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Targeted protein degradation (TPD) has risen as a promising therapeutic modality. Leveraging the catalytic nature of
the ubiquitin—proteasome enzymatic machinery, TPD exhibits higher potency to eliminate disease-causing target
proteins such as oncogenic transcription factors that may otherwise be difficult to abrogate by conventional in-
hibitors. However, there are challenges that remain. Currently, nearly all degraders engage CUL4“®5N or CUL2VH"
as the E3 ligase for target ubiquitination. While their immediate efficacies are evident, the narrowed E3 ligase op-
tions make TPD vulnerable to potential drug resistance. In addition, E3 ligases show differential tissue expression
and have intrinsic limitations in accessing varying types of disease-relevant targets. As the success of TPD is closely
associated with the ability of E3 ligases to efficiently polyubiquitinate the target of interest, the long-term outlook of
TPD drug development will depend on whether E3 ligases such as CUL4“®®*N and CUL2Y"" are accessible to the
targets of interest. To overcome these potential caveats, a broad collection of actionable E3 ligases is required. Here,
we designed a macrocyclic degrader engaging CUL3X'HL20 for targeting BET proteins and validated CUL3XIHE20 55
an E3 ligase system suitable for TPD. This work thus contributes to the expansion of usable E3 ligases for potential

drug development.
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Ablating proteins to abrogate pathological progression has
been a desired therapeutic pursuit. Over the past decades,
progress has been made by using gene silencing strategies
such as RNAI or antisense oligo approaches. However, in
recent years, the targeted protein degradation (TPD) ap-
proach, which leverages the ubiquitin-proteasome ma-
chinery for direct protein degradation, has been proven a
paradigm-shifting modality for efficient target depletion
(Bekes et al. 2022). The general principle of TPD is based
on the observations that most of the ubiquitin E3 ligases
function in a proximity-driven manner and have signifi-
cant flexibility for substrate acceptance (Sakamoto et al.
2001; Chen and Hellmann 2013; Verma et al. 2020) such
that, once recruited in proximity to the E3 ligase, a target-
ed protein can potentially be degraded even though it isnot
naturally a cognate substrate for a particular E3 ligase. This
artificial, targeted substrate recruitment can be achieved

'These authors contributed equally to this work.

Corresponding author: jyeh@cshl.edu

Article published online ahead of print. Article and publication date are
online at http://www.genesdev.org/cgi/doi/10.1101/gad.349717.122.

by creating a bifunctional PROTAC (proteolysis targeting
chimera) molecule that has one chemical moiety with spe-
cificity for a target protein and another moiety with specif-
icity for the desired E3 ligase. Some examples include
degraders for EGFR (Jang et al. 2020), AKT (You et al.
2020), cyclin-dependent kinases (CDKs) (Olson et al.
2018; Teng et al. 2020), STAT3 (Bai et al. 2019), and BET
family bromodomain proteins (Raina et al. 2016; Winter
et al. 2017). With these promising outcomes endorsing
the potential of TPD, it is also noteworthy that the major-
ity of the demonstrated protein degraders were based on
engaging CUL4“®BN and CUL2VH" as their executing E3
ligases. Some other E3 ligases such as MDM2 (Hines
et al. 2019) and cIAP1 (Schiemer et al. 2021) have been
explored as well, but not extensively. Part of the reason
that CUL4“RBN and CUL2VPL prevail in protein degrader
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design could stem from the limited availability of synthet-
ic E3 ligase binders that have been reported and validated.
Consequently, all protein degraders that have entered the
clinical stage use the CUL4“®BN E3 ligase for targeted deg-
radation (Bekes et al. 2022). Nevertheless, in the past few
years, TPD has advanced from an experimental concept
to the clinic.

Despite the convincing results of many TPDs as exper-
imental therapies, some issues remain to be addressed.
First, the differential expression and localization of E3 li-
gases in different cell types and target tissues could limit
the therapeutic potential in treating certain types of can-
cers if only a narrow set of E3 ligases is available to be
used. Another concerning aspect is whether drug resis-
tance and therapy-escaping mechanisms would occur, to
what extent, and by which mechanism. Similar to what
has been found with many targeted therapies, TPD drug
resistance could arise from acquired mutations in the can-
cer cells, rendering the loss of E3 ligase engagement and
therefore allowing the target protein to escape from ubiq-
uitination (Zhang et al. 2019; Gooding et al. 2021). Conse-
quently, if solely focused on CUL4“®EN and CUL2VHT E3
ligases, TPD modality may suffer from drug resistance
once cancer cells acquire such mutations. To circumvent
potential drug resistance, we set out to identify new E3 li-
gases as alternatives to the currently explored ligases to
broaden the targeting options. Hence, widening the avail-
able E3 ligases should allow for targeting a more diverse
range of proteins in a broader range of tissues.

To search for a new E3 ligase capable of targeting a broad
range of proteins, our selection criteria required the E3 li-
gase to be ubiquitously expressed and have a wide subcel-
lular distribution so that colocalization with potential
targets can occur. In addition, we required the E3 ligase
to have sufficient catalytic activity toward all substrates
and not be overly selective in substrate acceptance or re-
quire stringent 3D orientation for substrate engagement.
With these criteria in mind, we chose the CUL3 E3 ligase
system. CUL3 has been shown to have a broad subcellular
localization pattern with high expression levels in many
cell types (Jang et al. 2018) and is therefore an ideal candi-
date E3 ligase system to exploit. Like CUL2 and CUL4,
CUL3 also belongs to the Cullen-Ring ubiquitin ligase
(CRL) family (Furukawa et al. 2003; Wimuttisuk and Sing-
er 2007), which requires an adaptor protein to anchor the
substrate protein to be ubiquitinated (Geyer et al. 2003;
Xu et al. 2003). There are >60 member proteins of the
BTB-Kelch family that serve as the adaptor proteins for
CUL3 (Canning et al. 2013), and among the BTB-Kelch
adaptor proteins, KLHL20 has been discovered as an onco-
protein mediating the degradation of the death-activated
protein kinase 1 (DAPKI) and promyelocytic leukemia
protein (PML) in cancer cells (Lee et al. 2010; Yuan et al.
2011). Furthermore, KLHL20 is expressed in a wide range
of cancer cell lines (Chen et al. 2015; Chen and Chen
2016) and was found to be up-regulated by HIF1-a, a crucial
antihypoxic transcription factor abundant in many cancer
cells (Lee et al. 2010; Yuan et al. 2011). Altogether, the ev-
idence suggested that CUL3*™™20 should be a suitable E3
ligase for abrogating challenging drug targets such as tran-
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scription factors. Here, we describe our discovery of a syn-
thetic KLHL20 ligand for developing CUL3¥ME20 haged
protein degraders (Fig. 1). To our knowledge, thisis the first
CUL3®MI20 haged protein  degrader, thus putting
CUL3XME20 into the list of actionable E3 ligases for TPD
applications and thereby providing more opportunities
for the TPD modality.

Results

Design and synthesis of the KLHL20 ligand molecule
BTR2000

To develop CUL3*"20.hased TPD molecules, we first
aimed to create a KLHL20-engaging ligand that can eventu-
ally serve as the template for a target-specific degrader de-
sign (Fig. 1). To this end, structure-guided design was
carried out based on the crystal structure of a DAPKI pep-
tide fragment (residues 1334-1344) in complex with the
KLHL20 Kelch domain (PDB: 6GY5; Chen et al. 2019).
DAPK]1 has been identified as a KLHL20 substrate for poly-
ubiquitination (Lee et al. 2010). In the crystal structure, the
nine-residue DAPK peptide fragment ***LGLPDLVAK'3*>
formed direct contact with KLHL20 (Fig. 2A); notably,
DAPK]1 D1338 with KLHL20 K498 and H499, as well as
DAPK1 L1339 with KLHL20 L592. Furthermore, in the cen-
ter of this nine-residue fragment is a five-residue motif
(LPDLV) with a hairpin-like conformation, which has
been reported as the minimum core motif required for
KLHL20 binding (Chen et al. 2019). Although the LPDLV
peptide was shown to be capable of binding to KLHL20,
the affinity was low (Chen et al. 2019). However, when eval-
uating the hairpin-like structure of the peptide bound to
KLHL20, we envisioned that the binding affinity can be sig-
nificantly improved if the linear peptide motif is engineered
into a macrocyclic molecule to constrain the hairpin struc-
ture, thereby reducing the entropic cost of adopting the
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Figure 1. Developing the CUL¥'"M20 E3 Jigase TPD system. The
CULRMHL20 hased TPD molecules are comprised of three parts: (1)
the synthetic KLHL20 ligand for E3 ligase engagement, (2) the tar-
get protein-engaging ligand for specific target protein recruit-
ment, and (3) a linker moiety that connects both ligand types.
The design of target-selective degraders is highly modular, with
the synthetic KLHL20 ligand serving as the constant part to enga-
ge the E3 ligase and an exchangeable part to target the protein of
choice (e.g., a transcription factor in this study).
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o Figure 2. Cyclization of a linear DAPK1-
derived peptide motif provides increased af-
finity for the KLHL20 Kelch binding pock-
et. (A) Crystal structure of the KLHL20
Kelch domain bound to the DAPK-derived
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%N, (PDB 6GY5). (B) Cyclization scheme. Free
sulfhydryls from cysteine residues react
with  1,3-bis(bromomethyljbenzene to
form two thioether bonds, yielding macro-
cycles. (C) Fluorescence polarization (FP)
binding curves of FITC-labeled peptides in-
cubated with serial dilutions of the KLHL20
Kelch domain. Peptide LAAAYV was used as
anegative control. Error bars show standard
deviation (SD; N=3). Data are background-
corrected, and curves were fitted using a
three-parameter dose response model. (D)
Crystal structure of the KLHL20 Kelch
domain, as in A. Residues mutated for
BTR2000 binding studies are highlighted
in red. (E) FP curves, as in C, showing bind-

ing of FITC-labeled BTR2000 to KLHL20
Kelch wild type (WT) or mutants. (F) Volca-
no plot showing proteomics data of the pull-
down experiment comparing BTR2000
with cyclized CPGAC. The —log;g P-value
(N =3)is plotted against the log, fold change
BTR2000/CPGAC. KLHL20 showed the
highest enrichment, with a log, value of 11.
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favorable binding conformation. The LPDLV motif thus
served as the template for our ligand design.

Our general strategy to form a macrocycle entailed the
introduction of two cysteine residues to flank this
KLHL20 binding motif, followed by cyclization via thio-
ether bond formation between the two flanking cysteine
residues and the benzylic carbons of 1,3-bis(bromo-
methyl|benzene (Fig. 2B). When examining the crystal
structure of the "***LGLPDLVAK'®*? fragment, we no-
ticed that L1336 and A1341 were not in direct contact
with KLHL20 and could be substituted by cysteine for cy-
clization. The distance measured between residues L1336
and A1341 was ~4.8 A (Fig. 2A), a distance feasible for al-
lowing the 1,3 disubstituted benzyl group to be intro-
duced. This strategy yielded macrocycle CPDLVC. To
reduce the molecular weight of the macrocycle, a similar
approach was applied to generate the macrocycle CPDLC
by substituting L1336 and V1340 (by 5.1-A separation)
with cysteines. We synthesized FITC-labeled macrocycles
CPDLVC and CPDLC and then measured their binding af-
finity to the KLHL20 Kelch domain by fluorescence polar-
ization (FP) (Fig. 2C; Supplemental Fig. S1A). The FP assay
indicated that the approximate Kp of the linear LPDLV
motif was >5 pM. In contrast, both macrocycle com-
pounds CPDLVC and CPDLC exhibited improved affini-
ty, with an approximate Kp of ~600 nM. Hence, the
cyclization approach was successful in improving the af-
finity of the KLHL20 ligand. Binding of the macrocycle

oERPryI e __ _______._

5 10 15

log2 fold change

compounds was also KLHL20 Kelch domain-specific,
without any detectable binding to KLHL7 Kelch domain.
Interestingly, although the crystal structure revealed that
V1340 was in direct contact with KLHL20, we did not ob-
serve deterred binding affinity with macrocycle CPDLC.
This could be due to the new binding contact offered by
the cysteine introduced to replace the valine binding con-
tact. For its smaller molecular weight, the macrocycle
CPDLC (referred to here as BTR2000) was therefore cho-
sen as our KLHL20 anchor molecule to further exploit
KLHL20-based TPD molecules.

BTR2000 binds to KLHL20 in a mode similar to that
of the wild-type ligand and with high specificity

While the linear LPDLV motif was found to be essential
for KLHL20 binding (Chen et al. 2019), it is intriguing
that BTR2000 is capable of binding to the KLHL20 Kelch
domain with higher affinity than linear LPDLV while only
containing core residues PDL. To confirm that BTR2000
is indeed binding to the KLHL20 ligand pocket in a man-
ner analogous to the LPDLV motif, we mutagenized
the key LPDLV-contacting residues on KLHL20 based
on the X-ray crystal structure. In this structure, the
KLHL20 residues K498, H499, and L592 form crucial con-
tacts with the DAPK peptide with both the aspartic and
leucine residues (Fig. 2D; Chen et al. 2019). We therefore
generated three KLHL20 mutants (KLHL20%%84,

GENES & DEVELOPMENT 1033


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.349717.122/-/DC1

Farrell et al.

KLHL20%%°C | and KLHL202€) to measure their affini-
ty with BTR2000 and the linear LPDLV peptide. We ob-
served that these three residues are indeed important for
BTR2000 binding, analogous to the binding mode suggest-
ed by the crystal structure of the DAPK1 peptide in com-
plex with KLHL20, with H499A and L592G showing more
prominent loss in binding, indicating that BTR2000 binds
to KLHL20 in a mode similar to that of the wild-type li-
gand (Fig. 2E). Likewise, mutating the aspartic acid (cy-
clized CPGLC) and leucine residues (cyclized CPDAC)
on BTR2000 showed a similar loss in KLHL20 binding, in-
dicating that these residues are the interacting residues
corresponding to K498, H499, and L592 of KLHL20 (Sup-
plemental Fig. SIB). Since the interaction of BTR2000
with KLHL20 is only based on a three-residue peptide mo-
tif, low target selectivity and resulting off-target effects
are possible risks. To rule out this possibility, we per-
formed pull-down experiments from PC3 lysates with im-
mobilized compounds. BTR2000 successfully enriched
KLHL20 but not KLHL12 from lysates, while cyclized
CPGLC, cyclized CPDAC, and a cyclized double-mutant
CPGAC showed no binding to KLHL20 (Supplemental
Fig. SIC). In order to analyze the BTR2000 interactome
in more depth, the eluates from the pull-down experiment
were subjected to MS-based proteomics. KLHL20 was the
only E3 ubiquitin ligase component enriched in the exper-
iment and showed the highest binding preference for
BTR2000 over the CPGAC (Fig. 2F) or empty bead control
(Supplemental Fig. SID). Together, these results demon-
strate a high KLHL20 specificity of BTR2000, which
makes it a suitable building block for a KLHL20-based
PROTAC molecule.

BTR2000-derived PROTAC molecule BTR2003
facilitates KLHL20-bromodomain interaction

After confirming that BTR2000 binds to the canonical
KLHL20 substrate binding site with high specificity, we en-
visioned multiple options for generating BTR2000-based
TPD molecules to recruit target proteins to KLHL20. As a
proof of concept, we selected JQ1 as a model molecule to
build such bifunctional molecules. The BET bromodomain
inhibitor JQ1 has been widely used in generating a number
of BET family bromodomain protein degraders that use dif-
ferent E3 ligase systems such as CUL2YHL and CUL4CRBN
(Zengerle et al. 2015; Raina et al. 2016; Winter et al. 2017)
and therefore serves as a suitable compound to demonstrate
the utility of BTR2000 and the CUL3XH20 E3 Jigase sys-
tem for ablating oncogenic transcriptional regulators. We
first synthesized a bifunctional JQ1-BTR2000 linked com-
pound (namely, BTR2003) by coupling JQI carboxylic acid
to BTR2000 with a four-glycine (4x Gly) linker (Fig. 3A) to
afford flexibility between BTR2000 and JQ1. To test wheth-
er BTR2003 can initiate ternary complex formation upon
KLHL20 and BET protein colocalization, we performed a
pull-down experiment using the biotinylated KLHL20
Kelch domain as the bait to capture purified BRD4 bromo-
domain 1 (BD1)in the presence or absence of BTR2003 (Fig.
3B). The BTR2003 concentration-dependent BD1 pull-
down indicated that BTR2003 does promote KLHL20-
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BTR2003-BD1 ternary complex formation. Based on
ELISA, we quantitated an EC5q value of 8 nM for the ternary
complex (Supplemental Fig. S2). Overall, we confirmed that
BTR2003 is capable of promoting ternary complex forma-
tion at low nanomolar concentration.

Neo-protein—protein interaction mediated by BTR2003

Most of the reported ternary complex structures mediated
by PROTAC molecules revealed the existence of addition-
al protein—protein interactions (neo-protein—protein inter-
actions) upon degrader binding (Winter et al. 2015; Gadd
etal. 2017; Schiemer et al. 2021; Yu et al. 2021). To better
understand the BTR2003-mediated ternary complex for-
mation and the possible neo-protein—protein interaction
on a structural level, we used the Rosetta protein model-
ing suite to evaluate the likelihood of protein—protein in-
terface formation. Rosetta docking (Maguire et al. 2021)
was used to simulate KLHL20 Kelch domain, BTR2000,
and JQ1l-bound BRD4 BD1 ternary complex formation.
Since BTR2000 and JQI moieties will be tethered by the
linker, we performed local docking of KLHL20-BTR2000
and BRD4 BD1-JQ1 to limit the search space so that dock-
ing on the irrelevant protein surface (for example, the op-
posite site of the KLHL20) can be avoided. Our search
results mostly predicted that BRD4 BD1 and KLHL20
can form direct protein—protein interactions permitted
by BTR2000 linked to JQI1 (Fig. 3C). In this model, JQ1
and BTR2000 molecules are within 5-A distance, which
can be easily tethered through a short linker.

To further verify the existence of direct protein—protein
contacts between the KLHL20 Kelch domain and BRD4
BD1, we performed two-dimensional NMR experiments.
TROSY spectra were recorded of °N-labeled BRD4 BD1
alone, with the presence of BTR2003, or with BTR2003
and the unlabeled KLHL20 Kelch domain. Incubation of
BD1 with an excess of BTR2003 led to extensive chemical
shift changes (Fig. 3D, left panel). However, when adding
equimolar amounts of BTR2003 and KLHL20 Kelch to
BD1 toresultin a 1:1:1 complex, only weak signals repre-
sentative of a small fraction of unbound BD1 remained.
This phenomenon was only observed if BTR2003 was pre-
sent in the sample (Supplemental Fig. S3A), and indicated
that the majority of the ®N-labeled BRD4 BD1 protein
had become part of a higher-molecular-weight species
that was not observable under the chosen measurement
conditions, likely representing the trimeric BDI1-
BTR2003-KLHL20 Kelch complex (Fig. 3D, middle pan-
el). Significantly increasing the measurement time then
unveiled an additional set of peaks that was partly identi-
cal to the spectrum of the BTR2003-bound BD1 but also
featured new signals that are exclusive to the BDI-
BTR2003-KLHL20 Kelch complex (Fig. 3D, right panel).
Those signals could indicate direct contacts between the
two domains induced by BTR2003-mediated recruitment
of KLHL20 Kelch into close proximity to BRD4 BD1, ver-
ifying our earlier hypothesis that additional protein—pro-
tein contacts were formed upon BTR2003 engagement.
Closer analysis of the signal intensities of BRD4 BD1 in
the trimeric complex in comparison with its BTR2003-
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Figure 3. BTR2003 promotes ternary complex formation between KLHL20 and BRD4 BD1. (A) Structure of the bifunctional molecule
BTR2003. The BET bromodomain inhibitor JQ1 (red) was conjugated to BTR2000 (blue) via a four-glycine linker (black). (B) BRD4 BD1
pull-down experiment with the KLHL20 or KLHL7 Kelch domains immobilized to beads in the presence of different BTR2003 concentra-
tions. Bound His-BRD4 BD1 was detected by Western blotting using an anti-His antibody. (C) Binding model of the KLHL20 Kelch domain
to the BRD4 BD1 in the presence of BTR2003. Shown are the five best results of a docking experiment by Rosetta docking as judged by the
free energy. (D) NMR TROSY spectra of '°N-labeled BRD4 BD1. Shown excerpts of full spectral overlays are of the domain alone (red) or in
the presence of BTR2003 (blue) or BTR2003 and KLHL20 Kelch domain (green). The asterisks indicate signals exclusive to the trimeric
complex. (E) The KLHL20 Kelch binding epitope on the BTR2003-bound BRD4 BD1 based on the NMR experiment. Residues highlighted
in red showed significant reduction in signal intensities relative to the BTR2003-bound domain after addition of the KLHL20 Kelch

domain. BTR2003’s position is based on the docking experiment.

bound form (Supplemental Fig. S3B) allowed us to map the
complex-specific signal changes onto the crystal structure
of the domain (Fig. 3E). The resulting epitope was largely
in agreement with the results of the docking experiment.

Characterizing the effect of linker design on ternary
complex formation

Linker properties such as length or physiochemical fea-
tures (lipophilicity, for example) have been shown to be
crucial for TPD potency (Nowak et al. 2018; Klein et al.
2021). We therefore created a panel of BTR2003 linker var-
iants—implementing commonly used linker building
blocks—to evaluate the activity of these variant mole-
cules (Fig. 4A). In addition, for negative control, two small
molecules that do not bind to BET family proteins acetyl-
salicylic acid and indomethacin were conjugated to
BTR2000 to yield to BTR2012 (acetylsalicylic acid) and
BTR2013 (indomethacin) (Supplemental Fig. S4). In pull-

down experiments using PC3 whole-cell lysates, we ob-
served that all JQl-conjugated molecules (BTR2003-
BTR2011), but not the negative controls BTR2012 and
BTR2013, could recruit endogenous full-length BRD?2,
BRD3, and BRD4 to the KLHL20 Kelch domain (Fig. 4B),
indicating their potential as novel BRD2, BRD3, or
BRD4 protein degraders. Interestingly, the BTR2003 ana-
logs showed a higher propensity for BRD2/3 engagement
over BRD4 to KLHL20.

In order to quantitatively compare the BTR2003 vari-
ants in ternary complex formation, we used ELISA to
quantitate the differential EC5q of BRD4 BD1-BTR2003
analog-KLHL20 ternary complex formation (Fig. 4C; Sup-
plemental Fig. S5A). Although all of the tested com-
pounds were capable of promoting ternary complex
formation, variability among the analogs was observed.
To further investigate whether the trend of differential
ternary complex affinity would be conserved with other
BET family bromodomains, we included all six
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bromodomains from BRD2, BRD3, and BRD4 for compari-
son. We observed that not only did the linkers affect the ter-
nary complex affinity with a particular bromodomain, they
also varied affinities across individual bromodomains (Fig.
4D). Even though the six bromodomains exhibited high
levels of sequence conservation (Supplemental Fig. S5B),
their individual ternary complex-forming propensity also
differed. For instance, BRD4 BD1 has weaker interaction
among all the bromodomains across all BTR analogs tested,
while BRD4 BD2 and BRD3 BD1 have higher affinities
across the panel (Fig. 4D), consistent with the observation
from the pull-down experiment of the full-length proteins
(Fig. 4B). The variation in affinity could possibly originate
from the differential protein-protein interface fitness be-
tween the bromodomain and KLHL20 afforded by individ-
ual binding modes of the varying linkers.

Although linker spacers are generally flexible, subtle
differences can contribute to additional favorable molecu-
lar interaction of the ternary complex or unfavorable
steric hinderance. In our example with JQl and
BTR2000 linkage, the 2x p-alanine (B-Ala) linker
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(BTR2009) exhibited the weakest affinity for the ternary
complex, while substituting the 2x f-Ala with the p-
Ala-Gly linker (BTR2010) had improved affinity with all
six bromodomains (Fig. 4D), suggesting subtle steric inter-
actions can play a large role in ternary complex formation.
In general, we observed that 2x-5x Gly linkers (BTR2003,
BTR2004, BTR2005, and BTR2011) seemed to perform
better than the PEG linkers (BTR2006, BTR2007, and
BTR2008), with 3x Gly (BTR2004) exhibiting the highest
affinity across the six bromodomains.

BTR2003 analogs degrade BET family BRD proteins
in multiple cancer cell lines

We next examined whether the BTR2003 analogs can
degrade the target BET proteins in cancer cells. Treating
PC3 cells (a human prostate cancer cell line) with various
BTR compounds, we observed significant protein degrada-
tion of BRD2, BRD3, and BRD4 within 4 h by BTR2003 an-
alogs but not the negative control compounds BTR2013-
BTR2015 (Fig. 5A; Supplemental Fig. S6), indicating that
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Figure 5. Degradation of BET family proteins in cancer cells. (A) PC3 cells treated with 10 uM BTR compounds for 4 h. Cell lysates from
biological duplicates were loaded and probed by Western blotting using the respective BET protein antibodies. a-Tubulin was used as a
loading control. (B) BRD3 protein level in PC3 nuclear fraction. Histone-H3 was used as a nuclear loading control. (C) Experiments
were as in A using MDA-MB-231, HCT116, and U-2 OS cell lines treated with 10 uM BTR compounds. BRD3 was detected by Western
blotting. (D) Quantitation of BRD2, BRD3, and BRD4 protein degradation in PC3 cells treated with varying concentrations of BTR2004 for
4 h. Values are Western blot signal intensities relative to the DMSO negative control. (E) Protein levels of BRD2, BRD3, and BRD4 after 4-h
treatment of PC3 cells with 5 uM BTR2004, A1874, MZ-1, and dBET1. DMSO negative control was used as a reference. (F) PC3 cells treat-
ed with different concentrations of BTR2004, MZ-1, and dBET1 for 24, 72, and 96 h. DMSO was used as a negative control. Cell titer after
treatment was quantitated via luminescence measurement by using CellTiter-Glo 2.0. Error bars show standard deviation (SD; N =3).

BTR compounds are cell-permeable and capable of cata-
lyzing targeted protein degradation. We also noticed that
among various BTR compounds, BTR2009 showed nearly
no degradation activity (Fig. 5A). This was consistent with
our in vitro binding experiment, where BTR2009 showed
the least ternary complex-forming activity. Following the
trend of differential BD binding, most of the BTR com-
pounds showed higher efficacy toward BRD2 and BRD3
degradation over BRD4, whereas BTR2004 showed com-
plete depletion of all three proteins. In addition, since
BRD2, BRD3, and BRD4 are primarily nuclear-localized,
we collected nuclear fractions of PC3 cells to confirm
the protein depletion by BTR2003 and BTR2004 in the nu-
cleus (Fig. 5B). KLHL20 has been reported to be present in
the cell body, with enriched localization at the trans-Gol-
gi network (TGN) (Yuan et al. 2014), the autophagosome
(Liu et al. 2016), and the nuclear plasma (Lee et al. 2010;
Yuan et al. 2011). The presence of potent BRD protein deg-
radation indicated that there was indeed sufficient nuclear
activity of CUL3¥MHE20 for BTR compound-facilitated pro-

tein degradation, suggesting that CUL3¥H20 i 3 promis-
ing new E3 ligase system for the TPD of transcriptional
regulators.

In addition to the PC3 prostate cancer cell line, we also
verified the efficacy of BTR compounds in several human
cell lines of different cancer types (Fig. 5C). These results
illustrated both the potency of BTR compounds and the
robust activity of CUL3*"20 E3 ligase in a wide variety
of cancer cells. Further dose curve treatment of
BTR2004 in PC3 cells confirmed that BTR2004 exhibited
potency for BRD2, BRD3, and BRD4 at EC5g of ~46, 87,
and 777 nM, respectively (Fig. 5D; Supplemental Fig.
S7A-C), again supporting specificity for BRD2/3 over
BRDA4.

So far, CULA“®BN and CUL2VH have been the most fre-
quently used Cullin-Ring-type E3 ligases for designing
TPD molecules, including the widely used JQI-based
BET family BRD degraders dBET1 analogs (via CUL4“RBN)
(Winter et al. 2017) and MZ1 analogs (via CUL2Y"™") (Gadd
et al. 2017). Other types of E3 ligases such as human
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MDM2 (hDM2) have also been explored (Hines et al. 2019);
for example, A1874 (Hines et al. 2019), a JQ1-based degrad-
er that engages hDM2 via the idasanutlin moiety. To exam-
ine whether there are any differential degradation effects
through different E3 ligases, we treated cancer cells with
BTR2003, BTR2004, MZ1, dBET1, and A1874 (Fig. 5E; Sup-
plemental Fig. S7D-F). Interestingly, in the PC3 cell line,
while BTR2003, BTR2004, MZ1, and dBET1 showed effica-
cy on BET protein degradation, A1874 was not effective
(Fig. 5E). This finding suggested that E3 ligase activities
can vary among different cell types and that the capability
of engaging various suitable E3 ligases is important to
achieve potent target protein degradation. With the BRD
protein degradation efficacy validated, BTR2004 treatment
also led to a significant cell growth inhibition in PC3 (Fig.
5F) as well as MDA-MB-231 and HepG2 cells (Supplemen-
tal Fig. S8A,B). We also tested MZ1, dBET1, and BTR2004
in normal human cell line hTERT-BJ1 and observed some
degree of cytotoxicity with all three TPD molecules. How-
ever, while MZ1 showed higher efficiency than BTR2004
in PC3 and MDA-MB-231 cancer cells at lower concentra-
tions, BTR2004 demonstrated a lower normal cell toxicity,
asjudged by the treatment of A TERT-BJ1 cells (Supplemen-
tal Fig. S8C). Altogether, as a proof of concept, these data
demonstrate the potency of the CUL3XMH20 E3 Jigase for
TPD and the potential of the CUL3X¥" 20 engaging ligand
BTR2000 for future development of therapeutics.

Discussion

Leveraging the plasticity of E3 ubiquitin ligases, targeted
protein degradation (TPD) has immense potential to tar-
get and degrade a wide range of proteins in the cell by cre-
ating target proximity to the E3 ligase assembly. Unlike
many conventional inhibitors, which have stringent re-
quirements for their target engagement sites (active sites
or functional allosteric sites), TPD molecules have greater
flexibility in target engagement if the binding mode can
afford efficient polyubiquitination by the E3 ligase. Fur-
thermore, since protein ubiquitination and the subse-
quent proteasome degradation processes are catalytic,
efficient TPD does not necessarily require high affinity
or a large amount of drug molecule to be present inside
the cell. In contrast, conventional inhibitors achieve their
activities by stoichiometry rather than by catalytic mech-
anisms and hence require high affinity or high dose for ef-
ficient stoichiometric target abrogation. The catalytic
nature has provided opportunities for targeting proteins
conventionally considered to be difficult, such as tran-
scription factors, by the TPD approach. However, the
TPD field is still in its early phase in demonstrating the
therapeutic efficacy of protein degraders in the clinic. It
is anticipated that the next few years for the TPD field
will be a phase of broadening target protein coverage by
the creation of a wide variety of E3-based degraders to be
tested in the clinic.

In the present work, we have designed a KLHL20 macro-
cycle ligand, BTR2000, to demonstrate the utility of
CUL3®MIL20 55 3 new modality for TPD. Our characteriza-
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tion of BTR2000-based protein degraders described here
has validated that CUL3XML20 jg capable of degrading nu-
clear target proteins such as the BET family BRD proteins.
In addition to nuclear targets, preliminary data from our
laboratory suggest that CUL3*" ™20 can also be directed
to degrade cytosolic target proteins using another
BTR2000-based target-specific degrader. BTR2000 thus
can form the basis for building degrader molecules for fur-
ther functional exploration of target accessibility and
degradability by engaging CUL3XLHM20. A potential draw-
back of BTR2000 is the relatively large size of the macrocy-
clic molecule, which might limit its cell permeability. In
our cell-based experiments, BTR2004 already showed ac-
tivity comparable with or even better than other JQ1-based
protein degraders at low micromolar concentrations, dem-
onstrating the general ability of the molecules to enter cul-
tured cells. As recent studies have identified key
parameters to improve cell permeability for macrocycles
with molecular weight >1000 Da (Furukawa et al. 2020,
high membrane permeability of BTR2000 potentially can
be achieved through further optimization to increase phar-
macological potency.

It is worth noting that TPD molecules in general can be
classified into two categories: the “molecular glue”
(Schreiber 2021) and the PROTAC (Bekes et al. 2022). Al-
though functionally both categories can deliver similar
outcomes, at the molecular level, they present different fea-
tures. Molecular glues are strictly defined by the formation
of neo-protein—protein interaction to bridge together two
proteins that otherwise do not interact (Schreiber 2021).
Examples are the phthalimide derivative IMiD molecules
(Schreiber 2021). In contrast, PROTAC molecules originate
from the concept of connecting two binding moieties
through a linker to create a heterofunctional molecule ca-
pable of fostering ternary complex formation regardless of
whether a neo-protein—protein interaction is formed (Bekes
et al. 2022). As the BTR2000 core structure has the poten-
tial to be derivatized into both classes of TPD molecules,
here we used a more generalized term, “TPD molecules,”
to refer to all the degrader molecules, even though the
BTR2003 series molecules described here fit better to the
PROTAC class. Technically speaking, it takes more molec-
ular crafting to create a molecular glue that has defined
binding modes, whereas the design process is more modu-
lar for making a PROTAC. Future work can be done to cre-
ate BTR2000-based molecular glues and PROTACs for a
side-by-side comparison to better understand whether
their therapeutic efficacies and outcomes can differ.

One interesting phenomenon revealed from most
PROTAC ternary complex crystal structures is the exis-
tence of neo-protein—protein interaction upon degrader
binding (Winter et al. 2015; Gadd et al. 2017; Schiemer
et al. 2021; Yu et al. 2021). Given the paradigm that pro-
tein—protein interaction in the proteome has been shaped
to maintain high specificity for function, the emergence
of degrader-facilitated neo-protein-protein interfaces in-
dicates that the proteome does contain a high potential
to be rewired to engage artificial interaction. These inter-
actions can confer the plastic nature of neo-protein—pro-
tein interaction for gaining high binding affinity upon
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ternary complex formation and hence the protein degra-
dation activity.

Besides the biophysical properties that contribute to
ternary complex formation and degradability, factors
such as E3 expression level may account for the efficacy
of a chosen E3 ligase. The fact that hDM2-based degrader
A1874 was ineffective in degrading the target BRD pro-
teins in the PC3 cancer cell line highlighted the impor-
tance of choosing the appropriate E3 ligase for a specific
type of cancer cell as part of the targeting strategy design.
In addition, while existing CUL2- and CUL4-based BRD
protein degraders have been demonstrated to show selec-
tivity for BRD4 over BRD2 and BRD3 (Zengerle et al.
2015), the CUL3KLHL20 hased degraders presented in
this study show potency on all three BRD proteins, in par-
ticular with higher selectivity for BRD2 and BRD3 over
BRD4. Although JQ1 is a panbromodomain inhibitor, cou-
pling this molecule to BTR2000 was able to confer selec-
tivity for BRD2/3 over BRD4 by several-fold. Whether
this will make BTR2003 analogs less ideal for targeting
cancer is yet to be investigated further. However, our re-
sults clearly show that target selectivity can be reshaped
by the choice of the CRL E3 ligases, probably via the differ-
ences in neo-protein—-protein interface. On top of the E3
abundance, which can affect substrate degradation effi-
ciency, protein colocalization can also play an essential
role in the success of protein degradation. CUL3 has
both higher cellular abundance and a wider range of sub-
cellular localization patterns among the CRL E3 ligases
(Uhlén et al. 2015; Jang et al. 2018). Therefore, the capac-
ity of engaging additional CUL3 E3 ligase systems, such as
CUL3¥MHE20 should provide advantages to the TPD field
in accessing a wide variety of cellular target proteins.
The BTR2000 derivative molecules therefore lay the
groundwork for future efforts toward a wide variety of
TPD molecules for a broad range of disease targets and
for broader options of TPD modality.

Materials and methods

Protein constructs

Human KLHL20 Kelch (317-603), KLHL7 Kelch (294-579),
KLHL12 Kelch (272-568), BRD2 BD1 (74-194), BRD2 BD2 (348-
455), BRD3 BD1 (24-144), BRD3 BD2 (306-413), BRD4 BD1 (44—
168), and BRD4 BD2 (350-457) were cloned in pETM11 (omitting
the MAD tag) or pET21a for E. coli expression. Eventually, an N-
terminal T7 tag for antibody detection or a C-terminal AviTag for
in vivo biotinylation was added in the cloning process. All mu-
tants were generated from WT constructs by quick change PCR
using suitable mutagenesis primers.

Protein expression and purification

All Kelch-like and BET protein constructs were expressed in E.
coli Rosetta (DE3). Culture volumes of 1-4 L of 2x YT medium
were grown to an ODggg of 0.7-0.9 at 37°C, and protein expression
was induced by adding 0.3 mM IPTG and carried out overnight at
18°C. For in vivo biotinylation, constructs containing a C-termi-
nal Avitag were coexpressed with BirA in the presence of 50 uM
biotin in the culture medium. After cell lysis by sonication, His-
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tagged proteins were batch-purified using 1 mL of Ni-NTA beads
(IMAC buffer: 20 mM TRIS at pH 8, 150 mM NaCl, 20 mM imid-
azole, 2% glycerol, 1 mM DTT, Roche cOmplete EDTA-free pro-
tease inhibitor cocktail) and a salt gradient of 500-150 mM NaCl
in lysis buffer for washing. Elution was carried out by 200 mM im-
idazole in lysis buffer. Purity of the eluted proteins was checked
by SDS-PAGE, and eventually proteins were further purified by
MonoQ column chromatography if the purity was not sufficient
or if His or T7 tags were removed by TEV cleavage after IMAC.
Pure proteins were dialyzed into TBS (pH 7.5) and 1 mM DTT
overnight at 4°C and concentrated to up to 2 mg/mL. The biotiny-
lation level of proteins coexpressed with BirA was assessed by
Western blotting using an HRP-conjugated antibiotin antibody
(Cell Signaling).

Solid-phase peptide synthesis

All reagents were purchased through Sigma Aldrich and VWR.
Solid-phase peptide synthesis was performed on Rink amide
MBHA resin at 0.65 mmol/g loading (Novabiochem
8.55003.005). All peptides were synthesized at 5-umol scale using
standard Fmoc solid-phase chemistry. Three 0.5-mL NMP and
four 0.5-mL DCM washes were performed between each step.
Fmoc deprotection was performed using 0.5 mL of 20% 4-meth-
ylpiperidine in NMP for 20 min with nitrogen purging. Three
equivalents of 0.2 M amino acid was activated with three equiv-
alents of 0.2 M HCTU and 5.7 equivalents of 2.0 M DIPEA for 1
min before adding to deprotected resin. JQ1-COOH and all car-
boxylic acid-containing warheads were coupled in the same fash-
ion. Couplings were allowed to proceed for 20 min to 1 h. All
couplings were checked by Kaiser test for any remaining
unreacted amines. Where necessary, resin was capped with 50
equivalents of acetic anhydride and 50 equivalents of pyridine
in 0.2 mL of NMP. All cysteine residues were Mmt- or Trt-pro-
tected. The Mmt group was removed on resin with 2% TFA in
DCM. On-resin cyclization was performed using four equivalents
of 1,3-bis(bromomethyl)benzene and four equivalents of DIPEA,
both at 25 mM, in NMP for 3 h at room temperature under inert
atmosphere. FITC was conjugated to free amine by dissolving
three equivalents of the isothiocyanate in 200 pL of NMP, adding
three equivalents of DIPEA, and adding this mixture to the depro-
tected resin. Coupling was allowed to proceed overnight under in-
ert atmosphere. Biotinylated compounds were prepared by
coupling PEG3 followed by Fmoc-Lys(Biotin) to the N terminus.
Peptides were cleaved using 95:2.5:2.5 TFA:TIS:H,O for 2 h with
nitrogen purging. Solvent volume was reduced to 50 pL with ni-
trogen flow. Peptides were precipitated with —70°C diethyl ether.
Crude peptides were dissolved in 1:1 acetonitrile:water and sub-
sequently purified using RP-HPLC. Flow rate was 5 mL/min at
95% B for 30 min. The correct fraction was identified by LC-
MS and lyophilized to dryness. The representative yield of at least
three reactions was equal to 60%. Examples of LC-MS data for lin-
ear and cyclized BTR2003 and BTR2004 (crude and purified) are
shown in Supplemental Figures S9 and S10, respectively.

Fluorescence polarization (FP) assay

Varying concentrations of protein from 0 to 15 uM were incubat-
ed with 20 nM peptide for 30 min at 4°C. Plates were then read for
fluorescence polarization with a Cytation 5 plate reader (BioTek)
using a cube with excitation wavelength of 485/20 nm, emission
wavelength of 528/20 nm, and M = 510 nm. All dilutions were per-
formed with 1x TBS and 1 mM DTT.
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General pull-down procedure

Twenty micrograms of NeutrAvidin-conjugated M-280 tosylacti-
vated Dynabeads (Invitrogen 14204) was blocked with 0.5 mL of
0.1% BSA (Amresco 0332-500G) for 2 h at 4°C. Beads were subse-
quently washed with 0.5 mL of 0.1% BSA in 1x TBS and then in-
cubated with 110 pL of 2 uM KLHL20 or KLHL7 or 430 nM
biotinylated compound for 1 h at 4°C. Proteins were diluted
with 1x TBS, 1 mM DTT, and 0.1% BSA. Lysate was prepared
by incubating cells with 1.5 mL of 10 mM Tris (pH 7.5), 100
mM NaCl, 0.5% deoxycholate, 10% glycerol, 1% Triton X-100,
and protease and phosphatase inhibitors (Thermo Scientific
A32961). The total protein concentration was determined by
Bradford assay. Cell lysate was diluted 1:7 (total final protein con-
centration 1.6 mg/mL) with 1x TBS, I mM DTT, 0.1% BSA, and
protease and phosphatase inhibitors. KLHL20/7 loaded beads
were then incubated with either 0.5 mL of lysate or 110 pL of 2
M BRD4 BDI, depending on the experiment, and varying con-
centrations of peptide (2 pM if not listed) for 1 h at 4°C. Beads
were then washed three times with 0.5 mL of 1x TBS, 1 mM
DTT, and 0.1% BSA, and proteins were eluted from the beads
with 20 uL of 1x Laemmli buffer and 5% BME. For the proteomics
experiments, eluates were in-gel-digested with trypsin, peptides
were analyzed by LC-MS/MS, and label-free quantification was
used to measure protein differential abundance across samples.
Detailed values for all proteins detected in these experiments
are in Supplemental Table S1.

Molecular modeling of ternary complex interaction

Docking simulation was performed using RosettaCommons v3
(2021.16). The structure of the BTR2000 was first simulated
with Avogadro software and was exported as a PDB file. The
PDB files of both BTR2000 and the KLHL20 Kelch domain (adopt-
ed from PDB: 6GY5) were processed with Rosetta Relax (Khatib
et al. 2011) followed by RosettaLigandDocking to simulate the
BTR2000-KLHL20 complex. The best 50 simulated outputs,
ranked by the overall score and the interface score, were used to
model the ternary complex. We imported the BRD4 BD1-JQ1
structure (adopted from PDB: 3MXFI1) into the simulated
BTR2000-KLHL20 complex and aligned the structure as de-
scribed (Maguire et al. 2021). RosettaRelax was performed to gen-
erate 100 relaxed structures, and the top 10 structures were then
simulated by RosettaDock. Thirty-thousand structures were gen-
erated and ranked.

NMR chemical shift

All NMR data were recorded on a Bruker 800-MHz Avance III
spectrometer equipped with a 5-mm TCI cryoprobe. Spectra
were processed using TopSpin 3 (Bruker), and the spectral data
were evaluated in CCPNmr analysis (Vranken et al. 2005). Trans-
verse relaxation optimized spectroscopy (TROSY) spectra of uni-
formly '°N-labeled BRD4 BD1 in PBS (pH 7.5) and 10% (v/v) D,O
were measured at 298 K with a protein concentration of 80 uM. In
total, 1024 x 256 complex data points were acquired with eight
scans, or 128 scans in the case of the BRD4 BD1-BTR2003-
KLHL20 Kelch complex. The backbone assignment of the
BRD4 BD1 was downloaded from the Biological Magnetic Reso-
nance Data Bank (BMRB entry 50145; Patel et al. 2021). To deter-
mine the epitope of the KLHL20 Kelch domain on BRD4 BD1 in
the trimeric complex, and normalized signal intensities of °N-
BRD4 BDI measured in the presence of equimolar amounts of
BTR2003 alone or BTR2003 and KLHL20 Kelch were compared.
A reduction of the normalized signal intensity ratio to lower
than the average intensity ratio minus standard deviation was
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considered significant, and respective assigned residues were tak-
en into account for the epitope.

ELISA

For the ELISA analysis of BTR compound-mediated complex for-
mation between BRD bromodomains and the KLHL20 Kelch
domain, ELISA plates were coated with 150 ng of NeutrAvidin
per well. After blocking with 0.5% BSA in PBS for 2 h at 4°C,
the plates were washed three times with PBS-T and subsequently
incubated with 90 ng of biotinylated KLHL20 or KLHL12 Kelch
domain (WT or mutant) per well for 1 h at room temperature.
Plates were washed again three times with PBS-T and subse-
quently incubated with 50 ng of T7-tagged BRD2, BRD3, or
BRD4 BD1 or BD2 per well and different concentrations of BTR
compound (1 uM to 0.5 nM dilution series) for 1 h at room tem-
perature. Plates were again washed three times with PBS-T and
then incubated with an HRP-conjugated anti-T7 antibody (100
ng/mL) for 0.5 h at room temperature. After a final washing
step, signals of bound T7 bromodomain were detected using 1-
Step Ultra TMB-ELISA mix (Thermo Scientific) on a Cytation 5
imaging reader (BioTek). All proteins and compounds were dilut-
ed into blocking buffer supplemented with 1 mM DTT to reduce
background binding.

Cell culture and compound treatment experiments

All cells were cultured in DMEM with 10% FBS. For protein deg-
radation Western blots, cells were seeded in 24-well plates 24 h
prior to compound treatments. At the time of treatment, cells
were changed to fresh culture medium containing the com-
pounds or equal volume of DMSO control. At the end of treat-
ment, cells were washed once with TBS/0.05% Tween 20,
followed by cell lysis. Cell lysis buffer (120 pL) (see “General
Pull-Down Procedure”) was added to each well. For collecting
the nuclear fraction, cells were seeded in 10-cm culture plates ac-
cording to the nuclear fractionation protocol (https://www.abcam
.com/ps/pdf/protocols/Nuclear%20fractionation % 20protocol
.pdf)

For the cell proliferation experiment, cells were seeded in 96-
well plates at a density of 50% confluency 24 h prior to compound
treatments. At the time of treatment, cells were changed to fresh
culture medium containing the compounds or an equal volume of
DMSO control. At the end of treatment, cell titers were measured
by using CellTiter-Glo 2.0 (Promega) according to the manufac-
turer’s instruction.
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