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ABSTRACT: Proteolysis targeting chimeras (PROTACs) repre-
sent a new class of promising therapeutic modalities. PROTACs
hijack E3 ligases and the ubiquitin-proteasome system (UPS),
leading to selective degradation of the target proteins. However,
only a very limited number of E3 ligases have been leveraged to
generate effective PROTACs. Herein, we report that the KEAP1
E3 ligase can be harnessed for targeted protein degradation
utilizing a highly selective, noncovalent small-molecule KEAP1
binder. We generated a proof-of-concept PROTAC, MS83, by
linking the KEAP1 ligand to a BRD4/3/2 binder. MS83 effectively
reduces protein levels of BRD4 and BRD3, but not BRD2, in cells
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in a concentration-, time-, KEAP1- and UPS-dependent manner. Interestingly, MS83 degrades BRD4/3 more durably than the
CRBN-recruiting PROTAC dBET1 in MDA-MB-468 cells and selectively degrades BRD4 short isoform over long isoform in MDA-
MB-231 cells. It also displays improved antiproliferative activity than dBET1. Overall, our study expands the limited toolbox for

targeted protein degradation.

1. INTRODUCTION

Proteolysis targeting chimeras (PROTACs) are heterobifunc-
tional small molecules, composed of three components: a small
molecule that binds to the protein of interest (POI), an E3
ligase-recruiting small-molecule ligand, and a linker that ties
these two moieties together.”” Within the last 15 years,
PROTAC technology has been effectively applied to degrade a
great variety of proteins.” ® However, a key issue in the
PROTAC field is that only a distinct few E3 ligases (e.g.,
CRBN, VHL, MDM2, cIAP1, DCAF15) have been harnessed
to generate effective PROTACs, with CRBN and VHL being
utilized most extensively.”” Recently, E3 ligases RNF4,
RNF114, and DCAF16 have been leveraged for targeted
protein degradation (TPD) via using covalent ligands of these
E3 ligases, but without widespread use thus far.> As a result of
the paucity of TPD-harnessed E3 ligases, many POIs cannot be
effectively degraded by PROTAC:s, partially due to the fact that
the targeted E3 ligase has low expression levels or functional
activity in the target tissues or cell types. Another important
factor for building effective PROTAC: is the generation of a
sufficiently stable and productive POI-PROTAC—E3 ligase
ternary complex.® The great promise of PROTACs derives
from the versatility and diversity of individual E3 ligases and
substrate pairings and thus the ability to target a broad range of
proteins previously considered undruggable. Yet, to date,
considering that there are approximately 600 human E3 ligases,
most have not been leveraged for TPD. This presents
tremendous potential to generate PROTACs targeting
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oncoproteins conceivably with tumor and tissue selectivity.
Here, we report kelch-like ECH-associated protein-1 (KEAPI,
also known as KLHL19) as another E3 ligase to be exploited
for generating effective PROTAC:.

KEAP1 functions as a substrate adaptor protein for cullin 3
(CUL3) E3 ligase complexes. These complexes are typically
consist of three modules: a CUL3 scaffold protein, RING-box
protein 1 (RBX1), and a bric-a-brac tramtrack broad (BTB)
protein such as KEAPI. Distinct from other cullin-RING E3
ligases (CRLs), within the CUL3 complex, a single BTB
protein carries out a dual adaptor and substrate recognition
functionality, as opposed to separating these functions into
individual subunits.” KEAP1, the best-characterized kelch-like
family member, manipulates the levels of the transcription
factor Nrf2 (nuclear factor erythroid 2-related factor 2), which
in turn regulates the oxidative stress response.”” Under normal
conditions, N1f2 is sequestered by dimeric KEAP1/Cullin 3
complex (CRL3*®*P') and polyubiquitinated for proteasomal
degradation. However, oxidative stress inhibits the ability of
the Cul3-KAP11-E3 ligase complex to ubiquitinate Nrf2, due
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Figure 1. Design and biophysical characterizations of KEAP1-recruiting BRD4 PROTAC degraders MS83 and MS83A and the negative control
MS83N1. (A) Chemical structures of KEAP1 kelch domain binding ligand, KEAP1-L and its ethyl ester, KEAP1-L-OEt. (B) Cocrystal structure
(PDB code: SENU) of the KEAP1 kelch domain (shown in gray) in complex with KEAP1-L (blue). The methoxy group, highlighted by the dashed
black circle, reaches out to the binding pocket. The key hydrogen-bonding interactions of KEAP1-L (blue) with the KEAP1 residues (gray sticks)
and water molecules (red spheres) are represented by yellow dashed lines. (C) Chemical structures of KEAP1-recruiting BRD4 PROTAC
degraders MS83 and MS83A and their negative control, MS83N1. (D) Binding affinity of KEAP1-L (left), MS83A (middle), and MS83N1 (right)
to the KEAP1 kelch domain as measured by ITC. The calculated values represent the mean + SD from two independent experiments. First

injection was removed from the fitting.

to chemical modifications to cysteine residues of KEAPI.

These modifications of cysteine

residues could lead to

dissociation of Cul3 as well as other conformational changes
to KEAP1.”” Analysis of KEAPI protein expression levels in

human tissues shows that KEAP1 has distinctive tissue
distributions compared to other E3 ligases such as CRBN,
VHL, RNF4, and RNF114 (Figure S1). In addition, KEAP1 is
highly expressed in human cancers, with similar expression
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Figure 2. KEAP1-recruiting PROTACs MS83 and MS83A induce degradation of BRD4 and BRD3, but not BRD2, in TNBC cells. (A) MDA-MB-
468 cells were treated with 0.1% DMSO, dBET1, MS83A, or MS83 at the indicated concentrations for 12, 24, 36, 48, and 72 h. The indicated
protein levels were determined by Western blotting and as the loading control a-tubulin was used. (B) MDA-MB-468 cells were treated with
DMSO or MS83 at the indicated concentrations for 48 h. The indicated protein levels were determined by Western blotting and normalized with
P-actin. Protein intensity relative to DMSO control for each concentration of MS83 is shown under the indicated protein band. (C) MDA-MB-468
cells were treated with 0.1% DMSO, dBET1, MS83N1, or MS83 at the indicated concentrations for 48 h. The indicated protein levels were
determined by Western blotting and as the loading control a-tubulin was used. (D) MDA-MB-231 cells were treated with DMSO or MS83 at the
indicated concentrations for 48 h. The indicated protein levels were determined by Western blotting and as the loading control a-tubulin was used.

WB results are representative of at least two independent experiments.

levels as VHL but higher than CRBN in general (Figure S2). In
particular, expression levels of KEAP1 are the highest in lung
adenocarcinoma, kidney renal clear cell carcinoma, breast
invasive carcinoma, prostate adenocarcinoma, and glioblasto-
ma, compared with that of VHL and CRBN (Figure S3).
Given the importance of Nrf2 in cellular processes, small
molecules that interrupt the KEAP1-Nrf2 protein—protein
interaction in a covalent or noncovalent manner have been
developed.'’™"*> For example, several electrophilic small
molecules including bardoxolone (CDDO) and its derivatives
covalently modify the cysteine residues of KEAP1 that sense
oxidative stress."” Nrf2 binds two kelch domains in the KEAP1

dimer through its high-affinity ETGE and low-affinity DLG
motifs."* A number of noncovalent small-molecule inhibitors
binding the KEAPI kelch domain at the Nrf2 blndlng site,
mimicking the ETGE motif, have also been identified."’

A peptide-based KEAPI1-recruiting degrader was recently
reported and used for degradation of intracellular Tau.'> This
Nrf2 ETGE motif-based peptidic degrader induces KEAP1-
dependent Tau degradation; it binds tightly to KEAP1 and
Tau in vitro and exhibits enhanced Tau ubiquitination.
However, peptide-based degraders have limited utilities due
to their poor cell permeability and poor pharmacokinetic
properties. Very recently, a nonpeptidic degrader utilizing
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bardoxolone (CDDO) as a covalent ligand of KEAP1 and JQ1
as the ligand to target BRD4 was also reported.'® While
degradation of BRD4 was demonstrated, it should be noted
that CDDO, the KEAPI ligand utilized in this study, is not
selective for KEAP1.'® For example, CDDO and its derivatives
interact with other protein targets, such as mTOR.*" It was
acknowledged that the degradation effect observed for the
aforementioned heterobifunctional degrader may not be solely
due to recruiting KEAP1, as CDDO is a nonselective and
reactive ligand and may covalently modify other E3 ligases.'®
In light of these limitations, a more general approach using a
selective small-molecule ligand of KEAP1 to harness KEAP1
for PROTAC development is highly desirable.

In this proof-of-concept study, we utilize a highly potent,
selective, and noncovalent small-molecule KEAP1 ligand,
KEAP1-L (also known as KI696) (Figure 1A)"® which disrupts
the KEAP1 kelch—Nrf2 interaction by binding the Nrf2
binding pocket of KEAPI, as the ligand for our KEAPI-
recruiting PROTAC approach.'®'” We show that bromodo-
main and extra-terminal (BET) family proteins BRD4 and
BRD3 can be effectively degraded using KEAP1-L as the E3
ligase recruiting ligand, and JQ1 as the BRD4/3/2 ligand. The
discovery and functional characterization of our KEAPI-
recruiting BRD4/3 PROTAC, MS83, and its negative control
have demonstrated for the first time that the E3 ligase KEAP1
can be harnessed for TPD using a selective small-molecule
KEAPI1 ligand, thus significantly enhancing the general
applicability of the KEAP1-based PROTAC approach.

2. RESULTS AND DISCUSSION

2.1. Design and Biophysical Characterization of the
KEAP1-Recruiting PROTAC MS83. To generate effective
KEAPI1-recruiting PROTAC degraders, we first determined a
suitable linker attachment point by analyzing the cocrystal
structure of KEAPI-L in complex with the KEAP1 kelch
domain (Figure 1B)."” KEAPI-L fits into the Nrf2 binding
pocket very efficiently, with a significant proportion of the
molecule engaging directly with the Nrf2 binding site. In
addition, the carboxylic acid of KEAP1-L mimicks the Nrf2
ETGE motif and thus creates a critical interaction with the
kelch domain of KEAP1. On the other hand, the protrusion of
the methoxy group at the benzotriazole 7-position out of the
binding pocket presents a very suitable handle and, therefore, is
used for the attachment of a linker (Figure 1B, black dotted
circle). To show that KEAPI-recruiting PROTACs can be
used for effective degradation of target proteins, we chose to
target the transcription coactivator, BET family protein BRD4.
BRD4 was chosen not only due to extensive studies and
successes of diverse BRD4 degraders’ but also due to its
critical role in driving both hematological and solid tumor
cancers.”’~** Thus, we next designed and synthesized novel
putative degraders 1—9, which connect the KEAP1 ligand to
the BET bromodomain inhibitor (+)-JQl via a variety of
linkers (Figure S4A and Scheme S1). To enhance cell
permeability, we prepared an ester derivative, KEAP1-L-OEt
(Figure 1A, R = Et), of the KEAPI-L as a pro-drug, and
utilized it for the synthesis of initial putative degraders. We
used exactly the same attachment point for JQ1 as the first-
generation BET degrader, dBET1 that was designed to recruit
cereblon (CRBN) E3 ligase to degrade BET domain proteins.
Through immunoblotting analysis of these initial compounds
(Figure S4B), we identified MS83 (Figure 1C) as an effective
degrader of BRD4. We also designed and synthesized MS83A

(Figure 1C and Scheme S1), which contains a carboxylic acid
group instead of the ethyl ester group in MS83. Furthermore,
we designed a negative control, MS83N1 with a highly
diminished binding affinity to the KEAP1 kelch domain
(Figure 1C). This KEAPI1 inactive ligand was designed by
converting the key carboxylic acid functional group to a
methylketone and also by moving the N-methyl group from
the 1-position to the 3-position of the triazole ring, in turn
blocking crucial hydrogen-bonding interactions. Using iso-
thermal titration calorimetry (ITC), we assessed binding
affinities of KEAP1-L, MS83A, and MS83N1 to the KEAP1
kelch domain. Compared to KEAP1-L (Kg = 6 + 6 nM),
MS83A (K4 = 16 = S nM) maintained similar binding affinity
to KEAPI, validating our design hypothesis (Figure 1D, left
and middle). Furthermore, as expected, MS83N1, featuring a
KEAP1 inactive ligand, did not show any appreciable binding
(Figure 1D, right).

2.2. Degradation of BET Proteins by the KEAP1-
Recruiting PROTAC MS83 in Cells. To assess degradation
effects of KEAP1-recruiting PROTACs MS83 and MS83A, we
performed Western blotting analysis in the triple-negative
breast cancer (TNBC) cell line MDA-MB-468. This cell line
was chosen based on the reported BRD4-c-MYC axis in
TNBC* and our determination of sufficient KEAP1 protein
expression levels by Western blotting (Figure SS). We used the
well-known CRBN-recruiting BET PROTAC degrader dBET1
as a positive control in our experiments. As mentioned above,
MS83A featured the KEAP1-L with the carboxylic acid group,
while MS83 was designed and synthesized as the pro-drug by
using the ethyl ester derivative, KEAP1-L-OEt, to enhance cell
permeability of this compound (Figure 1A,C). We separately
treated MDA-MB-468 cells with 0.5, 1, and 5 uM of dBET],
MS83A, or MS83 and monitored the change of BRD4 as well
as BRD3 and BRD2 protein levels at different time points
(Figure 2A and Figure S6). Protein levels of both BRD4 long
(L) and short (S) isoforms were reduced significantly when
treated with dBET1 for 12 h; however, the protein levels
rebounded remarkably, almost to their original levels within a
36 h treatment. On the other hand, BRD4 (both L and S
isoforms) was robustly degraded by MS83A treatment (at S
uM) for 12 h, and degradation of BRD4 persisted for 72 h,
while lower concentrations (0.5 and 1 uM) of MS83A did not
show obvious degradation of BRD4. MS83 displayed slower
degradation of BRD4 (L and S isoforms) compared with
MS83A and dBET1, with moderate reductions of BRD4 (L
and S) protein levels after 24 treatment with 0.5 M of MS83.
Similar to MS83A, the degradation effect of MS83 was durable
for 72 h. Notably, we observed a “hook effect” in cells treated
with MS83 at the highest concentration (5 uM).”* While
MS83A requires higher concentrations to degrade BRD4,
presumably due to its lower cell permeability, MS83 effectively
degraded BRD4 (both L and S isoforms) at lower
concentrations, but requires longer time to do so, likely due
to that the in-cell hydrolysis of its ethyl ester group is required
to release the carboxylic acid group. As mentioned above, this
carboxylic acid group is crucial for effective binding to KEAPI.
In addition, we examined the effect of these compounds on
degrading BRD2 and BRD3. BRD2 and BRD3 protein levels
were also reduced by dBET1, with robust degradation within a
12 h treatment followed by significant rebounding of the
protein levels within a 72 h treatment. Interestingly, S uM of
MS83A or 0.5 uM of MS83 induced obvious degradation of
BRD3, but not BRD2 with a 36 h treatment, and the
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degradation effect on BRD3 was durable for 72 h. In addition,
we pretreated MDA-MB-468 cells with 50 pg/mL of
cycloheximide (CHX) and then chased with 0.5 yM of
MS83 at 0, 12, 24, and 36 h time points (Figure S7). While the
DMSO treatment did not cause obvious changes in the BRD4
(S) protein level at these time points, the MS83 treatment
induced degradation of BRD4 (S) very clearly at 24 and 36 h
(Figure S7). Collectively, our results indicate that (1) MS83
and MS83A effectively degrade BRD4 (both L and S
isoforms); (2) MS83 is more effective than MS83A at lower
concentrations to induce degradation of BRD4; (3) MS83 and
MSB83A effectively degrade BRD3 in addition to BRD4, but not
BRD2, while in comparison dBET1 does not exhibit any
selectivity; and (4) MS83 is more effective in degrading BRD4
over BRD3. Based on these results, we advanced MS83 for the
following studies.

To further evaluate the degradation potency of MS83, we
treated MDA-MB-468 cells with MS83 for 48 h at
concentrations ranging from 25 nM to 10 yM in a
concentration response experiment (Figure 2B and Figure
S8). Both BRD4 (L) and BRD4 (S) were degraded by MS83
starting at 100 nM, 80% maximum degradation was reached at
0.5 uM, and a “hook effect” was observed starting at 2.5 uM.
Furthermore, BRD3 was degraded by 50% when cells were
treated with 0.25 M or 0.5 uM of MS83, and an obvious hook
effect was observed starting at 1 #M. On the other hand, no
degradation of BRD2 was observed at any concentrations
tested. It has been frequently reported that JQ1 treatment in
tumor models suppresses transcription of oncogene
MYC,>*"* thus reducing its post-transcriptional level. Indeed,
we found the c-MYC protein level was significantly reduced by
MS83 treatment at 0.25 uM or above in a concentration-
dependent manner.

To clearly show that the degradation of BRD4 induced by
MS83 is mediated via recruitment of KEAP1, we tested the
effect of MS83N1, the negative control of MS83, on BET
protein levels via Western blotting (Figure 2C). As stated
before, the key interacting motifs of MS83 were altered in
MS83N1 to prevent its effective binding to KEAP1 (Figure 1C,
right), and MS83N1 indeed does not bind KEAP1 effectively
(Figure 1D, right). As shown in Figure 2C, in contrast to
MS83, MS83N1 was not able to degrade BRD4 (L) and (S),
BRD3, and BRD2 when MDA-MB-468 cells were incubated
with 0.5 or 1 yuM of MS83N1 for 48 h. We also compared the
effect of MS83 on downregulating c-MYC with that of dBET1,
MS83N1, and JQI1 in MDA-MB-468 cells (48 h treatment)
(Figure 2C and Figure S9). While dBET1 did not display an
obvious effect in this experimental setting (Figure 2C), MS83
exhibited a similar effect as JQ1 at 0.5 yM, but was more
effective than JQI at 2.5 M in downregulating c-MYC (Figure
S9). As expected, MS83 was more effective than the negative
control MS83N1 in downregulating c-MYC (Figure 2C and
Figure S9).

To assess whether MS83 affects the transcription level of
BRD4, we performed a qRT-PCR study to evaluate the BRD4
mRNA level in MDA-MB-468 cells treated with 0.5 uM of
JQl, MS83N1, or MS83 for 48 h (Figure S10A). Interestingly,
we found that BRD#4 transcription was suppressed by JQ1 and
MS83N1, but not MS83 (Figure S10A), which explains the
observation of a slight reduction of the BRD4 (S) protein level
by S uM of MS83N1 (Figure 2C). These qRT-PCR data,
together with the Western blotting results (Figure 2C), suggest
that the reduction of BRD4 protein levels induced by MS83

occurs post-translationally, thus confirming that MS83 is a
PROTAC degrader of BRD4 (L and S isoforms). Moreover,
we evaluated the mRNA levels of ¢-MYC and CDKNIA
(encodes pZICIPI/ WAEL) ' which are involved in cell proliferation
and senescence, oppositely regulated by BRD4 (c-Myc
downregulation and p21 upregulation).””*” Indeed, all three
compounds significantly suppressed MYC transcription (Figure
S10B), consistent with the Western blotting results (Figure
2C), and remarkably induced CDKNI1A transcription (Figure
S10C), suggesting secondary effects on effector transcription.
The effect of the negative control MS83N1 on MYC and
CDKNIA transcriptions is likely due to that MS83N1 retains
the BRD4 inhibitory activity as it contains the JQ1 moiety.

We further extended our investigation to another TNBC cell
line, MDA-MB-231, which also expresses a sufficient level of
the KEAPI protein (Figure SS). Interestingly, in MDA-MB-
231 cells treated with MS83 at concentrations ranging from 25
nM to 10 yM for 48 h, we observed potent degradation of
BRD4 (S) and BRD3 without an obvious hook effect, while no
degradation of BRD4 (L) and BRD2 was observed with
treatment of MS83 even at 10 uM (Figure 2D). It has been
reported recently that the BRD4 short isoform is an important
oncoprotein, while the BRD4 long isoform may have tumor
suppressor functions.”””” Therefore, the selectivity of MS83
for BRD4 (S) over BRD4 (L) in MDA-MB-231 cells could be
potentially important and is worth further investigation in the
future. Additionally, downregulation of c-MYC by MS83 at
0.25 uM or above was also observed in MDA-MB-231 cells
(Figure 2D). Taken together, these results show that our
KEAPI1-recruiting PROTAC MS83 can effectively degrade
BET proteins in cells with distinct selectivity depending on
cellular contexts and with different degradation kinetics
compared with the CRBN-recruiting PROTAC dBET1.

2.3. Mechanism of Action of BRD4 Degradation
Induced by MS83. To establish the dependency of MS83-
induced BRD4 degradation on the ubiquitin proteasome
system, we conducted a set of rescue experiments in MDA-
MB-468 cells (Figure 3A). A 2 h pretreatment with either JQ1
(1, 3, or 10 uM), which competes with MS83 for binding
BRD4, or with the KEAP1 ligand KEAP1-L-OEt (1, 3, or 10
uM), which competes with MS83 for binding KEAPI,
significantly rescued the reduction of BRD4 (L) and (S)
protein levels induced by a 24 h treatment with 0.5 uM of
MS83. Moreover, pretreatment with MLN4924 (1, 3, or §
M), which inhibits NEDDS8-activiting enzyme (NAE)
responsible for neddylation of cullin-RING E3 ubiquitin ligase
activation, was also effective in blocking MS83-induced BRD4
degradation. To further confirm the MS83-induced BRD4
depends on the KEAP1 E3 ligase, we conducted a transient
KEAP1 knockdown with shRNA in MDA-MB-468 cells. After
confirmation of the effectiveness of KEAP1 shRNA via
Western blotting (Figure 3B, right), we treated the KEAPI
knockdown and control cells with MS83. Upon treatment with
MS83, BRD4 (S) and (L) isoforms were effectively degraded
in control shRNA knockdown cells, while the BRD4
degradation was significantly diminished in the KEAPI1
knockdown cells (Figure 3B, left). Furthermore, we conducted
endogenous immunoprecipitation (IP) experiments to deter-
mine whether the interaction between KEAP1 and BRD4 can
be observed in the presence of MS83 in MDA-MB-468 cells.
As expected, the strong interaction between KEAP1 and BRD4
was induced by MS83, but no interaction was induced by
DMSO or the negative control MS83N1 (Figure 3C). The
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Figure 3. The BRD4 degradation induced by MS83 is mediated by
the KEAP1 E3 ligase. (A) MDA-MB-468 cells were pretreated with
the BET inhibitor JQ1 (1, 3, or 10 uM), KEAP1 ligand KEAP1-L-OEt
(1, 3, or 10 uM), NAE inhibitor MLN4924 (1, 3, or 5 uM), or 0.1%
DMSO for 2 h, followed by 24 h treatment with 0.5 uM of MS83. The
indicated protein levels were determined by Western blotting and as
the loading control a-tubulin was used. (B) The shRNA-mediated
KEAPI knockdown experiments were conducted in MDA-MB-468
cells, followed by a 24 h treatment with 0.5 gM of MS83. The
knockdown efficiency of KEAP1 is shown in the right panel. The
indicated protein levels were determined by Western blotting and as
the loading control a-tubulin was used. (C) Endogenous IP of the
long BRD4 isoform in MDA-MB-468 cells after an 18 h treatment
with 0.5 yuM of MS83N1, MS83, or 0.1% DMSO. The indicated
protein levels were determined by Western blotting. The input is
shown in the left panel, and the IP result is shown in the right panel.
WB results are representative of at least two independent experiments.

results of the knockdown and co-IP experiments, together with
the inability of the negative control MS83N1 to reduce BRD4
protein levels, clearly indicate that the effect of MS83 on
degrading BRD4 is mediated by hijacking the KEAP1 E3
ligase.

In addition, we synthesized a JQl nonbinding version of
MS83, which is named MS83N2, as a negative control using
(=)-JQL instead of (+)-JQl (Scheme $2).*® We also
synthesized MS83N2A, which is the carboxylic acid version
of MS83N2 (Scheme S2). In contrast to MS83, we found that
MS83N2 (at 0.5 M) did not degrade BRD4 (L) and BRD4
(S) in MDA-MB-468 cells after 48 h treatment (Figure S11).
We next assessed binding of MS83N2A to BRD4-BD1 and
BRD4-BD2 in comparison with MS83A and MS83N1 using
AlphaScreen assays and found that MS83N2A was indeed
unable to bind effectively either bromodomain of BRD4, while
MS83A and MS83N1 displayed comparable binding affinity to
both bromodomains of BRD4 similar to JQ1 (Figure S12A—
D). These results further support that MS83 is a BRD4
PROTAC.

2.4. Selectivity of MS83. We next performed unbiased
tandem mass tag (TMT)-based global proteomic profiling
studies in MDA-MB-468 cells to further evaluate the selectivity

of MS83. Over 7000 proteins were quantified in the protein
samples from MDA-MB-468 cells that were treated with MS83
(0.5 uM), MS83N1 (0.5 uM), or DMSO for 48 h. 47 out of
7094 (0.66%) proteins were downregulated by the MS83
treatment compared with DMSO (Figure 4A and Table S1),
and 4 out of 7094 (0.06%) proteins were downregulated by the
MS83 treatment compared with the MS83N1 treatment
(Figure 4B and Table S2). Notably, MS83 induced a
significant reduction in BRD4 and BRD3 protein levels
(Figure 4), consistent with the Western blotting results
above (Figure 2A-C). Interestingly, the MS83 treatment did
not lead to a significant change in protein levels of several
other bromodomain-containing proteins such as BRD1, BRD2,
BRD7, BRD8 and BRD9 (Figure 4). This BRD2 result is also
consistent with our Western blotting results (Figure 2A-C).
We next determined binding affinity of MS83A to BRD2-BD1,
BRD2-BD2, BRD3-BD1 and BRD3-BD2 in addition to BRD4-
BD1 and BRD4-BD2 using AlphaScreen assays (Figure S12A-
B). As expected, MS83A effectively binds all of these
bromodomains with similar affinity as JQ1 (Figure S12A-B).
These results suggest that MS83’s degradation selectivity for
BRD4 and BRD3 over BRD?2 is not due to the lack of binding
to BRD2, but likely due to unfavorable BRD2-MS83A-KEAP1
ternary complex formation. This warrants further investigation.
Overall, we confirmed that MS83 is a BRD4 and BRD3
degrader using a complementary method and show that MS83
is relatively selective for BRD4 and BRD3 in unbiased global
proteomic studies.

2.5. Antiproliferative Activity of MS83 in TNBC Cells.
The Western blotting (Figure 2C) and qRT-PCR (Figure S2)
results suggest that MS83 could suppress cell proliferation.
Therefore, we next evaluated the antiproliferative activity of
MS83 in MDA-MB-468 and MDAMB-231 cells using the
WST-8 cell viability assay (Figure SA,B). Indeed, MS83
displayed a potent antiproliferation effect in both cell lines in a
concentration-dependent manner (Gl;, = 280 + 48 nM in
MDA-MB-468 cells; GI;, = 130 + 30 nM in MDA-MB-231
cells). It exhibited more than 3-fold improved potency over
MS83N1 (Gl = 1000 + 74 nM in MDA-MB-468 cells; Glj,
=490 + 30 nM in MDA-MB-231 cells). MS83 also showed 3-
and 17-fold higher potency than dBET1 (Gly, = 1200 + 150
nM in MDA-MB-468 cells; GI;, = 2300 + 210 nM in MDA-
MB-231 cells) in the two cell lines, respectively. Among the
compounds tested, JQ1, which is a small-molecule inhibitor of
BET proteins, was the most potent in inhibiting the growth in
both cell lines (Gly, = 250 + 48 nM in MDA-MB-468 cells;
G, = 8 + 3 nM in MDA-MB-231 cells), likely due to that it
has better cell permeability than MS83 and MS83NI.
Compared with MS83, MS83A was much less potent in
suppressing cell proliferation in both cell lines, consistent with
its weak degradation effect of BRD4. The KEAPI ligand
KEAPI1-L-OEt had no effect on cell proliferation, suggesting
that the KEAP1 binding portion of MS83 does not contribute
to the antiproliferative activity of MS83. In addition, we found
that MS83N2 displayed little or no effect on suppressing cell
proliferation (Figure S13), further suggesting that the
antiproliferative activity of MS83 is not due to its KEAP1
ligand and linker portions. We next extended the compound
treatment time to 8 days to observe the effect of MS83 on cell
colony formation using crystal violet staining (Figure SC,D).
Consistent with the results from the cell viability assay, MS83
showed a much more potent inhibitory effect than the negative
control MS83N1 and dBET1 on the formation of cell colonies
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Figure 4. Quantitative MS-based proteomic analysis indicates that MS83 selectively degrades BRD4 and BRD3 over other BRDs in MDA-MB-468
cells. MDA-MB-468 cells were treated with 0.1% DMSO, 0.5 uM of MS83, or 0.5 uM of MS83N1 for 48 h before they were harvested for TMT-
based mass spectrometry analysis. Volcano plots of the —log 10 (p value) versus the log 2-fold change are displayed for (A) MS83 versus DMSO
and (B) MS83 versus MS83N1. Several proteins that were significantly downregulated by the MS83 treatment are labeled in blue (FDR = 0.01). P
values were calculated from the data of two technical replicates with two-sample ¢ test statistics.
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Figure 5. MS83 effectively suppresses proliferation of TNBC cells. Cell viability assays using the WST-8 reagent were conducted in MDA-MB-468
(A) and MDA-MB-231 (B) cells after a 3 d treatment with DMSO or indicated compounds with 3-fold dilutions. GraphPad Prism 8 was used in
analysis of raw data. For each concentration point, in triplicate, mean value + SD from three independent experiments is shown in the curves. GI;,
values of the indicated compounds are shown in the plots. Clonogenic assays were conducted in MDA-MB-468 (C) and MDA-MB-231 (D) cells
treated for 8 d with DMSO or 30, 100, or 300 nM of indicated compounds. Cells were then fixed and stained with crystal violet. The images are
representatives of three independent experiments.

in both MDA-MB-468 and MDA-MB-231 cells. These results BRD4, as MS83 and MS83N1 have similar BRD4 inhibitory
demonstrate that the antiproliferative effect of MS83 is largely activity due to the same JQI portion of both molecules. In
due to its ability to degrade, but not its ability to inhibit, summary, these results establish the capability of the KEAP1-
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recruiting BRD4/3 degrader MS83 to inhibit TNBC cell
proliferation effectively and its superior potency compared to
the CRBN-recruiting BRD4/3/2 degrader dBET1.

3. CONCLUSION

In this study, we demonstrated that the E3 ligase KEAP1 can
be harnessed for PROTAC development using a highly
selective and noncovalent ligand of KEAP1. We discovered a
proof-of-concept small-molecule PROTAC degrader, MS83,
which is a novel KEAPI-recruiting PROTAC based on a
previously reported KEAP1 small-molecule ligand that
selectively binds the KEAP1 kelch domain. MS83 hijacks the
KEAP1-dependent CULS3 ligase complex (CRL3* 4P!), leading
to polyubiquitination and subsequent degradation of BRD4
and BRD3, but not BRD2, by the 26S proteasome. In
particular, we show that MS83 can effectively reduce the
protein levels of BRD4 long and short isoforms in MDA-MB-
468 cells in a concentration-, time-, KEAP1-, and UPS-
dependent manner. We also show that MS83 degrades BRD4
and BRD3 more durably than the CRBN-recruiting BRD4/3/2
PROTAC dBET1 in MDA-MB-468 cells. As our MS-based
quantitative global proteomics analysis demonstrates, MS83 is
selective for BRD4 and BRD3 over several other bromodo-
main-containing proteins such as BRD1, BRD2, BRD7, BRDS,
and BRD9. MS83 is also effective in degrading BRD4 and
BRD3, but not BRD2, in MDA-MB-231 cells. Interestingly, in
MDA-MB-231 cells, MS83 selectively degrades the BRD4
short isoform over the BRD4 long isoform. As the BRD4 short
isoform is an important oncoprotein, while the BRD4 long
isoform may have tumor suppressor functions, this unprece-
dented selectivity will likely be important and warrants further
investigation. Furthermore, we generated two negative control
compounds with structural similarity: MS83N1, which exhibits
highly diminished KEAP1 binding but binds BRD4 effectively,
and MS83N2, which retains the same KEAP1 binding moiety
and linker but does not bind BRD4 effectively. We show that
MS83N1 and MS83N2 did not induce significant degradation
of BRD4 and BRD3. Moreover, our KEAP1-recuiting BRD4/3
PROTAC MS83 effectively inhibited TNBC cell proliferation
and was more potent than the CRBN-recruiting BRD4/3/2
PROTAC dBET1. This could be due to that MS83 degrades
BRD4 and BRD3 more durably than dBET1. Taken together,
our results show that the KEAP1 E3 ligase can be exploited for
developing effective PROTACs using a selective small-
molecule KEAPI ligand, which significantly enhances general
applicability of the KEAP1-based PROTAC approach. This
study expands the toolbox for targeted protein degradation.

4. EXPERIMENTAL METHODS

4.1. Compound Synthesis. Synthesis and characterization of
MS83, MS83A, MS83N1, MS83N2, and compounds 2—9 as well as
the ligand KEAP1-L-OEt and intermediates are detailed in the
Supporting Information.

4.2. Cell Culture. MDA-MB-468 and MDA-MB-231 cells” were
cultivated in DMEM medium supplemented with 10% FBS, 10 ug/
mL of streptomycin, and 100 units/mL of penicillin.

4.3. Western Blotting. Cells were collected and lysed on ice for
30 min in lysis buffer (20 mM HEPES, pH 7.4, 150 mM NaCl, 2 mM
EDTA, and 1% Triton X-100), supplemented with EDTA-free
phosphatase and protease inhibitor. The samples then were
centrifuged at 14,000g for 10 min at 4 °C to get the supernatant as
cell lysate. The Pierce rapid gold BCA protein assay kit was used for
the measurement of protein concentrations. The primary antibodies
used were BRD2 (5848S, CST), BRD3 (ab50818, Abcam), BRD4

(ab128874, Abcam), c-MYC (5605S, CST), KEAP1 (sc-365626,
Santa Cruz), f-actin (A4700, Sigma-Aldrich), and a-tubulin (T6074,
Sigma-Aldrich). The secondary antibodies were fluorescence-labeled
IRDye 800CW goat antirabbit IgG (926-32211, LI-COR) and IRDye
680CW donkey antimouse IgG (926-68072, LI-COR). Protein signals
were detected by OdysseyCLx imaging system (LI-COR) and then
analyzed by Image Studio Lite software (LI-COR).

4.4. KEAP1 Protein Purification. KEAP1 kelch domain (residues
321-609) was synthesized into pET15b vector with a N-terminal His
tag by Genscript. The synthesized plasmid was expressed in E. coli
RIPL cells with induction by 0.5 mM IPTG at 16 °C for 18 h.
Induced cultures were harvested, and the pellets were resuspended in
cold lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 25 mM
imidazole, 0.001% IGEPAL, 7 mM f- mercaptoethanol and 1 mM
AEBSF). Cells were lysed using a sonicator, and the lysate was
clarified by centrifugation at 18,000 at 4 °C for 60 min. The
supernatant was filtered with 0.45 pm filter and then loaded onto a 5
mL HisTrap HP column (GE Healthcare), equilibrated with the wash
buffer (same buffer as lysis buffer, without AEBSF). The column was
then washed with wash buffer, and protein was eluted using a 30—300
mM imidazole gradient. The eluted fractions were analyzed using
SDS-PAGE, pooled, concentrated, and further purified by size
exclusion chromatography using a 320 mL HiLoad 26/600 Superdex
200 pg column (GE Healthcare) under the buffer condition (S0 mM
HEPES pH 7.5, 150 mM NaCl, and 1 mM TCEP). The eluted
fractions were first analyzed using SDS-PAGE, pooled accordingly,
concentrated to 69 mg/mL, and stored in aliquots in —80 °C freezer
for further usage.

4.5. Isothermal Titration Calorimetry. ITC experiments were
performed on MicroCal iTC200 (Malvern Instruments Ltd.) at 25 °C
in 50 mM HEPES pH 7.5, 150 mM NaCl and 1 mM TCEP, 5%
DMSO. Lyophilized compounds (KEAP1-L, MS83A, MS83N1) were
dissolved in DMSO as a stock solution and then diluted to the
appropriate concentrations using the same buffer, matching the
DMSO concentrations between the protein and the compound
samples. The solution of KEAP1 (25 uM) was titrated with the test
compound (250 M) under 19 injections (2 uL per injection) at a 3
min interval, stirring at 600 rpm. Data analysis was performed using
Microcal Origin 7.0 (Malvern). The reported values represent the
mean + SD from two independent measurements.

4.6. qRT-PCR. RNA was isolated from MDA-MB-468 cells after
compound treatment using RNeasy Mini Kit (74104, Qiagen). A
1.5—2 pg of RNA for each sample was used for reverse transcription
using SuperScript Reverse Transcriptase III (18080-051, Life
technologies). cDNA was diluted 1:50, and then 1 uL used as
template for gRT-PCR in 10 uL of reaction system with Power SYBR
Green PCR Master Mix (4367659, Applied Biosystems) in triplicate.
GraphPad Prism 8 was used for the analysis of quantification from the
data of three independent experiments. The following primers were
used:

GAPDH (F): GCGAGATCCCTCCAAAATCAA
GAPDH (R): GTTCACACCCATGACGAACAT
BRD4 (E): AGCGCTATGTCACCTCCTGT
BRD4 (R): GTTTCGGAGTCTTCGCTGTC
c¢-MYC (F): GCTGCTTAGACGCTGGATTT
c-MYC (R): CACCGAGTCGTAGTCGAGGT
CDKNIA (F): TGGACCTGTCACTGTCTTG
CDKNIA (R): GGCTTCCTCTTGGAGAAGAT

4.7. shRNA-Mediated KEAP1 Knockdown. HEK293T cells
were used to transfect the plasmids (PMD(VSVG)/pCMVAS.2/
pLKO.1) for lentivirus packaging. 48 h later, viruses were harvested
and filtered with 0.45 ym membrane filter. Then appropriate volumes
of viruses with 10 ug/mL of Polybrene (TR-1003, Sigma-Aldrich)
were incubated with MDA-MB-468 cells. After 24 h transduction, the
medium was changed with fresh full-medium containing 2 pug/mL of
puromycin (P8833, Sigma-Aldrich) for 48 h selection, and then cells
expressing shControl or shKEAP1 (TRCNO0000156676, Sigma-
Aldrich) were digested and seeded into 6-well plates. After 20 h,
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0.1% of DMSO or 0.5 uM of MS83 was added into the medium for
another 24 h. Then cells were collected for Western blotting analysis.

4.8. Endogenous Immunoprecipitation. 2 x10° of MDA-MB-
468 cells were seeded in 10 cm dish. After 20—24 h, cells were treated
with 0.1% DMSO, 0.5 uM of MS83N1, or 0.5 uM of MS83 for 18 h.
Cells were then washed with ice-cold PBS twice and centrifuged at
200g, 3 min to get cell pellets which were treated with 500 uL of lysis
buffer (20 mM HEPES, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1%
Triton X-100, and EDTA-free phosphotase and protease inhibitor)
for 30 min on ice, then centrifuged at 14,000g, 10 min to get
supernatant as cell Iysate. 100 uL of lysates was used as input, then the
lysates remnant were divided into two equal aliquots. Each 200 L of
lysate was incubated with 3 ug of BRD4 antibody (A301-985A100,
Bethyl Laboratories) or control rabbit IgG (2729S, CST, 1 mg/mL)
at 4 °C overnight followed by incubation with 30 uL of Dynabeads
Protein G (10003D, Thermo Fisher Scientific) for 3 h. After washed 3
times with cell lysis buffer containing 0.05% NP-40, immunopreci-
pitates were resuspended in 60 uL of 1 X SDS-PAGE Laemmli buffer
for boil. The protein samples were then tested by Western blotting.

4.9. Proteomics Studies. 4.9.1. Reagents. All chemicals used
were HPLC-grade unless otherwise indicated. Trypsin was purchased
from Promega. TMT10plex Isobaric Label Reagent was purchased
from Thermo fisher (cat. 90110).

4.9.2. TMT-Based Proteomics Global Profiling Sample Prepara-
tion. The cell pellets were resuspended in 8 M urea, 50 mM Tris-HCl
pH 8.0, followed by 30 min, room temperature reduction with
dithiothreitol (5 mM final), and a 45 min, room temperature
alkylation with iodoacetamide (15 mM final) in the dark. The 4-fold
dilution of samples in 25 mM Tris-HCI pH 8.0, 1 mM CaCl, was then
digested at room temperature overnight, with trypsin at a 1:100 (w/w,
trypsin: protein) ratio. Peptides were desalted on homemade C18
stagetips. TMT reagent was used to label 100 ug of each peptide
sample following manufacturer’s protocol. Next, this labeled peptide
mixture was desalted and fractionated into 24 fractions in 10 mM
trimethylammonium bicarbonate buffer containing 5—40% acetoni-
trile.

4.9.3. Mass Spectrometry Analysis. A mixture of 0.1% formic acid
and 2% acetonitrile was used to dissolve dried peptides. Peptide
concentration was measured for global profiling samples, utilizing the
Pierce Quantitative Colorimetric Peptide Assay (Thermofisher).
Analysis of 0.5 ug of each fraction was performed on a Q-Exactive
HF-X coupled with an Easy nanoLC 1200 (Thermo Fisher Scientific,
San Jose, CA). Peptides were loaded on to a nanoEase MZ HSS T3
column (100 A, 1.8 ym, 75 um X 150 mm, Waters). A 100 min
gradient was used to achieve analytical separation of all peptides. A
linear gradient (over S min) of S—10% buffer B, (over 70 min), of
10—31% buffer B, and (over 15 min) of 31-75% buffer B was
executed at a 300 nL/min flow rate followed a ramp in 1 min to 100%
B and 9 min wash with 100% B (buffer A: aqueous 0.1% formic acid,
and buffer B: 80% acetonitrile and 0.1% formic acid). LC-MS
experiments were also carried out in a data-dependent mode with full
MS (externally calibrated to a mass accuracy of <5 ppm and a
resolution of 120,000 for TMT-labeled samples at m/z 200) followed
by high-energy collision-activated dissociation MS/MS (resolution of
45,000 for TMT-labeled global samples at m/z 200). Peptides were
dissociated at a normalized collision energy of 32 eV (for TMT-
labeled sample) in the presence of nitrogen bath gas atoms by using
high-energy collision-activated dissociation MS/MS. Dynamic ex-
clusion was 45 or 20 s.

4.9.4. Raw Proteomics Data Processing and Analysis. The
MaxQuant software version 1.6.10.43 (Max Planck Institute,
Germany) was used for mass spectra processing and peptide
identification. All protein database searches were performed against
the UniProt human protein sequence database (UP000005640). A
false discovery rate (FDR) for both peptide-spectrum match and
protein assignment were set at 1%. Search parameters included
protein N-terminal acetylation as a dynamic modification and up to
two missed cleavages at Lys/Arg on the sequence as well as oxidation
of methionine. Carbamidomethylation of cysteine residues was
considered as a static modification. Peptide identifications are

reported by filtering of reverse and contaminant entries and assigning
to their leading razor protein. The TMT reporter intensity found in
MaxQuant was for quantitation. Perseus (Version 1.6.10.50) was used
to process the data and perform statistical analyses. TMT reporter
intensity from MaxQuant was used to perform protein quantitation. A
statistically significant protein abundance fold-change (30%) was
determined with a two-sample ¢ test statistics on two technical
replicates with a p-value of 1% to report.

4.10. Cell Viability Assay. MDA-MB-468 or MDA-MB-231 cells
(1500 or 2000 cells per well) were seeded into 96-well microplates.
After 20 h, cells were treated with 3-fold serially diluted compounds in
triplicate for 3 d. Cell viability was evaluated using WST-8 reagent
(CKO04, Dojindo). Absorbance signals were obtained with Infinite F
PLEX plate reader (TECAN, Morrisville, NC) at 450 nm with 690
nm as reference wavelength after 3 h incubation at 37 °C. GraphPad
Prism 8 was used in the analysis of Gy, values from the data of three
independent experiments.

4.11. Clonogenic Assay. MDA-MB-468 or MDA-MB-231 cells
(2500 cells per well) were seeded into 12-well tissue culture plates.
After 20 h, cells were treated with 0.1% DMSO or diluted
concentrations of indicated compounds for 8 d. Cell medium was
changed with fresh full medium containing indicated compounds
every 3 d. The plates were then washed with PBS and stained with the
solution containing 0.5% (w/v) crystal violet and 6% (v/v)
glutaraldehyde for 30 min. The plates were then washed with running
water until cell colonies were clear without background color and
dried at rt. Epson Perfection V600 Photo was used for the acquisition
of the images.

4.12. AlphaScreen Assay. Eight uL/well of assay buffer (50 mM
HEPES, pH 7.5, 100 mM NaCl, 0.05% CHAPS, 0.1% BSA, 0.9%
DMSO) was delivered into columns 1 and 13 without BRDs as
control. With same volume, the assay buffer containing BRDs were
delivered into columns 2—12 and 14—24. Using an Echo liquid
handler (Beckman Coulter, USA), compounds were serially diluted as
3-fold from 10 yM to 0.17 nM followed by spin and shake and
preincubated for 30 min with gentle mixing. Then, substrate solution
containing histone H4 peptide (1-21) KS/8/12/16Ac-biotin-OH
was delivered into all wells as 4 uL/well. After incubation at room
temperature for 30 min with gentle mixing under dark conditions, 4
UL of assay buffer containing AlphaScreen Ni-acceptor beads (final 20
ug/mL) and SA-donor beads (final 20 pg/mL) was dispensed into
every well. Finally, the reaction mixture was incubated for 1 h at room
temperature and then read by EnSpire (PerkinElmer, USA) using
AlphaScreen mode.

4.13. Statistic Methods. For all biological studies, at least two
independent experiments were performed. The number of biologically
independent experiments and technical replicates as well as error bars
and P values for all biological data are described in the figure legends.
Two-tailed Student’s ¢ tests were utilized for the indicated analyses,
respectively, with P > 0.05, ns; 0.01 < P < 0.05, *; 0.001 < P < 0.01,
#%, P < 0.001, F¥*,
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