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Abstract 

Background: G-protein-coupled receptor (GPCR) kinases (GRKs) interact with ligand-activated GPCR, causing intra-
cellular phosphorylation and interfering with the intracellular signal transduction associated with the development 
of cancer. Colorectal cancer (CRC) is a fast-growing disease, and its molecular mechanism involves various regulatory 
proteins, including kinases. However, the GRK mechanism in CRC has not been explored.

Methods: We used an integrated computational approach to investigate the potential of GRK family members as 
targeted proteins in CRC. The GRK expression levels in tumor and normal tissues, colon adenocarcinoma samples, 
and metastatic colon adenocarcinoma were analyzed using ONCOMINE, GEPIA, and UALCAN, as well as TNM plots. 
Genetic changes in the GRK family genes were investigated using cBioportal. The prognostic value related to the gene 
expression of the GRK family was examined using GEPIA and UALCAN. Co-expression analysis of the GRK family was 
conducted using COXPRESdb. Association analysis of the Gene Ontology, KEGG pathway enrichment, and drug-gene 
analyses were performed using the over-representation analysis (ORA) in WebGestalt.

Results: GRK2, GRK3, and GRK5 mRNA levels increased significantly in patients with CRC and metastatic CRC. Genetic 
changes were detected in patients with CRC, including GRK7 (1.1%), GRK2 (1.7%), GRK4 (2.3%), GRK5 (2.5%), GRK6 
(2.5%), GRK3 (2.9%), and GRK1 (4%). CRC patients with low mRNA of GRK7 levels had better disease-free and overall 
survival than those with high GRK7 levels. Hierarchical clustering analysis revealed significant positive correlations 
between GRK5 and GRK2 and between GRK2 and GRK6. KEGG pathway enrichment analysis showed that the gene 
network (GN) regulated several cellular pathways, such as the morphine addiction signaling and chemokine signal-
ing pathways in cancer. The drug-gene association analysis indicated that the GN was associated with several drugs, 
including reboxetine, pindolol, beta-blocking agents, and protein kinase inhibitors.

Conclusion: No research has been conducted on the relation of GRK1 and GRK7 to cancer, particularly CRC. In this 
work, genes GRK2, GRK3, GRK5, and GRK6 were found to be oncogenes in CRC. Although inhibitors against GRK2, GRK5, 
and GRK6 have previously been developed, further research, particularly preclinical and clinical studies, is needed 
before these agents may be used to treat CRC.
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Introduction
G-protein-coupled receptor (GPCR) is a transmem-
brane receptor that regulates biology and pathology in 
the human body and is distributed in various organs [1]. 
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GPCRs are involved in the biological processes of can-
cer development, such as vascular remodeling, invasion, 
and migration [2], and have various families consist-
ing of many proteins. This protein has been identified 
as an oncogene or tumor suppressor gene in various 
types of cancer [3, 4]. GPCR kinases (GRKs) are serine/
threonine member kinases that play an important role 
in GPCR regulation by facilitating arrestin binding and 
receptor desensitization [5], interacting with ligand-acti-
vated GPCRs, and phosphorylating GPCR intracellular 
domains [6].

GRKs interact with ligand-activated GPCRs, thus 
phosphorylating intracellular receptor domains and 
impairing intracellular signaling and desensitization [7]. 
Seven members of the GRK family have been identified, 
and the mechanisms of GRK activity are generally clas-
sified into subcellular localization, alteration of intrinsic 
kinase activity, and modification of GRK expression [8]. 
GRKs regulate the functions of GPCR and growth fac-
tor receptor and directly control the components of the 
cytosol and cell nucleus signaling pathways [9]. The phos-
phorylation of GPCR intracellular domain desensitizes 
and triggers the internalization of the receptor, thereby 
interfering with intracellular signal transduction associ-
ated with cancer development [6].

Colorectal cancer (CRC) is a fast-growing global dis-
ease, and its molecular mechanism involves various 
regulatory proteins [10]. The incidence and mortality of 
early-onset CRC in humans younger than 50 years have 
increased worldwide [11]. Early detection, biomarkers, 
and new drugs are necessary to overcome this problem. 
Nogues mentioned that GRKs are involved in cancer 
development in a cell-type and tumor-specific way [9]. 
Furthermore, GRK expression and activity in specific 
tumor tissues can be changed by modulating various bio-
logical processes, including proliferation, survival, and 
invasion [9]. The review article by Garcia–Aranda [12] 
discussed the therapeutic targets of CRC on kinases, 
including tyrosine kinases, serine/threonine kinases, and 
drug development. GRKs are also targets for develop-
ing new drugs belonging to kinase inhibitors [13]. How-
ever, the GRK mechanism in CRC has not been deeply 
explored and needs to be investigated. In this study, we 
used an integrated computational analysis to explore 
the potential of GRK family members as target proteins 
in CRC, especially those related to gene expression, 
co-expression, alterations, and prognostic value. The 
integrated bioinformatic approach is carried out using 
various public databases that validate the potential of 
GRK members as targets for CRC therapy.

Methods
Analysis of GRK expression levels in tumor and normal 
tissues
GRK expression levels in tumor and normal tissues were 
analyzed using the ONCOMINE database (http:// oncom 
ine. org) [14] as previously described [15]. The selection 
criteria were fold change > 2 and p-value < 0.05.

Analysis of GRK expression levels in colon adenocarcinoma 
samples
GRK expression levels in colon adenocarcinoma samples 
were analyzed with GEPIA (http:// gepia. cancer- pku. cn) 
[16] and UALCAN (http:// ualcan. path. uab. edu) [17]. The 
gene expression levels were examined from TCGA study 
samples and compared between normal and colon ade-
nocarcinoma tissues. Student’s t-test was used for statis-
tical analysis, and * represents p-value < 0.05.

Analysis of GRK gene expression in normal tissues, tumor 
tissues, and metastatic colon adenocarcinoma samples
GRK gene expression levels in normal tissues, tumor tis-
sues, and metastatic colon adenocarcinoma samples were 
analyzed using TNM plots (https:// tnmpl ot. com/ analy 
sis/) [18]. Statistical analysis was carried out by ANOVA.

Analysis of genetic alterations
The genetic alterations of GRK family were analyzed 
using cBioportal (https:// www. cbiop ortal. org) [19, 20]. A 
study with the highest number of alterations was selected 
for Oncoprint analysis, mutation profile, and copy num-
ber alteration [21].

Prognostic value
Prognostic value related to the gene expression of the 
GRK family was conducted with GEPIA (http:// gepia. 
cancer- pku. cn) [16] using parameters overall survival 
(OS) and disease-free survival (DFS) and UALCAN 
(http:// ualcan. path. uab. edu) [17] using the standard set-
tings of the database.

Co‑expression analysis
The co-expression of the GRK family was analyzed using 
COXPRESdb (https:// coxpr esdb. jp) [22]. Data on the 
GRK family genes were submitted to coxpresdb.org and 
further analyzed for hierarchical clustering and network 
analysis using the standard settings of the database. 
Query genes (GRK family members) and its co-expressed 
genes were considered as GRK gene networks (GNs) and 
further analyzed for gene ontology, KEGG pathway, and 
drug–gene association analysis.

http://oncomine.org
http://oncomine.org
http://gepia.cancer-pku.cn
http://ualcan.path.uab.edu
https://tnmplot.com/analysis/
https://tnmplot.com/analysis/
https://www.cbioportal.org
http://gepia.cancer-pku.cn
http://gepia.cancer-pku.cn
http://ualcan.path.uab.edu
https://coxpresdb.jp
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Gene ontology, KEGG pathway enrichment, and drug–
gene association analysis
Gene ontology, KEGG pathway enrichment, and drug–
gene association analyses were performed using the over-
representation analysis (ORA) of WebGestalt (http:// 
www. webge stalt. org) [23]. GNs were submitted to the 
ORA of WebGestalt. For gene ontology functional data-
base, gene ontology terms were selected for biological 
process, cellular component, and molecular function. For 
KEGG pathway enrichment analysis, functional database 
pathway and KEGG were selected. For drug–gene asso-
ciation analysis, drug and GLAD4U were selected.

Results
Analysis of GRK expression levels in various tumor tissues
To determine the specific role of the GRK family in vari-
ous tumor tissues, we compared the expression levels of 
the GRK family in tumor and normal tissues. The expres-
sion of GRK genes showed diverse patterns in various 

tumor tissues. In general, GRK1 level is decreased in 
cervical cancer, lung cancer, and lymphoma (Fig.  1). 
GRK2 is increased in melanoma and prostate cancer but 
decreased in CRC, lymphoma, and pancreatic cancer. 
GRK3 is increased in CRC, leukemia, and liver cancer 
but decreased in brain and CNS cancer, breast cancer, 
lung cancer, lymphoma, and sarcoma. GRK4 is decreased 
in other types of cancer. GRK5 is generally increased in 
breast cancer, CRC, kidney cancer, leukemia, myeloma, 
and pancreatic cancer but decreased in bladder cancer, 
brain and CNS cancer, breast cancer, gastric cancer, leu-
kemia, lung cancer, melanoma, ovarian cancer, and sar-
coma. GRK6 is increased in gastric cancer but decreased 
in brain and CNS, leukemia, and pancreatic cancer. 
GRK7 did not show any changes in expression in all types 
of cancer and normal tissues. Gaspar et al. [24] found a 
significant twofold decrease in GRK2 in CRC (Table  1). 
Skrypczak et  al. [25] observed a 3–5 times increase in 
GRK3 expression in colon cancer cells. Skrypczak et  al. 

Fig. 1 Expression of GRK family across tumor versus adjacent tissues as analyzed by ONCOMINE. The selection criteria are fold change > 2 and 
p-value < 0.05

http://www.webgestalt.org
http://www.webgestalt.org
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[25] found a threefold increase in GRK5 mRNA expres-
sion in colorectal cancer cells.

Analysis of GRK expression levels in colon adenocarcinoma 
samples
Analysis of GRK expression levels in colon adenocarci-
noma samples from TCGA study using GEPIA revealed 
that only GRK5 expression levels were significantly 
downregulated in colorectal cancer cells (Fig.  2A). No 
significant results were found in the expression levels 
of GRK family genes in colorectal cancer samples from 
the TCGA study using the UALCAN database (Fig. 2B). 
We identified a significant increase in the expression of 
GRK1, GRK2, GRK3, GRK4, GRK5, and GRK6 in meta-
static colon cancer cells (Fig. 2C). No data were found on 
GRK7.

Analysis of genetic alterations
We submitted GRK1-GRK7 as query to cBioportal using 
samples from TCGA, PanCancer Atlas study. We found 
genetic alterations in GRK7 (1.1%), GRK2 (1.7%), GRK4 
(2.3%), GRK5 (2.5%), GRK6 (2.5%), GRK3 (2.9%), and 
GRK1 (4%) in 1.1% to 4% of patients (Fig. 3A). Most of the 
genetic alterations belong to amplification. Six mutations 
in GRK1 occurred in the protein kinase domain, and 
one of which was named V251M. Mutations in GRK4, 
GRK5, and GRK7 occurred in the RGS and protein kinase 
domains, and those in GRK2 and GRK3 occurred in the 
RGS, protein kinase, and PH domains (Fig. 3B). Extreme 
diversity was exhibited by the mutants in the GRK family, 
namely, GRK1 (6 mutants), GRK2 (8 mutants), GRK3 (14 
mutants), GRK4 (12 mutants), GRK5 (13 mutants), GRK6 
(15 mutants), and GRK7 (6 mutants). Significant mutual 
exclusivity study of GRK family in CRC samples from 
TCGA study showed only one gene pair GRK2-GRK3 
with co-occurrence tendency (Table 2).

Prognostic value
The prognostic value related to the gene expression of 
the GRK family and analyzed using GEPIA was classi-
fied based on OS and DFS. The patients with CRC and 
high GRK6 levels had significantly better OS than their 
opposite group (Fig.  4A). Meanwhile, the expression 

levels of GRK1, GRK2, GRK3, GRK4, GRK5, and GRK7 
had no significant meaning related to the OS of patients 
with CRC. In terms of DFS, only GRK7 showed signifi-
cant results, in which patients with low GRK7 levels had 
better DFS in patients with CRC (Fig. 4B). According to 
UALCAN database, only GRK7 had significant results, 
in which patients with low GRK7 levels had a better OS 
than their opposite group (Fig. 4C).

Co‑expression analysis
Hierarchical clustering analysis with the complete link-
age method of the GRK family was conducted to deter-
mine the correlation between GRK family members and 
the functional interaction network. The results showed a 
significant positive correlation between GRK members, 
namely, between GRK5 and GRK2 and between GRK2 
and GRK6 (Fig. 5A). We also performed a GN analysis of 
GRK members based on the 300 neighboring genes most 
associated with this family (Fig.  5B, Additional file  1: 
Table  1). The findings revealed that this GN regulated 
cellular processes in cancer progression.

Gene ontology, KEGG pathway enrichment, and drug–
gene association analysis
Gene ontology analysis (Fig.  5C) showed that the GN 
was involved in several biological processes, including 
cell communication and stimulus response, was located 
in the cell membrane and cytoplasm, and played a role 
in the molecular function of protein binding and ion 
binding. KEGG pathway enrichment analysis (Fig.  5D) 
revealed that GN regulated several cellular pathways such 
as morphine addiction signaling pathway and chemokine 
signaling pathway in cancer. Drug–gene association anal-
ysis (Fig.  5E) showed that the GN was associated with 
several drugs including reboxetine, pindolol, beta-block-
ing agents, and protein kinase inhibitors.

Discussion
On the basis of previous studies, the regulation of GRKs 
in cancer progression is highly dependent on specific 
cells and tissues. Hence, the role of GRKs in the pro-
gression of CRC is crucial for the development of GRKs 
as a target for colon cancer therapy. This study aims to 

Table 1 Expression of GRK family across colorectal cancer studies as analyzed by ONCOMINE

Gene Tumor versus normal p Fold change References

GRK2 Colon adenoma epithelia versus normal 3.74E−9  − 2.042 Gaspar et al. [24]

GRK3 Colon adenoma epithelia versus normal 6.64E−6 3.049 Skrypczak et al. [25]

Colon carcinoma epithelia versus normal 3.61E−7 5.023

Colon carcinoma versus normal 1.49E−7 3.549

GRK5 Colon carcinoma epithelia versus normal 4.46E−8 3.042 Skrypczak et al. [25]
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explore the potential of GRK family members including 
GRK1, GRK2, GRK3, GRK4, GRK5, GRK6, and GRK7 
as therapeutic targets in CRC using an integrated com-
putational approach. Results showed that the mRNA 
expression levels of GRK2, GRK3, and GRK5 signifi-
cantly differed in CRC tissues compared with adjacent 
tissues. This result is supported by Matthees et  al. [3], 
who showed the upregulations of protein levels GRK2, 
GRK3, GRK5, and GRK6 in patients with CRC. Moreo-
ver, mutual exclusivity analysis revealed one co-occurring 
gene pair, namely, GRK2–GRK3. OS analysis showed 
that patients with low GRK7 levels and high GRK6 levels 
had better OS than their opposite groups. Co-expression 
analysis showed two significantly co-expressed signifi-
cant gene pairs, namely, GRK5–GRK2 and GRK2–GRK6. 

Gene ontology enrichment analysis of the GN showed 
the GN pathway regulation of chemokine signaling path-
way in cancer. Drug–gene association analysis showed 
that kinase inhibitors were associated with the GN.

GRK1 and GRK7 were found to regulate several cellular 
processes. The phosphorylation of GRK1 and GRK7 by 
cAMP-dependent protein kinase diminishes their enzy-
matic activities [26]. GRK1B and GRK7A are involved 
in the recovery of the photoresponse of zebrafish larva 
[27]. GRK1 regulates the normal kinetics of dark adap-
tion [28]. The role of GRK1 and GRK7 in cancer develop-
ment, especially CRC, remains elusive and thus deserves 
further investigation.

GRK2 interacts with caveolin, in which caveolin 1 
inhibits GRK-mediated phosphorylation of GPCR [29]. 
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Fig. 2 A mRNA expression profile of GRK family across colon adenocarcinoma samples from TCGA study as analyzed by GEPIA. B mRNA expression 
profile of GRK family across colon adenocarcinoma samples from TCGA study as analyzed by UALCAN. C Differential gene expression analysis of 
GRKs in tumor, normal, and metastatic tissues as analyzed by TNMPlot
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Fig. 2 continued
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GRK2 is a key player of TNF-a-induced wound heal-
ing in colon epithelial cells [30]. GRK2 can play a role 
as an oncogene or tumor suppressor gene depending on 
certain tissue types. GRK2 promotes carcinogenesis in 
breast cancer [9]. The stabilization of GRK2 by EIF3D 
promotes the progression of gallbladder cancer by acti-
vating the PI3K/Akt pathway [31]. Moreover, an increase 
in GRK2 expression is involved in the progression of 
laryngeal carcinoma [32]. Downstream GPCR signaling 
involves crosstalk with other kinase pathways, including 
insulin-like growth factor-1 receptor (IGF1R) and beta-
arrestin [33]. Inhibition of GRK2 blocks IGF1R signal-
ing, thereby suppressing sarcoma progression. GRK2 
increases the sensitivity of breast cancer cells to cisplatin 
by interacting with NADPH oxidase 4 [34].

GRK2 mRNA and protein levels show no difference 
between normal and thyroid cancer tissues [35]. GRK2 
exhibits tumor suppressor activity in prostate cancer, 
in which loss of GRK2 function speeds up cancer pro-
gression to the deadliest stage [36]. Downregulation 
of GRK2 in head and neck squamous cell carcinoma 
promotes epithelial-to-mesenchymal transition [37]. 
Selective GRK2 inhibitors are available as treatment 
for several diseases, such as heart failure and cancer 
[38]. Kang [39] studied the structure and function of 
the GRK2 protein and developed GRK2 substrates and 
inhibitors to examine the molecular function of GRK2 
and develop drugs for targeted therapy. GRK2 prevents 
metastasis and invasion in hepatocellular carcinoma by 
regulating the Akt pathway [40] and inhibits the pro-
gression of lymphoma by inhibiting MALT1 [41].

Fig. 2 continued
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GRK3 was found to regulate several biological pro-
cesses, including cancer. The expression of GRK3 and 
GRK4 is increased in hyperfunctioning thyroid nodules 
[42]. Woerner [43] found that GRK3 is a negative regu-
lator of cell proliferation, and its levels are reduced in 
patients with glioblastoma multiforme. GRK3 is also 
an oncogene and negative regulator of the chemokine 
receptor CXCR4, and its GRK3 is positively correlated 
with progression and metastasis in triple-negative breast 
cancer [44]. Increased levels of GRK3 are a negative pre-
dictive marker for malignant CRC [45]. GRK3 is down-
regulated in patients with hepatocellular carcinoma and 
thus can be used as a good prognosis for this disease [46]. 
In addition, GRK2 and GRK3 are involved in the inter-
nalization of μ-opioid receptor and β-arrestin2 recruit-
ment [47]. Further investigations on GRK3 expression in 
CRC must be conducted.

KGN malignant human ovarian granulose-like tumor 
cells have lower levels of GKR4 alpha and beta and higher 
levels of GRK2 and GRK4 gamma/delta than non-malig-
nant human granulosa cells [48]. GRK4 expression is 
increased in hyperfunctioning thyroid nodules [42]. High 
GRK4 levels can trigger beta-arrestin-mediated MAPK 
signaling in breast cancer cells [49]. GRK4 induces cel-
lular senescence via the p53-independent pathway [50]. 
GRK4 is a regulatory gene in hypertension and promotes 
breast cancer cell proliferation [51]. GRK4 expression in 
CRC must be explored in detail.

GRK5 mRNA and protein levels are decreased in dif-
ferentiated thyroid carcinoma compared with those 
in normal thyroid tissues [35]. GRK5 is overexpressed 
in aggressive prostate cancer cells, and its knockdown 
leads to cell growth inhibition, G2/M cell cycle arrest, 

and decreased cyclin D1 levels [52]. GRK5 is downregu-
lated and increases CRC cell proliferation [53]. GRK5 
overexpression is observed in glioblastoma stem cells 
and is correlated with increased cell proliferation [54]. 
GRK5 regulates metastasis in prostate cancer by target-
ing moesin, a cytoskeletal membrane attachment protein, 
as its substrate [55]. GRK5 exhibits oncogenic activity in 
non-small-cell lung cancer, and its knockdown increases 
G2/M cell cycle arrest and induces apoptosis [56]. Low 
GRK5 levels promote the resistance of HeLa cervical 
cancer cells and MDA-MB 231 breast cancer cells to 
paclitaxel by increasing tubulin acetylation [57]. GRK5 
increases proliferation, invasion, and migration in renal 
cell carcinoma [58] and is a key regulator of the migra-
tion and invasion of breast cancer [59]. The downregula-
tion of GRK5 inhibits the signaling pathway of migration 
in triple-negative breast cancer. A review article by Mar-
zano [60] discussed the potential of GRK5 for cancer 
chemoprevention. GRK5 is localized in the nucleus and 
overexpressed in MDA-MB 231 triple-negative breast 
cancer cells [61]. GRK5 knockdown increases the sen-
sitivity of HeLa cervical and MDA-MB triple-negative 
breast cancer cells toward actinomycin D [61]. Rowlands 
et  al. [62] developed selective and potent GRK5 inhibi-
tors. However, the regulating role of GRK5 in CRC needs 
further investigation.

GRK6 is overexpressed in multiple myeloma cells with 
increased chemoresistance [63]. GRK6 possesses onco-
genic activity, and its overexpression is correlated with 
progression and poor prognosis of papillary thyroid carci-
noma [64]. Tao [65] showed that GRK6 overexpression is 
strongly correlated with the poor prognosis and progres-
sion of CRC. GRK6 exhibits tumor suppressor activity, 

Fig. 3 A Oncoprint analysis of GRK family genes across colorectal adenocarcinoma samples from TCGA study as analyzed by cBioportal. B Mutation 
profile of GRK family genes across colorectal adenocarcinoma samples from TCGA study as analyzed by cBioportal
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and its knockdown increases lung adenocarcinoma cell 
migration and invasion [66]. Olson [67] found that GRK6 

levels are overexpressed in multiple myeloma compared 
with that in epithelial cells; hence, they modified and 
expressed GRK6 protein to support the structure-based 
drug development of supportive therapy for multiple 
myeloma. Uehling [68] synthesized 4-aminoquinazolines 
as GRK6 inhibitors and found that compound no. 18 is a 
novel, potent, and selective GRK6 inhibitor that can be 
used for treating multiple myeloma. Further studies on 

Table 2 Significant mutual exclusivity study of GRK family in 
colorectal cancer TCGA as analyzed by cBioportal

A B p‑value Tendency

GRK2 GRK3 0.001 Co-occurrence
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the molecular mechanism and development of GRK6 
inhibitors for CRC therapy are required.

The results of our study demonstrated that not all 
GRK family members were correlated with or played an 
important role in the progression of CRC, as only GRK2, 

GRK5, and GRK6 played essential roles in CRC progres-
sion. Moreover, inhibitors of GRK2, GRK5, and GRK5 
have been widely studied as anticancer inhibitors but 
not in CRC; therefore, further studies of those inhibi-
tors on CRC cells will provide comprehensive data for 
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Fig. 5 A Hierarchical clustering of GRK family genes constructed by mutual rank distance as analyzed by COXPRESdb. B Network analysis of 
co-expressed genes related to GRKs as analyzed by COXPRESdb. C Gene ontology enrichment analysis of the co-expressed GRK genes as analyzed 
by WebGestalt. D KEGG pathway enrichment analysis of co-expressed GRK genes as analyzed by WebGestalt. E Drug–gene association analysis of 
co-expressed GRK genes as analyzed by WebGestalt
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Fig. 5 continued

Fig. 5 continued
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their development as anti-CRC agents. This study used 
a bioinformatics approach and was in the early stages of 
the drug discovery process of exploring potential GRK 
families for CRC therapy; therefore, the results must be 
validated by other studies such as in  vitro, in  vivo, and 
clinical trials. Despite these limitations, this is the first 
study to apply bioinformatics to explore the role and 
potential of GRKs as therapeutic targets in CRC.

Conclusion
This study highlights the potential of GRK family mem-
bers, especially GRK2, GRK3, GRK5, GRK6, and GRK7, 
as targets for the treatment of CRC. To date, no research 
has focused on the relation of GRK1 and GRK7 to can-
cer, especially CRC. GRK2, GRK3, GRK5, and GRK6 
were found to be oncogenes in CRC. Although inhibitors 
against GRK2, GRK5, and GRK6 have been developed, 
further investigations, especially preclinical and clinical 
studies, are required for their potential use against CRC.

Fig. 5 continued



Page 15 of 17Hermawan and Putri  Egyptian Journal of Medical Human Genetics          (2022) 23:137  

Abbreviations
CNA: Copy number alteration; CRC : Colorectal cancer; DFS: Disease-free 
survival; GPCR: G-protein-coupled receptor; GRK: G-protein-coupled receptor 
(GPCR) kinase; OS: Overall survival.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s43042- 022- 00349-y.

Additional file 1: Co-expressed genes from query genes.

Acknowledgements
The authors thank Badan Penerbit dan Publikasi (BPP) Universitas Gadjah 
Mada for their assistance in writing.

Author contributions
AH contributed to the design, data acquisition and result analysis, review, 
drafted the article, and final approval of the version to be published. HP 
contributed to data acquisition. All authors have read and approved the 
manuscript.

Funding
Not applicable.

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article [and its supplementary information files].

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors indicate that they have no competing interests.

Author details
1 Laboratory of Macromolecular Engineering, Department of Pharmaceuti-
cal Chemistry, Faculty of Pharmacy, Universitas Gadjah Mada Sekip Utara II, 
Yogyakarta 55281, Indonesia. 2 Cancer Chemoprevention Research Center, 
Faculty of Pharmacy, Universitas Gadjah Mada Sekip Utara II, Yogyakarta 55281, 
Indonesia. 

Received: 30 March 2022   Accepted: 26 August 2022

References
 1. Insel PA, Sriram K, Wiley SZ, Wilderman A, Katakia T, McCann T, Yokouchi 

H, Zhang L, Corriden R, Liu D (2018) GPCRomics: GPCR expression 
in cancer cells and tumors identifies new, potential biomarkers and 
therapeutic targets. Front Pharmacol 9:431

 2. Gutierrez AN, McDonald PH (2018) GPCRs: emerging anti-cancer drug 
targets. Cell Signal 41:65–74

 3. Matthees ESF, Haider RS, Hoffmann C, Drube J (2021) Differential regu-
lation of GPCRs-are GRK expression levels the key? Front Cell Dev Biol 
9:687489. https:// doi. org/ 10. 3389/ fcell. 2021. 687489

 4. Sun W-y, Wu J-j, Peng W-t, Sun J-c, Wei W (2018) The role of G protein-
coupled receptor kinases in the pathology of malignant tumors. 
Acta Pharmacol Sin 39(11):1699–1705. https:// doi. org/ 10. 1038/ 
s41401- 018- 0049-z

 5. Komolov KE, Sulon SM, Bhardwaj A, van Keulen SC, Duc NM, Lauri-
navichyute DK, Lou HJ, Turk BE, Chung KY, Dror RO, Benovic JL (2021) 
Structure of a GRK5-calmodulin complex reveals molecular mechanism 

of GRK activation and substrate targeting. Mol Cell 81(2):323-339.e311. 
https:// doi. org/ 10. 1016/j. molcel. 2020. 11. 026

 6. Yu S, Sun L, Jiao Y, Lee LTO (2018) The role of G protein-coupled recep-
tor kinases in cancer. Int J Biol Sci 14(2):189–203. https:// doi. org/ 10. 
7150/ ijbs. 22896

 7. Métayé T, Gibelin H, Perdrisot R, Kraimps JL (2005) Pathophysiological 
roles of G-protein-coupled receptor kinases. Cell Signal 17(8):917–928. 
https:// doi. org/ 10. 1016/j. cells ig. 2005. 01. 002

 8. Penn RB, Pronin AN, Benovic JL (2000) Regulation of G protein-coupled 
receptor kinases. Trends Cardiovasc Med 10(2):81–89. https:// doi. org/ 
10. 1016/ s1050- 1738(00) 00053-0

 9. Nogués L, Palacios-García J, Reglero C, Rivas V, Neves M, Ribas C, Penela 
P, Mayor F Jr (2018) G protein-coupled receptor kinases (GRKs) in tumo-
rigenesis and cancer progression: GPCR regulators and signaling hubs. 
Semin Cancer Biol 48:78–90. https:// doi. org/ 10. 1016/j. semca ncer. 2017. 
04. 013

 10. Aghagolzadeh P, Radpour R (2016) New trends in molecular and cel-
lular biomarker discovery for colorectal cancer. World J Gastroenterol 
22(25):5678

 11. Burnett-Hartman AN, Lee JK, Demb J, Gupta S (2021) An update on 
the epidemiology, molecular characterization, diagnosis, and screen-
ing strategies for early-onset colorectal cancer. Gastroenterology 
160(4):1041–1049. https:// doi. org/ 10. 1053/j. gastro. 2020. 12. 068

 12. García-Aranda M, Redondo M (2019) Targeting receptor kinases in 
colorectal cancer. Cancers 11(4):433

 13. Prasher P, Sharma M, Chan Y, Singh SK, Anand K, Dureja H, Jha NK, 
Gupta G, Zacconi F, Chellappan DK, Dua K (2021) Recent trends in 
rationally designed molecules as kinase inhibitors. Curr Med Chem. 
https:// doi. org/ 10. 2174/ 09298 67328 66621 11111 61811

 14. Rhodes DR, Yu J, Shanker K, Deshpande N, Varambally R, Ghosh D, Bar-
rette T, Pander A, Chinnaiyan AM (2004) ONCOMINE: a cancer microar-
ray database and integrated data-mining platform. Neoplasia 6(1):1–6

 15. Hermawan A, Putri H, Ikawati M (2020) Bioinformatic analysis reveals 
the molecular targets of tangeretin in overcoming the resistance of 
breast cancer to tamoxifen. Gene Rep 21:100884

 16. Tang Z, Li C, Kang B, Gao G, Li C, Zhang Z (2017) GEPIA: a web server for 
cancer and normal gene expression profiling and interactive analyses. 
Nucleic Acids Res 45(W1):W98–W102

 17. Chandrashekar DS, Bashel B, Balasubramanya SAH, Creighton CJ, 
Ponce-Rodriguez I, Chakravarthi BV, Varambally S (2017) UALCAN: a 
portal for facilitating tumor subgroup gene expression and survival 
analyses. Neoplasia 19(8):649–658

 18. Bartha Á, Győrffy B (2021) TNMplot. com: a web tool for the com-
parison of gene expression in normal, tumor and metastatic tissues. 
International journal of molecular sciences 22 (5):2622

 19. Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, Sun Y, 
Jacobsen A, Sinha R, Larsson E (2013) Integrative analysis of complex 
cancer genomics and clinical profiles using the cBioPortal. Science 
signaling 6 (269):pl1–pl1

 20. Gao J, Lindsay J, Watt S, Bahceci I, Lukasse P, Abeshouse A, Chen H-W, 
de Bruijn I, Gross B, Li D (2016) The cBioPortal for cancer genomics and 
its application in precision oncology. AACR 

 21. Hermawan A, Putri H, Hanif N, Ikawati M (2021) Integrative bioinfor-
matics study of tangeretin potential targets for preventing metastatic 
breast cancer. Evid-Based Complem Altern Med 2021

 22. Okamura Y, Aoki Y, Obayashi T, Tadaka S, Ito S, Narise T, Kinoshita K 
(2015) COXPRESdb in 2015: coexpression database for animal species 
by DNA-microarray and RNAseq-based expression data with multiple 
quality assessment systems. Nucleic Acids Res 43(D1):D82–D86

 23. Wang J, Vasaikar S, Shi Z, Greer M, Zhang B (2017) WebGestalt 2017: a 
more comprehensive, powerful, flexible and interactive gene set enrich-
ment analysis toolkit. Nucleic Acids Res 45(W1):W130–W137

 24. Gaspar C, Cardoso J, Franken P, Molenaar L, Morreau H, Möslein G, Samp-
son J, Boer JM, de Menezes RX, Fodde R (2008) Cross-species comparison 
of human and mouse intestinal polyps reveals conserved mechanisms 
in adenomatous polyposis coli (APC)-driven tumorigenesis. Am J Pathol 
172(5):1363–1380. https:// doi. org/ 10. 2353/ ajpath. 2008. 070851

 25. Skrzypczak M, Goryca K, Rubel T, Paziewska A, Mikula M, Jarosz D, 
Pachlewski J, Oledzki J, Ostrowski J (2010) Modeling oncogenic signaling 
in colon tumors by multidirectional analyses of microarray data directed 

https://doi.org/10.1186/s43042-022-00349-y
https://doi.org/10.1186/s43042-022-00349-y
https://doi.org/10.3389/fcell.2021.687489
https://doi.org/10.1038/s41401-018-0049-z
https://doi.org/10.1038/s41401-018-0049-z
https://doi.org/10.1016/j.molcel.2020.11.026
https://doi.org/10.7150/ijbs.22896
https://doi.org/10.7150/ijbs.22896
https://doi.org/10.1016/j.cellsig.2005.01.002
https://doi.org/10.1016/s1050-1738(00)00053-0
https://doi.org/10.1016/s1050-1738(00)00053-0
https://doi.org/10.1016/j.semcancer.2017.04.013
https://doi.org/10.1016/j.semcancer.2017.04.013
https://doi.org/10.1053/j.gastro.2020.12.068
https://doi.org/10.2174/0929867328666211111161811
https://doi.org/10.2353/ajpath.2008.070851


Page 16 of 17Hermawan and Putri  Egyptian Journal of Medical Human Genetics          (2022) 23:137 

for maximization of analytical reliability. PLoS ONE. https:// doi. org/ 10. 
1371/ journ al. pone. 00130 91

 26. Horner TJ, Osawa S, Schaller MD, Weiss ER (2005) Phosphorylation of GRK1 
and GRK7 by cAMP-dependent protein kinase attenuates their enzymatic 
activities. J Biol Chem 280(31):28241–28250. https:// doi. org/ 10. 1074/ jbc. 
M5051 17200

 27. Chrispell JD, Dong E, Osawa S, Liu J, Cameron DJ, Weiss ER (2018) Grk1b 
and Grk7a both contribute to the recovery of the isolated cone photore-
sponse in larval zebrafish. Investig Ophthalmol Vis Sci 59(12):5116–5124. 
https:// doi. org/ 10. 1167/ iovs. 18- 24455

 28. Kolesnikov AV, Chrispell JD, Osawa S, Kefalov VJ, Weiss ER (2020) Phos-
phorylation at Serine 21 in G protein-coupled receptor kinase 1 (GRK1) 
is required for normal kinetics of dark adaption in rod but not cone pho-
toreceptors. FASEB J 34(2):2677–2690. https:// doi. org/ 10. 1096/ fj. 20190 
2535R

 29. Carman CV, Lisanti MP, Benovic JL (1999) Regulation of G protein-coupled 
receptor kinases by caveolin. J Biol Chem 274(13):8858–8864. https:// doi. 
org/ 10. 1074/ jbc. 274. 13. 8858

 30. Steury MD, Lucas PC, McCabe LR, Parameswaran N (2017) G-protein-
coupled receptor kinase-2 is a critical regulator of TNFα signaling in colon 
epithelial cells. Biochem J 474(14):2301–2313. https:// doi. org/ 10. 1042/ 
bcj20 170093

 31. Zhang F, Xiang S, Cao Y, Li M, Ma Q, Liang H, Li H, Ye Y, Zhang Y, Jiang L, 
Hu Y, Zhou J, Wang X, Zhang Y, Nie L, Liang X, Gong W, Liu Y (2017) EIF3D 
promotes gallbladder cancer development by stabilizing GRK2 kinase 
and activating PI3K-AKT signaling pathway. Cell Death Dis 8(6):e2868. 
https:// doi. org/ 10. 1038/ cddis. 2017. 263

 32. Li YF, Han CC, Wang Y, Cui DQ, Luo TT, Zhang YW, Ma Y, Wei W (2020) 
Combined PGE2 with TNF-α promotes laryngeal carcinoma progression 
by enhancing GRK2 and TRAF2 interaction. Neoplasma 67(2):354–363. 
https:// doi. org/ 10. 4149/ neo_ 2020_ 19052 6N463

 33. Crudden C, Shibano T, Song D, Dragomir MP, Cismas S, Serly J, Nedelcu D, 
Fuentes-Mattei E, Tica A, Calin GA, Girnita A, Girnita L (2021) Inhibition of 
G protein-coupled receptor kinase 2 promotes unbiased downregulation 
of IGF1 receptor and restrains malignant cell growth. Can Res 81(2):501–
514. https:// doi. org/ 10. 1158/ 0008- 5472. can- 20- 1662

 34. Ammon JC, Valls D, Eldemerdash M, Patel JR, Tran PD, Feng L, Gi M, Gon-
zalez TT, Phan C, Zendejas AE, So CH (2021) G protein-coupled receptor 
kinase 2 modifies the cellular reaction to cisplatin through interactions 
with NADPH oxidase 4. Mol Cell Biochem 476(3):1505–1516. https:// doi. 
org/ 10. 1007/ s11010- 020- 03969-3

 35. Métayé T, Menet E, Guilhot J, Kraimps JL (2002) Expression and activity of 
g protein-coupled receptor kinases in differentiated thyroid carcinoma. 
J Clin Endocrinol Metab 87(7):3279–3286. https:// doi. org/ 10. 1210/ jcem. 
87.7. 8618

 36. Adler AJ, Mittal P, Hagymasi AT, Menoret A, Shen C, Agliano F, Wright KT, 
Grady JJ, Kuo CL, Ballesteros E, Claffey KP, Vella AT (2020) GRK2 enforces 
androgen receptor dependence in the prostate and prostate tumors. 
Oncogene 39(11):2424–2436. https:// doi. org/ 10. 1038/ s41388- 020- 1159-x

 37. Palacios-García J, Sanz-Flores M, Asensio A, Alvarado R, Rojo-Berciano S, 
Stamatakis K, Paramio JM, Cano A, Nieto MÁ, García-Escudero R (2020) 
G-protein-coupled receptor kinase 2 safeguards epithelial phenotype in 
head and neck squamous cell carcinomas. Int J Cancer 147(1):218–229

 38. Rowlands RA, Cato MC, Waldschmidt HV, Bouley RA, Chen Q, Avramova L, 
Larsen SD, Tesmer JJG, White AD (2019) Structure-based design of selec-
tive, covalent G protein-coupled receptor kinase 5 inhibitors. ACS Med 
Chem Lett 10(12):1628–1634. https:// doi. org/ 10. 1021/ acsme dchem lett. 
9b003 65

 39. Kang JH, Toita R, Kawano T, Murata M, Asai D (2020) Design of substrates 
and inhibitors of G protein-coupled receptor kinase 2 (GRK2) based on its 
phosphorylation reaction. Amino Acids 52(6–7):863–870. https:// doi. org/ 
10. 1007/ s00726- 020- 02864-x

 40. Li N, Wu JJ, Chen TT, Li XQ, Du JJ, Shan S, Wei W, Sun WY (2020) GRK2 
suppresses hepatocellular carcinoma metastasis and invasion through 
down-regulation of prostaglandin E receptor 2. Onco Targets Ther 
13:9559–9571. https:// doi. org/ 10. 2147/ ott. s2666 41

 41. Cheng J, Klei LR, Hubel NE, Zhang M, Schairer R, Maurer LM, Klei HB, Kang 
H, Concel VJ, Delekta PC, Dang EV, Mintz MA, Baens M, Cyster JG, Para-
meswaran N, Thome M, Lucas PC, McAllister-Lucas LM (2020) GRK2 sup-
presses lymphomagenesis by inhibiting the MALT1 proto-oncoprotein. J 
Clin Investig 130(2):1036–1051. https:// doi. org/ 10. 1172/ jci97 040

 42. Voigt C, Holzapfel HP, Meyer S, Paschke R (2004) Increased expression of 
G-protein-coupled receptor kinases 3 and 4 in hyperfunctioning thyroid 
nodules. J Endocrinol 182(1):173–182. https:// doi. org/ 10. 1677/ joe.0. 
18201 73

 43. Woerner BM, Luo J, Brown KR, Jackson E, Dahiya SM, Mischel P, Benovic 
JL, Piwnica-Worms D, Rubin JB (2012) Suppression of G-protein-coupled 
receptor kinase 3 expression is a feature of classical GBM that is required 
for maximal growth. Mol Cancer Res MCR 10(1):156–166. https:// doi. org/ 
10. 1158/ 1541- 7786. mcr- 11- 0411

 44. Billard MJ, Fitzhugh DJ, Parker JS, Brozowski JM, McGinnis MW, Timosh-
chenko RG, Serafin DS, Lininger R, Klauber-Demore N, Sahagian G, Truong 
YK, Sassano MF, Serody JS, Tarrant TK (2016) G protein coupled receptor 
kinase 3 regulates breast cancer migration, invasion, and metastasis. PLoS 
ONE 11(4):e0152856. https:// doi. org/ 10. 1371/ journ al. pone. 01528 56

 45. Jiang T, Yang C, Ma L, Wu Z, Ye L, Ma X, Li H, Fan J, Yang Y (2017) Overex-
pression of GRK3, promoting tumor proliferation, is predictive of poor 
prognosis in colon cancer. Dis Mark 2017:1202710. https:// doi. org/ 10. 
1155/ 2017/ 12027 10

 46. Jin Y, Liang ZY, Zhou WX, Zhou L (2017) Expression and significances 
of G-protein-coupled receptor kinase 3 in hepatocellular carcinoma. J 
Cancer 8(11):1972–1978. https:// doi. org/ 10. 7150/ jca. 19201

 47. Møller TC, Pedersen MF, van Senten JR, Seiersen SD, Mathiesen JM, Bou-
vier M, Bräuner-Osborne H (2020) Dissecting the roles of GRK2 and GRK3 
in μ-opioid receptor internalization and β-arrestin2 recruitment using 
CRISPR/Cas9-edited HEK293 cells. Sci Rep 10(1):17395. https:// doi. org/ 10. 
1038/ s41598- 020- 73674-0

 48. King DW, Steinmetz R, Wagoner HA, Hannon TS, Chen LY, Eugster EA, Pes-
covitz OH (2003) Differential expression of GRK isoforms in nonmalignant 
and malignant human granulosa cells. Endocrine 22(2):135–142. https:// 
doi. org/ 10. 1385/ endo: 22:2: 135

 49. Matsubayashi J, Takanashi M, Oikawa K, Fujita K, Tanaka M, Xu M, De 
Blasi A, Bouvier M, Kinoshita M, Kuroda M, Mukai K (2008) Expression of 
G protein-coupled receptor kinase 4 is associated with breast cancer 
tumourigenesis. J Pathol 216(3):317–327. https:// doi. org/ 10. 1002/ path. 
2414

 50. Xiao P, Huang X, Huang L, Yang J, Li A, Shen K, Wedegaertner PB, Jiang X 
(2017) G protein-coupled receptor kinase 4-induced cellular senescence 
and its senescence-associated gene expression profiling. Exp Cell Res 
360(2):273–280

 51. Yue W, Tran HT, Wang JP, Schiermeyer K, Gildea JJ, Xu P, Felder RA (2021) 
The hypertension related gene G-protein coupled receptor kinase 4 
contributes to breast cancer proliferation. Breast Cancer Basic Clin Res 
15:11782234211015752. https:// doi. org/ 10. 1177/ 11782 23421 10157 53

 52. Kim JI, Chakraborty P, Wang Z, Daaka Y (2012) G-protein coupled receptor 
kinase 5 regulates prostate tumor growth. J Urol 187(1):322–329. https:// 
doi. org/ 10. 1016/j. juro. 2011. 09. 049

 53. Wu C-C, Tsai F-M, Shyu R-Y, Tsai Y-M, Wang C-H, Jiang S-Y (2011) G protein-
coupled receptor kinase 5 mediates Tazarotene-induced gene 1-induced 
growth suppression of human colon cancer cells. BMC Cancer 11(1):175. 
https:// doi. org/ 10. 1186/ 1471- 2407- 11- 175

 54. Kaur G, Kim J, Kaur R, Tan I, Bloch O, Sun MZ, Safaee M, Oh MC, Sughrue 
M, Phillips J, Parsa AT (2013) G-protein coupled receptor kinase (GRK)-5 
regulates proliferation of glioblastoma-derived stem cells. J Clin Neurosci 
20(7):1014–1018. https:// doi. org/ 10. 1016/j. jocn. 2012. 10. 008

 55. Chakraborty PK, Zhang Y, Coomes AS, Kim WJ, Stupay R, Lynch LD, 
Atkinson T, Kim JI, Nie Z, Daaka Y (2014) G protein-coupled receptor 
kinase GRK5 phosphorylates moesin and regulates metastasis in prostate 
cancer. Can Res 74(13):3489–3500. https:// doi. org/ 10. 1158/ 0008- 5472. 
can- 13- 2708

 56. Jiang LP, Fan SQ, Xiong QX, Zhou YC, Yang ZZ, Li GF, Huang YC, Wu MG, 
Shen QS, Liu K, Yang CP, Chen YB (2018) GRK5 functions as an oncogenic 
factor in non-small-cell lung cancer. Cell Death Dis 9(3):295. https:// doi. 
org/ 10. 1038/ s41419- 018- 0299-1

 57. Lagman J, Sayegh P, Lee CS, Sulon SM, Jacinto AZ, Sok V, Peng N, Alp D, 
Benovic JL, So CH (2019) G protein-coupled receptor kinase 5 modifies 
cancer cell resistance to paclitaxel. Mol Cell Biochem 461(1–2):103–118. 
https:// doi. org/ 10. 1007/ s11010- 019- 03594-9

 58. Zhao TL, Gan XX, Bao Y, Wang WP, Liu B, Wang LH (2019) GRK5 promotes 
tumor progression in renal cell carcinoma. Neoplasma 66(2):261–270. 
https:// doi. org/ 10. 4149/ neo_ 2018_ 18062 1N409

https://doi.org/10.1371/journal.pone.0013091
https://doi.org/10.1371/journal.pone.0013091
https://doi.org/10.1074/jbc.M505117200
https://doi.org/10.1074/jbc.M505117200
https://doi.org/10.1167/iovs.18-24455
https://doi.org/10.1096/fj.201902535R
https://doi.org/10.1096/fj.201902535R
https://doi.org/10.1074/jbc.274.13.8858
https://doi.org/10.1074/jbc.274.13.8858
https://doi.org/10.1042/bcj20170093
https://doi.org/10.1042/bcj20170093
https://doi.org/10.1038/cddis.2017.263
https://doi.org/10.4149/neo_2020_190526N463
https://doi.org/10.1158/0008-5472.can-20-1662
https://doi.org/10.1007/s11010-020-03969-3
https://doi.org/10.1007/s11010-020-03969-3
https://doi.org/10.1210/jcem.87.7.8618
https://doi.org/10.1210/jcem.87.7.8618
https://doi.org/10.1038/s41388-020-1159-x
https://doi.org/10.1021/acsmedchemlett.9b00365
https://doi.org/10.1021/acsmedchemlett.9b00365
https://doi.org/10.1007/s00726-020-02864-x
https://doi.org/10.1007/s00726-020-02864-x
https://doi.org/10.2147/ott.s266641
https://doi.org/10.1172/jci97040
https://doi.org/10.1677/joe.0.1820173
https://doi.org/10.1677/joe.0.1820173
https://doi.org/10.1158/1541-7786.mcr-11-0411
https://doi.org/10.1158/1541-7786.mcr-11-0411
https://doi.org/10.1371/journal.pone.0152856
https://doi.org/10.1155/2017/1202710
https://doi.org/10.1155/2017/1202710
https://doi.org/10.7150/jca.19201
https://doi.org/10.1038/s41598-020-73674-0
https://doi.org/10.1038/s41598-020-73674-0
https://doi.org/10.1385/endo:22:2:135
https://doi.org/10.1385/endo:22:2:135
https://doi.org/10.1002/path.2414
https://doi.org/10.1002/path.2414
https://doi.org/10.1177/11782234211015753
https://doi.org/10.1016/j.juro.2011.09.049
https://doi.org/10.1016/j.juro.2011.09.049
https://doi.org/10.1186/1471-2407-11-175
https://doi.org/10.1016/j.jocn.2012.10.008
https://doi.org/10.1158/0008-5472.can-13-2708
https://doi.org/10.1158/0008-5472.can-13-2708
https://doi.org/10.1038/s41419-018-0299-1
https://doi.org/10.1038/s41419-018-0299-1
https://doi.org/10.1007/s11010-019-03594-9
https://doi.org/10.4149/neo_2018_180621N409


Page 17 of 17Hermawan and Putri  Egyptian Journal of Medical Human Genetics          (2022) 23:137  

 59. Sommer AK, Falcenberg M, Ljepoja B, Fröhlich T, Arnold GJ, Wagner 
E, Roidl A (2019) Downregulation of GRK5 hampers the migration 
of breast cancer cells. Sci Rep 9(1):15548. https:// doi. org/ 10. 1038/ 
s41598- 019- 51923-1

 60. Marzano F, Rapacciuolo A, Ferrara N, Rengo G, Koch WJ, Cannavo A (2021) 
Targeting GRK5 for treating chronic degenerative diseases. Int J Mol Sci. 
https:// doi. org/ 10. 3390/ ijms2 20419 20

 61. Sok V, Jacinto AZ, Peng N, Eldemerdash M, Le L, Tran PD, Feng LF, Patel 
JR, Gi M, Ammon JC, So CH (2021) G protein coupled receptor kinase 
5 modifies the nucleolar stress response activated by actinomycin D. 
Biochem Cell Biol 99(4):508–518. https:// doi. org/ 10. 1139/ bcb- 2020- 0480

 62. Rowlands RA, Chen Q, Bouley RA, Avramova LV, Tesmer JJG, White AD 
(2021) Generation of highly selective, potent, and covalent G protein-
coupled receptor kinase 5 inhibitors. J Med Chem 64(1):566–585. https:// 
doi. org/ 10. 1021/ acs. jmedc hem. 0c015 22

 63. Zhang Z, Li Z, Chen W (2018) Down-regulated G protein-coupled recep-
tor kinase 6 leads to apoptosis in multiple myeloma MM1R cells. Exp Ther 
Med 16(5):4253–4259. https:// doi. org/ 10. 3892/ etm. 2018. 6722

 64. Che X, Zhang G, Zhang X, Xue J (2018) Overexpression of G protein-
coupled receptor kinase 6 (GRK6) is associated with progression and poor 
prognosis of papillary thyroid carcinoma. Med Sci Monit 24:3540

 65. Tao R, Li Q, Gao X, Ma L (2018) Overexpression of GRK6 associates with 
the progression and prognosis of colorectal carcinoma. Oncol Lett 
15(4):5879–5886. https:// doi. org/ 10. 3892/ ol. 2018. 8030

 66. Yao S, Wu D, Chen J, Wang P, Lv X, Huang J (2019) Hypermethylation of 
the G protein-coupled receptor kinase 6 (GRK6) promoter inhibits bind-
ing of C/EBPα, and GRK6 knockdown promotes cell migration and inva-
sion in lung adenocarcinoma cells. FEBS Open Biol 9(4):605–617. https:// 
doi. org/ 10. 1002/ 2211- 5463. 12606

 67. Olson TL, Zhang S, Labban D, Kaschner E, Aceves M, Iyer S, Meza-Aguilar 
JD, Zook JD, Chun E, Craciunescu FM, Liu W, Shi CX, Stewart AK, Hansen 
DT, Meurice N, Fromme P (2021) Protein expression and purification of 
G-protein coupled receptor kinase 6 (GRK6), toward structure-based drug 
design and discovery for multiple myeloma. Protein Exp Purif 185:105890. 
https:// doi. org/ 10. 1016/j. pep. 2021. 105890

 68. Uehling DE, Joseph B, Chung KC, Zhang AX, Ler S, Prakesch MA, Poda G, 
Grouleff J, Aman A, Kiyota T, Leung-Hagesteijn C, Konda JD, Marcellus 
R, Griffin C, Subramaniam R, Abibi A, Strathdee CA, Isaac MB, Al-Awar R, 
Tiedemann RE (2021) Design, synthesis, and characterization of 4-ami-
noquinazolines as potent inhibitors of the G protein-coupled receptor 
kinase 6 (GRK6) for the treatment of multiple myeloma. J Med Chem 
64(15):11129–11147. https:// doi. org/ 10. 1021/ acs. jmedc hem. 1c005 06

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1038/s41598-019-51923-1
https://doi.org/10.1038/s41598-019-51923-1
https://doi.org/10.3390/ijms22041920
https://doi.org/10.1139/bcb-2020-0480
https://doi.org/10.1021/acs.jmedchem.0c01522
https://doi.org/10.1021/acs.jmedchem.0c01522
https://doi.org/10.3892/etm.2018.6722
https://doi.org/10.3892/ol.2018.8030
https://doi.org/10.1002/2211-5463.12606
https://doi.org/10.1002/2211-5463.12606
https://doi.org/10.1016/j.pep.2021.105890
https://doi.org/10.1021/acs.jmedchem.1c00506

	Computational analysis of G-protein-coupled receptor kinase family members as potential targets for colorectal cancer therapy
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Methods
	Analysis of GRK expression levels in tumor and normal tissues
	Analysis of GRK expression levels in colon adenocarcinoma samples
	Analysis of GRK gene expression in normal tissues, tumor tissues, and metastatic colon adenocarcinoma samples
	Analysis of genetic alterations
	Prognostic value
	Co-expression analysis
	Gene ontology, KEGG pathway enrichment, and drug–gene association analysis

	Results
	Analysis of GRK expression levels in various tumor tissues
	Analysis of GRK expression levels in colon adenocarcinoma samples
	Analysis of genetic alterations
	Prognostic value
	Co-expression analysis
	Gene ontology, KEGG pathway enrichment, and drug–gene association analysis

	Discussion
	Conclusion
	Acknowledgements
	References


