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Blue Light-Operated CRISPR/Cas13b-Mediated mRNA

Knockdown (Lockdown)

Tim Blomeier, Patrick Fischbach, Leonie-Alexa Koch, Jennifer Andres, Miguel Minambres,

Hannes Michael Beyer, and Matias Daniel Zurbriggen*

The introduction of optogenetics into cell biology has furnished systems

to control gene expression at the transcriptional and protein stability level,
with a high degree of spatial, temporal, and dynamic light-regulation capa-
bilities. Strategies to downregulate RNA currently rely on RNA interference
and CRISPR/Cas-related methods. However, these approaches lack the key
characteristics and advantages provided by optical control. “Lockdown” intro-
duces optical control of RNA levels utilizing a blue light-dependent switch

to induce expression of CRISPR/Cas13b, which mediates sequence-specific
mRNA knockdown. Combining Lockdown with optogenetic tools to repress
gene-expression and induce protein destabilization with blue light yields effi-
cient triple-controlled downregulation of target proteins. Implementing Lock-
down to degrade endogenous mRNA levels of the cyclin-dependent kinase 1

that derive from clustered regularly
interspaced short palindromic repeats
(CRISPR)-based techniques, currently pos-
itively reshapes biological studies.l?l Key
applications of the specific DNA-recog-
nizing CRISPR/Cas9 systems encompass
for example genome editing and transcrip-
tional regulation with high sequence spec-
ificity.2-% In recent years, these technolo-
gies led to major advances in synthetic
biology, gene therapy, and gene modifi-
cation in almost every model organism.
Various Cas-variants were subsequently
derived from different microorganisms
and utilized to overcome some of the limi-

(hCdk1) leads to blue light-induced G2/M cell cycle arrest and inhibition of

cell growth in mammalian cells.

The integration of optogenetic switches into a broad range of
molecular tools has recently revolutionized biological studies
by opening the possibility to control cellular processes with
unmatched spatiotemporal precision. A myriad of optoswitches
has been engineered and applied in prokaryotic and eukaryotic
cells to regulate gene expression, subcellular protein localiza-
tion, enzyme activity, and even to develop light-controllable
biohybrid materials among other processes and systems (see
www.optobase.com).[!

The late explosion of enabling technologies to modulate the
flow of genetic information, made possible through methods
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tations restricting in vivo applications, or
enabled the recognition of RNA instead of
DNA.27- Among those, the discovery of
the RNA-targeting Cas13 proteins yielded
in powerful RNA-editing tools.”!! Cas13
belongs to type VI CRISPR effectors and has been utilized for
specific knockdown of endogenous RNAs in human cells and
manipulation of alternative RNA splicing.™ While the DNA-
targeting CRISPR/Cas9 systems require the presence of a short
protospacer adjacent motif (PAM) sequence at the editing site,
Casl13 is PAM-independent.>1]

Recent engineering efforts of CRISPR/Cas tools for optoge-
netic regulation expanded their capabilities including high spa-
tial and temporal control precision,'?1°) however, these systems
exclusively target DNA. Only few light-regulated RNA modifica-
tion tools currently exist, mostly based on RNA interference or
short regulatory RNAs, which are CRISPR-independent.20-23]

We devised here an optogenetic tool to destabilize cellular
mRNA by enabling optical control of RNA-targeting CRISPR/
Cas13 systems. For this, we combined a blue light-inducible
gene expression switch?Y with the Prevotella sp.-derived Cas13b
effector (PspCas13b),! resulting in a system termed Lockdown
(blue light-operated CRISPR/Casl3b-mediated mRNA knock-
down). Blue light activates the gene switch to induce the expres-
sion of PspCas13b which, in the presence of a gRNA targeting
the mRNA of interest, leads to downregulation of said RNA.
Our results demonstrate how Lockdown can be used to regulate
cellular processes with blue light through specific mRNA degra-
dation. In our tests, these induced G2 cell cycle arrest and inhi-
bition of cell growth under blue light.[?>2¢ We further combined
Lockdown with the recently published “Blue-OFF” system for
synergistic triple-targeted downregulation of proteins.*28l

To engineer the Lockdown system, we used a split transcrip-
tion factor based on a modified light-oxygen-voltage domain
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Figure 1. Design and characterization of the Lockdown system. a) Lockdown architecture. The blue light-responsive split transcription factor, bound
to DNA via Gal4, activates expression of the gene encoding Cas13b upon illumination. Light recruits the transcriptional activator VP16 via exposure
of a PDZ-interacting epitope embedded in the J helix. A specific gRNA guides Cas13b to cleave a target mRNA encoding a protein of interest (POI).
b) Co-expression of FLUC-specific gRNAT (pTBPF003) or gRNA2 (pTBPF004) causes reduction of FLUC (pTBPFO15) levels in HEK-293T cells using
Lockdown to control the expression of Cas13b. The cells were either illuminated with 460 nm light for 24 h (blue bars) or kept in the dark (black bars).
Values from illuminated samples were normalized to the corresponding sample kept in the dark. c) Experiment as in (b), but with co-expression of
constitutive Cas13b (pC0046). Data were normalized to the conditions lacking the Cas13b expression plasmid. (b,c) n = 4; error bars represent one
standard error of the mean (SEM). d) Schematic of the blue light-induced knockdown of EGFP mRNA. Under blue light, Lockdown specifically degrades
mRNA encoding EGFP while leaving mCherry unaffected. e) Quantification of EGFP (left) and mCherry (right) expression via qRT-PCR. HEK-293T cells
were co-transfected with the blue light switch, Ppc-EGFP, and Psyy-mCherry. An EGFP-specific gRNA was included (gRNA1, pTBPF005). Illumination
for 48 h was started 4 h post transfection, or cells were kept in the dark. n = 2; error bars represent one standard error of the mean (SEM). Significance
was calculated with a paired students t-test (*P < 0.05; **P < 0.01; ***P < 0001). Inlet figure (center) shows the quantification of normalized intensities
of an o+EGFP western blot analysis of the same experiment (see Figure S5, Supporting Information). f) Microscopic analysis of EGFP and mCherry
expression. HEK-293T cells were co-transfected with Lockdown and EGFP-specific gRNAs (-, none; gRNAT, pTBPF005; gRNA2, pTBPF006). Illumination
conditions as in (e). Pictures were acquired by confocal imaging of EGFP and mCherry. Scale bar, 100 pm.
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from phototropin 1 of Avena sativa (AsSLOV2) to express an engi-
neered variant of PspCas13b (Figure 1a).?*2] We placed the
gene encoding PspCas13b downstream of a minimal human
cytomegalovirus promoter harboring five adjacent repeats of
the Gal4 upstream activating sequence (UASs). Bound to DNA
via fusion to the Gal4 DNA-binding domain, AsSLOV2 exposes a
C-terminal epitope tag through relaxation of the Jorhelix under
blue light. Tag exposure recruits the transcriptional activa-
tion domain VP16, which is fused to the tag-interacting ePDZ
domain and leads to initiation of PspCasl3b gene transcrip-
tion and subsequent translation. Constitutive co-expression of
a sequence-specific gRNA in trans, guides PspCas13b to cleave
target RNAs. Due to the half life time of the ASLOV2 domain
in the excited state of 17 s,[?%] the transcriptional activation com-
plex rapidly dissociates in the darkness stopping further tran-
scription of PspCas13b.[24

We first tested whether Lockdown would specifically down-
regulate mRNA under blue light (Figure 1b,c). We designed
two gRNAs targeting Firefly luciferase (FLUC) mRNA and co-
expressed them with FLUC in Human embryonic kidney cells
(HEK-293T). As expected, only the presence of a suitable gRNA
and blue light illumination (10 umol m2 s at 460 nm for 24 h)
reduced FLUC-levels down to about 20% compared to levels
obtained from cells kept in the dark (Figure 1b). The repression
levels under blue light matched the levels obtained upon consti-
tutive PspCas13D expression (Figure 1c).l%

In order to assess the functionality of the system in a dif-
ferent experimental setup, and in particular for future mid-
throughput applications, we illuminated Chinese hamster
ovary cells (CHO-K1) in 96-well glass bottom plates with dif-
ferent blue light intensities using an optoPlate-96 illumination
device (Figure S1, Supporting Information).?®3! In this multi-
well plate format, the downregulation of FLUC levels under
blue light compared well with the results in HEK-293T cells
(Figure 1b), even at lower light intensities.

We next set to complete the evaluation of the functionality
of the system, by performing an experiment to analyze the
effects of Lockdown as reflected at the mRNA and protein
levels using three different methods (Figure 1d—f). For this,
we designed two EGFP-specific gRNAs and expressed EGFP
from a constitutive PGK promoter. Co-expression of mCherry
served as control to validate that loss of EGFP abundance
under blue light occurs specifically and not as a result of an
artifact. Quantitative real-time PCR (qRT-PCR) experiments
showed a clear reduction in mRNA levels for EGFP while
those of mCherry remained comparable between samples
that where either illuminated with blue light or kept in the
dark (Figure le). The mRNA degradation effects also showed
the expected dependence on the presence of a corresponding
selective gRNA. In a microscopic analysis at the whole cell
level, EGFP fluorescence remained unaffected in the absence
of the Lockdown components with the matching gRNA,
regardless of the illumination condition (Figure 1f, upper
panel and Figure S2, Supporting Information). In contrast,
the Lockdown system including either gRNA strongly reduced
the EGFP signal in blue light conditions, while mCherry
remained comparable in all conditions (Figure 1f, lower
panels and Figure S2, Supporting Information). We further
confirmed the microscopically-observed reduction in EGFP
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signal under blue light using western blot analysis (Figure le
(center) and Figure S5, Supporting Information).

Methods for downregulation of protein abundance usually
target only one step of the gene expression process, which spans
from the regulation of transcriptional initiation of a specific
gene up to ribosomal translation into the final protein and the
stability thereof.”32l However, these methods are often insuffi-
cient to entirely block and/or reduce the abundance of a specific
protein. A recently published optogenetic system for downregu-
lation of protein levels (Blue-OFF) demonstrated the effect of
a synergistic regulation on different levels.[””l The system con-
sists of two components, B-LID (blue light-inducible degrada-
tion domain), a blue light-activated protein degradation module
fused to the protein of interest, and the light-responsive KRAB-
EL222 repressor protein. Combined light-induced repression
of transcription using KRAB-EL222 and protein stability with
B-LID decreased the abundance of given cellular target pro-
teins substantially.””! The remaining protein levels present after
induction of transcriptional repression and protein degradation
likely result from mRNA transcribed before the repression was
exerted. Hence, we hypothesize that by degrading the remaining
mRNA, Lockdown could contribute to a quantitative loss of the
protein. We therefore combined the Blue-OFF system with
Lockdown to simultaneously repress the abundance of FLUC
on three regulation levels: transcriptional repression, mRNA
degradation, and protein degradation (Figure 2a,b). First, we
transfected HEK-293T cells with the different components of
the Blue-OFF system achieving a reduction of the relative pro-
tein abundance down to 3,3% after induction with blue light in
comparison to darkness (Figure 2b and Figure S3, Supporting
Information). The combination of Lockdown utilizing any of
the gRNAs (see Figure 1b,c) with the Blue-OFF system led to
a reduction of around 99% of FLUC under blue light, demon-
strating the advantages of integrating the different systems for
the quantitative depletion of a protein of interest.

To demonstrate the ability of Lockdown to regulate cellular
processes, we aimed at knocking down endogenous genes in
mammalian cells. Since this approach does not require fur-
ther protein engineering, one can in principle easily adapt
the strategy to any endogenous RNA by expressing an ad
hoc designed gRNA. The human cyclin-dependent kinase 1
(Cdkl)-family of kinases constitutes one of the main regula-
tors integrating external and internal stimuli that influence cell
cycle control and cell division.[?>333¢1 Cdk1 plays an essential
role at the checkpoint coordinating the G2/M phase transi-
tion.[2526:37.38] Inhibition of Cdkl in human cells stalls the cell
cycle through a G2/M arrest, and dysregulation of factors asso-
ciated with the control of Cdks frequently engage in tumor
development.*¥ We designed two gRNAs targeting endog-
enously produced human CDK1 mRNA and tested the effects
caused by blue light-induced degradation in HEK-293T cells
(Figure 3a,b). Lockdown including either of the gRNA led to a
significant reduction in the total cell count when cells were illu-
minated with blue light (Figure 3b and Figure S4, Supporting
Information). The observations demonstrate the feasibility of a
generalized use and the applicability of Lockdown for the blue
light-dependent downregulation of endogenous mRNAs.

Use of RNA interference approaches and riboswitches have
significantly contributed to groundbreaking advances in life
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Figure 2. Combined repression of protein levels using Lockdown and Blue-OFF. a) Schematic description of the Lockdown and Blue-OFF combina-
tion setup. In the dark, Lockdown and Blue-OFF are inactive, leading to usual expression levels of target proteins (FLUC). Under blue light, Cas13b
(Lockdown) cleaves the target mRNA, whereas the KRAB-EL222 repressor protein and the B-LID degron (Blue-OFF) repress FLUC production on the
transcriptional and post-translational level, respectively. Under blue light, the Blue-OFF system acts by recruiting the KRAB repressor to the promoter
by binding of EL222 to 5 repeats of the C120 sequence. B-LID is fused to the FLUC target protein and exposes a RRRG-degron sequence upon illumina-
tion, leading to proteasomal degradation. b) Combinatorial analysis of the Lockdown and Blue-OFF components shown in (a). FLUC bioluminescence
was determined from lysates of HEK-293T cells expressing the indicated components. The gRNAs from Figure 1b,c were used. Cells were illuminated
with 460 nm light for 24 h, or kept in the dark. Values were normalized to the corresponding dark sample. n = 4, error bars indicate one standard error

of the mean (SEM).

sciences.?%* These RNA tools have for example successfully
been used to study signaling pathways, cancer therapeutics, and
cell cycle regulation.[*?*] However, only a few optogenetic tools
for the control of mRNA exist.2°-23] The here-described Lock-
down system combines optogenetic regulation of transcription
with RNA-guided RNA processing by the PspCas13b ribonu-
cleoprotein to generate optogenetic control of RNA degrada-
tion. Lockdown is compatible and synergistically active with
the Blue-OFF system, achieving nearly complete depletion of
a protein through combined blue light-triple-induction of tran-
scriptional repression, and mRNA and protein degradation.’]
Lockdown synergistically combines recent independent devel-
opments in synthetic biology: One is the optogenetic switch that
controls the temporal and spatial resolution of the system as
well as PspCas13b levels depending on blue light intensity.[242°]

Adv. Biology 2021, 5, 2000307 2000307 (4 of 7)

The other development is PspCas13b, which mainly contrib-
utes to the knockdown specificity of the system what indirectly
influences also the overall efficacy. The PspCas13b component
itself combined with Lockdown remains unchanged from ear-
lier reports and therefore one can assume that previous char-
acterizations of the system indicating a high specificity are
valid.”) The LOV2-based blue light photoswitch has short dark
reversion kinetics, therefore the use as gene-expression system
requires a near constant illumination over the desired induc-
tion time and high light intensities when used in deep tissues
due to the low penetration depth of said short wavelengths.
However, it benefits from the readily bioavailable FMN cofactor
in contrast to red and green optogenetic switches.

The last decade has witnessed hundreds of applications
where optoswitches targeted diverse cellular processes.!! This
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Figure 3. Cell cycle control using Lockdown. a) Human Cdkl controls cell cycle G2/M transition. Blue light illumination activates Lockdown (see
Figure 1a) to degrade endogenous hCdkl mRNA, leading to G2 cell cycle arrest and inhibition of cell division. Constitutively expressed gRNA deter-
mines the specificity for the hCdk1l mRNA. b) The total cell count was determined from HEK-293T cells expressing the indicated components. The
cell count reduction in response to 24 h of blue light illumination is shown. lllumination was started 4 h post transfection. For total cell numbers see
Figure S4, Supporting Information. gRNA1 and gRNA2 were expressed from plasmids pTBPF021 and pTBPF020, respectively. n =4, error bars indicate
one standard error of the mean (SEM). The statistical significance was determined using a one-way ANOVA analysis (P < 0.01) and is indicated with

bold letters.

work illustrates the potential of combining optogenetic tools
for the simultaneous and orthogonal control of molecular pro-
cesses. We show the wide applicability by precisely targeting
different exo- and endogenous mRNAs, what solely requires the
ad hoc design of a specific Cas13 gRNA. Lockdown advances
the precise study of physiological effects, such as modulation
of the cell cycle, and holds the future potential to assist in the
investigation of unknown cellular processes.

Experimental Section

All used and designed plasmids and oligonucleotides are described
in Tables S1 and S2, Supporting Information. Oligonucleotides used
for quantitative real-time PCR are described in Table S3, Supporting
Information. All gRNAs used in this study were designed as described
elsewhere and inserted into an U6 promoter-driven mammalian
expression vector.’) All gRNA sequences are described in Table S4
(Supporting Information). All experiments are based on transient
plasmid transfection of the respective mammalian cells.

Human embryonic kidney cells (HEK-293T; DSMZ, Braunschweig,
Germany) and Chinese hamster ovary cells (CHO-K1; DSMZ) were
cultivated and seeded as described elsewhere.l*!l Cells were transfected
in 24-well (5 x 10* cells) or 96-well (8 x 10% cells) plates using
polyethyleneimine (PEl; Polysciences Inc. Europe, Hirschberg, Germany;
no. 23966-1) as described. If not indicated otherwise, all plasmids
were transfected with the Lockdown system consisting of the AsLOV2-
based blue light system (plasmid pKM516),?4l the inducible PspCas13b
(pTBPFO01), and a sequence-specific gRNA plasmid (Table S4,
Supporting Information) in equal amounts w/w. 24 h post transfection,
cells were illuminated with 460 nm light for the indicated periods of time
with a light intensity of 10 umol m=2 s™" or kept in darkness (typically
for 24 h, unless indicated otherwise). Samples were illuminated using
custom built LED light boxes housing 460 nm light-emitting LEDs.[’]
In Figure S1, Supporting Information, illumination was done in

Adbv. Biology 2021, 5, 2000307 2000307 (5 of 7)

optoPlate-96 illumination devices.%3! Cell culture work was performed
using safe light (522 nm) to prevent unintended activation of the light-
sensitive systems.

To quantify luciferase bioluminescence, cells were lysed and
incubated as previously described.l?’] For cells grown in 96-well plates,
the supernatant was removed and the substrate was directly added to
the cells without prior cell lysis. Luminescence was monitored using a
Centro XS* LB960 Microplate Luminometer (Berthold Technologies, Bad
Wildbad, Germany). Confocal imaging was performed with an Eclipse
Ti microscope (Nikon, Tokyo, Japan) equipped with a C2plus confocal
laser scanner and a 20x air objective, NA = 0.45. Cells were seeded on
glass coverslips and fixed with paraformaldehyde as described.6! EGFP
and mCherry fluorescence were visualized using an excitation laser
of 488 and 561 nm and emission filters of 505-545 and 570-620 nm,
respectively.

For qRT-PCR experiments, RNA was isolated using the NucleoSpin
RNA Plus Kit (Macherey Nagel, Diiren, Germany). The yielded RNA was
further converted into cDNA utilizing the LunaScript RT SuperMix Kit
(NEB, Ipswich, MA, USA). gRT-PCR experiments were conducted using
a OneStepPlus Real-Time PCR system Thermal Cycling Block (Applied
Biosystems, Foster City, CA, USA) and a Luna Universal Probe qPCR
Master Mix (NEB) with 10 ng of cDNA per sample in triplicate reactions.
Cycling conditions were set according to the master mix manufacturer’s
protocol.

For western blot experiments, HEK-293T cells were lysed in
radioimmunoprecipitation buffer (150 x 103 M NaCl, 20 x 1073 m
Tris-HCl, pH 7.5, 0.1% NP40, 5 x 1073 m EDTA) containing cOmplete
Mini protease inhibitor (Roche, Basel, Switzerland). The lysates were
centrifuged at 13000 g for 10 min at 4 °C and the supernatants were
transferred into new reaction tubes. The samples were mixed with 4x
SDS buffer (Sigma Aldrich, St. Louis, MO, USA) (4:1) and incubated
at 95 °C for 10 min. 10 pL of each sample were separated by SDS-
PAGE on a 15% polyacrylamide gel and subsequently transferred onto
a polyvinylidene fluoride membrane (Bio-Rad Laboratories, Hercules,
CA, USA). The membranes were treated with the anti-GFP (Torrey
Pines Biolabs, Secaucus, NJ, USA; TP-401) or anti-Actin (Sigma-Aldrich;
A2066) primary antibodies. Protein detection was performed using an
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anti-rabbit secondary antibody conjugated to horseradish peroxidase
(Cell Signaling, Danvers, MA, USA; 7074S) and the ECL detection kit
(GE Healthcare, Chicago, IL, USA). Chemiluminescence was visualized
using a Universal Hood IIl imaging system (Bio-Rad Laboratories).
Band intensities were measured using Image] (National Institutes of
Health, Bethesda, MD, USA) and normalized to the respective loading
control.

For cell proliferation assays, HEK-293T cells (30 x 10* cells) were
seeded in 24-well cell culture dishes and transfected as described
above. lllumination was started 4 h post transfection as described
before. The next day, cells were trypsinized (250 pL, Trypsin/EDTA,
PAN Biotech, Aidenbach, Germany; P10-023500) for 4 min at 37 °C and
resuspended. DMEM complete medium (1 mL) was added and cell
suspension (200 uL) was added to CASYton buffer (10 mL, OMNI Life
Science, Bremen, Germany; 5651808) inside a CASYcup (OMNI Life
Science) before the cell concentration was determined by electronic
current exclusion (ECE) technology with a Cell counter CASY (OMNI Life
Science).

Data analysis, calculation of corresponding P-values, and generation
of graphs were done using GraphPad Prism 7 (GraphPad Software,
Inc.). Data from illuminated samples shown in Figures 1b,e and 2b
and Figures S1, S3 and S4 (Supporting Information) were normalized
to the corresponding sample kept in the dark. In Figure 1c, data were
normalized to the conditions lacking the Cas13b expression plasmid.
Significance of equally treated samples of the respective light conditions
in Figure le was calculated using a paired two-sided student’s t-test. The
statistical significance of reduction in total cell numbers in Figure 3b was
determined using a one-way ANOVA analysis (P < 0.01) and is indicated
with bold letters. Statistical outliers were determined and excluded as
described elsewhere.[’]

Supporting Information

Supporting Information is available from the Wiley Online Library or
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