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Abstract

Ribonucleoproteins (RNDPs) are RNA-protein complexes utilized natively in both prokaryotes and eukar-
yotes to regulate essential processes within the cell. Over the past few years, many of these native systems
have been adapted to provide control over custom genetic targets. Engineered RNP-based control systems
allow for fine-tune regulation of desired targets, by providing customizable nucleotide-nucleotide interac-
tions. However, as there have been several engineered RNP systems developed recently, identifying an
optimal system for various bioprocesses is challenging. Here, we review the most successful engineered
RNP systems and their applications to survey the current state of the field. Additionally, we provide
selection criteria to provide users a streamlined method for identifying an RNP control system most useful
to their own work. Lastly, we discuss future applications of RNP control systems and how they can be
utilized to address the current grand challenges of the synthetic biology community.
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1 Introduction

In recent years, synthetic biology has seen the developments of
standardized genetic tools that allow regulation across a diverse
set of systems, from Escherichia coli or Saccharomyces cevevisine to
mouse or human cell lines. These tools typically rely on transcrip-
tional, translational, and other common signaling pathways and
have been utilized to control various bioprocesses including
engineering microbial metabolism to produce value-added chemi-
cals [ 1-3], editing genomes directly [4], enabling cells to track and
respond to environmental signals or stimuli [5], and allowing
organisms to dynamically regulate their own metabolisms in
response to stress [6].

In particular, ribonucleoprotein (RNP)-based control systems
are proving increasingly valuable for the design and construction of
orthogonal regulatory systems in organisms because they can be
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tuned via nucleotide-level interactions to direct metabolic pathways
and cellular responses. As their name implies, RNP-based systems
consist of an RNA-binding protein (RBP) complexed with an RNA
transcript. Such complexes are frequently used by nature to control
key aspects of gene regulation [7 ], providing a useful starting point
for engineering the regulation of cellular responses. This methods
chapter reviews key RNP-based control systems in both prokaryotic
and eukaryotic systems that have been adapted as genetic circuitry
for orthogonal control. We detail useful selection criteria for choos-
ing RNP-based control systems for bioprocessing applications and
point out future directions for expanding their use and versatility.

2 Current Systems

2.1 Engineered RNPs
in Prokaryotes

2.1.1  RNA-Binding
Protein (RBP)-RNA
Regulated Systems

There are a wide variety of native RNPs [8, 9], but only a few that
have been adapted to genetic circuitry and orthogonal regulation.
Because of differences between the basic molecular biology of
prokaryotes and eukaryotes, we consider RNP-based circuitry that
involves these two domains separately, although the field is begin-
ning to move toward more general and universal methods for
engineering RNP control.

There are a variety of native RNDPs that have key regulatory
functions in prokaryotes, such as the SRP [10, 11], RNase P
[12], RNA-binding proteins (RBPs) complexed with RNAs and
PNPase [13]; some of these have been adapted for use within
engineered circuits. In addition, more general control by widely
used CRISPR RNPs has been developed (see Fig. 1).

Some of the earliest engineered RNP-controlled systems come
from reprogramming bacterial RNase P ribozymes, particularly
the RNase P from E. coli. Natively, RNase P cleaves tRNA precur-
sors to generate the 5" termini of mature tRNA molecules [14]. The
RNP utilizes a guide sequence, which hybridizes to its target RNA,
and directs cleavage of the target. Li et al. [15] first demonstrated
that by engineering specific “external guide sequences” (EGS), one
could specifically target RNase P cleavage of desired mRNA
transcripts. The authors utilized RNase P from E. coli and
engineered EGS to cleave mRNA sequences of B-galactosidase
from E. coli and nuclease A in vitro. Additionally, they
demonstrated almost 90% reduction in B-galactosidase activity
using the engineered EGS-RNase P complex. After this break-
through, work began to expand the capability of RNase P targeting
of mRNA targets. Guerrier-Takada et al. [16] engineered external
guide sequences with RNase P from E. coli to target chlorampheni-
col resistance genes in cultures of E. co/i. The authors eliminated
nearly all growth of chloramphenicol-resistant cultures that
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Fig. 1 Ribonucleoprotein-derived genetic control schemes developed in prokaryotic and eukaryotic systems.
(a) Examples of RNP control schemes that utilize RNA-binding proteins (RBPs) and a guide RNA to achieve
desired regulation arranged with increasing genetic circuit complexity. (b) Examples of RNP control schemes
that utilize a CRISPR-Cas scaffold as a basis for developing engineered RNP-based control arranged with
increasing genetic circuit complexity. Abbreviations are as follows: m6A N6-methyladenosine, RNAP RNA
polymerase, STARs small transcription activating RNAs, /FFL incoherent feedforward loop, VPR VP64-p65-Rta
domain, KRAB Kruppel-associated box, ABA abscisic acid, and GA gibberellin

contained plasmid-based chloramphenicol acetyltransferase (CAT)
by expressing two CAT external guide sequences to drive cleavage
via RNase P. The two EGS were put under control of an IPTG-
inducible promoter, thus creating one of the earliest “NOT” gates,
which targeted a drug-resistant phenotype 7z E. coli. Specifically, in



Trevor R. Simmons et al.

this simple single input logic gate, if IPTG is present as an input,
chloramphenicol resistance of the E. coli cultures is effectively
eliminated (i.e., in the presence of the inducer, the output was
“negated”). Additionally, this genetic control scheme was adapted
for human health applications. Cobaleda et al. [17] engineered two
EGS to target oncogene products expressed in leukemia cells that
inhibit apoptosis. By expressing the EGS and RNase P from E. coli
in a mammalian cell model containing the two oncogene products,
they demonstrated at least a 96% reduction in cell viability for cells
expressing the two oncogenes, while minimizing off-target eftects
to only a 5% reduction in cell viability. This study was the first to
engineer an EGS-RNase P complex that directly targeted and
reduced oncogene expression in a mammalian cancer cell line.
Subsequently, Trang et al. [18] used the RNase P RNP complex
from E. coli to develop an engineered external guide sequence
(EGS) to target the ICP4 mRNA transcript, a key protein involved
in human herpes simplex virus 1 (HSV-1). Using the engineered
EGS-RNase P complex, they achieved an 87% reduction in ICP4
mRNA and an 80% reduction in ICP4 protein in ?CRE fibroblast
cells. Additionally, cells expressing the engineered EGS-RNase P
complex demonstrated a 1000-fold reduction in viral growth 18 h
after exposure, while an inactive version of the complex demon-
strated no reduction in viral growth. Recently, Yang et al. [19]
developed a mutant RNase P ribozyme from E. coli by screening a
library of rationally designed mutants. The identified mutant
demonstrated 50-fold improved cleavage of viral mRNA from
human cytomegalovirus (HCMV) relative to the wild-type version.
In vivo, the mutant RNase P ribozyme achieved a 98% reduction in
HCMV mRNA, which was 13% greater than the wild-type RNase P.
This engineered RNase P was then introduced to the human cell
line U373MG that were infected with HCMV. Five days after
introducing the RNase P ribozymes to the infected cell lines, the
cells with the mutant RNase P demonstrated 3500-fold reduction
in HCMV mRNA, while cells containing the WT RNase P only
showed a 100-fold reduction in HCMV mRNA.

Since the initial development of RNase P-regulated genetic
control, development of novel prokaryotic RNP control systems
has expanded to global RNA-binding proteins (RBPs) to posttran-
scriptionally regulate translation of mRNA targets. Two prevalent
examples include the complexing of the Hfq or CsrA bacterial
proteins and a small noncoding RNA (sRNA) [20]; we refer to
these as RBP-sRNA regulated systems. The most common example
of this RNP control scheme is Hfq-sRNA regulation. In this sys-
tem, the Hfq protein binds to an sSRNA and facilitates binding to a
specific mRNA target, allowing for the sSRNAs to hybridize and
directly regulate the posttranscriptional fate of the mRNA itself
[21]. This mechanism has been adapted to create many
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Hfq-sRNA control systems in bacteria. One key example is from Na
et al. in which the authors employed the Hfq-sRNA-mRNA inter-
action to downregulate expression of desired genes within E. cols
[22]. The authors achieved this by engineering the MicC sRNA
(an sRNA involved in regulation of the EnvZ-OmpR two-compo-
nent signaling pathway [23]) with a custom seeding region to
trans-actively downregulate a desired mRNA target sequence.
They demonstrated the utility of the Hfq-MicC control system in
a bioprocessing application by improving de novo production of
tyrosine and cadaverine in E. coli. The authors improved overall
product yield by downregulating several genes involved in compet-
ing metabolic pathways for tyrosine and cadaverine production.
Noh et al. expanded upon this system by developing a MicC
sRNA with tunable transcription levels [ 24 ]. This provided a system
with a greater dynamic range of MicC sRNA transcriptions, which
allowed for tunable repression of target genes. They utilized these
modified constructs to improve overall titers of proline and putres-
cine in E. coli by knocking down genes involved in competing
metabolic pathways of the two compounds. Importantly, systems
like these, which have been previously reviewed [1], allow the user
to fine-tune control over expression of desired genes by providing a
customizable nucleotide seed sequence in the modified MicC
sRNA. Moreover, users do not have to spend time engineering
the genome to knockout or knockdown these genetic targets. An
additional example of utilizing Hfq-sRNA posttranscriptional reg-
ulation comes from Lahiry et al. [25], in which the authors ratio-
nally redesigned the DsrA sRNA of E. coli to target mRNA
transcripts involved in the n-butanol synthesis pathway of Clostrid-
tum acerobutylicum. The authors utilized the regulatory mechanism
of the Hfq-sRNA-mRNA RNP complex to downregulate two key
mRNA sequences shown to reduce n-butanol production. The
authors iteratively redesigned the native stem loops of the DsrA
sRNA to ultimately achieve over fourfold reduction in expression of
both target genes. This work provides another framework for
exploiting nucleotide-level interactions to drive RNP-based control
within the Hfq-sRNA system.

In addition to Hfq, the bacterial global regulator protein CsrA
has been utilized in an engineered RNP-based control system for
posttranscriptional regulation of mRNA targets. CsrA is best
known to prevent translation of mRNA targets via binding in the
5" untranslated region (UTR) and occlude ribosome binding,
although native, alternative mechanisms of activation and binding
to other mRNA regions have also been reported for CsrA
[26]. Omics studies of the Csr system such as Sowa et al. [27]
and Leistra et al. [28] have identified multiple candidate genes that
could be posttranscriptionally upregulated by CsrA. Moreover,
recent work from Renda et al. [29] confirmed first the first
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mRNA target posttranscriptionally activated due to binding of
CsrA in the 5" UTR. Thus, CsrA sits as a potential control node
for simultaneous activation and repression of genetic targets. The
RBP is primarily regulated by two small RNAs, CsrB and CsrC,
which can each sequester multiple copies of CsrA and block forma-
tion of the RNP complex between CsrA and its target mRNAs
[26]. In Leistra et al., the authors rationally engineered mutants
of the CsrB sRNA of E. co/i to have a gradient of stronger or weaker
affinity for CsrA [30]. The authors created 20 total mutants,
10 with weaker affinity for CsrA than WT CsrB and 10 with stron-
ger affinity. The strongest CsrB mutant demonstrated almost 3.5-
fold stronger affinity with CsrA. Lastly, they demonstrated that the
CsrB mutants could be utilized to control CsrA-regulated meta-
bolic processes, such as glutamate production. Overexpressing the
strongest CsrB mutant led to a 1.75-fold increase in glutamate
production relative to overexpression of WT CsrB. This work is
one of the first systems to engineer the Csr system and offer an
approach to control the formation of CsrA-based RNP complexes
by engineering competing RNA-CsrA interactions. This system
offers a potential future opportunity to engineer tunable
RNP-based control systems utilizing CsrA.

While not an RNA-binding protein, the ribosome can also be
considered a RNP at the system level and, as such, affords broad
opportunities for regulatory control. Genetic circuits have been
developed to control translation by blocking or promoting forma-
tion of the ribosomal RNP complex. One key example comes from
Green etal. [31], in which the authors developed “ribocomputing”
devices utilizing sRNAs to unwind toehold switch hairpins that
contained the ribosome binding site for a downstream gene of
interest. In this scheme, when the toehold switch was unwound,
the ribosome could bind and begin translation. The authors devel-
oped several devices of increasing complexity. They began with an
individual “OR,” as well as an “AND?” logic gate. The “OR” gate
consisted of two consecutive hairpins such that when provided with
an sRNA complementary to esther hairpin, the RBS was freed and
allowed the ribosome to bind. The “AND” logic gate utilized a
single hairpin that required two sRNAs to hybridize and rearrange
the hairpin; only upon binding of both sRNAs, the RBS was
liberated for ribosome binding. Next, they constructed multi-
input gates such as a 4-sRNA “AND” gate, as well as a 6-sSRNA
“OR?” gate. Ultimately, they constructed a 12-sRNA input circuit
that utilized five consecutive “AND” gates. Each of these con-
structed gates achieved a range between 25-fold and 41-fold activa-
tions of exogenous GFP. The type of flexibility of this
ribocomputing system is an enormous asset given the potential
distinct advantages of “OR” and “AND” logic gates for gene
regulation in different context. For example, work from Amalfitano
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et al. [32] utilized these ribocomputing gates to control a glucose
reporter that can be measured by store bought glucose meters.
These circuits were utilized to specifically detect the presence of
bacterial RNA from Salmonella typhi, the bacterium responsible for
typhoid fever, at clinically relevant levels. Moreover, these circuits
were then modified to specifically detect viral RNA from SARS-
CoV-2 within an hour, while not being activated by any other
control viral RNAs present. These ribocomputing circuits may
provide the opportunity for portable diagnostics for use in clinical
and affordable human health applications.

The second and potentially most well-known category of
RNP-based control in bacteria are engineered CRISPR-Cas sys-
tems. Natively, CRISPR-Cas systems utilize a Cas protein com-
plexed with a crRNA (CRISPR RNA, complementary to the
DNA target) and tracrRNA (transactivating crRNA, a scaffold for
Cas9 protein binding) for targeted genome editing [4]. While
native CRISPR-Cas systems were known for at least two decades
[33, 34], their engineering utility was first presented by Jinek et al.,
where they demonstrated targeted genome editing in E. coli by
utilizing a Cas9 nuclease protein from S. pyogemes and a single
guide RNA (gRNA) chimera adapted from a fusion of the
tracrRNA and crRNA [35]. Since then, many iterations of
CRISPR-Cas systems have been developed for targeted gene edit-
ing as well as precise control of gene expression. One of the biggest
breakthroughs to CRISPR-Cas systems was the introduction of a
catalytically inactive Cas9 protein (dCas9) from Qi et al. [36]; here,
the authors introduced two point mutations to remove Cas9 endo-
nuclease activity, effectively creating a customizable DNA-binding
protein (DBP). Using this construct, the authors developed the
CRISPR interference (CRISPRi) system. The dCas9 protein and
gRNA formed an RNP that operated as a DNA-binding complex
that could repress various targeted genes based on the seeding
sequence of the gRNA. They were able to demonstrate almost
1000-fold repression of specific target genes in E. colz and demon-
strated the ability to target multiple genes simultaneously by using
multiple gRNAs [36]. The development of dCas9 has allowed for
novel CRISPR-Cas9 regulatory tools. As an example, Nielsen et al.
expanded the versatility of CRISPR-Cas regulation in genetic con-
trol schemes [37] by utilizing dCas9 to construct multiple genetic
circuits within E. coli. The authors first constructed an arabinose-
responsive “NOT” gate, such that in the presence of arabinose, the
gRNA sequence was expressed and complexed with dCas9 to tran-
scriptionally repress a desired target gene by binding within the
promoter sequence of the target gene. The authors then built more
complex gates such as two consecutive “NOT” gates, a “NOR”
gate (where the lack of two imposed conditions leads to a desired
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output), an “OR” gate, as well as an “AND?” gate. The two consec-
utive “NOT” gates utilized anhydrotetracycline (aTc), and
2 4-diacetylphloroglucinol  (DAPG)-inducible promoters to
achieve a double inverter circuit. In the presence of aTc, the
gRNA sequence was transcribed to direct dCas9 repression of the
downstream target. Upon addition of DAPG, a gRNA sequence
was expressed that blocked the aTc promoter sequence via dCas9,
alleviating repression of the downstream target. The “NOR” gate
utilized a DAPG and arabinose-responsive promoter to control
expression of a gRNA to target a downstream gene with dCas9.
In the presence of either or both compounds, the downstream
target was repressed. The “OR” gate combined the “NOR” and
“NOT” gates consecutively to activate the downstream target in
the presence of DAPG or arabinose. Lastly, the “AND” gate com-
bined the arabinose-responsive and DAPG-responsive “NOT”
gates into the “NOR?” gate to generate an “AND” gate, such that
only in the presence of both arabinose and DAPG would the
downstream target be activated. These engineered circuits
measured at least a 100-fold change in target gene expression for
each gate, using plasmid-based red fluorescent protein (RFP) as a
reporter. Finally, the authors applied the “OR” gate to control the
malT gene and demonstrated control of the lambda phage suscep-
tibility phenotype under the control of Ara and/or DAPG indu-
cers. Along with interference, methods to activate genes using
CRISPR-Cas components (CRISPRa) in bacteria were developed.
Bikard et al. first demonstrated activation of endogenous target
genes by fusing dCas9 to the omega subunit of RNAP in E. cols
[38]. While novel, activation using CRISPR proved to be more
difficult, as the authors could only achieve a maximum of 23-fold
activation of endogenously expressed GFP, which was comparable
to other transcriptional activation systems at the current time
[39, 40]. Importantly, Dong et al. [4]1] expanded upon the
CRISPR activation regulatory scheme originally developed by
Bikard et al. To achieve enhanced CRISPR-based activation in
bacterial systems, the authors utilized modified gRNAs fused to
an RNA hairpin that binds an RNA-binding protein (RBP), which
itself is fused to a transcriptional activator protein domain. A tran-
scriptional activator protein can be defined as a protein or protein
domain, which natively recruits RNA polymerase machinery
[42]. After screening several bacterial transcriptional activators,
they found the SoxS activator fusion could achieve almost a three-
fold activation in expression of targeted endogenous genes relative
to the original CRISPR. The complex was modified to improve
CRISPR activation activity, while minimizing native SoxS DNA
binding affinity. Lastly, the authors demonstrated both aTc and
arabinose-inducible genetic regulation of multiple genetic targets
using the CRISPRa constructs and the CRISPRi system from Qi
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et al. in tandem. This work was one of the first demonstrations of
simultaneous activation and repression of endogenous genes in
bacterial systems. These developments provided novel opportu-
nities to engineer complex genetic circuits from CRISPR-based
regulation.

Recently, Santos-Moreno et al. [43] greatly expanded upon the
complexity of CRISPRi-regulated genetic circuits. The authors
developed the classic toggle switch, feedforward loop, and oscilla-
tor in E. coli. The toggle switch expressed two gRNA sequences
that responded to either arabinose or AHL. In the absence of either
inducer, two gRNAs were expressed to repress each other, which
was measured by low fluorescence of super-folder green fluorescent
protein (sfGFP). This was achieved by constitutively expressing two
gRNA sequences. The first gRNA sequence (sgRNA-1) repressed
the second gRNA sequence (sgRNA-4) and the sfGFP gene, while
the second gRNA (sgRNA-4) repressed sgRNA-1. Thus, the two
cancelled each other out and kept sfGFP expression low. Concur-
rently, a second copy of sgRNA-1 was controlled by an arabinose-
inducible promoter, and a second copy of sgRNA-4 was under an
AHL-inducible promoter. In the presence of AHL, the switch was
toggled to high activity by induction of the second copy of sgRNA-
4; this was indicated by high sfGFP fluorescence. Conversely, in the
presence of arabinose, the second copy of sgRNA-1 was expressed
to maintain repression of stGFP, measured by low fluorescence. The
authors developed an arabinose-inducible feedforward loop, in
which a single gRNA repressed two targets: an sfGFP sequence
and a second sgRNA. The second sgRNA also repressed the stGFP
sequence. Thus, across an arabinose induction gradient, there is a
small concentration that allows for a spike in sftGFP fluorescence,
while all other arabinose concentrations lead to basal levels of
stGFP fluorescence. Lastly, the authors constructed the “Repressi-
lator” circuit, termed the “CRISPRlator,” in which three sgRNAs
consecutively repressed each other. This work was the first demon-
stration of using CRISPRI to construct the toggle switch, incoher-
ent feedforward loop, and oscillator, three classic genetic circuits
originally published by Gardner et al. [44 ] (toggle switch), Magnan
et al. [45] (incoherent feedforward loop), and Elowitz et al. [46]
(oscillator), respectively.

Along with developing CRISPR-based genetic control schemes
in model organisms, such as E. colz, there has been development of
regulatory systems in more industrially relevant prokaryotes. One
of the best examples comes from Gordon et al. [47]. The authors
developed a CRISPRi toolbox for the cyanobacteria Synechococcus
sp. Strain PCC 7002 to repress endogenous gene targets by adapt-
ing the CRISPRi system previously developed by Qi et al
[36]. They placed the sgRNA and dCas9 constructs under an
anhydrotetracycline (aTc)-inducible promoter, effectively creating
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2.2 Engineered RNPs
in Eukaryotes

an aTc-responsive “NOT” gate. The authors first demonstrated
sevenfold repression in endogenously expressed EYFP using the
“NOT” gate. Next, they applied the regulatory system to redirect
carbon flux for improved lactate production in cyanobacteria. By
repressing glutamine synthesis I (g/nA), they were able to achieve
over 8 mM in lactate synthesis, which was the highest titer of lactate
photosynthetically produced. Additionally, the rate of lactate pro-
duction was twofold greater than that of the nonengineered, wild-
type strain. This work demonstrates the versatility of CRISPR-
based regulatory circuits and the ability to utilize RNP control in
industrially relevant microbes. Concurrently, Cleto et al. [48]
developed a CRISPRI system for the industrial microbe Corynebac-
tevinm glutamicum, which is heavily used for large-scale batch
production of many amino acids. The authors developed an
IPTG-responsive “NOT” gate to control repression of endogenous
target genes. Next, they utilized the CRISPRi system to knock-
down genes in glycolysis to redirect carbon flux to improve produc-
tion of L-lysine and L-glutamine. By using the CRISPRi system to
downregulate the pgi or pyk genes, the authors achieve a 1.31-fold
and 3.04-fold increase of L-lysine and L-glutamine, respectively,
relative to a wild-type strain. The utilization of the CRISPRi-based
gate demonstrated the versatility and ease for gene regulation
without genomic editing in a key industrial microbe, which could
help speed up time required for industrial strain engineering.

Additionally, CRISPR-based control schemes have been
utilized in tandem with additional methods of genetic control to
produce novel circuities. One paramount system that exemplifies
this comes from works by Chappell et al. 2015 [49] and Chappell
et al. 2017 [50], in which they developed a scheme to control
transcription termination of RNA polymerase (RNAP) on its target
DNA sequences. The authors developed and improved upon the
small transcription activating RNAs (STARs) control system,
respectively. The authors developed sRNA sequences to disrupt a
transcription terminator that was placed upstream of a gene of
interest. Addition of the STAR allowed for 94-fold activation of
the downstream gene. The RNAP complex was not disrupted by
the termination sequence, allowing for transcription elongation of
the downstream target genes. These STARs were utilized to create
RNA-based logic gates for transcription and regulate multiple
genes in metabolic pathways, as well as used in tandem with CRIS-
PRi to create a feedforward control circuit to drive accelerated
CRISPRI response.

Eukaryotic systems contain both homologous RNPs found in
prokaryotes, such as RNase P, as well as additional native eukaryote
RNPs including the spliccosome [51], telomerases [52], and
snRNPs [53]. Some of these systems have been adapted for
targeted genetic control in eukaryotes. Additionally, as was the
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case with prokaryotes, engineered RNP schemes based on
CRISPR-Cas control are now abundant.

Just as in prokaryotic systems, some of the first engineered
RNP-based control schemes in eukaryotes involved the RNase P
complex. Primarily, RNase P from humans utilized in complex with
engineered external guide sequences (EGS) to cleave specific
mRNA targets. Moreover, with the foundation of utilizing RNase
P from E. coli to target viral mRNA transcripts, most systems
adapted the human RNase P complex to achieve similar results.
Jiang et al. [54] were one of the first to utilize engineered external
guide sequences (EGS) to direct human RNase P to target and
cleave the protease mRNA sequence from human cytomegalovirus
(HCMV). The engineered target sequence was 35-fold more active
directing RNase P cleavage of the target mRNA sequence in vitro
than when using a wild-type-derived EGS. Additionally, the engi-
neered EGS-RNase P complex achieved a 95% reduction in expres-
sion of the protease and a 4000-fold reduction in viral growth in
U373MG cells, compared to the wild-type-derived EGS, which
only achieved an 85% reduction of HCMYV protease and 150-fold
reduction in viral growth. This work opened the door for utilizing
RNase P RNP complexes as a means to treat human health issues,
such as HCMYV infections.

Concurrently, implementing native RNA-binding proteins
(RBPs) for custom genetic regulation began emerging as a popular
field of interest for developing RNP-based control schemes. Most
often, specific RBPs are fused to another protein editor that is
typically utilized to modify desired RNA transcripts. The review
by Shotwell et al. [55] provides an in-depth review of the selection
and design of RBPs in these regulatory systems. One of the first
examples of this approach comes from Saito et al. [56]. The authors
developed a modular synthetic translational repressor and activator
to regulate translation of exogenous mRNA transcripts, utilizing
the archaea-derived L7Ae-box C/D kink-turn motif RNP to con-
trol translation. This RNP consists of the archaecal RNA-binding
protein, L7Aa, which binds a short guide RNA sequence that
contains two conserved motifs: box C (RUGAUGA) and box D
(CUGA). The constructed repressor design consists of the C/D
guide RNA motif sequence fused directly upstream of the start
codon of a desired transcript. When expressed, the ribosomal
L7Ae protein binds the guide RNA C/D box motif in mRNA
fusion transcript and blocks translation of the downstream gene.
The authors demonstrated a 90% reduction in translation of a box
C/D-enhanced green fluorescent protein (EGFP) target fusion,
measured by a 90% reduction in EGFP fluorescence. To design
the activator, the authors replaced the original C/D box motif
with an anti-C/D box motif, the complementary sequence, directly
upstream of the EGFP target gene. Concurrently, the original C/D
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box sequence was constitutively expressed, such that the two
sequences could hybridize and the C/D turn motif would block
translation through RNA interference. However, when the L.7Ae
protein is expressed, the protein binds the C/D RNA sequence and
alleviates the RNA interference and translational repression of the
transcript. Using this scheme, they achieved over 70% activation of
the anti-C/D motif EGFP transcript, measured by EGFP fluores-
cence, relative to fluorescence of only expressing the unmodified
EGFP transcript. Additionally, they demonstrated this system could
simultaneously repress and activate two different targets, showing
nearly 100% repression of a model DsRed transcript and almost
100% activation of another model EGFP transcript. Lastly, L7Ae
was put under an anhydrotetracycline (aTc)-inducible promoter to
create a tetracycline-responsive “NOT” gate using the repressor
construct in Hela cells, showing titratable repression of an EGFP
transcript. This study was one of the first to utilize a specific
RNA-binding protein and an RNA sequence in eukaryotic cells to
regulate expression of a desired mRNA transcript. Utilizing RBPs
in the aforementioned manner to directly engineer epitranscrip-
tome control in eukaryotes has been of particular interest over the
last few years. One of the most exciting examples comes from Liu
etal. (2019) [57], in which the authors focus on an engineered N°-
methyladenosine (m6A) writer that allows for directed moA edits
on desired mRNA transcripts [45]. The authors developed the
novel m6A writer by fusing the human METTL3/METTL14
heterodimer, a native m6A writer, to the dCas9 enzyme and were
able to selectively target mRNA sequences with gRNAs. Addition-
ally, the authors developed a novel m6A eraser by fusing either
human ALKBHS5 or FTO to dCas9 to exploit the native eraser
capabilities of these two proteins to selectively remove mo6A
modifications. Using this system, they demonstrated selective
addition and removal of m6A modifications within the human
Mualat]l mRNA sequences, which drove structural remodeling of
the sequence and downstream interactions with the human
heterogeneous nuclear ribonucleoprotein C (HNRNPC). Removal
of an m6A modification within a hairpin of the Malatl transcript
restructures the hairpin, such that HNRNPC cannot bind.
Removal of the m6A modification by the engineered m6A eraser
reduced binding by 50%. These circuits could be used in the future
to potentially control downstream regulatory effects of transcripts
containing m6A modifications in humans. In addition to utilizing
human mo6A writer/eraser dCas9 fusions, others have imported
components from prokaryotes to achieve similar novel RBP fusion
regulatory systems, such as in Park et al. (2019) [58]. The authors
developed a synthetic “read-write module” to detect or add m6A
modifications to mRNA transcripts utilizing multiple fusion
proteins. The module first contained an “initiator” complex,
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which consisted of DNA adenine methyltransferase (Dam) from
E. coli tused to an engineered zinc finger protein domain that
binds specific DNA sequence in the AAVI locus in the human
genome. The zinc finger coordinated the Dam protein adjacent
to the AAV1 locus, such that Dam protein could add an m6A
modification to a GATC motif in the locus. Next, they built the
“reader” portion by fusing the DNA binding domain of Dpnl from
S. pnenmonine to DNA effector domains (VP64 for activation,
KRAB for repression). Dpnl would bind to the specific m6A
modifications, while the DNA effector domain would “read” out
transcription of AAV1 locus, which contained a copy of EGFP
integrated into the genome. To create the “write” portion, the
authors fused Dam to Dpnl, such that the write module could
“write” additional m6A modifications to the AAV1 locus. The full
“read-write” module demonstrated inducible transcriptional
activation of EGFP in the AAV1 locus, measured by EGFP fluores-
cence. Upon induction, the “initiator” added a single m6A
modification, the “writer” bound to the single modification, and
added additional m6A modifications to downstream GATC motifs.
The multiple m6A modifications enhanced recruitment of the
“reader” to activation expression of EGFP from the AAV1 locus.
The full module demonstrated a 30-fold activation or repression of
EGEFP depending if the VP64 or KRAB domain was utilized in the
“reader.” The authors lastly utilized this three-component system
to confer “epigenetic memory” to the genome via m6A modifica-
tions that were conserved across daughter cells, meaning new cells
contained the parent cell m6A modifications, which activated
EGEFP expression from the AAVI locus. The cells containing the
three-component system retained at least 50% of the population
continued to upregulate EGFP transcription for ~14.3 days,
relative to cells utilizing inducible plasmid-based transcription
factor activator proteins, which was only 2.8 days.

The most well-studied category of engineered RNP genetic circuits
in eukaryotes involves CRISPR-Cas machinery. After Jinek et al.
[35] demonstrated the use of CRISPR-Cas9 for gene editing in
bacteria, work from Cong et al. [59] and Mali et al. [60] quickly
followed to establish functional CRISPR-Cas9 in eukaryotic cells
for precise gene editing. In Cong et al., the authors demonstrated
Cas9 from S. pyogemes can be programmed to target multiple
genomic locations in human 293FT cells, using variable gRNA
sequences. Additionally, they demonstrated this system could
utilize multiple gRNA sequences simultaneously for multiplexed
genome modifications. Work from Mali et al. [60] demonstrated
that a similar CRISPR-Cas9 system could achieve homologous
recombination in 293T, K562, and induced pluripotent stem cells
using Cas9 from S. pyogenes and engineered gRNAs. Additionally,
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they constructed a library of 190,000 predicted gRNA sequences
which covers 40.5% of the human genome.

After demonstrating functional CRISPR-based systems in
eukaryotes, the first major development in CRISPR-regulated
genetic circuits in eukaryotes came from work by Qi et al. [36],
which was detailed in the previous section. Along with developing a
CRISPRi system in bacteria, they demonstrated the CRISPRi
system could also work in HEK293 cells with at least twofold
repression of an endogenous EGFP-coding region. With Qi et al.
demonstrating that dCas9 could regulate desired exogenous and
endogenous transcripts in eukaryotes, the first CRISPR-driven
genetic control schemes appeared. Kiani et al. [61] developed
some of the first CRISPR-based repressors in HEK293T cells.
They achieved over 100-fold repression of exogenous EYFP by
using the engineered gRNA-dCas9 RNP to target the promoter
of the EYFP gene. They next layered two repressor constructs
consecutively, creating one of the first double inverter circuits in
cukaryotes. The inner layer expressed “gRNA-a” to complex with
dCas9 and repress EYFP transcription, while the outer layer
expressed “gRNA-b” to repress transcription of the inner gRNA.
This double inverter achieved a 27-fold change in activity of EYFD.
Lastly, the authors created a doxycycline-dependent “NOT” gate
by regulating gRNA transcription via a doxycycline-responsive
promoter. The doxycycline-dependent “NOT” gate demonstrated
2-30-fold repression of plasmid-based EYFP-based doxycycline
induction concentration in HEK293T cells.

To improve repression strength by dCas9 in eukaryotes, work
was done to fuse dCas9 to various effector domains. Gilbert et al.
[62] demonstrated that fusing the chromatin modifier Kruppel-
associated box (KRAB) domain could achieve at least 15-fold
repression of endogenous EGFP in HEK293 cells; the rationale
for the dCas9-KRAB fusion confers localization of the KRAB
domain via dCas9 to allow for chromatin remodeling and silence
transcription through histone deacetylation, meaning the target
sequence would become inaccessible to transcriptional machinery
at the chromatin packs more tightly around the histones. Using the
dCas9-KRAB fusion protein, the authors developed a “NOT” gate,
which achieved 15-fold repression of plasmid-based EGFP,
measured by fold reduction of EGFP fluorescence. This
demonstrated to the field that dCas9-DNA effector domain fusions
could improve the overall efficacy of CRISPR-Cas-based repression
and also be applied to create user-controlled genetic circuits.
Gander et al. [63] greatly expanded dCas9-based genetic circuits
by synthesizing a library of “NOR” gates in S. cerevisine. The
authors enhanced target repression fusing dCas9 to the Mxil
domain from human, a protein that was shown to effectively recruit
histone deacetylase enzymes for chromatin remodeling. The
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rationale was similar to that of Gilbert et al. [62], where they
repress genes of interest by driving chromatin remodeling to
make target sequences sterically inaccessible. The dCas9-Mxil
fusion achieved a maximum of 98% reduction in plasmid-based
GFP expression, while standard dCas9 had a maximum of only
42% reduction in GFP expression. The “NOR” gate used two
gRNA sequences simultaneously to repress one target; 20 gRNAs
and target sequences were designed, allowing for a possible
400 unique gate combinations. To demonstrate the utility of this
system, the authors constructed increasingly complex gates using
different combinations of “NOR?” gates, including “OR,” “AND,”
“NAND,” “XNOR,” and “XOR” gates. Lastly, by using two of the
same targeting gRNAs for the “NOR?” gate, the authors converted
the “NOR?” gate to a simple “NOT” gate. They demonstrated
seven consecutive “NOT” gates could still achieve a twofold repres-
sion. Achieving a twofold repression through a seven-tier
regulatory cascade is remarkable, as this was the first instance of a
CRISPR-based regulatory cascade in a eukaryotic system achieving
significant target repression that consisted of more than two tiers of
regulation within the circuit. Moreover, this library provided the
first highly customizable system to build complex genetic circuits in
eukaryotes. Yeo et al. [64] further enhanced dCas9-based
repression in eukaryotes by fusing the human MeCP2 effector
domain to the dCas9-KRAB fusion protein developed by Gilbert
et al. [62]. The MeCP2 protein further improves chromatin
remodeling, as it natively recruits deacetylase enzymes [65]. This
configuration now maximizes recruitment of deacetylase enzymes
to remodel chromatin around target sequences and repress
transcription. The dCas9-KRAB-MeCP2 fusion showed almost
twofold increased repression of endogenous genes than the
previous dCas9-KRAB fusion. Next, they integrated the dCas9-
KRAB-MeCP2 fusion into exogenous and endogenous gene
circuits to show improved control. The authors constructed a
doxycycline-inducible “NOT” gate, which achieved almost
40-fold repression of exogenous EYFP, which was four times
greater than the dCas9-KRAB containing “NOT” gate. They also
built a doxycycline-inducible double inverter circuit, similar to the
double inverter in Kiani et al., which led to a threefold activation of
exogenous EYFP. Lastly, they constructed a double inverter circuit
to regulate the endogenous CXCR4 gene. The dCas9-KRAB-
MeCP2 achieved an eightfold change in CXCR4 regulation,
which was at least twofold greater than other dCas9 constructs
used in the inverter.

In parallel to developing CRISPRi-based genetic circuits, there
has been significant effort to develop CRISPR-activated (CRIS-
PRa) control schemes in eukaryotes. CRISPR-Cas-based gene
activation was first demonstrated in works from Gilbert et al.
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(ref#), Cheng et al. [66], and Perez-Pinera et al. [67]. All three
works utilized dCas9 fused to multiple copies of the herpes simplex
virion protein (VP16) transcriptional activation domain, which
natively complexes with transcription factors to drive transcrip-
tional activation, and were able to achieve targeted gene activation
of both exogenous and endogenous targets in human cell lines. The
work of Nissim et al. [68] was one of the first works to develop
CRISPRa-based genetic circuits. The authors utilized a dCas9-
VP64 (taCas9) fusion protein to build a transcriptional genetic
cascade in HEK293T cells. The transcriptional cascade utilized
“gRNAL” complexed with taCas9 to activate expression of
“gRNA2,” which complexed with taCas9 to drive transcription of
the ECFEPD protein.

To further improve CRISPR-based gene activation, Chavez
et al. [69] rationally designed a VP64-p65-Rta (VPR) tripartite
activator to fuse to dCas9. The VP64 domain, the technical term
for four consecutive copies of the VP16 domain, the p65 domain,
and the Rta domain are all well-established transcriptional activator
domains. VP16 and Rta domains are activators from herpes simplex
and Epstein-Barr viruses, while p65 is the most potent transcrip-
tional activator found in humans [70]. Thus, the expected additive
functionality of fusing the three domains is potent transcriptional
activation. The dCas9-VPR fusion demonstrated a 22-fold to
320-fold increase in endogenous gene expression relative to activa-
tion by the dCas9-VP64 fusion from Gilbert et al. [62] in
HEK293T cells. Of significance to the field, development of the
dCas9-KRAB CRISPRi and dCas9-VPR CRISPRa platforms vastly
expanded the potential for CRISPR-based RNP control, such that
users could now develop powerful genetic circuits to either
significantly activate or repress target genes in eukaryotic systems.
Gao et al. [71] developed chemically inducible control of CRISPRa
and CRISPRI genetic circuits from modified dCas9 fusion proteins.
The authors modified the dCas9-VPR fusion protein from Chavez
et al. [69], such that the VPR activation domain was fused via
chemically inducible heterodimerization linker domains. Meaning,
a proper functional fusion between the dCas9 protein and the VPR
domain can only form in the presence of a specific chemical inducer,
as the chemical allows the two parts of the heterodimer to success-
fully link to one another. After screening multiple domains, they
found that an abscisic acid (ABA)-inducible and a gibberellin (GA)-
inducible heterodimerization domain, previously discovered by
Liang et al. [72] and Miyamoto et al. [73], could achieve a
165-fold and 94-fold activation of plasmid-based EGFP in
HEK293T cells, respectively. Next, they replaced the VPR
activation domain with the KRAB repression domain and observed
5.6-fold and 3.2-fold repression of EGFP only in the presence of
ABA and GA, meaning the dCas9 and KRAB domains could only



RNP-Based Control for Genetic Circuits 17

fuse together and achieve desired regulation via successful hetero-
dimerization, which required the presence of either ABA or
GA. The authors next created an “OR” as well as an “AND” gate
by fusing both ABA-inducible and GA-inducible heterodimeriza-
tion domains to a single dCas9 protein. The “OR” gate was oper-
ated by fusing the GA-inducible domain to the N-terminus of
dCas9, while fusing the ABA-inducible domain to the C-terminus
of dCas9. Therefore, in the presence of either or both inducers,
dCas9 could fuse to the VPR domain, as the VPR domain was fused
to the other half of either the ABA-inducible or GA-inducible
domain. Thus, the VPR domain could properly fuse to the dCas9
protein and activate a plasmid-based EGFP target. The authors
demonstrated at least 76-fold EGFP activation for any of the
inducer combinations used. The “AND” gate was constructed by
tfusing one half of the GA-inducible domain to the N-terminus of
dCas9. The other half of the GA-inducible domain was fused to one
half of the ABA-inducible domains. Lastly, the remaining half of the
ABA-inducible domain was fused to the VPR domain. Thus, the
full dCas9-VPR fusion protein required the presence of both ABA
and GA to be present for the complete fusion to be successfully
constructed, as GA allowed for dCas9 to fuse to the intermediate
domain and ABA allowed for VPR to fuse to the other half of the
intermediate domain. The “AND” gate ultimately achieved 49-fold
activation of exogenous EGFP. Lastly, the authors constructed a
dCas9 fusion that could either activate or repress a desired target.
To do this, they modified the “OR” gate by replacing the VPR
domain that was fused to one half of the ABA-inducible domain
with the KRAB repression domain. Thus, in the presence of GA,
the dCas9 construct could fuse to VPR and activate its desired
target, while in the presence of ABA, dCas9 would fuse to KRAB
and repress its target. This is diagrammed in Fig. 1b, within the
“ligand-inducible” box. Using this system, they were able to
achieve 2.7-fold repression and 2.5-fold activation.

Along with engineering the Cas protein involved in the gRNA-
Cas RNP regulatory complex, significant efforts have been made to
engineer the gRNA sequence to improve regulatory strength as
well as to provide users with novel control methods in CRISPR-
driven genetic circuits. First, work from Zalatan et al. [74]
developed modified gRNAs by appending specific RNA hairpins
to the 3’ end of the gRNA sequence, which recruited specific
RNA-binding proteins (RBPs) fused to transcriptional activator or
repression domains. These engineered gRNAs were termed scaffold
RNAs (scRNAs). The authors utilized the MS2, PP7, and com
RNA hairpins to recruit MCP, PCP, and Com RBPs, respectively,
in the scRNA constructs. First, each RBP was fused to the VP64
transcriptional activator domain and demonstrated 50-fold,
35-fold, and 20-fold upregulation of plasmid-based mVenus in
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S. cerevisine, respectively. Additionally, the dCas9-VP64 fusion
from previous works [62, 66, 67] only demonstrated a two to
threefold increase in expression. This system was then transfected
into HEK293T cells, in which the MCP scRNA achieved 150-fold
activation of plasmid-based fluorescent protein mVenus and sixfold
activation of the endogenous CXCR4 gene. Activation by the MCP
scRNA was three times greater than the dCas9-VP64 fusion for
both the exogenous and endogenous transcripts. The authors also
replaced the VP64 activator domain with the KRAB repressor
domain in each scRNA construct. The Com scRNA fusion achieved
the maximum of a fivefold reduction in endogenously expressed
EGFP, which was consistent with the dCas9-KRAB fusion
construct. Lastly, the authors demonstrated simultaneous
activation and repressor of endogenous CXCR4 and B4GALNT],
respectively, thus creating a programmable bidirectional switch in
cukaryotic systems using these scRNA constructs. In this case, they
achieved this by expressing two sgRNAs: one that contained MS2
RNA hairpin to recruit an MCP-VP64 RBP fusion to activate the
CXCR4 target and one that contained the comb hairpin to recruit a
Com-KRAB fusion to repress the B4GALNT] target. Second, Liu
et al. [75] built CRISPR-based “signal conductors” by fusing
gRNA sequences to ligand-responsive riboswitches, such that the
CRISPR-Cas9 complex could become active in the absence of the
desired ligand, the guide sequence base pairs with the antisense
stem of the riboswitch. In the presence of the desired ligand, the
riboswitch undergoes a conformational change and liberates the
guide sequence, such that it can interact with its target DNA target,
thus activating the RNP complex. The authors coupled these
riboswitch-gRNA fusions with dCas9 or dCas9-VP64 fusion
proteins to either selectively repress or activate endogenous targets,
respectively. They first demonstrated the circuit’s ability to
upregulate TP53 and CDKNIA, two antitumor genes, in the
presence of the oncogenic signal nucleophosmin (NPM). The
authors transfected T24 bladder cells, which have elevated concen-
trations of NPM, and demonstrated activation of TP53 and
CDKNIA, two key genes in antitumor metabolism, measured by
a twofold reduction in cell growth relative to cells with mutant
sgRNA aptamers. They also demonstrated the modularity of the
circuit by also upregulating tumor migration suppressor,
E-cadherin, in the presence of oncogenic signal Ets-1. The circuit
utilized an Ets-1-sensing aptamer fused to the sgRNA; thus in the
presence of Ets-1, the gRNA could rearrange into its active state.
This design achieved a fivefold reduction in tumor cell migration
relative to cells containing a mutant sgRNA. Lastly, the authors
constructed a circuit that could upregulate and repress genes simul-
taneously in response to an external signal by employing the
sgRNA-aptamer fusions with dCas9-MS2 and dCas9-VP64-Rev
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fusion proteins co-expressed in a single cell line. Using these
constructs, the authors created an AND gate to repress BCL2 and
upregulate BAX genes in response to NF-kB and B-catenin, respec-
tively. These genes were selected, as repression of BCL2 with
simultaneous activation of BAX drives apoptosis in cancer cells.
The authors demonstrated they could selectively drive a sevenfold
increase in apoptosis in three bladder cancer cell lines, while mini-
mizing changes in apoptosis for three normal human cell lines. Ying
et al. [76] developed a CRISPR activation construct that regulates
transcription of a plasmid-based RNA aptamer that fluoresces via
binding to a small molecule organic florigen. The gRNA sequence
complexed with dCas9-VPR fusion contains a hairpin which
prevents the guide sequence from binding to its target sequence.
In the presence of specific target mRNA, the gRNA hybridizes with
the mRNA transcript and undergoes structural switching such that
the RNP complex can activate the transcription of the fluorescent
RNA. This system was utilized in HeLA cells to detect survivin
mRNA also known as BIRC5, a gene upregulated in many cancers.
Using this construct, fluorescent signals could be detected within
an hour of induction of survivin mRNA, while protein-based
sensing circuits took at least eight hours for signal detection.

With the development of CRISPR-based genetic circuits in
eukaryotes, these systems have been recently applied to address
human health issues. Liu et al. [77] developed an “AND” gate
utilizing CRISPR-Cas9 in order to identify and respond to bladder
cancer cells. The authors placed Cas9 and a lacI-targeting gRNA
under the control of two promoters specifically activated in bladder
cancer cells, hUPII and hTERT. Upon activation, the CRISPR-
Cas9 complex would block transcription of Lacl, which represses a
downstream gene of interest. Additionally, there was no significant
activation in seven other human cell lines tested. Next, they
replaced the luciferase with hBax, p21, or E-cadherin gene, which
drove apoptosis, reduced growth, and reduced motility,
respectively. These CRISPR-based genetic circuits lay the founda-
tion for potential gene therapies or cancer diagnostics. Recently,
Fan et al. [78] developed a liposome-delivered CRISPR-Cas circuit
to downregulate VEGFR2, Bcl-2, and survivin transcripts in
human bladder cancer 5637 cell implanted into mice bladders.
Liposomes specifically delivered target gRNAs and Casl3a, a
homologue to the Cas9 protein that targets and cuts single
stranded RNA transcripts, by using antibodies specific to
VEGFR2 receptors on the tumor cells. Upon delivery, the
CRISPR-Casl3a complex would form and target the desired
transcripts; in this system, all target transcript expression levels
were reduced to at least 40% of their levels prior to treatment.
Additionally, overall tumor size was reduced to ~35% after
20 days of continuous treatment. This is one of the first instances
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of using a CRISPR-based circuit in gene therapy for the treatment
of human cancers. CRISPRi regulation was also utilized to program
human gut bacteria. Lastly, Mimee et al. [79] developed genetic
parts to program the gut bacterium Bacteroides thetaiotaomicron,
specifically a CRISPRi-based “NOT” gate that allowed for IPTG-
inducible repression of desired exogenous and endogenous targets.
They colonized the gut of mice and demonstrated IPTG-inducible
repression using the CRISPRi “NOT” gate by providing IPTG to
the mice through drinking water. This is one of the first examples of
using CRISPRi-based genetic circuits to program bacteria directly
related to the human gut microbiota.

3 Selecting an Appropriate System

One of the hallmarks of synthetic biology is the fungibility of parts
and circuits, and in this vein, we believe that many of the
RNP-based control systems described could be cross-utilized in a
variety of settings. To select an RNP-based control system that will
be of the greatest utility, we review the benefits and current limita-
tions for each of the regulatory categories reviewed above. The
benefits and limitations of each category are summarized in
Table 1.

In short, both prokaryotic and eukaryotic RNP control
schemes broadly fall into RBP-RNA-based and CRISPR-Cas-
based categories. In general, RBP-RNA-based control provides
the advantage of control via engineering RNA-RNA hybridization,
while also serving as a protein interface with the remainder of
metabolism. For example, a global RNA-binding protein such as
Hfq or CsrA can be utilized in tandem with an sRNA to achieve
posttranscriptional regulation of desired mRNA transcripts,
precisely because these proteins have known functional
“Interpretations” in a systems context. This system-wide interpre-
tation also allows for multiplexing to target several transcripts
simultaneously. These systems have been utilized for controlling
the expression of multiple genes in prokaryotic systems to globally
regulate cellular metabolism; for example, Na et al. [22] and Noh
etal. [24] used Hfq and target sSRNAs in bioprocessing applications
to regulate competing metabolic pathways.

Drawbacks to RBP-RNA-based control include the fact that
systemic functional interpretations are often fixed, meaning targets
can often either just be repressed or activated. That said, this
drawback could likely be overcome by the simple expedient of
using “ribocomputing” devices to provide RNP-based regulation,
for example, by using programmed strand exchange to regulate
formation of an mRNA-ribosome complex. The portability of
specific regulatory systems (e.g., bacterial Hfq into eukaryotes) is
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questionable. In this regard, there has been significantly less
development of RBP-RNA-based control schemes in eukaryotes.
System-level interactions have been underplayed in favor of fusing
RBPs to modifying protein domains to bind and specifically modify
targeted mRNA transcripts, for example, RBP protein fusions that
specifically add m6A modifications to mRNA transcripts, such as in
Liu et al. (2019) [57] and Park et al. [58].

CRSPR-based RNP control systems most often rely on catalyt-
ically inactive Cas9 (dCas9) fused to a transcriptional regulatory
domain. These systems are highly programmable and can be used
to repress (CRISPRi) or activate (CRISPRa) both endogenous and
exogenous targets. Because of their modularity, CRISPRi-based
systems have been integrated into genetic circuits to construct
inducible “OR,” “AND,” as well as “NOR” logic gates. Thus,
using CRISPR-based logic gates, fundamental control schemes
can be constructed, such as toggle switches, feedforward loops,
and oscillators, as seen in Santos-Moreno et al. [43]. Due to their
programmability, CRISPR-Cas circuits can also be multiplexed to
rewire cellular metabolism and improve bioprocessing product
yield, although in a manner that may be significantly more compli-
cated than relying on endogenous RBP control. Nonetheless, this
feature is especially valuable in industrially relevant organisms that
lack previously engineered RBP-RNA regulatory systems, such as
Htq- or CsrA-regulated systems. In this regard, dCas9 has been
extensively used in eukaryotes to repress (CRISPRi) as well as
activate (CRISPRa) target genes, and target genes can be regulated
to greater than 100-fold wild-type levels.

A major drawback of CRISPR-based systems is the cellular
burden of expressing Cas and Cas fusion proteins, which can lead
in many instances to eventual circuit inactivation. In addition, there
are frequently potential off-target effects due to potential mispair-
ing of CRISPR gRNAs. Additionally, since CRISPR-based systems
act through transcriptional regulation, this creates a lag time for
response and can take hours to achieve the desired regulations; this
is not ideal for applications that require fast-acting systems, such as
those that produce toxic compounds.

Recent work suggests that it may be possible to meld the
advantages of the two systems, systems integration (for RBDs)
and extreme programmability (for CRISPR-Cas): guide RNA
sequences have been modified to contain RBP-binding hairpins
that recruit engineered RBP transcriptional regulator fusions,
such as observed by Zalatan et al. [74] and Dong et al.
[41]. Recruiting endogenous factors also has the advantage of
allowing users to potentially simultaneously activate and repress
multiple transcripts, depending on the RBP.
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4 Future Perspectives

RNP-based control systems have been engineered over the last
decade to provide control over major metabolic pathways and
cellular responses. One potential application of RNP-based genetic
control is in industrial bioprocesses, where there are already suc-
cesses in producing value-added compounds such as biofuels [80]
or industrial commodity chemicals [81]. Scale-up can be further
improved by developing stress-responsive control schemes that
quickly and continuously maximize cell viability [82]. RNP-based
control systems provide unique opportunities to coordinate metab-
olism at the system level, providing both feedback on genetic
components (transcription, replication) and on posttranscriptional
regulation, ultimately reducing response lag time. Achieving com-
plete regulation within an hour using RNP-based genetic circuits
could help mitigate accumulation of toxic intermediates, which has
been previously shown to improve metabolite production and cell
viability [83]. Another potential avenue for RNP-based gene con-
trol is in biological therapeutics. Given that CRISPR-based meth-
ods will see increasing use in gene therapy (as a recent example, a
CRISPR-Cas9 construct has been utilized to treat sickle cell disease
in human patients, with edits to the exact nucleotide in 80% of the
targeted alleles across multiple patients, without any observed side
effects [84]), further integration of treatment with human systems
biology and physiology can only further improve outcomes.

Beyond applications inside of cells, preliminary work has
demonstrated potential utility of RNP-based systems in cell-free
systems, such as rapid diagnostic tests for detection of antibiotics,
glucose, and even specific viral strains (i.e., Ebola) [85]. In addition
to diagnostic tests, RNP-based genetic circuits have the potential to
be integrated into “smart materials” to detect toxic metabolites or
pathogens.

Lastly, there has been a recent push to develop “minimal” or
synthetic cells and organelles. These cells could serve as a chassis to
create in vivo cellular systems that are entirely independent of
bacterial strains and eukaryotic cell lines [86]. One key piece to
improve the utility and development of these cells is finding addi-
tional ways to precisely regulate gene expression within these syn-
thetic cells, particularly by controlling translation. Importantly,
RNP control schemes (which could be easily purified and opti-
mized for in vitro use) may serve as an excellent resource for
synthetic cell systems, as they can rapidly control translation of
target genes and have been utilized in vivo and in vitro systems.
RNP genetic circuits have begun to be implemented into synthetic
cells, such as into synthetic stress granules for spatial and temporal
translational control [87]. Moving forward, combining RNP-based
genetic control into synthetic cellular systems appears to be an
exciting frontier in synthetic biology.
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Overall, the examples of individual RNP systems that we have
listed throughout highlight the opportunities for more generally
engineering cells. The fact that in many instances target interactions
or overall stability can be fine-tuned via nucleic acid hybridization
means that well-known, quantitative thermodynamic measure-
ments and predictions can potentially be applied to the control of
gene regulation. In parallel, protein partners allow much broader
systems-level integration, since proteins touch on virtually every
aspect of cellular metabolism and regulation. RNPs are literally the
linchpins of programmable biology, a hallmark of the ongoing
revolution in synthetic biology. Our own work with CsrA shows
how it is possible to allow the simplicity of nucleic acid hybridiza-
tion to be parallelized and multiplexed via a single protein. Both of
these features now bode well for extending interactions across the
entire cellular system, where, for example, efforts to multiplex
gRNAs to regulate multiple genes in parallel are mere harbingers
of the possibilities available for using correlated and cross-regulated
sets of nucleic acids to simultaneous regulate a wide variety of
cellular processes, from intron splicing to protein translation to
secretion.
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