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Single Molecules Meet Genomics
Pinpointing Precision Medicine
Since the 1990s, advances in single-molecule imaging
and manipulation have led to the emergence of singlemolecule biology (ie, the probing and understanding of
biological behaviors on a single-molecule basis). Due to
contributions from many laboratories around the world,
this has changed the way many biological problems are
addressed and generated much new knowledge.
One early example of single-molecule biology is the
study of turnovers of the enzyme cholesterol oxidase.1
The enzyme contains a flavin moiety that is naturally fluorescent in its oxidized form, but not in its reduced form.
Each on/off cycle of fluorescence emission corresponds to an enzymatic cycle, enabling the observation of enzymatic reactions in real time. On a singlemolecule basis, a chemical reaction occurs in a stochastic
way (ie, waiting time for a chemical reaction to occur is
random) rather than deterministic as is the case of a large
number of molecules. The ability to observe a singlemolecule chemical reaction in real time is important because many biomolecules, such as DNA, exist as single
molecules in live cells.
Single-molecule enzymology also has practical implications. Single-molecule sequencers can directly read
a DNA sequence by monitoring 1 DNA polymerase molecule incorporating individual fluorescently labeled
nucleotides into a single-stranded DNA template.2 The
single-molecule sequencers offer the unique property
of long-sequencing lengths, although they are not (yet)
competitive in cost, accuracy, and throughput compared with bulk sequencers. It was the emergence of the
next-generation bulk sequencers (since 2007) rather
than the single-molecule sequencers that created the
new era of personalized medicine.
On the fundamental side, however, singlemolecule biology has yielded understanding of the
workings of many macromolecular systems, not only
in vitro but also in live cells. Because the copy number
of a gene in a cell can be 1 or 2, gene expression takes
place stochastically. Consequently, single-molecule
biology is germane to single-cell biology. Extensive
live cell studies have been performed to monitor the
stochastic production of messenger RNA and protein
one at a time, allowing the central dogma of molecular
biology to be quantitatively described at the singlemolecule level.3
The fact that DNA exists as single molecules (chromosomes) in a human cell also means that changes in
the genome occur stochastically. Accordingly, every germ
cell of an individual is different because of recombination, and cancer cells in a primary tumor are highly
heterogeneous because of drastic genomic variations.

jama.com

Most common genomic changes in a cell include singlenucleotide variations, which are single base-pair mutations, and copy-number variations. One singlenucleotide variation in the 6-billion base-pair human
genome can cause a hereditary disease. The copy number of a particular gene in a human germ cell is 1, and in
a somatic cell is 2 (1 from each parent). The copynumber variations usually arise from chromosome segregation errors in germ cells and from genomic rearrangements, including insertions, deletions, inversions,
and translocations in cancer cells. Because singlenucleotide variations and copy-number variations are not
synchronized in different cells, every cell has a different genome. Hence single-cell sequencing is necessary, but had not been feasible until the recent advances in single-cell genomics.4
To sequence the genome of a single human cell requires its whole-genome amplification. The newly developed whole-genome amplification method of multiple annealing– and looping-based amplification cycles
(MALBAC)5 offers a more accurate copy-number variation and single-nucleotide variation detection than the
widely used multiple displacement amplification. In a human cell, MALBAC allows digital counting of the copy
number of a gene, and can detect 1 single-nucleotide
variation with no false-positive results but certain falsenegative results.5
Examples of recent applications of MALBAC involve in vitro fertilization and cancer diagnosis, both of
which have important implications for precision medicine. Assisting in vitro fertilization, MALBAC has been applied to preimplantation genomic screening and preimplantation genetic diagnosis to avoid chromosome
abnormalities and the inheritance of monogenic diseases. Chromosome abnormality (ie, copy-number variation at the chromosome scale) is a major cause of miscarriages as well as genetic disorders such as Down
syndrome. Likewise, approximately 7000 monogenic
hereditary diseases can seriously affect human health
and are associated with heavy burdens both for the affected families and the health care system.
Although polymerase chain reaction, fluorescent in
situ hybridization, and DNA microarray have been previously used for preimplantation genetic diagnosis and
preimplantation genomic screening, MALBAC offers
the advantage of higher accuracy and simultaneous
avoidance of chromosome abnormality and point
mutations.6 In 2014, we demonstrated the first successful “MALBAC babies,” who were free of the monogenic disease carried by either parent.7 This brings the
exciting news to couples with hereditary disorders that
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they will now be able to stop passing on potentially devastating
mutations to their offspring with a high success rate.
In this case, the extremely low rate of false-positive and falsenegative results of the MALBAC procedure has met the compelling
desire of parents to avoid the transmission of serious heterozygous mutations in their children. On the other hand, the option for
parents to reduce the propensity for certain diseases in their children (such as breast cancer), by selecting a less probable allele (with
specific BRCA gene sequence) with a similar procedure, although
technically feasible, should call for conscious discussions about ethical concerns.
Cancer is a genomic disease.8 MALBAC also has been used to
sequence circulating tumor cells, which enter peripheral blood
and seed metastases that account for 90% of cancer-related
deaths. In analyzing single circulating tumor cells from patients
with lung cancer, it has been discovered that, unlike the highly
heterogeneous point mutations, the copy-number variation patterns of the circulating tumor cells are similar within a patient and
within different patients of the same cancer type, but are distinctly different among different types of cancers. Furthermore,
the reproducible copy-number variation pattern of circulating
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tumor cells is the same as that for the individual’s metastatic
tumor.9 It became apparent that gains and losses in copy number
of certain chromosome regions are selected for metastases. The
finding that the copy-number variation patterns of circulating
tumor cells are cancer dependent offers the potential for noninvasive cancer diagnosis based on the copy-number variation patterns. Further development of single-cell, whole-genome amplification methods would provide not only better understanding of
tumor heterogeneity10 and cancer metastases but also hope for
personalized treatment.

Summary
DNA exists as single molecules in an individual cell. Consequently,
gene expression and genomic variations occur stochastically, necessitating single-cell and single-molecule measurements. Singlecell genomics is where single molecules meet genomics. The ability
to count the copy numbers of a gene and detect a point mutation
in a single cell is now not only possible, but is critically important as
well. Such single-molecule methods have allowed for probing, understanding, and bettering life at the single-molecule level and provided a tangible example of precision medicine.
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