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Abstract

As an emerging approach to protein perturbation, small molecule-induced protein degradation has 

gained significant attention as both a chemical tool and a potential therapeutic. To enable discreet 

control over its function, we have developed a broadly applicable approach for the optical 

activation of small molecule-induced protein degradation. By installing two different photolabile 

protecting groups, so called caging groups, onto two different ligands recruiting Von Hippel-

Lindau (VHL) and cereblon (CRBN) E3 ubiquitin ligases, our strategy enables light-triggered 

protein degradation for any small molecule warhead.
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While small molecule inhibitors have traditionally been the most accessible approach to 

conditionally modulating protein function, their scope in regards to ‘druggable’ protein 

targets has been limited to less than 20% of the proteome.1 The development of proteolysis 

targeting chimera (PROTAC) technology has the potential to overcome this limitation, 

enabling rapid and selective degradation of protein targets using small molecule-based 

reagents to hijack the endogenous ubiquitin proteasome system. PROTACs are 

heterobifunctional constructs containing a ‘warhead’, capable of binding the protein of 

interest, connected via a linker to an E3 ligase ligand. Recruitment of an E3 ubiquitin ligase 

into close proximity to the protein of interest results in ubiquitination of surface accessible 

lysines and subsequent degradation of the protein of interest via the ubiquitin proteasome 
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system. This approach has been successfully applied to degrade numerous protein targets, 

including bromodomain-containing protein 4,2–4 estrogen-related receptor α,5 CDK9,6–7 

and TANK-binding kinase 1.8

While PROTACs have demonstrated robust protein degradation both in vitro and in vivo, a 

lack of external control over their function remains a limitation to their applications as both 

chemical tools and therapeutics. Potential toxicity from systemic degradation of proteins in 

healthy cells, as well as diseased cells, is a critical concern.9 For example, one study of mice 

treated with a BRD4 degrader, ARV-771, exhibited noticeable deterioration of skin health, 

hunching of the spine, lethargy, and decreased mobility as a result of treatment.10 In 

addition, undesirable ligase-mediated off-target effects pose a significant risk and are not yet 

well understood.11 Achieving conditional control of PROTAC function may provide the 

ability to tightly regulate PROTAC activity, leading to an improved therapeutic index, 

reduced off-target effects, and a highly targetable therapy. To achieve this goal, we sought 

out to develop a broadly applicable approach to controlling PROTAC activity using light. 

Light is an excellent external control element for biological processes, since it acts non-

invasively, rapidly, and with spatiotemporal precision.12 Recent reports have demonstrated 

successful regulation of PROTAC-mediated degradation of BET proteins and FKBP12 

through the incorporation of photoswitchable azobenzene linkers.13–14 Herein, we report the 

development of photocaged E3 ligase ligands for both Von Hippel-Lindau (VHL) and 

cereblon (CRBN) E3 ubiquitin ligases. By utilizing a general photocaging strategy (Figure 

1A), this approach is applicable to all PROTACs utilizing the VHL or CRBN E3 ligands.

To develop a caged VHL ligand, we first determined the optimal location for placement of 

the light-cleavable caging group onto the VHL ligand by analyzing a crystal structure of the 

protein-ligand complex (PDB: 4W9C). We observed that the hydroxyproline moiety is 

buried into the binding cleft and is also involved in two hydrogen bond interactions with 

Ser111 and His115 (Figure 1B). This hydrogen bond network has been established as 

critical for VHL recognition of its endogenous protein target, the oxygen-sensitive hypoxia-

inducible factor protein, HIF1-α.15–17 Furthermore, it has been shown that inversion of the 

stereochemistry at the hydroxyl group abolishes all PROTAC activity.4–5 Taken together, we 

hypothesized that placement of a bulky caging group on the hydroxyl moiety would render 

the caged ligand unable to bind VHL until removal of the caging group via light irradiation. 

To test this hypothesis, we synthesized the VHL-based ERRα PROTAC 1 that targets 

estrogen related receptor α (ERRα),5 an orphan nuclear hormone receptor involved in 

cellular metabolism and with implications in cancer initiation and progression.18 As a 

photolabile caging group, we installed a diethylamino coumarin (DEACM) at the hydroxyl 

group via a carbonate linkage to yield the caged ERRα PROTAC 2 (Figure 2A). The 

DEACM caging group enables activation by photolysis with ≤405 nm light and release of 

acidic functional groups with a pKa below 5.19 For the DEACM-caged ERRα PROTAC 2, 

we performed a UV exposure time course and monitored decaging by HPLC (Supporting 

Figure S1). Starting material and products were confirmed by mass spectrometry. Upon UV 

treatment, we observe conversion of 2 to the native ERRα PROTAC 1, as well as the release 

of the coumarin caging group fragment after a 3 min irradiation. This confirms rapid and 

efficient decaging of the VHL ligand.
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To test the ability of the DEACM group to block ERRα degradation, MCF-7 cells were 

treated with DMSO, 1, or 2 followed by presence or absence of UV irradiation (365 nm, 180 

s). After an 8 h incubation, ERRα levels were determined via western blot. As expected, 

treatment with PROTAC 1 resulted in a significant reduction in ERRα protein relative to 

DMSO control, matching literature reported results.5 Gratifyingly, treatment with the 

DEACM-caged ERRα PROTAC 2 at twice the concentration of 1 led to no reductions in 

ERRα protein levels in the absence of UV light. This confirms that the caged compound is 

completely inactive with regard to E3 ligase recruitment and that the incorporation of the 

caging group allows for increased dosing concentrations without any observed activity. In 

contrast, cells treated with 2 and subjected to UV irradiation exhibited comparable 

reductions in ERRα protein to that of cells treated with 1, demonstrating triggering of 

degradation activity following photolysis of the DEACM caging group (Figure 2B). The 

degradation of ERRα was blocked in the presence of either the proteasome inhibitor MG132 

or the neddylation inhibitor MLN4924 (cullin-RING ubiquitin ligases need to be neddylated 

in order to be active), confirming that the degradation observed by these PROTACs is both 

proteasome- and E3 ligase-mediated (see Supporting Figure S3). MCF-7 cells treated with 

the coumarin caging group fragment released upon photolysis exhibited no effects on ERRα 
levels, demonstrating that the observed degradation is entirely mediated by the active, non-

caged PROTAC generated via decaging (Supporting Figure S5).

In MCF-7 cells, ERRα acts as an antagonist to estrogen receptor α (ERα) by directly 

competing for binding to their shared consensus palindromic DNA response element 

(ERRE/ERE).20 Structural studies have identified that ERRα is constitutively active and is 

not regulated by traditional estrogen-receptor ligands,21 but rather is regulated by protein co-

regulators.22 While the caged ERRα PROTAC 2 is capable of binding ERRα, binding alone 

is not capable of abolishing ERRα-mediated repression. Transcriptional repression by 

ERRα has been shown to be alleviated through siRNA knockdown.23 Taking advantage of 

this mechanism, degradation of ERRα with PROTAC technology would be capable of 

activating ERα-mediated transcription in MCF-7 cells (Figure 2C). To this end, a luciferase 

reporter containing the ERRE/ERE response element placed upstream of a firefly luciferase 

gene was transfected into MCF-7 cells, followed by treatment with DMSO, 1, or 2 in the 

presence or absence of UV light treatment. Cells treated with 1 demonstrated a 10-fold 

increase in luciferase signal, indicative of a loss in ERRα-mediated repression following 

degradation of ERRα (Figure 2D). Treatment with the caged ERRα PROTAC 2 at 

concentrations 5-fold higher than 1 showed no significant increase in luciferase signal in the 

absence of light, supporting that ERRα ligand binding alone is incapable of inhibiting 

ERRα repression. However, following treatment with light (405 nm, 30 s), we observed 

rescue in luciferase expression to levels similar to that seen following treatment with 1. 

Taken together, these results demonstrate the ability to control VHL-based PROTAC-

mediated protein degradation in cells using both 365 nm and 405 nm light.

With the goal of expanding this technology to encompass CRBN-based PROTACs as well, 

we next turned our attention to developing a photocaged CRBN ligand. Crystal structure 

analysis of the thalidomide-CRBN protein complex depicts the imide moiety on the 

glutarimide ring to be buried into the hydrophobic binding pocket and involved in a 
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hydrogen bond interaction with the peptide backbone of His380 (Figure 3A). We again 

speculated that installation of a caging group would disrupt a crucial hydrogen-bonding 

network in addition to introducing a significant amount of steric bulk which could not be 

accommodated by the binding pocket. This speculation was supported by a previous report 

which showed that methylation of the imide nitrogen abolished degradation activity of a 

CRBN-based PROTAC.24 Thus, we synthesized the known CRBN-based BRD4 PROTAC 3, 

which is capable of targeting and degrading bromodomain-containing protein 4 (BRD4).25 

Using chemistry previously established by our lab,26–27 we successfully installed a 6-

nitropiperonyloxymethyl (NPOM) group onto the glutarimide nitrogen to generate the caged 

BRD4 PROTAC 4 (Figure 3B). The NPOM group was chosen for its stability under aqueous 

conditions, as the relatively high acidity of imide nitrogens (pKa = 14) compared to aliphatic 

amines (pKa = 30 - 40) has previously proven problematic.26, 28 The NPOM caging group 

undergoes efficient photolysis by treatment with 365 nm light and has been employed as a 

photocaging group in numerous biological applications.29 We tested light-activation of the 

NPOM-caged BRD4 PROTAC 4 through a UV exposure time course and monitored product 

formation by HPLC, followed by confirmation through mass spectrometry (Supporting 

Figure S2). We observed clean formation of the non-caged BRD4 PROTAC 3 and the 

corresponding nitrosoketone caging group product after a 2 min irradiation, suggesting 

efficient release of the native CRBN ligand upon photolysis.

With the caged PROTAC 4 in hand, we tested the ability to optically control CRBN-

mediated degradation of BRD4 in cells. Treatment of HEK293T cells with the BRD4 

PROTAC 3 resulted in significant degradation of BRD4 within 5 h, as evidenced by western 

blot. Treatment with caged 4 in the absence of light resulted in no degradation of BRD4, 

confirming that installation of the NPOM caging is capable of blocking E3 ligase 

recruitment. However, following irradiation with UV light (365 nm, 180 s), we observed 

activation of the PROTAC and subsequent degradation of BRD4 by western blot (Figure 

3C). No reduction in BRD4 protein levels was observed upon treatment with either MG132 

or MLN4924, validating again that the observed degradation is both proteasome- and E3 

ligase-mediated (see Supporting Figure S4). Treatment with the nitrosoketone caging group 

fragment exhibited no effect on BRD4 levels in HEK293T cells, confirming that the protein 

degradation is entirely mediated by the active BRD4 PROTAC 3, generated upon photolysis 

(Supporting Figure S5). Furthermore, we were able to optically trigger rapid degradation of 

a GFP-BRD4 fusion expressed in HEK293T cells (Figure 3D). Upon treatment with 3, 

nearly full degradation of GFP is observed after 4 h. In cells treated with NPOM-caged 

BRD4 PROTAC 4, degradation of GFP is only observed after UV irradiation (365 nm, 180 

s), demonstrating that with these tools we can temporally control induced degradation of a 

target protein. Together, these results successfully demonstrate the ability to conditionally 

control protein degradation in cells using a CRBN ligand-based PROTAC reagent.

In order to demonstrate optical control of the functional consequences of BRD4 degradation, 

we next investigated the therapeutic response elicited following photoactivation of 

PROTACs in a cellular model. It has previously been reported that PROTAC-induced 

degradation of BRD4 is on the order of 10- to 500-fold more potent at inhibiting cell 

proliferation than treatment with a traditional BRD4 inhibitor, JQ1, in castration-resistant 
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prostate cancer cell lines.10 Taking advantage of the marked increase in efficacy observed 

for BRD4 degradation agents, we treated 22Rv1 cells, a castration-resistant prostate cancer 

cell line, with 3 and 4 in the presence and absence of light. Treatment with 3 for 72 h 

resulted in a 51% reduction in cell viability, while cells treated with caged PROTAC 4 in the 

absence of light showed no significant reductions in cell viability, demonstrating that BRD4 

degradation likely governs the therapeutic response observed with BRD4 PROTAC 3 – in 

contrast to mere protein inhibition. As expected, removal of the caging group through light 

exposure (365 nm, 180 s) rescued therapeutic efficacy leading to a 39% decrease in cell 

viability (Figure 4A). To confirm the mechanism of cell death, we also monitored 

caspase-3/7 activation as an indicator of apoptosis. Treatment of 22Rv1 cells with 3 resulted 

in a nearly 3-fold increase in caspase-3/7 activity, while treatment with the caged PROTAC 4 
in the absence of light had no significant effect. Following irradiation with UV light, 

caspase-3/7 activity was rescued to levels similar to that observed with PROTAC 3 (Figure 

4B). Taken together, these results demonstrate that optical control of PROTAC activity is a 

feasible approach to controlling the therapeutic effects of PROTACs.

In summary, we have successfully developed two approaches to optically controlling 

PROTAC function through the strategic installation of photocaging groups onto E3 ligase 

ligands recruiting VHL and CRBN. Introduction of the caging groups completely abolishes 

degradation activity of PROTACs until treatment with light unmasks the E3 ligands 

returning them to their native states. We demonstrated robust photoactivation of protein 

degradation in cells and showed that photocontrol of degradation can also function as an 

effective approach to conditionally control therapeutic response to treatment. These 

approaches afford enhanced control over biological processes and has far reaching 

implications for the development of highly targeted therapies based on precision drug 

activity profiles. Continued efforts are being made to improve the spectral properties of these 

reagents with the hopes of shifting absorption into the near IR region for enhanced tissue 

penetration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Design of light-activatable PROTACs. A) Placement of a caging group on the E3 ligase 

ligand (blue triangle) prevents ternary complex formation between the E3 ubiquitin ligase 

(E3) and the protein of interest (POI). Treatment with light removes the caging group, 

enabling ternary complex formation, resulting in ubiquitin (Ub, orange circle) transfer and 

subsequent proteasomal degradation. B) Crystal structure analysis of the VHL ligand bound 

to VHL protein (PDB: 4W9C) identifies the hydroxyl group on hydroxyproline as critical 

for the ligand-protein interaction, evidenced by key hydrogen bond interactions (orange 

dashed line).
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Figure 2. 
A) Structures of ERRα PROTAC 1 and DEACM-caged ERRα PROTAC 2. B) Western blot 

analysis of ERRα protein levels from MCF-7 cells treated with DMSO, 1, or 2, and either 

kept in the dark (− UV) or irradiated with UV light (+ UV). C) ERRα represses luciferase 

expression by occupying the shared ERRE/ERE consensus sequence preventing ERα 
transactivation. Upon treatment with UV light, the caging group is removed resulting in 

degradation of ERRα and activation of luciferase expression by ERα. D) MCF-7 cells 

transfected with 3xERRE/ERE-luc reporter were treated with DMSO, 1, or 2, and either 

kept in the dark or irradiated with UV light. Relative luciferase units (RLU) represent firefly 

luciferase signal normalized to Renilla luciferase control signal. Data represents the means ± 

standard deviations from at least three independent experiments. Statistical significance was 

determined using an unpaired t test; *P< 0.05, **P < 0.001.
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Figure 3. 
A) Crystal structure analysis of the CRBN ligand bound to CRBN (PDB: 4CI1) identifies 

the imide moiety buried into the hydrophobic binding pocket, while also forming a hydrogen 

bond interaction with the backbone of His380 (orange dashed line). B) Structures of BRD4 

PROTAC 3 and NPOM-caged BRD4 PROTAC 4. C) Western blot analysis of BRD4 protein 

levels in HEK293T cells treated with DMSO, 3, or 4, and then either kept in the dark (− UV) 

or irradiated with UV light (+ UV). D) HEK293T cells transfected with GFP-BRD4 were 

incubated with either DMSO, 3, or 4 for 1 h. Following incubation, cells were either kept in 

the dark or irradiated with UV light. GFP levels were monitored via fluorescence imaging 

over 4 h post-irradiation.
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Figure 4. 
A) 22Rv1 cells were treated with DMSO, 3, or 4 in the presence (+ UV) or absence (− UV) 

of UV light. Cells were incubated 72 h before determining cell viability using a CellTiterGlo 

assay. Treatment normalized to DMSO control. B) 22Rv1 cells were treated with DMSO, 

JQ1, 3, or 4 in the presence or absence of UV light. Cells were incubated for 24 h before 

determining caspase-3/7 activity using a CaspaseGlo-3/7 assay. Statistical significance was 

determined using an unpaired t test; ns P>0.05, *P<0.05, **P<0.001.
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