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Abstract: PROteolysis Targeting Chimeras (PROTACSs) are bifunctional molecules
that degrade target proteins through recruiting E3 ligases. However, their application is
limited in part because few E3 ligases can be recruited by known E3 ligase ligands.
Through competitive activity-based protein profiling, we found that piperlongumine
(PL), a natural product, binds multiple E3 ligases. To evaluate whether PL can be used

as an E3 ligase ligand, we generated a series of PL and SNS-032 (a selective CDK9
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inhibitor) conjugates and found that the lead conjugate 955 can potently degrade CDK9
in a ubiquitin-proteasome dependent manner. In addition, 955 is more potent than SNS-
032 against various tumor cells in vitro. Through TurbolD-based proteomics and
mechanistic studies, we identified KEAP1 as the E3 ligase recruited by PL to degrade
CDKO. These findings demonstrate that PL is a novel E3 ligase ligand that can be used

to generate potent anticancer PROTAC:S.
Keywords: Piperlongumine, E3 ligase, PROTAC, KEAP1, CDK9
1. Introduction

PROteolysis TArgeting Chimeras (PROTACS) are potentially more potent anticancer
therapeutics than small molecule inhibitors (SMIs) because they can degrade
oncoproteins in an event-driven manner[1]. Moreover, compared to SMIs that only
block the catalytic function of proteins of interest (POIs), PROTACSs can further remove
the scaffold function of POIs through inducing their degradation. Furthermore,
PROTACS have the ability to target some previously considered undruggable proteins,
such as transcription factors. For example, a potent signal transducer and activator of
transcription 3 (STAT3) PROTAC has been generated and shown efficacy in vivo[2].
In addition, PROTAC-induced POI degradation is driven by the ternary complex
formation and can be affected by the availability of lysine on a POI[3]. Therefore,
PROTAC:s can be more specific/selective than their SMI predecessors. Because of these
advantages, more than 10 PROTACSs have been advanced to phase I or phase Il clinical
trials by the end of 2021[4]. The targets include androgen receptor (AR), estrogen
receptor (ER), B-cell lymphoma extra large (BCL-xL), bruton tyrosine kinase (BTK),
bromodomain-containing protein 9 (BRD9), interleukin-1 receptor-associated kinase 4

(IRAK4), STATS3, and tropomyosin receptor kinase (TRK)[4].

Despite the great progress in the field, there are still some obstacles that prevent
PROTACSs from being more useful[5]. Among them, to date only a few E3 ligases and
ligands are available to generate PROTACSs. The human genome encodes more than
600 E3 ligases[6] and only a few of them (CRBN[1b], VHL[1a], clAPs[7], and
MDMZ2[8]) have been utilized by PROTACs to degrade POls. This limits the ability to
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generate PROTACSs for a POI that is not a suitable neo-substrate for those E3 ligases
because different proteins may require different E3 ligases to effectively mediate their
degradation. For example, endogenous KRAS®*C can be degraded by VHL-recruiting
PROTACs[9] rather than CRBN-recruiting PROTACSs[10]. In addition, some E3
ligases are highly expressed in certain tumor cells[11], which may provide the
opportunity to selectively degrade POls in those tumor cells if ligands to recruit those
E3 ligases can be found. Recent studies have also shown that cancer cells develop
resistance to VHL-based bromodomain and extra-terminal domain (BET) PROTACs
due to loss of CUL2 and to CRBN-based BET and CDK9 PROTACs because of CRBN
loss[12]. Therefore, significant efforts have been devoted to finding new E3 ligase
ligands, resulting in the discovery of ligands that can recruit AhR[13], DCAF11[14],
DCAF15[15], DCAF16[16], KEAP1[17], RNF114[18], and RNF4[19] E3 ligases to
degrade POls. Identifying more E3 ligase ligands can further expand the toolbox,
overcome the drug resistance, and potentially generate more potent and specific

PROTACS.

Piperlongumine (PL, Figure 1A) is a natural product that exhibits potent antitumor
activity[20], in part via induction of oxidative stress through its two Michael acceptors
that can covalently react with GSTP1[21] and GSTO1[22]. Our previous studies also
showed that PL can selectively kill senescent cells in part through induction of OXR1
degradation in a proteasome-dependent manner[23]. In addition, we found that PL can
bind a number of intracellular proteins in senescent cells, including 8 different E3
ligases[23a], suggesting that PL could be used as a novel E3 ligase ligand to generate
PROTAC:S. To test this hypothesis, we linked PL with SNS-032, a CDK9 inhibitor, and
discovered that the PL-SNS-032 conjugates potently induced CDK9 degradation.
Mechanistically, we demonstrated that the lead PL-SNS-032 conjugate, 955, degraded
CDKO9 in a ubiquitin-proteasome system (UPS) dependent manner. Using the TurbolD-
bait assay we identified KEAP1 as the E3 ligase recruited by 955 to degrade CDKO.
Furthermore, a PL-based ALK PROTAC can potently degrade ALK-fusion protein in
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ALK positive non-small cell lung cancer (NSCLC) cells. Our results demonstrate that

PL can be used as a new E3 ligase ligand to generate effective antitumor PROTACS.

2. Results and Discussion

2.1. Validation of PL-binding E3 ligases

Our previous study showed that PL can pull down 8 E3 ligases in senescent cells[23a].
To validate that PL covalently binds E3 ligases in cancer cells, we used a competitive
activity-based protein profiling (ABPP) assay with the PL-Alkyne[23a] (Figure 1A) as
a probe. Specifically, MOLT4 human T-cell acute lymphaoblastic leukemia (T-ALL)
cells were incubated with PL-Alkyne for 4 h, then the cells were lysed and the cell
lysates were used to perform a copper-catalysed azide—alkyne cycloaddition (CUAAC)
reaction with Biotin-Azide. The PL-biotin-labelled proteins were pulled down by
streptavidin beads and were eluted and detected by immunoblot or directly digested on
the beads by trypsin for the identification of PL-binding proteins using liquid
chromatography with tandem mass spectrometry (LC-MS/MS) (Figure 1B). To exclude
proteins that bound non-specifically to PL-Alkyne, we also include a sample in which
the cells were pre-treated with a high concentration of PL prior to the addition of the
PL-Alkyne probe to compete for protein binding (Figure 1B). The western blot result
showed that the PL-Alkyne probe can pull down many proteins, which can be
effectively competed by the pre-treatment with PL (Figure 1C), suggesting that most of
the pull-downed proteins by the PL-Alkyne probe are PL-binding proteins. The MS
results showed that PL can recruit about 300 proteins (Figure 1D and Table S1),
including GSTO1, a previously identified PL target[22]. We performed gene ontology
(GO) and Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment
analyses of those PL-binding proteins and found that many of the proteins involved in
the UPS were highly enriched (Figure S1 and Table S1), including 9 E3 ligases (Figure
1D). These findings indicate that PL has the potential to be used for PROTAC design
through recruiting E3 ligase(s).
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2.2. Generation of PL-conjugated CDK9 PROTACs

Based on the findings from the competitive ABPP assay, we hypothesized that PL can
be used as a covalent E3 ligase ligand to generate PROTACs for degradation of POIs.
CDKO9 is a well-established cancer target and can be effectively degraded by a
PROTAC (THAL-SNS-032) consisting of thalidomide, a linker, and the CDK9
selective inhibitor SNS-032[24]. Therefore, to test our hypothesis, we generated a series
of PL-SNS-032 bifunctional molecules with linkers of different types and lengths
(Figure S2A, B). PARP cleavage and cell viability assays were used to evaluate the
potency of those compounds in induction of CDK9 degradation and apoptosis in
MOLT4 cells (Figure S2B, C) and 955 (Figure 2A) was selected as a lead compound
for further evaluation and characterization because of its high potency in these assays.
955 can potently degrade CDK9 with a DCso of 9 nM after 16 h treatment in MOLT4
cells (Figure S2B, C). Even with a short-term treatment (6 h), 955 can still potently
degrade CDK9 while the warhead SNS-032 cannot (Figure 2B). In addition, 955 is
more potent in inducing PARP cleavage than SNS-032 (Figure 2B). The time-course
study showed that CDK9 can be completely degraded by 0.1 uM 955 within 8 h (Figure
2C) and the effect can last up to 18 h after the removal of 955 from the culture (Figure
2D). Similar results were also observed in 293T cells (Figure S3A) and K562 cells
(Figure S3B). To exclude the possibility that the degradation of CDK®9 is caused by the
combination effect of PL and SNS-032, we treated MOL T4 cells with either PL or SNS-
032 alone or their combination and found that none of these treatments degrades CDK9
(Figure 2E). However, pre-treatment of MOLT4 cells with PL or SNS-032 can block
955-induced CDKO degradation (Figure 2F).

2.3. Mechanism of action of 955 in degrading CDK9

To confirm that 955 functions as a PROTAC to degrade CDK9, we performed a series

of mechanistic studies using inhibitors to block different protein degradation pathways.

First, we treated MOLT4 cells with the proteasome inhibitor MG132 or Bortezomib or
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with vehicle prior to 955 treatment. The results showed that the degradation of CDK9
can be blocked by the two different proteasome inhibitors (Figure 3A). In contrast, pre-
treatment with either of the two lysosome inhibitors, Baf-Al and Chloroquine, or with
the pan-caspase inhibitor QVD cannot block CDK?9 degradation by 955 (Figure 3B, C).
These results demonstrate that 955 induces CDK9 degradation through the proteasome
but not lysosome and activated caspases. Furthermore, we used two E1 inhibitors, PYR-
41 and TAK-243, to verify that 955-induced CDK9 degradation is E1-dependent
(Figure 3D). In our competitive ABPP assay, 9 PL-recruited E3 ligases were identified
by the LC-MS/MS (Figure 1D), and thus we next investigated which type of E3
ligase(s) is involved in the degradation of CDK9 by 955. MLN4924 is a NEDDS8-
activating enzyme (NAE) inhibitor and can selectively inhibit cullin RING-related
ubiquitin E3 ligase(s) (CRLs) through blocking the neddylation of cullin[25]. We found
that MLN4924 pre-treatment blocks 955-induced CDK9 degradation (Figure 3E),
suggesting that a CRL is likely to be recruited by 955 to degrade CDKO. Similar results
were also observed in 293T and K562 cells (Figure S4). Collectively, these findings
suggest that 955 degrades CDK9 in a UPS-dependent manner probably via recruiting a
CRL. Furthermore, we investigated whether 955 degrading CDK9 relies on PL to
covalently recruit an E3 ligase via its two Michael acceptors by generating 336, in
which the C2-3 and C7-8 double bonds of PL are reduced (Figure 3F). We found that
955, but not 336, can induce CDK9 degradation (Figure 3G), indicating that 955

degrades CDK®9 via covalently recruiting a CRL through PL’s Michael acceptors.

2.4. ldentification of 955-recruited E3 ligase(s) for CDK9 degradation

PROTACSs induce degradation of target proteins by hijacking an E3 ligase and it is
difficult to directly identify the E3 ligase in the ternary complex recruited by the E3
ligase ligand in a PROTAC using the co-immunoprecipitation method because the
formation of the complex is transient and very dynamic[26]. TurbolD assay is a
powerful proximity labeling method that can sensitively detect weak and transient

protein interactions by biotinylating proteins that interact with a bait protein fused with
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an engineered biotin ligase[27]. Similar biotin-based proximity labeling assays, such as
APEX2 assay[28] and AirID assay[29], have been used to study the degrader-induced
or inhibitor-blocked E3:substrate interactions in cells. Therefore, we adapted TurbolD
technology to identify and characterize the specific E3 ligase(s) recruited by 955 to
mediate CDK9 degradation by ectopically expressing V5-TurbolD-CDKJ9 in 293T cells
and comparing the biotinylated proteins with or without 955 treatment (Figure 4A). The
results from this assay showed that 955 can induce the interaction of CDK9 with 6
different E3 ligases (Figure 4B, Table S2). To compare the PL-binding E3 ligases
identified by the competitive ABPP assay (Figure 1D) with these identified by the
TurbolD-bait assay (Figure 4B), we found that KEAP1 is the only CRL identified by
both methods. A previous study showed that KEAP1 can be recruited to degrade Tau
protein by a KEAP1-based peptide PROTAC[30]. In addition, two recent studies
discovered KEAP1 E3 ligase ligands that can be used to recruit KEAPL to degrade
BRD4 after linking to the BRD4 inhibitor JQ1[17]. To determine whether KEAP1 is
the E3 ligase recruited by 955 to degrade CDK9, we first used immunoblot to confirm
the results of the TurbolD-bait assay. We found that significantly more KEAP1 can be
pulled down after 955 treatment than without 955 treatment in the presence of biotin.
By contrast, B-actin cannot be pulled down with or without 955 treatment under the
same experimental conditions (Figure 4C). To further validate that KEAP1 is recruited
by 955 to mediate CDK?9 degradation, we treated MOLT4 cells with the known KEAP1
covalent inhibitors CDDO-ME, CDDO-IM, and dimethyl fumarate (DMF)[31], prior
to the addition of 955. Such inhibitor treatment completely blocked 955-induced CDK9
degradation (Figure 4D, E). However, genetically proving that 955 recruits KEAP1 to
degrade CDKO has been difficult because KEAP1, as a sensor protein of oxidative and
electrophilic stress[32], is essential for cell survival[33]. We have not been able to
generate stable complete KEAP1 knockout cells using CRISPR technology.
Furthermore, knockdown KEAP1 with shRNA cannot block CDK9 degradation by 955,
because it has been reported that a low fractional occupancy of E3 ligase is sufficient
to induce target degradation according to the mechanistic mathematical model of

covalent E3 PROTACSs developed by Chaudhry[34]. In addition, a recent study showed
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that even 10% of the normal level of DCAF16 was sufficient to mediate target
degradation after it was recruited to induce protein degradation[16]. Therefore, we next
investigated whether 955 recruits KEAP1 to degrade CDK9 by covalently binding to
KEAP1. We performed a gel-based competitive ABPP assay, in which we competed
serially diluted 955 against binding of a non-selective cysteine-reactive iodoacetamide
(1A)-Alkyne probe to purified KEAP1 protein. The result from this assay confirms that
955 can compete with 1A-Alkyne to covalently bind to KEAP1 in a concentration-
dependent manner (Figure 4F). Forming a POI:PROTAC:E3 ternary complex is a
necessary step for the induction of POI ubiquitination and degradation. Therefore, we
fused CDK9 with HiBit-tag and KEAP1 with Halo-tag to perform nanoBRET assay to
further test if 955 can induce the formation of the CDK9:955:KEAP1 ternary complex
in live cells (Figure 4G). The results from this assay demonstrated that 955 can form a
ternary complex with CDK9 and KEAPL1 in a dose-dependent manner while 336 only
shows very weak ternary complex formation, suggesting that the formation of this
ternary complex is dependent on the covalent binding of 955 to KEAP1 via the PL
Michael acceptor(s) (Figure 4G). In conclusion, 955 can covalently hijack KEAP1 to
mediate CDK?9 degradation.

955 is a more potent anti-cancer agent than SNS-032

To evaluate the anti-cancer efficacy of 955, a series of experiments were conducted to
compare 955 with its warhead SNS-032. We first compared the global proteome
changes induced by 955 and SNS-032 in MOLT4 cells. As expected, cells exhibit a
significant reduction of CDK9 within 1 h after treatment with 0.1 pM 955 while
treatment with 1 puM SNS-032 for 6 h had no effect on CDK9 (Figure 5A and Table
S3). Interestingly, 955, but not SNS-032, can also potently degrade CDK10 (Figure 5A,
B, and Table S3) in a proteasome- and CRL-dependent manner because pre-treatment
with MG132 and MLN4924 can block the degradation (Figure 5C). This is a surprising
finding because SNS-032 has a very low binding affinity to CDK10[24]. However, a

similar phenomenon has been observed in a previously reported study[35], suggesting
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that sometimes a weak inhibitor/binder can be converted into a potent PROTAC
degrader. Short time (1 h) treatment with 955 also reduces the expression of FYTTD1,
which is likely a downstream target of CDK9 because its expression is reduced after
SNS-032 treatment as well (Figure 5A). After a longer treatment (6 h), 0.1 uM 955 can
be similarly effective in reducing the expression of a number of CDK9-regulated
proteins as 1 pM SNS-032, suggesting that 955 is more potent than its warhead SNS-
032 in suppressing the expression of CDK9-regulated proteins (Figure 5A and Figure
S5). CDKO plays a key role in regulating gene transcription by interacting with RNA
polymerase 11[36]. Therefore, we further performed RNA-seq to analyze the
transcriptional changes in the same samples used for the proteome profiling. The results
from this analysis confirmed that 955 is more potent than SNS-032 in down-regulation
of CDK9-dependent transcription in MOLT4 cells after 6 h treatment (Figure 5D, E,
Figure S6, and Table S4). c-Myc and MCI-1 are two well-known downstream targets
of CDK9[36]. Quantitative real-time PCR (qPCR) and immunoblot revealed that 955
is about 10-fold more potent than SNS-032 in downregulation of c-Myc and MCI-1
expression at the levels of both mRNA and protein (Figure 5F, G). We further compared
the anti-proliferative effect of 955 with SNS-032 in prostate cancer cell lines since
previous studies showed that targeting CDK9 is an effective way to inhibit prostate
cancer[36]. Two AR-positive (LNCaP and 22RV1) and two AR-negative (PC3 and
DU145) cell lines were studied. We found that 955 exhibits antitumor activities against
all four cell lines with ECso values in the single digital nM range, while the ECso values
of SNS-032 against these cells lines are over 100 nM (Figure 5H). Furthermore,
immunoblot assays showed that 955 potently degraded CDK9 and downregulated c-
Myc and MCL-1 in LNCaP cells (Figure 51). Collectively, these results indicate that

955 is more potent than SNS-032 against tumor cells.

2.5. A PL-Ceritinib conjugate degrades ALK-fusion oncoprotein

To further evaluate the potential of PL as a novel covalent E3 ligase ligand to generate

PROTAC:s for the degradation of oncoproteins, we synthesized 819 by linking PL to
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Ceritinib for the degradation of EML4-ALK, an oncogenic fusion protein for NSCLC
(Figure 6A) because patients with EML4-ALK-positive metastatic NSCLC frequently
develop resistance to the anaplastic lymphoma kinase (ALK) inhibitor Ceritinib[37]. In
addition, Ceritinib has been used for generating a CRBN-ALK PROTAC[38]. We
found that 819 degrades EML4-ALK in a concentration-dependent manner in NCI-
H2228 NSCLC cells (Figure 6B). The degradation of EML4-ALK can be blocked by
the pre-treatment of the cells with MG132, MLN4924, and DMF (Figure 6C, D),
suggesting that 819 may also recruit KEAP1 to mediate the degradation of EML4-ALK
in NCI-H2228 cells. With further optimization of the linker, we expect that PL-

Ceritinib conjugates can more potently degrade EML4-ALK in NSCLC cells.

3. Conclusion

Despite the human proteome encoding more than 600 E3 ligases[6], only a few E3
ligases have been used for PROTAC design due to the limited availability of E3 ligase
ligands. Therefore, finding new E3 ligase ligands to expand the toolbox of PROTAC
technology is critical for further development of this field. Significant progress has been
made in this regard in the last several years, resulting in the discovery of a number of
new E3 ligase ligands[4], including some covalent ones that can recruit DCAF11[14],
DCAF16[16], KEAP1[17b], RNF114[18], and RNF4[19] E3 ligases for PROTAC
designing and protein degradation. Based on mathematical modeling[34] and previous
studies[16-17, 18a, 39], covalent E3 ligase ligand-based PROTACs may outperform
non-covalent E3 ligase ligand-based PROTACs due to better kinetics of ternary
complex formation, and minimal perturbation of its endogenous substrates with low
fractional occupancy of the recruited E3 ligase. In addition, accumulating evidence
shows that a covalent E3 ligase ligand in a PROTAC provides additional selectivity for
a given POI[16, 18a, 19]. In this study, we design and synthesize a series of PL-SNS-
032 conjugates and find that the lead compound of PL-SNS-032 conjugates, 955,
induces potent proteasomal degradation of CDK9. To find the E3 ligase(s) engaged by

955, we use the TurbolD-bait assay to identify the proteins that transiently interact with
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CDKOQ induced by 955, finding that KEAP1 is the E3 ligase recruited by 955 through
covalent binding of PL. We further demonstrate that EML4-ALK protein can also be
successfully degraded by the PL-Ceritinib conjugate 819, which provides additional
evidence to demonstrate that PL can be used as a new KEAP1 ligand to induce the
degradation of different POls. Compared with the other two commonly used E3 ligases
(VHL and CRBN), KEAPL1 is highly expressed in many tumor cells such as lung,
kidney, breast, prostate, and brain cancer cells[17a]. Therefore, PL-based PROTACS
may achieve better degradation efficacy in those cancer cells. Additionally, with a
relatively smaller molecular size (MW=317.3 Da), PL-based PROTACs might possess
more favorable physicochemical properties for drug development. However, it requires
further investigation to characterize the binding mode of PL with KEAP1, which can
guide optimization of PL as a useful E3 ligase ligand for the design of PROTACs. For
example, we need to find which of the two Michael acceptors in PL plays the major
role to recruit KEAPL. In addition, it will be important to determine whether the
reactivity of the Michael acceptors can be modulated to increase its specificity in
binding KEAP1 while reducing its non-specifical binding to other proteins. In
conclusion, our study along with several recently published reports[18] demonstrates
that natural products are an important source for the discovery of new E3 ligase ligands.
In addition, our studies also show that the TurbolD-bait assay or other biotin-based
proximity labeling assays[28-29] can be a powerful tool to identify E3 ligase(s)

recruited by a new E3 ligase ligand.

4. Experimental methods

Materials and Methods, Synthetic Chemistry of 955, 336, 819, and all other degraders

and intermediates are detailed in the Supporting Information.
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Figure 1. Validation of PL-binding E3 ligases. (A) The structures of PL and PL-
Alkyne probe; (B) The workflow of the competitive ABPP assay; (C) Western blot to
detect biotin-labelled proteins in the streptavidin pull-downed samples; and (D) The
PL-binding proteins identified by mass spectrometry. E3 ligases are highlighted in red
and GSTOL1 is shown in green. MOLT4 is a human T-cell acute lymphoblastic leukemia

(T-ALL) cell line.


https://doi.org/10.1101/2022.01.21.474712

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.21.474712; this version posted January 23, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

A B
955 SNS-032
Compound - —
N O - -
N)_JS{J\N . o o UM6h) 6 8 6 ~ @ & -
%o A N\)LN/\ _o N ,ij CDK9 s - ssmmsmmass 42 kDa
NN FLPARP St e s s i o 116 kDa
955 0 CL PARP - * 89kDa
p-actin NGNS GG 5 kDa
C E
o) © 3 ® K3
955 @ = 8 = Q¥
= £ © © < O 9 o
01TuM) & - & < ® - + - - Compound @9 ‘{o o \_{o
0.1uM,6h) F & & Q¥ S
CDKS w s v - haasad -— 42 kDa
CDKQ % s #s sam = 42 Da
FLPARP S S s S = = &% & 116kDa
CL PARP e ®m . oww 89kDa FLPARP s s 48 800 S8 116 kDa
CLPARP g i e o w  89kDa
B-actin R ERERERES SR SSESase e 45kDa B-actin M————— 45 kDa
D F
o Washout 955(0.1uM,Bh) - + - + - &
955 0 ¢ c £ <
(0.1 uM) g © : i ; ® 3 ® SNS-032(5uM,2h) - - + + - -

CDKo Wil e 42kDa PL(10uM,2h) - - - - + +
FLPARP e s s 4 458 s w a0 116kDa CDKO S8 s e o s 42 kDa
CL PARP SN S s S8 s e 80 kDa

B-2CHn s ——— - - 45 kDa P-actin M- —— - 45 kDa

Figure 2. The lead PL-SNS-032 conjugate 955 potently induces CDK9 degradation
and apoptosis. (A) The structure of 955; (B) 955 but not SNS-032 induces the
degradation of CDK9 and is more potent than SNS-032 in induction of apoptosis; (C)
Time course of 955-induced CDK9 degradation; (D) CDK9 degradation lasts up to 18
h after washout of 955; (E) The combination of SNS-032 and PL cannot induce CDK9
degradation; and (F) Pre-treatment with SNS-032 or PL blocks the CDK9 degradation
induced by 955. Representative immunoblots are shown and B-actin was used as a
loading control in all immunoblot analyses. FL PARP (full-length PARP) and CL PARP
(cleaved PARP) are used as the indicators of apoptosis. All the experiments were done

in MOLT4 cells.
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Figure 3. Mechanism of action of 955 in degrading CDK®9. (A) Pre-treatment with
the proteasome inhibitor MG132 or Bortezomib blocks CDK9 degradation by 955; (B)
Pre-treatment with the lysosome inhibitor Baf-Al or Chloroquine cannot block CDK9
degradation by 955; (C) Pre-treatment with pan-caspase inhibitor QVD cannot block
CDKO degradation by 955; (D) Pre-treatment with E1 inhibitor PYR-41 or TAK-243
blocks CDK9 degradation by 955; (E) Pre-treatment with neddylation inhibitor
MLN4924 blocks CDK9 degradation by 955. (F) The structure of 336 to illustrate the
reduction of the C2-3 and C7-8 double bonds of PL in comparison with 955; (G) 955,
but not 336, can degrade CDK9. Representative immunoblots are shown and p-actin
was used as a loading control in all immunoblot analyses. All the experiments were

done in MOLT4 cells.
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Figure 4. Identification of CDK9 degrading E3 ligase(s) recruited by 955. (A)
Schematic illustration of the TurbolD-bait assay to identify CDK9 degrading E3
ligase(s) recruited by 955; (B) The biotinylated proteins identified by MS in 293T cells.
E3 ligases are labelled with KEAP1 highlighted in red; (C) Western blot analysis to
validate KEAP1 recruitment by 955; (D) KEAP1 inhibition with CDDO-ME and
CDDO-IM blocks 955-induced CDK9 degradation in MOLT4 cells; (E) Inhibition of
KEAP1 with DMF blocks 955-induced CDK9 degradation in MOLT4 cells.
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Representative immunoblots are shown and -actin was used as a loading control in all
immunoblot analyses; (F) Gel-based ABPP assay demonstrates that 955 competes |A-
Alkyne binding to KEAPL1 in a dose-dependent manner. (G) nanoBRET assay
demonstrates that 955, but not 336, can induce the formation of the intracellular ternary
complexes in live 293T cells. Data are expressed as mean + s.e.m. of three biological

replicates.
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Figure 5. 955 is a more potent antitumor agent than SNS-032. (A) Proteome changes
induced by 955 or SNS-032 in MOLT4 cells; (B) 955, but not SNS-032, degrades
CDK10 in MOLT4 cells. (C) Pre-treatment with MG132 and MLN4924 blocks CDK10
degradation induced by 955; (D) Heatmap and (E) Venn diagram to show the
differentially expressed genes in MOLT4 cells after 955 and SNS-032 treatments; (F)
and (G) to demonstrate that the effects of 955 and SNS-032 on the expression of the
two CDK9 downstream targets MYC and MCL1 in MOLT4 cells at the levels of
transcription and translation determined by qPCR and immunoblot, respectively. The
gPCR data are expressed as mean+s.e.m. of three biological replicates. (H) 955
exhibits higher potencies against multiple prostate cancer cells compared with PL,
SNS-032, SNS-032 plus PL, and 336. The data are presented as mean from three
independent experiments; (1) 955 induces CDK9 degradation and downregulates the
expression of c-Myc and MCL-1 in LNCaP prostate cancer cells. Representative
immunoblots are shown and B-actin was used as a loading control in all immunoblot

analyses.
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Figure 6. PL-Ceritinib conjugate degrades the EML4-ALK-fusion protein. (A)
The structure of PL-Ceritinib conjugate 819; (B) 819 but not Ceritinib degrades EML4-
ALK in NCI-H2228 cells; (C) Pre-treatment with the neddylation inhibitor MLN4924
or proteasome inhibitor MG132 blocks EML4-ALK degradation induced by 819; and
(D) Pre-treatment with the KEAP1 inhibitor DMF blocks the 819-induced EML4-ALK
degradation. Representative immunoblots are shown and B-actin was used as a loading

control in all immunoblot analyses.
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