude based on rank of citations (>275)
N=61,194

Exclude by N.T. and J.Q.X. respectively 
based on: failure to meet inclusion criteria

N=144

Exclude based on publication year(≤2010)
N=20,132

41,337 articles were included

Re-ranked based on citations
without self-citaion

Combined for bibliometric
analysis

131 articles qualified for analysis

Top 100 articles were included

analyzed utilizing Vosviewer. Finally, the aforementioned 
two strategies were combined for further analysis  
(Figure 1).

Data extraction 

Two independent, well-trained investigators reviewed the 
top 100 articles. The following information was listed for all 
100 articles: the journal name, author, year of publication, 
geographic origin, research institution and department, 
keywords, abstract, research theme, the total number of 
citations. The geographic origin, research institution and 
department were determined based on the affiliation of the 
corresponding author. When there are multiple affiliations 
of corresponding author, the institution of first author was 
utilized. We carefully reviewed all articles and used two 
or three words to summarize and categorize each article’s 
themes adequately. Then we acquired self-citation numbers 
and citations in the last five years while WOS. Citations 
without self-citation were calculated by subtracting the self-
citation number from the total number of citations. Citation 
density was equal to "citations without self-citation/
article age". For the latter retrieved 41337 manuscripts, 
information on the titles, keywords, author, institution, 
country, abstract, and references was all stored.

Statistical analysis 

The Kolmogorov-Smirnov test was used to test the 
distribution of individual variables for normality. Normally 
distributed data are presented as mean ± standard 
deviation. Comparison between means was performed 
using one-way analysis of variance (ANOVA), and post-
hoc testing was undertaken when necessary. Time-
dependent trends were tested using the Mann-Kendall 
trend test. Correlation between variables was performed 
using the Spearman rank or Pearson tests. A P<0.05 was 
considered to be statistically significant. The analysis was 
performed using Graphpad Prism 8, R 4.0.2, and IBM 
SPSS Statistics 22.0. 

The bibliometric software Vosviewer_1.6.15 was utilized 
for this study. “Overlay visualization” was adopted to 
identify important keywords and give relative impact to 
each keyword based on its calculated value. The keywords 
could be considered as substitutions of scientific ideas 
and be used to construct a co-occurrence network. A 
restriction with a minimum number of occurrences of a 
keyword was set (scale factor =100). The keywords with the 
highest occurrences in the network have the larger circle, 
representing the scientific ideas over the years. Moreover, a 
blue-yellow gradient was utilized to show how the author’s 
keywords changed over time.
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Table 1 Top 10 articles with largest citation density

Rank Paper Publication year Citations Citations rank Citation density

1 Wnt/beta-Catenin Signaling and Disease 2012 2,893 4 361.63 

2 Wnt/beta-Catenin Signaling: Components, 
Mechanisms, and Diseases

2009 3,080 3 280.00 

3 Wnt/beta-catenin signaling in development and 
disease

2006 3,780 1 270.00 

4 Wnt/beta-Catenin Signaling, Disease, and Emerging 
Therapeutic Modalities

2017 759 68 253.00 

5 The Wnt signaling pathway in development and 
disease

2004 3,683 2 230.19 

6 Wnt signalling in stem cells and cancer 2005 2,648 6 176.53 

7 WNT signalling pathways as therapeutic targets in 
cancer

2013 1,135 29 162.14 

8 Melanoma-intrinsic beta-catenin signalling prevents 
anti-tumour immunity

2015 758 70 151.60 

9 Wnt signaling and cancer 2000 2,725 5 136.25 

10 WNT signaling in bone homeostasis and disease: 
from human mutations to treatments

2013 2,893 49 125.86 

Results

Top articles

The 100 most cited articles on Wnt research were listed 
in Table S1 based on citations without self-citation. For 
convenience, “citations” were used instead to refer to 
“citations without self-citation” in our later statements. 
Original articles comprised 70%, and review articles 
comprised 30% of the papers. The number of citations 
ranged from 599 to 3,780, with a median number of 880. Of 
the top 50 articles, 33 were still in the first half when ranked 
by citations in the last five years. 

The top 10 articles with the largest citation density were 
listed in Table 1. Nine of them were review articles. They 
were all published after 2000, with a mean citation number 
of 2,435 and a mean citation density of 214.72. Four reviews 
were published after 2010, and the only original article by 
Spranger et al. was published in 2015.

Time analysis

A majority of articles were published between 2000 to 2009 
(62%), articles published since 2010 only accounted for 
9% (Figure 2A). The Mann-Kendall trend test showed no 
trend between the citations and the time (P=0.3421) but an 

increasing trend between the citation density and the time 
(P=5.32E-14) (Figure 2B). The Spearman rank revealed 
a positive correlation between time and citation density 
(Spearman’s =0.639, P<0.01).

Country and institutional analysis

The country distribution of these articles is demonstrated 
on the diagram (Figure 2C). They were distributed in 9 
countries, led by the United States (n=66), followed by 
Germany (n=14) and the Netherlands (n=9). Almost all of 
the articles came from two regions: the United States and 
Western Europe. Only six articles scatted in other areas: 
Japan, Canada, and Brazil. 

Globally, a total of 48 institutions published articles 
independently or cooperatively.  Among them, 20 
institutions that published 2 or more articles were listed 
(Figure 2D). The top 3 institutions were HHMI (The 
Howard Hughes Medical Institute) (n=14), Harvard 
University (n=9), and Utrecht University (n=8). 

Journal and author analysis

The top 10 journals in which all articles were published are 
listed in Table 2. Moreover, Thirty-two journals in which 

https://cdn.amegroups.cn/static/public/ATM-21-174-supplementary.pdf
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all articles were published are listed in Table S2. Twenty 
articles were published in Nature, followed by Cell (n=18), 
Science (n=7), Development (n=7), and Dev Cell (n=6). Their 
impact factors ranged from 2.126 (Mech Dev) to 74.699 (N 
Engl J Med) with a median of 11.333. 

Authors with three or more articles and their basic 
information are listed in Table 3. Nusse Roel, from Stanford 
University, founder of Wnt signaling, had 15 authorships. 
The total citations of his selected articles were 22086. 
Clevers Hans, from Utrecht University, had 13 authorships, 
mainly in the study of transcription factor TCF/LEF 
family and gastrointestinal tumor. The total citations of his 
selected articles were 19,125.

Trends in research subtopics

The top 100 most cited articles focused principally on the 
following themes: cancer (n=28), embryo development 

(n=25), cytoplasm signal transduction (n=20), receptor 
and co-receptor (n=19), antagonist (n=17), stem cells 
(n=13), osteogenesis (n=12), nuclear function (n=12), signal 
integration (n=6), agonist (n=6), hair follicle morphogenesis 
(n=5) and OPPG (osteoporosis-pseudoglioma syndrome) 
(n=4) (Figure 3). Though a majority of them focused on 
the canonical Wnt/β-catenin pathway (n=87), there were 
articles specializing in PCP pathway (n=8) and Wnt/Ca2+ 
pathway (n=5). One-way ANOVA revealed no significant 
difference in citations per article among various themes 
(P=0.388). 

Since 91% of the top 100 articles were published prior 
to 2010, to demonstrate the research trends in the Wnt 
field more directly, we aditionally conducted a keywords 
co-occurrence analysis on articles over the last decade. 
Nodes and links made up the network figure. In the 
overlay visualization (Figure 4A), links between keyword 
nodes represented their co-occurrence. The size of a node 

Figure 2 Time and distribution analysis of 100 top-cited articles in Wnt. (A) A majority of articles were published in 2000–2009 (62%, 
n=62). (B) Time-dependent citation density trend. Mann-Kendall trend test showed an increasing trend between the citation density and 
the time (P=5.32E-14). (C) Geographical distribution of all articles. The figure showed that almost all of the articles came from two regions: 
United States and Western Europe. Only 6 articles scatted in other areas: Japan, Canada and Brazil. (D) Mean citation per article and article 
numbers based on institution. Howard Hughes Medical Institute was the institute with most articles, followed by Harvard University, 
Utrecht University and Stanford University.
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depends on its weight, which is set as the total strength of 
the links of a keyword node. Distance between two nodes 
in the visualization approximately indicates the relatedness 
of the keywords. In general, the closer the two nodes are 
located to each other, the stronger their relatedness is in the 
co-occurrence network. Furthermore, each node is colored 
based on the average publication year they occurrence with 
a blue to yellow gradient. 

In the cluster visualization (Figure 4B), the more items 
in the neighborhood of a node and the higher the weights 
of the neighboring items, the closer in color the point is to 
yellow; the fewer items in the neighborhood of a node and 
the lower the weights of the neighboring terms, the closer 
in color the point is to blue. 

Keywords were clustered into three main groups and 
four clusters, with Wnt and β-catenin at the convergence 
point. Group 1 (cluster 2) on the top included hedgehog/
notch signal. Group 2 (cluster 1 and 4) in the lower right 
mainly included multiple cancer types (colorectal cancer, 
hepatocellular carcinoma, pancreatic cancer, glioma, 
gastric cancer, cervical cancer, osteosarcoma, bladder 
cancer and nasopharyngeal carcinoma), tumor progression, 
development, stem cells, hair follicle and model organisms 
such as zebrafish, drosophila and xenopus. Group 3 
(cluster 3) in the lower-left mainly focused on two themes. 
One is the development and disease of bones, including 
osteogenesis, osteoporosis, osteoarthritis, osteoblast, and 
sclerostin. The other is aging, neural, and degenerative 
disease. Canonical Wnt/β-catenin pathway plays a central 
role in the field. Along with top keywords ranked by 
total link strength and average publication year listed in  

Tables S3,S4, we revealed emerging research subtopics 
including osteogenesis, apoptosis, autophagy, microRNA, 
and cancer stem cells. Also, tumor metastasis, proliferation, 
migration, and invasion seem to be essential research 
directions with many yellow nodes.

Discussion

To our knowledge, this is the first bibliometric analysis 
of the overall Wnt signaling field. Numerous significant 
findings can be drawn from this analysis. 

Bibliometric findings

The maximum number of citations reached 3,780, 
which was a review in 2006 by Clevers Hans (2). The 
comprehensive review summarized advances on canonical 
Wnt/β-catenin signal in detail, from the origin of Wnt, 
embryo development, exquisite signal component to the 
cause of hereditary diseases and cancer. With 1,224 citations 
in the last five years, it is still one of the most fundamental 
articles on Wnt. The attitude toward citing review articles 
over original research was evident here (16). Thirty of the 
top 100 articles were reviews, and they were continually 
cited nowadays for more comprehensive and authoritative 
information. 

The majority of the top-cited articles were published 
from 2000–2009, and only 9 articles published since 
2010 made the top 100. This could be explained by a 
common bias in bibliometric analysis, which is that the 
latest published articles have not had enough time to be 

Table 2 Top 10 journal in which the top-cited 100 articles were published

Journal Country IF (2019) Number of articles Total citations

Nature United Kingdom 42.778 20 21,922

Cell United States 38.637 18 22,697

Science United States 41.845 7 8,189

Development United Kingdom 5.611 7 4,959

Developmental Cell (Dev Cell) United States 10.092 6 7,676

Genes & Development (Genes Dev) United States 9.527 4 6,328

Nature Medicine (Nat Med) United States 36.130 3 3,268

Nature Genetics (Nat Genet) United States 27.603 3 2,217

The EMBO journal (EMBO J) United States 9.889 3 3,561

The Journal of Biological Chemistry (J Biol Chem) United States 4.238 3 2,533

https://cdn.amegroups.cn/static/public/ATM-21-174-supplementary.pdf
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Table 3 Author with three or more articles 

Author
Number 

of papers
Institutions Rank of paper Total citations

Nusse, Roel 15 Stanford Univ, Howard Hughes Med Inst, 
Dept Dev Biol, Sch Med, Stanford, USA

2, 4, 8, 9, 11, 13, 15, 33, 40, 52, 53, 68, 72, 
76, 79

22,086

Clevers, Hans 13 Univ Med Ctr Utrecht, Hubrecht Inst, 
Princess Maxima Ctr Pediat Oncol, Utrecht, 

Netherlands

1, 4, 6, 16, 17, 23, 28, 37, 43, 68,91, 99, 100 19,125

McMahon, 
Andrew P

8 Harvard Univ, Dept Mol & Cellular Biol, 
Cambridge, USA.

22, 37, 55, 66, 75, 83, 86,92 6,619

Moon, Randall 
T

7 Univ Washington, Inst Stem Cell & Regenerat 
Med, Seattle, USA

19, 29, 38, 48, 58, 74, 89 6,624

Birchmeier, 
Walter

5 Max Delbruck Ctr Mol Med, 
Berlin, Germany

7, 35, 44, 65, 91 5,784

van de 
Wetering, Marc

5 Univ Med Ctr Utrecht, Hubrecht Inst, 
Utrecht, Netherlands

16, 17, 43, 91, 100 5,031

Niehrs, C 4 German Canc Res Ctr, Dept Mol Embryol, 
Heidelberg, Germany

24, 63, 73, 97 3,355

Behrens, J 3 Univ Erlangen Nurnberg, Nikolaus Fiebiger 
Zentrum, Erlangen, Germany

7, 44, 91 3,958

Glinka, A 3 Deutsch Krebsforschungszentrum, 
Heidelberg, Germany

24, 63, 73 2,719

Wu, W 3 Deutsch Krebsforschungszentrum, 
Heidelberg, Germany

24, 63, 73 2,719

Kuhl, M 3 Univ Gottingen, Gottingen, Germany. 7, 44, 89 3,963

Reya, T 3 Duke Univ, Med Ctr, Dept Pharmacol & Canc 
Biol, Durham, USA

6, 13, 15 5,727

Semenov, M 3 Harvard Univ, Sch Med, Childrens Hosp, Div 
Neurosci, Boston, USA.

18, 45, 81 2,999

Taketo, Makoto 
M

3 Kyoto University, Grad Sch Med
KYOTO, JAPAN

37, 65, 90 2,463

Kemler, R 3 Max Planck Inst Immunbiol, Dept Mol 
Embryol, Freiburg, Germany.

10, 66, 80 3,438

cited. Therefore, the citation density of each article was 
calculated to help assess the importance of articles. Mann-
Kendall trend test showed an increasing trend between the 
citation density and the time with significant difference 
(P=5.32E-14), indicating the increasing attention been paid 
to Wnt signaling research. 

The articles’ regional distribution demonstrated that 
most of the articles originated from the United States 
and Western Europe. There are several reasons for this 
phenomenon: (I) Wnt research originated in the United 
States, since Roel Nusse discovered oncogene int-1 in 1982 

and Drosophila wingless gene in 1987 (1,22). His work in 
developmental biology, cancer, and stem cell research had 
promoted the deep development of Wnt signaling. Hence, 
they started to study it earlier and more thoroughly; (II) 
scientists such as Clevers Hans from the Netherlands has 
been studying the transcription factors TCF-1 and LEF-1  
since the 1990s (23). Two original articles in the top 10 
were from Germany in 1996 and 1997. Groups from them 
continued to investigate Wnt with cancer and embryo 
development. (III) Countries, including the United States, 
Netherlands, and Germany, have a developed economy for 
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Figure 3 Theme distribution of 100 top-cited articles in Wnt. Cancer (n=28), embryo development (n=25) and cytoplasm signal 
transduction (n=20) were the top 3 most common themes published. OPPG, osteoporosis-pseudoglioma syndrome; PCP, planar cell polarity.
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basic medical research; there is a weak correlation between 
the gross domestic product (GDP) per capita and their 
research achievements (24). The HHMI (Howard Hughes 
Medical Institute) was the institution with the most articles 
(n=14). It was an American non-profit Medical research 
Institute that collaborated with universities including 
Stanford University, University of Washington, and the 
Johns Hopkins University. 

Nature, Cell, Science, Development, and Dev cell covered 
58 articles in the top 100, which again emphasized the 
importance of Wnt in developmental biology, cancer 
therapy, and stem cell biology. The theme distribution of 
the most cited articles was examined Figure 3. A keyword 
co-occurrence analysis was then performed utilizing 
Vosiviewer to obtain the research trends in the last 
decade. Relevant landmark manuscripts are discussed in 
combination with Figure 4, which further indicated trends 
in multiple cancer and stem cell research.

Research focuses in Wnt

“Wnt/beta-Catenin Signaling and Disease” published 
in 2012 by Clevers Hans and Roel Nusse was the most 
cited article in the last five years (1,807 times), and is also 
the article with the largest citation density (361.63) (12). 
They provided an update of the Wnt/β-catenin signal 
transduction cascade and discussed the latest research 

on how the pathway contributed to diseases. Intestinal 
cancer, hepatocellular carcinoma, melanoma, sebaceous 
skin tumors, type II diabetes as well as bone disease 
were mentioned. Furthermore, the review summarized 
Wnt signal pathway target modulators and raised 
unsolved questions in the field. They further updated a 
comprehensive review in 2017 (11). Emerging topics, 
including the role of Wnt as growth factors, controlling of 
stem cell biology, organoids growing, and Wnt therapeutic 
actions in the clinic, were discussed. 

Colorectal cancer was the most studied cancer type 
(25,26) (Figure 4A). Aberrant cytoplasmic APC/Axin 
destruction complex and epigenetic loss of secreted frizzled-
related protein (SFRP) function were regarded as the main 
mechanisms. Mutated APC activated Wnt pathway and 
formed a constitutively active β-catenin/Tcf4 complex in the 
intestinal epithelial cell, resulting in tumors’ progression 
(27,28). MicroRNA also served as important links between 
function loss of APC and the absence of cancer suppressor 
genes in colorectal cancer (29).

 In embryo development and stem cell biology, 
modulation of Wnt signaling was essential for the 
proliferation and differentiation of human pluripotent 
stem cells (hPSCs), muscle stem cells, hematopoietic 
stem cells, and epidermal stem cells (8,30-32). Newly 
developed surrogate Wnt agonists which are similar to 
Wnt were found to elicit β-catenin signaling responses, 
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Figure 4 Network plot of keywords in Wnt research over the past decade. (A) Overlay visualization, (B) cluster visualization. Of the 35,098 
terms, 109 terms have occurred at least 100 times. For each of the terms, a relevance score was determined and used to select the 85% most 
relevant terms. The size of the circles in Figure represents the occurrences of terms.
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resulting in enhancement of the osteogenic lineage 
commitment of mesenchymal stem cells (MSCs). The 
agonists further support the growth of primary human 
organoid cultures, regulate metabolic liver zonation and 
promote hepatocyte proliferation (33). As for bone MSCs, 
Wnt activator upregulated their osteogenic differentiation 
and osteogenesis (34). The crucial role of Wnt signaling 
in bone metabolism and skeletal disorders have facilitated 
the clinical understanding of osteoporosis, osteoarthritis, 
rheumatoid arthritis, and neoplasia (35). Balance and 
interaction between Wnt and R-Spondin (RSpo) ligands 
can potentially control tissue regeneration (36). Stimulation 
with Wnt and Activin could also induce a unique organizer.

Moreover, human stem cell colonies treated with these 
proteins induced a secondary axis while inducing a neural 
fate when grafted into chick embryos (37). Adult stem cell 
markers Lgr4 and Lgr5 were associate with the Frizzled/
Lrp Wnt receptor complex and widely studied in intestinal 
epithelium homeostasis. A recent study proved the function 
of Lgr5 as a glioma stem cell marker on promoting 
epithelial-mesenchymal transition (EMT) via Wnt/
β-catenin pathway, which resulted in the poor prognosis of 
the gliomas (38). 

In efforts to better understand the process from Wnt 
lipid modification to nuclear target gene expression, 
quantities of cytoplasmic components, receptor, co-
receptor, antagonist, and agonist were more thoroughly 
acknowledged. Antagonist dickkopf 1 (DKK1) was found 
to inhibit osteoblast differentiation and cause lytic bone 
lesions in patients with multiple myeloma. It was verified by 
the only case-control study in the top 100, published in the 
N Engl J Med (39). 

Though most of the research was conducted in cells or 
model organisms, several clinical studies bring the Wnt 
signaling pathway into clinical therapeutic applications. 
An antibody Romosozumab targeting the SOST gene, a 
negative regulator of Wnt in bone tissue, has made progress 
in postmenopausal women with osteoporosis (40). Another 
clinical trial of the Porcupine inhibitor LGK974 for cancer 
therapy was also ongoing. (https://clinicaltrials.gov/ct2/
show/NCT01351103)

Emerging trends in Wnt

Besides the extensively studied themes in Figure 3, novel 
directions showed broad prospects. The only original 
article in Table 1 was about anti-tumor immunity with a 
citation density of 156.60 (41). Through experiments on 

melanoma, the authors revealed a correlation between 
Wnt/β-catenin signaling pathway and the absence of a T-cell 
gene expression signature. They further demonstrated that 
tumor-intrinsic active β-catenin signaling results in T-cell 
exclusion and resistance to anti-PD-L1/anti-CTLA-4 
monoclonal antibody therapy. 

Yellow nodes in Figure 4A show various themes in the 
last decade. Upregulated oncogenic lncRNA MALAT1 in 
tongue squamous cell carcinoma could inhibit cell apoptosis 
by activating Wnt/beta-catenin signaling pathway, which 
induced cell migration, invasion, and EMT (42). In chronic 
lymphocytic leukemia cells, Circular RNA circ-CBFB was 
also found to inhibit apoptosis by activating Wnt signaling. 
They both contributed to the progression of cancer (43). 
Therefore, novel agents targeting Wnt signaling were studied 
to inhibit cancer cell growth effectively (44,45). Similarly, 
when Wnt/b-catenin signaling pathway was suppressed in 
nerve cells, the antiapoptotic and neuroprotective effects of 
Simvastatin were significantly reduced (46). 

Association between non-coding single-stranded RNA 
molecules microRNA and Wnt were widely investigated 
recently, especially their role in cancer cell proliferation, 
migration, and invasion. For instance, microRNA-27a 
was found to promote cancer progression (47), while 
microRNA-16, 100, 506 inhibited cell proliferation and 
metastasis (48-50). In liver fibrosis and osteoarthritis, 
microRNA could also influence disease progress through 
modulating the pathway (51,52).

Autophagy, a self-digestion process to promote cell 
survival in response to external stresses, has a complicated 
reciprocal relationship with the Wnt signaling. In neural 
ischemia and hypoxia, autophagy activation downregulated 
the downstream proteins of the Wnt/beta-catenin 
signaling (53). Recently, the beta-catenin deficiency was 
first reported to induce autophagy in multiple myeloma 
cells (54). Most studies verified induced autophagy and 
apoptosis via suppressing the pathway (54,55). In human 
non-small cell lung cancer, tumor suppressor candidate 
3 (TUSC3) was found to promote autophagy and Wnt 
signaling simultaneously (56).

 Wnt also functioned in cancer stem cells (CSCs). 
Self-renewal capability and accumulating mutations of 
tissue stem cells were thought to initiate tumor cellular 
transformation. This population of tumor cells continuously 
fuel tumor growth, self-renewal, and differentiation, 
which was termed CSCs (57). Mutations in CSC resulted 
in constitutively upregulated Wnt signaling, especially 
in intestinal stem cells. Multiple pieces of research have 

https://clinicaltrials.gov/ct2/show/NCT01351103
https://clinicaltrials.gov/ct2/show/NCT01351103
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demonstrated the link between CSC properties and 
aberrantly activated Wnt (58).

Though most articles focused on canonical Wnt/
β-catenin pathway, the function and mechanism of 
β-catenin-independent  Wnt pathways  have been 
investigated. Initially, an overlap between Vertebrate 
Noncanonical Wnt Signaling and the Drosophila PCP 
Pathway was found (59). In establishing planar cell polarity 
and the control of polarized cell migration, Wnt/PCP 
pathway initiated with a Wnt-Frizzled interaction, followed 
by downstream components include Dishevelled (Dvl), 
small Rho GTPases, and Jnk (4). From studies on Wnt5A 
and rat Frizzled-2, Wnt/Ca2+ pathway was also revealed 
gradually. Activation of the Wnt/Ca2+ pathway resulted 
in β-catenin independent activation of Ca2+-calmodulin-
dependent protein kinase II (CamKII) and protein kinase C 
(PKC) (60). Along with the pathway activated by receptor 
tyrosine kinase (RTK) Ror2 and Ryk, a more integrated 
view of Wnt signaling pathway was depicted. Ror2 can 
inhibit β-catenin/TCF signaling and activate Jnk, while 
Wnt/Ca2+ was thought to be overlapped with Wnt/PCP (4).  
Furthermore, considering emerging research subtopics 
on Wnt with cell signaling such as NF-Kb, mTOR, and 
Hedgehog/Notch (61-63), it would be more innovative in 
the study of signal networks rather than a linear pathway.

Limitations

This analysis yielded some valuable information, but there 
were some limitations: (I) Given the breadth of the Wnt 
field, some small sub-topics have not been addressed and 
reflected; (II) newly published articles have not had enough 
time to be cited; (III) our analysis focused on English-
language manuscripts, data from non-English-language 
sources was omitted. (IV) Except for the quality of articles, 
citation numbers can be influenced by factors including 
obliteration by incorporation (64), a tendency not to cite 
competitors or contradictory results, an attitude toward 
citing high-IF core journals and citing review articles 
over original research, in addition to national or language 
preferences (16). Of note, the use of “citations without self-
citation” reduced the error caused by self-citation. Co-
occurrence analysis of articles in the last decade overcame 
bias towards historical articles.

Conclusions

This article highlights the top 100 cited articles and 

analyzes the latest articles in the last decade in the Wnt 
field, including their date and area distribution, authorship, 
journals, research themes, and keywords. Our work provides 
a comprehensive list of the landmark publications in Wnt 
signaling and recognizes contributions made by authors and 
institutions. Furthermore, we summarized the emerging 
trends in Wnt signaling. Cancer, embryo development, 
stem cell, and signal transduction processes are still central 
topics in the field. Meanwhile, research on osteogenesis, 
immune, apoptosis, autophagy, microRNA, and cancer stem 
cell are on the rise. Given the increasing burden of tumors, 
metabolic diseases, and degenerative disease, focus on Wnt 
will continue to grow. Investigation on an integrated view of 
the Wnt signal network will eventually lead to more clinical 
therapeutic modalities.
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