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Abstract

Gene regulation via chemically induced dimerization (CID) is useful for biomedical research. 

However, the number, type, versatility, and in vivo applications of CID tools are limited. Here, 

we demonstrate proteolysis targeting chimeras-based scalable CID (PROTAC-CID) platforms, by 

systematically engineering the available PROTAC systems for inducible gene regulation and gene 

editing. Further, we develop orthogonal PROTAC-CIDs that can fine-tune gene expression at 

gradient levels or multiplex biological signals with different logic gating operations. Coupling the 

PROTAC-CID platform with genetic circuits, we achieve digitally inducible expression of DNA 

recombinases, base- and prime editors for transient genome manipulation. Finally, we package 

a compact PROTAC-CID system into adeno-associated viral vectors for inducible and reversible 

gene activation in vivo. This work provides a versatile molecular toolbox that expands the scope of 

chemically inducible gene regulation in human cells and mice.
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Introduction

The ability to regulate gene expression with precise spatiotemporal control is essential for 

basic research and therapeutic development1–2. Small molecule inducers enable spatial, 

temporal, and quantitative gene regulations3–4. The chemically induced dimerization (CID) 

system comprises two proteins that can be dimerized by a small molecule, which can be 

used for inducible gene regulations by fusing the DNA binding domain and transcriptional 

regulation domain to each of the two CID proteins, respectively2. CID-based gene regulation 

systems have been used for the mining of diverse transactivation domains5, CRISPR-based 

gene activation6, and tailored modification of antibody N-glycosylation7. In addition to gene 

regulation, CID systems are also applied to mediate protein degradation8, cell therapy9, and 

programmable 3D genome positioning10–11.

Current CID systems mainly use small molecules from bacteria or plants. However, only a 

limited number of such systems are available. For example, rapamycin is a widely-used CID 

inducer yet possesses undesirable immunosuppressive and autophagy-inducing effects12–13. 

Other CID inducers, such as abscisic acid (ABA)14 and gibberellic acid analog (GA3)15, 

are inefficient because they require high concentrations for ideal protein dimerization. Prior 

efforts to expand CID toolboxes include designing or mining more small molecules16–19, 

identifying new protein partners through screening nanobody/antibody libraries20–21, or 

computation-assisted protein design22–23. However, the number and type of highly efficient 

CIDs remain limited, preventing more sophisticated applications in mammalian cells or 

organisms.

To address this unmet need, we leverage the proteolysis targeting chimeras (PROTACs), a 

rapidly growing group of small molecules that can harness the ubiquitin-proteasome system 

for proximity-induced degradation of the targeted proteins (Figure 1a)24–25. PROTACs are 

composed of a warhead that binds to the target protein, an anchor ligand that binds to an E3 

ubiquitin ligase, and a linker that ties these two units together25. Over 1600 PROTAC small 

molecules have been developed, acting on more than 100 human protein targets through 

different E3 ubiquitin ligases, mainly as an effective strategy for cancer therapy26–27. In 

addition, because PROTAC and CID systems share similar characteristics, it is possible to 

repurpose PROTAC systems for CID-based applications.

Here, we established the PROTAC-based scalable CID (PROTAC-CID) platform by 

systematically repurposing PROTAC systems for highly efficient inducible transcriptional 

gene activation. As a result, many PROTACs interacting with different targets are 

now readily available for orthogonal, multiplexed, and graded gene regulation with 

different logic gating operations. Further, we demonstrate that our PROTAC-CIDs can 

be coupled with multi-layer genetic circuits to enable low-basal level inducible DNA 

manipulations, including site-specific DNA recombination, base- and prime-editing. Finally, 

we demonstrate the in vivo application potential of the PROTAC-CID system by using 

adeno-associated virus (AAV) delivery to create ON/OFF and reversible genetic switches in 

mice. The PROTAC-CIDs toolkits developed in this work could be impactful for biomedical 

research and applications.
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Results

Establish PROTAC-CIDs for inducible gene expression in mammalian cells

We first fused either the GAL4 DNA binding domain or the VP64-p65-Rta (VPR) 

transactivation domain28 to each PROTAC interacting protein partner. The dimerization of 

the target protein and the E3 ubiquitin ligase induced by a PROTAC small molecule will 

bring GAL4 and VPR into proximity to drive the expression of a downstream reporter gene 

(EYFP) (Figure 1a). Out of the nine commercially available PROTACs we chose (Table S1), 

four (dTRIM2429, dTAGV-130, AT131, and MZ132) were used to conjugate the Von Hippel-

Lindau E3 ubiquitin ligase (VHL) with various target proteins (TRIM24, FKBP12F36V, 

or BRD4); while the remaining five (TL13-1233, TL13-11233, dTAG-1334, dBRD935, and 

ZXH3-2636) were implemented to dimerize the Cereblon E3 ubiquitin ligase (CRBN) 

with different target proteins (truncated ALK (tALK), BRD9, FKBP12F36V or BRD4). We 

employed the full-length sequence of the PROTAC target proteins and the E3 ubiquitin 

ligases for initial tests, except that the small-molecule binding kinase domain (tALK) was 

truncated from the membrane-bound target protein ALK based on its crystal structure to 

facilitate nucleus translocation37. We co-transfected plasmids encoding these fusion genes 

into HEK293T cells, together with a plasmid encoding the EYFP reporter driven by the 

GAL4 cognate pUAS promoter (Figure S1a, b). After two days of induction, all nine 

PROTAC-CID systems induced EYFP expression compared with the control samples using 

DMSO (Figure 1b). Notably, three of our tested PROTACs, dTRIM24, dTAG-13, and MZ1, 

showed more than a 100-fold increase in EYFP expression at 5 μM, 100 nM, and 100 nM, 

respectively, is more efficient than the existing ABA-based CID system for gene activation 

(Figure 1b)14. Further, we performed additional analysis to clarify the basic leaky effect of 

the PROTAC-CID system. Among all the groups, ABA, dBRD9 and TL13-12 based CID 

showed nearly no leaky effect, while the rest of groups showed significant leaky effect 

(Figure S2). Molecular glue Lenalidomide is a compound previously identified to degrade 

IKAROS Family Zinc Finger 1 (IKZF1) or IKZF3 by recruiting CRBN38. To compare 

the activity of PROTACs with Lenalidomide for inducible gene activation, we designed a 

similar gene activation platform by fusing CRBN with VPR and GAL4 with either IKZF1 

or IKZF3. However, we found that Lenalidomide is significantly less efficient than the 

dTAG-13 PROTAC-CID system that also uses fusions with CRBN or VPR (Figure S1c–e). 

These results highlight the advantages of modular PROTACs for CID-based gene activation.

We reasoned that the relatively large sizes of some target proteins, e.g., BRD9, BRD4, 

and TRIM24 (67, 80, and 117 kDa, respectively), could impose conformational constraints 

and limit the accessibility of PROTACs to form stable heterodimers31. We crafted new 

designs that relied on previous reports that the bromodomains (BDs) alone in TRIM2429 

and BRD935 can bind to the dTRIM24 and dBRD9 PROTACs, while the BD1 and BD2 

in BRD431 are capable of binding MZ1 and AT1. Fusion proteins of VPR with the 

BDs from BRD4 and TRIM24 (BRD4BD2-VPR and TRIM24BD-VPR) showed significant 

enhancement in EYFP activation when co-transfected with GAL4-VHL (Figure 1c–d). 

Compared to the DMSO-treated controls, TRIM24BD-VPR achieved a 592-fold increase in 

EYFP expression, and BRD4BD2-VPR displayed 441-fold EYFP induction, which exceeded 

that of rapamycin-based gene activation (355-fold) using FRB and FKBP12 (Figure 1b–d). 
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The truncated GAL4-BRD9BD also displayed increased EYFP expression compared with 

GAL4-BRD9 (Figure 1e). Thus, our results indicated that truncation of the target proteins 

could further enhance PROTAC-CID platforms, possibly due to the enhanced PROTAC 

accessibility to the interaction domains. We also tested two truncated CRBN variants with 

no ubiquitin ligase function by deleting the 7-α-helical bundle domain in the structure. As 

a system for targeting proteins for degradation, this endogenous activity may potentially 

be counterproductive by degrading our fused platform proteins. However, both resulting 

variants retained high gene activation ability upon deletion, demonstrating the possibility of 

decreasing the undesired effects raised by overexpressing E3 ubiquitin ligases (Figure S3).

To characterize the sensitivity of the engineered PROTAC-CID systems, we profiled the 

dose-response of PROTACs. We observed dTAG-13, MZ1 and dTAGV-1 showing EC50 

values of 53 nM, 32 nM and 228 nM, respectively, which are more sensitive than ABA 

(EC50 763 nM) for gene activation (Figure S4a). However, the EC50 values of all the 

tested PROTACs are higher than that of rapamycin (6 nM), indicating that the rapamycin-

based systems are still relatively more sensitive than PROTAC-CID systems. Although we 

achieved more than 500-fold change in gene activation by using 5μM dTRIM24, high 

EC50 (6.3 μM) was observed (Figure S4a), which might be explained by its poor cell 

permeability39. To evaluate the modularity of the protein fusions in our PROTAC-CID 

systems, we tested different domain organizations of the PROTAC target proteins, E3 

ubiquitin ligases, GAL4, and VPR for EYFP activations, by using the dTAG-13 and dBRD9 

systems. All protein fusions successfully activated EYFP with differing expression levels 

(43- to 290-fold). These studies corroborated the feasibility and robustness of the PROTAC-

CID systems for high-fold activation and sensitive inducible gene expression in mammalian 

cells for transgene activation (Figure S4b, c and Table S4).

Multiplexing and gradient gene regulation enabled by PROTAC-CID systems

Since several PROTAC small molecules interact with one or two of the same protein partners 

(Table S1), we tested the orthogonality of these PROTAC-CID systems in triggering gene 

activation with cognate or non-cognate protein pairs. Each small molecule (eight of our 

PROTACs and rapamycin as a standard for comparison) was added to the HEK293T cells 

transfected with plasmids encoding each combination of protein partners (seven different 

pairs in total). The successful dimerization of two protein pairs will drive the Firefly 
luciferase gene (Fluc) expression, enabling high-throughput semi-quantitative readouts. As 

predicted, high-induction levels of Fluc (62- to 1396-fold) were only observed under the 

correct cognate combinations after small molecule administration (Figure 2a and Figure 

S5). For example, dTAG-13 only activated Fluc expression in the cells transfected with 

plasmids containing the GAL4-FKBP12F36V and CRBN-VPR coding regions, while all 

other samples with non-cognate protein partners failed to show Fluc induction levels 

after being supplemented with dTAG-13(Figure 2a and Figure S5). MZ1/AT1 and TL13-12/

TL-112 likewise interact with the same protein pairs as expected. These results demonstrated 

the orthogonality of the PROTAC-CID systems for high-level inducible gene expression, 

paving the road for expanding these platforms for multiplexing gene regulations.
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We next tested the feasibility of dual PROTAC-based inducible gene cassettes (Figure 

S6). In the first cassette, GAL4 was fused with FKBP12F36V, and VHL was ligated with 

VPR to drive EYFP expression in response to dTAGV-1. In the second cassette, another 

DNA binding domain TetR was fused with BRD9BD, and CRBN was fused to VPR to 

drive the expression of BFP gene in the presence of dBRD9. We observed EYFP or BFP 

expression only in the presence of its corresponding inducer dTAGV-1 or dBRD9, while 

activation of both EYFP and BFP could be achieved by administering these two PROTACs 

simultaneously (Figure 2b and Figure S7a). Similarly, the MZ1 and dTAG-13 PROTAC-CID 

systems showed single gene activation with one small molecule and dual-gene activation 

using both PROTACs (Figure S7b). Since the strategy of biological computation relies on 

the protein or DNA to execute Boolean logic gate operation within a living organism to 

allow for cell discrimination and disease diagnosis4, 9, 40, we next explored the possibility 

of PROTAC-CID-enabled logic gating operations. By placing EYFP under the control of 

TRE (Tetracycline response element) or the pUAS-1 promoter, we observed strong EYFP 

expression by using one or two PROTACs, achieving clear logical OR gate responses 

(Figure 2c and Figure S6c). To develop a more sophisticated logical AND gate, we took 

advantage of two orthogonal site-specific DNA recombinases (Cre and Dre) for biological 

computation41. A polyA pre-stop transcription signal (STOP) flanked by either Dre or 

Cre DNA recombination sites (Rox-STOP-Rox or LoxP-STOP-LoxP, respectively) was 

put upstream of Cre or GFP to prevent gene expression. Two of our PROTAC-CID 

gene activation systems (dTAG-13 and dBRD9) were designed to drive the Cre and Dre 

expression, respectively. In our designed gene circuit, only when both dTAG-13 and dBRD9 

inducers were added could Dre and Cre be expressed to remove their respective “STOP” 

signals, resulting in the eventual expression of GFP functioning as a clear logical AND 

readout (Figure 2d).

One of the limitations of a single inducer-controlled gene expression system is the existence 

of only one input, which restricts the programmability of gene activation22. We hypothesized 

that a multi-state transcriptional control system with differing gradients of gene activation 

could be achieved by combining different PROTAC-CID systems. Notably, some of our 

PROTACs can bind to the same E3 ubiquitin ligases, e.g., dTRIM24 and MZ1 both 

conjugate VHL, but bind to different target proteins (TRIM24 and BRD4 respectively). 

When HEK293T cells were transfected with GAL4-VHL, TRIM24BD-VPR, BRD4BD2-

VPR, and the reporter plasmid, we observed three grades of EYFP intensity, 13-fold, 37-

fold, or 120-fold, with MZ1, dTRIM24, or both these two PROTACs, respectively. Likewise, 

rapamycin, dTAG-13, and dTAGV-1 share the same target protein FKBP12F36V but recruit 

three different cognate partners (FRB, CRBN, and VHL) with various affinities. We also 

achieved three grades of activation by administration of rapamycin (136-fold), dTAG-13 

(99-fold), and dTAGV-1 (6-fold) (Figure 2e and Figure S7d) in HEK293T cells transfected 

with all related constructs. Thus, the PROTAC-CID systems enable graded gene regulation.

Application of PROTAC-CIDs to regulate genome editing

Site-specific recombinases or integrases41, base editors (BEs)42, and prime editors (PE)43 

are powerful molecular tools that enable manipulation of genomes in living cells. However, 

effective approaches that can control the functions of those tools, in a chemically inducible 
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manner, are still lacking. To test whether PROTAC-CIDs can be used to induce Cre-

based site-specific DNA recombination, we designed a “two-layer” genetic circuit and 

transfected plasmids encoding the dTAG-13 or dBRD9 PROTAC-CID system to drive the 

Cre expression in HEK293T cells. The loxP-STOP-LoxP cassette was placed upstream 

of the Gfp gene, where Cre protein can be recruited to remove the “STOP” signal for 

Cre-mediated GFP expression. We observed a strong GFP signal in the presence of 100 

nM dTAG-13 or 1 μM dBRD9 (Figure 3a and Figure S8). However, leaky expression of 

GFP was still observed in both cases before the administration of the PROTACs, which was 

similar to previous reports regarding leakage within tetracycline and rapamycin inducible 

systems44–46. To address if the PROTAC-CID system could facilitate tighter control of Cre 

expression as digital outputs, we subsequently designed a “three-layer” genetic circuit by 

adding the orthogonal DNA recombinase, Dre. To eliminate the leaky expression of the un-

stimulated state, we put a Rox-STOP-Rox site between the TRE3G promoter and Cre DNA 

coding region. Upon addition of dTAG-13, the PROTAC-CID system induces Dre expression 

to remove the “STOP” signal in front of the Cre gene. Downstream Cre expression then 

removes the “STOP” between the LoxP sites and leads to the eventual expression of GFP 

(Figure 3b). With the “three-layer” gene circuit, we observed robust GFP expression only in 

the presence of dTAG-13, indicating that the PROTAC-CID system could be combined with 

other synthetic genetic circuits to enable tight and digital gene regulation (Figure 3b).

Next, we aimed to use PROTAC-CID systems to control base editing in mammalian cells. 

Two main classes of DNA-modifying BEs have been developed, cytosine BEs (CBEs) 

and adenine BEs (ABEs), capable of converting base pairs of C•G to T•A and A•T to 

G•C, respectively. To enable PROTAC-based inducible base editing, we first integrated 

our previously developed CBE A3G5.1347 with the dTAG-13 PROTAC-CID system. We 

observed efficient 34.7-46.3% C-to-T editing across three different genomic sites in the 

presence of 100 nM dTAG-13. Only low levels of editing (4.0-10.7%) were detected 

without adding PROTACs (Figure 3c). However, when the inducible ABE8e48 was tested 

within our PROTAC-CID architecture, a high background of A-to-G editing (27.0% to 

59.7%) was observed without dTAG-13 induction at two genomic sites. Since the engineered 

ABE8e is highly active, we speculated that even the low level of the leaky ABE expression 

could result in significant genome editing outcomes. Therefore, we coupled the Cre DNA 

recombinase with the PROTAC-CID system to decrease the basal level of ABE8e activity. 

By placing the LoxP-STOP-LoxP cassette between the TRE3G promoter and the region 

encoding the ABE8e, we observed high A-to-G editing (30.0% to 49.3%) in the presence 

of dTAG-13, while significantly reduced editing efficiency was observed in this condition 

without induction (7.3% to 15.3%), demonstrating the feasibility of PROTAC-CID-enabled 

genetic circuits to temper basal level induction of potent genome editors to tolerable levels 

(Figure 3d, e).

Finally, we sought to test whether the PROTAC-CID system can be used to develop 

inducible prime editors (PEs)43. We engineered a mutated Cre gene with 2-bp micro-

deletion, which has no site-specific DNA recombinase activity due to the frameshift. Correct 

insertion of the missing 2-bp by PE will restore Cre activity by allowing it to remove the 

STOP signal for GFP expression, enabling an efficient proxy of successful PE activity. 

While constitutionally expressed PE2 elicited higher GFP intensity, the dTAG-13 induced a 
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more than 25-fold increase in GFP expression without any leaky baseline editing, showing 

that the PE system can also be integrated into the “three-layer” genetic circuit and enable 

tight gene regulation (Figure 3f and Figure S9). When we applied the inducible PE system 

to insert a His6 Tag into an endogenous HEK3 locus in the HEK293T cells with a high 

TRE3G-driven PE2 plasmid dose (120 ng per well) (Figure 3g, h), more than 20% prime 

editing efficiency was observed in the presence of dTAG-13, although 5.8% of editing was 

in the control condition without PROTACs. When a lower PE plasmid dose (50 ng per well) 

was used, no observable leaky His6 Tag insertion was found in the unstimulated group and 

9.2% of PE efficiency was achieved in the PROTAC-induced group (Figure 3g, h). These 

results demonstrate that the PROTAC-CID system could be used for inducible genome 

editing to overcome long-term safety concerns.

In vivo PROTAC-CID based inducible gene activation through AAV delivery

Coupling PROTAC-CID with AAV vectors could allow precise dosage and spatiotemporal 

control of gene expression in vivo, potentially valuable for toxicity management or 

personalized gene therapy. To test the PROTAC-CID system for such in vivo applications, 

we designed a compact PROTAC-CID system to pack into AAV vectors (Figure 4a and 

Figure S10). Since the gene fragments encoding BRD4BD2 and VHL are smaller than 700 bp 

and MZ1 displayed a low EC50 (Figure S3a), we selected the MZ1 PROTAC-CID systems 

by placing the GAL4-VHL and BRD4BD2-VP64-p65 in one AAV vector (Figure 4a; Virus 

a, AAV serotype 8). We also constructed another AAV vector expressing the Fluc gene 

driven by the pUAS-2 promoter (Figure 4a; Virus b, AAV serotype 8). After co-infecting the 

HEK293T cells, we treated the infected cells with 100 nM MZ1 for 3 days and observed a 

more than 60-fold increase in luciferase bioluminescence intensity (Figure 4b).

To validate the ability of PROTACs for in vivo inducible gene activation via AAV delivery 

(Figure 4c), we intravenously injected 8-week-old adult FVB/NCrl (FVB) mice with both 

Virus a and Virus b (Figure S11). 25 days after the AAV injection, we treated mice with 

10 mg/kg MZ1 intraperitoneally and performed the bioluminescence imaging at 6 h post-

MZ1 injection (Figure 4d). We observed a significant increase (~7-fold) of the luciferase 

expression in the liver compared with the group without the MZ1 treatment (Figure 4e). The 

basal bioluminescence intensity from the vehicle control group is comparable to the group 

only treated by Virus b, demonstrating a low leaky expression in the absence of MZ1 in 

vivo. Administrating MZ1 intravenously can also increase bioluminescence levels (~ 8-fold), 

suggesting PROTAC MZ1 is compatible with multiple administration routes to induce gene 

expression (Figure 4f).

The potential of PROTAC CID systems as distinct from traditional CRISPR-based gene 

editing lies in the fact that while a single dose of genome editors makes a permanent 

modification for life-long benefits, more appropriate gene therapy might require transient or 

reversible activation of transgene expression to the alignment of a daily rhythm (e.g., the 

rhythm of insulin) or according to disease progression. Therefore, the ability to modulate 

the transgene expression levels is a desirable feature for future gene regulation systems49–50. 

To test the possibility of activating gene expression repeatedly, we provided a second MZ1 

injection 10 days after the first MZ1 treatment and observed an elevated expression of Fluc, 
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demonstrating the relative ability for repeatable and reversible induction of the transgene 

expression (Figure 4g, h). Interestingly, even 10 days post-1st injection, we still observed 

a basal luciferase signal in MZ1 treated mice (Figure 4g, h), which could be caused by in 

vivo heritable epigenetic modification in the pUAS-2 promoter after the 1st treatment51. We 

did not observe a significant change in the expression of long isoform BRD4 (BRD4L), 

and short isoform BRD4 (BRD4S) was undetectable in both treated and untreated mice 

liver tissue, suggesting that the dose of MZ1 was not sufficient to degrade the endogenous 

target protein in the healthy liver (Figure 4 and Figures S12 and S16). Similarly, in cultured 

HEK293T cells, we only observed the degradation of BRD4S, not the conventional BRD4L 

in the presence of MZ1 (20 nM and 100 nM) (Figures S13 and S17). Additionally, we 

observed no abnormality or body weight change after MZ1 administration, indicating the 

relative safety of MZ1 and the PROTAC-CID system (Figure S14). In summary, the compact 

PROTAC-CID system in AAV enables inducible and repeated gene expression regulation in 

vivo.

Discussion

In this study, we establish the PROTAC-based scalable CID platforms by systematically 

engineering PROTACs for inducible transcriptional activation, enabling orthogonal, 

multiplexing, and digital gene regulation in human cells and mice. Given the rapid 

development of PROTACs26, the CID toolbox can be readily expanded. PROTAC protein 

partners are derived from human sources and could mitigate immune responses compared to 

ABA and other CID inducers. At least 13 PROTACs are being tested in clinical trials, while 

two PROTACs, ARV-110 and ARV-471, have passed phase I clinical trials with validated 

safety profiles and characterized pharmacological properties52. The established safety 

profiles of PROTACs make them potentially suitable for inducible gene or cell therapy. 

As a research tool, the effect of the repurposed PROTAC on gene expression regulation 

can be concurrent with the degradation of its endogenous substrate. Therefore, it is crucial 

to include the negative control with the same PROTAC treatment to correctly attribute the 

observed biological effects to gene expression regulation rather than degradation of the 

endogenous substrate of the PROTAC. There are many ways to minimize the interference of 

PROTAC-CID with the endogenous cellular process. For example, dTAG-13 and dTAGV-1 

work with the FKBP12F36V protein partner and do not degrade wild-type FKBP1230, 34. 

Furthermore, our engineered overexpressed compact PROTAC interacting domain with 

higher affinity without affecting endogenous target proteins, as the endogenous BRD4 

expression was not influenced using our PROTAC-CID in mice.

The limitation of the current PROTAC-CID platform is that the in vivo (in mice) activation 

ability of the PROTAC-CID system is lower than observed in vitro (HEK293T cells). 

The chemical compound applied in vivo typically undergoes a multilayered process of 

absorption, distribution, metabolism, and excretion, which can rapidly break down the 

chemical compound and excrete it through the urine tract to render it loss-of-function. 

However, PROTACs added in the cell culture medium can maintain a high concentration 

even after a long period of time, because the HEK293T cell itself can hardly decompose 

the chemical compound and no excretion process is available in vitro. Thus, the low 

concentration and short duration of the MZ1 in vivo could explain the observed poor 
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activation ability of the relevant PROTAC-CID. To improve the in vivo performance of 

PROTAC-CID, we reason further efforts by increasing the concentration or dose of MZ1 

for mouse injection. Alternatively, according to a recent study demonstrating a type of 

PROTACs with much extended pharmacokinetics53, it is promising to use such PROTAC-

CID tools to increase the amount of induced protein product for in vivo applications.

Additionally, we administered a low AAV dosage, which might not be quite enough for 

high-fold-change gene activation. Specifically, our tested mice were infected with AAV virus 

(Figure 4c–h) at a dose of 2×1010 genome copies (GC) per mouse, however, in recent gene 

therapy studies54–55, AAV was administered at a dose from 1011 to 1012 GC per mouse. 

Thus, to further improve the in vivo performance of PROTAC-CID, we reason to administer 

a higher dose of AAV to increase the amount of PROTAC-CID in the delivered tissues and 

therefore give rise to a higher response. The PROTAC-CID gene activation platform can be 

further optimized. For example, the number of DNA binding sites in the pUAS-2 promoter 

can be increased to recruit more gene activation domains, as evidenced by recent research 

showing that synthetic promoters with more binding sites displayed dramatically increased 

reporter gene expression56. Therefore, an inducible promoter with more DNA binding sites 

could be engineered to increase the capability of the PROTAC-CID gene activation platform. 

In addition, recent bioengineered AAV capsids have exhibited much improved transduction 

in vivo including hepatocyte57, muscle tissue58 and brain tissue59. These engineered capsids 

can be used to replace the AAV8 capsid to further enhance the delivery efficiency. The VP64 

and p65 transcriptional activators used in our manuscript are less effective as compared to 

VPR and SAM systems60–62. We reason that using VPR or SAM systems would further 

improve the gene activation fold-change of PROTAC-CID tools.

Conclusion

Here, via systematic engineering of available PROTAC systems, we built a variety 

of PROTAC-CID platforms that enable versatile inducible genetic manipulations. We 

demonstrate that PROTAC-CID platforms can be readily used for orthogonal, multiplexed, 

spatiotemporal and graded gene regulations by different logic gating operations. By coupling 

PROTAC-CID with multi-layer genetic circuits, we achieve low-basal level inducible 

DNA manipulations. Finally, using AAV delivery, we demonstrate the in vivo application 

potential of the PROTAC-CID platform. While we mainly focused on the applications 

of PROTAC-CID for transcriptional regulation, PROTAC-CID tools could be applied to 

more CID-related research. Some applications include controlling post-translational protein 

levels by dimerizing the split CRISPR/Cas effector proteins for inducible endogenous gene 

activation, base editing, or prime editing28, 43, 63–64. We envision future efforts will emerge 

to upgrade our versatile PROTAC-CID platforms with new functionalities and capabilities 

for a wider range of biomedical research and applications.

MATERIALS AND METHODS

Cell lines

HEK293T cells (American Type Culture Collection, no. CRL-3216) were cultured with 

high-glucose Dulbecco’s modified Eagle’s medium (DMEM) (Thermo Fisher Scientific no. 
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10569044) with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific no. 10437028) and 

1× penicillin-streptomycin (Thermo Fisher Scientific no. 15140122) at 37°C with 5% CO2.

Mouse model

FVB female mice were maintained and handled following laboratory animal treatments 

approved by the Institutional Animal Care and Use Committee (IACUC) of Baylor College 

of Medicine (BCM). FVB mice were purchased from the Jackson Laboratory. All mice 

were kept on the 2920X Teklad Global Extruded Rodent Diet (Soy Protein-Free; Harlan 

Laboratories). 3-5 mice were housed in each cage in a 12 h light/12 h dark (LD, 7 am 

light-on, 7 pm light-off) condition with free access to water and food for all experiments.

Fluorescence assay using flow cytometry analysis

Cells were treated with 0.05% Trypsin EDTA (Thermo Fisher Scientific no. 25300054) 

or TrypLE (Thermo Fisher Scientific no. 12605028) after transfection and centrifuged at 

3000 g for 5 min. The supernatant was removed and the cell pellet was resuspended 

with 200 μL phosphate-buffered saline (PBS) without calcium and magnesium (Thermo 

Fisher Scientific no. 10010023). Cells were transferred into 12×75 mm flow tubes (Global 

Scientific no. 110410). Cells were analyzed by MA900 flow cytometry (SONY). 405 nm 

laser (FL6 filter) was used for testing the BFP channel. 488 nm (FL1 filter) was used for 

testing the EYFP and GFP channels. Automated alignment using the Automatic Setup Beads 

kit (SONY no. LE-B3001) was performed before running samples. In Figure 3a, 3b, and 

Figure S8, experiments were performed under 2% FSC, 17% BSC, and 24% FL1. In Figure 

S9, experiments were performed under 2% FSC, 17% BSC, and 27% FL1. All the other 

experiments were performed under 2% FSC, 17% BSC, 24% FL1, and 27% FL6. Flow 

cytometry data were processed and analyzed by FlowJo 10. Events were first gated with 

forwarding scatter-Area (FSC-A) and side scatter-Area (SSC-A) to select viable cells and 

remove the debris and dead cells. Cells were further gated with FSC-A and FSC-Height 

(FSC-H) for selecting single cells. The example gating strategy was shown in Figure S15. 

The mean intensity of the reporter fluorescent protein (BFP and EYFP) in viable and single-

cell populations were calculated by FlowJo 10 as the mean of FL6-A and FL1-A. When 

calculating the fold change of relative fluorescence units (RFU), the relative fluorescence 

units of EYFP were calculated by dividing the mean of fluorescence intensity of EYFP by 

the mean of BFP fluorescence intensity for normalization as the following formula:

Normalized EY FP intensity A . U . = Mean of EY FP fluorescence intensity
Mean of BFP fluorescence intensity

Next, the mean of the normalized relative fluorescence units of the induced group was 

divided by the value of the control group for calculating the fold change as the following 

formula:

EY FP intensity fold cℎange = Mean of Normalized EY FP intensity A . U . of induced grou
Mean of Normalized EY FP intensity A . U . of DMSO treated grou
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The mean of the normalized relative fluorescence units of the DMSO treated group in Figure 

S2 was divided by the value of the control group for calculating the fold change as the 

following formula:

EY FP intensity fold cℎange = Mean of Normalized EY FP intensity A . U . of DMSO treated group
Mean of Normalized EY FP intensity A . U . of control grou

Plasmid construction

Nucleotide oligos were synthesized by Integrated DNA Technologies (IDT). DNA fragments 

were amplified by 2× Phanta Max Master Mix (Vazyme no. p515) and assembled by golden 

gate strategy using T4 DNA ligase (New England Biolabs no. M0202), BsaI-HFv2 (New 

England Biolabs no. R3733), or Esp3I (Thermo Fisher Scientific no. ER0451). Golden gate 

reactions were performed in 10 μL reaction volume with 1 μL T4 DNA ligase reaction 

buffer (New England Biolabs no. B0202S), 0.5 μL BsaI-HFv2 (200 U) or 0.5 μL Esp3I (200 

U) and proper volume of fragments and plasmids. Golden gate reactions were performed 

in a thermocycler by the following program: 37°C for 10 min, 16°C for 10 min for 

10 cycles, 50°C for 10 min, and 80°C for 10 min. CRBN fragment was amplified from 

plenti-UbcP-HA-CRBN-pGK-HYG plasmid, a gift from William Kaelin (Addgene plasmid 

# 107378). FKBP12F36V fragment was amplified from pLEX305_FKBP12F36V-SHOC2, 

a gift from Andrew Aguirre (Addgene plasmid # 134522). VHL fragment was amplified 

from pDONR223_VHL_WT, a gift from Jesse Boehm & William Hahn & David Root 

(Addgene plasmid # 81874). BRD4 was amplified from GFP-BRD4, a gift from Kyle 

Miller (Addgene plasmid # 65378). ALK was amplified from pDONR223-ALK, a gift from 

William Hahn & David Root (Addgene plasmid # 23917). TRIM24 was amplified from 

Flag-TRIM24, a gift from Michelle Barton (Addgene plasmid # 28138). Dre was amplified 

from pCAG-NLS-HA-Dre, a gift from Pawel Pelczar (Addgene plasmid # 51272). IKZF3 

was amplified from pIRIGF-IKZF3, a gift from William Kaelin (Addgene plasmid # 69046). 

IKZF1 was amplified from pFUW-tetO-IKZF1 a gift from Filipe Pereira (Addgene plasmid 

# 139807). SpG was amplified from pCAG-CBE4max-SpG-P2A-EGFP (RTW4552), a gift 

from Benjamin Kleinstiver (Addgene plasmid # 139998). pCAG-loxPSTOPloxP-ZsGreen 

was a gift from Pawel Pelczar (Addgene plasmid # 51269). PE2 was amplified from pCMV-

PE2, a gift from David Liu (Addgene plasmid # 132775). gRNA was constructed into the 

scaffold plasmid lentiGuide-Puro, a gift from Feng Zhang (Addgene plasmid # 52963). For 

protein engineering, the 3D protein/small molecule complex or protein complex structure 

was visualized by UCSF Chimera v1.16. The concentration of plasmids was measured 

by Nanodrop Spectrophotometer (Thermo Fisher Scientific). Plasmids were sequenced by 

Genewiz. The protein sequences and primers were listed in Sequences S1 and S2.

Transfection and microscopy

Except for the data in Figure 3c, 3e, and 3h, cells were plated into 96 well plates (Corning 

no. 3598) and transfected by Polyethyleneimine Max (PEI Max) (Polysciences no. 24765-1). 

When the cell confluency reached 50% confluency, 1.5 μL PEI Max (1 mg/mL, pH = 7.1) 

and 100 μl DMEM were mixed with plasmids to be slowly dropped into the cell medium 

after 30 min of incubation. The medium was changed 12 h post-transfection. The inductive 

small molecules, including Rapamycin (STEM CELL technologies no. 73362), dTAG-13 
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(TOCRIS no. 6605/5), dTAGV-1 (TOCRIS no. 6744-5), dBRD9 (TOCRIS no. 6606/5), 

dTRIM24 (TOCRIS no. 6607/5), MZ1 (TOCRIS no. 6154/5), AT1 (TOCRIS no. 6356/5), 

TL13-12 (TOCRIS no. 6744/5), TL13-112 (TOCRIS no. 6745/5), dTAG-7 (TOCRIS no. 

69125), ZXH3-26 (TOCRIS no. 6713/5) and ABA (GoldBio no. A-050-100), dissolved 

in Dimethyl sulfoxide (DMSO) (Sigma, no. D8418) were added. For the microscopy 

observation, the images were taken by Microscopy EVOS (Life Technologies) and processed 

by ImageJ65. If not otherwise noted, 60 ng of each plasmid were used for each sample. The 

transfection plasmid configuration was listed in Table S5.

Luciferase luminescence intensity measurement

Before transfection, HEK293T cells were seeded in the clear bottom 96 well assay plates 

(Corning no. 3610) with 100 μL DMEM with 10% FBS and 1× penicillin-streptomycin at 37 

°C with 5% CO2. When cells reached 50 % confluency, 1.5 μL PEI Max (1 mg/mL, pH=7.1) 

and 100 μL DMEM were mixed with 60 ng of each plasmid (GAL4 and VPR fused target 

protein or E3 ubiquitin ligase, pUAS-2-Fluc) for 30 min at room temperature. The mixture 

was transferred into cells gently. 12 h after transfection, the medium was changed, and the 

inductive small molecules were supplied. 2 days post-induction, 120 μL of medium was 

aspirated from each well containing 200 μL of medium, leaving 80 μL of medium per well, 

then treated with 40 μL of lysis buffer (500 mM DTT (Sigma no. D0632), 10 mM coenzyme 

A (RPI no. C95275), 100 mM ATP (Thermo Fisher Scientific no. R1441), 80 mg/mL 

D-luciferin (GoldBio no. LUCNA-100), Triton lysis buffer (0.1082 M Tris-HCl, 0.0419 M 

Tris-Base, 75 mM NaCl, 3 mM MgCl2)). The plate was shaken with 20 s in “Orbital” 

mode with a frequency of 432 rpm and amplitude of 1 mm to lysis the cells. Recording 

the luminescence by plate reader Infinite M200 (TECAN) with 1000 ms integration time 

using Magellan v1.7 (TECAN). The mean of luciferase luminescence relative light units 

(RLU) was calculated by the average of three biological replications. Normalized RLU was 

calculated by dividing the RLU of the tested group by the mean of the RLU of the DMSO 

treated control group for normalization.

Normalized RLU = RLU of testing sample
Mean of DMSO treated control group

Base editing measurement

HEK293T cells were plated into 96 well plates (Corning no. 3598) for transfection when 

reaching 20 % confluency. 0.5 μL Lipofectamine 2000 (Life Technology no. 11661089) 

was mixed with 25 μL DMEM for 5 min incubation. 80 ng to 210 ng Plasmids (See Table 

S5 for plasmid dosage used in each condition) were then mixed with 25 μL DMEM and 

added into the Lipofectamine 2000 and DMEM mixture for 20 min incubation at the room 

temperature. The mixture was added to the cells gently. After 12 h, supernatants were 

changed with fresh 10% FBS (Thermo Fisher Scientific no. 10437028) DMEM medium 

(Thermo Fisher Scientific no. 10569044), Puromycin (10 μg/mL Thermo Fisher Scientific 

no. A1113803), and supplied with 100 nM dTAG-13 (TOCRIS no. 6605/5) or DMSO 

(Sigma, no. D8418). After 3 days, the cell medium was removed and cells were treated 

with 100 μL lysis buffer (10 mM Tris-HCl (pH=7.5), 0.05% SDS, and proteinase K (25 
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μg/mL, Thermo Fisher Scientific no.01169965)) followed by 37°C 1 h, 58°C 30 min and 

inactivated at 95°C for 20 min. The cell lysis was amplified by 2× Phanta Max Master Mix 

(Vazyme no. p515) following the program: 95°C 3 min, 95°C 15 s, and 58°C 15 s with 

72°C for 35 cycles, and 72°C 5 min. The guide RNA sequences and primers were listed in 

Table S2. The editing efficiency was measured by Sanger sequencing and analyzed by EditR 

(https://moriaritylab.shinyapps.io/editr_v10/)66.

Prime editing measurement

HEK293T cells were seeded into 96 well plates (Corning no. 3598). When the cells reach 

20% confluency, 265 ng to 290 ng plasmids (See Table S5 for plasmid dosage used in 

each condition) were firstly mixed with 25 μL DMEM. 0.5 μL Lipofectamine 2000 (Life 

Technology no. 11661089) was incubated with 25 μL DMEM for 5 min. Next, the plasmid 

solution was mixed with the Lipofectamine 2000 solution for 20 min and added to the cells 

gently. After 12 h, the supernatants were changed with fresh 10% FBS (Thermo Fisher 

Scientific no. 10437028) DMEM medium (Thermo Fisher Scientific no. 10569044) supplied 

with Puromycin (10 μg/mL Thermo Fisher Scientific no. A1113803) and 100 nM dTAG-13 

(TOCRIS no. 6605/5) or DMSO (Sigma, no. D8418). 3 days post-induction, the supernatant 

was removed and supplied with 100 μL lysis buffer (10 mM Tris-HCl (pH=7.5), 0.05% 

SDS, and proteinase K (25 μg/mL, Thermo Fisher Scientific no.01169965)) followed by 

37°C 1 h, 58°C 30 min and inactivated at 95°C for 20 min. To design primers to amplify 

the editing region, the gRNA target sequences as the inquiry by the BLAT Search Genome 

tool (https://genome.ucsc.edu/cgi-bin/hgBlat). The 2000 base pair (bp) flanking genomic 

DNA sequences were downloaded, and the primers were designed by Geneious Prime 3 

(Biomatter). 0.5 μL cell lysis was amplified with DNA primers (listed in Table S3) by 2× 

Phanta Max Master Mix (Vazyme no. p515) following the program: 95°C 3 min, 95°C 15 

s, and 58°C 15 s with 72°C for 35 cycles, and 72°C 5 min. The fragments were cleaned by 

PB buffer (Qiagen no. 166021045). 10 ng PCR products were used for Sanger sequencing 

(Genewiz). The insertion efficiency was analyzed online in TIDE (https://tide.nki.nl/)67 with 

the setting (left boundary=100, Decomposition window (115-685 bp), Indel size range (28 

bp), P-value threshold=0.001).

Immunoblots and RT-qPCR

Mice liver tissues or culture cells were lysed in RIPA buffer (Abcam no. ab156034) 

supplemented with phosphatase inhibitor (Thermo Fisher Scientific no. PIA32957) and 

protease inhibitors (Thermo Fishers scientific no. A32965). Lysates were resolved by 10% 

Tris-glycine SDS-PAGE, transferred to PVDF membrane (Bio-Rad no. 1620177), and 

blotted with antibodies BRD4 (Abcam, ab128874), GAPDH (Cell Signaling Technology, 

2118L), luciferase (ABclonal, requested), Ran (ABclonal, A0976), Hsp90 (Cell Signaling 

Technology, 4874). Images were acquired using LumiQuant AC600 (Acuronbio Technology 

Inc), and quantification analysis was processed by ImageJ software. Trizol reagent (Sigma 

no. T9424) was used to extract total RNA from the liver. RNAs were purified using 

the RNeasy Mini kit (QIAGEN no. 4106). The quality and concentration of total RNA 

were checked on NanoDrop™ 2000/2000c Spectrophotometers (Thermo Fisher Scientific 

no. ND2000LAPTOP). Reverse transcription of total RNA was performed using Applied 

Biosystems™ High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific no. 
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4368813) and qPCR was conducted with SYBR Green Master Mix (Abclonal no. RK21203) 

on QuantStudio 6 Real-time PCR system (Thermo Fisher Scientific).

AAV production and Mouse for in vivo delivery

High titer and purity AAV viruses were produced by the Neuroconnectivity Core of Baylor 

College of Medicine with 10 plates scale. The titer of AAV viruses was then measured by 

real-time qPCR. 8-week-old FVB female mice were infected with either Virus a or Virus a 

and Virus b (Figure 4c–h) at a dose of 2×1010 genome copies (GC) per mouse in saline (100 

μL) via tail vein injection. 25 days after the virus injection, all mice were administered with 

MZ1 at the concentration of 10 mg/kg through intraperitoneal injection (i.p.). To compare 

the route of administration, we treated the mice with 50 mg/kg MZ1 by i.p. or 10 mg/kg by 

intravenous injection (i.v.). After ten days, to measure the repeatable activation, we treated 

mice with 50 mg/kg MZ1 by i.p. injection and observed the luciferase bioluminescence.

AAV infection on HEK293T cells

Before infection, HEK293T cells were seeded into 96 well plates (Corning no. 3610). When 

the confluency reached 50 %, 1 μL of each purified AAV virus (Virus a and Virus b in 

Figure 4) were added to the supernatant of HEK293T cells. 100 nM of MZ1 or DMSO 

was added to the supernatant. 3 days post-infection, cells with 80 μL medium were treated 

with 40 μL lysis buffer (500 mM DTT, 10 mM coenzyme A, 100 mM ATP, 80 mg/mL 

D-luciferin, Triton lysis buffer (0.1082 M Tris-HCl, 0.0419 M Tris-Base, 75 mM NaCl, 3 

mM MgCl2)). To lysis the cells, Plate was shaken by plate reader Infinite M200 (TECAN) 

with 20 s in “Orbital” mode with a frequency of 432 rpm and Amplitude of 1 mm. Relative 

light units of luminescence were recorded by plate reader Infinite M200 (TECAN) with 

1000 ms integration time using Magellan v1.7 (TECAN).

IVIS imaging system and quantification

Luciferase fluorescence intensity was measured by the IVIS imaging system (PerkinElmer). 

Mice were anesthetized with a mixture of isoflurane and oxygen, and then intraperitoneally 

(i.p.) injected with D-luciferin (15 mg/ml, GoldBio no. LUCNA-100). 5 min after the 

D-luciferin injection, mice were imaged with IVIS imaging system. Quantitative analysis 

of imaging signals (luminescence counts) was processed by Living Imaging software 

(PerkinElmer).

Statistical analysis

The number of independent experiments performed in parallel was represented by n in 

the figure legend. Two-tailed Student’s t-test was used for comparison shown in the 

figure legend. * P< 0.05; ** P< 0.01; *** P< 0.001. No statistical methods were used 

to predetermine sample size. Most data in this research were represented by bar graphs 

with the mean and individual points. Unless otherwise indicated, representative images were 

from three biologically independent repeats. No data were excluded for analysis. For in 

vivo experiments, different biological repeats represented different mice. We calculated the 

means and standard deviation (SD) with N=3 biological repeats unless stated otherwise. 

Prism 9 (GraphPad) was used to generate the bar plots and heatmap.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Repurposing PROTACs for inducible gene activation. (a) Schematic of the PROTAC 

system for the degradation of target proteins (left). E2, E2 ubiquitin ligase. Ub, Ubiquitin. 

Schematic of the repurposed PROTAC-CID system for inducible gene expression (right). A 

PROTAC target protein or an E3 ubiquitin ligase fused with the DNA-binding domain GAL4 

or the transactivation domain VPR. GAL4 binds to the cognate upstream activation sequence 

promoter (pUAS-1). PROTACs recruit the VPR domain to the pUAS-1 for enhanced 

yellow fluorescent (EYFP) protein expression. pA, polyA signal. (b) The relative EYFP 
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fluorescence intensity was measured by flow cytometry in response to PROTACs or solvent 

Dimethylsulfoxide (DMSO) after 2 days of induction. The concentration for each small 

molecule and the protein fusion strategy are listed in Table S1. The target protein is shown in 

blue and E3 ubiquitin ligase is shown in red. (c-e), EYFP signal intensity in the presence of 

5 μM dTRIM24 (c), 100 nM MZ1 or 1 μM AT1 (d), or 1 μM dBRD9 (e) or DMSO (shown 

as “-”) with truncated TRIM24, BRD4, and BRD9, respectively, as indicated. The same data 

are shown Figure 1b–e with full-length TRIM24, BRD4, and BRD9 for comparison, (b-e) 

Data are shown in n = 3 biologically independent samples with an error bar of standard 

deviation (SD). AU, arbitrary units. See Materials and Methods for the EYFP intensity 

normalization calculation. HEK293T cells transfected with the reporter plasmid encoding 

pUAS-1 driven EYFP, with no PROTAC or DMSO added, as the blank control group (Ctrl).
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Figure 2. 
Multiplexing and gradient gene expression regulation by PROTAC-CIDs. (a), Orthogonality 

analysis of the PROTAC-CID systems. HEK293T cells were transfected with plasmids 

encoding each PROTAC-CID and the Fluc reporter, followed by treatment with indicated 

PROTACs or rapamycin (all cognate and noncognate pairs) for 2 days. Cells were lysed 

and assayed for the bioluminescence intensity. RLU, relative light units. n = 3 biologically 

independent repeats with the mean shown in the heatmap. (b), The diagram of a dual 

orthogonal inducible expression system simultaneously (left). Representative imaging of 
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EYFP and BFP expression after dTAGV-1 or dBRD9 treatment (1 μM) (right). (c), 

Representative images of EYFP intensity of logic OR gate circuit in HEK293T cells. 

(b and c) Scale bar, 125 μm. (d), Representative images of the logic AND gate system 

based on inducible DNA recombinases in HEK293T cells. Scale bar, 100 μm. Pre-mature 

STOP transcriptional signal flanked with LoxP sites was placed between constitutive pCAG 

promoter and Gfp gene. Only two PROTAC inducers drive the Cre expression by inducing 

the TRE3G promoter and removing the STOP signal by induced Dre, the GFP signal will 

be observed. (c-d) HEK293T cells were induced by 1 μM dBRD9 and 100 nM dTAG-13 for 

2 days. (e) Quantitative measurement and microscopy observation of EYFP intensity of the 

multiple-channel gene regulation system. dTRIM24 5 μM, MZ1 100 nM, Rapamycin 1 μM, 

dTAG-13 1 μM, dTAGV-1 1 μM. Scale bar, 125 μm. DMSO treated samples are shown as 

“-”. Data are shown in n = 3 biologically independent samples. Error bar represents SD.
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Figure 3. 
High-induction and low-basal level gene regulation for transient genome editing. (a) GFP 

expression in HEK293T cells was measured by flow cytometry or microscopy to report the 

expression level of Cre gene in the presence of 100 nM dTAG-13 or DMSO. (b) Schematic 

of “three-layer” genetic circuits for tightly controlled digital output (left). Quantitative 

GFP intensity for measuring the Cre expression in HEK293T cells (right). (a) and (b) 

HEK293T cells transfected with LoxP-STOP-LoxP-GFP reporter plasmid were used as 

the control group (Ctrl). (c-e), Quantification of base editing efficiency by PROTAC-CID 
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based inducible base editing tools in HEK293T cells driven by 100 nM dTAG-13 for 3 

days. (c) C to T editing by inducible A3G5.13-SpCas9 (d) and (e) A to G editing by 

TRE3G driven or “three-layer” circuit driven PAM-expanded ABE base editor by fusing 

ABE8e with the SpG Cas9 variant (ABE8e-SpG). (f) Schematic of the PROTAC-CID 

based inducible prime editing reporter platform (above). Representative images of the GFP 

intensity induced by dTAG-13 or DMSO after 48h induction (below). HEK293T cells were 

induced in the presence of 100 nM dTAG-13 or DMSO. HEK293T cells transfected with the 

LoxP-STOP-LoxP-GFP reporter plasmid and the pCAG driven mutated Cre as the Control 

group (Ctrl). (g) Schematic of PROTAC-CID based inducible prime editing system for 

endogenous genome editing. (h) Quantification of His6 Tag insertion efficiency in HEK293T 

cells after 3 days of induction by 100 nM dTAG-13 or DMSO. The pegRNA and nicking 

sgRNA sequences are listed in Table S3. ***, p < 0.001. n = 3 biologically independent 

repeats for all experiments. Error bar represents SD. DMSO is shown as “-” Scale bar, 125 

μm.
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Figure 4. 
In vivo gene activation by PROTAC-CID. (a) Schematic of AAV-loaded PROTAC-CID 

system to induce Fluc gene expression. (b) Infecting HEK293T cells by Virus a and Virus 

b treated by 100 nM MZ1 or DMSO. HEK293T cells without treatment were used as the 

control (Ctrl). Cells were lysed at 3 days post-infection. (c) Schematic of AAV delivery 

and MZ1 administration routes. (d) Representative bioluminescence images of mice infected 

with AAV virus and treated with 10 mg/kg MZ1 or vehicle solution at 6 h post-MZ1 

injection. (e) Quantification of the bioluminescence signals in (d). RLU, relative light units. 
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n = 3 mice. The data are mean with standard error of the mean (SEM). (f) Bioluminescence 

signals after MZ1 injection intraperitoneally (i.p. 50 mg/kg, n = 4 mice) or intravenously 

(i.v. 10 mg/kg, n = 3 mice). The data shown are the mean with SD. (g-h) Floating bar plot 

of bioluminescence signals (min to max) with a line at mean and polyline linking the max 

point at different time points, and representative images of mice after repeated i.p. injection 

of 50 mg/kg MZ1 (n=3 mice). Asterisks indicate statistical significance using an unpaired 

two-tailed t-test. *, p < 0.05; **, p < 0.01; ***, p < 0.001; n.s., non-significant.
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