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SUMMARY

To address the limitation associated with degron based systems, we have devel-
oped iTAG, a synthetic tag based on IMiDs/CELMoDs mechanism of action that
improves and addresses the limitations of both PROTAC and previous IMiDs/
CeLMoDs based tags. Using structural and sequence analysis, we systematically
explored native and chimeric degron containing domains (DCDs) and evaluated
their ability to induce degradation. We identified the optimal chimeric
iTAG(DCD23 60aa) that elicits robust degradation of targets across cell types
and subcellular localizations without exhibiting the well documented “hook ef-
fect” of PROTAC-based systems. We showed that iTAG can also induce target
degradation by murine CRBN and enabled the exploration of natural neo-sub-
strates that can be degraded by murine CRBN. Hence, the iTAG system consti-
tutes a versatile tool to degrade targets across the human and murine proteome.

INTRODUCTION

The study of protein function in human health and disease is being transformed by the use of chemical
biology and protein degradation systems."” Current methods for evaluating protein function employ
either small molecule chemical probes or genetic silencing, which are powerful tools, but also present lim-
itations. Small molecule probes allow for time- and dose-dependent control over target modulation
enabling a pharmacologically relevant assessment of protein function. In addition, removal of the chemical
probe through washout experiments enables the recovery of target function after modulation which is
necessary for establishing causal relationships.” However, small molecule inhibitors and agonists are
currently restricted to a few targets (estimated to be 4% of the proteome),” often lack specificity and gen-
erality by targeting the catalytic activity of proteins but failing to inhibit non-catalytic functions. On the
other hand, genetic methods for modulating protein expression levels, such as RNA interference and
CRISPR/Cas9-genome editing, have been extensively used for target validation, with available libraries tar-
geting every gene and splice variant in multiple species.”” The protocols for these approaches are
constantly being improved enabling a cost-effective approach to studying target function. Genetic disrup-
tion of the targets is, however, associated with variability in knockdown efficiency, off-target effects and, in
the case of CRISPR/Cas%-genome editing, require clonal selection which makes it hard to distinguish be-
tween phenotypes directly related to the loss of target protein and those related to cellular adaptation as a
consequence of loss of function. Therefore to attribute a causal relationship, the phenotypic consequence
must be then reversed or rescued by target cDNA re-expression through gene transfer experiments.®
Furthermore, the use of genetic methods to knock down targets in vivo in a cell specific and inducible
manner remains a challenging process.

Recently, chemical biology tools have been developed to modulate protein levels directly and acutely by
affecting their stability in cells. These technologies are based on the use of small amino acid tags that are
fusedto a protein of interest and that will induce its degradation in the presence of a specific chemical com-
pound. Examples include: small-molecule displacement of a cryptic degron,® Small Molecule-Assisted
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(AID),"""? the HaloPROTAC'®'* and dTAG system.'>'® These tools have enabled acute protein degrada-
tion and demonstration of a relationship between loss of a protein of interest and early cellular changes. '
The broad adoption of these tools has been limited, due to multiple factors that include: the multi-compo-
nent complexity of some systems, such as the AID that requires the expression of both the AID tag and the
plant TIR E3 ligase; low versatility, such as SMASh system, which is limited to proteins with short half-lives.
Limits of the PROTAC-based tools (HaloPROTAC, dTAQG) relate to the need to use high molecular weight
PROTACs with significant compound cost, restricted dose-response modulation because of the “hook ef-
fect” and limited characterization of in vivo pharmacokinetic (PK) and pharmacodynamic (PD) properties.
Alternative systems, such as Trim-Away,"” have enabled the degradation of endogenous targets using an-
tibodies recognized by the E3 TRIM21 but require the preparation and delivery of target specific antibodies
in cells.

One of the best described examples of drug-induced protein degradation is the mechanism of action of
the thalidomide-like derivatives (called immunomodulatory drugs IMiDs, or more recently, Cereblon E3
ligase modulators CELMoDs). These degrader drugs bind to a conserved tri-tryptophan cage on the sur-
face of Cereblon (CRBN), the substrate receptor of the Cullin4-RING E3 ubiquitin ligase CRL4RBN  and
induce the alteration of CRLA“REN substrate specificity, leading to the recruitment, ubiquitination and sub-
sequent proteasomal degradation of neo-substrates such as lkaros (IKZF1), Aiolos (IKZF3), Casein Kinase 1
alpha (CK1a. or CSNK1A), G1 to S phase transition protein 1 (GSPT1) and zinc finger protein 91 (ZFP91)'é-24
(Table S1). Neo-substrates interact with the degrader-bound surface of CRBN through recognition motifs
known as degrons, characterized by a common B-hairpin loop with a conserved glycine at the apex, which is
crucial for the interaction of the degron with the degrader compound. The amino acid sequences adjacent
to the sentinel glycine in the B-hairpin loop are variable among neo-substrates and are critical for the spec-
ificity of recruitment and degradation of neo-substrates by a particular CRBN binding agent (Table S1). In
the case of the neo-substrates Ikaros, Aiolos and ZFP91, the degron motif is located within a C2H2 zinc
finger (ZF) domain, with the first half of the domain harboring a CxxCG sequence signature containing
the conserved glycine just after the second Cysteine of the ZF.**** This knowledge around IMiD/
CeLMODs has led to the development of a range of tags showing various levels of efficiency and versatility
in target degradation such as IKZF3-25mer,*® IKZF3 136-180_236-249°” and more recently the
SuperDegron (SD).”®

To address the limitations of the currently available protein modulation tools and better understand the
degradation efficiencies of IMiD/CeLMOD based degrons, we set out to develop a robust system for tar-
geted protein degradation by exploiting the fusion of an IMiD/CeLMOD recognition sequence to a protein
of interest. Herein we present the development of the “iTAG" (Inducible and TArgeted protein deGrada-
tion), an inducible degradation TAG that elicits controlled protein degradation across targets and cell
types. By systematically evaluating a matrix of 23 degron containing domains (DCDs) from various ZF
and non-ZF proteins with a panel of IMiD/CeLMOD small molecules, we identified the chimeric sequence
iTAG(DCD23, 60 residues), that induces acute target degradation when tagged at either N or C terminal
ends. Our data also show that iTAG can be used for in vivo target degradation, with effective loss of target
as early as 4h after a single oral administration of the thalidomide analogue, CC220. The iTAG system is not
limited by the so-called hook-effect of PROTAC-based systems (ex. dTAG) and elicits more robust maximal
degradation than these state-of-the-art approaches. Importantly, we show that the chimeric iTAG, as
opposed to natural ZF-derived DCDs, is active in mouse cells without the need to humanize CRBN and indi-
cate that additional murine glycine B-hairpin loop degrons may also be degraded with the appropriate
thalidomide derivative. We therefore submit the iTAG system as a modular and versatile tool for protein
degradation in vitro and in vivo for both human and murine models.

RESULTS

Design of the DCD tags

To identify the optimal recognition motif for protein degradation with known IMiD/CELMoD agents, we
sought to systematically evaluate native and chimeric degron motifs against current IMiD/CELMoD agents.
Leveraging structural and sequence analysis of known CRLASRBNheo-substrates (GSPT1, Ikaros, Aiolos,
Eos, CK1a and ZFP91), we selected 23 DCD tags of various sizes, ranging from 10 to 197 residues in length,
for experimental evaluation; these contained the glycine B hairpin loop flanked by extended amino acid

sequences from the neo-substrates. These additional residues served the purpose of promoting ternary
interactions between the surface of CRBN and the IMiD/CELMoD agent (Figures S1 and S2).
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Figure 1. Design and experimental evaluation of the DCD tags

(A) Representation of the experimental pipeline used to evaluate the different DCD constructs. The data exemplifies DCD2 treated with CC885, HMEC cells
containing the cMYC-EGFP-DCD2 construct consistently showed loss of EGFP signal in the presence of CC885 agents, whereas the cells expressing cMYC-
EGFP(P2A)DCD?2 did not, because of the uncoupling of the DCD from the cMYC-EGFP.

(B) HMEC stably expressing Dox inducible cMYC-EGFP-DCD2/19/23/25mer or their corresponding P2A controls were induced with doxycycline for 24h then
treated with either DMSO or the different indicated drugs at a concentration of 10uM for 4h. Median EGFP intensity was measured in each condition using
flow cytometry (3 independent experiments, normalized to the control and represented as mean + SD).

(C) HMEC stably expressing Dox inducible cMYC-EGFP-DCD23 or the corresponding P2A control were induced with doxycycline for 24h then treated with
either DMSO or the different indicated drugs at a concentration of 10uM for 4h. The protein lysates were probed for cMYC levels using western blotting.
(D) Cells used in (C) were induced with doxycycline for 24h then treated with either DMSO or CC-220 at a concentration of 10uM for different time points.
Target loss was evaluated either by measuring EGFP median intensity using flow cytometry or western blotting for cMYC protein (3 independent
experiments, normalized to the control and represented as mean + SD).

(E and F) Cells used in C were induced with doxycycline for 24h then treated with either DMSO or CC-220 at the different indicated concentrations for 4h.
Target loss was evaluated as in (D) (3 independent experiments, normalized to the control and represented as mean + SD).

(G) Cells used in (A) were induced with doxycycline for 24h then treated with either DMSO or CC220 (10uM) in the presence or absence of MG132 or MLN4924
for 4h and analyzed using western blotting.

(H) HMEC cells stably expressing Dox inducible N-terminally tagged DCD23-EGFP-cMYC, C-terminally tagged cMYC-EGFP-DCD23 or their corresponding
P2A controls were induced with doxycycline for 24h then treated with either DMSO or CC220 (10uM) for 16h. Protein lysates were collected and probed for
cMYC and p21 using western blotting.

(1) Cells used in (C) were induced with doxycycline for 24h then treated with CC-220 (10uM) for 4h. Subsequently the drug was washed out, by reseeding the
cells in a fresh vessel without CC-220 and left to express the construct for 24h or 48h. Protein lysates were collected and probed for cMYC and p21 using
western blotting.

Three groups of DCD tags were identified. The first group of DCD tags (DCD1-6) were based on the neo-
substrates GSPT1 and CK1a. and provided an initial proof of concept for our tagging system. The second
group of DCD tags (DCD7-20) was designed based on the C2H2 Zinc Finger neo-substrates (lkaros, Aiolos,
Eos and ZFP91). The final group of DCD tags (21-23) was based on a degron hybrid between two ZF CRBN
substrates: lkaros and ZFP91. This final group leveraged the results from the work of Sievers et al. that
demonstrated that chimeric Aiolos/ZFP91 ZF had higher affinity for CRBN compared to the Aiolos or
ZFP91 ZFs”® and that a stretch of three consecutive arginine residues within lkaros ZF3 (R183-R185) were
critical in enhancing the binding to CRBN. (Detailed structure and design of the DCD tags is described
in STAR Methods section and (Figures S1 and S2).

Selection and characterization of optimal degradation tag

To systematically delineate the optimal DCD/degrader combination for targeted protein degradation, we
undertook a matrix approach evaluating all 23 DCD tags against é small molecule degraders. First, we
fused the DCD tags with Enhanced Green Fluorescent Protein (EGFP) and a target protein of interest,
focusing initially on the proto-oncogene cMYC (Figure 1A). cMYC function has been extensively studied
and downstream perturbations of cMYC loss are well characterised,”” " providing a good reference to
test the iTAG system. Furthermore, previous attempts to degrade cMYC using alternative approaches
have resulted in sub-optimal loss of the target.”” To control for any potential off-target effects of the
IMiD/CeLMOD agents that could indirectly affect the target of interest, we designed controls in which
the specific DCD and the EGFP sequences were interspaced by a P2A ribosomal “skipping” sequence,®
leading to separate translation of the DCD and the target protein (Figure 1A). These constructs were
then inserted into a doxycycline-inducible lentiviral vector system and stably expressed in hTERT immor-
talized human mammary epithelial cells (HMEC), a suitable model to assess the functional consequences
of cMYC degradation. cMYC was tagged at the C-terminus end for the initial screening experiments.

We undertook a cellular screen experiment for all 23 DCD tags (Figure S3). The criteria used to select the
optimal DCD candidate included: i) evidence of efficient, reproducible and robust degradation of the
target protein; ii) short sequence length to avoid interference with normal protein functions; iii) evidence
of effect with IMiD/CELMoD agents that do not cause direct cellular toxicity: and iv) evidence of more
active degradation than that previously described for the 25-mer Aiolos (ZF2)-based degron.?

Flow cytometry analysis showed that the GSPT1-based DCD2 (113 aa, 13.5 kDa) led to a strong decrease in
EGFP signal, but only when cells were exposed to CC885 as expected because of the substrate specificity
of the different degrader compounds (Figures 1B, S3,54, and Table S1). The potency of degradation was
equivalent to the longer GSPT1-based DCD1 (197aa), whereas DCD3, which contained only the GSPT1
B-hairpin loop, and the extended DCD4 and 5 failed to induce cMYC degradation, suggesting that
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degradation induction required the full C-terminal B-barrel domain of GSPT1 (Figures S1 and S3). However,
CC885 induced significant cellular toxicity in HMEC cells and in other cells tested (HEK293T, MDA-MB-231,
Kelly), so the DCD2/CC885 pair did not represent a suitable combination for further evaluation (Figure S5).
This clearly highlights the need for an appropriate IMiD/CELMoD agent in the selection of the optimal DCD
tag and degrader molecule pair.

Of the native ZF based DCDs, the 131 amino acid lkaros-based DCD19 (131 aa, 15.7 kDa) induced robust
loss of cMYC-EGFP signal with all the degraders tested (CC885, thalidomide, lenalidomide, pomalido-
mide, CC-122 and CC220) (Figures 1B, S3, and S4). Use of chimeric DCDs improved degradation, with
the chimeric lkaros/ZFP91 DCD23 (40 aa, 7 kDa) inducing degradation at a significantly shorter length
(Figures 1B, S3, and S4). CC220 was the most active protein degrader (Figures 1B and S3) and did not
induce cellular toxicity (Figure S5). Loss of EGFP, observed using flow cytometry, in DCD23 indirectly indi-
cated cMYC degradation. The loss of cMYC was subsequently confirmed by western blotting (Figure 1C).
CC220 caused a significant degradation of c-MYC tagged with DCD23 within 15 min (Figure 1D), and at
nanomolar concentrations (DCsp at 4h = 2 nM; DCmax at 4h 75%) (Figures 1E and 1F). We confirmed
that the degradation was mediated by the ubiquitin-proteasome system, as co-treating the cells with
CC220 and either the proteasome inhibitor MG132 or the neddylation inhibitor MLN4924, inhibited
cMYC degradation (Figure 1G).

We then assessed if the iTAG-induced degradation could be used to explore the function of the protein of
interest. The cyclin-dependent kinase inhibitor p21 is a well described target of cMYC transcriptional
repression.aw"% On induction of cMYC-EGFP-DCD23 or the control cMYC-EGFP(P2A)DCD23, p21 levels
decreased in HMEC cells (Figure 1H). Subsequent treatment of the cells with CC220 induced the degrada-
tion of DCD23-tagged cMYC and was accompanied by a restoration of p21 levels. In the control cMYC-
EGFP(P2A)DCD23 cells, CC220 did not induce the degradation of cMYC and consequently no restoration
of p21 levels was observed, thereby confirming the specificity of the effect (Figure TH). These results indi-
cate thatiTAG can be used to explore the functional consequences of target protein degradation, with par-
allel confirmation of the specific molecular consequences, as they do not occur in the P2A’ skip’-containing
controls.

Similarly, to the way we probed for the function of C-terminally tagged cMYC, we tested the function of
N-terminally tagged cMYC (Figure TH). On induction of DCD23-EGFP-cMYC or the control DCD23(P2A)
EGFP-cMYC, p21 levels decreased in HMEC cells. Treatment with CC220 led to a restoration of p21 levels
in DCD23-EGFP-cMYC cells but had no effect in the corresponding P2A control confirming the specificity of
the effect observed (Figure TH).

Another advantage of our acute protein degradation system compared to genetic approaches is the ability
to rescue the protein expression after degradation in a one-step approach. This allows us to explore the
downstream consequences of acute target loss and to confirm the specificity of these results by restoring
target expression in the same cellular context. We tested if washing out CC220 would allow restoration of
cMYC levels back to baseline. In cells expressing cMYC-EGFP-DCD23 or the control cMYC-EGFP(P2A)
DCD23, treatment with CC220 leads to a decrease in the levels of cMYC-EGFP-DCD23, but not the P2A
control. After CC220 removal, c-MYC levels were restored back to pre-treatment levels and, importantly,
p21 repression was also restored (Figure 11). These results show that iTAG allows for a substantial control
over target modulation, thus enabling the functional study of a target protein by inducing its degradation
followed by washout experiments that enable rescue of the phenotype in a one-step assay. This together
with the parallel P2A control enables the specific modulation of target function.

Altogether, DCD23 with CC220 were selected as the optimal pairing for further characterization.

DCD23 efficiently engage CRBN/DDB1 in vitro

To test whether the degradation of DCD23, discovered using the HMEC system, was due to a direct inter-
action with CRBN induced by IMiDs/CELMoDs, we developed two types of in vitro assays which allowed
control over all the components, and used them to quantify the interactions.

First, we wanted to confirm that the IMiD/CELMoDs used in our study were effectively binding to CRBN and
to estimate their binding affinities. We used a fluorescence polarisation (FP) assay based on a sulfocyanine5
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fluorescently labeled IMiID probe (Figure S6A).>" We first demonstrated the binding of the probe to CRBN/
DDB1 complex by FP and measured a Kd of 36 nM. We then assessed the relative affinities of the various
IMiDs/CELMoDs for the DDB1-CRBN complex by measuring their ability to displace the FP probe from the
protein complex and showed that they were all able to bind to CRBN, with ICsos spanning from 0.048 to
1.208 puM; notably CC220 was the strongest binder at an ICsg of 0.048 uM (Figure S6B and Table S2).

Second, we developed a time-resolved fluorescence resonance energy transfer (TR-FRET) assay based on
an N-terminally sulfo-cyanine5 fluorescent-labelled Aiolos peptide probe, to estimate the binding affinities
of our DCDs to the complex formed between IMiDs/CELMoDs and CRBN-DDB1 (Figure S6C).*> We first
confirmed the binding of the probe to a pre-formed DDB1-CRBN+IMiD complex in presence of the
different IMiDs/CELMoDs used in this study and found that Kd values ranged from 0.11 to 1.27 uM (Fig-
ure S6D and Table S2). We then assessed the relative binding affinities of DCD23 for the different
DDB1-CRBN+IMIiD complexes by measuring their ability to displace the Aiolos probe and determined
the Ki for each compound. DCD23 bound to the various DDB1-CRBN+IMiD complexes with different affin-
ities depending on which IMiD/CELMoD was used; with the most potent being CC220 with a Ki of 0.015 pM
(Figure S6E and Table S2).

Our in vitro data confirmed the direct binding of the DCD23 to the complexes formed between CDBN-
DDB1 and various IMiDs/CELMoDs with high affinity. These data also provided further evidence that
DCD23 binds to the DDB1-CRBN complex with the highest affinity when paired with CC220 and constitutes
the optimal iTAG system.

iTAG(DCD23) can target both cytoplasmic and nuclear proteins for degradation

In order to assess the versatility of iTAG(DCD23) as a tool for protein degradation, we tested the
ability to induce the degradation of targets in various cellular compartments (cytoplasm and nucleus).
We also tested iTAG-induced degradation of N- or C-terminally tagged target proteins. As an example
of a cytoplasmic/membrane protein, we chose the oncogenic form of KRAS, containing the G12V
mutation (KRASI®™Y)) |n addition to cMYC, we selected the histone methyltransferase EZH2 as an
example of a nuclear protein that is also present within the large multicomponent polycomb repressive
complex.

We tagged the proteins with DCD23 constructs, fused either to their N-terminus or C-terminus (Figures 2A
and 2B). We stably transduced HMEC cells with these constructs and assessed their degradation. Cellular
treatment with all degraders led to a decrease in the EGFP signal of the N and C-terminally tagged
KRASIC™V and EZH2 (Figures 2A and 2B). These data also confirmed CC220 as the most active degrader
of DCD23 tagged targets and confirmed that the iTAG can induce degradation of both nuclear and cyto-
plasmic protein, fused with the tag at both N- and C-terminal ends.

We then analyzed the functional consequences of KRASI®'?Linduced degradation. We confirmed the
degradation of the fusion constructs by western blotting for KRASI®™V! (Figure 2C). Subsequently, we
analyzed the functional consequences of KRASI®'?YLinduced degradation. We chose to probe for MEK1
(T292) phosphorylation as a downstream marker of KRAS activation in cells expressing N-terminally tagged
DCD23-EGFP-KRASI®™ or in cells expressing the C terminally tagged KRASI®'2LEGFP-DCD23. Doxycy-
cline induction of N-terminally tagged KRASI®'?! led to an increase of MEK1 phosphorylation (T292) (Fig-
ure 2D), but this increase was not observed with C-terminally tagged KRASI®"V! (Figure 2E), which is most
likely due to the disruption of the farnesylation of its C-terminal CAAX motif by the fusion, resulting in inter-
ference with this function.>**” Following CC220 treatment, N-terminally tagged KRAS!®'?"! was degraded,
with a concomitant decrease in MEK1 (T292) phosphorylation. MEK1 (T292) phosphorylation levels re-
mained unaltered in cells transduced with the corresponding P2A control constructs (Figure 2D). These
data whilst confirming the versatility of the iTAG system in inducing protein degradation when fused at
both N- and C-terminal ends, also indicate that careful evaluation is needed in defining the end of the pro-
tein to be tagged for functional studies, which should be related to the target of interest rather than the
DCD23 tag per se.

Comparative evaluation of iTAG against current degron systems

Among the degradation tags currently available, the recently developed dTAG has become one the most
widely adopted systems in the scientific community.'**® In the dTAG system, a mutant FKBP1273*¥! protein
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Figure 2. Degradation of cytoplasmic and nuclear targets using iTAG

(A) HMEC cells expressing N-terminally tagged DCD23-EGFP-KRAS!S'?], DCD23-EGFP-EZH2, DCD23-EGFP-cMYC or
their corresponding P2A control were induced with doxycycline for 24h then treated with either DMSO or the different
indicated drugs at a concentration of 10uM for 4h. Median EGFP intensity was measured in each condition using flow
cytometry and normalized values were represent in the Log2 Fold change relative to the DMSO control.

(B) HMEC cells expressing Dox inducible C-terminally tagged KRASI®"?Y.EGFP-DCD23, EZH2-EGFP-DCD23 or their
corresponding P2A control were induced with doxycycline for 24h then treated with either DMSO or the different
indicated drugs at a concentration of 10uM for 4h. Median EGFP intensity was measured in each condition using flow
cytometry and normalized values were represent in the Log2 Fold Change relative to the DMSO control.

(C) HMEC cells expressing N-terminally tagged DCD23-EGFP-KRASIS'?V] C-terminally tagged KRASI'?.EGFP-DCD23
or their corresponding P2A control were induced with doxycycline for 24h then treated with either DMSO or the different
indicated drugs at a concentration of 10uM for 4h. The protein lysates were probed for KRASI®'?Y using western blotting.
(D and E) HMEC cells expressing N-terminally tagged DCD23-EGFP-KRASIC'?] or their corresponding P2A control in
(D) and C-terminally tagged KRASIG"?YLEGFP-DCD23 or their corresponding P2A control in (E) were induced with
doxycycline for 24h then treated with either DMSO or CC220 at a concentration of 10uM for 48h. The protein lysates were
probed for KRAS and p-MEK1(T292) using western blotting.

is fused to the target protein of interest and degradation is induced using a PROTAC compound (dTAG-13)
targeting the mutant FKBP12I73 1o the E3 ligase CRL4A“REN for ubiquitination. The broad adoption of the
dTAG system has enabled to uncover numerous biological insights.>~*? Given these merits, we wanted to
compare the degradation efficiency of our iTAG system to the well-established dTAG.
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We first compared the kinetics of the acute degradation of N-terminally tagged cMYC and RBM39 (RNA-
binding protein 39) using the dTAG or iTAG system, for which degradation was induced using the PROTAC
dTAG-13 or CC220, respectively. The fusion constructs were stably expressed in SUM159 cells and loss of
protein was determined by western blotting. At the early time points considered, dTAG induced moderate
degradation only after 4h of treatment whereas iTAG led to the degradation of both cMYC and RBM39 as
early as 1h after treatment. Importantly, iTAG degraded the targets across the whole range of concentra-
tions tested (0.01-10uM), whereas dTAG' induced degradation was less pronounced or even not observed
at high concentrations, most likely as a result of the well described hook effect associated with PROTACs
(Figures 3A and 3B).*3

Subsequently, we evaluated the extent of degradation induced by the two tagging systems. For this pur-
pose, we tested targets present in different subcellular localizations at a longer time point (24h): RBM39
(-nuclear 59.3kDa-), CDK9 (Cyclin-dependent kinase 9 -nuclear 42.7kDa-), MAPK? (Mitogen-activated
protein kinase 9 -nuclear 48.1 kDa-), HPRT1 (Hypoxanthine Phosphoribosyltransferase 1-cytoplasmic
24.5kDa-), SMS (Spermine synthase —cytoplasmic 41.2kDa-), and MAVS (Mitochondrial antiviral-signaling
protein -mitochondrial 56.5kDa-) (Figure S7). Although discrepancies were observed in the expression
levels of the two systems, both tags induced the degradation of all the proteins tested, with iTAG consis-
tently inducing a more effective degradation of the targets even at low nanomolar CC220
concentrations.

The dTAG system has also been adapted to direct targets to the E3 CRL2Y"- using the PROTAC dTAGY-1'¢.
This variant was shown to be more effective compared the original CRL4A“REN system.'® We evaluated the
degradation N-terminally tagged cMYC and RBM39 dTAG"-1, we included BRD4 as a control as it was re-
ported to be a well degraded target in the initial dTAG optimization (Figure 3C)."” For all three targets,
dTAG-v1 induced a more robust degradation compared to dTAG-13, however iTAG-induced degradation
appeared to be superior to the two dTAG variants.

As we were finalizing our study on iTAG, a similar IMiD based degron was publish by the Ebert group.?®
The SuperDegron (SD) a 60 amino acid tag based on a chimera of Aiolos/ZFP91 was used to generate
degradable chimeric antigen receptors (CAR).”® To compare the degradation profile, we stably ex-
pressed N-terminally tagged EGFP with either iTAG, SD or FKBPI™V! in SUM159 cells and analyzed
the degradation using flow cytometry. iTAG and FKBPIP®V! tagged constructs were expressed at similar
level, but SD construct had a significantly lower expression (approx. 60% less) despite using the same
expression vector (Figure 3D). Based on normalized value the different tags showed equivalent DCsgs
(TAG = 0.39 nM, SD = 0.37 nM, FKBP12!7*) = 0.38 nM) and DCmax (iTAG = 93%, SD = 95%,
FKBP12F23Yl = 95%) although the dTAG system exhibited some hook effect at high concentration
(Figure 3D).

These results further confirm iTAG as a versatile tool for the acute and efficient protein degradation of a
wide range of targets, but also suggest caution when comparing different tagging systems as any conclu-
sions should take in consideration baseline protein expression level and cellular context, as was high-
lighted in a recent systematic degron comparison study.**

In-vivo degradation of iTAG fused proteins

To evaluate the iTAG system in vivo, we assessed its ability to degrade target proteins in human
tumor xenografts. MDA-MB-231 breast cancer cells were generated to stably express the firefly
luciferase (FLuc) construct tagged with EGFP-DCD23 under doxycycline inducible promoter control (Fig-
ure S8A). In vitro treatment of these cells with CC220 led to a decrease in both the luciferase and EGFP
signal within 3h and at concentrations as low as 0.05uM (Figures S8A and S8B). The loss of the fusion
construct on CC220, but not of its P2A control, treatment was also confirmed by western blotting
(Figure S8C).

MDA-MB-231(FLuc-EGFP-DCD23) and MDA-MB-231(FLuc-EGFP P2A DCD23) control cells were injected
orthotopically in the mammary fat pads of immunocompromised mice. Once tumors reached 300~
350 mm? in volume, FLuc expression was induced using doxycycline. The mice bearing MDA-MB-
231(FLuc-EGFP-DCD23) or MDA-MB-231(FLuc-EGFP P2A DCD23) tumors were randomized to receive
30 mg/kg CC220 or vehicle. Luminescence was measured before and 4h, 8h or 24h after CC220 or vehicle
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Figure 3. Compared degradation of iTAG and dTAG fused proteins

(A and B) SUM159 cells stably expressing N-terminally tagged cMYC (A) or RBM39 (B) with dTAG (Flag-HA-FKBP12IF36V))
or iTAG (Flag-HA-DCD23) were treated with dTAG-13 or CC220 respectively for 1, 2 or 4h at the indicated doses. The
protein lysates were probed for HA using western blotting.

(C) SUM159 cells stably expressing N-terminally tagged BRD4, cMYC or RBM39 with dTAG (Flag-HA- FKBP 1217V} or
iTAG (Flag-HA-DCD23) were treated for 4h with dTAG-13 or dTAGY-1 for dTAG or CC220 for iTAG at the indicated doses.
The protein lysates were probed for HA using western blotting.

(D) SUM159 cells stably expressing N-terminally tagged EGFP with dTAG (Flag-HA- FKBP12/7¢V)) SuperDegron (Flag-
HA-SD) or iTAG (Flag-HA-DCD23) were treated for 4h with dTAG-13 for dTAG or CC220 for SD and iTAG at the indicated
doses. Median EGFP intensity was measured in each condition using flow cytometry. (3 independent experiments,
represented as mean + SD).

administration. Luminescence intensity rapidly decreased by a Log2 fold change of —2.76 and —3.13 at 4h
and 8h, respectively (Figures 4A-4C and S8D). Loss of the fusion construct on CC220 treatment was
confirmed using western blotting (Figure 4D).

At 24h post CC220 administration, FLuc-EGFP-DCD23 luminescence remained lower despite residual

plasma CC220 levels were in the nanomolar range (Log2 fold change of —1.63) (Figures 4A-4C and S8E).
This was also seen on western blot (Figure 4D), suggesting that even nanomolar plasma concentration
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Figure 4. In-vivo degradation using iTAG

(A) Bioluminescence images of orthotopic tumors formed from MDA-MB-231 cells stably expressing Dox. inducible
FLuc_EGFP_DCD23 or FLuc_EGFP(P2A)DCD23 before (pre) and after (post) systemic administration of 30 mg/kg CC-220
by oral gavage.

(B and C) Quantification of bioluminescence signals from mice represented in A, represented in either Log2 fold change
pre/post treatment in (B) or in absolute values (C) (data from at least 2 animals, represented as mean + SD).

(D) Tumors from mice treated in (A) were lysed and probed for FLuc using western blotting.

of CC220 is sufficient to maintain target degradation in vivo. Together, these data collectively show that
iTAG allows rapid and sustained degradation of tagged proteins in vivo.

iTAG induces the degradation of targets in murine cells

Given the high degradation efficiency of DCD23 in human cells, we sought to test the applicability of
this system in murine cells. We expressed EGFP constructs N-terminally tagged with either DCD19 or
DCD23 with their corresponding P2A controls in murine mammary cancer lines (2208L and PyMT) and
tested their degradation with CC220. The DCD19 tagged constructs where not degraded after CC220
treatment, which was expected given that DCD19’s sequence was extracted from native IKZF1 sequence.
Surprisingly, DCD23 tagged EGFP was efficiently degraded on CC220 treatment in both cell lines
(Figure 5A).

Given these unexpected results, we characterized the kinetics of iTAG (DCD23) induced degradation in murine
cells using flow cytometry and found that iTAG (DCD23) induced loss of EGFP signal at nanomolar concentra-
tions of CC220 (DCsp = 2.7nM and 4.3 nM at 24h in 2208L and in PyMT respectively) (DCmax = 88% and 81% at
24hin 2208L and in PyMT respectively) and as early as 1h post treatment (Figures 5B and S9A). As an additional
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Figure 5. iTAG induced degradation in murine cells

(A) 2208L or PyMT-M cells stably expressing Flag-HA-DCD19-EGFP, Flag-HA-DCD23-EGFP or their corresponding P2A
control were treated with CC220 for 24 h at the indicated doses. The protein lysates were probed for EGFP using western
blotting.

(B) 2208L or PyMT-M cells stably expressing Flag-HA-DCD23-EGFP or its corresponding P2A control were treated with
CC220for 24 h at the indicated doses. EGFP signal was then measured using flow cytometry. (3 independent experiments,
normalized to the control and represented as mean + SD).

(C and D) CT26 or CT26 CRBN KO cells stably expressing Flag-HA-DCD23-RBM39 C or Flag-HA-DCD23-SMS D were
treated with 10uM CC220 for the different time point in presence of absence of MLN4924 and analyzed using western
blotting.
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Figure 5. Continued

(E) AT3 cells stably expressing Flag-HA-DCD23-RBM39 or Flag-HA-DCD23-SMS were treated with 10uM CC220 for the
indicated time point in presence of absence of MLN4924 and analyzed using western blotting.

(F) Proteomes of CT26 stably expressing Flag-HA-DCD23-RBM39 or Flag-HA-DCD23-SMS treated with 10uM CC220 for
8h analyzed using quantitative proteomics. Data are plotted as Log2 fold change relative to DMSO versus Log10 of p
value.

validation of iTAG (DCD23) induced degradation, we tested the same constructs in murine colorectal carcinoma
cells (CT26) where we saw similar loss of EGFP with a panel of IMiD/CeLMODs (Figure S9B).

We then tested the degradation of RBM39 (nuclear) and SMS (cytoplasmic) N-terminally tagged with iTAG
(DCD23) in CT26 and AT3 (murine mammary cancer lines) (Figures 5C-5E). We found that the targets were
degraded in both cells lines and that the degradation was dependent on the presence of CRBN
(Figures 5C-5E). To further understand the degradation profile in an unbiased manner, we used quantitative
TMT (Tandem Mass Tagging) multiplexed proteomics in CT26 cells and found that CC220 treatment induced
the robust degradation of iTAG (DCD23) tagged RBM39 and SMS without any detected off-targets (Figure 5F).

Previous studies have reported that IMiDs/CELMoDs do not induce the degradation of known neo-sub-
strates (IKZF1, IKZF3, CKla, ZFP91) in mice because of the Val388 in human CRBN being substituted
for 11e391 in murine CRBN which causes steric hindrances preventing the recruitment of neo-sub-
strates.”>™’ Consistent with this data, tagging with sequence extracted from the native IKZF1 in
DCD19 did not induce degradation in murine cells. On the other hand, DCD23, which has chimeric struc-
ture that differs from the native neo-substrates, does effectively induce degradation of fused targets in
mouse cells. This further expands the usability and versatility of the iTAG system to both human and mu-
rine models.

Exploring further degron opportunities in murine cells

After showing that iTAG was active in mouse cells, we explored whether more potential degrons were
active in the murine context. We treated CT26 mouse cells with commercially available thalidomide deriv-
atives CC90009,"® StJude6989," FTFP2216°° and profiled the cellular proteomes using quantitative multi-
plexed proteomics.

We found that CC90009 and StJude6989 which are known GSPT1 degraders in human cells had no
impact in CT26. However, FPFT2216 induced a strong downregulation of PDE&D, Rab28 and to a
much lesser extent CKla (Figure 6A). These effects of FPFT2216 were CRBN dependent as we did
not observe them in CT26 CRBN KO cells (Figure 4B). Rab28 has been described as a client of PDE4D
and hence its downregulation could be potentially secondary to PDE4D degradation,”>?
although some downregulation was observed in the CRBN KO cells and suggests a more complex ac-
tivity (Figure 6B). We focused on PDE&D and CK1a for western blot validation, using human HEK293T
cells as a control, we found that FPFT2216 induced the degradation of PDE6D in multiple mouse cell
lines (AT3, 4434 and CT26) but not the degradation of CK1a, which was only degraded in human cells
(Figure 6C).

After validating PDE6D degradation, we progressed to identify the critical degron site on the protein. We
hypothesized that PDE&D binding to CRBN would require a Gly loop motif and used known structural fea-
tures of IMiD degrons to map this site in PDE6D (see STAR Methods for details). Our modeling suggested
the Glycine28 loop as a potential degron (Figure 6D). We mutated this Gly28 to Asparagine to disrupt the
interaction with CRBN and expressed the Flag tagged construct in murine cells. In contrast the WT PDE6D
constructs, the G28N mutant were not degraded by FPFT2216 treatment confirming the importance of the
Gly28 loop as the critical degron for PDE6D degradation (Figure 6E).

We then worked to better understand the recruitment of PDE6D to murine CRBN using in-sillico modeling.
A docking model for FPFT2216 bound to the thalidomide binding domain of mouse CRBN was generated,
showing the glutarimide ring of FPFT2216 located in the tri-Trp pocket of CRBN and involved in H-bond
interactions with His381 and Trp383 as typically observed with IMiDs (Figure 6F). Unconstrained protein-
protein docking simulations of mouse PDE&D against the generated model led to the identification of a
pose showing the Gly28 loop in proximity to FPFT2216 (Figure 6G). Molecular dynamics simulations,
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Figure 6. FPFT2216 induces the degradation of PDE6D in murine cells

(A) Proteomes of CT26 cells treated with 10uM of the indicated compounds for 24h and analyzed using quantitative
proteomics. Data are plotted as Log2 fold change relative to DMSO versus Log10 of p value.

(B) Proteome of CT26 CRBN KO cells treated with 10uM of FPFT2216 for 24h analyzed and plotted as in (A).

(C) HEK293T, CT26, AT3 and 4434 cells treated with 10uM of FPFT2216 for 24h in presence of absence of MLN4924. Lysats
were analyzed using western blotting.

(D) Structural representation of PDESD with the critical Glycine 28 highlighted in red.

(E) CT26, AT3 and 4434 cells transiently expressing WT or G28N mutant Flag-PDE6D treated with 10uM of FPFT2216 for

16h.
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Figure 6. Continued

(F) Docking model for FPFT-2216 (in magenta) in the binding site of mouse CRBN (in orange). H-bond interactions are
shown as cyan dashes.

(G) Binding model for the ternary complex formed by mouse CRBN (in orange), mouse PDE&D (in cyan) and FPFT-2216 (in
magenta), showing the Gly28 loop close to the molecular glue.

used to confirm the stability and refine the predicted ternary complex conformation, highlighted how Gly28
is consistently found at close distance from FPFT2216 across the MD trajectories. The average distance be-
tween the Gly28-Ca and the closest atom of FPFT2216 was found to be 3.3 A (Figures ST0A and S10B),
similar to the one observed for other neo-substrate Gly degrons in crystallographic complexes formed
with IMiDs: e.g., 3.2 A in the CRBN:POM:IKZF1 complex (Gly151 in PDB 6HOF), 3.5 A in the CRBN:CC-
90009:GSPT1 complex (Gly574 in PDB 6XK9), 3.5 A in the CRBN:LEN:CK1a complex (Gly40 in PDB
5FQD). The prediction is thus in line with the experimental finding of the G28N mutant interfering with
the PDE6D recognition and degradation induced by FPFT2216. Of interest, this model potential explains
how PDE6D downregulation is observed in murine cell lines as we observe only weak contacts with the
mouse CRBN Isoleucine391 (Figure S10C).

This data shows that further murine degrons are available for degradation with the appropriate thalido-
mide derivative, thus providing tools for studying protein function in murine systems.

DISCUSSION

We aimed to discover and develop a tagging system for the inducible degradation of proteins that
was simple, robust and versatile with the ability to degrade a broad range of targets both in vitro and
in vivo.

We deployed an empirical approach to investigate DCD tags, all derived from known CRLA“REN neo-sub-
strates paired with commercially available IMiD/CELMoD agents. Our approach has led to the
identification of the iTAG system a combination of DCD23 a 7 kD tag, with a chimeric degron containing
sequences derived from lkaros and ZFP91 and the molecular glue, CC220 (Iberdomide), a potent thalido-
mide analogue discovered for its activity in lenalidomide-resistant lymphoma cell lines.”*** Iberdomide is
currently in early clinical trials (phase Il trials for lymphomas/multiple myelomas NCT02773030,
NCT03310619). Given the well described activity IMiD/CELMoD agents in multiple myelomas cells, we
strictly restricted the application of this tag to targets in non-haematological cells where we validated
that IMiDs/CELMoDs do not induce cytotoxicity. In addition, given the pleiotropic effects IMiDs/
CelLMODs in degrading glycine loop containing ZF proteins,”"**¢ we have included and recommend
the use of P2A constructs to control for off-target effects in human cells (Figure S11).

Using our empirical approach to define optimal tags for targeted protein degradation we were able to
explore some core concepts for neo-substrate recruitment to CRBN. The IMiDs/CELMoDs have the abil-
ity to induce the degradation of target proteins that contain a degron, consisting of a B-hairpin loop with
a sentinel glycine residue.”®?"**> The most comprehensively defined neo-substrates for these agents:
Ikaros/Aiolos; CK1a; GSPT1 and ZFP91 all have such a B -hairpin loop but do not show any consistent
sequence homology that defines interactions with CRBN apart from the glycine residue. Instead, the
different classes of neo-substrates create additional ternary protein-protein or protein-degrader interac-
tions involving residues outside of the degron, where the protein folds are different for each class of neo-
substrate proteins. The DCD3 and DCD6 tags (10 and 1éaa residues respectively, each containing min-
imal B-hairpin loops derived from the neo-substrates GSPT1 and CK1a) did not induce degradation of
the target protein of interest whereas the 25mer tag derived from Aiolos ZF2 did induce partial degra-
dation. This difference can potentially be explained by the location of the ternary interactions enabling
DCD tag-, compound- and CRBN-mediated interactions. For CK1a and GSPT1, the residues necessary
for these ternary interactions are located a distance away from the B-hairpin loop in the neo-substrate
protein and indicate the need for additional binding domains or protein folds that enable interaction
with CRBN and/or the compound (Figure S2). Therefore, despite containing the minimal B-hairpin
loop, it is impossible to derive a short and efficient DCD based on these proteins. On the other hand,
for ZF-containing DCD tag, the degron B-hairpin is immediately followed by an a-helix within the zinc
finger, which facilitates interactions with residues at the surface of CRBN (Figure S2). It should be noted
that though a 25mer minimal ZF motif is sufficient to promote the degradation of a fusion target, optimal
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degradation can only be achieved if additional residues are added, notably from the ZF following the
one containing the degron, enabling supplementary ternary interactions between CRBN and the DCD
tag. These observations are in accordance with the concept of cooperativity described by Ciulli's
group and recently mathematically modeled for molecular glues.**” Molecular glues such as the
IMiD/CELMoD agents overcome the energy barrier for initial ternary complex formation (enabled by
the minimal B-loop containing degron), and there then exists further potential to enhance the stability
and affinity of the ternary complex via the creation of supplementary protein-protein interactions. Of
note, the stability of the ternary complex and subsequent ubiquitin mediated degradation of the target
protein will depend not only on the sequence of the tag but also on the chemical structure of the mo-
lecular glue and on the cellular context.”®

Our approach has led to the identification of DCD23, a chimeric degron sequence containing a central
Zinc-Finger derived from IKZF1 and ZFP91, flanked with parts of IKZF1 ZF1 and 3. This chimeric DCD tag
caused greater target protein degradation than the non-chimeric degron DCDs of similar size and cor-
responding origin (lkaros only: DCD18 -60aa-) and similar degradation to non-chimeric degron of larger
size (Ikaros only: DCD19 -131aa-) (Figures S3 and S12), suggesting that stronger core interaction can
compensate for the absence of extended surface contacts. The DCD23 tag, contains 3 consecutive argi-
nine residues located within lkaros’ ZF3 B-hairpin loop, which have been shown through mutational anal-
ysis to impart high affinity binding to the CRBN-DCD complex.?” Of interest, DCD23 led to a similar
degradation as the Super Degron (IKZF3+ZFP91) that only contains 2 consecutive arginine residues
(Figure S12).

Arange of inducible degradation systems have been recently developed, including tags derived from IMiD
degrons.'>"*?7?% Our study provides a systematic evaluation of different IMiD degrons and a comparison
with leading PROTAC based systems. The dTAG system, which allows us to exploit both CRLAREN and
CRL2Y"mediated via a PROTAC approach has been adopted as an important reagent for studying protein
degradation and has been extensively used in the functional characterization of protein function.**?
Recent work from the Broad Institute comparing various degron systems, including a 60 aa Aiolos degron
equivalent to our DCD12 (which was less efficient than our DCD23), showed the versatility of the IMiD based
degron compared to other degradation systems. Our direct comparison of the degradation suggests that
iTAG induces more rapid and effective degradation than dTAG (both with dTAG-13 and dTAG"-1) across a
range of drug concentration without the limiting hook effect associated with using a PROTAC.** This
advantage is particularly important for functional studies as it enables to explore a broader range of
dose response conditions and simplifies the dose optimization for in vivo studies. The smaller size of the
tag [iTAG; 7kDa v dTAG; 12kDa] combined with the excellent PK properties of CC220°? are also important
features of the system.

Finally, a major limit to IMiD based degrons has been the lack of activity in murine cells.***® We show that
iTAG, in contrast to native sequences, is active in mouse cells without the need for CRBN humanization and
induces a specific degradation of nuclear and cytoplasmic proteins without off-target effects. This unex-
pected observation considerably expands the application of iTAG and could be attributed to either the
improved efficiency of iTAG compared to native sequences and/or a different binding mode that over-
comes the polymorphism on mouse CRBN. Furthermore, we show that mouse CRBN can be hijacked using
an alternative thalidomide derivative in a mechanism that depends on Glycine loop degrons. These empir-
ical observations will enable the further development of mouse degradation system based on specific
thalidomide derivatives.

Limitations of the study

- iTAG is part of a growing number of IMIiD based degrons tags that are currently used for acute mod-
ulation of targets. In this study we performed a systematic evaluation of various tags, but have not
evaluated all of the possible degrons available (such as IKZF3 136-180_236-249"") as we found that
iTAG provided sufficient efficiency and versatility.

- IMiDs/CELMoDs have activity in a number hematological malignancies and have well described
pleiotropic degradation profiles in human cells.?*?>% This restricts IMiD based degrons tags to
non-hematological cells and emphasizes the need for controls such as using the P2A system. Further-
more, proteomic profiling of IMiD degradation in the cells of interest would help better understand
off targets in context.
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- The study used stable overexpression system to discover, validate and benchmark iTAG. Application
to a target of interest should preferably use endogenous knock-in to better capture the biology of the
target.

- Finally, this work provides evidence showing the activity of murine CRBN using thalidomide
derivatives. More work will be needed to understand the activity of iTAG in mouse cells (such as in-
vitro binding and structural determination) and to identify novel putative murine neo-substrates.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE

® RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability

o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
O Bacterial strains
O Cell lines
O Animals

e METHOD DETAILS
O Antibodies and cDNA plasmids
O Design and selection of the DCD tags
O Virus production and cell line transduction
O Evaluating iTAG degradation with flow cytometry
O Cell lysis, protein electrophoresis and western blotting
O Cell viability assay
O Recombinant proteins production and purification
O IMiD-based fluorescence polarisation assay
O Aiolos peptide-based TR-FRET assay
O In vivo analysis of degradation
O Mass spectrometry-based proteomics
O Proteomics hit discovery
O PDE6D Gly-loop degron discovery
O In silico docking and molecular dynamics

o QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/].isci.2023.107059.

ACKNOWLEDGMENTS

This work was funded by CRUK grant with reference number C309/A11566, MRC Confidence In Concept
grant. F.S, T.I.R and J.C were funded by the CRUK Center grant with reference number C309/A25144.
We thank Professor Martin Eilers for kindly providing the h-Tert immortalized HMEC cell line. We thank
Dr Charlotte Pawlyn, Dr Nil Ege and Dr Laura Chan Wah for the useful discussions.

AUTHOR CONTRIBUTIONS

Conceptualization: R.C. and H.B.; Funding acquisition: R.C.; Supervision: R.C., H.B., I.C., T.F.W., A.Sa,
R.LM.M., J.C, F.R., and R.B.; Formal analysis: R.C., H.B., S.N., Y.V.L.B.,, TW., and E.A.B.; Investigation
and validation: H.B., Y.V.L.B., E.AB., C.C, B.H.,, AH, P.CM., FJS., ASc, MS., AT, S.T., HZW., and
F.W.; Resources: J.J.C.; Data curation: C.M. and F.J.S.; Writing: H.B., R.C., and T.W. with input from all.

DECLARATION OF INTERESTS

A.Sa. is a current employee of Monte Rosa Therapeutics Inc. I.C. is a stockholder and former Scientific
Advisory Board member of Monte Rosa Therapeutics Inc. I.C. is a former employee of The Institute of
Cancer Research which operates a reward to inventor’s scheme. This may result in financial rewards to

16 iScience 26, 107059, July 21, 2023

iScience


https://doi.org/10.1016/j.isci.2023.107059

iScience

¢? CellPress

OPEN ACCESS

employees when projects are commercially licensed. All other authors do not declare competing finan-
cial interests.

Received: April 12, 2023
Revised: April 18, 2023

Accepted: June 1, 2023
Published: June 7, 2023

REFERENCES

1.

~

oo

hel

Jaeger, M.G., and Winter, G.E. (2021). Fast-
acting chemical tools to delineate causality in
transcriptional control. Mol. Cell 81, 1617-
1630. https://doi.org/10.1016/j.molcel.2021.
02.015.

. Wu, T., Yoon, H., Xiong, Y., Dixon-Clarke,

S.E., Nowak, R.P., and Fischer, E.S. (2020).
Targeted protein degradation as a powerful
research tool in basic biology and drug target
discovery. Nat. Struct. Mol. Biol. 27, 605-614.
https://doi.org/10.1038/s41594-020-0438-0.

. Kaelin, W.G. (2017). Common pitfalls in

preclinical cancer target validation. Nat. Rev.
Cancer 17, 425-440. https://doi.org/10.1038/
nrc.2017.32.

. Antolin, AA., Tym, J.E., Komianou, A.,

Collins, 1., Workman, P., and Al-Lazikani, B.
(2018). Objective, quantitative, data-driven
assessment of chemical probes. Cell Chem.
Biol. 25, 194-205.€5. https://doi.org/10.1016/
j.chembiol.2017.11.004.

. Moore, J.D. (2015). The impact of CRISPR-

Cas9 on target identification and
validation. Drug Discov. Today 20,
450-457. https://doi.org/10.1016/j.drudis.
2014.12.016.

. Sigoillot, F.D., and King, R.W. (2011).

Vigilance and validation: keys to success in
RNAi screening. ACS Chem. Biol. 6, 47-60.
https://doi.org/10.1021/cb100358f.

. Boettcher, M., and McManus, M.T. (2015).

Choosing the right tool for the job: RNAI,
TALEN, or CRISPR. Mol. Cell 58, 575-585.
https://doi.org/10.1016/j.molcel.2015.
04.028.

. Bonger, KM., Chen, L.C., Liu, CW., and

Wandless, T.J. (2011). Small-molecule
displacement of a cryptic degron causes
conditional protein degradation. Nat. Chem.
Biol. 7, 531-537. https://doi.org/10.1038/
nchembio.598.

. Chung, H.K., Jacobs, C.L., Huo, Y., Yang, J.,

Krumm, S.A., Plemper, RK., Tsien, R.Y., and
Lin, M.Z. (2015). Tunable and reversible drug
control of protein production via a self-
excising degron. Nat. Chem. Biol. 17,
713-720. https://doi.org/10.1038/
nchembio.1869.

. Neklesa, T.K,, Tae, H.S., Schneekloth, AR.,

Stulberg, M.J., Corson, T.W., Sundberg, T.B.,
Raina, K., Holley, S.A., and Crews, C.M.
(2011). Small-molecule hydrophobic tagging-
induced degradation of HaloTag fusion
proteins. Nat. Chem. Biol. 7, 538-543. https://
doi.org/10.1038/nchembio.597.

1.

Nishimura, K., Fukagawa, T., Takisawa, H.,
Kakimoto, T., and Kanemaki, M. (2009). An
auxin-based degron system for the rapid
depletion of proteins in nonplant cells. Nat.
Methods 6, 917-922. https://doi.org/10.
1038/nmeth.1401.

. Natsume, T., Kiyomitsu, T., Saga, Y., and

Kanemaki, M.T. (2016). Rapid protein
depletion in human cells by auxin-inducible
degron tagging with short homology donors.
Cell Rep. 15, 210-218. https://doi.org/10.
1016/j.celrep.2016.03.001.

. Buckley, D.L., Raina, K., Darricarrere, N.,

Hines, J., Gustafson, J.L., Smith, I.E., Miah,
A.H., Harling, J.D., and Crews, C.M. (2015).
HaloPROTACS: use of small molecule
PROTAC:S to induce degradation of HaloTag
fusion proteins. ACS Chem. Biol. 10, 1831-
1837. https://doi.org/10.1021/acschembio.
5b00442.

. Tovell, H., Testa, A., Maniaci, C., Zhou, H.,

Prescott, A.R., Macartney, T., Ciulli, A., and
Alessi, D.R. (2019). Rapid and reversible
knockdown of endogenously tagged
endosomal proteins via an optimized
HaloPROTAC degrader. ACS Chem. Biol. 14,
882-892. https://doi.org/10.1021/
acschembio.8b01016.

. Nabet, B., Roberts, J.M., Buckley, D.L., Paulk,

J., Dastjerdi, S., Yang, A., Leggett, A.L., Erb,
M.A., Lawlor, M.A., Souza, A., et al. (2018).
The dTAG system for immediate and target-
specific protein degradation. Nat. Chem.
Biol. 14, 431-441. https://doi.org/10.1038/
s41589-018-0021-8.

. Nabet, B., Ferguson, F.M., Seong, B.K.A.,

Kuljanin, M., Leggett, A.L., Mohardt, M.L.,
Robichaud, A., Conway, A.S., Buckley, D.L.,
Mancias, J.D., et al. (2020). Rapid and direct
control of target protein levels with VHL-
recruiting dTAG molecules. Nat. Commun.
11, 4687. https://doi.org/10.1038/s41467-
020-18377-w.

. Clift, D., So, C., McEwan, W.A., James, L.C.,

and Schuh, M. (2018). Acute and rapid
degradation of endogenous proteins by
Trim-Away. Nat. Protoc. 13, 2149-2175.
https://doi.org/10.1038/s41596-018-0028-3.

. Ito, T., Ando, H., Suzuki, T., Ogura, T., Hotta,

K., Imamura, Y., Yamaguchi, Y., and Handa, H.
(2010). Identification of a primary target of
thalidomide teratogenicity. Science 327,
1345-1350. https://doi.org/10.1126/science.
1177319.

. Lu, G., Middleton, R.E., Sun, H., Naniong, M.,

Ott, C.J., Mitsiades, C.S., Wong, KK,
Bradner, J.E., and Kaelin, W.G. (2014). The

20.

21.

22.

23.

24.

25.

26.

myeloma drug lenalidomide promotes the
cereblon-dependent destruction of ikaros
proteins. Science 343, 305-309. https://doi.
org/10.1126/science.1244917.

Krénke, J., Udeshi, N.D., Narla, A., Grauman,
P., Hurst, S.N., McConkey, M., Svinkina, T.,
Heckl, D., Comer, E., Li, X, et al. (2014).
Lenalidomide causes selective degradation
of IKZF1 and IKZF3 in multiple myeloma cells.
Science 343, 301-305. https://doi.org/10.
1126/science.1244851.

Krénke, J., Fink, E.C., Hollenbach, P.W.,
MacBeth, K.J., Hurst, S.N., Udeshi, N.D.,
Chamberlain, P.P., Mani, D.R., Man, H.W.,
Gandhi, AK,, et al. (2015). Lenalidomide
induces ubiquitination and degradation of
CK1alpha in del(5g) MDS. Nature 523,
183-188. https://doi.org/10.1038/
nature14610.

Gandhi, AK.,, Kang, J., Havens, C.G., Conklin,
T.,Ning, Y., Wu, L., Ito, T., Ando, H.,
Waldman, M.F., Thakurta, A., et al. (2014).
Immunomodulatory agents lenalidomide and
pomalidomide co-stimulate T cells by
inducing degradation of T cell repressors
Ikaros and Aiolos via modulation of the E3
ubiquitin ligase complex CRL4ACRBN. Br. J.
Haematol. 164, 811-821. https://doi.org/10.
1111/bjh.12708.

Matyskiela, M.E., Lu, G., Ito, T., Pagarigan, B.,
Lu, C.C., Miller, K., Fang, W., Wang, N.Y.,
Nguyen, D., Houston, J., et al. (2016). A novel
cereblon modulator recruits GSPT1 to the
CRL4 CRBN ubiquitin ligase. Nature 535,
252-257. https://doi.org/10.1038/
nature18611.

An, J., Ponthier, C.M,, Sack, R., Seebacher, J.,
Stadler, M.B., Donovan, K.A., and Fischer,
E.S. (2017). PSILAC mass spectrometry
reveals ZFP91 as IMiD-dependent substrate
of the CRL4 CRBN ubiquitin ligase. Nat.
Commun. 8, 15398. https://doi.org/10.1038/
ncomms15398.

Sievers, Q.L., Petzold, G., Bunker, R.D.,
Renneville, A., Stabicki, M., Liddicoat, B.J.,
Abdulrahman, W., Mikkelsen, T., Ebert, B.L.,
and Thom4, N.H. (2018). Defining the human
C2H2 zinc finger degrome targeted by
thalidomide analogs through CRBN. Science
362, eaat0572. https://doi.org/10.1126/
science.aat0572.

Koduri, V., McBrayer, S.K., Liberzon, E.,
Wang, A.C., Briggs, K.J., Cho, H., and Kaelin,
W.G. (2019). Peptidic degron for IMiD-
induced degradation of heterologous
proteins. Proc. Natl. Acad. Sci. USA 116,
2539-2544. https://doi.org/10.1073/pnas.
1818109116.

iScience 26, 107059, July 21, 2023 17


https://doi.org/10.1016/j.molcel.2021.02.015
https://doi.org/10.1016/j.molcel.2021.02.015
https://doi.org/10.1038/s41594-020-0438-0
https://doi.org/10.1038/nrc.2017.32
https://doi.org/10.1038/nrc.2017.32
https://doi.org/10.1016/j.chembiol.2017.11.004
https://doi.org/10.1016/j.chembiol.2017.11.004
https://doi.org/10.1016/j.drudis.2014.12.016
https://doi.org/10.1016/j.drudis.2014.12.016
https://doi.org/10.1021/cb100358f
https://doi.org/10.1016/j.molcel.2015.04.028
https://doi.org/10.1016/j.molcel.2015.04.028
https://doi.org/10.1038/nchembio.598
https://doi.org/10.1038/nchembio.598
https://doi.org/10.1038/nchembio.1869
https://doi.org/10.1038/nchembio.1869
https://doi.org/10.1038/nchembio.597
https://doi.org/10.1038/nchembio.597
https://doi.org/10.1038/nmeth.1401
https://doi.org/10.1038/nmeth.1401
https://doi.org/10.1016/j.celrep.2016.03.001
https://doi.org/10.1016/j.celrep.2016.03.001
https://doi.org/10.1021/acschembio.5b00442
https://doi.org/10.1021/acschembio.5b00442
https://doi.org/10.1021/acschembio.8b01016
https://doi.org/10.1021/acschembio.8b01016
https://doi.org/10.1038/s41589-018-0021-8
https://doi.org/10.1038/s41589-018-0021-8
https://doi.org/10.1038/s41467-020-18377-w
https://doi.org/10.1038/s41467-020-18377-w
https://doi.org/10.1038/s41596-018-0028-3
https://doi.org/10.1126/science.1177319
https://doi.org/10.1126/science.1177319
https://doi.org/10.1126/science.1244917
https://doi.org/10.1126/science.1244917
https://doi.org/10.1126/science.1244851
https://doi.org/10.1126/science.1244851
https://doi.org/10.1038/nature14610
https://doi.org/10.1038/nature14610
https://doi.org/10.1111/bjh.12708
https://doi.org/10.1111/bjh.12708
https://doi.org/10.1038/nature18611
https://doi.org/10.1038/nature18611
https://doi.org/10.1038/ncomms15398
https://doi.org/10.1038/ncomms15398
https://doi.org/10.1126/science.aat0572
https://doi.org/10.1126/science.aat0572
https://doi.org/10.1073/pnas.1818109116
https://doi.org/10.1073/pnas.1818109116

¢? CellPress

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

OPEN ACCESS

Carbonneau, S., Sharma, S., Peng, L., Rajan,
V., Hainzl, D., Henault, M., Yang, C., Hale, J.,
Shulok, J., Tallarico, J., et al. (2021). An IMiD-
inducible degron provides reversible
regulation for chimeric antigen receptor
expression and activity. Cell Chem. Biol. 28,
802-812.e6. https://doi.org/10.1016/].
chembiol.2020.11.012.

Jan, M., Scarfo, |, Larson, R.C., Walker, A.,
Schmidts, A., Guirguis, A.A., Gasser, J.A.,
Stabicki, M., Bouffard, A.A., Castano, A.P.,
et al. (2021). Reversible ON- and OFF-switch
chimeric antigen receptors controlled by
lenalidomide. Sci. Transl. Med. 13, eabb6295.
https://doi.org/10.1126/scitransImed.
abb6295.

McMahon, S.B. (2014). MYC and the control
of apoptosis. Cold Spring Harb. Perspect.
Med. 4, a014407. https://doi.org/10.1101/
cshperspect.a014407.

Dang, C.V. (2013). MYC, metabolism, cell
growth, and tumorigenesis. Cold Spring
Harb. Perspect. Med. 3, a014217. https://doi.
org/10.1101/cshperspect.a014217.

Sabo, A., and Amati, B. (2014). Genome
recognition by MYC. Cold Spring Harb.
Perspect. Med. 4, a014191. https://doi.org/
10.1101/cshperspect.a014191.

Szymczak, A.L., and Vignali, D.A.A. (2005).
Development of 2A peptide-based strategies
in the design of multicistronic vectors. Expert
Opin. Biol. Ther. 5, 627-638. https://doi.org/
10.1517/14712598.5.5.627.

Gartel, AL, Ye, X., Goufman, E., Shianov, P.,
Hay, N., Najmabadi, F., and Tyner, A.L. (2001).
Myc represses the p21 (WAF1/CIP1)
promoter and interacts with Sp1/Sp3. Proc.
Natl. Acad. Sci. USA 98, 4510-4515. https://
doi.org/10.1073/pnas.081074898.

Lea, W.A., and Simeonov, A. (2011).
Fluorescence polarization assays in small
molecule screening. Expert Opin. Drug
Discov. 6, 17-32. https://doi.org/10.1517/
17460441.2011.537322.

Degorce, F., Card, A., Soh, S., Trinquet, E.,
Knapik, G.P., and Xie, B. (2009). HTRF: a
technology tailored for drug discovery - a
review of theoretical aspects and recent
applications. Curr. Chem. Genomics 3, 22-32.
https://doi.org/10.2174/
1875397300903010022.

Konstantinopoulos, P.A., Karamouzis, M.V.,
and Papavassiliou, A.G. (2007). Post-
translational modifications and regulation of
the RAS superfamily of GTPases as anticancer
targets. Nat. Rev. Drug Discov. 6, 541-555.
https://doi.org/10.1038/nrd2221.

O'Bryan, J.P. (2019). Pharmacological
targeting of RAS: recent success with direct
inhibitors. Pharmacol. Res. 139, 503-511.
https://doi.org/10.1016/}.phrs.2018.10.021.

Nabet, B. (2021). Charting a new path
towards degrading every protein.
Chembiochem 22, 483-484. https://doi.org/
10.1002/cbic.202000531.

Sheppard, H.E., Dall’Agnese, A., Park, W.D.,
Shamim, M.H., Dubrulle, J., Johnson, H.L.,

iScience 26, 107059, July 21, 2023

40.

41.

42.

43.

44,

45.

46.

47.

48.

Stossi, F., Cogswell, P., Sommer, J., Levy, J.,
et al. (2021). Targeted brachyury degradation
disrupts a highly specific autoregulatory
program controlling chordoma cell identity.
Cell Rep. Med. 2, 100188. https://doi.org/10.
1016/j.xcrm.2020.100188.

Bensimon, A., Pizzagalli, M.D., Kartnig, F.,
Dvorak, V., Essletzbichler, P., Winter, G.E.,
and Superti-Furga, G. (2020). Targeted
degradation of SLC transporters

reveals amenability of multi-pass
transmembrane proteins to ligand-
induced proteolysis. Cell Chem. Biol. 27,
728-739.e9. https://doi.org/10.1016/j.
chembiol.2020.04.003.

Schick, S., Grosche, S., Kohl, K.E., Drpic, D.,
Jaeger, M.G., Marella, N.C., Imrichova, H.,
Lin, J.-M.G., Hofstatter, G., Schuster, M., et al.
(2021). Acute BAF perturbation causes
immediate changes in chromatin
accessibility. Nat. Genet. 53, 269-278. https://
doi.org/10.1038/s41588-021-00777-3.

Jaeger, M.G., Schwalb, B., Mackowiak, S.D.,
Velychko, T., Hanzl, A., Imrichova, H., Brand,
M., Agerer, B., Chorn, S., Nabet, B., et al.
(2020). Selective Mediator dependence of
cell-type-specifying transcription. Nat.
Genet. 52, 719-727. https://doi.org/10.1038/
s41588-020-0635-0.

Pettersson, M., and Crews, C.M. (2019).
PROteolysis TArgeting Chimeras (PROTACs)
— past, present and future. Drug Discov.
Today Technol. 31, 15-27. https://doi.org/10.
1016/j.ddtec.2019.01.002.

Bondeson, D.P., Mullin-Bernstein, Z., Oliver,
S., Skipper, T.A., Atack, T.C., Bick, N., Ching,
M., Guirguis, A.A., Kwon, J., Langan, C., et al.
(2022). Systematic profiling of conditional
degron tag technologies for target validation
studies. Nat. Commun. 13, 5495. https://doi.
org/10.1038/s41467-022-33246-4.

Fink, E.C., McConkey, M., Adams, D.N.,
Haldar, S.D., Kennedy, J.A., Guirguis, A.A.,
Udeshi, N.D., Mani, D.R., Chen, M., Liddicoat,
B., et al. (2018). Crbn (1391V) is sufficient to
confer in vivo sensitivity to thalidomide and
its derivatives in mice. Blood 132, 1535-1544.
https://doi.org/10.1182/blood-2018-05-
852798.

Donovan, KA., An, J., Nowak, R.P., Yuan,
J.C., Fink, E.C., Berry, B.C., Ebert, B.L., and
Fischer, E.S. (2018). Thalidomide promotes
degradation of SALL4, a transcription factor
implicated in Duane radial ray syndrome.
Elife 7, €38430. https://doi.org/10.7554/eLife.
38430.

Petzold, G., Fischer, E.S., and Thom4, N.H.
(2016). Structural basis of lenalidomide-
induced CK1a degradation by the CRL4
CRBN ubiquitin ligase. Nature 532, 127-130.
https://doi.org/10.1038/nature16979.

Lopez-Girona, A., Lu, G., Rychak, E., Mendy,
D., Lu, C.-C., Rappley, I., Fontanillo, C.,
Cathers, B.E., Daniel, T.O., and Hansen, J.
(2019). CC-90009, a novel cereblon E3 ligase
modulator, targets GSPT1 for degradation to
induce potent tumoricidal activity against
acute myeloid leukemia (AML). Blood 134,
2703. https://doi.org/10.1182/blood-2019-
127892.

49.

50.

51.

52.

53.

54.

55.

56.

57.

iScience

Nishiguchi, G., Keramatnia, F., Min, J.,
Chang, Y., Jonchere, B., Das, S., Actis, M.,
Price, J., Chepyala, D., Young, B., et al. (2021).
Identification of potent, selective, and orally
bioavailable small-molecule GSPT1/2
degraders from a focused library of cereblon
modulators. J. Med. Chem. 64, 7296-7311.
https://doi.org/10.1021/ACS.JMEDCHEM.
0C01313.

Gemechu, Y., Millrine, D., Hashimoto, S.,
Prakash, J., Sanchenkova, K., Metwally, H.,
Gyanu, P., Kang, S., and Kishimoto, T. (2018).
Humanized cereblon mice revealed two
distinct therapeutic pathways of
immunomodulatory drugs. Proc. Natl. Acad.
Sci. USA 115, 11802-11807. https://doi.org/
10.1073/pnas.1814446115.

Teng, M., Lu, W., Donovan, K.A., Sun, J.,
Krupnick, N.M., Nowak, R.P., Li, Y.-D.,
Sperling, AS., Zhang, T., Ebert, B.L., et al.
(2022). Development of PDE6D and CK1a
degraders through chemical derivatization of
FPFT-2216. J. Med. Chem. 65, 747-756.
https://doi.org/10.1021/acs.jmedchem.
1c01832.

Ying, G., Boldt, K., Ueffing, M., Gerstner,
C.D., Frederick, J.M., and Baehr, W. (2018).
The small GTPase RAB28 is required for
phagocytosis of cone outer segments by the
murine retinal pigmented epithelium. J. Biol.
Chem. 293, 17546-17558. https://doi.org/10.
1074/jbc.RA118.005484.

Bjorklund, C.C., Kang, J., Amatangelo, M.,
Polonskaia, A., Katz, M., Chiu, H., Couto,
S., Wang, M., Ren, Y., Ortiz, M., et al.
(2020). Iberdomide (CC-220) is a potent
cereblon E3 ligase modulator with
antitumor and immunostimulatory activities
in lenalidomide- and pomalidomide-
resistant multiple myeloma cells with
dysregulated CRBN. Leukemia 34, 1197-
1201. https://doi.org/10.1038/s41375-019-
0620-8.

Matyskiela, M.E., Zhang, W., Man, HW.,
Muller, G., Khambatta, G., Baculi, F.,
Hickman, M., Lebrun, L., Pagarigan, B.,
Carmel, G, et al. (2018). A cereblon
modulator (CC-220) with improved
degradation of ikaros and Aiolos. J. Med.
Chem. 61, 535-542. https://doi.org/10.1021/
acs.jmedchem.6b01921.

Ishoey, M., Chorn, S., Singh, N., Jaeger, M.G.,
Brand, M., Paulk, J., Bauer, S., Erb, M.A,,
Parapatics, K., Miller, A.C., et al. (2018).
Translation termination factor GSPT1 is a
phenotypically relevant off-target of
heterobifunctional phthalimide degraders.
ACS Chem. Biol. 13, 553-560. https://doi.
0rg/10.1021/acschembio.7b00969.

Gadd, M.S,, Testa, A., Lucas, X., Chan,
K.H., Chen, W., Lamont, D.J., Zengerle, M.,
and Ciulli, A. (2017). Structural basis of
PROTAC cooperative recognition for
selective protein degradation. Nat. Chem.
Biol. 13, 514-521. https://doi.org/10.1038/
nchembio.2329.

Han, B. (2020). A suite of mathematical
solutions to describe ternary complex
formation and their application to
targeted protein degradation by
heterobifunctional ligands. J. Biol. Chem.


https://doi.org/10.1016/j.chembiol.2020.11.012
https://doi.org/10.1016/j.chembiol.2020.11.012
https://doi.org/10.1126/scitranslmed.abb6295
https://doi.org/10.1126/scitranslmed.abb6295
https://doi.org/10.1101/cshperspect.a014407
https://doi.org/10.1101/cshperspect.a014407
https://doi.org/10.1101/cshperspect.a014217
https://doi.org/10.1101/cshperspect.a014217
https://doi.org/10.1101/cshperspect.a014191
https://doi.org/10.1101/cshperspect.a014191
https://doi.org/10.1517/14712598.5.5.627
https://doi.org/10.1517/14712598.5.5.627
https://doi.org/10.1073/pnas.081074898
https://doi.org/10.1073/pnas.081074898
https://doi.org/10.1517/17460441.2011.537322
https://doi.org/10.1517/17460441.2011.537322
https://doi.org/10.2174/1875397300903010022
https://doi.org/10.2174/1875397300903010022
https://doi.org/10.1038/nrd2221
https://doi.org/10.1016/j.phrs.2018.10.021
https://doi.org/10.1002/cbic.202000531
https://doi.org/10.1002/cbic.202000531
https://doi.org/10.1016/j.xcrm.2020.100188
https://doi.org/10.1016/j.xcrm.2020.100188
https://doi.org/10.1016/j.chembiol.2020.04.003
https://doi.org/10.1016/j.chembiol.2020.04.003
https://doi.org/10.1038/s41588-021-00777-3
https://doi.org/10.1038/s41588-021-00777-3
https://doi.org/10.1038/s41588-020-0635-0
https://doi.org/10.1038/s41588-020-0635-0
https://doi.org/10.1016/j.ddtec.2019.01.002
https://doi.org/10.1016/j.ddtec.2019.01.002
https://doi.org/10.1038/s41467-022-33246-4
https://doi.org/10.1038/s41467-022-33246-4
https://doi.org/10.1182/blood-2018-05-852798
https://doi.org/10.1182/blood-2018-05-852798
https://doi.org/10.7554/eLife.38430
https://doi.org/10.7554/eLife.38430
https://doi.org/10.1038/nature16979
https://doi.org/10.1182/blood-2019-127892
https://doi.org/10.1182/blood-2019-127892
https://doi.org/10.1021/ACS.JMEDCHEM.0C01313
https://doi.org/10.1021/ACS.JMEDCHEM.0C01313
https://doi.org/10.1073/pnas.1814446115
https://doi.org/10.1073/pnas.1814446115
https://doi.org/10.1021/acs.jmedchem.1c01832
https://doi.org/10.1021/acs.jmedchem.1c01832
https://doi.org/10.1074/jbc.RA118.005484
https://doi.org/10.1074/jbc.RA118.005484
https://doi.org/10.1038/s41375-019-0620-8
https://doi.org/10.1038/s41375-019-0620-8
https://doi.org/10.1021/acs.jmedchem.6b01921
https://doi.org/10.1021/acs.jmedchem.6b01921
https://doi.org/10.1021/acschembio.7b00969
https://doi.org/10.1021/acschembio.7b00969
https://doi.org/10.1038/nchembio.2329
https://doi.org/10.1038/nchembio.2329

iScience

58.

59.

60.

61.

295, 15280-15291. https://doi.org/10.1074/
jbc.RA120.014715.

Ege, N., Bouguenina, H., Tatari, M., and
Chopra, R. (2021). Phenotypic screening with
target identification and validation in the
discovery and development of E3 ligase
modulators. Cell Chem. Biol. 28, 283-299.
https://doi.org/10.1016/j.chembiol.2021.
02.011.

Ye, Y., Gaudy, A., Schafer, P., Thomas, M.,
Weiss, D., Chen, N., Liu, L., Xue, Y.,
Carayannopoulos, L., and Palmisano, M.
(2021). First-in-Human, single- and multiple-
ascending-dose studies in healthy subjects to
assess pharmacokinetics,
pharmacodynamics, and safety/tolerability of
iberdomide, a novel cereblon E3 ligase
modulator. Clin. Pharmacol. Drug Dev. 10,
471-485. https://doi.org/10.1002/cpdd.869.

Sialana, F.J., Roumeliotis, T.I., Bouguenina,
H., Chan Wah Hak, L., Wang, H., Caldwell, J.,
Collins, I., Chopra, R., and Choudhary, J.S.
(2022). SimPLIT: simplified sample
preparation for large-scale isobaric tagging
proteomics. J. Proteome Res. 21, 1842-1856.
https://doi.org/10.1021/acs.jproteome.
2c00092.

Ritchie, M.E., Phipson, B., Wu, D., Hu, Y., Law,
C.W., Shi, W., and Smyth, G.K. (2015). Limma
powers differential expression analyses for

62.

63.

64.

65.

RNA-sequencing and microarray studies.
Nucleic Acids Res. 43, e47. https://doi.org/
10.1093/nar/gkv007.

Touw, W.G., Baakman, C., Black, J., te Beek,
T.AH., Krieger, E., Joosten, R.P., and Vriend,
G. (2015). A series of PDB-related databanks
for everyday needs. Nucleic Acids Res. 43,
D364-D368. https://doi.org/10.1093/nar/
gku1028.

Kabsch, W., and Sander, C. (1983). Dictionary
of protein secondary structure: pattern
recognition of hydrogen-bonded and
geometrical features. Biopolymers 22, 2577-
2637. https://doi.org/10.1002/bip.
360221211.

Sastry, G.M., Adzhigirey, M., Day, T.,
Annabhimoju, R., and Sherman, W. (2013).
Protein and ligand preparation: parameters,
protocols, and influence on virtual screening
enrichments. J. Comput. Aided Mol. Des. 27,
221-234. https://doi.org/10.1007/s10822-
013-9644-8.

Lu, C., Wu, C., Ghoreishi, D., Chen, W., Wang,
L., Damm, W., Ross, G.A., Dahlgren, M.K,,
Russell, E., Von Bargen, C.D., et al. (2021).
OPLS4: improving force field accuracy on
challenging regimes of chemical space.

J. Chem. Theory Comput. 17, 4291-4300.
https://doi.org/10.1021/acs.jctc.1c00302.

66.

67.

68.

69.

¢? CellPress

OPEN ACCESS

Halgren, T.A., Murphy, R.B., Friesner, R.A.,
Beard, H.S., Frye, L.L., Pollard, W.T., and
Banks, J.L. (2004). Glide: a new approach for
rapid, accurate docking and scoring. 2.
Enrichment factors in database screening.

J. Med. Chem. 47, 1750-1759. https://doi.
org/10.1021/jm030644s.

Friesner, R.A., Banks, J.L., Murphy, R.B.,
Halgren, T.A., Klicic, J.J., Mainz, D.T.,
Repasky, M.P., Knoll, E.H., Shelley, M., Perry,
J.K,, et al. (2004). Glide: a new approach for
rapid, accurate docking and scoring. 1.
Method and assessment of docking accuracy.
J. Med. Chem. 47, 1739-1749. https://doi.
org/10.1021/jm0306430.

Bowers, K.J., Chow, D.E., Xu, H., Dror, R.O.,
Eastwood, M.P., Gregersen, B.A., Klepeis,
J.L., Kolossvary, I., Moraes, M.A., Sacerdoti,
F.D., et al. (2006). Scalable algorithms for
molecular dynamics simulations on
commaodity clusters. In SC ‘06: Proceedings of
the 2006 ACM/IEEE Conference on
Supercomputing, p. 43. https://doi.org/10.
1109/SC.2006.54.

Kozakov, D., Brenke, R., Comeau, S.R., and
Vajda, S. (2006). PIPER: an FFT-based protein
docking program with pairwise potentials.
Proteins 65, 392-406. https://doi.org/10.
1002/prot.21117.

iScience 26, 107059, July 21, 2023 19



https://doi.org/10.1074/jbc.RA120.014715
https://doi.org/10.1074/jbc.RA120.014715
https://doi.org/10.1016/j.chembiol.2021.02.011
https://doi.org/10.1016/j.chembiol.2021.02.011
https://doi.org/10.1002/cpdd.869
https://doi.org/10.1021/acs.jproteome.2c00092
https://doi.org/10.1021/acs.jproteome.2c00092
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/nar/gku1028
https://doi.org/10.1093/nar/gku1028
https://doi.org/10.1002/bip.360221211
https://doi.org/10.1002/bip.360221211
https://doi.org/10.1007/s10822-013-9644-8
https://doi.org/10.1007/s10822-013-9644-8
https://doi.org/10.1021/acs.jctc.1c00302
https://doi.org/10.1021/jm030644s
https://doi.org/10.1021/jm030644s
https://doi.org/10.1021/jm0306430
https://doi.org/10.1021/jm0306430
https://doi.org/10.1109/SC.2006.54
https://doi.org/10.1109/SC.2006.54
https://doi.org/10.1002/prot.21117
https://doi.org/10.1002/prot.21117

¢? CellPress

OPEN ACCESS

STARXMETHODS

KEY RESOURCES TABLE

iScience

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-cMYC Y69 Abcam ab32072
Anti-KRAS (G12V) clone D2H12 Cell Signaling Technologies #14412
Anti-Phospho MEK-1 (T292) Abcam ab76314
Anti-beta Actin abcam 8226
Anti-beta Actin Sigma Aldrich A1978
Anti-p21 clone 12D1 Cell Signaling Technologies 2947S
Anti-EGFP Invitrogen A11122
Anti-Vinculin Sigma Aldrich V9131
Anti-HA Cell Signaling Technologies 3724
IRDye® 680LT Goat anti-Mouse IgG Licor 926-68020
IRDye® 800CW Goat anti-Rabbit IgG Licor 926-32211
Bacterial and virus strains

NEB® 5-alpha Competent E. coli New England Biolabs C2987H
BL21-AI™ One Shot™ Chemically ThermoFischer Scientific C607003
CompetentE. coli

Chemicals, peptides, and recombinant proteins

Polybrene Infection/Transfection Reagent Sigma Aldrich TR-1003-G
Doxycycline hyclate Sigma Aldrich D5207
DAPI Solution Life Technologies 62248
Lipofectamine™ 3000 Transfection Reagent ThermoFischer Scientific 3000001
NuPAGE MES SDS running buffer ThermoFischer Scientific NP0002
Thalidomide Abcam ab120032
Lenalidomide Abcam ab142129
Pomalidomide Abcam HY-10984
Avadomide/CC122 MedChemExpress HY-100507
Sf-900™ IIl SFM ThermoFischer Scientific 12658019
cOmplete™ULTRA Tablets Sigma Aldrich 5892953001
Critical commercial assays

Pierce BCA Protein Assay Kit ThermoFischer Scientific 23225
Lenti-XTM GoStixTM kit Takara Bio 631281
CellTiter-Blue® Cell Viability Assay Promega G8080
NuPAGE 10% Bis-Tris Midi electrophoresis gels ThermoFischer Scientific WG1202BOX
Bio-Rad Protein Assay Kit Il Bio-rad 5000002
TMTpro™ ThermoFischer Scientific A44520
Deposited data

Proteomics PRIDE PXD038299
Experimental models: Cell lines

Human: h-Tert Immortalised HMEC (female) Laboratory of Prof. Martin Eilers N/A
Human: SUM159 (female) BiolVT SUM-159PT
Human: HEK293T (embryonic female) ATCC ATCC CRL-3216
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REAGENT or RESOURCE SOURCE IDENTIFIER
Human: MDA-MB-231 (female) ATCC ATCC HTB-122
Human: Kelly (female) Sigma Aldrich 92110411
Mouse: CT26.WT (female) ATCC CRL-2638
Mouse: 2208L (female) Laboratory of Prof. Thomas Westbrook N/A

Mouse: MMTV PyMT-M (female) Laboratory of Prof. Thomas Westbrook N/A

Mouse: AT3 (female) Sigma Aldrich SCC178

Fall armyworm (Spodoptera frugiperda): Sf9 ATCC CRL-1711
Experimental models: Organisms/strains

Athymic Nude-Foxn1nu mice (female) Envigo 069

Software and algorithms

GraphPad Prism

Adobe lllustrator

FlowJo

Schrédinger Suite v2021-2
R

Image Studio Lite

Proteome Discoverer 2.4

R Bioconductor limma package

Bio-PDB-Structure perl package

GraphPad Software

Adobe

Becton, Dickinson & Company
Schrodinger

The R foundation

Licor

ThermoFischer Scientific

Bioconductor

meta:cpan (by Raul Alcantara)

https://www.graphpad.com/scientific-software/prism/
https://www.adobe.com/

https://www.flowjo.com/
https://www.schrodinger.com/
https://www.r-project.org/
https://www.licor.com/bio/image-studio-lite/
https://www.thermofisher.com/uk/en/home/
industrial/mass-spectrometry/liquid-chromatography-
mass-spectrometry-lc-ms/Ic-ms-software/multi-omics-
data-analysis/proteome-discoverer-software.html?
gclid=Cj0KCQjw3a2iBhCFARIsAD4jQB2G8fbfb9
HguqgcFtv-W2hdY-gAsRHgJA-UY2bYiJDsgVGWx
86mdrl8aAsC3EALw_wcB&cid=E.23CMD.DL103.
12911.01&ef_id=CjOKCQjw3a2iBhCFARIs
AD4jQB2G8fbfb9HguqgcFtv-W2hdY-gAsRHgJA-
UY2bYiJDsgVGWx86mdrl8aAsC3EALw_wcB:
G:s&s_kweid=AL!I3652!31334040549172!p!Ig!!
proteome%20discoverer&gad=1
http://bioconductor.org/packages/release/bioc/html/

limma.html

https://metacpan.org/pod/Bio::PDB::Structure::Atom

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the Lead Contact, Habib Bouguenina (habib.bouguenina@icr.ac.uk).

Materials availability

Plasmids and associated vector maps generated as part of this study are available upon request but may

require a Materials and Transfer Agreement.

Data and code availability

Proteomic data has been uploaded to the PRIDE data repository, under the project accession code
PXD038299. This study did not generate new code. Any additional information required to reanalyse the
data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Bacterial strains

NEB® 5-alpha Competent E. coli (New England Biolabs) and BL21-AI™ One Shot™ Chemically Competent
E. coli (ThermoFischer Scientific) were used to express all constructs used in this manuscript.

Cell lines

HMEC (adult female) h-TERT immortalised human mammary epithelial cells were kindly provided by Prof
Martin Eilers (Wiirzburg university, Germany) and SUM159 (adult female) triple negative breast cancer cells
were cultured in DMEM/F-12 (1:1)+ GlutaMAXTM-| (Gibco/Life Technologies), containing 10% (v/v)
heat-inactivated FBS (Gibco/Life Technologies), supplemented with 15 mM HEPES (Sigma-Aldrich),
10 pg/mL insulin, human recombinant, zinc solution (Gibco/Life Technologies), 0.5 pg/mL hydrocortisone
(Sigma-Aldrich) and 20 ng/mL epidermal growth factor (EGF) recombinant human protein (Life Technolo-
gies). HEK293T (embryonic female) human epithelial kidney cells, MDA-MB-231 (adult female) triple nega-
tive breast cancer cells, murine mammary cancer lines (2208L, PyMT and AT3 (female)) were cultured in
DMEM (Gibco/Life Technologies), containing 25 mM D-glucose, 4 mM L-glutamine, 1 mM sodium pyruvate
and supplemented with 10% (v/v) FBS and 1% nonessential amino acids (Gibco/Life Technologies). Kelly
(female) human neuroblastoma cells and CT26 murine colorectal cancer cells were cultured in RPMI
1640 + 2mM Glutamine (Gibco/Life Technologies), containing 10% (v/v) heat inactivated FBS (Gibco/Life
Technologies).

All cell lines were authenticated by STR profiling and controlled for mycoplasma contamination. Cultures
were incubated 37°C in a humidified atmosphere with 5% CO2.

Animals

For the in vivo experiment, female 3-4 week-old Athymic Nude-FoxnTnu mice were ordered from Envigo
(Order code: 069). Animals were allowed to acclimate for a minimum of 7 days prior to manipulation.
Mice were housed in ventilated cages in a pathogen-free animal facility under a 14h light/10h dark cycle
and had access to food and water ad libitum in the Baylor College of Medicine vivarium facility. Mice
were handled in accordance with Baylor College of Medicine IACUC regulations and guidelines. All
work was conducted under Baylor College of Medicine animal protocol AN-6672.

METHOD DETAILS

Antibodies and cDNA plasmids

The following antibodies were used for western blotting: Anti-cMYC Y69 (Rabbit monoclonal Abcam
ab32072), Anti-KRAS(G12V mutant specific D2H12) (Rabbit monclonal Cell Signaling Technologies
(#14412), Anti-Phospho MEK-1 (T292) (Rabbit monoclonal Abcam ab76314),Anti-beta Actin (Mouse mono-
clonal abcam 8226, Mouse monoclonal Sigma Aldrich A1978), p21 (Rabbit monoclonal Cell Signaling Tech
12D1 2947S), EGFP (Rabbit polyclonal, Invitrogen A11122), Vinculin (Mouse monoclonal Sigma Aldrich,
V9131), HA (Rabbit monoclonal Cell Signaling Technologies, 3724). IRDye® 680LT Goat anti-Mouse 1gG
(Licor, 926-68020) and IRDye® 800CW Goat anti-Rabbit IgG (Licor, 926-32211) were used as secondary
antibodies.

The degron containing constructs were commercially synthetized (Invitrogen-GeneArt). Two back bones
were used in this study: pLVX-puro for the doxycycline inducible systems and pHAGE-PGK DEST for the
Flag-HA N terminally tagged constructs.

Design and selection of the DCD tags

The first group of DCD tags (DCDs1-6) were designed based on the neo-substrates GSPT1 and CK1a. Crys-
tal structures of these neo-substrates in complex with DDB1-CRBN+IMiD are publicly available and formed
the basis for our designs (Figure S2A,B).”**” The DCD motifs derived from GSPT1 (DCDs1-5) all contained
the glycine (G437) B—hairpin loop located within the C-terminal B—barrel domain and could be differenti-
ated based on the presence of two C-terminal B-barrels of GSPT1 (DCD1), the last C-terminal B-barrel only
(DCD2), the minimal glycine B—hairpin loop only (DCD3) or the B—hairpin loop extended with truncated aa
stretches from the C terminal B-barrel (DCD4,5) (Figure S1). The CK1a-based DCDé was restricted to the
Glycine (G40) hairpin loop (Figure S1).
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The second group of DCD tags (DCDs7-20) was designed based on the C2H2 Zinc Finger neo-substrates
(Ikaros, Aiolos, Eos and ZFP91). The published crystal structures suggest that C2H2 Zinc finger
domains comprise an N-terminal B-hairpin and a C-terminal a-helix coordinated by multivalent zinc mol-
ecules, with a conserved binding mode to CRBN (Figure S2C). lkaros, Aiolos, Eos and ZFP91 all contain
many C2H2 ZF domains, several of which bearing the CxxCG signature of CRBN ZF neo-substrates,
in vitro binding, cellular degradation assays and docking studies showed that the critical glycine
B-hairpin loop involved in the binding to CRBN was located in lkaros ZF2 aal145-167, Aiolos ZF2
aal46-168, Eos ZF2 aal187-209 and ZFP91 ZF4 aad00-422.7°%%?° These sequences were selected for
designing DCDs7-16, and 18-20. To identify the optimal sequence for protein degradation, the se-
quences of these DCDs were extended to include multiple combination of adjacent ZF domains. We
also tested Aiolos ZF5-ZF6 aa 448-509 (DCD17) to confirm the importance of ZF2 in Aiolos for inducing
degradation.

The final group, DCDs 21-23, was based on a degron hybrid between two ZF CRBN substrates: lkaros and
ZFP91. The work of Sievers et al. previously demonstrated that chimeric Aiolos/ZFP91 ZF had higher affinity
for CRBN compared to the Aiolos or ZFP91 ZFs?® and that a stretch of three consecutive arginine residues
within Ikaros ZF3 (R183-R185) were critical in enhancing the binding to CRBN. Based on these data, and our
own data from the second group of DCDs showing strong degradation using lkaros-based DCD19
(Figures S3 and S4), we generated ZFP91/lkaros chimeras by fusing the B-hairpin of ZFP91 ZF4 (aa400-
410) which contains the apical Glycine to the a-helix of lkaros ZF2 (aa156-167), followed by various sized
extensions from lkaros sequence, all maintaining the critical arginine stretch of lkaros ZF3 (R183-R185)%°
(Figures S1-S4).

The sequence of DCD23, which was selected as the optimal sequence for iTAG was designed as follows:
lkaros ZF1(a-helix)(aa129-144); ZFP91 ZFA(B-haipin containing the apical Glycine) (aa400-410); lkaros
ZF2(a-helix)-ZF3(B-hairpin) (aa156-188).

Virus production and cell line transduction

For the pLVX-puro doxycycline inducible constructs: viral particle production, HEK293T cells were seeded
prior to transfection at a density of 80-90%. Cells were transfected with the lentiviral vector plasmid,
psPAX2 and pMD.2G using Lipofectamine 3000™ (ThermoFischer) and following manufacturer’s recom-
mendations. Viral particle titer was determined using the Lenti-XTM GoStixTM kit (Takara Bio), according
to manufacturer’s instructions. Virus-containing supernatants were harvested 48 and 72 h post-transfection,
filtered through a 0.45 pm filter (Sartorius Stedim) and stored at —80°C.

For cell transduction, HMEC cells seeded 2 days before were infected at an MOI of 5 by adding the vi-
rus-containing supernatants with polybrene at 4 pg/mL. The plates with the infected cells were centrifuged
at 900 g, 32°C for 90 min and cultured for 2 passages before inducing constructs expression with 1 pg/mL of
doxycycline for 24h and isolating EGFP positive cells using Fluorescence-activated cell sorting (FACS).

For the pHAGE-PGK constructs: DCD23, SuperDegron and FKBP1273¢V were separately cloned into a
pHAGE-PGK DEST backbone. cDNA encoding the indicated protein was then cloned from pENTR221
into the pHAGE-PGK-DCD23, pHAGE-PGK-SuperDegron or pHAGE-PGK-FKBPF36V DEST vector using
Gateway cloning. SUM159 cells were transduced with the indicated lentivirus and selected with
puromycin.

Evaluating iTAG degradation with flow cytometry

Cells stably transduced with the iTAG tagged constructs were treated with 1 png/mL of doxycycline for 24h
to induce constructs expression. Subsequently, cells were exposed to IMiD/CELMoD degrader com-
pounds (CC885, lenalidomide, pomalidomide, CC220, and CC122) at 10uM for 4h to capture acute degra-
dation events. Following degrader treatment cells were collected and DAP| was added to the cell suspen-
sion at 1 pg/mL to allow the exclusion of dead cells. EGFP signal was measured using BD LSR Il flow
cytometer (BD Biosciences). FlowJo 10 Software (FlowJo) was used for data processing.

Cell lysis, protein electrophoresis and western blotting

Cells were lysed with SDS lysis buffer (2% SDS, 10% Glycerol, 50mM Tris pH 6.8) and boiled at 95°C for
30min. Protein concentration was measured using Pierce BCA Protein Assay Kit (ThermoFischer) following
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manufacturer’'s recommendations. Samples were ran in NuPAGETM 10% Bis-Tris Midi electrophoresis gels
(Invitrogen) using NuPAGETM MES SDS running buffer (ThermoFischer Scientific). Proteins were subse-
quently transferred to an Immobilon-P polyvinylidene Difluoride (PVDF) membrane (Merck Millipore) using
the wet-transfer method (Bio-Rad) in a transfer buffer consisting of 20% (v/v) methanol and 10% protein
electrophoresis buffer (24.77 mM Tris and 0.192 M glycine).

For western blotting membranes were blocked in a solution of 5% (w/v) bovine serum albumin (BSA; Sig-
ma-Aldrich) dissolved in TBS-0.1% Tween 20 (Sigma-Aldrich) then incubated at 4°C overnight with the pri-
mary antibodies diluted in 5% (w/v) BSA/TBS-T. The membranes where then washed and incubated with
anti-mouse and/or anti-rabbit secondary antibodies (LI-COR Biosciences) for 2h at RT diluted in 5% (w/v)
BSA/TBS-T then washed and imaged using the LI-COR Odyssey (LI-COR Biosciences). Images were
analyzed using Image Studio Lite software (LI-COR Biosciences).

Cell viability assay

HMEC, HEK293T, Kelly and MDA-MB-231 cells were seeded in 96-well plate in triplicates and treated with
CC885, Thalidomide, Lenalidomide, Pomalidomide, CC220 or CC-122 for 5 days. By endpoint, CellTiter-
Blue reagent (Promega) was added to each well, incubated for 3 h at 37°C and absorbance was measured
with a plate reader at 570nm. Average background absorbance value was subtracted from all readings
when plotting the viability curve.

Recombinant proteins production and purification
Human CRBN/DDB1 complex

Full length human 6His-ZZ-CRBN and DDB1-Strep proteins were co-expressed in sf? insect cells. Baculo-
viruses were generated using the Bac-to-Bac - Baculovirus Expression System (Thermo Fisher
Scientific A11101). Sf9 cells growing at 27°C in shaker flasks with Sf-900™ [l SFM media were infected
with 10-30 pL virus/10” cells and harvested 48 to 72 h post infection. Cell pellets were stored at —80°C. Cells
were thawed and re-suspended with a 4 to 5-fold volume of IMAC buffer (50 mM Tris pH8.0, 500 mM NaCl,
0.5 mM TCEP, 5% glycerol) complemented with 1 mM MgCl,, 1x cOmplete ULTRA protease inhibitors and
12.5U/mL Benzonaze. Cells were lysed by sonication followed by centrifugation (55,900 g, 45 min, 4°C) and
filtration (1.2 um syringe filter). Clarified lysate was applied to 2 X 5mL HisTrap FF columns, washed with
IMAC buffer with 20 mM imidazole and eluted with IMAC buffer with 250 mM imidazole. IMAC elute was
applied onto a Superdex 200 column (HR26/60). The peak elutes were pooled, diluted to 50 mM NaCl
and loaded onto a 6 mL Resource Q column. Following a 50 to 500 mM NaCl gradient elution, peak frac-
tions were pooled and loaded back onto a Superdex 200 column (HR26/60) in a buffer containing 50 mM
HEPES pH 8.0, 200 mM NaCl, 0.5 mM TCEP and 5% glycerol. Peak fractions were pooled, concentrated and
stored at —80°C.

DCD23

The sequence coding for a slightly shorter version of DCD23 than used in cells, consisting of residues 141 to
144 of Ikaros followed by residues 400-410 of Zfp91 and residues 156-188 of lkaros, was codon optimized
for production in E. coli and synthesised by Eurofins. It was subcloned into pET48b plasmid between Xmal
and Xhol restriction sites to generate a plasmid coding for a Trx-6His-HRV3C-DCD23 protein. Transformed
BL21-Al E. coli cells were grown in TB media supplemented with 50 mg/L Kanamycin at 37°C until an
ODg00 nm of 0.6 was reached. Protein expression was then induced by addition of 0.2 mM IPTG and 0.2%
Arabinose. Expression was carried out at 18°C for 18 h. Cells were harvested by centrifugation at 5500g
for 30 min at 4°C, and stored at —80°C. Cells were re-suspended in a buffer composed of 50 mM HEPES
pH7.4,200 mM NaCl, T mM MgCl2, 0.25 mM TCEP, 1x complete ULTRA protease inhibitors, 1 mg/mL Lyso-
zyme and 12.5 U/mL Benzonaze. Cells were lysed by sonication followed by centrifugation at 56,000 g for
20 min at 4°C. The supernatant was loaded onto a HisTrap FF column, and eluted with 250 mM Imidazole.
The Trx-6His-HRV3C tag was cleaved with HRV-3C protease, and DCD23 further purified with a Superdex75
16/60 followed by reverse-HisTrap FF and MonoS HR5/5 steps. Finally, the resulting DCD23 was ran
through a PD10 column to exchange buffer to 50 mM Tris pH 8, 200 mM NaCl, 0.25 mM TCEP, and stored
at —80°C.
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IMiD-based fluorescence polarisation assay

All FP assays were run in Black 384-well ProxiPlate Plus (Perkin-Elmer, USA), in a buffer containing 20 mM
HEPES pH 8.0, 150 mM NaCl, 0.5 mM TCEP and 0.05% Tween 20, with a final assay volume of 10 L. An Echo
E5XX (Beckman Coulter, USA) acoustic liquid dispenser was used to create final concentration ranges of
compound from 300 puM to 0.9375 nM, with a final DMSO concentration of 3%. WT full length CRBN/
DDB1 complex was added with a Tempest liquid handler (Formulatrix, USA) to all wells to a final concen-
tration of 80 nM, except for low controls where WT CRBN was substituted with mutant Y384A-W386A CRBN
(mutant unable to bind the probe). The Echo was also used to add 5 nM final concentration of Sulfo-Cy5
fluorescent IMiD-based probe (Figure S6A) to each well. Plates were sealed, centrifuged at 200 g for
1 min and stored overnight at 4°C. Fluorescence Polarization and total fluorescence were read using a
PHERAstar FSX plate reader (BMG Labtech, Germany).

The Kd determination was carried out in a 384 well black Proxiplate (Perkin-Elmer, USA). WT hCRBN was
dispensed using an Echo acoustic liquid dispenser (Beckman, USA) to final concentrations of 5.9 uM-
9.7 nM. IMiDs were added to a final concentration of 10 uM except CC-885 which was 1 uM final concen-
tration due to solubility issues. Cy5 labeled Aiolos & Zn(CH3COO)2 were added to a final concentration of
10 nM. After overnight incubation, fluorescence polarization was measured using a Pherastar plate reader
(BMG Labtech, Germany). Kd values for Cy5- Aiolos to CRBN binding were calculated for each IMiD using
Prism software.

Aiolos peptide-based TR-FRET assay

All TR-FRET assays were ran in Black 384-well ProxiPlate Plus (Perkin-Elmer, USA), in a buffer containing
20 mM HEPES pH 8.0, 150 mM NaCl, 0.5 mM TCEP and 0.05% Tween 20, with a final assay volume of
10 uL. An Echo E5XX (Beckman Coulter, USA) acoustic liquid dispenser was used to create final concentra-
tion ranges from 90 pM down to 2.25 nM for DCD23. Final concentrations to 5 nM WT full length CRBN/
DDB1 complex, 750 nM Sulfo-Cy5 fluorescent Aiolos-based peptidic probe (Figure S6C) (Cambridge
Research Biochemicals, UK) and 0.5 nM MAb Anti-6HIS-Terbium cryptate Gold (Cisbio, France) were added
with a Tempest liquid handler (Formulatrix, USA). Finally, degraders were added to a final concentration of
10 uM (or 1 uM for CC885 due to solubility issues) with the Echo. Plates were sealed, centrifuged at 200 g for
1 min and stored overnight at 4°C. The TR-FRET signals were read using a PHERAstar FSX plate reader
(BMG Labtech, Germany). Final signal was measured as the ratio:

chanel1 (665nm)
chanel2 (620nm)

Chanel1 at 665nm representing a positive FRET and chanel2 at 620nm representing the emission of the

TR — FRET signal =

terbium tag when no FRET occurs (Figure S6C).

Kd values were used along with the TR-FRET ICsq values to calculate the Ki using the Cheng-Prusoff
equation:

Ki = IC50/[1 + (HTRF labelled ligand concentration) / Kd]

In vivo analysis of degradation

MDA-MB-231 cells (5 x 10° cells) engineered to express FLuc-EGFP-DCD23 or FLuc-EGFP(P2A)DCD23
were transplanted subcutaneously into the right flank of 4-5 week old Athymic Nude-Foxn1nu (Envigo)
mice. Subcutaneous tumor volume was measured using calipers. Animals were administered sucrose water
with doxycycline (2 mg/mL) for 3-5 days when tumors reached 200-350mm?. After doxycycline administra-
tion, animals were randomized for vehicle or CC220 (30 mg/kg in 0.5% carboxymethyl cellulose (Na salt)
with 0.25% Tween80 in water) treatment. Tumor luminescence was quantified using non-invasive biolumi-
nescence imaging, with luminescence measured 15s post retro-orbital luciferin injection (150 mg/kg) using
an IVIS imager. Tumor luminescence was measured before and at the indicated timepoint after vehicle or
CC220 administration. Tumors were then harvested, and flash frozen for further analysis.

Mass spectrometry-based proteomics
Sample preparation

Samples for quantitative proteomics were prepared using the SimPLIT workflow.“° Briefly, the cell pellets
were lysed in a buffer containing 150 uL 0.1 M triethylammonium bicarbonate (TEAB), 1% sodium
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deoxycholate (SDC), 10% isopropanol, 50mM NaCl, 5 mM tris-2-carboxyethyl phosphine (TCEP), 10 mM
iodoacetamide (IAA), universal nuclease, and supplemented with protease and phosphatase inhibitors.
Samples were bath sonicated for 5 min, incubated at RT for 45 min and protein concentration was
measured with the Bradford Protein Assay (Biorad) according to manufacturer instructions. Aliquots con-
taining 30 pg of total protein were used for protein digestion. The resultant peptides were labeled with
a tandem mass tag (TMTpro) multiplex reagent vial (Thermo Scientific) according to the manufacturer in-
structions. All the TMT-labelled samples were combined in equal amounts to a single tube. The TMT-pep-
tide mixture was acidified with 1% formic acid and the precipitated SDC was removed by centrifugation.
The sample was then dried with a centrifugal vacuum concentrator.

High-pH reversed-phase peptide fractionation

Offline peptide fractionation was based on high pH Reverse Phase (RP) chromatography using the Waters
XBridge C18 column (2.1 x 150 mm, 3.5 pm) on a Dionex Ultimate 3000 HPLC system at a 0.85% gradient
with flow rate 0.2 mL/min. Mobile phase A was 0.1% ammonium hydroxide, and mobile phase B was 100%
acetonitrile, 0.1% ammonium hydroxide. Retention time-based fractions are collected and pooled into thir-
ty samples for LC-MS analysis.

Liquid chromatography-mass spectrometry analysis

LC-MS analysis was performed on the Dionex Ultimate 3000 UHPLC system coupled with the Orbitrap Lu-
mos mass spectrometer (Thermo Scientific). Samples were analyzed with the EASY-Spray C18 capillary col-
umn (75 um X 50 cm, 2 um) at 50°C. Mobile phase A was 0.1% formic acid and mobile phase B was 80%
acetonitrile, 0.1% formic acid. The gradient separation method was as follows: 90 min gradient up to
38% B, for 10 min up to 95% B, for 10 min isocratic at 95% B, re-equilibration to 5% B in 5 min, for
10 min isocratic at 5% B. For MS analysis, precursors between 375 and 1,500 m/z were selected, with
mass resolution of 120,000, automatic gain control (AGC) of 4 x 105, and IT (injection time) of 50 ms,
with the top speed mode in 3 s, and the precursors were isolated for collision-induced dissociation (CID)
fragmentation with a quadrupole isolation width of 0.7 Th (Thomson unit). Collision energy was set at
35%, with AGC at 1 x 104 and IT at 50 ms. MS3 quantification was obtained with higher-energy collisional
dissociation (HCD) fragmentation of the top 5 most abundant CID fragments isolated with synchronous
precursor selection (SPS). Quadrupole isolation width was set at 0.7 Th, collision energy was applied at
65%, and the AGC setting was at 1 x 105 with IT at 105 ms. The HCD MS3 spectra were acquired for the
mass range 100-500 with a resolution of 50,000. Targeted precursors were dynamically excluded for further
isolation and activation for 45 s with 7 ppm mass tolerance.

Database search and protein quantification

The SEQUEST-HT search engine was used to analyze the acquired mass spectra in Proteome Discoverer
2.4 (Thermo Scientific) for protein identification and quantification. The precursor mass tolerance was set
at 20 ppm, and the fragment ion mass tolerance was set at 0.5 Da. Spectra were searched for fully tryptic
peptides with maximum 2 mis-cleavages. TMTpro on lysine residues and peptide N termini (304.2071 Da)
and carbamidomethylation of cysteine residues (+57.0215 Da) were set as static modifications while
oxidation of methionine residues (+15.9949 Da) and deamidation of asparagine and glutamine
(+0.9848 Da) was set as a variable modification. Peptide confidence was estimated with the Percolator.
The peptide FDR was set at 0.01, and validation was based on the q value and a decoy database search.
All spectra were searched against UniProt-SwissProt proteomes of Homo sapiens protein entries ap-
pended with contaminants. The reporter ion quantifier node included a TMTpro quantification method
with an integration window tolerance of 15 ppm and integration method based on the most confident
centroid peak at the MS3 level. Only unique peptides were used for quantification, with protein groups
considered for peptide uniqueness. Peptides with an average reporter signal-to-noise ratio of >3 were
used for protein quantification. Correction for isotopic impurity of reporter quantification values is
applied. Only spectra with at least 50% of the SPS masses matching to the identified peptides are
used for quantification.

Proteomics hit discovery

Peptide abundance data were initially filtered to removed entries mapping to a panel of 193 known
contaminant proteins across the human, bovine and mouse proteomes (e.g. keratins, trypsin, thrombin, al-
bumin) or flagged as such in the Peptide abundance input file. Peptides with missing abundance
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information for >30% of the TMT channels were excluded from downstream analysis. Any remaining
missing abundance values were imputed to the lowest observed abundance per peptide. To correct for
experimental bias, normalisation using peptide amount per channel was performed.

Normalised peptide abundances for unique peptides identified with high confidence were summed by
protein group and log2 transformed to generate normalised protein abundance values. Protein ratios
for desired comparisons were computed using the moderated t-test functionality in the R Bioconductor
limma package.®’

PDE6D Gly-loop degron discovery

The PDB experimental structure of PDE6D was scanned for close structural homologues to the CK1alpha
degron G-loop (defined in PDB structure 5FQD, chain C, sequence INITNG40E). A structural heptamer was
constructed for each glycine residue of the interrogated PDB chain, extending five N-terminal and one
C-terminal residues to that glycine residue (the degron anchor residue). Heptamers with fully defined 3D
coordinates were assessed for accessibility (minimum degron anchor residue accessibility 0.3 (Angstrom2),
minimum heptamer residue accessibility 0.35 (Angstrom2), with at least 4 heptamer residues passing
accessibility thresholds), presence of a backbone-to-backbone hydrogen bond between residues at
position +1 and —4 relative to the degron anchor Gly, and low helical content (two or less heptamer resi-
dues). The above parameters were computed using DSSP***? on individual PDB chains.

Qualifying heptamers were superposed to the CK1alpha degron G-loop heptamer and the alpha carbon
RMSD was computed using the Bio-PDB-Structure perl package (https://metacpan.org/dist/Bio-PDB-
Structure). The PDB chain structure of heptamers with RMSD values below 2 Angstrom was further evalu-
ated for structural clashes against CRBN (PDB structure 5FQD, chain B, including the Lenalidomine ligand
LVY) using the Bio-PDB-Structure perl package. Side chains were excluded from the clash computation.
Clashes were classed as Lenalidomide, degron, near-degron (within 5A of the heptamer) and distal
(beyond 5A of the heptamer). Distal clashes were ignored. Successful degron G-loops exhibited no Lena-
lidomide, degron or near-degron clashes.

In silico docking and molecular dynamics

A chimera homology model was generated within the Schrédinger Suite v2021-2 for mouse CRBN (UniProt
ID: Q8C7D2) using two structural templates as sorted by resolution across the set available for the corre-
sponding species: a) the thalidomide binding domain of mouse CRBN (PDB ID: 5YJ0); b) the human CRBN
structure in complex with DDB1 and CK1a (PDB ID: 5FQD, 97% sequence identity to mouse CRBN) to fill in
sensor loop residues (5341-E358 in 5FQD), Lon and HB domains missing from the first template. All protein
structures were prepared using the Protein Preparation Wizard in Maestro.** The homology model was
refined through 2500 MacroModel minimisation iterations using the Polak-Ribier Conjugate Gradient
(PRCG) method, the OPLS4 force-field®> and an implicit water solvation model. The structure of FPFT-
2216 was prepared using LigPrep to generate tautomers, stereoisomers and protonation states at pH
7.0 + 2.0 as default. Docking of FPFT-2216 against the minimised homology model of mouse CRBN was
carried out with Glide SP*** in a receptor grid centered at the centroid of Trp383, Trp389 and Trp403,
namely in the tri-Trp pocket. The complex formed by the best scoring ligand pose was refined through
a molecular dynamics simulation using the Desmond package.®® The system was neutralised, immersed
in a TIP3P water box of orthorhombic shape extended up to 10 A in each direction from system atoms
and prepared under periodic boundary conditions with the OPLS4 force-field using the System Builder
in Desmond. Following an initial relaxation with the default protocol, a 100 ns MD simulation (1000 frames)
was carried out on the solvated complex in the NPT ensemble at 1.01325 bar and 300 K. Representative
conformations were obtained by clustering MD trajectory frames on backbone atoms of binding site res-
idues with the Desmond Trajectory Clustering. Protein-protein docking simulations were performed with
Piper® using the refined CRBN:FPFT-2216 model as receptor and the PDE6D apo structure as ligand
(PDB ID: 5T4X). The ternary complex pose selected from protein-protein docking was subjected to three
independent MD replicas with randomised initial velocities using the same parameters as described above.
A total of 3000 MD trajectory frames were analyzed to extract interatomic distances using the Schrédinger
Python APIs (www.schrodinger.com/pythonapi).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Flow cytometry data were transferred to GraphPad Prism for analysis and presentation. Number of exper-
iments and analysis are indicated in the figure legend.

For the proteomics data, normalised peptide abundances for unique peptides identified with high confi-
dence were summed by protein group and log2 transformed to generate normalised protein abundance
values. Protein ratios for desired comparisons were computed using the moderated t-test functionality in
the R Bioconductor limma package.®’
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