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Abstract

Viral proteases and clinically safe inhibitors were employed to build integrated compact regulators of protein activity
(iCROP) for post-translational regulation of functional proteins by tunable proteolytic activity. In the absence of
inhibitor, the co-localized/fused protease cleaves a target peptide sequence introduced in an exposed loop of the
protein of interest, irreversibly fragmenting the protein structure and destroying its functionality. We selected three
proteases and demonstrated the versatility of the iCROP framework by validating it to regulate the functional activity
of ten different proteins. iCROP switches can be delivered either as mRNA or DNA, and provide rapid actuation kinetics
with large induction ratios, while remaining strongly suppressed in the off state without inhibitor. iCROPs for effectors
of the NF-kB and NFAT signaling pathways were assembled and confirmed to enable precise activation/inhibition of
downstream events in response to protease inhibitors. In lipopolysaccharide-treated mice, iCROP-sr-IkBa suppressed
cytokine release (“cytokine storm”) by rescuing the activity of IkBa, which suppresses NF-kB signaling. We also
constructed compact inducible CRISPR-(d)Cas9 variants and showed that iCROP-Cas9-mediated knockout of the PCSK9
gene in the liver lowered blood LDL-cholesterol levels in mice. iCROP-based protein switches will facilitate protein-
level regulation in basic research and translational applications.

Introduction antigen receptors in CAR-T cells for cancer treatment’, or

Manipulation of macromolecules to achieve user-
defined control over biological systems is a central goal
of synthetic biology, and synthetic transcriptional circuits
have been widely used for controlling protein levels to
achieve desired cellular behavior in response to external
cues'. Indeed, fine-tuning of synthetic transcription fac-
tors” has enabled cells to exhibit complex computer-like
behavior’ ™. In addition, transcriptional regulation has
been considered for an increasing number of therapeutic
applications, such as inducible expression of chimeric

Correspondence: Martin Fussenegger (fussenegger@bsse.ethz.ch)
1Departmem of Biosystems Science and Engineering, ETH Zurich, Basel,
Switzerland

’Département Génie Biologique, Institut Universitaire de Technologie,
Université Claude Bernard Lyon 1, Villeurbanne, Cedex, France

Full list of author information is available at the end of the article

© The Author(s) 2023

expression of other therapeutic proteins in response to
exogenous signals®® or endogenous disease bio-
markers'®™>. However, there are two major limitations to
this approach: (i) the need to co-express regulatory
components increases the genetic footprint and thus the
complexity of the whole system, and (ii) the slow activa-
tion kinetics, together with long reversibility cycles, con-
tributes to poor temporal resolution.

These issues can be overcome by directly controlling
the protein of interest (POI) at a post-translational level,
but this requires modifications of the target protein itself.
So far, the most general strategy for direct regulation of
protein function is based on dimerization systems that
regulate the reconstitution of the target protein through
light'*'*, or small-molecule-induced protein proximity"®.
Chemical stimuli have advantages over physical stimuli
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for in vivo applications, including precise dosing, simple
administration, systemic delivery (availability) and deep
tissue penetration. Classical chemical-induced dimeriza-
tion (CID) systems responsive to rapamycin'’, abscisic
acid"® and gibberellic acid"® have found many synthetic
biology applications, including regulation of transcrip-
tion?®, genome modification®!, proteolysis**, protein
secretion”>**, chimeric antigen receptor formation®,
post-translation-based logic operations***” and induction
of apoptosis®®. More recently introduced CID systems
regulate dimerization via hormones such as T3 and cor-
tisol*® or clinically approved drugs such as dasatinib®® or
grazoprevir’’. However, CID systems require co-
expression of two polypeptide chains to control one
output, which increases the genetic footprint, and also
require fine-tuning for optimal activity. Consequently,
simultaneous regulation of multiple functions with a
single input is difficult. Moreover, since many CID sys-
tems rely on mammalian-derived components, small
molecules controlling proximity can interact with native
cellular machinery or cause unwanted side effects®,
imposing limitations on their wider use.

To overcome these difficulties, we set out to develop
protein switches consisting of single-chain proteins with
built-in regulatory components, based on viral proteases
for which potent inhibitors with a demonstrated safety
profile in human clinical trials are available. Although this
type of regulation appears to have great potential, only a
limited number of hepatitis C virus protease (HCVp)-
engineered proteins have so far been reported®*—* and
robust design principles are lacking. Here, we propose a
versatile design framework called integrated compact
regulators of protein activity (iCROP), which can be used
to control single- or multi-domain proteins. Briefly, target
proteins harboring a protease cleavage site in a permis-
sible region (usually an exposed loop) are cleaved into two
inactive parts by default by the attached protease, but
remain intact and active in the presence of protease
inhibitors. As viral proteases, we focused on HCVp,
human immunodeficiency virus protease (HIVp) and
human rhinovirus protease (HRVp). Among the three
proteases, HRVp with its inhibitor rupintrivir afforded the
best-performing protein switches, exhibiting lower basal
activity and higher activation rate than the widely
employed HCVp.

In order to validate our design strategy, we first showed
that the iCROP framework could deliver robust and rapid
activation of ten functional proteins with large induction
ratios, while remaining strongly suppressed in the off state
(in the absence of inhibitor). We further established that
iCROPs for effectors of NF-kB and NFAT signaling
pathways enabled precise activation/inhibition of down-
stream events in response to the protease inhibitors.
Notably, iCROP-sr-IkBa repressed cytokine release in
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lipopolysaccharide (LPS)-treated mice by rescuing the
activity of IxBa, which suppresses NF-kB signaling. We also
constructed extremely compact inducible CRISPR-(d)Cas9
variants, and showed that iCROP-Cas9-mediated knockout
of the PCSK9 gene in the liver lowered the blood LDL-
cholesterol levels in mice. These results suggest that the
iCROP system should be applicable for protein-level reg-
ulation in translational applications.

Results
Design of small-molecule-responsive regulators of protein
activity

To develop compact post-translational regulatory sys-
tems responsive to small molecules, we harnessed viral
proteases whose activity can be inhibited by clinically safe
compounds. We explored two routes to achieve regula-
tion of any POI. A POI is modified to contain a protease
cleavage site (CS) within its structure and the corre-
sponding protease is placed either at its N- or C-terminus
(Fig. 1a), or adjacent to the CS, separating two functional
domains of the POI (Fig. 1b). In both configurations, the
activity of the target protein is hijacked by the protease,
which splits the POI into two fragments, destroying its
functionality (OFF state). In the presence of the appro-
priate protease inhibitor, the protease cannot cleave the
POI, which remains active (ON state). Several criteria
must be met when engineering the POI. The CS should be
placed into a permissible site, preferably an exposed loop,
to facilitate the access to the protease without severely
impacting the POI functionality. Likewise, the protease
insertion into the POI structure or at one of its ends
should not have a negative effect on the POI activity.
Furthermore, to achieve low basal activity in the OFF
state, the POI should be inactive upon cleavage, i.e., nei-
ther of the two split parts/domains can retain activity on
its own or interact after the cleavage to reconstitute POI
functionality. In order to build protein switches with
translational potential, we tested the proposed framework
with viral proteases from HIV, HCV and HRV (Supple-
mentary Table S1), in combination with potent inhibitors
that are either clinically approved or have shown favorable
safety profiles in phase I clinical trials. We focused on
these proteases because of their relatively small size,
which helps to keep the genetic footprint of the full
protein switch to a minimum, as well as their high cata-
lytic activity, which is crucial to achieve low basal POI
activity in the OFF state and high-fold activation in the
ON state.

Initially, we tested post-translational regulatory switches
based on each protease with two POIs whose activity is
easily measured, namely the firefly luciferase (fLuc)
(Fig. 1c—f) and the synthetic transcription factor TetR-
VP64 (Fig. 1g—j), which activates the expression of the
reporter protein secreted alkaline phosphatase (SEAP)
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Fig. 1 Compact small-molecule-responsive protein switches. a, b Schematic representation of the protein switches. The POl is modified to
contain a protease cleavage site (CS) in a permissible location, and the corresponding protease is either a fused to the N-terminus or b placed next to
the CS, between two domains (A and B) of the POI. In both configurations, the protease inactivates the functionality of the effector protein (OFF
state). The addition of a small molecule inhibitor blocks the protease activity, thereby preserving the activity of the effector protein (ON state).

¢ Scheme of synthetic post-translational regulation of fLuc. The protease CS was placed downstream of flLuc residue K491 and the protease from
d HIV, e HCV, or f HRV was fused at the N-terminus. d—f Bioluminescence intensity of HEK293T cells transfected with each fLuc protease system and
treated for 24 h with different concentrations of the corresponding inhibitors. g Scheme of synthetic post-translational regulation of the transcription
factor TetR-VP64. The protease from h HIV, i HCV, or j HRV and cognate CSs were placed between TetR and VP64. h—j SEAP secretion from
HEK293T cells co-transfected with each TetR-VP64 protease system and a tetO-driven SEAP reporter, and treated for 24 h with different
concentrations of the corresponding inhibitors. In d, e, f, h, i, j data are shown as mean + SD, with individual data points (n = 3 biological replicates).
Numbers above bars indicate fold difference between values at the highest concentration and un-induced cells. Statistical significance was calculated
by means of Welch's two-tailed t-test, *P < 0.05, **P < 0.01, ***P < 0.001, ***P < 0.0001, ns, not significant.

downstream of a TetR-responsive promoter. FLuc was
modified by fusing each protease to its N-terminus and
placing the corresponding CS (Supplementary Table S2)
downstream of the fLuc residue K491, which had been
previously used as a split site for fLuc*® (Fig. 1c).
HEK?293T cells expressing each protein switch and treated
with varying concentrations of the corresponding inhibi-
tors showed a dose-dependent increase in the fLuc signal
for all protease systems (Fig. 1d—f), with each system
remaining unresponsive to the other two protease inhi-
bitors (Supplementary Fig. S1). However, the degree of
fLuc activation was protease-dependent, and the highest
fold-increase was achieved with HRVp (Fig. 1f), followed
by HCVp (Fig. le). Combining all three protease-
regulated fLuc systems enabled us to engineer 2- and
3-input OR logic gates (Supplementary Fig. S2). For TetR-
VP64, we placed the CSs in the linker between TetR and

VP64, and the proteases either at the N-terminus of TetR
(Supplementary Fig. S3a—d) or immediately upstream of
the CS (Fig. 1g—j). While HIVp or HCVp placed between
TetR and VP64 rather than at its N-terminus provided
considerably higher activation efficiencies in the presence
of the corresponding inhibitors (Fig. 1h, i; Supplementary
Fig. S3b, c), the switches based on HRVp showed robust
performance in both configurations (Fig. 1j; Supplemen-
tary Fig. S3d), and was significantly greater than those of
the switches based on the other two proteases. Further-
more, stable integration of the switch based on HRVp
(configuration in Supplementary Fig. S3a) in the genome
of HEK293T cells resulted in the retention of robust and
consistent performance throughout multiple passages
(Supplementary Fig. S3e, f). The C-terminus of HRVp acts
as a CS and deletion of the last amino acid (Q182) allows
the chimeric transcription factor TetR-HRVpaq1s2-VP64
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to remain active even in the absence of the HRVp inhi-
bitor (Supplementary Fig. S3g). In contrast, the intro-
duction of a CS (Supplementary Table S2) enables
cleavage and inactivation of the transcription factor
(Supplementary Fig. S3g). Compared to the digital on/off-
like behavior of the wild-type HRVp (Supplementary
Fig. S3h), this version of the TetR-VP64 switch provides a
more graded response to rupintrivir (Supplementary
Fig. $3i). While introducing either the protease or the CS
alone had marginal effect on the TetR-VP64 activity
(Supplementary Fig. S4a), fLuc showed higher suscept-
ibility to these modifications (Supplementary Fig. S4b).

Since HRVp was the best performing among the
proteases for both POI configurations, it was selected
for incorporation into all further protein switches
developed in this work. To showcase that single-
domain POls are less likely to be suitable for protease
insertion within the structure (Supplementary Fig. S5a),
we placed HRVp upstream of its CS in fLuc and tested
the construct in HEK293T cells treated with different
doses of rupintrivir (Supplementary Fig. S5b). Although
a 4.6-fold activation was obtained at the maximum non-
toxic concentration tested (10 uM) relative to non-
treated cultures (Supplementary Fig. S5b), even pro-
viding the HRVp in trans (expressed from a different
plasmid, not fused to fLuc) resulted in a 22-fold
increase in fLuc signal (Supplementary Fig. S5c),
which is still greatly inferior to the over 500-fold
luminescence increase obtained for HRVp fused to the
fLuc N-terminus (Fig. 1f; Supplementary Fig. S5d).
Therefore, as a rule of thumb for incorporating small-
molecule-responsive post-translational regulation into
POIs, the protease should preferentially be placed at
one POI terminus for single-domain proteins, or
between two domains for multi-domain proteins. We
designated the developed protein switches, relying on
inducible inactivation of POI-attached viral proteases,
as integrated compact regulators of protein activity
(iCROP).

Characterization of iCROP kinetics and reversibility

Different from most common protein switches, which
rely on an inducer to bring two (or more) inactive protein
split domains together for activation upon translation'®*,
our system relies on the catalytic activity of a protease
which is active immediately after translation (Fig. 2a, step 1).
For a robust protein switch performance, the self-
inactivation process (step 2) needs to be rapid and effi-
cient to ensure minimal basal POI activity, but with just
enough lag time between step 1 and 2 to prevent the pro-
teolysis of the POI (step 3) when the input molecule is
present. Ideally, a rapid decrease in POI activity should
occur after removing the input (step 4) to enable system
reversibility and repeated activation.
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To characterize the activation kinetics, we measured
fLuc every 15 to 30 min during 90 min after addition of
the protease inhibitor and observed a dose-dependent
increase in fLuc signal within minutes (Fig. 2b). After
15 min incubation the fold-changes at 100nM or 1M
inhibitor relative to non-treated cultures were already 41x
and 57x, respectively. Extending the monitoring period to
48h after treatment increased the fold-difference to
1401x at 1 uM (Supplementary Fig. S5e). Furthermore, to
achieve a more detailed characterization of the activation
kinetics, we followed the luminescence signal in real-time
in cellulo immediately after adding rupintrivir (Fig. 2c).
The fLuc signal increased within seconds of treatment
with rupintrivir (1 pM), indicating that this type of protein
regulation retains rapid activation kinetics. For the
reversibility experiment, we pulsed the rupintrivir input
and were able to repeatedly regulate fLuc activity and
perform multiple OFF-ON-OFF cycles within 6 h (Fig. 2d)
or 24 h (Supplementary Fig. S5f), depending on the pulse
duration, with low leakiness and high activation levels.

Next, we characterized the response of the fLuc pro-
teolysis device delivered as mRNA rather than DNA. Cells
transfected with mRNA and treated for 6 h with different
input concentrations showed a dose-dependent increase
in fLuc luminescence (Fig. 2e), reaching high fold-changes
relative to non-treated cultures, with sensitivity similar to
that observed after DNA-based delivery. The time course
of the fLuc signal showed a fast increase in luminescence,
starting immediately after mRNA delivery, for rupintrivir-
treated cultures, peaking at ~6h post transfection, even
though the inducer was not washed out (Fig. 2f). This
presumably reflects the shorter half-life of mRNA-
delivered protein switches, which would be useful for
some applications. At the same time, mRNA delivery
avoids the risks associated with random DNA integration
into the host genome. Despite the inherent instability of
the iCROP-fLuc transcripts, we were still able to observe
an ON-OFF-ON-OFF cycle in response to shorter
induction periods (90 min) with rupintrivir (Supplemen-
tary Fig. S6).

Regulation of endogenous signaling pathways

We next sought to apply the iCROP system to establish
control over proteins involved in endogenous signaling
pathways in order to enable orthogonal small molecule-
responsive activation or repression of target pathways. We
first focused on engineering inducible proteins that serve
as signaling mediators in the NF-kB pathway, namely
MyD88, RelA and IxBa.

MyD88 mediates the signal transduction between toll-
like receptors (TLRs) and downstream signaling effectors
that result in NF-kB activation®®. To engineer an induci-
ble MyD88, we examined its 3D structure (Supplementary
Fig. S7a) and selected three possible locations to place the
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Fig. 2 Kinetics and reversibility of iCROP-modified fLuc delivered as DNA or mRNA. a Schematic representation of the post-translational steps
that iICROP-fLuc undergoes in the presence or absence of the protease inhibitor. b FLuc luminescence every 15 to 30 min during 90 min of
incubation with rupintrivir at the indicated concentrations. HEK293T cells were transfected with iCROP-fLuc (Prpck-HRVPaq1so-fLuCcs kaoi-pA) and
36 h later the medium was exchanged for fresh medium either without or with rupintrivir. ¢ Real-time fLuc analysis from HEK293T cells expressing
iCROP-fLuc. The recording of the signal from live cells was started 90 s before changing the medium to fresh medium either without or with
rupintrivir (100 nM or 1000 nM). d iCROP-fLuc reversibility. HEK293T cells expressing iCROP-fLuc were alternated between rupintrivir-containing
(100 nM) and rupintrivir-free media. Each rupintrivir induction lasted 45 min, followed by 135 min in rupintrivir-free medium. fLuc intensity was
measured at the indicated time points. e Inducibility of iCROP-fLuc delivered as mRNA. Luminescence from HEK293T cells transfected with in vitro-
transcribed mRNA coding for iCROP-fLuc for 6 h, followed by incubation for additional 6 h in the presence of the indicated rupintrivir concentrations.
f Activation kinetics of mRNA-delivered iCROP-fLuc. HEK293T cells simultaneously transfected with iCROP-fLuc mRNA and treated with rupintrivir
(1 uM) were analyzed for fLuc intensity at the indicated time points. In b—f, data are shown as mean £ SD (n = 3 biological replicates). Statistical

significance was calculated by means of Welch's two-tailed t-test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant.

CS, namely after G83, R188 and G201. We then tested the
effect of introducing the CS at each location on the pro-
tein activity by co-transfecting each MyD88 variant
together with an NF-kB-responsive promoter driving
SEAP expression. We detected increased SEAP expression
in cells engineered with each MyD88 variant, albeit to
slightly lesser extent than in the case of the wild-type
protein (Supplementary Fig. S7b). Next, we fused the
HRVp to the N-terminus of each MyD88 variant and
tested how efficiently the fusions could be proteolytically
inactivated and their activity rescued by rupintrivir. The
MyD88cs g3 variant was the most efficiently fragmented
by the attached HRVp, with a large decrease in SEAP
expression (very low leakiness) relative to the same var-
iant in the absence of the protease (Supplementary
Fig. S7c). The other two CS locations might be less
accessible to the fused protease or the resulting fragments
still might have some activity, since only around a 2-fold
increase in SEAP expression was observed between

rupintrivir-treated and non-treated cultures (Supple-
mentary Fig. S7c). MyD88cs.ggs showed rupintrivir
responsiveness, with a more than 150-fold increase in
SEAP secretion, thus confirming the feasibility of con-
trolling the NF-kB pathway with our framework (Fig. 3a).
Alternatively, we took RelA (also known as p65), which
acts downstream of MyD88, as another possible effector
protein to establish inducible activation of the NF-xB
signaling pathway. HRVp with its CS was placed between
the DNA-binding domain of RelA (RelA-DBD) and its
transactivation domain (RelA-TAD) (Supplementary
Fig. S7d). The generated protein self-inactivates very
efficiently upon translation, as suggested by the very low
SEAP expression from the NF-kB-responsive promoter.
Rupintrivir rescued RelA activity, increasing SEAP
expression in a dose-dependent manner (Fig. 3b). In
addition, the sensitivity to the protease inhibitor could be
adjusted by using the HRVpaq1s, variant together with
the CS (Supplementary Fig. S7e).
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mediated NF-kB repression in response to rupintrivir. sr-IkBa bearing the HRV protease at its N-terminus and the cognate CS at position P170 is
fragmented into two inactive parts, unless the protease inhibitor is provided, thereby suppressing NF-kB signaling (left). HEK293T cells co-transfected
with iCROP-sr-IkBa and Pyrea-SEAP-pA were challenged with the indicated TNFa concentrations to induce NF-kB signaling and treated with different
doses of rupintrivir for 24 h before analyzing SEAP expression levels (right). d NFAT1-mediated activation of NFAT signaling in response to rupintrivir.
The HRVp and CS were placed between the truncated DNA-binding domain (sNFAT1s;75.670:-DBD) and the transactivation domain (NFATT|702.7925-
TAD) (left). HEK293T cells co-transfected with iCROP-NFAT1 and SEAP expression from an NFAT-responsive promoter (pMX57, Ps,nrar-SEAP-pA) were
treated with the indicated rupintrivir concentrations for 24 h before analyzing SEAP expression levels (right). Data are shown as mean+SD (n =3
biological replicates) in all panels. Statistical significance was calculated by means of Welch's two-tailed t-test, *P < 0.05, **P < 0.01, ***P < 0.001,
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Finally, to establish inducible repression of NF-«kB sig-
naling we engineered the stable super-repressor form of
IkBa (sr-IkBa), which is a double-mutant IkBa that has
been shown to block NF-kB activation when over-
expressed in cells’”. Three locations in the sr-IkBa
structure (Supplementary Fig. S7f) appeared suitable for
the CS, while the HRVp was placed at the N-terminus.
We first confirmed that the addition of the ligand tumor
necrosis factor (TNFa) leads to activation of NF-kB sig-
naling in a dose-response manner, in cells transfected
with the NF-kB reporter construct (Supplementary
Fig. S7g). The three CS-modified sr-IkBa variants were
compared to non-modified sr-IkBa in terms of their
ability to suppress NF-kB signaling in TNFa-treated cells.
The sr-IkBocs.pi7g variant suppressed NF-kB with the
highest efficiency, being only slightly less effective than
the non-modified variant (Supplementary Fig. S7h). The
fusion of HRVp to sr-IkBacs.17¢ allowed dose-dependent
control of its activity by rupintrivir, as monitored by the
decrease in SEAP expression from the NF-«kB-responsive
promoter, demonstrating titratable NF-«kB signaling

repression across different levels of TNFa-activated
NF-«kB signaling (Fig. 3c).

Next, we focused on engineering members of the
nuclear factor of activated T cells (NFAT) transduction
pathway, namely NFAT1 and NFAT2 (Supplementary Fig.
S8a). First, we truncated the N-terminal part of NFAT1 to
create a more compact version and embedded the wild-
type HRVp between the shortened DNA-binding module
(SNFAT1g179.g701-DBD) and the transactivation module
(NFAT1;705.1925-TAD). The resulting protein exhibited
much lower activity than the wild-type NFAT1 as mea-
sured in terms of SEAP expression from the NFAT-
responsive promoter in co-transfection experiments with
each NFAT1 variant (Supplementary Fig. S8b). Part of the
activity of the modified NFAT1 could be rescued by
adding the protease inhibitor, demonstrating a titratable
NFAT activation in response to rupintrivir (Fig. 3d). To
test whether the performance could be improved, we
replaced the native transactivation module by VP64
(Supplementary Fig. S8c) and used the HRVpaq13, variant
together with the CS; these changes decreased the basal
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activity and increased the fold-changes in response to
rupintrivir (Supplementary Fig. S8d). The same config-
uration was applied to engineer NFAT2, which also
afforded robust rupintrivir-inducible activation of NFAT
signaling (Supplementary Fig. S8e). The functionality of
both NF-kB (Supplementary Fig. S9a) and NFAT (Sup-
plementary Fig. S9b) effectors was additionally confirmed
in Jurkat T cells. Finally, we demonstrated that by co-
expressing protease-engineered effectors of both path-
ways, we can simultaneously control NF-kB and NFAT
signaling, either activating both (Supplementary Fig. S10a)
or activating NFAT and repressing NF-kB (Supplemen-
tary Fig. S10b) with a single input. Orthogonal regulation
was further showcased by independently controlling three
different proteins without any crosstalk (Supplementary
Fig. S11).

Regulation of endogenous gene expression and genome
editing with inducible (d)Cas9

CRISPR-Cas9 based technology has revolutionized the
field of genome engineering in the last decade. Several
inducible (d)Cas9-based systems have been reported, but
they suffer from a large genetic footprint®®, high basal
activity when expressed transiently*" or use unfavorable
compounds for activation®®. Therefore, we decided to
engineer compact inducible (d)Cas9 systems for tran-
scription regulation and genome modifications by apply-
ing the iCROP framework (Fig. 4a). We first identified
three  potential  permissible sites  within the
dCas9 structure to place the protease CS (Supplementary
Fig. S12a). The activity of each CS-modified dCas9 was
tested by co-transfecting HEK293T cells with a validated
sgRNA targeting the human insulin promoter®® attached
to an MS2 loop (sgRNA(Pyys)-MS2), the MS2-coat pro-
tein (MCP) fused to a transcription activation domain,
and the human insulin promoter driving SEAP expression
(Prns-SEAP-pA). SEAP expression could be activated with
all dCas9 variants, but the introduction of the CS seemed
to have affected their activity to different extents, with
reductions of 20%, 7% and 42% for CSgz11, CSgrs3s and
CSy713, respectively, relatively to that achieved with the
non-modified dCas9 (Supplementary Fig. S12b). More-
over, the fusion of HRVp to CS-modified dCas9 proteins
drastically reduced SEAP expression, suggesting inacti-
vation of dCas9 by cleavage. SEAP expression could be
dose-dependently activated by rupintrivir for all iCROP-
modified dCas9 variants (Fig. 4b; Supplementary Fig.
S12c, d), confirming the feasibility of tuning dCas9 activity
by varying the input concentration. dCas9¢s rs35 was the
best performing variant (Fig. 4b), with lower basal activity
and higher SEAP transcription activation than the other
two variants (Supplementary Fig. S12¢, d). Alternatively,
we were also able to engineer the MCP-VP64 component
of the dCas9-based transcription regulation system, by
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placing the HRV protease and cognate CS between the
two domains (Fig. 4c), achieving rupintrivir-inducibility
with different sensitivities, depending on the applied
protease and CS module (Supplementary Fig. S12e, f). To
showcase transcriptional regulation of endogenous genes,
we targeted the iCROP-engineered dCas9 system to the
genomic promoter region of the ILI12B gene. We were
able to achieve high activation of IL-12 expression in cells
treated with different rupintrivir concentrations, obtain-
ing a linear increase of protein production over the con-
centration range of 10 nM to 1 uM of the input (Fig. 4d)
with negligible leakiness. IL-12 accumulation in the cul-
ture supernatant increased throughout the analyzed 48 h
period (Fig. 4e).

To establish rupintrivir-inducible genome editing, we
engineered Cas9 with the iCROP system that performed
best for dCas9. Co-expression of the iCROP-modified
Cas9 and an sgRNA targeting the EMXI gene in
HEK293T cells treated with rupintrivir resulted in an
increasing number of indel formation in a rupintrivir-
dependent manner, as confirmed by next-generation
sequencing (NGS) analysis of isolated genomic DNA
(Fig. 4f). Indeed, self-cleaved iCROP-Cas9 exhibited low
basal activity in the absence of rupintrivir and could be
activated at 1 nM rupintrivir, with a maximal indel fre-
quency at 1 pM, which is only 1.53-fold lower than what
was obtained with the wild-type Cas9. We then analyzed
the indel frequency for different incubation periods and
different doses of rupintrivir. Cells treated with 1 or
10 uM rupintrivir showed iCROP-mediated indels as early
as 6 h post-induction (Fig. 4g). The greatest increase in
indel formation was observed between 12h and 24h of
rupintrivir treatment, for all tested concentrations.

Lastly, we validated rupintrivir-inducible genome edit-
ing for three additional human genes, namely VEGFA,
TNFRSF1A, and ACE2 (Fig. 4h). By designing and testing
three different sgRNAs for each gene, we were able to
install indels in all three genomic loci in rupintrivir-
treated cells, with different indel mutation rates that
were dependent on the sgRNA sequence (Supplementary
Fig. S12g).

Inducible suppression of cytokine storm and activation of
genome editing in mice

Next, we sought to apply the protein switches in vivo.
We selected the iCROP-fLuc system to assess the feasi-
bility of regulating protein activity in engineered mice by
rupintrivir administration. Before targeting liver tissue
in vivo, we first confirmed that this system is functional in
the liver cell line HepG2 (Supplementary Fig. S13). The
DNA vector for constitutive expression of the iCROP-
modified fLuc was delivered to mice via hydrodynamic tail
vein injection (Fig. 5a). Mice imaged 24h post DNA
delivery showed a low basal fLuc signal (Fig. 5b, c), which
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rupintrivir or vehicle. f Mutation rate in the EMX1 gene in cells expressing iCROP-Cas9 and sgRNA(EMX1), and treated with indicated concentrations of
rupintrivir for 48 h before NGS analysis. Cells co-transfected with non-modified Cas9 and sgRNA(EMX1) were included as a positive control. g Heat-
map representing time- and dose-dependent EMXT relative indel frequency for iCROP-Cas9. Relative indel frequency was calculated as the ratio
between the mutation rate at each specified dose-time point and the maximal mutation rate (n = 3 biological replicates). h Frequency of indel
mutations in the genomic loci of VEGFA, TNFRSF1A and ACE2 genes in cells co-transfected with iCROP-Cas9 and each sgRNA targeting gene, and kept
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rapidly increased upon rupintrivir administration in the
upper abdominal liver region, reaching 240-fold higher

When we examined repeated rupintrivir administration at
the same time schedule used for luminescence imaging,

luminescence intensity 60 min after the treatment. The
fLuc signal was decreased when we recorded new images
4 h after the treatment, likely due to rupintrivir clearance.

we observed similar patterns of fLuc signal appearance
and disappearance (Fig. 5b, c). These results confirmed
that fLuc can be rapidly activated in vivo, enabling
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repeatable and precise temporal protein regulation that
appears to depend on rupintrivir's pharmacokinetic
properties.

Next, we tested the ability of the iCROP-sr-IkBa switch to
repress cytokine release caused by LPS treatment (Fig. 5d).
Mice engineered with iCROP-sr-IkBa and injected with LPS
were treated either with rupintrivir or with vehicle only.
Analysis of blood samples collected 6 h after LPS challenge
showed 54%, 35%, and 18% reductions of TNFa, IL-1p, and
IL-6 for the mouse group that received rupintrivir, com-
pared to the group that received the vehicle (Fig. 5e).
Rupintrivir alone did not have any effect on cytokine levels
in LPS-treated mice lacking iCROP-sr-IkBa (Supplementary
Fig. S14a—c). These results suggest that rupintrivir success-
fully rescued the activity of the super-repressor IkBa, which

suppressed NF-«B signaling, thereby attenuating the pro-
duction of cytokines in response to LPS.

We also assessed the suitability of iCROP-Cas9 for
genome editing in vivo (Fig. 5f). We targeted the dis-
ruption of the proprotein convertase subtilisin kexin 9
(PCSK9) gene, whose protein is responsible for
enhanced degradation of the low-density lipoprotein
(LDL) receptor and thus reduced LDL-cholesterol
clearance*'. This is a promising therapeutic target to
lower cholesterol levels, and a clinical trial using con-
stitutive expression of the CRISPR/Cas9 components is
currently in progress, though this system is prone to
higher rates of off-target effects**~**, which compro-
mises its safety profile. Here, after receiving the iCROP-
Cas9 protein and the sgRNA targeting the murine
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PCSK9 via hydrodynamic injection, mice were treated
for three consecutive days with either rupintrivir or
vehicle only. Serum PCSK9 levels (Fig. 5g) and LDL-
cholesterol levels (Fig. 5h) were significantly decreased
in engineered mice treated with rupintrivir when
compared to non-treated mice or mice that did not
receive the iCROP-Cas9 components, showing reduc-
tion of 48% and 38% for PCSK9 and LDL-cholesterol,
respectively. We did not observe any changes in PCSK9
(Supplementary Fig. S15a) or LDL-cholesterol (Sup-
plementary Fig. S15b) levels in mice that were treated
with rupintrivir but lacked the iCROP-Cas9 compo-
nents, compared to untreated mice. Additionally, mice
that received iCROP-Cas9, with or without rupintrivir
treatment, did not show elevated levels of inflammatory
cytokines compared to wild-type mice (Supplementary
Fig. S16a, b). These results demonstrate that iCROP-
Cas9 is responsive to rupintrivir in vivo, and upon
activation can target the loci of the host genome,
highlighting the potential of our regulatable Cas9
technology to knock out genes in vivo in a defined
temporal window.

Discussion

We have developed a general design framework called
iCROP for the construction of small-molecule-regulatable
protein switches in mammalian cells. iCROP enables
robust and rapid activation of a target protein with high
sensitivity, a wide dynamic range and high temporal
resolution. A key feature of iCROP is the compact design,
which provides a small genetic footprint — it should be
possible to pack most iCROP-controlled systems into viral
vectors such as AAV. Furthermore, iCROP can be deliv-
ered as mRNA, which would avoid the risk of unwanted
genomic integrations and be a useful feature when the POI
has to be expressed only for a short duration. Importantly,
we found that a wide range of proteins can accept a CS in
their structure and a protease on the N-terminus with little
impact on their functionality, suggesting broad applic-
ability of the iCROP framework. In some cases, the pro-
tease could be inserted next to the CS between two protein
domains as an alternative architecture for multi-domain
proteins. Furthermore, in the case of proteins that have
been previously engineered as split versions, the split
location should also be permissible for the CS or both the
CS and the protease. Recent developments in artificial
intelligence (Al)-based tools and models for 3D protein
structure prediction, such as AlphaFold45, should also be
helpful to predict the most favorable CS location when de-
novo engineering POIs for iCROP, analogously to com-
putational tools for predicting the most favorable sites for
protein splitting*®*’.

We wish to emphasize that the iCROP system is dif-
ferent in principle from systems based on pre-split
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proteins, as it employs an intact molecule into which a CS
has been introduced. Interestingly, although HCVp****
has been used in systems employing pre-split proteins, we
found that HRVp afforded much lower leakiness and
higher activation folds than HCVp in the iCROP system.
In the future, it should be possible to incorporate other
proteases, not limited to viral proteases, whose activity
can be modulated with small molecule inhibitors in order
to expand the iCROP toolbox and possibly achieve
orthogonal control over multiple proteins simultaneously.
Potential proteases and their inhibitors*® could be
screened using technology recently developed by our
group™. While the use of human-derived proteases would
humanize the system, this would involve a tradeoff that
inhibitors targeting the iCROP would likely have off-
target effects and could interfere with homeostasis in vivo.
Here, we used rupintrivir to control iCROP, but an
improved version of the drug with good oral bioavail-
ability®® that has been tested in humans at high doses
without apparent side effects could be available for future
in vivo applications.

Our results demonstrate the potential of the iCROP
framework for a wide range of applications. Firstly,
iCROPs for various effectors of NF-kB and NFAT sig-
naling pathways enabled precise activation/inhibition of
downstream events in response to protease inhibitors.
Achieving control over cellular pathways by means of
iCROP will be useful not only to study cell signaling but
also to manipulate cells in vivo. In particular, to highlight
the translational potential of iCROP, we showed that
iCROP-sr-IkBa can suppress cytokine release in LPS-
treated mice, serving as a “cytokine storm buster” by
rescuing the activity of IkBa, which suppresses NF-kB
signaling. This suggests that iCROP may be applicable to
orthogonally up- or down-regulate specific pathways in
therapeutic cells to improve the efficacy of cell therapies.
In addition, we demonstrated the applicability of iCROP
for gene editing — we constructed extremely compact
inducible CRISPR-(d)Cas9 variants, and showed that
iCROP-Cas9-mediated knockout of the PCSK9 gene in
mouse liver lowered the blood LDL-cholesterol levels.
Thus, iCROP can be utilized to control the function of
genome modifiers such as Cas9, providing a robust new
tool for regulating or editing endogenous genes. We
believe that the iCROP system will open up many new
possibilities for protein-level regulation in basic research
and translational applications.

Materials and methods
Plasmid construction

The design and cloning details for all genetic constructs
used in the study are provided in Supplementary Tables
S$3-S5. Briefly, the constructs were generated by classic
molecular biology approaches using restriction enzymes
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(New England BioLabs) followed by ligation using T4
DNA ligase (EL0011, Thermo Fisher Scientific). The PCR
reactions were performed using Q5 High-Fidelity DNA
polymerase (M0491L, New England BioLabs). All steps
were performed according to the manufacturer’s
instructions. The plasmids were amplified in Escherichia
coli strain XL10-Gold® (XL10-Gold® ultracompetent
cells; 200314, Agilent Technologies). Constructs were
verified by Sanger sequencing, done by an external vendor
(Microsynth AG). Synthetic gene fragments (Supple-
mentary Table S6) used in the study were codon-
optimized for expression in human cells and commer-
cially synthesized (Twist Bioscience).

Cell culture and transfection

Human embryonic kidney cells (HEK293T, ATCC: CRL-
11268) and Hep G2 (HEPG2, ATCC: HB-8065) were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM;
61965026, Thermo Fisher Scientific) supplemented with
10% (v/v) fetal bovine serum (FBS; F7524, Sigma-Aldrich) in
a humidified atmosphere containing 7.5% CO, at 37°C.
Passaging of pre-confluent HEK293T or HepG2 cells was
done by detaching them through incubation in 2mL of
0.05% trypsin-EDTA (25300054, Thermo Fisher Scientific)
for 5min at room temperature. Cells were transferred to
8mL culture medium, centrifuged for 1min at 200 x g,
resuspended in fresh medium and re-seeded at the desired
cell density. Quantification of cell number and viability was
done by using a CellDrop automated cell counter (DeNovix).

Transient transfection of mammalian cells

For transfection experiments, HEK293T cells were
seeded into 96-well plates, either transparent (3599,
Corning), black (655090, Greiner Bio-One) or white
(655098, Greiner Bio-One) depending on the reporter
used in the experiment at 2x 10* cells per well, 24h
before transfection. The transfection mixture for each
well of 96-well plates consisted of 120 ng of plasmid DNA
in 50uL of FBS-free DMEM and 600ng poly-
ethyleneimine (PEI, MW 40,000; 24765, Polysciences).
After 20 min incubation at room temperature, the trans-
fection mixture was added dropwise to the cells, which
were then incubated overnight. The next morning, the
culture medium was replaced with fresh FBS containing
DMEM with or without inducer, depending on the
experiment, and the reporter expression was profiled 24 h
later if not otherwise specified. For Cas9-related experi-
ments, HEK293T cells were transfected with Lipofecta-
mine 3000 Transfection Reagent (L3000001, Thermo
Fisher Scientific) according to the protocol provided by
the manufacturer. For transfection of HepG2 cells, they
were seeded in black 96-well plates (655090, Greiner Bio-
One) at 2 x 10* cells per well, 24 h before transfection
with Lipofectamine 3000 Transfection Reagent.
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Stable cell line generation

Polyclonal stable cell lines were generated by co-
transfecting HEK293T cells with a Sleeping Beauty
transposase (pTS395) expression vector in a 1:10 (w/w)
ratio with pNF417, containing SB recognition sites and
encoding a puromycin resistance marker and YPet
fluorescent protein. The medium was exchanged 12h
after transfection and cells were incubated for 48 h before
the addition of selection medium containing 2 pg/mL
puromycin. Cells were maintained through passages in
DMEM containing 10% FBS and 2 pg/mL puromycin.

Jurkat T cell line electroporation and fluorescence intensity
determination

Jurkat cells (Jurkat, Clone E60-1, ATCC: TIB152™) were
cultivated in RPMI medium (cat. no. 72400-021; Thermo
Fischer Scientific, Waltham, MA, USA) supplemented
with 10% FBS, 100 U/mL penicillin and 100 pg/mL strep-
tomycin. Electroporation was performed using a NEPA21
electroporator (Nepa Gene) with a total amount of 20 pg
DNA. Cells were induced 24 h after electroporation with
1 uM rupintrivir and kept for a further 24 h before deter-
mining the mean fluorescence intensity (MFI) of citrine
with a CytoFLEX S flow cytometer (Beckman Coulter).

Inducer preparation

Rupintrivir (6414, Tocris or PZ0315, Sigma), lopinavir
(7052, Tocris) and asunaprevir (HY-14434, MedChem-
Express) were prepared as 20 mM solutions in DMSO.
TNFa (300-01 A, PeproTech) was prepared as 1 pg/mL
solution in FBS-free DMEM. Working solutions were
prepared by serially diluting the stock solutions in FBS
containing DMEM.

Protein 3D structure visualization
Protein 3D structures were obtained from and visua-
lized in Protein Data Bank (PDB).

In vitro transcription and mRNA transfection

mRNA for transfection was produced by IVT reaction
with a HiScribe T7 ARCA mRNA Kit (E2060S, New
England BioLabs), according to the manufacturer’s
instructions, using constructs under the T7 promoter as a
template. A Monarch RNA Cleanup Kit (T2040S, New
England BioLabs) was used to purify the mRNA product.
mRNA transfection into mammalian cells was performed
with Lipofectamine MessengerMAX Transfection reagent
(LMRNAO01, Thermo Fisher Scientific) according to the
instructions provided by the manufacturer.

FLuc quantification

FLuc bioluminescence intensity in cells was quantified
with the ONE-Glo Luciferase Assay System (E6110, Pro-
mega). The supernatant was first aspirated from the cells,
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growing in either black (for experiments with plasmid
DNA) or white (for experiments with IVT mRNA) 96-well
plates, followed by addition of 100 uL. ONE-Glo Reagent/
PBS mixture (1:1). Plates with samples were incubated for
5 min at room temperature for cell lysis to occur and the
luminescence intensity was measured with a Tecan Spark
multiplate reader (Tecan AG).

In cellulo real-time fLuc measurement

For the real-time in cellulo fLuc activation kinetics
experiment, D-luciferin (LUCK-100, Gold Biotechnology)
was added to the iCROP-fLuc-transfected cells to the final
concentration of 1.5mM. Plates were incubated for
30 min at 37 °C before addition of the inducer and then
the luminescence intensity increase was immediately
measured every 10s for a total duration of 8 min with a
Tecan Spark multiplate reader (Tecan AG).

SEAP quantification

SEAP levels in cell culture supernatants were quantified
by measuring the increase of absorbance due to hydrolysis
of para-nitrophenyl phosphate (pNPP). A total of 40 pL of
heat-inactivated (30 min, 65 °C) cell culture supernatant
was transferred into a 96-well plate (260836, Thermo
Fisher Scientific) and mixed with 60 uL water, 80 uL 2x
SEAP buffer (20 mM homoarginine, 1 mM MgCl,, 21%
(v/v) diethanolamine, pH 9.8) and 20 uL substrate solu-
tion containing 20 mM pNPP (Acros Organics BVBA).
The absorbance increase in samples was measured at
405 nm using a Tecan Infinite M1000 multiplate reader
(Tecan AG) for 30 min at 37 °C.

NanoLuc (nLuc) measurement

NanoLuc concentrations in cell culture supernatants
were quantified with the Nano-Glo Luciferase Assay
System (N1110, Promega). 10 pL of cell culture super-
natant was mixed with 10 uL of buffer/substrate mix
(50:1) in 384-well plates (781076, Greiner Bio-One),
which were briefly centrifuged at 1200 rpm and incubated
for 5min at room temperature. Luminescence intensity
was measured using a Tecan Spark multiplate reader
(Tecan AG).

Guide RNA design

Guide sequences targeting VEGFA, TNFRSFIA and
ACE2 were designed with the online tool (http://
guides.sanjanalab.org/#/). Three gRNAs with high ON-
target efficiency and low OFF-target specificity for each
target were selected.

Sample preparation for NGS (deep sequencing
quantification of Cas9-induced indels)

To quantify the efficiency of gene editing, genomic DNA
of either 200,000 cells (experiments performed in 24-well
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plates) was isolated using a Monarch Genomic DNA Pur-
ification Kit (T3010S, New England BioLabs) or 40,000 cells
(experiments performed in 96-well plates) was isolated by
resuspending cells into quick extraction buffer (QE, in mM:
1 CaCl,, 3 MgCl,, 1 EDTA, 10 Tris pH 7.5; 1% Triton
X-100, and 0.2 mg/mL proteinase K freshly added before
use) followed by incubation at 65 °C for 10 min, 68 °C for
10 min, and 98 °C for 10 min. Genomic DNA was used as a
template for a first PCR to amplify ~150bp around the
Cas9 cut site with gene-specific primers containing adapters
(Supplementary Table S7) (0.5puM, fwd: ACACTCTTT
CCCTACACGACGCTCTTCCGATCT + forward gene-
specific sequence; rev: GTGACTGGAGTTCAGACGTG
TGCTCTTCCGATC + reverse gene-specific sequence).
PCR 1 was performed with KAPA HiFi Ready Mix as fol-
lows: (1) 95°C for 3 min; (2) 98 °C for 20s, 65°C for 155,
72 °C for 20 s (15 cycles); (3) 72 °C for 2 min. PCR 2 to index
samples with P5 and P7 primers (0.25 uM, P5: AATGAT
ACGGCGACCACCGAGATCTACAC NNNNNNNN AC
ACTCTTTCCCTACACGACGCTCTTCCGATCT;  P7:
CAAGCAGAAGACGGCATACGAGAT- NNNNNNNN
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC)
was performed as follows: (1) 95 °C for 3 min; (2) 98 °C for
205, 70°C for 155, 72°C 20sec (15 cycles); (3) 72°C for
2 min. Samples were purified with a PCR purification &
concentration kit (D4013, Zymo Research), and run on a 2%
E-Gel (G402022, Thermo Fisher Scientific). The PCR pro-
duct (~ 250 bp) was extracted from the gel with a QIAquick
Gel Extraction Kit (28706x4, QIAGEN). Deep sequencing
was done with a NextSeq 550 150 cycle kit with the fol-
lowing cycle distribution: 150 to read 1, 8 to index 1, and 8
to index 2.

Indel analysis

Deep sequencing libraries for indel analysis were analyzed
with CRISPresso2”" with the following parameters: -r1 “fastq
file name”; -a “amplicon sequence”; -c¢ “amplicon sequence”;
-g “gRNA sequence”; --default_min_aln_score 60; --plot_-
window_size 20; --min_bp_quality_or_N 0; --exclude_bp_-
from_left 15; --exclude_bp_from_right 15; -w 1; and -wc -3.

IL-12 quantification

IL-12 in the cell supernatant was quantified with a
human IL-12(p40) ELISA Kit (KAC1561, Thermo Fisher
Scientific) according to the manual provided by the
manufacturer.

Animal studies

Eight-week-old male BALB/c or C57BL/6 mice (Charles
River Laboratory, Lyon, France), weighing 20-25 g, were
used. The animals were housed in a controlled room set at
22 °C, 50% humidity, 12-h light-dark cycle with ad-libitum
access to standard diet and drinking water. Animals were
randomly assigned to experimental groups. After
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collection of blood samples, serum was isolated for ana-
lysis using BD Microtainer SST tubes (365967, Becton
Dickinson) according to the manufacturer’s instruction
(30 min incubation in the dark followed by 5min cen-
trifugation at 8000x g). All experiments involving animals
were performed according to the directives of the Eur-
opean Community Council (2010/63/EU), approved by
the French Republic (project no. DR2018-40v5 and
APAFIS #16753), and carried out by Shuai Xue and
Ghislaine Charpin-El Hamri (no. 69266309) at the Uni-
versity of Lyon, Institut Universitaire de Technologie
(IUT), F69622 Villeurbanne Cedex, France.

Hydrodynamic plasmid delivery

Mice were injected into the tail vein with 2 mL of saline,
containing plasmids coding for either iCROP-fLuc,
iCROP-sr-IkBa or a combination of iCROP-Cas9 and
sgRNA(mPCSK9) 24h before starting the inducer
treatment.

Inducer preparation for in vivo application and
administration

Rupintrivir was formulated as a 1.2 mg/mL solution (10%
DMSO, 40% PEG400 and 50% saline) and mice were
induced by intraperitoneally injecting 100 pL of this solution.

In vivo bioluminescence

Mice engineered to express iCROP-fLuc were first
sedated with isoflurane and intraperitoneally injected with
250 pL of D-luciferin (LUCK-100, Gold Biotechnology) at
a concentration of 15 mg/mL (dissolved in PBS), 5 min
before measurement of the luminescence intensity with
an IVIS Imaging System (PerkinElmer).

Cytokine quantification

TNFa in mouse serum was quantified with a TNF alpha
Mouse ELISA Kit (BMS607-3, Thermo Fisher Scientific).
IL-1p in mouse serum was quantified with a Mouse IL-1f3
ELISA Kit (RAB0274-1KT, Sigma-Aldrich). IL-6 in mouse
serum was quantified with an IL-6 Mouse ELISA Kit
(BMS603-2, Thermo Fisher Scientific). All assays were
performed according to the instructions provided by the
manufacturer.

Quantification of PCSK9

PCSK9 in mouse serum was quantified with a Mouse
Proprotein Convertase 9/PCSK9 Quantikine ELISA Kit
(MPC900, R&D Systems) according to the manufacturer’s
instructions.

LDL-cholesterol measurement

LDL-Cholesterol levels in mouse serum were quantified
with a Cholesterol assay kit (ab65390, Abcam) according
to the instructions provided by the manufacturer.
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Data analysis and visualization

Statistical evaluation was conducted by using Welch’s
two-tailed t-test to compare two sets of data as imple-
mented in Prism GraphPad 9 (GraphPad Software Inc.,
San Diego, CA). Figures were created by using Adobe
Ilustrator (Adobe Inc.).

Acknowledgements

This work was supported by the Swiss National Science Foundation National
Center of Competence in Research (NCCR) for Molecular Systems Engineering,
European Research Council advanced grant (ElectroGene, Grant no. 785800),
and Innosuisse (Grant no. 59511.1 IP-LS). We would like to thank Yu-Qing Xie
for help with the Jurkat T cells experiments.

Author details

'Department of Biosystems Science and Engineering, ETH Zurich, Basel,
Switzerland. “Département Génie Biologique, Institut Universitaire de
Technologie, Université Claude Bernard Lyon 1, Villeurbanne, Cedex, France.
3Faculty of Science, University of Basel, Basel, Switzerland

Author contributions

N.F., AP.T, and MF. designed the project, AJ.S. and RJ.P. designed and
analyzed CRISPR-related experiments, N.F. and H.Z. conducted in vitro
experiments, SX. and G.C-EH. designed and performed the animal
experiments, N.F, AP.T, and MF. analyzed the data and wrote the manuscript.

Conflict of interest
The authors declare no competing interests.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41421-023-00632-1.

Received: 18 May 2023 Accepted: 2 December 2023
Published online: 23 January 2024

References

1. Xie, M. & Fussenegger, M. Designing cell function: assembly of synthetic
gene circuits for cell biology applications. Nat. Rev. Mol. Cell Biol. 19, 507-525
(2018).

2. Khalil, A S. et al. A synthetic biology framework for programming eukaryotic
transcription functions. Cell 150, 647-658 (2012).

3. Tigges, M, Marquez-Lago, T. T, Stelling, J. & Fussenegger, M. A tunable syn-
thetic mammalian oscillator. Nature 457, 309-312 (2009).

4. Auslander, S, Auslander, D, Mdller, M, Wieland, M. & Fussenegger, M. Pro-
grammable single-cell mammalian biocomputers. Nature 487, 123-127
(2012).

5. Gaber, R. et al. Designable DNA-binding domains enable construction of logic
circuits in mammalian cells. Nat. Chem. Biol. 10, 203-208 (2014).

6. Lebar, T. et al. A bistable genetic switch based on designable DNA-binding
domains. Nat. Commun. 5, 1-13 (2014).

7. Sakemura, R. et al. A Tet-On Inducible system for controlling CD19-Chimeric
antigen receptor expression upon drug administration. Cancer Immunol. Res.
4, 658-668 (2016).

8. Li, H.S. et al. Multidimensional control of therapeutic human cell function with
synthetic gene circuits. Science 378, 12271234 (2022).

9. Bai, P. et al. A fully human transgene switch to regulate therapeutic protein
production by cooling sensation. Nat. Med. 25, 1266-1273 (2019).

10. Roybal, K. T. et al. Engineering T cells with customized therapeutic
response programs using synthetic notch receptors. Cell 167, 419-432
(2016).


https://doi.org/10.1038/s41421-023-00632-1

Franko et al. Cell Discovery (2024)10:9

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Schukur, L, Geering, B, Charpin-El Hamri, G. & Fussenegger, M. Implantable
synthetic cytokine converter cells with AND-gate logic treat experimental
psoriasis. Sci. Transl. Med. 7, 318ra201 (2015).

Rossger, K, Charpin-El-Hamri, G. & Fussenegger, M. A closed-loop synthetic
gene circuit for the treatment of diet-induced obesity in mice. Nat. Commun.
4, 2825 (2013).

Siciliano, V. et al. Engineering modular intracellular protein sensor-actuator
devices. Nat. Commun. 9, 1-7 (2018).

Kuwasaki, Y. et al. A red light-responsive photoswitch for deep tissue opto-
genetics. Nat. Biotechnol. 40, 1672-1679 (2022).

Zhou, Y. et al. A small and highly sensitive red/far-red optogenetic switch for
applications in mammals. Nat. Biotechnol. 40, 262-272 (2021).

Stanton, B. Z, Chory, E. J. & Crabtree, G. R. Chemically induced proximity in
biology and medicine. Science 359, eaao5902 (2018).

Banaszynski, L. A, Liu, C. W. & Wandless, T. J. Characterization of the FKBP-
rapamycin-FRB ternary complex. J. Am. Chem. Soc. 127, 4715-4721 (2005).
Liang, F. S, Ho, W. Q. & Crabtree, G. L. Engineering the ABA Plant stress
pathway for regulation of induced proximity. Sci. Signal 4, rs2 (2011).
Miyamoto, T. et al. Rapid and orthogonal logic gating with a gibberellin-
induced dimerization system. Nat. Chem. Biol. 8, 465-470 (2012).

Gao, V. et al. Complex transcriptional modulation with orthogonal and
inducible dCas9 regulators. Nat. Methods 13, 1043-1049 (2016).

Zetsche, B, Volz, S. E. & Zhang, F. A split-Cas9 architecture for inducible
genome editing and transcription modulation. Nat. Biotechnol. 33, 139-142
(2015).

Wehr, M. C. et al. Monitoring regulated protein-protein interactions using split
TEV. Nat. Methods 3, 985-993 (2006).

Praznik, A. et al. Regulation of protein secretion through chemical regulation
of endoplasmic reticulum retention signal cleavage. Nat. Commun. 13, 1323
(2022).

Vlahos, A. E. et al. Protease-controlled secretion and display of intercellular
signals. Nat. Commun. 13, 912 (2022).

Wu, C.Y, Roybal, K. T, Puchner, E. M, Onuffer, J. & Lim, W. Remote control of
therapeutic T cells through a small molecule-gated chimeric receptor. Science
350, aab4077 (2015).

Fink, T. et al. Design of fast proteolysis-based signaling and logic circuits in
mammalian cells. Nat. Chem. Biol. 15, 115-122 (2019).

Gao, X. J, Chong, L. S, Kim, M. S. & Elowitz, M. B. Programmable protein circuits
in living cells. Science 361, 1252-1258 (2018).

Straathof, K. C. et al. An inducible caspase 9 safety switch for T-cell therapy.
Blood 105, 4247-4254 (2005).

Rihtar, E. et al. Chemically inducible split protein regulators for mammalian
cells. Nat. Chem. Biol. 19, 64-71 (2022).

Foight, G. W. et al. Multi-input chemical control of protein dimerization for
programming graded cellular responses. Nat. Biotechnol. 37, 1209-1216
(2019).

Barlow, A. D, Nicholson, M. L. & Herbert, T. P. Evidence for rapamycin toxicity in
pancreatic B-cells and a review of the underlying molecular mechanisms.
Diabetes 62, 2674-2682 (2013).

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43,

45.

46.

47.

48.

49.

50.

51

Page 14 of 14

Chung, H. K et al. Tunable and reversible drug control of protein production
via a self-excising degron. Nat. Chem. Biol. 11, 713-720 (2015).

Jacobs, C. L, Badiee, R K & Lin, M. StaPLs: versatile genetically encoded
modules for engineering drug-inducible proteins. Nat. Methods 15, 523-526
(2018).

Tague, E. P, Dotson, H. L, Tunney, S. N, Sloas, D. C. & Ngo, J. T. Chemogenetic
control of gene expression and cell signaling with antiviral drugs. Nat. Methods
15, 519-522 (2018).

Wu, H. D. et al. Rational design and implementation of a chemically inducible
heterotrimerization system. Nat. Methods 17, 928-936 (2020).

Deguine, J. & Barton, G. M. MyD88: a central player in innate immune sig-
naling. F1000Prime Rep. 6, (2014).

Jobin, C. et al. Inhibition of proinflammatory molecule production by
adenovirus-mediated expression of a nuclear factor kB super-repressor in
human intestinal epithelial cells. . Immunol. 160, 410-418 (1998).

Liu, K 1. et al. A chemical-inducible CRISPR-Cas9 system for rapid control of
genome editing. Nat. Chem. Biol. 12, 980-987 (2016).

Rose, J. C. et al. Rapidly inducible Cas9 and DSB-ddPCR to probe editing
kinetics. Nat. Methods 14, 891-896 (2017).

Krawczyk, K, Scheller, L, Kim, H. & Fussenegger, M. Rewiring of endogenous
signaling pathways to genomic targets for therapeutic cell reprogramming.
Nat. Commun. 11, 1-9 (2020).

Lagace, T. A. PCSK9 and LDLR degradation: regulatory mechanisms in circu-
lation and in cells. Curr. Opin. Lipidol. 25, 387-393 (2014).

Alkan, F, Wenzel, A, Anthon, C, Havgaard, J. H. & Gorodkin, J. CRISPR-Cas9 off-
targeting assessment with nucleic acid duplex energy parameters. Genome
Biol. 19, 1-13 (2018).

Cho, S. W. et al. Analysis of off-target effects of CRISPR/Cas-derived RNA-
guided endonucleases and nickases. Genome Res. 24, 132 (2014).

Maji, B. et al. Multidimensional chemical control of CRISPR-Cas9. Nat. Chem.
Biol. 13, 9-11 (2016).

Jumper, J. et al. Highly accurate protein structure prediction with AlphaFold.
Nature 596, 583-589 (2021).

Dolberg, T. B. et al. Computation-guided optimization of split protein systems.
Nat. Chem. Biol. 17, 531-539 (2021).

Dagliyan, O. et al. Computational design of chemogenetic and optogenetic
split proteins. Nat. Commun. 9, 1-8 (2018).

Cella, F, Wroblewska, L, Weiss, R. & Siciliano, V. Engineering protein-protein
devices for multilayered regulation of mRNA translation using orthogonal
proteases in mammalian cells. Nat. Commun. 9, 1-9 (2018).

Franko, N, Teixeira, A. P, Xue, S, Charpin-El Hamri, G. & Fussenegger, M. Design
of modular autoproteolytic gene switches responsive to anti-coronavirus drug
candidates. Nat. Commun. 12, 6786 (2021).

Patick, A. K. et al. In vitro antiviral activity and single-dose pharmacokinetics in
humans of a novel, orally biocavailable inhibitor of human Rhinovirus 3C
protease. Antimicrob. Agents Chemother. 49, 2267-2275 (2005).

Clement, K. et al. CRISPResso2 provides accurate and rapid genome editing
sequence analysis. Nat. Biotechnol. 37, 224-226 (2019).



	Integrated compact regulators of protein activity enable control of signaling pathways and genome-editing in�vivo
	Introduction
	Results
	Design of small-molecule-responsive regulators of protein activity
	Characterization of iCROP kinetics and reversibility
	Regulation of endogenous signaling pathways
	Regulation of endogenous gene expression and genome editing with inducible (d)Cas9
	Inducible suppression of cytokine storm and activation of genome editing in�mice

	Discussion
	Materials and methods
	Plasmid construction
	Cell culture and transfection
	Transient transfection of mammalian�cells
	Stable cell line generation
	Jurkat T cell line electroporation and fluorescence intensity determination
	Inducer preparation
	Protein 3D structure visualization
	In vitro transcription and mRNA transfection
	FLuc quantification
	In cellulo real-time fLuc measurement
	SEAP quantification
	NanoLuc (nLuc) measurement
	Guide RNA�design
	Sample preparation for NGS (deep sequencing quantification of Cas9-induced indels)
	Indel analysis
	IL-12 quantification
	Animal studies
	Hydrodynamic plasmid delivery
	Inducer preparation for in�vivo application and administration
	In vivo bioluminescence
	Cytokine quantification
	Quantification of�PCSK9
	LDL-cholesterol measurement
	Data analysis and visualization

	Acknowledgements




