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ARTICLE INFO ABSTRACT

Keywords: The poor prognosis of glioma patients brought attention to the need for effective therapeutic
Glioma approaches for precision therapy. Here, we deployed algorithms relying on network medicine and
Subtype

artificial intelligence to design the framework for subtype-specific target identification and drug
response prediction in glioma. We identified the driver mutations that were differentially
expressed in each subtype of lower-grade glioma and glioblastoma multiforme and were linked to
cancer-specific processes. Driver mutations that were differentially expressed were also subjected
to subtype-specific disease module identification. The drugs from the drug bank database were
retrieved to target these disease modules. However, the efficacy of anticancer drugs depends on
the molecular profile of the cancer and varies among cancer patients due to intratumor hetero-
geneity. Hence, we developed a deep-learning-based drug response prediction framework using
the experimental drug screening data. Models for 30 drugs that can target the disease module
were developed, where drug response measured by IC50 was considered a response and gene
expression and mutation data were considered predictor variables. The model construction
consists of three steps: feature selection, data integration, and classification. We observed the
consistent performance of the models in training, test, and validation datasets. Drug responses
were predicted for particular cell lines derived from distinct subtypes of gliomas. We found that
subtypes of gliomas respond differently to the drug, highlighting the importance of subtype-
specific drug response prediction. Therefore, the development of personalized therapy by inte-
grating network medicine and a deep learning-based approach can lead to cancer-specific
treatment and improved patient care.

Disease module
Deep learning
Drug response prediction

1. Introduction

Gliomas are a category of primary brain tumors that arise from glial cells, are highly heterogeneous, and exhibit a wide range of
morphological, molecular, and clinical characteristics. This heterogeneity poses significant challenges to the diagnosis, treatment, and
prognosis of gliomas [1]. The latest WHO documentation indicates that there are over 100 distinct forms of brain tumors [2]. The most
common form of brain tumor is gliomas, which are classified according to how rapidly or slowly the cells divide. Slower-growing
gliomas are known as lower-grade gliomas (LGG), whereas more aggressive gliomas are named glioblastoma multiforme (GBM).
LGG occurs more frequently in younger people, whereas GBM is more common in older patients. The LGG is a grade II and III tumor
that has three subtypes: astrocytoma, oligoastrocytoma, and oligodendroglioma. Some of these LGGs turn into GBM, the grade IV

* Corresponding author.
E-mail address: asimbikas@nitw.ac.in (A.B. Das).

https://doi.org/10.1016/j.heliyon.2024.e27190
Received 1 August 2023; Received in revised form 24 February 2024; Accepted 26 February 2024

Available online 1 March 2024
2405-8440/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license

(http://creativecommons.org/licenses/by-nc/4.0/).


mailto:asimbikas@nitw.ac.in
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e27190
https://doi.org/10.1016/j.heliyon.2024.e27190
https://doi.org/10.1016/j.heliyon.2024.e27190
http://creativecommons.org/licenses/by-nc/4.0/

S. Munquad and A.B. Das Heliyon 10 (2024) e27190

tumor, but others stay in this stage for a long time [3,4]. Similarly, there are three subtypes of GBM, i.e., classical, proneural, and
mesenchymal [5]. Each subtype has distinct molecular features, and they can be classified using genomics and epigenomics profiles.
Despite the presence of intratumor molecular heterogeneity, recent research has shown that deep learning (DL) and machine learning
(ML)-based methods may accurately identify glioma subtypes [6,7]. Due to distinct molecular characteristics, the subtypes of glioma
have different clinical outcomes and responses to treatment, highlighting the importance of personalized medicine for brain cancer
treatment [8]. Hence, to address this issue, we developed a framework by combining network medicine and Al-based approaches to
systematically integrate omics data to identify subtype-specific disease modules for precision therapy and drug response prediction.

Cancer is developed through an evolutionary process in which healthy cells accumulate several genomic changes, including mu-
tations and gene expression [9,10]. Certain alterations confer a favorable edge to cancer cells, promoting their growth and unregulated
proliferation, ultimately resulting in the development of tumors. Advances in sequencing techniques and genome-wide have revealed
that accumulated genetic variations associated with an increased risk for cancer are distributed throughout the genome. Additional
research demonstrates that genes affected by genomic variations are not randomly distributed in molecular networks. Genes that are
linked to the same disease are more prone to interacting with one another. Consequently, a disease module is created, which is a
subnetwork connected to a certain disease. Numerous genes that are known to be relevant to disease are found in disease modules [11].
The disease modules, which consist of a known group of genes found in cancers like breast, sarcoma, colorectal, leukemia, and head
and neck cancer, were linked to biological processes that are unique to cancer [12]. Wu et al. [13] showed that the active disease
modules in breast and cervical cancer are associated with many cancer-related pathways. These studies indicate that the identification
of cancer-specific disease modules can help identify novel biomarkers for therapeutic targets. Therefore, network medicine and
rational drug-designing approaches recognize these modules as pharmacological targets as opposed to individual genes or proteins
[14-16]. On the other hand, the therapeutic efficiency of drugs in cancer is highly context-dependent; often, drug resistance reduces
the effectiveness of chemotherapy. Molecular heterogeneity is a major contributor to cancer drug resistance, as it can create sub-
populations of cancer cells that may have different mutations or molecular characteristics that allow them to survive even in the
presence of the drug [17]. Therefore, the prediction of drug response, i.e., resistance or sensitivity, is essential for improving the
efficacy of chemotherapy.

In the present work, we performed genome-wide screening to identify subtype-specific non-synonymous mutations (driver mu-
tations) [18] and analyzed transcriptome data to identify the differentially expressed genes. The genes that have driver mutations and
are also differentially expressed (differentially expressed driver genes: DEDGs) were screened to build the glioma subtype-specific
differentially expressed driver gene network (DEDGN). We found that these DEDGNs are unique to each subtype, indicating that
DEDGNSs may be good targets for subtype-specific therapeutic intervention. Therefore, we further experimented to find the disease
module using these DEDGs. Next, we screened the drugs from the DrugBank database [19] to target the disease modules in each
subtype of LGG and GBM. To evaluate the therapeutic efficacy of drugs, we developed deep neural network (DNN)-based drug response
prediction models. Lastly, we identified a few effective drugs, such as Ruxolitinib, Alpelisib, Entinostat, Vinblastine, Vorinostat and
Olaparib for glioma chemotherapy. In summary, we developed a novel approach that makes use of genome-level data to identify
cancer-specific alterations, which led to the construction of disease modules specific to particular glioma subtypes and the building of
drug response prediction models. We anticipate that our method will be useful in enhancing the therapeutic effectiveness of the
treatment of gliomas.

2. Materials and methods
2.1. Driver gene identification

We downloaded brain cancer somatic mutation data from the COSMIC database (https://cancer.sanger.ac.uk/cosmic/download)
for each subtype [20]. Based on the clinical information, we stratified the patient’s mutational data into different subtypes. There are a
total of 281 and 123 samples of LGG and GBM, respectively. We divided the LGG into astrocytoma (n = 96), oligoastrocytoma (n = 75),
and oligodendroglioma (n = 110); and the GBM into classical (n = 39), mesenchymal (n = 48), and proneural (n = 36). We used
OncodriveCLUSTL [21] to find the driver mutation in subtypes. OncodriveCLUSTL is an unsupervised clustering algorithm that can
detect clusters of somatic mutations across a cohort of tumor samples. Based on the mutation frequency in each gene and statistical
significance (number of mutations >2 and p-value <0.05), we selected driver genes in each subtype of glioma.

2.2. Identification of differentially expressed genes (DEGs)

For computing the DEGs, we obtained RNA sequencing data of LGG (n = 281) and GBM (n = 123) patients from UCSC Xena
(https://xena.ucsc.edu/) [22]. Additionally, we obtained GTEx healthy brain gene expression data (n = 93) from the same database.
Similarly, like in the previous step, patients were segregated into astrocytoma (n = 96), oligoastrocytoma (n = 75), oligodendroglioma
(n =110), classical (n = 39), mesenchymal (n = 48), and proneural (n = 36). Next, we preprocessed the data, and low-expressed genes
were removed. We used the cut-off of log2 (RSEM +1) < 0.1 (RSEM: RNA-Seq by Expectation Maximization) in 90% of the samples
because they did not have any promising information. Finally, in LGG, there are 12,532 genes, and in GBM, 12,183 genes are expressed
in cancer and healthy tissue. Next, we identified the differentially expressed genes in each subtype of LGG and GBM using the “limma"
package in R. A Q-value (adjusted p-value) < 0.05 and a logFC > 1 were used as the statistical threshold for screening DEGs.
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2.3. Construction of subtype-specific disease module and network analysis

Human brain interactome data was retrieved from the TissueNet v.2 database [23]. Brain interactome data contains 165,240
interactions [23]. TissueNet v.2 uses human PPIs (protein-protein interactions) and tissue-specific expression patterns to make PPIs
that are specific to each tissue. We implemented the Disease Module Detection (DIAMOnD) algorithm to identify the disease modules
[12]. We used DEDGs that are specific to a subtype as seed genes and the TissueNet v.2 brain interactome to find the disease module.
All the parameters in the DIAMOnD were kept as defaults. Cytoscape and the igraph package in R were used for network visualization
and analysis.

2.4. The pipeline of DNN-based drug response prediction

Experimental data for cancer cell drug sensitivity were obtained from the Genomics of Drug Sensitivity in Cancer (GDSC) project to
develop drug response prediction models [24]. This data set contains 1001 cancer cell lines and 288 drugs. The drug and target in-
formation were derived from the DrugBank database [19]. We extracted all the drugs for which the target genes are present in the
disease modules. We screened the 30 FDA-approved and investigational drugs that can target the disease module and also have brain
cancer-specific experimental data in GDSC. The drug response models were developed for these 30 drugs. Therefore, we downloaded
the IC50 values of these 30 drugs for all cell lines along with the gene expression and mutational data. We have implemented the
threshold to classify the IC50 values into two classes sensitive or resistant [25,26]. For each of the 30 drugs, the cell lines were
classified based on IC50 values. IC50 values at or below the 25th percentile were considered sensitive, and IC50 values at or above the
75th percentile were considered resistant to each drug. A total of 886 cell line data were used for model development. To develop the
model, we performed the following steps: 1. data preprocessing; 2. feature selection; 3. data integration; 4. model development and
evaluation; and 5. model validation on external data.

Data preprocessing: We normalized the gene expression data using the log2 (TPM+1). The low expressed genes were removed using
a cutoff (log2 (TPM +1) < 0.1 in 90% of samples. Genes possessing any mutation were assigned a value of 1; genes lacking mutations
were assigned a value of 0.

Feature selection: A two-step feature selection method was employed to get more variable features from gene expression data. First,
we pre-selected genes using the Pearson correlation coefficient r < 0.5, and then we used LASSO [27,28] to fine-select the predictor
genes. For mutational data, we only used the LASSO feature selection method.

Data integration: After the feature selection step, we integrated gene expression and mutation data using a concatenated
autoencoder. We used the Keras library with TensorFlow to implement the concatenated autoencoder [29] to implement the
concatenated autoencoder. To integrate the gene expression and mutation data in the hidden layer of the autoencoder, a rectified
linear activation function (ReLU) was used. In the bottleneck layer, a uniform kernel initializer and a linear activation function were
implemented. The ReLU activation function was applied to the decoder layer.

2.5. Model development and evaluation

We applied a deep neural network classification model to predict sensitivity vs. resistance. For each drug, the model hyper-
parameters were optimized by the grid search method using the GridSearchCV package in Python. The DNN architecture consists of
two hidden layers for all drugs: the ReLU activation function, adam optimizer, batch size 32, and epochs 2000. IC50 values were
binarized to be sensitive and resistant. The model was trained on the 70% training dataset, and stratified k-fold was used to compute
the performance of the model. In a stratified k-fold (10-fold) CV, the dataset is split into k separate folds, of which k-1 was utilized to
train the network, and the final fold was set aside for testing. This procedure is then repeated until all folds are used once as a test set.
The final output is then computed by averaging over the obtained performance parameters from each test set.

The performance of the DL model was evaluated based on eight criteria: accuracy, sensitivity, specificity, precision, F1-score, false
positive rate, geometric mean, and Matthew’s correlation coefficient (MCC). A true positive (TP) would indicate that the drug-sensitive
cell was correctly identified, while a false positive (FP) indicates that a drug sensitive cell is identified as resistant. Conversely, true
negatives (TN) and false negatives (FN) are also calculated. The metrics are defined by the following equations:

TP + TN
Accuracy = c———— - — @
TP +TN + FP + FN
TP
e 9
Sensitivity TPLEN 2)
o TN
SpelelClly = T]V—W (3)
TP
Precision = ——— )
TP + FP
2 x TP
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Genome-wide distribution of driver genes in glioma subtypes
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Fig. 1. Circus plots show the driver genes in different subtypes of. LGG and GBM (A-F). Blue and orange dots represent the chromosomal location of
driver mutations in the circus plot and mutations are distributed throughout the genome in each subtypes. G-L, the volcano plots represent the
differentially expressed genes (DEGs) in different subtypes of glioma. LogFC>1 (p-value< 0.05) is the upregulated gene (orange) and LogFC < —1 (p-
value< 0.05) is the downregulated gene (Blue). (For interpretation of the references to color in this figure legend, the reader is referred to the Web
Zersion of this article.)
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Fig. 2. The bar diagrams represent the biological process and pathway enrichment analysis of differentially expressed driver genes (DEDGs) in
glioma subtypes (A-F). The highly significant (p-value<0.05) processes and pathways are shown in the figures. G-L, show the largest connected
component (LCC) of the DEDGs networks in each subtype.
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We used the sklearn.metrics library in Python to calculate the above score by importing functions such as confusion_matrix and
classification_performance.

Model validation on external data:

We validated the model’s performance using the dataset from the Cancer Cell Line Encyclopedia (CCLE) (https://portals.
broadinstitute.org/ccle) [30]. The cell line gene expression profiles in CCLE and GDSC were generated using different platforms,
and thus the data sets have significantly different magnitudes (Supplementary Fig. 1). To make these two datasets uniformly
distributed, we removed the batch effect using the pyComBat package in Python [31,32]. Then the standardized gene expression
profile (brain cancer cell lines) of CCLE was fed to the model for validation.

2.6. Ranking

Based on performance parameters such as accuracy, sensitivity, precision, G-mean, F-measure, FPR, and MCC, drugs were ranked.
The technique for order of preference by similarity to ideal solution (TOPSIS), an established multi-criteria decision-making (MCDM)
method, was used to rank the drugs.

3. Results
3.1. Genome-wide screening to identify the driver genes

Cancer mutations can be synonymous or non-synonymous. Synonymous mutations do not affect the amino acid sequence of
proteins, whereas non-synonymous mutations cause a different amino acid to be included in the protein and have more immediate
consequences for protein function. It is anticipated that nonsynonymous mutations will come under strong positive selection in order
to drive oncogenesis. Therefore, genes with nonsynonymous mutations are identified as driver genes. dr Owing to this fact, we per-
formed genome-wide screening to identify the non-synonymous driver mutations (p-value <0.05) in each subtype of LGG and GBM by
implementing the OncodriveCLUSTL algorithm and using somatic mutation data from the COSMIC (Supplementary Table 1) [20,21].
We observed that several driver mutations were associated with each subtype of glioma. Higher-grade tumors frequently have more
aggressive features because they typically have more genetic mutations than lower-grade tumors. We also found that all subtypes of
GBM have a higher number of driver mutations than LGG subtypes (Supplementary Table 2). This demonstrates why GBM is more
aggressive than other varieties of brain cancer. We also noticed that these mutations are scattered across the genome rather than being
concentrated in a particular location (Fig. 1A-F). It is frequently observed that changes in coding sequence cause changes in the
expression of driving genes. For instance, a mutation in an oncogene can result in it being overexpressed, promoting the development
of cancer. Similar to this, a tumor suppressor gene’s expression can be depleted as a result of a mutation, which reduces its growth
inhibitory effect. Hence, we identified the differentially expressed genes (DEGs) in each subtype of cancer. The genes with log2Fold
Change (FC) > 1 and <-1 and adjusted p-value <0.05 were considered DEGs (Fig. 1 G-L and Supplementary Table 3). The driver genes
that are differentially expressed are named differentially expressed driver genes (DEDGs) (Supplementary Table 4). It is noticeable that
a high percentage of the driver genes are differentially expressed, indicating that these genes, i.e., DEDGs, play a critical role in
tumorigenesis (Supplementary Table 2). The combined effect of mutations in cancer driver genes and changes in gene expression can
enhance the oncogenic effects [33]. These genes may be involved in key pathways and processes involved in cancer development and
progression. Therefore, DEDGs can be used to develop targeted therapies that can be used to selectively disrupt subtype-specific
processes to control cancer growth.

Subtype-specific networks of driver genes (DEDGs) and identification of disease modules

In the previous section, we observed that in all subtypes, driver genes are distributed across the genome. Many driver genes are also
differentially expressed. The perturbations at two levels, i.e., differential expression and mutations, indicate their crucial role in cancer
development because biological pathways and processes that involve these genes will likely be deregulated. We carried out the gene set
enrichment analysis of DEDGs from each subtype to investigate the affected biological pathways and processes. We found that cancer-
associated processes and pathways were enriched in different subtypes of gliomas (Fig. 2A-F). Interestingly, we found that processes
and pathways are mostly distinct among the subtypes, such as in the astrocytoma NOTCH signaling pathway, ATM signaling pathway,
and regulation of RNA splicing; in the oligoastrocytoma neovascularization process, EGFR signaling pathways, and FoxO signaling
pathway; and in the oligodendroglioma PID ERBB1 internalization pathway and endocrine resistance, which were significantly (p <
0.05) enriched. In classical signal transduction by growth factor receptors and second messengers, negative regulation of cellular
component organization and regulation of cellular response to stress is prevalent; in mesenchymal focal adhesion, proteoglycan in
cancer and cytokine signaling in the immune system; and in proneural glioblastoma signaling pathways and MAPK signaling pathways
are prevalent. These results unequivocally show how the subtypes differ from one another in terms of their molecular characteristics.
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However, to be involved in biological processes and to drive cancer, these genes must interact. Network-based approaches to
human disease demonstrate that abnormalities in a single effector gene product are infrequent causes of disease. Indeed, there is a
higher likelihood that genes linked to the same disease will interact with one another [34]. Using the brain interactome from the
TissueNet v.2 database [23], we built the subtype-specific protein-protein interaction network of DEDGs, named the differentially
expressed driver gene network (DEDGN), to analyze the interaction pattern (Supplementary Table 5). We observed that a moderate
portion of the DEDGs directly interact with each other. We calculated the size of the largest connected component (LCC) in each
subtype. LCC refers to the largest subset of nodes in the network that are connected, and often LCCs are involved in crucial signaling
pathways that are essential to cellular function. Additionally, it can aid in the identification of prospective drug targets for therapeutic
intervention. Fig. 2 G-L shows the LCC in each subtype. We observed that a lower percentage of DEDGs, i.e., 36.30% in astrocytoma,
34.26% in oligoastrocytoma, 32.31% in oligodendroglioma, 23.11% in classical, 42.67% in mesenchymal, and 39.67% in proneural,
form the LCC. The size of the LCC, in reality, may be larger than what we have depicted here because the human interactome is
incomplete. These LCCs in each subtype, however, provided us with evidence that the development of a precision therapeutic strategy
can be aided by the identification of subtype-specific disease modules. Therefore, we stepped into identifying the disease modules
using the DIAMOND algorithm (Fig. 3A) [12]. DIAMOnD enables us to systematically examine the local network neighborhood sur-
rounding a particular collection of known disease proteins to find new disease proteins. We considered all DEDGs in each subtype to be
known disease genes and used them as seed genes in DIAMOnND. The number of genes in the DIAMOnD disease module of each subtype
of LGG and GBM was 607 in astrocytoma, 487 in oligoastrocytoma, and 578 in oligodendroglioma; 572 in classical, 675 in mesen-
chymal, and 574 in proneural (Supplementary Table 6). Hence, we have a higher number of disease-associated genes identified in each
subtype by DIAMOnD. We observed that the size of the LCC (p-value <0.05) in each subtype provided by the DIAMOnD was much
larger than the LCC in DEDGN (Fig. 3B). It should be noted that DIAMOnD LCCs contain DEDGs and relevant disease genes in the
network neighborhood. There is a higher percentage of genes, i.e., almost 72-80% of seed genes, present in the LCC. The clustering
coefficients of the DIAMOnD LCCs are much higher than the LCC of DEDGN (Fig. 3C). The higher clustering coefficient of genes in the
LCC shows that each subtype has a local aggregation disease gene, and these genes interact with each other more frequently than
would be predicted in a random network. This finding also implies that module genes work together in biological processes and
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Fig. 3. Disease module in subtypes. A, the flow diagram shows the steps involved in disease module identification. DEDGs are screened from the list
of driver genes and DEGs. DEDGs and brain interactome data are fed into DIAMOnD for disease module identification. B, The bar diagram compares
the size of the LCC of DEDGs network (gray) and DIAMOnD disease module (brown). C, The bar diagram compares clustering coefficient of LCC of
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referred to the Web version of this article.)
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pathways and aid in the development of disease. Therefore, these disease modules can be identified as targets for precision therapy of
glioma subtypes.

Targeting the disease module and developing the drug response prediction model

To target the disease module in glioma subtypes, we retrieve the FDA-approved and investigational drugs from the DrugBank
database. We selected the drugs for which the disease module has target genes (Supplementary Table 7). We observed that a total of
234,187, 234,178, 226, and 185 drugs can be used to target the module genes in astrocytoma, oligoastrocytoma, oligodendroglioma,
classical, mesenchymal, and proneural, respectively. Although there are targets in the modules, all these drugs may not be useful for
anti-cancer therapy. Many times, drug resistance reduces the effectiveness of chemotherapy. The accurate prediction of cancer-specific
drug responses is one of the significant challenges in precision medicine. Due to the genetic heterogeneity of cancers, patients’ re-
sponses to cancer treatments vary depending on their distinctive genomic profiles. Due to this complexity, Al methods like ML and DL
are becoming more efficient for predicting drug responses. Several large-scale drug screening programs have made their data publicly
available, such as GDSC and CCLE. These databases provide the IC50 (50% inhibitory concentration) of a particular drug on specific
cancer cell lines, along with cancer cell omics profiles. A lower IC50 value indicates a better sensitivity of the cell line to a given drug.
Here we developed the drug response classification model using GDSC gene expression and driver mutation data to train and test the
model, and CCLE data was used for external validation. Out of the 288 drugs that target disease modules, we found that only 30 have
experimental data on brain cancer cells. Hence, we chose these 30 drugs to develop the drug response model. For a drug, the cell lines
were classified as sensitive or resistant based on IC50 values. IC50 values at or below the 25th percentile were considered sensitive, and
IC50 values at or above the 75th percentile were considered resistant to each drug. The sample size of sensitive or resistant cell line for
each drug is provided in the Supplementary Table 8. We randomly divided the GDSC dataset into 70:30 training and test sets. The
model was developed on GDSC data, excluding brain cell lines. First, the gene expression and driver mutation data from GDSC were
pre-processed, and feature selection was performed to reduce the multicollinearity and dimensionality of the data. We separately
treated the gene expression and mutation data. We implemented correlation-based feature selection to eliminate multicollinearity
from gene expression data. We computed the Pearson Correlation Coefficient (PCC), and genes with a PCC > 0.5 were dropped. The
remaining 5233 genes were taken for dimensionality reduction using LASSO. We also employed LASSO feature selection on mutation
data. After feature selection, both gene expression and mutation data were fed into the autoencoder with concatenated inputs (CNC-
AE). Then, these two types of data were integrated and compressed in the bottleneck layer learned by the autoencoder [35,36]. All the
parameters of the different layers in the autoencoder were optimized for individual drugs. However, the architecture of the autoen-
coder is almost the same for all drugs; for example, we used one hidden layer for data integration, and the dimension of the bottleneck
layer was set to 64. An autoencoder consists of two parts: an encoder and a decoder network (Fig. 4). The latent variables extracted
from the bottleneck layer were utilized in the decoder network to reconstruct the original input data. This process was carried out to
measure the reconstruction loss, which serves as an indicator of the autoencoder’s efficacy. The reconstruction loss was calculated
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Fig. 4. The overall workflow of drug response model development. The gene expression and mutation data from GDSC are subjected to feature
selection, and both data are integrated using an autoencoder. The latent variable from the bottleneck layer is used for developing the DNN model.
The model validation was performed using test data, brain cancer data, and external data from CCLE.
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using the mean squared error (MSE). We found that MSE was considerably lower in the range (0.02-0.19). This demonstrates that the
autoencoder correctly learns to encode the pattern of gene expression and mutation in the latent space. Subsequently, we construct the
DNN model to predict the drug’s response, specifically determining its sensitivity or resistance, by utilizing the latent variables derived
from the bottleneck layer of the autoencoder. In order to identify the optimized set of hyperparameters, we employed the grid search
method. The average performance measures for each DNN model were then calculated using k-fold CV (k = 10). The model’s per-
formance was evaluated by computing the average accuracy, recall, specificity, precision, F1-score, FPR, GM, and MCC (see materials
and methods, eq. [1] to eq. [8]). The performance matrix for all 30 drugs is provided in the Supplementary Table 9. Based on the
performance parameters, the drugs were ranked using the MCDM tool TOPSIS. Ruxolitinib topped the list, and the accuracy of the
model was 96.26% (+0.02). The precision and specificity of the model were >0.90. Upon further investigation, we learned that
Ruxolitinib is a highly effective JAK/STAT signaling pathway inhibitor. It can suppress the invasion and formation of tumors in glioma
cells [37]. This drug is also in clinical trials for glioma treatment (https://clinicaltrials.gov/). Further, we found that the accuracy of
prediction using test data was 94.12% and that using only brain cancer cell lines was 84.28%. It is tempting to state that the model
prediction was as per the independent observations made by other researchers. Fig. 5 A and B show that all models for the top 10 drugs
have higher accuracy of prediction using training (91.34-96.26%), test (82.76-96.09%) data. Except for tretinoin, the model accuracy
varies from 72.25 to 91.25 using only brain cancer cell line data (Fig. 5C). We noticed that, due to a smaller sample size, the accuracy
was not correctly predicted for tretinoin. A highly sensitive and specific model for drug response prediction is always ideal. Therefore,
we used the receiver operating characteristic (ROC) curve to illustrate the sensitivity and specificity of each model. For a range of
different cutoff points, the ROC curve compares the probability of a true positive result, or the test’s sensitivity, to the probability of a
false positive result. Fig. 5D-M shows the area under the ROC curve (AUC) of the DNN models of the top 10 drugs. We observed that the
AUC values were high, i.e., 0.97 in Ruxolotinib, 0.95 in Entinostat, 0.98 in Lapatinib, 0.91 in Vorinostat, and 0.95 in Olaparib. All
models show consistent prediction accuracy in training, testing, and brain cancer cell data. Previous publications have indicated that
some of the top 10 drugs have shown the potential to inhibit the growth of glioma cells. For example, Entinostat, a histone deacetylase
inhibitor, has demonstrated the ability to reduce the growth of GBM [38]. Vorinostat, an FDA-approved drug, is already used to treat
cutaneous T-cell lymphoma, but it is now in a Phase II clinical trial to treat recurrent glioblastoma multiforme [39]. Vinblastine shows
sensitivity for both LGG and GBM [40,41] and it is in clinical trials for the treatment of these cancers. Other drugs such as Olaparib
[42], Crizotinib [43], and Trametinib [44] have also shown encouraging results for the treatment of brain cancer. Our findings, along
with those from the existing literature, suggest that the current approach may be used to aid in clinical decision-making for the
treatment of gliomas. Next, we predict the subtype-specific drug sensitivity of 30 different drugs against 49 brain cancer cell lines from
different tissues, using the saved models to assess their potential clinical utility. We extracted the features from gene expression and
mutation data from particular cell line data, integrated these two data sets, i.e., gene expression and mutation, using an autoencoder,
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and then fed this integrated data into the 30 different drug-specific DNN models. Lastly, we predicted the sensitivity or resistance of a
drug against a particular brain cancer cell line. The drug sensitivity data for all 30 drugs for 49 brain cancer cells is shown in Fig. 6. We
acquired the cell line’s lineage from ATCC (https://www.atcc.org/) and cellosaurus (https://www.cellosaurus.org/) in order to
demonstrate subtype-specific drug sensitivity. We were able to provide the drug sensitivity results for oligodendroglioma, astrocy-
toma, and GBM based on the data that was available. We found that the drug sensitivity of various cell types varied, and a major factor
contributing to this variation is the cell line’s genetic background, including both gene expression and mutation. Indeed, we used gene
expression and mutations as features while developing the models. This provides a thorough understanding of the importance of using
genomics data to predict drug responses specific to subtypes to improve therapeutic efficacy. Lastly, we validated this DL framework
with external datasets from CCLE, and the accuracy of prediction for drugs Erlotinib, Lapatinib, Nilotinib, and Sorafenib was fairly
accurate (Supplementary Table 10). These results show that our models were able to consistently predict accurate drug responses. But,
before the current framework is used in a clinical setting, it needs to be examined in terms of in vitro and in vivo drug efficacy assays and
sensitivity data across the many types of cancer.

4. Discussion
The clinical development of targeted and personalized brain cancer treatments continues to be a significant issue. Brain cancer

encompasses a wide range of distinct forms, and the presence of unique genetic aberrations in each type is a significant obstacle in
developing effective therapies. The identification of a disease-specific biomarker for targeted therapy is a widely employed approach in
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the development of anti-cancer drugs [45,46]. Nevertheless, the presence of molecular heterogeneity in cancer cells often affects the
efficacy of targeted therapy, leading to the frequent emergence of drug resistance [47]. To address this, the current study combines
network medicine-based techniques with DL-based drug response prediction to target glioma subtypes for precision therapy. Among
all cancer-associated alterations, driver mutations and altered gene expression are majorly involved in oncogenic transformation [48].
Therefore, we performed genome-wide screening of driver mutations and identified the DEGs from transcriptome data in each subtype
of LGG and GBM. From the list of driver mutations and DEGs, we identified the DEDGs, which are further subjected to disease module
identification. Cancer is not a single-gene disorder; rather, the interaction between many genes causes cancer. Hence, the identification
of disease modules using DEDGs can comprehensively represent the core structure of the subtype-specific network associated with the
cancer phenotype. The network medicine-based approach demonstrates that effective drugs must target the protein within or in the
disease modules’ immediate vicinity. Therefore, we selected drugs from the DrugBank database to target these disease modules.
Patients’ responses to drugs, however, differ greatly from one another due to the diversity of molecular profiles. To address this further,
we developed a DL-based framework to predict drug responses using gene expression, mutations, and IC50 values from large-scale
experimental data. We design the novel framework by combining LASSO-based feature selection, autoencoder-based data integra-
tion, and then prediction using the DNN. We noticed the consistent performance of the model in test data, brain cancer cell lines, and
validation data. To examine the clinical application, we predict the drug response for each brain cancer cell line using a drug-specific
model. Additionally, we showed that cancer cell lines from various subtypes of glioma exhibit varying degrees of drug sensitivity. Prior
research has documented the drug response model for a specific form of cancer [49,50]. However, the present study demonstrates that
DL-based models can also be utilized for predicting drug responses for a distinct subtype of cancer. The existing drug response pre-
diction models mainly relied on mono-omics data [51,52]. However, we have taken a step further by using gene expression and
mutation data for the construction of the model. Furthermore, we have demonstrated within a single framework that the tool sets of
network medicine and algorithms of DL might possess enhanced therapeutic significance in the context of personalized therapy.

However, due to the limitations of the dataset and lack of information on cell lineage, we were unable to predict the drug response
for all subtypes of LGG and GBM. But we expect that this problem will be solved soon because the size of datasets is growing rapidly.
For complex diseases like cancer, combining the approaches of network medicine and DL-based drug response prediction presents
enormous promise for the development of novel and efficient treatments. Network medicine can reveal the complex molecular in-
teractions in the disease state, which can lead to the identification of novel drug targets, whereas DL can extract hidden patterns from
large-scale omics data to develop a predictive model to determine the patient-specific therapeutic approach. We hope that the present
work can be extended to other types of cancer to find subtype-specific targets and predict the drug response and that it can contribute
to developing personalized medicine and improving patient outcomes.
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