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1 Method Overview

The method proposed [8] aims to integrate gene expression data and protein-protein inter-
action data to identify dysregulated modules given in a sample set using a novel approach.
We hypothesize that complex machinery in the cell and dysregulation of the crucial mech-
anisms leading to diseases such as cancer are regulated by relatively small core modules in
contrast to pathways consisting of 50 - 200 genes. The approach is to mine a large network
of protein-protein interactions weighted by gene expression profiles to identify network mod-
ules of size 4 to 8. Identified modules are then quantified for dysregulation and samples are
clustered using Non-negative matrix factorization (NMF) to reveal distinct groups. In this
study we focused on identifying subtypes of Glioblastoma Multiforme (GBM) and Breast
Cancer (BRCA).

ESi,j =
√
G2

i +G2
j (1)

DSd =
1

n

n∑
e=1

ESe (2)

1.1 Dysregulated Signaling Pathways

Dysregulated Signaling Pathways are labeled graphs (Section 2.2) where vertices represent
proteins and edges represent dysregulated activation/inhibition interactions. They are con-
structed from mRNA expression data (Section 3) and known PPI data [6, 20].
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Dysregulation is computed by constructing a matrix P, where Pi,a is the standard score
of expression level of gene a for patient i. Then an interaction matrix S constructed from
P in Equation 3. In Equation 3 (ab) represents two genes a and b such that the protein
encoded by a interacts with the protein encoded by b. The variable i represents a particular
patient.

S(ab),i =
√

P2
i,a + P2

i,b (3)

To determine if the relationship between two genes a and b is dysregulated for patient i
the z-score for each interaction is computed. In the equation below, µ(S(ab),·) and σ(S(ab),·)
respectively refer to the mean and standard deviation of the dysregulation scores for genes
a and b.

Z(S)(ab),i =
S(ab),i − µ(S(ab),·)

σ(S(ab),·)
(4)

If Z(S)(ab),i > c then an edge a → b is included in the graph for patient i indicating a and
b are dysregulated. In Section 3 the constant c, the z-score threshold, was set to 2 to mine
for top %2.5 dysregulation.

1.2 Frequent Subgraph Mining

The Frequent Subgraph Mining problem was originally posed in the year 2000 by Inokuchi
et al. [14] as an extension of frequent subset mining. Generally, algorithms works on graphs
with labels on both vertices and edges. Algorithms proceed by enumerating subgraphs
and counting the number appearances of each subgraph in the database by using subgraph
isomorphism tests or embedding lists and graph isomorphism tests.

AGM [14], gSpan [27], MoFa [2], FFSM [12], and GASTON [21] demonstrate a variety of
strategies for enumerating frequent subgraphs. SPIN [13] is an example of algorithm which
finds just the maximal (that is largest) frequent subgraphs. For many real world datasets,
enumerating all or even the just the maximal frequent subgraphs may be impractical.

All algorithms, whether explicitly or not, operate on a search space defined by the con-
nected subgraph lattice of the graph database. This lattice is also known as the partial order
graph of the connected subgraphs of the graph database. All of the connected subgraphs of
the graph at the bottom are arranged as a lattice. The vertices of the lattice are subgraphs
and the edges represent adding to the subgraph at the tail of the edge to obtain the subgraph
at the head. Since the vertex at the tail of an edge is a subgraph of the vertex at the head
the lattice represents a partial order on the subgraph relationship.

Unfortunately, even finding just the maximal frequent subgraphs often finds many more
subgraphs than are useful. This is do to large amounts of overlap between many of the
maximal frequent subgraphs. For instance, it is not uncommon for to maximal frequent
subgraphs to differ in only one or two edges. Which if both are included causes the subgraph
to no longer be frequent but if just one (or the other) is included the subgraph is frequent.
Furthermore, finding every maximal frequent subgraph is an expensive operation even with
the best algorithms as the problem is inherently exponential in nature.
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1 # param s ta r t : frequent s ing l e vertex subgraphs
2 # param score : a function to score queue items
3 # param max size : the max s i z e of the queue
4 # param min sup : int , amount of support
5 # returns : a generator of frequent subgraphs
6 def qsplor ( start , score , min sup ) :
7 while not start . empty ( ) :
8 queue = [ start . pop() ]
9 while not queue . empty()

10 latt ice node = take (queue , score )
11 kids = latt ice node . extend(min sup)
12 for ext in kids : add(queue , score , ext , max size )
13 yie ld subgraph
14 def add(queue , score , item , max size ) :
15 queue . append( item)
16 while len (queue) >= max size :
17 i = argmin( score ( idx , queue) for idx in sample (10 , len (queue )) )
18 queue . drop( i )
19 def take (queue , score ) :
20 i = argmax( score ( idx , queue) for idx in sample (10 , len (queue )) )
21 return queue . take ( i )

Figure S1: QSPLOR: a new algorithm for mining a subset of frequent subgraphs.

1.3 QSPLOR: Mining a Subset of Frequent Subgraphs

Figure S1 shows pseudo code for QSPLOR a new algorithm to mine a subset of frequent
subgraphs. It proceeds as a graph traversal of k-LD (the k frequent connected subgraph
lattice of the graph database). It begins the traversal at each lattice node representing a
frequent subgraph containing only one vertex. At each outer step it initializes a queue with
one of the starting lattice nodes. Then in each inner step it removes an item of the queue.
The take function removes one item from a uniform sample of the queue such that a user
supplied scoring function is maximized.

On line 11, the lattice node is extended. This involves finding all possible one edge
extensions to the subgraph represented by the lattice node. The ones that are frequent
are returned by the extend method. After the extensions are found they are added to the
queue with the add method. If the queue is at the maximal size after the addition, one item
from the queue is dropped. The dropped item is from a uniform sample of the queue and
minimizes the user supplied score function. After all extensions have been processed the
subgraph is output with the yield statement.

The key to our algorithm is the user supplied scoring function which guides the traversal.
The simplest scoring function simply returns a uniform random number. This will cause
the traversal to be unguided. Complex scoring functions can prioritize certain labels or
structures. The best general scoring functions are those that prioritize queue diversity such
that traversal is encouraged to explore as much of the lattice as possible.

One such function which encourages queue diversity is based on a graph walk kernel.
Let the graphs be represented as an adjacency matrix E with the labels of the vertices
represented by a labeling matrix L (constructed from the set of labels L labeling function
l). Equation 5 defines a distance function between two graphs which incorporates both
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structural differences and labeling differences.

walkd(a, b) =

∥∥∥∥∥∥
L ·

|Ea|∑
i=1

Ei
a · LT

−
L ·

|Eb|∑
i=1

Ei
b · LT

∥∥∥∥∥∥
2

(5)

A scoring function can then be easily constructed from such a distance function by having
the function maximum be the graph which is most distant from all other graphs in the queue.
This ensures that when a graph must be skipped by the add function, it is the graph that is
most similar to the graphs in the queue. Conversely, when an item is taken from the queue
for processing it is the graph which is most dissimilar from all other graphs in the queue.

To find a precise computational bound of QSPLOR is complex as it involves characterizing
the behavior of the queue with respect to a particular scoring function. That behavior is
in part driven by underlying structure of the frequent connected subgraph lattice. There
are two special cases which are easy to analyze: when the queue has a max size of 1 and
when the queue is unbounded. For a queue size of 1, the number of steps is bounded from

above by O(g
h+1−1
g−1 ) where g is the size of the graph and h is the size of the subgraph. For

queue of unbounded size the complexity is the same as complete frequent subgraph mining:
O(2ggh). Finding a closed expression for other queue sizes is difficult but it is guaranteed to
fall between these two bounds.

1.4 Non-Negative Matrix Factorization

Clustering via Non-Negative Matrix Factorization (NMF) is used to partition patients into
subgroups. Section 3 shows that the partitions are prognostically discriminative between
the patient subgroups. NMF method was first proposed by Lee and Seung [16] with the
aim of decomposing images into explanatory basis vectors. NMF has also been used on gene
expression data [3].

To apply NMF, first the frequent sub-pathways identified by QSPLOR in Section 1.3 are
quantified by the amount of dysregulation in each patient. A score for each frequent sub-
pathways H = (VH , EH) and each patient x is calculated and stored in matrix V by Equation
6. Rows of matrix V correspond to the frequent sub-pathways and columns correspond to
patients. The matrix S in Equation 6 is constructed in Equation 3.

VH,x =
1

|EH |
∑

(a,b)∈EH

S(ab),x (6)

The matrix V is then input to NMF for clustering. NMF decomposes V into 2 com-
ponents with non-negative entries, V ≈ W × H. W is called the basis matrix and H is
the coefficient matrix, Rows of matrix W (size F × n) correspond to frequent sub-graphs
and columns correspond to basis vectors. Entries of matrix Hi,j (size n × P ) represent the
coefficient of basis vector i for patient j. Given the factorization, samples are clustered into
n groups based on the coefficients. NMF requires number of groups n to be predetermined.
We utilized both consensus clustering and other metrics for selecting the optimal number of
clusters.

Multiple refinements have been made to NMF [3, 17, 15, 22]. To achieve more localized
and compact clusters, we utilized nsNMF [22] which uses a non-smoothness constraint [9].
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1.5 Consensus Clustering

The NMF method does not converge to same clustering with each run hence consensus
clustering is applied with 150 runs and random seeding. For NMF method we have used Non-
Smooth NMF which is best suited for more localized pattern identification [22]. Consensus
clustering combines multiple runs with consensus matrix C. Consensus matrix incorporates
the number of co-occurence of two samples. Normalized consensus matrix is then used as a
distance matrix by 1 - C for hierarchical clustering to determine group membership.

1.6 Pathway & Transcription Factor Enrichment

In order to determine biological impact of the findings, we have conducted pathway en-
richment analysis based on Reactome pathways using available online tool on Reactome
website. Transcription factor enrichment is provided on EnrichR website [5]. We utilized
transcription factors as terms and proteins interacting as variable sets hence allowing to
assess transcriptional dysregulation in the data.

1.7 Coverage

In order to determine a reasonable threshold for FSM method we have calculated coverage
for each dataset. Coverage is the total sample count achievable given the z-score threshold.
More specifically given the threshold for edge scores, how many patients are represented
overall. The aim is to both maximize sample count and threshold for relevant stratification.
We have applied a thresold of 2 standard deviations since increasing the threshold further
would decrease the required information in the dataset meaning that the threshold would be
too strict.

1.8 Transcription Factor PPI

We compared the proteins from identified dysregulated sub-pathways against a transcription
factor library using the online tool EnrichR [5]. The library contains transcription factors
as terms and related genes as sets.

1.8.1 Enrichment in Glioblastoma multiforme

Enrichment for transcription factors using genes from the short survivor group in [25]
found 52 genes that are significantly overrepresented in interacting proteins including; Tp53,
Foxm1, Rad21, Bmi1, Myc. These proteins play crucial roles in cancer and GBM progres-
sion. Literature suggests FOXM1 as a potential drug target for glioma patients [18]. MYC
and BMI1 are proto-onco genes which sustain stem cell renewal in GBM patients by re-
pressing tumor suppressor pathways [1, 24, 4]. CCNE1 and CCND1 cyclin proteins are also
overrepresented and are associated with poor survival [26].

Eight proteins in the long survivor group in the Verhaak et al. data are significant; Stat3,
Stat5A, Stat5B, Dlx4, Stat1, Smad4, Ctnnb1, Klf5. The Stat proteins are important elements
of signal transduction processes and are crucial elements for GBM proliferation. Inhibition
of Stat3 is suggested to positively correlate with inhibition of cell proliferation in GBM stem
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cells [23]. Furthermore Stat3 inhibition is also associated with decrease in Temozolomide
resistance suggesting possible markers for future therapies. Also Smad4, another important
signal transduction element, with reduced expression is suggested to correlate with survival
of GBM patients [11].

1.8.2 Enrichment in Breast Cancer

Running enrichment tests for breast cancer data for microarray and RNA-Seq data revealed
Ilf3, Ilf2, Nacc1, Hdac2, Smarcc1, Ccnd1, Brca1 in short survivor group. In contrast long
survivor groups were enriched in Stat1, Stat3, Stat5a, Bcl3, Ctnnb1, Notch1, Htt, Myb.
Transcription factors have shown to be crucial for development and progression of cancer
hence comparison of TFs in short and long survivors might reveal functional and possible
therapeutic applications.

1.9 Rank Survey

Rank survey is used to determine the number of clusters based on the ‘quality’ of the consen-
sus clustering. Multiple metrics are used to assess the quality of the clustering; Cophenetic
correlation coefficient, residuals, explained variance, average silhouette, sparseness and dis-
persion. Additionally visual inspection is conducted on the consensus matrices. Cophenetic
correlation coefficient is measures as the correlation between the distance matrix and the
resulting clustering given the distance matrix. Sparseness is the average scores of the ba-
sis matrices, silhouette scores are average number of patients in the clustered groups. To
summarize we require the metrics to be above the randomized results. For the given plots,
dashed lines represent randomized results obtained by randomizing the features of the orig-
inal matrix.

1.10 Survival

We have utilized log-Rank test for estimating significance of survival curves. Additionally
since the dataset contained death events below 30 we have removed those data points instead
of imputation. The reason for removing the points is to reduce noise incorporated by events
that do not represent survival profile related to disease at hand. Figure S4 shows the survival
curves of patients stratified according to intrinsic subtypes defined previously.

2 Validation

We compared our method against 2 recently published work integrating PPI and pathway
information: Pathifier and NCIS. Pathifier quantifies dysregulation of a given pathway based
on gene expression data and principal curve analysis [7]. To separate the samples, hierarchical
clustering with average linkage is applied. NCIS [19] integrates gene expression and network
data with the clustering process to identify clinically significant groupings of samples and
genes. Prior to clustering genes are weighted according to their ‘importance’ in the network
and weighted co-clustering algorithm based on semi-nonnegative matrix tri-factorization de-
veloped by the same authors is used. The algorithm groups both genes and samples. Group
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numbers are selected based on multiple runs of the algorithm with different parameters and
results of the consensus matrices are evaluated based on cophenetic correlation coefficient.

2.1 Pathifier

Pathifier identified pathways related to survival in a GBM microarray dataset from TCGA [7].
Pathifier’s survival analysis is supervised in comparison to our unsupervised approach. In
the analysis, the groups are manually selected based on observations of a scoring matrix
constructed from large pathways. This leads to failure to stratify patients that are dysreg-
ulated with different machinery in the same pathway. We used the Pathifier package from
Bioconductor [10] on the TCGA GBM dataset with the KEGG pathways. The package
requires normal samples 5 of which were downloaded from TCGA using the Cancer Genome
Browser.

Pathifier identified 6 groups with significant differences in survival (Figure S14a). The
number of samples in each group does not suggest biologically relevant clustering (n = 6, and
the larger clusters are not significant in terms of survival). The separation distances between
groups are not robust, as shown in the heatmap in Figure S14b. Cophenetic correlation coef-
ficient quantifies clustering robustness and defined as the correlation between dissimilarities
of each pair and the corresponding cophenetic distances. A coefficient of 0.61 of the Pathi-
fier method does not suggest a robust clustering. Finally, Pathifier suggests which pathways
contain dysregulation but makes it difficult to pinpoint the dysregulated interactions due to
the large number of interactions in the pathways used in the scoring matrix.

2.2 NCIS

NCIS [19] identified 4 previously established subtypes in the GBM microarray dataset in
conjunction with a curated PPI network. The network was constructed by the authors
from Reactome, NCI-Nature Curated PID, and KEGG. It consists of 11,648 genes, 211,794
interactions matching 7,183 genes in the GBM dataset. The identified subtypes are similar
to established subtypes and have significant differences in survival. However, it is not clear
how the patients are clustered since previously identified subtypes do not provide overall
significant survival difference.

We compared our method to the NCIS results and found 5 clusters (based on the clus-
tering metrics) which show separation of survival curves (Figure S15a). We were also able to
cluster previously proposed mesenchymal and proneural subtypes with further stratification
of mesenchymal group (Figure S15b). Based on the survival analysis, proneural clustered
groups show the longest survival curves in agreement with previous findings (Figure S15a).

The longest survivor group was highly enriched in axon guidance, collagen degradation,
and extracellular matrix organization similar to our previous analysis. The long survivors
were also enriched in VEGA-VEGFR2 pathways which was found to be highly associated
with cancer. The short survivor group 2 was enriched in RNA Polymerase processes including
transcription-coupled NER process (Nucleotide Excision Repair) and mRNA splicing. As
previously identified, GPVI-mediated activation cascade, RHO-GTPase, and immune system
processes are also enriched.
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Our method performed better than the NCIS algorithm in terms of significance of sur-
vival stratification and relevance of the identified genes and pathways which can be used as
precursor targets for future therapeutic studies.

2.3 Cross-Platform

We have applied the digraphs mined using breast cancer microarray data to rna-seq data to
assess whether the method is eligible for cross platform application. The identified subgraphs
were informative such that 5 clusters are identified with significance p − value < 0.05.
However subgraphs identified with rna-seq data did not provide informative clustering in
microarray data. This might be due to the heterogeneous structure of the data since no
filtering were applied to TCGA rna-seq dataset.

2.4 Multiple Runs

To further assess the power of frequent subgraph mining we have evaluated the mined net-
works separately using bootstrap approach. Multiple sets of runs were combined using
hierarchical clustering on consensus matrix. We were able to obtain silhouette value of 0.72
which suggest occurrence of a strong pattern.(Figure S17)
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Figure S2: Coverage plot for GBM and BRCA datasets. GBM-1 data is from Verhaak study
and GBM-2 data is from NCIS study. Y axis represents percentage of samples and x-axis
represents z-scores. Z-Score 2.5 is the point where decrease in sample coverage begins for
GBM datasets. For BRCA z-scores 3 and 4 are decreasing points however since we do not
want to apply a strict threshold, 2 standard deviation is chosen as threshold for all datasets
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(a) (b) (c)

(d) (e) (f)

(g)

Figure S3: Transcription factor protein - protein interaction network enrichment. (a,b)
represents breast cancer microarray data short and long survivor groups respectively. (c,d)
represents breast cancer RNA-Seq data short and long survivor groups respectively. (e)
represents glioblastoma multiforme short survivor group. Figures (f,g) represents short and
long survivors using subgraphs obtained from breast cancer microarray data
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Figure S4: Kaplan-Meier curves for breast cancer and glioblastoma multiforme data com-
paring previously identified subtypes (intrinsic).
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p−value < 2.43E−02
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Steroid biosynthesis − Homo sapiens (human)
Sulfur relay system − Homo sapiens (human)
Non−homologous end−joining − Homo sapiens (human)
Pancreatic cancer − Homo sapiens (human)
Non−small cell lung cancer − Homo sapiens (human)
Glioma − Homo sapiens (human)
Melanoma − Homo sapiens (human)
p53 signaling pathway − Homo sapiens (human)
Chronic myeloid leukemia − Homo sapiens (human)
DNA replication − Homo sapiens (human)
Mismatch repair − Homo sapiens (human)
Homologous recombination − Homo sapiens (human)
Fanconi anemia pathway − Homo sapiens (human)
Cell cycle − Homo sapiens (human)
Oocyte meiosis − Homo sapiens (human)
Progesterone−mediated oocyte maturation − Homo sapiens (human)
FoxO signaling pathway − Homo sapiens (human)
Base excision repair − Homo sapiens (human)
Nucleotide excision repair − Homo sapiens (human)
Signaling pathways regulating pluripotency of stem cells − Homo sapiens (human)
Collecting duct acid secretion − Homo sapiens (human)
Dorso−ventral axis formation − Homo sapiens (human)
Notch signaling pathway − Homo sapiens (human)
Prostate cancer − Homo sapiens (human)
Mineral absorption − Homo sapiens (human)
Cyanoamino acid metabolism − Homo sapiens (human)
Pyruvate metabolism − Homo sapiens (human)
Arginine and proline metabolism − Homo sapiens (human)
Serotonergic synapse − Homo sapiens (human)
Cocaine addiction − Homo sapiens (human)
Amphetamine addiction − Homo sapiens (human)
Glyoxylate and dicarboxylate metabolism − Homo sapiens (human)
Pentose phosphate pathway − Homo sapiens (human)
Ascorbate and aldarate metabolism − Homo sapiens (human)
Nicotinate and nicotinamide metabolism − Homo sapiens (human)
Steroid hormone biosynthesis − Homo sapiens (human)
Type II diabetes mellitus − Homo sapiens (human)
Biosynthesis of unsaturated fatty acids − Homo sapiens (human)
PPAR signaling pathway − Homo sapiens (human)
Adipocytokine signaling pathway − Homo sapiens (human)
Olfactory transduction − Homo sapiens (human)
Renin secretion − Homo sapiens (human)
Endocrine and other factor−regulated calcium reabsorption − Homo sapiens (human)
Inositol phosphate metabolism − Homo sapiens (human)
Mucin type O−Glycan biosynthesis − Homo sapiens (human)
Calcium signaling pathway − Homo sapiens (human)
Glycosaminoglycan biosynthesis − heparan sulfate / heparin − Homo sapiens (human)
Phototransduction − Homo sapiens (human)
Valine, leucine and isoleucine biosynthesis − Homo sapiens (human)
Pantothenate and CoA biosynthesis − Homo sapiens (human)
Thiamine metabolism − Homo sapiens (human)
Phenylalanine, tyrosine and tryptophan biosynthesis − Homo sapiens (human)
Taste transduction − Homo sapiens (human)
Aldosterone−regulated sodium reabsorption − Homo sapiens (human)
D−Glutamine and D−glutamate metabolism − Homo sapiens (human)
Hedgehog signaling pathway − Homo sapiens (human)
Basal cell carcinoma − Homo sapiens (human)
beta−Alanine metabolism − Homo sapiens (human)
Metabolism of xenobiotics by cytochrome P450 − Homo sapiens (human)
Maturity onset diabetes of the young − Homo sapiens (human)
Bladder cancer − Homo sapiens (human)
MicroRNAs in cancer − Homo sapiens (human)
Estrogen signaling pathway − Homo sapiens (human)
Hepatitis B − Homo sapiens (human)
Nitrogen metabolism − Homo sapiens (human)
Vitamin B6 metabolism − Homo sapiens (human)
Glycerophospholipid metabolism − Homo sapiens (human)
Pancreatic secretion − Homo sapiens (human)
Arachidonic acid metabolism − Homo sapiens (human)
Fat digestion and absorption − Homo sapiens (human)
Ether lipid metabolism − Homo sapiens (human)
Linoleic acid metabolism − Homo sapiens (human)
alpha−Linolenic acid metabolism − Homo sapiens (human)
Ras signaling pathway − Homo sapiens (human)
Vascular smooth muscle contraction − Homo sapiens (human)
Retinol metabolism − Homo sapiens (human)
Tryptophan metabolism − Homo sapiens (human)
Selenocompound metabolism − Homo sapiens (human)
Glucagon signaling pathway − Homo sapiens (human)
Glycine, serine and threonine metabolism − Homo sapiens (human)
Lysine degradation − Homo sapiens (human)
Peroxisome − Homo sapiens (human)
Vitamin digestion and absorption − Homo sapiens (human)
Primary bile acid biosynthesis − Homo sapiens (human)
Ubiquinone and other terpenoid−quinone biosynthesis − Homo sapiens (human)
Histidine metabolism − Homo sapiens (human)
Tyrosine metabolism − Homo sapiens (human)
Phenylalanine metabolism − Homo sapiens (human)
Drug metabolism − cytochrome P450 − Homo sapiens (human)
Chemical carcinogenesis − Homo sapiens (human)
Small cell lung cancer − Homo sapiens (human)
ABC transporters − Homo sapiens (human)
AGE−RAGE signaling pathway in diabetic complications − Homo sapiens (human)
TGF−beta signaling pathway − Homo sapiens (human)
N−Glycan biosynthesis − Homo sapiens (human)
Regulation of lipolysis in adipocytes − Homo sapiens (human)
Synaptic vesicle cycle − Homo sapiens (human)
Prion diseases − Homo sapiens (human)
Thyroid hormone synthesis − Homo sapiens (human)
Nicotine addiction − Homo sapiens (human)
Long−term potentiation − Homo sapiens (human)
Salivary secretion − Homo sapiens (human)
cAMP signaling pathway − Homo sapiens (human)
Retrograde endocannabinoid signaling − Homo sapiens (human)
Morphine addiction − Homo sapiens (human)
GABAergic synapse − Homo sapiens (human)
Circadian entrainment − Homo sapiens (human)
Glutamatergic synapse − Homo sapiens (human)
Adrenergic signaling in cardiomyocytes − Homo sapiens (human)
Insulin secretion − Homo sapiens (human)
ErbB signaling pathway − Homo sapiens (human)
Neuroactive ligand−receptor interaction − Homo sapiens (human)
Gap junction − Homo sapiens (human)
Long−term depression − Homo sapiens (human)
Axon guidance − Homo sapiens (human)
Endometrial cancer − Homo sapiens (human)
Melanogenesis − Homo sapiens (human)
MAPK signaling pathway − Homo sapiens (human)
Hippo signaling pathway − Homo sapiens (human)
Cholinergic synapse − Homo sapiens (human)
Oxytocin signaling pathway − Homo sapiens (human)
Tight junction − Homo sapiens (human)
Dopaminergic synapse − Homo sapiens (human)
Glycosphingolipid biosynthesis − lacto and neolacto series − Homo sapiens (human)
Cardiac muscle contraction − Homo sapiens (human)
Dilated cardiomyopathy − Homo sapiens (human)
Hypertrophic cardiomyopathy (HCM) − Homo sapiens (human)
Arrhythmogenic right ventricular cardiomyopathy (ARVC) − Homo sapiens (human)
Other types of O−glycan biosynthesis − Homo sapiens (human)
Gastric acid secretion − Homo sapiens (human)
Proximal tubule bicarbonate reclamation − Homo sapiens (human)
Bile secretion − Homo sapiens (human)
Amyotrophic lateral sclerosis (ALS) − Homo sapiens (human)
Colorectal cancer − Homo sapiens (human)
Neurotrophin signaling pathway − Homo sapiens (human)
mRNA surveillance pathway − Homo sapiens (human)
Arginine biosynthesis − Homo sapiens (human)
Alanine, aspartate and glutamate metabolism − Homo sapiens (human)
Acute myeloid leukemia − Homo sapiens (human)
Prolactin signaling pathway − Homo sapiens (human)
Toll−like receptor signaling pathway − Homo sapiens (human)
RIG−I−like receptor signaling pathway − Homo sapiens (human)
Thyroid cancer − Homo sapiens (human)
Central carbon metabolism in cancer − Homo sapiens (human)
Drug metabolism − other enzymes − Homo sapiens (human)
Epithelial cell signaling in Helicobacter pylori infection − Homo sapiens (human)
Renin−angiotensin system − Homo sapiens (human)
Amino sugar and nucleotide sugar metabolism − Homo sapiens (human)
Complement and coagulation cascades − Homo sapiens (human)
Glycolysis / Gluconeogenesis − Homo sapiens (human)
Butirosin and neomycin biosynthesis − Homo sapiens (human)
Galactose metabolism − Homo sapiens (human)
Starch and sucrose metabolism − Homo sapiens (human)
Fructose and mannose metabolism − Homo sapiens (human)
Carbohydrate digestion and absorption − Homo sapiens (human)
Rap1 signaling pathway − Homo sapiens (human)
Regulation of actin cytoskeleton − Homo sapiens (human)
Pathogenic Escherichia coli infection − Homo sapiens (human)
Glycosphingolipid biosynthesis − globo series − Homo sapiens (human)
Platelet activation − Homo sapiens (human)
Type I diabetes mellitus − Homo sapiens (human)
Graft−versus−host disease − Homo sapiens (human)
Allograft rejection − Homo sapiens (human)
Viral myocarditis − Homo sapiens (human)
Rheumatoid arthritis − Homo sapiens (human)
Systemic lupus erythematosus − Homo sapiens (human)
Inflammatory bowel disease (IBD) − Homo sapiens (human)
Intestinal immune network for IgA production − Homo sapiens (human)
Asthma − Homo sapiens (human)
Antigen processing and presentation − Homo sapiens (human)
Autoimmune thyroid disease − Homo sapiens (human)
Toxoplasmosis − Homo sapiens (human)
Influenza A − Homo sapiens (human)
Chemokine signaling pathway − Homo sapiens (human)
T cell receptor signaling pathway − Homo sapiens (human)
Primary immunodeficiency − Homo sapiens (human)
African trypanosomiasis − Homo sapiens (human)
Malaria − Homo sapiens (human)
Salmonella infection − Homo sapiens (human)
VEGF signaling pathway − Homo sapiens (human)
Cell adhesion molecules (CAMs) − Homo sapiens (human)
Chagas disease (American trypanosomiasis) − Homo sapiens (human)
Phospholipase D signaling pathway − Homo sapiens (human)
Osteoclast differentiation − Homo sapiens (human)
Phagosome − Homo sapiens (human)
Tuberculosis − Homo sapiens (human)
Leishmaniasis − Homo sapiens (human)
Staphylococcus aureus infection − Homo sapiens (human)
Hematopoietic cell lineage − Homo sapiens (human)
Cytokine−cytokine receptor interaction − Homo sapiens (human)
Jak−STAT signaling pathway − Homo sapiens (human)
NOD−like receptor signaling pathway − Homo sapiens (human)
Pertussis − Homo sapiens (human)
Legionellosis − Homo sapiens (human)
NF−kappa B signaling pathway − Homo sapiens (human)
Natural killer cell mediated cytotoxicity − Homo sapiens (human)
Fc epsilon RI signaling pathway − Homo sapiens (human)
B cell receptor signaling pathway − Homo sapiens (human)
Fc gamma R−mediated phagocytosis − Homo sapiens (human)
HIF−1 signaling pathway − Homo sapiens (human)
Leukocyte transendothelial migration − Homo sapiens (human)
Shigellosis − Homo sapiens (human)
Lysosome − Homo sapiens (human)
Apoptosis − Homo sapiens (human)
Measles − Homo sapiens (human)
HTLV−I infection − Homo sapiens (human)
Glycosaminoglycan biosynthesis − chondroitin sulfate / dermatan sulfate − Homo sapiens (human)
Amoebiasis − Homo sapiens (human)
TNF signaling pathway − Homo sapiens (human)
PI3K−Akt signaling pathway − Homo sapiens (human)
Pathways in cancer − Homo sapiens (human)
Transcriptional misregulation in cancer − Homo sapiens (human)
Focal adhesion − Homo sapiens (human)
ECM−receptor interaction − Homo sapiens (human)
Protein digestion and absorption − Homo sapiens (human)
Proteoglycans in cancer − Homo sapiens (human)
Wnt signaling pathway − Homo sapiens (human)
Glycosaminoglycan degradation − Homo sapiens (human)
Bacterial invasion of epithelial cells − Homo sapiens (human)
Endocytosis − Homo sapiens (human)
Hepatitis C − Homo sapiens (human)
Sphingolipid metabolism − Homo sapiens (human)
Other glycan degradation − Homo sapiens (human)
Glycosphingolipid biosynthesis − ganglio series − Homo sapiens (human)
Glycosaminoglycan biosynthesis − keratan sulfate − Homo sapiens (human)
Adherens junction − Homo sapiens (human)
Phosphatidylinositol signaling system − Homo sapiens (human)
Sphingolipid signaling pathway − Homo sapiens (human)
Inflammatory mediator regulation of TRP channels − Homo sapiens (human)
Biotin metabolism − Homo sapiens (human)
Terpenoid backbone biosynthesis − Homo sapiens (human)
Aminoacyl−tRNA biosynthesis − Homo sapiens (human)
Lipoic acid metabolism − Homo sapiens (human)
Protein processing in endoplasmic reticulum − Homo sapiens (human)
Protein export − Homo sapiens (human)
Vibrio cholerae infection − Homo sapiens (human)
Valine, leucine and isoleucine degradation − Homo sapiens (human)
cGMP−PKG signaling pathway − Homo sapiens (human)
Aldosterone synthesis and secretion − Homo sapiens (human)
GnRH signaling pathway − Homo sapiens (human)
Purine metabolism − Homo sapiens (human)
Pyrimidine metabolism − Homo sapiens (human)
Ubiquitin mediated proteolysis − Homo sapiens (human)
Glycerolipid metabolism − Homo sapiens (human)
One carbon pool by folate − Homo sapiens (human)
Regulation of autophagy − Homo sapiens (human)
Ovarian steroidogenesis − Homo sapiens (human)
Pentose and glucuronate interconversions − Homo sapiens (human)
Fatty acid degradation − Homo sapiens (human)
Riboflavin metabolism − Homo sapiens (human)
Porphyrin and chlorophyll metabolism − Homo sapiens (human)
Renal cell carcinoma − Homo sapiens (human)
Viral carcinogenesis − Homo sapiens (human)
Cytosolic DNA−sensing pathway − Homo sapiens (human)
Herpes simplex infection − Homo sapiens (human)
Epstein−Barr virus infection − Homo sapiens (human)
Thyroid hormone signaling pathway − Homo sapiens (human)
Longevity regulating pathway − multiple species − Homo sapiens (human)
Sulfur metabolism − Homo sapiens (human)
SNARE interactions in vesicular transport − Homo sapiens (human)
AMPK signaling pathway − Homo sapiens (human)
Longevity regulating pathway − mammal − Homo sapiens (human)
Glycosylphosphatidylinositol(GPI)−anchor biosynthesis − Homo sapiens (human)
Cysteine and methionine metabolism − Homo sapiens (human)
Insulin signaling pathway − Homo sapiens (human)
Choline metabolism in cancer − Homo sapiens (human)
Folate biosynthesis − Homo sapiens (human)
Fatty acid biosynthesis − Homo sapiens (human)
Circadian rhythm − Homo sapiens (human)
Ribosome biogenesis in eukaryotes − Homo sapiens (human)
Spliceosome − Homo sapiens (human)
Basal transcription factors − Homo sapiens (human)
Ribosome − Homo sapiens (human)
RNA transport − Homo sapiens (human)
RNA degradation − Homo sapiens (human)
Proteasome − Homo sapiens (human)
RNA polymerase − Homo sapiens (human)
Non−alcoholic fatty liver disease (NAFLD) − Homo sapiens (human)
Oxidative phosphorylation − Homo sapiens (human)
Parkinson's disease − Homo sapiens (human)
Alzheimer's disease − Homo sapiens (human)
Huntington's disease − Homo sapiens (human)
mTOR signaling pathway − Homo sapiens (human)
Vasopressin−regulated water reabsorption − Homo sapiens (human)
Alcoholism − Homo sapiens (human)
Citrate cycle (TCA cycle) − Homo sapiens (human)
Propanoate metabolism − Homo sapiens (human)
Insulin resistance − Homo sapiens (human)
Glutathione metabolism − Homo sapiens (human)
Butanoate metabolism − Homo sapiens (human)
Synthesis and degradation of ketone bodies − Homo sapiens (human)
Fatty acid elongation − Homo sapiens (human)
Taurine and hypotaurine metabolism − Homo sapiens (human) Intrinsic
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Figure S14: (a) Kaplan-Meier curves and (b) heatmap of GBM data from TCGA using
Pathifier algorithm [7]. Survival curves are significantly different (Log-rank p − value <
2.43E − 02). However note that there are 6 biologically irrelevant groups. Figure b shows
the heatmap of pathway dysregulation scores (PDS) obtained by the Pathifier algorithm.
Rows correspond to Kegg pathways, columns correspond to samples. Top bar shows in-
trinsic subtypes defined previously. Row annotation shows classes for each KEGG pathway.
Furthermore, cophenetic correlation coefficient is 0.61 suggesting non-robust clustering based
on the PDS.
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Figure S15: (a) Kaplan-Meier and (b) consensus clustering for GBM data used in NCIS
study. Figure a shows highly significant separation of novel groups (p − value < 8E − 03).
Figure b shows the clustering of patients with top bar representing intrinsic subtypes. Note
that the data used in the NCIS study is from Verhaak et al. [25], i.e. same samples with
different pre-processing and PPI network integration.
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Figure S16: Kaplan-Meier and consensus cluster results for breast cancer rna-seq data using
subgraphs obtained from microarray data. The significant survival stratification suggests
the functional importance of the networks identified in microarray data.
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Silhouette width si
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Silhouette Plot (GBM−MA)

Average silhouette width :  0.72

n = 197 4  clusters  Cj

j :  nj | avei∈Cj  si

1 :   54  |  0.78

2 :   78  |  0.72

3 :   21  |  0.45

4 :   44  |  0.76

Figure S17: Sihouette plot of GBM microarray data obtained from bootstrap runs. Using
different sets of mined subgraphs we show that the clustering of patients is stable which also
supports the functional relevance of the dysregulated networks.
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Figure S18: Gene Counts obtained from sampling varying set sizes from multiple qsplor runs.
The plot provides a threshold for minimum required runs to obtain maximum informative
sets. Y-axis represents the count of unique genes. X-axis represents the set size.
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Ferreira, and Gilbert Bernier. Bmi1 sustains human glioblastoma multiforme stem cell
renewal. The Journal of Neuroscience, 29(28):8884–8896, 2009.

[2] C Borgelt and M R Berthold. Mining molecular fragments: finding relevant substruc-
tures of molecules. In Data Mining, 2002. ICDM 2003. Proceedings. 2002 IEEE Inter-
national Conference on, pages 51–58, 2002.

[3] Jean-Philippe Brunet, Pablo Tamayo, Todd R Golub, and Jill P Mesirov. Metagenes
and molecular pattern discovery using matrix factorization. Proceedings of the national
academy of sciences, 101(12):4164–4169, 2004.

[4] Tonia Cenci, Maurizio Martini, Nicola Montano, Quintino G D’Alessandris, Maria Laura
Falchetti, Daniela Annibali, Mauro Savino, Federico Bianchi, Francesco Pierconti, Ser-
gio Nasi, et al. Prognostic relevance of c-myc and bmi1 expression in patients with
glioblastoma. American journal of clinical pathology, 138(3):390–396, 2012.

[5] Edward Y Chen, Christopher M Tan, Yan Kou, Qiaonan Duan, Zichen Wang,
Gabriela V Meirelles, Neil R Clark, and Avi Ma’ayan. Enrichr: interactive and col-
laborative html5 gene list enrichment analysis tool. BMC bioinformatics, 14(1):128,
2013.

[6] David Croft, Antonio Fabregat Mundo, Robin Haw, Marija Milacic, Joel Weiser, Guan-
ming Wu, Michael Caudy, Phani Garapati, Marc Gillespie, Maulik R Kamdar, et al. The
reactome pathway knowledgebase. Nucleic acids research, 42(D1):D472–D477, 2014.

[7] Yotam Drier, Michal Sheffer, and Eytan Domany. Pathway-based personalized analysis
of cancer. Proceedings of the National Academy of Sciences, 110(16):6388–6393, 2013.

[8] Arda Durmaz, Tim A.D. Henderson, Douglas Brubaker, and Gurkan Bebek. Frequent
subgraph mining of personalized signaling pathway networks groups patients with fre-
quently dysregulated disease pathways and predicts prognosis. Pac Symp Biocomput,
2017 (in press).

[9] Renaud Gaujoux and Cathal Seoighe. A flexible r package for nonnegative matrix
factorization. BMC bioinformatics, 11(1):1, 2010.

[10] Robert C Gentleman et al. Bioconductor: open software development for computational
biology and bioinformatics. Genome biology, 5(10):R80, 2004.

[11] Shi-ming He, Zhen-wei Zhao, Yuan Wang, Ji-pei Zhao, Liang Wang, Fang Hou, and
Guo-dong Gao. Reduced expression of smad4 in gliomas correlates with progression
and survival of patients. Journal of Experimental & Clinical Cancer Research, 30(1):1,
2011.

48



[12] Jun Huan, Wei Wang, and Jan Prins. Efficient Mining of Frequent Subgraphs in the
Presence of Isomorphism. In Proceedings of the Third IEEE International Conference on
Data Mining, ICDM ’03, pages 549—-, Washington, DC, USA, 2003. IEEE Computer
Society.

[13] Jun Huan, Wei Wang, Jan Prins, and Jiong Yang. SPIN: Mining Maximal Frequent
Subgraphs from Graph Databases. In Proceedings of the 2004 ACM SIGKDD interna-
tional conference on Knowledge discovery and data mining - KDD ’04, number 1, page
581, New York, New York, USA, 2004. ACM Press.

[14] Akihiro Inokuchi, Takashi Washio, and Hiroshi Motoda. An Apriori-Based Algorithm
for Mining Frequent Substructures from Graph Data. In Djamel A. Zighed, Jan Ko-
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