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ABSTRACT

Background: Gallbladder Cancer (GBC) is one of the most common cancers of
the biliary tract and the third commonest gastrointestinal (GI) malignancy
worldwide. The disease is characterized by the late presentation and poor outcome

despite treatment, and hence, newer therapies and targets need to be identified.

Methods: The current study investigated various functionally enriched pathways
in GBC pathogenesis involving the genes identified through Next Generation
Sequencing (NGS). The Pathway enrichment analysis and Gene Ontology (GO)
were carried out after NGS, followed by the construction of the protein-protein

interaction (PPI) network to discover associations among the genes.

Results: Of the thirty-three patients with GBC who were screened through next-
generation sequencing (NGS), 27somatic mutations were identified. These
mutations involved a total of 14 genes. The p53 and KRAS were commonly found
to be mutated, while mutations in other genes were seen in one case each, the mean
number of mutations were 1.2, and maximum mutation in a single case (eight) was
seen in one case. The bioinformatics analysis identified MAP kinase, PI3K-AKT,
EGF/EGFR, and Focal Adhesion PI3K-AKT-mTOR signaling pathways and cross-

talk between these.

Conclusion: The results suggest that the complex crosstalk between the mTOR,

MAPK, and multiple interacting cell signaling cascades can promote GBC
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progression, and hence, mTOR - MAPK targeted treatment will be an attractive

option.

Keywords: Next Generation Sequencing (NGS), Gene Ontology (GO), Protein-
protein interaction network (PPI), Gene Set Enrichment Analysis (GSEA),
Signaling network, Disease Ontology (DO) and, Cross-Talk.

Abbreviations: Gene Ontology (GO), Protein-protein interaction network (PPI),
WEB-based Gene Set Analysis Toolkit (Webgestalt), Search Tool for the Retrieval

of Interacting Genes (STRING), the mammalian target of Rapamycin (mTOR) &
the mitogen-activated protein kinase (MAPK) signaling pathways.

INTRODUCTION

Gallbladder cancer (GBC) is a rare malignant neoplasm of the biliary tract and is
more prevalent in Asia (1-2). According to GLOBOCAN 2018 data, approximately
1.2% of deaths reported in 2018 were due to GBC (3). It is a relatively rare type of
cancer with a poor prognosis with a 5-years survival rate of 10-20%, and a lack of
symptoms in its early stages compared to other cancers (4-6). The development of
GBC progresses through metaplasia, carcinoma, dysplasia, and invasive
malignancy over 5-15 years (7). If GBC is detected earlier and managed
effectively, it 1s completely curable (8). Several internal and external factors are
associated with GBC development; of these gallstones (9), various lifestyle-related
factors (stress, alcohol, diet, menstrual factors) (10-12), xanthogranulomatous
cholecystitis (13), biliary duct infection (14-16), metabolism and lipid peroxidation

(17-18), Heavy metals and environmental pollution (19-20) etc., play a crucial role.

Surgery is the primary treatment for early disease, while chemotherapy and

radiation are the mainstays in advanced and metastatic GBC (21). The use of other


https://doi.org/10.1101/2022.05.11.491590
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.11.491590; this version posted May 13, 2022. The copyright holder for this preprint (which

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

approaches, such as immunotherapy, hormone therapy, and targeted therapy, is
mostly experimental, with a slight improvement in progression-free survival with
no benefit in overall survival (22). With the advent of advanced methods such as
whole-genome sequencing (WGS) using NGS or microarray platforms, the origin
of genomic research has expanded, and newer approaches are being identified (23).
This has also helped me understand the molecular mechanisms and prediction of

treatment response and outcome.

GBC appears to arise due to undiscovered successive spontaneous mutations
involving tumor suppressor genes, oncogenes, genes involved with angiogenesis,
cell growth and development, and microsatellite instability (24-29). So far in GBC,
about 1281 genetic mutations have been discovered (30). Another recent study
exploring the transcriptome identified over 900 differentially expressed gene (31).
In this study, thirty-three cases of GBC were screened through NGS for mutational
studies, and the results of mutation profiling were analyzed using bioinformatics
tools to understand the biological pathways involved in gallbladder carcinogenesis

and identify a suitable targeted therapy.

Patients and methods:

A prospective study was carried out between January 2017 to December 2021.
After approval from the institute ethics committee, and obtaining a written
informed consent, naive patients with a proven histological diagnosis of

gallbladder cancer were included in the study.

Data collection and processing- Comprehensive history and physical examination
of the patients were taken, and details were recorded in the preset proforma.

Besides hematology and biochemistry, including the tumor marker CA 19-9, an
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96 1image-guided biopsy was carried out. CT/MRI/MRCP of the abdomen was carried
97 out to measure the tumor dimensions and stage the disease before initiation of
98 treatment. The tumor tissue was studied for expression of gene mutation by Next-
99  Generation Sequencing. All patients were treated as per standard of care and

100 followed until December 2021.

101 GO and Pathway enrichment analysis- WEB-based Gene Set Analysis Toolkit
102 (Webgestalt) (32), an online bioinformatics tool that helps to investigate significant
103  enriched Genes and functional pathways, Wikicancer Pathway analysis and Gene
104 Ontology (GO) were  performed by  wusing  Webgestalt  tool
105  (http://www.webgestalt.org).

106 Network integration and screening of modules- Protein-protein interaction
107 network (PPI) of genes were constructed by using NetworkAnalyst
108  (http://www.networkanalyst.ca.) (33) and Search Tool for the Retrieval of
109 Interacting Genes (STRING) (http://string-db.org/) (34) based on the confidence
110  scores. Further analysis of involved genes was carried out by constructing a gene-
111  gene interaction network using GeneMania online Tool (35). A signaling network

112 was built among the GBC-specific genes.

113 Disease ontology- Further, Disease Ontology (DO) analysis was performed
114  through Gene Set Enrichment Analysis (GSEA) (36) as a plugin of the Webgestalt
115  tool. Gene-Associated Disease Interaction network of 14 genes was constructed

116  through NetworkAnalyst.
117
118 RESULTS:

119 A total of 33 cases underwent NGS analysis; among them, mutations were

120 identified in 17 of the patients, and a total of 27 mutations (mean 1.19 SD 1.7,


https://doi.org/10.1101/2022.05.11.491590
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.11.491590; this version posted May 13, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

121 range 0-8) were identified in 14 genes which were further analyzed (Table 1). The
122 mutations included TP53 (9 cases), KRAS (4 cases), KDR (4 cases), MAP3K1 (4
123 cases), BRAF (4 cases), PTEN (2 cases), SMAD4 (1 case), NRAS (1 case),
124  CTNNBI (1 case), EGRF (1 case), PDGFRA (1 case), FBXW7 (1 case), and
125 POLE (1 case) (Table 1).

126  Functional enrichment analysis- The results of GO enrichment analysis were
127 categorized into three functional categories, i.e. biological processes (BP),
128 molecular function (MF), and cellular components (CC). In the BP, gene
129 enrichment was seen in MAPK cascade, signal transduction by protein
130  phosphorylation, positive regulation of protein phosphorylation, and positive
131 regulation of phosphorylation (Table 2A). In the MF, genes were functionally
132 enriched in transmembrane receptor protein tyrosine kinase activity,
133 transmembrane receptor protein kinase activity, protein-containing complex
134  binding, and MAP kinase activity (Table 2B). In the CC, genes were functionally
135 enriched in the membrane raft, membrane micro domain, membrane region, cell

136  junction, receptor complex, and focal adhesion (Table 2C).

137 Pathway enrichment analysis- Figure 1 shows the ten positive and four
138  negatively related categories according to the false discovery rate (FDR > 0.05).
139 The genes significantly enriched in MAPK, PI3K-AKT, EGF/EGFR, Focal
140  Adhesion, and PI3K-AKT-mTOR signaling pathway. The resulted outcome
141 stipulated that these significant genes were functionally enriched in cancer-

142 associated biological pathways (Figure 2).

143 GBC-specific genes functional characterization- The Protein-Protein Interaction
144  (PPI) network of 14 significant genes with 14 nodes and 71 edges was constructed
145 using STRING (Figure 3). Further, several hub genes exhibiting co-expression,

146  predicted, and physical and genetic interaction with multiple genes were identified,
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147 and a network was constructed through the GeneMania tool (Figure 4 and
148 Additional Table 1). The NetworkAnalyst Tool built a signaling network through
149 a plugin Signor (https://signor.uniroma?2.it) (37) of 13 significant genes, with 503

150 nodes and 619 edges shown in (Figure 5).

151  Disease ontology (DO)- Further, DO with FDR (> 0.05) was functionally
152 enriched. The enriched DO showed identified genes to be associated with
153  Melanoma, Gastrointestinal Diseases, Gastrointestinal Neoplasms, Carcinoma and
154  Squamous cells, Nervous System Neoplasms, and Breast Neoplasms (Figure 6).
155  The results of the Gene-Disease associated network of significantly enriched six

156  genes in NetworkAnalyst are presented in (Additional Figure 1).

157  Cross talk between mTOR/MAPK signaling pathway- High frequency of the
158 mammalian target of Rapamycin (mTOR) & the mitogen-activated protein kinase
159 (MAPK) signaling pathways variation was observed, including PTEN, AKT,
160 TP53, SMAD4, EGFR, and CTNNBI (Figure 7) a pathway of cross-talk between

161  various identified pathways was constructed by data and text mining.
162  DISCUSSION

163  Multi-omics characterization of the NGS data from GBC patients identified 14
164  significant genes and their functional and biological pathways, with MAP kinase
165 and mTOR being the main. Despite recent breakthroughs in surgical procedures
166 and drug development, gallbladder cancer has a dismal long-term prognosis, with a

167  5-year survival rate ranging from 5% to 13% (38) (39).

168  Gain-of-function mutations in FGFRs have been described in numerous
169 malignancies, and they play a crucial role in angiogenesis and proliferation (40).

170  To our knowledge, no FGFR3 mutation or amplification has been documented in


https://doi.org/10.1101/2022.05.11.491590
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.11.491590; this version posted May 13, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

171 gallbladder cancer. Hence, the discovery of Fibroblast Growth Factor Receptor

172 (FGFR3) was a novel result in our investigation.

173 Moreover, the investigation uncovered that the TP53 family is associated with
174  different mutation in TP53, in most of our cases suggestingthat it acts as a
175  mutagenic driver in GBC. TP53 is the commonest gene studied in the gallbladder
176 and extrahepatic biliary tract cancer. TP53 mutations with or without RAS
177 mutations are reported in up to 50% of gallbladder cancer patients (41). No
178  difference is observed in patients with the anomalous junction of the pancreatic,
179  and biliary duct (42). In some areas, it’s higher, while others display lower p53
180 mutation rates (43). Bolivia reported 50% mutation rates in their patients, all but
181  one patient had a single mutation, while one had three mutations in the same gene.
182  Most of these mutations were on exons 5 and 8 of the gene (44). Eighty single
183 nucleotide variants and 8 indels in 39 genes were identified in their patients with
184  biliary tract cancer, including gallbladder, p53, and KRAS, were the commonest
185 mutations identified in these patients (44). KRAS is a well-known oncogene,
186 commonly mutated in various malignancies (45). Patients with GBC were found to

187  have a mutation in the KRAS gene.

188 A number of other targets like EGFR, VEGF, BRAF, MAPK, etc., were identified,
189 some of which for the first time. Further, significantly higher identification of
190 mutations in p53 and RAS oncogene signifies that treatment by EGFR antibodies
191 may not be successful in these cases. However, the relatively widespread
192 frequency of MAPK and mTOR signaling pathway mutations (NRAS, BRAF,
193  TP53, AKT, MAPK31, and PTEN) was a remarkable result, opening up possible
194  alternatives for targeted therapy directed against the mTOR pathway. Previous
195  studies have also shown the importance of MAP kinase and mTOR pathways in

196 gallbladder cancer. A study in the gallbladder cancer cell line from typhoid carriers
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197 and an animal model from the same cell line showed mTOR as the main pathway
198  of carcinogenesis, leading authors to suggest targeting of mTOR receptors (46).
199  Further experimental studies demonstrated regression of gallbladder cancer by
200 treatment with mTOR inhibitors (47). This was independent of the typhoid carrier
201  state and was demonstrated to be mediated through PIK3CA/AKT/mTOR pathway
202 (48-52). Although the single-phase I study of docetaxel and temsirolimus was

203 limited by severe myelosuppressive toxicity and failed to meet the objectives (53).

204  Results of the present study, and bioinformatics show cross-talk between various
205 pathways with mTOR, including the EGFR pathway, p53 pathway, and
206 PIK3CA/AKT pathway, suggesting the need to conduct clinical trials on mTOR
207 inhibitors. The results of this study gives a unique insight into gallbladder
208 carcinogenesis, identifies driver oncogenes, and suggest new therapeutic strategies

209 that need to be tested.
210 CONCLUSION

211 The study reports the results of DNA sequencing and demonstrated 14 key genes in
212 gallbladder carcinogenesis, including P53, RAS, EGFR, MAP3K1, PTEN, etc. The
213 analysis also demonstrates that the mTOR and MAPK signaling networks were
214 major pathways in gallbladder carcinogenesis. We suggest that the complex
215 crosstalk between the mTOR, MAPK, and multiple interacting cell signaling
216  cascades promotes gallbladder carcinogenesis by activating cell division. This
217 suggests that mTOR inhibitors are an attractive option in the treatment of treatment

218 gallbladder cancer, and this needs to be tested in clinical trials.
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Legends for fisures-

Figure 1 - Pathway Analysis: Wikicancer Pathway: 10 positive related categories

and 4 negative related categories are identified as enriched categories.

Figure 2 — Signaling Pathway Network diagram

Figure 3 — Protein-Protein Interaction network of 14 genes was constructed in

STRING

Figure 4 — Gene-Gene Interaction network of 14 genes was constructed in

GeneMania

Figure 5: Functional characterization of genes through Network Analyst tool

Figure 6 — Disease Ontology of 14 genes constructed through Webgestalt
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476  Figure 7: Showing the crosstalk between various pathways identified through

477  bioinformatic analysis of NGS data in gallbladder cancer.
478

479 Table 1 — List of 14 significant genes.

Gene-Name Description UniProt _Id | Score

TP53 tumor protein p53 P04637 79.46
KRAS KRAS proto-oncogene, GTPase PO1116 106.48
EGFR epidermal growth factor receptor P00533 167.6
KDR kinase insert domain receptor P35968 64.13
NRAS NRAS proto-oncogene, GTPase PO1111 76.05
MAP3K1 mitogen-activated protein kinase kinase kinase 1 | Q13233 58.84
BRAF B-Raf proto-oncogene, serine/threonine kinase P15056 116.32
PTEN phosphatase and tensin homolog P60484 191.07
CTNNB1 catenin beta 1 P35222 87.09
FGFR3 fibroblast growth factor receptor 3 P22607 99.14
PDGFRA platelet derived growth factor receptor alpha P16234 101.17
FBXW7 F-box and WD repeat domain containing 7 Q969HO 66.7
POLE DNA polymerase epsilon, catalytic subunit Q07864 42.19
SMADA4 SMAD family member 4 Q13485 87.93

480

481 Table 2(A) — GO: BIOLOGICAL PROCESS

482 FDR; false discovery rate

Gene Set |Description Size Expect|Ratio P-Value FDR

GO:00001 0.000000000000{/0.00000000
MAPK cascade 896 [0.75276 |15.941

65 044853 023567

GO:00230|[signal transduction by 907 |0.76200 (15.748 |/0.0000000000000.00000000



https://doi.org/10.1101/2022.05.11.491590
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.11.491590; this version posted May 13, 2022. The copyright holder for this preprint (which

484

485

486

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY 4.0 International license.

14 protein phosphorylation 051847 023567
GO:00019 |positive regulation of 0.000000000000/0.00000000
982 |0.82501 |14.545
34 protein phosphorylation 13411 040641
GO0:00423 |positive regulation of 0.000000000000/0.00000000
. 1028 [0.86366 |(|13.894
27 phosphorylation 23181 052686
GO0:00434 |regulation of MAPK 0.000000000000{/0.00000000
745 0.62590 |(17.575
08 cascade 42732 06536
positive regulation of
GO:00105 0.0000000000001{/0.00000000
phosphorus metabolic 1097 (0.92163 (113.020
62 42732 06536
process
positive regulation of
GO:00459 0.0000000000001{/0.00000000
phosphate metabolic 1097 1|0.92163 (]13.020
37 50326 06536
process
G0:00434 |positive regulation of 0.000000000001 {|0.00000000
546 {0.45871 |21.800
10 MAPK cascade 17 13295
positive regulation of
GO:00314 0.0000000000011/0.00000000
protein modification 1190 (0.99976 (]12.003
01 3278 13413
process
GO:00064 0.000000000005(/0.00000000
protein phosphorylation  ||1860 |[1.5627 (|8.3192
68 0494 45904
Table 2(B) - GO: CELLULAR COMPONENT
FDR; false discovery rate
Gene Set Description Size Expect|Ratio |P-Value FDR
GO:0045121 |membrane raft 311 ||0.22981 |[17.406 (0.000060379 |(0.025307
GO:0098857 |[membrane 312 ||0.23055 |[17.350 (0.000061138 ||0.025307
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487

488

489

microdomain

GO:0098589 |membrane region 324 ]0.23941 |16.708 (0.000070799 |0.025307

GO:0030054 |cell junction 1268 [10.93696 6.4037 (0.00015284 /0.025307

G0:0043235 |[receptor complex 396 0.29262 |[13.670 {|0.00015387 {/0.025307

GO:0005925 |focal adhesion 404 ]/0.29853  (113.399 (0.00016619 |/0.025307

GO:0005924 f:ell-s'ubstrate adherens 407 ]/0.30074 (13.300 (0.00017099 |/0.025307
junction

GO:0030055 ||cell-substrate junction |411 {/0.30370 (113.171 ||0.00017754 0.025307
RNA polymerase I1

GO:0090575 |transcription factor 159 (0.11749 |25.534 ||0.00019384 |/0.025307
complex

G0O:0044798 muclear transcription 196 0.14483 |20.714 (|0.00035868 {0.042145
factor complex

Table 2(C) - GO: MOLECULAR FUNCTION

FDR; false discovery rate

Gene Set  ||Description Size Expect |Ratio |[P-Value FDR
transmembrane

G0:0004714|[receptor protein 64 |0.053756 |74.411||0.00000019221 (0.00035199
tyrosine kinase activity
transmembrane

GO:0019199|receptor protein kinase|81  |(0.068035 (58.794(/0.0000004992 |/0.00035199
activity

GO:0044877 protein-containing 1062 10.89201 |[8.9685|/0.00000056259 0.00035199
complex binding

GO:0004709|MAP kinase kinase 27 10.022678 |[132.29|/0.0000013635 0.00053512



https://doi.org/10.1101/2022.05.11.491590
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.11.491590; this version posted May 13, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

kinase activity
identical protein
GO:0042802| 1696 ||1.4245 6.3179/0.0000014255 {/0.00053512
binding
purine ribonucleoside
GO:0035639| o 1786 ||1.5001 5.9995(/0.0000022127 {|0.00066600
triphosphate binding
purine ribonucleotide
GO:0032555| 1850 |[1.5539 5.7920(/0.0000029824 {|0.00066600
binding
purine nucleotide
GO:0017076| 1865 ||1.5665 5.7454(0.0000031934 |0.00066600
binding
G0:0032553 |ribonucleotide binding ||1865 ||1.5665 5.7454(0.0000031934 |0.00066600
GO0:0019838 | growth factor binding ||[138 |0.11591 ||34.509|/0.0000042221 {/0.00079249
490
491  Figure 1 - PATHWAY ANALYSIS: WIKICANCER PATHWAY
492 10 positive related categories and 4 negative related categories are identified as enriched categories.
[T DR 0.05 FDR > 0.05
Hippo-Merlin Signaling Dysregulation |
Extracellular vesicle-mediated signaling in recipient cells |
Focal Adhesion-PI3K-Akt-mTOR-signaling pathway |
Hepatitis B infection
Head and Neck Squamous Cell Carcinoma
Breast cancer pathway |
PI3K-Akt Signaling Pathway |
ESC Pluripotency Pathways
EGF/EGFR Signaling Pathway
Regulation of Actin Cytoskeleton
Signaling Pathways in Glioblastoma
MAPK Signaling Pathway
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517
Figure 3 — Protein-Protein Interaction network of 14 genes was constructed in

STRING

519 Known Interactions - curated databases — light blue; experimentally determined - pink

518

520 Predicted Interactions - gene neighborhood — green; gene fusions — red; gene co-occurrence — dark blue

521 Others - Text-mining — yellow; co-expression — black; protein homology — grey

522
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Figure 4 — Gene-Gene Interaction network of 14 genes was constructed in
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GeneMania
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533

534 Colored edges represented the interaction between the genes; physical interaction- pink; genetic interaction- green;

535 predicted- orange; co-expression- purple; shared protein domain- grey; pathway- light blue.
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543  Figure S - Signaling network

544  Genes (circle light green), complex (Circle light green), pink (circle dark), chemical (square light blue),
545  protein family (square orange), small molecule (square light pink), stimulus (square blue-green), and

546  phenotype (square yellow).
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554
555
Figure 6 — Disease Ontology of 14 genes was constructed through Webgestalt
556
557
10 positive related categories and 7 negative related categories are identified as enriched categories.
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s62  Figure 7 - Crosstalk among associated pathways
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563
564
Additional Figure 1 — Gene-Associated disease Interaction network of 14
565
genes was constructed through NetworkAnalyst.
566
567 . . . . . .
s68 Gene-Disease associated network of significantly enriched 6 genes was constructed in NetworkAnalyst.
569 Here, colored circular dots represent genes whereas a blue-colored square box represents associated

diseases.
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573  Additional Table 1 — Genemania Network

Group Name Weight Reference

The OncoPPi network of cancer-focused protein-protein interactions to inform

Physical Interactions Li-Fu-2017 0.1534091 | biological insights and therapeutic strategies. Li et al. (2017). Nat Commun
Physical Interactions IREF-bhf-ucl 0.083547061

Huttlin-Harper- Architecture of the human interactome defines protein communities and disease
Physical Interactions 2017 0.061949513 | networks. Huttlin et al. (2017). Nature

Extensive rewiring of the EGFR network in colorectal cancer cells expressing
Kennedy-Kolch- transforming levels of KRAS<sup>G13D</sup>. Kennedy et al. (2020). Nat
Physical Interactions 2020 A 0.054815514 | Commun

Physical Interactions Barrios-Rodiles- 0.044266821 | High-throughput mapping of a dynamic signaling network in mammalian cells.
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Wrana-2005

Barrios-Rodiles et al. (2005). Science

Physical Interactions

IREF-dip

0.014490396

Physical Interactions

Lim-Zoghbi-2006

0.006780127

A protein-protein interaction network for human inherited ataxias and disorders

of Purkinje cell degeneration. Lim et al. (2006). Cell

Physical Interactions

IREF-mint

0.006441559

Physical Interactions

Vastrik-Stein-2007

0.003195357

Reactome: a knowledge base of biologic pathways and processes. Vastrik et al.

(2007). Genome Biol

Physical Interactions

IREF-reactome

0.003195357

12D-Formstecher-

Daviet-2005- Protein interaction mapping: a Drosophila case study. Formstecher et al. (2005).
Predicted Head-Fly2Human 0.157594586 | Genome Res

12D-Formstecher-

Daviet-2005-

Embryo- Protein interaction mapping: a Drosophila case study. Formstecher et al. (2005).
Predicted Fly2Human 0.055660286 | Genome Res

12D-BioGRID- BioGRID: a general repository for interaction datasets. Stark et al. (2006). Nucleic
Predicted Mouse2Human 0.019817572 | Acids Res

12D-MINT-
Predicted Mouse2Human 0.019571411 | MINT: a Molecular INTeraction database. Zanzoni et al. (2002). FEBS Lett

12D-IntAct- The IntAct molecular interaction database in 2010. Aranda et al. (2010). Nucleic
Predicted Fly2Human 0.016090701 | Acids Res

A human functional protein interaction network and its application to cancer data

Predicted Wu-Stein-2010 0.013103625 | analysis. Wu et al. (2010). Genome Biol

12D-MINT-
Predicted Fly2Human 0.004700681 | MINT: a Molecular INTeraction database. Zanzoni et al. (2002). FEBS Lett
Co-expression Chen-Brown-2002 0.05778729 | Gene expression patterns in human liver cancers. Chen et al. (2002). Mol Biol Cell

Co-expression

Boldrick-Relman-

2002

0.039628511

Stereotyped and specific gene expression programs in human innate immune

responses to bacteria. Boldrick et al. (2002). Proc Natl Acad SciU S A

Co-expression

Wang-Maris-2006

0.028184098

Integrative genomics identifies distinct molecular classes of neuroblastoma and
shows that multiple genes are targeted by regional alterations in DNA copy

number. Wang et al. (2006). Cancer Res

Co-expression

Rosenwald-

Staudt-2001

0.023532352

Relation of gene expression phenotype to immunoglobulin mutation genotype in

B cell chronic lymphocytic leukemia. Rosenwald et al. (2001). J Exp Med

Alizadeh-Staudt-

Distinct types of diffuse large B-cell ymphoma identified by gene expression

Co-expression 2000 0.017085698 | profiling. Alizadeh et al. (2000). Nature
Toxicity from radiation therapy associated with abnormal transcriptional
Co-expression Rieger-Chu-2004 0.007378505 | responses to DNA damage. Rieger et al. (2004). Proc Natl Acad Sci U S A

Co-expression

Jiang-de Kok-2017

0.005616687

Omics-based identification of the combined effects of idiosyncratic drugs and
inflammatory cytokines on the development of drug-induced liver injury. Jiang et

al. (2017). Toxicol Appl Pharmacol

Genetic Interactions

BIOGRID-SMALL-
SCALE-STUDIES

0.0257526

Genetic Interactions

Luo-Elledge-2009

0.022631469

A genome-wide RNAi screen identifies multiple synthetic lethal interactions with
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the Ras oncogene. Luo et al. (2009). Cell

A genome-wide map of human genetic interactions inferred from radiation hybrid

Genetic Interactions Lin-Smith-2010 0.018636898 | genotypes. Lin et al. (2010). Genome Res
Martin-Elledge- A Role for Mitochondrial Translation in Promotion of Viability in K-Ras Mutant
Genetic Interactions 2017 0.018508272 | Cells. Martin et al. (2017). Cell Rep

Shared protein

domains INTERPRO 0.005217705

Shared protein

domains PFAM 0.004710743

A human functional protein interaction network and its application to cancer data

Pathway Wu-Stein-2010 0.006699506 | analysis. Wu et al. (2010). Genome Biol
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