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ABSTRACT

Biological Evaluation and Mechanism studies of
Novel MK2-RIPK1 Dual Degraders

Jiwon Lee

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Taebo Sim)

Kinase is an important enzyme that plays a key role in multiple cell
signaling pathways and regulates various cellular functions, such as the cell cycle,
proliferation, growth, differentiation, metabolism, and inflammation. Kinase
dysfunction is implicated in several human diseases, including oncological,
immune, and neurological conditions. Because of these reasons, many drugs that
inhibit kinases have been developed. But these kinds of drugs still have several
issues for development, including drug resistance, low selectivity, and
undruggable targets.

Recently, a new approach called Proteolysis-Targeting Chimera
(PROTAC) has emerged. This technology can address the limitations of current
inhibitors. It consists of three components: a protein of interest, a recognizing E3
ligase, and a linker. With these structural features, PROTAC utilizes a targeted
protein degradation (TPD) technology that leverages the intracellular ubiquitin
proteasome system (UPS). With this approach, our previous research thoroughly
analyzed the chemo-proteomics profiling of degraders based on GNF-7. Through
previous research, we have found that VHL-PROTAC, with GNF-7 as a warhead,
has the ability to selectively degrade MK2 and RIPK1.



In this study, we designed and synthesized 16 derivatives having GNF-
7 moiety as warhead. A structure activity relationship (SAR) study led to the
discovery of MK2 selective degrader (30b) as chemical tool compound. 30b
possessing trifluoroexthoxy pyridine warhead has excellent degradation
selectivity toward MK2 (DCso for MK2 = 0.005 + 0.001 uM and RIPK1 =>2.5
uM). Furthermore, we revealed that 30b depleted the target kinase protein in a
dose-, time-, VHL- and UPS- dependent manner by performing various biological
evaluations. We also showed that 30b directly binds to p38alpha and indirectly
degrades MK2. We presented a study using molecular modeling on the ternary
complex model of 30b, involving the p38alpha-MK2 heterodimer and the von
Hippel-Lindau (VHL) Cullin RING E3 ligase. Moreover, 30b has moderate in
vivo efficacy and degrades MK2 excellently in MOLT-4 mouse xenograft model.

MK2 is a crucial kinase in the inflammatory signaling pathway and
tumor progression by regulating RBPs (RNA binding proteins). To date, several
inhibitors targeting MK2 have been developed. Most MK2 inhibitors, except
ATI450, still present hurdles in clinical development. Recently, the MK2
degradation approach has emerged as an effective strategy for inhibiting MK2,
but the degrader has been poorly studied. By considering the results of this study
as a whole, we gain insight into the development of a novel MK2 selective
degrader, along with MK2-RIPK1 dual degraders. And this study supports further
investigation of 30b as an effective treatment for inflammatory diseases and for
cancer therapy.

Key words : kinase, targeted protein degradation, proteolysis-targeting chimera, design,
synthesis, degradation mechanism, MK2-RIPK1 dual degrader, MK2 selective degrader

Vi



Biological Evaluation and Mechanism studies of
Novel MK2-RIPK1 Dual Degraders

Jiwon Lee

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Taebo Sim)

I. INTRODUCTION

The human genome encodes more than 500 protein kinases, including
tyrosine kinases and lipid kinases ¥ 2. These protein kinases catalyze the transfer
of a y-phosphate group from ATP to a substrate protein and initiate signal
transduction through the phosphate . Protein phosphorylation by kinases
triggers cell signaling pathways and regulates cellular functions such as the cell
cycle, proliferation, apoptosis, differentiation, metabolism, and inflammation 4.
Since these molecules play a major role in several intracellular functions, kinase
dysfunction is related to human disorders including oncogenesis, immune, and
neurological diseases. Most protein kinases have the potential to be therapeutic
enzymes and serve as drug targets 5. Over the past few years, there has been
development and exploration of small kinase inhibitors directly targeting
protein kinases, which has resulted in FDA-approved kinase inhibitors ©.
However, molecularly targeted therapies like kinase inhibitors still remain a
number of issues for development ’. Many kinase inhibitors rely on the
occupancy-driven mechanism to achieve high target occupancy and drug
efficacy, often requiring high drug concentrations. This strategy induces
binding to off-targets and results in side effects & °. And there is also low
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selectivity and drug resistance °. Recently, a technology called proteolysis-
targeting chimera (PROTAC) has emerged as one of the targeted protein
degradation (TPD) method. This technology shows promise as a new approach
to therapy from an innovative perspective in drug discovery . Structurally, it
is a hetero-bifunctional molecule that conjugate target protein binding moiety
(warhead) to an E3 ligase ligand by intervening chemical linker. This design
leads to the formation of a ternary complex with the target protein and E3
ligases like VHL and CRBN, activating the intracellular ubiquitin-proteasome
system (UPS). Subsequently, PROTAC causes the target protein to undergo
poly-ubiquitination and degradation completely *? (Figure 1). Consequently,
this event-driven strategy has the advantage of overcoming the limitations of
the mentioned kinase inhibitors by degrading the target kinases.

In this study, we discovered novel MK2 degrader (30b) incorporating
PROTAC technology derived from MK2-RIPK1 dual degraders Before starting
this study, in our previous research 3, we conducted chemo-proteomics on
several degrades with GNF-7, a multi-targeted inhibitor as warhead. Through this
global proteomics profiling, it showed that VHL-PROTAC with GNF-7 is more
capable of significantly degrading MAPKAPK2 (MK2) and Receptor-interacting
serine / threonine-protein kinase 1 (RIPK1) protein kinases than CRBN-
PROTAC (Figure 2). These previously founding data provided clues for
developing degraders for MK2 and RIPK1. Sixteen different derivatives were
synthesized and designed. Afterwards, a structure activity relationship (SAR)
study was performed by measuring western blot-based degradation activity to
derive the lead compound. In SAR study, first we demonstrated 18e, MK2-RIPK1
dual degrader possessing higher degradation potency against both MK2 and
RIPK1. (DCso for MK2 = 0.003 + 0.001, RIPK1 =0.017 £ 0.001 uM). And then
by modifying the warhead with bulky group, trifluoreoethoxy pyridine, we
displayed 30b, MK2 selective degraders, which has higher degradation
selectivity for MK2 (DCs for MK2 = 0.005 + 0.001 uM and RIPK1 => 2.5 uM).



First, we conducted several assays including rescue experiments, the
CRISPR Cas9 VHL knockout system, CETSA, and the VHL target engagement
assay to uncover the degradation mechanism of 30b. As a result, we found that
30b significantly reduces MK2 in the ubiquitin-proteasome system by anchoring
VHL. Furthermore, while there was excellent enzymatic activity against
p38alpha with an ICs of 2.48 nM, but no obvious enzymatic activity against MK2.
Hence, we showed that 30b is an MK2 indirect degrader. According to previous
research # 15 16 MK2 is a direct downstream substrate of p38alpha. p38alpha
forms a heterodimer complex with MK2. Through molecular docking study, we
revealed that 30b could interact the p38alpha-MK2 heterodimer and form a
ternary complex model with VHL. Following the theoretical background and
docking study, we believed that the degradation of MK2 is related to p38alpha.
We observed that 30b causes the formation of a ternary complex (VHL.: degrader:
p38alpha). Subsequently, p38alpha was degraded by 30b in a dose- and time-
dependent manner. From these results, we discovered that the degradation of
MK2 is associated with p38alpha. Lastly, we conducted in vivo degradation
investigation of 30b on MOLT-4 mouse xenograft model. And we found that 30b
induce degradation for MK2 (% of degradation = 89%) completely.

MK2 plays essential role in inflammatory response. Activated MK2,
released form the MK2-p38alpha heterodimer complex, regulates the mRNA
stability and expression of pro-inflammatory cytokines and proto-oncogenes
18,19, 20 Therefore, many MK2 inhibitors have been developed as a promising
therapeutic agent for inflammatory diseases and cancer 2+ 2 2, Despite efforts
to inhibit MK2 activity, there are still limitations to contend with, including
poor solubility, low cell permeability, and insufficient selectivity and low
biochemical efficiency (BE) value . To date, ATI450 is the only compound
that has entered phase 2 clinical trials %. Therefore, there is need to study more
effectively inhibition MK2. Degradation of MK2 strategy is emerging as
another MK2 inhibition approach as a new modality %°. And so far, no MK2
selective degrader by harnessing PROTAC technology have been reported. Our

3



representative compound, 30b, is an MK2 indirect degrader that harnesses
PROTAC technology. It is expected to overcome the limitations of current MK2
inhibitors and also have effective anti-inflammatory effects. In this thesis, we
identified a selective and potent MK2 degrader, 30b, which exhibits excellent
degradation activity against MK2. The mechanism for 30b was demonstrated
through in vitro and in vivo studies. Overall, our results offer new insights into
the design of MK2 degrader and provide valuable resources for further research
and development of treatments for inflammatory diseases such as rheumatoid
arthritis (RA), psoriasis, and inflammatory bowel disease (IBD), as well as
oncological diseases.
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Figure 1. Scheme of proteolysis-targeting chimera (PROTAC) degradation
mechanism.
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Il. MATERIALS AND METHODS

1. Chemical synthesis
All the derivatives were provided by our lab and made up as a 10 mM
stock solution in DMSO by Minjoo Ko.

2. Cell culture

MOLT-4 and 293T cell lines were obtained from the American Type
Culture Collection (ATCC, USA). BRD-GFPQmCherry HELA cells have been
established in our laboratory. MOLT-4 cells were cultured in RPMI1640
(Welgene, Seoul, Korea), while 293T and BRD-GFPQmCherry HELA cells
were incubated in DMEM (Welgene, Seoul, Korea). All of these culture media
contained 20% FBS (Welgene, Seoul, Korea) and 1% penicillin/streptomycin
(Welgene, Seoul, Korea). The cells were placed in a humid environment with
5% CO; at 37 °C. The cultured cells were verified to be negative for
mycoplasma using the BioMycoX® Mycoplasma PCR Detection Kit (Cell Safe
D-100, Korea).

3. Anti-proliferation assay (Celltiter glo)

A total of 3x103 cells were placed into every well of a 96-well plate.
After seeding, 3-fold serially diluted compounds in DMSO were treated to the
cells. After 72 h incubation at 37 °C, Celltiter-glo (G7572, Promega, USA) 30
uL (working solution) was added to each well. The 96 well plate reader,
(Envision) was utilized to detect the luminescence signal produced by the viable
cells. Fitted does-dependent curves and Glso values were obtained by Graphpad
Prism 8.0.2 software. All experiments were conducted in duplicate with three

independent assays.



4. Western blot

The Cells were plated at the density of 1x10° cells/well in a 60 mm dish.
Following seeding, the cells were exposed to the compounds for the designated
duration at a temperature of 37 C in a 5% CO, environment. Cells were
washed twice with cold PBS. Thereafter, cells were subjected to lysisina Triton
X-100 buffer (50 mM Tris-HCI pH7.5, 1% Triton X-100, 1 mM EDTA, 150
mM NaCl) containing 1x protease inhibitor cocktail (Roche) and 1x
phosphatase inhibitor (Roche). Lysate was then cleared at 13000 rpm for 20
min at 4 °C. Protein concentrations of the supernatants were then quantified
using a Pierce BCA Protein Assay. The equal amount of lysate was separated
by SDS-PAGE gel and transferred to NC membrane (Millipore, #IPVH00010).
The membranes were then blocked in 5% skim milk in TBS-T. The membrane
was probed with uniformly diluted primary antibody at 1:1000 (v/v) in TBS-T.
After incubating with secondary antibodies at 1:10000 (v/v) for 1 h at room
temperature, ECL solution was treated and the immune reactive proteins were
imaged by ImageQuantTMLAS4000 (GE Healthcare, USA). Membranes. All
primary antibody used for GAPDH (#5174), MAPKAPK-2 (#3042), RIPK1
(#3493), p38alpha (#8690) were purchased from Cell Signaling Technologies
(Massachusetts, USA). beta - Actin (sc-47778) was obtained from Santa Cruz.
And HRP-conjugated goat anti-rabbit secondary antibody (SA002-500) were
purchased from Gendepot (Katy, TX, USA).



5. RNA isolation and Reverse Transcription PCR (RT-PCR)

MOLT-4 cells were seeded at 1 x 10° cells/ml, and then were treated
with either DMSO or compound 30b. TRIzol reagent (Invitrogen, 15596-026)
was added to each sample in a volume of 1 mL to lyse the cells. 200 pL of
Chloroform was added to each sample, and then the samples were thoroughly
mixed by vortexing. After that, they were centrifuged at 13000 rpm for 15 min
at 4 °C. Total RNA was precipitated from the aqueous phase by adding 500 pL
of isopropanol then centrifuging at 13000 rpm for 10 min at 4 °C. The RNA
pellet was rinsed twice with 75% ethanol and then allowed to dry in the open
air for 15 min. After that, the RNA was dissolved in 20 pL of DEPC-treated
water and subjected to Nanodrop analysis to determine its concentration and
purity. Complementary DNA (cDNA) was synthesized using 2 pg of total RNA
per condition, following the protocol provided by manufacturer (Applied
PROMEGA, M1701). RT-PCR was then performed using SafeDryTaq premix
(LTP-480) and analyzed using a thermocycler. Two independent trials were
carried out to analyze the RT-PCR samples. Normalization was performed
using GAPDH. The primers used in this study are listed in Table 1, and PCR

conditions are described as follows in Table 2.

6. CHX chase assay

MOLT-4 cells were plated at a density of 1x10° cells per well in a 60
mm dish. CHX was initially administered to cells at a concentration of 100
pg/ml for 60 min before the subsequent addition of either DMSO or degrader
(30b). At the specified time intervals, the cells were promptly placed on ice,
washed with 1xPBS, lysed, and then boiled.



7. Cellular Thermal Shift assay (CETSA)

10x106 cells/ml of MOLT-4 cells were seeded in an E-tube. Cells were
pre-treated with MG132 at a concentration of 1 pM for a duration of 1 h.
Following this, they were treated with DMSO and degraders at a concentration
of 1 uM for 10 min at a temperature of 37 °C in an atmosphere containing 5%
CO2. In total, 2x10” MOLT-4 cells (1x10° cells per condition) were harvested
and suspended in ice-cold 1x PBS. Then, they were lysed by three cycles of
liquid nitrogen snap freeze. The sample was subjected to a 50% thaw in a water
bath at room temperature, followed by an additional 50% thaw at 4 °C. The
lysate was vortexed briefly after every freeze-thaw cycle to ensure even thawing.
The lysate was cleared for 20 min by centrifugation (13000 rpm at 4 °C). The
soluble fraction was then divided into 8 PCR tubes, with each tube containing
100 pL. Each tube was heated at the indicated temperature for 10 min. The
samples were centrifuged at 13000 rpm for 20 min at 4 °C. The resulting
supernatant, which represents the soluble fraction, was then analyzed using
SDS-PAGE and immunoblotting to detect VHL and beta-actin (used as a

negative control).
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8. Target engagement assay
A. Flow cytometry (FACS)

BRD-GFPQmCherry HELA cells were plated in a 12 well
plate at 1x10° cells/ml and incubated overnight. After incubating the cells, MZ1
and PROTACs were applied to them for 4 h at 37 °C in a 5% CO; atmosphere.
Total cells were harvested using a trypsin-EDTA solution, collected by
centrifugation, washed with PBS, and resuspended in PBS. Fluorescence
intensity was analyzed by using a flow cytometer (BD Canto II, BD biosciences,
USA).

B. HCS imaging

BRD-GFPQmCherry HELA cells were seeded at a density of
4x10* cells/ml on a 96 well black plate. After cell adhesion, MZ1 and
PROTACSs were treated for 4 h at 37 °C in a 5% CO; atmosphere. The plates
were imaged automatically using Operetta (PerkinElmer). All experiments were

performed in duplicate.

9. CRISPR-Cas9 system mediated VHL knockout 293T cell line

The sgRNA oligos, with their sequence information listed in Table 3,
were designed using the CRISPR sgRNA Database on the Sanjana lab website.
These oligos were cloned into a pAWP28 vector (#73850) and then subcloned
into a PTK799 vector. The lentiviral expression vector containing Cas9, known
as LentiCas9-Blast construct, was obtained from Addgene (#52962). Initially,
a Cas9 293T cell line construct was generated by infecting the cells with a virus.
And then, to create VHL knockout Cas9 293T stable cells, we conducted viral
infection and subsequently selected cells using blasticidin at a concentration of

15 pg/ml for 3 days.
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10. DNA cloning

PNLF1-N [CMV/Hygro] Vector (N135A, Promega), pHTC HaloTag®
CMV-neo Vector (G7711, Promega) HaloTag® -VHL Fusion Vector (N273A,
Promega) and pCDNAS3 Flag p38 alpha (20351, Addgene) were purchased.
Nluc-VHL (C-terminal) and p38alpha-Halo (C-terminal) were generated using
the constructs described above. Inserts containing restriction sites for VHL and
p38alpha were obtained through PCR. And then DNA fragments were cut by
restriction enzyme sites. The ligation mix kit (6023.Takara) was used to ligate
the Inserts and Vectors together. DH5alpha transformation and colony selection
were performed. And both VHL tagged Nluc (N-terminal) and p38alpha tagged
Halo (C-terminal) have been obtained and completely validated by sequencing

(Macrogen, Seoul, Korea).

11. NanoBRET ternary complex assay

p38alpha, tagged with Halo at the C-terminal, and VHL, tagged with
Nluc at the N-terminal, are co-transfected into 293T cell lines. After 24 h, the
293T cells that were co-transfected were transferred to a 96-well white plate
(30196, SPL Life Sciences) at a density of 4.4x10* cells per well using Opti-
MEM™ | Reduced Serum Medium, without phenol red (31985070, Gibco™) +
4% FBS adding HaloTag® NanoBRET™ 618 Ligand (G9801, Promega). After
an overnight incubation, MG132 and Degraders were treated and added with a
1X solution of NanoBRET™ Nano-Glo® Substrate (N1571, Promega) 25 pL to
cells. After that, luminescence emission (460 nm) and fluorescence emission (618
nm) were measured by Envision (Perkin Elmer). mBU was calculated using the
following formula. 618nmen / 460nMen = BU x 1,000 = mBU

12



12. MOLT-4 mouse xenograft model

All animal experiments conducted in facilities accredited by the
AAALAC and authorized by the Yonsei ABMRC Animal Facilities and Use
Committee. The MOLT-4 cells were rinsed twice with RPMI11640 (without FBS
and penicillin/streptomycin) to effectively remove FBS and antibiotics. The
right flank of 5 week-old female Balb/c nude mice (Orient Bio, Inc., Seoul,
Korea) was injected subcutaneously with a mixture of MOLT-4 cells (5x10°
cells/100 pL) and Matrigel (#354234, Corning) in a 1:1 ratio. When the average
of tumor volume was approximately 100 mm?, the mice tumors were randomly
arranged into 2 cohorts (n =5 per cohort): vehicle, 10 mg/kg 30b. The compound
was formulated in vehicle. The vehicle substances are as follows: 5% NMP and
95% 20% RH40. Mice were given a vehicle and a dose of 10 mg/kg 30b via
intravenous injection twice a week. Tumor volume and body weight were
monitored once every 2 days. The formula for tumor volume calculation in this

thesis is 1/2 [longest length x (shortest length)]> mm?.

13. in vivo western blot analysis

The tumor tissues were dissected from the mice, sliced, and weighed.
One bead was added per Sample Tube RB (round bottom shape sample tube)
(990381, QIAGEN, Germany) And sliced tumor tissues were transferred to a
round tube containing beads. After that T-PER™ Tissue Protein Extraction
Reagent was added according to the weight of tumor tissue (e.g. 10 mg/100 pL).
The tumor tissues were homogenized by using the TissueLyser 1l (QIAGEN,
Germany) for 3 min at 30 HZ. The next steps for obtaining the lysate and
producing the sample are identical to the western blot procedure described

above.

13



14. Molecular docking study
Docking study was performed by Minjoo Ko.

15. Statistical analysis

The results were visualized and analyzed using Prism software 8.0.2
(GraphPad Software, USA). Numerical data is typically presented as mean +
standard deviation (SD). An examination of the “Student’s” t-test was
conducted to evaluate the statistical significance. p values below 0.05 were

deemed statistically significant and were noted in the figure legends.
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Table 1. RT-PCR primers

Gene Name 52>3 Product size
MK2-F TCATGAAGCATCGGTGAG A
165 bp
MK2-R TCAAAGAGTTGTGGCTGGTG
GAPDH-F GGATTTGGTCGTATTGGG 1
205 bp
GAPDH-R GGAAGATGGTGATGGGATT
Table 2. RT-PCR conditions
Step Temperature Time Cycle
Initial o .
denaturation 9%°C 5 min 1 cycle
Denaturation 95 °C 30 sec
Annealing 60 °C 30 sec 40 cycles
Extension 72 °C 30 sec
Final elongation 72°C 5 min 1 cycle
Cooling 4°C Unlimited time 1 cycle

Table 3. Oligo sequences of sgVHL

Target gene Oligo duplex / sg VHL (5°> 3°)

CACCGCATACGGGCAGCACGACGCG
AAACCGCGTCGTGCTGCCCGTATGC

VHL

15



I1l. RESULTS

1. SAR study leads 30b as a selective and potent MK2 degrader

As mentioned in the introduction, global proteomics profiling has
revealed that DB0662 (a CRBN-PROTAC with GNF-7) and DB1113 (a VHL-
PROTAC with GNF-7) exhibit distinct selectivity in degrading MK2 and RIPK1
proteins. In Figure 2, it is evident that the VHL binder DB1113 effectively
degrades MK2 and RIPK1, compared to the CRBN binder DB0662, in MOLT-4
cells. Based on data from previous studies, we designed and synthesized sixteen
degraders based on GNF-7. We modified the E3 ligase binder, linker length and
composition, as well as the warhead to optimize the degraders for MK2 and
RIPK1.

To evaluate the degradation activity of each compound, we calculated
the half-maximal degradation concentration (DCso) values on MOLT-4 cells and
conducted a comparative analysis. The DCso represents the protein concentration
at which 50% degradation occurs, corresponding to half-maximal degradation.
Using western blot analysis, we determined the DCs values of MOLT-4 cells by
performing a series of 1/3 dilutions for each compound. The results shown are
the mean of two independent experiments performed for 4 h.

The first series of derivatives (15a-15b) was designed by connecting
CRBN to methyl linkers of various lengths. As shown in Table 4 and Figure 3A-
3K, both 15a and 15b did not show any degradation effect, even when the length
of the linker was modified. The second series of derivatives (18a-18g) was
prepared by attaching VHL to various linker lengths and compositions.
Conversely, some of the compounds (18a-18b, 18e-18g) showed excellent
degradation activity against MK2 and RIPK1. 18a and 18b presented comparable
DCso values to DB1113, but compounds with relatively long linkers, 18c and 18d,
showed lower or no degradation activity compared to compounds with shorter
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linkers (18a-18Db). These results indicate that a longer linker is not favorable for
degradation on MOLT-4. Moreover, derivatives introducing oxygen atom (18e-
18g) showed that a similar pattern were observed in the difference in degradation
as the linker length increases. Among these compounds, compound 18e
demonstrated significantly enhanced degradation for MK2 and RIPK1,
approximately 2 to 3-fold higher compared to compound 18b, which has the same
linker length. Collectively, we found that 18e is the optimal compound for dual
degradation of MK2 and RIPK1. 18e was observed to reduce the degradation
activity of MK2 and RIPK1 to DCsp values of 0.003 + 0.001, 0.017 + 0.001 uM,
respectively.

Additionally, we synthesized a third series of derivatives to optimize the
warhead. These derivatives include bulky functional groups such as methoxy,
trifluoroethoxy pyridine, and dichloro benzene (Table 5). Table 5 and Figure
4A-4G showed that the modified compounds in the warhead resulted in an
improved selectivity for MK2 degradation. 27a (DCso of MK2 = 0.014 + 0.000
uM, RIPK 1= 0.588 + 0.137 uM) showed 42-fold selectivity for MK2 compared
to 27b (DCso of MK2 = 0.024 + 0.001 pM, RIPK1 = 1.029 + 0.168 pM).
Additionally, 27b, which has trifluoroethoxy pyridine as a warhead, exhibited 80-
fold greater selectivity for MK2 degradation over RIPK1. Derivatives with
modified linker composition to alkyl chain (30b, 37b), while maintaining the
same warhead, binder, and number of atoms, exhibited 10 to 20-fold higher
selectivity compared to 27b and 37a. Compound 42 demonstrates comparable
selectivity to other compounds in degrading MK2 when combined with
dichlorobenzene. According to the results, we have shown that the addition of a
bulky group with an alkyl linker enhances the selectivity for MK2 degradation.
Herein, we selected 30b as a novel MK2 selective degrader. This is because it not
only has a warhead with bulky group compared to other derivatives, but also has
excellent potency of selectivity for MK2 compared to RIPK1.
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Taken together, in this SAR study, we synthesized several MK2-RIPK1
dual degraders (18a-18b, 18e-18g). And through warhead modification, we
finally found the MK2 selective degraders. Among these derivatives, we selected
30b as a representative compound which has selectively reduced MK2 without
affecting RIPK1.
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Table 4. Degradation activity against MK2 and RIPK1 of the first and second

series derivatives

Me
N

A
N N CF3
)‘\/ H

N N [e]

Me

18a-g

DCsoin MOLT-4 (uM)2

Compound R

MK?2 RIPK1

DB0662 - >25 >25
DB1113 - 0.002+ 0.000  0.044 £ 0.010

15a CsHio >25 >25

15b CuH2» >25 >25
18a CaoHq 0.039+0.003  0.022+ 0.005
18b CeH12 0.008 + 0.002  0.027 + 0.001
18c CsHis >25 0.052 + 0.006

18d CioH20 >25 >25
18e C.H4OCH; 0.003+0.001 0.017 + 0.001
18f C2H40C2H4 0.010+ 0.002  0.027 + 0.008
18g C2H40C2H,0C2H, 0.074+0.004 0.107 £ 0.015

1The term "DCso" refers to the concentration at which a compound causes 50%

protein degradation.
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Figure 3. Degradation effects on MK2 and RIPK1 of DB0662, DB1113, and
18a-18g. (A-K) Western blot analysis of MK2 and RIPK1 in MOLT-4 after
treatment with different concentration (1/3 serial dilution, Max 2.5 uM) for 4 h.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was selected as a loading

control.
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Table 5. Degradation activity against MK2 and RIPK1 of the third series

derivatives
HN)\mA k@ HNxmx k@ HNxmA k@
r© 9 ]
= = 2 2
27a-c, 30b)\©\(L )\Q\(k
_ DCsoin MOLT-4 (uM)2
compound R Linker MK RIPK1
27a CH, C,H,OCH, 0.014+0.000  0.588 + 0.137
27b CH,CF,  C,H,CH, 0.024+0.001  1.029 + 0.168
27¢ CH,CH,), C,H,0CH, 0.057 + 0.022 >2.5
30b CH,CF, C,H, 0.005 + 0.001 >25
37a CH, C,H,0CH, 0.015+0.005  0.135% 0.046
37b CH, C,H, 0.009 + 0.002 >2.5
42 - C,H,OCH, 0.015+0.004  1.342 + 0.059

1The term "DCso" refers to the concentration at which a compound causes 50%

protein degradation.
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Figure 4. Degradation effects on MK2 and RIPK1 of 27a-27c, 30b, 37a-37b,
42. (A-G) Western blot analysis of MK2 and RIPK1 in MOLT-4 after treatment
with different concentration (1/3 serial dilution, Max 2.5 uM) for 4 h.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was selected as a loading
control.
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2. 30b reduces the level of MK2 protein in a UPS-dependent manner

First, MOLT-4 cells were pretreated with cycloheximide (CHX) 100
ug/ml (known as a protein synthesis blocker) for 1 h to block the protein synthesis
system. And were treated with 30b at a concentration of 1 pM for 0 to 24 h,
sampling at different time points to monitor the effects of 30b on MK2's stability
in the presence of CHX. As shown in the Figure 5A, the group treated with CHX
and 30b demonstrated a significant degradation of MK2 over time compared to
the group treated with CHX only. These results indicate that the decrease in MK2
protein level is caused by 30b, rather than by inhibition of protein synthesis.
Additionally, we collected MOLT-4 cells treated with 30b and conducted RT-
PCR. Figure 5B showed that 30b could not downregulate MK2 at the
transcriptional level when MK2 was degraded. The above results show that the
reduction in target kinases by 30b occurred at the intracellular protein level,
rather than being regulated by mRNA expression.

In eukaryotic cells, there are two main degradation pathways:
proteasomes and lysosomes 2’. Therefore, we conducted a rescue experiment to
gain insight into the degradation mechanism of MK2 of 30b. MOLT-4 cells were
first treated with 3 pM MG132 (a proteasome inhibitor), 3 uM Epoxomicin
(another proteasome inhibitor), 3 pM MLN4924 (an inhibitor of NEDDS-
activating enzyme) for 1 h, and 30b (1 uM) for 4 h. These western blot analysis
results indicate that MK2 was completely rescued (Figure 5C). We additionally
combined treated cells with 30b and 200 nM bafilomycin Al (BaFAL,
autophagolysosome inhibitor) to prove that the cells were not degraded by
lysosomes (Figure 5D). As a result, we found that MK2 was degraded even
though it blocked the lysosomal degradation system. These data provided that
30b is indeed responsible for the degradation of MK2 through the ubiquitin-
proteasome system (UPS).
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In addition, we conducted a competition experiment to demonstrate that
the degradation of MK2 is mediated by a KMJ059101 warhead. We
discovered that the MK2 fully recovered with the co-treatment of 30b and the
warhead. This data indicates that the degradation of MK2 only happens when
the warhead of the 30b degrader is present (Figure 5E).

To verify that the degradation of MK2 is linked to VHL, Minjoo Ko
synthesized a negative degrader (KMJ063749) that does not have the ability to
bind VHL. After treating MOLT-4 cells with various concentrations of 30b and
negative degrader, the degradation of MK2 was compared. Figure 5F revealed
that the negative degrader prevented degradation effects on MK2. Next, we
established VHL knockout 293T cell lines using CRISPR-Cas9 system. As a
result, the degradation effect of MK2 is blocked in VHL knockout 293T cell
lines (Figure 5G). All these data indicate that MK2 is induced into the
intracellular proteasome system by the PROTAC-based degrader 30b.
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Figure 5. 30b degrades MK2 in UPS system by mediating VHL. (A)
Cycloheximide (CHX) chase assay. MOLT-4 cells were pre-treated with 100
pg/ml CHX for 1 h prior to treating for the indicated times with either DMSO or
30b. The right panel is a graphical representation of image quantification
performed using image J. (B) RT-PCR was performed after 4 h treatment with
either DMSO or 30b in MOLT-4 cells. Statistical significance was calculated
with “Student’s” t-test analysis (NS: not significance) (C) Western blot analysis
in MOLT-4 cells. The proteasome inhibitor MG132 (3 uM), Epoxomicin (3 uM)
and the neddylation inhibitor MLN4924 (3 uM) were pre-treated for 1 h and
subsequently treated with either DMSO or 30b for 4 h. (D) Western blot analysis
in MOLT-4 cells. The autophagolysosome inhibitor BafAl (200 nM) was
pretreated for 1 h and treated with DMSO and 30b for 4 h. (E) Western blot
analysis in MOLT-4 cells. Each warhead of 30b were pre-treated for 1 h and then
DMSO and 30b for 4 h. (F) Western blot analysis in 293T cells. 30b and
KMJ063149 (negative control) were treated for 4 h. (G) Western blot analysis in
293T, 293T-Cas9-sgNC, and 293T-Cas9-sgVHL (VHL knockout cell), 30b were
treated for 4 h. All data shown in Figure 5 were performed in duplicates and
normalized to GAPDH. Western blot intensities were quantified using image J
software and shown in the graph (right panel, average + SD).
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3. 30b interacts directly with VHL to induce a UPS system

To investigate the interaction between VHL and 30b, we performed a
target engagement assay using FACS, Operretta for imaging analysis and
cellular thermal shift assay (CETSA).

We incubated BRD4 degrader MZ1 (1 pM) and 30b degraders together
for 4 h on BRD4-GFPS2mCherry HELA cells which expressed BRD4-GFP and
mCherry (as a control) respectively. In the group treated with MZ1 alone, the
GFP signal decreased by about 80% compared to DMSO group. In contrast, the
experimental group that was treated with a combination of MZ1 showed an
increase in the GFP signal in a concentration-dependent manner (10, 30, 50 uM)
(Figure 6A-6B). Using the FACS, we demonstrated that 30b occupies the
binding site of VHL when its concentration increases by competing with MZ1.
To capture the fluorescence images, we conducted Operretta using the same
conditions as the FACS results. Consistent with previous evaluation (Figure
6A-6B), it was shown that in the combination treatment group, the GFP signal
was restored like that of the DMSO group. (Figure 6C)

In addition, we conducted a cellular thermal shift assay (CETSA) to
investigate how degraders interact with VHL and form complexes. This is
because it has been observed that it directly binds to VHL. This investigation
was completed using an assay that measures an increase in thermal resistance
when the ligand and the corresponding protein bind. Figure 6D-6E indicated
that 30b treated group has more stability of MK2 than DMSO treated group.
The collective findings show that 30b is directly incorporated with VHL.
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Figure 6. Investigation of VHL binding mode of 30b. (A-B) BRD4-GFP cell
population was detected by flow cytometry analysis against BRD4-GFP
mCherry HELA cell lines that express BRD4-GFP and mCherry simultaneously.
Cells were treated with indicated analogue for 4 h. The colors of each FACS
graph are as follows; red: MZ1, blue: 30b, black: DMSO. The Bar Graph
describes the BRD4 - GFP signal for each experiment groups (n = 2). Statistical
analysis was performed using “Student’s” t-test analysis (* p < 0.05, ** p < 0.01)
(C) Representative confocal operetta images. BRD4-GFP mCherry HELA cell
lines were treated with MZ1 1 uM and 30b 10, 30, 50 uM for 4h. (D-E)
Immunoblotting for CETSA assay (left panel) and quantitative analysis (right
panel) of VHL in MG132 1 uM were pre-treated for 1 h and 30b were treated
for 30 min MOLT-4 cells. Cells were heated under the corresponding
temperature for 10 min.
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4. 30b is an MK2 indirect degrader that does not bind directly to MK2

Conventional PROTACs induced degradation by forming a ternary
complex between the target and E3 ligase 28. To explore whether 30b is degraded
by direct binding to MK2, we performed in vitro kinase assay. Contrary to our
expectations, 30b possesses no in vitro enzymatic potency for MK2 (Table 6).
The enzymatic activity results displayed that it did not bind to MK2. Some studies
have reported that MK2 exist heterodimer with the p38alpha in the resting cells
29,30 S0, we additionally measured the enzymatic activity against p38alpha, and
the results described that 30b had excellent enzymatic inhibitory potency against
p38alpha (ICso = 2.48 nM for p38alpha) (Table 6). By conducting CETSA assay,
Figure 7A-7B showed that the results consistent with the in vitro biochemical
assay data were obtained in MOLT-4 cells.

Based on in vitro kinase assay and CETSA results, we speculated that
the degradation of MK2 would affect the degradation of p38alpha. Therefore, we
evaluated the degradation activity for p38alpha in 30b harnessing immunoblot
analysis in dose dependent manner. As shown in Figure 7C, 30b degraded
p38alpha with DCso values of 0.040 uM. Furthermore, we observed the
degradation of MK2 and p38alpha over time. Figure 7D showed that compound
30b completely reduced MK2 protein level at 4 h. After that, it reduced p38alpha
by approximately 80% at 24 h compared to 0 h. The results indicate that MK2 is
first degraded by 30b, and then by p38alpha.

To identify how p38alpha is degraded through the formation of a ternary
complex p38alpha-30b-VHL, we generated plasmids that express p38alpha-Halo
and Nluc-VHL. And we carried out the NanoBRET ternary complex formation
assay. As a result, we found that 30b posits the ternary complex with p38alpha
and VHL (Figure 7E-7F). Moreover, Minjoo Ko carried out a molecular docking
study to obtain structural insights into the binding mode of action for 30b. The
X-ray co-crystal structures p38alpha — MK2 heterodimer complex (p38alpha
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(PDB: 6SFO ®1) and MK2 (PDB: 4TYH *) and VHL E3 ligase complex (VHL
(PDB: 4WQO *), EloB, EloC, CuL2, and RBX (PDB: 5N4W %)) was docked
with the trifluoroethoxy residue of 30b and the VHL ligand. This structural
modeling described that the trifluoromethoxy warhead of 30b binds to p38alpha
in a p38alpha — MK2 heterodimer complex and VHL E3 ligase complex is close
to MK2 (Figure 8). This in silico study suggests that MK2 degradation following
p38alpha binding of 30b is the proximity between the VHL E3 ligase complex
and MK2.

When taken as a whole, these data revealed that compound 30b
selectively and favorably binds to the p38alpha and initiates degradation of MK2
first and following degradation of p38alpha. And it degrades p38alpha by forming
ternary complex between p38alpha and VHL. Herein, it was revealed that 30b is
the MK2 indirect degrader.
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Table 6. in vitro kinase assay against MK2 and p38alpha of 30b

ICso (NM)22
Kinase 30b
MK2 N.D.3
p38alpha 2.48

tin vitro biochemical kinase assay results.
2|Cso was measured by RBC.

3N.D. is not determined.
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Figure 7. 30b is a degrader that directly binds to p38alpha and indirectly
degrades MK2. (A-B) Evaluation of thermal stability for MK2 and p38alpha in
MOLT-4 cells. A representative of two independent western blots of the heat
stability of MK2 and p38alpha according to the indicated temperature when
treated with DMSO and 30b. Curve graphs were indicated immunoblot band were
measured by image j (n = 2). (C) 50% protein degradation curve. Quantitative
analysis was conducted using Image j (n = 2). (D) The indicated times, MOLT-4
cells were treated with 30b (1 uM) and analyzed by western bolt analysis on their
cell lysates. Quantitative results of western blot band intensity using Image J. The
MK2/GAPDH ratios and p38alpha/GAPDH ratios were represented in the bar
graph (n = 2). (E) The principle of the NanoBRET ternary complex assay was
illustrated. (F) NanoBRET ternary complex formation of p38alpha. Co-
transfected 293T cells which expressed both p38alpha-Halo and Nluc-VHL were
treated with 30b (1/10 serial dilution Max. 10 uM). Data displayed with average
with standard deviation (n = 2, duplicate)
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Figure 8. Molecular docking study of 30b conducted by Minjoo Ko. Predicted
binding mode of 30b in the p38alpha — MK2 heterodimer complex and E3 ligase
complex. The calculation verification was performed by Namdoo Kim. The
colors of this structure are respectively described below ; White: EloB, EloC,
Cul2, RBX (PDB: 5N4W), Purple: VHL (PDB: 4WQO), Blue: p38alpha (PDB:
6SFO), Yellow: MK2 (PDB: 4TYH) Magenta: 30b. All the X-ray co-crystal
structures used in the docking study were copied from PDB website.
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5. in vivo efficacy of 30b in a MOLT-4 mouse xenograft model

To figure out potential degradation effect of 30b in MOLT-4 mouse
xenograft model, first we established the mouse xenograft model bearing
MOLT-4 cells. For this purpose, we injected 5x10° cells/mouse into
immunodeficient mice subcutabeously. When the tumor volume in each mouse
became palpable (100 mm?), mice were separated into two groups (n = 5) and
administrated intravenously with either vehicle or 10 mg/kg/day 30b twice a
week for 3 weeks. We measured the tumor size and body weight by a caliper
once every two days. Consistent with anti-proliferation observation in MOLT-
4 (Glso of 30b = 6.51 uM) (Figure 9A), 30b has moderate capacity of tumor
growth inhibition in MOLT-4 mouse xenograft model. The average of tumor
volume in group injected with vehicle and 30b 10 mpk were 100% and 60%
individually. And the body weight of the mice did not decrease during the
period of drug administration (Figure 9B-9D). As a result, 30b suggests that it
is not toxic to mice and has a decent tumor growth inhibition.

Moreover, we performed in vivo western blot analysis to investigate the
degradation level against MK2 and p38alpha in MOLT-4 mouse xenograft
model. After 21 days of administration, we sacrificed the tumor tissue from the
right flank of the mice. Subsequently, the tumor tissue was lysed with
homogenizer and we conducted in vivo immunoblotting. As shown in Figure
9E-9F, in accordance with previous in vitro western blot data (Figure 4D,
Figure 7C). In Figure 9E-9F, MK2 level (% of degradation = 89%) was
markedly diminished in MOLT-4 mouse xenograft model treated with 30b. And
a slight decrease of p38alpha (% of degradation = 28.9%) was observed.
Collectively, all of these results indicate that compound 30b effectively reduces
MK2 level in in vivo model, which is consistent with in vitro studies.
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Figure 9. in vivo efficacy and degradation activity of MK2 and p38alpha in
MOLT-4 mouse xenograft model. (A) Anti-proliferation assay of 30b. MOLT-
4 cells were incubated with serially diluted 30b (1/3 serial dilution, Max. 50 uM)
for 72 h. Viable cells were measured using the Cell titer-Glo solution (n = 3,
duplicate). (B) Tumor growth curves. MOLT-4 tumour bearing immunodeficient
mice were injected intravenously vehicle and 10 mpk 30b twice a week for 21
days (n =5, for each group). Tumor volume was calculated every two days for
21 days. Statistical analysis was conducted by “Student’s” t-test (** p < 0.01).
(C) Body weight curves. All body weight of MOLT-4 xenograft mouse model
was measured every two days for 21 days. (D) Graph tumor mass. Following the
extraction of the tumor tissue from the mice, the tumor mass was evaluated after
21 days. (E-F) in vivo western blot data and Bar graphs quantifying western bands
(compared to vehicle and GAPDH). Statistical significance was performed by
“Student’s” t-test (*** p < 0.001, **** p < 0.0001). All data are showed as
average with standard deviation.
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IV. DISCUSSION

Many researchers have developed agents targeting kinases such as small
molecule kinase inhibitors (SMKIs) *. But there are still limitations many SMKIls
being effective in targeting disease-related “undruggable” kinases . To
overcome these challenges, recently, targeted protein degradation (TPD)
technology has emerged *’. This new strategy for undruggable targeting kinases
that degrades targeted molecules by utilizing the intracellular degradation system
including UPS system . PROTAC (proteolysis targeting chimera) is the major
type of TPD technology *° “. Many laboratories are motivated by previously
reported inhibitors to synthesize degraders for specific target kinases .. For an
example, MZ1 is a BRD4 degrader that inspired from the BET inhibitor, JQ1 2.

To best our knowledge, this study is the first structure activity
relationship (SAR) study of PROTAC based MK2 degrader with GNF-7 moiety.
GNF-7 is a promiscuous inhibitor targeting multi-kinase **. From our previous
global proteomics profiling study for promiscuous VHL and CRBN degraders =,
we came up with effective approach how to synthesize and design for MK2-
RIPK1 dual degraders. Based on previous global proteomics profiling approach,
we synthesized 16 substances consisting of the multi-targeted inhibitor, GNF-7
and the E3 ligase binders (VHL and CRBN) by conjugating with linker. Through
SAR study, we described that GNF-7 degraders with VHL (18a-18b, 18e-18q)
have more effective to degrade MK2 and RIPK1. And it was unveiled that
degraders with linkers of more than 8 carbons have reduced degradation effect
on MK2 and RIPKL1. It was shown that the degraders of warhead modified with
bulky residues (27a-27c, 30b, 37a-37b, 42) confers selectivity toward MK2.
Based on previous report *, the selectivity for ALK was increased when
introducing an isopropoxy group to warhead, which is bulkier than the methoxy
residue. Our SAR results also suggest that the bulkiest moiety, trifluoroethoxy
induce the most selectivity for MK2 over RIPK1. Therefore, we selected 30b
introducing trifluoroethoxy warhead as a representative compound.

47



In this thesis, we identified novel MK2 indirect degrader, 30b by in vitro
kinase biochemical assay. We speculated that the degradation of MK2 might be
related to p38alpha through the direct binding for 30b to p38alpha. Because MK2
is the one of the downstream substrate of p38alpha *> “. MK2 forms a
heterodimer complex with p38alpha in the resting cells and upon activation
p38alpha directly phosphorylates the MK2 4 48, Co-crystal structure of complex
with MK2 and p38alpha has been reported #. 30b showed that the ternary
complex formation between p38alpha and VHL was decreased not only in MK2
but also in p38alpha. And MK2 is decreased faster than p38alpha by 30b.
Through these results, we discussed the possibility that 30b binds to p38alpha in
p38alpha — MK2 heterodimer complex and VHL is closer to MK2 than p38alpha
and degrades it first by ubiquitination. Minjoo ko conducted molecular docking
study. This study described that 30b binds into p38alpha — MK2 heterodimer
complex and initiates an E3 complex that includes VHL with a distinctive spatial
arrangement, the Lys-containing helix of MK2 pointing towards the E3 complex
(Figure 8). However, in this thesis, we predicted that the MK2 degradation
mechanism of 30b was caused by p38alpha. In order to support our hypothesis
more accurately, the co-crystal structure that MK2-p38alpha heterodimer
complex with 30b must be demonstrated. Therefore, it is necessary for in depth
studies about MK2 degradation mechanism.

MAPKAPK?2 (MK2) is the one of the potential therapeutic targets. MK2
is activated by p38alpha under external stimuli and phosphorylates RNA binding
proteins (RBPs) and modulates mMRNA expression related pro-inflammatory
factors, cytokines, proto oncogene “° °% 51, Hence, Some inhibitors targeting MK2
have been emerged and unveiled potency in inflammatory diseases (rheumatoid
arthritis, psoriasis, inflammatory bowel disease) °> 53 % %5 % And also MK2
inhibition are associated with cancer cell progression such as multiple myeloma,
head and neck cancer, gastrointestinal cancers 5" % %°_ However, the present MK2
inhibitors face significant drawbacks to develop clinical development due to
limited solubility, low cell penetration, selectivity towards kinases, and
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biochemical efficiency. ATI450 is the only compound entering phase 2 clinical
trials currently. Therefore, development of various types of drugs such as
PROTAC is necessary, MK2 degrader derived from this study will provide the
valuable resource for development of MK2 targeted drugs in the further study.
Moreover, we have also covered degraders for RIPK1 and MK2. RIPK1, which
responds downstream of TNFR1, is a key mediator of inflammation. Many
RIPK1 inhibitors such as Necl, GSK772, DNL747 have developed for the
treatments of human inflammatory diseases and neurodegenerative diseases ® .
Therefore, it is believed that a degradation agent that degrades both MK2 and
RIPK1 simultaneously will have a synergistic effect on various inflammatory
diseases.
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V. CONCLUSION

PROTAC (proteolysis-targeting chimera) technology based degrader is
one of the most therapeutic modality. This hetero bifunctional molecule comprise
protein of interest recognizing warhead, E3 ligase binding ligand and a linker
joining the both ligands. The two ligands in PROATC protein degrader induce
binding of target protein and E3 ligase. The target protein is ubiquitinated by E3
ligase and degraded by the intracellular proteasome system 62,

As part of a study aimed at providing global proteomics screening data
set, we previously synthesized promiscuous warhead, GNF-7 based degraders.
And we discovered GNF-7 based VHL degraders with degradation selectivity for
MK2 and RIPK1. Based on our previous research, a SAR study was conducted
to optimize GNF-7 moiety degraders. In this current effort, we designed and
synthesized 16 GNF-7 warhead moiety analogues based on PROTAC. Through
SAR study, we demonstrated MK2-RIPK1 degraders. Among them, 18e showed
most potent degradation activity both MK2 and RIPK1, MK2 DCsy = 0.003 puM,
RIPK1 DCsp = 0.017 uM. Further, 30b in which a bulky group, trifluoroexthoxy
pyridine, was introduced into warhead observed high selectivity for MK2 over
RIPK1 (DCso values of MK2 = 0.005 + 0.001 uM and RIPK1 =>2.5 uM).

Our degradation mechanism investigations have proved that the
compound 30b degraded MK2 by mediating VHL via ubiquitin proteasome
system (UPS). Notably, 30b potently suppressed p38alpha with ICsy values of
2.48 nM. Therefore, we also examined the degradation activity of p38alpha by
compound 30b. The results showed that 30b has a poor degradation effect on
p38alpha, unlike MK2. Furthermore, molecular docking study result indicated
that 30b forms ternary complex between p38alpha-MK2 complex and VHL.
This finding supported our hypothesis that MK2 was degraded mediating
p38alpha. Finally, by performing in vivo experiments, MK2 was almost
completely reduced by 89% compared to vehicle by 30b in the MOLT-4 mouse
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xenograft model.

Taken together, our study suggests insightful guidelines for the design
and development of MK2-RIPK1 dual degraders and MK2 selective degraders.
And, we believe that this study contributes to improving development new drugs
for MK2 related inflammatory and oncology disorders.
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