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Summary
Gene therapy holds great therapeutic potential. Yet, controlling cargo expression in

single cells is limited due to the variability of delivery methods. We implement an
incoherent feedforward loop based on proteolytic cleavage of CRISPR-Cas activation or
inhibition systems to reduce gene expression variability against the variability of vector
delivery. We demonstrate dosage control for activation and inhibition, post-delivery
tuning, and RNA-based delivery, for a genome-integrated marker. We then target the
RAI1 gene, the haploinsufficiency and triplosensitivity of which cause two autism-related
syndromes, Smith-Magenis-Syndrome (SMS) and Potocki-Lupski-Syndrome,
respectively. We demonstrate dosage control for RAI1 activation in HEK293s, Neuro-
2As, and mouse cortical neurons via AAVs and lentiviruses. Finally, we activate the
intact RAI1 copy in SMS patient-derived cells to an estimated two-copy healthy range,
avoiding the harmful three-copy regime. Our circuit paves the way for viable therapy in
dosage-sensitive disorders, creating precise and tunable gene regulation systems for
basic and translational research.

Introduction

For basic research and potential therapies, it is now routine to deliver genetic
materials into cells to change the expression level of target genes using vectors such as
lentiviral vectors, AAV (adeno-associated virus), and messenger RNA (mRNA)
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encapsulated in lipid nanoparticles. However, cargo expression stemming from such
delivery methods have remained inherently variable, both between individual cells within
an experiment and across different batches. There remains a scarcity of methods to
quantitatively maintain the target gene at predefined levels against delivery variability.
Such methods would empower large swaths of biomedical applications sensitive to
gene dosage. For example, there are many genetic disorders where increased or
decreased levels of a gene are both pathological such as in autism spectrum disorders."
RAI1 (retinoic acid-induced 1) is a notable example: its heterozygous loss of function
causes Smith—Magenis syndrome (SMS) and its duplication causes Potocki—Lupski
syndrome (PTLS), with several opposing phenotypes.?~” Another prominent example is
the methyl-CpG-binding protein 2 (MECPZ2) gene. Its loss-of-function causes Rett
syndrome, while its duplication causes MECP2 duplication syndrome.? Similarly, in
basic research, although it is now straightforward to overexpress or knock down target
genes and examine the phenotype, it is much more difficult to establish quantitative
genotype-phenotype relations, especially when such relations are non-monotonic.® We
would meet all these challenges if we could bridge the critical gap between the
variability of vector delivery and the need for controlling the dosage of the target gene
(Fig. 1A).

The incoherent feedforward loop (IFFL) is a circuit motif broadly found in natural
biological pathways.'®'" In an IFFL, one common input passes through an activating
arm that increases the level/activity of a target gene and a parallel inhibitory arm that
decreases it (Fig. 1B). These antagonistic arms maintain the output level against input
variability. Inspired by nature, synthetic biologists have been engineering IFFLs to buffer
against delivery variability. In this context, the level of the vector serves as the input. An
ideal engineered IFFL would exhibit the following features. (1) For robust functionality, it
would depend minimally on the host cell. (2) It would be broadly compatible with
different delivery methods. (3) It would enable both the increase and the decrease of
diverse target genes. (4) We should be able to tune it to maintain the target gene at
different levels (referred to as “set points” hereafter).

Previous IFFLs relied on an inhibitory factor directly or indirectly targeting a
delivered target gene. Over the years various inhibition factors were implemented, such
as transcriptional repressors, antagonists, and RNAI.'>-20 While all have achieved
impressive dosage control, the most prominent mechanism of repression remains RNAI,
which has been proven effective in multiple scenarios, including targeting a
neurogenetic disease model in vivo while demonstrating some of the features
mentioned above.?° Inspired by RNAi-based IFFLs, we also recognized several
limitations. First, because the inhibition factor requires endogenous RNAi machinery
while target gene expression requires transcription and translation, final expression
levels will depend on cellular context. Consequently, with RNAi machinery saturated at
high vector levels, the dosage control behavior is compromised. Second, whereas the
set point is tunable through the choice of miRNA and its binding site, it cannot be tuned
dynamically post-delivery. Since the optimal dosage and the delivery efficiency likely
differ between patients, post-delivery tuning using small molecules might prove crucial
for some applications. It is currently nontrivial to build that tuning capability into RNAI-
based IFFLs. Third, for such IFFLs to operate as intended, the components constituting
both arms must be constantly produced from the vector. This precludes the use of
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MRNA vectors. Due to the transient, non-mutagenic nature of mRNA, they are the safer
option in certain applications compared to DNA viral vectors,?' and it would be useful to
prepare IFFLs for this emerging delivery modality.

To create IFFLs that meet the above criteria, we reason that proteolytic cleavage
is a compelling candidate for the inhibitory arm. We choose viral proteases and their
highly specific cleavage sites, where the self-contained cleavage event will not rely on
additional host cell machinery other than transcription and translation, which both arms
share. Such systems have been extensively engineered and demonstrated for diverse
controls,??2® offering variants suitable for both a priori and post-delivery tuning of set
points. Furthermore, such post-translational proteolytic cleavage is compatible with
mMRNA delivery. As for the activation arm, one could potentially engineer any target
protein to be controlled by proteolytic cleavage, but that would require ad hoc
engineering for each new target to ensure that its function is not impaired by the
inclusion of the protease cut site, and that its function is inhibited by protease presence.
Furthermore, almost 50% of autosomal human genes predicted to be both
haploinsufficient and triplosensitive are too large to fit into an AAV (Fig. 1C), arguably
the most promising long-term delivery vector for treating such diseases.?* Therefore, we
set out to indirectly regulate the target gene through Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR)-based mechanisms. This both allows us to
overcome the length limitation while targeting various too-large-to-fit genes, and grants
us flexibility in regulation strength. Additionally, we can now create dosage-insensitive
inhibition via CRISPR-based RNA-interference systems, such as the RNA-targeting
Cas13.2° This allows us to target triplosensitivity disorders, such as PTLS, where
dosage control is impossible to achieve with current IFFL-based methods that rely on
the delivery of the target gene.

Here, we combined experimental and computational methods for the novel
implementation of IFFLs based on proteolytic cleavage and CRISPR
activation/repression. Using transient, genome-integrated, and endogenous target
genes, we demonstrated the IFFLs’ feasibility, tunability, mMRNA compatibility, and
capability of both increasing and decreasing target gene expression. As a
therapeutically pertinent example, we used proteolytic IFFLs to control RA/1 dosage via
various delivery methods and in multiple contexts. We demonstrate that our IFFL
decreases the upper-bound gene expression variability when delivered via AAVs to
murine cells. Lastly, we adapted our IFFL to target human RA/1 and demonstrated
dosage control in both HEK293 and SMS patient-derived cells when delivered via
lentiviruses.

Results
Establishing proteolytic IFFLs using a synthetic reporter

For the IFFL building blocks, we prioritize those that have been well-
characterized and extensively engineered: catalytically inactive SpCas9 (dCas9) fused
to a transcription activation domain (VP64) and tobacco etch virus (TEV) protease (Fig.
1D). In subsequent experiments, we replace VP64 with a more potent activation
domain, NZF,?8 whenever we expect the strength of transcription activation to be a
limiting factor, and we replace SpCas9 with sadCas9, when we prefer compactness. For
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proteolytic inhibition, we inserted a TEV cleavage site between dCas9 and the
transcription activation domain.

To qualitatively explore possible outcomes, we developed a computational
simulation model. We used ordinary differential equations to describe the reactions,
where cleavage between dCas9 and VP64 simply abolishes transcription activation. We
used parameter values in experimentally grounded regimes and indeed observed that
the presence of the inhibitory TEV protease reduces the range of output levels given the
same range of vector levels (Fig. 1E). As expected, higher amounts of TEV protease
relative to CRISPRa leads to stronger dosage control effects.

To expedite the design-build-test cycles, we adopted a synthetic system for the
initial experiments. We created a human embryonic kidney (HEK) 293 cell line with a
genomically integrated GFP reporter under the control of seven repetitive tetR-response
elements (TRE), which we paired with a TRE-targeting guide RNA. At first, we
transiently transfected multiple plasmids encoding the IFFL components, taking
advantage of the known high correlation between the uptake of distinct plasmids in
lipofection.?” This multi-plasmid paradigm facilitates component swapping and
stoichiometry titration for initial optimizations. To test our system, we conducted two
parallel experiments that differ in how we consider the variability in dosage: in the first,
we transfected different amounts of our IFFL plasmids (25ng - 400ng) to mimic variable
DNA dosage delivery and examined the average output levels (Fig. 1F), which we
termed “circuit titration”. In the second, we included a co-transfection marker to indicate
overall plasmid uptake in individual cells, which we termed “co-transfection method”.
This is a widely used technique, and it captures a wider range of vector level variability
than circuit titration. Since it is also easier to implement, we included several conditions
where we change the amount of TEV plasmid, thus observing its effect on dosage
control (Fig. 1G). Consistent with the trend predicted by the simulation, both
experiments indicated dosage control, with the co-transfection marker method also
showing that the presence of TEV protease reduces the range of output levels while
creating a distinct dosage-insensitive region (Fig. 1G).

The co-transfection marker method revealed a trend of negative correlation
between the output and the vector amount towards the high end of co-transfection
marker expression (Fig. 1G). This was also observed when analyzing the running
averages of the circuit titration (Fig. S1A), suggesting that taking the average of all
transfected cells (Fig. S1B) would skew the average GFP fluorescence. Thus, to extract
the quantities for Fig. 1F, we only considered cells that are within the monotonic regime.
We hypothesized that the non-monotonic effect may be due to the creation of inactive
dCas9 species that can bind to target sites and outcompete functional activators (Fig.
1H). To test this hypothesis, we added such a competitive inhibition feature to our
simulation, and indeed observed the non-monotonic behavior qualitatively consistent
with the experiments (Fig. 1H). Because in therapeutic contexts it is often difficult to
achieve high vector uptake, this high-vector regime is likely irrelevant there.
Nevertheless, it allowed us to demonstrate the utility of computational simulation in
testing the intuitive interpretation of experimental outcomes.

Demonstrating unique features of proteolytic IFFLs
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Although we achieved set point modulation by varying the amount of the
protease (Fig. 1G), in the final use cases it would be difficult to keep the stoichiometry
constant at the single-cell, and a possible solution would be to vary protease activity
instead. Therefore, we tested truncated variants of the TEV protease, and indeed
observed set point modulation using transient transfection in HEK293 cells (Fig. 2A).
While truncated variants “hard code” set point values, we also need a paradigm to
externally fine-tune the set point post-delivery. We achieved this by using a split TEV
protease with the two halves fused to engineered versions of FRB and FKBP,
respectively. The FRB and FKBP domains dimerize in response to a small molecule,
rapalog, thus reconstituting protease activity. Since we hypothesized that splitting TEV
would weaken the repression arm of the IFFL, we included a second cut site between
dCas9 and VP64 to improve TEV sensitivity (Fig. S1C). We demonstrated fine-tuning of
the set point by administering different amounts of rapalog (Fig. 2B).

To demonstrate the compatibility of proteolytic IFFLs with mRNA delivery, we
encode TEV protease and the CRISPR components on separate in vitro transcribed
MRNAs. Since expression from mRNA is lower than in DNA transfections, we replaced
VP64 activation domain with the more potent NZF. We then transfected them into the
HEK293 cell line along with the mRNA of a co-transfection marker. Using the same
genomic TRE reporter as those used above, we observed mRNA-delivered, IFFL-
mediated dosage control (Fig. 2C).

To flip the sign of target gene regulation, we chose the RNA-guided RNase
Cas13. Computational simulation suggests that such an IFFL would achieve dosage
control in the down regulation of the target gene (Fig. 2D). We chose RfxCas13d
(referred to as CasRXx), due to its small size and interest for therapeutics use.?® Since it
has recently been determined that CasRx has strong collateral activity that only occurs
when targeting abundant mRNA transcripts,?® we chose a regime where collateral
activity is minimized (Fig. S2A). To establish proteolytic inhibition of Cas13, we
screened for cleavage site positions where the site minimally disrupts Cas13 activity,
yet makes the enzyme susceptible to protease cleavage (Fig. S2B). After displaying
limited inhibition effect, we added a second cleavage site at its N terminus based on
the “N-end rule”3® such that, once exposed upon cleavage, it will serve as a degradation
signal and further reduce Cas13 activity (Fig. 2D and Fig. S2C). We then performed a
circuit titration with this construct and observed dosage control for repression (Fig. 2E
and Fig. S2D and).

IFFL-mediated activation of Rai7 using a dual AAV system in primary mouse
neurons

While synthetic reporters facilitate initial optimization, they do not fully represent
the challenges one might encounter in actual applications. Using Rai1 as an example,
we set out to examine whether proteolytic IFFLs can achieve dosage control for a
therapeutically relevant endogenous gene in a more realistic context. RA/1's full length
is ~20kb, including introns, with the cDNA spanning ~7.6kb; such a large gene would be
difficult to deliver via AAVs, given the 4.8kb size limitation. Since our current system is
also too large to fit on a single AAV, we opted to use a dual AAV system: in the first
AAV we replaced spCas9 with its shorter version, sadCas9, and placed it with half of
TEV, in the second we placed the gRNA3' and the other half of TEV, either an active
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one (IFFL) or a catalytically dead one (CRISPRa-only) (Fig. 3A). The split halves of
TEV are fused to heterodimerization leucine zippers that will lead to the reconstitution of
TEV when both halves are present.

This method ensures that the strength of the inhibitory arm is coupled to the levels of
both AAVs in a cell.

To test whether this dual AAV system can control Rai1 expression, we transiently
transfected it to N2A cells, a mouse neuroblastoma cell line. (Fig. 3B). We could see
2.3 fold change for the CRISPRa-only case, while the IFFL produced 1.8 fold change,
compared with the negative control, indicating successful modulation of gene activation.
To go beyond ensemble measurements, we adopted the hybridization chain reaction
(HCR) protocol to quantify mRNA transcripts in single cells (Fig. 3C).3? We then
performed HCR on N2A cells transduced with our dual AAV system, this time with a
BFP gene on the second AAV, to be used as a transduction marker. We use HCR to
visualize mRNA transcripts for the housekeeping gene GAPDH, Rai1, and exogenous
BFP using flow cytometry. We observe that our IFFL system has a lower normalized
Rai1 activation than CRISPRa alone (Fig. 3D, left and Fig. S3A). Most notably, the
CRISPRa alone condition exhibits a long tail of highly activated cells, curtailed in the
IFFL condition, as is quantified using right-hand kurtosis (Fig. 3D, right).

Lastly, we transduced primary mouse neurons with the dual AAV system and
used HCR to visualize mRNA transcripts using confocal microscopy (Fig. 3E). As can
be seen, Rai1 transcripts appear as puncta and are visually more abundant in the
CRISPRa and IFFL conditions compared to non-transduced cortical neurons, indicating
that transduction was successful and there is indeed Rai7 activation (Fig. 3F and Fig.
S3B). To quantify the effect and study the variability at the single cell level, we
calculated the percent area of the cell that is positive for Rai1 and plotted the three
histograms (Fig. 3G), as described in Star Methods and Fig. S3F. While overall
activation was relatively low, both IFFL and CRISPRa histograms have peaks higher
than the non-transduced median (>0.86%), indicating activation, and peaks in the lower
region (<0.86%), likely from cells that have not been or are inadequately transduced.
Notably, the IFFL histogram has a drop in density on the right side, while the right-hand
tail of the CRISPRa condition is longer and shows cells with normalized Rai1 levels
near the 3x non-transduced mark (2.6%). Taken together, our data indicates that the
IFFL reduces upper-bound variability of Rai1 activation in both N2A cells and primary
cortical neurons when transduced with AAVs.

IFFL-mediated activation of RA/7 in human SMS patient cell lines

Finally, we investigate whether proteolytic IFFLs can activate RA/7 to an
intermediate level without overshooting into the potentially detrimental regime in a
human patient context. First, we screened for human RA/7-targeting guide RNAs in
HEK293 cells (Fig. S3A-D), and identified one that enabled CRISPR-based activation of
endogenous RA/1, which we used for all subsequent experiments. When targeting RAI1
in HEK cells, the activation strength can be countered by 5ng of the TEV protease,
which constitutes 1% of the total amount of the CRISPRa system delivered (Fig. 4A).
Interestingly, the variability between independent replicates was also minimized with
TEV expression, although more replicates would need to be tested to validate this
effect.
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While our AAV results above hinted at the feasibility of proteolytic IFFLs, the
additional variability and reduced efficiency caused by dual vector delivery were likely
the reason for the suboptimal activation. Therefore, to achieve adequate circuit
expression and to “lock” the stoichiometry between all components, we switched to
encoding them on a single lentivirus vector. As can be seen in Fig. 4B, while the range
of activation and tunability is significantly smaller than demonstrated using transient
transfection, we were nonetheless able to observe IFFL-mediated dosage control of
RAI1 overexpression in HEK293s, where the set point is tunable using truncated
variants of the TEV protease. We note that, because lentiviral delivery is much less
variable than plasmid transfection, the ranges of vector and output variability here are
much smaller than in transient transfection. We consider the relatively modest variability
here to be more pertinent to the intended use cases, where there would be a critical
difference between two vs. three copies of a causal gene underlying a genetic disorder.
Nevertheless, it is promising that the dosage control behavior and tunability hold true
when examined over orders of magnitude of vector levels as well as merely several
folds.

Finally, we tested the lenti-encoded IFFL in a B-lymphoblastoid cell line (B-LCL)
derived from an SMS patient (Fig. 4C). This cell line enables us to quantitatively
evaluate circuit performance on the only intact copy of RA/1 in the haploinsufficient
scenario. Such B-LCLs have been used to assess the potential immune phenotype of
RAI1 haploinsufficiency compared to B-LCLs derived from healthy individuals, and are
therefore of potential clinical relevance.®® As can be observed in Fig. 4D, CRISPR
activation alone increases RA/1 levels by almost threefold, whereas the IFFL brings it
back down to around twofold, indicating the functionality of the proteolytic inhibition.
Most notably, and similarly to the previous figure, the CRISPRa condition exhibits a long
tail of highly activated cells; this tail is less populated in one replicate of the IFFL, and
completely gone in the other. Overall, our data indicates that the IFFL reduces upper-
bound variability of RA/1 activation in SMS patient-derived cell lines when delivered via
lentivirus.

Discussion

Scientists have recognized the importance of dosage control via IFFLs for their
potential in biomedical applications sensitive to gene dosage, as well as to offer better
control over gene-manipulation techniques for scientific research in general. While most
successful approaches rely on a delivered gene inhibited by a self-targeting microRNA,
we adopted a different approach. By implementing an IFFL via proteolytic cleavage of
CRISPR-Cas systems, we tackled a few fundamental limitations of current systems.
First, our use of the protease as the inhibitory arm allowed us to create a closed system
that does not rely on an endogenous pathway, which can vary between cells, break
down as the system gets saturated, and interfere with cell functions. Second, we
demonstrated post-delivery tuning by utilizing a small molecule-activated split-TEV, a
difficult feat with an miRNA-based system. Third, delivery via mRNA was possible due
to the constant production of both TEV and CRISPR-Cas from their respective mRNAs,
enabling first-ever dosage control for RNA delivery, a safer and less costly avenue for
transient gene therapy. Finally, by utilizing the CRISPR-Cas systems as the activating
arm, we both removed the length limitation of the target gene and opened the door for
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dosage control for repression. This also grants us compatibility with high-throughput
CRISPR-based screens. Such screens are highly affected by dosage variance between
constructs which is hard to account for in downstream analysis, and therefore could
benefit from a more uniform expression. Taken together, our study represents an
important milestone in the design and characterization of proteolytic IFFLs. We
demonstrate, for the first time to our knowledge, post-delivery dynamic tuning, RNA-
based delivery, and dosage control for target gene repression. We also demonstrate
dosage-control in a therapeutic context, for a potential avenue for dosage-sensitive
neurogenic genetic disorders.

Limitations of the Study

Using our protein-based IFFL, we demonstrated dosage control over several
orders of magnitude, in various cell types and via different delivery methods. Yet, a few
aspects require additional work. First, in our demonstration for dosage control via the
dual AAV system, the activation efficiency was relatively low (Fig. 3D & 3F), most
probably because of low transduction efficiency following the requirement for a double-
AAV infection. While the dual AAV approach is a common solution for large cargos,34:3°
and Cas13 is small enough as is, we can miniaturize our activation system to fit on a
single AAV by using shorter promoters,6-37 or utilizing smaller CRISPRa systems.38 In
addition, in a few of the synthetic system cases, we see decreased activation towards
the high end of the transfection marker, due to competitive inhibition (Fig. 1H). While
this behavior is not observed for AAV and lentivirus delivery methods, we could place
the TEV cut site location so that the CRISPR-cas system binding ability is abolished.
Lastly, the therapeutic potential of our IFFL for SMS would be best characterized in
SMS mouse models, with the viral vector directly delivered to the relevant brain region.
Nonetheless, our work demonstrates robust and tunable dosage control for creating
precise gene regulation systems for basic and translational research.
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Main figure titles and legends

Figure 1: Establishing proteolytic IFFLs using a synthetic reporter

1A: Schematic describing dosage-independent gene expression. Current gene delivery
methods lead to a stochastic distribution of gene expression levels due to inherent
differences in single-cell dosage. An ideal gene delivery system would eliminate this
heterogeneity while allowing for tuning of the gene expression level.

1B: Schematic of an incoherent feedforward loop. The output is able to remain
invariable to the input due to the input driving both an activating and inhibitory arm.

1C: Histogram of sizes of human genes predicted to be dosage sensitive. Of the 913
genes predicted to be dosage-sensitive, 430 are longer than 3.8 kb and are likely too
large to be packaged into an AAV.

1D: Schematic of engineered activation circuit. TEV protease is used to inhibit
CRISPRa, creating an IFFL with dosage as the input and CRISPRa activity as the
output. CRISPRa activates gene expression.

1E: Schematic of activation circuit components and simulation of how the components
interact using ordinary differential equations. Without TEV, as DNA delivered increases,
protein expression continues to increase. With TEV, as DNA delivered increases,
protein expression increases and eventually plateaus at a ‘set point’. Increasing
amounts of TEV decreases the ‘set point’.

1F: Dot plot of average GFP (output) as a function of circuit transfected in piggyBac-ed
pTRE3G-GFP HEK293T cells.

1G: Running averages of GFP (output) as a function of mCherry transfection marker
with increasing amounts of TEV plasmid transfected. In highly transfected cells, there is
a non-monotonic effect where GFP decreases. The running window is based on mean
values, and its length is relative to the number of cells (typically 1%-5% of total events).
1H: Schematic and simulation of the circuit with competitive inhibition. The cleaved
dCas9 species can also bind to the target DNA, blocking uncleaved species from
binding and activating the target gene, leading to a non-monotonic effect at high
dosages.

All experiments shown are based on three independent replicates.

Figure 2: Demonstrating unique features of proteolytic IFFLs

2A: Schematic of truncated TEV variants and running average of GFP (output) as a
function of BFP transfection marker using the different TEV variants while keeping TEV
amount constant.

2B: Schematic of rapalog-inducible TEV and running average of GFP (output) as a
function of BFP transfection marker using rapalog-inducible TEV. Rapalog-inducible
TEV consists of split TEV with each half fused to either FRB or FKBP. Upon introduction
of the small-molecule drug rapalog, the two halves are brought together, forming a
functional TEV protease. There are two TEV cut sites between dCas9 and the
transcriptional activator.

2C: Schematic of mMRNA delivery and running average of GFP (output) as a function of
BFP transfection marker when the circuit is delivered using mRNA.

2D: Schematic of engineered repression circuit based on Cas13 and its simulation using
ordinary differential equations. Cas13 is an mRNA cleaving enzyme.TEV protease is
used to inhibit Cas13, creating an IFFL with dosage as the input and Cas13 activity as
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the output. The simulation indicates that without TEV, as DNA delivered increases,
protein expression continues to decrease. With TEV, as the delivered DNA amount
increases, protein expression decreases and eventually plateaus at a ‘set point’.
Increasing amounts of TEV increases the ‘set point’.

2E: Schematic of TEV-cleavable Cas13 construct with an N-end degron and dot plot of
average mCherry (output) as a function of circuit transfected in HEK293T cells gated on
highly transfected cells.

All experiments shown are based on three independent replicates.

Figure 3: IFFL-mediated activation of Rai71 using a dual AAV system

3A: Schematic of dual AAV system.

3B: Dot plot of gPCR results of N2A cells transiently transfected with two plasmids
encoding the dual AAV system.

3C: Schematic of HCR steps. (1) DNA probes bind to mRNA targets. (2) Fluorescent
hairpins bind to the DNA probes and amplify, leading to fluorescence which can be
measured using flow cytometry or confocal microscopy.

3D: Histograms and corresponding right hand kurtosis of running medians for
normalized Rai1 expression in N2A cells transduced with the dual AAV system
containing either CRISPRa or IFFL conditions. Cells were gated on positive-stained
cells, FSC-SSC live cells, with high GAPDH expression, and positive BFP signal. BFP
histograms are shown in Fig. S3A. All conditions had two technical replicates with at
least 25,000 cells in each histogram.

3E: Schematic of primary mouse cortical neuron dual AAV experiment.

3F: Confocal microscopy images of primary mouse cortical neurons transduced with the
dual AAV system. GAPDH (AlexaFluor-488), Rai1 (AlexaFluor-647), BFP (AlexaFluor-
546) and Dapi expressions were measured using HCR. Red boxes indicate the field of
view of zoomed-in images. The range for all red channel images was uniformly adjusted
to better display Rai1 mRNA puncta. Scale bars represent 20um.

3G: Histograms depicting the percentage of RAI1 positive pixels out of total soma
region of individual neurons. Data for all three experiments was combined from two
independently transduced wells. Untransduced histogram contains ~80 cells, and both
CRISPRa and IFFL ~100 cells. Median percentages were increased by 35% (IFFL) and
58% (CRISPRa) relative to non transduced.

Figure 4: IFFL-mediated activation of RAI1 in patient cell lines

4A: Dot plot of gPCR results using gRNA targeting RA/1 in transiently transfected
HEK293 cells. Results are based on two biological replicates (full and empty circles)
and three technical replicates.

4B: Running medians of RA/7T mRNA as a function of BFP transduction marker mRNA
for lentivirus transduction of circuit in HEK293 cells.

4C: Diagram of creation of SMS-patient lymphoblastoid cell lines and lentivirus
transduction of CRISPRa circuit and IFFL targeting RA/1.

4D. Histograms of normalized RA/1 expression for each SMS patient lymphoblastoid
cell line transduced with the CRISPRa circuit, IFFL, or no transduction. Two similar
shades represent two independent replicates. Cells were gated on positive-stained
cells, live SSC-FSC plots, high GAPDH expression, and positive BFP signal. BFP
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histograms are shown in Fig. S4E. Median levels for CRISPRa, IFFL and SMS-only
histograms are 0.365, 0.276, and 0.117, respectively, averaged over the two replicates.
CRISPRa and IFFL conditions have two independent replicates with a minimum of 1000
cells in each histogram. SMS-only condition has 90,000 cells.
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Supplemental figure titles and legends

Supplementary Figure 1: Activation circuit analysis and optimization

S1A: Dot plot of mean GFP (output) of all transfected cells as a function of circuit
transfected in piggyBac-ed pTRE3G-GFP HEK293T cells.

S1B: Running means of GFP (output) as a function of mCherry transfection marker for
activation circuit titration. In highly transfected cells, there is a non-monotonic effect
where GFP decreases.

S1C: Dot plot comparing TEV sensitivity of activation circuit where dCas9 has either
one or two TEV cut sites linking it to the activation domain.

Supplementary Figure 2: Engineering a TEV cleavable Cas13

S2A: Dot plots for the on-target and off-target effects of WT CasRx using different
promoters and amounts of mCherry (target) plasmid transfected.

S2B: Dot plots comparing cleav_CasRx7 activity as TEV plasmid amount is titrated
compared to WT CasRx.

S2C: Dot plots comparing teD-cleav_CasRx7 activity as TEV plasmid amount is titrated
compared to WT CasRx.

S2D: Running means for teD-cleav_CasRx7 whole circuit titration.

Supplementary Figure 3: Targeting mouse RAI1

S3A: Histograms of BFP expression for N2A cells transduced with dual AAV system.
S3B: Schematic of confocal microscopy image processing steps for transduced and non
transduced primary mouse cortical neurons.

Supplementary Figure 4: Targeting human RAI1

S4A: |dentification of a human RAI1 sgRNA that upregulates RAI1 expression in 293A
cell line. schematic representation of the positions of sgRNAs (orange) in the human
RAI1 promoter. DNase hypersensitive sites (HS) in H1 human embryonic stem cells
with open chromatin configurations are shown in green.

S4B: positions and sequences of three sgRNAs (orange) followed by Sa protospacer
adjacent motif (PAM) sequences (gray) within human RAI1’s proximal promoter.

S4C: schematic representation of the sadCas9-2 x VP64 constructs used.

S4D: gRT-PCR showing that sadCas9-2 x VP64-sg2 vector increases RAI1 mRNA
expression in 293A cell line.

S4E: Histograms of BFP fluorescence for SMS patient B-cells transduced with either
CRISPRa or the feedforward circuit.
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Materials and Methods

Construction of plasmids

Plasmids were generated using standard molecular cloning practices, including the
following methods: InFusion, ligations, PCR, and annealing. Briefly, all transgene
sequences were ordered from Twist Biosciences, or PCR amplified via plasmids from
Addgene, by primers ordered from IDT and Thermo Fisher Scientific. Backbone
plasmids were restricted using restriction enzymes from Fisher or NEB, and purified.
Then transgenes and backbones were put together via in-fusion (Takara) or ligation
(NEB), transformed via the heat-shock protocol into competent E.coli cells (Turbo- NEB)
and plated on Carb resistance containing agar plates. Plasmids were extracted using
Qiagen miniprep kits and verified by either Sanger sequencing or whole-plasmid
sequencing (Primordium) . Plasmid sources for dCas9 and TRE-targeting gRNA were
generous gifts from Prof. Stanley Qi at Stanford.

Tissue culture work
All cells were cultured in a humidity-controlled incubator under standard culture
conditions (37 °C with 5% CQO2).

HEK293 and N2A cells

HEK293 cells (catalog no. CRL-1573) and N2A cells (VWR, catalog n. MSPP-CCL131)
were purchased from ATCC, and cultured using Dulbecco’s modified Eagle’s medium
(Fisher, 501015428) , supplemented with 10% fetal bovine serum (FBS) (Fisher
Scientific catalog no. FB12999102), 1 mM sodium pyruvate (EMD Millipore catalog no.
TMS-005-C), 1x penicillin—streptomycin (Genesee catalog no. 25-512), and non
essential amino acids (Genesee catalog no. 25-536). The HEK-pTR3G-GFP cell line
was cultured in similar conditions with the addition of Hygromycin.

Lymphoblastoid cell lines (LCLS)

LCLs were purchased from the Coriell Institute (catalog no. GM23786) and cultured
according to their protocol, using RPMI medium supplement with 10% FBS and 1%
Penicillin/Streptomycin. They were grown in vessels made for floating cells with a
breathable film cover. Cells were split once every three days, and cultured at a 1:5 ratio
in fresh media.

Mouse cortical neurons

Primary mouse neurons were purchased from Thermo Fisher Scientific (catalog no.
A15585), thawed, and cultured according to their guidelines. Medium was prepared as
follows: Complete Neurobasal™ Medium supplemented with GlutaMAX™ -|
Supplement (Cat. no. 35050) and B-27™ Supplement (Cat. no. 17504) to final
concentrations of 0.5mM and 2%, respectively. Plates were prepared as follows: 24-well
plates were incubated with Poly-D-Lysine in PBS at 4.5 yg/cm2 for 2 hours in a
biological hood, followed by 3x washes with water. Plates were then left open to dry for
1-2 hours and kept at 4C until use. Cells were thawed and cultured as follows: cells
went through rapid thawing (< 2 minutes) of the frozen vial in a 37°C water bath, then
transferred to the cell culture hood. Pipette tip was rinsed with complete medium and
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very gently transferred the cells to the pre-rinsed 50-mL tube 3 mL of complete medium
(pre-warmed to 37°C) was added to the cells in the 50-mL tube extremely slowly at the
rate of one drop per second. The suspension was then mixed and seeded in a pre-
coated glass bottom 24-well plate (ibidi, 82426) with 1ml complete medium pre-warmed
to 37°C at 200k cells per well. 50% of medium was changed 24 hours post-seeding, and
repeated every 2-3 days.

Transient DNA transfections

HEK?293 cells were cultured in 24-well tissue culture-treated plates under standard
culture conditions. When cells were 60—-90% confluent, they were transiently transfected
with plasmids via the jetOPTIMUS DNA transfection reagent (Polyplus catalog no. 117-
15), as per manufacturer’s instructions using 0.4 ul of reagent per 50 ul of jetOPTIMUS
buffer for 500 ng total DNA transfections in the 24-well plate. To create HEK-pTR3G-
GFP cell line, we transfected HEK293 cells with NK90 piggybac plasmid with a
matching transposase, let them grow for 72 hours and then added Hygromycin for
screening. After 7 days, surviving cells were frozen and used in all activation synthetic-
based experiments.

mRNA synthesis and transfection

The DNA templates for in vitro transcription contained dCas9 and TEV coding
sequences flanked by optimal 5’ and 3’ UTRs as well as a T7 promoter and PolyA tail
(NK409, NK411). The plasmid template with optimal UTRs was a gift from Prof. Michael
Elowitz. In vitro transcribed mRNA was produced and purified by GeneScript Inc. based
on the DNA template. gRNA were produced based on Precision gRNA Synthesis Kit
(Thermo Fisher Scientific, A29377). The purified mMRNAs and gRNA were then
transfected to HEK293-pTRE3G-EGFP at 90% confluency via the Mirus TransIT®-
MRNA Transfection Kit following the manufacturer’s instructions. Briefly, 3 yl of TransIT-
MRNA reagent as well as mMRNA boost were mixed with mRNA and gRNA per well in 24
well plate. Expression of fluorescent proteins on the mRNA was assayed via flow
cytometry 48 hours post transfection.

Flow cytometry and data analysis

HEK293 were harvested approximately 48 h post transfection by trypsinization and
resuspended in flow buffer (HBSS + 2.5 mg ml-1 bovine serum albumin). Cells were
analyzed by flow cytometry (Biorad ZES Cell Analyzer), and data was processed with
Matlab software. Cells were gated for live and single cells based on FSC/SSC and FSC-
A/FSC-W plots. They were then sorted according to the transfection marker signal (BFP
or mCherry, as mentioned) and their EGFP signal averaged over a running window of
1%-5% of total count. EGFP running averages were then plotted on as a function of
transfection marker signal. For HCR experiments, the fluorescent signal detected was
altered to AlexaFluor-488, AlexaFluor-546, and AlexaFluor-647, for detection of
GAPDH, BFP and Rai1, respectively.

RNA extractions and quantitative PCR
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Cells were grown as detailed above, and were spun down at 500g for 5 minutes. RNA
was then extracted using RNAasy mini kit (Qiagen), RNase-Free DNase Set (Qiagen),
and QlAshredder (Qiagen). After extraction RNA concentration was measured via
nanodrop. 5000 ng of purified RNA was then reverse transcribed using SuperScript™ [V
First-Strand Synthesis System (Invitrogen). cDNA were then diluted and added to a
gPCR compatible 96-well plate (Fisher, 4346907) together with gPCR master mix:
SENSIMIX SYBR HI-ROX (VWR, 490017-866 / 868) and primers targeting human or
mouse Rai1 gene. gPCR was carried out on a QuantStudio3 (Applied Biosystems)
using SYBR-Green. RNA estimation was calculated on the basis of the calibration curve
of purified plasmid and normalized by the Ct threshold. The following primer pair
sequences for mouse Rai1, human Rai1 and normalizing gene (B-actin) were used:
Rai1-mouse-F, XX; Rai1-mouse-r, XX; Rai1-human-F,
CCCAGGAGCACTGGGTGCATGA; Rai1-human-r,
GCAGCTGGAACACATCATGTCCACG; B-actin-F, CGTCCACCGCAAATGCTT; B-
actin-R, GTTTTCTGCGCAAGTTAGGTTTTGT.

dRNA screening

The sgRNA oligonucleotides targeting human RAI1 promoter regions were designed
using the Benchling gRNA Design Tool.?° The sadCas9-2 x VP64 vector (Addgene
#135338)*° was used as a backbone vector. It carries mutations in the endonuclease
catalytic residues (D10A, N580A) of a FLAG-tagged saCas9, which was fused on both
N and C termini with transcriptional activators VP64 (four copies of VP16). sgRNAs
were then cloned into the backbone using the ligation cloning method previously
described. After validating the sequences of constructs, they were transfected into 293A
cells using polyethylenimine, and cells were harvested in TRIzol reagent 72 hours after
transfection. Total RNA was extracted using phenol-chloroform extraction method,
reverse-transcribed using the SuperScript Il First-Strand Synthesis System (Thermo
Fisher), and gPCR reactions were conducted using SsoAdvanced Universal SYBR
Green Supermix (Bio-Rad) in StepOnePlus real-time PCR system (Applied Biosystems)
with GAPDH as a housekeeping control.

The primers used for quantitative PCR were as follows: human RAI1-F 5’-
CCTCAGCATTCCCAGTCCTTC-3’, human RAI1-R 5'-
CTGTGCAACTCTTATAGGAGTGG-3’; GAPDH-F 5-AAGGTGAAGGTCGGAGTCAA-
3’, GAPDH-R 5-AATGAAGGGGTCATTGATGG-3'.

CasRx repression work

Determining the minimal collateral activity regime
To facilitate screening of cleavable CasRx designs, we use a synthetic system where

we use the fluorescent protein mCherry as the output. Since it has been reported that
CasRx can cleave non-target RNA, we first determine the regime in which this collateral
activity is minimal. Since collateral activity for CasRx depends on target mRNA level,?°
we titrate mCherry expression level (the target mMRNA) by changing the promoter of the
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mCherry plasmid (CMVTO or SFFV) and the amount of plasmid transfected. We also
measure GFP fluorescence which is expressed on the same transcript as CasRx
(EF1a-GFP-T2A-CasRx) to determine the amount of off-target effect (SFig. 2A).
Transfecting 50 ng of SFFV-mCherry plasmid resulted in the greatest fold change in
mean mCherry fluorescence between control gRNA and mCherry-targeting gRNA and
minimal difference between mean GFP fluorescence.

Engineering and screening cleavable CasRx variants

Based on the results from the previous section, we transfect 50 ng of SFFV-mCherry,
200 ng of the EF1a-GFP-T2A-CasRx_variant, and 200 ng of the mCherry-targeting
gRNA for the following cleavable Cas13 experiments.

To engineer a cleavable CasRx, we first screen for locations within CasRx to place the
TEV cut site. Ideally, we would like the cleavable CasRx to (1) have similar mMRNA
cleaving activity as wild-type CasRx and (2) be inhibited by the presence of TEV. Since
there is no crystal structure for CasRx, we use AlphaFold to predict its structure and find
flexible loops that we can replace with the TEV cut site or where we can insert the TEV
cut site. We screened 8 constructs, and our best candidate was cleav_CasRx7 which
had similar mMRNA cleaving activity as WT CasRx7 (Fig. S2B). However, there was not
appreciable TEV repression of mRNA cleavage activity. To improve the ability of TEV to
repress activity of cleav_CasRx7, we added a TEV-cleavable N-end degron to the
construct. Degrons are used to regulate degradation rates in cells. In the absence of
TEV, the degron is masked. After TEV cleaves the N-end degron, the degron will be
exposed, marking the protein for degradation, and decreasing its half-life. Since the N-
end degron is appended to the N-terminal of the protein, it should not interfere much
with the activity of cleav_CasRx7. Indeed, this construct (teD-cleav_CasRx7) was more
TEV sensitive than cleav_CasRx7 and retained its efficiency (Fig. S2C).

Repression circuit titration

Lastly, we used teD-cleav_CasRx7 in a whole circuit titration. We transfect 50 ng of
SFFV-mCherry and varying amounts of the teD-cleav_CasRx7 circuit. We use BFP as a
transfection marker and average the mCherry fluorescence for cells that are highly
transfected (BFP fluorescence > 108 A.U.) to produce Fig. 2E. Note that in the running
average plots (Fig. S2D), the output mCherry fluorescence increases as dosage
increases (BFP transfection marker) which is expected. This is because the mCherry
gene is not integrated into the cell’'s genome and is instead transcribed from a
transfected plasmid. Thus, the relationship between mCherry fluorescence and dosage
is not the same as in Fig. 2D which is derived from the simulation which assumes that
the target gRNA is produced from an integrated gene.

AAV production and transductions

AAVs were ordered and manufactured with the help of the Stanford Gene Vector and
Virus Core (GVVC). Plasmids were amplified and extracted via the Qiagen plasmid
midiprep kit (Qiagen), their concentration measured and sent to GVVC for production.
The three AAVs were measured for their ITR: NK355: 1.12e13vg/ml, NK404:
2.57e13vg/ml, NK405: 2.05e13vg/ml. For a 24-well of primary neurons, 4ul of total virus
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was with NK355 always in access, since dCas is the limiting factor and has a lower ITR.
Cells were monitored via the EVOS M7000 Cell Imaging System every day, and were
fixed 2.5 weeks after AAV transduction, once a BFP signal was detected.

Lentivirus production and transductions

LentiX cells were seeded in 6-well tissue culture plates one day prior to transfections.
When cells were 80%-90% confluent, the cells were transiently transfected with plasmid
constructs (600 ng PAX2, pMD2g, and 1,100 ng transgene plasmid) as detailed earlier.
Cells were incubated for 24 h under standard culture conditions and were supplemented
with 3ml of complete DMEM media to each well. Lentivirus was concentrated 24 hrs
afterward using viral precipitation: for each lentiviral prep, media was filtered using a
syringe and 0.45 pm filter into 15 mL conical tubes. 5x Lentivirus Precipitation Solution
(Alstem 480 catalog no. VC100) was mixed with each prep and incubated at 4 °C for
48-72 hours. Viruses were then spun down at 1500xg for 30 min at 4 °C. Supernatant
was aspirated, and virus was resuspended using 200 yL complete media (either DMEM
for HEK293 and N2A, or RPMI for LCLs). Virus was then added to cells according to the
following protocols, and leftover was frozen in -80 °C for further use.

HEK293 and N2A cells

Virus was added dropwise onto 24-well tissue culture plates containing HEK293 or N2A
cells seeded at 200k cells/well. Media was changed 24 horse post transduction, and
cells were grown for an additional 5 days, at which time positive BFP signal was
detected, and then fixed and stained according to the following protocols.

Lymphoblastoid cell lines (LCLS)

Patient LCLs were split a day prior to transduction at a V3 ratio for optimal growth. On
the day of transfection, cells were counted and 50k cells were transferred to multiple
wells of a 96-well plate. Cells were then spun down at 500xg for 5 min and the media
was gently taken out. Virus solutions were then supplemented by Polybrene (Merc) to a
final concentration of 10ug/ml, and the mixed solutions were gently added to the cells
without resuspension. Cells were then placed in the incubator overnight, and the virus
solution removed by centrifugation (500xg for 5min). Cells were then merged and
expanded, transferring from 96-well plates to a 48-well plate and finally a 24-well plate.
Once cells reached confluency in 24-well plates, they were fixed and stained according
to the following protocols.

Cell fixation and Hybridization Chain Reaction (HCR)

DNA probes for GAPDH, RAI1 and BFP were designed and ordered from Molecular
Instruments based on the full-length genes with maximal available probe set size of
~7500bp (Fig. 3D+3F and Fig. 4B+4D). Gating was done based on positive probe
signals, FSC-SSC for live cells, high GAPDH for active cells, and positive BFP mRNA
signal for HCR-flow. All protocols were conducted according to Molecular Instruments
HCR protocols, brief versions are enclosed below.

Cells in suspension: HEK293 and N2A cells
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Day 1: Growth media was aspirated from culture plates and cells were washed with
DPBS. Cells were then trypsinized and quenched by the addition of growth media. Cells
were then transferred to 15 mL conical tubes and centrifuged for 5 min at 180xg. Cells
were then resuspended in 4% formaldehyde to reach approximately 10 million cells/mL.
Cells were fixed for 1 hr at room temperature, and then centrifuged and washed with
PBST for 4 times. Cells were then re-suspended in cold 70% ethanol overnight.

Day 2: Cells were then centrifuged for 5 min and washed twice with 500 pL of PBST.
PBST was then removed and the pellets were resuspended the with 400 uL of probe
hybridization buffer and pre-hybridized for 30 min at 37 -C. In the meantime, probe
solution was prepared by adding a fixed amount of each probe set to 100 uL of probe
hybridization buffer pre-heated to 37-C. Amounts used: 4 pmol for GAPDH, 16 pmol for
RAI1, and 4 pmol for BFP. This solution was added to cells, and then they were
incubated overnight (>12 h) at 37-C.

Day 3: Probe solution was then removed, and the cells resuspended with 500 pL of
probe wash buffer, incubated for 10 min at 37 -C and remove the wash solution by
centrifugation for 5 min. This step was repeated for three additional times. Next, the
pellet was resuspended with 500 uL of 5x SSCT, incubated for 5 min at room
temperature, then centrifuged and re-suspended with 150 uL of amplification buffer and
let sit for 30 minutes at room temperature. Then the amplification hairpins were
separately prepared: 15 pmol of hairpin h1 and 15 pmol of hairpin h2 for each primary
hairpin (6 total) by heating to 95 -C for 90 seconds and then cooled to room temperature
in a dark drawer for 30 min 5. THe hairpins were then added to the sample and
incubated overnight (>12 h) in the dark at room temperature.

Day 4: Cells were then centrifuged for 5 min and hairpin solution removed. The cells
were then washed with 5x SSCT for six total times. Finally, cells were resuspended with
flow buffer, filtered, and analyzed via flow cytometry as detailed previously.

Cell on a slide: mouse cortical neurons

Day 1: Growth media was aspirated from culture plates and cells were washed with
PBST twice. 4% formaldehyde was then added to the cells and fixed for 1.5 hr at room
temperature. Next, cells were washed 2x times with PBST and incubated 10min with
Triton-X-100. Samples were then washed with 2 x 300 yL of 2x SSC and pre-hybridized
samples in 300 pL of probe hybridization buffer for 30 min at 37 -C. Probe solution was
then prepared similar to the previous protocol, except amounts of probes were
increased to: 8 pmol for GAPDH, 32 pmol for RAI1, and 10 pmol for BFP. They were
then added to probe hybridization buffer, placed on the cells, and left overnight (>12
hrs).

Day 2: Excess probes were removed by washing 4 x 5 min with 300 pL of probe wash
buffer at 37 -C. Then, samples were washed with 2 x 5 min with 5x SSCT at room
temperature, and then pre-amplified in 300 puL of amplification buffer for 30 min at room
temperature. Hairpin amplification solution was prepared similar to the previous
protocol, and then added to the cells. Cells were then left in room temperature for 2
hours, and then washed 5 x 5 min with 300 pL of 5x SSCT at room temperature.
Finally, 5x SSCT was aspirated and 300ul of ProLong® Gold Antifade Reagent with
DAPI was added (Cell Signaling). Samples were then stored at 4 -C protected from light
prior to imaging. Imaging took place over multiple days starting at one day post storage.
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Microscopy experiments and analysis

All images were taken with the Inverted Zeiss LSM 780 multiphoton laser scanning
confocal microscope. The following channels were included in the images: AlexaFluor-
488, AlexaFluor-546, AlexaFluor-647, and DAPI. Z-stack captures were implemented,
with 10-15 slices of each field of view, taking into account the entire range of cells in
focus. Analysis was conducted via the FIJI software, and included the following steps:
all Z-stacks were combined together using the MAX pixel intensity. GAPDH and DAPI
channels remained untouched, while RAI1 channels went through thresholding of 0.4%
of intensity to MAX intensity, and outlier pixels were removed (1 pixel size and 5
minimum intensity). Images were then turned into masked images (binary). Finally, the
three channels were then combined together, and the outline of each cell was manually
drawn, based on the combined GAPDH + DAPI signals. The percentage of positive
RAI1 pixels in each cell was then automatically calculated and documented. Data was
collected from two individual wells and combined together.

Analysis of predicted HI/TS genes

Since copy number variations are rare mutations, there is insufficient clinical data to
understand dosage sensitivity for almost all genes. To address this problem, Collins et
al. analyzed copy number variation data from 950,278 individuals and used machine
learning to predict haploinsufficiency and triplosensitivity for all autosomal protein-
coding genes within the human genome.?* In this paper, we use data from Table S7:
Haploinsufficiency and triplosensitivity predictions for all autosomal protein-coding
genes. First, we screen for genes which have both a haploinsufficiency score (pHaplo)
>= (.86 and a triplosensitivity score (pTriplo) >= 0.94, indicating that the genes are
predicted to be both haploinsufficient and triplosensitive (as defined by the authors).
This resulted in a total of 915 genes after screening. Next, we used the Proteins REST
API which provides data from UniProt to determine the protein sequence for each
gene.*! There were two genes with no return (AP000783.1, AC008443.1) which reduces
the total number of dosage sensitive genes to 913. Lastly, we took the length of each
protein sequence and multiplied by three to calculate the shortest possible gene length
for each gene, which is an underestimate of the final sequence which would be
necessary for proper expression that would need to fit within an AAV.

Mathematical modeling for activation circuit simulations

To predict the behavior of the activation feedforward circuit, we construct an ordinary
differential equation model assuming Michaelis-Menten kinetics, steady-state, and
quasi-equilibrium. We incorporate interactions between dCas9 and the DNA, mRNA and
protein production, first-order degradation of mMRNA and proteins, and dCas9 cleavage
by TEV.

We define the probability of active dCas9 binding to the target DNA (e.g. the RA/1 gene)
as:

) _ [dCas9]
dCas9 KD+ [dCaS9] (1)
where Kp is the dCas9 dissociation constant and [dCas9] is the concentration of the
active dCas9 protein. When we assume that cleaved dCas9 species competes with
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active dCas9 species to bind to the DNA, we add another term in the denominator to
account for this competitive inhibition:
[dCas9]

b =
Pb 4cas0 K+ [dCas9]+ [dCas9

('leuved] (2)
Where [dCas9ceaved] is the concentration of the cleaved dCas9 species.

Therefore, the change in corresponding target mRNA concentration is described by:
d[mrgel mRNA]
T = “on l(l}‘g(’l‘ Pbd(‘a.\‘) + khur' target - k(l(’g target mRNA [

target mRNA ] (3 )

where Kpac target is the background transcription rate of the target gene, Kon target is the

transcription rate when dCas9 is bound, and Kueg target mrraA IS the degradation rate of the

target mRNA. The change[ in c?rresponding target protein concentration is described by:
w = . [target mRNA] -k

d, — “trans target deg target ’ [target] (4)
where Kirans target IS the translation rate of the target protein and kyeg target is the
degradation rate of the target protein. The steady-state solutions for equation (3) and (4)
are:

( k on target -Pb dCas9 + kbm- mrgm)

[target mRNA] = :
deg target mRNA (5)
[[ l‘] trans target ’ [target mRNA ]
arget]| =
deg target (6)

The dCas9 and TEV components are delivered to the cell such as in plasmid
transfection and are therefore a function of dosage (DNA delivered). The TEV mRNA
transcription rate can be represented by:

k
on TEV mRNA
where a is a constant representing the TEV transcription rate in units of
concentration/(time*plasmid amount) (e.g. nM/h-ng plasmid), dosage is the amount of
plasmid that is delivered to the cell, and DNArev is the fraction of plasmid that encodes

for TEV. The change in TEV mRNA concentration can therefore be described by:

d[TEV mRNA]
dt = on TEV mRNA ~— k(lcg TEV mRNA

Similarly, the dCas9 mRNA transcription rate is represented by:

= a- dosage - DNA TEV (7)

[TEV mRNA] 8)

kon dCas9 mRNA

and the change in dCas9 mRNA concentration is described by:

d[dCas9 mRNA] ) [
dt ~ Rondcasy deg dCas9 mRNA ’

The change in TEV protein concentration is described by:

d[TEV]
dt = trans TEV k(leg TEV' [TEV]

Lastly, the change in active dCas9 protein concentration is described by:

d|dCas9
7[ a ] =K, ins dCaso’ [dCas‘) mRNA] -k

= a- dosage - DNA dCas9 (9)

dCas9 mRNA] (1 0)

(11)

deg dCas9" [dCas9] - k., [TEV]- [dCas9] (1 2)

where ket is the TEV kca/Ku, while the change in cleaved dCas9 protein concentration
is described by:

d[casg('/euvwl] X
dt = kr'u/ ’ [TEV] ’ [dCL’IAg] - k(/e}: dCas9’ [dcasgvlcurcz/] (1 3)

The steady-state solutions for equations (8), (10), (11), (12), and (13) are respectively:
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[TEV mRNA] - K on 127

deg TEV mRNA (14
[TEV] = K rams 15" LTEV mRNA]

K deg 12V 5
[dCas9 mRNA] = K on dcas

k de'g[tclicca;i;ﬁvgNA] (16)
trans dCas9

[dCas9] deg dcaso + Keu” [TEV] .

k -[dcas9]-[TEV]

cut

dCas9 =

“leaved
[ ceare ] kdeg dCas9 (1 8)
All numerical values, units, and references used for the parameters are found in Table

S1.

Gating strateqgy for activation circuit titration

We observe a non-monotonic trend at high transfection levels for the running means of
the activation circuit titration (SFig. 1A). Measuring the average GFP fluorescence of all
transfected cells masks this non-monotonic effect (SFig. 1B). Since this non-monotonic
effect biases the average GFP fluorescence of all transfected cells, we present the
activation circuit titration in Fig. 1F as the average of transfected cells with an mCherry
fluorescence below 10°.

Increasing TEV sensitivity of the activation circuit

Another method of tuning the circuit is to change the efficiency of the TEV cut site
between dCas9 and the transcriptional activator. An easy way to increase the efficiency
is to use tandem TEV cut sites. Thus, we created a construct that had two TEV cut sites
and compared it to our original construct which contains one (SFig. 1C). The double
TEV cut site construct was much more sensitive to TEV, requiring much less to repress
gene activation. We note that the double TEV cut site construct also has lower gene
activation ability, possibly due to the transcriptional activator being further away from the
DNA due to the longer linker.

Engineering a TEV cleavable Cas13

Mathematical modeling for repression circuit simulations

To predict the behavior of the repression feedforward circuit, we construct an ordinary
differential equation model assuming Michaelis-Menten kinetics, steady-state, and
quasi-equilibrium. We incorporate interactions between Cas13 and the target mRNA,
mRNA and protein production, first-order degradation of mMRNA and proteins, and
Cas13 cleavage by TEV. Unfortunately, there is little kinetic data for CasRx in contrast
to TEV. Furthermore, much of the kinetic data available measures off-target mMRNA
cleavage rather than on-target mRNA cleavage. Therefore, we also assume that kcat/Km
for Cas13 is the same as TEV, though this is likely not the case. The change in
corresponding target mRNA concentration is described by:

d[mrgm‘ mRNA]
e K pac rarger = Keu cmu'[

Cas 13]< [lw'g('l mRNA] - k(hfg rarget mRNA” [Iurg('l mRNA] (1 9)
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where Kpac target i the background transcription rate of the target gene, kcut cas13 is the
keut/Km for Cas13, and kuqeg target mrNA IS the degradation rate of the target mMRNA. The
change in corresponding target protein concentration is described by:

d[target]
dt = X rans target ' [target mRNA] - kzleg target ’ [targel] (20)

where Kirans target IS the translation rate of the target protein and kyeg target is the
degradation rate of the target protein. The steady-state solutions for equation (19) and
(20) are:

bac target

[cas13] + k

[turget mRNA] =
k('ul Cas13 deg target mRNA (21 )

. [target mRNA]

trans target

k
deg target (22)
The Cas13 and TEV components are delivered to the cell such as in plasmid
transfection and are therefore a function of dosage (DNA delivered). The TEV mRNA
transcription rate can be represented by:

[target] =

K o 1EV mina = @ dosage: DNA pp,, (23)

where a is a constant representing the TEV transcription rate in units of
concentration/(time*plasmid amount) (e.g. nM/h-ng plasmid), dosage is the amount of
plasmid that is delivered to the cell, and DNA7ev is the fraction of plasmid that encodes

for TEV. The change in TEV mRNA concentration can therefore be described by:
d[TEV mRNA]
— a " Fonrevmrna T K deg 12V mina” [TEV ’”RNA] (24)

Similarly, the Cas13 mRNA transcription rate is represented by:

kun Cas13 mRNA — a- dosage - DNA Casl3 (25)

and the change in dCas9 mRNA concentration is described by:
d[Casl3 mRNA]

dt = on Cas13 kdeg Cas13 mRNA [CGS 13 INRNA] (26)
The change in TEV protein concentration is described by:
d[TEV]
gt = Kurans v~ Kaeg 1ev’ [TEV] (27)
Lastly, the change in active dCas9 protein concentration is described by:
d[CaslS]

dt = Kirans Cas13” [C""B ’”RNA] = Koy cas1” [‘/C"S()] = ke py [TEV]: [C"SB] (28)

where keut Tev is the TEV Kkca/Ku.
The steady-state solutions for equations (24), (26), (27), and (28) are respectively:

[7EV mRNA] = — 222

deg TEV mRNA (29)
[TEV] k trans TEV ' [TEV mRNA ]

K deg T2V (30)
[Cas 13 mRNA] = on Cas13

deg Cas13 mRNA (31 )
-[Cas13 mRNA]
trans Cas13 [

Casl3| =
[ ] -[TEV] + k

cut TEV

deg Cas13 (32 )
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All numerical values, units, and references used for the parameters are found in Table
S1.

Calculating the plasmid transcription rate for the simulations

To estimate the value of the plasmid transcription ate a, as mentioned in equation (7),
(9), (23), and (25), we use experimental data and data reported for GFP fluorescence in
the supplementary information of a paper previously published by the Gao lab.*? We
conducted an experiment where 10 ng of CMVTO-GFP was transfected for a single 24-
well of HEK293 cells and measured an average GFP fluorescence of 1.3*10"6 A.U.
From Fig. S2A and S2C from Kaseniit et al., we estimate that 300 copies of GFP mRNA
corresponds to a measured fluorescence of 7*10*5 A.U. (we multiply the reported value
by 100 due to differences in normalization between analysis software). 300 copies of
MRNA is 0.5 nM of mRNA using Avogadro’s number and an estimated cell volume of 1
pL. Assuming a linear relationship between average GFP fluorescence and ng of DNA
transfected, we would estimate that an average GFP fluorescence of 7*10° would
correspond to 5.38 ng of plasmid transfected. Since these measurements were taken at

steady state, we calculate a using the following equation set equal to zero:

d [plasmid 111RNA] ( lasmid) k [ lasmid RNA] 0
—————— = = a- (ng plasmid) — k nlasmid m =
dr 8 I degll (33)

k deg[plasmid mRNA]

[plasmid] (34)
We estimate the ng plasmid per cell by dividing 5.38 ng by 0.24*108, the number of cells
within a confluent well of a 24-well plate,*? to determine (ng plasmid). We previously
calculated [plasmid mRNA] to be 0.5 nM. Lastly, we use an estimate for the median
mRNA degradation rate (Table S1). We then solve for a resulting in 1.71*10° nM/(h-ng
plasmid).

Supplemental Excel table titles and legends

Supplementary Table 1: Model Parameters
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