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In the present study we applied the software package "Genome Enhancer" to a data set that contains genomics
data. The study is done in the context of Colorectal Neoplasms. The goal of this pipeline is to identify potential
drug targets in the molecular network that governs the studied pathological process. In the first step of analysis
pipeline discovers transcription factors (TFs) that regulate genes activities in the pathological state. The activities
of these TFs are controlled by so-called master regulators, which are identified in the second step of analysis.
After a subsequent druggability checkup, the most promising master regulators are chosen as potential drug
targets for the analyzed pathology. At the end the pipeline comes up with (a) a list of known drugs and (b)
investigational active chemical compounds with the potential to interact with selected drug targets.

Abstract

From the data set analyzed in this study, we found the following TFs to be potentially involved in the regulation of
the genes carrying sequence variations: MITF, YY1 and ATF4. The subsequent network analysis suggested

« PTP1B
« PP2A
e 26S proteasome

as the most promising molecular targets for further research, drug development and drug repurposing initiatives
on the basis of identified molecular mechanism of the studied pathology. Having checked the actual druggability
potential of the full list of identified targets, both, via information available in medical literature and via
cheminformatics analysis of drug compounds, we have identified the following drugs as the most promising
treatment candidates for the studied pathology: Regorafenib, 2,6,8-Trimethyl-3-Amino-9-Benzyl-9-
Methoxynonanoic Acid, Camptothecin and 2,6-Dihydroanthra/1,9-Cd/Pyrazol-6-One.

1. Introduction

Recording "-omics" data to measure gene activities, protein expression or metabolic events is becoming a
standard approach to characterize the pathological state of an affected organism or tissue. Increasingly, several
of these methods are applied in a combined approach leading to large "multiomics" datasets. Still the challenge
remains how to reveal the underlying molecular mechanisms that render a given pathological state different from
the norm. The disease-causing mechanism can be described by a re-wiring of the cellular regulatory network, for
instance as a result of a genetic or epigenetic alterations influencing the activity of relevant genes.
Reconstruction of the disease-specific regulatory networks can help identify potential master regulators of the
respective pathological process. Knowledge about these master regulators can point to ways how to block a



pathological regulatory cascade. Suppression of certain molecular targets as components of these cascades may
stop the pathological process and cure the disease.

Conventional approaches of statistical "-omics" data analysis provide only very limited information about the
causes of the observed phenomena and therefore contribute little to the understanding of the pathological
molecular mechanism. In contrast, the "upstream analysis" method [1-4] applied here has been deviced to
provide a casual interpretation of the data obtained for a pathology state. This approach comprises two major
steps: (1) analysing promoters and enhancers of genes carrying sequence variations for the transcription factors
(TFs) involved in their regulation and, thus, important for the process under study; (2) re-constructing the
signaling pathways that activate these TFs and identifying master regulators at the top of such pathways. For the
first step, the database TRANSFAC® [6] is employed together with the TF binding site identification algorithms
Match [7] and CMA [8]. The second step involves the signal transduction database TRANSPATH® [9] and special
graph search algorithms [10] implemented in the software "Genome Enhancer".

The "upstream analysis" approach has now been extended by a third step that reveals known drugs suitable to
inhibit (or activate) the identified molecular targets in the context of the disease under study. This step is
performed by using information from HumanPSD™ database [5]. In addition, some known drugs and
investigational active chemical compounds are subsequently predicted as potential ligands for the revealed
molecular targets. They are predicted using a pre-computed database of spectra of biological activities of
chemical compounds of a library of 2245 known drugs and investigational chemical compounds from
HumanPSD™ database. The spectra of biological activities for these compounds are computed using the program
PASS on the basis of a (Q)SAR approach [11-13]. These predictions can be used for the research purposes - for
further drug development and drug repurposing initiatives.

2. Data

For this study the following experimental data was used:

Table 1. Experimental datasets used in the study

File name Data type

CRC_variants | Genomics

Experiment: short-term survival
@& cRC_variants

Figure 1. Annotation diagram of experimental data used in this study. With the colored boxes we show those sub-categories
of the data that are compared in our analysis.

3. Results

We have analyzed the following condition: Experiment: short-term survival.

3.1. Identification of target genes

In the first step of the analysis target genes were identified from the uploaded experimental data. The most
frequently mutated genes were used as target genes.



Table 2. Top ten the most frequently mutated genes in Experiment: short-term survival.

See full table —
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3.2. Functional classification of genes

A functional analysis of genes carrying sequence variations was done by mapping the genes to several known
ontologies, such as Gene Ontology (GO), disease ontology (based on HumanPSD™ database) and the ontology of
signal transduction and metabolic pathways from the TRANSPATH® database. Statistical significance was
computed using a binomial test.

Figures 2-4 show the most significant categories.

The most frequently mutated genes in Experiment: short-term survival:

300 top mutated genes were taken for the mapping.

GO (biological process)
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Figure 2. Enriched GO (biological process) of the most frequently mutated genes in Experiment: short-term survival.
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TRANSPATH® Pathways (2021.2)
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Figure 3. Enriched TRANSPATH® Pathways (2021.2) of the most frequently mutated genes in Experiment: short-term

survival.
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HumanPSD(TM) disease (2021.2)
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Figure 4. Enriched HumanPSD(TM) disease (2021.2) of the most frequently mutated genes in Experiment: short-term
survival. The size of the bars correspond to the number of bio-markers of the given disease found among the input set.
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The result of overall Gene Ontology (GO) analysis of the genes carrying sequence variations of the studied
pathology can be summarized by the following diagram, revealing the most significant functional categories
overrepresented among the observed (genes carrying sequence variations):
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modules

In the next step a search for transcription factors binding sites (TFBS) was performed in the regulatory regions of
the target genes by using the TF binding motif library of the TRANSFAC® database. We searched for so called
composite modules that act as potential condition-specific enhancers of the target genes in their upstream
regulatory regions (-1000 bp upstream of transcription start site (TSS)) and identify transcription factors
regulating activity of the genes through such enhancers.

Classically, enhancers are defined as regions in the genome that increase transcription of one or several genes
when inserted in either orientation at various distances upstream or downstream of the gene [8]. Enhancers
typically have a length of several hundreds of nucleotides and are bound by multiple transcription factors in a
cooperative manner [9].

In the current work, we use the Genomics data from the "Yes VCF track" track to predict positions of potential
enhancers where the observed sequence variations may influence the gene expression in the pathology under
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study. We scan 5kb flanking regions and the body of all genes caring the variations, with a sliding window of
1100bp size and find the position of the window with the maximal sum of the mutation weights, where we then
perform the search for potential condition-specific enhancers (CMA model search).

We analyzed mutations that were revealed in the potential enhancers located upstream, downstream or inside
the target genes (see Table 3). We identified 25504 mutations potentially affecting gene regulation. Table 4
shows the following lists of PWMs whose sites were lost or gained due to these mutations. These PWMs were put
in focus of the CMA algorithm that constructs the model of the enhancers by specifying combinations of TF motifs
(see more details of the algorithm in the Method section).

Table 3. Mutations revealed in the most frequently mutated genes
See full table —

ID Gene symbol Gene schematic representation Number of variations
ENSG00000132570 PCBD2 il oy Bl 660
ENSG00000248923 MTND5P11 TR LI W o 459
ENSG00000230021 AL669831.3 Rkl LLL L L 404
ENSG00000247627 MTND4P12 i TR 374
ENSG00000249119 MTND6P4 T e ITRITIRT 279
ENSG00000242086 MUC20-0T1 TR T 252
ENSG00000234745 HLA-B | i DB T 246
ENSG00000198868 MTND4LP30 T 245
ENSG00000263963 AC008670.1 T 245
ENSG00000154237 LRRK1 R b AL L by L | 230

Table 4. PWMs whose sites were lost or gained due to mutations in the most frequently mutated genes
See full table —

ID P-value (gains) P-value (losses) yesCount (gains) yesCount (losses)
V$MAFG_01 2.44E-2 7.94E-17 29 5331
V$BRACH_01 2.03E-2 6.47E-7 276 416
V$E2F1EOMES_02 4.74E-3 1.94E-6 28 843
V$MAFG_02 2.92E-3 9.22E-12 2223 3902
V$ZNF76_03 1.9E-3 3.22E-10 35 4969
V$NFIB_02 2.99E-4 1.74E-27 78 4834
V$FKLF_02 2.5E-9 2.34E-9 73 199
V$WT1_03 7.05E-12 2.7E-5 138 80
V$E2F3HES7_01  1.17E-20 2.26E-5 247 82
V$SMAD6_02 4.94E-33 246

V$WT1_Q6_02 1.18E-39 413

V$TBX2_06 1.53E-42 2268

V$CENPB_01 2.39E-43 791

V$GCM1_06 4.79E-48 1877

V$GCM1_08 2.79E-48 1912

V$E2F3_09 2.69E-53 4545

V$E2F2_06 1.03E-53 983

V$MECP2_02 2.36E-56 1741

V$TFDP1_02 3.87E-58 1163

V$MYOGNF1_01 8.45E-6 7424

We applied the Composite Module Analyst (CMA) [8] method to detect such potential enhancers, as targets of
multiple TFs bound in a cooperative manner to the regulatory regions of the genes of interest. CMA applies a
genetic algorithm to construct a generalized model of the enhancers by specifying combinations of TF motifs
(from TRANSFAC®) whose sites are most frequently clustered together in the regulatory regions of the studied
genes. CMA identifies the transcription factors that through their cooperation provide a synergistic effect and thus
have a great influence on the gene regulation process.

Enhancer model potentially involved in regulation of target genes (the most frequently
mutated genes in Experiment: short-term survival).

To build the most specific composite modules we choose top mutated genes as the input of CMA
algorithm. The obtained CMA model is then applied to compute CMA score for all the most frequently
mutated genes.


http://ge.genexplain.com/bioumlweb/#de=data%2FProjects%2FColorectal+Cancer+%28Personalized+patient+data%29+---+Genomics%2C+VCF%2FData%2FResults+%289%29%2FOutput%2FAffected+gene+mutation+count
http://www.ensembl.org/id/ENSG00000132570
http://www.ensembl.org/id/ENSG00000248923
http://www.ensembl.org/id/ENSG00000230021
http://www.ensembl.org/id/ENSG00000247627
http://www.ensembl.org/id/ENSG00000249119
http://www.ensembl.org/id/ENSG00000242086
http://www.ensembl.org/id/ENSG00000234745
http://www.ensembl.org/id/ENSG00000198868
http://www.ensembl.org/id/ENSG00000263963
http://www.ensembl.org/id/ENSG00000154237
http://ge.genexplain.com/bioumlweb/#de=data%2FProjects%2FColorectal+Cancer+%28Personalized+patient+data%29+---+Genomics%2C+VCF%2FData%2FResults+%289%29%2FOutput%2FAffected+site+models+%28top+p-value%29

The model consists of 2 module(s). Below, for each module the following information is shown:
- PWMs producing matches,

- number of individual matches for each PWM,

- score of the best match.

Module 1:

V$AML2_Q4 ||V$ATF4_07 ||V$YY1_06 ||V$ATF4_12 ||V$NF1C_05
0.90; N=3 0.66; N=3 0.90; N=3 0.83; N=2 0.81; N=2

Module width: 124

Module 2:

V$ZNF462_01 ||V$TBX2_06 ||V$MEIS1BHOXA9_02 ||V$TFE_Q6 ||V$RARB_04
0.92; N=2 0.96; N=3 0.70; N=3 0.98; N=2 0.71; N=3

Module width: 100

Model score (-p*log10(pval)): 23.96
Wilcoxon p-value (pval): 1.54e-48
Penalty (p): 0.501

Average yes-set score: 10.45
Average no-set score: 8.84

AUC: 0.77

Separation point: 9.84
False-positive: 26.79%
False-negative: 29.67%
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Table 5. List of top ten the most frequently mutated genes in Experiment: short-term survival with identified enhancers in
their regulatory regions. CMA score - the score of the CMA model of the enhancer identified in the regulatory region.

See full table —

Ensembl IDs Gene Gene - CMA Factor names
symbol description score
pancreatic lipase YY1(h), ATF-4(h), AML2(h), NF-1C(h),
O related protein 1 e hoxa9(h),meis1(h), NR1B2(h), ZNF462(h)...
ATF-4(h), NF-1C(h), YY1(h), AML2(h), NR1B2(h),
ENSG00000280345 AC092184.3 TEC 15.87 TBX2(h), hoxad(h),meis1(h)...
E2F transcription ZNF462(h), hoxa9(h),meis1(h), NR1B2(h), TBX2(h),
ENSG00000007968 E2F2 factor 2 15.81 ATF-4(h), YY1(h), NF-1C(h)...
ATF-4(h), NR1B2(h), hoxa9(h),meis1(h), ZNF462(h),
ENSG00000111450 STX2 syntaxin 2 15.77  TBX2(h), NF-1C(h),
MITF(h), TFEA(h),tcfec(h),tfeb(h)...
novel transcript, YY1(h), AML2(h), NF-1C(h), hoxa9(h),meis1(h),
ENSG00000250917 ALO35458.2  arjanning AHCY 132 ZNF462(h), ATF-4(h), TBX2(h)...
ABHD15- ABHD15 antisense NR1B2(h), hoxa9(h),meisli(h), ZNF462(h), TBX2(h),
ENSG00000264031 g4 RNA 1 15:35  AML2(h), NF-1C(h), YY1(h)...
tumor protein p53 NR1B2(h), hoxa9(h),meisi(h), ZNF462(h), TBX2(h),
B inducible protein 13 1232 AML2(h), NF-1C(h), YY1(h)...
. NR1B2(h), hoxa9(h),meis1(h), ZNF462(h), TBX2(h),
ENSG00000264290 AC104564.3 novel transcript 15.35 AML2(h), NF-1C(h), YY1(h)...
YY1(h), ATF-4(h), AML2(h), ZNF462(h),
ENSG00000232993 AL445183.1 novel transcript 15.33 hoxa9(h),meis1(h), MITF(h), TFEA(h),tcfec(h),tfeb(h),
TBX2(h)...
long intergenic non- hoxa9(h),meis1(h), ZNF462(h), TBX2(h),
ENSG00000278811 LINCO0624 protein coding RNA 15.27  MITF(h), TFEA(h),tcfec(h),tfeb(h), NR1B2(h), YY1(h),

624

ATF-4(h)...

On the basis of the enhancer models we identified transcription factors potentially regulating the target genes of
our interest. We found 13 transcription factors controlling expression of the genes associated with genomic
variations (see Table 6).

Table 6. Transcription factors of the predicted enhancer model potentially regulating the genes carrying sequence variations
(the most frequently mutated genes in Experiment: short-term survival). Yes-No ratio is the ratio between frequencies of
the sites in Yes sequences versus No sequences. It describes the level of the enrichment of binding sites for the indicated TF
in the regulatory target regions. Regulatory score is the measure of involvement of the given TF in the controlling of

expression of genes that encode master regulators presented below (through positive feedback loops).

See full table —

ID Gene symbol Gene description

Regulatory score Yes-No ratio

MO000025758 MITF

MOO000078913 YY1

MO000019140 ATF4

MOO000092587 ZNF462

MO000119037
MO000026238
MO000019618

HOXA9
RUNX3
RARB

MO000102007 TFEB
MO000028209 TBX2

M0O000024750 NFIC

melanocyte inducing transcription factor 7.42
YY1 transcription factor 6.36
activating transcription factor 4 6.02
zinc finger protein 462 5.51
homeobox A9 5.38
RUNX family transcription factor 3 5.34
retinoic acid receptor beta 5.3
transcription factor EB 5.29
T-box transcription factor 2 4.2
nuclear factor I C 0

1.88
1.23
2.42
1.19
4.59
27.56
1.51
1.99
18.37
3.67

The following diagram represents the key transcription factors, which were predicted to be potentially regulating

genes carrying sequence variations in the analyzed pathology: MITF, YY1 and ATF4.
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3.4. Finding master regulators in networks

In the second step of the upstream analysis common regulators of the revealed TFs were identified. We identified

169 signaling proteins whose structure and function is highly damaged by the mutations (see Table 7).

Table 7. Signaling proteins whose structure and function is damaged by the mutations in the most frequently mutated genes
See full table —

ID Title Mutation count Consequence Codons
M0O000138949 Drpi(h) 13 NMD_transcript_variant,stop_gained Gaa/Taa
M0O000019673 p85alpha(h) 9 stop_gained Cga/Tga
M0O000113258 MYPT1(h) 8 NMD_transcript_variant,frameshift_variant aga/aAga
MO000127741 SMC4L1(h) 8 stop_gained Cga/Tga
M0000214698 MS4A6A(h) 8 NMD_transcript_variant,frameshift_variant -/T,tta/ttTa
MO000035319 kinectin(h) 7 NMD_transcript_variant,frameshift_variant -/A
M0O000144675 NULP1(h) 7 NMD_transcript_variant,frameshift_variant -/A
M0O000145695 Anamorsin(h) 7 NMD_transcript_variant,frameshift_variant -/A
M0O000206935 Cl1iorf74(h) 7 stop_gained Gaa/Taa
MO000068933 HLA-G(h) 6 NMD_transcript_variant,splice_region_variant,stop_lost Tga/Aga

Top 100 mutated proteins for the most frequently mutated genes were used in the algorithm of master regulator
search as a list of nodes of the signal transduction network that are removed from the network during the search
of master regulators (see more details about the algorithm in the Method section). These master regulators
appear to be the key candidates for therapeutic targets as they have a master effect on regulation of intracellular
pathways that activate the pathological process of our study. The identified master regulators are shown in Table

8.
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Table 8. Master regulators that may govern the regulation of the most frequently mutated genes in Experiment: short-term
survival. Total rank is the sum of the ranks of the master molecules sorted by keynode score, CMA score, genomics data.
See full table —

Master -
- Total Weighted
ID :1aor:|e:ule Gene symbol Gene description rank score
PPP2CA. PPP2R3A. PPP2R3B protein phosphatase 2 catalytic
! ! ! subunit alpha, protein
MO000018003 PP2A(h) PPP2R5A, PPP2R5B, PPP2R5C, 120 51.6
PPP2R5D phosphatase 2 regulatory
subunit B"alpha, pr...
M0000021383 PTP1B(h) PTPN1 protein tyrosine phosphatase 5,4 474
non-receptor type 1
MO0000023311 mdm2(h) MDM2 MDM2 proto-oncogene 223 63.3
MO000021981 brcal(h) BRCA1 BRCA1 DNA repair associated 253 45.3
M0O000020219 Caspase-8(h) CASPS8 caspase 8 267 36.6
proteasome 20S subunit alpha
26S PSMA7, PSMC2, PSMC3, 7, proteasome 26S subunit,
MO000020249 i easome(h) PSMC5, PSMD4, PSMD5 ATPase 2, proteasome 26S 301 285
subunit, ATPase 3, ...
MO000019507 Raci(h) RAC1 Rac family small GTPase 1 348 36.3
M0O000004689 p38gamma(h) MAPK12 rk';;\t;’g’:r;'za“"’ated protein 366 39.9
ITGA1, ITGA2B, ITGA3, ITGA4, integrin subunit alpha 1,
. - ITGAS5, ITGA6, ITGAS, ITGA9, integrin subunit alpha 2b,
QBT 72, [igRe e ITGAL, ITGAV, ITGB1, ITGB2, integrin subunit alpha 3, P Brs
ITGB3, ITGB4, I... integrin subunit alph...
M0000019975 Ubc9(h) UBE2I Eg'?“'t'” conjugating enzyme 355 g 45

The intracellular regulatory pathways controlled by the above-mentioned master regulators are depicted in Figure
5. This diagram displays the connections between identified transcription factors, which play important roles in
the regulation of genes carrying sequence variations, and selected master regulators, which are responsible for
the regulation of these TFs.
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Figure 5. Diagram of intracellular regulatory signal transduction pathways of the most frequently mutated genes in
Experiment: short-term survival. Master regulators are indicated by red rectangles, transcription factors are blue rectangles,
and green rectangles are intermediate molecules, which have been added to the network during the search for master
regulators from selected TFs. Orange frames highlight molecules presented in original mapping.

See full diagram —

4. Finding prospective drug targets

The identified master regulators that may govern pathology associated genes were checked for druggability
potential using HumanPSD™ [5] database of gene-disease-drug assignments and PASS [11-13] software for
prediction of biological activities of chemical compounds on the basis of a (Q)SAR approach. Respectively, for
each master regulator protein we have computed two Druggability scores: HumanPSD Druggability score and
PASS Druggability score. Where Druggability score represents the number of drugs that are potentially suitable
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for inhibition (or activation) of the corresponding target either according to the information extracted from
medical literature (from HumanPSD™ database) or according to cheminformatics predictions of compounds
activity against the examined target (from PASS software).

The cheminformatics druggability check is done using a pre-computed database of spectra of biological activities
of chemical compounds from a library of all small molecular drugs from HumanPSD™ database, 2507
pharmaceutically active known chemical compounds in total. The spectra of biological activities has been
computed using the program PASS [11-13] on the basis of a (Q)SAR approach.

If both Druggability scores were below defined thresholds (see Method section for the details) such master
regulator proteins were not used in further analysis of drug prediction.

As a result we created the following two tables of prospective drug targets (top targets are shown here):

Table 9. Prospective drug targets selected from full list of identified master regulators filtered by Druggability score
@ from HumanPSD™ database. Druggability score contains the number of drugs that are potentially suitable for
inhibition (or activation) of the target. The drug targets are sorted according to the Total rank which is the sum of
three ranks computed on the basis of the three scores: keynode score, CMA score and expression change score (logFC, if
present). See Methods section for details.
See full table —

Gene Gene Description Druggability Total Weighted
symbol score rank score
PPP2R5C p'roteln phosphatase 2 regulatory subunit 5 120 51.6
B'gamma

PTPN1 ;ta;gzelln tyrosine phosphatase non-receptor 56 211 471

PSMA7 proteasome 20S subunit alpha 7 3 301 28.5

ITGAL integrin subunit alpha L 8 386 57.4

ITGA4 integrin subunit alpha 4 8 386 57.4

ITGAV integrin subunit alpha V 1 386 57.4

Table 10. Prospective drug targets selected from full list of identified master regulators filtered by Druggability score
predicted by PASS software. Here, the Druggability score for master regulator proteins is computed as a sum of
PASS calculated probabilities to be active as a target for various small molecular compounds. The drug targets are
sorted according to the Total rank which is the sum of three ranks computed on the basis of the three scores: keynode
score, CMA score and expression change score (logFC, if present). See Methods section for details.
See full table —

Gene Gene Description Druggability Total Weighted
symbol score rank score
PTPN1 [ta;gzelln tyrosine phosphatase non-receptor 2.46 211 471

PSMC5 proteasome 26S subunit, ATPase 5 1.28 301 28.5

PSMD5 proteasome 26S subunit, non-ATPase 5 1.28 301 28.5

PSM