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Abstract: Due to the complex nature and highly heterogeneous of cancer, as well as different patho-
genesis and clinical features among different cancer subtypes, it was crucial to identify cancer subtypes
in cancer diagnosis, prognosis, and treatment. The rapid developments of high-throughput technolo-
gies have dramatically improved the efficiency of collecting data from various types of omics. Also,
integrating multi-omics data related to cancer occurrence and progression can lead to a better under-
standing of cancer pathogenesis, subtype prediction, and personalized treatment options. Therefore, we
proposed an efficient multi-omics bipartite graph subspace learning anchor-based clustering (MBSLC)
method to identify cancer subtypes. In contrast, the bipartite graph intended to learn cluster-friendly
representations. Experiments showed that the proposed MBSLC method can capture the latent spaces
of multi-omics data effectively and showed superiority over other state-of-the-art methods for cancer
subtype analysis. Moreover, the survival and clinical analyses further demonstrated the effectiveness of
MBSLC. The code and datasets of this paper can be found in https://github.com/Julius666/MBSLC.
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1. Introduction

Cancer is an extremely complex and highly heterogeneous disease. According to the World Health
Organization, one in six deaths worldwide is due to cancer [1]. As the molecular complexity of cancer
etiology is reflected at different levels with different pathogenesis and clinical features, morphologically
similar tumors can have different pathogenesis and belong to other subtypes, which are clusters of
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tumors with standard features among cancer types [2]. Prognostic responses and treatment outcomes
vary widely across cancer subtypes, and uncovering the underlying characteristics of cancer subtypes is
a long-standing and unresolved issue [3]. Determining cancer subtypes is, therefore, crucial for cancer
diagnosis, prognosis, and treatment.

Integrating multi-omics data related to cancer onset and progression can lead to a better understanding
of cancer pathogenesis, cancer subtypes, and personalized therapeutic regimens, so it is critical to
efficiently capture the interactions between different omics. The rapid developments of high-throughput
technologies have made it possible to collect data from various types of multi-omics [4]. The Cancer
Genome Atlas (TCGA) [5] is a landmark program in cancer genomics, which molecularly characterized
over 20,000 primary cancers and matched standard samples from over 30 cancer types. Also, the
International Cancer Genome Consortium (ICGC) [6] collects multilevel, multi-omics data on cancer
patients, allowing access to genome-wide data on the molecular processes of different samples. Different
high-throughput sequencing technologies can only focus on the specificity of a single genomic. At
the same time, multi-omics data provides a more comprehensive view of gene regulation than a single
data type [7]. Early studies of cancer subtype determination focused on single-omics data (e.g., gene
expression). However, integrating multi-omics data related to cancer occurrence and progression can
lead to a better understanding of cancer pathogenesis, cancer subtypes, and personalized therapeutic
regimens, none of which can be achieved by utilizing only single-omics data [8]. Most multi-omics
data samples in cancer multi-omics research are not labeled with specific cancer subtypes. Therefore,
unsupervised methods (e.g., clustering) are commonly used to be able to identify cancer subtypes [9-12].

Clustering is essential in exploring embedded patterns and structures in multidimensional datasets
[13-15]. Clustering multiple omics, datasets make it possible to obtain more accurate clusters to
identify cancer subtypes, which helps identify biomarkers, pathways, and therapeutic targets specific
to each subtype [16]. Meanwhile, researchers have been able to draw different conclusions and give
various interpretations of the criteria for defining subtypes by utilizing various methods to extract hidden
information from genomic. For example, previous studies have classified glioblastoma multiforme
(GBM) into two [17], three [18], and six [19] subtypes based on different criteria. As a result, the
definition of subtypes evolves as research progresses. Typically, researchers use dimensionality reduction
algorithms to solve high-dimensional problems in genomics and then use various clustering methods
to divide the data into groups. This is done to discover features inherent in the data and provide an
intuitive grouping that allows healthcare professionals to define subtypes more accurately [20]. Due to
the high-dimensional, sparse, and high-noise-rate nature of the multi-omics data, it is still challenging
for traditional methods to accurately identify cancer subtypes by capturing potential relationships
between multiple omics and accurately identify cancer subtypes. Therefore, how to effectively integrate
multi-omics data to identify cancer subtypes accurately is a critical point in current cancer research.
To deal with such challenges, we propose an efficient multi-omics bipartite graph subspace learning
anchor-based clustering (MBSLC) method with the innovations listed as follows:

1) In order to solve the problems of high computational complexity and unstable clustering results in
biological multi-omics clustering, we propose a novel and effective method called MBSLC, which
integrates anchor selection, cross-view methods, and spectral clustering into a unified framework.
Extensive experiments on real cancer datasets demonstrate the efficiency and accuracy of the proposed
model, which generally outperforms other existing methods.

Electronic Research Archive Volume 32, Issue 11, 6008—6031.



6010

2) Unlike generating anchor sets with traditional random selection and k-means, selecting higher-quality
anchors by a particular anchor selection strategy can mine the hidden structures underneath the
data further. As a result, the effective use of anchor graphs can significantly improve the clustering
efficiency.

3) An end-to-end model is proposed, which is more user-friendly as it does not require manual feature
extraction and step-by-step task execution.

2. Related work

In recent years, the research of multi-omics clustering has gained much attention, and various
algorithms and techniques have been developed for integrating and analyzing multi-omics data [10].
Regarding the main strategies for integrating multi-omics data, these approaches can be broadly
categorized into four types [11].

1) Graph-based methods: they use graphs or similarity matrices to describe sample relationships.

2) Dimensionality-based methods: the joint dimensionality reduction of dimensions between various
omics are conducted.

3) Statistic-based methods: they use a statistical model, such as the Bayesian model, to analyze
multi-omics data.

4) Neural network-based methods: deep neural network-based techniques and intense learning methods
are adopted for integrating multi-omics data.

Usually, each algorithm does not strictly belong to one category and may be designed simultaneously
considering two or more ideas. The most direct approach, such as the low-rank approximation based
multi-omics data clustering (LRAcluster) method [12], is a statistic approach that applies single-omics
clustering on a cascade matrix consisting of all the genomic matrices. However, this method may ignore
distributional differences across omics, which degrades clustering performance for cancer subtype
identification. To capitalize on the complementary nature of multi-omics data from patients, similarity
network fusion (SNF) [18] uses a graphical approach to construct a similarity network for each genomic
data individually and uses iterative message passing to update and fuse them into a unified network. In
the final similarity network, cancer subtypes are clustered using spectral clustering. The NEighborhood
based Multi-Omics clustering (NEMO) method [21] incorporates multi-omics data to calculate the
average similarity matrix for each genomic. However, in high-dimensional spaces where the samples are
more widely spaced, the Euclidean distance may have corrupted meaningful signals within the dataset.
DeFusion [22] employs a deep neural network approach to capture noise and data patterns at the error
boundary, which is used to reveal consistent latent representations between multi-genomic data. The
Multi-Omics Factor Analysis (MOFA) method [23] is used to obtain a joint latent variable model by
means of dimensionality reduction to infer interpretable low-dimensional data representations based on
neural networks, and these learned joint latent variables capture the main sources of variation in different
data patterns. The Deep Subspace Mutual Learning (DSML) method [24] uses a deep neural network to
learn the subspace structure of individual genomic data and the overall multi-genomic data. However,
employing a deep subspace clustering network for each omics could result in heavy computational
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burden. The multi-omics clustering method based on latent sub-space learning (MCLS) method [25] uses
the principal component analysis (PCA) method for feature extraction and singular value decomposition
(SVD) methods to construct latent subspaces by dimensionality reduction techniques and then performs
spectral clustering in the hidden subspace.

Multi-omics clustering can be regarded as a special kind of multi-view clustering problem, which
aims to automatically group data points with similar intrinsic properties into the same cluster [26],
which is similar to the clustering purpose. Spectral clustering (SC) is a well-known unsupervised
learning method for exploring the graphical structure of unlabeled data. It is widely used in multivariate
clustering [27-29] due to its precise mathematical formulation and ability to capture intricate structures
and relationships between almost any shape data points. The anchor graph-based approach is inspired
by SC. The difference is that SC constructs a complete sample graph between every two samples with
a scale of n X n (where n is the number of samples), while anchor graph-based methods generate an
anchor graph between the samples and their anchor points (where m is the number of anchor points)
with a scale of m. In general, m < n results in a significant reduction of the data scale and a substantial
increase in clustering efficiency.

Anchor-based strategy for generating bipartite graph integrated clustering has already been a colorful
approach in the multi-view field. However, the bipartite graph fusion clustering method has not yet to be
proposed for bio-multi-omics clustering. The well-researched anchor-based bipartite graph method in the
multi-view field has already proved its high efficiency and excellent accuracy. It is reasonable to believe
that this method can also be effective in the problem of cancer subtype prediction in bioinformatics, and
the experimental results also confirm our conjecture. To evaluate the predictive performance of MBSLC,
we compared its performance with 10 state-of-the-art multi-omics data clustering methods on seven
TCGA datasets. In addition, we performed a series of survival and clinical analyses to demonstrate the
effectiveness of MBSLC.

3. Materials and methods

Assume that X = [X, X,.....X,] is a multi-omics dataset where V is the number of omics. X, € R
denotes the v,, multi-omics dataset, where n is the number of samples and d, is the feature dimension.
Our algorithm consists of three main parts, i.e., cluster-specific subspace learning of samples and
anchors, latent representation extraction, and label prediction by spectral clustering. The algorithmic
framework is shown in Figure 1.

To start, the samples are concatenated to obtain the anchor points according to the discretization-based
edge anchors selection algorithm (DEA). The similarity matrix between anchors and samples is then
generated by cross-omics subspace learning between anchors and samples W € Rmxx(ntmxv) Thep,
the potential subspace of the sample is constructed by selecting the eigenvalues vector corresponding
to the smallest g eigenvalues from the learned cross-omics subspace among the anchor points and the
sample. Finally, the clustering labels of each sample are obtained by spectral clustering of the potential
subspaces, and the experimental results are analyzed.

3.1. Cross-omics of samples and anchors for latent subspace construction

Traditional multi-omics clustering methods usually perform the construction of potential subspaces
by constructing an n X n similarity matrix, given the entire dataset X = [X, X;....X,], assuming that a
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Figure 1. The overall workflow of the proposed method.

sample point can be written as a linear transformation or combination of mappings of all other sample
points as follows [30]:

X, =XZI +E, (3.1

where Z, € R™" is the self-representation matrix of the v, multi-omics, with the constraint z; = 0,
which forces each point not to be represented by itself. E, € R™" is the error term, which aims to
minimize the error and find a better self-representation matrix. The objective function can be formulated
as [31]:
. 2 2
min||X, — XZ) |7 + alZ|l7 (3.2)

where ||Z||1% is the regulation expression that restricts the model from performing normal solutions,
and a > 0 is a hyperparameter used to control the effect of the regularization expression. Under the
condition Z > 0,Z; = 1, the Z term (0 < z;; < 1) can represent the similarity between the i-th and the
J-th sample. Therefore, Z can also be considered a similarity graph.

In practice, the similarity graph is usually constructed using the K-Nearest Neighbor (KNN) [32]
graph, where a point represents a vertex on the affinity graph, and each edge denotes the affinity of a
pair of vertices. If at least one of the given measurements (usually Euclidean distances) is among the k
nearest neighbors of the other, x; and x; are connected, and the weights of the edges between x; and x;
are defined as:

llx) ==Vl

Wi‘; _ Jexp(—5z"),  if x; and x; are connected (3.3)

0, otherwise
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where o is the equilibrium parameter.

It is worth noting that we use the Gaussian kernel as an example, and other types of kernels are also
applicable in this paper. However, the high-dimensional nature of biological omics means constructing
an N = N similarity matrix usually requires an extensive time expenditure, and most clustering algorithms
are susceptible to noise when constructing the similarity graph and also face the problem of information
loss during the clustering process, which reduces the accuracy of the clustering results. On the one
hand, the similarity matrix can be constructed by anchors to reduce the number of similarity relations,
the dimension of which can be reduced from n to m (m is the number of anchors). On the other hand,
by selecting high-quality anchors it is possible to better cover the data categories and have better data
characterization ability to fully explore the potential hidden information of multi-homology, and to
eliminate the noise generated by different problems of noise generated by different omics to improve the
accuracy of clustering results. The objective function to learn the potential subspace can be represented
as follows [33]:

min [1X, - A Z]|l; + ellZ|; (3.4)

where A, represents the data of the v,, genomic that has gone through the anchor selection strategy,
while the similarity matrix consisting of anchors-samples is constructed as follows, and the similarity
map matrix of genomic X" is denoted as:

llx} —a¥|

WY = {exp( 57 )s if x; and a; are connected,
ij =
0,

3.5)
otherwise.

In order to achieve scalability in our approach and improve our algorithm’s performance, we include
potential features derived from cross-omics anchor graphs in our framework. Specifically, we construct
a similarity matrix for each genome {Z;},_, by performing bipartite graph learning on individual genome
data, where Z* € R™" denotes the similarity matrix between data points and anchor points in the genome
k:, where m denotes the number of anchor points. The anchor rate determines the number of anchor
points, such as m = n * rate, and we use a specific anchor point selection strategy to select more
representative sample points, which is more applicable to multiple biological genomics. Finally, the
similarity matrix of the anchor point map between different omics W € RO+ m=+vem) g presented as
follows [34]:

0 Z1 ... Z7
Z 0 - 0

w={. . . ) (3.6)
Z, 0 - 0

where v is the number of omics.

Next, the standard Laplace matrix for the cross-omics graph W is computed by L = I — ATWA 1,
which denotes a diagonal matrix, such that A;; = > ; w;;. Then, the potential subspace of the cross-omics
graph denoted by Z can be solved by the following problem:

min Tr(ZLZ") 3.7
Z
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7 € R7" is a low-dimensional matrix derived from the cross-omics matrices, which can be considered
a potential subspace for multi-omics data. The potential subspace Z consists of the eigenvectors
corresponding to the minimum eigenvalues of g, where g is the user-defined dimension. Once a potential
subspace is generated, we can perform a spectral clustering algorithm directly on Z to generate the final
labeling matrix.

3.2. Anchor selection strategy

To speed up graph-based clustering, anchor graphs that approximate complete sample graphs are
constructed to compress the data scale [35]. Selecting anchor points is crucial for high-quality anchor
graphs. Two common strategies for anchor point selection are random sampling and k-mean [36]
clustering. A random sampling technique randomly selects M data points as anchor points from all
samples. However simple and practical, the results of the selected anchor points are dependent, leading
to unstable and unsatisfactory clustering results. In contrast, k-means is often applied in practice because
it provides more significant anchor points than random sampling. The standard k-means, however,
suffers from the following drawbacks: it is not as efficient as it should be when dealing with large-scale
data, the performance of clustering is overly dependent on the initialization of the center of mass, and
k-means [36] is sensitive to the initial center of mass and must be run independently multiple times to
eliminate the randomness of the random sampling results [37]. This work uses an efficient DEA method
to select anchor points.

PCA [38] is a representative technique for the dimension reduction of data. It characterizes the
original data space and all clusters well by selecting the projected directions representing the most
significant variations in the projected dimensions. Inspired by this, we use PCA to explore the most
representative samples by considering the sample space and dimension space as dimension and sample
space, respectively. Therefore, a simple and efficient anchor selection scheme is proposed - i.e., standard
deviation-based edge anchor selection. It considers the features in the i, sample as the feature subspace
of the i, projection direction. Then, it selects representative sample points based on their standard
deviations in dimension space. It is a straightforward idea to select the first » sample points with the
most significant standard deviation. However, this approach does not ensure good coverage of the
entire data cluster and characterize the intrinsic structure of the data fundamentally, since samples with
relatively large standard deviations among the patient samples are likely to belong to the same clusters.

In this study, we connect all omics to get a large matrix X = [X;, X5....X,], where X; denotes the i,
genomic dataset. The essence of constructing the bipartite graph is to extract m(m < n) representative
data points, i.e., anchor points, from all sampling points. The standard deviation of the d functions for
the i,;, sample can be computed using the following:

0,' = Sld(x,') (38)

where S 7d(-) denotes the standard deviation of the computed samples. Also, after obtaining each 6; via

Eq (3.8), the standard deviation vector ® = [6;,6,.6,] € R" is generated. Thereafter, the sample point
with the highest standard deviation is selected as the initial anchor point by:

Index = arg max 6; 3.9

Since the same clusters of samples can have the same standard deviation, we iterate the set of

standard deviations for the following anchor selection from the samples in the last election to avoid
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double selection of samples between the same clusters; first we calculate the correlation of all samples
with the last selection of anchors, where the correlation of 6,4, with 6;, §; can be computed as:

1
B I+ ||91ndex - 91'”2

; (3.10)
where 6; = [01,05...0,] € R" is the vector of correlation coeflicients, and then we can compute the
standard deviation score for each sample processed with edge selection:

0;=0;x(1-9)) (3.11)

After the above processing step, we can ensure that each anchor point comes from each different
sample cluster as much as possible, and the resulting anchor set can cover the whole data category well
and characterize the data’s inherent structure. We select the most significant sample in 6; as an anchor
point and update it using Eq (3.11) until the selected anchor point reaches the specified m. Algorithm 1
presents the details of the DEA-based anchor point selection process.

Algorithm 1 Anchor selection method

Input: Dataset{X;}! , = {X',X?,...,X"}, X' € R%*" anchor selection number m.
Output: Anchor graph set{A', A2, ..., A", Al € R¥>™},
1: Connect all views togetherX € R +d™+-+d"xn,
2: Compute the variance ® = [6,, 6,, ..., 6,]of d-dimensional attributes for each sample by Eq (3.8)
3: Repeat
4: Select the maximum point in 6 as the anchor point and record its subscript .
5: Update 6 based on Egs (3.10) and (3.11)
6: Until select m anchors.
7: return Outputs

3.3. The proposed MBSLC

By incorporating cross-omics subspace learning and DEA anchor selection methods into a unified
framework, latent representations and clustering structures can be simultaneously optimized and mutu-
ally enhanced, resulting in high-quality clustering results. Also, in the ablation experiment section, we
can demonstrate that each module can improve the algorithm’s performance. The overall pseudo-code
of the algorithm is shown in Algorithm 2.

3.4. Complexity analysis

Time complexity: selecting anchor points requires calculating the standard deviation of different
sample points and the correlation between sample points, with a time complexity of O(n?). Similarity
graph construction is a necessary step in the graph-based multi-omics clustering algorithm. The
similarity graph fusion of this paper’s algorithm only needs to be calculated once, which has a greater
efficiency advantage compared with the algorithms that need to iteratively update the optimal similarity
graph as well as the deep neural network, and when constructing the similarity graph, it is necessary to
compute the similarity between the anchor points and the sample points, and the time complexity of
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Algorithm 2 MBSLC

Input: Dataset{X;}!_ , = {X', X?,..., X"}, X' € R%*" number of anchors m,subspace dimensions g.
Output: Clustering label Y.

. Select anchors {A;})_, € R by Algorithm 1.

Calculate the matrix of similar graphs W" for each view by Eq (3.5).

Construct bipartite graphs{B"}"_ € R">"*+v) by Eq (3.6).

Calculate subspace information Z € R by Eq (3.7).

Subspace clustering yields cluster labels.

return Outputs

AN A S > s

the similarity computation is O(mn/2). It is necessary to construct the corresponding similarity matrix
>V, WY for each genomic, so the time complexity is O(V x mn/2), and the first ¢ feature vectors are
then computed to obtain the potential subspace with a time complexity of O(g(n + m X v)?). Finally,
perform spectral clustering on the potential subspace with time complexity O(gn?). Therefore, the time
complexity of MBSLC is O(mn + v X mn + g(n +m x v)?), where m, v, ¢ < n, so the time complexity of
the algorithm can be expressed as O(n?).

Space complexity: the main space overhead of the algorithm is the relevance score graph ¢ for anchor
selection, the similarity graph W" for each genomic, the similarity graph W after concatenation, and
the potential subspace Z. Their space complexity is O(mn), O(vimn), O(n + m x v)?, O(qn), respectively.
Since m, v, ¢ < n, the space complexity of the algorithm can be expressed as O(n?).

4. Results

The proposed method, MBSLC, is compared with other integrative methods, tested on both artificial
and natural datasets. The experiments were performed on a computer with a 2.40 GHz Intel(R) Core
(TM) 17-13700U CPU and 16 GB of RAM.

4.1. Datasets

To validate the effectiveness of MBSLC, seven typical cancer datasets were selected for subsequent
analysis, including breast invasive carcinoma (BIC), colorectal adenocarcinoma (COAD), GBM, lung
squamous cell carcinoma (LSCC), renal clear cell carcinoma (KRCCC), bladder uroepithelial carcinoma
(BLCA), and low-grade glioma of the brain (LGG). The multi-omics data and patient clinical information
were downloaded from the National Cancer Institute (https://portal.gdc.cancer.gov/). Each cancer dataset
includes messenger RNA (mRNA) expression data, microRNA (miRNA) expression, DNA methylation
or protein expression, and clinical information for each patient. Details of the multi-omics datasets
used in this paper are described as mRNA expression, miRNA expression, DNA methylation or protein
expression, and the number of patients in each dataset. According to [25], we have performed mean
centering on each feature to ensure that the mean of each features is zero. The properties of these
datasets are provided in Table 1.
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Table 1. Properties of the multi-omics datasets.

Dataset ~ Sample Three omics (features)

BIC 621 Methylation (2000), mRNA (2000), miRNA (885)
COAD 220 Methylation (2000), mRNA (2000), miRNA (613)
GBM 274 Methylation (2000), mRNA (2000), miRNA (534)
KRCCC 184 Methylation (2000), mRNA (2000), miRNA (791)

LSCC 341 Methylation (2000) ,mRNA (2000), miRNA (881)
BLCA 338 Protein (49), mRNA (5133), miRNA (262)
LGG 425 Protein (45), mRNA (5133), miRNA (262)

4.2. Comparative algorithms

In this section, our MBSLC model is compared with 10 multi-omics clustering methods, including
SNF [18], LRAcluster [12], Spectrum [39], DeFusion [22], MOFA [23], NEMO [21], DSML [24],
MCLS [25], as well as consensus clustering (CC) and SNFE.CC [40]. Note that CC and SNFE.CC is the
cancer subtype realized by the R package [40]. For all comparative methods, we used their open-source
source code, and the parameters of each algorithm were set according to their original papers.

Table 2. Details of the clinical parameters used for the seven cancer datasets. v’ indicates
that the dataset has the clinical parameter, and X indicates that the dataset does not have the
clinical parameter.

Dataset  age at initial diagnosis gender pathologic T pathologic M pathologic N pathologic stage

BIC v v v v v v
COAD V/ v v v v v
GBM v Vv X X X X
KRCCC V/ v v Vv v v
LSCC v Vv X X X X
BLCA v v v v v v
LGG v v X X X X

We used two assessment methods to evaluate the performance of MBSLC. First, we used the log-rank
(log-rank) test to calculate the -log;o P value for the overall survival cycle analysis to compare whether
significant differences existed between the cancer subtypes identified by MBSLC. Second, to avoid bias
in the enrichment analysis, we selected the same set of clinical labels for all cancers. We also tested the
enrichment of these labels—i.e., age at initial diagnosis, gender, and four discrete clinicopathological
parameters: measurement of tumor progression (pathologic 7), lymph node cancer (pathologic N),
metastasis (pathologic M), and total progression (pathologic stage). Note that, pathologic T is a
manifestation of the primary tumor to assess the size of the tumor, depth of infiltration, and whether or
not it invades the surrounding tissues or organs. For pathologic N, the number and location of lymph
node involvement are critical for assessing the spread of cancer. Also, the greater the number of lymph
nodes involved, the more severe the disease usually is. For pathologic M, metastasis is the spread of
cancer cells to organs or tissues outside the primary site. M0 indicates no distant metastasis, and M1
indicates distant metastasis. In the clinical labeling enrichment analysis, we used the chi-square test
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for discrete clinical parameters and the Kruskal-Wallis test for numerical parameters. In addition, only
some of these six clinical indicators were complete in the dataset, and there were missing cases, as
shown in Table 2.

4.3. MBSLC performance on 7 cancer datasets

We have compared our method with 10 other comparative methods based on the -log;oP value of
the survival analysis, the number of enriched clinical parameters, and the average runtime of the runs
in the seven cancer datasets. In addition, we referred to previous articles on the setting of the number
of each cancer subtype and chose three cluster numbers: 4, 5, and 7. It is worth mentioning that the
number of cancer subtypes in the BIC dataset is usually considered to be definitive (BIC-sur: 5) [41].
Table 2 shows the comparison of clustering performance of empirical survival in terms of P-values on
7 cancer datasets. For better illustration, all values were negative log-transformed, and values greater
than or equal to 1.30 (= -log;o (0.05)) were considered statistically significant. As shown in Table 3, the
proposed MBSLC method obtains higher-quality clustering results for clinical parameter enrichment
analysis on six datasets (BIC, COAD, GBM, KRCCC, LGG, and LSCC).

Table 3. Comparison of clustering performance of survival P-values on 7 cancer datasets.

Dataset SNF CC SNFECC LRAcluster Spectrum Defusion MOFA NEMO DSML MCLS MBSLC

BIC 1.7 22 38 0.2 54 53 5.7 1.9 39 8.1 11.2
COAD 03 0.1 04 0.3 0.3 0.3 0.1 0.1 1.0 2.1 3.9
GBM 32 16 29 1.6 4.2 4.5 6.7 39 2.3 6.8 7.7
KRCCC 1.0 23 09 3.8 1.1 1.0 0.3 1.1 1.9 9.9 43
LSCC 13 08 1.8 1.1 24 1.7 1.9 1.2 1.9 32 7.3
BLCA 33 35 42 32 34 2.8 3.1 3.0 2.0 4.0 4.5
LGG 145 104 148 10.9 12.7 16.0 15.1 14.6 12.3 16.0 28.3
Mean 36 29 41 3.0 4.2 4.6 4.7 3.7 3.6 7.2 9.6

Table 4. The number of enriched clinical labels obtained by each method. The maximal
number of possible enriched clinical labels per dataset is displayed in parentheses.

Dataset SNF CC SNECC LRAcluster Spectrum Defusion MOFA NEMO DSML MCLS MBSLC

BIC(6) 2 2 2 3 4 3 3 2 3 4 4
COAD(6) 1 1 1 1 2 2 1 1 1 2 3
GBM(2) 1 1 1 1 1 1 2 1 2 2 2
KRCCC(6) 2 4 3 2 5 4 4 2 3 4 5
LSCC(2) 1 1 1 1 0 0 2 1 1 1 2
BLCA®6) 5 4 5 5 5 5 4 4 2 6 5
LGG(2) 1 1 2 1 1 1 1 2 2 2 2
Mean 1.9 20 21 2.0 2.6 23 24 1.9 2.0 3.0 3.2

Moreover, the number of enriched clinical labels obtained by each method is shown in Table 4. We
can see that our proposed method has higher mean survival analysis -log;oP values than the other 10
methods in the seven datasets, demonstrating that our method identifies more significant differences in
cancer subtypes. These results indicate that MBSLC outperforms ten comparative clustering methods.
This means that MBSLC effectively captures and integrates a significant portion of each multi-omics
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dataset. Although the -log;oP value of our method on the KRCCC dataset is lower than that of MCLS
in Table 3, our method enriches clinical parameters more than the MCLS method. As presented in
Table 4, our MBSLC method outperformed all other methods in terms of the number of enriched clinical
labels, since it achieves the highest mean number as 3.2. The average performance of the methods on
the 7 cancer datasets is shown in Figure 2. The X-axis shows the average number of enriched clinical
parameters in the clusters, and the dashed line shows the performance of the MBSLC. The Y-axis shows
the average difference in survival between the clusters significance (-log; log-rank test p-value). The
Figure 2 shows that MBSLC is superior to all other methods regarding the number of enriched clinical
labels.

In addition, Figure 3 illustrates the Kaplan-Meier overall survival curves for the MBSLC method
for identifying subtypes on the 7 cancer datasets to show the method’s effectiveness in distinguishing
survival rates for different subtypes. Different colored curves indicate different cancer subtypes. The
degree of separation between the curves indicates the significance of the difference in survival between
patients with different subtypes. The greater the degree of separation, the more significant the difference
in survival outcomes. Survival curves for cancer subtypes identified by MBSLC on the seven datasets
are well separated.

We have also compared the prognostic performance of our MBSLC method with other standard
methods using multi-omics data using latent subspace. As shown in Table 5, MBSLC has the highest
C-index [42] value with an average of 0.737. On average, MBSLC improves the Harrel C-index value
by 13% compared to other methods.
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Figure 2. Mean performance of the 11 methods on the seven cancer datasets.
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Figure 3. Kaplan-Meier overall survival curves for cancer subtypes identified by the MBSLC
method on seven cancer datasets.

Finally, the average running times of the ten methods on the seven datasets are summarized in Table 6.
It is clear that our MBSLC algorithm is the fastest on each dataset, while MCLS and Spectrum have the
second and third highest average runtimes, respectively.
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Table 5. Methods comparisons by Harrel C-index values achieved on 7 TCGA cancers.
Dataset MCLS LRAcluster DSML MBCLS

BIC 0.612  0.715 0.662 0.561
COAD 0.577 0.628 0.597  0.671
GBM 0.575 0.636 0.622  0.962
KRCCC 0.531 0.591 0.563  0.595
LSCC 0.649  0.735 0.644  0.883
BLCA 0.812 0.801 0.823 0.784
LGG 0.586  0.635 0.646  0.701
Average 0.620 0.677 0.651  0.737

Table 6. Average running time of each method on different datasets in seconds.
Dataset SNF CC SNECC LRAcluster Spectrum Defusion MOFA NEMO DSML MCLS MBSLC

BIC 42.0 122 11782  140.1 11.2 1140.8 46.2 19.0 21100 10.2 1.15
coAD 7.1 31 710 22.0 1.3 605.2 28.2 5.8 602.5 1.8 0.87
GBM 69 42 1241 45.2 23 838.8 32.1 6.1 8073 24 0.42
KRCCC 6.2 20 492 21.0 1.0 522.0 26.3 55 5952 1.2 0.50
LSCC 12.8 5.1 2123 46.1 2.7 616.2 342 10.7 9374 3.6 0.54
BLCA 11.1 32 2151 37.8 4.2 586.8 334 10.5 1007.2 2.9 0.95
LGG 159 6.1 404.0 88.3 6.2 735.6 38.2 13.2 13764 4.3 0.47

4.4. Validation of DEA

random kmeans DEA
Figure 4. Anchor selection results of different algorithms on two moon datasets and multi-
clustered datasets.

In order to examine the impact of the different anchor selection algorithms on the clustering results,
we selected two standard anchor selection algorithms to compare with the one proposed in this paper
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(i.e., the algorithm 1), which include the random sampling strategy and the K-means. We run the three
anchor selection algorithms on a multi-clustered and bimonthly dataset to investigate the differences
between these two anchor selection algorithms and the proposed algorithm.
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Figure 5. Anchor selection results of different algorithms on unbalance two moon datasets
and unbalance multi-clustered datasets.
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Figure 6. Time required to select anchors using three anchor selection algorithms on different
datasets.

Figure 4 illustrates comparing the visualization results of different anchor selection methods on two
toy datasets. Meanwhile, Figure 5 shows the visualization results on the two unbalanced toy datasets,
where a different color represents each cluster. One hundred anchors were selected for each method on
the unbalanced toys dataset (see red circles). Compared to the results of anchor selection with random
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sampling and K-Means, we can see that the proposed DEA can select appropriate anchor points on the
toy dataset, covering the edge part of each cluster. This makes the distance between different clusters
more substantial. Also, the DEA method can select a more appropriate number of anchor points and
does not ignore the overall characteristics of a cluster due to the small number of samples in that cluster.
The K-means method also performs well in some cases. However, the Euclidean distance between all
samples and anchor features must be calculated several times to obtain stable results. As shown in
Figure 6, this anchor selection scheme will be very time-consuming when the dimensionality of the
input data is high. In addition, we also compare the clustering performance of the proposed method
under different anchor selection schemes on all datasets. The clustering results are shown in Figure 7. It
can be seen that the clustering results of the DEA scheme consistently outperform the random selection
and K-means anchor selection strategies. These results validate that DEA provides more favorable
and effective anchor selection results for the sample imbalance problem that may occur in multi-omics
clustering.
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Figure 7. Clustering performance of the proposed method on seven cancer datasets with

different anchor selection methods. (a) Cancer subtypes representing the predicted samples in

the overall survival analysis with -log;oP value. (b) Number of clinical enrichment parameters

for cancer subtypes representing the predicted samples.

T
BIC COAD GBM KRCCC LSCC BLCA LGG

In order to further illustrate the effectiveness of the DEA anchor selection method for multi-omics
data, we also show the results of anchor selection and the generated potential subspaces on the multi-
omics dataset, as shown in Figure 8. The visualization of the two-dimensional space is performed
using the t-Stochastic Neighbor Embedding (t-SNE) [43] method to downscale the original data into
the potential subspaces, and different colors represent different clusters. The clustering effect of
differentiation is visible in the potential subspace, which shows that the DEA algorithm selects high-
quality anchors to generate higher-quality latent subspaces. Because of the excellent separation of these
clusters, the Figure 8 explains how potential features learned from such high-quality anchors are robust
to the downstream clustering algorithms, resulting in highly similar subtypes.
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Figure 8. The results of the anchor selection were achieved using the DEA algorithm on BIC
and LSCC, as well as a visualization of the clustering effect plot of the generated potential
subspace.

4.5. Case studies of identified subtypes on the KRCCC

As shown in Tables 3 and 4, MBSLC performed excellently on the KRCCC dataset, detecting more
enriched clinical parameter counts than all methods. In addition, as shown in Figure 3, the Kaplan-Meier
survival curves for different subtypes are separated, indicating that MBSLC can distinguish the survival
results of patients with different subtypes. To further clarify the biological significance of MBSLC, we
analyzed the five cancer subtypes identified by MBSLC on the KRCCC dataset. First, we screened for
genes with significant differences in mRNA expression between cancer subtypes using a t-test (P-adjust
< 0.05, FoldChange = 1).

Figure 9 shows a volcano plot of Differential Expression Genes (DEGs) among different subtypes,
where the red dots, blue dots, and gray dots indicate up-regulated genes, down-regulated genes, and
non-significantly differentially expressed genes, respectively. A total of 1173 DEGs were characterized,
including DEGs widely reported to be associated with cancer, such as Mitogen-Activated Protein Kinase
Kinase Kinase 1 (MAP3K1). MAP3K1 is a type of protein kinase that modulates the activity of Jun
kinase [44], Erk MAP kinase, and the p38 signaling pathway, which is implicated in controlling cell
proliferation and death. A somatic mutation of MAP3K1 has been identified in breast cancer, mainly
in ER+ cases, the majority of which are protein-truncated. MAP3K1 phrases and activates proteins
encoded by MAP2K4, a known recessive oncogene with significant inactivating mutations in breast and
other cancers. MAP3K1 is a protein kinase that regulates Jun kinase and p38 signaling pathways that
control cell proliferation and death [45]. Meanwhile, to get the differences of DEGs among different
subtypes further, we plotted the heatmap of mRNA distribution of different subtypes in Figure 10. It
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can be seen that there are intergroup variations in the mRNA expression of the differentially expressed
genes in different cancer subtypes, which further proves that the cancer subtypes identified by MBSLC
have good interpretability and biological significance.
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Figure 9. A plot of DEG volcanoes was obtained by screening them in clusters of different
isoforms. Red, blue, and gray dots indicate up-regulated, down-regulated, and non-significant

DEGs.
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Figure 10. Heatmap of mRNAs significantly differentially expressed on KRCCC identified by
MBSLC. Rows and columns represent differentially expressed genes and patients, respectively.
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subtype 4 and subtype 5.
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In order to reveal the molecular pathways and biological functions of these genes and provide a better
understanding of their biological significance, we analyzed the identified DEGs by Gene Ontology
and Kyoto Encyclopedia of Genes and Genomes (GO/KEGG) enrichment using the HiPlot online tool
(https://hiplot.com.cn). Enrichment results for the top 7 pathways with the highest enrichment counts
were displayed using a bubble plot, as shown in Figure 11. The X-axis represents the gene proportion,
i.e., the proportion of differentially expressed proteins annotated by the pathway in the species, and the
Y-axis represents the pathway name. In the bubble plot, the size and color of the bubbles represent the
number of enriched genes and the P-value level, respectively. In Figure 11, the highly enriched GO
pathways—biological process (BP), molecular function (MF) and cellular component (CC), regulate
cell-cell adhesion, channel activity, and the apical part of the cell, respectively.
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Figure 11. The top 7 enriched pathways of GO(BP, MF, CC)/KEGG signaling pathway.

4.6. Ablation experiment

We estimated the impact of adding and combining different modules on our approach. We also
developed three other versions. Some details of each version are outlined below:

1) MBSLC-NA (NA indicates no anchor): There is no module in this method. Specifically, no anchor
selection is used, and the entire sample is used to construct the similarity graph; in other words, we
can be seen as setting the anchor rate r to 1 in this method.

2) MBSLC-K: Anchor points are generated using the traditional K-means clustering method, where the
center of mass of each cluster is used as each anchor point and the anchor point rate r is used as a
parameter of the algorithm.

3) MBSLC: Both modules are added to the MBSLC-NA method as the overall MBCSLC method.

Figure 12(a) indicates the comparison of clustering performance in terms of -log;oP value, by
combining three different methods with SNF-i.e., MBSLC-NA, MBSLC-K, and MBSLC. Also, SNF is
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used as a baseline method. The X-axis represents different cancer datasets, and the Y-axis represents
different cancer datasets with survival analysis -log,oP values of the corresponding methods. The results
of Figure 12(a) indicate that the performance of MBSLC continues to improve with the addition of
different modules compared to the baseline method (SNF [18]). Methods that added all two modules
outperformed other methods that lacked some modules.

In addition, more detailed information like significant clinical parameters, is shown in Figure 12(b).
SNF is still used as a baseline method, and the highest standard is the MBSLC performance. The X-axis
denotes different cancer datasets, and the Y-axis denotes different cancer datasets with the corresponding
method clinical enrichment parameters.

6 SNF
- SNF
30 - MBSLC-NA MBng-NA
MBSLC-K - MBSLC-K B -
- MBSLC MBSLC

-log10 of logrank p-values
Number of enriched clinical parameters
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Figure 12. The clustering performance comparison of three different MBSLC versions (i.e.,
MBSLC, MBSLC-K, MBSLC-NA) and SNF in terms of (a) -logoP values, and (b) the
number of enriched clinical parameters.

5. Conclusions

In this study, a novel multi-omics bipartite graph clustering algorithm MBSLC, has been proposed to
address the cancer subtype prediction problem. The MBSLC algorithm integrates the bipartite graph,
latent subspace extraction, and spectral clustering techniques into a unified framework, which can
improve both the effectiveness and efficiency of multi-omics clustering. To be specific, it first selects
the anchor points that are representative of the original dataset based on the standard deviation in the
tandem omics. Anchor points and raw data similarity map metric operations are then used to obtain
overall bipartite maps. These bipartite maps were fused after feature vector extraction to form the
latent subspace, thereafter spectral clustering is applied to the potential subspace. The anchor selection
algorithm and potential subspace extraction reduce the algorithm’s complexity. The experimental results
show that MBSLC can outperform the state-of-the-art multi-omics clustering methods. Moreover, it
reduces the time complexity without degrading the clustering performance.
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In the future, we will attempt to improve the performance of our framework from two perspectives:
(1) more effective anchor extraction methods can be investigated to enhance the quality of the anchors,
and hence, to produce better clustering results; (2) recently, a few of the standard multi-omics fusion
methods assign weights to each cluster according to the importance of the group, which is explainable
in mathematical theory. However, the actual situation of real multi-omics data in applications should be
more complicated. Therefore, we can explore alternative methods to obtain new multi-omics fusion
strategies that reflect real scenarios better.
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