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TOP ICAL REVIEW

‘Integrative Physiology 2.0’: integration of systems biology
into physiology and its application to cardiovascular
homeostasis

Diederik W. D. Kuster1,2, Daphne Merkus1, Jolanda van der Velden3, Adrie J. M. Verhoeven2

and Dirk J. Duncker1

1Experimental Cardiology, Thoraxcenter, and 2Dept. Biochemistry, Erasmus MC, University Medical Center Rotterdam, Rotterdam,
3Laboratory for Physiology, Institute for Cardiovascular Research, VU University Medical Center, Amsterdam, The Netherlands

Abstract Since the completion of the Human Genome Project and the advent of the large
scaled unbiased ‘-omics’ techniques, the field of systems biology has emerged. Systems biology
aims to move away from the traditional reductionist molecular approach, which focused on
understanding the role of single genes or proteins, towards a more holistic approach by studying
networks and interactions between individual components of networks. From a conceptual
standpoint, systems biology elicits a ‘back to the future’ experience for any integrative physiologist.
However, many of the new techniques and modalities employed by systems biologists yield
tremendous potential for integrative physiologists to expand their tool arsenal to (quantitatively)
study complex biological processes, such as cardiac remodelling and heart failure, in a truly
holistic fashion. We therefore advocate that systems biology should not become/stay a separate
discipline with ‘-omics’ as its playing field, but should be integrated into physiology to create
‘Integrative Physiology 2.0’.
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Introduction

Maintenance of homeostasis is essential for survival of
an organism. The cardiovascular system has therefore
developed a high degree of plasticity to maintain
circulatory homeostasis in a wide variety of circumstances.
Defence mechanisms include acute adjustments, e.g. the
cardiovascular adaptations to a sudden increase in physical
activity, as well as chronic adjustments, e.g. cardiac
remodelling to a chronic elevation in haemodynamic
loading conditions following myocardial injury, volume

Dirk J. Duncker, Jolanda van der Velden, Diederik Kuster, Daphne Merkus and Adrie
Verhoeven work in the Cardiovascular Research Institutes of Rotterdam and Amsterdam
and collaborate on research into the pathogenesis and therapies of cardiac remodelling and
dysfunction following acute myocardial infarction. Their backgrounds are in biochemistry
(D.K., J.vdV., A.V.), molecular biology (D.K., A.V.) and physiology (D.M., J.vdV., D.J.D.).
Starting from in vivo observations in exercising pigs, they employ an integrative approach
to unravel the cellular, biochemical and molecular basis of cardiac remodelling and
dysfunction.

or pressure overload. These adjustments require highly
integrated and orchestrated responses involving a large
number of controlled variables. In view of the importance
of adequate circulatory responses for the survival of
an organism, these processes are characterized by a
high level of redundancy involving complex signalling
pathways that display significant interactions at multiple
levels. Integrative physiology has been able to decipher
many aspects of cardiovascular homeostasis, including
the regulation of coronary blood flow (Duncker & Bache,
2008) as well as the short- and long-term regulation of
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blood pressure and cardiac function (Guyton, 1992; Hester
et al. 2011). In other areas of cardiovascular homeostasis,
including cardiac hypertrophy, integrative physiology has
provided tremendous insight into this process at the organ
and cellular level, but only very limited insight into its
molecular basis (Fig. 1). The emergence of the field of
molecular biology has enabled cardiovascular researchers
to obtain deeper insight into this complex process (Mudd
& Kass, 2008).

Initial molecular studies in the cardiovascular field
principally consisted of observational work, looking at
gene and/or protein expression and changes therein in
cardiovascular disease states (e.g. Katz, 1988; Brand et al.
1992). These studies were followed by more mechanistic
approaches to test the involvement of identified (novel)
genes and their products, mainly by virtue of knocking out
and/or over-expressing a gene of interest (Frey & Olson,
2003; Heineke & Molkentin, 2006). This reductionist
approach has significant value in monogenic diseases.
However, the use of genetic models in studies of cardio-
vascular disease soon illustrated the complexity of cardio-
vascular diseases, as many gene knock-out animal models
lacked a clear phenotype. These findings were initially
interpreted to suggest that the gene was not important,
while a more physiological interpretation is that other
genes increased their activity and acted to compensate.
These observations, in conjunction with the completion
of the Human Genome Project and the advent of the

Figure 1. From systems biology and classical integrative
physiology towards Integrative Physiology 2.0
A process such as cardiac remodelling should be studied at different
levels and the findings integrated. The bars on the left illustrate the
dichotomy between classic integrative physiology and systems
biology. The bar on the right illustrates the ‘Integrative physiology
2.0’ approach, which integrates the large scale unbiased ‘-omics’
studies of systems biology with integrative physiology. Levels shown
with a grey font have not been studied by our group, to date.

‘-omics’ technologies, stimulated the emergence of the
field of systems biology. As outlined elsewhere in this
issue of The Journal of Physiology, systems biology aims
to move beyond the traditional reductionist molecular
approach (which focused on understanding the role of
single genes or proteins), towards a more holistic approach
by studying networks and interactions between individual
components of networks. The strength of this integrative
molecular approach is that, even when a perturbation in
a molecular pathway does not result in clear phenotypic
changes, the responsible compensatory adaptations will
likely be mirrored in adaptations in the transcriptome,
proteome and/or metabolome. Until now, systems biology
has been mainly considered a research field in its own
right. However, to date systems biology has been applied
to relatively simple systems, including cultured cells and
bacteria, but has not been applied to studies of homeostasis
in complex organisms, including mammals, a field that has
traditionally been the domain of integrative physiology
(Fig. 1). We believe that integration of the complementary
disciplines of systems biology and integrative physiology
is essential to advance our understanding of complex
biological processes.

In this article we will present studies on the adjustments
of the myocardium to acute and chronic increases in
loading conditions, in order to highlight the established
strengths of classical integrative physiology and the
promise of integrating systems biology and physiology. We
begin to review our studies using classical in vivo physio-
logy approaches to study regulation of cardiac function
and coronary blood flow in response to acute exercise. We
will then discuss how we have implemented biochemistry,
molecular biology, and more recently bioinformatics to
study biological processes in a more holistic rather than
reductionistic fashion to understand complex processes
such as cardiac remodelling and hypertrophy.

Plasticity of the cardiovascular system: acute
responses to exercise

One of the most dramatic challenges for the cardiovascular
system is represented by sudden heavy physical exercise,
requiring both central and regional haemodynamic
adjustments in order to meet increases in metabolic needs
of skeletal and cardiac muscle. A fivefold increase in
cardiac output together with a redistribution of flow
away from visceral organs and tissues is needed to
accommodate sufficient increases in skeletal muscle and
myocardial blood flow. The increases in muscle blood
flow are facilitated by a small increase in aortic blood
pressure but are opposed by the compressive forces
generated by the contracting muscle, acting on the intra-
muscular vasculature. Consequently, the increases in flow
are principally due to vasodilatation of the resistance
vessels within the skeletal and cardiac muscle.

C© 2011 The Authors. Journal compilation C© 2011 The Physiological Society
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A large number of vascular control mechanisms have
been identified that can contribute to metabolic regulation
of resistance vessel tone in the heart and skeletal muscle
(Fig. 2), including blood-derived, endothelial, metabolic
and sympathetic influences. However, unravelling of the
exact mechanism that mediates the exercise-induced vaso-
dilatation has proven to be difficult (Laughlin et al.
1996; Rowell, 2004; Tune et al. 2004; Duncker & Merkus,
2007; Duncker & Bache, 2008). Since maintenance of
tissue perfusion is essential for adequate cardiac and
skeletal muscle function and organismal survival, it is
not surprising that regulation of tissue blood flow is
characterized by a high number of redundant control
mechanisms (Rowell, 2004; Duncker & Bache, 2008).
A consequence of this non-linear redundancy design is
that pharmacological blockade of a single vasodilator
mechanism may have little or no effect (and may thus not
reveal the actual contribution of that mechanism), as other
vasodilator pathways will increase their activity and act to
compensate. Only when multiple pathways are blocked
will an effect become apparent, which is then greater
than the sum of the effects of blocking the individual

pathways. Indeed, studies in cardiac and skeletal muscle
have demonstrated that simultaneous blockade of various
vasodilator substances was required to attenuate the
increase in skeletal muscle flow (Murrant & Sarelius, 2002;
Boushel, 2003) or coronary blood flow (Duncker & Bache,
2008) during exercise. These observations demonstrate
the importance of an integrative approach looking at the
whole system and the interaction between the individual
components.

Plasticity of the cardiovascular system: cardiac
remodelling after myocardial infarction

The cardiovascular system is not only able to respond
quickly to acute challenges, but also has the plasticity to
respond to chronic changes in haemodynamic loading
conditions, for example as occurs following an acute
myocardial infarction (MI). Loss of a significant portion
of myocardial tissue results in an immediate decrease
in cardiac pump function, leading to neurohumoral
activation that is aimed at restoring pump function.

Figure 2. Schematic drawing of the various influences that determine coronary vasomotor tone and
diameter
Influences include autonomic nervous system activity, metabolic factors from cardiomyocytes and endothelial
factors. The latter are modified by physical forces (shear stress), as well as erythrocyte and platelet-derived products
acting on the endothelium. TxA2, thromboxane A2 (receptor); 5HT, serotonin or 5-hydroxytryptamine (receptor);
P2X and P2Y, purinergic receptor subtypes 2X and 2Y that mediate ATP-induced vasoconstriction and vasodilatation,
respectively; ACh, acetylcholine; M, muscarinic receptor; H1 and H2, histamine receptors type 1 and 2; B2,
bradykinin receptor subtype 2; ANG I and ANG II, angiotensin I and II; AT1, angiotensin II receptor subtype
1; ET, endothelin; ETA and ETB, endothelin receptor subtypes A and B; A2, adenosine receptor subtype 2; β2,
β2-adrenergic receptor; α1 and α2, α-adrenergic receptors; NO, nitric oxide; eNOS, endothelial NO synthase;
PGI2, prostacyclin; IP, prostacyclin receptor; COX-1, cyclooxygenase-1; EDHF, endothelium-derived hyperpolarizing
factor; CYP450, cytochrome P450 2C9; KCa, calcium-sensitive K+ channel; KATP, ATP-sensitive K+ channel; KV,
voltage-sensitive K+ channel; AA, arachidonic acid; L-Arg, L-arginine; O2

−, superoxide. Receptors and enzymes
are indicated by an oval and rectangle, respectively. From Duncker & Bache (2008), modified with permission from
the American Physiological Society.

C© 2011 The Authors. Journal compilation C© 2011 The Physiological Society
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The neurohumoral activation results in a wide array of
responses varying from the immediate (seconds–minutes)
positive chronotropic, inotropic and lusitropic cardiac
effects and sub-acute (hours–days) volume retention,
to the chronic (days–months) cardiac remodelling,
characterized by hypertrophy of the cardiac muscle (Katz,
2003). All these responses aim to maintain pump function
of the injured heart. However, despite the apparent
appropriateness of the hypertrophic remodelling response
to maintain cardiac pump function early after MI (van
Kats et al. 2000), hypertrophic remodelling constitutes an
independent risk factor for the long-term development of
congestive heart failure (Levy et al. 1990; Vakili et al. 2001).
The mechanism underlying progressive deterioration of
left ventricular (LV) function towards overt heart failure
remains incompletely understood, but may involve (i)
continuous loss of cardiomyocytes through apoptosis
(Narula et al. 2006), (ii) a primary reduction in contrac-
tile function of the surviving myocardium (van der
Velden et al. 2004), (iii) alterations in extracellular matrix

Figure 3. Myocardial oxygen balance in normal and MI swine
Shown are the relations between myocardial oxygen consumption
(MV̇O2 ) and coronary venous oxygen tension (cvPO2 ) in 30 normal
swine (open circles) and 20 MI swine (open triangles) under control
conditions. Data were obtained at rest and during increases in MV̇O2

produced by graded treadmill exercise (1–5 km h−1 in normal swine
and 1–4 km h−1 in MI swine). In addition, we have depicted the
computed relations in MI swine if the ET (filled diamonds) and ANG II
(filled squares) vasoconstrictor influences (which were both
attenuated in MI swine) and the KATP (filled triangles) vasodilator
influences (which were enhanced in MI swine) would have been
identical to those in normal swine. The graph clearly illustrates that
the adaptations in coronary vasomotor control act to blunt
perturbations in oxygen balance in remodelled myocardium of swine
with a recent MI. Modified from Duncker et al. (2008) with
permission from Springer Science+Business Media.

leading to progressive LV dilatation (Spinale, 2007), and/or
(iv) myocardial blood flow abnormalities, resulting in
impaired myocardial O2 delivery to the non-infarcted
region (van Veldhuisen et al. 1998). Blood flow to
the remodelled myocardium can become impeded as
the coronary vasculature does not grow commensurate
with the increase in LV mass and because extravascular
compression of the coronary vasculature increases with
increased LV filling pressures (Haitsma et al. 2001). In
addition, an increase in coronary resistance vessel tone,
secondary to neurohumoral activation and endothelial
dysfunction, could also contribute to the impaired myo-
cardial oxygen supply.

Consequently, we explored in a series of studies the
alterations in regulation of coronary resistance vessel tone
in post-MI remodelled myocardium. For this purpose we
employed a porcine model of MI produced by permanent
ligation of the left circumflex coronary artery, which
results in transmural infarction of 20–25% of the LV free
wall, and studied swine at 2–3 weeks after induction of
MI. Swine were not only studied at rest but also during
graded treadmill exercise to further stress the remodelled
hearts and recruit the cardiac and coronary functional
reserve capacity, to facilitate elucidation of compensatory
mechanisms that become activated to maintain cardio-
vascular homeostasis. These studies indicate that myo-
cardial oxygen balance is mildly perturbed in remodelled
myocardium. Thus at a similar level of cardiac work and
hence oxygen consumption, coronary blood flow and
hence myocardial oxygen supply are lower in MI compared
to normal swine, forcing the myocardium to increase its
oxygen extraction leading to a lower coronary venous
oxygen content (Fig. 3). That the relatively small degree
of perturbation in the oxygen balance was associated
with myocardial metabolic distress was also reflected
in the increased vasodilator influence through opening
of KATP channels, particularly during exercise (Merkus
et al. 2005b). Unexpectedly, we observed that despite
increased circulating levels of noradrenalin, angiotensin II
and endothelin-1, the coronary influences of α-adrenergic
tone were not increased (Duncker et al. 2005), while the
coronary vasoconstrictor influences of endogenous endo-
thelin (Merkus et al. 2005a) and angiotensin II (Merkus
et al. 2006) were virtually abolished. Thus, early after
myocardial infarction, small perturbations in myocardial
oxygen balance were observed in remodelled myocardium.
However, adaptations in coronary resistance vessel
control, consisting of increased vasodilator influences
in conjunction with blunted vasoconstrictor influences,
acted to minimize the impairments of myocardial oxygen
balance (Fig. 3). These studies not only highlight the
plasticity of the post-MI remodelled heart and coronary
circulation, to minimize perturbations in myocardial
oxygenation in the face of increased compressive forces and
reduced capillary densities, but also illustrate the necessity

C© 2011 The Authors. Journal compilation C© 2011 The Physiological Society
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to study these phenomena in an integrative manner in an
intact animal model.

Neurohumoral activation following MI initially
contributes to circulatory homeostasis, but will eventually
contribute to the progressive deterioration in LV function.
This concept is supported by studies showing detrimental
effects of amplification of neurohumoral activity by
phosphodiesterase-3 (PDE3) inhibitors in patients with
heart failure (Packer et al. 1991), while on the other
hand β-adrenergic receptor blockade (CIBIS Investigators
and Committees, 1994; CIBIS-II Investigators and
Committees, 1999; MERIT-HF Study Group, 1999) and
inhibitors of the RAAS system (Pfeffer et al. 1992)
have clearly shown long-term benefits in large cohorts
of patients with heart failure. Starting from these
observations in patients with heart failure, we took an
integrative approach to study the cellular and molecular
mechanisms underlying LV dysfunction observed in our
swine model ∼3 weeks after acute MI. In a first series of
studies, we demonstrated the presence of LV remodelling
(van Kats et al. 2000) and dysfunction (Duncker et al.
2001; Haitsma et al. 2001), necessitating an increased
oxygen extraction by the peripheral tissues (Fig. 4A) and
causing an increase in neurohumoral activation (Fig. 4B)
(Haitsma et al. 2001). Despite the increased neuro-
humoral activation, β-adrenergic inotropic (Fig. 4C) and
lusitropic (Fig. 4D) influences on the left ventricle were
markedly blunted, particularly during treadmill exercise
(van der Velden et al. 2004; Duncker et al. 2005). A
loss of β-adrenergic signalling was also suggested by an
attenuated response to PDE3 inhibition (Duncker et al.
2001). To further investigate the cellular mechanisms
underlying the global LV dysfunction, we performed
studies in isolated permeabilized individual cardio-
myocytes (van der Velden et al. 2004). In myocytes
from the remote LV zone in MI hearts, we observed
abnormalities in myofilament force development, which
correlated well with the degree of LV remodelling, and
an increase in myofilament Ca2+ sensitivity (Fig. 5A)
(van der Velden et al. 2004). These alterations in
myofilament function are likely to contribute to the
systolic (Fig. 4C) and diastolic (Fig. 4D) LV dysfunction
observed in swine during β-adrenergic receptor activation
produced by treadmill exercise. The abnormalities in
myofilament function could be prevented, at least
in part, by treatment with chronic β1-adrenergic
receptor blockade during the post-MI period (Duncker
et al. 2009). Analysis of myofilament proteins with
one- and two-dimensional gel-electrophoresis failed to
demonstrate significant alterations in phosphorylation
status under basal conditions, including to our surprise
the β-adrenergic target proteins cardiac myosin binding
protein C (Fig. 5C) and troponin I (Fig. 5D) (Duncker
et al. 2009). When the heart was stimulated with the
β-adrenergic receptor agonist dobutamine, the increase

in troponin I phosphorylation was blunted in remodelled
myocardium (Fig. 5D) (Boontje et al. 2010). The increased
Ca2+ sensitivity of force development of post-MI myocytes
could be restored to normal (sham) values by incubation
with the catalytic subunit of protein kinase A (PKA),
the downstream kinase of the β1-adrenergic receptor
(Fig. 5B). Taken together, these observations suggest that
PKA specific phosphorylation sites may be selectively
altered in post-MI hearts, which are the subject of ongoing
studies within our laboratory.

To complement the top-down approach (from
organism towards proteome) outlined above and to
further investigate the mechanisms underlying the LV
dysfunction following MI, we recently set out to
investigate transcriptional control of LV remodelling and
dysfunction. For this purpose, we performed microarray
analysis to find genes that are differentially expressed
in post-MI versus control hearts (Kuster et al. 2010).
Relations between the differentially expressed genes were
assessed by Ingenuity Pathway Analysis. This program

Figure 4. Functional changes at the whole-body and cardiac
level
Whole-body oxygen extraction (A) and circulating noradrenaline
levels (B) in resting and exercising swine with cardiac dysfunction
3 weeks after MI (filled circles) or sham surgery (open circles), and
maximum rates of rise (C) and fall (D) of left ventricular pressure
were plotted as a function of circulating noradrenaline levels. In each
group, data are shown during resting conditions and during
treadmill running at 2 and 4 km h−1. The data show relatively little
functional deficit in resting conditions, but functional deficits at
higher endogenous sympathetic activation increasing with exercise
intensity. Based on Haitsma et al. (2001) with permission from the
European Society of Cardiology and van der Velden et al. (2004).
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builds networks of interacting molecules by connecting
as many differentially expressed genes as possible, and
allowing for hub molecules of which the expression
remains unchanged. Taken a non-supervised approach
(Fig. 6A), an important network was identified that
contained several genes encoding proteins involved in
β-adrenergic signalling, including the regulatory sub-
unit of PKA (PRKAR2B), A-kinase anchoring protein 5
(AKAP5), calmodulin and calmodulin kinase (CaMK), of
which the expression was altered. In addition, subsequent
analysis of the β-adrenergic signalling network revealed
increased expression of PDE4 (Fig. 6B). If confirmed at the
protein level, the increased expression could contribute

to the observed blunted PKA influence on myofilament
Ca2+ sensitivity via (i) reduced cAMP production through
increased CaMK-mediated inhibition of adenylyl-cyclase
and increased cAMP breakdown by PDE4, and (ii)
inactivation of the catalytic subunit of PKA by increased
binding to the regulatory subunit of PKA.

Integrative Physiology 2.0

Systems biology approaches have not yet been applied
to the study of cardiac remodelling, largely because of
its tremendous complexity. Starting from observations in

Figure 5. Myofilament function and protein phosphorylation
A, determination of force development by skinned cardiomyocytes isolated from sham and post-MI pig hearts
at different exogenous Ca2+ concentrations showed reduced maximal force and increased Ca2+ sensitivity in
post-MI remodelled myocardium. B, Ca2+ sensitivity in the MI hearts was normalized to control (sham) values
by pre-incubation of skinned cardiomyocytes with exogenous protein kinase A (PKA). Force development was
measured before and after incubation with PKA. Force at maximal [Ca2+] was set to 1. The observation that PKA
abolished the difference in Ca2+ sensitivity between sham and post-MI cardiomyocytes suggests that the increase
in myofilament Ca2+ sensitivity is caused by lower levels of PKA-mediated phosphorylation of sarcomeric proteins.
C, two-dimensional gel electrophoresis showed no difference in the phosphorylation pattern of the PKA target
protein cardiac myosin binding protein (cMyBP-C) between sham and MI hearts. D, troponin I (TnI) phosphorylation
did not differ under baseline conditions between sham and MI heart. However, following intravenous infusion
of dobutamine the increase in TnI phosphorylation was attenuated in post-MI myocardium. Panels A and B were
adapted from van der Velden et al. (2004), C was adapted from Duncker et al. (2009) and D shows data from
Boontje et al. (2010).

C© 2011 The Authors. Journal compilation C© 2011 The Physiological Society
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Figure 6. Network identification by Ingenuity Pathway Analysis
A, one of the major networks identified by unsupervised analysis of genes differentially expressed in post-MI vs.
sham myocardium. Genes in red and green are up- and downregulated after MI, respectively. Genes in white,
such as calcineurin, are not changed in expression but represent hubs between a large number of differentially
expressed genes. The data show that a number of genes of the β-adrenergic pathway are changed in expression.
B, simplified β-adrenergic signalling pathway identified by supervised data analysis, with upregulated genes in red
and downregulated genes in green. Colour intensities correspond to the degree of change, with a deeper colour
indicating a greater change. PP1 has been depicted with a red outline to indicate that we previously found an
increase in PP1 protein level. Data are from Kuster et al. (unpublished).

patients showing detrimental effects of PDE3 inhibitors
and beneficial effects of β-blockers, we have taken an
integrative approach to studying the mechanisms under-
lying LV dysfunction after MI (Fig. 7). We began by

narrowing our experimental focus to the well-defined
clinical phenotype of post-MI LV remodelling and took a
top-down approach, starting in the awake pig and ending
with specific and generalized molecular investigations

Figure 7. Illustration of our ‘Integrative Physiology
2.0’ approach
Complex physiological processes such as cardiac
remodelling must be studied in detail at different levels
ranging from the transcriptome of cells all the way up
to the intact organism, and possibly even further to
population-based functional responses to pharmacons
(not shown). At each level, data should be integrated
with ‘higher’ and ‘lower’ levels, to build a
multidimensional picture of the ongoing processes.

C© 2011 The Authors. Journal compilation C© 2011 The Physiological Society
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centred on transcriptomic and proteomic correlations
(Fig. 7) based on current knowledge (Adams, 2010).
Using a porcine model of post-MI remodelling, we first
demonstrated the presence of LV remodelling and pump
dysfunction in swine, necessitating increased oxygen
extraction by the peripheral tissues and causing an increase
in neurohumoral activation (organism). Despite the
increased neurohumoral activation, β-adrenergic receptor
mediated increases of LV function (organ) were blunted
(Duncker et al. 2005), which coincided with attenuated
LV inotropic responses to PDE3 inhibition (Duncker
et al. 2001). Further studies at the cardiomyocyte level
revealed abnormalities of myofilament force development
that correlated well with the degree of LV remodelling
(cellular compartment) (van der Velden et al. 2004). The
alterations in myofilament Ca2+ sensitivity appeared to
be mediated by loss of PKA catalytic activity (proteome),
and could be prevented by simultaneous treatment with
β1-adrenergic receptor blockade, coinciding with an
improvement in LV pump function (Duncker et al. 2009).
Non-supervised as well as supervised network analysis
of microarray data (transcriptome) revealed significant
alterations in expression of genes encoding proteins
involved in β-adrenergic receptor signalling (Fig. 7). These
preliminary findings will be followed up by further studies
into translational and post-translation modifications.

Since the completion of the Human Genome Project
and the advent of the large scaled unbiased ‘-omics’
techniques, the field of systems biology has emerged.
Systems biology aims to move away from the traditional
reductionist molecular approach, which focused on
understanding the role of single genes or proteins, towards
a more holistic approach by studying networks and
interactions between individual components of networks.
From a conceptual standpoint, systems biology elicits
a ‘back to the future’ experience for any integrative
physiologist, and we feel that systems biology can benefit
from the knowledge and existing models of interaction
between systems available in physiology. Conversely,
many of the new techniques and modalities employed
by systems biologists yield tremendous potential for
integrative physiologists to expand their tool arsenal to
(quantitatively) study complex biological processes, such
as cardiac remodelling and heart failure, in a truly holistic
fashion. Such an approach may generate new hypotheses,
concepts and eventually novel treatments for the process of
cardiac remodelling and heart failure, which should sub-
sequently be tested in a physiological setting. We therefore
advocate that systems biology should not become/stay a
separate discipline with ‘-omics’ as its playing field, but
should be integrated into physiology to create ‘Integrative
Physiology 2.0’, allowing interconnection and integration
of processes at the various levels of complexity and
organization within the pyramid of life.
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ABSTRACT: CRISPR systems mediate adaptive immunity in
bacteria and archaea through diverse effector mechanisms and have
been repurposed for versatile applications in therapeutics and
diagnostics thanks to their facile reprogramming with RNA guides.
RNA-guided CRISPR-Cas targeting and interference are mediated
by effectors that are either components of multisubunit complexes
in class 1 systems or multidomain single-effector proteins in class 2.
The compact class 2 CRISPR systems have been broadly adopted
for multiple applications, especially genome editing, leading to a
transformation of the molecular biology and biotechnology toolkit.
The diversity of class 2 effector enzymes, initially limited to the
Cas9 nuclease, was substantially expanded via computational
genome and metagenome mining to include numerous variants
of Cas12 and Cas13, providing substrates for the development of versatile, orthogonal molecular tools. Characterization of these
diverse CRISPR effectors uncovered many new features, including distinct protospacer adjacent motifs (PAMs) that expand the
targeting space, improved editing specificity, RNA rather than DNA targeting, smaller crRNAs, staggered and blunt end cuts,
miniature enzymes, promiscuous RNA and DNA cleavage, etc. These unique properties enabled multiple applications, such as
harnessing the promiscuous RNase activity of the type VI effector, Cas13, for supersensitive nucleic acid detection. class 1 CRISPR
systems have been adopted for genome editing, as well, despite the challenge of expressing and delivering the multiprotein class 1
effectors. The rich diversity of CRISPR enzymes led to rapid maturation of the genome editing toolbox, with capabilities such as
gene knockout, base editing, prime editing, gene insertion, DNA imaging, epigenetic modulation, transcriptional modulation, and
RNA editing. Combined with rational design and engineering of the effector proteins and associated RNAs, the natural diversity of
CRISPR and related bacterial RNA-guided systems provides a vast resource for expanding the repertoire of tools for molecular
biology and biotechnology.

CRISPR-Cas is the system of adaptive immunity in bacteria
and archaea encoded in genomic loci that consists of an

array of direct repeats and a suite of CRISPR-associated (cas)
genes that are typically adjacent to the array. CRISPR-Cas
(hereafter, CRISPR for the sake of brevity) is a programmable
machinery of defense against invading nucleic acids, such as
viruses and plasmids.1−5 The naturally evolved programming
occurs by inserting segments of foreign genomes (known as
CRISPR spacers) into special loci in bacterial or archaeal
genomes, the CRISPR repeat arrays. Transcripts of the spacers,
with parts of adjacent repeats, denoted CRISPR (cr) RNAs, are
then employed as guides that direct Cas endonucleases to the
cognate sites in the target DNA or RNA sequence that are then
cleaved and inactivated.

All defense systems are engaged in evolutionary arms races
with parasites and therefore tend to evolve fast and broadly
diversify. The CRISPR systems are no exception, although their
universal, programmable mechanism does not intrinsically
require that cas genes be locked in step with the genes of the

targeted parasites. Nevertheless, the discovered diversity of
CRISPR and related systems, which is manifested at the level of
gene composition, organization of the genomic loci, and
sequence variation, is remarkable and increasing.6−10

The principal incentive for CRISPR research is the unique
applicability of CRISPR systems for genome editing and other
tasks in biotechnology.11 The first tools for genome editing that
remain the most commonly used to this day employ Cas9
protein, the effector endonuclease of type II CRISPR systems.
For historical reasons, the first to be adopted for genome editing
was Cas9 from the bacterium Streptococcus pyogenes
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(SpCas9).12−14 SpCas9 is a facile editing tool but has several
important limitations. First, the principal advantage of CRISPR
genome editors, their (supposedly) universal programmability,
is constrained by the requirement for the protospacer adjacent
motif (PAM) that must be present adjacent to the target
sequence to be recognized by the complex of Cas9 with the
guide RNA.15−20 Although the PAM is a short motif of only
three base pairs (bp), this excludes most of the genome
sequence from direct targeting by any given Cas9 (e.g., SpCas9).
Second, the specificity of Cas9 is limited, with non-negligible off-
target binding and cleavage, which hampers some of the most

important tasks of CRISPR editing, such as cleavage of a unique
site in the human genome.21−24 Third, the use of Cas9 for
genome editing requires a single guide (sg)RNA that has to be
prepared separately for each target by ligating the respective
crRNA with a generic trans-acting CRISPR (tracr) RNA.12−14

Last but not least, the initially described Cas9 proteins, including
SpCas9, are quite large, in the range of 1250−1400 amino
acids.8,25 This bulkiness is a major shortcoming that prevents
packaging of the Cas9 and Cas9-based technologies into adeno-
associated virus (AAV), makes mRNA synthesis more

Figure 1. CRISPR diversity of class 1. This diagram illustrates the CRISPR-cas loci of each class 1 subtype and their distinct variants along with a
dendrogram (left) showing the possible evolutionary relationships among the different subtypes. Labels on the right indicate the example organisms
and gene ID ranges. Homologous genes across the different subtypes are color coded to indicate their evolutionary relationships. Gene names are
derived from previous classifications of CRISPR systems.6,10 The small subunit involves csm2, cmr5, cse2, csa5, and several other homologous genes
collectively denoted cas11. Dotted lines around cas1 and cas2 in subtype III-A and III-E systems indicate they are dispensable genes. Gene regions
highlighted in cream and red represent the HD nuclease domain. The purple shading shows the effector module. Genes without functional
characterization are colored gray. CRISPR arrays are shown on loci when detected near these subtype systems, although there are exceptions detected
for each subtype. RT indicates reverse transcriptase. TPR indicates a tetratricopeptide repeat. Modern gene names are shown in bold with legacy names
shown below. Adapted from ref 10.
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Figure 2.CRISPR diversity of class 2. The diagram depicts representative CRISPR-cas loci for each class 2 subtype, including selected distinct variants.
The dendrogram on the left illustrates the likely evolutionary relationships among the types and subtypes. The labeling on the right depicts the example
host genome and gene ID ranges. Homologous genes are color-coded, and gene names are derived from previous classifications of CRISPR systems.6,10

The gray shading with different hues represents the two levels of classification: subtypes and variants. Dotted lines around adaptation genes cas1 and
cas2 indicate they are not present in many systems. The genes encoding WYL domains and csx27 are also dispensable and shown by dashed lines.
Additional genes encoding components of the interference module, such as transactivating CRISPR RNA (tracrRNA), are displayed. The effector
protein domains are color-coded as follows: cream for RuvC-like nuclease, yellow for HNH nuclease, navy for nucleotide binding (HEPN) RNase of
higher eukaryotes and prokaryotes, and blue for transmembrane domains. Modern gene names are shown in bold with legacy names shown below.
Adapted from ref 10.
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challenging, and substantially complicates the delivery of Cas9
into mammalian cells.26

Considering the enormous potential of CRISPR tools along
with the limitations of Cas9 that prevent this potential from
being fully realized, the quest for diversification and improve-
ment of CRISPR tools started shortly after the original
adaptation of Cas9 for genome editing. Two distinct,
complementary approaches for enhancing CRISPR genome
editing and other applications as well as combinations of both
have been broadly attempted, with considerable success: (1)
exploitation of the natural diversity of the CRISPR systems and
(2) rational engineering and design of CRISPR tools.

In this Perspective, we focus on the first approach, in some
cases, combined with the second. Initially, multiple CRISPR
variants have been discovered serendipitously, in the course of
genome and metagenome sequence analyses.27−29 Subse-
quently, systematic search strategies have been developed to
screen genomic and metagenomic sequence databases for new
varieties of CRISPR systems.6,8,9 As a result, the known
repertoire of CRISPR has been greatly expanded. Below, we
briefly outline the diversity and classification of CRISPR systems
and discuss the versatile molecular tools that have already been
developed from some of the naturally occurring CRISPR
variants and the still untapped potential of many others.

■ DIVERSITY, EVOLUTION, AND CLASSIFICATIONOF
CRISPR SYSTEMS

Given the diversity and fast gene evolution characteristic of
defense systems, classification of CRISPR is a challenging but
essential task. CRISPR systems do not encompass any universal
genes, ruling out a comprehensive phylogenetic classification
akin to the global molecular taxonomy of organisms. Therefore,
CRISPR classification relies on multiple criteria, including
signature genes that can be used to define CRISPR types,
subtypes, and variants, comparison of gene compositions and
organization of genes in the CRISPR-cas loci, sequence
similarity-based clustering and phylogenetic analysis of cas
genes, and functional features.

The latest, 2020 version of the CRISPR classification
comprises two classes that include six types and 33 subtypes,10

and several putative subtypes have been described in the two
years since (Figures 1 and 2). The two CRISPR classes share
homologous adaptation modules, but the effector modules are
unrelated and have fundamentally different architectures. Class
1 effector modules consist of several cas genes encoding subunits
of the effector complexes, or stand-alone enzymes. By contrast,
in class 2 systems, the entire effector module is condensed within
a single multidomain protein. Class 1 includes CRISPR systems
of types I, III, and IV, with 16 subtypes, of which four (subtypes
III-E, III-F, IV-B, and IV-C) were discovered after the

Figure 3. Pipeline for the computational discovery of class 2 CRISPR-Cas systems. A list of coordinates or protein sequences can be used as seeds for
the search. Protein coding sequences within 10 kb of either side of the seeds are extracted and then annotated using known protein profiles. Both
annotated proteins and unknown ORFs are then clustered and ranked for enriched association with seeds. Top candidates are selected, and the process
can be repeated for expansion of the candidate families. Examples of this pipeline have been used in previous CRISPR system searches.39,44
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publication of the previous version of CRISPR classification in
20156 (Figure 1). Class 1 systems share the general organization
of the effector complexes, which implies common ancestry. The
scaffold of these complexes consists of multiple, paralogous
proteins of the Cas5 and Cas7 families, which comprise highly
derived versions of the RNA recognition motif (RRM) domain
(Figure 1). The third family of RRM domain Cas proteins, Cas6,
includes stand-alone ribonucleases that in most class 1 systems
are responsible for the processing of pre-crRNA. In addition to
the RRM proteins (known as RAMPs, repeat-associated
mysterious proteins, for historical reasons), class 1 effector
complexes typically share two additional homologous proteins,
known as large and small subunits. Together, these proteins
account for the conserved gross architecture of class 1 effector
complexes, although the subunit compositions and structures
substantially differ among different types.

Class 1 includes ∼90% of all CRISPR loci identified in
bacterial and archaeal genomes. In addition to typical, complete
CRISPR systems, a variety of derived forms have been
discovered that were recruited for nondefense functions. In
particular, interference-defective derivatives of CRISPR systems
of subtypes I-F, I-B, and I-E encoded by numerous bacterial
Tn7-like transposons mediate RNA-guided transposition.30−32

The functions of many highly divergent class 1 CRISPR
derivatives remain unknown. A striking oddity among the class 1
CRISPR are subtype III-E systems that, unlike all other class 1
members, encompass a single effector protein and in that respect
resemble class 2 (see below).33 However, the evolutionary path
from typical class 1 systems of subtype III-D through the fusion
of four Cas7 family proteins and Cas11 to the single III-E
effector protein (accordingly dubbed Cas7-11) can be readily
traced. The evolution of III-E CRISPR systems from III-D also
involved the loss of other cas genes, in particular the effector
DNA endonuclease encoded by cas10, resulting in the loss of
DNA cleavage and a transition to exclusively RNA targeting.33

In addition, during their evolution, the type III-E systems
acquired the CHAT protease Csx29 and its corresponding
substrate Csx30, as well as the accessory protein Csx31 and σ
factor RpoE.10,33 These components form the basis of a system
for a RNA-triggered protease system, where Cas7-11 effector
binding activates the associated Csx29 protease to cleave the
Csx30 substrate.34−37 This cleavage generates an N-terminal
product, which affects host growth though a RpoE stress-
associated response35,36,38

Class 2 consists of CRISPR types II, V, and VI (Figure 2). As
mentioned above, the defining feature of class 2 is that their
effector modules comprise a single, large, multidomain protein,
which makes them the obvious tools of choice for genome
editing and other applications. Class 2 systems account for
∼10% of the CRISPR systems in bacteria and are nearly missing
in archaea. Until 2015, only three subtypes of type II systems,
with the effector protein Cas9, have been identified. However, in
the 2015 version of CRISPR classification,6 type V, with the
distinct effector protein now known as Ca12, was formally
introduced. Simultaneously, a systematic effort was launched to
discover new class 2 systems in genomic and metagenomic
sequences, driven in part by the potential of these systems as
genome editing tools with unique features. The computational
approach implemented in these searches was simple and
straightforward but turned out to be efficient (Figure 3).39

First, CRISPR-cas loci were identified in genomic sequences or
long contigs from metagenomes by searching for an “anchor”,
that is, either a CRISPR array40 or a cas139 gene, the most highly

conserved one among the cas genes. The union of the detected
anchors was taken as the set of CRISPR-cas loci, to include those
that lacked either CRISPR or cas1. Once the CRISPR-cas loci
were identified, the protein sequences encoded by the
(predicted) cas genes were searched using profiles for the
known Cas protein families to identify members of the known
types and subtypes. The remaining loci encoding large
uncharacterized proteins were considered candidate novel
class 2 CRISPR systems, and the proteins from these loci were
investigated in detail using the most sensitive available methods
for sequence analysis and structure prediction.

As the result of these efforts, type V was substantially
expanded, and the new type VI was discovered.39,41 New
subtypes of both types continued to be discovered using similar
computational approaches.42,43 Given that diverse variants of
class 2 CRISPR are presently the main source of molecular tools,
we describe these here in some detail.
Type II. Among the class 2 CRISPR systems, type II is by far

the most abundant across bacteria.10 The signature of type II is
the unique domain architecture of its effector protein Cas9, with
an HNH nuclease inserted into the RuvC-like nuclease domain.
Each of the two nuclease moieties of Cas9 cleaves one strand of
the target DNA, with the target strand cleaved by HNH and the
complementary, nontarget strand by the RuvC-like nucle-
ase,12,45 resulting in a double-stranded break with staggered
ends.18,46 In addition to the two nuclease domains, Cas9
contains the large recognition (REC) lobe that is involved in
target binding.19 Another key feature of type II (shared with
some of the type V subtypes as discussed below) is the
involvement of the trans-acting CRISPR RNA (tracrRNA) that
is encoded within type II loci in the processing of the pre-
crRNA, which in type II is catalyzed by RNase III (a widely
conserved bacterial enzyme encoded outside of the CRISPR
loci),47 and in interference.

Apart from type II CRISPR systems, a protein with a similar
domain organization (named IscB, after insertion sequence
Cas9-like), with an HNH nuclease domain inserted into a RuvC-
like nuclease, but lacking the REC lobe, is encoded by a
subfamily of IS200/IS605 transposons.48 IscB is thought to be
the ancestor of Cas9 that acquired additional domains after
being recruited for the effector role in type II CRISPR systems.
Analysis of the cryo-electron microscopy structures of IscB
validated the predictions, revealing the same structural frame-
work.49,50 Notably, Cas9 is not the only case of association of
IscB with CRISPR. Phylogenetic analysis of IscB revealed
several additional, much smaller branches where such
association evolved independently.48 Recently, it has been
shown that IscB is a guide RNA-dependent endonuclease that is
potentially involved in RNA-guided homing of the respective
transposons,51 in a manner similar to that proposed for other
IS200/IS605 transposons.52 Experimental reconstitution of
IS200/IS605 elements from Geobacillus stearothermophilus
showed that IscB targeted the donor joint for cleavage, allowing
for retention of the transposable element in the donor strand
following peel-out-paste-in transposition.53

Type II systems have a nearly uniform gene composition and
locus organization compared to the diversity of class 1 CRISPR.
Nevertheless, there are three type II subtypes, of which two
encompass distinct, signature genes. Subtype II-A systems
contain an additional gene, csn2, which encodes an inactivated
P-loop ATPase involved in adaptation.54 Two subtype II-A
variants differ by the presence of either a long or a short form of
Csn2. Subtype II-B loci instead encode the Cas4 nuclease, which
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is also involved in adaptation.54 Subtype II-C systems consist of
only the cas1, cas2, and cas9 genes.54 In a recent comprehensive
analysis of Cas9 homologues, a candidate for a new subtype II-D
has been identified.51 The putative II-D loci are a minimal type II
version that consists only of a small Cas9 protein (∼700 amino
acids) and a CRISPR array (Figure 2).
Type V. Type V systems resemble type II in the overall,

comparatively simple organization of the CRISPR-cas loci,
which encode the large effector protein, Cas12. Many type V loci
also encompass the adaptation module, and some encode
additional, ancillary proteins. The Cas9 and Cas12 proteins
share homologous RuvC-like nuclease domains but otherwise
have different domain architectures. In contrast to Cas9, in
which the two nuclease domains are each responsible for the
cleavage of one strand of the target DNA, Cas12 proteins
contain only the RuvC-like domain that cleaves the two strands
of the target in succession.55,56 In contrast to the relatively
uniform type II, type V systems, while comparatively rare among
bacteria, are highly diverse with respect to the size and
architecture of the effector proteins as well as molecular
mechanisms, including target specificity. This diversity is
reflected in the 12 subtypes of type V recognized in the 2020
classification, and many more are expected to be identified.10

These new type V variants originate mostly from a
heterogeneous assemblage of loci (provisionally designated
subtype V-U, for uncharacterized) that encode RuvC-like
domain-containing proteins that are much smaller than typical
Cas12 (∼500 amino acids compared to >1000 amino acids) and
show a high degree of sequence similarity to TnpB proteins
encoded by IS605-like transposons.51 Like IscB, the TnpB
proteins have been recently shown to function as RNA-guided

nucleases51,52 that likely mediate RNA-guided transposon
homing.

The association of TnpB with CRISPR apparently evolved on
a number of independent occasions, giving rise to multiple type
V subtypes, as suggested by phylogenies of both TnpB and
Cas1.44,51 In each subtype, as in the case of IscB-Cas9, the
evolution of CRISPR effectors involved piecemeal accretion of
protein domains, along with the divergence of the RuvC-like
nuclease domain. Therefore, variants of type V that differ in the
effector size and the level of sequence similarity to TnpB
apparently correspond to different stages of CRISPR evolution.
Given the large abundance of TnpB in bacterial genomes and its
mobility as part of transposons, association of TnpB with
CRISPR is not a particularly rare event, resulting in numerous,
independently emerging type V subtypes, creating a challenge
for the practical task of CRISPR classification. These variants
show notable differences in the interference specificity. In
particular, Cas12f (originally named Cas14) has been shown to
cleave ssDNA,42 although, subsequently, dsDNA cleavage has
also been reported, whereas Cas12g is an RNA-guided RNase
with additional, collateral RNase and ssDNase activities.57 The
subtypes of type V differ even more dramatically with respect to
the mechanisms of pre-crRNA processing. Some, like the type II
systems, employ tracrRNA and RNase III as the processing
enzyme, for example, subtype V-B.39,58 In others, however, such
as subtype V-A, Cas12 itself mediates pre-crRNA processing via
a distinct catalytic site.59

Subtype V-K, embedded in cyanobacterial Tn7-like trans-
posons, encompasses an inactivated RuvC-like nuclease Cas12k
in which essential catalytic residues are replaced.44,60 It has been
shown experimentally that Cas12k associates with a Tn7-like
transposase subunits and mediates RNA-guided transposition,

Figure 4. Mammalian DNA- and RNA-targeting applications of class 2 Cas programmed nucleases. Select class 2 families are represented in three
ways: (1) genomic context within representative CRISPR loci, (2) structure, with target DNA and guide RNA colored, and (3) applications when used
with nuclease, nicking, or binding activities. Protein Data Bank references are Cas9 (4OO8), Cas12a (5B43), Cas12b (5U30), and Cas13a (5XWP).
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which is analogous to the interference-defective variants of
subtypes I-B, I-E, and I-F mentioned above.31,61

Type VI. Unlike the great majority of CRISPR systems, type
VI systems exclusively target RNA. Like other class 2 effectors,
the effectors of type VI (Cas13) are large proteins that are,
however, unrelated to the type II and type V effectors, contain
two HEPN RNase domains, and apparently target transcripts of
invading DNA genomes, although they also protect bacteria
against RNA phages in laboratory experiments.39,41 Cas13
proteins additionally exert collateral, nonspecific RNase activity
that is activated by target recognition and can induce dormancy
in virus-infected bacteria.62 Similarly to the Cas12 proteins of
several type V subtypes, a distinct active site in Cas13 itself is
responsible for the processing of the pre-crRNA.63

Type VI currently consists of four subtypes, some of which, in
addition to Cas13, encompass distinct accessory proteins
(Figure 2). Specifically, two variants of subtype VI-B loci
encode distinct membrane proteins, whereas most of the
subtype VI-D systems contain WYL domain proteins that
regulate their activity.44,64 Some of the variants of subtypes VI-A
and VI-D contain an adaptation module, but most of the type VI
systems lack one and appear to depend on other types of
CRISPR-cas systems for spacer acquisition as shown for one of
the VI-B systems that employs a subtype II-C adaptation
module.65

The two HEPN nuclease domains of Cas13 are significantly
similar in sequence to the HEPN domains of certain abortive
infection (ABI) systems and most likely evolved from the latter
via duplication of the HEPN domain or by fusion of two HEPN-
containing proteins and accretion of additional domains.66

■ HARNESSING CLASS 2 CRISPR DIVERSITY FOR
APPLICATIONS IN GENOME ENGINEERING AND
BEYOND

Tapping into the Diversity of Cas9: A Search for Compact,
Highly Efficient Cas9 Variants. Although SpCas9 remains the
most commonly used tool for genome editing (Figure 4), its
large size (gene length of 4107 nucleotides) hampers delivery,
and its relatively low targeting specificity can be inadequate for
many applications. Therefore, shortly after the seminal
demonstration of DNA editing in mammalian cells by SpCas9,
efforts were initiated to identify alternative Cas9 variants with
potential superior or complementary properties. The principal
goal was to obtain highly active Cas9s with simple PAMs but
high target specificity (low off-target cleavage rate) that would
be small enough for the vector encoding Cas9, together with the
sgRNA, to be packaged into AAV capsids. These efforts were
facilitated by the comparative analysis of Cas9 proteins, which
demonstrated that Cas9s split into two size groups, long (around
1350 amino acids) and short (around 1100 amino acids).54 The
REC lobe of the short forms that were identified in the II-A and
II-C subtypes is much smaller than that of the long forms.
Although screening of multiple short Cas9 variants was required
because only a minority of these demonstrated efficient target
cleavage in mammalian cells, the compact Cas9 from Staph-
ylococcus aureus (SaCas9) showed indel formation efficiency
similar to that of SpCas9, relaxed PAM requirements, and low
off-target DNA cleavage and could be readily packaged in
AAV.67

The utility of CRISPR effectors can extend beyond their
intrinsic programmable nuclease activity; via mutation of the
catalytic residues of the nuclease domains, inactivated effectors
can be used to recruit various protein domains to specific regions

of the genome for the purposes of modification regulation.
These dead effectors, most notably dCas9, have been used for
both activation68−71 and repression72,73 of gene expression via
fusion to the corresponding domains (Figure 4). For
applications that require transcriptional perturbation in vivo,
the smaller size of certain Cas9 orthologs can enable packaging
in AAV. Using SaCas9 as a scaffold for fusion to either
activator74 or repressor75 domains, AAV-deliverable versions of
these transcriptional modulators have been applied in vivo.
Further refinement of these constructs, including linker
optimization76 and rational truncations77 and use of smaller
orthologs, such as the Cas9 from Campylobacter jejuni (CjCas9),
has an improved efficiency of gene modulation. In vivo
transcriptional activation using SaCas9 has been subsequently
applied in both muscle78 and brain,79,80 enabling treatment of
mouse disease models.

More recently, a dedicated pipeline has been developed that
combines computational and experimental procedures for the
identification of Cas9 variants suitable for genome editing and
was used to produce a comprehensive catalog of biochemically
diverse Cas9s.81,82 Cas9 proteins of the type II-A−C subtypes
span the size range from ∼1000 to ∼1600 amino acids, with a
bimodal distribution peaking at ∼1100 amino acids (short form)
and ∼1375 amino acids (long form). Cas9s recognizing diverse
A-, C-, G-, or T-rich PAMs were identified,81,82 along with other
searches,83 substantially expanding the targetable space for
genome editing with Cas9. Furthermore, size diversity and
structural diversity of gRNAs were observed, again, increasing
the versatility of potential genome editing tools. More recently,
subtype II-D has been identified, with Cas9 effectors of only
∼700 amino acids, without any additional Cas proteins.51 In
addition, distinct variants of subtype II-C were discovered
containing unusually large Cas9s (>1700 amino acids) that are
associated with the TnpA transposase. Although these novel
variants Cas9 have not yet been engineered for use in
mammalian cells, the explosion of Cas9 diversity will
undoubtedly further expand the gene editing toolkit.

Cas9 proteins have been extensively and successfully
engineered for increased efficiency and enhanced specificity.
Many efforts have focused on improving the efficiency of Cas9
with noncanonical PAM sequences, including mutated Cas9
variants that can recognize NGAG, NGA, and NGCG PAMs
through mutagenesis of residues that physically interact with the
PAM sequence in the DNA target.84−86 Directed evolution
techniques have further expanded the PAM-targeting repertoire,
with phage-assisted continuous evolution (PACE) used to
evolve SpCas9 variants in bacteria, including xCas9-3.7 that
recognizes NGT and NGA PAMs,87 and Nme2Cas9, a Cas9
variant from Neisseria meningitidis that was evolved to recognize
pyrimidine-rich PAMs, such as N4TN and N4CN.88 More recent
evolution approaches have also generated SpCas9 variants that
can recognize NRRH, NRCH, and NRTH PAMs.89 Beyond
directed evolution, structure-guided approaches have been
employed to mutagenize residues interacting with the PAM
and to stabilize the Cas9−PAM interaction, to generate a
SpCas9 variant that recognizes the NG PAM90,91 or variants that
recognize the NRN/NYN PAMs.91 Lastly, chimeric SpCas9
NAA PAM-recognizing variants have been created by fusing the
PAM interaction domain of SpCas9 with that of SmacCas9,
which was bioinformatically predicted to recognize AA PAMs.83

Overall, the engineering efforts to boost SpCas9 activity across
diverse PAMs have yielded SpCas9 variants that can cover more
than half of the PAM sequence space, broadly expanding the

Biochemistry pubs.acs.org/biochemistry Perspective

https://doi.org/10.1021/acs.biochem.3c00159
Biochemistry 2023, 62, 3465−3487

3471

pubs.acs.org/biochemistry?ref=pdf
https://doi.org/10.1021/acs.biochem.3c00159?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


targetable range of the human and other genome sequences.
With recent work generating Cas9 variants, particularly from
Nme2Cas9,88 that recognize pyrimidine PAMs, most trinucleo-
tides can be recognized as PAMs, enabling targeting of many
previously inaccessible genome regions.

In addition to expanding the range of PAMs and hence the
range of genome sequences that can be recognized by Cas9
variants, considerable effort has been directed toward increasing
the specificity of Cas9s to prevent off-targeting at sites similar to
the on-target sequences21 via direct protein engineering or
evolution.86,87,92−96 Several specificity variants of SpCas9 were
generated early on by mutagenizing regions of the protein that
are involved in target DNA binding, to decrease affinity and
increase specificity. Alanine mutagenesis of positively charged
residues in the non-target strand binding groove indeed
decreased the affinity for the negatively charged nucleic acid
backbone, generating the eSpCas9(1.1) variant with the K848A,
K1003A, and R1060A mutations that showed highly efficient
and more specific gene editing in mammalian cells than the wild
type.92 Similarly, the SpCas9-HF1 high-specificity variant was
generated by mutating residues that interact with the phosphate
backbone of the target DNA strand, including the N497A,
R661A, Q695A, and Q926A replacements,86 and GUIDE-seq
genome-wide characterization demonstrated efficient on-target
editing with improved specificity.97 While it was originally
believed that the high specificity of this Cas9 variant was caused
by weakened off-target binding, a later study has shown that it
bound off targets with the same affinity as wild-type Cas9.93

Instead, upon analysis of domain shifts within the protein, it was
shown that the mutations affected a proofreading mechanism
involving the REC3 domain, which recognizes target com-
plementarity and promotes a conformational shift in the HNH
nuclease domain resulting in nuclease activation.93 Via
exploitation of this proofreading mechanism, the hyperaccurate
Cas9 variant (HypaCas9) was generated by mutating conserved
residues in the REC3 domain (N692A/M694A/Q695A/
H698A).93 In the future, combining these different mutagenesis
strategies with the natural diversity of Cas9 can be expected to
generate even higher-specificity variants, as recently demon-
strated with the HeFSpCas9 construct that combines mutations
in eSpCas9(1.1) and SpCas9(HF-1).94

Aside from rational engineering, unbiased evolution ap-
proaches have also been employed for improving Cas9
specificity. In one such approach, the REC3 domain of
SpCas9 was mutagenized and variants were screened in a
pooled yeast assay with growth selection, generating evoCas9,
which contained four novel mutations and showed a fidelity 4-
fold higher than those of other available specificity mutants.96

Another variant, Sniper-Cas9, was also developed through
pooled screening in Escherichia coli using both positive and
negative growth selection with a library of variants generated
using error-prone PCR and DNA shuffling across the entire
SpCas9 coding region.98 The LZ3-Cas9 variant was developed
from lentiviral screening of 159 residues of interest in
mammalian cells, with variants challenged against both on-
and off-target sites simultaneously.99 Comparisons across the
wide menu of Cas9 variants, both rationally engineered and
evolved, have revealed substantial ranges of activity, including
higher overall indel performance by Sniper-Cas9100 and LZ3-
Cas9,99 and higher specificity of eCas9-1.1, as measured by
precision-recall curves over guide libraries.101 Future work can
be expected to generate high-specificity variants that function in
combination with other SpCas9 mutants, such as those that alter

PAM specificity, given that many of these variants can be
deficient in on-target editing when analyzed across more
genes,100 especially when combined with other SpCas9 variants.
Likewise, future experiments should continue to apply these
strategies to other natural variants of Cas9, as has been done
with SaCas9 for both PAM efficiency102 and specificity.103

Cas12a, the First Class 2 CRISPR Nuclease Substan-
tially Different from Cas9. Cas12a (formerly, Cpf1) was the
first class 2 effector nuclease substantially different from Cas9
that was developed into a genome editing tool (Figure 4).55

Cas12a is a natural sgRNA-dependent (no tracrRNA) nuclease
with a T-rich PAM. Unlike Cas9 that introduces a blunt end
double-strand break (DSB) into the target DNA, Cas12a makes
a staggered DSB with four- or five-nucleotide overhangs (Figure
4).55 Thus, in several respects, Cas12a is orthogonal to Cas9.
The much shorter guide RNA required by Cas12a compared to
Cas9 is a relatively minor but non-negligible advantage, in terms
of both delivery and cost. Potentially, more important is the
ability of Cas12a to process pre-crRNA, which provides for
multiplexing, that is, co-expression of several guides on a single
transcript for compact delivery,104 expression under inducible or
state-dependent promoters,105 or for monitoring of gene
expression.106 Indeed, highly efficient, multiplex, simultaneous
genome editing of dozens of targets using Cas12a has been
repeatedly demonstrated.104,107−110 Moreover, efficient simul-
taneous regulation of multiple genes in mammalian cells by
multiplexing with inactivated Cas12a has been reported by
several groups.111−114 Several studies have reported high
specificity of Cas12a,115−118 with an extremely low off-target
rate. Although the natural diversity of Cas12a is far lower than
that of Cas9, Cas12a’s from different bacteria were found to be
optimal for different applications in different in vitro and in vivo
systems. Taking all of these results together, Cas12a can be
considered a viable and, for some applications, superior
alternative to Cas9.
Engineered Cas12a’s with Enhanced Properties. The

value of Cas12a for genome and epigenome editing applications
has created a demand for additional features of these enzymes,
including improvements to efficiency, targeting range, and
specificity. These engineering efforts adopted approaches similar
to those employed for engineering of Cas9, including rational
and directed mutagenesis of the protein and optimization of the
guide RNA for improved folding and activity. Although the T-
rich PAMs of Cas12a provide a sequence space that is an
alternative to the G-rich PAMs of Cas9, the restrictive length of
PAMs (often three or four bases) can reduce the targetable space
of Cas12a. To overcome this challenge, both structure-guided
and directed mutagenesis approaches have been applied to relax
the PAM constraints of Cas12a, yielding variants with
broadened ranges. Furthermore, several Cas12a variants with
increased efficiency have been engineered.119−122 Notably,
mutations that accommodate noncanonical PAMs also improve
cleavage at canonical sites,120 and hyperactivating mutations can
substantially enhance Cas12a activity across a wide range of
primary cell types.122

Activity and specificity are often a trade-off for DNA nucleases
because increased activity is often achieved through enhance-
ment of nonspecific DNA binding, which in turn leads to
increased levels of off-target binding and cleavage. Accordingly,
enhanced cleavage variants, such as enAsCas12a,120 can partially
lose specificity, although other engineered variants, such as
AsCas12a-ultra,122 are less affected by this trade-off. To further
increase the specificity of these Cas12a mutants, specificity-
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enhancing mutations can be introduced, yielding a variant
termed enCas12a-HF.120 Additional specificity can be engi-
neered by tightening the PAM constraint, and mutations that
narrow the PAM range of Cas12a also decrease the number of
genome-wide off targets.123 Specificity can also be engineered at
the guide RNA level. Augmenting the guide RNA with
extensions containing sequences complementary to the spacer
creates competition between these extensions and off-target
DNA binding, and this approach has been applied to both Cas9
and Cas12a.124

Improvements to efficiency apply to functionalities beyond
target cleavage, as well. In particular, mutagenesis to optimize
dLbCas12a for target binding yielded a variant, hyperdCas12a,
with increased activation efficiency when fused with a miniVPR
transactivator.114 Utilizing the natural pre-crRNA processing
capabilities of Cas12a, this construct efficiently upregulated
multiple genes simultaneously in vivo when delivered by
electroporation.
Reaching Farther into Cas12 Diversity and Beyond.

Although Cas12a was discovered first and accordingly has been
studied much more thoroughly than any other type V effector,
with multiple specific applications already developed, attempts
to harness several other Cas12’s with distinct properties as
molecular tools have also been made (Table 1). Cas12b proteins
require a tracrRNA, similar to Cas9 and unlike Cas12a, but are
typically smaller than the latter and therefore have been

considered promising candidates for genome editing applica-
tions. The originally characterized Cas12b from the bacterium
Alicyclobacillus acidoterrestris ATCC 49025 (AacCas12b)
exhibited high activity only at 48 °C and therefore could not
be used for genome editing in mammalian cells.39 Subsequent
experimentation, however, led to the identification of Cas12b
variants that were active at lower temperatures, showed high
specificity of target cleavage, with minimal off-target effects, and
were compact enough to be packaged into AAV.58,125 Thus,
although less thoroughly explored than Cas12a, Cas12b seems
to have considerable promise for new applications (Figure 4).

Some Cas12 variants that appear to represent evolutionary
intermediates on the path from TnpB to type V CRISPR are
much smaller than the typical CRISPR effectors, such as the
Cas12f family, which has members between 400 and 700 amino
acids in length.42 Because of their small size, these compact
nucleases are highly attractive for application development
(Figure 5A). Recently, several Cas12f variants that are active at
37 °C were developed for mammalian genome engineering,
including NHEJ and HDR-based editing, gene expression
activation, and individual base editing. Initial attempts to
employ wild-type Cas12f for genome editing in mammalian cells
have failed because the enzyme cleaved only ssDNA,42 with
barely detectable editing rates in eukaryotic cells.126 Never-
theless, some variants, such as the Cas12f1 from Syntrophomonas
palmitatica, have been more successfully adopted for genome

Table 1. Single-Protein CRISPR Effectors and Their Application as Molecular Tools

features

subtype/
effector protein size tracrRNA target cut structure

collateral
activity application

II-A/Cas9a ∼1150−1350 yes dsDNA blunt DSB no DNA editing
II-B/Cas9b ∼1300−1600 yes dsDNA blunt DSB no DNA editing
II-C/Cas9c ∼1050−1400 yes dsDNA blunt DSB no DNA editing
II-D/Cas9d ∼700 yes dsDNA blunt DSB no DNA editing
V-A/Cas12a

(Cpf1)
1200−1500 no dsDNA staggered DSB ssDNA DNA editing, CRISPR

diagnostics
V-B/Cas12b

(C2c1)
∼1300 yes dsDNA staggered DSB ssDNA DNA editing, CRISPR

diagnostics
V-C/Cas12c

(C2c3)
1209−1330 yes dsDNA staggered DSB or no cleavage no DNA detection or natural

gene silencing
V-D/Cas12d

(CasY)
∼1200 yes (called scout

RNA)
dsDNA staggered DSB ssDNA DNA editing and CRISPR

diagnostics
V-E/Cas12e

(CasX)
986 yes dsDNA staggered DSB ssDNA DNA editing and CRISPR

diagnostics
V-F/Cas12f 400−700 yes dsDNA staggered DSB ssDNA DNA editing, CRISPR

diagnostics
V-G/Cas12g 720−830 yes ssRNA NA ssRNA,

ssDNA
CRISPR diagnostics, RNA

knockdown
V-H/Cas12h 870−924 no dsDNA dsDNA and ssDNA ssDNA DNA editing, CRISPR

diagnostics
V-I/Cas12i 1033−1093 no dsDNA staggered DSB or nick ssDNA DNA editing, CRISPR

diagnostics
V-J/Cas12j 700−800 no dsDNA staggered DSB yes DNA editing, CRISPR

diagnostics
V-K/Cas12k 640−643 yes dsDNA nuclease dead; transposase inserts 60−60 bp

downstream of PAM
no programmable gene

insertion
VI-A/Cas13a

(C2c2)
∼1228 no ssRNA multiple cleavage events with base preferences ssRNA RNA knockdown, editing,

detection
VI-B/Cas13b ∼1128 no ssRNA multiple cleavage events ssRNA RNA knockdown, editing,

detection
VI-C/Cas13c ∼1118 no ssRNA multiple cleavage events ssRNA RNA knockdown, editing,

detection
VI-D/Cas13d ∼928 no ssRNA multiple cleavage events ssRNA RNA knockdown, editing,

detection
III-E/Cas7-11 ∼1367−1602 no ssRNA two specific cleavage sites six nucleotides apart within

the guide and target duplex
no RNA knockdown, RNA

editing
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editing in animal and plant cells, albeit with low editing
efficiency due to a high temperature requirement.127 This
protein is highly compact by the CRISPR effector standards
(only 497 amino acids) but requires a long tracrRNA that
restricts activity; engineering of the guide RNA improved
editing efficiencies in mammalian cells.127 The distinct features
of this miniature programmable nuclease, such as a high
temperature optimum and collateral nuclease activity, compli-
cate its use as a genome editor but also might provide for
specialized applications.

Other Cas12f variants, including AsCas12f128 and Un1-
Cas12f,129,130 have more permissive temperature requirements
and are thus more suitable for mammalian gene editing.
Following the precedent of the successful use of guide
optimization19,22,46,131 and protein engineering132,133 to im-
prove genome editing with Cas9, several groups engineered both
the guide and the protein to substantially boost the indel activity

of multiple Cas12f variants.129,130 In particular, highly active
derivatives of Un1Cas12f have been successfully adopted for
gene activation and base editing in human cell lines. One
Un1Cas12f derivative showed a rate of indel formation nearly
1000-fold higher than that of the wild type, enabling single-
vector AAV applications with potential for packaging larger
fusions for gene activation or base editing.129 Another
Un1Cas12f was optimized for employing the dead version for
both gene activation, using a tripartite VP64-P65AD-Rta
transcriptional activator fusion, and base editing with ABE
domain fusions.130

The many remaining Cas12 variants so far have not been
explored in comparable detail, but effort has been made to adopt
several of these in different applications. In particular, Cas12c
has been adopted as a tool for sensitive DNA detection.133

Cas12c has been shown to be inactive as a nuclease and instead
mediates interference by gene expression inhibition, suggesting

Figure 5. Emerging applications of CRISPR nucleases. (A) Miniature RNA-guided nucleases, such as CRISPR-Cas12f and the ancestral CRISPR
proteins IscB, IsrB, and TpnB, can be used for genome editing. (B) Emerging programmable gene integration technologies that rely on CRISPR
targeting include PASTE, which uses a Cas9-RT-Bxb1 integrase fusion to direct insertion of large payloads, and the CRISPR-associated transposons
from type I-F and V-K systems. (C) New RNA-targeting technologies are safer with either no collateral activity, such as Cas7-11, or minimal collateral
activity, such as with engineered or novel natural variants.
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the possibility of repurposing this compact protein for gene
regulation in mammalian cells.134,135 Attempts have been also
made to adopt Cas12e for genome editing, after engineering to
increase the robustness of the nuclease on the basis of
biochemical and structural analyses.43,136,137

Cas12i2 combines several attractive features for genome
editing applications, including a short gRNA, no requirement for
tracrRNA, and the compactness of the effector protein.
However, native Cas12i2 is an inefficient editor due to weak
binding to the target DNA. Semirational engineering for
stronger DNA binding converted cas12i2 into a robust, highly
specific, and therefore promising editing tool.138 In contrast to
Cas12i2, Cas12i1, instead of introducing a DSB into the target
DNA molecule, predominantly nicks the nontarget strand,57

which could create additional opportunities for highly specific
genome editing.138

Cas12j, a Cas12 variant that ranges from 700 to 800 amino
acids in size and has been found exclusively in bacteriophages, so
far has not been used for endogenous genome editing, but
mutants that rapidly cleave the target have been engineered and
could be promising as editors.139 Certain Cas12j proteins have
been used with reporters in mammalian cells for indel
formation.140

Cas12k is a special case, as an inactivated nuclease encoded in
cyanobacterial Tn7-like transposons that directs the transposase
complex to unique homing sites.60,61 In principle, this RNA-
guided transposition machinery appears to be highly attractive as
a potential tool for precise insertion of genetic material into
genomes. However, technical problems hampering the realiza-
tion of this approach for genome engineering in eukaryotic cell
might be substantial because of the need for multiple protein
expression and/or additional proteins required that are lacking
in human cells, such as the ribosomal subunit protein S15, which
was recently found to be associated with the Cas12k
complex.141,142 So far, Cas12k has been successfully adopted
for high-throughput, targeted transposon mutagenesis in
bacteria.143

Transposon-Encoded RNA-Guided Nucleases, Ances-
tors of Cas9 and Cas12. An unexplored, possibly major
potential for editing and other applications could lie in a broader
range of RNA-guided enzymes, beyond CRISPR. One avenue
for discovering novel RNA-guided systems in bacteria has been
pursued through the exploration of the apparent evolutionary
ancestors of Cas9 and Cas12, IscB, IsrB, and TnpB proteins
encoded by IS605-like transposons48 that have been recently
characterized as RNA-guided endonucleases.51 These proteins
are much smaller than typical class 2 CRISPR effectors and show
enormous diversity in bacteria and archaea that, especially in the
case of TnpB, far exceeds the diversity of the Cas12 family.51

Thus, thorough characterization of multiple TnpBs and IscBs
potentially might yield highly efficient genome editors (Figure
5A). The primary advantage of these potential editors is their
small size that, when combined with other enzymes such as
deaminases and reverse transcriptases, would allow for the
development of more compact tools and easier delivery with
conventional vectors. The IscBs seems particularly promising
because their dual nuclease architecture (HNH and RuvC), the
prototype of the domain organization of Cas9, provides for facile
generation of target and nontarget strand nickases for
compatibility with base or prime editors (see below).
Conversely, the smaller protein IsrB, the apparent ancestor of
IscB that lacks the HNH nuclease domain, is a natural
nickase.143

Harnessing Cas Enzymes for Base Editing, Prime
Editing, and Programmable Gene Insertion. Standard
RNA-guided nucleases can be used for a broad range of editing
approaches via DSB-stimulated HDR, but there are also major
limitations because the HDR pathway is limited to dividing cells
and requires the use of an exogenous donor template,
complicating delivery in vivo.13,14 In contrast, base editors
introduce precise point mutations without requiring DSBs or
exogenous donor templates via the use of single-stranded DNA
deaminase enzymes conjugated to either catalytically inactive or
nickase Cas effectors.144,145 The two main classes of base editors
involve (1) cytosine base editors (CBEs), which convert C·G
pairs to T·A pairs, and (2) adenine base editors (ABEs), which
convert A·T pairs to G·C pairs. Between these two types of
conversions, all four transitions (C → T, A → G, T → C, and G
→ A) are feasible, allowing coverage of ∼30% of known human
pathogenic variants.146 ABEs and CBEs have both been applied
to many different cell models and organisms for introducing and
correcting different transition point mutations.147,148

Extensive experimental effort has been dedicated to engineer-
ing improved base editors, including evolution of deaminase
domains, deaminase domain swapping (APOBEC1, CDA, AID,
and APOBEC3), using inhibitors of repair mechanisms, such as
uracil glycosylase to block competing base excision repair, linker
and NLS optimization, PAM engineering, and Cas variant
swapping.147 In particular, expansion of the Cas effector
diversity has allowed for engineering of base editors beyond
SpCas9 for optimization of several parameters, including
specificity and PAM selection, given that Cas12 proteins favor
T-rich PAMs and are more specific than SpCas9. While Cas12a
proteins, such as AsCas12a and LbCas12a, were successfully
fused to APOBEC1 to develop CBEs,120,149−152 constructing
Cas12a-based ABEs using the ABE7.10 domain proved to be
more difficult due to the poor compatibility of ABE7.10 with Cas
proteins other than SpCas9. However, this intolerance was
overcome through directed evolution of ABE7.10 via muta-
genesis across the TadA deaminase domain to generate ABE8
deaminases, which resulted in an improvement of >2 orders of
magnitude in deaminase activity over that of ABE7.10 and
allowed for efficient adenosine deamination with all Cas12a
variants tested, including LbCas12a and enAsCas12a.152,153

Combinations of base editors with different Cas effectors
feature several advantages. Cas12a proteins, in particular, have
T-rich PAMs distinct from the purine-rich PAMs of Cas9,55

which when used with base editors substantially expands the
genome targeting range. Altogether, the set of deaminases
combined with various Cas effectors covers ∼95% of the
pathogenic transitions in the ClinVar database.146,147 Beyond
expanding the targeting range, smaller Cas effector variants, such
as SaCas9, enable the construction of more compact base
editors, especially when combined with recently developed
deaminase variants, such as ABE8, that function as monomers.
These smaller editors will be more compatible with size-
constrained vectors like AAV, allowing for targeting more tissues
and thus more diseases. Eventually, as deaminases shrink even
further and are combined with even smaller CRISPR effectors,
such as Cas12f,42,126,128−130,154,155 it should become feasible to
develop single-vector AAVs, avoiding the need for split AAV
editors that have been used so far.151,156,157 Additionally,
because the activity and specificity of Cas effectors vary across
targets, cell types, and cell states, a collection of base editors
functioning with diverse Cas variants will maximize the utility of
the base editing toolbox for multiple applications.
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As with base editors, the diversity of Cas effectors could confer
similar advantages on more recent technologies that expand the
scope of base editing. In particular, prime editors were recently
developed that allow for all 12 types of single-base edits (four
transitions and eight transversions), small insertions, and small
deletions to be made, while minimizing indel formation.158

Unlike HDR, which can perform similar edits with high indel
rates, prime editing can function in nondividing cells, although
more research is needed to characterize the full extent of activity
in different cell types and reliance on different repair
pathways.159 Prime editors are fusions of a RT with Cas9
nickase (H840A mutant) that nicks the nontarget strand. Prime
editors work with a single-guide RNA that contains an extension
encoding the desired edit as well as a primer binding site that is
complementary to the nicked target strand and allows for
priming and extension by the RT. The extension also includes a
sequence that is complementary to the genome target to direct
editing by the RT. After the RT extension, a 3′ DNA flap is
formed that is redundant with the 5′ unedited genome flap,
requiring cellular DNA repair pathways to remove the 5′ flap and
incorporate the edited 3′ flap. These reactions produce
heteroduplex DNA in which one strand contains the desired
edit, whereas the other strand contains the non-edited wild-type
sequence. If DNA repair pathways resolve the non-edited strand
to incorporate the edited strand sequence, the prime edit is fixed
in the genome. The initial nick in the target strand enhances the
adoption of the desired edit via genome repair. So far, prime
editing has been implemented with smaller Cas9s, such as
SaCas9, but has not been extended to Cas12. Difficulties in
generating nickase versions of Cas12 for the nontargeted strand
as well as orienting the reverse transcriptase domain will have to
be overcome to use small Cas12 variants for developing compact
prime editors. The expanded targeting range conferred by
Cas12s also could be useful because the optimal position for
prime editing between 3 bp upstream and 29 bp downstream of a
PAM limits the range available for genome editing.

To overcome the limitations of small insertion size constraints
in prime editing (∼50−100 bp), several new approaches for
targeted gene insertion have been developed that combine a Cas
effector with RT and serine integrase. The use of diverse serine
integrases, such as Bxb1, and other novel serine integrase
variants, including PASTE160 and knock-in with Twin-PE,161

allows for gene insertions of up to 36 kb, knock-in activity in
nondividing cells, and low indel rates (Figure 5B). So far,
however, all of these systems are too bulky for conventional,
sized constrained viral vectors and even mRNA synthesis, which
creates a strong demand for integration with smaller Cas
effectors. It can be fully expected that Cas12s and other compact
effectors will be engineered for incorporation into these systems.
RNA Targeting by CRISPR Using Cas13 and Cas7-11.

Type VI CRISPR systems exclusively target RNA because, in
sharp contrast to the DNA specific endonucleases Cas9 and
Cas12, Cas13 is a highly specific RNA-guided RNase.41,63 The
discovery of this property of Cas13 immediately suggested a
number of applications (Figures 4 and 5C).162,163 An additional
salient feature of Cas13 is the collateral, nonspecific RNase
activity that is stimulated by the target RNA recognition41,63 and
can lead to dormancy or cell death in bacteria41,62 as well as
toxicity in eukaryotic cells.33,164−170 Collateral RNA degrada-
tion can be a disadvantage for the use of Cas13 as a tool but has
also been harnessed for specific applications, including sensitive
RNA detection discussed below. Three of the four identified

subtypes of Cas13 have been adopted as molecular tools, with
the original member, Cas13a, remaining the most popular.

The most obvious application of Cas13 is RNA knockdown.
The first attempt to adopt Cas13a in this capacity demonstrated
an efficiency of RNA knockdown comparable to that attained
using RNA interference, but with higher specificity.162 Another
application of Cas13a knockdown is interference with the
replication of RNA viruses, including SARS-CoV-2.171−174 The
nonspecific collateral RNase activity of Cas13a has also been
harnessed to target antimicrobially resistant bacteria175 or to
eliminate cancer cells by targeting genes that are overexpressed
in cancer.165

Cas13b so far has been exploited much less extensively than
Cas13a, but several applications for knockdown of viral RNA, in
particular SARS-CoV-2, have been reported.176,177 Notably, the
mismatch tolerance of target recognition by Cas13b provided
for abrogation of the reproduction of multiple SARS-CoV-2
variants, preventing virus escape.176 A further development
involved exploitation of a distinct, miniature Cas13b variant,
Cas13bt.178 The Cas13bt subfamily proteins, which were
discovered primarily in metagenome samples, do not require
accessory genes and are substantially smaller than other Cas13b
family members (∼800 amino acids vs ∼1200 amino acids).178

Cas13bt proteins have been applied for transcript knockdown
and RNA editing, and their small size enables packaging of
ADAR fusions inside of AAV vectors.178

Cas13d is another compact, RNA specific CRISPR effector
that is additionally notable for the lack of a requirement for any
protospacer-flanking motifs, providing for universal RNA
targeting.64 Furthermore, it has been reported that Cas13d
caused more robust RNA virus interference than Cas13a or
Cas13b,169,179 and it has been successfully applied for in vivo
SARS-CoV-2 targeting.180

Apart from Cas13, Cas7-11, the effector of the subtype III-E
systems, so far the unique class 1 variant with a single-protein
effector, specifically targets RNA (Figure 5C).33,37 In contrast to
Cas13, Cas7-11 lacks collateral activity, and therefore, unlike
Cas13 that can be toxic in some cell types, Cas7-11 showed no
effect on cell viability. While the size of Cas7-11 can preclude
packaging in single-AAV vectors, structure-guided engineering
has generated a smaller variant, Cas7-11S, that can fit with a
guide RNA in a single-AAV construct.181 Given that Cas7-11
knocks down RNA in mammalian cells with an efficiency similar
to that of Cas13, and dCas7-11 has been engineered for RNA
editing, this recently discovered CRISPR effector might become
the tool of choice for many RNA-targeting applications.33

In addition to the utility of Cas7-11 for RNA binding and
knockdown, the unique association of Cas7-11 with the CHAT
protease Csx29 enables applications as an RNA sensing system.
Csx29 forms a complex with Cas7-11 and guide RNA,34−37 and
upon target RNA binding, this complex undergoes a conforma-
tional shift to expose the protease active site. The activated
Csx29−Cas7-11−crRNA complex cleaves the Csx30 protein
also expressed in the locus, resulting in growth suppression via a
transcriptional response modulated by RpoE inhibition.35,36

This is the first example of RNA-guided protease activity being
used to promote a signaling cascade involved in growth
suppression and defense against viral infection in prokaryotes.
The advantages of this system for technology purposes were
demonstrated by repurposing it as a programmable RNA sensor
in mammalian cells. Kato et al. developed an RNA sensor by
separating a green fluorescent protein (GFP) and a degron tag
using the Csx30 protein as a linker.35 RNA-triggered activation
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of the Cas7-11−Csx29 complex resulted in separation of the
GFP from the degron and detectable fluorescence, indicating the
presence of the target transcript. In contrast, Strecker et al.
demonstrated RNA sensing by tethering a Cre recombinase
protein to the membrane using Csx30 as a linker.36 Upon RNA
sensing, Cre recombinase is released from the membrane,
activating a GFP cassette and producing detectable fluorescence.
Programmable RNA sensing is an emerging field, supported by
the development of recent ADAR-based RNA sensors that are
functional in vitro and in vivo,182−184 and will allow for the study
and manipulation of cell states defined by RNA markers.
Developing an Expansive Transcriptomic Toolbox

with RNA-Targeting CRISPR Effectors. The easily program-
mable RNA-targeting activity of Cas13 and Cas7-11 forms a
fertile base for multiple applications. Complementary to Cas9
and Cas12, where nickase or dead mutants have been applied for
epigenetic modulation, imaging, base editing, and prime editing,
catalytically inactivated Cas13 (dCas13) and Cas7-11 (dCas7-
11) have a range of applications at the transcriptome level,
including live cell imaging, splicing, translational regulation, and

RNA editing.33,162,185−190 Initial demonstrations of the utility of
dCas13a for in-cell RNA binding established efficient targeting
to endogenous transcripts for pull down, enrichment, and
imaging, although imaging required negative feedback of
dCas13a expression to limit the background.162 Additional
imaging approaches with dCas13 enzymes have been optimized
for a reduced background, by engineering the system to bind
RNA better. Combining dCas13d with fluorescently labeled
guide RNA targeting the phage MS2 genome sequence enables
effective imaging of MS2 repeat-containing mRNA,185 and
combining multiple dCas13b variants with compatible fluo-
rophores can be applied for multicolor real-time single-cell RNA
imaging of several transcripts.186 This approach for dCas13-
based imaging can be further combined with dCas9-based DNA
imaging, enabling co-tracking of mRNA transcripts with the
corresponding genes.186

On the perturbation side, RNA targeting with dCas13 has
been adopted for multiple applications, including RNA
processing, epitranscriptomics, and regulation of splicing.
dCas13b-based scaffolds have been combined with YTHDF1

Figure 6. Nucleic acid detection using collateral RNase activity of Cas13. (A) CRISPR diagnostics, when paired with preamplification chemistries like
RPA or LAMP, can allow for detection of single molecules of DNA or RNA by leveraging the Cas12 or Cas13 collateral activity for reporter-based
detection. (B) Many readouts for CRISPR diagnostics have been developed, including by fluorescence, visual detection, colorimetric, lateral flow
strips, and electrochemical modalities.
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and YTHDF2, m6A readers that recruit translation and
deadenylation machineries, respectively,187 and these fusion
proteins enacted programmable translational activation or
downregulation.187 Similarly, fusion of dCas13b with
METTL3 methyltransferase or the METTL3:METTL14
methyltransferase complex enabled programmable methylation
mark generation for epitranscriptomic control.188 dCas13b has
also formed the basis for RNA processing tools via fusion with
the mammalian polyadenylation factor Nudix hydrolase 21. This
fusion, named Postscriptr, directed early polyadenylation of an
endogenous transcript, SREBP1.191 dCas13 can also regulate
splicing through either a steric block of splicing sites or
recruitment of splicing factors. dCas13d targeting of a splice
acceptor site has been shown to exclude exons, which could be
applied to splicing of the MAPT gene in neurons in a model of
frontotemporal dementia with parkinsonism linked to chromo-
some 17 (FTDP-17).192 An alternative approach for exon
inclusion with dCas13d involves recruitment of splicing factors
RBFOX1 and RBM38 via RNA aptamers fused to guide RNA,
and this approach has shown activity in reporter assays.193

Like DNA base editing, programmable, precise RNA base
editing can be performed with catalytically inactive Cas13 fused
to the catalytic domain of the adenosine deaminase acting on
RNA (ADAR2).189,190 Development of non-CRISPR-based
programmable RNA editing tools that utilize RNA binding of
the guide and target RNA194−199 is hampered by the inefficiency
of RNA:RNA hybridization, which leads to nonspecific
interactions. Protein-mediated RNA binding with Cas13
overcomes this limitation, as in the initial demonstration of
this technology, where Cas13b from Prevotella sp. (PspCas13b)
was combined to the deaminase domain of ADAR2 to engineer
the RNA editing for programmable A to I replacement
(REPAIR) technology.189

Analogous to DNA base editing, RNA base editing can be
performed with catalytically inactive Cas13 fused to adenosine
deaminase acting on RNA 2 (ADAR2) for programmable and
precise RNA editing.189,190 Non-CRISPR-based programmable
RNA editing tools that utilize RNA binding of the guide and
target RNA194−199 are hampered by the inefficiency of
RNA:RNA hybridization, leading to nonspecific interactions.
Protein-mediated RNA binding with Cas13 overcomes this
limitation, as demonstrated by the RNA editing for program-
mable A to I replacement (REPAIR) technology where Cas13b
from Prevotella (PspCas13b) was combined with the deaminase
domain of ADAR2 to engineer the editor.189 In REPAIR, guide
RNAs contain an engineered mismatch at the specific adenosine
targeted for deamination, creating the optimal substrate for
ADAR2. This approach enables improved activity relative to
those of other comparable RNA editing technologies,189 with
the Cas13b being shown to improve editing activity relative to
those of the ADAR deaminase and guide alone.190 In addition,
an improved specificity version, REPAIRv2, developed via
rational mutagenesis of residues in the catalytic domain or the
target RNA binding domain, reduces off-target transcriptome-
wide editing.189 Discovery of additional, smaller Cas13 variants
provided for extension of RNA editing178,200 to allow AAV
delivery,178 enabling in vivo treatments in mouse models.201

Upon extensoin of the RNA editing toolbox beyond adenosine
deamination, dCas13b was fused with an engineered ADAR2
deaminase domain to enable C to U editing.190 Sixteen rounds
of directed evolution produced a modified ADAR2 domain
capable of accepting cytidine for deamination, to generate the
RNA editing for specific C to U exchange (RESCUE) tool.190

RESCUE achieved C to U editing at 70% efficiency on reporter
transcripts and 40% on endogenous transcripts.190 RESCUE has
also been applied to smaller Cas13 variants,178,200 allowing for
delivery with AAV.
Supersensitive Nucleic Acid Detection and Diagnos-

tics with Cas13 and Cas12. Rapid and accurate detection of
disease agents is critical for effective treatment of many diseases
and prevention of long-term consequences.202 After the initial
demonstration of the collateral activity of Cas13,41,63 this
activity was harnessed for specific detection of target RNA using
gel electrophoresis and fluorescent reporters and, subsequently,
by lateral flow, electrochemically, and colorimetrically (Figure
6A). Because initial versions of RNA detection with Cas13 were
sensitive only in the low picomolar range, which corresponds to
millions of molecules of the target RNA per microliter of sample,
a higher-sensitivity version was designed in conjunction with a
preamplification technique, recombinase polymerase amplifica-
tion (RPA), allowing for single-molecule sensitivity (Figure
6A).203 This technology, named specific high-sensitivity
enzymatic reporter unlocking (SHERLOCK),203 achieved
high specificity with single-nucleotide discrimination, low cost,
and high speed (∼60 min). Furthermore, additional features
have been developed, including multiplexing with orthogonal
Cas13s, lateral flow paper strip readouts,204 colorimetric
readouts,205,206 electronic readouts,207−210 and compatibility
with many different human and other sample types, including
crude purifications (Figure 6B).211 Subsequently, SHERLOCK
has been adapted for highly multiplexed assays allowing for
detection of thousands of different targets and diseases.212

While Cas12a was originally found to cleave dsDNA targets, it
was subsequently discovered that it possessed an additional,
collateral activity, cleaving ssDNA targets indiscriminately, akin
to the Cas13 collateral activity.213−215 This activity was
harnessed for direct DNA detection and could also be combined
with preamplification technologies, such as RPA, for highly
sensitive DNA detection, in a system named DNA endonu-
clease-targeted CRISPR trans reporter (DETECTR).213 As
other Cas12 variants, such as Cas12b, were discovered to have
collateral activity, they were also applied to detect DNA, and in
particular, thermophilic variants were combined with the
preamplification method loop-mediated isothermal amplifica-
tion (LAMP)216 for rapid, sensitive DNA detection.217

In response to the COVID-19 pandemic, dedicated versions
of SHERLOCK were developed for SARS-CoV detection,
including STOPCovid that utilized Cas12b coupled with LAMP
to achieve high sensitivity and rapid detection of crudely
extracted patient samples.218 Many other versions of both
Cas13- and Cas12-based detection assays were also developed
for SARS-CoV-2 detection with various readouts, including
fluorescence and lateral flow.219−224

Because the first applications of the collateral activities of
Cas13 and Cas12 toward diagnostics were developed, novel
properties of other Cas effectors have been discovered that allow
for diagnostic applications. For Cas9, it was found that its
tracrRNA could hybridize with endogenous transcripts in the
cell, generating noncanonical crRNAs that could then be used
for DNA targeting.225 This unusual property of Cas9 allows for
RNA-triggered DNA targeting activity, which was leveraged for
a multiplexed diagnostic approach named LEOPARD (leverag-
ing engineered tracrRNAs and on-target DNAs for parallel RNA
detection).225 Because tracrRNAs complementary to different
RNA targets can be readily designed, LEOPARD can be used to
detect multiple viruses simultaneously, as well as for distinguish-
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ing different SARS-CoV-2 variants. However, because of the
nature of the depletion-based readout and equipment required
for analysis, more work is needed to achieve point-of-care
detection.

Ultimately, as new activities of Cas enzymes with potential for
diagnostics are discovered, we anticipate the development of a
diverse CRISPR-dx toolbox,202 capable of a wide range of input
types and sensitivities. Currently, these technologies are still
undergoing production and scaling and have limited applica-
tions compared to rapid antigen tests and PCR-based nucleic
acid detection. However, these technologies have the potential
to eventually usher in a new era of point-of-care nucleic acid
detection for real-time tracking of disease, which will have a
substantial impact on the diagnosis and effective treatment of a
broad variety of diseases, including future pandemics.

■ HARNESSING CLASS 1 CRISPR SYSTEMS:
CHALLENGE AND OPPORTUNITY

With the notable exception of Cas7-11,33 a unique, single-
protein class 1 effector, class 1 CRISPR systems lag far behind
class 2 as molecular tools because of the obvious difficulty of
accommodating multiple subunits of the effector complex in a
delivery vector and efficiently expressing these proteins in the
targeted cells. However, there could be a large payoff should
these difficulties be overcome given the enormous diversity and
high efficiency and specificity of class 1 systems compared to
class 2. Furthermore, Cas3, the effector nuclease in class 1
CRISPR, digests DNA processively, allowing for introduction of
large deletions into the target genome.226 Indeed, it has been
demonstrated that, when the Cascade complex and Cas3 are
expressed in E. coli, purified, and delivered into mammalian cells
together with the crRNA, such deletions can be produced
specifically and efficiently.226 In a complementary development,
a transferable subtype I-F Cascade was expressed in an
integration-proficient plasmid vector and used for efficient
editing of DNA inside bacterial cells.227 Another notable
direction for applying class 1 CRISPR systems involves
harnessing endogenous CRISPR loci for self-targeting bacterial
and archaeal genomes, and inserting genetic material into the
targeted sites via HDR.228

Although class 1 CRISPR systems might never rival class 2
systems in their utility as molecular tools because of the
complexity of their effector modules, there seems to be potential
for specific applications. In particular, type III-A systems, aside
from their on-target RNA cleavage activity, possess additional
functions, including DNA cleavage that can be promiscuous and
a built-in second messenger signaling pathway generating cyclic
oligoadenylates that then bind the CARF domain in the
associated Csm6 enzyme, activating its indiscriminate RNase
activity mediated by the HEPN domain.229,230 By using DNA or
RNA reporters that can sense these activities, diagnostic
applications have been developed for sensitive detection of
DNA or RNA, either in combination with preamplification
technologies such as RPA204,231,232 or without preamplification,
as in the fast integrated nuclease detection in tandem (FIND-
IT) method.235 In addition, effector complexes of type 1 systems
(Cascade) tethered with transcription activation and repression
domains have been successfully repurposed for targeted
modulation of human gene expression.233,234

■ NEXT STEPS FOR CAS ENZYME DISCOVERY
The common approach for expanding of CRISPR diversity is
genomic and metagenomic mining using seeds commonly
associated with CRISPR systems (Figure 3), followed by
biochemical characterization of these systems and development
of the new enzymes for mammalian genome editing
applications. Generalization of this search approach, allowing
any signatures, beyond CRISPR arrays or Cas1, to be used as
seeds,236 when applied to search the rapidly expanding microbial
genomic and metagenomic sequence databases, provides for the
discovery of numerous new CRISPR subtypes and variants (and,
potentially, new types). It can be reasonably expected that
continued exploration of the rapidly growing sequence data-
bases keeps yielding new CRISPR variants including novel new
single-protein and multisubunit effectors as well as new
enzymatic activities associated with CRISPR effectors beyond
nucleases, such as proteases or ATPases. The recent discovery of
the OMEGA systems that appear to be the ancestors of the type
II and type V CRISPR48,51,52 highlights the possible existence of
additional RNA-guided machineries in prokaryotes that remain
to be discovered by exploring coevolution of proteins, in
particular, nucleases, with noncoding RNAs.

■ CONCLUSIONS
The CRISPR revolution in genome engineering was ushered in
through Cas9, but the naturally evolved diversity of class 2
CRISPR effectors, their ancestors, and derivatives provides for
the development of a plethora of versatile, orthogonal molecular
tools. Strikingly, within the 7 years since the first class 2 systems
outside type II were discovered, all 17 recognized type II, V, and
VI subtypes and many variants within the subtypes have been
explored as potential molecular tools, and for most, applications
have been or are being developed. Importantly, in virtually every
case, multiple orthologs of each variant were tried, with only a
small fraction proving to be efficient in genome editing and other
applications. What is sought and found in the diverse CRISPR
variants are compactness that facilitates delivery, high efficiency
and specificity, relaxed or complementary PAM requirements
that expand the range of sequences available for editing, and
unique properties that can enable new applications. A striking
example of such unique features is the collateral RNase or
DNase activity of Cas13 and Cas12 that has been successfully
harnessed for nucleic acid detection with single-molecule
sensitivity. Attempts are being made to adopt class 1 CRISPR
systems as well because, despite the challenge of expressing and
delivering the multiprotein class 1 effectors, these have the
potential to achieve superior activity and specificity compared to
class 2 effectors. Combined with the rational design of the
effector proteins and RNA, and fusion of inactivated effectors
with other enzymes for DNA or RNA modification, exploitation
of the natural diversity of CRISPR systems is a powerful strategy
for expanding the toolkit of molecular biology and biotechnol-
ogy.
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Review

Using single-cell genomics to understand
developmental processes and cell fate decisions
Jonathan A Griffiths1, Antonio Scialdone2,3,4,5 & John C Marioni1,2,6,*

Abstract

High-throughput -omics techniques have revolutionised biology,
allowing for thorough and unbiased characterisation of the
molecular states of biological systems. However, cellular deci-
sion-making is inherently a unicellular process to which “bulk” -
omics techniques are poorly suited, as they capture ensemble
averages of cell states. Recently developed single-cell methods
bridge this gap, allowing high-throughput molecular surveys of
individual cells. In this review, we cover core concepts of analy-
sis of single-cell gene expression data and highlight areas of
developmental biology where single-cell techniques have made
important contributions. These include understanding of cell-to-
cell heterogeneity, the tracing of differentiation pathways, quan-
tification of gene expression from specific alleles, and the future
directions of cell lineage tracing and spatial gene expression
analysis.
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Introduction

High-throughput -omics techniques have revolutionised molecular

biology, providing insight at every step of the central dogma. At the

level of DNA, we now know the genome sequences for many

species and how these vary between individuals of these species

(The 1000 Genomes Project Consortium, 2015). Differences in gene

expression between organisms, tissues and disease states have been

extensively quantified by microarrays and RNA-seq (for both coding

and non-coding transcripts), while mass spectrometry and other

approaches have begun to yield a high-throughput overview of

protein expression. Other techniques reveal how each level of the

dogma affects the other: where protein binds DNA (Aparicio et al,

2004; Johnson et al, 2007), how DNA conformation affects gene

expression (Belton et al, 2012) and which RNA molecules are being

translated (Ingolia et al, 2009).

However, these approaches typically require as input hundreds

to millions of cells, revealing only an average reading across cell

populations. For developmental biology, where individual cells

make decisions about their fate, these ensemble measures provide

only limited information, as individual cellular measurements are

lost. Nonetheless, procedures such as fluorescence-activated cell

sorting enable isolation of specifically labelled cell populations.

Isolation of specific cell types or subpopulations allows for meaning-

ful bulk genomic analysis and has contributed a great deal to our

understanding of developmental biology (Spitz & Furlong, 2006),

albeit large numbers of input cells are required.

Recently developed single-cell -omics techniques (Tang et al,

2009; Smallwood et al, 2014; Buenrostro et al, 2015b; Heath et al,

2016), by contrast, are particularly apposite for developmental

biology, transferring high-throughput molecular techniques onto

the correct scale for understanding cellular decision-making. In

particular, knowledge of the set of genes that different cells

express allows characterisation of cell state, thus providing a direct

read-out of how dynamic decisions are made. Transcriptional

information can be supplemented with the results of other assays,

such as chromatin accessibility (Buenrostro et al, 2015a), allowing

even deeper insight into the mechanisms by which cell fate is

regulated.

This review focusses on transcriptomic assays, which make up

the large majority of single-cell genomic research published to date.

We first summarise the processes involved in generating and

analysing single-cell expression data. We then identify areas of

developmental biology where these assays have provided unique

insight, as well as outlining future challenges and opportunities.

Generating single-cell transcriptomic data

Quantifying gene expression via microscopy is familiar in contempo-

rary biology, whether using hybridisation techniques or artificially

created fusion proteins. Flow cytometry scales up optical

approaches to hundreds of thousands of cell measurements without
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compromising cellular resolution (Fulwyler, 1965). Historically,

these methods have not been suitable for assaying many genes

simultaneously, due to constraints imposed by fluorophore emission

spectra. Nucleotide-focussed methods pushed beyond this limita-

tion: real-time PCR (Van Gelder et al, 1990) can quantify hundreds

of genes, with cellular throughput improved using microfluidic

systems (White et al, 2011; Sanchez-Freire et al, 2012). The recent

development of sequencing-by-hybridisation (described later in this

review) has addressed the gene-throughput problems of optical

approaches, allowing the quantification of thousands of transcripts

in the same cell.

To achieve truly transcriptome-wide expression coverage,

however, RNA-sequencing-based methods are best suited. Shortly

after the first application of RNA-seq to bulk populations of cells

(Bainbridge et al, 2006), the feasibility of applying RNA-seq to

individual cells was demonstrated (Tang et al, 2009). Over the

past 5 years, single-cell RNA-seq (scRNA-seq) has become the

most commonly used approach for assaying single-cell gene

expression profiles. There are two broad sets of methods for

applying single-cell RNA-seq—“plate-based” and “droplet-based”

(Fig 1).

Initially, most studies used plate-based assays, where library

preparation is performed manually on cells sorted into and lysed in

individual wells of a microwell plate (Jaitin et al, 2014; Picelli et al,

2014). Robotic and microfluidic systems (e.g. Fluidigm C1) have

been developed to automate some of these processes.

Droplet-based methods employ microfluidics to capture individ-

ual cells in nanolitre-sized droplets, each loaded with reagents and

unique labels: reverse transcription and transcript labelling take

place within these small volumes. The droplet suspension is later

broken down for pooling of cell libraries prior to sequencing. These

methods have been developed by academic groups (Klein et al,

2015; Macosko et al, 2015) and commercially, by 10X Genomics

(Zheng et al, 2017).

Each approach has its own advantages and disadvantages. Plate-

based methods tend to provide higher-quality libraries at the cost of

lower cellular throughput, processing hundreds or thousands of cells

compared to the hundreds of thousands that droplet methods can

process. More subtle differences also differentiate the two sets of

methods. To capture rare cell types with known cell-surface markers,

it is generally more efficient to flow-sort and prepare plates of single-

cell libraries rather than to capture more cells using a droplet method.

Additionally, current droplet methods capture gene information

exclusively from the 30 or 50 end of each transcript, while plate

approaches can generate reads from across entire transcripts; the

latter allows splice-variant and allele-specific transcriptional informa-

tion to be retrieved. Finally, droplet methods are more likely to

produce “multiplet” cell transcriptomes, where multiple different
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Figure 1. Single-cell library preparation summary.
There are two primary methods for generating single-cell transcriptomics data: plate-based and droplet-based methods, shown above. In summary, droplet-based
approaches offer high cell throughput, while plate-based approaches provide higher resolution in each individual cell. Note that different implementations of these methods
provide slightly different outputs and that some steps are excluded for clarity (e.g. cDNA amplification).
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cells become labelled with the same barcode. This is largely due to the

lack of user oversight (e.g. it is more difficult to identify attached pairs

of cells) and the possible reuse of cell barcodes from the labelling

beads. The doublet rate in droplet experiments is proportional to the

number of loaded cells (Zheng et al, 2017).

For a researcher, the decision about which method to use is typi-

cally driven by the nature of the biological system under considera-

tion—whether the quality or quantity of cells is important. For

example, plate-based methods may be more suitable for young

embryos, given the small number of cells present. For later stages of

development, where there are tens of thousands of cells and a

higher level of heterogeneity in each embryo, a droplet method is

better suited because it is relatively easy to capture a greater number

of cells, which facilitates a more complete sampling and allows

unbiased capture of rare cell types. Additionally, droplet methods

may be preferable for studying continuous systems, as the higher

number of cells sampled can be used to better approximate the

continuous process that is being studied.

Both methods exploit cell-specific DNA barcodes to allow the

pooling of libraries from different cells prior to sequencing. These

barcodes allow different transcriptomic reads to be assigned to indi-

vidual cells. Both can also exploit unique molecular identifiers

(UMIs): small, randomly generated nucleotide sequences that allow

PCR duplicate reads to be collapsed, providing a more precise esti-

mate of the actual number of RNA molecules present in a sample.

For an in-depth discussion of existing approaches, see Svensson

et al (2017).

A new method of library preparation holds much promise for

combining the benefits of both plate and droplet approaches. Here,

pools of cells are repeatedly split and randomly allocated to different

sets of barcodes, combinatorially building up a large diversity of

possible barcode labels. The method’s utility has been demonstrated

for DNA sequencing (Vitak et al, 2017), RNA-seq (Cao et al, 2017)

and chromatin accessability assays (Cusanovich et al, 2015).

Multi-omic assays

The vast majority of single-cell genomics research has focussed on

capturing only RNA. However, several protocols exist that allow

integration of genomic, epigenomic and transcriptional information

from the same cells. For example, G&T-seq (Macaulay et al, 2015)

combines DNA sequencing with RNA-seq and is adept at identifying

how copy-number changes may impact transcription. M&T-seq

(Angermueller et al, 2016) captures DNA methylation and transcrip-

tome data, with NMT-seq (preprint: Clark et al, 2018) further

adding chromatin-accessibility information using a GpC methyl-

transferase (Kelly et al, 2012). While these assays offer unique

advantages, they are typically experimentally challenging to run,

and handle many fewer cells than scRNA-seq.

State-of-the-art analysis techniques

Quality control

After demultiplexing barcodes and alignment of suitably trimmed

reads to the appropriate reference genome, the resulting data from

an scRNA-seq experiment can be represented as an integer matrix of

gene expression levels, with each entry representing the number of

sequenced reads (or molecules, if UMIs were used) assigned to a

particular gene in a specific cell. Notably, barcode decomposition is

not trivial—particularly for the random sequences of UMIs—as

sequencing errors can alter their observed sequences. Methods have

been developed to account for this by predicting which barcodes

have arisen by error and which truly existed within the sample

(Smith et al, 2017).

Subsequently, it is important to assess the quality of the tran-

scriptome for each cell: incomplete cell lysis or failures during

library preparation can provide output that confounds analyses.

There are many parameters that quality control (QC) tests may

focus on, but there are three attributes that may be easily assessed

in all single-cell data sets: the total number of transcripts detected;

the total number of genes found to be expressed; and the fraction of

expression contributed by mitochondrial genes. Cells that show

aberrant behaviour for these characteristics are typically removed

from further analysis, albeit care must be taken when studying a

heterogeneous population of cells as total mRNA content and other

features can vary substantially (Ilicic et al, 2016).

Drop-out is a phenomenon observed in scRNA-seq whereby cells

that are expected to express a certain gene show an observed count

of zero. This is most commonly understood to be driven by stochas-

tic failures of transcripts to be reverse-transcribed or amplified, and

therefore never sequenced. This is of particular importance for data

generated by droplet assays, where capture efficiency varies consid-

erably across cells. In order to recover expression values from

dropped-out genes, it is possible to impute expression values from

other cells that show similar expression patterns (preprint: Dijk

et al, 2017). However, the user should make sure that weak signals

are not being artificially inflated. A researcher must also be aware of

the possibility that doublets can drive technical signal in a data set,

particularly for droplet-based methods. While there are no

published methods for doublet detection at the time of writing, a

number of papers have implemented heuristic approaches for

excluding multiplet libraries. These include rejecting cells express-

ing sets of biologically mutually exclusive markers (e.g. Xist and Y

chromosome genes; Ibarra-Soria et al, 2017), and by identifying

small clusters composed of cells with large library size whose

expression profiles correlate strongly with at least two other clusters

in the data set (Bach et al, 2017).

Confounding factors

Single-cell RNA-seq experiments are sensitive to confounding

factors. For example, as in any -omics experiment, systematic dif-

ferences between experimental batches must be removed before the

expression profiles of cells can be compared, emphasising the

importance of good experimental design (Lun & Marioni, 2017).

Even when controlling for these effects, true biological differences

may produce signals orthogonal to the experiment’s aim. In particu-

lar, cell size (as reflected by total mRNA content) often manifests

itself in the number of detected genes in each cell (McDavid et al,

2016; Hicks et al, 2017), which can lead to structure in the high-

dimensional expression space. Cell library size differences are

controlled by the critical step of normalisation (reviewed in Vallejos

et al (2017)), which aims to remove differences due to sequencing

depth and total RNA content. The addition of precisely quantified

exogenous RNA species (“spike-in” genes) to each cell’s lysate

allows the estimation of absolute amounts of RNA (Brennecke et al,

2013). However, their use is rare in droplet-based assays: spike-in

ª 2018 The Authors Molecular Systems Biology 14: e8046 | 2018 3 of 12

Jonathan A Griffiths et al Single-cell genomics and development Molecular Systems Biology



RNA will be present in every droplet, not only those containing

cells. Consequentially, spike-in genes may consume a large amount

of the sequencing read space and would be confounded by repeated

use of the same cell barcode in multiple droplets (resulting in a vari-

able amount of spike per barcode). Other biological factors such as

cell-cycle stage can also lead to structure that can mask the signal of

interest; computational strategies exist to identify and remove these

effects (Buettner et al, 2015).

Cell type identification

A common first step in the analysis of scRNA-seq data is to classify

cells into a number of groups. By identifying these subgroups of

cells, the degree of heterogeneity within the population of interest

can be assessed and comparisons can be performed, even between

potentially small or rare groups of cells (e.g. primordial germ cells).

Cell-type clustering performance can be improved by using only

genes that vary more between cells than would be expected by chance

(Brennecke et al, 2013), or by using “eigengenes” that explain vari-

ability in the data (e.g. derived via principal components analysis).

For additional discussion of these features, see Trapnell (2015).

Developmental trajectories and pseudotime

In many systems, cells display a continuous spectrum of states that

is considered to represent the differentiation process. In these cases,

a discrete classification of cells is not appropriate, and a researcher

may prefer to use a method that summarises the continuity of cell

states in the data.

Such methods are typically referred to as pseudotime methods, a

term first introduced by the software package Monocle (Trapnell

et al, 2014). Pseudotime describes an ordering of cells according to

some characteristic in the data; this may represent developmental

processes occurring over time, or the effects of continuous spatial

heterogeneity in a system. Because pseudotime is an ordering of

cells, it allows identification of the cell types at the beginning and

end states of the trajectory, as well as those cells in intermediate

stages (Fig 2). From the ordering of cells, it is possible to identify

the transcriptional changes that accompany developmental

processes, which can also permit the reconstruction of gene regula-

tory networks (Moignard et al, 2015). Additionally, recent develop-

ments allow detection of branching points in trajectories (Haghverdi

et al, 2016), which serve to identify critical points of cellular deci-

sion-making. Note that caution must be exercised when applying

classification and pseudotime methods, as they are guaranteed to

generate output irrespective of the quality of data supplied. There is

rarely any quantification of uncertainty, and results typically depend

on specific parameter choices. For proper interpretation, it is impor-

tant to ensure that input data are of high quality and not

confounded by, for example, batch effects. Moreover, it should be

stressed that scRNA-seq’s static “snapshot” data possess intrinsic

limitations for the study of dynamic processes, which are common

throughout developmental biology (preprint: Weinreb et al, 2017).

The contribution of single-cell expression data to
developmental biology

In this section, we highlight examples from developmental biology

where the application of single-cell gene expression assays has

played a key role in providing new biological insights.

Understanding cellular heterogeneity

There are two ways to look at scRNA-seq data: how the expression

profiles of individual cells differ from each other, and what structure

in the data drives this; or how different genes behave across the

population of cells and with respect to other genes’ expression. In

this section, we describe how cultured mouse embryonic stem cells

have been used as a model for understanding the role of dynamic

gene expression patterns, before discussing how expression variabil-

ity observed between cells in mouse embryos defines cell fate

choices in early development.

Observing heterogeneity in cultured cells Embryonic stem cells are

a foundational tool of developmental biology research, offering a

platform to investigate specific cell fate choices by signal-induced

differentiation. Early work on mouse embryonic stem cells (mESCs)

identified archetypal gene expression patterns across cells, high-

lighting bimodal and lognormally expressed genes (which were typi-

cally pluripotency regulators) as well as sporadically expressed

transcripts (mostly differentiation markers; Kumar et al, 2014). It is

difficult to address the dynamics of cellular gene expression from

scRNA-seq data alone, as it captures only snapshots of cells’ gene

expression (preprint: Weinreb et al, 2017). To address this, Kumar

et al allowed individual cells to grow into colonies over 3 days and

quantified the expression levels of key pluripotency genes in indi-

vidual cells of each colony. A higher level of inter-colony variance

than intra-colony variance was observed, demonstrating that the

initial gene expression differences that existed within the originating

cells had not been overcome by gene expression pattern changes

over the course of several cell cycles. The rate of change of pluripo-

tency markers was therefore shown to be relatively slow.

Further work in mESCs focussed on identifying differences

between cell culture conditions: a foetal calf serum + LIF environ-

ment promotes self-renewal in stem cells, while adding additional

inhibitors (“2i”) further prevents differentiation. Cells treated

in each of these conditions were profiled using scRNA-seq

(Kołodziejczyk et al, 2015). Although global levels of gene expres-

sion variability were equivalent between environments, specific

functional groups of genes were more or less variable in each condi-

tion. Gene ontology terms such as “organ development” were more

variably expressed in the serum condition, where differentiation is

less repressed, while 2i-treated cells showed greater variability in

the expression of cell-cycle genes. Whole-transcriptome compar-

isons additionally revealed that the different treatments produce

distinct transcriptome profiles, suggesting no overlap between

subpopulations of serum-treated and 2i-treated cells, as was previ-

ously thought to be the case.

Heterogeneity in vivo To form the axes that define embryonic struc-

ture, an embryo must break the initial symmetry of the zygote. The

degree to which stochastic fluctuations in gene expression bias

cell fate in symmetry breaking is controversial (Hadjantonakis &

Arias, 2016), so application of single-cell approaches is particularly

appropriate.

An analysis of mouse embryonic cells (from the zygote to 16-cell

stage) explored expression heterogeneity between cells in each

embryo. Cell expression profiles become increasingly diverse imme-

diately following the first zygotic division, driven by both transcript

partitioning error during mitosis and stochastic gene expression (Shi
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et al, 2015). Different groups of genes showed different behaviours,

with some showing transiently or progressively increased variabil-

ity. Few already variable genes become more variable after the

8-cell stage: it is possible that transcriptional differences between cells

in an embryo begin to become fixed at this time. Finally, the authors

highlighted how the ratio of two genes’ expression may display

particularly large amounts of heterogeneity due to asymmetric RNA

distribution at mitosis, particularly if one or both of the initial tran-

scripts is expressed at a low level. Given that many developmental

decisions are specified by opposing lineage specifiers, stochastically

driven heterogeneity in the expression of lineage specifiers seems a

reasonable explanation for how symmetry can be broken.

Another study applied scRNA-seq to mouse embryonic cells from

the 2-cell to 16-cell stage of development (Goolam et al, 2016), iden-

tifying highly heterogeneous expression of Sox2 and Oct4 (master

pluripotency regulators) gene targets at the 4-cell stage. Sox21 was

identified as a gene of potential importance due to particularly

heterogeneous expression across cells within an embryo and its

joint regulation by Sox2 and Oct4. Moreover, Sox21 knockdown was

shown to subtly bias cells towards an extraembryonic fate. Coupling

the observed heterogeneity in Sox21 expression with its fate-biasing

effect, it was suggested that this heterogeneity may be responsible

for pushing cells towards specific lineages during early develop-

ment. However, definitively identifying the origin of these hetero-

geneities remains a challenge.

As development proceeds, cells become specialised into differen-

tiated cell types through processes that are often summarised as a

set of binary decisions. Single-cell approaches are especially useful

in this context, because they capture cells before, during and after

lineage commitment, unlike the discrete population averages of bulk

sequencing (Fig 3).

One study has analysed gastrulation in the mouse, capturing

epiblast cells at embryonic day (E) 6.5 along with mesodermal cells

(marked using the cell-surface marker Flk1) at E7.0, E7.5 and E7.75

(Scialdone et al, 2016). Different cell types were readily identified,

with pseudotime constructed over the blood precursor lineage reca-

pitulating known gene expression changes and facilitating identifi-

cation of new marker genes.

Using these data as an “atlas” of normal embryonic development

allowed the authors to investigate how perturbations to develop-

mental mechanisms affect cells’ expression patterns and the cell

types that they can differentiate into. A common hypothesis, driven

by work in embryonic stem cell systems, states that cell fate

commitment follows a path of binary choices. In the mesodermal

lineage analysed here, Tal1 is a transcription factor essential for

specification of the blood lineage through an unknown mechanism

of action. Under a binary decision model, Tal1�/� cells would

necessarily differentiate to a cardiac lineage in the absence of this

key transcription factor, as supported by in vitro studies (Org et al,

2015).

The authors generated Tal1 knockout embryos, applied scRNA-

seq to the mesodermal lineage and computationally mapped cells

from the Tal1�/� embryos on to the clusters identified from wild-

type cells. This allowed proper comparison between similar cell

types between the two sets of embryos while controlling for compo-

sitional changes.

Cells from the mutant embryos did not map to the blood progeni-

tor or erythroid clusters, consistent with the absence of Tal1.

However, cardiac markers were not upregulated in the Tal1�/�

cells, unlike observations in vitro (Van Handel et al, 2012). Because

the cells were not committing towards the cardiac fate, the findings

called into question whether binary cell fate choices previously

reported from Tal1 knockout cells are an in vitro artefact, or instead

occur at a later stage in vivo (Van Handel et al, 2012).

Developmental trajectories

A particular advantage of single-cell methods is the ability to capture

cells at various developmental stages in a single experiment. It is

possible to reconstruct developmental pathways using the variety of

cell states assayed using techniques motivated by the concept of

pseudotime (see Fig 2 and section “State-of-the-art analysis tech-

niques”, above). Using this cell ordering, it is possible to inspect how

cells change over the course of development, and which genes are

critical for driving progression. This approach has been applied very

widely and here we discuss some examples of how it has provided

insight from different gene expression measurement technologies.

Cultured embryonic stem cells offer a versatile platform for

following developmental pathways, as different morphogens can

guide their development into a number of different tissues. One

example is a study of the development of human definitive endo-

derm cells (Chu et al, 2016). In this study, cells were ordered along

the developmental pathway, successfully reconstructing the beha-

viour of known markers. This ordering allowed the discovery of

novel candidate regulators; for example, a driver of definitive
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Figure 2. Pseudotime recapitulates developmental trajectories.
(A) By observing similarities between the expression profiles of cells, it is possible to order cells along an axis of pseudotime that recapitulates developmental processes. (B)
Having established this ordering, genes that show significant changes in expression along the developmental pathway may be identified.
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endoderm differentiation (KLF8) was identified and validated by

testing for changes in the fraction of differentiated cells post-KLF8

knockdown.

Trajectory inference is not limited to transcriptome data.

Single-cell protein expression data (acquired by mass cytometry)

have been used to identify the developmental progression of B

cells in human bone marrow (Bendall et al, 2014). In addition

to identifying a developmental progression consistent with

known marker proteins, rapid changes in protein expression

along pseudotime were used to identify points of cellular coordi-

nation—these correspond to the checkpoints that define progres-

sion between developmental stages. Additionally, changes in the

structure of the regulatory network of STAT5 along B-cell devel-

opment were noted.

Mesodermal cells from 7- to 8-day-old mouse embryos were anal-

ysed using single-cell qPCR to understand the early development of

blood lineages (Moignard et al, 2015). Here, diffusion maps were

used to identify developmental pseudotime trajectories (Haghverdi

et al, 2015), recovering correctly the ordering of known markers.

Cell states were defined via binarisation of the expression data, and

a network was constructed that linked cells through changes in a

single gene’s expression state. This facilitated a mechanistic inter-

pretation of the data, where predicted gene regulators were

supported by motif searches and, for Erg1, validated in reporter

systems.

Finally, it has also been shown that developmental trajectories

inferred from chromatin-accessibility assays correspond closely to

those inferred from expression information (preprint: Pliner et al,

2017).

Coupling information from different expression modalities along

developmental trajectories offers potential for improved experimen-

tal design. For example, rare but important cell types could be iden-

tified using very high-throughput proteomic or flow cytometry

techniques, before using identified markers to sort cells for tran-

scriptome-wide analysis with scRNA-seq.

Allele-specific expression

Biases of expression of different alleles is a difficult problem to

dissect in bulk populations: Is it driven by subpopulations of cells

that express only one allele at a time, or by a consistent but small

bias across all cells? How much does the noisy process of transcrip-

tion affect the way individual alleles are expressed?

To assay allele-specific expression (ASE) at the single-cell level,

experiments must be designed carefully. Library preparation should

ideally follow a protocol that allows reads to be generated across

the whole length of the transcript [e.g. Smart-Seq2 (Picelli et al,

2014)], to maximise the number of inter-allele polymorphisms that

can be assayed. Additionally, a system with the greatest possible

number of allelic sequence differences is preferred. A frequently

used system is the F1 hybrid mouse, that is the offspring of two dif-

ferent inbred lines.

The first single-cell RNA-seq study of ASE used early-stage

mouse embryos (up to the blastocyst stage) and adult tissues (Deng

et al, 2014), observing a high rate of monoallelic expression (12–

25%) for even highly expressed autosomal genes. Cells in the same

embryo expressed different genes monoallelically, implicating

chance in deciding which alleles are expressed in individual cells.

Similar behaviour has been observed in primary human fibroblasts

(Borel et al, 2015), suggesting that stochastic monoallelic expression

is common across many species and cell types.

While certain genes are known to produce predictable allele-

specific expression patterns (i.e. imprinted and sex-biased genes),

many genes display expression from a specific allele chosen appar-

ently at random. This type of allele-specific expression is referred

to as autosomal random monoallelic expression (aRME). aRME

describes a heritable attribute of gene expression, for which single-

cell analysis provides a particularly useful experimental tool.

Reinius et al (2016) applied single-cell RNA-seq to clonal cell

populations, showing that less than 1% of genes demonstrating

aRME had conserved behaviour; this is in contrast to previous

bulk RNA-seq work that observed aRME for over 7% of assayed

genes (Gimelbrant et al, 2007). This single-cell work hints at the

very dynamic nature of transcription (as expressed alleles change

at least as fast as the cell cycle) and a lack of coordination

between expression of different alleles.

Allele-specific expression is a useful tool for studying X chromo-

some inactivation (XCI), the process by which the dosage of X chro-

mosome genes is controlled between sexes in mammals (Fig 4).
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Figure 3. scRNA-seq resolves cellular heterogeneity.
(A) While bulk gene expression assays provide an average read-out of transcription over many cells, single-cell RNA-seq allows the assaying of gene expression in individual
cells. (B) Single-cell approaches facilitate working with complex systems such as embryos, where groups of cells with radically different expression profiles can be analysed
without contamination from neighbouring tissues.
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Experiments in both mice (Chen et al, 2016) and humans

(Petropoulos et al, 2016) showed that the process is asynchronous

across cells and that gene expression from the silenced X chromosome

is gradually and uniformly reduced. One interesting difference

between the two is that Xist is biallelically expressed during XCI in

humans and monoallelically expressed in mice.

Lineage tracing

Nearly all measurements of gene expression kill the cell, providing a

snapshot of cellular development but losing information about a

cell’s lineage. As a cell’s lineage represents a history of the decisions

that cells have made during development, it is closely intertwined

with cell fate choice. Assays have now been developed to recon-

struct cell lineage alongside the capturing of expression data.

The most direct approach for identifying lineage relationships

between cells using sequencing technologies lies in the genome. The

pattern of mutations that individual cells acquire over time is passed

on to their daughter cells upon division—a lineage tree can there-

fore be constructed from the distributions of these mutations across

cells. However, single-cell whole-genome sequencing is expensive

and presents many technical challenges (Gawad et al, 2016).

In particular, the relative infrequency of neutral mutations per

cell cycle makes lineage determination over short timescales diffi-

cult. Given this, two techniques have been designed to implement

CRISPR/Cas9 genome editing via a synthetic construct within a cell,

which can accumulate mutations in a rapid manner. One of these

methods provides output via imaging (Frieda et al, 2017) and the

other via transcriptome or genome sequencing (McKenna et al,

2016). Both rely on the editing of a DNA-inserted barcode: endoge-

nously expressed Cas9 (with an appropriate guide RNA) progres-

sively and randomly alters this barcode, leaving permanent

sequence changes that are inherited by daughter cells. The cell may

transcribe the barcode, amplifying its presence within the cell, from

where the sequence can be read out by probe labelling (Frieda et al,

2017), by RNA-seq (preprint: Raj et al, 2017) or simply by DNA

sequencing (McKenna et al, 2016). The similarities and differences

between cells’ barcodes catalogue the mutational history of the

assayed cells, and therefore the lineage relationship between them

(Fig 5).

The sequencing approach was applied to zebrafish embryos by

McKenna et al (2016), showing that adult organs were derived

from only a small number of progenitor cells and that individual

ancestral progenitor cells contributed to multiple organs and germ

layers. The imaging approach has been demonstrated by a proof-

of-concept study in mouse embryonic stem cells (Frieda et al,

2017).

Such a scarring system may be made inducible by some signal

provided experimentally or naturally within a biological system.

This adaptation allows for improved lineage resolution at particu-

larly important time points.

Spatial transcriptomics

Cellular decision-making is heavily influenced by a cell’s environ-

ment and the signals it receives from its neighbours. However, exist-

ing scRNA-seq techniques require tissue dissociation, thereby

discarding spatial information. Recovering this information has been

the subject of several computational investigations.

Several groups have utilised gene expression atlases onto which

cellular expression profiles can be remapped (Fig 6B). One

approach used existing in situ hybridisation maps of spatially

restricted genes as a “barcode” to which the complete expression

profiles of individual cells can be matched. This was applied by two

groups to reconstruct expression patterns in zebrafish embryos

(Satija et al, 2015), and to the brain of the marine annelid
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Figure 4. Allele-specific expression at single-cell resolution.
By exploiting single nucleotide polymorphisms in single-cell RNA-seq reads, it is
possible to quantify how much individual alleles contribute to a gene’s total
expression. For developmental biology, this can be applied to study, for example,
when monoallelic expression patterns become set during embryonic
development and how they relate to fate decision, as in the case of X
chromosome inactivation (Chen et al, 2016).
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Figure 5. Lineage tracing.
Understanding how cells are related to each other is central to understanding
how developmental processes work. However, comparison of transcriptomic
profiles does not allow the reconstruction of these lineage relationships. Recent
approaches used CRISPR/Cas9 to mutate a synthetic DNA construct, providing a
genomic or transcriptional read-out containing cell lineage information.
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Platynereis dumerilii (Achim et al, 2015). This type of approach is

particularly useful where the biological structure is robust between

samples, or where many high-quality reference data sets exist.

Where the system considered is known to have a robust or

invariant structure, it is possible to reconstruct pseudospatial infor-

mation from scRNA-seq expression data alone. Scialdone et al

(2016) used an unsupervised approach to position cells along the

anterior–posterior axis of the primitive streak during gastrulation,

identifying genes expressed posteriorly (biasing cells towards, e.g.,

blood fate) and those expressed anteriorly (biasing cells towards,

e.g., endoderm). Despite successes with post hoc reconstruction,

methods that preserve spatial information experimentally will likely

prove more accurate and generalisable, particularly to tissues with

complex structure. Consequently, several groups have worked to

develop such techniques.

The recently developed methods of merFISH (Chen et al, 2015)

and seqFISH (Shah et al, 2016b) use sequencing-by-hybridisation

techniques for transcriptomic quantification. In these assays, fixed

cells are subject to repeated washes of fluorescently labelled DNA

probes coupled with matched rounds of imaging; careful design of

the probes allows individual RNA species to be identified by dif-

ferent sequences of fluorescence across washes, building up a

unique barcode for each transcript (Fig 6A). The accuracy and reso-

lution of these techniques have been improved by sample back-

ground clearing (Moffitt et al, 2016; Shah et al, 2016a), but the

number of genes that can be reliably assayed has remained much

lower than can be achieved with scRNA-seq (e.g. 249 genes in Shah

et al, 2016b). However, recent efforts have reported the quan-

tification of over 10,000 different transcripts in the same cells (Eng

et al, 2017).

Locational information in these FISH assays is encoded at the

individual transcript level, allowing the examination of intra-cellular

effects (e.g. organelle localisation) as well as inter-cellular influ-

ences. These imaging techniques offer vast potential in

developmental biology, particularly with regard to understanding

signalling processes in complex systems such as embryos.

The importance of perturbations in single-cell analyses

High-throughput -omics techniques have found their forte in

hypothesis generation: because they quantify vast amounts of infor-

mation, they offer considerable scope for identifying differences

between samples that can form the basis of future targeted studies.

However, in and of themselves, changes in gene expression levels

do not provide conclusive evidence for hypotheses: Are cellular

phenomena driving or being driven by the expression change? Is the

expression change a function of some orthogonal effect? Have

apparently significant changes arisen by chance? Follow-up experi-

ments are therefore critical—by inducing over- or underexpression

of a gene, strong signals should be detectable from further -omic

assays, or through cellular behaviour alone. An appealing alterna-

tive exists for single-cell transcriptomics: natural variation in expres-

sion levels. As cells stochastically express more or less of individual

genes than other cells in a population, differences in overall gene

expression should propagate through gene regulatory networks,

forming a large set of “micro-perturbations”. However, such small

differences can be readily confounded by technical artefacts (e.g.

batch effects), and inference of gene regulatory networks from

scRNA-seq data has been challenging to date. For instance, the

SCENIC package utilises cis-regulatory information to reinforce tran-

scriptional gene network learning (Aibar et al, 2017).

One possible solution to this problem is the combination of

single-cell RNA-seq with targeted CRISPR screens to produce more

impactful perturbations at high throughput (Adamson et al, 2016;

Dixit et al, 2016; Jaitin et al, 2016; Datlinger et al, 2017). Implemen-

tations of this approach are Perturb-seq and CROP-seq. Specifically,

these methods infect pools of cells with viral constructs containing
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Figure 6. Spatial gene expression data.
(A) Most single-cell gene expression assays require dissociation of tissues, destroying locational information. New in situ hybridisation methods, however, offer high-
throughput transcriptomic quantification captured alongside intra- and inter-cellular localisation. (B) In the absence of such techniques, others have used reference “atlases”
to map back sequenced cells onto structures with known expression patterns.
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guide RNAs, which together with endogenously expressed Cas9

protein can target specific areas of the genome. Single-cell RNA-seq

can then be applied to profile the transcriptome of each cell in

addition to the specific guide RNAs that were transduced, linking a

holistic view of gene expression with the knowledge of which

perturbations have caused these transcriptional changes. Because of

the pooled nature of such experiments and the ability to tune the

multiplicity of infection, it is possible to load a large assortment of

guide RNAs into a single experiment, allowing the investigation of a

complex set of interacting perturbations without needing to

massively increase the experiment’s scale.

The future of single-cell transcriptomics in
developmental biology

Already single-cell transcriptomics has had a transformative effect

in developmental biology: the ability to assay individual cells has

facilitated the study of highly heterogeneous but small cell popula-

tions from the earliest stages of development. Moving forward, there

are several areas where new developments will lead to even deeper

insights than have already been obtained.

Perhaps most obviously, the vast majority of single-cell experi-

ments performed to date divorce the spatial location of a cell from

its transcriptional profile. Especially in early development, where

spatial location affects the signals that a cell receives and thus its

eventual fate, marrying these two sources of information will be

extremely powerful. New approaches that increase the throughput

of multiplexed RNA FISH, and other in situ sequencing technolo-

gies, promise to make this a reality. One important challenge will be

to computationally record the location of individual cells within the

embryo using a common coordinate framework—this will facilitate

cross-sample comparisons. Interestingly, such a framework has

already begun to be developed within the context of the Allen Brain

Atlas (Sunkin et al, 2013) and will be an important challenge for the

nascent Human Cell Atlas project (Regev et al, 2017). Extending this

to early development will be critical, with effective work in the fly

having already begun (Karaiskos et al, 2017).

Once generated, these spatially resolved maps of expression

within the embryo will facilitate computational inference of signal-

ling gradients, enabling both known and novel morphogen patterns

to be found. This will play a key role in understanding how cells

incorporate signalling information to make decisions about their

downstream fate. While interesting, such new hypotheses will have

to be complemented by additional experiments, for example involv-

ing the use of conditional knockout models.

Another key area where technology is driving biological discov-

ery is the ability to assay multiple molecular layers within the same

cell. Recent advances have allowed the epigenome, transcriptome

and chromatin accessibility of the same cell to be profiled (preprint:

Clark et al, 2018), therefore allowing insight into the mechanisms

driving changes in gene expression. When coupled with information

about a cell’s location in the embryo (and the associated signalling

gradients introduced above), we will begin to move towards a holis-

tic model of cell fate choice and, indeed, of embryogenesis itself.

Underpinning all of these advances will be developments in

computational methods. It is critically important that computa-

tional methods are developed in parallel with new technologies

and that computational biologists work in close partnership with

the experimental laboratories generating the data. Together, the

potential for transforming our understanding of development is

tremendous.
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