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EDITORIAL 
Applications of single-cell multi-omics in cancer  
research 
Aplicaciones de la multiómica de célula única  
en la investigación del cáncer
Oscar Arrieta¹, Rafael Rosell²,³, Andrés F. Cardona⁴

Precision oncology, defined as molecular profiling of tumors to identify 
targetable alterations, is rapidly developing, and has entered the main-
stream clinical practice. Genomic testing involves stakeholders working 

in a coordinated fashion to deliver high-quality tissue samples to laboratories, 
where appropriate next-generation sequencing (NGS) molecular analysis 
leads to actionable results. Clinicians should be familiar with the types of ge-
nomic variants reported by the laboratory and the technology used to deter-
mine the effects, including limitations of current testing methodologies and 
reports. Genomic results are best interpreted with multidisciplinary input to 
reduce uncertainty in clinical recommendations relating to a documented 
variant (1).

The goals of precision oncology include the expanded use of molecular profil-
ing through the use of multi-omics analysis, the selection of appropriate tissue 
for typing (including paraffin-embedded tumor samples, fluids, and organ-
oids), the identification of biomarkers with diagnostic and predictive value 
during treatment and at the time of resistance, and the ease of interpreting the 
results to facilitate and improve practice, the inclusion of patients in clinical 
trials, and impact on the long-term outcomes (2,3). Over the past two decades, 
several lines of research came together nearly simultaneously to promote the 
evolution of precision oncology. In 1998, the BCR-ABL rearrangement in 
chronic myeloid leukemia was successfully targeted by imatinib, leading to 
dramatic clinical remissions and U.S. Food and Drug Administration approv-
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al in 2001 (4). After that, the first draft sequence of 
the human genome was completed the same year 
(5), followed by the first cancer genome (6).

Rapid discovery of multiple, nonoverlapping driv-
er mutations and tyrosine kinase inhibitors with 
clinically effective inhibitory properties in solid 
tumors like lung cancer and melanoma led to as-
says of alterations performed by polymerase chain 
reaction (PCR). Using these biomarkers to drive 
treatment decisions in solid tumors raised expecta-
tions and interest in molecular profiling. Sequenc-
ing technology and costs improved rapidly during 
the early 2000s, particularly with the advent of 
NGS on formalin-fixed, paraffin-embedded tissue, 
whereby massive parallel sequencing allows the de-
termination of alterations in many genes through 
a timely, cost-effective process (1).

The concept that all somatic cells have identical 
genomes must be replaced by a more dynamic 
model of an increasingly mosaic genome. The en-
gine behind this is somatic mutagenesis. Somatic 
mutations are low-frequency events only directly 
detectable when amplified in a clonal lineage (7,8). 
Using selectable marker genes in transgenic mice 
and human tissues, several researchers have con-
clusively demonstrated the accumulation of mu-
tations during aging in various organs and tissues, 
including the liver, brain, heart, small intestine, 
and spleen (9). The rate of this increase and the 
spectrum of mutations (basepair substitutions, de-
letions, translocations) differed significantly from 
organ to organ. Over time, accumulating somatic 
events essentially turns an aging tissue into a mosa-
ic of cells with different genotypes. Owing to the 
emergence of powerful new methods for analyzing 
copy number variation (amplifications and dele-
tions) of DNA segments defined by single nucle-
otide polymorphisms, deletions were observed in 
the blood and other tissues of humans and mice 
(10). Such deletions must find their origin in cre-
ating somatic subpopulations of cells due to the 
expansion of a single, de novo mutation.

There is also a large body of evidence that chro-
mosomal aberrations, which are microscopically 

detectable, accumulate in the blood lymphocytes 
of both humans and mice (11). Especially aneu-
ploidy, the loss or gain of whole chromosomes 
resulting in an abnormal numerical karyotype, ap-
pears remarkably high, even in postmitotic tissue 
(11,12). This extraordinarily high level of genome 
instability during development is maintained with 
observations of whole-chromosome aneuploidy, 
segmental deletions, and duplications in individu-
al blastomeres of cleavage-stage embryos (13). So-
matic mutation rates differ among different types 
of genomic sequences. Indeed, in regions contain-
ing repeat elements, such as mini-satellites and 
micro-satellites, retrotransposons, and telomeres, 
spontaneous mutations can occur at a much high-
er rate than in single-copy areas. Mutations at mi-
crosatellite loci have been found to occur at rates as 
high as 1×10−2 per locus in humans and increase 
with age (14). Telomeres (regions of repetitive 
DNA protecting chromosome ends from deterio-
ration) significantly shorten with age in mamma-
lian cells and tissues, partly due to the end replica-
tion problems (14,15).

Rapid progress in nucleotide sequencing tech-
nology now allows the detection of even minute 
post-zygotic mutational differences between twins’ 
genomes (13). However, mutations present in less 
than ~10% of all cells in a tissue cannot be detected 
by direct analysis but require selectable markers. 
Somatic mosaicism could only be detected because 
the mutation occurred early during development 
and/or aging, eventually comprising a sizable frac-
tion of cells. However, these alterations cover a 
gigantic mountain of mutations unique to an in-
dividual cell. In addition, we need accurate insight 
into the number of genome variants in the differ-
ent cells comprising a tissue. Indeed, virtually our 
entire knowledge of normal and cancer genomes 
has come from studying cells as a bulky mixture. 
In principle, one could detect somatic mutations 
in DNA from large cell populations by sequencing 
thousands of times across the genome and calling 
all possible variants of the consensus sequence. 
However, this would be inefficient and expensive 
and essentially constrained by the high rate of se-
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quencing errors, which can amount to close to 1% 
(16,17). A possible solution for this problem is to 
sequence single cells after whole genome amplifi-
cation and analyze combinations of mutations in 
an integrated manner. The latter is essential for 
assessing if random mutations can adversely affect 
cellular function.

Single-cell omics provide a valuable opportunity to 
measure different molecules, such as DNA, RNA, 
protein, and Chromatin, with the highest resolu-
tion and technological capacity (18). It is feasible 
to profile different types of alterations in parallel 
by simultaneously isolating multiple molecules 
from a single cell. For example, genomic DNA 
can be used to assay the single-cell genome, methy-
lome, or chromatin accessibility. In contrast, RNA 
and proteins from the same cell can be used to pro-
file the transcriptome and proteome, respectively. 
Using these different single-cell omics profiling 
strategies, we can design a multi-omics profile for 
the same cancer cell (19). Currently, we have other 
technologies to evaluate single-cell multi-omics ap-

proaches, such as scG/T-seq (single cell Genome 
and Transcriptome sequencing), scMT-seq (single 
cell Methylome and Transcriptome sequencing), 
scM/T-seq (single cell Methylome and Transcrip-
tome sequencing), scTrio-seq (single-cell triple 
omics sequencing), and scCOOL-seq (single cell 
Chromatin Overall Omic-scale Landscape Se-
quencing) (20). Figure 1 resumes the applications 
and future of single-cell approaches in cancer pre-
cision medicine.

The first single-cell transcriptome analysis was 
reported in 2009 (21), after which the develop-
ment of new technologies has been exponential. 
Recently, experimental protocols that simultane-
ously sequenced the genome and transcriptome 
were developed by integrating existing single-cell 
sequencing methods, namely DR-seq (gDNA and 
mRNA sequencing) and G/T-seq (Genome and 
Transcriptome sequencing) (20). In DR-seq, a cell 
is lysed completely, releasing its DNA and RNA 
into the same reaction system. Genomic DNA 
and cDNA are initially homogeneously amplified 

Figure 1. Single-cell approaches in cancer precision medicine.
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and distributed for RNA-seq using the CEL-seq 
protocol and the other for genome sequencing 
using MALBAC (22,23). Unlike DR-seq, G&T-
seq separated poly-A-tailed mRNAs from DNA 
using oligo-dT-coated magnetic beads. Separated 
mRNA and DNA were sequenced using SMART-
seq2 and various WGA protocols (MDA or Pico-
PLEX), respectively (23). Most recently, another 
group reported a novel method for simultaneously 
isolating genomic DNA and total RNA (SIDR) 
from single cells using hypotonic synthesis to pre-
serve nuclear lamina integrity and subsequently 
capturing the cell lysate using antibody-conjugated 
magnetic microbeads. They found that copy-num-
ber variations positively correlated with the corre-
sponding gene expression levels (24). In summary, 
using DR-seq, G&T-seq, and SIDR, researchers 
could directly determine the correlation between 
large-scale copy number variation and transcrip-
tion levels in the CNV regions.

DNA methylation has been demonstrated to have 
critical regulatory functions on gene expression 
in many biological processes. Hence, the DNA 
methylome and transcriptome relationship from 
the same single cell is fascinating. Two primary 
methods for single-cell methylome analysis, sin-
gle-cell reduced representative bisulfite sequencing 
(scRRBS) and single-cell whole genome bisul-
fite sequencing (scWGBS) (25), were previous-
ly described. The simultaneous profiling of the 
methylome and transcriptome of a single cell pro-
vides a unique opportunity to directly measure 
DNA methylation and gene transcription within 
the same single cell and to study the correlation  
of DNA methylation differences with gene  
transcription variance across single cells. For ex-
ample, scM&T-seq investigated the relationship 
between the transcriptome and DNA methylome 
and found that low methylated regions showed 
high variance in methylation level, consistent with 
their role as distal regulatory elements that control 
gene expression (26).

Single-cell sequencing technologies for ge-
nome-wide profiling and the subsequent inte-

grative computational analysis methods are cen-
tral to interpreting single-cell multi-omics data. 
Considering single-cell genome sequencing, in-
tegrating massive amounts of information allows 
for identifying copy number variation and point 
mutations/SNPs. Both have been addressed in 
bulk Wide Genome Sequencing (WGS), and the 
methods developed for bulk WGS data have guid-
ed single-cell WGS analysis. However, the evalua-
tion of knowledge has allowed us to identify the 
copy number variation using the Hidden Markov 
Model (HMM) or Circular Binary Segmentation 
(CBS) (27). Although these two novel methods 
perform similarly in many situations, user-defined 
parameter adjustments within the algorithms can 
affect the sensitivity and specificity of copy num-
ber calls. On the other hand, single-cell RNA-
seq data enables the discovery of exciting and 
new biological phenomena while presenting new  
challenges for analysis. This allows single-cell 
RNA-seq to identify cell subtypes with unprece-
dented resolution and reconstruct continuous cell 
lineages. In addition, some early studies showed 
that the identification of cell subtypes or recon-
struction of cell lineage could be made manually 
by experts (28). More recently, massive datasets 
with highly heterogeneous cell populations have 
precluded the feasibility of manual annotation, 
and many computational pipelines have been de-
veloped, including SINCERA, pcaReduce, SC3, 
and SNN-Cliq (28). Finally, single-cell methylome 
analysis allows methods to aggregate methylation 
levels from adjacent CpG sites or regions with sim-
ilar biological properties to overcome the sparse-
ness of single-cell genome-wide bisulfite sequenc-
ing (scWGBS) data.

The applications of single cell multiomics analysis 
in cancer include identifying cell subtypes from a 
heterogeneous cell population. Second, it can be 
used to reconstruct cell lineage trajectories and un-
derstand developmental biology (29). DNA muta-
tions and epigenetic modifications gained during 
the cell division can be used for lineage tracing. In 
contrast, the transcriptome of the matching single 
cells can reveal the concomitant alteration of gene 
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expression and transcriptional cell fate change 
during cell proliferation and differentiation. Sin-
gle-cell multi-omics can not only help research de-
termine the occurrence order of different mutations 
during cancer evolution (29). However, they can 
also reveal their functional consequences, such as 
alteration in gene expression, which will eventually 
help us identify the causal mutations that induce 
the transition from normal cells to cancer cells. We 
are rapidly transitioning from in-depth genomic 
and RNA-seq analysis to multi-omics integration 
that allows us to segment the evolution of cancer, 
favor the study of resistance, and recognize new mo-
lecular targets potentially valuable for characterizing 
the disease’s prognosis and predicting the outcomes. 
Twenty years after the human genome project,  
we can see the inner universe of humanity and the 
limit of evolutionary possibilities of solid and hema-
tological tumors. This “Revista Medicina” issue in-
cludes definitions, perspectives, and new interven-
tions and technologies in molecular biology.
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