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Abstract

Background
Bruton’s tyrosine kinase (BTK) is an important signaling hub that activates the B-cell receptor (BCR)
signaling cascade. BCR activation can contribute to the growth and survival of B-cell lymphoma or
leukemia. The inhibition of the BCR signaling pathway is critical for blocking downstream events and
treating B-cell lymphomas. Herein, we report potent and orally available proteolysis-targeting chimeras
(PROTACs) that target BTK to inactivate BCR signaling.

Methods
Fluorescence resonance energy transfer signals were used to assess BTK and cereblon (CRBN) ternary
complex formation with Mab anti-6His-Eu cryptate and Mab anti-glutathione-S-transferase-XL665. BTK
and CRBN binding activities were investigated using in vitro target binding assays. Subsequently, SDS-
PAGE and western blotting of whole cell lysates was performed, followed by immuno�uorescence
analysis of TMD-8 cells. ELISA was performed in TMD-8 cells treated with 0.01 µM PROTAC, ibrutinib,
acalabrutinib, ARQ-531, Binder, or MT-802 to measure CCL3 and CCL4 levels. Tandem ubiquitin-binding
elements pull-down assay was used to characterize UBX-382 in Ramos cells. Various cells treated with
inhibitor or PROTAC were assessed for proliferation and viability. Wild-type- or BTK-transfected cells were
transplanted in CB17/SCID mice and the established tumors were assessed using
immunohistochemistry.

Results
Of the PROTACs tested, UBX-382 showed superior degradation activity for wild-type (WT) and mutant
BTK proteins in a single-digit nanomolar range of DC50 in DLBCL cell line. UBX-382 was effective on
seven out of eight known BTK mutants in in vitro experiment and was highly effective in inhibiting tumor
growth in murine xenograft models harboring WT or C481S mutant BTK-expressing TMD-8 cells over
ibrutinib, ARQ-531, and MT-802. Remarkably, oral dosing of UBX-382 for less than 2-weeks led to
complete tumor regression in 3 and 10 mg/kg groups in murine xenograft models. UBX-382 also
provoked the cell-type-dependent and selective degradation of CRBN neo-substrates in various
hematological cancer cells.

Conclusions
These results suggest that UBX-382 treatment is a promising therapeutic strategy for B-cell-related blood
cancers with improved e�cacy and diverse applicability.
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Background
Non-Hodgkin’s lymphoma is a major type of B-cell-associated hematological cancer with which 81,560
individuals were diagnosed during 2021 in the US according to the American Cancer Society [1]. Bruton’s
tyrosine kinase (BTK) is a non-receptor tyrosine kinase belonging to the Tec family and plays a critical
role in B-cell development and adaptive immune response [1, 2]. B-cell receptor (BCR) activation is the �rst
step in the signaling cascade that triggers activation of kinases, such as BTK, SYK, and PI3Kδ, in the
plasma membrane [3]. BTK promotes the nuclear localization of NF-κB, which leads to transcriptional
activation of target genes that can trigger the development, survival, and proliferation of B cells [4].
Aberrant or dysregulated BTK activity has been intimately associated with B-cell malignancies [5]. Hence,
the inhibition of BTK has been emerged as one of the major strategies that can treat B cell-related
hematological cancers.

Ibrutinib, a �rst-in-class BTK inhibitor, has been approved by the Food and Drug Administration (FDA) and
European Medicines Agency for the treatment of B-cell malignancies including chronic lymphocytic
leukemia/small lymphocytic lymphoma (CLL/SLL), Waldenström’s macroglobulinemia (WM),
relapsed/refractory mantle cell lymphoma (R/R MCL), and relapsed/refractory marginal zone lymphoma
(R/R MZL) [6, 7]. Acalabrutinib and zanubrutinib, second-generation BTK inhibitors, appear to have fewer
off-target or adverse effects than ibrutinib [8, 9]. However, resistance to these irreversible inhibitors has
been reported mainly in CLL and MCL patients [10, 11]. Genomic sequencing analysis of CLL patients
who exhibited relapse under treatment with ibrutinib revealed mutations in the BTK gene [12]. Notably, the
most frequent mutation was the substitution of the cysteine 481 residue with serine [13]. The C481
residue plays a critical role in the covalent binding of irreversible BTK inhibitors approved and the BTK
protein, thus this mutation prevents the irreversible and covalent binding of these drugs, resulting in drug
resistance [12, 14]. Thus, novel therapeutic options are required to overcome the drug resistance issue.

Proteolysis-targeting chimeras (PROTACs), heterobifunctional molecules that induce target protein
degradation through the ubiquitin-proteasome system (UPS), have emerged as a new strategic
technology in drug discovery [15, 16]. PROTACs are structurally composed of three elements: a warhead
ligand that binds to the target protein, a ligand that binds to the E3 ubiquitin ligase, and a linker that
couples the two ligands [17]. A PROTAC could generate proximity between E3 ligase and the protein of
interest (POI), thus forming a ternary complex (POI:PROTAC:E3), which can e�ciently induce
ubiquitination and promote the degradation of the POI via the proteasome [16, 18]. Since its introduction
in 2001 [16], PROTAC technology has innovated the concept of conventional druggability [19]. Thus far
PROTACs could expand target space by degrading various proteins such as AR, ERα, BRD2∙3∙4, FKBP12,
BCR-ABL, HCV NS3/4A. In addition, diverse E3 ligases such as von Hippel-Lindau (VHL), cereblon (CRBN),
and inhibitors of apoptosis have been utilized for PROTACs [20–25]. CRBN E3 ligase binders were
originally developed as immunomodulatory drugs (IMiDs) such as thalidomide, pomalidomide,
lenalidomide, CC-122, and CC-885. These binders enable CRBN E3 ligase to degrade neo-substrates such
as Ikaros (IKZF1), Helios (IKZF2), Aiolos (IKZF3), casein kinase 1-a (CK1-a), and G1 to S phase transition
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protein 1 (GSPT1) [26]. CRBN binders have been widely used in designing various PROTACs owing to its
ligand availability and well-characterized structure.

PROTACs offer several advantages compared to traditional inhibitors. Conventional small-molecule
inhibitors operate via occupancy-driven pharmacology, meaning that their e�cacy is determined by long-
term binding to active sites, which inactivates the target functions [27]. On the other hand, protein
degraders are characterized as event-driven mechanisms, meaning that they are competent for
proteolytically targeting the protein substrate, even under a transient binding [28]. Since PROTACs can
utilize both the allosteric binding sites and the active sites of target proteins, they possess great potential
to degrade undruggable proteins, such as transcription factors, non-enzyme proteins, and scaffolding
proteins [29]. Furthermore, PROTACs may overcome drug resistance by eliminating overexpressed or
mutated target proteins, even those with low binding a�nity [30]. Therefore, PROTAC-mediated protein
degradation could be a promising strategy in drug development.

In this context, various BTK PROTACs, such as MT-802, P13I, BGB-16673 and HSK29116 have been
reported to develop novel options for the treatment of hematological cancers [31]. NX-2127, which is
recently being developed by Nurix therapeutics as an oral administration PROTAC showing BTK protein
degradation effect, has entered phase 1 clinical trials for B cell-related blood cancers (CLL, SLL, WM,
MCL, MZL, FL, and DLBCL patients). NX-2127 showed moderately effective tumor growth inhibition at the
same dose of ibrutinib in the BTK wild-type (WT) xenograft murine model, and more potent tumor growth
suppression compared to ibrutinib in the BTK C481S mutant model, but the tumor was not completely
regressed in the murine models.

In this study, we report UBX-382 as a potent BTK PROTAC that exhibits extraordinary e�cacy in targeting
BTK and inhibiting BCR signaling in hematological malignancies. UBX-382 showed inhibitory effects on
tumor growth resulting from both wild-type and mutated BTK overexpression in in vitro and in vivo
models. Moreover, UBX-382 also revealed selective degradation patterns for CRBN-IMiD neo-substrates
such as Ikaros/Aiolos and GSPT1 in diverse hematological cancers, which probably re�ects their diverse
responses to UBX-382 treatment considering tumor growth inhibition.

Methods
In vitro ternary complex formation assay

The assay was performed by combining histidine-tagged BTK (His-BTK, Thermo Fisher, PV3363),
glutathione-S-transferase (GST)-tagged CRBN (Abnova, H00051185), Mab anti-6His-Eu cryptate (Cisbio,
61HISKLA), and Mab anti-GST-XL665 (Cisbio, 61GSTXLF) in a buffer (50 mM HEPES (N-2-
hydroxyethylpiperazine-N′-2-ethanesulfonic acid) pH 7.5, 10 mM MgCl2, 1 mM EGTA, 0.01% Brij-35).
Fluorescence resonance energy transfer (FRET) signals were collected at 620 nm (Eu, donor) and 665 nm
(XL665, acceptor), and dose–response curves were obtained by increasing PROTAC concentrations to
donor–BTK and acceptor–conjugates in a �nal assay volume of 25 μL using a 384-well low-volume
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plate. The relative FRET signal was at a ratio of 665:620 and normalized against the maximum signal for
the PROTAC.

In vitro target binding assay

The binding assay for WT-BTK was performed using the Lantha ScreenTM Eu kinase binding assay kit
(Thermo Fisher) per the manufacturer’s protocol with some modi�cations. The assay was performed on
white 384-well microplates (Corning, 6008280) in a buffer (50 mM HEPES pH 7.5, 10 mM MgCl2, 1 mM
EGTA, 0.01% Brij-35) by mixing the �nal concentrations of 5 nM BTK (Thermo Fisher, PV3363), 30 nM
Kinase Tracer 236 (Thermo Fisher, PV5592), and 2 nM Eu-anti-His-tag antibody (Thermo Fisher, PV5596)
with compounds used. All compounds were prepared in duplicate to calculate half-maximal inhibitory
concentration (IC50) values. The mixture was incubated at room temperature (RT) and time-resolved FRET
(TR-FRET) signals were collected at 615 nm (donor) and 665 nm (acceptor) using the Bio-Tek Synergy H1
microplate reader. IC50 values of the compounds were calculated against those of BTK using GraphPad
Prism 5.

The homogeneous TR-FRET (HTRF) assay was performed to measure CRBN binding activity using a
CRBN binding assay kit (Cisbio, 64BDCRBNPEG). The assay was performed by combining GST-tagged
CRBN protein, Eu-anti-GST antibody, thalidomide-red, and serially diluted compounds in a Cisbio’s
PROTAC binding buffer using white 384-well microplates (Corning, 6008280). Following incubation at RT,
the plate was read using a Bio-Tek Synergy H1 microplate reader. The HTRF signals were collected at 620
nm and 665 nm and calculated using the following equation: signal 665 nm/signal 620 nm × 10,000.
GraphPad Prism 5 was used to plot dose–response curves and calculate IC50 values for each compound.

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and western blotting

Total lysates from TMD-8 were separated on SDS-PAGE gel. Proteins were transferred using Trans-Blot
Turbo Transfer Kit. For conventional western blotting, membranes were blocked with 5% skim milk
powder in Tris (tris(hydroxymethyl)aminomethane)-buffered saline and Tween 20 (TBST) (25 mM Tris pH
7.5, 150 mM NaCl, 0.2% Tween-20) for 45 min at RT, incubated overnight at 4°C with a primary antibody
(anti-BTK, Cell Signaling Technologies, cat. #8547, 1:1,000 dilution in a blocking buffer), and washed
thrice with TBST before adding anti-rabbit immunoglobulin (Ig) G (Cell Signaling Technologies, cat.
#7074, 1:5,000 dilution in a blocking buffer) for 45 min at RT. The mixture was then washed thrice in
TBST and developed by electrochemiluminescence (Super Signal Chemiluminescent Substrate, Thermo
Fisher Scienti�c).

Western blotting was performed using LI-COR Odyssey® Infrared Imaging System. The experiments were
performed per the manufacturer’s instructions. Brie�y, proteins were separated as described above
alongside Odyssey pre-stained molecular weight markers (Licor, �uorescence in a 700-nm channel).

Immuno�uorescence
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The TMD-8 cells were �xed using 4% paraformaldehyde, washed with phosphate-buffered saline (PBS),
and permeabilized with 0.25% Triton X-100. The cells were then washed with PBS and blocked with 1%
bovine serum albumin/PBS with Tween 20. Coverslips were incubated overnight at 4°C with 1:250 anti-
BTK (Cell Signaling Technologies, cat. #8547) and 1:50 anti-CRBN (R&D Systems, cat. MAB9574-100).
The following day, the coverslips were washed with PBS and incubated with 200 μL of 1:500 a secondary
anti-rabbit (Goat anti-rabbit IgG (H + L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor Plus 488,
cat. A32731) or anti-mouse antibody (goat anti-mouse IgG (H + L) cross-adsorbed secondary antibody,
Alexa Fluor 647 cat: A21235) for 45 min in the dark. A �uorophore-conjugated secondary antibody was
added to check positive signals using Zeiss LSM900 (Carl Zeiss).

Tandem ubiquitin-binding elements (TUBE1) pull-down assay

Ramos cells were seeded in a 150-mm dish and immediately treated with 0.1 μM of UBX-382 or vehicle
for 2 h at 37°C. The cells were then lysed using 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1%
NP-40, 10% glycerol, supplemented with Protease/Phosphatase Inhibitor (5872S, Cell Signaling
Technology) and deubiquitinase inhibitors (10 mM N-ethylmaleimide, 80 μM PR-619) for 10 min. The
lysates were then cleared by centrifugation. Equal amounts of supernatants were then incubated with 30
μL agarose TUBE1 beads (UM401, Lifescience) at 4°C for 2 h. The beads were then collected by
centrifugation, washed twice by re-suspending, and re-suspended in a 5X SDS buffer. The beads were
then boiled for 5 min and analyzed by SDS-PAGE. Western blotting was performed per the standard
protocols.

C-C motif chemokine ligand (CCL) 3 & CCL4 enzyme-linked immunosorbent assay (ELISA)

TMD-8 cells were seeded at 2 × 106 cells/well on a 12-well plate (Corning, CLS3513) in a 1 mL of cell
culture medium and were treated with 0.01 μM PROTAC, ibrutinib, acalabrutinib, ARQ-531, Binder, or MT-
802 for 24 h followed by stimulation with 10 μg/mL anti-IgM (Southern Biotech, 2022-01) for 8 h before
harvesting. Supernatant from the TMD-8 cells was then collected to measure CCL3 and CCL4 levels using
a human CCL3/MIP-1α Quantikine ELISA kit (R&D Systems, DMA00) and a human CCL4/MIP-1β
Quantikine ELISA kit (R&D Systems, DMB00) per the manufacturer’s instructions. Absorbance was
detected using a Synergy H1 microplate reader (Bio-Tek) and Gen5 (version 3.08).

Cell proliferation

Cells (TMD-8, OCI-LY3, U2932, TMD-8 BTK WT, TMD-8 BTK C481S, WSU-DLCL2, Su-DHL10, DOHH2, MINO,
Waldenström macroglobulinemia (WSU-WM), K562, and acute myeloid leukemia (MOLM13)) were
seeded into 96-well microplates at 500–2000 cells/well. Cells were treated with inhibitor or PROTAC
stocks at the �nal concentration and incubated for 5 days, followed by a cell viability assay performed
using the Cell Titer-Glo® 2.0 assay kit (Promega, G9242) following the manufacturer’s protocols. The
plate and its contents were equilibrated at RT for 30 min before reagent addition. Cell Titer-Glo® 2.0 was
added at equal volumes to the cell culture media in each well. Plates were mixed for 2 min to induce cell
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lysis and incubated for 10 min at RT to stabilize the luminescent signal. The luminescent signal was
measured using a microplate reader (Bio-Tek, Synergy H1). Data were analyzed using GraphPad Prism 5.

Stable cell line generation

pLVX-BTK WT or pLVX-BTK C481S plasmids were co-transfected with a packaging plasmid and VSV-G
envelope plasmid into 293T cells. Lentiviral supernatant was collected at 48 h and added to the TMD-8
cells with polybrene 72 h after transfection (8 μg/mL). Puromycin (3 μg/mL) selection was performed for
2 weeks to produce TMD-8 BTK WT and TMD8 BTK C481S cell lines.

Transient transfection

HEK293 cells were seeded on 6-well plates and transfected with pCMV3-N-Flag BTK WT, E41K, T474I,
T474S, C481S, C481R, C481F, C481Y, C481T, and L528W plasmids using Lipofector-EZ Reagent
(APTABIO, AB-LF-EX150) per the manufacturer’s protocol with modi�cations. For each transfection, 1.5 μg
of plasmid and 4 μL of transfection reagent were added to 100 μL of a serum- and antibiotic-free
medium. The mixture was incubated at RT for 15 min before adding it into the wells. The cells were
incubated for 5 h before medium replacement. After 24 h, the transfected cells were reseeded onto a 12-
well plate. Then, the cells were treated with UBX-382, ARQ-531, and MT-802 for 24 h. pCMV3-N-Flag BTK
WT (Sino Biological, HG10578-NF) was purchased, whereas other BTK mutant vectors were generated by
pCMV3-N-Flag BTK WT site-directed mutagenesis by Cosmo Genetech.

In vivo xenograft model

CB17/SCID mice were obtained from CLEA Japan, Inc. and were transplanted with TMD-8 cells at 6
weeks of age. The TMD-8 cells were subcutaneously injected into the mice at a dose of 1 × 107

cells/mice with Matrigel (Corning, 356237). Tumors reached an average volume of 180–200 mm3 15
days after inoculation, after which the mice were divided into four groups based on tumor size. Vehicle
control or UBX-382 was then administered orally at doses of 3, 10, or 30 mg/kg once a day for 21 days.
The mice were observed for 8 weeks following the �nal administration for tumor rebound. Tumors and
body weight were measured thrice per week using calipers (Mitutoyo, CD-15APX), and tumor volume was
calculated using the formula: length × width2 × 0.5.

Immunohistochemistry

Spleen tissues and TMD-8 xenografted tumors were extracted from mice, �xed in 4% paraformaldehyde,
and para�nized. Para�n blocks were sectioned, depara�nized with xylene, rehydrated, and treated with
citrate for 1 h for antigen retrieval. After washing with PBS, the tissue sections were blocked with serum
at RT and the blocked sections were incubated with a primary antibody against BTK antibody for 1 h.
After washing with PBS, the sections were treated with H2O2 to block any endogenous peroxidase activity.
The Envision Single Reagent (rabbit horseradish peroxidase) detection system (Dako, K4003) was used
as a secondary antibody, and treatment was performed for 1 h. After development with 3,3-
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diaminobenzidine for 30 min, the sections were counterstained with hematoxylin (ab220365; Abcam) for
1 min and subjected to alcohol dehydration and clearing with xylene before mounting and sealing on
slides.

Results
Characterization of BTK PROTAC

Of the new BTK RPOTACs prepared, UBX-382 was selected as the most promising compound. The
molecule contains a novel BTK binder, a short linker, and a known thalidomide-based CRBN binder. UBX-
382-Me, an N-methylated analog of UBX-382, was synthesized as a negative control (Fig. 1A). An in vitro
TR-FRET assay was performed by varying the concentration of each PROTAC to investigate the formation
of the [BTK:PROTAC:CRBN] ternary complex. The Eu-anti-His-BTK and XL665-anti-GST-CRBN pair
generates a FRET signal in close proximity, enabling the quantitative determination of the ternary
complex formation upon treatment with UBX-382 or UBX-382-Me (Fig. 1B). The ternary complex formed
readily as the concentration of UBX-382 increased; however, a hook effect became evident from the
in�ection points on the FRET curve owing to the dominance of the UBX-382:BTK and UBX-382:CRBN
binary complexes at approximately 160 nM. As expected, UBX-382-Me did not show any FRET signals at
any concentration (Fig. 1B). To determine the binding a�nity of UBX-382, TR-FRET‐based binding assays
were performed to measure the IC50 values of seven compounds (UBX-382, UBX-382-Me, MT-802, ARQ-
531, ibrutinib, thalidomide, and pomalidomide) in binding to BTK or CRBN. UBX-382 and UBX-382-Me
showed approximately 10-fold lower binding a�nities for BTK than the two BTK inhibitors ARQ-
531 [32] and ibrutinib; however, the obtained IC50 values were still ~2 to 3 times higher than that of MT-
802, a reported BTK PROTAC [31] (Fig. 1C). UBX-382 presented a binding a�nity for CRBN in a
micromolar range of IC50 that was comparable to other known CRBN ligands (thalidomide and
pomalidomide) and MT-802 (Fig. 1D). As expected, UBX-382-Me, ARQ-531, and ibrutinib did not bind to
CRBN (Fig. 1D). These results indicate that UBX-382 forms a functional ternary complex with BTK and
CRBN E3 ligase to induce ubiquitination of BTK protein.

UBX-382 induces potent BTK degradation in B-cell lymphoma cell lines

To investigate the degradation activity of UBX-382, a concentration escalation assay of PROTAC was
performed in the ABC-DLBCL cell line TMD-8 over 24 h. The levels of BTK protein were measured by
quantitative western blotting, which yielded ~4 nM DC50 of UBX-382 (Fig. 2A). As expected, UBX-382-Me
did not degrade BTK at any concentration. Next, Time-dependent BTK degradation was examined by
treating the TMD-8 cells with UBX-382 over 0.5, 1, 4, 16, 24, and 48 h. The levels of BTK protein decreased
rapidly to reach < 10 % after 4 h of treatment with 100 nM UBX-382 (Fig. 2B). To visualize the localization
of BTK protein degraded by UBX-382, immuno�uorescence was performed using confocal
microscopy. The results indicated that BTK was mainly localized in the cytoplasm, as previously
reported [33], and that UBX-382 treatment signi�cantly reduced the BTK protein levels (Fig. 2C). To
con�rm whether the effect of UBX-382 is UPS-dependent, A TUBE1 pull-down assay was performed to
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capture the ubiquitinated conjugates [34]. The results demonstrated that UBX-382 e�ciently induced
polyubiquitination and the subsequent degradation of BTK protein (Fig. 2D). Moreover, we also examined
the effects of the proteasome inhibitor bortezomib, the neddylation inhibitor MLN4924, and the
autophagosome-lysosome fusion inhibitor ba�lomycin A1 under treatment with UBX-382 in cells. The
amount of BTK remained unchanged when UBX-382 was co-treated with bortezomib or MLN4924 but not
with ba�lomycin A1, suggesting that BTK reduction occurs through ubiquitin-dependent proteasomal
degradation (Fig. 2E). Proteomic analysis showed that only BTK and C-terminal Src kinase were reduced
in as early as 4 h after treatment of UBX-382 (Fig. 2F). Overall results suggest that UBX-382 exerts highly
potent and relatively selective BTK degradation through proteasomal degradation.

UBX-382 e�ciently inhibits BCR downstream signaling in B-cell malignancy

To determine whether the PROTAC-induced BTK degradation affects downstream BCR signaling cellular
activity, we examined anti-proliferative activity of UBX-382 against TMD-8, OCI-LY3, and U2932 cell lines.
Consistent with a previous report [35], ibrutinib suppressed the growth of TMD-8 cells, showing a greater
inhibitory effect than that of UBX-382. Nevertheless, UBX-382 retained superior anti-proliferative activity
to that of ARQ-531, a reversible BTK inhibitor (Fig. 3A). Since both normal and malignant B cells are
known to secrete CCL3 and CCL4 in response to BCR activation [36], we tried to con�rm CCL3 and CCL4
secretion when BCR signaling was triggered by anti-IgM treatment in the TMD-8 cells. Treatment with 10
nM of UBX-382, ibrutinib, and acalabrutinib signi�cantly abrogated CCL3 or CCL4 secretion, whereas
treatment with ARQ-531, the BTK binder part of UBX-382 (Binder), and MT-802 initiated little or no effect,
suggesting that inhibition of BCR signaling by UBX-382 decreases the production of chemokines CCL3
and CCL4 in TMD-8 cells which could disrupt tumor-microenvironment interactions in CLL
patients [37] (Fig. 3B).

Next, we investigated whether UBX-382 could be applied to ibrutinib-insensitive WSU-DLCL2 (Fig. 3C) or
the ibrutinib-resistant OCI-Ly3 and U2932 cell lines for anti-proliferative effect (Fig. 3D). UBX-382 showed
greater inhibition than ibrutinib or ARQ-531 considering the proliferation of all three cell lines. These
results indicate that UBX-382 can exert immense anti-proliferative effects on various ABC-DLBCL cell
lines. We also monitored downstream BTK signaling after BCR activation in the ibrutinib-resistant U2932
cell line. Inhibition of BTK Y223 phosphorylation upon anti-IgM stimulation with UBX-382 was far more
effective, compared with those of ibrutinib, acalabrutinib, and ARQ-531 in both 6 and 24 hour treated
cells. (Fig. 3E). In addition, UBX-382 inhibited phosphorylation of SYK, ERK, and MEK, partially explaining
its potent anti-proliferative activity in U2932 cells.

In vivo pharmacodynamics (PD) and UBX-382 e�cacy

To evaluate PD pro�les of UBX-382 as an orally bioavailable BTK degrader, UBX-382 was administered
via PO route in the mice to monitor BTK kinetics in splenic B cells using spleens collected at 3, 8, 24, and
48 h after a single administration (Fig. 4A). BTK was rapidly degraded at 3 h with effects lasting 24 h
after the administration of 30 mg/kg of UBX-382, before slowly increasing at 48 h (Fig. 4B). We further
con�rmed that PROTAC administration signi�cantly reduced BTK levels in the tumors of CB17/SCID mice
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of the TMD-8 xenograft model (Fig. 4C) by western blotting and immunohistochemistry (Fig. 4D and 4E).
The inhibitory effects of UBX-382 on tumor growth was investigated using murine xenograft models, and
the data showed that the daily oral administration of 10 or 30 mg/kg of UBX-382 for 3 weeks induced
complete tumor regression within an average of 15 days (Fig. 4F). Then 30 mg/kg of UBX-382 was
administered in the 3 mg/kg dose group for further 3 weeks, starting 7 days after the end of the initial
experiment, resulting in total tumor regression. Although the tumors rebound in one out of nine mice in
the 10 mg/kg group, this was not observed in the mice that were administered other doses until 84 days
after the �rst administration (Fig. 4F). No weight loss or other clinical toxicity signs were observed during
the experiment (Fig. 4G). These results suggest that UBX-382 shows exceptional PD e�cacy and
antitumor activity in mice when administered orally.

UBX-382 degrades various mutant BTK proteins in vitro and in vivo

Since resistance-associated mutations such as, E41K, T474I, several C481 and L528W BTK mutants have
been found in CLL patients and in patients with Richter’s transformation after ibrutinib treatment, UBX-
382 was evaluated for the degradation activity against various BTK mutants for overcoming mutant
resistance.

To investigate the degradation activity of UBX-382 against BTK mutants, diverse BTK mutants, such as
E41K, T474I, C481S, C481R, C481T, C481Y, C481F, and L528W, were constructed (Fig. 5A). By performing
transient transfection into the HEK293 cells, each BTK protein or its phosphorylated form was monitored
after treatment of UBX-382, ARQ-531, and MT-802 with 0.1, 1.0, and 10 μM of each. ARQ-531 is a
reversible inhibitor that suppresses BTK activation upon BCR signaling in a C481S mutational-status
independent manner [32]. MT-802 is a BTK PROTAC that can degrade C481S [31]. Overall results suggest
that UBX-382 effectively degrades WT and various BTK mutants, except for T474I, and strongly repressed
their phosphorylation (Fig. 5B). Notably, UBX-382 appears to be far more active than ARQ-531 and MT-
802 against WT and mutant BTKs.

To examine whether UBX-382 can overcome drug resistance in C481S, the anti-proliferative activities of
ibrutinib and UBX-382 was compared against the parent TMD-8 cells and WT or C481S BTK-
overexpressing TMD-8 cells. Overexpression of C481S BTK conferred resistance to ibrutinib treatment,
which was not observed in the other TMD-8 cells. In contrast, UBX-382 signi�cantly inhibited cell
proliferation in all tested cell lines including C481S mutant (Fig. 5C).

We then used the C481S BTK-expressing TMD-8 cells in xenograft mouse models to further evaluate UBX-
382 therapeutic e�cacy in the ibrutinib-resistant model. To achieve this, the tumor size in each group was
measured following 3 weeks of the daily administration of 3, 10, and 30 mg/kg of UBX-382, 30 mg/kg of
ibrutinib, ARQ-531, and Binder via the PO route. The results indicated that UBX-382 induced remarkable
tumor regression in a dose-dependent manner, whereas ibrutinib could not inhibit tumor growth, as
reported (Fig. 5D and Fig. S1) [38]. This suggests that UBX-382 antitumor activity can be highly enhanced
in its PROTAC form, compared with that of the Binder or ARQ-531 alone. The in vivo e�cacy of UBX-382



Page 12/27

was outstanding in the TMD-8 and ibrutinib-resistant xenograft models, suggesting UBX-382 as a
promising therapeutic option over BTK inhibitors for the treatment of drug-resistant hematological
cancers.

UBX-382 inhibits hematological cell line proliferation via CRBN dependency

 Given that UBX-382 e�ciently inhibits the growth of ibrutinib-sensitive and -insensitive ABC-DLBCL cells
in both in vitro and in vivo, its anti-proliferative effect was examined using various types of hematological
cell lines. We performed Cell Titer-Glo® 2.0 in germinal center B-cell-like diffuse large B-cell lymphoma
(Su-DHL-10), follicular lymphoma (DOHH2), MCL (Mino), chronic myelogenous leukemia (K562), WSU-
WM, and MOLM13 cells with UBX-382, ibrutinib, and ARQ-531 (Fig. 6A). Compared with ibrutinib and
ARQ-531, UBX-382 showed superior anti-proliferative activity in all tested cell lines except WSU-SM, for
which little effect was observed with all three compounds. UBX-382 greatly outperformed ibrutinib and
ARQ-531 in K562, with an IC50 of approximately 2.2 nM. These results suggest that UBX-382 can be a
promising therapeutic agent for numerous hematological disease models including DLBCL.

As UBX-382 diversely affects proliferation in various hematological cell lines, potential roles of CRBN
were explored by treating U2932, TMD-8, DOHH-2, MINO, K562, and WSU-WM with UBX-382. Because the
CRBN binder of UBX-382 is derived from thalidomide, we monitored the levels of Ikaros (IKZF1), Helios
(IKZF2), Aiolos (IKZF3), GSPT1, and CK1-a, which are known neo-substrates of IMiD-CRBN (42-44), upon
treatment with UBX-382 or thalidomide (Fig. 6B). Interestingly, BTK degradation under treatment of UBX-
382 was comparable among all the cell lines, despite different growth inhibitions. No signi�cant change
was observed in the neo-substrates of U2932 and WSU-WM upon treatment with 100 nM of UBX-382 or
thalidomide for 24 or 72 h, whereas degradation of CRBN neo-substrates were highly increased in TMD-8,
DOHH-2, and K562 cells after treatment with UBX-382. The protein levels of CRBN neo-substrates are
given graphically for each cell line (Fig. 6C). Under these conditions, thalidomide alone was not observed
to produce any signi�cant degradation in the CRBN neo-substrates for any of the tested cell lines. These
results suggest that UBX-382 not only serves as a BTK degrader but also creates a cell type-dependent
binding interface for targeting CRBN neo-substrates, which probably explains the diverse anti-proliferative
effects among the various hematological cell lines.

Discussion
Inhibition of BCR signaling with small molecules is a well-validated strategy for the treatment of several
blood cancers [39]. A recent PROTAC approach provides an alternative solution to overcome drug-induced
resistance and disease relapse that result from the action of inhibitors [31]. Although several BTK-
targeting PROTACs have been described recently [40], none of them showed in vivo e�cacy against in
both WT and C481S mutant. We developed a potent and orally available BTK PROTAC, UBX-382, with
remarkable degradation activity and excellent PD pro�les for e�cient cancer-targeting activity in WT and
C481S mutant. The effect of UBX-382 on tumor inhibition could be further mediated through CRBN
responses depending on hematological cell types.
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One of the most well-known advantages of the PROTAC modality is its ability to overcome the drug
resistance that results from mutation. Ibrutinib has been used successfully in several hematological and
chronic graft-versus-host diseases [41]. As BTK inhibition by ibrutinib relies on its irreversible binding to
the C481 site in the ATP binding pocket, BTK mutations at C481 will inevitably affect ibrutinib-treated
patients [12–14]. Moreover, E41K and T474I BTK mutants were also found in CLL patients after ibrutinib
treatment, and L528W is another BTK mutant found in patients with Richter’s transformation [42]. In
particular, E41K BTK, a constitutively active and gain-of-function mutant, can promote trans-
autophosphorylation of BTK kinase domain and lead to over-proliferation of malignant cells [43, 44].
Here, we explored the inhibitory activities of UBX-382, ARQ-531, and MT-802 against �ve C481 mutants
(C481S, C481R, C481Y, C481T, and C481F) and three other mutants (E41K, T474I, and L528W) of BTK.
ARQ-531 is an ATP-competitive and reversible inhibitor that does not interact with C481, theoretically
suggesting that C481 mutants do not interfere with its inhibitory activity. As previously reported [32], BTK
phosphorylation was substantially attenuated in ARQ-531-treated C481S and E41K BTK mutants
(Fig. 5B). However, the other six BTK mutants were only slightly affected by ARQ-531 when in
phosphorylated form. By contrast, MT-802 and UBX-382 PROTACs were competent in phosphorylation
degradation and suppression in the WT and most of BTK mutants, highlighting an advantage of
PROTACs over active-site-directed inhibitors. Notably, UBX-382 outperformed MT-802 in WT and all
sensitive BTK mutants, while L528W was sensitive only to the treatment of UBX-382. The T474I mutant
was resistant to all three BTK-targeting compounds used [45]. The in vitro potency of UBX-382 in
degradation of BTK mutant was also re�ected in the in vivo tumor growth inhibition of a murine
xenograft model using C481S-expressing TMD-8 cells (Fig. 5D). Therefore, UBX-382 could provide an
alternative solution for the patients of hematological cancers with diverse BTK mutants acquired from
treatment of the �rst- or second-line BTK inhibitors.

Another merit of the PROTAC modality is maximization of target inhibition by event-driven proteolysis,
compared with conventional inhibitors [27, 46]. Although the molecular weight of UBX-382 is
approximately two times higher than that of the Binder, UBX-382 showed more prominent antitumor
activity than the Binder and other BTK inhibitors upon the administration of the same dose (30 mg/kg) in
the in vivo mouse models (Fig. 5D). A similar phenomenon was reported for ARV-771 PROTAC and JQ1
binders [47]. Therefore, our data showed that e�cacies from PROTAC-induced degradation could exceed
activities from the Binder, which may be strongly advantageous considering dose reduction in clinical
conditions.

In particular, while complete degradation of BTK was observed both in vitro and in vivo as a result of UBX-
382 treatment, degradation patterns of CRBN neo-substrates were variable in a cell type-dependent
manner in all cell lines used, to some extent complying with a recent report on tissue-speci�c differences
of the BTK-degrader effect [48]. We speculate that this cell type-dependent CRBN effect may occur under
different environments of ubiquitination system. Diverse expression level of the POI and CRBN may
affect the ratio of productive PROTAC-containing ternary complexes to neo-substrate-targeting IMiD-
CRBN complexes. This stoichiometric alteration might also be determined by neddylation of cullin
complex, deubiquitinating activities, or other unknown host factors. Hematological cell lines may respond
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differently to signaling pathways such as NF-κB, BCR-ABL, Janus kinase–signal transducer and activator
of transcription, PI3K/Akt/mTOR, and/or MAPK [49, 50], which might differentially reprogram cellular
networks such as the ubiquitin-proteasome machinery.

Conclusions
Overall, UBX-382 is potent in inducing BTK degradation, which can be applied in various hematological in
vitro disease models. UBX-382 also exhibited outstanding degradation potency against various mutant
BTKs, expanding its application feasibility to patients with recurrent cancers who have received prior
treatment of BTK inhibitors. Furthermore, oral administration of UBX-382 exhibited excellent in vivo
e�cacy in murine xenograft models using BTK WT- and mutant-expressing ABC-DLBCL cellsSince UBX-
382 degrades BTK as well as diverse CRBN neo-substrates depending on cell lines, it could be applicable
for the tailored treatment of B-cell malignancies. The compelling results of UBX-382 as a highly potent
and e�cient degrader suggest that UBX-382 could be a promising preclinical candidate for various
hematological malignancies.
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Figure 1

In vitro target binding assay

(A) Chemical structures of UBX-382 and UBX-382-Me. (B) TR-FRET based in vitro [BTK:PROTAC:CRBN]
ternary complex formation assay for UBX-382 and UBX-382-Me. Relative FRET signals represent the
normalized mean of FRET signals from two replicates. histidine-tagged (12 nM) and GST-tagged (20 nM)
were incubated with 12 different concentrations within the range 0.002048 nM ~ 50000 nM for 30 min
and collected at 620 nm (donor) and 665 nm (acceptor). (C) BTK-target binding assay for UBX-382 (navy
circle), UBX-382-Me (blue square), MT-802 (light blue pyramid), ARQ-531 (green inverted pyramid),
ibrutinib (dark green diamond), thalidomide (orange hexagon), and pomalidomide (beige circle). IC50

values of 6.31, 9.35, 18.11, 0.52, 0.88, not determined (ND), and ND were obtained for UBX-382, UBX-382-
Me, MT-802, ARQ-531, ibrutinib, thalidomide, and pomalidomide, respectively. (D) CRBN-target binding
assay for UBX-382 (navy circle), UBX-382-Me (blue square), MT-802 (light blue pyramid), ARQ-531 (green
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inverted pyramid), ibrutinib (dark green diamond), thalidomide (orange hexagon), and pomalidomide
(beige circle). IC50 values of 5.51, ND, 1.26, ND, ND, 7.61, and 1.99 were obtained for UBX-382, UBX-382-
Me, MT-802, ARQ-531, ibrutinib, thalidomide, and pomalidomide, respectively. Data are represented as the
mean values ± standard deviation.

Figure 2

UBX-382 potently degrades BTK via proteasome action in B-cell malignant cell lines (A) BTK degradation
in response to increasing UBX-382 and UBX-382-Me doses in TMD-8 cells over 24 h. BTK levels were
measured by immunoblotting using speci�c antibodies and values for the remaining BTK were
normalized using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) intensity as a loading control. (B)
Immunoblotting analysis of time-dependent degradation of BTK by treatment with UBX-382 in TMD-8
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cells. The cells were treated with 100 nM UBX-382 for 0.5, 1, 4, 16, 24, and 48 h and harvested for the
analysis of BTK levels using BTK antibodies. The remaining BTK values were normalized using GAPDH
intensity as a loading control. (C) The degradation effect of BTK by UBX-382 as determined by
immuno�uorescence analysis in the TMD-8 cells. Variations in BTK levels and CRBN as a result of
treatment with UBX-382 for 24 h were observed by immuno�uorescence using speci�c antibodies as
indicated in Materials and Methods. The TMD-8 cells were visualized using a confocal microscope
(400×) Green, BTK; red, CRBN; and blue, nucleus. Scale bars, 20 μm. (D) BTK polyubiquitination was
induced by treatment with 100 nM UBX-382 for 2 h in Ramos cells. The polyubiquitin chains on BTK were
observed using TUBE1 pull-down experiments as described in Materials and Methods. GAPDH was used
to con�rm an equal amount of protein loading. (E) BTK degradation is mediated by the UPS in TMD-8
cells. The TMD-8 cells were pretreated with 0.1 μM bortezomib, MLN4924, or ba�lomycin for 1 h and then
treated with 0.1 μM UBX-382 for 4 h. Immunoblotting was performed to verify BTK levels using speci�c
antibodies. The immunoblotting results represented two independent experiments (n = 2). Data are
expressed as the mean ± standard error of the mean. (F) Quantitative proteomics analysis was performed
to evaluate proteome changes in TMD-8 cells. The cells were treated with 100 nM UBX-382 or dimethyl
sulfoxide (DMSO) for 4 h. Lysates were treated with the TMT-6 plex kit, which was followed by liquid
chromatography-tandem mass spectrometry-based proteomics analysis. Volcano plot indicates protein
ranking per the abundance ratio (log2 fold change) for DMSO and UBX-382 and the statistical p-value.
The non-axial vertical line represents a fold change of ±1.5 and the non-axial horizontal line indicates a p-
value of 0.05 signi�cance threshold. This experiment was performed in triplicates. A total of 7418
proteins were identi�ed in this experiment.
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Figure 3

Inhibitory effects of UBX-382 on BCR-mediated downstream signaling

(A) Evaluation of inhibitory effects on cell proliferation by ibrutinib (black circle), ARQ-531 (green
diamond), and UBX-382 (red square) in TMD-8 cells. The cells were seeded and treated with increasing
doses of ibrutinib, ARQ-531, and UBX-382 for 3 days. Cell proliferation was measured by the Cell Titer-Glo
assay in duplicates. Data are expressed as the mean ± standard error of the mean. (B) Secreted CCL3 and
CCL4 levels in the TMD-8 cells. Secretion of CCL3 (left) and CCL4 (right) by the TMD-8 cells following
anti-IgM stimulation for 8 h and 10 nM UBX-382, ibrutinib, acalabrutinib, ARQ-531, Binder, or MT-802 for
24 h. Each graph indicates the mean concentration of CCL3 and CCL4 produced by the TMD-8 cells
cultured in a medium with dimethyl sulfoxide, UBX-382, ibrutinib, acalabrutinib, ARQ 531, Binder, or MT-
802 in the presence of 10 μg/mL anti-IgM. The experiments were performed in duplicates. Data represent
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the mean ± standard error of the mean. (C, D) Comparison of anti-proliferative effect following treatment
with ibrutinib (black circle), ARQ-531 (green diamond), and UBX-382 (red square) in WSU-DLCL2, OCI-Ly3,
or U2932 cells. The cells were seeded and treated with increasing concentrations of ibrutinib, ARQ-531,
and UBX-382 for 5 days. The assay was performed in duplicates. Data are expressed as the mean ±
standard error of the mean. (E) Suppression of BCR-mediated signaling axis by UBX-382. U2932 cells
were treated with 100 nM ibrutinib, acalabrutinib, ARQ-531, Binder, and UBX-382 for 6 and 24 h and
stimulated with 10 μg/mL anti-IgM for 15 min. Phosphorylation and total protein levels of BTK, SYK,
MEK, and ERK were visualized via immunoblotting using indicated speci�c antibodies. Glyceraldehyde-3-
phosphate dehydrogenase was used as a loading control.

Figure 4

Evaluation of PD effect of UBX-382 in vivo
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(A) Schematic overview of in vivo PD experimental design. (B) BTK levels at each dosing time (3, 8, 24,
and 48 h) were observed in spleen tissues extracted from mice (n = 3 per group). (C) Experimental
scheme of in vivo PD experimental design in the xenograft model. (D) Western blot analysis of BTK levels
in tumor and spleen samples of vehicle or UBX-382 treated group, n = 3 per group. (E)
Immunohistochemical study of BTK levels in TMD-8 tumor and spleen tissues treated with dimethyl
sulfoxide or UBX-382. Para�n sections of the tissues were visualized by 3,3-diaminobenzidine staining (n
= 3 per group). (F) Graph showing tumor size following UBX-382 administration in the TMD-8 xenograft
mouse models, with nine mice in each group. Xenograft mice were subjected to oral UBX-382 (3, 10, and
30 mg/kg) for 3 weeks. UBX-382 was re-administered to the 3 mg/kg group at a concentration of 30
mg/kg for 3 weeks 7 days after the discontinuation of the original dosing. (G) Bodyweight of CB17 SCID
mice treatment groups with TMD-8 xenografts after dosing with vehicle or UBX-382 (n = 9 per group).
Data describing tumor growth and body weight are presented as the mean ± standard error of the mean.
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Figure 5

Potent degradation and inhibition of mutated BTK in vitro and in vivo with UBX-382 treatment

(A) Schematic domain structure of BTK with known mutant sites (B) Transient expressing WT or various
mutant BTK in HEK293 cells were treated with UBX-382, ARQ-531, or MT-802 for 24 h in a concentration-
dependent manner (0.1, 1, and 10 μM). BTK levels and Y223 phosphorylation were visualized by
immunoblotting. Glyceraldehyde-3-phosphate dehydrogenase was used as an internal loading control.
Data were obtained from two independent experiments (n = 2). (C) Parental TMD-8 cells, WT-, or C481S
BTK overexpressed TMD-8 cells were treated with the indicated concentration of ibrutinib or UBX-382 for
5 days to measure the inhibitory effect on proliferation. These experiments were performed in duplicates
by Cell Titer-Glo® 2.0 Assay. Data are presented as the mean ± standard error of the mean (SEM). (D)
UBX-382 showed antitumor effects in TMD-8 BTK C481S in vivo models and induced tumor remission.
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TMD-8 BTK C481S cells were inoculated subcutaneously into the right �ank of male CB17 SCID mice.
When tumors had reached over 180–200 mm3, the mice were divided into seven groups and subjected to
oral treatment with a control vehicle (n = 7), ibrutinib (30 mg/kg, n = 7), Binder (30 mg/kg, n = 7), ARQ-531
(30 mg/kg, n = 7), and UBX-382 (3, 10, 30 mg/kg, n = 7), respectively, each day for 21 days. Tumor volume
(mean ± SEM) was observed for 84 days.

Figure 6

Validation of the anti-proliferative activity of UBX-382 in diverse cell lines derived from hematological
malignancies

(A) Inhibitory effects of ibrutinib (black circle), ARQ-531 (green diamond), and UBX-382 (red square) on
cell proliferation in the examined cell lines at the indicated increasing doses were monitored for 5 days by
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performing Cell Titer-Glo® 2.0 Assay. Germinal center B-cell-like diffuse large B-cell lymphoma cell line:
Su-DHL10; multiple myeloma cell line: U266; follicular lymphoma cell line: DOHH2; MCL cell line: MINO;
chronic myeloid leukemia cell line: K562; acute myeloid leukemia cell line: MOLM13. Experiments were
performed in duplicates. All data are expressed as the mean ± SEM. (B) Immunoblotting analysis of BTK
degradation and CRBN neo-substrates after treatment with UBX-382 and thalidomide. Hematological cell
lines (U2932, TMD-8, DOHH2, MINO, K562, and WSU-WM) were treated with 100 nM thalidomide and UBX-
382 for 24 h and 72 h. Immunoblotting was performed to verify the levels of BTK, Ikaros, Helios, Aiolos,
GSPT1, and CK1-α using speci�c antibodies. (C) CRBN neo-substrate protein levels were measured by
immunoblotting and values of the remaining substrates, Ikaros, Aiolos, GSPT1, and CK1-α, were
normalized using glyceraldehyde-3-phosphate dehydrogenase intensity value as a loading control.
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