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Since the elucidation of its structure, DNA has been at the forefront of 
biological research. In the past half century, an explosion of DNA
based technology development has occurred with the most rapid 
advances being made for DNA sequencing. In parallel, dramatic 
improvements have also been made in the synthesis and editing of 
DNA from the oligonucleotide to the genome scale. In this Review, we 
will summarize four different subfields relating to DNA technologies 
following this trajectory of smaller to larger scale. We begin by talking 
about building materials out of DNA which in turn can act as delivery 
vehicles in vivo. We then discuss how altering microbial genomes can 
lead to novel methods of production for industrial biologics. Next, we 
talk about the future of writing whole genomes as a method of studying 
evolution. Lastly, we highlight the ways in which barcoding biological 
systems will allow for their three-dimensional analysis in a highly 
multiplexed fashion. 
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1. Introduction 

Technology to read, write, and edit DNA is central to all 
fields of current biological investigation. For decades, con
tinuing effort has been made to improve upon these three 
DNA-based technologies. The most rapid advances have been 
made in the ability to sequence DNA, as the cost per base had 
dropped by one million-fold in three decades. This massive 
technological improvement has truly changed the way biology 
is investigated with sequencing being a commonplace tool. In 
parallel, technologies to write and edit DNA have seen 
similar advances in recent years. Due to improvements in 
instrumentation, the cost of DNA synthesis continues to 
decrease at rates faster than predicted, while our ability to 
edit genomes has been dramatically enhanced due to key 
discoveries in the field of endonucleases. 

The technologies enabled by these advances are numer
ous, and continue to flourish. Due to the decrease in the cost 
of DNA synthesis and our understanding of the functional 
properties of various genetic elements, the behavior of entire 
cells can now be programmed to carry out specific operations. 
Additionally, DNA can now be used in a non-canonical 
fashion to influence and study biological systems through the 
use of multiplexed DNA tags or through the construction of 
DNA-based materials. 

In this Review, we will highlight recent advances in several 
DNA-based technologies and discuss what their future 
applications will be. We will follow the trajectory of increasing 
scale and complexity, beginning with engineering DNA 
nanomaterials and continuing towards engineering genomes 
and organisms. 

2. How Advancements in DNA Synthesis Will Effect 
Nanotechnology 

6. Summary and Outlook 4324 

decades, numerous methods for building nanostructures out 
of DNA have been demonstrated. As expected, progress in 
DNA nanotechnology is closely influenced by DNA synthesis 
technology. Here we entertain the question of how this field 
would be effected if longer and cheaper DNA was readily 
available. Although relevant for all DNA nanotechnology,[2J 
here we indulge upon how this technological leap will 
specifically effect applications of DNA origami-based nano
technology for in vivo delivery. 

DNA origami is a technique developed in 2006 that 
involves the self-assembly of a large strand of DNA (the 
scaffold) with many small pieces of DNA (the staples) to 
generate well-defined nanostructures (Figure 1 A)Yl In a rel
atively short period of time, numerous advances have been 
made to the original methodology[4J such as methods to create 
three-dimensional structures with and without curvature[sJ 
using the assembly of two-dimensional sheets,[6J packing of 
multiple sheets at a variety of densities,Pl or using a wireframe 
approach_[sJ Design software was created to drastically 
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simplify the design process,[9] and techniques were developed
that improved both folding[10] and purification[11] of the
nanostructures. It is now possible to design, create, and
characterize a novel DNA nanostructure within a few
weeks.[12]

DNA origami nanostructures have a variety of unique
properties that make them ideal for biological applications
such as drug delivery, enzymatic nanoreactors, and bioanal-
ysis:[4] 1) The design space is large, as it is possible to create
uniform structures of arbitrary two- and three-dimensional
shapes; 2) nanostructure creation is relatively straightforward
with most designs folding successfully in one thermal anneal-
ing step over the course of 12 to 48 hours; 3) DNA origami
nanostructures are highly addressable as functional handles
can be positioned at precise locations along their surfaces;
and 4) structures can possess dynamic properties such as the

ability to undergo conformational changes when exposed to
intrinsic, such as endogenous intracellular biomolecules or
pH changes, or extrinsic triggers, such as exposure to
chemicals[13] or light.[14] Taken together, these properties
make DNA nanostructures optimal candidates to address
many of the unmet challenges in bio-nanotechnology, such as
the in vivo targeting and delivery of therapeutics and
diagnostics. Progress has already been made toward this
end. Chemotherapeutic intercalators have been bound to
packed origami helices and delivered to cancer cells after
being internalized (Figure 1B).[15] Small molecules neuro-
transmitters as well as full proteins have been released from
the cavities of DNA nanostructures with light-triggered
uncaging (Figure 1C).[16] Also, we have recently designed
cancer-killing nano-robots which underwent structural con-
formations in the presence of environmental cues to expose
cell-killing antibodies previously hidden within their interior
(Figure 1D).[17] Lastly, to address stability in in vivo environ-
ments, surface modifications using lipid bilayers (Fig-
ure 1E)[18] and hydrophilic polymers[19] have been developed.

Despite these advances, several issues need to be
addressed before DNA origami nanostructures can effec-
tively scale for many biological applications. The cost of the
synthetic oligonucleotides used for the staple DNA is still
substantial compared to synthetic materials and must be
lowered to be able to create affordable therapies and
diagnostics. This will most likely require substantial improve-
ments in DNA synthesis technology, such as using biosyn-
thetic methods as opposed to purely chemical ones.[20] An
additional issue is that the scaffold DNA exceeds the length
that can be chemically synthesized and thus prevents
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researchers from easily obtaining custom sequences for
a particular DNA origami design. Currently, (with some
exceptions)[21] most researchers utilize the genome of the m13
bacteriophage[22] as a scaffold due to its ease of availability.
The lack of readily available long, inexpensive, and custom
DNA prevents researchers from having the tools to discover
the fundamental folding rules for complex nanostructures and
prohibits oneQs ability to predict how well a new structure will
fold a priori. With the availability of custom sequences,
nanostructure folding could be optimized by screening the
melting temperatures within subdomains of the structure.
This would allow for new structures to be created at high
yields and eliminate the costly step of purifying desired
product away from improperly folded structures.

The ability to create monodisperse DNA nanostructures
at a large scale will lead to advances in numerous in vivo
therapeutic and diagnostic applications. It has been a long-
standing challenge to create a “magic-bullet” delivery vehicle
which could evade immune detection and target specific cell
types of interest in the body. This is especially true with
delivery to the brain due to the difficulty in bypassing the
blood–brain barrier. Although safe, surgical procedures
towards this end have been developed,[23] systemic delivery
would be advantageous due to their non-invasiveness.[24]

Some success has been obtained towards creating brain-
targeting nanostructures by functionalizing polymer or lipid
nanoparticles with natural or synthetic peptide signals
capable of inducing brain entry[25] as well selectively targeting
neurons.[26] These attempts suffer from the general lack of

control in the three-dimensional placement of bioactive
motifs. DNA nanostructures have the potential to make for
more efficient and effective targeting agents because the
number and location of attached motifs can be precisely
controlled. Figure 2 outlines the implementation for one such
brain-targeting nanocarrier. A DNA nanostructure contain-
ing polyvalent, spatially patterned bioactive cues (such as
virus-derived peptides)[27] could be designed to contain
encapsulated therapeutic or sensing molecules. Coated with
inert polymers[19] or lipids,[18] these structures would remain
protected in the bloodstream after injection until they reach
the brain vasculature and penetrate into the brain tissue via
receptor-mediated transcytosis through the vascular endothe-
lial cell layer.[29] Because of the addressability of DNA
origami nanostructures, multiple targeting groups can be
patterned on the particlesQ surface allowing additional cellular
targeting signals to also be attached.[26a] Once at their target
intracellular destination, triggered conformational changes
can release therapeutics and/or expose sensing molecules.
Future technologies such as these remain on the horizon but
will only be achievable with advancements in fundamental
DNA synthesis technology.

3. The Future of Microbial Genome Recoding and
Synthesis

Along with significant decreases in DNA synthesis cost,
advancements in multiplexed genome engineering and edit-

Figure 1. Controlled release from DNA origami. A) Schematic depiction of the self-assembly of staple and scaffold DNA to produce a DNA
origami nanostructure. B) A twisted DNA origami tube can bind the DNA-intercalating drug doxorubicin and release it in the presence of cancer
cells. C) Light-triggered release of molecular cargo from the interior of a DNA nanocage. D) A cancer-killing DNA nano-robot. Binding to the
aptamer handles holding the structure closed triggers the exposure of cell-killing antibodies. E) The coating of a DNA nanostructure with a lipid
bilayer protects against nuclease digestion and in vivo immune activation. Figures for (B)–(E) from references [15a,16–18], respectively.
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ing technologies enabled the construction of recoded
genomes,[30] and parallel advancements in genome design,
synthesis, and assembly have ushered in an era of synthetic
microbial genomes spanning bacteria[31] and yeast.[32] These
organisms have the potential to enhance industrial production
of chemicals and biologics given distinct advantages that can
be endowed through large-scale genetic alterations. In this
section, we discuss some of these advantages, such as multi-
virus resistance, biocontainment by synthetic auxotrophy, and
non-standard amino acid (NSAA) incorporation.

Recoding is the process of substituting codons for
synonymous codons that encode the same amino acid.
Because the genetic code is degenerate and nearly universally
conserved, a codon can become unassigned by systematic
substitution of all instances of the codon across an entire
genome and removal of associated translation machinery.
One major industrially relevant advantage of genomically
recoded organisms (GROs) is their decreased likelihood of
viral infection given the reliance of viral replication on host
machinery for all 64 codons.[30c,33] Viral contamination of
industrial facilities has led to multi-million dollar losses in the
past.[34] Although experiments in environments outside of the
lab have not been conducted, virus resistance should confer
an advantage outside of the lab. Experiments from our lab
and the Isaacs lab have demonstrated that recoding increases
resistance to at least five different viruses.[30c,33] The ability of
GROs to resist horizontal gene transfer and maintain virus
resistance in small microbial communities has also been

investigated.[33] We expect even greater multi-virus resistance
for an E. coli strain containing a 57-codon genome under
construction. This genome is being assembled completely
from synthetic DNA and the following codons have been
removed by synonymous replacement: UAG, AGC, AGU,
UUG, UUA, UGC, AGA, and AGG.

Based on these observations, it is prudent to require
biocontainment for GROs as a safeguard against unchecked
proliferation. Although GROs warrant increased consider-
ation for biocontainment, recoding enables new biocontain-
ment strategies. A highly effective strategy is synthetic
auxotrophy, wherein an organism is engineered to be
dependent upon the presence of a synthetic NSAA for
proper expression and function of essential proteins (Fig-
ure 3A).[35] Synthetic auxotrophy has successfully limited the
ability of an engineered organism to grow in non-permissive
media conditions (i.e., media lacking NSAA) to below 1 in
1012 cells.[35a] Further experiments demonstrated that media
containing bacterial lysate permitted escape for non-synthetic
but not synthetic auxotrophs, and that conjugation involving
synthetic auxotrophs containing multiple NSAA-dependent
genes at worst resulted in inviable cells or cells with their
entire genomes overwritten, thereby preserving the contained
population.[35a] Thus, synthetic auxotrophy may enable GRO
use in a variety of contexts requiring spatiotemporal control
of cell proliferation. For example, engineered probiotics
would benefit from biocontainment by synthetic auxotrophy
to prevent propagation within the gut and after excretion.

Figure 2. The construction of a DNA nano-robot capable of penetrating into the brain and delivering cargo to targeted neurons. Custom designed
scaffold and staple DNA are synthesized and optimized for a desired nanostructure design. Structures are then modified to contain encapsulated
drugs and sensors as well as a protective coating containing blood–brain barrier penetrating and neuron targeting motifs. Systemic injection of
the nanostructures enables them to access the brain microvasculature where they can bind to vascular endothelial cells (1) and enter into the
brain through receptor-mediated transcytosis (2). Once in the brain tissue, nanostructures will bind to target neurons (3), enter cells (4), and
release/expose cargo (5) as the result of a structural transformation triggered by endogenous signals within the cell.
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Similarly, synthetic auxotrophy could serve as an added
safeguard for limited environmental deployment of engi-
neered strains for use in remediation or as sentinels.

Common to initial demonstrations of genomic recoding,
synthetic auxotrophy, and synthetic genomes are undesired
decreases in organismal fitness. Fitness differences are
exacerbated in defined media, which is frequently used in
industrial contexts. Lower fitness from genome engineering
errors can be addressed by further genome engineering aided
by novel modeling strategies.[36] Another exciting approach
that simultaneously improves fitness and assesses the robust-
ness of genome design is adaptive laboratory evolution. We
recently evolved GROs for the first time and for more than
1000 generations. In independent sequenced clones, we
observed selective mutations that compensated for inten-
tional genome design alterations as well as unintentional off-
target errors that occurred during engineering.[37] Similar
evolution of GROs and synthetic organisms in the future
would provide unique insights into genome pliability.

A major opportunity offered by genome recoding and
synthesis is the expansion of the genetic code to include
dedicated codons for NSAAs.[38] Besides enabling biocontain-
ment by synthetic auxotrophy, NSAAs expand the structural
and functional diversity of proteins for basic and applied
research in academic and commercial settings. A growing

share of all medicines are biologics, and numerous start-ups
are currently striving to incorporate NSAAs in their products
(Ambrx,[39] GRO Biosciences,[40] Sutro,[41] and Synthorx[42]).
These companies and their academic labs of origin have
complementary technologies that enable NSAAs in anti-
body–drug conjugates,[43] bispecific antibodies,[44] and thera-
peutic proteins that exhibit improved affinity and pharmaco-
dynamics.[45] Additionally, NSAAs can improve the catalytic
properties of industrially relevant enzymes.[46] In these three
studies, enzyme sites were investigated for improved catalytic
efficiency or selectivity using all 20 standard amino acids
(SAAs) or NSAAs. In each report, substitution using the best
NSAA resulted in better performance than using any of the
20 SAAs. Furthermore, Ugwumba and co-workers claimed
that prior directed evolution efforts that surveyed the use of
SAAs more broadly (resulting in several hundred thousand
variants) could not achieve the improvement obtained using
the best NSAA.[46b]

These examples only reveal the tip of the iceberg of
possibilities enabled by NSAAs. As genomes are more
thoroughly recoded, or as they are constructed with alter-
native base pairs beyond A–T and G–C,[47] multiple codons
will become available for simultaneous use of several differ-
ent NSAAs. We foresee that the ability to incorporate
multiple types of NSAAs into proteins will lead to useful

Figure 3. Recoded and synthetic microbial genomes present new engineering opportunities. A) Conceptual depiction of biocontainment by
synthetic auxotrophy strategy in which essential protein function is dependent upon incorporation of a non-standard amino acid (NSAA). While
this cartoon depicts a split protein for simplicity, published strategies include burying NSAAs inside protein cores. B) Translational outcomes
upon ribosomal encounter with repurposed codons. Target proteins produced without NSAAs, or false positives, are possible due to near-cognate
suppression, mischarging by orthogonal aminoacyl tRNA synthetases, or mischarging of orthogonal tRNA by endogenous aminoacyl tRNA
synthetases. C) Cartoon illustrating the development of a synthetic quality control strategy (“post-translational proofreading”) that results in
degradation of proteins containing misincorporation events at the N-terminus and facilitates evolution for selective orthogonal translation
machinery. Cartoon kindly edited by Dr. Jeffrey E. Ting (U. Chicago). D) Undesired and often redundant genomic elements for potential removal in
future genomes of industrial strains to aid metabolic and protein engineering.
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hybrids of several kinds of biological macromolecules. How-
ever, we have recently observed that a major limitation is the
promiscuity of previously engineered orthogonal translation
systems, which has been discussed in the literature[48] and is
perhaps as great a hurdle as the availability of new dedicated
codons. These systems often incorporate structurally similar
SAAs as well as numerous NSAAs if supplied, leading to the
presence of false positive protein production (Figure 3B).
Low fidelity of orthogonal translation machinery also poses
a hurdle for efforts to metabolically engineer NSAA biosyn-
thetic pathways given their likelihood of generating structur-
ally similar NSAA precursors. Yet, the use of metabolic
engineering for NSAA biosynthesis can circumvent industri-
ally relevant issues of supplementation cost and limited
transport across cell membranes. A biosynthetic pathway has
been engineered for the NSAA p-aminophenylalanine.[49]

To improve the selectivity of orthogonal translation
systems, we recently engineered a synthetic quality control
process that enriches for proteins containing NSAAs (Fig-
ure 3C).[50] Our new post-translational proofreading method
harnesses the N-end rule of protein degradation, which is
a natural protein regulatory and quality control pathway
conserved across prokaryotes and eukaryotes.[51] The N-end
rule states that the half-life of a protein is determined by its N-
terminal residue. Because bulky hydrophobic standard amino
acids appearing at the N-terminus are specifically recognized
by pathway components as substrates for degradation (and
are therefore “N-end destabilizing”), we hypothesized that
many NSAAs that contain minor deviations from these
structures may not be recognized (and may instead be “N-end
stabilizing”). We classified the N-end rule status of numerous
NSAAs and altered NSAA recognition by rationally engi-
neering the E. coli ClpS adaptor protein. This proofreading
strategy can discriminate incorporation of desired NSAAs
from both related SAAs and undesired NSAAs, thus mini-
mizing the false positive protein production that can result
from traditional amber suppression methods. To ensure high-
fidelity incorporation for applications that feature NSAAs at
positions besides the N-terminus, we demonstrated how
proofreading can aid screens for directed evolution of
orthogonal translation systems. After evolution, the more
selective version of the orthogonal translation system used for
biocontainment lowered escape frequency while increasing
fitness of all tested biocontained E. coli strains.[50] We expect
that proofreading will dramatically facilitate efforts to
engineer systems for simultaneous incorporation of multiple
NSAAs, including D-amino acids.

In addition to facilitating genetic code expansion, genome
synthesis can include other genome modifications relevant for
chemical and pharmaceutical production (Figure 3 D). Pro-
tein and metabolic engineers may benefit from a blank canvas
genome after removal of undesired and often redundant
endogenous activities such as proteases,[52] nucleases,[53]

aldehyde reductases,[54] and negative regulatory elements.[55]

Genomes could be “defragmented” or refactored such that
genes encoding similar organism functions were clustered and
independently controlled.[56] Alternatively, pending the devel-
opment of numerous independently and tightly regulated
expression systems, it may be most valuable for a microbial

strain to have a maximal genome. Such a generalist workhorse
strain could be called “E. pluri”, where E. coli meets “E
pluribus unum” (“out of many, one”).[57] This maximal
genome concept is a counterpoint of the minimal genome,
a concept whose practical or industrial advantage has not
been thoroughly demonstrated. A minimal genome com-
pletely relies on its few genes, which has negative consequen-
ces for its evolution. Despite having an additional DNA
synthesis burden, a larger genome can contain more func-
tionality, and by containing these functionalities as well as
redundancies it can bypass or accelerate evolution. Notably,
new gene functions often emerge after gene duplication.[58]

Eventually we expect synthetic recoded genomes and
engineered translation machinery to facilitate the construc-
tion of organisms exhibiting mixed or complete opposite
chirality from natural life (Figure 4). Nature has nearly
uniformly employed D-sugars and L-amino acids in polysac-
charides and proteins, respectively. D-amino acids (D-AAs)
exist naturally in some secreted polypeptides[59] and in
bacterial peptidoglycan. Additionally, they have been shown
to make proteins less susceptible to degradation[60] and have
been used to advance bacterial cell labeling and microsco-
py.[61] Early work in this area demonstrated that D-AA
incorporation by the ribosome could be improved by
engineering ribosomal RNA.[62] D-AA compatibility with
translation was later reevaluated, with the finding of three
classes of D-AA incorporation efficiencies. Attempts toward

Figure 4. Mixed chirality biosynthesis. A) Cartoon depicting natural
forms of amino acids (L) and sugars (D) and molecules of opposite
chirality shown in mirror. B) Components of translation machinery that
can be targeted to improve ribosomal synthesis of peptides containing
D-amino acids.
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consecutive incorporation of two D-AAs failed whereas
double-incorporation efficiency was restored when two or
three L-AAs were inserted between the D-AAs.[63] Besides
the ribosome, other translation factors influence D-AA
incorporation. An in vitro translation system using Flexi-
zymes to misacylate tRNAGly with D-AAs enabled single
incorporation of 17 out of 18 tested D-AAs into a polypeptide,
remarkably bypassing known preferences for thermodynamic
compensation in elongation factor EF-Tu.[64] The observation
that elongation factor EF-P alleviates ribosome peptidyl
transferase stalling at polyproline stretches on a growing
ribosomal peptide chain[65] motivated our lab to use EF-P to
alleviate stalling that occurs between two consecutive D-
amino acids.[66] Recent work has demonstrated consecutive
elongation of D-AAs in translation using complementary
strategies.[67] The ability of fully D-AA-containing enzymes to
act on opposite chirality has been demonstrated using a D-
AA polymerase on an L-DNA template, which rendered
a functionally active l-DNAzyme.[68] Taken together, efforts
targeting the ribosome, elongation factors, and fully D-AA-
containing enzymes have improved our ability to incorporate
D-AAs and demonstrated the utility of enzymes exhibiting
opposite chirality. Further advancements are required to
achieve the kind of “mirror life” organism that would be
capable of complete genetic isolation and production of
enantioselective catalysts and highly stable therapeutics
because of opposite chiralities that nature is unlikely to
have evolved proteases for.

4. Writing Genomes to Explore Evolution

The launch of Genome Project–Write (GP-Write) in 2016
is beginning to address the next research phase of genomics
with pilot projects extending beyond sequencing to writing
complete genomes. Precedents have been set with the syn-
thesis and assembly of recoded E. coli fragments, the
complete small genome of Mycobacterium genitalium and
the full set of yeast chromosomes (Sc2.0)—collective work
that will be used as examples and scaffolds for writing larger
and more complex genomes.[69] Synthesis and an extended
repertoire of genome editing technologies like CRISPR/Cas9
with its derivatives and alternatives, recombinases, meganu-
cleases, zinc finger nucleases (ZFNs) and transcription
activator-like effector nucleases (TALENs) and delivery
methods such as physical/chemical, virus-mediated trans-
duction, yeast spheroplasts and cell–cell fusion will make
genome writing as routine as sequencing (Figure 5A).

The drawbacks of these technologies include lack of high-
efficiency editing, delivery and assembly, and low multiplex-
ability, all of which are required to tackle giga base-pair size
mammalian genomes. A need to adapt, evolve or emulate
strategies like MAGE (multiplexed automated genome
engineering) and CAGE (conjugative assembly genome
engineering) arises. These tools work well for making
a large number of changes simultaneously, and assembling
the edited DNA fragments in the fraction of the time in
prokaryotic genomes.[70] Another example of incorporating
a large number of changes in prokaryotes is the l-Red phage

system; it enables a double-stranded DNA fragment to be
digested into single-stranded DNA and incorporated into the
lagging strand during replication, thus creating a large
number of mutations.[71] This recombineering technology is
an exciting prospect that has been shown to work in
conjunction with CRISPR/Cas9 to replace large modified
DNA fragments in prokaryotic genomes.[72] The large modi-
fied DNA in the form of human and mammalian artificial
chromosomes (HACs and MACs) can be delivered to human
cells via microcell-mediated chromosome transfer (MMCT).
This is a challenging but useful technique which has been
recently and significantly improved via expression of viral
envelope proteins.[73] Successful adaptation and use of these
or similar systems in eukaryotes may be essential to accel-
erate the fast manipulation of large genomes beyond syn-
thesis.

Why engineer a genome? Among the goals of GP-Write
are ultrasafe cell lines resistant to cancer and viruses, multi-
purpose cell lines to manufacture therapeutics, xenotrans-
plantation, a prototrophic human cell and disease modeling
among others that will have enormous implications in human
health.[74] Endowing genomes with new functionalities, new
circuits to produce biologics, or generating transplantable
organs and organoids with universal immune compatibility
but without germ cell development as a “fail-safe” measure
all belong to the medicine of the near future (Figure 5B–D).
But almost three decades after the human genome project
(HGP) what can synthesizing and assembling a genome teach
us about the building principles of genomes and how they
evolve over time?

There are an estimated 21 000 genes in the 3.3 Gb human
genome. There is a staggering amount of DNA that makes up
the non-coding portion of the genome and most of it is still of
unknown function. Design of a smaller functional eukaryotic
genome could be invaluable to discover the principles behind
the expansion of eukaryotic genomes and the new roles the
non-coding elements acquire or permutate for gene regula-
tion and shaping genome architecture. Eliminating DNA- and
retrotransposons can be an important first step to elucidate
the role of these elements in genome stability and cell
identity. Our lab and others are targeting active repetitive
elements like Alu and long interspersed nuclear elements
(LINE1) (10 % and 17 % of genome, respectively) genome-
wide to understand their implication in cancer, development
and aging. Successful simultaneous inactivation of a family of
repetitive elements in the pig genome via CRISPR/Cas9 was
reported from our lab in a significant step towards xeno-
transplantation efforts.[75] However, a complete removal of
both active and inactive elements from the genome is an
alternative path to understanding their function as these
genomic sequences contain transcription factor binding
motifs or resemble enhancers among other yet-to-be under-
stood functions.[76] A smaller genome can also be conducive to
understanding the minimal amount of genes needed for
propagation of a mammalian cell. The minimal genome of M.
mycoides revealed an additional 79 essential genes with no
assigned roles that are being currently investigated and
a similar strategy applied to a mammalian genome could
shed light on its fundamental organization.[69b]
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Genome synthesis can help us further our understanding
on how they evolve by resurrecting ancient genomes or
realizing the in-silico reconstruction of ancient genomes
beyond physical DNA recovery (Figure 5F). Our lab is
involved in approaches to de-extinct the woolly mammoth
and therefore shed light on the phenotypic evolution of the
elephantids. Resurrecting ancient genes in order to explain
the evolution of protein families like the steroid hormone
receptor is an important field in molecular evolution buoyed
by great advances in phylogenetics.[77] Moving from gene to
genome resurrection could help elucidate not only how
proteins evolve, but also how they co-evolve in a context of
a protein interactome.

Not much is known on the role of segmental duplications
throughout mammalian genomes, ultraconserved elements
(UCEs) of 200 bp or longer that are found in identical
sequences in more than one other species, or the human
accelerated regions (HARs), conserved DNA segments
highly mutated in humans compared to other species and
with implications on the evolution of human-specific traits.[78]

Furthermore, being able to build and study ancestral genomes

derived by phylogenetic tree analysis of species will accelerate
our understanding of evolution and selection. Building seg-
ments of the chimpanzee–human ancestral sequence and
elucidating the biology in the context of early stem cell
differentiation or organoids can have powerful implications
on interpreting evolutionary branching and what accounts for
species-specific differences. We can also generate genomes
with combinatorial cis regulatory elements found in other
species or totally novel sequences to understand gene
regulatory networks that are important for evolution of the
species from ancestral genomes, or future evolution of
genomes with novel regulatory sequences. This has begun to
be comprehensively addressed in prokaryotes where libraries
of promoter sequences have been synthesized with all
possible sequence combinations. These synthetic promoters
then drive the expression of a fluorescent reporter, and all the
sequence mutations are directly correlated to changes in
protein translation.[79] Additionally, given that enhancers play
an important role in eukaryotic gene expression, it would be
interesting to learn whether shuffling genes and non-coding
regions will still result in the same cell type or organism.

Figure 5. Genome engineering in health and biology. A) Genome design in silico coupled with DNA synthesis precedes genome assembly, editing
and delivery of novel genomes. B–D) GP-Write pilot projects. B) Building cell lines resistant to virus and cancer. C) A multipurpose cell line to
produce various biologics. D) Humanizing the pig genome for xenotransplantation of pig organs to humans. E,F) Engineering genomes to
elucidate evolution. E) Designing genomes free of repetitive elements to elucidate their role in development and evolution of eukaryotic genomes.
F) Resurrecting and synthesizing ancient genomes and common ancestor sequences to study evolution.
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Another question that can be addressed by generating
hybrid sequences of unicellular with simple multicellular
organisms is the evolution of single-cell organisms to complex
life forms. Work on unicellular and colonial choanoflagellates
and their relationship with the bacterial life forms is one of
the directions being explored as to how multicellularity
arose.[80] However, hybrid genome synthesis and assembly
could shed more light on the division of cellular functions.
Taken together these research directions taken in parallel
with significant ethical discussions and considerations, will
usher in the transition from mostly molecular to testable
organismic evolution.

Recoding genomes, or reducing the redundancy of the
genetic code has been shown to render bacteria resistant to
bacteriophages.[81] However, synthesizing genomes with non-
redundant amino acid codes can also elucidate the impor-
tance of a redundant code. A recent attempt to recode
arginine resulted in instances of recalcitrant mutations due to
changes in mRNA structure and interference with the RBS
site.[82] Furthermore, many organisms use 3 instances of stop
codons but only one start codon. The ambush hypothesis
assigns the need for the existence of more than one stop
codon to the higher incidence of stop codons after frameshift
mutations, which can save the cell energy and time by
aborting translation of aberrant proteins.[83] Generating
a complete bacterium with one triplet code (remove redun-
dancy) per amino acid and evolving it over many generations
can start to address the flexibility of the genetic code.

As we consolidate pathways for cell functions like
metabolism, cell cycle, development etc., into distinct inde-
pendent entities and synthetic gene circuits, and as we move
towards evolving stable genomes in organisms with incorpo-
rated synthetic base pairs,[84] new protein machinery[35a] or
different codon variations (i.e. 4 nucleotides rather than 3),[85]

we can envision transitioning from learning the principles of
putting together a genome to designing pipelines of building
any genome of interest, whether modified or novel and with
new functionalities.

5. The Use of DNA as Information Carriers for In
Situ “Omics” Analysis

With the capability of engineering and generating more
and more complex organisms, we need better tools to
investigate and understand the biological processes under-
lying their functions. Both natural and synthetic biological
systems typically consist of a large number of distinct
molecular species that coordinate with each other to realize
certain biological functions. By investigating only a portion of
the system, limited information can be acquired, which may
be inconclusive or misleading in some cases. Technological
advances, especially in the fields of DNA sequencing and
mass spectrometry, have enabled us to measure different
molecular species from cells in an unbiased and comprehen-
sive manner.[86] The resulted system-level “omics” data have
greatly expanded our understanding of complex biological
systems.[87] However, most currently available technologies
can only perform in-bulk analysis.[88] Recently developed

single-cell DNA/RNA sequencing can work for cells in
suspension that are obtained naturally (e.g. blood cells), or
from mechanical/enzymatic dissociation.[88, 89] Given that
complex biological systems are spatially well organized, the
loss of positional information of individual cells makes it
challenging to trace the data back to their original location in
order to generate physiologically relevant interpretation.
Therefore, developing technologies for spatially resolved
omics or so-called in situ omics is of great importance and
broad interest. Here, we summarize some past and ongoing
work from our and other labs on using DNA for in situ omics
analysis.

Beyond its role as the building blocks for genome, DNA
can be viewed simply as a string of 4-letter code. It has
enormously large design space with its diversity increasing
exponentially (4N) as a function of the length of DNA. This
information-rich property of DNA has been utilized to
archive digital data, such as books and movies.[90] DNA can
also be repurposed to serve as molecular barcodes. We
envision that if we can label each molecule species with
a specific DNA barcode in situ, we can obtain the positional
and quantitative information of each targeted molecule by
simply reading out the corresponding DNA barcode
(Figure 6). A library of orthogonal barcodes can be curated
and used to label diverse types of molecules (DNA, RNA,
protein, metabolites etc.) to generate the in situ omics.

A variety of methods can be used for decoding DNA
in situ, and we herein will focus on two most widely used
methods, fluorescence in situ sequencing (FISSEQ) and
sequential hybridization with complementary fluorescent
DNA probes (Figure 6). Both methods utilize fluorescence
microscopy as the readout platform. FISSEQ, previously
developed by our lab, is an in situ DNA sequencing method,
wherein DNA sequences can be directly read out in biological
samples such as tissue sections without DNA/RNA extrac-
tion.[91] Unbiased in situ RNA sequencing with FISSEQ has
been demonstrated in fixed human fibroblasts.[91b] In a simu-
lated injury model FISSEQ could successfully capture the
gene expression profile change between fibroblasts close to
and further from the wound sites.[91b] Nilsson et al. used
FISSEQ to perform highly multiplexed targeted RNA
detection.[92] In their study, 39 different mRNA species were
simultaneously measured in fresh-frozen breast cancer tissue
sections, and the result revealed heterogeneity in the local-
ization pattern across the tissue and the number of signals for
different mRNA transcripts. The second strategy for decoding
DNA sequences in situ is to perform sequential hybridization
with complementary fluorescent DNA probes. Compared to
FISSEQ, the technical requirement for sequential hybrid-
ization is lower; however the multiplexing capability of this
method also decreases. By reiterative probe hybridization and
signal removal using photobleaching, Guo et al. demon-
strated seven RNA targets imaging in single HeLa cells.[93]

Combinatorial DNA barcoding strategy was introduced to
enhance the multiplexing capability of sequential hybrid-
ization methods.[94] Zhuang and co-workers have developed
multiplexed error-robust fluorescence in situ hybridization
(MERFISH) to detect hundreds of different RNA species
in situ.[94c] In MERFISH, each RNA species is labeled with
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a combination of multiple (N) readout DNA sequences,
resulting in a total of 2N@1 barcodes. The actual barcode
library is smaller than 2N@1 for the purpose of error
detection and correction. MERFISH has been applied to
detect RNA expression profile in both fibroblast cell cultures
and mouse brain samples.[94c,95] A key requirement for in situ
detection is sufficient signal-to-noise (S/N) ratio. In FISSEQ,
rolling circle amplification is used to generate hundreds of

copies of the same signal in order to achieve a reasonable S/N
ratio.[91] MERFISH relies on labeling the same RNA mole-
cule with multiple FISH probes with the same DNA barcodes.
As a result, it sets the limit for the minimal length of RNA can
be detected using MERFISH (i.e. small RNAs like micro-
RNA cannot be detected using this method). To increase S/N
ratio, Cai et al. integrated a signal amplification method
called hybridization chain reaction (HCR) with multiplexed

Figure 6. The use of DNA as information carrier for in situ omics analysis. Complex biological systems, such as natural brain or synthetic brain
organoid, are built from a spatially well-organized network of different types of cells. Labeling probes, such as antibodies and fluorescence in situ
hybridization (FISH) probes, that are conjugated with synthetic DNA barcodes are introduced to biological samples to convert their molecular
information to readable DNA barcodes. It is followed by in situ DNA decoding using either fluorescence in situ sequencing (FISSEQ) or
sequential hybridization with complementary DNA probes. In FISSEQ, each type of four nucleotides (A,T,C,G) is labeled with a spectrally distinct
fluorophore. Iterative addition and cleavage of fluorophore-conjugated nucleotides is performed in conjunction with fluorescent image acquisition.
The DNA sequence can be obtained by computational image alignment to register the fluorescent signal back to the position of corresponding
DNA barcode. Sequential hybridization method uses iterative hybridization and removal of fluorophore-labeled complementary DNA probes. The
DNA sequences are designed to be orthogonal to minimize crosstalk between different barcodes.
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RNA FISH.[96] This allows the researchers to perform highly
multiplexed RNA detection in thick tissue samples.[96e,f]

The same strategy can also be applied to DNA and protein
to achieve highly multiplexed DNA or protein analysis in situ.
Yin et al. have developed DNA-Exchange-Imaging, a highly
multiplexed in situ protein detection method in which DNA
barcode-conjugated antibodies are used to label different
protein targets inside biological samples.[97] By simple buffer
exchange to introduce and remove fluorophore-conjugated
complementary DNA probes, the researchers have shown
rapid multiplexed protein detection in both cell cultures and
tissue samples. More interestingly, by tuning the binding
affinity between fluorophore-conjugated DNA probes to the
DNA barcodes on antibodies, the researchers can achieve
highly multiplexed super-resolution imaging that is critical to
resolve fine cellular structures (e.g. neuronal synapses).[97a,b,d]

A related work employing a different sequential hybridiza-
tion strategy (i.e. toehold displacement rather than buffer
exchange in DNA-Exchange-Imaging) also proved that
highly multiplexed protein detection could be readily accom-
plished using DNA-barcoded antibodies.[98] More recently,
DNA barcodes have also been introduced into neuron
projections and individual synapses, which can provide
a potential strategy for high-throughput neuron projectome
and connectome analysis.[99] We anticipate that using DNA
barcodes for in situ omics can be integrated into an even
broader number of systems to study questions that cannot be
easily tackled with before.

A few challenges, however, still remain to be solved in
order to achieve a more comprehensive in situ omics analysis.
One is spatial crowding when a large number of molecules are
labeled and imaged. A potential solution is to combine it with
expansion microscopy, a technique that physically expands
samples using swellable hydrogel.[100] Another challenge is
lack of specific and high-affinity labeling probes to target
proteins and metabolites. Commercially available antibodies
are costly and unable to be engineered (e.g. to specific
formulation for DNA conjugation). We have recently ini-
tiated a multi-institute effort to generate an open-access
antibody database that deposits DNA sequences of antibodies
obtained from in-house selection or hybridoma sequencing.
We believe this open-access antibody database will greatly
benefit the research community beyond the use for in situ
omics analysis we present here.

6. Summary and Outlook

In this Review we have highlighted current progress on
DNA-based technologies with an emphasis on DNA writing
and editing while also describing future technologies that lie
on the horizon. The recent progress in gene editing has been
staggering and we anticipate a similar trend in the near future
for DNA synthesis. The consequence of these advances will
be far reaching and effect several fields of investigation. The
availability of inexpensive, long stretches of DNA will
immediately effect fields that use DNA for nanomaterials
applications but will rapidly effect the engineering of biology
at larger scales. Advances in DNA nanotechnology will allow

for the design and creation of complex nanostructures that
can target specific locations in the human body to deliver
therapeutics or localize diagnostics. Microbial genome recod-
ing will allow the engineering of organisms that have the
potential to revolutionize the industrial production of chem-
icals and biologics such as those containing non-standard
amino acids or D-amino acids. Whole genome writing and
engineering will allow for the production of cell lines that are
resistant to viral infection and cancer, the humanization of
animal organs for transplantation, and the resurrection of
extinct organisms. Lastly, the high-resolution, three-dimen-
sional structure of biological systems will become uncovered
through the highly multiplexed barcoding and imaging of
healthy and diseased tissues and cells. It is possible that
applications such as these are only the tip of the iceberg of
what is to come from the exponential growth of current DNA-
based technologies. From designing the molecules of life to
designing life itself, the ever-advancing technologies that have
enabled the reading and writing DNA with greater ease will
continue to influence many aspects of the life sciences and
ideally translate to an improvement in human health and
quality of life.
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