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Response to Reviewer Comment: 

 

Reviewer 1: Manuscript Title: Integration of Genetic Variants and Gene Network for Drug 

Repositioning in Colorectal Cancer (Lalu Muhammad Irham1,2,3, Henry Sung-Ching Wong1,2, 

Wan-Hsuan Chou1,2, Wirawan Adikusuma1,2,4, Eko Mugiyanto1,2,5, Wan-Chen Huang6*, 

Wei-Chiao Chang1,2,7,8,9*) 

 

General Comments: 

 

The manuscript entitled "Integration of Genetic Variants and Gene Network for Drug 

Repositioning in Colorectal Cancer" is comprehensive study of the drug repurposing in 

colorectal cancer generally. Title of article is appropriate. Abstract is good arranged. Introduction 

is good organized with sufficient literature review. Methods are evidence based. Results show 

findings clearly. Conclusion is logical and appropriate. References are related to the issue. I think 

the figures, tables and highlights are important and help to better understanding of the subject 

although I have some corrections to improve the article value that I describe in "Minor & Major 

comments". 

 

Answer: We thank the reviewer’s comments 

 

Minor Comments: 

 

Q1: Reviewer #1: Please change "Repositioning" to "Repurposing" in "title" of article.  

A1: We thank the reviewer’s comments. Yes, we have revised the word: "Repositioning" to 

"Repurposing" in the title of the manuscript according to the reviewer’s suggestions. As 

shown in the title “Integration of Genetic Variants and Gene Network for Drug Repurposing 

in Colorectal Cancer”. [Page 1, lines 3-4] 

 

Q2: Reviewer #1:    Please add related reference(s) after "drugs." in line 103. 

A2: Thanks for the reviewer’s suggestions. We have revised the manuscript by adding two 

references [16 and 17]. These two references are shown as below, and we added them 

accordingly in the manuscript. [Page 4, line 103] 

 

[16] E.M. Stoffel, E. Koeppe, J. Everett, et al., Germline Genetic Features of Young 

Individuals With Colorectal Cancer, Gastroenterology 154(4) (2018) 897-905.e1. 

[17] S.A. Smith, T. French, S.J. Hollingsworth, The impact of germline mutations on targeted 

therapy, The Journal of Pathology 232(2) (2014) 230-243. 

 

 

Q3: Reviewer #1: Please write full name of "PARP" in line 279 and then write "PARP" inside 

parentheses alongside it. 

A3: Many thanks to the reviewer’s comments. We have revised the manuscript according to 

the reviewer’s suggestions by adding the full name of PARP “poly (ADP-ribose) polymerase 

(PARP)” and added it in the abbreviations. [Page 9, line 283 and page 15, line 464] 

 

 



Q4: Reviewer #1: Please write full name of "CCND2" in line 279 and then write "CCND2" 

inside parentheses alongside it. 

A4: Many thanks to the reviewer’s suggestions. We have made the correction according to the 

comment by adding the full name of CCND2, “Cyclin-D2 (CCND2)” and added it in the 

abbreviations.  [Page 9, line 284; page 15, line 440] 

 

 

 

Major Comments: 

 

Q1~Q2: Reviewer #1:  You should allude to the "statistical test(s)" that you performed in the 

study at "2.8. Statistical analyses" section. You should allude to the statistical "significance level" 

at "2.8. Statistical analyses" section. 

A1 and A2: Thanks for the comments. We have revised the manuscript according to the reviewer’s 

suggestions. Over-representation analysis (ORA) was used to prioritize the genes in 

Knockout Mouse Phenotype, PPI network and Molecular Pathway. The FDR of <0.05 was 

determined to indicate the statistical significance. A hypergeometric test was used to perform 

an enrichment analysis for PID; the criterion for significance was p-value < 0.05. [Page 7, 

lines 213-216] 

 

Q3:  Reviewer #1: "Literature review" regarding the "SSRIs drugs" at "Discussion" section is not 

sufficient, please correct the issue. 

 

A3: Many thanks for the reviewer’s comments. We have added more information in the part of the 

discussion for the SSRIs drugs. The revised sentences are as below:  

 

Additionally, CMap analysis also showed that the SSRIs drugs, sertraline, fluoxetine and 

amitriptyline, may be promising candidates for repurposing to CRC. SSRI drugs have been 

widely used for the treatment of depression and anxiety [53]. Recently, several reports 

indicated that SSRI drugs have anticancer activity based on the inhibition of proliferation 

and induction of apoptosis in human colon cancer cells [37-40]. Stopper et al., reported that 

fluoxetine may reduce tumor growth of colon cancer in animals and the incidence of colon 

cancer in humans through a blockage in tumor metabolism [38]. A following investigation 

also supported the anti-cancer activity of sertraline in the two human colon cancer cell lines 

(HT29 and LS1034) [40]. [Page 12-13, lines 367-374] 

 

 

Q4: Reviewer #1: You should explain the "limitations" of the study at "Discussion" section. 

A4: We sincerely thank the reviewer’s suggestions. The limitation of this study has been added 

in the manuscript. The sentences are as following: However, our approaches have some 

limitations. The target genes that we identified are not all in pharmacological activities, 

therefore these might potentially miss the target of the drugs (undruggable), our analysis 

showed, only 166 drugs (14.98%) of the 1108 protein coding genes are druggable (genetic 

driven druggable). The comprehensive analysis on the druggability of genes performed by 

Finan et al. also revealed that only 4479 (22%) among 20,300 protein coding genes are 

druggable [61]. Moreover, functional studies of the biology of these risk genes and the genes 



targeted by these drugs still require further investigation to ascertain the role of drug target 

genes. [Page 13, lines 394-401] 

  

 

Q5: Reviewer #1: You should clear that "All authors read and approved the final manuscript." at 

"Author Contributions" section. 

A5: Thank you for your suggestion, we added the sentence as suggested by the reviewer. All 

authors have read and approved of the manuscript and have made significant contributions 

to this study. [Page 14, lines 418-419] 

 

Q6: Reviewer #1: You should allocate some sections to "Medical ethics" and "data availability" 

after "Declaration of Competing Interest" section and explain related issues at the sections. 

A6: Thank you for your suggestion. This study used a public available dataset, no individual 

data/ sample are used in our study. In addition, we added the Data Availability section after 

the "Declaration of Competing Interest". [Page 15, lines 424-431] 

 

Q7: Reviewer #1: References; 9, 24, 48 and 56 are not up-to-date, please substitute the references 

with up-to-date references. (If possible) 

A7: We sincerely thank the reviewer’s comments. We changed the references to be up-to-date 

according to the reviewer’s suggestion. Reference no: [9] [Page 3, line 83], [26] [Page 6, line 

159], [48] [Page 11, line 339], [56] [Page 12, line 353].  

 

[9]. H.A. Ghofrani, I.H. Osterloh, F. Grimminger, Sildenafil: from angina to erectile dysfunction 

to pulmonary hypertension and beyond, Nature reviews. Drug discovery 5(8) (2006) 689-702. 

[26]. N. Parvaneh, J.L. Casanova, L.D. Notarangelo, et al., Primary immunodeficiencies: a rapidly 

evolving story, The Journal of allergy and clinical immunology 131(2) (2013) 314-23. 

[48]. J.Y. Wang, J. Sun, M.Y. Huang, et al., STIM1 overexpression promotes colorectal cancer 

progression, cell motility and COX-2 expression, Oncogene 34(33) (2015) 4358-67. 

[56]. A.V. Smirnova, L.B. Lazebnik, I.E. Trubitsina, et al., [Antiproliferative activity of diclofenac 

at tumor cell cultures], Eksperimental'naia i klinicheskaia gastroenterologiia = Experimental & 

clinical gastroenterology (5) (2012) 66-9. 

 

 

Q8: Reviewer #1: Please write "all" the references with a constant style at "References" section. 

A8: We are very grateful to the reviewer’s suggestion. We did it as suggested by the reviewer. 

 

 

 

  



 

Reviewer 2: In this paper by Irham et al, the authors provide a detailed workflow that harnesses 

existing genomic data and genetic mapping as a potential method for drug discovery, specifically 

in the context of colorectal cancer. The authors have done a good job of describing their rationale 

and results in a detailed manner. Some minor comments are below: 

 

Q1: Reviewer #2: Provide the full form of terms used in the table at the bottom of the respective 

table itself and in the legend for the figures. For instance, for Table 1, add a row at the end and 

define the abbreviations used such as GWAS, WES etc. 

A1: We thank the reviewer for the suggestions. We have provided the full name and corrected 

the tables and legends according to the reviewer’s comments. 

 

Q2: Reviewer #2. Legends for some figures are very brief, a few words in some cases. Need to 

be much more detailed. Eg: Figs. 3 and 4. 

A2:  We thank the reviewer’s comments. In the revised manuscript, we have added more 

detailed explanations in the figure legends of Figure 2 and Figure 3 as suggested. [In the 

current manuscript, Figure 3 was changed to be Figure 2 and Figure 4 to be Figure 3 due to 

the removal of Figure 2]. The revised sentences are as below: 

 

 
Figure 2. The number of genes satisfying each criterion. The figure, from left- to the right-side, 

showed 29 genes which were missense or nonsense variants (blue), 101 genes have cis-

expression quantitative trait loci (cis-eQTL) effects on whole blood or colon (orange), 24 

genes with knockout mouse phenotype (grey), 95 genes with protein-protein interaction 

(yellow), 49 CRC-associated genes in molecular pathways (light blue) and five genes overlap 

in primary immunodeficiency (green).  

 



 
Figure 3. Distribution of colorectal cancer (CRC)-related gene scores. The figure, from left- to 

the right-side, showed number of genes with score 0~6. Each gene was assigned one point for 

each functional annotation. Genes with a score of 0 and 1 have the same numbers, namely 64 

genes. Genes with a score of 2 were 32 while those with a score of 3 were 30. There were 16 

genes with a score of 4, 3 genes with a score of 5, and 1 gene with a score of 6. After compiling 

the scores, eighty-two genes with a score of ≥2, which were categorized as ‘biological CRC 

genes’. 

 

Q3: Reviewer #2. Abbreviations list is missing key definitions for eg: WES 

A3: Many thanks to the reviewer’s comments. As suggested, the abbreviations list has been 

added in the manuscript. 

 

  



 

Reviewer 3: In the manuscript, the authors obtained potential colorectal cancer targets by text 

mining, HaploReg v4.1 and STRING database, then analyzed drug repurposing for colorectal 

cancer by Therapeutic Target Database, ClinicalTrials.gov and CMap database. After reviewing 

this manuscript, I do have some concerns about the research. 

 

 

Q1: Reviewer #3. In the work of prioritizing genes based on six functional annotation criteria, why 

did the authors choose these six biological functions as filter criteria? And, why did the authors set 

the genes with a score of >= 2 as "biological CRC risk genes"? How did the authors get the 

threshold of the score >= 2? 

A1: We appreciate this comment. It is a very important question. In the present study, we prioritized 

the genes disease and colorectal cancer (CRC) genetics driven genomic drug repurposing for CRC. 

We hypothesized that CRC genetic variants prioritization using six functional annotations will 

enable us to translate the risk genes to meaningful insights on CRC pathogenesis. We first mapped 

the variants onto the corresponding genes with missense/nonsense mutations as one of the non-

synonymous changes in the single base substitution of a different amino acid in the resulting 

protein. We utilized this annotation with the knowledge that functional rules of variants affect 

protein expression. Furthermore, we leveraged the fact that the expression quantitative trait loci 

(eQTL) are regions harboring nucleotides correlated with alterations in gene expression. Therefore, 

the variants may cause changes in gene expression in the direction of the tissues involved (i.e., our 

analyses focused on the whole blood and colon). If the identified variants cause an upregulation of 

gene X, leading to an increased risk of a disease, then an inhibitor of its protein product may be 

considered a repositioning candidate. In addition, we applied protein-protein interactions (PPIs) to 

understand relationships between diseases and biological protein networks. If the genes involved 

in the biological protein networks are related in CRC pathogenesis, then it is important to inhibit 

the protein. The genes implicated in knockout mouse phenotype and Kyoto Encyclopedia of Genes 

and Genomes (KEGG) was also applied to determine the type of molecular pathways enriched on 

the CRC-associated gene list and the genes involved. The last annotation is the Primary immuno- 

deficiency (PID) diseases which are innate immune diseases reported to be associated with cancer. 

Genes overlapping with the PID play a causal role in CRC pathogenesis. It is important to consider 

the CRC causal relationship and the drug target genes for CRC disease. In addition, these 

functional annotations have been validated by Yukinori Okada et al to prioritize the most likely 

causal gene relationships with Rheumatoid Arthritis and to find its candidate drugs. According to 

our analyses, we set the threshold of a biological score >= 2 to find a much higher number of genes 

as biological CRC genes and candidates of CRC drug targets. Our study showed that the higher 

the threshold of biological score applied, the smaller the number of biological genes identified, 

limiting the number of drug targets we could observe. (i.e., we found 4 biological CRC genes for 

threshold score >=5, 20 biological CRC genes for threshold score >=4, 50 biological CRC genes 

for threshold score >=3 and 82 biological CRC genes for threshold score >= 2) [The number of 

genes with all biological scores can be found in Table S2]. The more biological CRC genes we 

find, the more candidate drug targets for CRC drug repurposing can be identified. Unfortunately, 

the drug target genes that we identified are not all in pharmacological activities, therefore these 

might potentially miss the target of the drugs (undruggable). Our analysis showed only 166 drugs 

(14.98%) of the 1108 protein coding genes are druggable (genetic driven druggable) (Table S4 

and Table S6). Furthermore, we found the threshold score >= 2 from the number of functional 



annotations ranged from 0-6, in which each gene was assigned one point for each annotation. 

Those genes with one functional annotation were awarded one point (score) and those genes with 

a score >= 2 were classified as “biological CRC genes”. 

 

 

Reference: 

Okada Y, Wu D, Trynka G, et al. Genetics of rheumatoid arthritis contributes to biology and 

drug discovery. Nature. 2014;506(7488):376-381. 

 

Q2: Reviewer #3: In the work of CMap analyses, why did the authors choose capecitabine as the 

comparison counterpart? Why not other drugs? 

A2: Thank you for your comments. Capecitabine is the standard treatment for CRC. 

Capecitabine currently is an effective drug for CRC according to the National 

Comprehensive Cancer Network (NCCN) guideline [Stated in page 7, lines 201-202]. 

 

Q3: Reviewer #3. The authors only used existing researches to validate the results of the study, 

which is not very persuasive. If the experimental verification of the selected genes that are not in 

existing researches is done, this research will be more convincing and valuable. 

A3: Thanks for your comment. It is a very important point. The validation from existing results 

was necessary and important to ensure whether our drug candidates produce the desired interaction 

intended in the study, any undesired side effects, or ineffective effects. Along with that, we strongly 

agree that if we could verify genes which are not in existing research, the result would be more 

valuable. However, our present work focuses on narrowing down the candidate drugs through 

leveraging existing genomic data and genetic mapping as a potential method to guide drug 

repurposing for CRC. We admit this methodology has some limitations, as we added in the last 

paragraph of the discussion as part of the limitations of this study. “Moreover, functional study 

of the biology of these risk genes and the genes targeted by these drugs still require further 

investigation to ascertain the role of drug target genes”. [Page 13, lines 394-396] 

 

Q4: Reviewer #3. What are the innovations of this study? 

A4: We sincerely thank the reviewer for taking the time to review our work. Our study attempted 

to integrate the genetics of colorectal cancer (CRC) with diverse biological resources to aid CRC 

drug repurposing. We utilized functional and bioinformatics annotations of CRC risk variants and 

integrated current CRC genetic findings with the complete catalog of approved drugs for CRC and 

other diseases. Our findings noted that some drugs may be promising candidates for repurposing 

to CRC and have not been previously reported using the bioinformatics and functional annotation 

approach (i.e. Selective Serotonin Reuptake Inhibitors (SSRI) (sertraline, fluoxetine and 

amitriptyline) target SLC6A4). For example, the original indication of SSRI drugs are for the 

treatment of depression and anxiety [1]. To validate these findings, we proceeded to search 

previous existing literature for information on these candidates. Several reports indicated that SSRI 

drugs have anticancer activity based on the inhibition of proliferation and induction of apoptosis 

in human colon cancer cells [2-5]. Stopper et al., reported that fluoxetine may reduce tumor growth 

of colon cancer in animals and the incidence of colon cancer in humans through a blockage in 

tumor metabolism [3]. A following investigation also supported the anti-cancer activity of 

sertraline in two human colon cancer cell lines (HT29 and LS1034) [5]. We also identified another 

drug potentially useful for treating CRC is vitamin D. Vitamin D deficiency may affect various 



human cancers [6]. Vitamin D has been shown to protect from CRC tumorigenesis by binding 

long-chain fatty acids and bile acids in the small intestine and protecting colonic epithelial cells 

from mutagens [7]. Notably, Vitamin D-related drugs are currently being evaluated in CRC: 

cholecalciferol is in a phase 2 trial [NCT01074216]; and paricalcitol [NCT01197664] is in phase 

1 trials. In addition, several non-steroidal anti-inflammatory drugs (NSAID) drugs (i.e. Ibuprofen, 

naproxen and celecoxib) also might be promising for CRC drug repurposing. Validation an in vitro 

study on adenocarcinoma gastric cells, the antitumor activity of ibuprofen was attributed to the 

induction of apoptosis and the reduction of cell proliferation, which attenuated angiogenesis [8]. 

According to an in vivo study showed that the combination of naproxen and atorvastatin 

significantly inhibited growth of colonic adenocarcinomas [9]. Furthermore, a study of celecoxib 

as an adjuvant chemotherapy is ongoing in patients with metastatic CRC (phase 4) 

[NCT03645187]. Our finding suggests several drug target genes that we identified in this study 

have not been reported yet in previous study based on the bioinformatics and functional 

annotations approach, furthermore, the biological plausibility of repurposing cancer drugs from 

non-cancer drugs or other drugs to treatment of CRC. 
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Q5: Reviewer #3. Page 10, lines 298, 299 and 310: The full name of the abbreviation "mCRC", 

not in abbreviation list, should be given, or it is difficult to understand the meaning. 

A5: We sincerely thank the reviewer for their suggestion. We already revised this in the 

manuscript according to the reviewer’s suggestions. [Page 10, lines 301, 302 and page 11, line 

314] 
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Abstract: Even though many genetic risk loci for human diseases have been identified and
comprehensively cataloged, strategies to guide clinical research by integrating the
extensive results of genetic studies and biological resources are still limited. Moreover,
integrative analyses that provide novel insights into disease biology are expected to be
especially useful for drug discovery. Herein, we use text mining of genetic studies on
colorectal cancer (CRC) and assign biological annotations to identified risk genes in
order to discover novel drug targets and potential drugs for repurposing. Risk genes for
CRC were obtained from PubMed text mining, and for each gene, six functional and
bioinformatic annotations were analyzed. The annotations include missense mutations,
expression quantitative trait loci (eQTL), molecular pathway analyses, protein-protein
interactions (PPIs), genetic overlap with knockout mouse phenotypes, and primary
immunodeficiency. We then prioritized biological risk candidate genes according to a
scoring system for the six functional annotations. Each functional annotation was
assigned one point, and those genes with a score ≥2 were designated “biological CRC
risk genes”. Using this method, we revealed 82 biological CRC risk genes, which
mapped to 128 genes in an expanded PPI network.  Further utilizing DrugBank and the
Therapeutic Target Database (TTD), we found 21 genes in our list that are targeted by
166 candidate drugs. Based on data from ClinicalTrials.  gov  , we found our list
contains four known target genes with six drugs approved for CRC treatment, as well
as three known target genes with nine drugs under preclinical investigation for CRC.
Additionally, 12  genes are targeted by 32 drugs approved for other indications, which
can possibly be repurposed for CRC treatment. Finally, our analysis from Connectivity
Map (CMap) showed that 18 of the 41 drugs under clinical and preclinical investigation
have high potential to be useful for CRC.
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August 26, 2020 

Dear Editors, 

 

 

Please find our attached manuscript entitled “Integration of Genetic Variants and 

Gene Network for Drug Repurposing in Colorectal Cancer,” which we are 

submitting for consideration for publication as an Original Research article in 

Pharmacological Research (YPHRS-D-20-01156). We are thankful for your kind 

suggestions regarding our manuscript. Here, we are sending our revised manuscript in 

accordance with the comments given by the three reviewers. We have read through all 

the reviewers’ suggestions very carefully, and made the necessary revisions based on 

these comments, as detailed below in a point-by-point format. The revised sections are 

highlighted in red. Finally, we would like to thank you once again for giving us the 

opportunity to improve our manuscript. We very much hope that these revisions are 

adequate. We appreciate your assistance and are looking forward to hearing from you.   

 

 

Sincerely yours, 

 

Wei-Chiao Chang (D.Phil.; Oxon) 

Professor, Department of Clinical Pharmacy, 

Taipei Medical University, Taiwan 

250 Wu-Hsing Street, Taipei 110, Taiwan 
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Dear Editors, 
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necessary revisions based on these comments, as detailed below in a point-by-point format. The 
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Reviewer Comment: 

 

Reviewer 1: Manuscript Title: Integration of Genetic Variants and Gene Network for Drug 

Repositioning in Colorectal Cancer (Lalu Muhammad Irham1,2,3, Henry Sung-Ching Wong1,2, 

Wan-Hsuan Chou1,2, Wirawan Adikusuma1,2,4, Eko Mugiyanto1,2,5, Wan-Chen Huang6*, 

Wei-Chiao Chang1,2,7,8,9*) 

 

General Comments: 

 

The manuscript entitled "Integration of Genetic Variants and Gene Network for Drug 

Repositioning in Colorectal Cancer" is comprehensive study of the drug repurposing in 

colorectal cancer generally. Title of article is appropriate. Abstract is good arranged. Introduction 

is good organized with sufficient literature review. Methods are evidence based. Results show 

findings clearly. Conclusion is logical and appropriate. References are related to the issue. I think 

the figures, tables and highlights are important and help to better understanding of the subject 

although I have some corrections to improve the article value that I describe in "Minor & Major 

comments". 

 

Answer: We thank the reviewer’s comments 

 

Minor Comments: 

 

Q1: Reviewer #1: Please change "Repositioning" to "Repurposing" in "title" of article.  

A1: We thank the reviewer’s comments. Yes, we have revised the word: "Repositioning" to 

"Repurposing" in the title of the manuscript according to the reviewer’s suggestions. As 

shown in the title “Integration of Genetic Variants and Gene Network for Drug Repurposing 

in Colorectal Cancer”. [Page 1, lines 3-4] 

 

Q2: Reviewer #1:    Please add related reference(s) after "drugs." in line 103. 

A2: Thanks for the reviewer’s suggestions. We have revised the manuscript by adding two 

references [16 and 17]. These two references are shown as below, and we added them 

accordingly in the manuscript. [Page 4, line 103] 

 

[16] E.M. Stoffel, E. Koeppe, J. Everett, et al., Germline Genetic Features of Young 

Individuals With Colorectal Cancer, Gastroenterology 154(4) (2018) 897-905.e1. 

[17] S.A. Smith, T. French, S.J. Hollingsworth, The impact of germline mutations on targeted 

therapy, The Journal of Pathology 232(2) (2014) 230-243. 

 

 

Q3: Reviewer #1: Please write full name of "PARP" in line 279 and then write "PARP" inside 

parentheses alongside it. 

A3: Many thanks to the reviewer’s comments. We have revised the manuscript according to 

the reviewer’s suggestions by adding the full name of PARP “poly (ADP-ribose) polymerase 

(PARP)” and added it in the abbreviations. [Page 9, line 283 and page 15, line 464] 

 



 

Q4: Reviewer #1: Please write full name of "CCND2" in line 279 and then write "CCND2" 

inside parentheses alongside it. 

A4: Many thanks to the reviewer’s suggestions. We have made the correction according to the 

comment by adding the full name of CCND2, “Cyclin-D2 (CCND2)” and added it in the 

abbreviations.  [Page 9, line 284; page 15, line 440] 
 

 

 

Major Comments: 

 

Q1~Q2: Reviewer #1:  You should allude to the "statistical test(s)" that you performed in the 

study at "2.8. Statistical analyses" section. You should allude to the statistical "significance level" 

at "2.8. Statistical analyses" section. 

A1 and A2: Thanks for the comments. We have revised the manuscript according to the reviewer’s 

suggestions. Over-representation analysis (ORA) was used to prioritize the genes in 

Knockout Mouse Phenotype, PPI network and Molecular Pathway. The FDR of <0.05 was 

determined to indicate the statistical significance. A hypergeometric test was used to perform 

an enrichment analysis for PID; the criterion for significance was p-value < 0.05. [Page 7, 

lines 213-216] 

 

Q3:  Reviewer #1: "Literature review" regarding the "SSRIs drugs" at "Discussion" section is not 

sufficient, please correct the issue. 

 

A3: Many thanks for the reviewer’s comments. We have added more information in the part of the 

discussion for the SSRIs drugs. The revised sentences are as below:  

 

Additionally, CMap analysis also showed that the SSRIs drugs, sertraline, fluoxetine and 

amitriptyline, may be promising candidates for repurposing to CRC. SSRI drugs have been 

widely used for the treatment of depression and anxiety [53]. Recently, several reports 

indicated that SSRI drugs have anticancer activity based on the inhibition of proliferation 

and induction of apoptosis in human colon cancer cells [37-40]. Stopper et al., reported that 

fluoxetine may reduce tumor growth of colon cancer in animals and the incidence of colon 

cancer in humans through a blockage in tumor metabolism [38]. A following investigation 

also supported the anti-cancer activity of sertraline in the two human colon cancer cell lines 

(HT29 and LS1034) [40]. [Page 12-13, lines 367-374] 

 

 

Q4: Reviewer #1: You should explain the "limitations" of the study at "Discussion" section. 

A4: We sincerely thank the reviewer’s suggestions. The limitation of this study has been added 

in the manuscript. The sentences are as following: However, our approaches have some 

limitations. The target genes that we identified are not all in pharmacological activities, 

therefore these might potentially miss the target of the drugs (undruggable), our analysis 

showed, only 166 drugs (14.98%) of the 1108 protein coding genes are druggable (genetic 

driven druggable). The comprehensive analysis on the druggability of genes performed by 

Finan et al. also revealed that only 4479 (22%) among 20,300 protein coding genes are 



druggable [61]. Moreover, functional studies of the biology of these risk genes and the genes 

targeted by these drugs still require further investigation to ascertain the role of drug target 

genes. [Page 13, lines 394-401] 

  

 

Q5: Reviewer #1: You should clear that "All authors read and approved the final manuscript." at 

"Author Contributions" section. 

A5: Thank you for your suggestion, we added the sentence as suggested by the reviewer. All 

authors have read and approved of the manuscript and have made significant contributions 

to this study. [Page 14, lines 418-419] 

 

Q6: Reviewer #1: You should allocate some sections to "Medical ethics" and "data availability" 

after "Declaration of Competing Interest" section and explain related issues at the sections. 

A6: Thank you for your suggestion. This study used a public available dataset, no individual 

data/ sample are used in our study. In addition, we added the Data Availability section after 

the "Declaration of Competing Interest". [Page 15, lines 424-431] 

 

Q7: Reviewer #1: References; 9, 24, 48 and 56 are not up-to-date, please substitute the references 

with up-to-date references. (If possible) 

A7: We sincerely thank the reviewer’s comments. We changed the references to be up-to-date 

according to the reviewer’s suggestion. Reference no: [9] [Page 3, line 83], [26] [Page 6, line 

159], [48] [Page 11, line 339], [56] [Page 12, line 353].  

 

[9]. H.A. Ghofrani, I.H. Osterloh, F. Grimminger, Sildenafil: from angina to erectile dysfunction 

to pulmonary hypertension and beyond, Nature reviews. Drug discovery 5(8) (2006) 689-702. 

[26]. N. Parvaneh, J.L. Casanova, L.D. Notarangelo, et al., Primary immunodeficiencies: a rapidly 

evolving story, The Journal of allergy and clinical immunology 131(2) (2013) 314-23. 

[48]. J.Y. Wang, J. Sun, M.Y. Huang, et al., STIM1 overexpression promotes colorectal cancer 

progression, cell motility and COX-2 expression, Oncogene 34(33) (2015) 4358-67. 

[56]. A.V. Smirnova, L.B. Lazebnik, I.E. Trubitsina, et al., [Antiproliferative activity of diclofenac 

at tumor cell cultures], Eksperimental'naia i klinicheskaia gastroenterologiia = Experimental & 

clinical gastroenterology (5) (2012) 66-9. 

 

 

Q8: Reviewer #1: Please write "all" the references with a constant style at "References" section. 

A8: We are very grateful to the reviewer’s suggestion. We did it as suggested by the reviewer. 

 

 

 

  



 

Reviewer 2: In this paper by Irham et al, the authors provide a detailed workflow that harnesses 

existing genomic data and genetic mapping as a potential method for drug discovery, specifically 

in the context of colorectal cancer. The authors have done a good job of describing their rationale 

and results in a detailed manner. Some minor comments are below: 

 

Q1: Reviewer #2: Provide the full form of terms used in the table at the bottom of the respective 

table itself and in the legend for the figures. For instance, for Table 1, add a row at the end and 

define the abbreviations used such as GWAS, WES etc. 

A1: We thank the reviewer for the suggestions. We have provided the full name and corrected 

the tables and legends according to the reviewer’s comments. 
 

Q2: Reviewer #2. Legends for some figures are very brief, a few words in some cases. Need to 

be much more detailed. Eg: Figs. 3 and 4. 

A2:  We thank the reviewer’s comments. In the revised manuscript, we have added more 

detailed explanations in the figure legends of Figure 2 and Figure 3 as suggested. [In the 

current manuscript, Figure 3 was changed to be Figure 2 and Figure 4 to be Figure 3 due to 

the removal of Figure 2]. The revised sentences are as below: 

 

 
Figure 2. The number of genes satisfying each criterion. The figure, from left- to the right-side, 

showed 29 genes which were missense or nonsense variants (blue), 101 genes have cis-

expression quantitative trait loci (cis-eQTL) effects on whole blood or colon (orange), 24 

genes with knockout mouse phenotype (grey), 95 genes with protein-protein interaction 

(yellow), 49 CRC-associated genes in molecular pathways (light blue) and five genes overlap 

in primary immunodeficiency (green).  

 



 
Figure 3. Distribution of colorectal cancer (CRC)-related gene scores. The figure, from left- to 

the right-side, showed number of genes with score 0~6. Each gene was assigned one point for 

each functional annotation. Genes with a score of 0 and 1 have the same numbers, namely 64 

genes. Genes with a score of 2 were 32 while those with a score of 3 were 30. There were 16 

genes with a score of 4, 3 genes with a score of 5, and 1 gene with a score of 6. After compiling 

the scores, eighty-two genes with a score of ≥2, which were categorized as ‘biological CRC 

genes’. 

 

Q3: Reviewer #2. Abbreviations list is missing key definitions for eg: WES 

A3: Many thanks to the reviewer’s comments. As suggested, the abbreviations list has been 

added in the manuscript. 
 

  



 

Reviewer 3: In the manuscript, the authors obtained potential colorectal cancer targets by text 

mining, HaploReg v4.1 and STRING database, then analyzed drug repurposing for colorectal 

cancer by Therapeutic Target Database, ClinicalTrials.gov and CMap database. After reviewing 

this manuscript, I do have some concerns about the research. 

 

 

Q1: Reviewer #3. In the work of prioritizing genes based on six functional annotation criteria, why 

did the authors choose these six biological functions as filter criteria? And, why did the authors set 

the genes with a score of >= 2 as "biological CRC risk genes"? How did the authors get the 

threshold of the score >= 2? 

A1: We appreciate this comment. It is a very important question. In the present study, we prioritized 

the genes disease and colorectal cancer (CRC) genetics driven genomic drug repurposing for CRC. 

We hypothesized that CRC genetic variants prioritization using six functional annotations will 

enable us to translate the risk genes to meaningful insights on CRC pathogenesis. We first mapped 

the variants onto the corresponding genes with missense/nonsense mutations as one of the non-

synonymous changes in the single base substitution of a different amino acid in the resulting 

protein. We utilized this annotation with the knowledge that functional rules of variants affect 

protein expression. Furthermore, we leveraged the fact that the expression quantitative trait loci 

(eQTL) are regions harboring nucleotides correlated with alterations in gene expression. Therefore, 

the variants may cause changes in gene expression in the direction of the tissues involved (i.e., our 

analyses focused on the whole blood and colon). If the identified variants cause an upregulation of 

gene X, leading to an increased risk of a disease, then an inhibitor of its protein product may be 

considered a repositioning candidate. In addition, we applied protein-protein interactions (PPIs) to 

understand relationships between diseases and biological protein networks. If the genes involved 

in the biological protein networks are related in CRC pathogenesis, then it is important to inhibit 

the protein. The genes implicated in knockout mouse phenotype and Kyoto Encyclopedia of Genes 

and Genomes (KEGG) was also applied to determine the type of molecular pathways enriched on 

the CRC-associated gene list and the genes involved. The last annotation is the Primary immuno- 

deficiency (PID) diseases which are innate immune diseases reported to be associated with cancer. 

Genes overlapping with the PID play a causal role in CRC pathogenesis. It is important to consider 

the CRC causal relationship and the drug target genes for CRC disease. In addition, these 

functional annotations have been validated by Yukinori Okada et al to prioritize the most likely 

causal gene relationships with Rheumatoid Arthritis and to find its candidate drugs. According to 

our analyses, we set the threshold of a biological score >= 2 to find a much higher number of genes 

as biological CRC genes and candidates of CRC drug targets. Our study showed that the higher 

the threshold of biological score applied, the smaller the number of biological genes identified, 

limiting the number of drug targets we could observe. (i.e., we found 4 biological CRC genes for 

threshold score >=5, 20 biological CRC genes for threshold score >=4, 50 biological CRC genes 

for threshold score >=3 and 82 biological CRC genes for threshold score >= 2) [The number of 

genes with all biological scores can be found in Table S2]. The more biological CRC genes we 

find, the more candidate drug targets for CRC drug repurposing can be identified. Unfortunately, 

the drug target genes that we identified are not all in pharmacological activities, therefore these 

might potentially miss the target of the drugs (undruggable). Our analysis showed only 166 drugs 

(14.98%) of the 1108 protein coding genes are druggable (genetic driven druggable) (Table S4 

and Table S6). Furthermore, we found the threshold score >= 2 from the number of functional 



annotations ranged from 0-6, in which each gene was assigned one point for each annotation. 

Those genes with one functional annotation were awarded one point (score) and those genes with 

a score >= 2 were classified as “biological CRC genes”. 

 

 

Reference: 

Okada Y, Wu D, Trynka G, et al. Genetics of rheumatoid arthritis contributes to biology and 

drug discovery. Nature. 2014;506(7488):376-381. 

 

Q2: Reviewer #3: In the work of CMap analyses, why did the authors choose capecitabine as the 

comparison counterpart? Why not other drugs? 

A2: Thank you for your comments. Capecitabine is the standard treatment for CRC. 

Capecitabine currently is an effective drug for CRC according to the National 

Comprehensive Cancer Network (NCCN) guideline [Stated in page 7, lines 201-202]. 

 

Q3: Reviewer #3. The authors only used existing researches to validate the results of the study, 

which is not very persuasive. If the experimental verification of the selected genes that are not in 

existing researches is done, this research will be more convincing and valuable. 

A3: Thanks for your comment. It is a very important point. The validation from existing results 

was necessary and important to ensure whether our drug candidates produce the desired interaction 

intended in the study, any undesired side effects, or ineffective effects. Along with that, we strongly 

agree that if we could verify genes which are not in existing research, the result would be more 

valuable. However, our present work focuses on narrowing down the candidate drugs through 

leveraging existing genomic data and genetic mapping as a potential method to guide drug 

repurposing for CRC. We admit this methodology has some limitations, as we added in the last 

paragraph of the discussion as part of the limitations of this study. “Moreover, functional study 

of the biology of these risk genes and the genes targeted by these drugs still require further 

investigation to ascertain the role of drug target genes”. [Page 13, lines 394-396] 

 

Q4: Reviewer #3. What are the innovations of this study? 

A4: We sincerely thank the reviewer for taking the time to review our work. Our study attempted 

to integrate the genetics of colorectal cancer (CRC) with diverse biological resources to aid CRC 

drug repurposing. We utilized functional and bioinformatics annotations of CRC risk variants and 

integrated current CRC genetic findings with the complete catalog of approved drugs for CRC and 

other diseases. Our findings noted that some drugs may be promising candidates for repurposing 

to CRC and have not been previously reported using the bioinformatics and functional annotation 

approach (i.e. Selective Serotonin Reuptake Inhibitors (SSRI) (sertraline, fluoxetine and 

amitriptyline) target SLC6A4). For example, the original indication of SSRI drugs are for the 

treatment of depression and anxiety [1]. To validate these findings, we proceeded to search 

previous existing literature for information on these candidates. Several reports indicated that SSRI 

drugs have anticancer activity based on the inhibition of proliferation and induction of apoptosis 

in human colon cancer cells [2-5]. Stopper et al., reported that fluoxetine may reduce tumor growth 

of colon cancer in animals and the incidence of colon cancer in humans through a blockage in 

tumor metabolism [3]. A following investigation also supported the anti-cancer activity of 

sertraline in two human colon cancer cell lines (HT29 and LS1034) [5]. We also identified another 

drug potentially useful for treating CRC is vitamin D. Vitamin D deficiency may affect various 



human cancers [6]. Vitamin D has been shown to protect from CRC tumorigenesis by binding 

long-chain fatty acids and bile acids in the small intestine and protecting colonic epithelial cells 

from mutagens [7]. Notably, Vitamin D-related drugs are currently being evaluated in CRC: 

cholecalciferol is in a phase 2 trial [NCT01074216]; and paricalcitol [NCT01197664] is in phase 

1 trials. In addition, several non-steroidal anti-inflammatory drugs (NSAID) drugs (i.e. Ibuprofen, 

naproxen and celecoxib) also might be promising for CRC drug repurposing. Validation an in vitro 

study on adenocarcinoma gastric cells, the antitumor activity of ibuprofen was attributed to the 

induction of apoptosis and the reduction of cell proliferation, which attenuated angiogenesis [8]. 

According to an in vivo study showed that the combination of naproxen and atorvastatin 

significantly inhibited growth of colonic adenocarcinomas [9]. Furthermore, a study of celecoxib 

as an adjuvant chemotherapy is ongoing in patients with metastatic CRC (phase 4) 

[NCT03645187]. Our finding suggests several drug target genes that we identified in this study 

have not been reported yet in previous study based on the bioinformatics and functional 

annotations approach, furthermore, the biological plausibility of repurposing cancer drugs from 

non-cancer drugs or other drugs to treatment of CRC. 
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Q5: Reviewer #3. Page 10, lines 298, 299 and 310: The full name of the abbreviation "mCRC", 

not in abbreviation list, should be given, or it is difficult to understand the meaning. 

A5: We sincerely thank the reviewer for their suggestion. We already revised this in the 

manuscript according to the reviewer’s suggestions. [Page 10, lines 301, 302 and page 11, line 

314] 



 

 



Graphical Abstract. Integrative analyses of genetics-driven genomic drug repurposing for colorectal cancer (CRC) by utilizing multiple 

databases. CRC-associated Single Nucleotide Polymorphisms (SNPs) were identified by searching PubMed literature. The list was 

expanded with HaploReg v4.1 to find additional CRC-associated genes. Six functional annotations criteria were used to generate a 

biological prioritization score: (1) CRC risk missense variant; (2) Cis-eQTL; (3) Knockout mouse phenotype; (4) Protein-Protein 

Interaction; (5) Molecular pathway analysis; and (6) Primary immunodeficiency. Those genes with one functional annotation were 

awarded one point (score) and those genes with a score ≥2 were classified as “biological CRC genes”. The biological CRC genes were 

utilized in further analyses, including the use of the STRING database to expand the list of candidate genes. The extent of overlap with 

target genes for approved CRC drugs was also assessed using the DrugBank database and Therapeutic Target Database (TTD). Drugs 

in clinical trials were identified using ClinicalTrials.gov. Finally, the CMap database was used to prioritize the most promising drugs 

for CRC treatment. 
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Abstract 32 

Even though many genetic risk loci for human diseases have been identified and comprehensively 33 

cataloged, strategies to guide clinical research by integrating the extensive results of genetic 34 

studies and biological resources are still limited. Moreover, integrative analyses that provide novel 35 

insights into disease biology are expected to be especially useful for drug discovery. Herein, we 36 

use text mining of genetic studies on colorectal cancer (CRC) and assign biological annotations to 37 

identified risk genes in order to discover novel drug targets and potential drugs for repurposing. 38 

Risk genes for CRC were obtained from PubMed text mining, and for each gene, six functional 39 

and bioinformatic annotations were analyzed. The annotations include missense mutations, 40 

expression quantitative trait loci (eQTL), molecular pathway analyses, protein-protein interactions 41 

(PPIs), genetic overlap with knockout mouse phenotypes, and primary immunodeficiency. We 42 

then prioritized biological risk candidate genes according to a scoring system for the six functional 43 

annotations. Each functional annotation was assigned one point, and those genes with a score ≥2 44 

were designated “biological CRC risk genes”. Using this method, we revealed 82 biological CRC 45 

risk genes, which mapped to 128 genes in an expanded PPI network.  Further utilizing DrugBank 46 

and the Therapeutic Target Database (TTD), we found 21 genes in our list that are targeted by 166 47 

candidate drugs. Based on data from ClinicalTrials.gov, we found our list contains four known 48 

target genes with six drugs approved for CRC treatment, as well as three known target genes with 49 

nine drugs under preclinical investigation for CRC. Additionally, 12  genes are targeted by 32 50 

drugs approved for other indications, which can possibly be repurposed for CRC treatment. 51 

Finally, our analysis from Connectivity Map (CMap) showed that 18 of the 41 drugs under clinical 52 

and preclinical investigation have high potential to be useful for CRC. 53 

 54 

 55 

 56 

Keywords: Drug discovery, drug repurposing, data mining, colorectal cancer, bioinformatics 57 

 58 

 59 

 60 

 61 

 62 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



3 
 

 63 

1. Introduction 64 

Colorectal cancer (CRC) is the second most common cause of cancer morbidity and mortality, and 65 

it occurs as the fourth most frequent in males and the third most frequent in females globally [1]. 66 

Transformation of CRC is the result of a progressive accumulation of genetic and epigenetic 67 

alterations. Once the CRC disease is established and diagnosed, patient outcomes are largely 68 

dependent on the disease stage, with early-stage disease generally showing better outcomes after 69 

treatment, and advanced disease characterized as clinically aggressive [2]. Thus, more effective 70 

anticancer drugs are required, as treatment approaches have been limited [2]. Bringing a new drug 71 

through clinical trials to the market is time consuming and expensive, often requiring ∼15 years 72 

and >US$1 billion [3]. Currently, more than 10,000 clinical trials for cancer are registered at 73 

www.clinicaltrials.gov, however, only a few drug candidates continue to subsequent phases [4]. 74 

In the end, only around 5% of new molecules entering phase I clinical trials will eventually be 75 

approved by the U.S. Food and Drug Administration (FDA) for disease treatment [5]. Thus, the 76 

approach of drug repurposing, which consists of finding new uses for old drugs as therapeutic 77 

agents, has become increasingly popular, including for CRC. Some advantages of drug 78 

repurposing are a clear understanding of the drug’s safety, pharmacological mechanism and 79 

pharmacokinetic profile [6]. One example of clinically successful drug repurposing is the use of 80 

aspirin for cardiovascular disease and CRC prevention; aspirin was initially used for pain relief [7, 81 

8]. Additionally, sildenafil was originally used to treat high blood pressure, but was repurposed 82 

for erectile dysfunction [9]. Therefore, drug repurposing based on genomic information may be a 83 

promising strategy to improve the efficiency of the drug discovery process.  84 

 85 

In order to find  candidates for drug repurposing, one must identify relationships between diseases 86 

and genes, genes and drugs, and diseases and drugs as a primary step [10]. One strategy to identify 87 

these relationships is literature searching [10]. For example, candidate genes can be prioritized 88 

using keywords to perform text mining on a database. For CRC, an especially useful database may 89 

contain large-scale genomic information that may shed light on germline risk alleles in patients 90 

with disease [10, 11]. The PubMed database contains more than 24 million citations from 91 

MEDLINE and other biomedical literature data sources [12]. In our study we queried the PubMed 92 

database to identify candidate risk genes. Then, we utilized six bioinformatics repositories to 93 
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identify the genes most likely to have biological impact in CRC etiology, and we also identified 94 

relationships between those CRC genes and existing drugs. The current study design was adopted 95 

from Okada et al., who predicted drugs for repurposing to rheumatoid arthritis by utilizing risk 96 

genes of rheumatoid arthritis and integrating those genetic findings with a complete catalog of 97 

approved drugs for rheumatoid arthritis and other diseases [13]. Notably, another genome-wide 98 

association study (GWAS) utilized an in silico pipeline to study repurposing of drugs to type 2 99 

diabetes; some of the identified drugs had been approved for other diseases [14, 15].  100 

 101 

Germline mutations that alter risks of CRC have been previously identified and used to search for 102 

target drugs [16, 17]. However, successful translation of this basic research into clinical practice 103 

has been limited, and remains as a future challenge. Therefore, in this study, we determined 104 

candidate genes associated with CRC and further prioritized the candidate genes using a scoring 105 

system based on six in silico criteria. As a result, we identified candidate biological risk genes for 106 

CRC that provide information to guide the selection of drugs for repurposing to CRC. 107 

 108 

 109 

2. Materials and Methods 110 

Integrative analyses of genetics-driven genomic drug repurposing for CRC by utilizing multiple 111 

databases are shown in Figure 1. Single nucleotide polymorphism (SNPs) associated with CRC 112 

(CRC risk SNPs) were obtained from PubMed text mining and expanded using HaploReg (v4.1) 113 

with a criterion of r2 > 0.8. We identified adjacent SNPs to CRC risk SNPs based on linkage 114 

disequilibrium (LD) using HaploReg v4.1, with the criterion of r2 > 0.8; these LD-identified genes 115 

are denoted as “CRC-associated genes”. Subsequently, genetic data were prioritized based on six 116 

functional annotation criteria. Those genes with one functional annotation were awarded one point 117 

(score) and those genes with a score ≥2 were classified as “biological CRC genes”. The biological 118 

CRC genes were utilized in further analyses, including the use of the STRING database [18] to 119 

expand the list of candidate genes. We mapped the expanded list of genes according to targets of 120 

approved drugs found in the “DrugBank, Therapeutic Target Database. The drug targets were 121 

examined to determine their clinical status according to ClinicalTrials.gov. Finally, we used the 122 

CMap database to prioritize the most promising candidate drugs for repurposing to CRC treatment. 123 

 124 
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2.1. Literature search by PubMed text mining 125 

Genes associated with CRC risk were identified through a systematic search of the PubMed 126 

database (articles published 2014-2018). The search terms used were: “colorectal cancer”, “risk 127 

gene”, “susceptibility”, “polymorphism”, “SNP”, and “genotype”. Searches were performed on 128 

December 2, 2018. Inclusion of data was based on the following criteria: 1) all samples were 129 

human samples; 2) the clinical phenotype was “CRC”; and 3) the identified SNPs were associated 130 

with CRC. 131 

 132 

2.2. Biological CRC–associated genes  133 

Expanded SNPs (biological CRC-assiated genes) were identified based on LD using HaploReg 134 

v4.1 with a criterion of r2 > 0.8 [19]. LD was used to identify further genes according to the 1000 135 

Genome Project. The LD criterion of r2 > 0.8 was adopted from the study of Okada et al [13]. 136 

 137 

2.3. Functional annotation of CRC related genes  138 

In order prioritize genes according to their biological function, six annotations were used to 139 

construct a scoring system that reflects the most likely candidate genes for use as CRC targets. The 140 

first annotation was missense or nonsense mutation according to HaploReg v4.1, which contains 141 

annotations of the functional consequences from a database of (db)SNPs [20]. HaploReg v4.1 also 142 

links genetic variants to cis-expression quantitative trait loci (cis-eQTL). We examined the cis-143 

eQTL in target tissues of whole blood or colon [20]. In order to understand the connections 144 

between mutant genes and phenotypes, we employed WebGestalt 2017 to perform functional 145 

enrichment analyses [21]. Further, we used Mammalian Phenotype (MP) Ontology, which 146 

contains information on phenotypes of mice and other mammals [22]. To query the mouse 147 

phenotype, we converted genes from the human Ensemble ID to mouse Ensemble ID using 148 

BioMart [23], and genes with a false discovery rate (FDR) of < 0.05 were considered significant 149 

results. Protein-protein interaction (PPIs) were identified to understand relationships between 150 

diseases and biological protein networks [24]. WebGestalt 2017 was used to perform enrichment 151 

analyses and investigate if SNP affected genes were enriched in any specific functional pathway 152 

[25]. Specifically, the biological process Gene Ontology (GO) categories in WebGestalt 2017 were 153 

interrogated for this step. Significance of a result was set at FDR < 0.05 [25]. To determine what 154 

kind of molecular pathways were enriched on the CRC-associated gene list and which gene was 155 
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involved, enrichment analyses was performed on molecular pathways utilizing the Kyoto 156 

Encyclopedia of Genes and Genomes (KEGG), an online pathway database of biochemicals from 157 

WebGestalt 2017 [25]. Primary immunodeficiency (PID) diseases are innate immune diseases 158 

[26], that are often reported to be associated with cancer  [27]. PID diseases are known as a genetic 159 

disorders associated with an increased incidence of malignancies, such as lymphoproliferative 160 

disorders, gastric adenocarcinoma, and CRC [28]. Data were sourced from the International Union 161 

of Immunological Societies (IUIS) [26]. A hypergeometric test was used to perform an enrichment 162 

analysis on these data; the criterion for significance was  p-value < 0.05. 163 

 164 

2.4. Prioritization of biological candidate genes 165 

According to these functional annotations, a score was assigned to each gene. One point was 166 

awarded for each criteria, as follows: 1) genes with missense or nonsense variants; (2) cis-eQTL 167 

genes of risk SNPs; (3) genes prioritized by the Knockout Mouse Phenotype; (4) genes prioritized 168 

by PPI network; (5) Molecular Pathway; (6) Primary Immunodeficiency. Each gene was scored 169 

according to the number of criteria that were satisfied (scores ranged 0–6 for each gene). Genes 170 

with a score of ≥2 were categorized as ‘biological CRC risk genes’. We set the threshold of 171 

biological score ≥ 2 to find much higher number of the biological CRC genes and candidate of 172 

CRC drug targets. 173 

 174 

2.5.  STRING database 175 

The purpose of the STRING database (http://string-db.org/) is to identify functional interactions 176 

related to protein expression by integrating predicted protein-protein association data [18]. A large 177 

number of disease-protein networks may provide novel ideas and could be useful for treating 178 

various diseases [29]. Genes were filtered from direct PPIs with biological CRC risk genes through 179 

the STRING database, version 10.5 (https://string-db.org/cgi/network,). Protein products from the 180 

identified biological CRC risk genes, or several genes from a direct PPI network, were explored 181 

as potential targets of approved drugs, either for CRC or other indications. 182 

 183 

 184 

 185 

 186 
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2.6.  Drug validation and discovery 187 

The DrugBank database (https://www.drugbank.ca/) and Therapeutic Targets Database 188 

(http://bidd.nus.edu.sg/BIDD-Databases/TTD/TTD.asp) were utilized to evaluate potential drug 189 

targets. Drug target genes were used to interrogate the databases according to several criteria, such 190 

as drugs with pharmacological activities, effectiveness in humans, and annotations of ‘approved’, 191 

‘clinical trial’ or ‘experimental drugs’. The identified drugs were reviewed on ClinicalTrials.gov 192 

(https://clinicaltrials.gov) to identify any clinical investigations for CRC or other diseases.  193 

 194 

2.7.  Connectivity Map (CMap) Analyses 195 

To prioritize the list of drugs for CRC repurposing, we used the CMap touchstone database 196 

platform to rank drugs according to a connectivity score (-100 to 100) [30]. The CMap scores were 197 

obtained from the ‘Touchstone’ tool in the CLUE website (https://clue.io/). The CMap database 198 

can be used to perform a profile similiarity analyses, which is based on a collection of genome-199 

wide transcriptional expression profiles from cultured human cancer cells treated with different 200 

drug compounds [31]. In this study, drugs were compared with capecitabine as standard treatment 201 

for CRC according to the National Comprehensive Cancer Network (NCCN) guideline [32]. The 202 

CMap database was a Touchstone dataset containing the signatures from 3000 drugs and genetic 203 

loss/gain-of-function for 2000 genes [31]. To identify the similiarity pattern for gene expression 204 

of repurposed drugs on CRC-associated cell lines, the drug response was examined for CRC-205 

associated cell lines such as HT29. Drugs with positive connectivity scores induce a similar gene 206 

expression profile to the imported query; a negative connectivity score indicates a disimilar profile 207 

to that of the imported query. 208 

 209 

2.8. Statistical analyses 210 

All analytic workflows were performed using R Studio v3.4.3 and the haploR package 211 

(https://www.r-project.org/ and https://cran.r-project.org/web/packages/haploR/index.html). 212 

Over-representation analysis (ORA) was used to prioritize the genes in Knockout Mouse 213 

Phenotype, PPI network and Molecular Pathway.  The FDR of <0.05 was determined to indicate 214 

the statistical significance. A hypergeometric test was used to perform an enrichment analysis for 215 

PID; the criterion for significance was  p-value < 0.05. 216 

 217 
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3. Results 218 

We retrieved SNPs associated with CRC from PubMed text mining. Forty CRC-associated studies 219 

were identified that include genotyping studies and GWAS (Table 1). In total of 170 unique SNPs 220 

were found to associate with CRC risk (Table S1). The number of SNPs was expanded based on 221 

LD, using HaploReg v4.1 with criterion of r2 > 0.8, and this expansion yielded 210 CRC-associated 222 

genes (Table S2).  223 

 224 

3.1. Functional annotations of CRC risk SNPs  225 

In order to prioritize genes according to known biological processes, we devised six biological 226 

functional annotations based on 210 CRC-associated genes and assigned one point for each 227 

functional annotation. The results of six biological functional annotations as shown in Table S2 228 

and Figure 2, we determined that 29 out of 210 genes (10%) were missense or nonsense variants. 229 

We then assessed the cis-eQTL effects with HaploReg v4.1 and found 101 genes (33%) risk SNPs 230 

have cis-eQTL effects on 210 genes, in either whole blood or colon tissues. Phenotype data were 231 

then retrieved from MP Ontology, which contains information on phenotypes of mice and other 232 

mammals. WebGestalt 2017 was used to perform an ORA, and 24 genes (8%) were found to 233 

overlap with CRC risk genes (FDR < 0.05). Gene Ontology (GO) annotations obtained from 234 

WebGestalt 2017 were then used to evaluate PPIs. According to the PPIs,  95 genes (31%) that 235 

overlapped with other CRC risk genes (FDR < 0.05) were found. The Kyoto Encyclopedia of 236 

Genes and Genomes (KEGG) was used to perform an ORA on molecular pathways. A total of 49 237 

CRC-associated genes (16%) in KEGG pathways were successfully identified by the enrichment 238 

analysis. We also analyzed PID data from the IUIS and subsequently confirmed overlapping genes 239 

with our findings. Five genes (2%) with statistically significant overlap in PID (p <0.05) were 240 

identified.  After compiling the scores from 0-6, we found that genes with a score of 0 and 1 have 241 

the same numbers of genes, 64 genes, respectively. Genes with a score of 2 were 32 while those 242 

with a score of 3 were 30. There were 16 genes with a score of 4, three genes with a score of 5, 243 

and one gene with a score of 6 (Figure 3). In total, we obtained eighty-two genes with a score of  244 

≥2, which were categorized as ‘biological CRC genes’ (Table 2). Our study observed top five of 245 

biological CRC genes which were domain-containing protein 2  (NOD2), followed by MutL 246 

homolog 1 (MLH1), transforming growth factor beta-1 (TGFB1), tumor protein p53 (TP53) and 247 

interleukin 17F (IL17F). 248 
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3.2. Expanding the list of biological CRC genes  249 

We used the STRING database of PPIs to expand the number of biological CRC-associated genes. 250 

After expansion with the STRING database, 128 genes were included in the list ( Table S3). These 251 

genes comprised the final list of candidate genes, which was used for futher analysis. 252 

 253 

3.3. Discovery of CRC drug targets  254 

We obtained 1108 gene pairs from curated PPI networking (Table S4) and also found that 21 255 

target genes were existed in DrugBank and the Therapeutic Target Database (Table S5). The 166 256 

drugs are either approved, in clinical trials, or experimental drugs for human diseases (Table S6). 257 

Four target genes with six drugs approved for CRC were identified: bevacizumab, dalteparin, and 258 

tegafur uracil (Figure 4). Further, correlations of drugs approved for other diseases with biological 259 

CRC risk genes were also assessed. We found 12 known targets with 32 drugs for other diseases 260 

(under clincal investigation for CRC) that may be repositioned for treatment of CRC (Figure 5). 261 

An example is dasatinib, which is approved for treating chronic myeloid leukemia (CML), but has 262 

been repurposed for CRC treatment. Another drug, genistein, cytochrome P450 family 1 subfamily 263 

a member 1 (CYP1A1) targeting agent, is also a promising drug for treatment of CRC. Genistein 264 

may inhibit cancer cell growth by blocking Wnt signaling required for CRC cell growth (Table 265 

S7). In addition, we also identified five non-steroidal anti-inflammatory drugs (NSAIDs) and four 266 

selective serotonin reuptake inhibitors (SSRIs), which are under preclinical in vitro or in vivo (CRC 267 

model) investigations for repurposing to CRC (Figure 6). The NSAIDs include balsalazide, 268 

tolfenamic acid, adapalene, sulindac, and parecoxib [33-36]. SSRI drugs include amitriptyline, 269 

fluoxetine, paroxetine and sertaline [37-40] (Table S8). Therefore, our results suggest that this 270 

combinational analysis of PubMed text-mining and six functional annotations can efficiently 271 

identify potential candidate drugs for CRC drug repurposing.  272 

 273 

3.4. Connectivity Map (CMap) analyses prioritize the most promising drugs for CRC 274 

We analyzed 41 drugs under clinical or preclinical investigation using the CMap database to assess 275 

their association with known anti-CRC drugs or CRC risk factors. If two drugs have a strongly 276 

positive relationship, they may have similar effects in treating CRC. On the contrary, if the 277 

relationship is negative, the drugs may have different effects as treatments for CRC. We found that 278 

18 of 41 drugs had positive correlations with capecitabine, the standard treatment for CRC, 279 
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according to high CMap scores (Table 3). Among the 18 drugs, nine (celecoxib, ibuprofen, 280 

naproxen, balsalazide, aspirin, sulindac, rofecoxib, diclofenac and parecoxib) target 281 

cyclooxygenase (COX)-1 and COX-2, three (sertraline, fluoxetine and amitriptyline) target 282 

SLC6A4, two (rucaparib and olaparib) target poly (ADP-ribose) polymerase (PARP), and one 283 

(dasatinib) targets cyclin-D2 (CCND2). As depicted in Table 3, the top five drugs that exhibited 284 

strong relationships with capecitabine were celecoxib, rucaparib, ibuprofen, naproxen and 285 

balsalazide, with respective CMap scores of 99.09, 94.14, 92.25, 86.40, and 81.55. This finding 286 

suggests the biological plausibility of repurposing cancer drugs from non-cancer drugs or other 287 

drugs to treatment of CRC.  288 

 289 

4. Discussion 290 

In the current study, we mined PubMed text to extract potential candidate genes that may guide 291 

drug repurposing to CRC. Six functional annotations were applied to build a scoring system and 292 

to prioritize CRC risk genes likely to be useful drug targets. We found 128 genes from the 293 

expanded PPI network, including four known targets of six approved CRC drugs, 12 known targets 294 

for 32 drugs approved for other indications (with potential to be repurposed for CRC), and three 295 

known target genes under preclinical investigation for CRC that may be modulated by nine drugs. 296 

Finally by using the CMap database, we observed 18 of the 41 drugs under clinical and preclinical 297 

investigations that might have high potential to be repurposed for CRC. We found six drugs, 298 

including genistein, marimastat, bevacizumab, dalteparin, aflibercept, and tegafur-uracil, that are 299 

currently in clinical trials for CRC. Genistein [NCT01985763] and Aflibercept [NCT03264274] 300 

are currently in a phase 2 clinical trial for treatment of  metastatic CRC. Xeloda or UFT (tegafur-301 

uracil) with folinic acid is in a phase 3 investigation for metastatic CRC [NCT00905047]. 302 

Bevacizumab is in a phase 2 clinical trial for advanced CRC in combination with irinotecan, 303 

lederfolin, and 5FU (FOLFIRI) [NCT01853813]. Dalteparin was assessed by a double-blinded 304 

phase 3 randomized control trial for treating advanced cancers, including breast, lung and 305 

colorectal [NCT00003674].  306 

 307 

Although adjuvant therapy is available for patients with high-risk stage II and stage III CRC, 308 

around 40-50% of patients will experience recurrence with the development of metastatic disease 309 

[41]. For advanced CRC, targeting the vascular endothelial growth factor (VEGF) pathway has a 310 
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pivotal role in increasing overall survival time in patients receiving chemotherapy [42]. Herein, 311 

VEGF is one of the drug targets identified by our analysis; VEGF can be targeted by bevacizumab, 312 

dalteparin, and aflibercept. Two of these drugs (bevacizumab and aflibercept) have been approved 313 

for use in metastatic CRC [43].  Indeed, most drugs that we found have indications for other cancer 314 

types. The 32 drugs in this category are depicted in Figure 5 (e.g., ovarian cancer [rucaparib, 315 

niraparib, olaparib], non-small cell lung cancer [pemetrexed], prostate cancer [abiraterone], 316 

osteosarcoma [mifamurtide], CML [dasatinib], multiple myeloma [pomalidomide]). Another set 317 

of drugs identified in our study are currently used for autoimmune disease (e.g., ankylosing 318 

spondylitis [etanercept, adalimumab, infliximab, golimumab, secuximab]). Surprisingly, one drug 319 

we identified as potentially useful to for CRC is vitamin D. Vitamin D deficiency may affect 320 

various human cancers, and the Vitamin D receptor (VDR), which plays a role in regulating active 321 

vitamin D metabolites, is highly expressed in the small intestine and colon [44]. Vitamin D has 322 

been shown to protect from CRC tumorigenesis by binding long-chain fatty acids and bile acids in 323 

the small intestine and protecting colonic epithelial cells from mutagens [45]. Notably, Vitamin 324 

D-related drugs are currently being evaluated in CRC: cholecalciferol is in a phase 2 trial 325 

[NCT01074216]; cholecalciferol [NCT02172651] and paricalcitol [NCT01197664] are in phase 1 326 

trials. Furthermore, we identified calcitriol as a promising drug for CRC repurposing based on the 327 

CMap analysis (Table 3). However, molecular evidence for the role of vitamin D in CRC is 328 

limited, so future functional studies are still needed to investigate the mechanisms by which 329 

vitamin D affects CRC.  330 

 331 

Another category of drugs identified in our study is NSAIDs, which generally hold indications as 332 

analgesic, antipyretic and anti-inflammatory agents [46]. From the results of a nationwide 333 

population-based case–control study, Kuo et al., indicated that NSAIDs use was associated with 334 

lower incidence of colorectal cancer  [47]. According to the CMap analysis we performed, nine 335 

NSAIDs (celecoxib, ibuprofen, naproxen, balsalazide, aspirin, sulindac, rofecoxib, diclofenac and 336 

parecoxib) were among the most promising for CRC repurposing. Furthermore, NSAIDs were also 337 

reported to reduce the growth of cancer cells through inhibition of two enzymes, COX-1 and COX-338 

2 [48]. Aspirin is commonly used in cardiovascular disease treatment and to prevent myocardial 339 

infarction. Previous clinical studies indicated that post-diagnosis use of aspirin is correlated with 340 

favorable survival in CRC patients [49, 50]. Ibuprofen was also reported to effectively inhibit the 341 
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growth of prostate cancer [51]. In an in vitro study on adenocarcinoma gastric cells, the antitumor 342 

activity of ibuprofen was attributed to the induction of apoptosis and the reduction of cell 343 

proliferation, which attenuated angiogenesis [52]. Naproxen is a propionic-acid derivative and 344 

non-selective COX-inhibitor that was shown to inhibit cell proliferation, trigger apoptosis and 345 

suppress metastasis. In vitro and in vivo studies revealed that naproxen also had antineoplastic 346 

properties in leukemia, breast, colon, bladder, and osteosarcoma cell lines [53]. Furthermore, 347 

according to an in vivo study on a colon cancer animal model, the combination of naproxen and 348 

atorvastation significantly inhibited growth of colonic adenocarcinomas [54]. Diclofenac is a 349 

derivative of acetic acid that has a moderate selectivity for COX-2 inhibition. Diclofenac was 350 

reported to have antineoplastic effects in various tumor types, including fibrosarcomas, hepatomas, 351 

and colon, ovarian and pancreatic cancer [55]. Diclofenac also was reported to have anti-352 

proliferative effects in human colon cancer cell lines [56]. Interestingly, other NSAIDs that we 353 

identified are celecoxib and rofecoxib as drugs with the potential to be repurposed for CRC. A 354 

previous study of celecoxib in an animal model showed that it is effective at reducing colorectal 355 

adenomas in animal models and in patients with familial adenomatous polyposis (FAP) [57]. 356 

Celecoxib and rofecoxib are two COX-2 inhibitors approved by the U.S. FDA for FAP patients, 357 

and these drugs are also being studied in patients with sporadic adenomas and other cancer types 358 

[57]. A study of celecoxib as an adjuvant chemotherapy is ongoing in patients with metastatic CRC 359 

(phase 4) [NCT03645187]. Interestingly, Yang et al., reported that it may be effective for treating 360 

ovarian cancer [12], and Kim et al. suggested that the combination of celecoxib and paclitaxel 361 

could be an effective treatment for ovarian cancer [58]. Moreover, some NSAIDs are being 362 

evaluated in preclinical models for repurposing to CRC (Figure 6); such drugs include balsalazide, 363 

tolfenamic acid, adapalene and sulindac, which inhibited the proliferation and induced apoptosis 364 

in human colon cancer cells [33-36].  365 

 366 

Additionally, CMap analysis also showed that the SSRIs drugs, sertraline, fluoxetine and 367 

amitriptyline, may be promising candidates for repurposing to CRC. SSRI drugs have been widely 368 

used for the treatment of depression and anxiety [59]. Recently, several reports indicated that SSRI 369 

drugs have anticancer activity based on the inhibition of proliferation and induction of apoptosis 370 

in human colon cancer cells [37-40]. Stopper et al., reported that fluoxetine may reduce tumor 371 

growth of colon cancer in animals and the incidence of colon cancer in humans through a blockage 372 
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in tumor metabolism [38]. A following investigation also supported the anticancer activity of 373 

sertraline in the two human colon cancer cell lines (HT29 and LS1034) [40]. Currently, biomarkers 374 

for CRC are still limited to kirsten rat sarcoma (KRAS), neuroblastoma RAS (NRAS) and B-375 

Raf proto-oncogene (BRAF), with the upcoming standard of care including phosphatidylinositol-376 

4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA), human epidermal growth factor 377 

receptor 2 (HER-2) and microsatellite instability (MSI) [43]. PIK3CA is one of the therapeutic 378 

targets we found in this study and may be targeted by copanlisib, which has an original indication 379 

for follicular lymphoma. Copanlisib, a phosphatidylinositol 3-kinase (PI3K) inhibitor, combined 380 

with nivolumab, an anti-PD-1 agent, is under evaluation in patients with mismatch-repair 381 

proficient (MSS) colorectal cancer [NCT03711058]. Furthermore, the safety and efficacy of 382 

copanlisib in combination with nivolumab are being assessed in an on-going phase 1b/2 study 383 

[NCT03735628]. 384 

 385 

Our study provides new insights into how oncogenomic research may be implemented clinically, 386 

based on a genomics approach to guide selection of CRC pharmacotherapy agents. The advantage 387 

of drug repurposing is that the safety data in human patients for identified drugs are already 388 

available [60]. This in silico approach might be useful to narrow down candidate drugs for CRC 389 

disease, resulting in cost and time savings. However, further functional studies will be needed to 390 

examine the drugs revealed in our analyses. In particular, we would like to emphasize that CRC 391 

genetic-driven genomic drug repurposing is a new model of leveraging CRC genomic information, 392 

not only to identify CRC disease risk but also to provide novel biological insight and contribute to 393 

CRC drug repurposing. However, our approaches have some limitations. The target genes that we 394 

identified are not all in pharmacological activities, therefore these might potentially miss the target 395 

of the drugs (undruggable), our analysis showed, only 166 drugs (14.98%) of the 1108 protein 396 

coding genes are druggable (genetic driven druggable). The comprehensive analysis on the 397 

druggability of genes performed by Finan et al. also revealed that only 4479 (22%) among 20,300 398 

protein coding genes are druggable [61]. Moreover, functional studies of the biology of these risk 399 

genes and the genes targeted by these drugs still require further investigation to ascertain the role 400 

of drug target genes. 401 

 402 
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5.  Conclusion 403 

By utilizing genomic data to map disease-gene-protein-drug relationships, we found 82 biological 404 

CRC risk genes and 128 genes from an expanded PPI network. Among the identified targets, four 405 

genes are the targets of six drugs already approved for CRC treatment, three genes are targeted by 406 

nine drugs under preclinical assessment for CRC, and 12 target genes overlap with 32 drugs 407 

approved for other indications; these drugs with other indications might be good candidates for 408 

repurposing to CRC treatment. Moreover, our CMap analysis indicates that 18 of the 41 drugs 409 

under clinical and preclinical investigation demonstrate potential to be repurposed for CRC 410 

treatment. Thus, our study demonstrates the feasibility of utilizing genomic data and genetic 411 

mapping as a potential method for drug discovery.  412 
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Figure 1. Flow chart for the colorectal cancer (CRC) drug repurposing study. CRC-associated single nucleotide polymorphism (SNPs) 

were identified by searching PubMed literature. The list of CRC-associated SNPs was expanded with HaploReg v4.1 to find additional 

CRC-associated genes. Six functional annotations criteria were used to generate a biological prioritization score: (1) CRC risk missense 

variant; (2) Cis-eQTL; (3) knockout mouse phenotype; (4) Protein-Protein Interaction; (5) molecular pathway analysis; and (6) primary 

immunodeficiency. Each gene was scored according to the number of criteria that were satisfied (scores ranged 0–6 for each gene). 

Genes with a score of ≥2 were categorized as ‘biological CRC risk genes’. The biological CRC genes were utilized in further analyses, 

including the use of the STRING database to expand the list of candidate genes. The extent of overlap with target genes for approved 

CRC drugs was also assessed using the DrugBank database and Therapeutic Target Database (TTD). Drugs in clinical trials were 

identified using ClinicalTrials.gov. Finally, the connectivity map (CMap) database was used to prioritize the most promising drugs for 

CRC treatment.
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Figure 2. The number of genes satisfying each criterion. The figure, from left- to the right-side, showed 29 genes which were 

missense or nonsense variants (blue), 101 genes have Cis-expression quantitative trait loci (Cis-eQTL) effects on whole blood or 

colon (orange), 24 genes with knockout mouse phenotype (grey), 95 genes with protein-protein interaction (yellow), 49 CRC-

associated genes in molecular pathways (light blue) and five genes overlap in primary immunodeficiency (green).  
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Figure 3. Distribution of colorectal cancer (CRC)-related gene scores. The figure, from left- to the right-side, showed number of genes 

with score 0~6. Each gene was assigned one point for each functional annotation. Genes with a score of 0 and 1 have the same numbers, 

namely 64 genes. Genes with a score of 2 were 32 while those with a score of 3 were 30. There were 16 genes with a score of 4, 3 genes 

with a score of 5, and 1 gene with a score of 6. After compiling the scores, eighty-two genes with a score of ≥2, which were categorized 

as ‘biological CRC genes’.
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Figure 4. Connections between biological colorectal cancer (CRC) candidate genes and other 

genes, according to direct protein-protein ineteractions (PPIs), as well as drugs available for CRC 

target the candidate gene. Biological genes (grey); genes in PPIs (light yellow); target drugs (blue); 

indication (green). 
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Figure 5. Connections between CRC candidate genes and drugs with other indications (under clinical 

investigation for CRC). Biological genes (grey); genes in PPI (light yellow); target drugs(blue); indication (green). 
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Figure 6. Connections between colorectal cancer (CRC) candidate genes and drugs under 

preclinical investigation for CRC. Biological genes (grey); genes in PPI (light yellow); target drugs 

(blue); and indication (green). 
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Table 1. Profiles of recruited colorectal cancer (CRC) studies 

No     PMID       Type of the Study                           Population Disease 

1 30018674 WES Chinese  CRC 
2 28915899 GWAS Italian CRC 
3 24737748 GWAS European CRC 
4 25811207 Genotype Saudi Arabian  CRC 
5 26965516 GWAS East Asian, Chinese, Japanese  Korean CRC 
6 24836286 GWAS East Asian CRC 
7. 30233234 Genotyping Saudi Arabian CRC 
8. 26515597 GWAS Chinese  CRC 
9 25105248 GWAS Japanese CRC 
10 27698911 Genotyping Chinese CRC 
11 27145994 GWAS Chinese CRC 
12 28218435 GWAS Chinese CRC 
13 29267898 ChIP-Seq, DNase-Seq Chinese  CRC 
14 24448986 GWAS East Asian CRC 
15 23875689 Genotyping Korean CRC 
16 23946381 GWAS European-Asian CRC 
17 25990418 GWAS European CRC 
18 29428571 Genotyping Chinese  CRC 
19 24968322 Genotyping Taiwanese CRC 
20 29689450 Genotyping Tunisians CRC 
21 29953646 Genotyping Iran CRC 
22 29372689 Genotyping European CRC 
23 29419695 Genotyping Chinese CRC 
24 27146020 GWAS NHGRI CRC 
25 29766219 Genotyping Chinese  CRC 
26 29119627 Genotyping German CRC 
27 28915636 Genotyping Chinese CRC 
28 28039327 Genotyping  Chinese CRC 
29 27746584 Genotyping Saudi Arabia CRC 
30 27665685 Genotyping  Chinese  CRC 
31 27354594 Genotyping Korea CRC 
32 26547791 Genotyping Chinese CRC. 
33 26148620 GWAS Chinese CRC 
34 26083022 Genotyping Tunisian CRC 
35 25834816 Genotyping Chinese CRC 
36 25680555 Genotyping Iran CRC 
37 25640388 GWAS Iran CRC 
38 25222241 Genotyping Chinese CRC 
39 24777809 Genotyping Chinese CRC 
40 24562971 

 

Genotyping African Americans CRC 

Abbreviations: ChIP-Seq: Chromatin immunoprecipitation-sequencing, CRC: Colorectal cancer, 

DNase-seq: DNase I hypersensitive sites sequencing, GWAS: Genome-wide association study, 
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WES: Whole exome sequencing, NHGRI:National Human Genome Research Institute, PMID: 

PubMed IDentifier. PMID obtained from PubMed database https://pubmed.ncbi.nlm.nih.gov/. 
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 Table 2. Prioritized biological annotations for colorectal cancer (CRC) genes with a score ≥ 2. 

GENCODE_ID GENCODE_name Missense Cis-eQTL KO mice PPI KEGG PID 
Total 

Score 

ENSG00000167207 NOD2 1 1 1 1 1 1 6 

ENSG00000076242 MLH1 1 1 1 1 1 0 5 

ENSG00000105329 TGFB1 1 1 1 1 1 0 5 

ENSG00000141510 TP53 1 1 1 1 1 0 5 

ENSG00000112116 IL17F 1 0 0 1 1 1 4 

ENSG00000113318 MSH3 1 1 0 1 1 0 4 

ENSG00000135862 LAMC1 1 1 0 1 1 0 4 

ENSG00000073756 PTGS2 0 1 1 1 1 0 4 

ENSG00000088305 DNMT3B 0 1 0 1 1 1 4 

ENSG00000095303 PTGS1 0 1 1 1 1 0 4 

ENSG00000112115 IL17A 0 1 1 1 1 0 4 

ENSG00000132781 MUTYH 1 0 1 1 1 0 4 

ENSG00000134899 ERCC5 1 1 0 1 1 0 4 

ENSG00000143799 PARP1 0 1 1 1 1 0 4 

ENSG00000149485 FADS1 0 1 1 1 1 0 4 

ENSG00000150093 ITGB1 0 1 1 1 1 0 4 

ENSG00000164362 TERT 0 0 1 1 1 1 4 

ENSG00000183765 CHEK2 1 0 1 1 1 0 4 
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Table 2 (Cont). Prioritized biological annotations for colorectal cancer (CRC) genes with a score ≥ 2. 

GENCODE_ID GENCODE_name Missense Cis-eQTL KO mice PPI KEGG PID 
Total 

Score 

ENSG00000232810 TNF 0 1 1 1 1 0 4 

ENSG00000111424 VDR 1 1 1 1 0 0 4 

ENSG00000039068 CDH1 0 1 0 1 1 0 3 

ENSG00000082701 GSK3B 0 1 0 1 1 0 3 

ENSG00000099194 SCD 0 1 0 1 1 0 3 

ENSG00000101665 SMAD7 1 0 0 1 1 0 3 

ENSG00000112715 VEGFA 0 1 0 1 1 0 3 

ENSG00000117394 SLC2A1 0 1 0 1 1 0 3 

ENSG00000118971 CCND2 0 1 0 1 1 0 3 

ENSG00000123268 ATF1 0 1 0 1 1 0 3 

ENSG00000130702 LAMA5 0 1 0 1 1 0 3 

ENSG00000134824 FADS2 0 1 0 1 1 0 3 

ENSG00000146674 IGFBP3 1 0 0 1 1 0 3 

ENSG00000148737 TCF7L2 1 0 0 1 1 0 3 

ENSG00000152270 PDE3B 0 1 0 1 1 0 3 

ENSG00000168496 FEN1 0 1 0 1 1 0 3 

ENSG00000259207 ITGB3 0 1 0 1 1 0 3 

ENSG00000007312 CD79B 0 1 0 1 0 1 3 
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Table 2 (Cont). Prioritized biological annotations for colorectal cancer (CRC) genes with a score ≥ 2. 

GENCODE_ID GENCODE_name Missense Cis-eQTL KO mice PPI KEGG PID 
Total 

Score 

ENSG00000100714 MTHFD1 1 1 0 1 0 0 3 

ENSG00000106366 SERPINE1 0 0 1 1 1 0 3 

ENSG00000114487 MORC1 1 1 0 1 0 0 3 

ENSG00000121879 PIK3CA 0 0 1 1 1 0 3 

ENSG00000124275 MTRR 1 1 0 1 0 0 3 

ENSG00000134982 APC 1 0 0 1 1 0 3 

ENSG00000136936 XPA 0 0 1 1 1 0 3 

ENSG00000154767 XPC 0 1 0 1 1 0 3 

ENSG00000172115 CYCS 0 1 0 1 1 0 3 

ENSG00000189403 HMGB1 0 1 0 1 1 0 3 

ENSG00000213886 UBD 1 1 0 1 0 0 3 

ENSG00000108576 SLC6A4 0 1 1 1 0 0 3 

ENSG00000140465 CYP1A1 1 0 1 1 0 0 3 

ENSG00000146477 SLC22A3 0 1 1 1 0 0 3 

ENSG00000148795 CYP17A1 0 1 0 1 0 0 2 

ENSG00000162552 WNT4 0 0 0 1 1 0 2 

ENSG00000162594 IL23R 0 0 0 1 1 0 2 

ENSG00000196611 MMP1 0 0 0 1 1 0 2 
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Table 2 (Cont). Prioritized biological annotations for colorectal cancer (CRC) genes with a score ≥ 2. 

GENCODE_ID GENCODE_name Missense Cis-eQTL KO mice PPI KEGG PID 
Total 

Score 

ENSG00000204414 CSHL1 1 1 0 0 0 0 2 

ENSG00000047932 GOPC 0 1 0 1 0 0 2 

ENSG00000050405 LIMA1 0 1 0 1 0 0 2 

ENSG00000062038 CDH3 0 1 0 1 0 0 2 

ENSG00000077514 POLD3 0 0 0 1 1 0 2 

ENSG00000104918 RETN 0 1 0 1 0 0 2 

ENSG00000111669 TPI1 0 1 0 1 0 0 2 

ENSG00000112561 TFEB 0 1 0 1 0 0 2 

ENSG00000122870 BICC1 1 0 0 1 0 0 2 

ENSG00000126653 NSRP1 0 1 0 1 0 0 2 

ENSG00000134897 BIVM 0 1 0 1 0 0 2 

ENSG00000135111 TBX3 0 0 0 1 1 0 2 

ENSG00000136937 NCBP1 0 1 0 1 0 0 2 

ENSG00000142046 TMEM91 1 1 0 0 0 0 2 

ENSG00000164307 ERAP1 0 1 0 1 0 0 2 

ENSG00000170860 LSM3 0 1 0 1 0 0 2 

ENSG00000171858 RPS21 0 1 0 1 0 0 2 

ENSG00000173559 NABP1 0 1 0 1 0 0 2 
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Table 2 (Cont). Prioritized biological annotations for colorectal cancer (CRC) genes with a score ≥ 2. 

GENCODE_ID GENCODE_name Missense Cis-eQTL KO mice PPI KEGG PID 
Total 

Score 

ENSG00000178567 EPM2AIP1 0 1 0 1 0 0 2 

ENSG00000186104 CYP2R1 0 1 0 1 0 0 2 

ENSG00000188641 DPYD 1 0 0 1 0 0 2 

ENSG00000196793 ZNF239 1 1 0 0 0 0 2 

ENSG00000199071 MIR423 0 1 0 0 1 0 2 

ENSG00000212993 POU5F1B 0 1 0 0 1 0 2 

ENSG00000228242 AC093495.4 1 1 0 0 0 0 2 

ENSG00000060237 WNK1 0 0 1 1 0 0 2 

ENSG00000144852 NR1I2 0 1 1 0 0 0 2 

ENSG00000169567 HINT1 0 0 1 1 0 0 2 

Abbreviations: Missense: Missense mutation; Cis-eQTL: Cis expression quantitative trait loci, KO mice: Knockout mouse 

phenotype; PPI: Protein-protein interaction; KEGG: Kyoto Encyclopedia of Genes and Genomes; PID: Primary immunodeficiency. 
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Table 3. Prioritization of drug repositioning candidates for the treatment of colorectal cancer (CRC) based on CMap 

comparison to capecitabine. 

Drug Original Use 
Mode of 

Action 
Target Drug CMap (Score) ID 

Celecoxib Pain Antagonist PTGS1/PTGS2 99.09 7541 

Rucaparib 
Advanced Ovarian 

Cancer 
Antagonist PARP 94.14 0311 

Ibuprofen Pain Antagonist PTGS1/PTGS2 92.25 5518 

Naproxen Pain Antagonist PTGS1/PTGS2 86.40 9232 

Balsalazide Pain Antagonist PTGS1/PTGS2 81.55 0256 

Aspirin Pain Antagonist PTGS1/PTGS2 80.06 3652 

Sulindac Pain Antagonist PTGS1/PTGS2 77.92 6108 

Sertraline Antidepresant Antagonist SLC6A4 74.63 6761 

Abiraterone Prostate Cancer Antagonist CYP17A1 72.01 1415 

Calcitriol Hypocalcemia Agonist VDR 65.92 7315 

Fluoxetine Antidepresant Antagonist SLC6A4 61.71 9102 

Olaparib 
Metastatic Breast 

Cancer (MBC) 
Antagonist PAPR 60.14 3016 

Rofecoxib Pain Antagonist PTGS2 61.11 3600 

Diclofenac Pain Antagonist PTGS1/PTGS2 61.38 2256 

Amitriptyline Antidepresant Antagonist SLC6A4 56.96 7926 

Parecoxib Pain Antagonist PTGS2 50.75 0121 

Paroxetine Antidepresant Antagonist SLC6A4 45.72 1163 

Dasatinib 

Chronic 

Myelogenous 

leukemia (CML) 

Antagonist CCND2 45.33 8571 

Abbreviations: Connectivity Map (CMap), the results were ranked by CMap score (ranging -100 to 100); higher scores 

denote higher similarities with capecitabine (a standard drug for CRC). CMap scores were obtained from the ‘CMap 

Touchstone’ tool in the CLUE website (https://clue.io/). 
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A B S T R A C T   

Even though many genetic risk loci for human diseases have been identified and comprehensively cataloged, 
strategies to guide clinical research by integrating the extensive results of genetic studies and biological resources 
are still limited. Moreover, integrative analyses that provide novel insights into disease biology are expected to 
be especially useful for drug discovery. Herein, we used text mining of genetic studies on colorectal cancer (CRC) 
and assigned biological annotations to identified risk genes in order to discover novel drug targets and potential 
drugs for repurposing. Risk genes for CRC were obtained from PubMed text mining, and for each gene, six 
functional and bioinformatic annotations were analyzed. The annotations include missense mutations, cis- 
expression quantitative trait loci (cis-eQTL), molecular pathway analyses, protein-protein interactions (PPIs), 
a genetic overlap with knockout mouse phenotypes, and primary immunodeficiency (PID). We then prioritized 
the biological risk candidate genes according to a scoring system of the six functional annotations. Each func-
tional annotation was assigned one point, and those genes with a score ≥2 were designated “biological CRC risk 
genes”. Using this method, we revealed 82 biological CRC risk genes, which were mapped to 128 genes in an 
expanded PPI network. Further utilizing DrugBank and the Therapeutic Target Database, we found 21 genes in 
our list that are targeted by 166 candidate drugs. Based on data from ClinicalTrials.gov and literature review, we 
found four known target genes with six drugs for clinical treatment in CRC, and three target genes with nine 
drugs supported by previous preclinical results in CRC. Additionally, 12 genes are targeted by 32 drugs approved 
for other indications, which can possibly be repurposed for CRC treatment. Finally, analysis from Connectivity 
Map (CMap) showed that 18 drugs have a high potential for CRC.   

Abbreviations: BRAF, B-Raf proto-oncogene; CCND2, Cyclin-D2; CRC, Colorectal cancer; CMap, Connectivity map; COX-1, Cyclooxygenase-1; COX-2, Cyclo-
oxygenase-2; CML, Chronic myeloid leukemia; Cis-eQTL, Cis-expressionquantitative trait loci; CYP1A1, Cytochrome P450 Family 1 Subfamily A Member 1; FDA, 
Food and Drug Administration; FAP, Familial adenomatous polyposis; GWAS, Genome-wide association study; GO, Gene ontology; HER-2, Human epidermal growth 
factor receptor 2; IUIS, International Union of Immunological Societies; IL17F, Interleukin 17F; KEGG, Kyoto Encyclopedia of Genes and Genomes; KRAS, Kirsten rat 
sarcoma; LD, Linkage disequilibrium; MLH1, MutL homolog 1; MSI, Microsatellite instability; NHGRI, National Human Genome Research Institute; NOD2, Domain- 
containing protein 2; NSAIDs, Nonsteroidal anti-inflammatory drugs; NRAS, Neuroblastoma RAS; PARP, Poly (ADP-ribose) polymerase; PMID, PubMed IDentifier; 
PPI, Protein-protein interaction; PID, Primary immunodeficiency; PI3K, Phosphatidylinositol 3-kinase; PIK3CA, Phosphatidylinositol-4,5-bisphosphate 3-kinase 
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1. Introduction 

Colorectal cancer (CRC) is the second most common cause of cancer 
morbidity and mortality, and it occurs as the fourth most frequent in 
males and the third most frequent in females globally [1]. Trans-
formation of CRC is the result of a progressive accumulation of genetic 
and epigenetic alterations. Once the CRC is diagnosed, patient outcomes 
are largely dependent on the disease stage, with early-stage disease 
generally showing better outcomes after treatment, and advanced dis-
ease characterized as clinically aggressive [2]. Thus, more effective 
anticancer drugs are required, as treatment approaches have been 
limited [2]. Bringing a new drug through clinical trials to the market is 
time consuming and expensive, often requiring ~15 years and > US$1 
billion [3]. Currently, more than 10,000 clinical trials for cancer are 
registered at www.clinicaltrials.gov, however, only a few drug candi-
dates continue to subsequent phases [4]. In the end, only around 5 % of 
new molecules entering phase I clinical trials will eventually be 
approved by the U.S. Food and Drug Administration (FDA) for disease 
treatment [5]. Thus, the approach of drug repurposing, which consists of 
finding new uses for old drugs as therapeutic agents, has become 
increasingly popular. Advantages of drug repurposing include clear 
understandings of the drug’s safety, pharmacological mechanisms and 
pharmacokinetic profiles [6]. One example of clinically successful drug 
repurposing is the use of aspirin for cardiovascular disease and CRC 
prevention; aspirin was initially used for pain relief [7,8]. Additionally, 
sildenafil was originally used to treat high blood pressure, but was 
repurposed for erectile dysfunction [9]. Therefore, drug repurposing 
based on genomic information may be a promising strategy to improve 
the efficiency of drug discovery process. 

In order to find candidates for drug repurposing, the relationships 
between diseases and genes, genes and drugs, and diseases and drugs 
should be identified. One strategy to identify these relationships is 
literature searching for pathway prioritization [10]. For example, 
candidate genes can be prioritized using keywords to perform text 
mining on a database.The database contains a large-scale genomic in-
formation that may shed light on germline risk alleles in patients with 
disease [10,11]. In addition, the PubMed database contains more than 
24 million citations from MEDLINE and other biomedical literature data 
sources [12]. In our study, we queried the PubMed database to identify 
candidate risk genes. Then, we utilized six bioinformatics repositories to 
identify the genes that most likely to have biological impact in CRC 
etiology, and we also identified relationships between those CRC genes 
and existing drugs. The current study design was adopted from Okada 
et al., who predicted drugs for repurposing to rheumatoid arthritis by 
utilizing risk genes of rheumatoid arthritis [13]. Notably, the genomic 
information from genome-wide association study (GWAS) was utilized 

by an in silico pipeline to study drug repurposing for type 2 diabetes and 
cancer [14,15]. 

Germline mutations that alter risks of CRC have been previously 
identified and used to search for target drugs [16,17]. However, suc-
cessful translation of this basic research into clinical practice has been 
limited, and remains as a future challenge. Therefore, in this study, we 
determined candidate genes associated with CRC and further prioritized 
the candidate genes using a scoring system based on six in silico criteria. 
As a result, we identified candidate biological risk genes for CRC that 
provide information to guide the selection of drugs for repurposing to 
CRC. 

2. Materials and methods 

Integrative analyses of genetics-driven genomic drug repurposing for 
CRC by utilizing multiple databases are shown in Fig. 1. Single nucle-
otide polymorphism (SNPs) associated with CRC (CRC-associated SNPs) 
were obtained from PubMed text mining and expanded using HaploReg 
(v4.1) with a criterion of r2 > 0.8. The genes corresponding to CRC- 
associated SNPs are denoted as “CRC-associated genes”. Subsequently, 
genomic data were prioritized based on six functional annotation 
criteria. Those genes with one functional annotation were awarded one 
point (score) and those genes with a score ≥2 were classified as “bio-
logical CRC risk genes”. The biological CRC risk genes were utilized in 
further analyses, including the use of the STRING database [18] to 
expand the list of candidate genes as the drug target genes. We mapped 
the expanded list of genes according to targets of approved drugs which 
found in the DrugBank and Therapeutic Target Database. The drug 
targets were examined to determine their clinical status according to 
ClinicalTrials.gov. Finally, we used the CMap database to prioritize the 
most promising candidate drugs for repurposing to CRC treatment. 

2.1. Literature review by PubMed text mining 

CRC-associated SNPs were identified through a systematic search of 
the PubMed database (articles published 2014–2018). The search terms 
used were: “colorectal cancer”, “risk gene”, “susceptibility”, “poly-
morphism”, “SNP”, and “genotype”. Inclusion of data was based on the 
following criteria: 1) all samples were human samples; 2) the clinical 
phenotype was “CRC”; and 3) the identified SNPs were associated with 
CRC. 

2.2. CRC–associated genes 

CRC-associated SNPs are extended to the SNPs in high LD (r2> 0.8 in 
Asian population based on 1000 genome project) with the SNPs 

Fig. 1. This schematic model illustrates that genomic-based information cane be integrated for colorectal cancer (CRC) drug repurposing.  
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identified in the previous step using HaploReg v4.1 [19]. The LD crite-
rion of r2 > 0.8 was adopted from the study of Okada et al [13]. 

2.3. Functional annotation of CRC-associated genes 

In order to prioritize the genes according to their biological function, 
six annotations were used to construct a scoring system that reflects the 
most likely candidate genes as CRC targets. The first annotation was 
missense or nonsense mutation according to HaploReg v4.1, which 
contains annotations of the functional consequences from a database of 
(db)SNPs [20]. HaploReg v4.1 also links genetic variants to 
cis-expression quantitative trait loci (cis-eQTL). Moreover, we examined 
the cis-eQTL in target tissues of whole blood or colon [20]. After that, in 
order to understand the connections between mutant genes and phe-
notypes, we employed WebGestalt 2017 to perform functional enrich-
ment analyses [21]. Mammalian Phenotype (MP) Ontology, which 
contains information on phenotypes of mice and other mammals, was 
used [22]. To query the mouse phenotype, we converted genes from the 
human Ensemble ID to mouse Ensemble ID using BioMart [23]. Genes 
enriched in mouse phenotypes with a false discovery rate (FDR) of <
0.05 were considered significant results. Furthermore, protein-protein 
interactions (PPIs) were used to identify CRC-associated genes 
enriched in biological protein networks [24]. WebGestalt 2017 was also 
used to perform enrichment analyses and investigate if the genes were 
enriched in any specific functional pathway [25]. Specifically, the bio-
logical process Gene Ontology (GO) categories in WebGestalt 2017 were 
interrogated for this step. Significance of a result was set at FDR < 0.05 
[25]. To determine what kind of molecular pathways were enriched on 
the CRC-associated gene list and which gene was involved, enrichment 
analyses was performed on molecular pathways utilizing the Kyoto 
Encyclopedia of Genes and Genomes (KEGG), an online pathway data-
base of biochemicals from WebGestalt 2017 [25]. Primary immunode-
ficiency (PID) genes are the last annotation criterion. PID diseases are 
innate immune diseases [26] and are often reported to associate with 
cancer [27]. PID diseases are known as a genetic disorders associated 
with an increased incidence of malignancies, such as lymphoprolifer-
ative disorders, gastric adenocarcinoma, and CRC [28].]. A hypergeo-
metric test was used to perform an enrichment analysis on these data; 
the criterion for significance was p-value < 0.05. 

2.4. Prioritization of biological candidate genes 

According to these functional annotations, a score was assigned to 
each gene. One point was awarded for each criterion, as follows: 1) 
genes with missense or nonsense variants; (2) cis-eQTL genes of risk 
SNPs; (3) genes prioritized by the Knockout Mouse Phenotype; (4) genes 
prioritized by PPI network; (5) Molecular Pathway; (6) PID. Each gene 
was scored according to the number of criteria that were satisfied (scores 
ranged 0–6 for each gene). Genes with a score of ≥2 were categorized as 
‘biological CRC risk genes’. We set the threshold of biological score ≥ 2 
to find much higher number of the biological CRC risk genes. 

2.5. STRING database 

The purpose of the STRING database (http://string-db.org/) is to 
identify functional interactions related to protein expression by inte-
grating predicted protein-protein association data [18]. A large number 
of disease-protein networks may provide targets for diseases [29]. The 
proteins in direct PPI with these encoded by biological CRC risk genes 
were identified using STRING database version 10.5 (https://string-db. 
org/cgi/network,). The genes encoding these protein were defined as 
“drug target gene”. Protein products from the identified biological CRC 
risk genes, or several genes from a direct PPI network, were explored as 
potential targets of approved drugs, either for CRC or other indications. 

2.6. Drug validation and discovery 

The DrugBank database (https://www.drugbank.ca/) and Thera-
peutic Targets Database (http://bidd.nus.edu.sg/BIDD-Databases/TT 
D/TTD.asp) were utilized to evaluate potential drug targets. Drug 
target genes were used to interrogate the databases according to several 
criteria, such as drugs with pharmacological activities, effectiveness in 
humans, and annotations of ‘approved’, ‘clinical trial’ or ‘experimental 
drugs’. The identified drugs were reviewed on ClinicalTrials.gov (htt 
ps://clinicaltrials.gov) to identify any clinical investigations for CRC 
or other diseases. 

2.7. Connectivity map (CMap) analyses 

To prioritize the list of drugs for CRC repurposing, we used the CMap 
touchstone database platform to rank drugs according to a connectivity 
score (-100 to 100) [30]. The CMap scores were obtained from the 
‘Touchstone’ tool in the CLUE website (https://clue.io/). The CMap 
database can be used to perform profile similarity analyses, which is 
based on a collection of genome-wide transcriptional expression profiles 
from cultured human cancer cells treated with different drug com-
pounds [31]. In this study, drugs were compared with capecitabine as 
standard treatment for CRC according to the National Comprehensive 
Cancer Network (NCCN) guideline [32]. 

2.8. Statistical analyses 

All analytic workflows were performed using R Studio v3.4.3 and the 
haploR package (https://www.r-project.org/ and https://cran.r-project. 
org/web/packages/haploR/index.html). Over-representation analysis 
(ORA) was used to prioritize the genes in Knockout Mouse Phenotype, 
PPI network and Molecular Pathway. The FDR of <0.05 was determined 
to indicate the statistical significance. A hypergeometric test was used to 
perform an enrichment analysis for PID; the criterion for significance 
was p-value < 0.05. 

3. Results 

We retrieved SNPs associated with CRC from PubMed text mining. 
Forty CRC-associated studies were collected from genotyping studies 
and GWAS (Table 1). In total of 170 unique SNPs were found to associate 
with CRC risk (Table S1). The number of SNPs was expanded based on 
LD, using HaploReg v4.1 with criterion of r2 > 0.8, and this expansion 
yielded 210 CRC-associated genes (Table S2). 

3.1. Functional annotations of CRC risk SNPs 

In order to prioritize genes according to known biological processes, 
we devised six biological functional annotations based on 210 CRC- 
associated genes and assigned one point for each functional annota-
tion. The results of six biological functional annotations as shown in 
Table S2 and Fig. 2; we determined that 29 out of 210 genes (13.80 %) 
were missense or nonsense variants. We then assessed the cis-eQTL ef-
fects with HaploReg v4.1, using this strategy, we found 101 genes (48.09 
%) risk SNPs have cis-eQTL effects on 210 genes, in either whole blood 
or colon tissues. Phenotype data were then retrieved from MP Ontology, 
which contains information on phenotypes of mice and other mammals. 
WebGestalt 2017 was used to perform an ORA, and 24 genes (11.43 %) 
were found to overlap with CRC risk genes (FDR < 0.05). Gene Ontology 
(GO) annotations obtained from WebGestalt 2017 were then used to 
evaluate PPIs. According to the PPIs, 95 genes (45.24 %) that overlapped 
with other CRC risk genes (FDR < 0.05) were found. The Kyoto Ency-
clopedia of Genes and Genomes (KEGG) was used to perform an ORA on 
molecular pathways. A total of 49 CRC-associated genes (23.33 %) in 
KEGG pathways were successfully identified by the enrichment analysis. 
We also analyzed PID data from the IUIS and subsequently confirmed 
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overlapping genes with our findings. Five genes (2.38 %) with statisti-
cally significant overlap in PID (p < 0.05) were identified. After 
compiling the scores from 0-6, we found that genes with a score of 0 and 
1 have the same numbers of genes, 64 genes, respectively. Genes with a 
score of 2 were 32 while those with a score of 3 were 30. There were 16 
genes with a score of 4, three genes with a score of 5, and one gene with a 
score of 6 (Fig. 3). In total, we obtained eighty-two genes with a score of 
≥2, which were categorized as ‘biological CRC risk genes’ (Table 2). 
Here are the top five of biological CRC risk genes which were domain- 
containing protein 2 (NOD2), followed by MutL homolog 1 (MLH1), 
transforming growth factor beta-1 (TGFB1), tumor protein p53 (TP53) 
and interleukin 17 F (IL17 F). 

3.2. Expanding the list of biological CRC risk genes 

We used the STRING database of PPIs to expand the number of 
biological CRC risk genes. After expansion with the STRING database, 
128 genes were included in the list (Table S3). These genes comprised 
the final list of candidate genes, which were used for futher analysis. 

3.3. Discovery of CRC drug targets 

We obtained 1108 gene pairs from curated PPI networking 
(Table S4) and found21 target genes in DrugBank and the Therapeutic 
Target Database (Table S5). The 166 drugs are either approved, in 
clinical trials, or experimental drugs for human diseases (Table S6). 
Four target genes with six drugs available used for CRCwere identified: 
genistein, marimastat and bevacizumab, dalteparin, aflibercept and 
tegafur uracil (Fig. 4). Importantly, three drugs (bevacizumab, afli-
bercept and tegafur uracil) are the most frequently used as chemo-
theraputic drugs for the treatment of CRC. Further, correlations of drugs 
approved for other diseases with biological CRC risk genes were also 
assessed. We found 12 known targets with 32 drugs approved for other 
diseases, but areunder clincal investigation for CRC now.These drugs 
may have potential to be repositioned for treatment of CRC (Fig. 5). An 
example is dasatinib, which is approved for treating chronic myeloid 
leukemia (CML), but has been repurposed for CRC treatment in clinical 
trials. Another drug, genistein, cytochrome P450 family 1 subfamily a 
member 1 (CYP1A1) targeting agent, is also a promising drug for 
treatment of CRC. Genistein may inhibit cancer cell growth by blocking 
Wnt signaling required for CRC cell growth (Table S7). In addition, we 
also identified five non-steroidal anti-inflammatory drugs (NSAIDs) and 
four selective serotonin reuptake inhibitors (SSRIs), which have been 
widely reported in the preclinical in vitro or in vivo (CRC model) in-
vestigations for repurposing to CRC (Fig. 6). Especially, NSAIDs include 
balsalazide, tolfenamic acid, adapalene, sulindac, and parecoxib 

Table 1 
Profiles of colorectal cancer (CRC) reports in this study.  

No Type of the Study Population Source of Study 
(PMID) 

1 WES Chinese 30018674 
2 GWAS Italian 28915899 
3 GWAS European 24737748 
4 Genotype Saudi Arabian 25811207 
5 GWAS East Asian, Chinese, Japanese 

Korean 
26965516 

6 GWAS East Asian 24836286 
7. Genotyping Saudi Arabian 30233234 
8. GWAS Chinese 26515597 
9 GWAS Japanese 25105248 
10 Genotyping Chinese 27698911 
11 GWAS Chinese 27145994 
12 GWAS Chinese 28218435 
13 ChIP-Seq, DNase- 

Seq 
Chinese 29267898 

14 GWAS East Asian 24448986 
15 Genotyping Korean 23875689 
16 GWAS European-Asian 23946381 
17 GWAS European 25990418 
18 Genotyping Chinese 29428571 
19 Genotyping Taiwanese 24968322 
20 Genotyping Tunisians 29689450 
21 Genotyping Iran 29953646 
22 Genotyping European 29372689 
23 Genotyping Chinese 29419695 
24 GWAS NHGRI 27146020 
25 Genotyping Chinese 29766219 
26 Genotyping German 29119627 
27 Genotyping Chinese 28915636 
28 Genotyping Chinese 28039327 
29 Genotyping Saudi Arabia 27746584 
30 Genotyping Chinese 27665685 
31 Genotyping Korea 27354594 
32 Genotyping Chinese 26547791 
33 GWAS Chinese 26148620 
34 Genotyping Tunisian 26083022 
35 Genotyping Chinese 25834816 
36 Genotyping Iran 25680555 
37 GWAS Iran 25640388 
38 Genotyping Chinese 25222241 
39 Genotyping Chinese 24777809 
40 Genotyping African Americans 24562971 

Abbreviations: ChIP-Seq: Chromatin immunoprecipitation-sequencing, CRC: 
Colorectal cancer, DNase-seq: DNase I hypersensitive sites sequencing, GWAS: 
Genome-wide association study, WES: Whole exome sequencing, NHGRI: Na-
tional Human Genome Research Institute. 

Fig. 2. Bar chart shows the number of genes (y-axis) satisfying each of the six biological criteria (x-axis) for drug prioritization.  
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[33–36], and SSRI drugs include amitriptyline, fluoxetine, paroxetine 
and sertaline [37–40] (Table S8). Therefore, our results suggest that this 
combinational analysis of PubMed text-mining and six functional an-
notations can efficiently identify potential candidate drugs for CRC drug 
repurposing. 

3.4. Connectivity Map (CMap) analyses prioritize the most promising 
drugs for CRC 

To prioritize the most potential candidate drugs for CRC, we 
analyzed 41 drugs (32 drugs under clinical and 9 drugs preclinical 
investigation for CRC) using the CMap database. If two drugs have a 
strongly positive relationship, they may have similar effects in treating 

CRC. We found that 18 of 41 drugs had positive correlations with 
capecitabine, the standard treatment for CRC, according to the high 
CMap scores (Table 3). Among the 18 drugs, nine drugs (celecoxib, 
ibuprofen, naproxen, balsalazide, aspirin, sulindac, rofecoxib, diclofe-
nac and parecoxib) target cyclooxygenase (COX)-1 and COX-2, three 
drugs (sertraline, fluoxetine and amitriptyline) target SLC6A4, two 
drugs (rucaparib and olaparib) target poly (ADP-ribose) polymerase 
(PARP), and one drug (dasatinib) targets cyclin-D2 (CCND2). As 
depicted in Table 3, the top five drugs that exhibited strong relationships 
with capecitabine were celecoxib, rucaparib, ibuprofen, naproxen and 
balsalazide, with respective CMap scores of 99.09, 94.14, 92.25, 86.40, 
and 81.55. This finding suggests the biological plausibility of repur-
posing cancer drugs from non-cancer drugs or other drugs for CRC 

Fig. 3. Distribution plot shows the number of genes (y-axis) with different biological (gene) scores (x-axis). After compiling the scores, 82(=32+30+16+3+1) genes 
with a score of ≥2 were categorized as ‘biological CRC risk genes’ (blue). 

Table 2 
Prioritized biological annotations for colorectal cancer (CRC) genes with a score ≥ 2.  

Abbreviations: Missense: Missense mutation; Cis-eQTL: Cis expression quantitative trait loci, KO mice: Knockout mouse phenotype; PPI: Protein-protein interaction; 
KEGG: Kyoto Encyclopedia of Genes and Genomes; PID: Primary immunodeficiency. 
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treatment. 

4. Discussion 

In the current study, we mined PubMed texts to extract potential 
candidate genes that may guide drug repurposing to CRC. Six functional 
annotations were applied to build a scoring system and to prioritize CRC 
risk genes which are likely to be useful drug targets. We found 128 genes 
from the expanded PPI network, including four known targets of six 
clinical CRC drugs, 12 known targets for 32 drugs under clinical inves-
tigation for CRC. In addition, three known target genes assocaited with 
CRC can be modulated by nine drugs. Finally, by using the CMap 
database, we observed that18 drugs might have high potential to be 
repurposed for CRC. We also found six drugs, including genistein, 
marimastat, bevacizumab, dalteparin, aflibercept, and tegafur-uracil, 
that are currently in clinical trials for CRC. Genistein [NCT01985763] 
and Aflibercept [NCT03264274] are currently in a phase 2 clinical trial 
for treatment of metastatic CRC. Xeloda or UFT (tegafur-uracil) with 
folinic acid is in a phase 3 investigation for metastatic CRC 
[NCT00905047]. Bevacizumab is in a phase 2 clinical trial for advanced 

CRC in combination with irinotecan, lederfolin, and 5FU (FOLFIRI) 
[NCT01853813]. Dalteparin was assessed by a double-blinded phase 3 
randomized control trial for treating advanced cancers, including breast, 
lung and colorectal [NCT00003674]. 

Although adjuvant therapy is available for patients with high-risk 
stage II and stage III CRC, around 40–50 % of patients experience 
recurrence with the development of metastatic disease [41]. For 
advanced CRC, targeting the vascular endothelial growth factor (VEGF) 
pathway has a pivotal role in increasing overall survival time in patients 
receiving chemotherapy [42]. Herein, VEGF is one of the drug targets in 
this study; VEGF can be targeted by bevacizumab, dalteparin, and afli-
bercept. Two of these drugs (bevacizumab and aflibercept) have been 
approved for use in metastatic CRC [43]. Indeed, most drugs that we 
found have indications for other cancer types. 32 drugs identified in this 
category are depicted in Fig. 5 (e.g., ovarian cancer [rucaparib, nir-
aparib, olaparib], non-small cell lung cancer [pemetrexed], prostate 
cancer [abiraterone], osteosarcoma [mifamurtide], CML [dasatinib], 
multiple myeloma [pomalidomide]). Another set of drugs identified in 
our study are currently used for autoimmune disease (e.g., ankylosing 
spondylitis [etanercept, adalimumab, infliximab, golimumab, 

Fig. 4. Connections between biological CRC genes, genes from protein-protein ineteractions (PPIs, and drugs available for CRC.  
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secuximab]). Surprisingly, one drug we identified here as potentially 
useful for CRC is vitamin D. Vitamin D deficiency may affect various 
human cancers, and the Vitamin D receptor (VDR), which plays a role in 
regulating active vitamin D metabolites, is highly expressed in the small 
intestine and colon [44]. Vitamin D has been shown to protect from CRC 
tumorigenesis by binding long-chain fatty acids and bile acids in the 
small intestine and protecting colonic epithelial cells from mutagens 
[45]. Notably, Vitamin D-related drugs are currently being evaluated in 

CRC: cholecalciferol is in a phase 2 trial [NCT01074216]; cholecalciferol 
[NCT02172651] and paricalcitol [NCT01197664] are in phase 1 trials. 
Furthermore, we identified calcitriol as a promising drug for CRC 
repurposing based on the CMap analysis (Table 3). However, molecular 
evidence for the role of vitamin D in CRC is limited, so future functional 
studies are needed to investigate the mechanisms of how vitamin D af-
fects CRC. 

Another category of drugs identified in our study is NSAIDs, which 

Fig. 5. Connections between biological CRC genes with the drugs that approved for other indications and are under clinical investigation for CRC.  
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generally hold indications as anti-inflammatory agents [46]. From the 
results of a nationwide population-based case–control study, Kuo et al., 
indicated that NSAIDs use was associated with lower incidence of 
colorectal cancer [47]. According to the CMap analysis we performed in 
this study, nine NSAIDs (celecoxib, ibuprofen, naproxen, balsalazide, 
aspirin, sulindac, rofecoxib, diclofenac and parecoxib) were among the 
most promising for CRC repurposing. Furthermore, NSAIDs were also 
reported to reduce the growth of cancer cells through inhibition of two 
enzymes, COX-1 and COX-2 [48]. Aspirin is commonly used in cardio-
vascular disease treatment and to prevent myocardial infarction. Pre-
vious clinical studies indicated that post-diagnosis use of aspirin is 
correlated with favorable survival in CRC patients [49,50]. Ibuprofen 
was also reported to effectively inhibit the growth of prostate cancer 
[51]. In an in vitro study on adenocarcinoma gastric cells, the antitumor 
activity of ibuprofen was attributed to the induction of apoptosis and the 
reduction of cell proliferation, which attenuated angiogenesis [52]. 
Naproxen is a propionic-acid derivative and non-selective COX-inhibitor 
that was shown to inhibit cell proliferation, trigger apoptosis and sup-
press metastasis. In vitro and in vivo studies revealed that naproxen also 
had antineoplastic properties in leukemia, breast, colon, bladder, and 
osteosarcoma cell lines [53]. Furthermore, according to an in vivo study 
on a colon cancer animal model, the combination of naproxen and 
atorvastation significantly inhibited growth of colonic adenocarcinomas 
[54]. Diclofenac is a derivative of acetic acid that has a moderate 
selectivity for COX-2 inhibition. Diclofenac was reported to have anti-
neoplastic effects in various tumor types, including fibrosarcomas, 
hepatomas, and colon, ovarian and pancreatic cancer [55]. Diclofenac 
also was reported to have anti-proliferative effects in human colon 
cancer cell lines [56]. In addition, other NSAIDs that we identified are 
celecoxib and rofecoxib for CRC. Celecoxib and rofecoxib are two COX-2 
inhibitors approved by the U.S. FDA for FAP patients, and these drugs 
are also being studied in patients with sporadic adenomas and other 
cancer types [57]. A study of celecoxib as an adjuvant chemotherapy is 
ongoing in patients with metastatic CRC (phase 4) [NCT03645187]. 

Yang et al., reported that it may be effective for ovarian cancer [12]. Kim 
et al. suggested that the combination of celecoxib and paclitaxel could 
be an effective treatment for ovarian cancer [58]. Moreover, NSAIDs are 
being evaluated in preclinical models for repurposing to CRC (Fig. 6); 
such drugs including balsalazide, tolfenamic acid, adapalene and 
sulindac, which showned anticancer effects in human colon cancer cells 
[33–36]. 

Additionally, CMap analysis also showed that the SSRIs drugs, ser-
traline, fluoxetine and amitriptyline, may be promising candidates for 
repurposing to CRC. SSRI drugs have been widely used for the treatment 
of depression and anxiety [59]. Recently, several reports indicated that 
SSRI drugs have anticancer activity based on the inhibition of prolifer-
ation and induction of apoptosis in human colon cancer cells [37–40]. 
Stopper et al., reported that fluoxetine reduced tumor growth of colon 
cancer in animals and the incidence of colon cancer in humans through a 
blockage in tumor metabolism [38]. A following investigation also 
supported the anticancer activity of sertraline in the two human colon 
cancer cell lines (HT29 and LS1034) [40]. Currently, biomarkers for 
CRC are still limited to kirsten rat sarcoma (KRAS), neuroblastoma RAS 
(NRAS) and B-Raf proto-oncogene (BRAF), with the upcoming standard 
of care including phosphatidylinositol-4,5-bisphosphate 3-kinase cata-
lytic subunit alpha (PIK3CA), human epidermal growth factor receptor 2 
(HER-2) and microsatellite instability (MSI) [43]. PIK3CA is one of the 
therapeutic targets that we found in this study. PIK3CA is very likely to 
be targeted by copanlisib, which has an original indication for follicular 
lymphoma. Copanlisib, a phosphatidylinositol 3-kinase (PI3K) inhibitor, 
combined with nivolumab, an anti-PD-1 agent, is under evaluation in 
patients with mismatch-repair proficient (MSS) colorectal cancer 
[NCT03711058]. Furthermore, the safety and efficacy of copanlisib in 
combination with nivolumab are being assessed in an on-going phase 
1b/2 study [NCT03735628]. 

The advantage of drug repurposing is that the safety data of identi-
fied drugs are already available [60]. Thus, in silico approach might be 
useful to narrow down candidate drugs for CRC disease, resulting in cost 

Fig. 6. Connections between biological CRC genes and drugs with preclinical data for CRC.  
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and time savings. In particular, we would like to emphasize that CRC 
gene network -driven drug repurposing is a new model to contribute to 
CRC treatment.. However, our approaches have some limitations. The 
target genes that we identified are not all in pharmacological activities, 
therefore these genes might potentially miss the target of the drugs 
(undruggable). Our analysis showed that only 21 targets of the 1108 
CRC target genes are druggable (genetic driven druggable). The 
comprehensive analysis on the druggability of genes performed by Finan 
et al. also revealed that only 4479 (22 %) among 20,300 protein coding 
genes are druggable [61]. Moreover, functional studies and clinical are 
still needed to confirm the safety and efficacy. 

5. Conclusion 

By utilizing genomic data to map disease-gene-protein-drug re-
lationships, we found 82 biological CRC risk genes. Then, 128 genes 
were further expanded byPPI network. Among the identified targets, six 
drugs are clinically used for CRC, nine drugs were widely supported by 
preclinical data, and 32 drugs already approved for other indications 
might be good candidates for CRC treatment. Moreover, CMap results 
indicated that 18 drugs have potential to be repurposed for CRC. In 
conclusion, our study demonstrates the feasibility of utilizing genomic 
data and gene network as a potential method for drug discovery. 
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