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Abstract: Drug responses in cancer are diverse due to heterogenous genomic profiles. Drug re-
sponsiveness prediction is important in clinical response to specific cancer treatments. Recently,
multi-class drug responsiveness models based on deep learning (DL) models using molecular finger-
prints and mutation statuses have emerged. However, for multi-class models for drug responsiveness
prediction, comparisons between convolution neural network (CNN) models (e.g., AlexNet and
GoogLeNet) have not been performed. Therefore, in this study, we compared the two CNN models,
GoogLeNet and AlexNet, along with the least absolute shrinkage and selection operator (LASSO)
model as a baseline model. We constructed the models by taking drug molecular fingerprints of

drugs and cell line mutation statuses, as input, to predict high-, intermediate-, and low-class for
check for

updates half-maximal inhibitory concentration (IC50) values of the drugs in the cancer cell lines. Addition-

ally, we compared the models in breast cancer patients as well as in an independent gastric cancer
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cell line drug responsiveness data. We measured the model performance based on the area under
receiver operating characteristic (ROC) curves (AUROC) value. In this study, we compared CNN

models for multi-class drug responsiveness prediction. The AlexNet and GoogLeNet showed better
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Int. J. Mol. Sci. 2021, 22, 7721. performances in comparison to LASSO. Thus, DL models will be useful tools for precision oncology
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tic treatment for individual patients toward better treatment results [1]. For this purpose,
the genetic information of patients can maximize the effects [2,3]. It is essential to study
drug responsiveness according to the genomic profiling of each patient. Testing drugs in
real patients for drug responsiveness, however, is not allowed ethically. Therefore, with
the development of large-scale pharmacogenomics databases, precision medicine becomes
reality [4-6]. Thus, to study drug responsiveness in diseases, pharmacogenomics data have
been critical [7,8]. These databases included cell line genomic profiles of drug treatments,
- and drug responsiveness data in the cell lines [4,8-12].

Cancer is a dynamic disorder caused by the accumulation of mutations, resulting in
genetic heterogeneity of cancer cells [13-17]. As a result of this heterogeneity, even in the
same cancer type, patients have their own different mutation profiles, presumably leading
to different sensitivity to treatments [14]. Therefore, individualized therapies for patients
are of paramount importance [18]. Thus, cancer is a representative disease that requires
precision medicine [6].
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Currently, most of the drug responsiveness prediction methods for cancer have
used the pharmacogenomics databases to identify the correlation (e.g., positive- and
anti-correlation) between the genomic profiles of cancer cell lines and individual cancer
patients. For example, these methods, in general, predict a drug such that the gene expres-
sion profiles after the drug exposures are negatively correlated with the gene expression
profiles of an individual patient [8,19]. So far, machine learning (ML) approaches have also
been used for drug responsiveness prediction [12,20].

Currently, deep learning (DL) approaches are used for drug responsiveness pre-
diction in the field of cancer. There are a dozen of DL approaches [21-28] for predict-
ing drug responsiveness. Most of these approaches accepted AlexNet-based convolu-
tion neural networks (CNNs) [28] and autoencoders [23]. Autoencoder-based models
included DeepAEs [25], Dr.VAE [23], and DeepDSC [21]. CNN-based models included
tCNNSs [29], KekuleScope [30], and CDRscan [31]. In the model construction, training
data sources included Connectivity Map (CMap) [32], the Cancer Cell Line Encyclopedia
(CCLE) [33], Genomics in Drug Sensitivity in Cancer (GDSC) [34], the Catalogue of So-
matic Mutations in Cancer (COSMIC) [35], and the Genomic Data Commons Data Portal
(GDCQ) [36]. Those DL approaches demonstrated good accuracy in comparison to traditional
ML approaches [37,38]. Those DL approaches have the potential to support contempo-
rary precision-medicine endeavors and relevant clinical decision-making tasks. These
approaches take cancer cell line genomic profiles and chemical properties of treated drugs
in the cell line as input. Then, these approaches feed the genomic profiles of individual
cancer patients into the DL models for drug responsiveness prediction [28].

AlexNet, one of CNN architectures, was introduced for predicting multi-class drug
responsiveness prediction by using the pharmacogenomics databases [28]. Previous stud-
ies [39,40] demonstrated that the deeper or more layers the model, the higher the accuracy.
In fact, several attempts of CNN models with many layers showed generally high per-
formances. However, the performance does not increase perfectly in proportion to the
number of layers, due to the vanishing gradient problem in which the gradient gets smaller
during backpropagation, keeping the weight from updating its value [40]. GoogLeNet was
introduced as an attempt to solve the problem [41]. However, other CNN architectures
such as GoogLeNet, in particular, in the multi-class drug responsiveness prediction DL
models have not been compared with AlexNet [6,8,14,16,21,28,42—45].

In this study, we compared CNN architectures GoogLeNet [41] and AlexNet [28]
for drug responsiveness prediction, by training pharmacogenomics data. DeepIC50 was
used for AlexNet, and GoogLeNet was implemented for this study. We trained the two
CNN models by using genomic profiles of cancer cell line and chemical structural data
of drugs as features, to predict drug responsiveness defined by half maximal inhibitory
concentration (IC50) of drug exposure. The least absolute shrinkage and selection operator
(LASSO) model was used as a ML baseline model [46—48]. Our problem is a multi-class
prediction by categorizing the drug responsiveness values (i.e., IC50 values) into three
classes. Thus, the micro-average area under receiver operating characteristic (AUROC or
AUC) curves, and the macro-average AUROCsS of the three models were compared. [46—49].
When tested with an independent gastric cancer (GC) cell line dataset [33], GoogLeNet [41]
and AlexNet [28] had higher accuracy than the baseline LASSO model. Moreover, AlexNet
showed better accuracy than GoogLeNet. We also applied the three models to another
independent dataset, clinical response data of chemotherapeutic agents, and genomic
profiles of individual patients in The Cancer Genome Atlas (TCGA) breast cancer dataset
(henceforth, TCGA-BRCA) [36].

2. Results
2.1. Overview
To compare the prediction performance of two CNN models using the half-maximal

inhibitory concentration (IC50) value of a drug for cancer cell lines, we obtained the
genomic mutation dataset, drug molecular properties, and In (IC50) values from GDSC
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and CCLE. Subsequently, we divided the data from GDSC into training set and test set,
and then, we compared the performance of two CNN models and the baseline model using
micro- and macro-average AUROCs (Figure 1).
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Figure 1. Overview of scheme. (A) To build and train two CNN models, and the LASSO baseline
model, pharmacogenomics data from CCLP [35] and GDSC [34] were used. Independent GC cell
line data from CCLLE [33] were used to test the performance of the three models in predicting drug
responsiveness. The performance of the three models was compared by AUROCs. (B) Mutation
profiles data for cancer cell lines were obtained from CCLP. Molecular fingerprints data for drugs
and responsiveness data for ‘cancer cell lines and drugs” were obtained from GDSC. The model
was trained to predict drug responsiveness by calculating mutation profiles data and molecular
fingerprints data as features.

2.2. Model Construction and Performance of GoogLeNet

The GoogLeNet model was constructed with Inception-vl modules and auxiliary
classifier (Figure 2), and subsequently trained by using the GDSC training set. In the GDSC
test set, micro-average AUROC was 0.97, and macro-average AUROC 0.92. The AUROCs
for one-versus-rest (OVR) classifications were 0.95 for class 0 vs. other classes; 0.87 for class
1 vs. other classes; and 0.94 for class 2 vs. other classes; Overall, the AUROCSs for class 1
(i.e., intermediate drug responsiveness) was relatively low, but for class 0 and class 2, they
were high (Figure 3A).

In another independent GC cell line test set, the micro-average AUROC was 0.89 and
the macro-average AUROC 0.68. The AUROCs of OVR classifications were 0.72 for class 0
vs. other classes; and 0.63 for class 1 vs. other classes (Figure 3B).

2.3. Performance Comparisons of GoogLeNet, DeepIC50, and LASSO

With the same GDSC training set, GoogLeNet, DeepIC50, and LASSO models were
trained. Then, the performances were measured in the GDSC test set and the GC cell
line test set, and the performance of each model was compared. In the GDSC test
set, GoogLeNet showed micro-average AUROC of 0.97 and macro-average AUROC
of 0.92; DeepIC50 micro-average AUROC of 0.98 and macro-average AUROC of 0.95;
and LASSO model micro-average AUROC of 0.98 and macro-average AUROC of 0.95
(Figure 4A,B). Since our problem was the three-class classification, the same OVR approach
for GoogLeNet, DeepIC50, and LASSO was applied to obtain the Matthew Correlation
Coefficients (MCCs) in the GDSC test set. The three models” MCCs were comparable in
classifying class 0 and the other classes, while the two CNN models were better over LASSO
in classifying not only class 1 and the other classes, but also class 2 and the other classes
(Table S1). In the independent GC cell line test set, GoogLeNet showed micro-average AU-
ROC of 0.89 and macro-average AUROC of 0.68; DeepIC50 showed micro-average AUROC
of 0.95 and macro-average AUROC of 0.85; and the LASSO model showed micro-average
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AUROC of 0.87 and macro-average AUROC of 0.58 (Figure 4C,D). Both CNN models,
DeepIC50 and GoogLeNet, showed better performances than the LASSO baseline model in
the GDSC test set (Table S2) and the GC cell line test set (Table S3).
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Figure 2. Model structure of GoogLeNet. It contained several 2-dimensional convolution layers (Conv2D), 2-dimensional
max pooling layers (MaxPooling2D), 2-dimensional average layers (GlobalAveragePooling2D), Inception-vl modules (the
upper box), and two auxiliary classifiers (two lower boxes).
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Figure 3. GoogLeNet model performance on GDSC test set and GC cell line test set. Micro-/macro-average and each class’
OVR AUROC:s are depicted. The graphs represent the performance of GoogLeNet in the GDSC test set (A), and in the
GC cell line test set (B). It is noted that the GC cell line test set, from CCLE, did not contain class 2 cases. The numerals in
parentheses indicate the AUROCs.
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Figure 4. Comparison of GoogLeNet and DeepIC50 along with the baseline LASSO model. The prediction performances of

the two CNN models and LASSO were compared by drawing micro-/macro-average ROC curves. (A) The micro-average
AUROCs in the GDSC test set. (B) The macro-average AUROCsS in the GDSC test set. (C) The micro-average AUROCsS in
the GC cell line test set. (D) The macro-average AUROCS in the GC cell line test set.
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2.4. Application of GoogLeNet, DeepIC50, and LASSO to the TCGA-BRCA Patient Dataset

The models were also compared in another test set, clinical follow-up data in TCGA-
BRCA. GoogLeNet showed micro-average AUROC of 0.62 and macro-average AUROC of
0.51 (Figure S1A). DeepIC50 reported micro-average AUROC of 0.56 and macro-average
AUROC of 0.44 (Figure S1B,C). LASSO demonstrated micro-average AUROC of 0.59 and
macro-average AUROC of 0.42 (Figure S1B,C). Overall, the performance of GoogLeNet
among the three models was best, and their performances in the real patients were marginal.
The confusion matrix for GoogLeNet in the patient dataset was represented in Table S4.

To identify important features in GoogLeNet, we utilized the local interpretable model-
agnostic explanation (LIME) [50]. From a total of the 322 patients, 100 explainable features
for each patient were obtained, and, out of the features, we selected 20 abundant mutation
features among the patients (Figure 5). Genes including PIK3CA, FERMT1, and TP53
were obtained.

Mutation features Genes Occurrences
ENST00000263967/c.3140A>G PIK3CA |14
ENST00000263967/c.1633G>A PIK3CA |11
ENST00000263967/c.1624G>A PIK3CA |9

ENST00000217289/c.676_677insC FERMTT |6
ENST00000269305/c.1024C>T TP53 |4
ENST00000262215/c.4655_4656insC ARFGEFT |3
ENST00000281708/c.1393C>T FBXW7 |3
ENST00000233969/c.2236_2237insC SLCY9A2 |3
ENST00000269033/c.1872_1873insC SSHZ2 |3
ENST00000371953/¢.950_953delTACT PTEN |3
ENST00000311936/c.35G>T KRAS |3
ENST00000243673/c.962G>A GPR83 |3
ENST00000265029/¢.865_866insC FETUB |3
ENST00000354757/c.2368C>T PCDHB1T |2
ENST00000330817/c.1156_1157insC ALGT2 |2
ENST00000355044/c.2441G>A ATRNLT |2
ENST00000366690/c.104delA RAB4A |2
ENST00000264951/c.2510G>A XRNT |2
ENST00000221700/c.446G>A CYP4F2 |2
ENST00000269197/c.4331G>A ASXL3 |2

Figure 5. Important features of GoogLeNet, by LIME, in the TCGA-BRCA dataset. Column “occur-
rences’ in a given mutation feature indicates the frequency observed in the 322 patients by LIME.

3. Discussion

In this study, we compared CNN models, AlexNet [28] and GoogLeNet [41], for three-
class classification of drug responsiveness, by using mutation statuses of cell lines and
molecular properties (including molecular fingerprints) of drugs. Through the comparisons
of the ML baseline model and the two CNN models, the CNN models showed better
performances over the ML model. Moreover, AlexNet-based DeepIC50 demonstrated
better performance for multiple-class responsiveness prediction over the other two models
in the GDSC test set and the GC cell line test set. In the next section, we describe utility of
DL-based models.

Recently, DL-based drug responsiveness prediction models have emerged [26]. DL
models of drug responsiveness prediction have been built in large-scale pharmacogenomics
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databases from the disease model systems. This is largely because measuring drug respon-
siveness by treating patients is not possible due to ethical concerns. Alternately, cell line
experiments are accepted, as proxies for cancer patients. Thus, in the case of our study,
after building drug responsiveness models based on the pharmacogenomics databases
containing drug treatments in cancer cell lines, we took a concatenation vector of a muta-
tion status vector of a patient and a drug chemical property vector as input for the models.
Subsequently, these models could predict the responsiveness to a drug for the patient.

We applied this strategy to a real breast cancer patient dataset, TCGA-BRCA, which
contained clinical follow-up information for chemotherapeutic agents. In the TCGA-BRCA
dataset, we summarized AUROC differences of the two nets, in contrast with LASSO
(Figure S1B,C and Table S5), indicating better performance of GoogLeNet over DeepIC50.
In particular, the micro-average AUROCs of LASSO and DeepIC50 were closer to 0.5,
in comparison to GoogLeNet (Figure S1B), indicating that LASSO and DeepIC50 made
random guesses. The breast cancer (BRCA) is considered as one of the most heterogenous
tumor [51], indicating that the cancer differs greatly among the cancer patients [52]. Even
patients belonging to the same molecular subtype in BRCA present different clinical out-
comes. Thus, the tumor heterogeneity in BRCA might be involved in the poor performance
(Figure S1) in our study.

DL-based models are useful to predict the potency of a new drug, to a new cell line.
While traditional drug responsive models usually separate models for individual drugs,
DL-based models have constructed single models for all drugs from the pharmacoge-
nomics databases. When separate models for either the new drug or the new cell line are
unavailable, traditional drug responsive models do not work. However, in such case, DL
models can work since a vector concatenating mutation status of the new cell line and
chemical properties of the new drug can be fed into the models as input. Subsequently, the
DL models can generate the predicted responsiveness in the case.

In this study, there are limitations. GoogLeNet was originally proposed as an image
prediction model, and its application to a drug prediction model showed slightly better
performance over the ML baseline model. However, in our study, we did not modify the
architecture of auxiliary classifiers and inception modules in the original GoogLeNet. In the
GoogLeNet application to this field, auxiliary classifiers and inception modules need to be
modified for future study. As the second limitation, a simple architecture, autoendcoders
were not considered. This is due to the fact that autoencoder-based approaches showed
moderate performances. For example, Dr VAE, indicated AUROCs ranging from 0.56 to
0.84 [23]. The third limitation in our study is that the class was assigned by using equal
class intervals, resulting in class imbalance. In addition, the subsequent OVR approach may
be reflected into the better performance on classes 0 and 2 compared to class 1 (Figure 3A).
An alternative method searching for optimal class intervals should be inspected in future.

In conclusion, our comparisons suggest that the CNN models are practical tools in
this new era of “precision medicine.”

4. Materials and Methods
4.1. Training and Test Datasets, and Molecular Fingerprints

Profiling data of cell lines, molecular properties of drugs, and natural logarithms
of drug’s half-maximal inhibitory concentration (IC50) data (henceforth, In (IC50)) be-
tween cell lines and drugs [53], used for training and testing models (GoogLeNet and
DeeplIC50), were provided by Genomics in Drug Sensitivity in Cancer (GDSC, https:
/ /www.cancerrxgene.org, accessed on 19 July 2021) [34].

The cell line mutation data was given by COSMIC Cell Line Project (CCLP, https:
/ /cancer.sanganger.ac.uk, accessed on 19 July 2021) [35]. Cell line mutation profiles (CMPs)
are provided by CCLP including 21,213 genomic position data [35].

We obtained molecular properties of drugs, in GDSC, by using the PaDEL molecular
fingerprint descriptor software [54] and it included 6543 features. The features consist
of PubChem fingerprint (molecular fragments information) [55], molecular weight, and
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lipophilicity (i.e., XlogP) [54]. After all processes of data preparing, we divided all of this
dataset into ratios of 8 to 2, for training and test sets, respectively.

As another independent test set, GC cell line data were obtained from the Cancer Cell
Line Encyclopedia (CCLE) [33]. The GC cell line data include 2814 cell line-IC50 pairs for
153 cancer cell lines and 24 drugs.

4.2. An Independent Dataset for Clinical Follow-Up in Breast Cancer Patients

For independent validation in real patients, we obtained the TCGA-BRCA breast
cancer patient dataset [36] that included genomic mutation data, clinical follow-up, and
chemotherapeutics for the individual patients. The TCGA dataset was obtained from the
GDC legacy archive (https://portal.gdc.cancer.gov, accessed on 19 July 2021). It included
clinical follow-up information and genomic mutation data for 10 chemotherapeutics for
322 patients. In the TCGA-BRCA dataset, the clinical follow-up had response information
for treatment measures. The values for the follow-up belonged to ‘complete response’,
‘partial response’, ‘stable disease’, and “clinical progress disease’. Thus, we considered the
follow-up as readout of responsiveness. The value in the follow-up of each patient was
assigned to three classes: ‘complete response’ as class 0 (high responsiveness); both “partial
response’ and ‘stable disease” as class 1 (intermediate responsiveness); and ‘clinical progress
disease’ as class 2 (low responsiveness) [56]. We also calculated the molecular properties
feature of 10 chemotherapeutic data (including doxorubicin, 5-fluorouracil, paclitaxel,
docetaxel, demcitabine, tamoxifen, vinorelbine, methotrexate, cisplatin, vinblastine) using
PaDEL [54].

4.3. GoogLeNet Model Construction

The structure of GoogLeNet consists of several Inception-vl modules and two aux-
iliary classifiers. The GoogLeNet model is a deep CNN model with a total of 22 layers
(Table S6) [41]. GoogLeNet has several advantages compared to the previous CNN models
such as AlexNet. First, it reduced the amount of computation by using the Inception
module, and secondly, global average pooling instead of using a fully connected layer was
achieved. Through the processes, the efficiency of calculation was increased by reducing
the number of parameters, and finally, the vanishing gradient caused by 22 layers was
alleviated by applying the auxiliary classifier twice to reflect the learning loss [41,57]. Our
GoogLeNet was constructed using Keras 2.3.1, along with the activation function Rectified
Linear Unit (ReLu), and the Stochastic Gradient Descent (SGD) optimizer. The main loss
and the auxiliary classifier losses 1 and 2 were set to ratios of 1:0.3:0.3, respectively. We
trained the GoogLeNet model with 250 epochs and batch size of 300 in the GDSC training
set. The value of In (IC50) for the cancer cell line of the drug was divided into three
classes: class 0 (high responsiveness), class 1 (intermediate responsiveness), and class 2
(low responsiveness).

4.4. Performance Comparisons of GoogLeNet, DeepIC50, and LASSO

The performance of GoogLeNet (inception-v1) [41] was compared based on the pre-
dictions by the AlexNet model, DeepIC50 [28] (Table S7. for architecture). The LASSO
model [58] was used as a baseline model.

We used R version 3.5.2 to lower the decimal point and then convert the values to
binary for drug functionality. There were 194,750 cell line-drug In (IC50) pairs present in
GDSC dataset. We generated a one-dimensional vector for each pair by concatenating the
CMPs and drug information. A total of 160,375 input vectors were obtained. By evenly
dividing the In (IC50) ranges, the 160,375 In (IC50) values were classified into three classes.
Class 0 (high responsiveness) was assigned to In (IC50) less than 2.36; class 1 (intermediate
responsiveness) was assigned to In (IC50) between 2.36 and 5.26; and class 2 was assigned
to In (IC50) greater than 5.26 (low responsiveness). Subsequently, the 160,375 cases were
split into two sets: the training set (128,300 cases) and the test set (32,075 cases). As another
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independent test set, GC cell line dataset from CCLE was processed in the same way as the
GDSC dataset. The total number of GC cell line test sets in CCLE was of 2814 cases.

Due to the multi-class problem in this study, we calculated micro- and macro-average
AUROC:s by utilizing one-versus-rest (OVR) classifications to compare the performances
of DeepIC50 and GoogLeNet [28,59]. In other words, we used micro-average and macro-
average AUROCs for comparing the models, because our goal was a three-class, not a
binary-class prediction. The two CNN models used the training and validation sets which
were split from the GDSC data. Another independent test set was obtained from the CCLE.
The scikit-learn python package was used for the calculation.

For macro-average AUROC, three OVR classifications were obtained, due to the
three-class problem in this study, resulting in three False Positive Rates (FPRs) and three
True Positive Rates (TPRs). Given a TPR in the horizontal axis in the receiver operating
characteristic (ROC) curves, the average of the three FPRs corresponding to the TPRs
was plotted. Then, the area under of ROC curves (AUROC, or AUC) was obtained as
macro-average AUROC [59].

For micro-average AUROC, for case k (k = 1,...,n; n: the number of total cases) in
a test set, its real class were one-hot encoded to vector y;: (1,0,0), (0,1,0), and (0,0,1) for
classes 0, 1, and 2, respectively. Its predicted score vector si for case k, by the models,
was composed of three elements: the predicted scores of classes 0, 1, and 2 in order. The
concatenated vectors y and s were defined such thaty =y | l yo [ l... [Ty 1011 yy,
s=syllsy ll...1 s ll...11 s, where operator “| |” concatenates its neighbor two
vectors. The scikit-learn python package took y and s, as input, to report micro-average
AUROCs [28,47,49,60].

4.5. Application of the Local Interpretable Model-Agnostic Explanation (LIME) to the
TCGA-BRCA Dataset

To identify important features in GoogLeNet for the TCGA-BRCA dataset, we utilized
the local interpretable model-agnostic explanation (LIME) [50], which was provided in
the python lime package. All the parameters were set by default with the number of
explainable features setting to 100.
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the three models to the TCGA-BRCA patient dataset.
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