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1. Factoring in Known Unknowns
The social and philosophical sciences need to be involved in a
deeper way than before in determining how and when to utilize
biotechnologies.[1] The modern rise of biomedical technology
has reached an explosive pace: headlines are made on an almost
daily basis, typically surrounding sensational developments that
are both technically promising and profoundly alarming—this
includes gene manipulation techniques showcased in the
elimination of an HIV susceptibility locus in human embryos,
that were born in China; the cloning of gene‐edited monkeys to
aid in human genetic and psychiatric research, as reported in
National Science Review; and a recent article in Nature
describing precise CRISPR/Cas gene editing “blueprints” for
human therapeutics potentially free from oﬀ‐target errors.[2]
Aside from human gene editing, headlines also augur
potentially massive applications in manipulating plant breeding,
the control of insect pests, and the suppression of human disease
vectors, amongst whose side eﬀects could conceivably be the
alteration of ecosystems in unforeseeable ways. The world stands at
the brink of unlocking the immense potential of genetic
biotechnology—but it is precisely at this juncture that caution
becomes imperative. We quote a warning from Freeman Dyson,[3]
that “in the near future, we will be in possession of genetic
engineering technology which allows us to move genes precisely
and massively from one species to another. Careless or
commercially driven use of this technology could make the
concept of species meaningless, mixing up populations and mating
systems so that much of the individuality of species would be lost.”
It appears, in fact, that recent waves of ethical, philosophical,
and technical controversies surrounding genetic engineering have
overtaken the pace of traditional scientiﬁc correspondence, and
spilled into the realm of popular science in Twitter battles between
reputable scientists and their followers; in these public arenas,
rampant allegations of “bandwagon” publication bias driven by
vested interests in proﬁtable applications clash wildly against
ideological opposition from skeptics and watchdogs. For instance,
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probability theorist and ethicist N. N. Taleb recently retweeted a
series of ﬁve tweets on the same day as complexity theorist Joe
Norman (February 5 2019, https://twitter.com/normonics/status/
1092827181263265792)[4] (see Figure 1), warning that “the ability
to construct arbitrary sequences and consequent behaviors at the
microscopic levels actually EXACERBATES [sic] our uncertainty at
macroscopic scales, e.g., in ecosystems… Thus, what is sold as
precision is the opposite!”
Pithy as a tweet may be, we wish to expand on the warning of
the scale‐dependent paradox of “precision.” The fact remains that
we do not fully understand the risks of gene editing on in vivo
human tissue even when it is on‐target (precise), and we know
even less about the long‐term eﬀects of precisely edited genomes
on animal lineages, including that of humans. Nor can we
conﬁdently claim comprehension of the interactive eﬀects
between multiple artiﬁcially edited loci within developing organisms, much less propagative and evolutionary implications for the
higher‐order ecosystems of which they are part. Tampering with
mortality modes, physiological traits, or life cycles may disrupt
intricate eco‐evolutionary “optimizational” measures[5] critical to
the viability and persistence of natural life—such consequences
could take several generations to assess.

2. Machines Running on Stochastic Fuel
The grave danger is that we can develop a ﬂawlessly precise on‐
target gene editing technology,[2] yet have a ﬂawed, imprecise
understanding of what perfectly edited genes will do when they
are embedded, like all genes, in complex, pleiotropic gene
regulatory networks (GRNs). It must be noted that although the
structure of GRNs is speciﬁed by DNA sequences, their
developmental or phenotypic actions (outputs) are, by nature
of the coupled molecular pathways involved, emergent phenomena that cannot be predicted solely from the underlying
genetic material. It is the task of GRNs to ﬁlter and tune the
inherent stochasticity of gene expression into adaptive, viable
outcomes at all levels of organismal growth, from cell
diﬀerentiation to macroscopic events, such as metamorphosis
and polyphenic development; but the complexity of vertebrate
development presents a mathematically intractable network of
interacting mechanics that eludes comprehensive description
and treatment with current methods. Such a dense structure of
networks can eﬀectively be seen as a massive macroscopic GRN
(mGRN) governing life processes at the organismal level,
programmed into manifestation by the genome.
Deciphering the simplest organizing principles of stochastic
GRNs begins with relatively low‐dimensional systems, such as
basic bipotential cell fate decisions. An example is the control of
diﬀerentiation of bipotential neuromesodermal progenitors
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Figure 1. Series of tweets from Joe Norman, warning of the complexity
of genetic editing.

(NMPs) that fuel vertebrate embryo elongation through the
generation of spinal cord and trunk mesoderm tissue.[6] In this
system, the stochasticity of gene expression is entrained within
a gene transcriptional network that is feedback‐regulated by
extracellular signals between proliferating cells, enabling
control over cell fate decisions and the balancing of size and
composition of developing tissues arising from the bipotential
NMPs. In eﬀect, a feedback‐modulated noisy bistable switch
allows the balanced generation of two cell types in unequal but
adaptive proportions from a bipotential progenitor, thereby
facilitating orderly elongation of the embryo.[5] Inherent,
tunable bi‐ or polystability, or switch‐like behavior between
attractors in the state space landscapes of noisy gene networks,
is now increasingly recognized as a widespread, if not
ubiquitous, property of GRNs across scales.[7]
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The variety of possible feedback and feedforward loops
within the cellular mGRN (in the form of GRN motifs and sub‐
circuits, for instance) that could evolve to adaptively shape the
distribution of noise is limited by the imagination; but in
general, the more complex the organism and the more variable
its environmental niche, the greater the extent to which
development depends on intricate and sophisticated pathways
for tuning the ubiquitous force of biochemical noise toward
biological viability. Such tuning may expectedly comprise some
combination of amplifying, damping, or splitting of stochastic
processes in pathways; the ultimate goals of these processes
may be controlling anything from the average number of
molecules of neurotransmitter released from a synaptic bouton
in response to an action potential, to the macroscopic vagaries
of heterochrony in the evolution of metamorphosis and other
life history traits. The function of the mGRN is thus understood, but the complexity of its internal mechanisms is
stupendous: for instance, phenomena of signal transduction
cascades and network crosstalk, and the mixed dynamics of
chromatin remodeling, transcription factor binding,
cis‐regulatory sequences, alternative mRNA splicing—amongst
myriad others—will all act in parallel.[8]
This perspective confers a picture of the entire apparatus of
diﬀerential gene expression regulation (the mGRN) within cells as
a noise‐ﬁltering and tuning device that allows an adaptive
spectrum of graded, discrete and multi‐stable responses to
stimuli, potentially also of stochastic nature as in environmental
conditions. The recent ﬁrst‐ever genome‐wide evolutionary and
systemic study of transcriptional noise[9] indeed suggests that
selection at the pathway (or network) level is widespread in driving
the evolution of gene expression at the single‐gene scale.
Stochastic noise in transcriptional pathways, due to molecular
binding and diﬀusion processes, generates a cascade leading to
the synthesis of a protein from its encoding gene; the assembly of
these pathways into regulatory networks of increasing scale
ultimately produces the mGRN, mapping to the totality of the
expressed phenotype. In multicellular organisms, the constructive
control of gene expression noise is an emergent organismal‐level
property, or a covariance structure, of the entire population of cells
making up the organism throughout the full trajectory of
development (life history) as the organism interacts with its
environment (see the paper by Noble and Noble[10] and references
therein). That is, the mGRN is not a deterministic developmental
machine but rather one that “runs on stochastic processes and
ﬁnds ways to channel stochasticity.”[11]
Thus, the tide of studies culminates in an unfortunate
deduction, namely that gene expression is a complex product of
noise distributed across inherently stochastic regulatory networks, and therefore almost impossible to describe or to predict
fully. Many diﬀerent combinations of noise in upstream
elements of regulation could sum to the same eﬀect, just as a
stochastic change in a single element can lead to an array of
diﬀerent downstream eﬀects; and tracing the sources of noise
and the propagation of their eﬀects is made even more diﬃcult
due to the presence of feedback mechanics. This also implies
that mutations, even at the level of single genes, can alter
network‐level noise control with unpredictable consequences
for phenotypic expression. Such alterations may happen not
only in the aﬀected cell but potentially across other cells of the
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same lineage or in interacting lineages, courtesy of higher‐
order regulatory components spanning intercellular scales. As
alluded to in the emergent nature of the mGRN schematic and
its covariance structural characteristics, these consequences
may be observably manifest over an immensely wide spectrum
of scales, spanning cellular, tissue, organ, organismal, and
potentially populational levels—possibly over long timescales.
This is especially concerning, because a large proportion of
genetic loci discovered so far to be associated with risk variance
in complex traits or diseases belong to the thousands of non‐
protein‐coding genes that inﬂuence expression in ways we are
far from understanding. Although the eﬀects of noise across
scales and their pleiotropic, multistationary eﬀects are impossible for us to calculate ad hoc, the process of evolution has
already performed the computations to some degree with the
trudging abacus of natural selection—otherwise biological life
would not have persisted. It is therefore very reasonably
assumed that the genetic structures we see today are already
remarkably optimized and stabilized. Negligently thinking that
we can improve on the current status quo could be hubris with
disastrous consequences. The cascading eﬀects of edited
genetics at the microscopic level will not necessarily stop at
the mesoscopic‐organismal level; they can be transmitted
further to aﬀect macroscopic demographics and the response
of populations to selection. The problems are further entangled
if there are multiple species bearing edits across diﬀerent genes
in interlocking ecosystems, where macroscopic dynamics are
elevated to be as important as microscopic ones.

3. Caution in the Face of Uncertainty
The aforementioned concerns may seem to be far‐fetched, but
if history teaches us one thing, it is that the future reality always
demands an accommodation of our expectations—and not the
other way around. One can imagine, for instance, a near‐future
driven by proﬁts, hope, hype, and heaps of research investment
capital, in which it becomes possible to present parents with a
buﬀet of genes to edit embryonically. This “pick‐and‐choose
store” would oﬀer statistically “safer” alleles based on genome‐
wide association study results of complex diseases, such as
schizophrenia, for which over a hundred “signiﬁcant” loci of
small eﬀect have already been claimed at present.[12] The
problems of noise control in our own epistatic and pleiotropic
interaction landscape may only be discovered after the
irreversible arc of development is complete—humans become
their own guinea pigs in an irreversible experiment.
With our growing appreciation of the role of noise in gene
regulation and the nonlinear dynamics between single genes,
genotype, development, and evolution, it is imperative to
provide a cautionary perspective on CRISPR and other rapidly

BioEssays 2019, 1900032

advancing biotechnologies. While CRISPR in medicine is
undoubtedly worth pursuing, our inability to predict its black
swans carries heavy risks. No development in biotechnology
more richly deserves stringent application of Taleb et al.’s[13]
“precautionary principle,” to both its research and its
presentation to the public.
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