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Abstract

Luxeptinib (LUX) is a novel oral kinase inhibitor that inhibits FLT3 and also interferes with

signaling from the BCR and cell surface TLRs, as well as activation of the NLRP3 inflamma-

some. Ongoing clinical trials are testing its activity in patients with lymphoma and AML. This

study sought to refine understanding of how LUX modulates the earliest steps downstream

of the BCR following its activation by anti-IgM in lymphoma cells in comparison to ibrutinib

(IB). LUX decreased anti-IgM-induced phosphorylation of BTK at Y551 and Y223 but its abil-

ity to reduce phosphorylation of kinases further upstream suggests that BTK is not the pri-

mary target. LUX was more effective than IB at reducing both steady state and anti-IgM-

induced phosphorylation of LYN and SYK. LUX decreased phosphorylation of SYK (Y525/

Y526) and BLNK (Y96) which are necessary regulators of BTK activation. Further upstream,

LUX blunted the anti-IgM-induced phosphorylation of LYN (Y397) whose activation is

required for phosphorylation of SYK and BLNK. These results indicate that LUX is targeting

autophosphorylation of LYN or a step further upstream of LYN in the cascade of signal gen-

erated by BCR and that it does so more effectively than IB. The fact that LUX has activity at

or upstream of LYN is important because LYN is an essential signaling intermediate in multi-

ple cellular signaling processes that regulate growth, differentiation, apoptosis, immunoreg-

ulation, migration and EMT in normal and cancer cells.

Introduction

The B-cell receptor (BCR) signaling pathway plays a key role in B-cell development [1]. Apart

from its role in B-cell development, aberrant activation of BCR signaling drives proliferation

of B-cell leukemias and lymphomas and is a target for therapy [2, 3]. Downstream of the BCR

receptor, multiple protein kinases, linker proteins and transcription factors participate in

transducing signals from the BCR. The BCR complex is a heterodimer of Igα/Igβ (CD79A/B).

Following antigen-induced aggregation of the BCR, the cytoplasmic immunoreceptor tyro-

sine-based activation motifs (ITAM) domains of the BCR are phosphorylated by LYN, a
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member of the Src family kinase [4–6]. This phosphorylation-induced activation of ITAMs

creates docking sites for SYK, a non-receptor tyrosine kinase, which is a necessary component

of the BCR signaling pathway. LYN also phosphorylates and activates BCR co-receptor CD19

leading to activation of PI3K and generation of PIP3. PIP3 is an important downstream com-

ponent of the BCR signalosome and potentiates BTK signaling by interacting with BTK-PH

domains [7, 8]. Another crucial component of the BCR signalosome is the adaptor protein

BLNK (also known as SLP65, BASH). SYK-mediated phosphorylation of BLNK at multiple

tyrosine residues (Y72, Y84, Y96, Y178 and Y189) leads to activation of BLNK’s ability to inter-

act with BTK [9–11]. This interaction translocates BTK to the cell membrane and increases the

susceptibility of BTK to LYN- and SYK-mediated phosphorylation of BTK at Y551. Phosphor-

ylation of BTK at Y551 leads to increased autophosphorylation at Y223 resulting in enhanced

BTK activity [12]. PLCγ2 is the primary substrate of BTK and activated BTK phosphorylates

and activates PLCγ2 ultimately leading to the activation of MAP kinases and transcription fac-

tors such as PKC, NF-κB, AP-1, and NFATs [3].

The BCR signalosome has a central role in regulating cellular functions in B-cells [3, 13,

14]. Ibrutinib was the first BTK inhibitor approved by FDA. It is an irreversible BTK inhibitor

that covalently binds to Cys-481 in the BTK kinase domain [15]. The importance of the BCR

pathway is demonstrated by the fact that IB is highly effective in the treatment of mantle cell

lymphoma, chronic lymphocytic leukemia/small lymphocytic leukemia, Waldenström’s

macroglobulinemia and graft-versus-host disease [16]. Inhibition of the BCR signaling path-

way is also a promising therapeutic approach for ameliorating autoimmune and inflammatory

complications as evidenced by recent studies [3, 16–21]. A feature of IB and other BTK inhibi-

tors is that they regulate, to varying degrees and either directly or indirectly, the activity of

multiple additional kinases such as SYK, FLT3, JAK, PI3K that affect other downstream path-

ways. Inhibition of these other pathways may be the basis for the activity of BTK inhibitors in

non-malignant immunological disorders [22–24]. On the basis of its established ability to

inhibit malignant B cells, IB was selected as the comparator as, in in vitro screens, LUX also

inhibits recombinant wild type and C481S mutant BTK at 8.4–27 nM and 2.5–13.1 nM [25].

However, it is unclear if other kinases of the BCR signaling cascade are affected by LUX. A

recent study highlighted the ability of LUX to diminish phosphorylated levels of SYK in mantle

lymphoma cells [26] but the mechanisms were not clearly defined. To understand the mecha-

nism(s) better, we analyzed the effect LUX treatment on anti-IgM-induced activation of BCR

signaling in a panel of B-lymphoma cells. The results indicate that LUX is more effective than

IB at reducing both steady state and anti-IgM-induced phosphorylation of LYN and SYK.

Materials and methods

Reagents

Luxeptinib was provided by Aptose Biosciences. Ibrutinib (#HY-10997) was purchased from

MedChem Express. Goat anti-human IgM (#109-005-043) was purchased from Jackson

ImmunoResearch. Human lymphoma cell lines SU-DHL-6 (#CRL-2959), JeKo-1 (#CRL-

3006), RL (#CRL-2261) and Fetal Bovine Serum (#30–2020) were obtained from ATCC.

SU-DHL-6 is a human lymphoblast-like cell line, JeKo-1 is a mantle cell lymphoma cell line

and RL is a human non-Hodgkin’s lymphoma B cell line. RPMI-1640 medium (#11875–093)

and penicillin/streptomycin (#15070063) were purchased from Thermo Fisher Scientific. Anti-

bodies against p-BTK (Y223) (#87141), BTK (#56044), p-PLCγ2 (#3871), p-SYK (#2710), SYK

(#80460), p-BLNK (#3601), BLNK (#36438), p-CD79A (#5173), p-LYN/LCK/HCK/BLK

(#70926), p-LYN (Y507) (#2731), LYN (#2796, #4576), pSrc family (#6943) and GAPDH

(#2118) were purchased from Cell Signaling Technology. Phospho-BTK (Y551) (#ab40770)
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was purchased from Abcam. PLCγ2 (#sc-5283) and CD79A (#sc-20064) were purchased from

Santa Cruz Biotechnology. All other reagents and chemicals used were of analytical grade and

were obtained from Sigma-Aldrich or Thermo Fisher Scientific.

Cell culture and anti-IgM stimulation of B-cells

SU-DHL-6, JeKo-1 and RL cells were maintained in RPMI-1640 media supplemented with

10% FBS, 1X penicillin/streptomycin in a humidified incubator maintained at 5% CO2 and

37˚C. For BCR crosslinking with anti-IgM, cells (1 x 106 cells/ml) were left untreated or pre-

treated with the indicated concentration of LUX or IB for 2 h followed by stimulation with

anti-human IgM (10 μg/ml) for 15 min. Cells were then collected by centrifugation (500 x g, 5

min, 4˚C), washed with ice-cold PBS, lysed and analyzed by Western blotting.

Co-immunoprecipitation

After the indicated treatments, the media was removed, cells were washed with ice-cold PBS

and then lysed using cell lysis buffer (#9803, Cell Signaling). After a 5 min incubation in lysis

buffer, the lysates were sonicated and cleared by centrifugation at 14,000 x g for 10 min at 4˚C.

Equal amounts of lysates were incubated with the primary antibody overnight at 4˚C following

manufacturer’s recommended dilution. Next day, Protein A/G agarose beads (#20421, Thermo

Fisher Scientific) were added and incubated with rotation at 4˚C for 4 h. The beads were pel-

leted by centrifugation, washed five times with cell lysis buffer and analyzed by Western blot-

ting. Immunoprecipitation specificity was confirmed by using appropriate isotype controls.

Western blot analysis

After the indicated treatments, cells were washed with ice-cold PBS and lysed in RIPA buffer

(#sc-24948, Santa Cruz Biotechnology) or cell lysis buffer (#9803, Cell Signaling) containing

protease and phosphatase inhibitors. Equal amounts of protein quantified by Bio-Rad Protein

Assay Dye (#5000006) were separated by SDS-PAGE, transferred to nitrocellulose membrane

and probed with the designated antibodies (1:1000 dilution). GAPDH (1:5000 dilution) was

used as a loading control. The membranes were scanned using a LI-COR Odyssey IR imaging

system capable of detecting antigen-antibody complexes labelled using fluorescent goat anti-

rabbit (IRDye 680 RD; 1:10,000 dilution) or goat anti-mouse (IRDye 800CW; 1:10,000). Phos-

phoproteins were probed first, followed by stripping and re-probing the same blot with the

total antibody and loading control. Quantification of bands was done using Image Studio Lite

software provided with the LI-COR imaging instrument or Image J. Phosphoprotein band

intensities detected by Western blotting were normalized to the levels of total protein detected

by respective antibodies. All others were normalized to GAPDH. Experiments were repeated

at least 3 times and a representative Western blot from one experiment is shown in the figures.

Cytotoxicity assay

Cells were plated in 96-well plates and exposed to the indicated concentrations of drugs for 72

h. Cell viability was measured using a CCK8 kit (#CK-04, Dojindo). After 72 h exposure to

drug, 10 μl CCK8 was added to the wells after which plates were incubated for 3 h in a CO2

incubator and then absorbance was recorded at 450 nm using a plate reader. OD450 values at

72 h were normalized to OD450 values at 0 h for each cell line. Percent viability was calculated

from the DMSO control and IC50 values were determined using GraphPad Prism Software.
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Statistical analysis

All analysis was performed using GraphPad Prism software. Unpaired Student’s t-test was

used for comparison between two groups. Ordinary one-way ANOVA was used for compari-

son between multiple groups. P < 0.05 was considered statistically significant. Quantification

of Western blot data is mean ± SEM of 2 independent experiments unless otherwise stated.

Results

LUX downregulates phosphorylation of BTK and kinases upstream of BTK

The ability of LUX and IB to reduce the phosphorylation of BTK at Y551 was examined in

SU-DHL-6 large cell lymphoma cells with and without activation of BCR by a 15 min exposure

to anti-IgM. Cells were exposed to LUX and IB at concentrations ranging from 0.1–1 μM for 2

h prior to anti-IgM treatment. Stimulation with anti-IgM alone for 15 min did not change the

phosphorylation levels of BTK at Y551. However, a 2 h treatment with LUX produced a con-

centration-dependent decrease in the levels of phosphorylated BTK (Y551), both in the

absence and in presence of anti-IgM stimulation (Fig 1A and 1B). A minimal concentration-

dependent reduction in the level of phosphorylated BTK (Y551) was also observed in IB-

treated anti-IgM stimulated cells but LUX was 100-fold more potent than IB. Unlike the

situation for BTK Y551, a 15 min exposure to anti-IgM alone produced a marked increase in

Fig 1. Effect of LUX and IB on anti-IgM-induced BTK activation in SU-DHL-6 cells. SU-DHL-6 cells were pre-treated for 2 h with either LUX or IB

and then stimulated with anti-human IgM or left unstimulated. (A) Western blot analysis of whole cell lysates for p-BTK (Y551 and Y223), BTK, p-

PLCγ2, PLCγ2 and GAPDH; representative blots are shown. (B-D) Quantification of intensity of bands in Western blots shown in A. Data is

mean ± SEM from 2 independent experiments.

https://doi.org/10.1371/journal.pone.0277003.g001
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phosphorylation of BTK at Y223. In the absence of BCR activation with anti-IgM, both drugs

were approximately equipotent and each produced a modest decrease in phosphorylation of

BTK at Y223. However, IB was 10-fold more potent than LUX at inhibiting the anti-IgM-

induced phosphorylation of BTK at Y223 (Fig 1A and 1C). Thus, both with and without BCR

activation, in the SU-DHL-6 cells LUX was substantially more potent than IB at reducing

phosphorylation at Y551, but IB was more potent than LUX with respect to targeting phos-

phorylation at Y223. Y223 is the site at which BTK phosphorylates itself after activation due to

phosphorylation at Y551. These results were replicated in two other lymphoma cell lines,

JeKo-1 and RL, with the exception that in the JeKo-1 cells there was some up-regulation of

phosphorylation at BTK (Y551) by exposure to anti-IgM alone (S1 Fig). Thus, these results

suggest that LUX is more potent at inhibiting the phosphorylation that activates BTK, but IB is

more potent at blocking the ability of activated BTK to autophosphorylate. Thus, both drugs

are expected to reduce downstream signaling from BTK but by distinct mechanisms.

PLCγ2 is a well-documented substrate for activated BTK. When lysates were probed for

phosphorylated PLCγ2, IB was found to be 10-fold more potent than LUX at inhibiting anti-

IgM-induced phosphorylation of PLCγ2 at Y1217 (Fig 1A and 1D). Thus, while LUX is much

better than IB at preventing phosphorylation of BTK at Y551, this does not translate into an

ability to effectively prevent BTK from autophosphorylating at Y223 and engaging a major

downstream substrate.

BLNK is an adaptor protein that is phosphorylated in response to BCR stimulation and

plays an important role in BTK activation. SYK-mediated phosphorylation of five canonical

YXXP tyrosine residues (Y72, Y84, Y96, Y178 and Y189) in the acidic and proline-rich

domains of BLNK induces its association with SH2 domain-containing proteins such as Vav,

BTK and PLCγ2 with the phosphorylated tyrosines on BLNK leading to their activation [10,

27, 28]. Thus, BLNK is of interest with respect to the question of how LUX reduces the level of

BTK phosphorylated at Y551. LUX inhibited anti-IgM-induced phosphorylation of BLNK

(Y96) in a concentration dependent manner in SU-DHL-6 whereas IB had no effect on phos-

pho-BLNK (Y96) (Fig 2A). This provides further evidence of a difference in kinase targets

between LUX and IB, and suggests that the most important target of LUX lies between BCR

and BLNK in the cascade. Since LUX reduced the levels of BLNK that is phosphorylated fol-

lowing anti-IgM- stimulation, and BLNK is an adaptor protein that has binding sites for BTK

and PLCγ2, we sought to determine whether LUX interferes with binding of BTK to BLNK.

Immunoprecipitation of BLNK from SU-DHL-6, JeKo-1 and RL cell lysates and probing with

anti-BTK indicated that neither LUX nor IB significantly affected binding of BTK to BLNK

(Fig 2B, S2 Fig).

Further upstream of BLNK in the BCR signaling cascade, spleen tyrosine kinase (SYK) is

another important component of the BCR signaling pathway that is phosphorylated after stim-

ulation of the BCR with anti-IgM. A 2 h treatment with LUX produced a concentration-depen-

dent decrease in the levels of phosphorylated SYK (Y525/Y526) in both the absence and

presence of anti-IgM stimulation in SU-DHL-6 cells (Fig 3A and 3B). The ability of LUX to

reduce steady-state and anti-IgM-induced phosphorylation of SYK was more than 100-fold

greater for LUX than for IB and was observed in all the three lymphoma cell lines studied (Fig

3, S1 Fig). Since SYK does not autophosphorylate, this result indicates that an important target

of LUX, but not IB, lies upstream of SYK in the BCR cascade.

Effect of LUX and IB on LYN

LYN is a member of the Src kinase family that is a key upstream regulator of the BCR signaling

pathway. Following activation, proteasome-mediated degradation of LYN is a necessary event
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in the regulation of BCR signaling [29]. We observed that the total levels of LYN were signifi-

cantly lower in anti-IgM stimulated cells (Fig 4A and 4B) consistent with activation-induced

degradation. A 2 h treatment with LUX or IB alone had no effect on the total levels of LYN in

the absence of anti-IgM stimulation. IB had no effect on anti-IgM-induced decrease in total

Fig 2. Effect of LUX and IB on anti-IgM-induced activation of BLNK and BLNK-BTK interactions in SU-DHL-6 cells. (A) Western blot analysis of

whole cell lysates for p-BLNK (Y96), BLNK and GAPDH in SU-DHL-6 cells pre-treated for 2 h with either LUX or IB and then stimulated with anti-

human IgM or left unstimulated. (B) Representative blots showing BLNK immunoprecipitates probed for BTK and BLNK in SU-DHL-6 cells sampled

at 5, 10 and 15 min post anti-IgM stimulation. Data is mean ± SEM of data from 2 independent experiments.

https://doi.org/10.1371/journal.pone.0277003.g002

Fig 3. Effect of LUX and IB on anti-IgM-induced activation of SYK in SU-DHL-6 cells. SU-DHL-6 cells were pre-treated for 2 h with either LUX or

IB and then stimulated with anti-human IgM or left unstimulated. (A) Western blot analysis of whole cell lysates for p-SYK (Y525/Y526), SYK, and

GAPDH; representative blots are shown. (B) Quantification of intensity of bands in Western blots shown in A. Data is mean ± SEM of data from 2

independent experiments.

https://doi.org/10.1371/journal.pone.0277003.g003
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LYN; however, LUX blocked this effect of anti-IgM even at a concentration of 0.01 μM. Since

LUX reduced the phosphorylation of LYN but IB did not, this suggests that BCR activation

reduces LYN levels by a mechanism that is blocked by LUX.

Upon antigen stimulation of BCR, an activated form of LYN phosphorylates the cyto-

plasmic immunoreceptor tyrosine-based activation motifs (ITAMs) of the immunoglobulin

α (Ig-α) and Ig-β domains (CD79A/CD79B) of BCR leading to its activation and the activation

of other downstream components such as SYK. When the lysates were probed for phospho-

CD79A, it was found that the anti-IgM-induced phosphorylation of CD79A (Y182) was inhib-

ited by LUX in a concentration-dependent manner, whereas IB had no effect (Fig 4A and 4C).

This provides further evidence of a differential effect of the two drugs on the activity of LYN.

The activation of LYN involves phosphorylation on Y397 and dephosphorylation of the

inhibitory Y507 site [30, 31]. We first determined the effect of LUX using an antibody which,

apart from detecting phosphorylated LYN (Y397), also detects phosphorylated LCK (Y394),

HCK (Y411) and BLK (Y389). As shown in Fig 4A and 4D, stimulation with anti-IgM

increased the level of phosphorylation detected by this antibody on LYN (Y397) as well as that

on the other kinases but there was no clear effect when the cells were exposed to IB alone or

when treated first with IB and then stimulated with anti-IgM except at a concentration of

10 μM which is a level that cannot be attained in the plasma of patients receiving this drug. In

contrast, LUX produced a concentration-dependent decrease in the level of phosphorylation,

both in the absence and presence of anti-IgM stimulation at concentrations of 0.1 and 1 μM.

Fig 4. Effect of LUX and IB on LYN and CD79A in SU-DHL-6 cells. SU-DHL-6 cells were pre-treated for 2 h with either LUX or IB and then

stimulated with anti-human IgM or left unstimulated. (A) Western blot analysis of whole cell lysates for p-CD79A (Y182), CD79A, p-LYN (Y397)/LCK

(Y394)/HCK (Y411)/BLK (Y389), LYN and GAPDH; representative blots are shown. (B-D) Quantification of intensity of bands in Western blots shown

in A. Data is mean ± SEM of data from 2 independent experiments.

https://doi.org/10.1371/journal.pone.0277003.g004
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Steady-state plasma levels of LUX in the range of 1 μM were observed during BID dosing in

mice [32] and data from recent clinical trials indicate that LUX plasma levels of 1 μM or

greater are attained in patients with AML, CLL and lymphomas [33, 34]. The differences in the

behavior of LUX and IB with respect to reduction in phosphorylation of LYN and CD79A,

including the effect of both the drugs on anti-IgM-induced reduction in total levels of LYN,

was also observed in both the JeKo-1 and RL cells as shown in S1 Fig.

To specifically determine the effect on phosphorylation of LYN (Y397), the effect of LUX

and IB on phosphorylation of LYN (Y397) was further confirmed by immunoprecipitating

LYN and probing the LYN immunoprecipitates with an antibody for phospho-Src family

kinase (Y416). LYN (Y397) is located in the catalytic domain and is structurally equivalent to

Y416 of the Src family kinases. Phosphorylation at Y397 correlates with enzyme activation of

LYN [30, 31]. Probing for phospho-Src (Y416) in LYN immunoprecipitates thus provides

an indirect measure of LYN activation. Data presented in Fig 5 (SU-DHL-6 cells) and S3 Fig

Fig 5. Effect of LUX and IB on anti-IgM-induced phosphorylation of LYN in SU-DHL-6 cells. Cells were pre-treated with vehicle or 1 μM LUX or

IB after which they were stimulated with anti-human IgM. LYN immunoprecipitates from these cells were analyzed using antibodies for phospho-Src

(Y416) and LYN at the indicated time points in SU-DHL-6 cells. Histograms show quantification of phospho-Src (Y416) band intensity relative to that

of LYN. Data is mean ± SEM of data from 2 independent experiments. In the LUX + anti-IgM stimulated group, a statistically significant inhibition of

p-Src (Y416) is denoted by @ (p<0.0001), # (p = 0.0003), a (p = 0.001), b (p = 0001) when compared to the respective time point for the anti-IgM

stimulated cells. No significant inhibition of p-Src (Y416) was observed in the IB + anti-IgM group when compared to the respective time point for the

anti-IgM stimulated cells.

https://doi.org/10.1371/journal.pone.0277003.g005
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(JeKo-1 and RL cells) indicate that the phosphorylation of Y397 on LYN that was detected by

phospho-Src (Y416) antibody was reduced by LUX but not by IB which had no effect at a

concentration of 1 μM. Thus, a clear differential effect of LUX and IB was detected by both

approaches to detecting the phosphorylation of LYN.

Dephosphorylation of the inhibitory tyrosine Y507 in the C-terminal domain of LYN is a

necessary event for LYN activation. When lysates were probed for phospho LYN (Y507), no

effect of either LUX or IB in the absence or presence of anti-IgM stimulation was observed in

SU-DHL-6 cells, JeKo-1 or RL cells (Fig 6A–6D). This suggests that inhibition of LYN activity

by LUX is not mediated through prevention of Y507 de-phosphorylation.

Discussion

Although both LUX and IB are potent inhibitors of recombinant forms of BTK, and of cells

engineered to express wild type and some mutant forms of this enzyme, they have different

efficacy profiles as observed in studies of LUX in xenograft models and in initial clinical trials

in patients with CLL and lymphomas [25, 35]. In this study, we sought to discern differences

in their effect on BCR signaling and identify the kinases that are most differentially affected in

Fig 6. Effect of LUX and IB on IgM-induced phosphorylation of LYN (Y507) in SU-DHL-6, JeKo-1 and RL cells. Cells were pre-treated for 2 h with

either LUX or IB following which they were stimulated with anti-human IgM or left unstimulated. (A) Whole cell lysates were analyzed by Western

blotting for phospho-LYN (Y507) and LYN; representative blots are shown. (B-D) Quantification of intensity of bands in Western blots shown in A.

Data is mean ± SEM of data from 2 independent experiments.

https://doi.org/10.1371/journal.pone.0277003.g006
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B-cell lymphoma cells. The results indicate that the two drugs have quite different effects on

the phosphorylation of BTK at Y223 and Y551, and on BTK activity, but that LUX affects the

phosphorylation of multiple kinases and adaptor proteins that lie upstream of BTK in the BCR

activation pathway under circumstances where IB has little or no effect.

Following BCR activation, BTK is phosphorylated at Y551 and Y223. Y551 is located in the

activation loop and can be either trans-autophosphorylated or phosphorylated by some

upstream kinases. Y223 is located in the ligand binding pocket and regulates BTK kinase activ-

ity [36, 37]. Phosphorylation of BTK at Y551 is reported to be a necessary first event that ren-

ders BTK capable of autophosphorylation of Y223. In the lymphoma cells, IB was confirmed

to be a very potent inhibitor of phosphorylation at Y223. However, despite the fact that LUX

was very effective at reducing phosphorylation of BTK at Y551, it had a lesser effect on phos-

phorylation at Y223 and the ability of LUX to impair the activity of BTK, as detected by phos-

phorylation of PLCγ2 correlated with the degree of inhibition of phosphorylation of Y223.

Thus, in BCR-activated lymphoma cells, phosphorylation of BTK at Y551 is not a prerequisite

for autophosphorylation at Y223, or else Y223 is being phosphorylated by some other kinase.

Among the kinases upstream of BTK, SYK and members of the Src family kinase such as

LYN and the adaptor protein BLNK, play important roles in the BCR signalosome [10, 38].

Phosphorylation of Y525/Y526 located in the activation loop of the SYK kinase domain is nec-

essary for SYK activation and kinase activity [39]. SYK is of particular interest as a therapeutic

target in leukemia and lymphoma as it plays a central role in activation of downstream kinases

both via the BTK pathway and through its ability to directly phosphorylate and activate PI3K

resulting in formation of second messenger PIP3 from PIP2 [40, 41]. In lymphoma cells we

found that LUX was a very potent at reducing the phosphorylation of SYK at Y525/Y526

whereas IB was not. This identifies a second clear difference in the pharmacodynamic effects

of these two drugs and provides an explanation for how LUX can affect downstream signaling

in the absence of an ability to effectively inhibit phosphorylation of Y223 of BTK and BTK

activity.

When activated, SYK interacts with and phosphorylates BLNK which has binding sites for

BTK and PLCγ2. The association of BLNK with BTK and PLCγ2 brings both BTK and PLCγ2

into proximity and this further potentiates BTK signaling. A 5-fold increase in BTK activity

was reported when BTK and PLCγ2 are bound to BLNK [9, 10, 28]. This interaction also

increases the ability of SYK to directly trans-phosphorylate BTK at Y551 [10, 11]. Further-

more, BLNK is reported to be necessary for Rac1-mediated JNK activation in B-cells, a neces-

sary component of BCR signaling [42]. Our data suggest that, although LUX reduced the levels

of phosphorylated BLNK following anti-IgM stimulation, the interaction between BTK and

BLNK was not altered. The ability of SYK to activate PI3K and generate PIP3 from PIP2 is

mediated by the BCR co-receptor CD19 and other associated proteins such as BCAP (B-cell

adaptor for PI3K) and GAB1/2 (GRB2-associated protein 1 and 2). All these processes enhance

BTK activity leading to activation of PLCγ, PKCβ, Ca+2 flux and other downstream effectors

such as ERKs, JNK, NF-κB etc. leading to full effect of BCR signaling [43, 44]. Thus, the effects

of inhibiting phosphorylation of SYK are complex. In broad kinase screens LUX was observed

to be a poor direct inhibitor of SYK enzymatic activity with an IC50 of 59 nM (Carna Biosci-

ences) and Kd of 180 nM (Discover X) against recombinant SYK [25].

The kinase screens also highlighted the ability of LUX to target other members of Src family

kinase [25]. The Src family kinases are an integral component of BCR signalosome. The BCR

complex lacks intrinsic tyrosine-kinase activity and interaction with members of the Src family

(including SYK and TEC family depending on cell type) propagate signals from the BCR. In

B-cells, after BCR engagement with antigen, members of the Src family kinase (LYN, FYN

and BLK) are amongst the first kinases to be activated. In B-cells LYN is of particular interest
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because it physically interacts with the ITAMs of the BCR receptor following antigen binding

[45]. Although the mechanisms are poorly defined, existing data suggest that LYN is the pri-

mary initiator kinase in the BCR signaling cascade in B-cells [45, 46].

A necessary step in the activation of LYN, as well as other members of the Src kinase family,

is the dephosphorylation of inhibitory tyrosine residue Y507 in the C-terminal domain which

is carried out by protein tyrosine phosphatase CD45. This induces unfolding and exposure of

Y397 (equivalent to Y416 of Src) within the activation loop of LYN leading to transphosphory-

lation of Y397 and full activation of LYN [47, 48]. LYN is also known to undergo autopho-

sphorylation which regulates its kinase activity [49, 50]. Western blot analysis of cell lysates

using an antibody that detects phosphorylated LYN (Y397), but which also detects phosphory-

lated LCK (Y394), HCK (Y411) and BLK (Y389), disclosed that LUX reduced the phosphoryla-

tion signal even at a concentration of 0.1 μM whereas IB had no effect even at 10 μM.

Application of an alternative approach in which phosphorylation at Src Y416 was used as a

surrogate of phosphorylation of LYN (Y397) confirmed the differential effect of the two drugs.

Probing with an antibody for Y507 did not disclose any effect of either LUX or IB in the

absence or presence of anti-IgM stimulation raising the question of whether Y397 is phosphor-

ylated by a different kinase rather than just through autophosphorylation when phosphoryla-

tion on Y507 is removed [51]. Studies have suggested that, independent of dephosphorylation

of the inhibitory Y507 residues, members of the Src family kinases can also be activated by

SH3-domain displacement [52], which could explain the activation of LYN in the absence of

dephosphorylation of Y507.

Evidence that the effect of LUX on the phosphorylation of LYN resulted in reduced activity

of the enzyme was provided by the observation that anti-IgM-induced phosphorylation of

CD79A (Y182) was inhibited by LUX in a concentration-dependent manner. The fact that IB

had no effect provided further evidence of a differential effect of the two drugs on the activity

of LYN. Activation of BCR was associated with reduction in the level of total LYN consistent

with anti-IgM-induced degradation as previously reported [29]. Interestingly, neither drug

affected total LYN level in the absence of BCR activation, and neither drug significantly

blocked the reduction after activation. Thus, whatever mechanism mediates degradation is not

affected by either drug.

The question of whether the unique differences in the effect of LUX and IB on phosphoryla-

tion of kinases in the BCR pathway detectable with a 2 h exposure to drug are linked to differ-

ences in cytotoxic potency is of interest. When exposed for 72 h, LUX was found to be

between 18- and 1,272-fold more potent at inhibiting growth than IB across the 3 cell lines (S1

Table) suggesting that the profile of kinase inhibition produced by LUX is more lethal than

that produced by IB. However, substantial caution is required; heterogeneity in drug uptake

and many other factors render confidence in such a conclusion low.

In summary, in human lymphoma cells LUX and IB have quite distinct mechanistic effects

on the phosphorylation of BTK and its activity, and on the upstream kinases SYK and LYN,

and the adaptor protein BLNK against which LUX is very potent and IB had little effect. The

BCR pathway kinases whose phosphorylation is modulated by LUX are highlighted in Fig 7.

While LYN is a strong candidate as a primary LUX target that sits at the top of the BCR cas-

cade, the lack of specific antibodies to the phospho- forms of this protein leave some uncer-

tainty. Moreover, the rapid proteasomal degradation of LYN following BCR aggregation poses

a challenge when estimating the levels of phosphoprotein. The Src family kinases, and particu-

larly LYN, play important roles in several autoimmune and inflammatory complications [53,

54]. The results reported here are important because, in combination with evidence that LUX

inhibits TLR signaling and activation of the NLRP3 inflammasome at concentrations well

below those attained in patients, they indicate that LUX as a unique kinase profile quite
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different from that of IB and suggest that LUX may have activity against autoimmune and

inflammatory diseases of multiple types in addition to lymphomas.

Supporting information

S1 File.

(PDF)

S1 Fig. Effect of LUX and IB on anti-IgM-induced activation of BCR signaling in JeKo-1

and RL cells. Cells were pre-treated for 2 h with either LUX or IB and then stimulated with

anti-human IgM or left unstimulated. Whole cell lysates were analyzed by Western blotting for

the indicated phosphoproteins in (A) JeKo-1 and (B) RL cells. Representative blots are shown.

(TIF)

S2 Fig. Effect of LUX on BLNK-BTK interactions in JeKo-1 and RL cells. Cells were

left untreated or pre-treated with 1 μM LUX or IB for 2 h followed by stimulation with anti-

IgM. Representative blots showing BLNK immunoprecipitates probed for BTK and BLNK in

(A) JeKo-1 and (B) RL cells sampled at 5 min. Histograms show quantification of co-precipi-

tated protein relative to that of the protein targeted by the precipitating antibody. Bars are

Fig 7. Summary of important kinases of the BCR signaling pathway whose phosphorylation is reduced by LUX following activation by anti-IgM

in lymphoma cells. The figure was created with Biorender.com.

https://doi.org/10.1371/journal.pone.0277003.g007
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mean ± SEM of data from 2 independent experiments.

(TIF)

S3 Fig. Effect of LUX and IB on anti-IgM-induced phosphorylation of LYN in JeKo-1 and

RL cells. Cells were pre-treated with vehicle or 1 μM LUX or IB for 2 h followed by stimulation

with anti-human IgM for 5 min. Western blot analysis of LYN immunoprecipitates using anti-

bodies for phospho-Src (Y416) and LYN in (A) JeKo-1 and (B) RL cells. Histograms show

quantification of phospho-Src (Y416) band intensity relative to that LYN. Data is mean ± SEM

of data from 2 independent experiments. Representative blots are shown. ��p<0.001.

(TIF)

S1 Table. Relative sensitivity of lymphoma cell lines to LUX and IB. Table showing IC50 val-

ues for LUX and IB in SU-DHL-6, JeKo-1 and RL cells. Data is mean ± SEM of 3-independent

experiments.
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24. Kuter DJ, Efraim M, Mayer J, Trněný M, McDonald V, Bird R, et al. Rilzabrutinib, an Oral BTK Inhibitor,

in Immune Thrombocytopenia. The New England journal of medicine. 2022; 386(15):1421–31. https://

doi.org/10.1056/NEJMoa2110297 PMID: 35417637

25. Rice WG, Howell SB, Zhang H, Rastgoo N, Local A, Kurtz SE, et al. Luxeptinib (CG-806) Targets FLT3

and Clusters of Kinases Operative in Acute Myeloid Leukemia. Molecular cancer therapeutics. 2022; 21

(7):1125–35. https://doi.org/10.1158/1535-7163.MCT-21-0832 PMID: 35499387

26. Thieme E, Liu T, Bruss N, Roleder C, Lam V, Wang X, et al. Dual BTK/SYK inhibition with CG-806 (lux-

eptinib) disrupts B-cell receptor and Bcl-2 signaling networks in mantle cell lymphoma. Cell death & dis-

ease. 2022; 13(3):246. https://doi.org/10.1038/s41419-022-04684-1 PMID: 35296646

PLOS ONE Luxeptinib and BCR signaling

PLOS ONE | https://doi.org/10.1371/journal.pone.0277003 March 8, 2023 14 / 16

https://doi.org/10.1016/s1074-7613%2800%2980568-3
http://www.ncbi.nlm.nih.gov/pubmed/9620684
https://doi.org/10.1074/jbc.M100873200
http://www.ncbi.nlm.nih.gov/pubmed/11279148
https://doi.org/10.1016/s1074-7613%2800%2980591-9
http://www.ncbi.nlm.nih.gov/pubmed/9697839
https://doi.org/10.1038/nri801
http://www.ncbi.nlm.nih.gov/pubmed/12033741
https://doi.org/10.1073/pnas.051626198
http://www.ncbi.nlm.nih.gov/pubmed/11226282
https://doi.org/10.1074/jbc.272.25.15595
https://doi.org/10.1074/jbc.272.25.15595
http://www.ncbi.nlm.nih.gov/pubmed/9188445
https://doi.org/10.1101/cshperspect.a002352
https://doi.org/10.1101/cshperspect.a002352
http://www.ncbi.nlm.nih.gov/pubmed/21068150
https://doi.org/10.1111/ejh.12427
http://www.ncbi.nlm.nih.gov/pubmed/25080849
https://doi.org/10.2217/fon.14.51
http://www.ncbi.nlm.nih.gov/pubmed/24941982
https://doi.org/10.3389/fonc.2021.737943
http://www.ncbi.nlm.nih.gov/pubmed/34778053
https://doi.org/10.4049/jimmunol.2001130
http://www.ncbi.nlm.nih.gov/pubmed/33674445
https://doi.org/10.4049/immunohorizons.2100063
http://www.ncbi.nlm.nih.gov/pubmed/34326199
https://doi.org/10.4049/jimmunol.1800583
http://www.ncbi.nlm.nih.gov/pubmed/30988116
https://doi.org/10.3389/fimmu.2017.01454
https://doi.org/10.3389/fimmu.2017.01454
http://www.ncbi.nlm.nih.gov/pubmed/29167667
https://doi.org/10.3389/fcell.2021.668131
https://doi.org/10.3389/fcell.2021.668131
http://www.ncbi.nlm.nih.gov/pubmed/34150760
https://doi.org/10.1016/j.pharmthera.2013.02.001
http://www.ncbi.nlm.nih.gov/pubmed/23396081
https://doi.org/10.1016/j.ejmech.2022.114232
https://doi.org/10.1016/j.ejmech.2022.114232
http://www.ncbi.nlm.nih.gov/pubmed/35247756
https://doi.org/10.1056/NEJMoa2110297
https://doi.org/10.1056/NEJMoa2110297
http://www.ncbi.nlm.nih.gov/pubmed/35417637
https://doi.org/10.1158/1535-7163.MCT-21-0832
http://www.ncbi.nlm.nih.gov/pubmed/35499387
https://doi.org/10.1038/s41419-022-04684-1
http://www.ncbi.nlm.nih.gov/pubmed/35296646
https://doi.org/10.1371/journal.pone.0277003


27. Wienands J, Schweikert J, Wollscheid B, Jumaa H, Nielsen PJ, Reth M. SLP-65: a new signaling com-

ponent in B lymphocytes which requires expression of the antigen receptor for phosphorylation. The

Journal of experimental medicine. 1998; 188(4):791–5. https://doi.org/10.1084/jem.188.4.791 PMID:

9705962

28. Chiu CW, Dalton M, Ishiai M, Kurosaki T, Chan AC. BLNK: molecular scaffolding through ’cis’-mediated

organization of signaling proteins. The EMBO journal. 2002; 21(23):6461–72. https://doi.org/10.1093/

emboj/cdf658 PMID: 12456653

29. Kyo S, Sada K, Qu X, Maeno K, Miah SM, Kawauchi-Kamata K, et al. Negative regulation of Lyn pro-

tein-tyrosine kinase by c-Cbl ubiquitin-protein ligase in Fc epsilon RI-mediated mast cell activation.

Genes to cells: devoted to molecular & cellular mechanisms. 2003; 8(10):825–36. https://doi.org/10.

1046/j.1365-2443.2003.00679.x PMID: 14531861

30. Thomas SM, Brugge JS. Cellular functions regulated by Src family kinases. Annual review of cell and devel-

opmental biology. 1997; 13:513–609. https://doi.org/10.1146/annurev.cellbio.13.1.513 PMID: 9442882

31. Brown MT, Cooper JA. Regulation, substrates and functions of src. Biochimica et biophysica acta.

1996; 1287(2–3):121–49. https://doi.org/10.1016/0304-419x(96)00003-0 PMID: 8672527

32. Sonowal H, Zhang H, Rice W, Howell SB. Luxeptinib disables NLRP3 inflammasome-mediated IL-1β
release and pathways required for secretion of inflammatory cytokines IL-6 and TNFα. Biochemical

pharmacology. 2022; 195:114861.

33. Samaniego F, Burke JM, Mahadevan D, Cherry M, Sadiq AA, Koontz MZ, et al. A Phase 1a/b Dose

Escalation Study of the Mutation Agnostic BTK/FLT3 Inhibitor Luxeptinib (CG-806) in Patients with

Relapsed or Refractory B-Cell Malignancies. Blood. 2021; 138(Supplement 1):1355-.

34. Goldberg AD, Ohanian M, Koller P, Altman JK, Cherry M, Tomlinson B, et al. A Phase 1a/b Dose Esca-

lation Study of the Mutation Agnostic FLT3/BTK Inhibitor Luxeptinib (CG-806) in Patients with Relapsed

or Refractory Acute Myeloid Leukemia. Blood. 2021; 138:1272.

35. Zhang H, Local A, Benbatoul K, Folger P, Sheng S, Tsai C-Y, et al. Abstract 794: CG’806, a first-in-

class pan-FLT3/pan-BTK inhibitor, targets multiple pathways to kill diverse subtypes of acute myeloid

leukemia and B-cell malignancy in vitro. Cancer Research. 2018; 78(13_Supplement):794-.

36. Park H, Wahl MI, Afar DE, Turck CW, Rawlings DJ, Tam C, et al. Regulation of Btk function by a major

autophosphorylation site within the SH3 domain. Immunity. 1996; 4(5):515–25. https://doi.org/10.1016/

s1074-7613(00)80417-3 PMID: 8630736

37. Rawlings DJ, Scharenberg AM, Park H, Wahl MI, Lin S, Kato RM, et al. Activation of BTK by a

phosphorylation mechanism initiated by SRC family kinases. Science (New York, NY). 1996; 271

(5250):822–5. https://doi.org/10.1126/science.271.5250.822 PMID: 8629002

38. Kurosaki T, Takata M, Yamanashi Y, Inazu T, Taniguchi T, Yamamoto T, et al. Syk activation by the

Src-family tyrosine kinase in the B cell receptor signaling. The Journal of experimental medicine. 1994;

179(5):1725–9. https://doi.org/10.1084/jem.179.5.1725 PMID: 7513017

39. Zhang J, Billingsley ML, Kincaid RL, Siraganian RP. Phosphorylation of Syk activation loop tyrosines is

essential for Syk function. An in vivo study using a specific anti-Syk activation loop phosphotyrosine

antibody. The Journal of biological chemistry. 2000; 275(45):35442–7. https://doi.org/10.1074/jbc.

M004549200 PMID: 10931839

40. Beitz LO, Fruman DA, Kurosaki T, Cantley LC, Scharenberg AM. SYK is upstream of phosphoinositide

3-kinase in B cell receptor signaling. The Journal of biological chemistry. 1999; 274(46):32662–6.

https://doi.org/10.1074/jbc.274.46.32662 PMID: 10551821

41. Efremov DG, Laurenti L. The Syk kinase as a therapeutic target in leukemia and lymphoma. Expert

opinion on investigational drugs. 2011; 20(5):623–36. https://doi.org/10.1517/13543784.2011.570329

PMID: 21438742

42. Ishiai M, Kurosaki M, Pappu R, Okawa K, Ronko I, Fu C, et al. BLNK required for coupling Syk to PLC

gamma 2 and Rac1-JNK in B cells. Immunity. 1999; 10(1):117–25. https://doi.org/10.1016/s1074-7613

(00)80012-6 PMID: 10023776

43. Rickert RC. New insights into pre-BCR and BCR signalling with relevance to B cell malignancies. Nature

Reviews Immunology. 2013; 13(8):578–91. https://doi.org/10.1038/nri3487 PMID: 23883968

44. Cambier JC, Pleiman CM, Clark MR. Signal transduction by the B cell antigen receptor and its corecep-

tors. Annual review of immunology. 1994; 12:457–86. https://doi.org/10.1146/annurev.iy.12.040194.

002325 PMID: 8011288

45. Reth M, Wienands J. Initiation and processing of signals from the B cell antigen receptor. Annual review

of immunology. 1997; 15:453–79. https://doi.org/10.1146/annurev.immunol.15.1.453 PMID: 9143696

46. Yamanashi Y, Kakiuchi T, Mizuguchi J, Yamamoto T, Toyoshima K. Association of B cell antigen recep-

tor with protein tyrosine kinase Lyn. Science (New York, NY). 1991; 251(4990):192–4. https://doi.org/

10.1126/science.1702903 PMID: 1702903

PLOS ONE Luxeptinib and BCR signaling

PLOS ONE | https://doi.org/10.1371/journal.pone.0277003 March 8, 2023 15 / 16

https://doi.org/10.1084/jem.188.4.791
http://www.ncbi.nlm.nih.gov/pubmed/9705962
https://doi.org/10.1093/emboj/cdf658
https://doi.org/10.1093/emboj/cdf658
http://www.ncbi.nlm.nih.gov/pubmed/12456653
https://doi.org/10.1046/j.1365-2443.2003.00679.x
https://doi.org/10.1046/j.1365-2443.2003.00679.x
http://www.ncbi.nlm.nih.gov/pubmed/14531861
https://doi.org/10.1146/annurev.cellbio.13.1.513
http://www.ncbi.nlm.nih.gov/pubmed/9442882
https://doi.org/10.1016/0304-419x%2896%2900003-0
http://www.ncbi.nlm.nih.gov/pubmed/8672527
https://doi.org/10.1016/s1074-7613%2800%2980417-3
https://doi.org/10.1016/s1074-7613%2800%2980417-3
http://www.ncbi.nlm.nih.gov/pubmed/8630736
https://doi.org/10.1126/science.271.5250.822
http://www.ncbi.nlm.nih.gov/pubmed/8629002
https://doi.org/10.1084/jem.179.5.1725
http://www.ncbi.nlm.nih.gov/pubmed/7513017
https://doi.org/10.1074/jbc.M004549200
https://doi.org/10.1074/jbc.M004549200
http://www.ncbi.nlm.nih.gov/pubmed/10931839
https://doi.org/10.1074/jbc.274.46.32662
http://www.ncbi.nlm.nih.gov/pubmed/10551821
https://doi.org/10.1517/13543784.2011.570329
http://www.ncbi.nlm.nih.gov/pubmed/21438742
https://doi.org/10.1016/s1074-7613%2800%2980012-6
https://doi.org/10.1016/s1074-7613%2800%2980012-6
http://www.ncbi.nlm.nih.gov/pubmed/10023776
https://doi.org/10.1038/nri3487
http://www.ncbi.nlm.nih.gov/pubmed/23883968
https://doi.org/10.1146/annurev.iy.12.040194.002325
https://doi.org/10.1146/annurev.iy.12.040194.002325
http://www.ncbi.nlm.nih.gov/pubmed/8011288
https://doi.org/10.1146/annurev.immunol.15.1.453
http://www.ncbi.nlm.nih.gov/pubmed/9143696
https://doi.org/10.1126/science.1702903
https://doi.org/10.1126/science.1702903
http://www.ncbi.nlm.nih.gov/pubmed/1702903
https://doi.org/10.1371/journal.pone.0277003


47. Cahir McFarland ED, Hurley TR, Pingel JT, Sefton BM, Shaw A, Thomas ML. Correlation between Src

family member regulation by the protein-tyrosine-phosphatase CD45 and transmembrane signaling

through the T-cell receptor. Proceedings of the National Academy of Sciences of the United States of

America. 1993; 90(4):1402–6. https://doi.org/10.1073/pnas.90.4.1402 PMID: 8433999

48. Hata A, Sabe H, Kurosaki T, Takata M, Hanafusa H. Functional analysis of Csk in signal transduction

through the B-cell antigen receptor. Molecular and cellular biology. 1994; 14(11):7306–13. https://doi.

org/10.1128/mcb.14.11.7306-7313.1994 PMID: 7935444

49. Donella-Deana A, Cesaro L, Ruzzene M, Brunati AM, Marin O, Pinna LA. Spontaneous autophosphory-

lation of Lyn tyrosine kinase at both its activation segment and C-terminal tail confers altered substrate

specificity. Biochemistry. 1998; 37(5):1438–46. https://doi.org/10.1021/bi971332s PMID: 9477973

50. Sotirellis N, Johnson TM, Hibbs ML, Stanley IJ, Stanley E, Dunn AR, et al. Autophosphorylation induces

autoactivation and a decrease in the Src homology 2 domain accessibility of the Lyn protein kinase. The

Journal of biological chemistry. 1995; 270(50):29773–80. https://doi.org/10.1074/jbc.270.50.29773

PMID: 8530369

51. Bjorge JD, Jakymiw A, Fujita DJ. Selected glimpses into the activation and function of Src kinase. Onco-

gene. 2000; 19(49):5620–35. https://doi.org/10.1038/sj.onc.1203923 PMID: 11114743

52. Lerner EC, Smithgall TE. SH3-dependent stimulation of Src-family kinase autophosphorylation without

tail release from the SH2 domain in vivo. Nature structural biology. 2002; 9(5):365–9. https://doi.org/10.

1038/nsb782 PMID: 11976726

53. Brian BF, Freedman TS. The Src-family Kinase Lyn in Immunoreceptor Signaling. Endocrinology.

2021; 162(10). https://doi.org/10.1210/endocr/bqab152 PMID: 34320188
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