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Abstract. Accurate classification of patients into homogeneous molecular subgroups is critical for the development
of effective therapeutics and for deciphering what drives these different subtypes to cancer. However, the extensive
molecular heterogeneity observed among cancer patients presents a challenge. The availability of multi-omic data
catalogs for large cohorts of cancer patients provides multiple views into the molecular biology of the tumors
with unprecedented resolution. In this work, we develop PAMOGK, which integrates multi-omics patient data and
incorporates the existing knowledge on biological pathways. PAMOGK is well suited to deal with the sparsity of
alterations in assessing patient similarities. We develop a novel graph kernel which we denote as smoothed shortest
path graph kernel, which evaluates patient similarities based on a single molecular alteration type in the context
of pathway. To corroborate multiple views of patients evaluated by hundreds of pathways and molecular alteration
combinations, PAMOGK uses multi-view kernel clustering. We apply PAMOGK to find subgroups of kidney renal
clear cell carcinoma (KIRC) patients, which results in four clusters with significantly different survival times (p-
value = 7.4e-10). The patient subgroups also differ with respect to other clinical parameters such as tumor stage and
grade, and primary tumor and metastasis tumor spreads. When we compare PAMOGK to 8 other state-of-the-art
existing multi-omics clustering methods, PAMOGK consistently outperforms these in terms of its ability to partition
patients into groups with different survival distributions. PAMOGK enables extracting the relative importance of
pathways and molecular data types. PAMOGK is available at github.com/tastanlab/pamogk
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1 Introduction

Cancer is a molecular diverse disease; within the same cancer type, patients bear different molecular alter-
ations, which manifest themselves as different clinical trajectories [9, |53]]. Finding subgroups of patients
that show coherent molecular profiles is essential for developing better diagnostic tools and subtype-specific
treatment strategies. Discovering coherent subgroups of patients with similar molecular profiles is also key
to discovering the molecular mechanisms that drive these different subtypes to cancer.

The availability of multi-omics characterization of patients opens up possibilities for better stratification
of cancer patients[48| 146, [9]. Towards this goal, several multi-omics clustering methods have been pro-
posed (reviewed in [35]]) to integrate these multi-dimensional data collected on patients. The simple form
of integration is early integration. In this case, features derived from a single omic data are concatenated,
and standard clustering is applied to this combined feature representation. However, this approach equally
weighs each data type and suffers from a curse of dimensionality as the higher dimensional features dom-
inate the clustering. There are sophisticated early integration approaches that aim to overcome these prob-
lems. iClusterBayes and its earlier variants [42} 30, 29] and LRAC]luster assume a latent lower dimensional
distribution of data and uses regularization. A different strategy is to deploy late integration approaches,
in which the samples are clustered with each omic data type separately, and the ensemble’s cluster assign-
ments are combined into a single solution. The consensus clustering by Monti et al. [31]] is frequently used
for cancer subtyping [16} 48]]. PINS[34] and COCA[]17] fall into this category as well. These approaches
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have the drawback that they do not capture the correlations between the different data types. This leads to
poor clustering when each view individually contains a weak signal.

Alternatively, several intermediate integration algorithms have been developed [36]. SNF [51]] constructs
a patient similarity network using each data type, and these similarities are then fused in a single similarity
network through an algorithm based on message passing. Meng et al. [28|] applies dimension reduction to
the axes of maximal covariance between data types, JIVE [27] utilizes the variations in data. MCCA [54, 5]
extends the canonical correlation analysis (CCA) [14]] to a multi-view setting. There are also several al-
gorithms, which are developed as generic multi-view algorithms ([57]). For example, [21]] and [[7] extend
the spectral clustering [S0]], which relies on partitioning a similarity network of samples. There are also
kernel-based multi-view clustering algorithms. Kernel methods are powerful methods, where the samples’
similarities are implicitly calculated in a higher dimensional space [40]. Several generic multi-view kernel
clustering methods (reviewed in [56]) have been developed where some have been applied to cancer subtyp-
ing. tMKL-LPP [45] extends the [23]] multi-view kernel framework to the multi-omics clustering. A kernel
matrix is computed from each omic data type, and a linear combination of kernels is sought for the clustering
of the patients in kernel k-means. Localized multiple kernel k-means (LMKMM) [13]] also assumes a linear
combination of the views but learns a sample specific kernel matrix weight in a k-means framework.

Although corroborating multi-omics data is important to construct a better view of patient similarities,
it might not be sufficient to boost the signal as often times only a small fraction of molecular alterations
is common among the patients. Analyzing molecular data in the context of molecular networks is a widely
used approach to overcome this sparsity problem (reviewed in [8]]). In this work, we present PAMOGK, a
multi-view kernel clustering approach, which integrates multi-omics patient data with pathways using graph
kernels. PAMOGK represents each patient as a set of vertex labeled undirected graphs, where each graph
represents the gene interactions in a biological pathway, and the vertex labels are assigned based on patient
specific molecular alterations. To quantify patient similarity over a pathway and to attain an omic view, we
introduce a novel graph kernel, smoothed shortest path graph kernel (SmSPK), which extends the shortest
path graph kernel [4]]. While existing graph kernels are designed to capture the topological similarities of
the graphs, this kernel captures the similarities of the vertex label within the graph context. This allows us
to capture patients’ similarities that stem from the dysregulation of similar processes in the pathways. By
utilizing multi-view kernel clustering approaches, PAMOGK stratifies patients into subgroups. The method
also offers additional insights by showing how informative each pathway and data type is to the clustering
process based on the assigned kernel weights.

We apply our methodology to kidney renal cell carcinoma(KIRC) data made available through the
Cancer Genome Atlas Project (TCGA) [3[]. We utilize patient somatic mutations, gene expression levels,
and protein expression datasets. We find four patient subgroups that are significantly different in their
survival times. Compared to the state-of-the-art multi-omics clustering methods, PAMOGK consistently
outperforms in terms of its ability to partition into groups with different prognosis. PAMOGK also al-
lows extracting the relative importance of pathways in the clustering process. PAMOGK is available at
github.com/tastanlab/pamogk.

2 Methods

Given a set of cancer patients, S, for which molecular profiles of the tumors are available, PAMOGK aims to
stratify them into k& subgroups through integrating pathways. Formally, we would like to find a partitioning
C such that: S is grouped into k& number of disjoint subsets C;’s where, S = UleCZ- and where C; N C; = 0.
In this section, we detail the steps of PAMOGK and data processing used in our experiment. Let M be the
number of pathways, D be the molecular alteration types (mutations, altered expression, etc.) available for
the patients and NV be the number of patients.
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2.1 PAMOGK Overview

PAMOGK involves three main steps (Figure[I). In the first step, each pathway is represented with an undi-
rected graph. Next, for a given molecular alteration type, i.e., somatic mutations, a patient’s molecular al-
terations are mapped on the pathway. These alterations constitute the patient-specific node labels of the
patient’s graph. This way, each patient is represented with a set of M x D graphs. To asses a pair of pa-
tients’ similarity under a view, in the second step, the novel graph kernel, SmSPK, is computed o quantify a
patient pair’s similarity over a pathway and a molecular alteration type. Each N x N kernel matrix consti-
tute a view to the patient similarities. In the final step, to stratify cancer patients into meaningful subgroups,
these multiple kernels are input to a multi-view kernel clustering algorithm. In the following sections, we
elaborate on each step of PAMOGK with more technical details.
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Fig. 1: PAMOGK framework. Each patient is represented with a set of undirected graphs, whose interactions are based on pathways
and node labels are molecular alterations of the genes for that patient. Each pathway-omic pair constitute a view, and for each of
these views, a patient-by-patient graph kernel matrix is computed. In the final step, these views are input to a multi-view kernel
clustering method to obtain patient clusters.(Note that pathway graphs are shown smaller than usual due to size constraints.)

2.2 Step 1: Patient graph representation

We first convert each pathway to an undirected graph where nodes are genes, and an edge exists if there is an
interaction between the two genes. For each pathway graph 7 and patient j, we define an undirected vertex
labeled graph Gl(-j) = (V;, E;, fgj)). Vi = {v1,v9,...,v,} is the ordered set of n genes in the pathway ¢
and F; C V; x V; is a set of undirected edges between the genes in this pathway. The label set El(j ) =
{l1,1a,...,1,} is in the same order of V; and represents the corresponding vertex’s label for patient j. For

a specific pathway, the pathway graph structure is the same for all patients and is defined by the set of
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interactions in the pathway while the vertex labels are different and are based on each patient’s individual
molecular alterations.

For a patient j, EZ(-j ) entries are assigned based on the patient’s molecular alteration profile. For example,
in the case of somatic mutations, if the corresponding gene k is mutated in patient j, label of value 1 is
assigned to this gene (node), and 0 otherwise. At the end of this step, we have N x M x D labeled pathway
graphs.

2.3 Step 2: Computing Multi-View Kernels with Graph Kernels

In this step, we would like to asses the similarities of the patients on a given pathway for a given molecular
data type. While typical kernels take vectors as input, a graph kernel function takes two graphs as input
and returns a real-valued number that quantifies the similarity of two input graphs: K : G x G — R [49].
Powerful graph kernels are presented in earlier work [43, 4, 33]]. However, these graph kernels are designed
to compare graphs with different graph structures and to identify similarities and differences that arise from
these different structures. In our case, though, we would like to compare graphs with identical topology but
different node label distribution. For this, we devise a new graph kernel.

Inspired from the shortest path graph kernel [4], SmSPK makes use of all shortest paths of the graphs
to characterize them. We also smooth the node labels of a patient in the pathway so that if two patients have
alterations in genes in close proximity, they contribute to the similarity even though the set of altered genes
are not identical. To propagate node labels along the pathway, we use the random walk with restart [8]]. For
a single graph indexed by g, the label propagation is performed by employing the following formula for all
patients: SUHD = aSWA, + (1 — a) S (1)

,where Sg(o) is a patient-by-gene matrix which represents the labels of the vertices in the graph g at time

t = 0 and each row (patient) is determined by €§j ) In this case, S;?;i

and ¢ is index of the vertex. Sg(t) is the node label matrix at time ¢. A, is the degree normalized adjacency
matrix of the pathway graph g. « € [0, 1] is the parameter that defines the degree of smoothing. We iterate
over propagation until convergence is attained. We assign the labels of the vertices of the graph based on the
final S. . .

Once we attain the label smoothed graphs of Gg) and ng ), we compute the similarities of these two
graphs to each other as follows:

= 1 where j is index of the patient

K(GP,G0) =>"sl).sf) 2)
p=1

Here, sl(f) is the vector that represents the labels of the vertices of the graph G4 on the shortest path p for
patient ¢ after smoothing, P is the number of shortest paths on the graph. The above function is a valid kernel
function, as the dot product is the linear kernel, and the kernel property is preserved under summation.

For a given molecular alteration type and a pathway, we compute the kernel over all pairs of patients. K
matrix is a symmetric [N X N matrix, for which the 7, j-th entry is the kernel function evaluated for patient
1 and patient j pair. By computing kernel matrices for each pathway and for each molecular alteration type,
we obtain M x D kernel matrices.

2.4 Step 3: Multi-View Kernel Clustering

Each of the kernel matrices computed in the previous section represents a view of the patients’ similarities.
To integrate these views, we resort to existing multi-view kernel clustering approaches. We experiment with
different approaches(See section[3.3); multiple kernel k-means with matrix-induced regularization (MKKM-
MR) [25] performs the best. Thus the final model of PAMOGK uses MKKM-MR; yet, this step can be
replaced by any multi-view clustering approach as long as the method accepts kernel matrices as input.

4


https://doi.org/10.1101/834168
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/834168. this version posted November 7, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. It is made available under a CC-BY-ND 4.0 International license.

In this section, for completeness, we provide a brief overview of the selected multi-view kernel clustering
methods with which we experimented.

Multiple Kernel K-Means with Matrix-Induced Regularization: MKKM-MR algorithm objective is to
minimize sum-of-squared loss over the cluster assignments. To reduce redundancy among kernel matrices
and enhance the diversity of the selected kernel matrices, MKKM-MR [25] uses the matrix-induced regu-
larization. The algorithm solves the following optimization problem:

A
min Tr(K, (I, — HH")) + Z4 M~y

HERnek yERT 2
3
st. H'H=1, 3)

AT, =1

Here, k is number of clusters, n denotes the number of samples, m is number of kernel matrices. H is
the relaxed clustering assignment matrix, v = [y1,72, - - - , Ym] are the weights of input kernel matrices. K

is the best kernel matrix, M is the matrix which measures the relation between kernel matrices. I, is the
z-by-z dimensional identity matrix, 1,, is m dimensional vector of ones. A is the parameter that adjusts the
trade-off between clustering cost and the regularization term.

Average Kernel K-Means (AKKM): Kernel k-means (KKM) [39]] is simple but a strong baseline. Since it
accepts single kernel matrix, we input the average of the kernel matrices. We will refer to this method as
average kernel k-means (AKKM).

Localized multiple kernel k-means (LMKMM): LMKMM is another powerful method that optimizes not
only the weight of the kernel matrices but also the weight of the samples[13]]. We reimplemented LMKKM
in Python, which is originally provided in Matlab and R.

2.5 Dataset and Data Preprocessing

Pathway data: As the pathway source, we use National Cancer Institute - Pathway Interaction Database
(NCI-PID) at NDEXBio [38ﬂ NCI-PID is a curated database with focus on processes that are relevant to
cancer research (download date: Apr 24, 2019). We filter out a pathway if it does not contain any overlapping
gene with the omic data genes, which leaves out 165 pathways.

Patient molecular and clinical data: he molecular and clinical data for KIRC is obtained from TCGA
PanCancer project [52]]. We retrieve the data directly from Synapseﬂ We only consider the primary solid
tumour samples and make use of three different molecular data types that can directly be mapped to path-
ways: somatic mutations, transcriptomics and proteomics data. The transcriptomic data include the RNAseq
gene expression levels, while protein expression is quantified through Reverse Phase Protein Array (RPPA).
The exact data files are listed in Supplementary We eliminate genes that are not expressed in more
than half of the samples. In processing the proteomics data, we only consider the unphoshorylated protein
expressions. We obtain the clinical data of cancer patients from TCGA at the Genomics Data Commons
(GDC) data portaﬂ For patients who have passed away, days to death is used for calculating survival time,
while for patients with censored information, the days to the last follow-up information is used. The final
patient set is formed with patient tumour samples where all three types of molecular data are present and
for which the survival information of the patient is available. This results in 361 patients; 236 of them are
right-censored, and 125 of them had passed away.

Assigning node labels based on molecular alterations: The gene and protein expression values are con-
verted to z-scores and for each with z-score greater than 1.96(which stands for 95% confidence), the gene(the

* https://ndexbio.org/#/networkset/8a2d7ee9- 1513-11e9-bb6a-0ac 135e8bacf
3 https://www.synapse.org/#!Synapse:syn300013
8 https://portal.gdc.cancer.gov
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protein) is considered overexpressed while the genes(the proteins) with z-score lower than -1.96 is consid-
ered underexpressed. Thus from the three different omic data sources, five different types of alterations are
defined: a somatic mutation in a gene, over and underexpression of a gene, over and underexpression of a
protein. In each case, the patient node label is assigned as a binary label based on the presence or absence
of the molecular alteration.

3 Results and Discussion

3.1 Experimental Set up

noindent We apply PAMOGK to discover different subgroups of KIRC patients. The dataset contains 361
patients whose molecular profiles come from three different data types: somatic mutation, gene expression,
and protein expression. We define five different molecular alteration types based on these three types of
omics data (see [Section [2.5). In each case, the graph node labels are binary labels based on the presence
of molecular alterations. We compute one kernel matrix for each pathway-molecular alteration type; this
results in 825 kernels (165 pathways x 5 molecular alterations), each one of which constitutes a distinct
view.

Throughout all experiments, we evaluate four different cluster numbers, k = 2, 3,4, 5. When computing
SmSPK, we try 12 different alpha « values (Supplementary [Table [2). We conduct experiments by using
different multi-view clustering methods. These include average kernel k-means(AKKM), LMKKM, and
MKKM-MR. If a pathway kernel includes a few or no altered genes, we eliminate it before inputting it
into multi-view kernel clustering methods to increase time efficiency. The criteria for this is to eliminate
those whose nonzero entries constitute 1% of all entries. The parameter A in MKKM-MR is chosen using
grid-search (Supplementary [Table[2).

We evaluate the clustering solutions through survival analysis in accordance with previous work [2, 22,
1,|12]]. We compare the survival distributions of the clusters using Kaplan-Meier (KM) survival curves [20]]
and log-rank test’s p-value [15]]. In the log-rank test, we test whether there is a statistical difference between
the survival times of the clusters. In comparing alternative methods, we use the p-value of this log-rank test
as the performance criteria.

3.2 Assessing the Need of a new Graph Kernel

Constructing kernels, which reflect the similarity of patients, is a crucial step of PAMOGK. First, we would
like to understand whether there is any merit in using SmSPK as opposed to deploying an already existing
and powerful graph kernel. The motivation behind proposing a new kernel is that the existing graph kernels
are designed to capture topological similarities. Since we compare the two patients on the same pathway, the
structure of graphs shall always be the same. On the other hand, the node label distribution is different as it is
patient specific. Thus, the existing graph kernels computed over the same pathway will consider patients as
overly similar and would not serve our purpose. To check if this intuition holds, we analyze the distribution
of the kernel values computed over all the pathways and the overexpressed molecular alteration type. Since
the overexpressed genes are the densest kernels, we choose this data type. We compare SmSPK with the
shortest path kernel [4], propagation kernel [33] and Weisfeiller Lehman subtree kernel [43]]. We use the
implementation provided by the Grakel library [44]. In order to make the comparison fair, we also apply

smoothing and choose the results with the best smoothing parameter assignment (Supplementary [Table[2)).
To analyze the distribution of kernel values assigned to patients by each of the different kernels, we bin

the kernel matrix entries into groups for each kernel and calculate the average of the bins across different
kernels (Figure[2a)). Next, for a kernel matrix computed over a pathway, we calculate the frequency of entries
of the kernel in a bin. We repeat this for all the kernels and calculate the average frequency for each bin.
[Figure [2a] shows, for each graph kernel, how the kernel values are distributed on average. All the kernels
other than SmSPK, assign patient similarities of 1 very frequently (the darkest bin). Five randomly chosen
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Fig. 2: a) The average frequency of patient similarities for different kernels over all pathways with the overexpression molecular
data. b) The log-rank test p-values obtained with different choices of multi-view clustering algorithms and kernels. Kernel construc-
tion methods consist of SmSPK(our method), shortest path graph kernel [4] and radial basis function (RBF) kernel. The clustering
methods include average kernel k-means (AKKM), localized multiple kernel k-means (LMKKM) [[13] , multiple kernel k-means
with matrix-induced regularization (MKKM-MR) [25]]. MKKM-MR and SmSPK combination corresponds to PAMOGK.

kernel matrices computed with each kernel are provided in Supplementary which clearly shows
how these kernel values are excessively 1. These results confirm our intuition that due to the identical graph
structures, the existing graph kernels are unable to distinguish patients with different molecular alterations
on the same pathway graph. Therefore, the use of a new graph kernel, SmSPK is justified.

3.3 Deciding on the Multi-view Kernel Clustering Algorithm to Use in PAMOGK

To determine the multi-view kernel clustering algorithm to be used in PAMOGK, we experiment with al-
ternatives. The multi-view kernel clustering methods we analyze include the MKKM-MR [25[], AKKM and
LMKKM []13]] (see Section @) For each method, we report the best clustering solution, which is deter-
mined based on the lowest p-value attained in the log-rank test on the survival distributions of clusters. In
each experiment, we allow the methods to choose from a set of predetermined values for each of the hyper-
parameters. These include £ for clustering, the smoothing parameter o for SmSPK, gamma(y) parameter
for RBF kernel, A for MKKM-MR.

We test these clustering methods coupling them with alternative kernels to ensure that the resulting
performances are not due to SmSPK. As the alternative graph kernel function, we use the shortest path
graph kernel, the closest alternative graph kernel. Since we establish that other graph kernels fail to capture
patient similarities in the previous experiments (see Section[3.2)), we do not include them in the experiments.
We also include the radial basis function (RBF) kernel to judge if there is any need at all for a graph kernel.
When RBF kernels are computed, they are directly evaluated on the omic data. Thus, they are computed
over all the genes regardless of their participation in a pathway. The gamma values of RBF is determined by
the median heuristic [41]] (Supplementary [Table[2)).

summarizes the results in these experiments for the best clustering solution, where k£ = 4.
(Other k values are provided in Supplementary [Figure [T). When comparing the three multi-view kernel
clustering methods, we observe that MKKM-MR produces the best results regardless of the kernel type
employed. LMKKM and AKKM yield similar results with the difference that LMKKM performs slightly
better when SmSPK is used, and AKKM performs better when the RBF kernel is employed. We also observe
that regardless of the clustering method, the shortest path graph kernel yields the poorest results. This can
be explained based on the previous remark that this graph kernel is formulated to distinguish graphs with
different topologies. Thirdly, although the use of RBF kernel generally yields good results, the integration of
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pathway information through SmSPK brings an improvement to the cluster separations in terms of survival.
Overall, PAMOGK that uses the SmSPK with MKKM-MR multi-view clustering outperforms all the other
combinations of clustering and kernel alternatives. Thus, we employ MKKM-MR in PAMOGK.

The best clustering solution by PAMOGK is obtained when & = 4, smoothing parameter, « is set to
0.3, and A for MKKM-MR is set to 8. The KM plot of the resulting clustering is provided in|[Figure[3a] The
survival distributions significantly differ (log-rank test, p-value=7.4e-10). We should note that the solution
with k& = 3 is also quite good, p-value=8.53e-10 (Supplementary [Figure 3b).
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Fig. 3: a) Kaplan-Meier survival curves of the best clustering solution for KIRC. The p-value was obtained from a log-rank test
between the groups b) Comparison of PAMOGK with the multi-omics clustering methods over 10 different trials. Each trial contains
a random subsample of KIRC patients. (Note that PINS method results are over 9 experiments since in one of trial, it did not return
aresult.)

3.4 Comparison with the State-of-the Art Multi-Omics Methods

Performance comparison: We compare PAMOGK with eight other multi-omics methods. These include k-
means [26], MCCA [54], LRACluster [55]], tMKL-LPP [45]], iClusterBayes [29]], PINS [34], SNF [51]], and
finally Spectral Clustering [58]]. These methods cover all methods that are included in a recent comparative
benchmark study by Rappoport et al. [36] with the exception of multiNMF [24], which we are not able to
run properly. In running these algorithms, we set the maximum number of clusters to five and choose the
other parameter configurations for each algorithm exactly as in the benchmark study [36].

To asses the performance of different methods, we repeatedly subsample the original patient set, and for
each subsample, run the algorithms to find the patient clusters. Each subsample contained 300 patients. Due
to prohibiting runtime of iClusterBayes, we were able to conduct this experiment 10 times. The distribution
of log-rank test p-values attained by each method is displayed in The comparison over ten runs
shows that PAMOGK is the best performer among the nine methods. Not only the median performance
is high, but even the 90-th percentile of the trials is superior to almost all methods. It also displays low
variance across different runs. For all methods, for all trials, the resulting clusters are balanced in terms of
the number of patients participating in the clusters except two trials of MCCA. Log-rank test is known to
result in unrealistically low p-values when one of cluster size is small [47]. In those two trials, MCCA’s
extremely low p-values are due to cluster sizes of 9 and 14.

Table 1: The runtime in seconds for clustering 361 KIRC patients with the three types of omic data.
Method PAMOGK LRACluster PINS SNF rMKL-LPP iClusterBayes Spectral K-means MCCA
Time 1,472 289 56 7 109 10, 898 3 47 6
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Runtime comparisons: We conduct a runtime comparison of the algorithms for clustering all the KIRC
patients using the three different data types. PAMOGK demands more time to run in comparison to the
other methods, with the exception of iClusterBayes. This is because it calculates many more views of the
data based on pathways. A second time limiting step is the weight optimization of the kernels in the MKKM-
MR algorithm. Despite these additional requirements, the runtime is within reasonable limits, and a typical
run takes less than 30 minutes without any parallelization. Replacing the multi-view clustering step with
a less demanding algorithm and parallelization could reduce the runtime. Experiments are conducted on
the following system configuration: CPU: Intel(R) Xeon(R) CPU E5-2640 v4 @ 2.40GHz CPU. Memory:
256Gb. Operating system: Ubuntu 16.04.4 LTS.

3.5 Detailed Analysis of KIRC Subgroups Discovered by PAMOGK

Table 2: Statistical analysis of other clinical variables.

Clinical Parameter Test p-value

Age One-way ANOVA  1.430e-01
Gender X2 2.510e-01
Stage X2 1.087e-09
Primary Tumor Pathologic Spread x2 3.801e-08
Distant Metastasis Pathologic Spread x2 3.163e-06
Neoplasm Histologic Grade X2 1.532e-09

KIRC Subgroups’ Associations with Other Clinical Parameters: We analyze the association of clinical
parameters of the discovered subgroups other than survival. The parameters include age, gender, tumor stage,
primary tumor pathological spread, distant metastasis pathological spread and neoplasm histological grade.
The association of categorical variables are determined using x? test while the continuous variables are
tested with one-way ANOVA. We find no statistical difference in terms of age (p-value = 0.143) and gender
(p-value = 0.251). All the other clinical parameters differ across groups at a statistically significant level (see
[Table[2). The distribution of these variables across groups are provided in Supplementary

The best prognosis group is cluster 1, and the worst prognosis group is cluster 4 (Figure[3a). There are
clear differences between these two groups in terms of these additional clinical parameters. More specifi-
cally, 53.8% of the patients in cluster 1 are in stage I, whereas 69.8% of the patients in Cluster 4 are either
in stage III or Stage IV (Supplementary [Table[5). Also, half of the patients in cluster 1 have primary tumor
T1, whereas 60.3% of the patients in cluster 2 have primary tumor T3 (see Supplementary [Table[6). While
only 7.69% of the patients of cluster 1 have distant metastasis, this ratio is 32.8% for cluster 4 patients (Sup-
plementary [Table[7). Finally, the fraction of cluster 1 patients with histologic grade G1 is 59.6%, and those
with G4 is 5.7%. For cluster 4, the percentage for G1 drops to 18% and G4 increases to 35.3% (Supple-
mentary [Table[8). For all prognostic tumor-related features, cluster 1 always has more patients with a lower
degree stage and grade, whereas cluster 4 always has more patients with a higher degree stage and grade.
Overall, this analysis provides additional evidence that PAMOGK partitions KIRC patients into clinically
meaningful subgroups.

Influential pathways and data types: By inspecting the assigned kernel weights, we can quantify the
relative importance to pathways and molecular data types. For KIRC (k = 4), the IL-6 mediated signaling
events pathway and gene overexpression kernel emerge as the most important pathway-molecular alteration
pair (see Supplementary [Figure ] for the top 10 pairs). By averaging the weights associated with each omic
data type, we find that the gene expression is the top important data type while protein expression data have
almost no effect on the clustering (Supplementary [Figure [3)). This could be arising from the fact that the
protein expression data covers only a small number of proteins.
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IL6-mediated signaling events |
Regulation of p38-alpha and p38-beta |GG
Hypoxic and oxygen homeostasis regulation of HIF-1-alpha | N R R
Presenilin action in Notch and Wnt signaling | N R
Signaling events mediated by Stem cell factor receptor (c-Kit) | N NN
Signaling events mediated by PTP1B | R N MM
Integrins in angiogenesis | NN
LPA receptor mediated events | N RN
Urokinase-type plasminogen activator (uPA) and uPAR- mediated signaling | N RN
E-cadherin signaling in keratinocyte |

0.00 0.05 0.10 0.15 0.20
Importance

Fig. 4: Top 10 pathways, which have the highest relative importance in clustering.

The top relevant pathway in clustering the patients into subgroups emerges as the IL6-Mediated sig-
naling events (Figure ). Interleukin-6 (IL6) is a cytokine that regulates transcriptional acute and chronic
inflammatory responses. [[19] reports that IL6 and its related signaling pathways are key factors of devel-
opment of KIRC and its spread. Others [32| [37, |11] also report the prognostic value of IL6 for KIRC.
The second most influential pathway is the regulation of p38-alpha and p38-beta pathway. p38 mitogen-
activated protein kinases (also known as MAPKSs) regulate critical processes such as cell proliferation, cell
differentiation, cell death, cell migration, and invasion [6]]. [18]] shows that the inactivation of this pathway
suppresses KIRC growth. Mutations in VHL and PTEN are reported as drivers of KIRC [3]]. VHL is part of
the Hypoxic and oxygen homeostasis regulation of HIF-1-alpha pathway and HIF-1 is part of the Signaling
events mediated by Stem cell factor receptor (c-Kit) pathway. Both of these pathways are among the top 5
influential pathways according to our analysis.

4 Conclusion and Future Work

We present PAMOGK for discovering subgroups of patients which not only operates by integrating different
omics data sets derived from patients but also incorporates existing knowledge on biological pathways. To
corroborate these data sources, we develop a novel graph kernel that evaluates patient similarities based on
their molecular alterations in the context of known pathways. We employ a multi-view kernel clustering
technique to leverage views constructed by different molecular alteration types and pathways. Our results
indicate that the suggested methodology, when applied to KIRC, results in patient clusters that differ signifi-
cantly in their survival distributions and other clinical parameters. The proposed methodology also provides
quantitative evidence for the decisive role of known driver pathways on the clustering process. We further
show that PAMOGK performs better compared to the state-of-the art multi-omics approaches.

One limitation of the current work is that we used the bulk expression results provided by the TCGA
project. However, it is known that there could be high level of intra-tumour heterogeneity [[10] and the bulk
tumour might include a diverse collection of cells harbouring distinct molecular signatures. A future work
would be to adapt PAMOGK framework to single cell measurements as they become available for large
cohorts of patients.

The work can be extended in other several directions. In this current work we use binary node labels to
indicate if the gene for that patient is perturbed. PAMOGK can be easily extended to accept continuous node
labels to incorporate the extent of the molecular alterations. The proposed kernel matrix characterizes the
similarities of patients based on the shortest path on the graphs. Other graph kernels can be devised to capture
patient similarities on the graphs using other topological features of the graphs. Furthermore, in the present
study, we ignore the direction information of the edges in the pathways. A kernel that explicitly accounts
for edge directions can be more devised. In lieu or addition to the pathways, protein-protein interaction
networks can be used to generate views, which will be explored in future work.
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