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Targeted Degradation of PRC1 Components, BMI1 and
RING1B, via a Novel Protein Complex Degrader Strategy

Kwang-Su Park, Lihuai Qin, Md Kabir, Kaixiu Luo, Brandon Dale, Yue Zhong, Arum Kim,
Gang Greg Wang, Husnu Ümit Kaniskan, and Jian Jin*

Polycomb repressive complex 1 (PRC1) is an essential epigenetic regulator
that mainly controls histone H2A Lys119 mono-ubiquitination (H2AK119ub).
B cell-specific Moloney murine leukemia virus Integration site 1 (BMI1) and
really interesting new gene 1B (RING1B) are PRC1 core components and play
critical roles in the development of various cancers. However, therapeutic
agents targeting PRC1 are very limited. In this study, MS147, the first
degrader of PRC1 core components, BMI1 and RING1B, is discovered via a
novel protein complex degradation strategy that utilizes the target protein’s
interacting partner protein (embryonic ectoderm development (EED)). MS147,
which comprises an EED small-molecule binder linked to a ligand of the E3
ligase von Hippel-Lindau (VHL), degrades BMI1/RING1B in an EED-, VHL-,
ubiquitination-, and time-dependent manner. MS147 preferentially degrades
BMI1/RING1B over polycomb repressive complex 2 (PRC2) core components.
Consequently, MS147 effectively reduces H2AK119ub, but not histone H3
Lys27 tri-methylation (H3K27me3), which is catalyzed by PRC2. Furthermore,
MS147 effectively inhibits the proliferation of cancer cell lines that are
insensitive to PRC2 inhibitors/degraders. Overall, this study provides a novel
BMI1/RING1B degrader, which is a useful chemical tool to further investigate
the roles of PRC1 in cancer, and a novel protein complex degradation strategy,
which can potentially expand the degradable human proteome.

1. Introduction

Polycomb group (PcG) proteins, which include polycomb repres-
sive complex 1 (PRC1) and 2 (PRC2), have been well studied as
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key histone modifiers to regulate gene
transcription.[1–3] PRC1 is a multisubunit
protein complex, containing really interest-
ing new gene 1A (RING1A) or really in-
teresting new gene 1B (RING1B) with one
of the six polycomb group RING finger
1-6 (PCGF1-6) paralogs, which catalyzes
mono-ubiquitination of histone H2A ly-
sine 119 (H2AK119ub).[4] As core compo-
nents of the main heterodimeric complex
of canonical PRC1, B cell-specific Moloney
murine leukemia virus integration site 1
(BMI1, also known asPCGF4) and RING1B
(also known as RNF2) are sufficient for
catalyzing H2AK119ub.[5] On the other
hand, PRC2, which consists of enhancer
of zeste homolog 2 (EZH2), suppressor
of zeste-12 (SUZ12), and embryonic ecto-
derm development (EED) as core compo-
nents, is the methyltransferase responsible
for trimethylation of histone H3 lysine 27
(H3K27me3).[6]

Recent studies support that both en-
zymatic and nonenzymatic functions of
PRC1 core components, especially BMI1
and RING1B, are critically involved in the
development and progression of various

tumor types.[7] In particular, BMI1 is overexpressed in many
different types of cancer including breast,[8] lung,[9] and blood
cancer.[10] RING1B is also highly involved in breast cancer
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malignancy[11] and leukemia progression.[12] Therefore, target-
ing PRC1 core components could provide a potential therapeutic
approach for treating cancers with alterations in PRC1 compo-
nents.

To date, only two PRC1 small-molecule inhibitors, PTC209[13]

and RB-3,[14] have been reported. However, direct interaction be-
tween PTC209 and any PRC1 components has not been estab-
lished to support that PTC209 is a direct inhibitor of PRC1. RB-
3 displayed very limited effectiveness in killing various types of
cancer cells.[14] Thus, a novel therapeutic approach that targets
PRC1 more effectively is desirable.

Proteolysis targeting chimeras (PROTACs) are heterobifunc-
tional small molecules that induce targeted protein degradation
through hijacking the ubiquitin-proteasome system (UPS).[15–23]

PROTACs, as a new class of therapeutic modalities, can eliminate
both catalytic and noncatalytic functions of the target enzymes or
enzyme complexes. For example, we recently developed an EZH2
PROTAC degrader, which effectively targeted both canonical and
noncanonical functions of EZH2, resulting in far superior tumor
suppressive effects compared to catalytic inhibitors of EZH2.[24]

Several protein complex degraders mediated through the tra-
ditional PROTAC mechanism have been developed.[24–31] For ex-
ample, previously reported EED PROTACs induced degradation
of other PRC2 components in addition to EED.[26,25] It is impor-
tant to note that none of these traditional protein complex PRO-
TACs preferentially degraded partner proteins over the protein
that binds the PROTAC directly. We thought, however, a new
protein complex degrader strategy, which preferentially degrades
interacting partner proteins over the protein that directly binds
the PROTAC, is possible. Specifically, we hypothesized that PRC1
core components, BMI1 and RING1B, could be preferentially de-
graded over EED by an EED-binding PROTAC with an appropri-
ate linker and an E3 ligase ligand (Figure 1a). In addition to be-
ing one of the core components of PRC2, EED has been reported
to interact with PRC1 core components.[32,33] Using immunopre-
cipitation (IP), we also validated the interaction between EED and
PRC1 core components, BMI1 and RING1B (Figure S1, Support-
ing Information).

Using this new protein complex degrader strategy, we discov-
ered the first BMI1 and RING1B degrader, MS147, which con-
sists of an EED binder linked to a von Hippel-Lindau (VHL) E3
ligase ligand. MS147 preferentially degraded BMI1 and RING1B
over EED and other PRC2 components in an EED-, VHL-, and
ubiquitination-dependent manner. Consequently, MS147 effec-
tively decreased H2AK119ub, but not H3K27me3. Phenotyp-
ically, MS147, but not the parent EED binder or published
EED/PRC2 degraders, effectively inhibited the proliferation in
multiple cancer cell lines that are insensitive to either EZH2
knockout or EED/PRC2 degraders. Overall, this study presents
a novel protein complex degradation strategy and a novel BMI1
and RING1B degrader, which could be a valuable chemical tool
for the scientific community to further study PRC1.

2. Results

2.1. Discovery of MS147, Which Preferentially Degrades PRC1
Components, BMI1 and RING1B, over EED

To demonstrate the applicability of the novel protein complex
degradation strategy (Figure 1a), we designed a set of putative

BMI1/RING1B degraders using a highly potent and selective
small-molecule binder of EED, EED226, which allosterically in-
hibits PRC2.[34] By analyzing the cocrystal structure of EED in
complex with EED226 (PDB ID: 5WUK), [35] we identified a
solvent-exposed region to conjugate a linker (Figure S2a, Sup-
porting Information). We modified the solvent-exposed methyl-
sulfonyl moiety in EED226 to a piperazinyl moiety, which was
conjugated to VHL1, a well-known ligand of the E3 ligase VHL,
[15] via various linkers (Figure S2b, Supporting Information). We
chose to hijack the E3 ligase VHL, instead of cereblon (CRBN),
mainly to avoid the potential complication caused by CRBN neo-
substrate degradation. We next determined the effect of these
compounds on reducing the protein levels of BMI1, RING1B,
EED, and H2AK119ub in K562 cells, a chronic myelogenous
leukemia cell line (Figure S3, Supporting Information). From
this study, we identified compound 6 (MS147, Figure 1b) as a
promising BMI1 and RING1B PROTAC, which effectively de-
graded BMI1, RING1B, and EED and reduced H2AK119ub in
K562 cells treated with the compound for 24 h (Figure S3, Sup-
porting Information).

We next characterized the degradation profile of MS147 in
K562 and KARPAS-422 (B-cell lymphoma) cell lines. These cell
lines were chosen mainly due to the association of PRC1 with
the hematopoiesis process in blood cancers. [36] In time course
studies, we found that MS147 degraded BMI1 and RING1B ef-
fectively as early as 6 h, and almost completely at 12 h, while it
degraded EED partially at 12 h in KARPAS-422 cells (Figure 1c).
Similarly, in K562 cells, MS147-induced degradation of BMI1 as
early as 2 h and RING1B as early as 8 h, while it induced mod-
est EED degradation even at 12 h (Figure 1d). These results indi-
cate that MS147 preferentially degrades BMI1 and RING1B over
EED. Furthermore, MS147 decreased the H2AK119ub level in a
time-dependent manner in K562 cells (Figure 1e). MS147 also
concentration-dependently degraded BMI1 and RING1B and re-
duced H2AK119ub in K562 cells (Figure 1f). While MS147 also
degraded EED at high concentrations (7.5 and 10 μm) after 24
h of treatment, MS147 at 5 and 7.5 μm preferentially degraded
BMI1 and RING1B over EED (Figure 1g). Overall, our design,
structure–activity relationship, and initial characterization stud-
ies resulted in the discovery of MS147, which preferentially de-
grades PRC1 components, BMI1 and RING1B, over EED.

2.2. MS147 Degrades BMI1 and RING1B in an EED-, VHL-, and
Ubiquitination-Dependent Manner

To confirm the mechanism of degradation of MS147, we first de-
veloped 2 close analogs of MS147, MS147N1 and MS147N2, as
negative controls of MS147 (Figure 2a). MS147N1, which con-
tains the same EED binder and linker but a diastereomer of
the VHL ligand,[30] was designed to bind EED but not VHL.
MS147N2, which contains the same VHL ligand and linker
but a modified EED binding moiety,[37] was designed to main-
tain the binding to VHL but not EED. Using isothermal titra-
tion calorimetry (ITC), we confirmed that MS147 (Kd = 3.0 ±
1.2 μm) and MS147N1 (Kd = 1.8 ± 0.7 μm) bound EED with sim-
ilar binding affinities, while MS147N2 did not bind EED (Fig-
ure 2b). Although binding affinities of MS147 and MS147N1
to EED are lower than that of EED226, this level of binding
affinities is sufficient for PROTACs to induce effective targeted
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Figure 1. Discovery of the BMI1 and RING1B PROTAC MS147, which preferentially degrades BMI1 and RING1B over EED. a) The schematic of an
EED-binding PROTAC that preferentially degrades PRC1 components, BMI1 and RING1B, over EED, by hijacking the VHL-Elongin C-Elongin B (VCB)
cullin-2 (CUL2) RING E3 ligase complex. b) Chemical structure of MS147. c,d) Time-dependent degradation of BMI1, RING1B, and EED induced by
MS147 in KARPAS-422 (c) and K562 (d) cells. KARPAS-422 and K562 cells were treated with MS147 at 5 μm for the indicated time. The protein levels of
EED, BMI1, and RING1B were determined by Western blotting (WB) with vinculin as the loading control. e) Time course of the H2AK119ub reduction
induced by MS147 in K562 cells. K562 cells were treated with MS147 at 5 μm for the indicated time. The H2AK119ub protein level was determined by WB
with H2A as the loading control. f) Concentration-dependent degradation of BMI1, RING1B, and EED and reduction of H2AK119ub induced by MS147
in K562 cells. K562 cells were treated with MS147 at the indicated concentrations for 24 h. The protein levels of EED, BMI1, RING1B, and H2AK119ub
were determined by WB with vinculin and H3 as the loading controls. g) Quantification of the EED, BMI1, and RING1B protein levels in K562 cells
treated with 5 or 7.5 μm of MS147 for 24 h. The WB results shown in panels c–f are representative of two independent experiments.

protein degradation.[18] We also confirmed that MS147 (Kd = 450
± 39 nm) and MS147N2 (Kd = 510 ± 47 nm) showed similar
binding affinities for VHL, while MS147N1 did not bind VHL
(Figure 2c). These ITC results indicate that MS147 directly binds
EED and VHL, while the negative control MS147N1 binds EED
but not VHL, and MS147N2 binds VHL but not EED.

To confirm that the degradation of BMI1 and RING1B induced
by MS147 is mediated through EED and VHL, we conducted a
number of mechanism of action (MOA) studies in K562 cells.
We first confirmed that MS147N1, which binds EED but not
VHL, and MS147N2, which binds VHL but not EED, did not de-
grade BMI1, RING1B and EED, while MS147 did (Figure 3a).
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Figure 2. MS147 binds both EED and VHL while the negative control MS147N1 binds EED but not VHL, and MS147N2 binds VHL but not EED. a)
Chemical structures of the negative controls, MS147N1 and MS147N2. b) Binding affinities of MS147, MS147N1, and MS147N2 to EED were determined
using ITC. EED226 was used as a positive control. c) Binding affinities of MS147, MS147N1, and MS147N2 to VHL were determined using ITC. VHL1
was used as a positive control. The calculated values in panels b and c represent the means ± SD from two independent experiments.

We next generated K562 cells with EED knockdown (KD) using
shEED and further assessed the dependency of the BMI1 and
RING1B degradation induced by MS147 on EED. As expected,
the ability of MS147 in degrading BMI1 and RING1B was com-
pletely abolished upon EED depletion (Figure 3b), which fur-
ther supports that MS147 recruits the EED-BMI1/RING1B com-
plex to the E3 ligase through direct binding to EED. The KD

study also explains the degradation kinetic preference of MS147
for BMI1 and RING1B over EED (Figure 1c,d) as BMI1 and
RING1B cannot be degraded without EED. Notably, EED deple-
tion alone (without MS147 treatment) did not lead to degradation
of BMI1 and RING1B (Figure 3b), suggesting that the BMI1 and
RING1B degradation effect of MS147 is not a consequence of
EED degradation. Together, these results indicate that the BMI1
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Figure 3. MS147 degrades BMI1 and RING1B in an EED-, VHL-, and ubiquitination-dependent manner without altering mRNA expression levels. a) The
effect of MS147, MS147N1, and MS147N2 on reducing the protein levels of EED, BMI1, RING1B, and H2AK119ub. K562 cells were treated with DMSO
or the indicated compound at the indicated concentrations for 24 h. b) The effect of EED knockdown (KD) using shEED on rescuing MS147-induced
degradation of BMI1 and RING1B. K562 cells were transfected by lentivirus containing shEED or an empty vector for 24 h. The transfected cells were
then treated with DMSO or MS147 (5 μm) for 24 h. c) The effect of MS147 on the mRNA levels of EED, BMI1, and RING1B, determined by RT-qPCR.
KARPAS-422 cells were treated with DMSO or MS147 (5 μm) for 24 h. The mRNA levels were normalized to DMSO control. The data shown represent
the means ± SD from two independent experiments. d,e) The effect of pretreatment with the neddylation inhibitor MLN4924 (d) or the VHL ligand VHL1
(e) on rescuing the degradation of BMI1 and RING1B induced by MS147. K562 cells were pretreated with MLN4924 (0.5 μm) or VHL1 (+: 0.5 μm; ++: 1
μm) for 1 h, followed by treatment with MS147 (5 μm) for 24 h. f) Coelution of EED-BMI1-RING1B with VHL by in vitro pulldown using a VHL antibody
in the presence of MS147 or MS147N1. K562 cell lysates were treated with DMSO, MS147 (40 μm) or MS147N1 (40 μm) for 3 h. The protein levels of
EED, BMI1, RING1B, and/or H2AK119ub in panels a, b, and d–f were determined by WB with vinculin as the loading control for (a), (b), (d), and (e).
The WB results shown in panels a, b, and d–f are representative of two independent experiments.

and RING1B degradation induced by MS147 is dependent on
EED.

To further validate that the BMI1 and RING1B degradation in-
duced by MS147 occurs through recruiting the VHL-mediated
ubiquitination system, we next performed quantitative reverse
transcriptase polymerase chain reaction (RT-qPCR), additional
rescue and in vitro pulldown experiments. First, we evaluated
the effect of MS147 on the mRNA expression levels of BMI1,
RING1B, and EED in KARPAS-422 cells, in which MS147-
induced robust degradation of BMI1 and RING1B (Figure 1c).
As shown in Figure 3c, MS147 treatment did not significantly
change the mRNA expression levels of BMI1, RING1B, and EED,
indicating that the observed BMI1 and RING1B degradation in-
duced by MS147 is not due to changes in transcription. Next,
we performed additional rescue experiments by pretreating K562
cells with a neddylation inhibitor or a VHL binder. Pretreatment
with MLN4924,[38] an inhibitor of the NEDD8-activating enzyme,
which is responsible for neddylation of cullin-RING E3 ubiqui-

tin ligases, rescued the BMI1 and RING1B degradation effect in-
duced by MS147 (Figure 3d). By competing with MS147 for VHL
binding, VHL1, the VHL binder used in MS147, also rescued
MS147’s BMI1 and RING1B degradation effect (Figure 3e). Inter-
estingly, the level of H2AK119ub was also recovered by pretreat-
ment with VHL1, but not MLN4924. This result is likely due to
the ubiquitination inhibition effect of MLN4924, which prevents
the reubiquitination of H2A. Lastly, we conducted in vitro pull-
down experiments to assess the formation of the BMI1-RING1B-
EED-MS147-VHL complex in K562 cells. We were pleased to find
that BMI1, RING1B, and EED coeluted with VHL in the pres-
ence of MS147, but not MS147N1 (Figure 3f), indicating that
MS147 recruits VHL to EED and its interacting partners BMI1
and RING1B.

Collectively, the results of these MOA studies indicate that the
degradation of BMI1 and RING1B induced by MS147 is depen-
dent on EED, VHL, and ubiquitination. The induced degrada-
tion occurs through the formation of the BMI1-RING1B-EED-
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 21983844, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202205573 by U

niversity of N
orth C

arolina at C
hapel H

ill, W
iley O

nline L
ibrary on [08/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advancedscience.com

Figure 4. MS147 selectively degrades BMI1 and RING1B over PRC2 core components and is selective for EED over 20 methyltransferases and 12
epigenetic reader domains. a) The effect of MS147, PROTAC 2, and EED226 on reducing the protein levels of EED, BMI1, RING1B, H2AK119ub, EZH2,
SUZ12, and H3K27me3. K562 cells were treated with DMSO or the indicated compound at the indicated concentrations for 24 h. b,c) The effect of MS147
on reducing the EZH2, SUZ12, and H3K27me3 protein levels in K562 cells treated with MS147 at a range of concentrations for 24 h (b) or 5 μm of MS147
for indicated times (c). The protein levels of EED, BMI1, RING1B, H2AK119ub, EZH2, SUZ12, and/or H3K27me3 in panels a–c were determined by WB
with vinculin and/or H3 as the loading controls. The WB results shown in panels a–c are representative of two independent experiments. d,e) The effect
of MS147 on inhibiting 20 methyltransferases in biochemical assays (d) and binding 12 epigenetic reader domains in in vitro thermal shift assays (e).
MS147 was tested in these selectivity assays at 10 μm. Data shown are the means ± SD from duplicate experiments.

MS147-VHL complex without altering mRNA expression levels
of BMI1 and RING1B. These results support MS147’s mecha-
nism of degradation outlined in Figure 1a.

2.3. MS147 Is Selective for PRC1 over PRC2 and for EED over
Other Epigenetic Proteins

We next assessed selectivity of MS147 for PRC1 over PRC2 and
for EED over a panel of 20 methyltransferases and 12 epigenetic
reader proteins. First, since EED is a core component of PRC2,
we evaluated the degradation effect of MS147 on other PRC2
core components, EZH2 and SUZ12, in K562 cells. EED226 and
the previously published EED/PRC2 degrader, PROTAC 2,[25]

were used as controls. It was reported previously that PROTAC
2 effectively degraded EED first and other PRC2 components,

EZH2 and SUZ12, subsequently.[25] The degradation of EZH2
and SUZ12 by PROTAC 2 is likely a consequence of EED degra-
dation, due to the destabilization of PRC2 after losing one of
its core components (illustrated in Figure S4, Supporting Infor-
mation). To confirm this, we performed KD experiments using
siEED. Indeed, depletion of EED substantially reduced EZH2 and
SUZ12 protein levels (Figure S5, Supporting Information), sug-
gesting that PROTAC 2-mediated EZH2 and SUZ12 degradation
is a consequence of the PRC2 destabilization due to EED degra-
dation.

Importantly, MS147 selectively degraded BMI1 and RING1B
over PRC2 core components, EZH2 and SUZ12, in addition to
EED in K562 cells (Figures 1 and 4a–c), in contrast to PROTAC
2, which robustly degraded PRC2 components, EED, EZH2, and
SUZ12, but not PRC1 components, BMI1 and RING1B (Fig-
ure 4a). As expected, EED226 did not degrade any of PRC1/PRC2
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components (Figure 4a), indicating that EED binding itself has
no impact on the degradation effect of MS147 and PROTAC 2.
To further evaluate the degradation effect of MS147 on EZH2
and SUZ12, we monitored EZH2 and SUZ12 protein levels af-
ter treatment of MS147 in K562 cells at different concentrations
and time points (Figure 4b,c). While MS147 induced modest
degradation of EZH2 and SUZ12 at high concentrations such as
10 μm (Figure 4b), it displayed little effect on degrading EZH2
and SUZ12 in the time course study (Figure 4c). MS147’s mod-
est degradation of EZH2 and SUZ12 could be due to its degra-
dation effect on EED, since MS147 degraded EED faster than
EZH2 and SUZ12 (Figures 1c,d and 4c, Supporting Information)
and EED KD resulted in drastic reduction in the protein levels of
EZH2 and SUZ12 (Figure S5, Supporting Information). Overall,
MS147 selectively degrades BMI1 and RING1B over EED, EZH2,
and SUZ12 (Figures 1 and 4a–c). Another evidence supporting
MS147 having a very modest effect on PRC2 is that while EED226
and PROTAC 2 effectively reduced H3K27me3, the product of
PRC2’s methyltransferase activity, MS147 minimally decreased
H3K27me3 (Figure 4a–c). Instead, MS147 significantly reduced
H2AK119ub (Figure 1e,f), which is mediated by PRC1. We also
evaluated the degradation effect of MS147 on RING1A, which is
highly homologous to RING1B. Not surprisingly, MS147 also in-
duced degradation of RING1A in K562 cells (Figure S6, Support-
ing Information). Since it has been reported that RING1B is pre-
dominantly responsible for monoubiquitination of H2A instead
of RING1A, [39] we mainly focused on RING1B in this study. In
addition, we evaluated the degradation effect of MS147 on other
PRC1 key components, including RYBP, YAF, and CBX8 (Fig-
ure S7, Supporting Information). MS147 did not degrade RYBP,
YAF, and CBX8 at up to 10 μm in K562 cells. Collectively, our re-
sults support that MS147 selectively degrades PRC1 components,
BMI1 and RING1B, over PRC2 components, EED, EZH2, and
SUZ12, and selectively reduces H2AK119ub (mediated by PRC1)
over H3K27me3 (mediated by PRC2).

We next evaluated selectivity of MS147 against a panel
of 20 methyltransferases and 12 epigenetic reader domains
(Figure 4d,e). The enzymatic inhibition effect of MS147 at
10 μm against 20 methyltransferases was determined using
radioactivity-based biochemical assays. As expected, MS147 did
not show significant inhibition effect (<30% at 10 μm) against any
of the 20 methyltransferases (Figure 4d). Binding of MS147 to 12
epigenetic reader domains was also assessed using in vitro ther-
mal shift assays. MS147 at 10 μm did not display notable melting
temperature (Tm) changes against these 12 reader domains (Fig-
ure 4e). Together, these results support that MS147 is selective
for EED over other epigenetic modulating proteins.

2.4. MS147, but not the Parent EED Binder or EED/PRC2
Degrader, Effectively Inhibits the Proliferation in Multiple Cancer
Cell Lines

We next investigated the antiproliferative activity of MS147 in
three different cancer cell lines: K562 (leukemia), MDA-MB-231
(triple-negative breast cancer), and NCI-H1299 (nonsmall cell
lung cancer); and its toxicity on the PNT2 normal prostate cell
line. We selected these cell lines because it has been shown
that the growth of K562 and MDA-MB-231 cells is insensitive

to EZH2 knockout via CRISPR,[40,41] and the growth of NCI-
H1299 and PNT2 cells is insensitive to EED/PRC2 or EZH2
degraders.[25,41] We first confirmed that K562, MDA-MB-231,
and NCI-H1299 cells were indeed insensitive to the parent EED
binder, EED226, and EED/PRC2 degrader, PROTAC 2 (Figure 5a-
c). On the other hand, MS147 effectively suppressed the prolif-
eration in K562 (GI50 = 3.8 ± 1.0 μm), MDA-MB-231 (GI50 =
4.5 ± 0.2 μm) and NCI-H1299 (GI50 = 6.8 ± 0.5 μm) cells in a
concentration-dependent manner (Figure 5a-c S6a–c). The an-
tiproliferative activities of MS147 in K562 and MDA-MB-231 cells
are consistent with the previously published antiproliferative ef-
fect of BMI1/RING1B knockdown in these two cell lines.[42–44]

We next determined the effect of MS147, EED226, and PRO-
TAC 2 on degrading PRC1 and PRC2 components in K562,
MDA-MB-231, and NCI-H1299 cells. As shown in Figure 5d-f,
MS147 preferentially degraded PRC1 core components, BMI1
and RING1B, over PRC2 core components: EED, EZH2, and
SUZ12, in all three cell lines. Furthermore, MS147 effectively
reduced the PRC1-mediated H2AK119ub mark without chang-
ing the PRC2-mediated H3K27me3 mark in all three cell lines.
On the other hand, PROTAC 2 robustly degraded PRC2 core
components, EED, EZH2, and SUZ12, but not PRC1 core com-
ponents, BMI1 and RING1B, in these three cell lines. Con-
sequently, PROTAC 2 effectively decreased H3K27me3, but
not H2AK119ub. As expected, EED226 did not degrade any
PRC1/PRC2 components, and it effectively reduced H3K27me3,
but not H2AK119ub, in these cells. Altogether, these results sug-
gest that the antiproliferative effect of MS147 in K562, MDA-
MB-231, and NCI-H1299 cells is mainly due to the effect of
MS147 on degrading BMI1 and RING1B, but not its modest
effect on degrading PRC2 core components. Additionally, we
treated MS147 to 786-O cells, a kidney cancer cell line that con-
tains a truncated, inactive VHL (and thus cannot be utilized by
VHL-recruiting PROTACs),[45] to further demonstrate the cor-
relation between MS147’s BMI1/RING1B degradation activity
and its antiproliferative effect. As expected, due to the lack of
functional VHL, MS147 (which is VHL-recruiting) cannot de-
grade BMI1/RING1B in 786-O cells and, consequently, did not
show antiproliferative effect in this VHL-defective cell line (Fig-
ure S8, Supporting Information). Collectively, MS147 effectively
suppresses the proliferation of K562, MDA-MB-231, and NCI-
H1299 cells by degrading BMI1/RING1B selectively.

Finally, we assessed the toxicity of MS147 using a normal
prostate cell line, PNT2, and found that MS147 did not display
any cell growth inhibition effect even at high concentrations such
as 30 μm (Figure S9, Supporting Information). The parent EED
binder, EED226, and EED/PRC2 degrader, PROTAC 2, were also
not toxic to PNT2 cells.

Taken together, these results suggest that BMI1/RING1B de-
graders, such as MS147, but not the parent EED binder or
EED/PRC2 degraders, can effectively suppress the proliferation
of cancer cell lines that are insensitive to EZH2 knockout or
EED/PRC2 degraders. Our results also support that MS147 is not
toxic in normal cells.

3. Discussion

In this study, we discovered the first BMI1 and RING1B de-
grader, MS147, using a novel protein complex degrader strategy,
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Figure 5. MS147, but not the parent EED binder, EED226, or EED/PRC2 degrader, PROTAC 2, effectively suppresses the proliferation in K562, MDA-MB-
231, and NCI-H1299 cells. a–c) The effect of MS147, EED226 and PROTAC 2 on inhibiting the growth in K562 (a), MDA-MB-231 (b), and NCI-H1299
(c) cells. The tested cell lines were treated with serial dilution of EED226, PROTAC 2 or MS147 for 5 days. Cell viability was determined using the CCK-8
assay. The data shown represent the means ± SD from three independent experiments. d–f) The effect of MS147, EED226, and PROTAC 2 on degrading
BMI1, RING1B, EED, EZH2, and SUZ12 and reducing the levels of H2AK119ub and H3K27me3 in K562 (d), MDA-MB-231 (e), and NCI-H1299 (f) cells.
The above three cell lines were treated with EED226, PROTAC 2 or MS147 at the indicated concentrations for 24 h (d) or 48 h (e,f). The protein levels
of EED, BMI1, RING1B, H2AK119ub, EZH2, SUZ12, and H3K27me3 were determined using WB with H3 as the loading control. The WB results shown
are representative of two independent experiments.
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which utilizes a small-molecule ligand that binds EED, an inter-
acting partner protein of BMI1 and RING1B, to recruit BMI1 and
RING1B to the E3 ligase VHL for ubiquitination and degrada-
tion by the UPS. We hypothesized that PRC1 core components
BMI1 and RING1B could be preferentially degraded over EED
and other PRC2 core components, EZH2 and SUZ12, by an EED-
binding PROTAC with an appropriate linker and E3 ligase lig-
and. By conducting a structure–activity relationship study that fo-
cused on exploring various linkers, we identified MS147, which
preferentially degraded PRC1 components, BMI1 and RING1B,
over PRC2 components: EED, EZH2, and SUZ12, in multiple
cancer cell lines. Consequently, MS147 effectively reduced the
H2AK119ub mark, which is catalyzed by PRC1, without alter-
ing the H3K27me3 mark, which is catalyzed by PRC2. MS147
was also selective for EED over a panel of >30 methyltransferases
and epigenetic reader proteins. Phenotypically, MS147 effectively
suppressed the proliferation in multiple cancer cell lines that are
insensitive to EZH2 genetic deletion or EED/PRC2 degraders,
without toxic effect on normal cells.

By conducting a number of MOA studies, we confirmed that
the MS147-mediated BMI1 and RING1B degradation occurs in
an EED-, VHL-, and ubiquitination-dependent manner, without
altering mRNA expression levels of BMI1 and RING1B. We show
that MS147 is capable of inducing the formation of the BMI1-
RING1B-EED-MS147-VHL complex, thus bringing BMI1 and
RING1B in close proximity to VHL for ubiquitination and sub-
sequent degradation. We also developed two negative controls,
MS147N1 and MS147N2, which have very high structural simi-
larity to MS147. MS147N1, which binds EED but not VHL, and
MS147N2, which binds VHL but not EED, did not degrade BMI1
and RING1B nor reduce the H2AK119ub level, thus further sup-
porting the EED- and VHL-dependent MOA for the BMI1 and
RING1B degradation induced by MS147.

While our BMI1 and RING1B degrader, MS147, and the
EED/PRC2 degrader, PROTAC 2, share similar VHL ligand and
EED binder, MS147 and PROTAC 2 differ in their linkers. This
linker difference is likely the main contributor to the difference
in their degradation profiles. PROTAC 2 is a traditional protein
complex degrader, which degraded EED—the protein it binds
directly—first, and EZH2 and SUZ12 subsequently. The degra-
dation of EZH2 and SUZ12 induced by PROTAC 2 is likely a
consequence of the destabilization of PRC2 due to EED degra-
dation, which is supported by the fact that genetic depletion of
EED resulted in near complete loss of EZH2 and SUZ12. No-
tably, PROTAC 2 did not degrade BMI1 and RING1B. On the
other hand, MS147 represents a new type of protein complex de-
graders. MS147 degraded BMI1 and RING1B faster and more ef-
fectively than EED, the protein it binds directly, and other PRC2
components (EZH2 and SUZ12). Based on this degradation pref-
erence for BMI1 and RING1B over EED and the fact that ge-
netic depletion of EED did not lead to loss of BMI1 and RING1B,
we conclude that the degradation of BMI1 and RING1B induced
by MS147 is not a consequence of EED degradation. This suc-
cessful example, which supports our novel protein complex de-
grader approach, could expand the pool of degradable proteins
to include proteins that lack small-molecule binders, but interact
with other proteins that have small-molecule binders. In addi-
tion, while EED is not a core component of PRC1 but interacts
with BMI1 and RING1B, we demonstrated that it can still be ex-

ploited to bring BMI1 and RING1B to VHL, suggesting that it is
possible to utilize a relatively weak binding partner protein to re-
cruit the ubiquitination machinery to the target protein, thereby
potentially further expanding the utility of this protein complex
degrader approach. Lastly, it is not surprising that the linker dif-
ference in MS147 and PROTAC 2 contributes to their different
degradation profiles, based on that isoform or mutant selective
PROTACs have been achieved by utilizing appropriate linkers
and/or E3 ligase ligands.[18]

PRC1, a prominent epigenetic protein complex, plays critical
roles in cancer development and progression. However, chemi-
cal agents targeting PRC1 are extremely limited. This study pro-
vides a novel chemical tool, which selectively targets PRC1 over
PRC2. To the best of our knowledge, MS147 is the first and only
BMI1 and RING1B degrader, which selectively degrades PRC1
components, BMI1 and RING1B, over PRC2 components: EED,
EZH2, and SUZ12 and effectively suppresses the proliferation in
cancer cells that are insensitive to EZH2 knockout or EED/PRC2
degraders. It is worth noting that additional experiments are re-
quired with known PRC1-targeting inhibitors, such as RB-3, to
further demonstrate the therapeutic potential of MS147 in PRC1-
dependent cancer. Nevertheless, MS147 is a well-characterized
chemical tool for the research community to further investigate
the roles of PRC1 in physiology and pathophysiology. Further-
more, the novel protein complex degrader strategy presented in
this study could potentially expand the pool of degradable protein
targets.

4. Experimental Section
Compound Synthesis: Synthesis and characterization of compounds

1–10, MS147N1, MS147N2, as well as synthetic intermediates, are de-
scribed in the Supporting Information.

Cell Culture: DMEM medium with 10% FBS and 1% mixture of peni-
cillin and streptomycin was used for K562, KARPAS-422, and NCI-H1299
cells. RPMI-1640 medium with 10% FBS and 1% mixture of penicillin and
streptomycin was used for MDA-MB-231 and 786-O cells.

Western Blotting: Compound-treated cells were collected and lysed us-
ing RIPA buffer (Thermo Fisher Scientific, USA) with protease and phos-
phatase inhibitor cocktail (Thermo Fisher Scientific, USA). After incuba-
tion for 30 min at 0 °C, samples were centrifuged for 15 min at 18 000 rpm
and 4 °C. The supernatant was collected, mixed with Laemmli sample
buffer (Bio-Rad, USA), and then heated at 100 °C for 7 min. The Pierce
Rapid Gold BCA kit (Thermo Fisher Scientific, USA) was used for protein
quantification. Based on the result, 10 μg of each sample was used for SDS-
PAGE and transferred on to PVDF using Trans-Blot Turbo Transfer sys-
tem (Bio-Rad, USA). Membranes were blocked using PBS Odyssey Block-
ing Buffer (LI-COR, USA) for 1 h at room temperature, then incubated
overnight at 4 °C with the following primary antibodies: EZH2 (5246S, Cell
Signaling Technology), SUZ12 (3737S, Cell Signaling Technology), EED
(85322S, Cell Signaling Technology), BMI1 (6964S, Cell Signaling Tech-
nology), RING1B (16031-1-AP, Proteintech), H3K27me3 (9733S, Cell Sig-
naling Technology), H3 (4499L, Cell Signaling Technology), H2AK119ub
(8240S, Cell Signaling Technology), H2A (12349S, Cell Signaling Tech-
nology), Vinculin (13901S, Cell Signaling Technology), VHL (68547S, Cell
Signaling Technology), CBX8 (14696S, Cell Signaling Technology), YAP
(14074S, Cell Signaling Technology), and RYBP (41787S, Cell Signaling
Technology). Blots were imaged using Odyssey system (LI-COR, USA) and
quantified using Image Studio (LI-COR, USA).

Preparation of EED and VHL Proteins for ITC Study: For the expres-
sion of EED C-terminal domain (75-441), pET28-GST-LIC-EED vector
was obtained from Addgene (Plasmid number 25 311). The plasmid was
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transformed into Escherichia coli BL21 (DE3) cells and grown in TB
medium at 37 °C until the culture reached an OD600 of ≈2.8. After cool-
ing down to 15 °C, protein expression was induced by IPTC (0.4 mm) fol-
lowed by incubation for 16 h. The cell was harvested and resuspended in a
lysis buffer (50 mm phosphate buffer pH 7.5, 1 m NaCl, 5% glycerol) with
0.2 mm AEBSF. After sonication to lyse, the lysate was clarified by centrifu-
gation and applied onto GSTrap FF 5 mL (GE Healthcare, USA) using a
buffer (50 mm Tris-HCl pH 7.5, 150 mm NaCl). After washing, the column
was filled by syringe with 5 mL of thrombin solution (20 U mL−1 in PBS, pH
7.3) (Sigma-Aldrich, USA) and sealed to cleavage GST-Tag. The resulting
column was incubated for 16 h at 4 °C and washed with a buffer (50 mm
Tris-HCl pH 7.5, 150 mm NaCl) to collect the GST-tag cleaved protein. Af-
ter confirming cleavage by SDS-PAGE, size-exclusion column (SEC) using
HiLoad 26/600 Superdex 200 (GE Healthcare, USA) was performed to sep-
arate thrombin and the GST-tag cleaved protein in an SEC buffer (50 mm
Tris-HCl pH 7.5, 150 mm NaCl). After concentration of purified protein,
the protein was flash frozen and stored at −80 °C for further usage.

For the expression of His-tagged VCB complex, VHL (54-213) with N-
terminal His tag and a TEV protease cleavable site and EloB (1-104) and
EloC (1-112) (Q15369) in pCDF Duet vector were cotransformed into Es-
cherichia coli BL21 (DE3) cells. The cells were grown in LB medium at
37 °C until the culture reached an OD600 of ≈0.8. After cooling down
to 18 °C, protein expression was induced by IPTC (0.4 mm) followed by
incubation for 16 h. The cell was harvested and resuspended in a lysis
buffer (50 mm Tris-HCl pH 7.5, 500 mm NaCl, 5% glycerol, 0.01% IGEPAL,
25 mm imidazole and 5 mm 𝛽-ME) with Pierce Protease Inhibitor Tablets
(Thermo Fisher Scientific, USA) and 1 mm PMSF. After sonication to lyse,
the lysate was clarified by centrifugation and applied onto HisTrap 5 mL
(GE Healthcare, USA) using an imidazole gradient from 25 to 250 mm.
The protein was further purified by SEC using HiLoad 26/600 Superdex
200 (GE Healthcare, USA) in SEC buffer (50 mm Tris-HCl pH 7.5, 150 mm
NaCl, 2 mm TCEP). After concentration of purified protein, the protein was
flash frozen and stored at −80 °C for further usage.

ITC: ITC experiments were performed to assess binding affinities of
MS147 and its negative controls (MS147N1 and MS147N2) for EED (75-
441) and VCB complex using a MicroCal iTC200 (Malvern, UK). For de-
termining binding affinity to EED, 13 injections from the syringe solution
(400 μm of EED) were titrated into 300 μL of the cell solution (40 μm of
compounds) with stirring at 750 rpm in 20 mm HEPES pH 7.4, 150 mm
NaCl, 1% DMSO. For determining binding affinity to VCB, 19 injections
from the syringe solution (200 μm of compounds) were titrated into 300 μL
of the cell solution (40 μm of VCB complex) with stirring at 750 rpm in
25 mm Tris-HCl pH 7.5, 500 mm NaCl, 5% DMSO. The data were fitted
by single binding site model using Microcal Origin 7.0 (Malvern). The
reported values represent the mean ± SD from two independent exper-
iments.

shRNA-Mediated EED Knockdown Experiment in K562 Cells:
pLKO.1 short hairpin RNA (shRNA) vector targeting human EED
(TRCN0000021205) was purchased from MilliporeSigma. To generate
an EED knockdown stable cell line, 293T cells were seeded on 100 mm
tissue culture dishes at a density of 4 × 106 cells per dish. The next
day, cells were transfected with lentiviral vector and lentiviral packaging
plasmids including psPAX2 and pMD2.G using PEI transfection reagent
(MilliporeSigma). Virus was harvested at 48 h posttransfection, filtered
through a 0.45 μm syringe filter, and diluted in a complete medium
supplemented with 5 μg mL−1 polybrene (MilliporeSigma) to infect K562
cells. Using the generated virus, K562 cells were infected for 24 h in the
presence of puromycin as 2 μg mL−1. Then, MS147 was treated for an
additional 24 h at 5 μm with DMSO as control. The protein levels of EED,
BMI1, and RING1B with vinculin as a control were monitored by Western
blot. The data shown in the figure are representative of two independent
experiments.

RT-qPCR: The RT-qPCR was performed as described previously.[32]

Briefly, KARPAS-422 cells were treated with either DMSO or MS147 at 5 μm
for 24 h in 6-well plate. Subsequently, the samples were pelleted by cen-
trifugation at 15 000 rpm for 10 min at 4 °C. Total RNA was extracted using
the Monarch Total RNA Miniprep Kit (T2010S, New England Biolabs), and
cDNA was generated using the SuperScript IV First-Strand Synthesis Sys-

tem (18091050, Thermo Fisher). qPCR was performed using the Agilent
Technologies Stratagene Mx3005p qPCR system. The primer sets used for
RT-PCR are listed below.

Target gene Forward primer Reverse primer

EED CTGTAGGAAGCAACAGAGTTACC CATAGGTCCATGCACAAGTGT

RING1B ACCCAAACTTTGATGCACTCA TTGTGCTTGTTGATCCTGGCT

BMI1 CGTGTATTGTTCGTTACCTGGA TTCAGTAGTGGTCTGGTCTTGT

GAPDH ACAACTTTGGTATCGTGGAAGG GCCATCACGCCACAGTTTC

siRNA-Mediated EED Knockdown (KD) Experiment in MDA-MB-231 Cells:
Validated Silencer Select predesigned siRNA targeting EED was purchased
from Thermo Fisher Scientific. MDA-MB-231 cells were seeded at a density
of 500 000 cells per well in a 6-well plate and transfected with siRNA tar-
geting EED using Lipofectamine RNAiMAX Transfection Reagent (Thermo
Fisher Scientific) for 2 days, according to instruction. The KD efficiency was
analyzed by Western blot. After confirming KD efficiency, the protein lev-
els of EED, EZH2, and SUZ12 with vinculin as a control were monitored
by Western blot. The data shown in the figure are representative of two
independent experiments.

Immunoprecipitation: K562 cells were seeded as 2 ×106 in 10 cm dish.
After 24 h, cells were harvested and washed with ice-cold PBS twice. The
pellet was lysed with 500 μL of RIPA (Thermo Fisher Scientific, USA) with
EDTA-free phosphatase and protease inhibitor (Thermo Fisher Scientific,
USA) and 2 mm TCEP. After centrifugation to remove cell debris, the lysate
was applied on Pierce Co-Immunoprecipitation kit (Thermo Fisher Scien-
tific, USA) according to instructions from company with followed mod-
ification. Cell lysate was preincubated with VHL antibody (68547S, Cell
Signaling Technology), and then added to agarose resin complex, where
compounds (DMSO, MS147, MS147N1) were treated for 3 h as 40 μm.
The resin was washed and eluted by sample buffer and then, analyzed by
Western blotting. The data shown in the figure are representative of two
independent experiments.

Selectivity Assays: Selectivity assays against other methyltransferases
and reader domains were performed by Reaction Biology Corp. (USA) us-
ing the 3H-labeled SAM based assay for methyltransferases and thermal
shift assay for reader domains. All of experiments were performed using
10 μm of MS147 in duplicate. The compound enzyme inhibition effect was
calculated as percentage of inhibition against control enzyme activity.

Cell Viability Assay: K562, MDA-MB-231, NCI-H1299, 786-O, and
PNT2 cells were seeded in 96-well plates (Thermo Fisher Scientific, USA)
at 1× 104 cells per well and treated with DMSO or the indicated compound
(EED226, PROTAC 2 or MS147) for 5 days at various concentrations. Cell
viability was evaluated using CCK-8 (Dojindo, USA) following its protocol.
All of values were plotted using GraphPad Prism 8. The data shown in the
figures represent the means ± SD from three independent experiments.

Statistical Analysis: The Western blot data shown in the figure are
representative of two biological independent experiments. The statistical
analysis of cell viability assay, selectivity assay, and RT-qPCR experiments
were conducted using Prism 8 (GraphPad Software, USA), and shown as
means ± SD from two or three independent experiments.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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