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Proteolysis targeting chimeras (PROTACs) are small molecules that form ternary
complexes between their target and E3 ligase, resulting in ubiquitination and
proteasomal degradation of the target protein. Using our own designed Bruton’s
tyrosine kinase (BTK) PROTAC compounds, we show herein efficient BTK degradation
in chronic lymphocytic leukemia (CLL) cells. The reversible non-covalent compound
(NC-1) was the most potent and therefore we focused on this PROTAC to investigate its
subsequent effects on the BCR pathway. NC-1 decreased baseline BTK phosphorylation
as well as activation of BTK and other signaling molecules downstream of the BCR
pathway, following IgM engagement. These effects were also obtained in samples from
CLL patients with clinical resistance to ibrutinib and mutations at C481. NC-1 treatment
further decreased baseline CD69 surface levels, completely abrogated its upregulation
following IgM activation, decreased CLL cells migration toward SDF-1 and overcame
stromal anti-apoptotic protection. In conclusion, our results indicate that targeting BTK
using the PROTAC strategy could be a potential novel therapeutic approach for CLL.

Keywords: PROTACs (proteolysis targeting chimeras), BTK - Bruton’s tyrosine kinase, CLL (Chronic Lymphocytic
Leukemia), ibrutinib, BCR (B cell receptor) signaling

INTRODUCTION

Chronic lymphocytic leukemia (CLL) is the most common leukemia in the western world (1).
Although in recent years there has been considerable progress in the treatment options for CLL, a
definitive cure is still only achievable with allogeneic stem cell transplantation (2). When
considering the essential role of BCR signaling in CLL pathogenesis (3), this pathway has
become a target for anti-CLL therapy. Small molecules directed against kinases of the BCR
pathway show impressive clinical activity. One of these molecules is ibrutinib, an irreversible
inhibitor of Bruton’s tyrosine kinase (BTK) which has a critical role in the amplification of the BCR
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signal. Nevertheless, due to side effects and resistance that
emerges over-time, there is a need to develop novel approaches
to target the BCR pathway (4-7).

Proteolysis-targeting chimeras (PROTACs), a novel strategy
that utilizes the intracellular ubiquitin-proteasome system to
induce targeted protein degradation, are receiving much
attention in the field of targeted therapies. This technology is
based on using hetero-bifunctional molecules that direct a ligand
to bind with the target protein, linked with another ligand to
recruit an E3 ubiquitin ligase. When the ternary complex (target-
PROTAC-E3) is formed, the recruited E3 employs an E2
ubiquitin-conjugating enzyme to transfer ubiquitin to the
surface of the targeted protein. This process leads to
proteasomal degradation of the target protein (8-12).

PROTACs have a number of advantages over standard
chemical inhibitors, including increased selectivity, inhibition
of all target protein functions (13-16), longer lasting effects due
to the need for a new synthesis of target (17) and induction of
degradation by sub-stoichiometric concentrations of PROTAC
(18). BTK is an established target for non-covalent PROTACs
(19-24). Our previous results showed efficient BTK degradation
with reversible covalent PROTACs, as well as their non-covalent
and irreversible counterparts (25).

In this study we examined the effect of the PROTACs on BCR
signaling, activation, migration and apoptosis in CLL cells. We
show efficient inhibition of the BCR signaling pathway while
using PROTAC:s in both wild-type (WT) and BTK mutated CLL
cells. These results provide a basis for further preclinical study of
BTK PROTAC: as a novel strategy for CLL therapy.

MATERIALS AND METHODS

Patients and Samples

Cells were obtained from peripheral blood samples donated by
patients fulfilling the standard criteria for CLL after signing
informed consent approved by the Tel-Aviv Sourasky
Medical’s Institutional Review Board according to the Helsinki
Accords (Table 1). Peripheral blood mononuclear cells (PBMC)
were isolated by Ficoll density-gradient centrifugation. Viable
frozen cells were kept in FCS containing 10% DMSO and stored
in liquid nitrogen. Before use, frozen cells were thawed and
cultured at 37°C, 5% CO?2, in RPMI medium supplemented with
10% FCS, penicillin, streptomycin, and L-glutamine. The
samples used contained more than 90% CLL cells.

Antibodies and Reagents

ERK1/2, Phospho-ERK1/2 (Thr202/Tyr204), Akt (pan),
phospho-Akt (S473),PLC y2, pPLC y2(Tyr1217),BTK,
Phospho-BTK (Tyr223),Lyn(5G2), cleaved PARP (Asp214),
CD79a, phospho-CD79a (Tyr182), Syk,phospho-Syk (Tyr525/
526), SHIP1 and phospho-SHIP1 (Tyr1020) antibodies were
from Cell Signaling Technology (Beverly, MA). Anti-SRC
family (phospho Y418)-Phospho-Lyn (Y396) was obtained
from Abcam (Cambridge,UK).Purified anti-human actin
antibody was obtained from MP Biomedicals (Illkirch,France).
Goat anti Rabbit IgG (H+L)-HRP conjugate and Goat anti
Mouse 1gG (H+L)-HRP conjugate and Goat F(ab’)2 anti-
human IgM or IgG were from Jackson Immunoresearch
Laboratories, (West Grove, PA). Dynabeads Human T-

TABLE 1 | Patient characteristics.

Patient Gender/ Age (y) Binet stage ALC(x10%/L) IGHV mutational status FISH/TP53
CLL 01 M/67 A 102 M-IGHV Del13q

CLL_02 M/72 B 203 UM-IGHV Del11q

CLL 03 F/61 B 193 UM-IGHV Del13q

CLL_04 F/64 C 194 M-IGHV Del13q

CLL_05 M/76 C 17 M-IGHV Del17p

CLL_06 M/71 A 70 UM-IGHV Del17p/TP53mut
CLL_07 M/56 B 76 UM-IGHV Del17p/TP53mut
CLL 08 M/43 A 120 UM-IGHV Del17p

CLL_09 M/57 B 66 UM-IGHV Del11q

CLL_10 M/57 B 144 UM-IGHV Del11q

CLL_11 M/70 B 87 UM-IGHV Del11q

CLL_12 F/71 B 121 UM-IGHV Del13q

CLL_13 M/52 A 146 UM-IGHV Del11g

CLL_14 F/72 A 190 M-IGHV Del13q

CLL_15 M/54 B 61 M-IGHV Normal

CLL_16 M/76 A 59 M-IGHV Del13q

CLL_17 m/e7 B 88 UM-IGHV Normal

CLL_18 M/60 B 219 UM-IGHV Del11g

CLL_19 M/64 C 33 UM-IGHV Del11g/TP53mut
C481Y-mutation

CLL_20 M/60 C 71 UM-IGHV Del17p/TP53mut
C481S-mutation

CLL 21 F/54 C 40 UM-IGHV Del17p/TP53mut
C481F-mutation

CLL 22 F/70 C 70 ND ND

M, male; F, female; y, years; ALC, absolute lymphocyte count; M-IGHV, mutated IGHV; UM-IGHV-IGHV, unmutated IGHV; TP53mut, TP53 gene mutated; ND-no data.
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Activator CD3/CD28 were obtained from Thermo Scientific
(Rockford, IL). All antibodies utilized in the study were used in
concentrations according to the manufacturer’s instructions.
Ficoll-Paque PLUS from GE healthcare (Uppsala, Sweden),
dimethyl sulfoxide (DMSO) from Merck (Darmstadt,
Germany), RPM]I, fetal calf serum (FCS), Dulbecco’s phosphate
buffered saline (PBS), L-glutamine and penicillin-streptomycin
were from Biological Industries (Beit-Haemek, Israel). BTK
PROTACs RC-2, IR-2 and NC-1 (Supplementary Figure 1)
were designed as previously described (25).

Targeting BTK in CLL Cells

CLL cells were incubated with PROTACs (RC-2, IR-2 and NC-1)
at the indicated doses and time intervals at 37°C. The PROTACs
were dissolved in DMSQO, and controls were treated with
DMSO accordingly.

Western Blotting

CLL cells werelysed in RIPA lysis buffer (Cell Signaling Technology,
Beverly, MA) containing phosphatase inhibitor cocktail 2 and
protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO).
Extract from cell lysates were separated on 4-15% Criterion" ™
TGX™ Precast Midi Protein Gel (Bio-Rad Laboratories) and
transferred electrophoretically to nitrocellulose membrane (Bio-
Rad Laboratories). The membranes were incubated with the
designated antibodies and HRP conjugated secondary antibodies
according to the manufacturer’s instructions. Bands were detected
using MyECL Imager (Thermo Scientific, Rockford, IL).

Flow Cytometry

For activation marker analysis, CLL and normal B-cells (5x10°
cells/mL, 500,000 cells per tube) were stained with APC Mouse
Anti-human CD19 and PE Mouse Anti-human CD69 (BD
Biosciences, CA, USA) and incubated for 30 minutes on ice.
For normal T cell activation analysis, peripheral blood
mononuclear cells were stained with APC Mouse anti-human
CD3 and PE Mouse anti-human CD69 (BD Biosciences, CA,
USA). Isotype controls were APC Mouse IgGl, k¥ and PE Mouse
IgGl, x (BD Biosciences, CA, USA). Cells were washed and then
suspended in 0.5 mL PBS/1% FCS. For cell viability and
apoptosis analysis, CLL cells (5x10° cells/mL, 500,000 cells per
tube) were stained with the Annexin V/propidium Iodide
MEBCYTO® Apoptosis Kit (MBL, Nagoya, Japan), according
to the manufacturer’s instructions. In both assays samples were
acquired by BD FACSCanto II and analyzed using BD
FACSDiva software.

Migration Assay

Peripheral blood CLL cells were cultured in 6-well dishes (5x10°
cells/mL in RPMI 10% FCS) and incubated with 100 nM NC-1
BTK PROTAC for 18 hours.DMSO treated cells served as
controls. A total of 100 UL, containing 5 x 10° cells, was added
to the top chamber of a 6.5-mm diameter Transwell culture
inserts (Costar, Cambridge, MA) with a pore size of 5 um. Filters
then were transferred to wells containing medium with 100 ng/
mL SDF-1o (Merck). Wells containing medium without SDE-10

served as a negative control. The chambers were incubated for 2
hours at 37°C in 5% CO2. After this incubation, the cells in the
lower chamber were suspended and divided into aliquots for
counting. The experiments were performed in triplicates.

Co-Culture Assay

CLL cells (10x10° cells/mL) were co-cultured with HS-5
(ATCC® CRL-11882"™) in 20:1 ratio in 6-well dishes. The
medium for co-culture was DMEM (ATCC® 30-2002"")
supplemented with 5% FCS and 1% penicillin-streptomycin.
The cells were incubated with 100nM NC-1 PROTAC for 48
hours at 37°C. Proteins were extracted from cells treated with
PROTAC and controls and analyzed by Western blotting.

Statistical Analysis

In order to compare between the two paired groups, within each
type of experiment, the Student’s t test was applied to compare
the means of normal distributed dependent variables and the
Wilcoxon Signed-rank test was applied in order to compare the
distribution of non-parametric dependent variables. All
statistical analyses were performed using GraphPad Prism 8.0
software (GraphPad Software, San Diego, CA, USA). A P-value
of <0.05 was considered as statistically significant.

RESULTS

Efficient PROTAC-Mediated BTK
Degradation in CLL Cells

We evaluated the ability of reversible covalent (RC-2),
irreversible covalent (IR-2) and reversible non-covalent (NC-1)
compounds (Supplementary Figure 1) to induce BTK
degradation in CLL cell. The cells were treated for 18 hours
based on our previous results using the three compounds in
Ramos cells (25), as well as a time course experiment in CLL cells
treated with 100 nM NC-1 PROTAC. Treatment with NC-1
decreased BTK in a time dependent manner and completely
abolished BTK after 18 hours of incubation (Supplementary
Figure 2). We also measured the expression levels of other
proteins of the BCR pathway to test off-target effects. Proteins
were extracted from cells treated with PROTACs and controls
and analyzed by Western blotting. In our previous report (25),
we showed that the three compounds decreased BTK levels, an
effect that was more pronounced at the higher doses of 100-1000
nM. The NC-1 compound completely abolished BTK at >100
nM, and had a higher degradation potency compared to RC-2
and IR-2. In this work, total Lyn and Syk levels were also
evaluated to confirm specificity of the PROTACs to BTK.
Consistent with our previous report in the Ramos cell line,
NC-1 and IR-2 also reduced Lyn levels, which is compatible
with the known off-target effect of ibrutinib (26) (Figures 1A, C).
Then, the effect of the most potent PROTAC, NC-1, at 100 nM
was evaluated in 8 patients with different chromosomal
abnormalities and/or TP53 mutation. In all samples, the NC-1
compound led to BTK as well as Lyn degradation. Total Syk and
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FIGURE 1 | Efficient BTK degradation in CLL cells. Peripheral blood CLL cells of three patients were cultured in 6-well dishes (20x10° cells/mL in RPMI 10% FCS)
and incubated with BTK PROTAC:s in different concentrations (1000 nM, 100 nM and 10 nM) for 18 hours at 37° in a humidified 5% CO2 atmosphere. DMSO
treated cells served as controls. Then, proteins were extracted and analyzed by Western blot. (A) A Western blot analysis showing total BTK, Lyn and Syk levels.
Actin was used to verify equal loading. (B) Cleaved PARP levels in cells treated with different types and concentrations of PROTAC as a marker to measure
apoptosis levels. (C) Quantification of BTK, Lyn, Syk and cleaved PARP levels in A and B by normalization to actin using mylmageAnaIysisTM Software (n=3).
*0<0.05, **p<0.01, **p<0.001, ***p<0.0001. (D, E) Peripheral blood CLL cells of 8 patients with various genetic abnormalities were cultured in 6-well dishes
(20x10° cells/mL in RPMI 10% FCS) and incubated with 100nM NC-1 for 18 hours at 37° in a humidified 5% CO2 atmosphere. DMSO treated cells served as
controls. Then, proteins were extracted and analyzed by Western blot analysis. Levels of BTK, PLCy2, Lyn, Syk and cleaved PARP (cPARP) are indicated (n=8).
*0<0.05, ***p<0.0001.

PLCy2 levels were not affected by this treatment (Figures 1D, E). In order to validate the mechanism of PROTAC-mediated
In order to analyze the effect of the PROTACsS on cell viability we ~ BTK degradation, CLL cells were treated with bortezomib, a
tested cleaved PARP levels as a measure of apoptosis. Cleaved-  proteasome inhibitor (27), for 1 hour before treatment with 100
PARP levels show a mild increase in apoptosis after 18 hours of ~ nM NC-1. We analyzed BTK levels after additional 4 hours.
PROTAC treatment (Figures 1B-E). PROTAC treatment was assessed for 4 hours due to the
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concomitant presence of bortezomib, which could cause cell
death. Compatible with our previous results in Mino cells (25),
bortezomib significantly inhibited degradation, suggesting
proteasome-mediated degradation (Supplementary Figure 3).

BTK PROTAC Leads to BCR Signaling
Pathway Inhibition

After demonstrating that the NC-1 PROTAC leads to effective
BTK degradation, its effect on downstream elements in the BCR
signaling pathway was tested. Peripheral blood CLL cells were
treated with NC-1 or ibrutinib, and then activated with goat F
(ab’)2 anti-human IgM. Cells that were not treated or stimulated
served as controls. Western blot analysis revealed that pre-
treatment with NC-1 resulted in abolishment of BTK
phosphorylation, and partial inhibition of phosphorylation
increase in Akt, ERK and PLCy2 following IgM cross-linking
(Figures 2A, B). The inhibitory effect of ibrutinib on the BCR
signaling was less prominent compared to that of NC-1 (Figures
2A, B). Since we have previously shown that Lyn is an off target
of NC-1, we also analyzed the effect of this PROTAC on
phosphorylation of proximal BCR elements. Treatment with
100nM NC-1 compound decreased Lyn levels, as well as
phosphorylation of this protein and of CD79a after BCR
activation (Figures 2C, D). The effect of NC-1 on Syk and
Shipl phosphorylation was heterogeneous and statistically non-
significant, however in some samples (n=4) treatment with NC-1
clearly inhibited Syk phosphorylation after BCR activation
(Figures 2C, D). The effect of ibrutinib on phosphorylation of
the upstream signaling molecules of BCR pathway was not
statistically significant (Figures 2C, D).

Efficient BCR Signaling Pathway Inhibition
in Ibrutinib Resistant CLL Cells

In the next experiments, we analyzed the effect of the PROTACs
on the BCR signaling pathway in ibrutinib resistant cells.
Ibrutinib binds BTK at the cysteine 481 residues and
mutations at this position have been identified as the most
frequent mutations in patients with CLL who develop clinical
resistance. Peripheral blood CLL cells from patients with
resistance to ibrutinib were treated with PROTACs or ibrutinib
and then activated with goat F(ab’)2 anti-human IgM. Cells that
were not treated or stimulated served as controls. Western blot
analysis shows a substantial decrease in BTK levels in a dose-
dependent manner in ibrutinib resistant cells (C481Y) treated
with PROTACs (Figure 3A). In order to prove ibrutinib
resistance, we analyzed its effect on phosphorylation levels of
BTK in cells before and after acquiring the BTK C481Y
mutation. It is important to emphasize that the mutations in
BTK are heterozygous and in all experiments the cells from
resistant patients were collected while patients continued
ibrutinib treatment, and before further line of treatment.
Because BTK mutations at C481 disrupt the covalent binding
of ibrutinib to BTK, the cells treated with ibrutinib were washed
before activation. As shown in Figure 3B, the relative decrease in
pBTK levels after the cells were treated with ibrutinib was more
prominent before the cells acquired the BTK C481Y mutation.

Treatment with PROTACs led to a decrease in BTK and pBTK
levels in cells resistant to ibrutinib (Figure 3B). We also show
that there is no significant difference in the levels of BTK and
pBTK between cells treated with PROTACs and washed before
activation and those that were not washed (Figure 3B). The effect
of the PROTAC NC-1 on BTK levels was also evaluated in cells
with other BTK mutations, C481S and C481F. Figure 3C
demonstrates BTK degradation in these ibrutinib resistant
cells. Next, we analyzed the effect of NC-1 on downstream
BCR signaling elements in cells from patients with ibrutinib
clinical resistance. A representative Western blot analysis shows
inhibition of the phosphorylation of BTK, Akt and ERK in cells
treated with the PROTAGC, an effect that was not observed when
cells were treated with ibrutinib (Figures 3D, E). These results
demonstrate that the PROTAC appears to be effective in
degradation of BTK protein as well as inhibiting the
downstream elements of the BCR signaling in BTK mutated cells.

BTK PROTAC Blocks CLL Cell Activation
in Response to BCR Engagement

B-cell activation is generally accompanied by upregulation of cell
surface expression of certain functional molecules. CLL cells present
the phenotype of activated B cells based on the overexpression of the
activation markers such as CD69, an early activation marker (28).
CLL cells were treated with 100 nM NC-1, and then surface CD69
levels were determined by flow cytometry. As we expected,
activation of the B cells with F(ab’) 2 anti-human IgM caused an
increase in CD69 expression (Figures 4A, B). In cells treated with
NC-1 there was a decrease in CD69 expression both at baseline and
after activation (Figures 4A, B). NC-1 PROTAC treatment also
decreased CD69 expression in BTK C481S mutated cells, whereas
ibrutinib did not alter CD69 expression at baseline or after
activation (Figure 4C). Our results show that PROTAC treatment
blocks BCR-mediated activation in both WT and mutated BTK
CLL cells. The effect of NC-1 compound on activation marker
expression was also tested in normal B and T cells. The PROTAC
decreased CD69 surface levels in both normal B and T cells after
activation. However, there was no significant effect on this marker in
resting cells treated with 100 nM NC-1 compound (Figures 4D, E).

BTK PROTAC Induces Apoptosis, Inhibits
Migration and Overcomes the Protective
Effect of Stromal Cells on CLL Cells

After demonstrating the efficacy of PROTAC in suppressing
elements in the BCR pathway and decreasing activation marker
expression, we analyzed its effect on apoptosis. For this purpose,
CLL cells were treated with 100 nM NC-1 PROTAC or left
untreated. The concentrations of PROTAC used in the
experiments are equivalent to the plasma therapeutic levels of
ibrutinib in patients with CLL (29). Cells viability was
determined by flow cytometry immediately after thawing, after
48 and 96 hours of incubation, using an Annexin V/PI apoptosis
detection kit. As we expected, there was a decrease in cell viability
over time. This effect was approximately 10% higher in cells that
were treated with NC-1 BTK PROTAC (Figures 5A, B). The
differences in cell viability between the treated cells and the
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FIGURE 2 | BTK PROTAC leads to BCR signaling pathway inhibition. Peripheral blood CLL cells were cultured in 6-well dishes (20x10° cells/mL in RPMI 10% FCS)
and incubated with 100 nM NC-1 for 18 hours or with ibrutinib (IBR) for 1 hour, at 37° in a humidified 5% CO2 atmosphere. DMSO treated cells served as controls.
Following treatment, cells were incubated with goat F (ab’) 2 anti-human IgM (10 pg/mL) for 15 minutes or left unstimulated. Cells treated with ibrutinib were washed
before activation. Then, proteins were extracted and analyzed by Western blot analysis. (A) A representative Western blot showing BTK (Tyr223), PLCy2 (Tyr1217),
Akt (S473) and ERK (T202/Y204) phosphorylation, as well as total amount of these proteins. Actin was used to verify equal loading. (B) Quantification of BTK, pBTK,
pPLCY2, pAkt and pERK levels in A by normalization to actin using myImageAnaIysisTM Software (n=9). *p<0.05, *p<0.01, **p<0.001. (C) A representative Western
blot showing pLyn (Tyr396), pCD79a (Tyr182), pSyk (Tyr525/526) and pShip1 (Tyr1020) levels,as well as total amount of these proteins. Actin was used to verify
equal loading. (D) Quantification of Lyn, pLyn, pCD79a, pSyk and pShip1 levels in C by normalization to actin using mylmageAnalysis™ Software (n=8). *p<0.05,
**p<0.01, **p<0.001.

control were statistically significant after 48 hours of incubation
(P<0.049). These results confirm that BTK inhibition in the
therapeutic range induces only mild apoptosis in CLL.

BTK has a role in mediating signal transduction that
modulates migration and adhesion of B-cells to the tissue

microenvironment, promoting cell survival and proliferation
(30, 31). Given that fact, we analyzed the effect of NC-1
PROTAC on CLL cells migration toward stromal cell-derived
factor-1 (SDF-1). It is already known that CLL cells express high
levels of the chemokine receptor CXCR4 and that stromal cells
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FIGURE 3 | Efficient BCR signaling pathway inhibition in ibrutinib resistant CLL cells. Peripheral blood CLL cells of ibrutinib resistant patients were cultured in 6-well
dishes (20x10° cells/mL in RPMI 10% FCS) and incubated with BTK PROTAGs for 18 hours or with ibrutinib (IBR) for 1 hour at 37° in a humidified 5% CO2
atmosphere. DMSO treated cells served as controls. Following treatment, cells were incubated with goat F(ab’) 2 anti-human IgM (10 pg/mL) for 15 minutes or left
unstimulated. Cells treated with ibrutinib were washed before activation. Then, proteins were extracted and analyzed by Western blot analysis. (A) A representative
Western blot showing BTK levels in C481Y CLL cells in response to various concentrations (1000 nM, 100 nM and 10 nM) of RC-2, IR-2 and NC-1 PROTACs. Total
Lyn levels were evaluated to confirm specificity of the PROTACs to BTK. Actin was used to verify equal loading. (B) A Western blot analysis showing pBTK and BTK
levels in response to treatment with 100 nM RC-2, IR-2, NC-1 or ibrutinib and activation with goat F(ab’)2 anti-human IgM in CLL cells before and after acquiring
BTK C481Y mutation. PROTACs-treated cells were washed (W) or not washed prior to activation. (C) Total BTK levels in BTK mutated cells (C481S, C481Y and
C481F) in response to 100nM NC-1 or ibrutinib. (D) A representative Western blot showing BTK (Tyr223), ERK (T202/Y204) and Akt (S473) phosphorylation, as well
as total amount of these proteins, following treatment with 100 nM NC-1 or ibrutinib and activation with goat F(ab’)2 anti-human IgM in BTK C481S CLL cells.
(E) Quantification of BTK, pBTK, pERK and pAkt levels in ibrutinib resistant cells (representative analysis, D) by normalization to actin using mylmageAnalysisW|
Software (n=4). *p<0.05, *p<0.01.

secrete high amounts of SDF-1, thereby they can attract CLL cells
via this receptor. This process can govern the homing and
survival of CLL cells in vivo (31, 32). CLL cells were incubated
with 100 nM NC-1 for 18 hours or left untreated. A total of 100

UL, containing 5 x 10° cells was added to the top chamber of
transwell culture inserts. Filters then were transferred to wells
containing medium with 100 ng/mL SDF-1o.. Wells containing
medium without SDF-1a. served as a negative control. After 2
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FIGURE 4 | The effect of PROTAC on activation marker expression. Peripheral blood CLL cells were cultured in 6-well dishes (5x1 06 cells/mL in RPMI 10% FCS)
and incubated with 100 nM NC-1 BTK PROTAC for 18 hours or with 100nM ibrutinib for 1 hour at 37° in a humidified 5% CO2 atmosphere. DMSO treated cells
served as controls. Following treatment, cells were incubated with goat F(ab’)2 anti-human IgM (10 pg/mL) for 3 hours or left unstimulated. After incubation, the cells
were stained with APC Mouse Anti-Human CD19 and PE Mouse Anti-Human CD69 and incubated for 30 minutes on ice. Isotype controls were APC Mouse IgG1,
k and PE Mouse IgG1, k. Samples were acquired by a FACSCanto Il (BD) and analyzed using BD FACSDiva software. (A) Flow cytometric dot-plots of CD19-

APC versus CD69-PE expression on samples of one representative CLL case. (B) Quantification of CD69+/CD19+ cells in samples obtained from CLL patients
(n=10). "p<0.05, **p<0.001. (C) Flow cytometric dot-plots of CD19-APC versus CD69-PE expression on samples of ibrutinib resistant CLL patient (C481S BTK).
(D, E) Peripheral blood mononuclear cells (PBMC) isolated from healthy donors were incubated with 100 nM NC-1 for 18 hours. DMSO treated cells served as
controls. Following treatment, cells were incubated with goat F(ab’)2 anti-human IgG (10 pg/mL) or with Dynabeads Human T-Activator CD3/CD28 for 3 hours or left
unstimulated. After incubation, the cells were stained with APC Mouse Anti-Human CD19 or CD3, respectively, and PE Mouse Anti-Human CD69. Percentages of
CDB69+ in CD19+ (n=7) and in CD3+ (n=8) populations were calculated. *p<0.05, *p<0.01.

hours of incubation, the cells in the lower chamber were counted.
The results are the average + S.D. of seven individual patients.
The chemotaxis of CLL cells to SDF-1o. was significantly
inhibited by preincubation of the input cells with 100 nM NC-
1 PROTAC (Figure 5C).

To study the capability of BTK PROTAC to overcome the
supporting effect of mesenchymal stromal cells on CLL cells, CLL
cells were co-cultured with HS-5, human bone marrow-derived
stromal cells, and treated with 100 nM NC-1 for 48 hours.
Proteins were extracted from CLL cells treated with PROTAC
and controls and analyzed by Western blotting. Cleaved PARP
levels were lower in CLL cells co-cultured with stromal cells
compared to those incubated in medium alone. The addition of
NC-1 to the co-culture system abrogated the anti-apoptotic effect
of the stromal cells (Figures 5D, E). Taken together, these results
demonstrate that PROTAC can overcome supporting effects of
the tissue microenvironment on CLL cells.

DISCUSSION

In this study we demonstrate that the BCR pathway in CLL cells
can be efficiently inhibited with PROTACs directed towards
BTK. We show that non-covalent (NC-1), irreversible covalent
(IR-2) and also reversible covalent (RC-2) PROTACs are able to
degrade BTK in CLL cells. The NC-1 compound has a higher
degradation potency compared with the IR-2 and RC-2
PROTACsS. The efficacy of NC-1 was also observed in patients
with poor genomic abnormalities, including dell7p and TP53
mutation. The higher potency of non-covalent NC-1 may be
attributed to its rapid binding and dissociation equilibrium (25),
as well as potentially improved stability and permeability.
Furthermore, the non-covalent binding of NC-1 may explain
its more prominent reduction of Lyn levels. While ibrutinib is a
400-fold weaker inhibitor of Lyn than BTK (26), efficient
degradation of kinases by PROTACs was shown also based on
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FIGURE 5 | BTK PROTAC induces apoptosis, inhibits migration and overcomes anti-apoptotic protection of stromal cell on CLL cells. Peripheral blood CLL cells
were cultured in 24-well dishes (5x10° cells/mL in RPMI 10% FCS) and incubated with 100 nM NC-1 PROTAC at 37° in 5% humidified CO2 atmosphere. DMSO
treated cells served as controls. Cells viability was evaluated by flow cytometry immediately after thawing, after 48 and 96 hours of incubation, using an Annexin V/PI
apoptosis detection kit. (A) A representative flow cytometry analyses of annexin V-propidium iodide double staining CLL-treated cells and controls at 2 and 3 time
points respectively. The left lower quadrant represents remaining live cells (percentages are indicated). The right lower quadrant represents the population of early
apoptotic cells. The right upper quadrant represents the accumulation of late apoptotic cells. (B) Viability percentages of cells treated with PROTAC and controls
(n=11) measured by flow cytometry after thawing, after 48 and 96 hours of incubation. (C) Peripheral blood CLL cells were cultured in 6-well dishes (5x10° cells/mL
in RPMI 10% FCS and incubated with 100 nM NC-1 BTK PROTAGC for 18 hours. DMSO treated cells served as controls. A total of 100 uL, containing 5 x 10° cells,
was added to the top chamber of a 6.5-mm diameter Transwell culture inserts with a pore size of 5 um. Filters then were transferred to wells containing medium
with 100 ng/mL SDF-10o.Wells containing medium without SDF-1a: served as a negative control. The chambers were incubated for 2 hours at 37°C in 5% CO2. After
this incubation, the cells in the lower chamber were suspended and divided into aliquots for counting. The experiments were performed in triplicates (n=7). The averages +
S.D. are shown. **p<0.01. (D, E) Peripheral blood CLL cells (10x10° cells/mL) were co-cultured with HS-5 bone marrow stromal cells in 6-well dishes and treated with

100 nM NC-1. DMSO treated cells served as control. After 48 hours of incubation, proteins were extracted and analyzed by Western blot. A representative Western blot
analysis showing cleaved PARP levels as a marker to measure apoptosis. Actin was used to verify equal loading (n=5). *p<0.05, *p<0.01.

weak binding inhibitors (13). Nevertheless, the reduction in Lyn
levels can in fact have a beneficial therapeutic effect in CLL. Lyn
plays a crucial role in the onset and progression of CLL and its
targeting by dasatinib has been shown to inhibit BCR signaling in
CLL cells (33).

Because of the higher NC-1 potency, we focused on this
PROTAC to investigate its further effects on BCR signaling,
activation, apoptosis and migration. In accordance with BTK
degradation by NC-1, phosphorylation of BTK was abolished
and activation of its downstream elements (PLCy2, Akt and
ERK) was partially blocked in response to IgM engagement.
Although treatment with ibrutinib resulted in a reduction in
BTK phosphorylation and also inhibition of BCR downstream
elements, the latter effect was less prominent, to some extent,

than that of NC-1. Given that Lyn is an off target of NC-1
compound, we also analyzed the effect of this PROTAC on
phosphorylation of proximal BCR elements. The treatment led to
decrease in phosphorylation of CD79a and Lyn, which can
contribute to further inhibition of BCR pathway.

Treatment of ibrutinib-resistant CLL cells with mutations at
C481 using NC-1 led to a decrease in BTK and pBTK levels, as
well as in phosphorylation of Akt and ERK. As expected in BTK
mutated cells, ibrutinib did not inhibit the phosphorylation of
these elements. Taken together, our results demonstrate that the
PROTACs are effective in degradation of BTK as well as
inhibiting the downstream elements of the BCR signaling,
including inhibitory activity in ibrutinib resistant cells with
mutations at C481. From a therapeutic point of view, although
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PRTOACs have impressive activity in the targeting of BTK in
CLL cells, over time compensatory molecules and pathways may
arise that will oppose their activity, so in the future a
combination of drugs should be studied.

CLL cells often present a phenotype of activated B cells with
overexpression of surface activation markers including CD69
(28). Therefore, we analyzed the effect of the BTK PROTAC NC-
1 on the expression of the early activation marker CD69.
Treatment with NC-1 decreased the baseline CD69 surface
levels, and completely abrogated the upregulation of CD69
following BCR activation both in BTK WT and mutated CLL
cells. These results reinforce our findings that PROATCs directed
to BTK are capable of blocking both “tonic” and “antigen-
triggered” BCR signals in CLL cells. The effect of the PROTAC
on this activation marker expression was also tested in normal B
and T cells. As we expected, NC-1 compound decreased CD69
surface levels in activated normal B cells as they express BTK as
part of their BCR complex. The PROTAC also decreased CD69
expression in activated normal T cells. This result can be
explained by the possibility that NC-1 degraded the known
ibrutinib off-target ITK in the T cells (26). In contrast to CLL
cells, in normal cells there was no significant effect on CD69
levels in resting cells treated with 100 nM NC-1 compound. Our
results indicate that in activated cells the effect of PROTAC is
more pronounced and therefore it is an effective treatment
strategy for CLL patients in whom the B cells have both
“tonic” and “antigen —triggered” signals.

We also tested the effect of the PROTAC on apoptosis of CLL
cells. Cleaved PARP analysis revealed a mild apoptosis after 18
hours of PROTAC treatment. Flow cytometry analysis using
annexin V/PI staining revealed a decrease in cell viability after 48
and 96 hours of incubation, an effect that was approximately 10%
higher in cells that were pre-treated with 100 nM NC-1 PROTAC,
which is compatible with the mild apoptotic effect of ibrutinib using
equivalent therapeutic plasma concentrations in CLL (50-100 nM)
(29). It has been reported that ibrutinib can induce more marked
apoptosis of CLL cells, but this has been achieved at supra-
therapeutic concentrations up to 100 times higher than the
concentration we used (6). These findings further support the
concept that a central in-vivo mechanism of action of ibrutinib is
displacement of CLL cells from their supportive microenvironment,
leading to CLL cell redistribution from tissues into the blood,
followed by cell death as a result of “death by neglect” (34).

It is already been previously published that CLL cells express
high levels of CXCR4 and the stromal cells secrete SDF-I,
thereby they can attract the CLL cells and subsequently govern
their homing and survival (31, 32). BTK has a role in trafficking
of CLL cells, and its inhibition results in impaired CXCR4
expression, signaling and function in CLL, as was seen while
using ibrutinib (35, 36). In this study, the effect of NC-1
PROTAC on CLL cells migration toward SDF-1 was tested,
using transwell migration assay. The chemotaxis of CLL
cells to SDF-10. was significantly inhibited by preincubation of
the cells with 100 nM NC-1 PROTAC. These results demonstrate
that the PROTAC is effective in inhibiting an additional
aspect of CLL cells physiology, which may cause in vivo

blockade of CLL cell migration to secondary lymphoid tissues
and bone marrow.

Given the importance of the stromal niche in CLL cells
survival in vivo, the impact of PROTAC treatment on
apoptosis in the presence of stromal support was investigated.
Our results further show that NC-1 can overcome the anti-
apoptotic protection of co-cultured stromal cells on CLL cells.

BTK PROTACs have already been developed (19-24) and the
first designed BTK-targeted PROTACs were reported by Sun et al.
(20). These studies showed a reduction in the level of BTK protein,
inhibition of ERK phosphorylation in Ramos cell line (24), and
degradation of BTK in CLL patient samples including C481S (22).
The novelty of our work that we show the more comprehensive
effects of PROTACs to BTK on proximal and downstream BCR
signaling, activation, migration and apoptosis in patients derived
CLL cells including those with different BTK mutations at C481. In
addition, the use of PROTAC designed by us, has made it possible
to further investigate the effect of compounds with different binding
properties to BTK on CLL cells.

Taken together, PROTACs represent a very promising and
powerful approach for the development of targeted therapy
drugs, as was recently underscored by the first PROTAC,
ARV-110, to enter clinical trials (12). For BTK, PROTACs
such as NC-1 have advantages over irreversible inhibitors since
they are not sensitive to mutations in C481 (Figure 3) as well as
other reversible BTK inhibitors due to their longer duration of
action. Furthermore, this work demonstrates the potential of
BTK PROTAG:S to inhibit the BCR pathway, and paves the way
for future development of this novel therapeutic modality in
CLL. However, more efforts will be required to obtain deeper
insight into the efficacy and safety of PROTACs in
clinical settings.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

YSA, YH, and B-ZK designed the study, analyzed data, and wrote
the paper. YSA performed and analyzed Western blot, flow
cytometry and cell migration experiments. YH conducted
statistical analysis. NL, AS, and RG designed the PROTACs.
RG synthesized the PROTACs. All authors contributed to the
article and approved the submitted version.

FUNDING

YH is supported by grants from the Israeli Science Foundation
(1707/19), Israeli Cancer Association and Sackler Faculty of
Medicine, Tel-Aviv University. NL is the incumbent of the

Frontiers in Oncology | www.frontiersin.org

May 2021 | Volume 11 | Article 646971


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Shorer Arbel et al.

PROTACSs for BTK in Chronic Lymphocytic Leukemia

Alan and Laraine Fischer Career Development Chair. NL would
like to acknowledge funding from the Israel Science Foundation
(grant no. 2462/19), The Rising Tide Foundation, The Israel
Cancer Research Fund, the Israeli Ministry of Science
Technology (grant no. 3-14763), and the Moross Integrated
Cancer Center. NL is also supported by the Helen and Martin
Kimmel Center for Molecular Design, Joel and Mady Dukler
Fund for Cancer Research, the Estate of Emile Mimran and
Virgin JustGiving, and the George Schwartzman Fund. RG was

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

Caligaris-Cappio F, Hamblin TJ. B-Cell Chronic Lymphocytic Leukemia: A
Bird of a Different Feather. J Clin Oncol (1999) 17(1):399-408. doi: 10.1200/
JCO.1999.17.1.399

. Schwarzbich MA, McClanahan F, Gribben J. Allogeneic Transplantation for

Chronic Lymphocytic Leukemia in the Age of Novel Treatment Strategies.
Oncology (2016) 30(6):526-33.

. Herishanu Y, Perez-Galan P, Liu D, Biancotto A, Pittaluga S, Vire B,

et al. The Lymph Node Microenvironment Promotes B-cell Receptor
Signaling, NF-kappaB Activation, and Tumor Proliferation in Chronic
Lymphocytic Leukemia. Blood (2011) 117(2):563-74. doi: 10.1182/blood-
2010-05-284984

. Woyach JA, Johnson AJ, Byrd JC. The B-cell Receptor Signaling Pathway as a

Therapeutic Target in CLL. Blood (2012) 120(6):1175-84. doi: 10.1182/blood-
2012-02-362624

. Wiestner A. Emerging Role of Kinase-Targeted Strategies in Chronic

Lymphocytic Leukemia. Hematol Am Soc Hematol Educ Program (2012)
2012:88-96. doi: 10.1182/asheducation.V2012.1.88.3801172

. Herman SE, Gordon AL, Hertlein E, Ramanunni A, Zhang X, Jaglowski S,

et al. Bruton Tyrosine Kinase Represents a Promising Therapeutic Target for
Treatment of Chronic Lymphocytic Leukemia and is Effectively Targeted by
PCI-32765. Blood (2011) 117(23):6287-96. doi: 10.1182/blood-2011-01-
328484

. Woyach JA, Furman RR, Liu TM, Ozer HG, Zapatka M, Ruppert AS, et al.

Resistance Mechanisms for the Bruton’s Tyrosine Kinase Inhibitor Ibrutinib.
N Engl ] Med (2014) 370(24):2286-94. doi: 10.1056/NEJMo0a1400029

. An S, Fu L. Small-Molecule PROTACs: An Emerging and Promising

Approach for the Development of Targeted Therapy Drugs. EBioMedicine
(2018) 36:553-62. doi: 10.1016/j.ebiom.2018.09.005

. Toure M, Crews CM. Small-Molecule PROTACS: New Approaches to Protein

Degradation. Angew Chem (2016) 55(6):1966-73. doi: 10.1002/
anie.201507978

Schneekloth AR, Pucheault M, Tae HS, Crews CM. Targeted Intracellular
Protein Degradation Induced by a Small Molecule: En Route to Chemical
Proteomics. Bioorg Med Chem Lett (2008) 18(22):5904-8. doi: 10.1016/
j.bmcl.2008.07.114

Sun X, Gao H, Yang Y, He M, Wu Y, Song Y, et al. Protacs: Great
Opportunities for Academia and Industry. Signal Transduct Targeted Ther
(2019) 4:64. doi: 10.1038/541392-019-0101-6

Mullard A. First Targeted Protein Degrader Hits the Clinic. Nat Rev Drug
Discov (2019) 18:237-9. doi: 10.1038/d41573-019-00043-6

Bondeson DP, Smith BE, Burslem GM, Buhimschi AD, Hines ], Jaime-
Figueroa S, et al. Lessons in PROTAC Design From Selective Degradation
With a Promiscuous Warhead. Cell Chem Biol (2018) 25(1):78-87.e5. doi:
10.1016/j.chembiol.2017.09.010

Brand M, Jiang B, Bauer S, Donovan KA, Liang Y, Wang ES, et al. Homolog-
Selective Degradation as a Strategy to Probe the Function of CDK6 in AML.
Cell Chem Biol (2019) 26(2):300-6.€9. doi: 10.1016/j.chembiol.2018.11.006
Jiang B, Wang ES, Donovan KA, Liang Y, Fischer ES, Zhang T,
et al. Development of Dual and Selective Degraders of Cyclin-Dependent
Kinases 4 and 6. Angew Chem (2019) 58(19):6321-6. doi: 10.1002/
anie.201901336

Huang HT, Dobrovolsky D, Paulk ], Yang G, Weisberg EL, Doctor ZM, et al.
A Chemoproteomic Approach to Query the Degradable Kinome Using a

supported by the state of Israel, ministry of Aliyah, Center for
Integration in Science.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online

at:

https://www.frontiersin.org/articles/10.3389/fonc.2021.

646971/full#supplementary-material

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Multi-kinase Degrader. Cell Chem Biol (2018) 25(1):88-99.e6. doi: 10.1016/
j.chembiol.2017.10.005

You [, Erickson EC, Donovan KA, Eleuteri NA, Fischer ES, Gray N, et al. Discovery
of an AKT Degrader With Prolonged Inhibition of Downstream Signaling. Cell Chern
Biol (2020) 27(1):66-73.se7. doi: 10.1016/j.chembiol.2019.11.014

Bondeson DP, Mares A, Smith IE, Ko E, Campos S, Miah AH, et al. Catalytic
in Vivo Protein Knockdown by Small-Molecule Protacs. Nat Chem Biol
(2015) 11(8):611-7. doi: 10.1038/nchembio.1858

Tinworth CP, Lithgow H, Dittus L, Bassi ZI, Hughes SE, Muelbaier M, et al.
Protac-Mediated Degradation of Bruton’s Tyrosine Kinase is Inhibited by
Covalent Binding. ACS Chem Biol (2019) 14(3):342-7. doi: 10.1021/
acschembio.8b01094

Sun Y, Zhao X, Ding N, Gao H, Wu Y, Yang Y, et al. PROTAC-Induced BTK
Degradation as a Novel Therapy for Mutated BTK C481S Induced Ibrutinib-
Resistant B-cell Malignancies. Cell Res (2018) 28(7):779-81. doi: 10.1038/
541422-018-0055-1

Zorba A, Nguyen C, Xu Y, Starr J, Borzilleri K, Smith J, et al. Delineating the
Role of Cooperativity in the Design of Potent PROTACs for BTK. Proc Natl
Acad Sci U S A (2018) 115(31):E7285-E92. doi: 10.1073/pnas.1803662115
Buhimschi AD, Armstrong HA, Toure M, Jaime-Figueroa S, Chen TL,
Lehman AM, et al. Targeting the C481S Ibrutinib-Resistance Mutation in
Bruton’s Tyrosine Kinase Using PROTAC-Mediated Degradation.
Biochemistry (2018) 57(26):3564-75. doi: 10.1021/acs.biochem.8b00391
Krajcovicova S, Jorda R, Hendrychova D, Krystof V, Soural M.
Solid-Phase Synthesis for Thalidomide-Based Proteolysis-Targeting
Chimeras (PROTAC). Chem Commun (2019) 55(7):929-32. doi: 10.1039/
C8CC08716D

Dobrovolsky D, Wang ES, Morrow S, Leahy C, Faust T, Nowak RP, et al.
Bruton Tyrosine Kinase Degradation as a Therapeutic Strategy for Cancer.
Blood (2019) 133(9):952-61. doi: 10.1182/blood-2018-07-862953

Gabizon R, Shraga A, Gehrtz P, Livnah E, Shorer Y, Gurwicz N, et al. Efficient
Targeted Degradation Via Reversible and Irreversible Covalent Protacs. ] Am
Chem Soc (2020) 142(27):11734-42. doi: 10.1021/jacs.9b13907

Honigberg LA, Smith AM, Sirisawad M, Verner E, Loury D, Chang B,
et al. The Bruton Tyrosine Kinase Inhibitor PCI-32765 Blocks B-cell
Activation and is Efficacious in Models of Autoimmune Disease and B-cell
Malignancy. Proc Natl Acad Sci U S A (2010) 107(29):13075-80. doi: 10.1073/
pnas.1004594107

Teicher BA, Ara G, Herbst R, Palombella V], Adams J. The Proteasome
Inhibitor PS-341 in Cancer Therapy. Clin Cancer Res (1999) 5(9):2638-45.
Damle RN, Ghiotto F, Valetto A, Albesiano E, Fais F, Yan X], et al. B-Cell
Chronic Lymphocytic Leukemia Cells Express a Surface Membrane
Phenotype of Activated, Antigen-Experienced B Lymphocytes. Blood (2002)
99(11):4087-93. doi: 10.1182/blood.V99.11.4087

Chen LS, Bose P, Cruz ND, Jiang Y, Wu Q, Thompson PA, et al. A Pilot Study
of Lower Doses of Ibrutinib in Patients With Chronic Lymphocytic Leukemia.
Blood (2018) 132(21):2249-59. doi: 10.1182/blood-2018-06-860593

Burger JA, Burger M, Kipps TJ. Chronic Lymphocytic Leukemia B Cells
Express Functional CXCR4 Chemokine Receptors That Mediate Spontaneous
Migration Beneath Bone Marrow Stromal Cells. Blood (1999) 94(11):3658-67.
doi: 10.1182/blood.V94.11.3658

Mohle R, Failenschmid C, Bautz F, Kanz L. Overexpression of the Chemokine
Receptor CXCR4 in B Cell Chronic Lymphocytic Leukemia is Associated
With Increased Functional Response to Stromal Cell-Derived Factor-1
(SDF-1). Leukemia (1999) 13(12):1954-9. doi: 10.1038/sj.leu.2401602

Frontiers in Oncology | www.frontiersin.org

May 2021 | Volume 11 | Article 646971


https://www.frontiersin.org/articles/10.3389/fonc.2021.646971/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.646971/full#supplementary-material
https://doi.org/10.1200/JCO.1999.17.1.399
https://doi.org/10.1200/JCO.1999.17.1.399
https://doi.org/10.1182/blood-2010-05-284984
https://doi.org/10.1182/blood-2010-05-284984
https://doi.org/10.1182/blood-2012-02-362624
https://doi.org/10.1182/blood-2012-02-362624
https://doi.org/10.1182/asheducation.V2012.1.88.3801172
https://doi.org/10.1182/blood-2011-01-328484
https://doi.org/10.1182/blood-2011-01-328484
https://doi.org/10.1056/NEJMoa1400029
https://doi.org/10.1016/j.ebiom.2018.09.005
https://doi.org/10.1002/anie.201507978
https://doi.org/10.1002/anie.201507978
https://doi.org/10.1016/j.bmcl.2008.07.114
https://doi.org/10.1016/j.bmcl.2008.07.114
https://doi.org/10.1038/s41392-019-0101-6
https://doi.org/10.1038/d41573-019-00043-6
https://doi.org/10.1016/j.chembiol.2017.09.010
https://doi.org/10.1016/j.chembiol.2018.11.006
https://doi.org/10.1002/anie.201901336
https://doi.org/10.1002/anie.201901336
https://doi.org/10.1016/j.chembiol.2017.10.005
https://doi.org/10.1016/j.chembiol.2017.10.005
https://doi.org/10.1016/j.chembiol.2019.11.014
https://doi.org/10.1038/nchembio.1858
https://doi.org/10.1021/acschembio.8b01094
https://doi.org/10.1021/acschembio.8b01094
https://doi.org/10.1038/s41422-018-0055-1
https://doi.org/10.1038/s41422-018-0055-1
https://doi.org/10.1073/pnas.1803662115
https://doi.org/10.1021/acs.biochem.8b00391
https://doi.org/10.1039/C8CC08716D
https://doi.org/10.1039/C8CC08716D
https://doi.org/10.1182/blood-2018-07-862953
https://doi.org/10.1021/jacs.9b13907
https://doi.org/10.1073/pnas.1004594107
https://doi.org/10.1073/pnas.1004594107
https://doi.org/10.1182/blood.V99.11.4087
https://doi.org/10.1182/blood-2018-06-860593
https://doi.org/10.1182/blood.V94.11.3658
https://doi.org/10.1038/sj.leu.2401602
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Shorer Arbel et al.

PROTACSs for BTK in Chronic Lymphocytic Leukemia

32.

33.

34.

35.

36.

Burger JA, Kipps TJ. Chemokine Receptors and Stromal Cells in the Homing
and Homeostasis of Chronic Lymphocytic Leukemia B Cells. Leukemia
Lymphoma (2002) 43(3):461-6. doi: 10.1080/10428190290011921

ten Hacken E, Scielzo C, Bertilaccio MT, Scarfo L, Apollonio B,
Barbaglio F, et al. Targeting the LYN/HS1 Signaling Axis in Chronic
Lymphocytic Leukemia. Blood (2013) 121(12):2264-73. doi: 10.1182/blood-
2012-09-457119

Burger JA, Li KW, Keating MJ, Sivina M, Amer AM, Garg N, et al. Leukemia
Cell Proliferation and Death in Chronic Lymphocytic Leukemia Patients on
Therapy With the BTK Inhibitor Ibrutinib. JCI Insight (2017) 2(2):89904.
doi: 10.1172/jci.insight.89904

Chen SS, Chang BY, Chang S, Tong T, Ham S, Sherry B, et al. BTK Inhibition
Results in Impaired CXCR4 Chemokine Receptor Surface Expression,
Signaling and Function in Chronic Lymphocytic Leukemia. Leukemia
(2016) 30(4):833-43. doi: 10.1038/leu.2015.316

de Rooij MF, Kuil A, Geest CR, Eldering E, Chang BY, Buggy JJ, et al.
The Clinically Active BTK Inhibitor PCI-32765 Targets B-cell Receptor-

and Chemokine-Controlled Adhesion and Migration in Chronic
Lymphocytic Leukemia. Blood (2012) 119(11):2590-4. doi: 10.1182/blood-
2011-11-390989

Conflict of Interest: YH received honoraria from AstraZeneca and Janssen for
work unrelated to the present study.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2021 Shorer Arbel, Katz, Gabizon, Shraga, Bronstein, Kamdjou,
Globerson Levin, Perry, Avivi, London and Herishanu. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

May 2021 | Volume 11 | Article 646971


https://doi.org/10.1080/10428190290011921
https://doi.org/10.1182/blood-2012-09-457119
https://doi.org/10.1182/blood-2012-09-457119
https://doi.org/10.1172/jci.insight.89904
https://doi.org/10.1038/leu.2015.316
https://doi.org/10.1182/blood-2011-11-390989
https://doi.org/10.1182/blood-2011-11-390989
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Proteolysis Targeting Chimeras for BTK Efficiently Inhibit B-Cell Receptor Signaling and Can Overcome Ibrutinib Resistance in CLL Cells
	Introduction
	Materials and Methods
	Patients and Samples
	Antibodies and Reagents
	Targeting BTK in CLL Cells
	Western Blotting
	Flow Cytometry
	Migration Assay
	Co-Culture Assay
	Statistical Analysis

	Results
	Efficient PROTAC-Mediated BTK Degradation in CLL Cells
	BTK PROTAC Leads to BCR Signaling Pathway Inhibition
	Efficient BCR Signaling Pathway Inhibition in Ibrutinib Resistant CLL Cells
	BTK PROTAC Blocks CLL Cell Activation in Response to BCR Engagement
	BTK PROTAC Induces Apoptosis, Inhibits Migration and Overcomes the Protective Effect of Stromal Cells on CLL Cells

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


