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Abstract 

Cripto is a small glycosylphosphatidylinisitol (GPI)-anchored and secreted 
oncofetal protein that plays important roles in regulating normal physiological 
processes, including stem cell differentiation, embryonal development, and 
tissue growth and remodeling, as well as pathological processes such as tumor 
initiation and progression. Cripto functions as a co-receptor for TGF-β ligands 
such as Nodal, GDF1, and GDF3. Soluble and secreted forms of Cripto also 
exhibit growth factor-like activity and activate SRC/MAPK/PI3K/AKT pathways. 
Glucose-Regulated Protein 78 kDa (GRP78) binds Cripto at the cell surface and 
has been shown to be required for Cripto signaling via both TGF-β and 
SRC/MAPK/PI3K/AKT pathways. To provide a comprehensive overview of the 
scientific literature related to Cripto, we performed, for the first time, a 
bibliometric analysis of the biological roles of Cripto as reported in the 
scientific literature covering the last 10 years. We present different fields of 
knowledge in comprehensive areas of research on Cripto, ranging from basic 
to translational research, using a keyword-driven approach. Our ultimate aim 
is to aid the scientific community in conducting targeted research by 
identifying areas where research has been conducted so far and, perhaps more 
importantly, where critical knowledge is still missing.  
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1. Introduction

Cripto (TDGF1, CRIPTO-1) is a small glycosylphosphatidylinisitol (GPI)-
anchored and secreted oncofetal protein that plays important roles in 
regulating stem cell differentiation, embryogenesis, and tissue growth and 
remodeling [1]. When aberrantly expressed, Cripto can drive tumor initiation 
and progression in multiple tumor types, including prostate cancer [2], breast 
cancer [3], colon cancer [4], hepatocellular carcinoma [5], glioblastoma [6], and 
lung cancer [7]. Cripto modulates the signaling activity of multiple TGF-β 
superfamily ligands, including activins and TGF-β1 [8–12], and is an essential 
coreceptor for others, including Nodal, GDF1, and GDF3 [13–15]. When 
released from cells in a soluble form, Cripto can act in a growth factor-like 
manner to activate SRC/MAPK/PI3K/AKT pathways. Although the receptor 
mechanism involved in this growth factor-like signaling has not been clearly 
established, it has been shown to occur in a TGF-β-independent manner [12]. 
Notably, Cripto binds to cell surface GRP78 and this interaction is critical for 
Cripto signaling via both TGF-β and SRC/MAPK/PI3K/AKT pathways [16]. 
Cripto has also been shown to regulate additional signaling pathways involved 
in cell differentiation and development, such as Wnt and Notch [17]. Therefore, 
Cripto interacts with multiple signaling pathways that play key roles in 
regulating normal tissue homeostasis and tumorigenesis. However, its 
molecular mechanisms and signaling partners remain only partially elucidated. 
The use of bibliometric methods is a novel approach to identifying and 
summarizing literature on a selected topic in a systematic manner and to 
identifying patterns in a research area. Bibliometrics have been applied to 
several different research fields [18–20]. In the last ten years, multiple 
bibliometric software tools have been developed, including CitNetExplorer 
[21], CiteSpace [22], HistCite [18], VOSviewer [23], and Bibliometrix [24].  

2. Results
2.1. Bibliometric Analysis 
The systematic approach we undertook helped to curate the Cripto research 
fields into logical categories. We performed a temporal screening and showed 
that Cripto has received increased attention and interest by researchers over 
the last two decades. For the last 10 years, a total of 271 documents fit the 
search criteria across eight document types (DT). The eight document types 
were articles (n = 212), editorial material (n = 1), letters (n = 3), meeting 
abstracts (n = 40), reviews (n = 14), and a review-book chapter (n = 1), and the 
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most three relevant sources were Cancer Research (n = 13), PLoS ONE (n = 9), 
and Development (n = 8). A further breakdown of the research was based on 
the following ten WoS categories: oncology (n = 163), cell biology (n = 156), 
biochemistry molecular biology (n = 110), developmental biology (n = 74), 
genetics heredity (n = 44), reproductive biology (n = 30), hematology (n = 29), 
cell tissue engineering (n = 25), medicine research experimental (n = 25), and 
multidisciplinary sciences (n = 25) (Figure 1A). The research content of each 
category was further organized into more comprehensive branches of 
disciplines, in order to combine the research work and form more structured 
categories.  
Cripto was described for the first time in the scientific literature in 1989, as a 
gene of the ’EGF family’ expressed in undifferentiated human NTERA2 
teratocarcinoma cells [25] and then further described in 1991 for its role in 
transforming a normal mouse mammary epithelial-cell line in vitro [26]. After 
this first characterization, the annual volume of literature increased with a 
percentage growth rate of 3.92 until 2020 (Figure 1B).  
The bibliometric analysis on Cripto literature, from 2010 and 2020, highlighted 
271 documents. Our results show that the keyword co-occurrence network 
includes three major clusters (represented by different colors) interconnected 
to each other. The keywords “cripto”, “cripto-1”, and “cancer” are in the same 
cluster, meaning they are more likely to reflect identical topics (Figure 2). We 
were able to identify an “embryogenesis” cluster (shown in blue), where 
keywords such as “embryonic stem cells”, “differentiation”, and “mouse” are 
highly represented, highlighting the presence of a research branch mainly 
focused on embryogenesis and animal models. The red cluster, dominated by 
keywords such as “expression”, “Tgf-β”, and “Cripto”, identifies a branch mainly 

Figure 1. (A) Web of Science (WoS) categories. Visual representation of classification methods for 
scientific literature on Cripto research. Ten fields of knowledge were retrieved from the WoS 
repository: Oncology (n = 163), biochemistry and molecular biology (n = 110), genetics heredity (n 
= 44), reproductive biology (n = 30), cell biology (n = 156), developmental biology (n = 74), 
hematology (n = 29), medicine research experimental (n = 25), cell tissue engineering (n = 25), and 
multidisciplinary sciences (n = 25); (B) annual scientific production on Cripto research. Growth of the 
annual number of documents in the Cripto research field from 1900 to 9th April 2020. 
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focused on functional biology and development. Finally, the green cluster, 
which includes keywords such as “epithelial to mesenchymal transition”, 
“progression”, “overexpression”, “stem cells”, and “breast cancer”, indicates a 
branch of the field focused on the involvement of Cripto in cancer progression. 
Importantly, the localization of the nodes of each cluster and the proximity of 
the nodes of one cluster with nodes of an adjacent one reflects the connection 
between areas of research. For example, despite belonging to different 
clusters, the keywords “cancer” and “mesenchymal transition” are close to 
each other and highlight the well-known relevance of Cripto in epithelial to 
mesenchymal transition (EMT in cancer and cancer progression. Similarly, the 
keywords “Tgf-β” and “growth” are also close to each other, indicating that 
research conducted on Cripto and Tgf-β in this field is probably linked to a 
positive role of these two pathways in development and oncology. 
Furthermore, the dimension and localization of the keyword “expression” as a 
central node draws attention to the importance of Cripto expression in all 
clusters. This highlights the key features of this protein, which is mainly 
expressed during development and then mostly absent in adult, well-
differentiated tissues, but re-expressed during carcinogenesis and 
inflammation [1].  
Interestingly, its overexpression in a number of different types of human 
carcinomas makes it an attractive therapeutic target. As depicted in the 
keyword co-occurrence network, words such as “overexpression”, “breast 
cancer” (both top right, and “binding” (top left are on opposite sites, 
suggesting that further development of the potential role of Cripto as a target 
for cancer therapy will probably occur in the future, as the fields are not yet 
merged together. In contrast to the localization of the keyword “expression”, 
the keyword “progression” is located on the top right, without an evident 
connection to the embryogenesis and development clusters, reinforcing the 
notion that an overexpression or a re-expression of Cripto has been associated 
with cancer progression. In conclusion, although Cripto has been defined as a 
crucial protein in embryogenesis and oncogenesis, further studies regarding 
its low-level expression in adult tissues, as well as its involvement in stem cell 
niches and stem cell maintenance, are needed. The keyword frequency has 
also been schematically represented by keyword wordcloud analysis, and 
“expression”, “stem cells”, and “differentiation have been shown to be the most 
frequent keywords used in Cripto research publications (Figure S1).  
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2.2. Cripto in Developmental Biology 
Multiple cell lineages (the epiblast, the primitive endoderm, and the 
trophectoderm) and future body axes (e.g., anterior-posterior (AP)) are 
formed during mouse embryogenesis [27–30]. Nodal, a ligand of the 
transforming growth factor-beta (TGF-β) family, requires the activity of 
epidermal growth factor-Cripto-FRL1-Cryptic (EGF-CFC) co-receptors; Cripto 
is required for early Nodal functions, prior to and including gastrulation, 
whereas Cryptic is required for later Nodal requirements in left–right 
specification [13,31–33]. Cripto characterization as an early epiblast marker 
and a key extracellular determinant of the naïve and primed pluripotent 
states was also confirmed in a study focused on the extrinsic regulation of 
developmental plasticity [34]. Similar findings have also shown Cripto to be 
expressed from the early blastocyst, embryonic day 5/6 (E5/6), until E11/12 
in porcine models [35] and cattle embryos [36].
By modulating Nodal and its downstream signaling mediator Smad2, Cripto 
can maintain mouse epiblast stem cell (EpiSC) and human embryonic stem cell 
(hESC) pluripotency [37]. However, a Nodal-independent role of Cripto in the 

Figure 2. Keyword co-occurrence network. Graphic visualization of co-occurrence interactions 
between keywords present within documents published between 2010 and 2020 in the Cripto 
research field. Each keyword is represented as a node and the co-occurring frequency of the 
keywords appeared determines the circle size. Each co-occurrence of a pair of words is represented 
as a link, which has a different thickness, depending on the number of times that a pair of words co-
occurs in multiple articles. Three main clusters are identified: an embryogenesis cluster (blue), 
functional biology and development cluster (red), and cancer progression cluster (green). 
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extraembryonic endoderm has also been demonstrated [38]. Furthermore, it 
is likely that primitive endoderm cells can receive Nodal signaling given Cryptic 
expression in PrE19, and due to the fact that Cripto and Cryptic can act non-
cell-autonomously [39]. Cryptic double mutants display severe defects in the 
epiblast, extraembryonic ectoderm, and anterior visceral endoderm (AVE), 
resulting in phenotypes that are highly similar to those of Nodal null mutants 
[40]. The AP axis is established when the AVE is formed from the distal visceral 
endoderm (DVE) on the future anterior side of the embryo by embryonic day 
E6.5. Cripto is required in the epiblast for the migration of the AVE [41]. 
Although initially expressed in the entire epiblast, Nodal and Cripto expression 
is restricted to the posterior epiblast during AVE formation, together with 
posterior genes (e.g., Wnt3 and Brachyury), generating definitive 
mesoendoderm and forming a primitive streak [42–47]. The loss of Cripto in 
mice dramatically reduces, but does not completely abolish, Nodal activity, 
leading to the absence of a morphological primitive streak [48]. Cripto-null 
mouse embryos also exhibit striking defects in mesoderm formation and AP 
patterning, resulting in early embryonic lethality and the concomitant absence 
of cardiac marker gene expression [7,46]. Interestingly, mutations in Cripto are 
associated with isolated congenital heart defects, including conotruncal 
alignment defects and membranous ventricular septal defects [49], suggesting 
a role for Cripto signaling in cardiac development. This role was also identified 
by a study in which the ectopic expression of Cripto in transgenic mouse 
embryos caused hemorrhages, fatal cardiac defects, and embryonic lethality 
[50]. In line with this, Nodal/Cripto signaling was described to be involved in 
the cardiac development of chick embryos [51]. The expression of ectopic 
isthmin1 (ISM1), a fibroblast group factor that inhibits Nodal signaling, has 
been shown to cause left-right asymmetry and an abnormal heart position 
[51]. Defects in the formation of the AP axis, which are a common feature of 
Cripto knockout embryos, were also measured in a homozygous post-
glycosylphosphatidylinositol attachment to proteins 6 (PGAP6) knockout 
mouse model. In fact, it has been shown that Cripto is a highly sensitive 
substrate of PGAP6, which plays a critical role in modulating Nodal signaling 
through the regulation of Cripto shedding [52]. A secretome analysis of mouse 
embryonic stem cells (mESCs) during cardiac and neural differentiation 
confirmed that Cripto is linked to cardiac differentiation and that its absence 
promotes neurogenesis [53]. Moreover, Lefty-1 and Cerberus (Cer-1), two 
Nodal interactors, have been identified as key secreted elements that 
discriminate between cardiac and neural differentiation. Lefty, an antagonist 
of Nodal signaling, was detected in both secretomes in undifferentiated cells 
and downregulated during differentiation. Cer-1, on the other hand, was 
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absent in an undifferentiated state and was only strongly upregulated during 
cardiac differentiation [53].  
Signals that require an EGF-CFC-family co-receptor (Nodal-like signaling) have 
been found to play an essential role during several stages of vertebrate 
mesoderm formation and patterning [42,54–59]. An intermediate mesoderm 
(IM) that gives rise to all kidney tissue is regulated by Nodal-like Cripto-
dependent signaling [60].  
Cripto expression has been linked to chromosomal instability in a study 
showing that pristine hESC expressing Cripto are more prone to have, in vitro, 
a supernumerary number of centrosomes and may thus be prone to develop 
abnormal multipolar mitoses [61]. The inhibition of Cripto signaling by 
chemical disruption or an anti-Cripto blocking antibody resulted in a decrease 
in the number of supernumerary centrosomes in hESC. Taken together, Cripto 
was considered to be a candidate factor affecting the genomic stability of 
hESC [61].  

2.3. Cripto in Reproductive Biology  
Studies of cattle have indicated that Cripto is a determining factor of 
reproduction. In particular, Cripto is expressed by bovine oviduct epithelial 
cells, as well as by the embryo [62]. Different bovine preimplantation stages in 
vitro (IVF) and in vivo-derived embryos were compared to study the temporal 
gene expression dynamics as the embryo develops from a spherical blastocyst 
on E7 to an ovoid conceptus on E13. Cripto was among the top upregulated 
genes on E13, suggesting its role in the regulation of implantation conceptus 
elongation and embryo survival [63].  
In human endometrial remodeling during the menstrual cycle, Cripto and 
Nodal are highly expressed in epithelial and stromal endometrial cells during 
the proliferative phase, whereas Lefty is undetectable [64]. Cripto is not 
associated with endometrial pathologies such as adenomyosis 
(endometrioma-like disease) [65] and endometrioma, considering that protein 
Cripto levels and downstream activation of the SMAD3/4 pathway were 
indifferent in endometriosis cases compared to control endometrial tissues 
[66]. Interestingly, no association of Cripto with endometriosis or 
endometriosis-related endometrial cancer was shown; however, the 
deregulation of Cripto was found in endometrioid ovarian cancer [67]. 
Imbalanced levels of Cripto and Nodal in the placenta led to aberrant Activin 
signaling activation, resulting in an excessive proinflammatory effect 
associated with pathologic preterm delivery [68]. Cripto expression has also 
been investigated in an abnormally adherent placenta (creta placenta). A 



A Bibliometric Analysis of Cripto Biological Roles 
 

230 
 

correlation between the expression of Cripto and an immature state of the 
trophoblast that led to an increased invasion and adherence of the placenta 
to the uterus was observed [69]. In conclusion, the regulation of Cripto 
expression levels is essential for normal embryogenesis, while its deregulation 
may contribute to certain pathological conditions of the reproductive system.  
 
2.4. Cripto Signaling in Biochemistry and Molecular Biology  
The multitude of upstream and downstream Cripto interactors creates a 
complex and finely tuned signaling network. Cripto was initially identified as a 
modulator of the TGF-β pathway. Interestingly, Cripto can both activate and 
inhibit the TGF-β pathway, depending on which TGF-β superfamily ligand and 
signaling receptor are involved [14,31,70]. As a co-receptor for Nodal, GDF1, 
and GDF3, Cripto forms a complex with activin, activin type II (ActRII/IIb), and 
activin-like type I (ALK4/7) receptors, leading to phosphorylation of the 
intracellular signaling mediators Smad2 and Smad3. Once phosphorylated, 
Smad2 and Smad3 bind to Smad4 and translocate to the nucleus, where they 
regulate the transcription of specific target genes. In contrast, Cripto also 
inhibits Activin A, Activin B, and TGF-β1 signaling by forming complexes with 
these ligands and their respective signaling receptors. Interestingly, given that 
myostatin uses activin/TGF-β pathway signaling, studies on the Cripto 
inhibitory potential of myostatin signaling were performed, showing that 
myostatin’s response was inhibited by Cripto [71]. Moreover, there are reports 
that suggest that Cripto can also act through Src, MAPK, and PI3K pathways 
independent from TGF-β pathways and that it may also regulate additional 
signaling pathways, such as those of Wnt and Notch.  
In 2008, the glucose-regulated protein GRP78 was identified as a new Cripto 
signaling partner [16]. GRP78 is a master regulator of the endoplasmic 
reticulum (ER) stress response that can also translocate to the cell surface, 
where it mediates a variety of signaling responses. A molecular dynamic 
simulation of the Cripto/GRP78 protein complex showed that Cripto binding 
locks GRP78 on the membrane, thus possibly enabling the tumorigenic 
phenotype [72]. Cripto binding to cell surface GRP78 is required for its ability 
to interfere with TGF-β signaling, but perhaps more interestingly, there is also 
evidence suggesting that Cripto/GRP78 binding is essential for the Cripto-
dependent modulation of Src, MAPK, and PI3K pathways [11].  
At a transcriptional level, the Cripto promoter has been shown to contain 
Tcf/Lef, Smad, Oct4, SNAIL, and hypoxia responsive binding elements [37,73–
75]. The nuclear receptors liver receptor homolog 1 (LRH-1) and germ cell 
nuclear receptor (GCNF) have also been identified as transcriptional regulators 
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of Cripto expression. Specifically, LRH-1 positively regulates Cripto expression 
by binding a DR0 element within the Cripto promoter, while GCNF acts as a 
negative regulator in both embryonal carcinoma cells and breast cancer cells 
[76]. In glioblastoma cells, the transcription factor SOX3 induces Cripto 
expression and promotes proliferation, invasion and migration, possibly via 
the long non-coding RNA SOX2OT, which targets miR-194-5p and miR-122 
and results in Cripto expression [77]. In glioblastoma cells (U87 MG), a positive 
feedback loop was also reported, in which Cripto regulates its own expression 
through ALK4/SMAD2/3 signaling [78].  
Examples of direct and indirect micro-RNA-mediated post-transcriptional 
regulation of Cripto expression have also been reported. miR-15a-16, miR-
15b, and Cripto expression have been shown to be inversely correlated in non-
small lung cancer (NSCLC) [79] and glioma cells [80], whereas let-7 microRNA 
family members, such as LIN28B and TGFBR1, indirectly modulate Cripto 
expression by targeting known regulators of stem cell pluripotency 
maintenance [81].  
An unbiased screen for novel Cripto binding proteins using a non-transformed 
human mammary epithelial cell line (MCF10A) expressing a Flag-Cripto 
protein identified Myosin 9 (MYH9), a member of the Myosin II complex, as a 
Cripto interactor. The treatment of MCF10A Flag-Cripto cells with Myosin II 
inhibitor impaired Cripto localization to the cell membrane and its release in 
the culture media [82].  
Cripto has been highlighted as a regulator of skeletal muscle regeneration and 
satellite cell differentiation by antagonizing myostatin signaling [83]. 
Interestingly, it was also reported that myostatin signaling depends on Cripto 
and ALK4 in a cell-type-specific manner [84].  
Recently, a novel role for Cripto that links muscle regeneration and 
macrophage (MP) plasticity was found [85]. During muscle regeneration, the 
balance between pro-inflammatory and anti-inflammatory MPs is relevant. 
Cripto is mostly expressed in the anti-inflammatory MPs. Myeloid-specific 
Cripto knockout mice (CriptoMy-LOF) were used to investigate the 
physiological role of Cripto in the infiltrating MPs, without interfering with its 
activity in the myogenic compartment. Infiltrating MPs were able to access the 
muscle, but failed to properly expand as anti-inflammatory CD206+ MPs in 
both acute injured muscle and Duchenne muscular dystrophy models [85]. It 
is noteworthy that this reduction in the plasticity of MPs in CriptoMy-LOF mice 
also affects vascular remodeling by modulating endothelial to mesenchymal 
transition.  
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2.5. Cripto in Oncology  
Adult tissues display negligible Cripto expression levels, while elevated Cripto 
levels, in situ or in circulation, are found in many human tumors (e.g., breast, 
colon, prostate, cervix, gastric, and hepatocellular carcinoma) [76,86]. The 
reactivation of Cripto has been associated with tumorigenesis and although 
genomic aberrations in the Cripto gene itself have not specifically been 
reported in human cancers, aberrantly high levels of Cripto expression or 
experimental overexpression have oncogenic effects, such as the promotion 
of EMT, angiogenesis, and increased cell proliferation and migration in in vitro 
and in vivo experimental models [1]. Specifically, in glioblastoma, high Cripto 
transcript levels, as opposed to low Nodal and Lefty levels, were identified in 
human patient-derived xenograft models of aggressive glioblastoma, as well 
as in a human tissue microarray (TMA) of primary cases. A moderate to strong 
expression of Cripto was found in more than 50% of primary cases and linked 
to worse overall survival in the younger age groups compared to patients 
within the same age groups who demonstrated lower Cripto expression [87]. 
Another study showed that high Cripto expression in glioma coincided with a 
low expression of miR15b, which was also associated with a shorter survival 
rate. This negative association was due to the direct inhibition of Cripto mRNA 
by a miR-15b mimetic, when introduced in glioma cells. Interestingly, the 
overexpression of Cripto and the miR-15b mimetic circumvented the 
inhibitory role of miR-15b on Cripto and the subsequent cell proliferation, 
invasion, and downregulation of MMP-2 and MMP-9 [80]. This molecular 
mechanism of direct Cripto control was also previously identified in lung 
cancer [79]. Cripto expression was detected in 40–50% of human melanomas 
and melanoma cell lines. The cellular effects of Cripto overexpression included 
increased cell proliferation and invasion, which were mediated via both Srcand 
ALK4-dependent signaling pathways. Interference with Cripto mRNA levels 
directly by siRNA, or via the inhibition of c-Src with Saracatinib, or ALK4 kinase 
activity via a small molecule inhibitor, abrogated the tumor-promoting effects 
of Cripto [88]. A high Cripto level was found in 55% of oral squamous 
carcinoma (OSC) compared to the normal mucosa tissues and correlated with 
epithelial dysplasia and a poorly differentiated histological grade and 
proliferation fraction in human tissues. Exogenous Cripto accelerated 
tumorigenic properties, such as the proliferation and invasion of OSC cell lines 
[89].  
In hepatocellular carcinoma (HCC), it was shown that Cripto promotes 
stemness by stabilizing Dishevelled-3 and activating the Wnt/β-catenin 
signaling cascade. The knock down of Cripto also reduced the activity of 
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components of the Wnt/β-catenin pathway, such as β-catenin, AXIN2, and C-
MYC [90]. The invasion potential of HCC cells has been shown to be regulated 
by NANOG, which increased the expression of Nodal and Cripto to promote 
SMAD3 phosphorylation and SNAIL expression and EMT progression [91]. 
Furthermore, higher Cripto protein expression was detected in tumor tissues 
compared to their adjacent non-tumor tissues [5]. Cripto expression correlated 
with a higher histological grade and disease stage (classification of malignant 
tumors (TNM) and Barcelona Clinic Liver Cancer (BCLC) staging system) for 
both early and late recurrence [92].  
Cripto expression was also negatively correlated with overall survival [92]. 
Cripto expression and the serum liver marker α-fetoprotein showed significant 
predictive values when used in combination and may be used as clinical 
biomarkers for survival risk patient classification and time to recurrence after 
hepatectomy, for which diagnostic tools are currently lacking in the field of 
HCC [92].  
Cripto has also been strongly linked to human breast cancer [3,86]. In fact, one 
of the first studies to demonstrate the in vivo oncogenic transformation 
abilities of Cripto, exerted by induction of the EMT phenotype, involved 
transgenic models of mouse mammary gland carcinoma [93].  
Given the high metastasis relapse rate of breast cancer patients, eliciting an 
immune response against antigens found in cells with a high self-renewal 
capacity and metastatic potential is critical.  
Cripto is specifically expressed in cancer cells with stem cell properties, so the 
effect of an anti-Cripto immune response was tested in xenograft models [94]. 
An anti-Cripto vaccine effectively reduced the primary and lung metastatic 
tumor burden in the orthotopic 4T1 mouse BrCa xenograft. In a more clinically 
relevant spontaneous BrCa model (BALBc NeuT), a Cripto vaccination resulted 
in a decreased number of lung metastasis foci, but had no effect on the 
primary tumor, which had low Cripto expression. A prophylactic effect of a 
Cripto vaccine was observed upon xenografting Cripto expressing tumor 
cancer stem cell (CSC) spheres [94].  
Castro et al. also investigated in vivo Cripto targeting and its potential 
therapeutic implication. In the aggressive triple negative breast cancer type, 
Cripto was found to be expressed, specifically in the mesenchymal areas of 
primary tumors from a spontaneous mouse model (JygMC(A)). The injection 
of Cripto CRISP9-knockout JygMC(A) cells into the mammary pad led to 
smaller in situ tumor lesions and reduced the lung metastasis foci [95]. 
Similarly, an anti-Cripto vaccination elicited a strong cytotoxic T cell response 
and prevented lung metastases in a preclinical model of metastatic melanoma 
[96]. Therefore, aberrant levels of Cripto contribute to tumor growth and 
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metastasis. Moreover, in lung adenocarcinoma (stage I–III LAC), high Cripto 
expression is linked to significantly poorer progression free survival and overall 
survival, and shows high predictability, particularly when combined with serum 
carcinoembryonic antigen (CEA) levels [97]. An innate tumor resistance to 
epidermal growth factor receptor (EGFR) small molecule inhibitors was found 
in 10% of non-small cell and lung carcinoma patients and the Cripto 
expression was higher in the cases exhibiting resistance compared to therapy 
responders [97,98].  
The therapy resistance and high oncogenicity associated with Cripto are 
potentially due to its roles in promoting maintenance of the stem cell 
phenotype in normal stem cells and CSCs/tumor-initiating cells [1]. As 
demonstrated in human embryonal teratocarcinoma (EC) cells, high Cripto-
expressing EC cells had a high tumorigenic potential in vivo and in vitro, 
compared to the Cripto-low counterpart subpopulation [99]. The upregulation 
of Cripto in these specific cell populations was due to direct regulation by stem 
cell factors Nanog and Oct4, as well as promoter methylation changes [99]. 
Therapeutic agents that inhibit CSC proliferation in preclinical breast cancer 
models have been shown to inhibit specific Cripto-dependent signaling 
cascades in CSCs [100]. Pretreatment with a sulforaphane compound had in 
vivo tumor inhibitory effects, which were mediated through reduced Cripto 
and other stem cell markers, ALDH1A1, Nanog, and homologue CRIPTO-3 
expression in triple negative breast cancer [100]. Similarly, in prostate cancer 
(PCa), Cripto expression was shown to be co-expressed with Oct4 in stem cell 
subpopulations of PC-3 cell lines [101]. Cripto and GRP78 were enriched in the 
metastatic aldehyde dehydrogenase (ALDH)-high CSC subpopulation of 
human bone metastasis cell line PC-3M-Pro4, compared to a non-metastatic 
ALDH-low subpopulation, and were highly expressed in human bone 
metastases tissues. In turn, targeting Cripto expression led to a reduction of 
the ALDH-high CSC population and inhibited bone metastases in a preclinical 
mouse model [2].  
In esophageal squamous cell carcinoma (ESCC), high levels of Cripto have 
been correlated with a poor prognosis, high invasiveness, and metastatic 
capabilities. Cripto expression overlaps with ALDH1A1 in ESCC cell lines and 
specimens. Furthermore, two distinct subpopulations, CRIPTOhigh and 
CRIPTOlow, were isolated from the cell lines, showing that CRIPTOhigh cells 
expressed higher levels of Oct4, Nanog, and Sox2 compared to CRIPTOlow cells 
[102].  
The Cripto binding and signaling partner Nodal has also been investigated in 
human cancers. In glioblastoma, high Cripto levels did not correlate with high 
Nodal expression, suggesting that Cripto exerts tumorigenic effects 
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independent from Nodal [87]. However, Nodal reactivation seems to be 
associated with highly invasive breast carcinomas [103], and an independent 
study showed that Cripto expression patterns were similar to those of Nodal 
in high grade and poor prognosis cases [104]. Like Cripto, Nodal is an hESC-
associated factor and has been shown to promote breast cancer growth and 
aggressiveness, and the human breast cancer cell lines MDA-MB-231, MDA-
MB-468, and Hs578t have each been shown to present elevated Nodal 
expression [105]. Nodal is also expressed at low levels in normal tissues, and 
an increasing Nodal expression coincides with progressive disease in 
melanoma malignancies [106]. Cripto and Nodal reactivation in 
normal/benign tissues is an early deterministic factor for carcinoma 
progression, as investigated in benign melanocytic nevi. Patient follow-up 
indicated that cases with metastatic melanoma had previously exhibited high 
Cripto, Nodal, and Notch4 (inducer of Nodal) expression [107]. Interestingly, 
in individual non-malignant cases, there was no direct correlation between the 
levels of Nodal and Cripto staining, although in advanced melanoma and 
metastasis, high expression levels of both proteins were detected, meaning 
that there may be a threshold level of expression of either Cripto or Nodal, 
above which the activation of both is synergistically increasing [107]. Nodal 
inhibition by a targeting antibody in breast cancer cell lines inhibited the 
proliferation and colony forming ability in vitro [103]. The tumor-promoting 
activity of Nodal may be enhanced by the lack of expression of its inhibitor 
Lefty, which is expressed and tightly regulates Nodal activity during 
embryogenesis, but is absent in cancer cells [108].  
Therapeutic agents that can prevent Nodal/Cripto interaction and 
downstream signaling, such as neutralizing Nodal antibodies and ligand traps 
such as Lefty or Cerberus, have shown promising tumor-inhibiting potential in 
melanoma, breast, and pancreatic cancers [108–110].  

2.6. Cripto in Experimental Medical Research: Therapeutic and 
Translational Applications  
The almost complete absence of Cripto expression in adult tissues under 
physiological conditions highlights its potential role as a biomarker for 
multiple diseases. Genetic imbalance of the TDGF1 locus is per se a risk factor 
of tumorigenesis, as demonstrated by data from transgenic mouse models 
with a heterozygous loss of TDGF1. When challenged with a colon-specific 
carcinogen, Cripto heterozygous mice exhibited a higher incidence of colon 
cancer compared to Cripto wild-type mice [111]. Polymorphisms and 
mutations in the TDGF1 locus have been linked to different medical conditions 
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and assessing the TDGF1 genetic status was shown to improve cancer patients’ 
risk stratification, as well as produce information about potential genetic 
disorders [2,112,113]. For instance, Cripto promoter methylation was shown to 
discriminate among different subtypes of testicular germ cell tumors [112]. 
The potential use of Cripto as a biomarker also showed promising results in 
breast and colon cancer, with higher levels in the serum of cancer patients 
compared to healthy individuals [4]. However, its use as a pan-cancer 
serological marker should be further investigated in order to establish a 
definite threshold for baseline levels of circulating Cripto. In this regard, a few 
polymorphisms in the TDGF1 promoter have been linked to a significantly 
reduced level of circulating Cripto in a genome-wide association study of 
about 1500 individuals [113].  
In an approach to identify biomarkers for disease and therapy responses using 
gene expression arrays, Cripto was one of the markers specifically associated 
with the metastasis stage, thus discriminating primary intrahepatic 
cholangiocarcinoma from secondary metastasis [114]. Cripto may also be 
beneficial as a biomarker to discriminate among diseases that have different 
treatment approaches. For example, Cripto expression was decreased in 
pluripotent carcinoma cells following non-ionizing radiation treatment and its 
reduction was associated with impaired tumorigenicity [115]. Overall, Cripto is 
commonly associated with advanced or metastatic disease, while the lack of 
molecular targets or targeted therapies highlights the possibility of Cripto as 
a pan-cancer prediction biomarker or therapeutic target in combination with 
treatment schemes.  
Cripto has shown heterogeneous effects in tumorigenesis and tissue 
regeneration, depending on its expression levels and signaling pathway 
activation status. Advances in non-invasive techniques were applied to studies 
of Cripto as a stem cell factor in cell tissue engineering. The term tissue 
engineering refers to a set of specific techniques that aim to replace or repair 
a damaged tissue with the aid of natural or synthetic scaffolds. This type of 
approach frequently requires the use of embryonic and/or pluripotent adult 
stem cells (ESC and iPSC, respectively). Although experimental research 
presents significant barriers hindering the clinical use of hESCs and iPSC, 
including ethical issues, immune rejection, and the tumorigenic or teratogenic 
potential of these cells, the key role of Cripto as a regulator of embryonic and 
adult stem cells [116–118] has led to sustained interest in its investigation in 
the field of tissue engineering. Studies on protein–protein interactions, early 
induced pluripotent stem cell (iPCS) reprogramming, and embryonic 
development have shed light on the regulatory networks of Cripto [119,120]. 
Cripto was identified as a key player in hematopoietic stem cell (HSC) biology 
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[117,121]. A specific subpopulation of HSC was identified based on its high 
levels of cell surface GRP78 expression and shown to reside in the endosteal 
area of the bone. These HSC GRP78+ cells showed hypoxic features and lower 
mitochondrial activity, and their HSC potential in vitro was strictly dependent 
on Cripto-induced glycolytic activity. Interestingly, HIF1A1 KO mice displayed 
a reduced number of HSC GRP78+ cells, together with lower levels of Cripto 
expression, suggesting Cripto/GRP78 signaling as a mediator of HIF1A 
expression [117]. Cripto and GRP78 were also identified as regulators of stem 
cell behavior in isolated primary fetal and adult mammary epithelial cells [116]. 
Cripto specifically maintains the stem cell phenotype in these cultures and 
favors colonies with an enhanced mammary gland reconstitution capacity, 
while GRP78 deletion from adult mammary epithelial cells blocks their 
mammary gland reconstitution potential [116].  
In 2010, a Cripto blocking peptide (Cripto-BP) was identified that prevents 
Cripto /Alk-4 receptor interaction and interferes with Cripto signaling [122]. 
This Cripto-specific blocking tool, which mimics the effect of the genetic 
ablation of Cripto, improved neural induction and dopaminergic 
differentiation in ESC lines and enhanced the functional integration of mouse 
ESC [122]. iPSC-mesenchymal stem cells (MSCs) were proven to lack stemness 
markers (including Cripto), while showing adequate differentiation potential, 
osteogenic and chondrogenic properties, and MSC marker expression 
compared to bone-marrow-derived MSC (BM-MSCs) [123].  
Furthermore, a study focusing on the development of antibodies targeting 
Cripto with a neutralizing effect in vitro was published [124]. The research 
reported the generation and characterization of murine monoclonal 
antibodies raised against the synthetic folded CFC domain of human Cripto. 
The authors focused on antibodies targeting the “hot spots” of the CFC 
domain crucial for Activin Type I receptor (ALK4) and GRP78 interaction. 
Among the antibodies tested, the 1B4 antibody was able to bind the 
membrane anchored and soluble forms of native Cripto protein in a panel of 
human cancer cells and also interfered with downstream Cripto-dependent 
signaling [124]. In many studies, Cripto has been immunolocalized using anti-
Cripto antibodies, which is an approach that was systematically reviewed by 
Gudbergsson et al. [125].  

3. Materials and Methods
3.1. Search Strategy 
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To identify the complete collection of Cripto-related scientific literature, the 
WoS Core Collection database was used to list all of the scientific documents 
with the search criteria “Cripto OR Tdgf1”, including the title, abstract, and 
keyword fields, during the period 1900–2020, up to 9 April 2020. We retrieved 
the scientific literature within the Science Citation Index Expanded (SSCI-
EXPANDED) and Social Sciences Citation Index (SSCI) with no language 
restriction.  
 

3.2. Citation and Publication Data 
A total number of 584 publications were collected and analyzed by diverse 
fields, such as authors (AU), author’s country (AU_CO), publication source (SO), 
publication year (PY), author’s keywords (DE), keywords associated with the 
WoS database (ID), and citation data (CR). The authors were determined as the 
list of authors on the respective publication. The country of origin was defined 
as the corresponding first author’s country. The publication year, author’s 
keywords, keywords associated with the WoS database, and citation data were 
established as per indexing on the WoS database [126].  
 

3.3. Data Analysis 
The data obtained from every category were processed using the bibliometrix 
R package [24] and processed with R version 3.6.3 [127] in R Studio software 
version 1.2.5033 [128], in order to perform descriptive analyses of the 
bibliographic data frame.  
The Authors per article Index was calculated as the ratio between the total 
number of articles and the total number of authors. The Co-Authors per 
Articles Index was calculated as the average number of co-authors per article. 
The Collaboration Index (CI) was calculated as the Total Authors of Multi-
Authored Articles/Total Multi-Authored Articles [129,130].  
Authors’ dominance ranking was calculated as proposed by Kumar and Kumar, 
2008 [131]. Manuscript coupling, reference co-citation, and keyword co-
occurrence were calculated using the function “biblionetwork” within the 
bibliometrix R package [24]. The function “citations” was used to define cited 
references (CR) and to generate a frequency table of the most cited references 
or the most cited first authors (among the references) [24].  
To map the conceptual structure of a framework, we used the word co-
occurrences in a bibliographic collection to generate a conceptual structure 
map, a topic dendrogram, a factorial map of the documents with the highest 
contribution, and a factorial map of the most cited documents for each 
category. The keyword co-occurrence network, considered the outline 
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principal research method of researchers, can be used to understand the 
knowledge components and knowledge structure of a scientific/technical field 
by examining the links between keywords in the literature [132]. The 
conceptual structure of the network was estimated using the function 
“ConceptualStructure” within the bibliometrix R package [24].  
In conclusion, wordclouds of the most frequent keywords in the surveyed 
literature were generated using the “wordcloud” R package [133].  

4. Conclusions
In this review, we compiled, for the first time, a bibliometric analysis of studies 
focusing on Cripto signaling and used this approach as a leading strategy to 
review clusters of research fields. The oncofetal protein Cripto has been shown 
to play important roles in regulating stem cell differentiation and 
embryogenesis, and ultimately to be involved in tumorigenesis. During 
embryogenesis, Cripto has been shown to have a dual role both in Nodal-
dependent and -independent pathways. Cripto mutations or deletion show 
defects in development, especially in AP pattern formation and cardiac 
development in different animal models. Moreover, Cripto and its signaling 
partner GRP78 present a complex network of interactions. They have been 
defined as modulators of TGF-β, Src, MAPK, and PI3K pathways and as 
regulators of signaling pathways such as those of Wnt and Notch.  
We have shown that a high percentage of studies related to Cripto are focused 
on its oncogenic role. In adult physiological conditions, Cripto expression 
levels have been shown to be negligible, whereas, in human tumors, elevated 
Cripto levels promote EMT, angiogenesis, augment the invasion capability, 
and increase cell proliferation and migration in both in vitro and in vivo 
models. One of the first studies to demonstrate the in vivo oncogenic features 
of Cripto was conducted in transgenic models of mouse mammary gland 
carcinoma, proposing a strong link between Cripto and human breast cancer. 
Furthermore, a high expression of Cripto is associated with a poorer prognosis 
and worse overall survival in a variety of cancers, such as glioblastoma, glioma, 
melanomas, and lung adenocarcinoma. Cripto has also been shown to interact 
with the Wnt/β-catenin signaling cascade, promoting stemness potential in 
hepatocellular cancer. Interestingly, researchers have also started to explore 
the therapeutic potential of Cripto and have proposed an anti-Cripto 
vaccination and therapies eliciting an anti-Cripto immune response.  
As highlighted in this review, Cripto carries a great therapeutic and diagnostic 
potential, but this potential does not come without challenges. The complex 
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network of signaling orbiting around Cripto that has started to unravel in the 
last 10 years appears to be only the tip of the iceberg. Specific studies aiming 
to unravel the molecular signaling of this protein are still needed, as well as 
lineage tracing studies that could give a more comprehensive view of the 
pattern of the expression of Cripto and shed light on its possible role in adult 
development.  
Our bibliometric analysis provides a comprehensive overview of the dynamic 
research related to this oncofetal protein. Cripto accounts for a considerable 
number of publications, mostly in oncology, cell biology and biochemistry, 
and molecular biology categories within the contemporary scientific literature. 
We have discussed multiple aspects of Cripto research and potential areas of 
applicability to cancer therapy and regenerative medicine. We have specifically 
highlighted the research conducted in the last 10 years, which is when the 
majority of publications and studies were conducted.  
The use of only one database (WoS) for the research may be a limitation. In 
fact, a number of alternate databases that calculate citation metrics are 
available (SCOPUS, Cochrane Database of Systematic Reviews, and PubMed). 
However, WoS covers the oldest publications compared to SCOPUS, which is 
limited to recent articles (citation analyses are only available for articles 
published after 1996). Furthermore, WoS provides more detailed citation 
analyses and graphics compared to SCOPUS [134] and Pubmed, which do not 
provide citation analysis. In our analysis, some studies may have been 
unintentionally excluded due to keyword selection and limited indexing.  
Despite these limitations, the use of a bibliometric approach to retrieve 
comprehensive publication records is a promising strategy for summarizing a 
research topic in a systematic way. In terms of the ability to analyze metadata 
related to research studies, it is important to have a data-driven approach, 
even during a review process. In conclusion, we believe that the summary of 
the research findings, combined with conceptual, social, and intellectual 
networks, highlights the relevance of including multiple categories when 
reviewing scientific literature. Finally, this approach is aimed at helping Cripto 
researchers identify key areas that remain to be investigated, and the most 
suitable potential collaborators with whom to conduct their studies. 
Ultimately, the scientific community would benefit from such a targeted 
approach because it offers a facilitated and accurate examination of the 
scientific literature available for a specific field of research.  
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Supplementary Figure 

Figure S1. Wordcloud of keywords. Visual representation of most frequent keywords used on Cripto 
research field from 2010 and 2020.
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