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Abstract: The RYK gene encodes a receptor-like tyrosine kinase crucial for several biological processes,
including development, tissue homeostasis, and cancer. This study utilized data from the Cancer
Genome Atlas Project (TCGA) to evaluate RYK expression at both mRNA and protein levels in
various cancers, determine its prognostic significance, and explore its involvement in cancer-related
signaling pathways. Elevated levels of RYK mRNA were identified in cholangiocarcinoma (CHOL),
pancreatic adenocarcinoma (PAAD), glioblastoma multiforme (GBM), lung squamous cell carcinoma
(LUSC), brain lower grade glioma (LGG), head and neck squamous cell carcinoma (HNSC), liver
hepatocellular carcinoma (LICH), esophageal carcinoma (ESCA), and colon adenocarcinoma (COAD),
while RYK protein levels were observed to be increased in colon adenocarcinoma (COAD), GBM,
LICH, cervical and endocervical adenocarcinoma (CESC), and breast invasive carcinoma (BRCA).
Additionally, RYK overexpression correlated with poorer prognosis in several cancers, including
PAAD, LICH, BRCA, ESCA, COAD, and CESC. Furthermore, RYK showed a positive correlation with
the upregulation of multiple receptors and coreceptors in the WNT signaling pathway in various
types of cancer. In terms of cancer-related signaling pathways, RYK was found to potentially interact
with DNA damage, TSC/mTOR, PI3K/AKT, EMT, RTK, RAS/MAPK, ER hormone, AR hormone,
and the cell cycle. This study provides new and previously unreported insights into the role of RYK
in cancer biology.

Keywords: receptor-like tyrosine kinase; RYK; diagnostic; prognostic; cancer; WNT pathways; PTK7;
LRP5; FZD7

1. Introduction

The RYK gene encodes a receptor-like protein tyrosine kinase; this molecule has
essential functions in various biological processes, including development and tissue
homeostasis [1]. It was first described in 1992 [2]. This receptor is a component of the WNT
signaling pathways, which represent a complex cellular communication network [3]. In
humans, RYK can bind different WNT ligands, such as WNT3, WNT5B, WNT1, WNT3A,
WNT5A, and WNT11 through its extracellular WIF domain [4]. This triggers the activation
of β-catenin-dependent or -independent signaling [5]. RYK also interacts with other WNT
receptors or coreceptors, such as ROR [3], FZD7 [6], PTK7 [7,8] LRP5/6, and VANGL, which
diversifies its biological function [9].

Structurally, RYK is composed of three main domains. The protein RYK consists of an
N-terminal extracellular domain that contains WNT-inhibitory factor (WIF). This domain
mediates RYK’s interaction with WNT ligands, allowing it to sequester these ligands.
RYK also has a single-step transmembrane helix followed by an intracellular domain that
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contains a region rich in serine and threonine. However, the function of this region remains
unknown. Finally, RYK has an intracellular pseudokinase domain that lacks kinase and
nucleotide binding activity [4,10]. The biochemical aspects of RYK are closely related to its
activity. Its pseudokinase domain exhibits atypical amino acid residues in its subdomains
I and II, preventing ATP binding and classifying it as a putative pseudo tyrosine kinase
compared to the consensus sequence of tyrosine kinases [1,2]. However, genetic analyses of
RYK orthologs and paralogs in model organisms have revealed WNT-responsive regulatory
functions in various developmental and pathological contexts [11].

RYK has been observed to have a pathological association with the nervous system
in diseases. In a C. elegans model, the intracellular region of the gene was found to in-
hibit the neuroprotective activity of the transcription factor FOXO in the early phases of
Huntington’s disease [12]. Furthermore, RYK was found to be upregulated in the motor
neurons and ventral white matter of a mouse model of amyotrophic lateral sclerosis [13].
Additionally, a human monoclonal antibody against RYK has been developed to block
WNT5A-stimulated regulation, modulating the development and homeostasis of neurite
outgrowth in humans [11].

RYK is highly expressed in various malignancies, including mesothelioma [14], small
cell lung cancer [15], gastric cancer [16], glioma [17], glioblastoma [18], liver cancer [16],
acute leukemias [10], and breast cancer [19]. Conversely, it has been observed that treatment
with antitumor agents, such as osimertinib in lung cancer-derived cells [20], and Galectin-9
in pancreatic cancer [21] can induce high expression of RYK. Furthermore, in head and
neck squamous cell carcinoma [22], high expression of the gene is correlated with a worse
probability of survival, in advanced stages of the disease.

Therefore, given the limited elucidation of the precise mechanisms through which
this receptor operates at the molecular and cellular levels in cancer, the aim of this study
was to identify changes in RYK expression in cancer using data from RNA sequencing,
immunohistochemistry, and reverse phase protein array (RPPA). The expression of this gene
also was correlated with overall survival and its association with ten signaling pathways
implicated in this disease was explored.

2. Materials and Methods
2.1. Analysis of RYK Expression in Cancer-Derived RNA Data Sets

To determine the messenger RNA expression of RYK, we utilized OncoDB, an on-
line tool that provides data on thirty-four different types of cancer, accessible at https:
//academic.oup.com/nar/article/50/D1/D1334/6413597?login=false (last accessed on
25 October 2023) [23]. Data from cancer and non-cancer tissues were obtained from
The Cancer Genome Atlas (TCGA) and the GTEx projects, respectively [24]. Differen-
tial expression analysis was conducted by comparing tumor samples to normal sam-
ples using Student’s t-test. Data normalization was carried out using the transcripts per
million (TPM) method, and the Log2 fold change was calculated. The Boxplot Plot in
Figure 1A–I was created using the ggpubr package in version 0.6.0 (https://cran.r-project.
org/web/packages/ggpubr/index.html, last accessed on 1 November 2023) [25] in R ver-
sion 4.3.1 (https://cran.r-project.org/bin/windows/base/old/, last accessed on 1 Novem-
ber 2023) [26].

2.2. RYK Expression in Cancer Subtypes RNA Data Sets

To evaluate RYK expression in cancer subtypes, we utilized the Gene Set Cancer Anal-
ysis (GSCA) online tool, accessible at http://bioinfo.life.hust.edu.cn/GSCA/#/expression
(last accessed on 6 November 2023) [27,28]. The calculation of mRNA expression was
derived from fusion by a sample barcode in Fragments per Million Kilobase (FPKM). Statis-
tical comparisons between groups were performed using the ANOVA test, with significance
set at p < 0.05, as shown in Figure 2A–G.

https://academic.oup.com/nar/article/50/D1/D1334/6413597?login=false
https://academic.oup.com/nar/article/50/D1/D1334/6413597?login=false
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Figure 1. RYK Expressions in Cancer Samples and Non-Disease Samples Derived. The box plots 
depict messenger RNA expression levels in samples obtained from cancer (shown in fuchsia), and 
those obtained from non-disease samples (shown in bluish-green). The p-value reflects the outcome 
of the Student’s t-test applied between cancer-derived and normal tissue-derived samples. 
Transcripts per million (TPM), fold change in gene expression transformed into a logarithm with 
base 2 (Log2 FC), (A) cholangiocarcinoma (CHOL), (B) pancreatic adenocarcinoma (PAAD), (C) 
glioblastoma multiforme (GBM), (D) lung squamous cell carcinoma (LUSC), (E) brain lower grade 
glioma (LGG), (F) head and neck squamous cell carcinoma (HNSC), (G) liver hepato-cellular 
carcinoma (LIHC), (H) esophageal carcinoma (ESCA), and (I) colon adenocarcinoma (COAD). 

  

Figure 1. RYK Expressions in Cancer Samples and Non-Disease Samples Derived. The box plots
depict messenger RNA expression levels in samples obtained from cancer (shown in fuchsia), and
those obtained from non-disease samples (shown in bluish-green). The p-value reflects the outcome of
the Student’s t-test applied between cancer-derived and normal tissue-derived samples. Transcripts
per million (TPM), fold change in gene expression transformed into a logarithm with base 2 (Log2
FC), (A) cholangiocarcinoma (CHOL), (B) pancreatic adenocarcinoma (PAAD), (C) glioblastoma
multiforme (GBM), (D) lung squamous cell carcinoma (LUSC), (E) brain lower grade glioma (LGG),
(F) head and neck squamous cell carcinoma (HNSC), (G) liver hepato-cellular carcinoma (LIHC),
(H) esophageal carcinoma (ESCA), and (I) colon adenocarcinoma (COAD).
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Figure 2. RYK expression in different tumor types. The boxplots illustrate the differential expression 
of the RYK gene across different cancer stages, utilizing data obtained from the TCGA project. The 
stages are categorized as Stage I–IV, representing different degrees of cancer progression. The panels 
show staining for the following tissues: (A) colangiosarcoma (CHOL), (B) pancreatic 
adenocarcinoma (PAAD), (C) lung squamous cell carcinoma (LUSC), (D) Head and Neck squamous 
cell carcinoma (HNSC), (E) liver hepatocellular carcinoma (LICH), (F) Esophageal carcinoma 
(ESCA), (G) Colon adenocarcinoma (COAD). The data are presented as Fragments per Million 

Figure 2. RYK expression in different tumor types. The boxplots illustrate the differential expression
of the RYK gene across different cancer stages, utilizing data obtained from the TCGA project. The
stages are categorized as Stage I–IV, representing different degrees of cancer progression. The panels
show staining for the following tissues: (A) colangiosarcoma (CHOL), (B) pancreatic adenocarcinoma
(PAAD), (C) lung squamous cell carcinoma (LUSC), (D) Head and Neck squamous cell carcinoma
(HNSC), (E) liver hepatocellular carcinoma (LICH), (F) Esophageal carcinoma (ESCA), (G) Colon
adenocarcinoma (COAD). The data are presented as Fragments per Million Kilobases normalized and
logarithmically transformed to the base 2 (Log2 FPKM Expression). Significance levels are indicated
for p < 0.05 (*).
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2.3. Protein Expression Analysis

For this study, we utilized the Human Protein Atlas website, available at https://
www.proteinatlas.org (last accessed on 25 October 2023), to identify the expression pattern
of the protein “Receptor-like tyrosine kinase” in tumor tissue and non-disease tissue. All
samples used for the analysis are part of the sample collection managed by the Uppsala
Biobank, available at http://www.uppsalabiobank.uu.se/en/ (last accessed on 3 November
2023) [29,30]. Immunohistochemistry was analyzed by pathologists who scored the images
based on staining intensity and the fraction of cancer cells or normal cells positive for the
polyclonal Anti-RYK antibody (Cat. No. HPA045503, Zymo Research, Irvine, CA, USA),
which recognizes an epitope of the intracellular domain of the receptor. The results were
summarized as high, medium, low, or non-detected expression, as shown in Figure 3A–E.
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Figure 3. Representative images of RYK immunohistochemistry stains in tissues derived from cancer
and non-disease sources. The staining intensity is observed in tissues derived from the specific
types of cancer (as shown above pictures) and non-disease tissues (NORMAL). The panels show
staining for the following tissues: (A) colon adenocarcinoma (COAD), (B) glioblastoma multiforme
(GBM), (C) liver hepato-cellular carcinoma (LIHC), (D), cervical squamous cell carcinoma and
endocervical adenocarcinoma (CESC), and (E) breast invasive carcinoma (BRCA). Receptor-like
tyrosine kinase (RYK).
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2.4. Survival Analysis

The association between overall survival and RYK gene expression was assessed
across various types of cancer using the online tool KMPlot, which is available at https:
//kmplot.com/analysis/index.php?p=termsofuse (last accessed on 25 October 2023). Sur-
vival calculations were based on data from all patients during 60-month follow-up across
different stages of each type of cancer. The platform uses a Kaplan–Meier test and then
applies the log-rank and Cox regression test to assess the significance of the difference
between the groups with high and low gene expression [31]. All survival curves presented
in Figure 4A–J were statistically significant, with a p-value < 0.05.
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with downregulated expression. The panels display the Hazard Ratio (HR) and the statistical signifi-
cance of the log-rank and Cox regression test for each cancer type. (A) Pancreatic adenocarcinoma
(PAAD), (B) liver hepatocellular carcinoma (LIHC), (C) esophageal carcinoma (ESCA), (D) colon
adenocarcinoma (COAD), (E) cervical squamous cell carcinoma and endocervical adenocarcinoma
(CESC), (F) kidney renal papillary cell carcinoma (KIRP), (G) sarcoma (SARC), (H) uterine cor-
pus endometrial carcinoma (UCEC), (I) breast invasive carcinoma (BRCA), and (J) acute myeloid
leukemia (LAML).

2.5. Correlation and Expression of WNT Pathway Receptors and Ligands

The correlation between RYK and the receptors Frizzled, MUSK, or coreceptors ROR1,
ROR2, PTK7, VANGL1, VANGL2, LRP5, and LRP6—as well as 19 ligands of the WNT
signaling pathways in cancer-derived tissues, shown in Figure 5A,B—was calculated
using the online tool TIMER 2.0, available at http://timer.cistrome.org/ (last accessed on
14 October 2023) [32]. Additionally, we obtained the correlation coefficients for several
receptors of interest, from adjacent non-diseased tissues using data from GEPIA online tool,
accessible at http://gepia.cancer-pku.cn/ (last accessed on 4 January 2023). The results
can be found in Supplementary Figure S1A–C, [33]. Both platforms utilize data from The
Cancer Genome Atlas (TCGA) project. The raw counts and transcripts per million (TPM)
were extracted in order to apply a Spearman correlation between the genes of interest,
obtaining correlation coefficients (Rho values). Only correlations with a p-value < 0.05,
were considered statistically significant.
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Figure 5. Correlation between RYK and WNT pathway receptors in cancer using TCGA data. (A) The
heat map visually depicts the correlation between nine types of cancer (listed on the left) and eighteen
receptors (described along the bottom). The color bar on the right represents the correlation coefficient,
ranging from 0 (yellow) to 1 (blue). The number of individuals for each cancer type (n) is indicated
for cholangiocarcinoma (CHOL), colon adenocarcinoma (COAD), esophageal carcinoma (ESCA),
glioblastoma multiforme (GBM), head and neck squamous cell carcinoma (HNSC), brain lower
grade glioma (LGG), liver hepatocellular carcinoma (LIHC), lung squamous cell carcinoma (LUSC),
pancreatic adenocarcinoma (PAAD), and (B) Boxplot displays the messenger RNA expression levels of
three receptors in different types of cancer, represented by transcripts per million (TPM). Significance
values were obtained by applying Student’s t-test. The analyzed cancers include brain lower grade
glioma (LGG), esophageal carcinoma (ESCA), and pancreatic adenocarcinoma (PAAD).
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The heatmap shown in Figure 5A was generated using the R package Pheatmap avail-
able at https://cran.r-project.org/web/packages/pheatmap/index.html, (last accessed
on 10 October 2023) [34], and R version 4.3.1 available at https://cran.r-project.org/bin/
windows/base/old/, (last accessed on 12 October 2023) [26].

2.6. Expression and Relation of RYK with Cancer-Related Pathways

This section examines the expression of RYK and its association with the activation or
inhibition of ten signaling pathways commonly implicated in cancer, including TSC/mTOR,
RTK, RAS/MAPK, PI3K/AKT, Hormone ER, Hormone AR, EMT, DNA damage response,
cell cycle, and apoptosis. The analysis was conducted using the online tool Gene Set Cancer
Analysis (GSCA), available at http://bioinfo.life.hust.edu.cn/GSCA/#/expression (last
accessed on 6 November 2023) [27,28].

The analysis data from reverse phase protein array (RPPA) are shown in Figures 6A–D,
S2A–P and S3A–H. Briefly, relative protein levels were determined using the median
values of all samples. The gene activity score within the pathways was calculated by
summing the relative protein levels of all positive regulatory components while subtracting
those of negative regulatory components, following the methodology described by R.
Akbani et al. [35]. The difference in pathway activity score (PAS) was calculated using
Student’s t-test, and the resulting p-values were adjusted using the False Discovery Rate
(FDR). A significance level of FDR ≤ 0.05 was considered statistically significant.
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panel (B), the signaling pathways associated with each cancer type that show activation are illustrated.
In panel (C), three types of cancer demonstrate decreased RYK expression, and in panel (D), the
inhibited signaling pathways related to each cancer type are depicted. The gray lines represent
the connections between both. All relationships depicted maintain a significance level with a false
discovery rate (FDR) ≤ 0.05.

To create the Sankey Plot, shown in Figure 6A–D, we used the ggplot2 package,
available at https://cran.r-project.org/web/packages/ggplot2/index.html, (last accessed
on 25 October 2023) [36], as well as the alluvial package, available at https://cran.r-
project.org/web/packages/alluvial/vignettes/alluvial.html, (last accessed on 25 October
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2023) [37], in R version 4.3.1 available at https://cran.r-project.org/bin/windows/base/
old/ (last accessed on 25 October 2023) [26].

3. Results
3.1. RYK Overexpression in Cancer

To identify significant changes in RYK expression across various cancer types, we
utilized the online tool OncoDB, as described in the Materials and Methods section. In
Figure 1A–I, a statistically significant upregulation of RYK is evident in nine different cancer
types when compared to non-diseased samples. The cancer type with the highest fold
change was cholangiocarcinoma (CHOL) (Figure 1A), followed by pancreatic adenocarci-
noma (PAAD) (Figure 1B), glioblastoma multiforme (GBM) (Figure 1C), lung squamous
cell carcinoma (LUSC) (Figure 1D), brain lower grade glioma (LGG) (Figure 1E), head and
neck squamous cell carcinoma (HNSC) (Figure 1F), liver hepatocellular carcinoma (LICH)
(Figure 1G), esophageal carcinoma (ESCA) (Figure 1H), and colon adenocarcinoma (COAD)
(Figure 1I).

After identifying the cancer types with elevated RYK expression, our subsequent
investigation aimed to compare the expression levels across different cancer stages within
each tumor subtype. As depicted in Figure 2A–G, RYK displayed significantly higher
expression in stage IV of PAAD (Figure 2B) (although it was not statistically significant),
LUSC (Figure 2C), HNSC (Figure 2D), and COAD (Figure 2G). Notably, in the case of LICH,
the highest expression was observed in stage III. In contrast, for CHOL (Figure 2A) and
ESCA (Figure 2F), there is no significant difference in gene expression among disease stages.
In relation to GBM and LGG, the platform lacked sufficient data to evaluate the expression
of RYK by stages.

3.2. Overexpression of Receptor-like Tyrosine Kinase in Cancer- and Non-Cancer-Derived Tissues

To investigate the expression patterns of the receptor-like tyrosine kinase protein,
we examined representative immunohistochemical images of cancer- versus non-cancer-
derived tissues provided by the Human Protein Atlas (HPA), as shown in Figure 3A–E.
The receptor-like tyrosine kinase protein was found to be overexpressed in specific cancer-
derived tissues, such as colon adenocarcinoma (COAD) (Figure 3A), glioblastoma mul-
tiforme (GBM) (Figure 3B), liver hepatocellular carcinoma (LICH) (Figure 3C), cervical
squamous cell carcinoma and endocervical adenocarcinoma (CESC) (Figure 3D), and breast
invasive carcinoma (BRCA) (Figure 3E), and particularly in the nucleus rather than the
cytoplasm or cell membrane.

3.3. Prognostic Value of RYK in Cancer

After identifying upregulated RYK expression in the nine types of cancer mentioned
earlier (Figure 1A–I), we investigated whether there is a correlation between high RYK
expression and a worse probability of overall survival (OS). Our findings, as shown in
Figure 4A–J, indicate that high RYK expression is significantly correlated (p < 0.05) with a
worse probability of overall survival in four of the nine types of cancer: PAAD (Figure 4A),
LICH (Figure 4B), ESCA (Figure 4C), and COAD (Figure 4D).

Furthermore, we were interested in determining the impact of RYK expression on
overall survival in cancer types where RYK did not exhibit upregulation, as determined
using the online tool OncoDB. To investigate this, we considered and analyzed all cancer
types available in the KMPlot Project and found a correlation with worse OS in cervical
squamous cell carcinoma (CESC) (Figure 4E), kidney renal papillary cell carcinoma (KIRP)
(Figure 4F), sarcoma (SARC) (Figure 4G), uterine corpus endometrial carcinoma (UCEC)
(Figure 4H), and breast invasive carcinoma (BRCA) (Figure 4I). Additionally, in acute
myeloid leukemia (LAML), although this correlation was not established in the bone
marrow, it was evident in the blood (see Figure 4J).

https://cran.r-project.org/bin/windows/base/old/
https://cran.r-project.org/bin/windows/base/old/
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3.4. Correlation of the WNT Signaling Pathway Receptors and Ligands with RYK Expression in
Cancer- and Non-Cancer-Derived Samples

As RYK functions as a coreceptor of the WNT signaling pathways, we aimed to
investigate its relationship with other receptors or ligands involved in these pathways,
particularly in different types of cancer. This exploration aimed to elucidate the potential
molecular mechanisms through which RYK contributes to disease promotion. Using
cancer data from The Cancer Genome Atlas (TCGA) project and the TIMER 2.0 online
tool, as described in the Materials and Methods section, we analyzed cancer types where
RYK exhibited high expression (Figure 1A–I) or where the gene correlated with a worse
prognostic value (Figure 4A–J).

Figure 5A illustrated the correlation coefficients (Rho) between RYK and receptors
or coreceptors of the WNT signaling pathways. The Rho values range from 0.5 to 0.7 for
receptors or coreceptors, and from 0.3 to 0.5. Therefore, we focused on the correlations
between RYK and other receptors or coreceptors. To enhance the comprehension of these
correlations, we calculated the reference values of the correlation between RYK and the
same receptors or coreceptors in non-diseased tissues. The correlations with coefficients
lower than those obtained in cancer were LRP5 in brain tissue, PTK7 in esophageal tissue,
and FZD7 in pancreas tissue, as shown in Supplementary Figure S1A–C.

Our next step was to evaluate whether the expression of these receptors was main-
tained in the types of cancer where we found the differences. Our findings indicate an
elevated expression of LRP5 in brain lower grade glioma (LGG), PTK7 in esophageal car-
cinoma (ESCA), and FZD7 in pancreatic adenocarcinoma (PAAD) compared to normal
tissues, as shown in Figure 5B.

3.5. Association of RYK with Ten Cancer-Related Signaling Pathways

Our analysis of the potential relationship of RYK with other coreceptors, receptors, or
ligands within the WNT signaling pathways led us to investigate its possible involvement
in other signaling cascades that are widely associated with the initiation and promotion
of cancer. The analysis has revealed significant findings. RYK has demonstrated high
expression levels and potential links to the activation of DNA damage in uterine corpus
endometrial carcinoma (UCEC), TSC/mTOR in kidney renal papillary cell carcinoma
(KIRP), PI3K/AKT in KIRP, breast invasive carcinoma (BRCA), and sarcoma (SARC), and
epithelial–mesenchymal transition (EMT) in esophageal carcinoma (ESCA). The following
pathways were analyzed in various types of cancer. BRCA, UCEC, Receptor Tyrosine
Kinase (RTK) in liver hepatocellular carcinoma (LIHC), RAS/Mitogen-Activated Protein
Kinase (RAS/MAPK) in BRCA and LIHC, Hormone Estrogen Receptor (ER) in LIHC,
Hormone Androgen Receptor (AR) in UCEC, SARC, and LIHC, and cell cycle in head
and neck squamous cell carcinoma (HNSC) (refer to Figures 6A,B and S2A–P). In contrast,
reduced RYK expression seems to be associated with inhibitory effects on various signaling
pathways and related cancer types. These include TSC/mTOR, RTK, and RAS/MAPK in
ESCA, ER hormone in BRCA and KIRP, AR hormone in BRCA and ESCA, and cell cycle in
KIRP. These findings are illustrated in Figures 6C,D and S3A–H.

4. Discussion

RYK is member of the Receptor Tyrosine Kinases (RTKs) family, which are central regu-
lators of pivotal developmental, physiological, and pathological signaling pathways [38,39].
These receptors interact with various ligands of the WNT signaling pathways, triggering
their activation [40,41], and the dysregulation of these signaling pathways is a hallmark
of tumorigenesis [42,43]. RYK is known to be highly expressed in various types of cancer
including mesothelioma [14], lung cancer [20], small cell lung cancer [15], gastric can-
cer [16], chronic leukemia [44], acute leukemias [10], glioma [17], glioblastoma [18], breast
cancer [19], head and neck squamous cell carcinoma [22], liver cancer [16], and pancreatic
cancer [21].
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However, it is unclear whether RYK is also associated with other types of cancer, and
little is known about its molecular regulation in the tumor context. Therefore, in this study,
to the best of our knowledge, we conducted the first bioinformatic analysis of this molecule
with this objective. Our analysis utilized information derived from thirty-four different
types of cancer, using OncoDB [23], and data sourced from The Cancer Genome Atlas
Project (TGCA).

Figure 1A–I illustrated that RYK expression is significantly elevated in PAAD, CHOL,
GBM, LGG, LICH, ESCA, HNSC, LUSC, and COAD compared to non-tumor samples.
Furthermore, our analysis identified that in five of these cancer types, gene expression
increased in stage III (LICH) or stage IV (PAAD, HNSC, LUSC, and COAD) (Figure 2A–G),
suggesting a potential oncogenic role of RYK in disease progression. Our findings are
consistent with previous studies on GBM [18], LGG [17], ESCA [45], HNSC (specifically in
the larynx) [46], and LUSC [15], which also reported high expression of RYK. It is worth
noting that our study is the first to identify such elevated expression in PAAD, CHOL,
or COAD.

In this research, we were also keen to explore whether RYK expression remained
elevated at the protein level in specific cancer types. Our findings reveal that, in comparison
to non-diseased tissues, the receptor-like tyrosine kinase is overexpressed in COAD, GBM,
LICH, CESC, and BRCA (refer to Figure 3A–E). Consequently, we believe that RYK may
hold diagnostic value not only at the messenger RNA level but also at the protein level.

In accordance with our staining analysis, we found that this protein could be located
in the nucleus rather than the cytoplasm. This is contrary to our initial expectations, given
its receptor nature. Previous studies in neurites have shown that the intracellular domain of
the receptor is cleaved by a c-secretase when stimulated by WNT3A, leading to its release
into the cytoplasm and subsequent translocation to the nucleus [47]; however, the precise
mechanism by which this occurs is not yet fully elucidated. In mesothelioma, researchers
have described that progranulin promotes the ubiquitination and endocytosis of RYK,
primarily through pathways enriched with caveolin-1 [14]. However, this information
needs experimental validation.

Based on these findings, it is noteworthy that not all types of cancer with high RYK
expression at the messenger RNA level exhibit the same pattern at the protein level. Specif-
ically, CESC and BRCA showed elevated RYK expression at the protein level despite lower
mRNA expression. These variations can be attributed to specific mechanisms governing
transcription and translation processes, respectively. For example, low levels of messenger
RNA may be linked to degradation and a reduced replication rate [48]. Meanwhile, reduced
protein levels could be associated with post-transcriptional modifications and the protein’s
half-life in vivo [49].

According to the Kaplan–Meier survival curves depicted in Figure 4A–J, our findings
indicate that RYK holds prognostic value in ten different cancer types. Specifically, a high
expression of RYK is significantly associated with a poorer survival probability in PAAD,
LICH, ESCA, COAD, CESC, KIRP, SARC, UCEC, and BRCA. However, there was no
correlation observed in bone marrow LAML, but a worse prognostic value was found at
the blood level.

Our investigation of liver cancer (LICH) and breast cancer (BRCA) cases is supported
by existing research, providing valuable context for our findings. Previous studies suggest
that RYK is involved in the promotion of metastasis in liver cancer, [16]. Similarly, in
breast cancer, there is a correlation between high RYK expression and traits associated with
EMT and invasiveness [19]. In the case of soft tissue sarcoma (SARC), prior research has
highlighted a connection between elevated genetic expression of RYK and an unfavorable
prognostic outcome [50]. However, our work is limited in that we have not validated these
findings in patient-derived samples from the specific cancer types exhibiting changes. This
is an important aspect that we aim to address in future research.

As previously mentioned, RYK is a receptor for both canonical and non-canonical
WNT signaling pathways. It has been established that RYK interacts with ligands such
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as WNT3, WNT5B, WNT1, WNT3A, WNT5A, and WNT11 [4], in addition to acting as a
coreceptor in certain types of cancer [16,51]; for this, we conducted correlation analysis to
establish associations between RYK and other receptors (shown in Figure 5A,B) or ligands.

Figure 5A,B, display genes with the highest correlation coefficients in cancer-derived
samples, which also had higher Rho values when compared with non-cancer tissues. Our
analysis revealed sustained elevation in the expression of PTK7 in ESCA, LRP5 in LGG,
and FZD7 in PAAD. Therefore, we conclude that there may be a correlation between the
high expression of these genes in cancer versus non-diseased tissues and RYK. However,
to establish the strength of this correlation in the biological context of each type of cancer
where differences were found, experimental validation is required using cellular models of
over- or under-expression of RYK, or even the RYK knockout mouse model established by
Michael Halford et al. [52].

To further investigate the role of RYK in the context of cancer, we conducted additional
bioinformatic analyses using data available from the phase array (RPMA) of signaling path-
ways linked to cancer. This pathway includes TSC/mTOR, RTK, RAS/MAPK, PI3K/AKT,
Hormone ER, Hormone AR, EMT, DNA damage response, cell cycle, and apoptosis.

Figure 6A–D and Supplementary Figures S2A–P and S3A–H depict the previously un-
reported relationship between RYK and these signaling cascades. Elevated RYK expression
is associated with the activation of DNA damage pathways in UCEC, TSCmTOR in KIRP,
PI3K/AKT in KIRP, BRCA, and SARC, EMT in ESCA, BRCA, and UCEC, RTK in LICH,
RASMPAK in BRCA and LICH, Hormone ER in LICH, Hormone AR in UCEC and LICH,
and cell cycle in HNSC, while low RYK expression is linked to the inhibition of TSCmTOR,
RTK, RASMPAK, and Hormone AR in ESCA, Hormone AR, and Hormone ER in BRCA,
and Hormone ER and cell cycle in KIRP.

Based on these outcomes, it can be inferred that the persistent malignant transforma-
tion of these cells contributes to the progression of cancer development through continuous
interactions within signaling cascades. This phenomenon is exemplified by instances
such as AKT-mTOR, which plays a role in inducing epithelial–mesenchymal transition
(EMT) [53,54]. Additionally, these cascades may act in synergy to induce cell death, as
evidenced by the observed cases involving DNA damage and PI3K/AKT [55,56].

Moreover, although no direct association has been established between RYK and DNA
damage or the PI3K/AKT signaling pathway, previous research has reported correlations
with the WNT signaling pathways. Components of the WNT pathways, including APC,
Axin, FZD, and GSK-3β, have been demonstrated to directly regulate the DNA damage
response (DDR) [57]. In breast cancer, it has been observed that the protein phosphatase
PP2A of the PI3K/AKT signaling pathway activates β-catenin, thereby promoting its
transcriptional activity [58]. However, the specific role of RYK in these scenarios requires
further exploration through experimental trials.

Finally, this analysis revealed variable expression levels of RYK in the TSC/mTOR,
RTK, RAS/MAPK, Hormone ER, Hormone AR, and cell cycle signaling pathways, depend-
ing on the type of cancer. This variability is intriguing and aligns with research led by
Nolan-Stevaux et al. [59], indicating that RYK can function as either an oncogenic or tumor
suppressor gene based on the specific malignancy. Although our research emphasized
RYK’s role as a cancer promoter, this result suggests a dual role for RYK, depending on
the cancer type. This discovery suggests a promising area of research on the nuanced role
of RYK in these signaling pathways. It also provides insight into a possible link between
RYK and oncogenesis, positioning this molecule as a promising marker for diagnosis and
therapy, particularly in cancer types that demonstrate heightened expression in advanced
stages of the disease or a correlation with unfavorable prognostic outcomes. Furthermore,
RYK emerges as a valuable target for further investigation and potential clinical applications
could be pursued by targeting RYK.
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5. Conclusions

In summary, our study provides new and significant insights into the relationship
between the RYK coreceptor and cancer. We found that this gene exhibits higher expression
as certain types of cancer progress, and this is associated with poorer prognosis when
messenger RNA levels are high. This work revealed a high possibility of RYK’s presence at
the protein level within the nucleus. It interacts with the LRP5, PTK5, and FZD7 receptors
to promote the transformation of malignant cells. This interaction may also be associated
with the activation or inhibition of some signaling pathways strongly related to cancer.
Therefore, this research highlights the need for the experimental validation of these results
to determine how RYK promotes or inhibits oncogenesis, depending on the type of cancer.
This work delves into this gene as a possible therapeutic target in malignant neoplasms,
which should continue to be studied.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/jmp5010005/s1, Supplementary Figure S1 displays the correlation between
RYK and WNT pathway receptors in non-disease tissues using TCGA data. Supplementary Figure S2
illustrates the Activity Score of Cancer-Related Signaling Pathways where RYK is upregulated, while
Supplementary Figure S3 depicts the Activity Score of Signaling Pathways Related to Cancer where
RYK is underregulated.
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