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Abstract

Due to the high heterogeneity and complexity of cancers, patients with different cancer subtypes often have distinct groups of genomic
and clinical characteristics. Therefore, the discovery and identification of cancer subtypes are crucial to cancer diagnosis, prognosis
and treatment. Recent technological advances have accelerated the increasing availability of multi-omics data for cancer subtyping.
To take advantage of the complementary information from multi-omics data, it is necessary to develop computational models that
can represent and integrate different layers of data into a single framework. Here, we propose a decoupled contrastive clustering
method (Subtype-DCC) based on multi-omics data integration for clustering to identify cancer subtypes. The idea of contrastive learning
is introduced into deep clustering based on deep neural networks to learn clustering-friendly representations. Experimental results
demonstrate the superior performance of the proposed Subtype-DCC model in identifying cancer subtypes over the currently available
state-of-the-art clustering methods. The strength of Subtype-DCC is also supported by the survival and clinical analysis.
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Introduction

Cancer is a disease with complex origins and accounts for one
in six global deaths, according to the World Health Organization
[1]. Gene alterations, epigenetic changes, the cellular biological
context and patient-specific characteristics may all determine
cancer formation and proliferation [2]. Since cancer is a hetero-
geneous disease with diverse pathogeneses and clinical features,
morphologically similar tumors can have distinct pathogeneses
belonging to various subtypes, which refer to the clusters of
tumors that have shared characteristics within a cancer type
[3]. The prognostic response and treatment outcome of different
cancer subtypes vary considerably, so determining the cancer
subtype is vital to cancer diagnosis, prognosis and treatment.
With the advancement of high-throughput sequencing and
experimental techniques, omics and clinical data are increasingly
accumulating from various cancer profiling projects, such as The
Cancer Genome Atlas (TCGA) project [4], which can facilitate a
more comprehensive understanding of the complex mechanisms
of various cancers. Early cancer subtyping studies focus on single

omic data (such as gene expression). However, the integration of
multi-omics data associated with cancer occurrence and develop-
ment can lead to a better understanding of the pathogenic mech-
anism of cancers, cancer subtyping and personalized treatment
plans, which cannot be attained by utilizing only single omic data.

Integration, analysis and interpretation of large-scale multi-
omics data have become an area of increasing interest in cancer
research [5, 6]. The complex heterogeneity and high dimension-
ality of multi-omics data make the effective integration of them
challenging. Over the last decade, considerable effort has been
devoted to the development of numerous computational methods
for multi-omics data integration [7, 8]. These approaches can
be roughly categorized into three classes in terms of the major
strategies for multi-omics data integration: early, intermediate
and late integration [5]. Early integration methods perform a
simple concatenation of features from the omic data into a sin-
gle feature combination, increasing dimensionality and ignor-
ing the unique data distribution in different omics levels. The
early integration approachesinclude K-means, Spectral clustering
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and LRAcluster (low-rank-approximation-based multi-omics data
clustering) [9] and so on. Late integration methods separately
learn each omic layer and then merge the clustering results into
a single solution in either a hierarchical, ensemble or linear way,
in which weak signals from each omic layer may be lost during
the integration phase. The late integration approaches include
consensus clustering [10] and perturbation clustering for data
integration and disease subtyping (PINS) [11]. Both early and late
integration methods fail to model the interactions among the
features in different omics data. Instead, intermediate integration
methods have gradually become mainstream, which consolidate
data by constructing a holistic model for joint dimensionality
reduction and clustering without simply concatenating features
or merging results. The intermediate integration methods could
be further divided into at least three main classes, including
statistical methods, deep learning and similarity-based methods.

Statistical methods (such as NMF [12], MCCA [13], iCluster
[14], iCluster+ [15] and iClusterBayes [16]) model the distribution
of each data type and then maximize the likelihood of multi-
omics data based on joint latent variables. However, due to the
complexity of multi-omics data, traditional statistical or math-
ematical models still face significant challenges in accurately
modeling the high-dimensional multi-omics data. More recently,
deep learning algorithms have been trained to model complex
patterns in multi-omics data [17]. Most multi-omics clustering
methods using deep learning algorithms are based on projection
of heterogeneous omics data to a common latent subspace by
Autoencoder (AE) [18-24], Variational Autoencoders [25], Gen-
erative Adversarial Network (GAN) [26], manifold optimization
[27], subspace learning [28-31] and others [32-36]. The pioneer-
ing similarity-based method is similarity network fusion (SNF)
method [37], which constructs a sample (e.g. patient) similarity
network for the omic data and then integrates these networks into
a unified similarity network that represents the full spectrum of
underlying data, using a nonlinear combination method. NEMO
[38] was inspired to calculate the similarity matrix by radial basis
function kernels and perform spectral clustering, which is suit-
able for incomplete and intersecting omics datasets. Additionally,
there are other kinds of similarity-based methods for cancer
subtyping [39].

Although these methods provide data integration solutions
for cancer subtyping, most traditional methods separate feature
extraction from clustering tasks and offer different unsupervised
classification algorithms for cancer subtype identification after
dimensionality reduction of multi-omics data. No prior studies
have focused on developing both tasks simultaneously, which
extract the features at the dimensionality reduction stage without
suitable clustering structure, and cannot obtain a competitive
subtyping performance. For high-dimensional multi-omics data,
it is challenging to extract features that are both individually
different and cluster-friendly. At the same time, the small training
datasets trouble the optimization problem of the model when
training on different datasets. In order to improve the general-
ization ability of the model and achieve comparable performance
on different cancer datasets, we introduce Subtype-DCC, a novel
subtype model that combines deep clustering [40] and decoupled
contrastive learning [41]. The deep clustering part ensures that
this method is an end-to-end approach, which implies that the
deep representation learning and clustering are jointly optimized,
resulting in representations that are both individually diverse and
more suitable for clustering. In addition, decoupled contrastive
learning is suitable for optimizing with small batch size, which
helps to solve the optimization dilemma of small sample datasets.

To evaluate the prediction performance of Subtype-DCC, we com-
pared its performance with that of ten state-of-the-art multi-
omics data clustering methods on nine datasets from TCGA.
Additionally, we conduct a series of survival and clinical analysis
to demonstrate the strength of Subtype-DCC.

In summary, our innovations are as follows:

(i) For the first time, we apply the deep clustering algorithm
to cancer subtyping, expanding the breadth of cancer sub-
typing methods, and introduce self-supervised learning to
clustering methods.

(i) Subtype-DCC conducts contrastive learning at both the sam-
ple space and cluster space. Moreover, the model is jointly
optimized to ensure the learned features are both individu-
ally different and cluster-friendly.

(iif) We propose an end-to-end model that can be applied to
datasets with different sample sizes, eliminating the need for
manual feature extraction and staged task execution, which
is more user-friendly.

Methods
Method overview

Deep clustering is a series of clustering methods that adopt
deep neural networks to learn clustering-friendly representations
[40]. The preliminary knowledge of deep clustering includes the
relevant network architectures for feature representation and
optimizing objectives. As a simple and effective paradigm of unsu-
pervised learning, contrastive learning has achieved outstanding
performance in the computer vision field [42, 43]. The essence of
contrastive learning is to map the original data to a feature space
wherein the similarities of positive pairs are maximized, while
those of negative pairs are minimized [44]. As a member of the
deep clustering family, contrastive clustering [45] simultaneously
utilizes contrastive samples to facilitate clusteringin both sample
space and cluster space. Such a clustering-oriented contrastive
learning paradigm helps the model minimize the intercluster
similarities to separate different clusters. However, the contrastive
clustering model may depend on a large batch size to achieve
competitive performance. To address this dilemma, we employ a
decoupled contrastive learning loss [41] to optimize contrastive
clustering.

Subtype-DCC (shown in Figure 1) is a decoupled contrastive
clustering method based on multi-omics datasets for cancer sub-
typing, which can extract suitable features through contrastive
learning and help balance the optimization problems of the model
adaptability when training on different datasets. The model inher-
its the framework of contrastive clustering [45], which consists
of the pair construction backbone (PCB), the instance-level con-
trastive head (ICH) and the cluster-level contrastive head (CCH),
and the three components are jointly learned. First, PCB takes the
combined data of the four omics as input, constructs the data pair
through data augmentation and then reduces the dimensionality
of the data to extract the embeddings from the augmented sam-
ples. Then, ICH and CCH apply contrastive learning in the sample
and cluster spaces of the embedding matrix, respectively. After
training, the subtype clustering results of samples can be easily
obtained through the soft labels predicted by CCH.

Benchmark datasets

To evaluate the performance of our proposed model and the
comparison with the state-of-the-art methods, we utilized nine
TCGA cancers with multi-omics data from four molecular
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Figure 1. The framework of Subtype-DCC. First, the four omics data are concatenated as model inputs. Then we construct data pairs using data
augmentation A. Given data pairs, one shared deep neural network is used to extract embeddings from data augmentations. Two separate projectors
are used to project the embeddings into the row and column space, where the instance-level and cluster-level contrastive learning are conducted,
respectively. To avoid the coupling between instance-level, decoupled contrastive learning loss is used. After training, the CCH is used to predict the
subtype clustering. The final subtyping results were combined with clinical information for model evaluation and downstream analysis.

platforms (Copy Number, messenger RNA (mRNA), micro RNA
(miRNA) and DNA methylation) by the previous study [26].
The cancer datasets include Breast Invasive Carcinoma (BRCA),
Bladder Urothelial Carcinoma (BLCA), Kidney Renal Clear Cell
Carcinoma (KIRC), Lung Adenocarcinoma (LUAD), Pancreatic
Adenocarcinoma (PAAD), Skin Cutaneous Melanoma (SKCM),
Stomach Adenocarcinoma (STAD), Uterine Corpus Endometrial
Carcinoma (UCEC) and Uveal Melanoma (UVM). After performing
the normalization provided by [26], we finally obtained 1031
samples in BRCA, 399 in BLCA, 488 in KIRC, 490 in LUAD, 176
in PAAD, 446 in SKCM, 407 in STAD, 510 in UCEC and 80 in UVM.
There are a total of 4027 samples, which ensure a reliable number
of samples for the stability of the analysis results. Finally, we used
3105 copy number features, 3217 mRNA features, 383 miRNA
features and 3139 DNA methylation features for model training.

Evaluation criteria

We utilized two evaluation criteria (i.e. —log10 P-values and the
number of significant clinical parameters) used by the previous
study [46] to evaluate the clustering performance of our method.
They are defined as below.

First, the differential survival —1og10 P-values were measured
between the obtained clusters using the log-rank test [47]. The
metric assumes that subtypes of patients are biologically mean-
ingful if they have significantly different survival. Second, the
number of significant clinical parameters was tested for the
enrichment of clinical labels in the clusters. A total of six clin-
ical labels were chosen for which we tested enrichment: age at
diagnosis, gender, pathologic stage, pathologic T, pathologic N and
pathologic M. The four latter parameters are discrete pathological
parameters, measuring the progression of the tumor (T), metas-
tases (M), cancer in lymph nodes (N) and the total progression

(pathologic stage). Enrichment for discrete parameters was cal-
culated using the x? test for independence and for numeric
parameters using Kruskal-Wallis test [46].

Pair construction backbone

Subtype-DCC uses data augmentations to construct data pairs;
specifically, applying data augmentation A to a given data
instance x, resulting in two correlated samples denoted as x{,
xP. The previous works have shown that an appropriate augmen-
tation strategy is critical for good performance in downstream
tasks [45]. In this work, three types of data augmentation methods
are tried, including Noise, Mask and Dropout. For a given data
matrix, each augmentation is applied independently with a
certain probability. Specifically, Noise adds a standard Gaussian
noise to the original matrix; Mask randomly masks the original
matrix at a certain probability and Dropout randomly drops the
original matrix at a certain probability.

One shared deep neural network f (-) is used to extract embed-
ding from the augmented samples via h? = f (xf) and h? = f (x?).
In terms of network architecture, our method adopts a four-layer
deep neural network.

Instance-level contrastive head

Subtype-DCC follows the idea of contrastive learning and aims to
maximize the similarities of positive pairs while minimizing those
of negative ones. In the cancer subtyping task, since no prior labels
are available, instance-level positive and negative sample pairs
are constructed from pseudo-labels generated by data augmen-
tations [45]. In detail, samples augmented from the same sample
form positive pairs, while other samples form negative pairs.
Formally, given a mini-batch of size N, Subtype-DCC performs
data augmentation on each sample x; and results in 2N data
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samples {x§,---,x%,x%, - -, x%}. For a specific sample x¢, there are

2N — 1 pairs in total, of which the corresponding augmented
sample x? form a positive pair {x¢, x’} and leave other 2N —2 pairs
to be negative.

To mitigate the information loss caused by contrastive loss, we
do not directly perform contrastive learning on the embedding
matrix. Instead, a two-layer nonlinear Multilayer Perceptron (MLP)
g1 () is stacked to map the embedding matrix to a subspace via
z¢ = g; (h") where the decoupled instance-level contrastive loss is
applied. The similarity of paired samples is measured by cosine
distance, i.e.

T
k1) (k2
(") (Zj )
s(@.2%) = arrar @
21 [2]
j
where k1,k2 € {a,b}and i,j € [1,N]. In contrastive clustering [45],
to optimize pairwise similarities, the loss for a given sample xfis
in the form of

exp(s(z! 2%) /7))

= -1
LT TS e (o (et ) ) remp () )] @)

where 7 is the instance-level temperature parameter to control
the softness. However, there is a significant negative-positive-
coupling effect in this cross-entropy loss (InfoNCE), resulting
in unsuitable learning efficiency relative to batch size [41]. We
refer to Decoupled Contrastive Learning (DCL) [41] objective to
address this coupling phenomenon. A decoupled instance-level
contrastive loss is achieved by removing positive pairs from the
denominator of Equation 2.

" exp(s(2: 1)) @)
Z)N:lm [exp (s (z:‘ ,zf)/n)Jrexp(s (z‘“ zjb) /n)]

DCi =

—log

=-s(z.2)) /u+ longNzl,j,{i [exp (S (Z? Zja) /fl) )
+exp (s (z§1 zjb) /n)}
The model identifies all positive pairs in the entire dataset by
computing a decoupled instance-level contrastive loss on each
augmented sample, namely,

Lins = ﬁ Zf\lzl (l]a)Ci + 1JbDCi) (5)

Cluster-level contrastive head

According to the concept of ‘label as representation’ in contrastive
clustering [45], when projecting a data sample into a space of the
same dimensionality as subtype clusters, the i-th element of its
feature indicates its probability that it belongs to the i-th cluster,
and the feature vector denotes its soft label accordingly.

Formally, if we define Y* e RN*Mas the output of CCH for a
mini-batch under one of the augmented views (and Y for the
other augmented view), where N represents the batch size and
M is equal to the number of subtype clusters, then Y}, represents
the probability of a sample n being assigned to cluster m. Since
each patient belongs to only one cancer subtype, the rows of Y*
should ideally be one-hot vectors. In this sense, the i-th column of
Y? can be viewed as representing the i-th subtype cluster and all
columns should be different from each other.

Similar to the projection layer structure used in the ICH, the
embedding matrix is projected into an M-dimensional space using
another two-layer MLP gc () via y¢ = gc (h?), where y? indicates the

soft label of sample x{ (the i-th row of Y*). We can consider §{ to
be the i-th column of Y%, which is the representation of subtype
cluster i under the corresponding data augmentation view, and
we combine it with §? to form a positive cluster pair {j¢,” },
while considering the remaining 2M — 2 pairs as negative, where
§¢ denotes another augmented view representation of cluster i.
The cosine distance is applied to measure the similarity between
subtype cluster pairs, that is,

o1 o) _ O ()
*(137) = e )

where k1,k2 € {a,b} and i,j € [1,M]. The following loss function is
utilized to distinguish cluster §¢ from all other clusters except j?,
ie.

o1 exp(s(1.31) /xc)
LT OB e o)) e 7)) 7)

where ¢ is the temperature parameter that controls the softness
at cluster-level. By traversing all clusters, the cluster-level
contrastive loss is finally computed as follows:

Lo = o7 2 (B +7) —HO) )

where H(Y) = -3 [P()logP (7%) +P(5!)logP (")] is the
entropy of subtype cluster assignment probabilities P (j¥) =
S YE/|Y¥],, k € {a,b} within a mini-batch under each data
augmentation. This term is useful for avoiding the trivial solution
that most instances are assigned to the same subtype cluster [48].

Objective function

ICH and CCH optimization is an end-to-end process involving two
heads that are optimized simultaneously in one stage. The overall
objective function is calculated based on the decoupled instance-
level and cluster-level contrastive loss, i.e.

L =Lins + 2 Lau (9)

As a general rule, a dynamic weight parameter A is set to
balance the two losses during the training [42]. In practice, we set
A to 1 by default, i.e. follow the simple addition of the two losses
in the original contrastive clustering setting [45].

Experimental settings

The model is developed with Python 3.10.6 and Pytorch 1.12.1.
For optimal performance of the model, we tuned six main hyper-
parameters: instance-level temperature, cluster-level tempera-
ture, batch size, feature dimension, learning rate and training
epoch. These hyper-parameters may have a huge impact on model
performance. The temperature of instance-level and cluster-level
controls the softness of the model. Batch size affects decoupled
contrastive learning performance. The feature dimension deter-
mines the size of the feature space for keeping data information.
The learning rate determines how quickly the model converges.
Training epochs can set the appropriate training time for the
model. Due to the large number of parameter combinations, we
tune six hyperparameters in the order of instance-level tem-
perature, cluster-level temperature, batch size, feature dimen-
sion, learning rate and training epoch. While tuning one of the
hyper-parameters, the other five hyper-parameters were kept con-
stant. The parameter selection is shown in Table S1.
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Table 1. Performance comparison of Subtype-DCC and other methods on nine cancer datasets (—log10 P-values/number of significant
clinical parameters, bold indicates that this method performs best on the corresponding cancer dataset)

Method/Dataset BRCA BLCA KIRC LUAD PAAD SKCM STAD UCEC UvM
Subtype-DCC 1.11/5 2.33/6 8.79/6 1.69/4 3.75/1 5.94/4 1.48/2 5.46/1 2.77/0
Subtype-GAN 1.28/6 1.45/4 7.77/6 2.83/3 1.65/1 0.1/2 0.39/2 7.4/1 2.62/0
NEMO 1.21/6 2.8/5 5.72/5 2.63/4 3.04/1 5.01/4 1.8/2 5.96/1 2.38/0
SNF 0.93/5 1.31/6 8.19/6 2.23/4 3.24/3 5.27/4 0.72/2 5/1 2.77/0
PINS 1.42/2 1.61/3 4.44/6 2.46/4 3.41/4 2.32/1 1.26/2 5.04/1 3.63/0
NMF 0.4/4 0.24/1 5.63/5 0.42/1 1.49/0 3.54/3 0.1/1 5.1/1 1.39/0
MCCA 1.73/3 1.03/3 7.91/5 0.49/3 2.15/4 0.89/3 0.18/1 3.75/1 1.1/1
ICluster 0.53/4 0.21/3 2.95/4 0.23/3 0.54/0 0.98/1 0.06/1 2.13/1 1.36/1
Spectral 0.08/4 1.67/3 5.46/6 0.6/1 2.39/0 1.77/2 0.19/2 0.81/1 1.82/0
K-Means 0.12/5 0.66/3 4.77/6 1.01/1 2.38/0 1.56/1 0.01/3 7.03/1 1.67/0
LRAclutser 0.27/5 0.63/1 6.83/6 0.19/1 2.03/1 2.05/1 0.14/1 4.58/1 2.52/0
A
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Figure 2. Performances of Subtype-DCC and other approaches. Subtype-DCC is compared with ten state-of-the-art multi-omics data clustering methods,
including Subtype-GAN, NEMO, SNF, PINS, NMF, MCCA, iCluster, Spectral, Kmeans and LRAcluster. (A) the —1og10 P-values, (B) the number of significant
clinical parameters (age at diagnosis, gender, pathologic stage, pathologic T, pathologic N and pathologic M).

Subtype-DCC uses the addition of Gaussian noise for data The instance-level projection head and cluster-level projection
augmentation. Our encoder uses MLPs with 5000, 2000, 1000 and head both use two layers of MLP and also use RELU for nonlinear
256 neurons, respectively. The activation function uses RELU [49]. activation. The number of neurons projected at the instance level
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Figure 3. Survival analysis curves of Subtype-DCC on nine datasets. The different colors represent the grouping of samples according to the cluster

labels output by Subtype-DCC.

is 256 and 128, respectively. The 128-dimensional vector output by
instance-level projection head is used to calculate the contrastive
loss between samples, and the temperature parameter is set to
0.5. The number of neurons projected at the clustering level is
256 and M, respectively. M corresponds to the pre-set number of
clusters for each cancer dataset. The cluster-level temperature
parameter is set to 1. The optimal value of batch size is 64, and
the learning rate is set to 3e-4.

Results

Comparison of Subtype-DCC with the
state-of-the-art methods on nine cancer datasets
In this section, we conduct the clustering performance compar-
ison of Subtype-DCC against ten state-of-the-art methods for

multi-omics data integration (i.e. Subtype-GAN [26], NEMO [38],
SNF [37], PINS [11], NMF [12], MCCA [13], iCluster [16], Spectral, K-
means and LRAcluster [9]). Here, we present the detailed results
for the nine cancer datasets (as shown in Table 1), in which
previous studies have obtained reasonable numbers of subtypes
of these datasets, ensuring the fairness of comparison among
all the approaches. We used the survival —logl0 P-values and
the number of significant clinical parameters to evaluate the
clustering performances. For methods with fluctuating results,
we train the models five times and take their average as the
final evaluation performance. Overall, Subtype-DCC achieved the
best results on at least one metric over six datasets. In particular,
the top-performing results for all metrics were achieved in two
datasets. In the KIRC dataset, the survival —log10 P-values is 8.79,
and the number of significant clinical parameters is 6, which
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Figure 4. Subtypes identified in KIRC and biomarkers screened from subtyping results. (A) the t-SNE visualization of latent embedding generated by
Subtype-DCC on the KIRC dataset; (B) the expression of biomarker mRNAs screened in four different subtype clusters across all samples; red indicates

high expression, and blue indicates low expression.

suggests that Kidney renal clear cell carcinoma patients are well
subtyped, including KIRC-T1, KIRC-T2A, KIRC-T2B and KIRC-T2C
[50]. In the SKCM dataset, the survival —log10 P-values is 5.94 and
the number of significant clinical parameters is 4, which suggests
that Skin Cutaneous Melanoma patients are well subtyped.

The —1log10 P-values shown in Figure 2A indicate that Subtype-
DCC outperformed the other ten methods over nine cancer
datasets, and especially achieved the most significant results on
three datasets (KIRC, PAAD and SKCM). For the clinical parameters
enrichment analysis, Subtype-DCC delivered the most substantial
results on five datasets (BLCA, KIRC, LUAD, SKCM and UCEC).
These findings indicate that the performance of Subtype-DCC
was better than or competitive with those of the ten state-of-the-
art clustering methods (Figure 2B). It implies that Subtype-DCC
effectively captured and integrated the dominant part of each
omic dataset.

To verify the effects of the prognosis predictions of different
cancer subtypes, we plotted survival curves of Subtype-DCC on
nine cancer datasets. According to Figure 3, other than BRCA,
the cancer subtypes identified by our method on the other eight
datasets all show significantly different survival curves. A sig-
nificant difference in survival curves was observed between the
subtypes, and this difference increased over time, indicating dif-
ferent subtypes have varying survival probabilities. Specifically,
in the case of KRIC, cluster 4 had a lower survival probability
compared with the other subtypes when the time was above
2000. This implies that our method might help identify groups of
patients with different prognoses and aid in precision treatment
planning.

Ablation experiment on multi-omics data

To demonstrate the advantages of multi-omics data for cancer
subtyping tasks, we performed ablation experiments on nine
datasets based on different omics. (Figure S1) The single omic data
from copy number features, DNA methylation features, mRNA
features and miRNA features were removed in turn. The results
show that after removing each omic data, the evaluation metrics

of the model clustering have decreased to varying degrees. The
advantages of multi-omics data fusion for cancer subtyping are
demonstrated. At the same time, we found that after removing
the mRNA omic data, all evaluation metrics dropped significantly,
which proved the importance of mRNA characteristics and pro-
vided guidance for our subsequent screening of biomarkers.

Subtypes identified in KIRC

Based on the embedding learned by our model, we reduced the
dimensionality of latent layer factors and visualized correspond-
ing clusters to study the subtypes identified by Subtype-DCC.
For KIRC, one of the top-performing datasets, it can be observed
that different subtype clusters are well separated, proving that
the model learned a meaningful latent representation (Figure 4A).
We further performed differential expression analysis to discover
biomarkers by calculating the t-test of each feature in different
omics and sorting them. (A t-test calculation was performed on
each gene, and then the top n most significant genes were selected
by sorting according to the P-value of each gene.)

Each omic was screened for biomarkers for each cluster type.
Differentially expressed mRNAs were found in the profile named
KIRC-differential-genes of each KIRC subtype. We visualized one
of the most prominent biomarkers for each subtype and observed
that differentially expressed mRNAs could provide an intuitive
distinction between these subtypes (Figure 4B). That is, differ-
entially expressed mRNA biomarkers are highly expressed in
their own cluster (indicated in red) and have low expression in
other clusters (indicated in blue), which indicates a robust and
interpretable relationship between biomarkers and the identified
subtypes.

To understand the biological roles and potential functions of
the biomarker mRNAs, Gene Ontology (GO) [51] enrichment anal-
ysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) [52]
signal pathway enrichment analysis were performed on each set
of differentially expressed mRNAs for KIRC through R packages:
‘clusterProfiler’ (version:3.14.0) [53]. Figure 5 shows each set of dif-
ferentially expressed mRNAs enriched in GO pathways. Figure 6
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Figure 5. GO enrichment analysis of each set of differentially expressed mRNAs on KIRC. The y-axis represents GO-enriched terms. The x-axis represents
the number of genes. The size of the bar represents the number of genes under a specific GO term. The BP (biological processes), CC (cellular component)
and MF (molecular function) GO terms are colored by the adjusted P-values. (A) Differentially expressed gene enrichment analysis results in cluster 1.
(B) Differentially expressed gene enrichment analysis results in cluster 2. (C) Differentially expressed gene enrichment analysis results in cluster 3. (D)
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shows each set of differentially expressed mRNAs enriched in
KEGG pathways.

Differentially expressed genes in cluster 1 are concentrated in
the biological processes of actin-mediated cell contraction and
cell-cell adhesion via plasma-membrane adhesion molecules
(Figure SA). For cluster 2, the differentially expressed genes are
mainly involved in the process of inorganic anion transport
(Figure SB). Similarly, the differentially expressed genes in
cluster 3 are related to organic anion transport (Figure 5C).
The differential genes set of cluster4 are mainly enriched in
processes such as the digestive system process and regulation
of hydrolase activity (Figure 5D). These biological processes are
closely associated with kidney renal clear cell carcinoma, further
increasing the interpretability of mRNA biomarkers. The renal
digestion and absorption related pathways enriched by KEGG
will help elucidate the mechanism of tumor progression and
metastasis of kidney renal clear cell carcinoma and the research
of related targeted drugs (Figure 6).

We also performed similar differential expression and enrich-
ment analysis on DNA methylation omic data by ‘methylGSA’

package [54]. According to the different methylation data plat-
forms analyzed, the corresponding relationship between CpG sites
and genes was obtained. The number of CpGs was included as
a covariate for logistic regression analysis using the ‘methylglm’
function, and the number of CpGs in the DNA methylation data
was corrected for enrichment analysis. The results showed that
many differential genes were involved in the trans-Golgi network,
pattern recognition receptor signaling pathway and cholesterol
biosynthesis (Supplementary Figures S2-S5). The results of KEGG
enrichment analysis showed that these DNA methylation changes
were associated with pathways in cancer and MAPK signaling
pathways, further confirming the contribution of epigenetics to
cancer subtyping (Supplementary Figures S6-S9).

We employed DIANA-miRPath [55], which renders possible the
functional annotation of one or more miRNAs provided by exper-
imentally validated miRNA interactions derived from DIANA-
TarBase to probe the signaling pathways that may involve dif-
ferentially expressed miRNAs. As shown in Figure 7, these miR-
NAs are involved in some pathways related to the development
of cancer, such as the transcriptional misregulation in cancer,
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proteoglycans in cancer, microRNAs in cancer and pathways in
cancer. Moreover, miR-200c [56] has been reported to play an
important role in promoting kidney tumor growth and metastasis.
MiRNAs such as miR-193b-3p [57, 58], miR-92b-3p [59] and Hsa-
let-7a [60] can function as tumor suppressors in renal cell carci-
noma.

Discussion and conclusion

Recent technological advances have accelerated the increasing
availability of multi-omics biological data, which can represent
data from different views. To take advantage of the complemen-
tary information contained in multi-omics data, there is a need to
develop models that can represent and integrate different layers
of data into a single framework.

Inspired by contrastive learning, we proposed Subtype-DCC
method to identify cancer subtypes by integrating multi-omics
data. Subtype-DCC combined contrastive learning representation
and clustering at one stage, which implies that the clustering
assignments and network parameters are jointly optimized.

Benefiting from suitable feature representations learned by

Subtype-DCC, our model shows better performance than several
state-of-the-art methods on nine TCGA datasets. The best results
were achieved in at least one of —log10 P-values or the number of
significant clinical parameters over six datasets. Experimental
results showed that Subtype-DCC has superiority over other
methods on eight datasets in terms of P-value and survival curves.
We also analyzed the omics data on KIRC to screen biomarkers of
different subtypes for clinical application. Functional enrichment
analysis of biomarker mRNAs demonstrated that the identified
subtypes for cancer were related to renal digestion and absorption
pathways. Visualization of biomarker mRNA expression levels
intuitively demonstrated that the identified subtypes of cancer
have some biological significance. Signal pathway enrichment
analysis of differential methylation expressions and heatmaps
of miRNA expressions provided insight into the elucidation of
mechanisms of tumor occurrence, progression and metastasis as
well as for research of related targeted drugs by studying cancer-
related pathways. Although Subtype-DCC introduced contrastive
learning to feature representation, it also has some limitations
that influence its performance. In our model, the contrastive
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Figure 7. Heatmaps of significantly differentially expressed miRNAs among KIRC subtypes. The x-axis represents the significant signaling pathways that
involve the differentially expressed miRNAs by utilizing the DIANA-miRPath. The y-axis represents the significantly differentially expressed miRNAs
among KIRC subtypes.

learning only focuses on the matching of self-augmented positive
pairs, which may lead to information loss at the embedding
level compared with AE-based methods. The discovery of cancer
subtypes is also inseparable from the role of drug treatment.
How to integrate the known information on the effects of these
known useful drugs has not been proposed. In future work, we will
consider optimizing intra-cluster information for better subtypes
and adding omics data, such as pharmacogenomics, to network
integration to discover relationships among omics data.

Key Points
e This work introduces contrastive learning on cancer sub-
type identification based on multi-omics data. The self-
supervised learning paradigm jointly optimized deep
representation learning and the clustering parameters,
enabling Subtype-DCC to learn suitable feature repre-
sentations.
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e Subtypes obtained by modeling on multi-omics data
have certain guiding significance for subtype discovery.
Important biomarkers of different subtypes for KIRC are
identified, and the biological role and potential functions
are determined by effectively utilizing functional enrich-
ment analysis.

e Experimental results demonstrate that Subtype-DCC
achieves excellent predictive ability in cancer subtyping,
survival and clinical analysis, proving the superiority of
Subtype-DCC over competing methods.

Data Availability

The source codes are available at https://github.com/zhaojingo/
Subtype-DCC.
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