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SUMMARY

Many diseases, including cancer, stem from aberrant activation or overexpression of oncoproteins 

that are associated with multiple signaling pathways. Although proteins with catalytic activity 

can be successfully drugged, the majority of other protein families, such as transcription factors, 

remain intractable due to their lack of ligandable sites. In this study, we report the development 

of TRAnscription Factor TArgeting Chimeras (TRAFTACs) as a generalizable strategy for 

targeted transcription-factor degradation. Herein, we show that TRAFTACs, which consist of a 

chimeric oligonucleotide that simultaneously binds to the transcription factor-of-interest (TOI) 

and to HaloTag-fused dCas9 protein, can induce degradation of the former via the proteasomal 

pathway. Application of TRAFTACs to two oncogenic TOIs, NF-κB and brachyury, suggests that 

TRAFTACs can be successfully employed for the targeted degradation of other DNA-binding 

proteinsThus, TRAFTAC technology is potentially a generalizable strategy to induce degradation 

of other transcription factors both in vitro and in vivo.
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INTRODUCTION

PROteolysis TArgeting Chimeras (PROTACs) are heterobifunctional molecules that target 

disease-causing proteins for proteasomal degradation (Sakamoto et al., 2001, Lai and 

Crews, 2017). PROTAC molecules simultaneously bind to both the target protein and an 

E3 ligase to induce proximity-dependent ubiquitination of the former, thereby tagging the 

target protein for proteasome-mediated degradation (Lai and Crews, 2017, Nalepa et al., 

2006). This technology was developed two decades ago and has successfully been applied 

to cytoplasmic, nuclear proteins, and membrane-associated proteins (BCR-Abl and the 

receptor tyrosine kinases EGFR and FLT3) (Zhang et al., 2020, Lai et al., 2016, Burslem 

et al., 2019, Burslem et al., 2018, Zhang et al., 2019). Targeted protein degradation offers 

several advantages over conventional small molecule-based inhibition including the potential 

to expand the “druggable” proteome to encompass non-catalytic, scaffolding proteins in 

deregulated biological systems. However, degradation of such proteins by PROTACs still 

requires a target ligand, and the development of ligands for proteins lacking a well-defined 

active site is both challenging and time-consuming (Verdine and Walensky, 2007, Lazo and 

Sharlow, 2016).

Transcription factors (TFs) are DNA-binding proteins that directly or indirectly regulate 

gene expression and upon deregulation, are among the known drivers of many pathologies. 

Therefore, much effort has been devoted to therapeutically target TFs implicated in human 

diseases (Sharifnia et al., 2019). TFs often mediate their regulatory functions through 

DNA and protein-protein interactions. However, unlike kinases or other druggable proteins, 

development of small molecule inhibitors for TFs is truly challenging due to their lack of 

enzymatic activity and ligandable pockets. Therefore, development of alternative strategies 

to target such proteins is crucial. A small number of TFs, such as the estrogen and androgen 

receptors that drive breast and prostate cancer, respectively, have been drugged by small 

molecules, although the emerging resistance to such therapies hinders their long-term 

effectiveness (Ali et al., 2016, Osborne et al., 2004, Rice et al., 2019, Watson et al., 

2015). Recently, these ligands were incorporated into PROTACs to induce the degradation 

of estrogen and androgen receptors: ARV-471 and ARV-110 targeting estrogen and androgen 

receptors (respectively) have already progressed to Phase 1 clinical trials and demonstrated 

high tolerability and safety in humans (Salami et al., 2018, Hu et al., 2019, Sun et al., 2019). 

In addition, a selective STAT3-targeting PROTAC was recently developed (Bai et al., 2019). 

However, steroid receptors and STAT3 are among the minority of TFs possessing a ligand 

binding site that controls their activity. Because most TFs mediate their regulatory functions 

through interactions with DNA and/or with other proteins, they frequently lack enzymatic 

activity and ligandable pockets – necessary features that have been successfully exploited 

in developing small molecule inhibitors for more readily druggable proteins. Therefore, 

development of alternative, generalizable strategies to target TFs is paramount.

Since TFs mediate their transcriptional activity by interacting with DNA and other accessory 

proteins, a variety of protein-DNA interaction inhibitors and protein-protein interaction 

inhibitors (PPIs) have been developed (Yang et al., 2013). For instance, pyrrole-imidazole 

polyamide binds to the minor grove of DNA and inhibits binding of the pro-inflammatory 

transcription factor, NF-κB (Wurtz et al., 2002). The transcription factor Myc forms a 
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heterodimer with Max to bind to enhancer box sequences to regulate gene expression 

(Walhout et al., 1997). Several groups have successfully developed PPIs that inhibit 

Myc/Max interaction, eliciting effects on gene expression (Raffeiner et al., 2014, Castell 

et al., 2018, Choi et al., 2017). As a complementary strategy to these PPIs, stabilizing 

molecules of Max homodimers have also been developed to reduce the availability of 

Max to form transcriptionally active Myc/Max heterodimers (Jiang et al., 2009, Struntz 

et al., 2019). The aforementioned approaches were directed at the TF themselves, but 

indirect approaches that block TF activity have also been reported. For example, specific 

STAT3/5 inhibitors have been developed to block nuclear STAT3 translocation by inhibiting 

its phosphorylation, dimerization and DNA binding (Chen et al., 2018, Dai et al., 2018). 

The targeting of upstream effectors, another indirect approach to inhibit TFs, has also 

been well-studied (Liu et al., 2017, Rios-Fuller et al., 2018): for example, multiple NF-κB 

pathway inhibitors do so by targeting upstream signaling components, such as SRC/Syk, 

PI3k/Akt and IKK (Reddy et al., 1997, Karin et al., 2004, Pande and Ramos, 2005). BET 

protein-targeting PROTACs that induced BRD4 degradation have also reduced downstream 

oncogenic c-Myc levels, leading to improved survival in mice (Raina et al., 2016, Winter 

et al., 2015). These previous approaches to overcome oncogenic TF overexpression and/or 

hyperactivity have motivated us to develop a strategy that bypasses the need for target 

protein ligand development, while readily and directly targeting a transcription factor-of

interest (TOI).

DESIGN

In the current study, we have developed a generalizable strategy to induce TF degradation by 

co-opting the cellular degradation machinery. While development of traditional PROTACs 

for TF degradation is challenging due to the lack of cognate small molecule ligands, TFs 

are proteins that elicit their function via binding to specific DNA sequences. Therefore, by 

taking advantage of the intrinsic TF DNA-binding ability, we developed chimeric oligos 

with TF-specific DNA sequences attached to an E3 ligase recruiting moiety, and we termed 

these chimeric molecules, TRAnscription Factor TArgeting Chimeras, or TRAFTACs. Our 

chimeric oligo consists of a TOI-binding double stranded DNA covalently linked to a Cas9 

CRISPR-binding RNA. The dsDNA binds to TOI, while the CRISPR-RNA binds to an 

ectopically-expressed dCas9-Halotag7 fusion protein (dCas9HT7) fusion protein. Incubation 

with a haloPROTAC then recruits the VHL-E3 ligase to the vicinity of the DNA-bound TOI 

via the complexed fusion protein, inducing ubiquitination and proteasomal degradation of 

the TOI (Figure 1). In this proof-of-concept study, we demonstrate that TRAFTACs can 

recruit both TOI and the E3-ligase via the intermediate protein dCas9HT7, and in doing so 

induce degradation of the disease-relevant TFs NF-κB and brachyury in the presence of the 

haloPROTAC.

RESULTS

NF-κB Engages with the dCas9HT7 Ribonucleocomplex

NF-κB binds to kappa B sequences upstream of its target genes (Chen et al., 1998). 

Therefore, we selected the kappa B sequence as the NF-κB binding element in our initial 
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TRAFTAC design (Figure 2A). A chimeric oligonucleotide containing the kappa B sequence 

at the 3’ end of a CRISPR RNA (crRNA) was synthesized. The double-stranded chimeric 

oligo (NFκB-TRAFTAC) was generated by annealing with the reverse complementary oligo 

of the kappa B sequence (Figure S1A). Using an electrophoretic mobility shift assay 

(EMSA), we first evaluated the ability of crRNA to engage the dCas9HT7 fusion protein 

when the former is presented as a part of the double stranded chimeric oligo. The data 

indicated that NFκB-TRAFTAC engaged with purified dCas9HT7 fusion protein as the band 

is shifted upwards in the agarose gel (Figures 2C and S2A). Also, the observance of a 

single major band for NFκB-TRAFTAC indicated the stability of the chimeric molecule 

after the annealing reaction. Subsequently, we evaluated the interaction of the chimeric oligo 

with the fusion protein within cells. We transfected a fluorescein-labeled TRAFTAC into 

HEK293 cells that stably overexpress HA-tagged dCas9 fused at its C-terminus to HT7 

(CT-dCas9HT7) (Figure 2B). First, to test whether the NFκB-TRAFTAC successfully enters 

the cell, we analyzed cells by confocal microscopy after the transfection of fluorescein

labeled TRAFTAC (Figure S1C). The intracellular green signal indicated that transfection 

of the chimeric NFκB-TRAFTAC was successful (Figure S2B). Next, we analyzed the 

cells by confocal microscopy to test whether NFκB-TRAFTAC can engage with dCas9HT7 

in cells. After fixation, the cells were incubated with anti-HA primary antibody followed 

by Alexa Fluor 568-labeled secondary antibody. The co-localization of fluorescein signal 

with immunofluorescence signal (Figure 2D) suggested that dCas9HT7 fusion protein 

can engage NFκB-TRAFTAC in cells. Next, we tested for NF-κB (p50) engagement 

with the dCas9HT7 ribonucleocomplex (dCas9HT7:NFκB-TRAFTAC) by performing an 

immunoprecipitation experiment. Cell lysates were incubated with either NFκB-TRAFTAC 

or a control-TRAFTAC and then subjected to immunoprecipitation by HA agarose beads. 

The eluted samples were probed for p50 and HT7, and the results indicated that p50 binds 

to dCas9HT7 only in the presence of the NFκB-TRAFTAC (Figure 2E). Overall, the data 

indicate that NFκB-TRAFTAC engages both the dCas9HT7 fusion protein and p50.

TRAFTACs Induce NF-κB Degradation

In TRAFTAC design, we adapted a RNA-binding but catalytically dead CRISPR Cas9 

(dCas9) protein as an intermediate spacer protein that brings the TOI and E3 complex 

into close proximity (Qi et al., 2013). Specifically, in our HEK293 cell line, we stably 

overexpressed CT-dCas9HT7, to simultaneously bind both the von-Hippel Lindau E3 

ubiquitin ligase (VHL), via a haloPROTAC, and the TOI, through a TRAFTAC (Figure 

1). In previous studies, VHL-based haloPROTACs were designed to induce degradation 

of directly-bound HaloTag fusion proteins (Buckley et al., 2015), and their ability to 

do so required that the haloPROTAC not exceed an optimal length. However, in this 

study, our intent is to employ HaloTag7 as a ligand inducible E3-recruiting element to 

cause TOI degradation but not that of the dCas9HT7 fusion. Therefore, we first carried 

out an initial haloPROTAC screening using existing haloPROTACs and several newly 

synthesized haloPROTACs to select the optimal haloPROTAC that spares CT-dCas9HT7 

from degradation. Our previous study suggested that haloPROTACs with 3-PEG linkers 

are potent degraders of directly bound HaloTag7 fusion proteins, but that ability of 

haloPROTACs to induce degradation of a directly bound substrate protein was decreased 

with increasing linker lengths (Buckley et al., 2015). Therefore, we synthesized several 
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haloPROTACs with longer linker lengths and screened for their ability to induce CT

dCas9HT7 degradation. As anticipated, we observed that longer haloPROTACs are poor 

degraders of CT-dCas9HT7: more specifically, haloPROTACs HP3, HP8 and HP10 with 

shorter linker lengths (3 and 4 PEG units) induced CT-dCas9HT7 degradation even at 2.5 

μM, whereas the comparatively longer HP13 (7 PEG units) and HP14 (9 PEG units) did not 

induce significant CT-dCas9HT7 degradation (Figures S2C and S2E, F). Two other, even 

longer haloPROTACs, HP15 and HP16 (12 PEG units) were also tested for their ability 

to degrade CT-dCas9HT7 and consistently, we did not observe significant CT-dCas9HT7 

degradation (Figures S2 D, F). Therefore, we selected HP13, HP14, HP15 and HP16 as our 

haloPROTAC panel to test in TRAFTAC studies.

Before testing the ability of TRAFTACs to induce p50 degradation, we determined the 

maximum NFκB-TRAFTAC concentration that does not induce cellular cytotoxicity. The 

data obtained from MTS assays suggested that NFκB-TRAFTAC can be introduced to cells 

up to 50 nM without inducing significant cytotoxicity by lipofection (Figure S3A). To 

ensure lack of toxicity, we transfected a lower concentration (25 nM) of NFκB-TRAFTAC 

into CT-dCas9HT7 stable cells followed by the treatment of HP14 in the presence or 

absence of 5 ng/mL of TNF-alpha for 12 h. HP14 induced p50 degradation only in the 

presence of TNF-alpha (Figure 3A). Latent NF-κB stays in the cytoplasm as an inactive 

heterotrimeric complex until extracellular stress signal is introduced. The inhibitor of Kappa 

B (IκB) binds to the NF-κB, physically masking its kappa B-binding sequence. However, 

TNF-alpha induces the release of active NF-κB from the inhibitory complex and facilitates 

TRAFTAC binding and subsequent degradation by NFκB-TRAFTAC. TNF-alpha treatment 

also induces the proteolytic processing of the NFκB precursor, p105 into p50 (Mellits et 

al., 1993, Orian et al., 2000). Therefore, overall TRAFTAC accessible p50 levels are higher 

in the presence of TNF-alpha, compared to untreated cells (Figure 3A, right panel). We 

also tested our panel of haloPROTACs to determine the effect of linker length in TRAFTAC

mediated p50 degradation. Interestingly while HP13 treatment induced p50 degradation to a 

similar extent as in HP14 treated cells, HP15 with a 12 PEG unit linker did not induce p50 

degradation (Figure S3D). Left-handed haloPROTAC (HP16) with 12 PEG unit linker also 

did not induce p50 degradation.

Next, we assayed for TRAFTAC-mediated p50 degradation at both 9 and 24 h post HP14/

TNF-alpha treatment. The data indicated that TRAFTACs could induce significant p50 

degradation after 9 h of TNF-alpha/HP14 treatment. However, the degradation levels of 

p50 only slightly improved over a longer 24 h treatment (Figure 3B). Moreover, TRAFTAC

mediated degradation was further intensified in the presence of protein synthesis inhibitor 

cycloheximide (CHX) demonstrating that TRAFTACs significantly lowered p50 half-life 

(Figure S3E). To confirm whether p50 degradation is dependent on VHL recruitment, we 

next compared TRAFTAC-induced degradation in response to HP14 to its inactive epimer 

control (HP17) (Figure 3C). Gratifyingly, p50 degradation was observed only in the cells 

treated with HP14, whereas no significant p50 degradation was observed in HP17-treated 

cells (Figure 3D left and center panel). Next, stable cells overexpressing CT-dCas9HT7 

were transfected with NFκB-TRAFTAC or control-TRAFTAC (Figure S1B). Cells were 

subsequently treated with HP14 for 12 h and cell lysates probed for p50 levels. As shown 

in Figure 3D, HP14 induced p50 degradation in NFκB-TRAFTAC transfected cells. In 
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contrast, cells transfected with control-TRAFTAC did not induce significant p50 loss, 

suggesting that TRAFTAC-mediated p50 degradation is dependent on the dsDNA portion 

of the TRAFTAC (Figure 3D-right panel). Furthermore, qRT-PCR data indicated that total 

RNA levels were not affected in response to TRAFTAC and HP14 treatment suggesting 

that the observed p50 degradation occurred as a posttranslational event (Figure S3F). In 

addition to p50 degradation, NFκB-TRAFTAC also induced the degradation of second 

NFκB heterodimeric subunit, RelA (p65) (Figure S3C). Furthermore, parental cells, without 

CT-dCas9HT7 expression, did not induce p50 degradation, confirming that the observed 

target degradation is dependent on dCas9HT7 as well (Figure 3E). Finally, we performed a 

reporter gene assay to test the effect of TRAFTAC-mediated p50 degradation on downstream 

gene expression. Cells stably expressing CT-dCas9HT7 were transiently transfected with 

a NF-κB reporter plasmid that expresses FLAG tagged reporter gene under the control of 

NF-kB. After TRAFTAC transfection and HP14 treatment, cell lysates were analyzed for 

reporter gene expression. The results demonstrated a loss in κB promoter activation that 

was consistent with the p50 degradation observed only in response to NFkB-TRAFTAC. 

Importantly, the control-TRAFTAC did not reduce reporter levels, nor did co-treatment 

with the inactive haloPROTAC HP17. We observed that only HP14 co-treatment repressed 

reporter gene expression (Figure 3F).

HaloTag7 Position Relative to dCas9 Governs Its Susceptibility to Degradation

We employed 2.5 μM haloPROTACs in the initial screening to select the best haloPROTAC 

for TRAFTAC investigations. While HP14 did not induce p50 degradation at that 

concentration, our data indicated that significant p50 degradation occurred at concentrations 

over 10 μM HP14. However, HP14 also induced CT-dCas9HT7 degradation within that 

concentration range (Figure 4A). Thus, we tested whether the observed p50 degradation 

was an indirect consequence of overall CT-dCas9HT7:NFκB-TRAFTAC:p50 complex 

degradation (Figure S4A). This was accomplished using HP3, a comparatively shorter 

haloPROTAC that we already had demonstrated will cause degradation of CT-dCas9HT7 

(Figure S4B). We hypothesized that the shorter haloPROTAC (HP3) should be much more 

restrictive in terms of the steric range of protein ubiquitination it permits the recruited VHL, 

and therefore we tested whether or not HP3 also induces p50 degradation. To this end, cells 

stably overexpressing CT-dCas9HT7 were transfected with NFκB-TRAFTAC followed by 

the treatment of either HP3 or HP14. Although HP3 could induce significant degradation of 

CT-dCas9HT7, it did not induce p50 degradation. In contrast, HP14 induced the degradation 

of both (Figures 4B and S4B). Clearly, the data showed that ligand-mediated degradation 

of CT-dCas9HT7 does not mandate concomitant p50 degradation. Thus, HP14-mediated 

p50 degradation is not an obligatory result of CT-dCas9HT7 fusion protein degradation. 

Having successfully “uncoupled” degradation of the two complexed proteins, we next set 

about engineering the reciprocal scenario: facilitation of p50 degradation while sparing 

degradation of dCas9HT7.

To improve the TRAFTAC system accordingly, we generated a construct with HT7 at 

the N-terminus of dCas9 (NT-dCas9HT7). The positioning of susceptible lysine residues 

and the presentation and orientation of the E3 complex are important factors for a 

successful PROTAC-mediated substrate degradation (Smith et al., 2019, Buckley et al., 
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2015, Buhimschi et al., 2018, Jaime-Figueroa et al., 2020). Therefore, we speculated 

that fusion of HaloTag7 at the opposite end of the dCas9 might alter the HP14-induced 

dCas9HT7 degradation. To investigate this, we generated cells stably overexpressing NT

dCas9HT7 protein and incubated them with increasing concentrations of HP14, followed 

by probing for NT-dCas9HT7 levels. Interestingly, we observed significantly less NT

dCas9HT7 degradation by HP14 compared to that of CT-dCas9HT7 (Figure 4C). Next, 

we evaluated the same cell line to test whether NT-dCas9HT7 can be used to induce 

p50 degradation. First, we transfected NFκB-TRAFTAC followed by HP14 and TNF-alpha 

treatment for 9 h. Then cell lysates were probed for p50 levels. The data showed that NT

dCas9HT7 can, indeed, induce p50 degradation (Figure 4D). From the Cas9 crystal structure 

bound to guide RNA, it is apparent that the 3’ end of the guide RNA, the N-terminus and 

C-terminus of Cas9 are all positioned at the same face of the protein (PDB ID:4OO8; Figure 

S4C) (Nishimasu et al., 2014). This serendipitous positioning of the dCas9 and crRNA 

offers an explanation as to how the E3 ligase recruited via both NT- and CT-HaloTag7 

can access NFκB-TRAFTAC-bound proteins and induce their degradation. Overall, the 

data suggest that dCas9 protein is less susceptible to HP14-mediated degradation when 

HaloTag7 is fused at the N-terminal end and therefore provides a better tool for use in 

TRAFTAC design. Therefore, we employed the NT-dCas9HT7 fusion protein (which retains 

the N-terminal HA tag) in subsequent experiments.

TRAFTACs are Generalizable: TRAFTACs Induce Brachyury Degradation

TRAFTAC technology is based on the intrinsic ability of TFs to bind to specific DNA 

sequences. Therefore, we hypothesized that TRAFTACs should be adaptable to target a 

variety of transcription factors for proteasomal degradation by simply customizing the DNA 

sequence specific to a TOI. To investigate the generalizability of TRAFTACs to target 

different TFs, we extended our approach to induce the degradation of the T-box transcription 

factor T (TBXT), also known as brachyury. Brachyury is a key transcription factor that 

regulates notochord formation in embryonic stages of development, and its downregulation 

leads to tail development defects (Zhu et al., 2016, Stemple et al., 1996). Recent studies 

have also suggested that brachyury knockdown leads to the inhibition of tumorigenesis, 

cell migration and invasion, suggesting a key role in cancer metastasis (Chen et al., 2020). 

Furthermore, genomic amplification of the locus that harbors brachyury gene and germline 

tandem duplication of the brachyury gene are associated with cancer such as chordoma 

(Bosotti et al., 2017, Presneau et al., 2011, Yang et al., 2009, Pillay et al., 2012). Given the 

importance of brachyury in cancer, we sought to target it for proteasomal degradation using 

the TRAFTAC technology. To this end, we synthesized a chimeric oligo comprised of a 

dsDNA portion that recognizes and binds brachyury along with the previously-used crRNA 

sequence that recruits NT-dCas9HT7, the E3 ligase-recruiting intermediary-fusion-protein 

(Figures 5A and S4F). First, we confirmed binary (dCas9HT7:brachyury-TRAFTAC) 

and ternary (dCas9HT7:brachyury-TRAFTAC:brachyury) complex formation by EMSA 

experiments. Consistent with NFκB-TRAFTAC EMSA data, we showed that brachyury

TRAFTAC engages the dCas9HT7 fusion protein (Figure S4D). Further, data suggest 

a successful ternary complex formation of dCas9HT7:brachyury-TRAFTAC:brachyury, 

whereas a control-TRAFTAC failed to do so (Figure 5C). Next, we tested whether 

brachyury could engage the NT-dCas9HT7 ribonucleocomplex. We generated a cell 

Samarasinghe et al. Page 7

Cell Chem Biol. Author manuscript; available in PMC 2021 October 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



line stably overexpressing both brachyury-GFP and NT-dCas9HT7 proteins. The cell 

lysates were subjected to immunoprecipitation with HA antibody attached to agarose 

beads in the absence of a chimeric oligo or in the presence of control-TRAFTAC or 

brachyury-TRAFTAC. The eluates were probed for dCas9HT7 protein and brachyury-GFP 

using antibodies against HaloTag7 and brachyury respectively. The results indicated that 

brachyury selectively engages NT-dCas9HT7 protein only when brachyury-TRAFTAC is 

present, confirming successful brachyury recruitment by the chimeric oligo to the dCas9HT7 

fusion protein (Figure 5B).

To test whether brachyury-targeting TRAFTACs induce target degradation, cells 

stably expressing brachyury-GFP were transfected with brachyury-TRAFTAC or control

TRAFTAC, followed by the treatment with increasing HP14 concentrations. Western blot 

analysis indicated that brachyury-TRAFTAC induces brachyury-GFP degradation at low 

micromolar HP14 concentrations. Further, HP14 induced brachyury-GFP degradation within 

12 h and reached maximum degradation after 24 h (Figure 5E). The inactive epimer, 

HP17 did not induce brachyury-GFP degradation indicating that the observed degradation 

is dependent on VHL-E3 ligase recruitment (Figure S4G). Similarly, the control-TRAFTAC 

did not induce brachyury-GFP degradation in response to HP14 suggesting that the observed 

degradation is also dependent on brachyury-TRAFTAC double stranded DNA (Figure 

5D). Additionally, HP14 co-treatment with a neddylation inhibitor, MLN4924, failed to 

induce brachyury-GFP degradation, further confirming that TRAFTAC induces brachyury 

degradation via the proteasomal pathway (Figure 5F). We also investigated brachyury-GFP 

levels using fluorescence microscopy and observed GFP signal reduction, further confirming 

the observed degradation pattern in the western blot analysis (Figure 5G). Overall, the data 

show that the brachyury-targeting TRAFTAC can successfully induce brachyury-GFP fusion 

protein degradation via the proteasome.

Next, we investigated the potential of TRAFTACs to induce proteasomal degradation of 

endogenous brachyury protein. Brachyury is predominantly expressed in early embryonic 

development. However, it has been shown that brachyury is also expressed in several 

cancer cell lines, including Hela cells. Therefore, we selected Hela cells to test TRAFTAC

mediated endogenous brachyury degradation. We first evaluated whether brachyury 

engages dCas9HT7 through brachyury-TRAFTAC, by performing an immunoprecipitation 

experiment using Hela cell line that expresses NT-dCas9HT7. The data indicate that 

brachyury successfully binds dCas9HT7 only in the presence of brachyury-TRAFTAC 

(Figure 6A). The data obtained after the transfection of brachyury-TRAFTAC and treatment 

with HP14 at different concentrations indicated that TRAFTACs can also successfully 

degrade endogenous brachyury protein at concentrations of HP14 < 10 μM (Figure 6B, 

left panel). We have confirmed that the observed endogenous brachyury degradation is 

VHL-dependent as the epimer control failed to induce brachyury degradation (Figure 6B, 

right panel). Furthermore, the data obtained with the control-TRAFTAC oligo confirmed 

that TRAFTAC-induced endogenous-brachyury degradation is DNA-sequence dependent 

(Figure S4E). To further confirm sequence dependency, we also tested the levels of other 

transcription factors. We analyzed p65 and c-Myc levels using the same experimental 

protocol and the data indicated that brachyury-targeting TRAFTAC did not affect either p65 

or c-Myc levels (Figures 6B and S4H). This suggests that TRAFTAC-mediated degradation 
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is selective and displays a minimal effect on other DNA binding proteins. Furthermore, we 

tested an all-scrambled version of the chimeric oligo, allscrambled-TRAFTAC, composed 

of both scrambled crRNA and scrambled dsDNA sequences (Figure S4F). The western 

blot analysis showed that upon transfection of allscrambled-TRAFTAC, HP14 failed to 

induce brachyury degradation compared to brachyury-TRAFTAC transfected cells (Figure 

6C). Collectively, the data suggest that TRAFTAC-mediated degradation of endogenous 

brachyury is dependent on the specific dsDNA sequence, dCas9, VHL and the proteasomal 

pathway.

Brachyury-TRAFTAC phenocopies mutant brachyury in zebrafish

Having confirmed that brachyury-TRAFTAC can efficiently degrade both fusion and 

endogenous brachyury in human cells, next we sought to extend the applicability of 

TRAFTACs to an in vivo setting. Brachyury is an essential protein that expressed during 

early embryonic stages and plays a central role in the formation of the embryonic framework 

of vertebrates (Herrmann, 1991, Wilson et al., 1995). Zebrafish no tail a (ntla) protein is 

a mutant form of brachyury associated with truncated or completely abolished notochord 

and tail somites, highlighting the essential function of brachyury in many aspects of 

embryonic development including cell movements and tail outgrowth (Halpern et al., 

1993, Kimelman, 2016). Therefore, we chose zebrafish as a model system to evaluate the 

effect of brachyury-TRAFTACs in tail formation. We noticed that fortuitously the VHL 

recognition motif of HIF1A and the HIF1A binding domain of VHL are conserved in 

zebrafish and human (Figures S5A, B) (van Rooijen et al., 2009). This suggests the direct 

applicability of HP14 in zebrafish as HP14 is based on human-VHL-binding HIF1A peptide 

sequence (Figures S5C, D). To introduce TRAFTAC system into zebrafish embryos, we 

first generated the ribonucleocomplexes (RbNCs) consisting of dCas9HT7; brachyury- or 

control- or fluorescein-TRAFTAC; and HP14 or HP17 or TAMRA-HT7 ligand (Figure 

S6A). We employed the same brachyury-TRAFTAC used in initial cell-based degradation 

experiments since human brachyury and zebrafish brachyury have been shown to bind to the 

similar DNA sequence (PDB: 6F58) (Müller and Herrmann, 1997, Morley et al., 2009).

Different combinations of RbNCs were microinjected (~300pL from 1 mg/mL) into 

zebrafish embryos at single cell stage and the injected embryos were transferred to 

a 29˚C incubator (Figure 7A). Interestingly, the embryos that were injected with 

dCas9HT7:brachyury-TRAFTAC:HP14 had significantly higher percentage of severe 

defects in their tail development compared to the embryos injected with mock solution; 

scrambled-TRAFTAC- or inactive epimer (HP17)-containing RbNCs; or RbNC without 

haloPROTAC (Figures 7B, C). While mock injected embryos showcased no defects in tail 

development, the embryos injected with other control RbNCs had tail developmental defects 

to a lesser, limited degree. These low degrees of defects can be possibly attributed to 

double stranded DNA-mediated decoy effects. We have noticed that dCas9HT7:brachyury

TRAFTAC:HP14 injected embryos had significantly higher percentage of severe defects 

(Figure 7D). TRAFTAC mediated tail deformation was evident even at 30 hpf (Figure S6C). 

Moreover, we found that injected RbNC is stable even after 18 hpf in vivo as a stable 

fluorescence signal was seen in the embryos injected with fluorescently labelled RbNC 

with fluorescein and TAMRA-HT7 ligand (Figure S6B). Overall, the data demonstrated that 
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TRAFTAC technology can be successfully implemented into in vivo settings to achieve 

desired phenotype associated with targeted transcription factors. Many of existing methods 

to control embryonic notochord and tail development have been carried out at the genetic 

level by either siRNA or CRISPR-mediated knock down or knockout approaches. While 

these technologies provided invaluable insights to how brachyury and other transcriptional 

regulator control embryonic development, they lack spatiotemporal activity to understand 

how these proteins regulate different stages of embryonic development. With desired 

optimizations to TRAFTACs, this approach will open an avenue to explore spatiotemporal 

regulation of embryonic development by DNA binding proteins including TFs.

DISCUSSION

Despite the advances in chemotherapeutics, many cancer-driving proteins have remained 

intractable to current therapeutic modalities. Small molecule inhibitors are collectively one 

of the most accepted and clinically approved therapeutic strategies to treat many diseases 

including cancer. However, development of small molecule inhibitors, beyond those that 

target a few proteins classes (e.g. kinases and GPCRs) is challenging due to the lack of 

ligandable sites. Transcription factors are one such protein class that is difficult to drug. TFs 

regulate their downstream gene expression through a collective network of protein-protein 

and protein-DNA interactions, and they lack enzymatic activity. Therefore, direct targeting 

of TFs is challenging. In this study, we have co-opted the DNA binding ability of TFs 

to develop TRAFTACs -- chimeric oligos that can simultaneously bind to a TOI and E3 

ligase via an intermediary dCas9HT7 fusion protein. By employing TRAFTACs we have 

demonstrated that DNA-binding proteins such as TFs can be degraded via the proteasomal 

pathway. We have successfully validated the proof-of-concept application of TRAFTAC 

technology in degrading transcription factors NF-κB and brachyury.

TNF-alpha induces IκB phosphorylation and its subsequent degradation by the proteasome 

(independent of TRAFTAC). The dissociation of NF-κB from IκB inhibitory complex 

exposes the DNA binding region of NF-κB and facilitates its binding to the double

stranded DNA portion of the TRAFTAC chimeric oligo (Hayden and Ghosh, 2014). Upon 

haloPROTAC administration, VHL E3 ligase recruitment induces subsequent proteasomal 

degradation of NF-κB. This feature of TRAFTACs to target “active” TFs offers an additional 

layer of selectivity to NF-κB proteasomal degradation. Hence, NF-κB-TRAFTACs could 

display a selectivity towards diseased cells with hyperactive NF-κB signaling, while 

sparing healthy cells with basal levels of NF-κB signaling (Xia et al., 2018). In 

designing TRAFTAC technology, we have adopted a dCas9-HaloTag7 fusion protein as an 

intermediary protein: the dCas9HT7 fusion protein binds simultaneously to the TOI through 

the chimeric TRAFTAC and to the VHL-E3 complex through HP14. HaloPROTACs can 

be efficient degraders of HaloTag fusion proteins, but herein we have determined that the 

positioning of the HaloTag protein (N- or C-terminus) relative to dCas9HT7 significantly 

affected the resulting fusion protein’s susceptibility to HP14-mediated degradation. While 

C-terminal HaloTag fusion (CTdCas9HT7) is more prone to undergo HP14-mediated 

degradation at micromolar concentrations, the N-terminal HaloTag fusion is less susceptible. 

Our data also suggested that a potential use of C-terminal-HaloTag fusion Cas systems 

in CRISPR-mediated gene editing: to achieve less off-target effects by inducing the 
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degradation of engineered Cas proteins after the desired genome editing via administration 

of a haloPROTAC (specifically, the shorter HP3) (Cho et al., 2014, Gangopadhyay et al., 

2019, Tu et al., 2017).

Previous brachyury knockdown studies have demonstrated its critical roles in notochord 

fate during embryonic development. Although transgenic animal models such as knockout 

zebrafish models are available to study the biology of a given protein during embryonic 

development, the lack of spatiotemporal control of such systems hinders studying 

differential biology during different stages of embryonic development. In this study we have 

demonstrated successful application of TRAFTACs in zebrafish by introducing TRAFTACs 

into embryos in the form of a ribonuclear complex. Injection of RbNCs induced significantly 

higher percentage of embryos with severe tail developmental defects, suggesting an efficient 

and on-target effect in vivo by brachyury-TRAFTAC. TRAFTAC technology can be readily 

adapted to target other transcription factors by replacing the double-stranded DNA portion 

of the chimeric oligo. Thus, TRAFTAC degradation platform provides the flexibility to 

target many DNA-binding proteins for proteasomal degradation both in vitro and in vivo.

Although many indirect strategies have been developed, only a few strategies have been 

demonstrated to directly inhibit transcription factor activity. Development of decoy elements 

that transiently inhibit TFs by interfering with its DNA binding ability has been successfully 

demonstrated (Morishita et al., 2004, De Stefano, 2011, Egashira et al., 2008). Further, 

decoys that directly bind at the minor grove of dsDNA have also been developed for 

many TFs including STAT3 and NF-κB (Wurtz et al., 2002, Sen et al., 2012, Lee et 

al., 2018, Imbaby et al., 2020). However, these strategies function via occupancy-driven 

pharmacology, meaning these strategies provide only a transient blockade of the targeted 

transcription factors for so long as the DNA binding is sterically blocked. Thus, to elicit 

robust inhibitory effects, these elements should display a sustained interaction with their 

target sites.

Significantly, like PROTACs, TRAFTACs can exhibit an event-driven pharmacology that 

requires only transient interaction of TOI with the chimeric oligo to induce TF degradation. 

Furthermore, also similar to PROTACs, TRAFTACs also could be catalytic since the 

ternary complex of chimeric oligo:dCas9HT7:E3-ligase can bind to another molecule of 

the TOI and induce its degradation after having completed the first ubiquitination cycle of a 

previously-bound TOI. Therefore, transient interaction is enough to induce TOI degradation, 

in contrast current DNA-protein interaction inhibitors that possess limited inhibitory effects. 

Moreover, TRAFTACs are generalizable to many transcription factors with a known DNA 

binding sequence. We anticipate that most transcription factors could be successfully 

targeted for proteasomal degradation by changing the dsDNA portion of the chimeric oligo. 

Therefore, this method provides a straightforward strategy to target a broad range of DNA

binding proteins with minor changes to the system, thus offering an efficient approach to 

investigate unknown biology of known DNA-binding proteins in a rapid and robust way. 

Also, since TRAFTACs can be introduced as a ribonucleocomlplex, the current strategy 

would provide increased in vivo stability compared to short oligonucleotide derived-decoy 

elements.
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As a future extension of this study, we anticipate modifying the current strategy to 

induce degradation of promoter-bound transcription factors in a gRNA-dependent and 

locus-dependent manner. This strategy would also provide an avenue to repress a single, 

targeted gene by inducing the degradation of its promoter-bound transcription factor without 

altering the expression of other genes that are controlled by the same transcription factor. 

Collectively, the TRAFTAC technology holds potential, both as a chemical biology tool 

and a potential therapeutic strategy for several reasons: first, many oncogenic transcription 

factors have already been identified as potential drug targets; second, synthesis of the 

chimeric oligo is simple and straightforward; third, chimeric oligos are readily adaptable 

to target different TFs; fourth, structural information of the transcription factor is not 

necessary; fifth, laborious small molecule ligand discovery campaigns are not required, 

and finally; sixth, TRAFTACs only require transient interaction with the target transcription 

factor to induce TF degradation relative to decoy or antisense oligonucleotide approaches, 

which require persistent engagement with target proteins to achieve the desired inhibitory 

effects. In fact, TRAFTAC could be a potential therapeutic strategy to treat diseases in which 

a transcription factor activity is dysregulated. It is also important to highlight that the current 

version of TRAFTACs is required to deliver as a dCas9HT7:TRAFTAC complex into cells. 

Therefore, the efficiency of this system might be hindered by its limited bio-availability. 

However, once coupled with an efficient delivery strategy, TRAFTAC technology has the 

potential to target hard-to-drug transcription factors and other DNA-binding proteins for 

proteasomal degradation in patients in the future.

STAR METHODS

RESOURCE AVAILABILITY

Lead contact—requests or information regarding resources and reagent should be 

addressed to Dr. Craig M. Crews (craig.crews@yale.edu).

Material availability—Except for the TBXTA-c005 plasmid, which was obtained under 

MTA from Dr. Opher Gileadi from University of Oxford, other reagents or plasmids 

are available from CMC on request. Chemical compounds were synthesized using 

commercially available materials. Cell lines, other reagents and antibodies were purchased 

from commercial vendors described in the key resource table.

Data and code availability—DNA sequences for the plasmids used to overexpress 

dCas9HT7 fusion proteins are included at the end of the supplemental information.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—HEK293T, Flp-In T-Rex 293 and HeLa cells (derived from a female adult, 

Source: ATCC) were cultured as described in the Method Details.

Microbe strains—NEB5-alpha and E. coli Rosetta™ 2 DE3 strains were purchased from 

New England Biolab and Sigma, respectively. BL21-RIPL codon plus strain was purchased 

from Agilent Technologies.
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Animal models—Zebrafish (Danio rerio; both female and male) raised and cared 

according to standard protocols under the supervision of the Yale University Institutional 

Animal Care and Use Committee.

METHOD DETAILS

Cloning—pCDNA5-CT-dCas9HT7 and pCDNA5-NT-dCas9HT7 constructs 

were generated by USER cloning strategy. For pCDNA5-CT

dCas9HT7, CT-dCas9HT7 ORF sequence was directly amplified using 

pET302-CT-dcas9HT7 plasmid as the template (Forward primer: 

5’ACCTGACTATGCTGGAGTGGATAAGAAATACUCAATAGGCTTAGCTATCGGC3’; 

Reverse primer: 5’ATCAGCGGGTTTAACCGGAAATCUCCAGAGTAGACAGCC3’) and 

the pCDNA5 vector was amplified using pCDNA5 empty vector (Forward 

primer: 5’ AGATTTCCGGTTAAACCCGCTGAUCAGCCTCGAC3’; Reverse primer: 5’ 

AGTATTTCTTATCCACTCCAGCATAGTCAGGUACGTCATAAGGG3’). Amplified insert 

and vector PCR products were gen purified and subjected to USER cloning reaction using 

USER enzyme (NEB). Reaction mixture was then transformed into NEB5 cells and single 

colonies were sequenced to identify successful cloning products. To generate pCDNA5

NT-dCas9HT7 construct, a 2 step USER cloning strategy was employed. First, HaloTag7 

sequence was amplified without the stop codon using pET302-CT-dcas9HT7 (Forward 

primer:5’ACGTACCTGACTATGCTGGAGCAGAAAUCGGTACTGGCTTTCCATTCG3’; 

Reverse primer: 5’ATCAGCGGGTACCGGAAATCUCCAGAGTAGACAGC3’) as the 

template and subjected to USER cloning reaction together with amplified pCDNA5 vector 

(Forward primer:5’AGATTTCCGGTACCCGCTGAUCAGCCTCG3’; Reverse primer: 

5’ ATTTCTGCTCCAGCATAGTCAGGTACGUCATAAGGG3’). In the second step, 

(Forward primer:5’ATTTCCGGTGGTGGCTCCAGAUCTGTGGATAAGAAATACTCAA 

TAGGCTTAGCTATCGGC3’; Revisers primer: 5’ AGCGGGTTTAGTCACCTCCTAGCU 

GACTCAAATCAATGC3’) dCas9 sequence was amplified with a stop codon and subjected 

to USER cloning reaction with the amplified vector obtained from the clone generated in the 

first step (Forward primer: 5’ AGCTAGGAGGTGACTAAACCCGCUGAT CAGCCTCG3’; 

Reverse primer: 5’ ATCTGGAGCCACCACCGGAAAUCTCCAGAGTAG ACAGC 3’). N 

terminal HA tag was introduced by the USER primers in both cases.

Protein purification—C-terminal HaloTag7-containing dCas9 fusion protein was 

expressed in E. coli BL21-RIPL codon plus bacterial cells. BL21 cells were transformed 

with 50 ng of plasmid DNA encoding dCas9HT7 and transformed cells were plated on 

carbenicillin-containing agar plates. On the following day, a single colony was selected and 

inoculated in 5 mL of LB and incubated overnight at 37 degrees. After 16 h, bacterial 

cells were diluted in 1 L of LB and shook at 37 degrees until OD600 reaches 0.8. Cells 

were kept on ice and induced with 0.5 mM IPTG and incubated 20 h at 18 degrees in a 

shaker. Cells were subjected to lysis (20 mM HEPES pH 8, 1mM MgCl2, 10% glycerol, 300 

mM NaCl, 1 mM ß-ME and 1X protease inhibitor cocktail (Roche)) by exposing cells to 4 

cycles of 30 seconds pulses and 1-minute rest on ice. Then clarified lysate was incubated 

with pre-washed Ni-NTA agarose beads (Agilent Technologies) for 1 h, at 4 degrees. The 

Ni-NTA beads were washed twice with wash buffer A and wash buffer B (Wash buffer 

A:20 mM HEPES pH 8, 1 mM MgCl2, 10% glycerol, 300 mM NaCl, 5 mM imidazole; 
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Wash buffer B:20 mM HEPES pH 8, 1 mM MgCl2, 10% glycerol, 300 mM NaCl, 35 mM 

imidazole). Enriched dCas9HT7 protein was eluted with the elution buffer (20 mM HEPES 

pH 8, 1mM MgCl2, 10% glycerol, 300 mM NaCl, 300 mM imidazole). Eluted protein 

was further purified by gel filtration chromatography using a Superdex 200 column (GE 

Healthcare) in the storage buffer (20 mM HEPES pH 8, 1mM MgCl2, 300 mM NaCl). 

Purified protein was dialyzed against the storage buffer containing 10% glycerol. Purity of 

the dCas9HT7 protein was assessed by Coomassie staining.

TBXTA-c005 was expressed in E. coli Rosetta™ 2 DE3 Competent bacterial cells. 

Competent cells were transformed with 100 ng of plasmid DNA encoding TBXTA-c005 

and transformed cells were plated on kanamycin containing LB plates. The following day, 

cells were inoculated into a 100 mL LB starter culture and incubated at 37 degree until 

OD600 reached 0.6. The culture was spun down and pellet resuspended in 2 L of TB media 

under selection of kanamycin (selection for TBXT-c005) and chloramphenicol (selection 

for Rosetta™ 2 pRARE-2 plasmid). Culture was grown at 37 degrees in a shaker until 

OD600 reached 1.2. The culture was induced with 0.3 mM IPTG and incubated overnight 

at 18 degrees in a shaker. Cells were subject to lysis in buffer A (50mM HEPES pH 7.5, 

500mM NaCl, 10mM imidazole, 5% glycerol, 1mM ß-ME) by exposing cells to 10 minutes 

of sonication using 50% Dutt Cycle and 35% output control on the Branson Sonifier 450. 

Clarified lysate was applied to 5 mL Ni column on the AktaPure™ and eluted over 15 

column volumes using buffer B (50mM HEPES pH 7.5, 500mM NaCl, 300mM imidazole, 

5% glycerol, 1mM ß-ME). Fractions were resolved by SDS-PAGE. Pooled fractions were 

subject to dialysis against 4 L Dialysis Buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 5% 

glycerol, and 1 mM ß-ME) at 4 degrees overnight. Protein was aliquoted and flash frozen at 

50 μM by liquid nitrogen. TBXTA-c005 was a gift from Opher Gileadi (Addgene plasmid # 

139754; http://n2t.net/addgene:139754; RRID:Addgene139754)

Oligonucleotide annealing—Single stranded TRAFTACs and reverse oligonucleotides 

were dissolved in ultra-pure, RNAase free water. All the steps in this protocol were carried 

out in a clean, RNAase/DNAase-free environment. All the equipment and plasticware in this 

protocol were treated with RNAase Away prior to their use. Single stranded TRAFTACs and 

single stranded reverse oligonucleotides were mixed (final concentrations of TRAFTACs 

were set to 25 μM) in 1X annealing buffer (10 mM Tris, pH 7.5, 50 mM NaCl and 1 

mM EDTA) and incubated for 5 minutes in a water bath at 95 degrees. Then, the hot-plate 

was turned off and the samples left to cool down to room temperature over 1–2 h. Double 

stranded TRAFTACs were mixed well, aliquoted and stored at −80 for the future use.

EMSA

Increasing concentrations of purified dCas9HT7 protein were incubated with or without 

500 nM of NFκB-TRAFTAC or brachyury-TRAFTAC for 30 min at RT. Then the mixture 

was separated in a 1% agarose gel for 30 minutes at constant 120 mV and images were 

captured using ChemiDoc system (BioRad). For ternary complex formation assay, 3 μM 

of dCas9HT7 and increasing concentrations of purified brachyury was incubated with or 

without brachyury-TRAFTAC or control-TRAFTAC for 30 minutes at RT. Gel shifts were 

analyzed as described above.
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Cell culture—Human embryonic kidney cells HEK293 cells and Hela cells were grown in 

Dulbecco’s Modified Eagles Medium (DMEM) containing 10% heat inactivated fetal bovine 

serum (FBS), 5 ug/mL streptomycin and 5 U/mL penicillin. All the cell culture experiments 

and maintenance were carried out in a humidified incubator at 37 degrees and 5% CO2 

supplementation. One day prior to the transfection of chimeric oligos, cells (3.5×106) were 

split into 6 cm cell culture dishes in complete growth medium. On the day of transfection 

cell culture medium was replaced with 3mL of transfection medium (DMEM 10%FBS in 

DMEM). Chimeric oligo transfection was performed using RNAi-Max according to the 

manufacturer’s protocol. Briefly, 25 nM of chimeric oligo and 15 μl of RNAi-Max were 

mixed in 125 μl of OPTI-MEM medium in two separate Eppendorf tubes. Mix two tubes 

together after 5 minutes and incubated for another 5 minutes prior to the addition to cells. 

After 6 h of transfection, the cells were split into 6-well plates and the transfection medium 

containing chimeric oligo was evenly divided into each well. Then cells were incubated 

for another 24 h and replaced with 1 mL of fresh transfection medium containing different 

concentrations of HaloPROTACs and incubated for 1 h prior to the addition of 0.25 mL of 

5 ng/mL of TNF-alpha. Cells were then incubated for desired time at 37 degrees followed 

by cell lysis. Cell lysates were prepared by scraping off the cells using lysis buffer (25 

mM Tris pH 7.4, 150 mM NaCl, 5 mM MgCl2, 1% NP40, 5% glycerol and 1X protease 

inhibitor cocktail from Roche) and lysates were centrifuged at high speed (14 000 rpm) for 

10 minutes and clear supernatant was collected for further experiments.

Immunoprecipitation—Cells that overexpress dCas9HT7 together with either p50 or 

brachyury-GFP was lysed lysis buffer (25 mM Tris pH 7.4, 150 mM NaCl, 5 mM MgCl2, 

1% NP40, 5% glycerol and 1X protease inhibitor cocktail from Roche) or IP buffer (25 mM 

Tris pH 7.4, 150 mM NaCl, 0.4% NP40, 5% glycerol and 1X protease inhibitor cocktail 

from Roche) respectively. Lysates (1 mg for each sample) were incubated with 100 nM of 

NFκB-TRAFTAC, brachyury-TRAFTAC or 3’controlcrRNA for 1 h, at RT. Then cell lysates 

mixture was incubated with 25 ul of pre-washed HA-agarose beads (Sigma) and top up to 

500 ul with 1X TBS. Then tubes were incubated at 4 degrees overnight in a rotator. Tubes 

were centrifuged at 2000 rpm for 2 minutes at 4 degrees and beads were washed three 

times with 1 mL of lysis buffer or IP buffer for 3 times with 5 minutes incubation in a 

rotisserie. Beads were then eluted with 2X loading buffer containing 10% ß-ME and eluted 

samples were analyzed by western blotting by probing with desired primary antibodies. 

Chemiluminescence signal was captured using ChemiDoc system by BioRad.

Immunofluorescence—Cells were split into 8-well imaging slides one day prior to the 

transfection. On the day of transfection, cell culture medium was replaced with transfection 

medium and transfection of fluorescein-labelled chimeric oligo was carried out as described 

above. After 12 h of transfection, cells were fixed with 4% paraformaldehyde for 10 

minutes followed by three washes with 1X PBS. Then cells were permeabilized with 

0.1% Triton-X-100 in PBS for another 10 minutes. Cells were blocked for 1 h, at RT 

prior to the overnight incubation of anti-HA antibody. Cells then washed three times with 

PBS and secondary antibody conjugated to Alexa Fluor-567 was incubated for 1h at RT. 

After 3 washings with PBS cells were analyzed by confocal microscopy (Zeiss LSM 880 

Microscope). For brachyury-GFP and fluorescently labeled zebrafish embryo (injected with 
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RbNC labeled with TAMRA-HT7 ligand and fluorescein-TRAFTAC), fluorescence images 

were directly captured using fluorescence microscope (EVOS M5000 IMAGING SYSTEM) 

without prior fixation or permeabilization of the cells and embryos.

RNA isolation and qRT-PCR—Stable cells that overexpress CTdCas9HT7 were 

transfected with NFκB-TRAFTAC and control-TRAFTAC followed by HP14 or HP17 and 

TNF-α treatment. Cells were harvested after 9 h and RNA was isolated using RNAeasy 

Mini Kit from QUIGEN. Approximately 1 μg of isolated RNA was subjected to reverse 

transcription using a commercially available High-Capacity cDNA Reverse Transcription 

Kit (Applied Biosystem). Relative RNA levels for p50 and GAPDH were analyzed using 

ddCt method after performing quantitative PCR in triplicates using KAPA SYBR FAST 

qPCR Master Mix Kit from Kapa Biosystems.

Ribonucleocomplex formation—First, purified NTdCas9HT7 protein was subjected to 

covalent labeling with either HP14 or HP17. Purified dCas9HT7 protein (200 μL, 2 nmoles) 

was incubated with HP14 in a ratio of 1:6 (12 nmoles) and 1 nmole of dCas9HT7 with 6 

nmoles of HP17 at room temperature for 1 h separately. After 1 h incubation, samples were 

transferred to centrifugal device (30 kDa, 0.5 mL Amicon ultrs-0.5 filter units) and top up 

to 400 μL with dCas9HT7 storage buffer. Then filter units were centrifuged at high speed 

for 15 minutes until the samples were concentrated to 50 μL to remove excess HP14 and 

HP17. Samples containing dCas9HT7:HP14 was diluted back to 100 μL and split into two 

Eppendorf tubes for riboncleocomplex formation. Then dCas9HT7:HP14, dCas9HT7:HP17 

and dCas9HT7 were incubated with allscrmb-TRAFTAC or brachyury-TRAFTAC in a 

molar ratio of 1:1 and incubated for 1 h at RT. Ribonucleocomplexes were aliquoted 

and stored in −80 freezer until use. To generate fluorescently labeled ribonucleocomplex, 

dCas9HT7 reacted with TAMRA-HT7 ligand and subsequently incubated with fluorescein 

labeled-TRAFTAC as described above.

Zebrafish Husbandry and Microinjection: Zebrafish (Danio rerio) are raised and 

cared for according to standard protocols as approved by the Yale University Institutional 

Animal Care and Use Committee.

Briefly, adults from the wildtype strain TL were placed pairwise, but separate, in mating 

tanks the night before the microinjections. The following morning the pairs were joined 

and eggs from the ensuing natural spawning collected in embryo media. Approximately 

350 picoliters of 1 mg/mL of RbNCs plus 0.125% phenol red were injected into the 

blastomere of one-cell stage embryos. In all assays these embryos were raised at 28.6°C and 

phenotypically scored at 24 hours post-fertilization. For fluorescent microscopy analysis, 

embryos were injected with RbNC without phenol red. Sex-specific data were not collected 

as zebrafish do not have a strictly genetic sex determination mechanism, and sex is 

determined after the developmental timepoints.

QUANTIFICATION AND STATISTICAL ANALYSIS

Western blots quantitation was performed using Image Lab 6.0 software from BioRad. 

GraphPad Prism 7.0a was used to calculate statistical significances. Statistical significances 
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were calculated using Two-Way ANOVA (Tukey-test at 95% confidence level) using 

duplicate or quadruplicates values and p-values of <0.03 indicates statistical significance. 

Number of replicates and p-values are presented in the respective figure legend.

Supplemental Table (Table S1) —DNA sequences of the dCas9HT7 constructs used in 

this study. Related to the STAR methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE

Transcription factors (TFs) are conventionally considered hard to drug proteins due to 

their mode of action. TFs bind DNA or other accessory proteins to maintain the desired 

gene expression pattern that required by the cell. Unlike small molecule inhibitors, 

targeted protein degraders only require a simple binding element to such hard-to-drug 

proteins to induce their degradation and abrogate biological functions. In this study, we 

have developed a generalizable strategy to target transcription factors for proteasomal 

degradation by utilizing a double-stranded DNA as the TF-recruiting element and a 

conjugated oligo sequence that binds to an E3 ligase-recruiting dCas9HT7 fusion protein. 

Chimeric oligos, or TRAFTACs, induce the recruitment of TF and E3 ligase to proximity 

and facilitate the ubiquitination of the former in the presence of HaloPROTAC. We 

have successfully shown the application of this strategy to degrade two oncogenic 

TFs, NF-κB and brachyury. Our data also demonstrated that targeting the zebrafish 

brachyury by TRAFTACs can induce no tail phenotype, suggesting, TRAFTACs as an 

in vivo compatible and potential therapeutic strategy to degrade disease-relevant TFs. 

Furthermore, current TRAFTAC technology can be readily exploited to target promoter 

bound TFs using a gRNA that binds to a proximal DNA sequence. Thus, targeting 

promoter-bound TF will allow us to selectively repress a single gene while circumventing 

off target gene expression.
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Figure 1. Schematic Representation of the TRAnscription Factor TArgeting Chimeras 
(TRAFTACs).
Heterobifunctional dsDNA/CRISPR-RNA chimera (TRAFTAC) recruits E3 ligase complex 

through dCas9-HT7 in the presence of haloPROTAC. Heterobifunctional TRAFTAC binds 

to dCas9-HT7 via its RNA moiety while dsDNA portion of the chimera binds to the 

transcription factor of interest (TOI). Addition of haloPROTAC recruits VHL E3 ligase 

complex to the vicinity of TOI. TRAFTAC-mediated proximity induced ubiquitination 

directs TOI for proteasomal degradation.
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Figure 2. Binding Experiments for NFκB-TRAFTAC, CT-dCas9HT7 and p50.
A) A diagram illustrating the architecture of NF-κB-TRAFTAC and the NF-κB binding 

kappaB sequence.

B) Schematic of bacterial and mammalian expression CT-dCas9HT7 constructs. After 

bacterial expression, protein was purified by His-tag affinity column purification. While 

the bacterial expression vector has a His-tag sequence, it was replaced by HA-tag for 

mammalian expression.

C) Different concentrations of purified CT-dCas9HT7 were incubated with NFκB

TRAFTAC and the protein:oligo complexes separated on an agarose gel. Data represent the 

ability of dCas9HT7 to bind to the modified-double stranded chimeric NFκB-TRAFTAC.

D) Immunofluorescence data illustrating in cellulo TRAFTAC engagement with fusion 

dCas9HT7. Cells were transfected with fluorescein labeled TRAFTAC for 12 h and cells 

fixed, permeabilized and probed with anti-HA antibody, followed by secondary antibody 

conjugated to Alexa Fluor 568. Images were captured using a confocal microscope. Scale 

bar: 25 μm.
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E) Immunoprecipitation of p50 and ribonucleocomplex (dCas9HT7:NFκB-TRAFTAC). 

Stable cells lysates with dCas9HT7 were treated with NFκB-TRAFTAC and control

TRAFTAC. After 1 h, dCas9HT7 was immunoprecipitated using HA antibody conjugated 

beads and eluted samples were probed with antibodies as shown.
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Figure 3. NF-κB Degradation by TRAFTACs.
A) HP14 induces p50 degradation in the presence of TNF alpha. Briefly, cells were 

transfected with NFκB-TRAFTAC and after 16 h, cells were treated with increasing HP14 

concentrations. After 1h, cells were treated with or without TNF-alpha for indicated times.

B) TRAFTACs induce p50 degradation within 9 h of HP14/TNF-alpha treatment.

C) Chemical structures of HP14/TNF-alpha and the inactive epimer control (HP17).
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D) VHL and TRAFTAC-dependent p50 degradation. Cells were transfected with either with 

NFκB-TRAFTAC or control-TRAFTAC followed by the treatment of HP14/TNF-alpha or 

the HP17/TNF-alpha for 12 h. Cell lysates were probed for p50 and GAPDH.

E) TRAFTAC induced p50 degradation is dependent on dCas9HT7. Stable cells 

overexpressing dCas9HT7 and parental cells were transfected with chimeric oligo and the 

experiment performed as mentioned above.

F) NFκB-TRAFTAC mediated p50 degradation elicit an effect on downstream gene 

expression.

(Not significant (N.S); * P < 0.03; ** p<0.002; *** p<0.0002; **** p<0.0001; n: 

Independent biological replicates; n=2)
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Figure 4. Positioning of HT7 in dCas9 Governs the HT7 Fusion Protein Degradation by 
haloPROTACs.
A) HP14 induces degradation of CT-dCas9HT7 fusion protein. The cell line stably 

overexpressing CT-dCas9HT7 was treated with HP14 (20 μM) and HP17 (20 μM) and lysed 

at indicated time points. Lysates were probed for HT7 and GAPDH.

B) The haloPROTAC HP3 (possessing a shorter linker) did not induce p50 degradation, in 

contrast to HP14.

C) Cells stably expressing NT-dCas9HT7 were treated with HP14 and lysed at indicated 

time points.

D) NFκB-TRAFTAC/HP14/TNF-alpha treated NT-dCas9HT cells were lysed and probed 

for p50 and tubulin levels.
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Figure 5. TRAFTACs Targeting Brachyury Induces its Degradation.
A) Schematic representation of the brachyury-GFP construct and the brachyury binding 

DNA sequence.

B) Cell lysates that overexpress brachyury-GFP were incubated with the brachyury

TRAFTAC and the inactive control-TRAFTAC before HA immunoprecipitation. Eluted 

samples were probed against brachyury and HT7 levels.

C) Ternary complex formation assay for the dCas9HT7:chimeric oligo and brachyury. 

Purified proteins were incubated with chimeric oligos and protein:oligo complexes were 

separated using DNA agarose gel to analyze gel shifts as depicted in the figure.

D) Cells stably expressing brachyury-GFP were transfected with brachyury-TRAFTAC or 

control-TRAFTAC followed by HP14 treatment. Cells were then lysed and analyzed for 
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brachyury, tubulin, c-Myc and HT7 levels. (Not significant (N.S); * P < 0.03; ** p<0.002; n: 

Independent biological replicates; n=2)

E) Time dependent degradation of brachyury-GFP. Cells stably expressing brachyury-GFP 

were transfected with brachyury-TRAFTAC and treated with HP14 and HP17. Cells were 

lysed at indicated time points, subjected to western blotting and probed for brachyury, 

tubulin and HT7.

F) Stable cells overexpressing brachyury-GFP were treated with HP14 and MLN4924 for 9 

and 16 h. Cells were lysed and probed for brachyury, HT7 and tubulin.

G) The brachyury-GFP fluorescence signal was captured after HP14 and MLN4924 co

treatment. Scale bar: 75 μm.
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Figure 6. Endogenous Brachyury Degradation by TRAFTACs.
A) Co-immunoprecipitation of brachyury in the presence and absence of brachyury

TRAFTAC or control-TRAFTAC oligos. Cell lysates were subjected to HA 

immunoprecipitation and eluted samples were probed for brachyury and HT7.

B) Hela cells transiently transfected with NT-dCas9HT7 followed by a second transfection 

with brachyury-TRAFTAC. Then HP14 and HP17 were treated and cell lysates were 

prepared after 15 h and probed for brachyury, c-Myc and tubulin.

C) Hela cells stably overexpressing NT-dCas9HT7 were transfected with either with 

brachyury-TRAFTAC or allscrambled-TRAFTAC followed by HP14 or HP17 treatment. 

Cell lysates were then probed for brachyury and tubulin levels. (Not significant (N.S); * P< 

0.03; ** p<0.002; *** p<0.0002; **** p<0.0001; n: Independent biological replicates; n=2)
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Figure 7. Brachyruy-TRAFTAC Induces tail Formation Defects in Zebrafish.
A) Schematic illustration of the experimental work flow.

B) Buffer (mock, a), dCas9HT7:brachyury-TRAFTAC:HP14 (b), dCas9HT7:allscrmb

TRAFTAC:HP14 (c), dCas9HT7:brachyury-TRAFTAC:HP17 (d) and dCas9HT7:brachyury

TRAFTAC (e) were introduced to zebrafish via microinjection and embryos were analyzed 

at 30- and 60-hours post fertilization (hpf). Embryos injected with dCas9HT7:brachyury

TRAFTAC:HP14 displayed significant, severe tail deformation compared to the embryos 

injected with mock and other controls RbNCs. Scale bar: 250 μm.
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C) Percentages of number of normal and defective embryos in each group treated with 

different RbNCs (A-E). (n: Independent biological replicates; n=4, *** p<0.0002; **** 

p<0.0001 in Two-Way ANOVA; Test: Tukey; confidence level: 95%, number of embryos per 

group = 30–50)

D) A heat map showing the percentages of severely and mildly defective embryos in each 

study group. Percentages were calculated compare to the total number of embryos within 

the corresponding group. (n: Independent biological replicates; n=4, *** p<0.0002; **** 

p<0.0001, 30–50 embryos per group)
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

ECL rabbit IgG, HRP-linked whole Ab GE Health care Cat#NA934; RRID: AB_772206

ECL mouse IgG, HRP-linked whole Ab GE Health care Cat# NA931; RRID: AB_772210

GAPDH (14C10) Cell Signaling Cat# 2118S; RRID: AB_561053

alpha tubulin: Alexa Fluor 488 Invitrogen Cat#53-4502-82;RRID:AB_1210525

NFkB1 p105/p50 Cell Signaling Cat# 3035S; RRID: AB_330564

NFkB p65 Cell Signaling Cat# 8242S; RRID: AB_10859369

brachyury Cell Signaling Cat# 81694S; RRID: AB_2799983

c-Myc (9E10) Santa Cruz Cat# sc-40; RRID: AB_627268

HaloTag Promega Cat# G921A; RRID: AB_2688011

HA-tag Cell Signaling Cat# 3724S; RRID: AB_1549585

DYKDDDDK Tag Cell Signaling Cat# 14793S; RRID: AB_2572291

Bacterial and virus strains

E. coli BL21-RIPL codon plus Agilent Technologies Cat# 230280

NEB 5-alpha New England BioLabs Cat# C2987H

Rosetta 2 DE3 Sigma Cat# 71397

Chemicals, peptides, and recombinant proteins

Tumor Necrosis Factor-α human recombinant protein Sigma Cat# T0157–10UG

dCas9 recombinant protein Crews Lab N/A

Ni-NTA agarose QIAGEN Cat# 30250

Cycloheximide Sigma Cat# C104450

RNAiMAX transfection reagent Thermo Fisher Sci Cat# 13778–150

MLN4924 selleckchem Cat# S7109

Janelia Fluor 646 (JF646) HaloTag Ligand Promega Cat# ga1120

Critical commercial assays

High-Capacity cDNA Reverse Transcription Kit Applied Biosystem Cat# 4368814

KAPA SYBR FAST qPCR Master Mix Kit Kapa Biosystems Cat# KK4600

Experimental models: cell lines

HEK293T ATCC Cat# CRL-3216

Flp-In T-Rex 293 Thermo Fisher Sci Cat# R78007

HeLa ATCC Cat# CCL-2

Experimental models: organisms/strains

Zebrafish (Danio rerio) wildtype strain TL Scott Holley Lab, Yale 
University

N/A

Oligonucleotides

F_CTdCas9:ACCTGACTATGCTGGAGTG 
GATAAGAAATACUCAATAGGCTTAGCT ATCGGC

Yale School of Medicine N/A

R_CTdCas9:ATCAGCGGGTTTAACCGGA 
AATCUCCAGAGTAGACAGCC

Yale School of Medicine N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

F_CTPCDNA5:AGATTTCCGGTTAAACC 
CGCTGAUCAGCCTCGAC

Yale School of Medicine N/A

R_CTPCDNA5:AGTATTTCTTATCCACTC 
CAGCATAGTCAGGUACGTCATAAGGG

Yale School of Medicine N/A

RNA:DNA chimeric oligos This manuscript Figure S1

pCDNA5-HA-NTdCas9HT7 This manuscript Table S1

pCDNA5-HA-NTdCas9HT7-NLS This manuscript Table S1

Recombinant DNA

pET302-6His-dCas9-Halo Deng et al Proc Natl 
Acad. 2015

Addgene, Cat# 72269

pCDNA5-HA-CTdCas9HT7 This manuscript N/A

pCDNA5-HA-NTdCas9HT7-NLS This manuscript N/A

pNL-Flag-Nluc-GFP This manuscript N/A

TBXTA-c005 Opher Gileadi SGC 
expression vectors

Addgene Cat# 139754

Software and algorithms

Image Lab 6.0 BioRad https://www.bio-rad.com/en-us/product/image-lab
software?ID=KRE6P5E8Z

Graphpad Prism https://www.graphpad.com/scientific-software/
prism/
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