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Inhibition of proteolytic and ATPase activities
of the proteasome by the BTK inhibitor CGI-1746

Olasubomi A. Akintola,1,3 Mitchell B. Patterson,1,4 John G. Smith,1,5 George N. DeMartino,2 Amit K. Mitra,1

and Alexei F. Kisselev1,6,*
SUMMARY

Bruton’s tyrosine kinase (BTK) inhibitor, ibrutinib, has been shown to synergize in vitro with proteasome
inhibitors (PIs) in reducing the viability of cells derived from B cell malignancies, but the mechanism is not
known. We report here that an off-target effect of ibrutinib causes synergy because not all BTK inhibitors
exhibited the synergistic effect, and those that synergized did so even in cells that do not express BTK.
The allosteric BTK inhibitor CGI-1746 showed the strongest synergy. Co-treatment of cells with CGI-
1746 increased PI-induced accumulation of ubiquitin conjugates and expression of heat shock proteins
and NOXA and decreased a ratio of reduced to oxidized glutathione. CGI-1746, but not other BTK inhib-
itors, inhibited ATPase activity and all three peptidase activities of the 26S proteasome. The effect dem-
onstrates a conceptually novel mode of proteasome inhibition that may aid the development of more
potent PIs.

INTRODUCTION

The 26S proteasome is essential for maintaining protein homeostasis in every eukaryotic cell, including the quality control of nascent poly-

peptides.1–4 Multiple myeloma cells are highly dependent on proteasome activity because these malignant plasma cells synthesize and

secrete large amounts of immunoglobulins, complex four-chain molecules that contain multiple disulfide bridges.5,6 Partial inhibition of

the proteasome causes selective apoptosis of myeloma cells, and proteasome inhibitors bortezomib, carfilzomib, and ixazomib7–9 are

approved by the Food and Drug Administration (FDA) for the treatment of multiple myeloma. The initial response rates are high, but

many patients develop resistance.

De-differentiation into stem-like plasma cell precursors that do not produce immunoglobulins is one of themechanisms of myeloma resis-

tance to proteasome inhibitors.10,11 These cells express Bruton’s tyrosine kinase (BTK), an essential kinase in the development and prolifer-

ation of immature B cells and many B cell leukemias and lymphomas.12–14 Three BTK inhibitors, ibrutinib, acalabrutinib, and zanubrutinib, are

approved for the treatment of various B cell neoplasms.15,16 BTK inhibitors have been clinically tested for the treatment of multiple myeloma

as a proposed therapy, which in combination with proteasome inhibitors, should overcome resistance to proteasome inhibitors in multiple

myeloma.17

Previous experiments by the Driessen laboratory showed that the combination of proteasome inhibitors with a BTK inhibitor, ibrutinib,

causes synergistic cell death in cells derived frommyeloma andmantle cell lymphoma.18 Furthermore, this pronounced synergy was observed

regardless of BTK expression levels. Additionally, the synergy was observed at a hundred times the concentration of ibrutinib needed to

completely inhibit BTK activity. These data suggested an off-target effect of the BTK inhibitor, but attempts to identify a target responsible

for the synergy were unsuccessful. The initial goal of this study was to obtain additional evidence to support an off-target effect of BTK in-

hibitors and identify the target.

The 26S proteasome consists of a 20S proteolytic core and one or two 19S regulatory complexes. The 20S core contains three pairs of

proteolytic active sites, b5 (PSMB5 or chymotrypsin-like), b2 (PSMB2 or trypsin-like), and b1 (PSMB1 or caspase-like). b5 sites are the most

important for protein degradation and the prime targets of FDA-approved proteasome inhibitors.19 Inhibitors of b2 and b1 sites have also

been developed20 and have been found to potentiate the anti-neoplastic effects of b5 inhibitors while having little effect on cell proliferation,

viability, and protein breakdown when used as single agents.21–23 Surprisingly, the synergy with ibrutinib was more pronounced with the spe-

cific inhibitor of proteasome b2 sites, LU-102, than with FDA-approved b5 inhibitors, bortezomib and carfilzomib.18 To the best of our knowl-

edge, this is the only example where the biological effect of a b2-specific inhibitor is stronger than that of b5 inhibitors.
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Figure 1. The majority of, but not all, BTK inhibitors synergize with proteasome inhibitors in BTK-expressing myeloma cells

(A) INA-6 BTK-expressing cells were treated with 2-fold serial dilutions of BTK inhibitors (ibrutinib, acalabrutinib, CC-292, CGI-1746, and GDC-0853) alone and in

combination with a sub-toxic concentration (3 mM) of b2-site-specific proteasome inhibitor, LU-102, for 48 h, after which viability was determined by Alamar Blue

dye conversion assay, and expressed as percentage of mock-treated controls, in a heatmap. Raw data for heatmaps are presented in Figure S1A (n > 3). A single

row map demonstrates the results of treatments with 2-fold dilutions of LU-102 in the absence of BTK inhibitors, and a square shows the concentration used in

combination experiments. Graphs showing synergy by combination indices—which was determined by the Chou-Talalay method41 using CalcuSyn software

(Synergy <1, Antagonism >1, Additive = 1)—are below the heatmaps.

(B) Same as in (A) except that INA-6 cells were co-treated with sub-toxic doses of CGI-1746, GDC-0853, and ibrutinib and indicated concentrations of LU-102. Raw

data for heatmaps are presented in Figure S1B (n > 3).

(C) Cells were treated with 3 mM LU-102 and 10 mM CGI-1746 for times indicated. Apoptosis was determined by caspase 3/7 activity in cell extracts using Ac-

DEVD-AMC (n = 3). Error bars represent S.D.

(D) INA-6 cells were treated with inhibitors of proteasome b5 sites, bortezomib, and carfilzomib, alone or with sub-toxic doses of CGI-1746, GDC-0853, and

ibrutinib. Viability and synergy were determined as in (A). Raw data are presented in Figure S1C (n = 3).

(E) Western blot showing the inhibition of BTK (reduction in autophosphorylated BTK) by indicated concentrations of BTK inhibitors in INA-6 cells treated for 1 h.
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The 19S regulatory complex (PA700) contains ubiquitin receptors, deubiquitylating enzymes, and 6 ATPases, which unfold protein sub-

strates and control access to the proteasome.24,25 While several inhibitors of the isopeptidases26–29 and three ATPase binders30–32 have

been described, it has not been reported whether these ATPase binders inhibit 19S ATPase activity. Here, we describe how an effort to iden-

tify an off-target of ibrutinib led to a surprising discovery that a non-competitive BTK inhibitor CGI-1746, but not other BTK inhibitors, is an

allosteric inhibitor of both the 19S ATPase activities and all three proteolytic sites of the proteasome.
RESULTS
The majority of, but not all, BTK inhibitors synergize with proteasome inhibitors in BTK-expressing myeloma cells

Ibrutinib inhibits many different kinases,33–36 and if synergy with proteasome is due to the inhibition of one of these kinases, more specific

second-generation BTK inhibitors should not synergize. Therefore, we determined whether other BTK inhibitors with different kinome spec-

ificity profiles synergize with proteasome inhibitors in various cell lines, starting with BTK-expressing cells. We chose two irreversible inhib-

itors, acalabrutinib and CC-292 (spebrutinib), which, similar to ibrutinib, covalently bind to the cysteine in the active site, and two reversible

allosteric inhibitors, CGI-1746 and GDC-0853 (fenebrutinib). Acalabrutinib is more selective than ibrutinib, CC-292 is less selective,37 while

CGI-1746 and GDC-0853 are much more selective.38,39 Specifically, CGI-1746 does not inhibit any other kinase at 1 mM.38 We focused on

the b2-specific inhibitor, LU-102, because it showed stronger synergy than bortezomib and carfilzomib. Cells were co-treated with 3 mM

LU-102, which caused only 10% loss of viability when used alone, and various concentrations of BTK inhibitors for 48 h. Their viability was

then measured by the Alamar Blue mitochondrial dye conversion assay (Figure 1A). Ibrutinib, acalabrutinib, CGI-1746, and GDC-0853 ex-

hibited various degrees of synergy, while CC-292, which was more cytotoxic when used as a single agent, was less synergistic. Cells were

then treatedwith a sub-toxic 10 mMconcentration of ibrutinib, GDC-0853, andCGI-1746 and different concentrations of LU-102; the strongest

synergy was observed in a range of concentrations from 1 to 6 mM (Figure 1B), indicating that synergy with BTK inhibitors requires inhibition of

both b2 sites because inhibition of b2 activity at 1 mM LU-102 reaches 90%.21,40 Synergy was lost at higher concentrations because LU-102 is

cytotoxic as a single agent, most likely because it co-inhibits b5 sites.21 We confirmed that combinations reduced cell viability because of

apoptosis (Figure 1C). BTK inhibitors exhibited similar synergy with bortezomib and carfilzomib (Figure 1D).18 Similar patterns of synergy

were observed in a BTK-expressing lymphoma cell line, Raji (Figure S1D). While the strong synergistic activity of the highly specific inhibitor

CGI-1746 can be interpreted as synergy caused by BTK inhibition, complete inhibition of BTK was observed at a concentration at least

100-fold lower than the 10 mM concentration (Figures 1E and S1E) at which maximal synergy was observed (Figures 1A and S1D), strongly

suggesting that an off-target effect is responsible for synergy.
BTK inhibitors synergize with LU-102 in cells that do not express BTK

If synergy between ibrutinib and other BTK inhibitors is caused by an off-target effect of BTK inhibitors, the effect will be observed in cells that

do not express BTK. To investigate this possibility, we performed the previous experiments inMM1.Smultiplemyeloma cells, which have very

lowBTK expression and nophosphorylated (active) BTK expression, as well as in two triple-negative breast cancer cell lines,MDA-MB-231 and

SUM149, which have no BTK expression (Figure 2A) but are very sensitive to proteasome inhibitors.40,42,43 The results of these experiments are

summarized in Figure 2B. Similar to INA-6 and Raji cells, CC-292 was cytotoxic to all cell lines with IC50 in the 10 mM range but did not show any

synergy with LU-102. Ibrutinib appeared to be less synergistic in MM1.S and MDA-MB-231 cells. Acalabrutinib was not synergistic in these

cells. Two allosteric inhibitors, GDC-0853 and CGI-1746, maintained synergy. The effect of CGI-1746 on breast cancer cells was the most

remarkable because, unlike in INA-6 cells, this compound was not cytotoxic to breast cancer cells yet essentially showed synthetic lethality

when combinedwith LU-102 (Figure 2C), leading to robust apoptosis within 18–24 h of exposure.We have also analyzed LU-102 combinations

with three other covalent BTK inhibitors, zanubrutinib, evobrutinib, and ONO-4053 in MDA-MB-231 cells (Figure S2B), and identified synergy

which was similar to ibrutinib. Finally, carfilzomib showed synergy with ibrutinib, CGI-1746, and GDC-0853 in MDA-MB-231 cells (Figure 2D).

We conclude that the synergy between ibrutinib, CGI-1746, andGDC-0853, and proteasome inhibitors is caused by an off-target effect of BTK

inhibitors.
iScience 27, 110961, November 15, 2024 3
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Figure 2. BTK inhibitors synergize with LU-102 in cells that do not express BTK

(A) The expression of active (phosphorylated) BTK and total BTK was determined by western blots.

(B) Heatmaps summarizing effects of 48 h co-treatments of MM1.S, MDA-MB-231, and SUM149 cells with BTK inhibitors and sub-toxic concentrations of LU-102

indicated on top of each graph. A single-row heatmaps summarize cell response to 2-fold serial dilutions of LU-102 in the absence of BTK inhibitors. Raw data are

presented in Figure S2A (n > 3). The bottom graphs show combination indices.

(C) Detailed analysis of effects of CGI-1746/LU-102 combination onMDA-MB-231 cells. Cell viability data on the left graphwere used to generate the left heatmap

in (A) and is also presented in Figure S2A (n = 3). Apoptosis of cells treated with 10 mM CGI-1746, and 3 mM LU-102 was determined by flow cytometry using

caspase 3/7 probe (middle) and by measuring caspase 3/7 in extracts using Ac-DEVD-AMC (right; n = 3). Error bars represent S.E.M.

(D) MDA-MB-231 cells were pulse-treated with carfilzomib for 1 h, after which carfilzomib-containing media was replaced with drug-free media or media

containing sub-toxic concentrations of CGI-1746, GDC-0853, and ibrutinib. 48 h after treatment, viability was determined by Alamar Blue (n = 3).

Combination indices were determined as on Figure 1A.
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The combination of BTK and proteasome inhibitors shows hallmarks of proteasome inhibition in cells

To identify the secondary target of BTK inhibitors that is responsible for the synergywith LU-102, we decided to focus on triple-negative breast

cancer cells so that any effects related to direct inhibition of BTK are excluded and to focus on CGI-1746 because it was the most synergistic

and less toxic when used as a single agent. We performed next-generation RNA sequencing of MDA-MB-231 cells treated with CGI-1746 at

20 mM, LU-102 at 3 mM, the combination of the two drugs, and a vehicle control. The cells were treated for 4 h and then collected, and RNAwas

isolated and sequenced in order to identify early changes in the cell that precede the onset of apoptosis. Upon RNA sequencing analysis, two

top upregulatedmRNAs in cells treated with the drug combination were HSAP1A andHSPA1B, which encode the Hsp70molecular chaperon

(Figure 3A). These genes are usually upregulated by proteasome inhibitors.44,45 This was unsurprising as LU-102 is a proteasome inhibitor.

What was surprising is that CGI-1746 alone also significantly upregulated these genes but LU-102 did not. Western blot analysis confirmed

Hsp70 upregulation upon treatment with LU-102 and CGI-1746, but not by a combination of LU-102 with other BTK inhibitors (Figure 3B).

These data suggest that CGI-1746 acts as a proteasome inhibitor.

Accumulation of ubiquitin conjugates is the hallmark of intracellular proteasome inhibition. Indeed, we found that the combination of LU-

102 with CGI-1746, GDC-0853, and ibrutinib caused the accumulation of conjugates. In contrast, a combination with acalabrutinib did not

cause accumulation (Figure 3B). In fact, a combination of CGI-1746 and LU-102 caused a more robust accumulation of conjugates in

MDA-MB-231 cells than bortezomib (Figure 3C). However, they caused little or no accumulation when used as a single agent (Figure 3C).

CGI-1746 also enhanced carfilzomib-induced conjugate accumulation (Figure 3D).

We have confirmed (Figure S3A) that BTK inhibitors and proteasome inhibitors did not inhibit deubiquitylating enzymes, which could also

account for conjugate accumulation. Inhibition of valosin-containing protein (VCP/p97) has also been shown to cause ubiquitin conjugate

accumulation.46,47 Because BTK inhibitors are kinase inhibitors, there is a possibility that these inhibitors interfered with VCP ATPase func-

tion.48,49 We performed an ATPase assay and found that CGI-1746 did not inhibit VCP ATPase activity (Figure S3B). These data strongly sug-

gest that CGI-1746 reduces proteasome activity and that this inhibition is responsible for synergistic cytotoxicity.

To further confirm that the CGI-1746 and LU-102 combination exert their effects in the ubiquitin-proteasome pathway, we investigated

their effects on NOXA accumulation and generation of reactive oxygen species, both hallmarks of proteasome inhibition.50–54 We found

that CGI-1746 and LU-102 individually caused the accumulation of NOXA in MDA-MB-231 cells; the combination treatment caused substan-

tially more accumulation of NOXA, starting at 9 h of treatment, which is only 3 h slower than bortezomib-induced NOXA accumulation (Fig-

ure 3E). We also found that, similar to bortezomib, the combination treatment increased the ratio of reduced glutathione (GSSG) to oxidized

glutathione (GSH), while the individual treatments of CGI-1746 and LU-102 did not do it (Figure 3F).

Proteasome activity is regulated by phosphorylation on different sites by various kinases.55–59 Since CGI-1746 is a kinase inhibitor, we first

tested whether treatment with CGI-1746 changes the pattern of phosphorylation of proteasome subunits. We isolated proteasomes from

CGI-1746-treated MDA-MB-231 cells and used a phosphorylation-specific stain to identify phosphorylated subunits. We did not find any

changes (Figure S3C). Thus, CGI-1746 does not inhibit proteasome by reducing its phosphorylation.
CGI-1746 inhibits peptidase and ATPase activities of the 26S proteasome

If CGI-1746 acts as a proteasome inhibitor in cells, it should inhibit proteolytic activities of the purified proteasomes. Indeed, CGI-1746 in-

hibited all three peptidase (Figure 4A) activities of the purified 26S proteasome. Except for weaker inhibition of b1 sites, ibrutinib and

GDC-0853 did not inhibit these activities. Moreover, CGI-1746, but not Ibrutinib or GDC-0853, inhibited ATPase activities of 26S proteasomes

and 19S particles (Figure 4B). Inhibition of ATPase activities of 19S particles was observed at all concentrations of ATP (Figure 4C, right panel).

CGI-1746 significantly reduced Vmax and appeared to reduce Km (Table 1) suggesting either non-competitive or uncompetitive allosteric

inhibition. However, concentration dependence of activity appeared to be biphasic or even triphasic, probably reflecting different affinities

for ATPase subunits. When data at lower concentrations of ATP (0–250 mM) were fitted to the Michaelis-Menten equation (Figure 4C, right

panel), CGI-1746 decreased Km but not Vmax (Table 1), indicating competitive inhibition. The most likely interpretation of these data is

that CGI-1746 competitively inhibits the 19S subunit(s) with the highest affinity for ATP,60 and that binding to this subunit also allosterically

inhibits the subunits with lower ATP affinity. Although the high background of the ADP-Glo assay that we used to measure ATPase activity

prevented us from measuring inhibition at physiological 5 mM concentrations of ATP, the allosteric nature of inhibition at high ATP concen-

tration raises little doubt that CGI-1746 will inhibit hydrolysis at physiologic ATP concentrations.
iScience 27, 110961, November 15, 2024 5
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Figure 3. Detailed analysis of MDA-MB-231 cell response to treatment with CGI-1736 and LU-102

(A) Cells were treated with 10 mM CGI-1746 and 3 mM LU-102 (alone and in combination) for 4 h. RNA expression was determined by RNA sequencing. Genes

whose expression increased significantly (p < 0.05) by > 1.5-fold over mock-treated samples are presented. No genes in LU-102-treated samples met these

criteria. No genes in CGI-1746 and combination-treated cells decreased significantly by > 1.5-fold.

(B) Cells were treated for the indicated length of time with BTK inhibitors (20 mM) alone, or in combination with LU-102 (3 mM), and protein expression was

determined by western blots.

(C) Cells were treated for the indicated length of time with CGI-1746 (20 mM) alone, or in combination with LU-102 (3 mM), and protein expression was determined

by western blots. Bortezomib (Btz) (25 nM, 4 h) was used as a positive control.

(D) Cells were pulse-treated with carfilzomib (CFZ) for 1 h, after which carfilzomib-containingmedia was replaced with drug-freemedia ormedia containing 20 mM

of CGI-1746. Protein expression was determined by western blots.

(E) Cells were treated with CGI-1746 and LU-102 (top image) as in (C) or 100 nM Btz (bottom image) for the indicated length of time. Protein expression was

determined by western blots.

(F) Cells were treated with 10 mM of CGI-1746, 3 mM of LU-102, a combination of CGI-1746 and LU-102, 50 nM of bortezomib, or untreated (Mock) for 3 and 8 h.

GSH to GSSG ratio was determined using GSH/GSSG-Glo Assay (n = 3). Error bars represent S.E.M.
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CGI-1746 reduced Vmax for all three peptidase activities of the 26S particles (Table 1; Figure 4D), clearly indicating allosteric inhibition. It

also induced positive cooperativity between all three pairs of active sites, as evidenced by higher Hill coefficients (Table 1). Furthermore, CGI-

1746 reduced K1/2 (an equivalent of Km in the Hill equation) for b1 sites, indicating uncompetitive inhibition. Finally, CGI-1746 induced

biphasic kinetics in the b2 sites, where activity appeared to plateau between 200 and 400 mM of substrate but then increased again at

800 mM (Figure 4D). When 26S peptidase activities were measured in the absence of magnesium to block ATP hydrolysis, CGI-1746 inhibition

was less potent (Figure 4E). These data suggest that the binding of CGI-1746 and inhibition of ATP hydrolysis by 19S particles contribute to the

allosteric inhibition of peptidase activities.

If allosteric inhibition due to the binding to 19S ATPases is the only mechanism of inhibition, CGI-1746 should not inhibit 20S proteasomes.

However, CGI-1746 inhibited all three peptidase activities of the 20S core (Figure 4F), albeit with IC50s that were higher than for 26S protea-

somes in the presence of magnesium, and similar to 26S in the absence of magnesium (Figure 4E). These data indicate that it also binds to the

20S core triggering a different mechanism of peptidase site inhibition. CGI-1746 decreased Km values for all three peptidase activities, and

decreased Vmax only for the b2 sites (Figure 4G; Table 1), indicative of competitive inhibition of b1 and b5 sites and mixed inhibition of b2

sites. In addition, CGI-1746 eliminated substrate inhibition of b5 and b1 site (Figure 4G), which was observed in 20S but not 26S, and reported

previously for the b5 activity of 20S.61 We conclude that CGI-1746 has binding sites on the 19S and 20S and inhibits peptidase activities by

different mechanisms.
DISCUSSION

Themajor goals of this work were to prove that ibrutinib synergywith proteasome inhibitors, with a focus on our b2-specific inhibitor LU-102, is

not caused by the BTK inhibition and to identify a novel ibrutinib target responsible for this synergy. We used five different BTK inhibitors and

found that while CGI-1746 and GDC-0853 behaved similarly to bortezomib, two, acalabrutinib and CC-292 (spebrutinib), showed little or no

synergy. For inhibitors that were synergistic, we confirmed the previous finding that synergy occurs at a much higher concentration than the

concentration that completely inhibits BTK. Finally, synergy was observed in cell lines that do not express BTK. Thus, synergistic cytotoxicity

between BTK and proteasome inhibitors is caused by binding to a novel target.

We have switched our target identification efforts from ibrutinib to CGI-1746 because the latter has shown stronger synergy, and

because CG-1746’s off-target effect was the most surprising as this is the most specific BTK inhibitor among those tested in this study.38

The compound surprised us again when we found that CGI-1746 is a dual inhibitor of 26S proteasome ATPases and peptidase activities.

To the best of our knowledge, this is the first example of such a dual inhibitor and the first ATPase inhibitor that is not a non-hydro-

lyzable ATP analog. Several ATPase binders are described in the literature but their ability to inhibit their ATPase activity has not

been reported.30–32 Because of the uniqueness of this observation, we made understanding the mechanisms of ATPase inhibition by

CGI-1746 the main goal of this work. We conducted kinetic analysis in the free 19S particles to exclude a potential allosteric effects

caused by binding of CGI-1746 to the second site on the 20S allosterically. CGI-1746 acts as a competitive ATPase inhibitor of 19S

at lower concentrations of ATP and as a non-competitive inhibitor at higher concentrations. Although CGI-1746 can inhibit peptidase

activities of the 20S proteasome in a 19S-independent fashion, and under the conditions when ATP hydrolysis by the 26S proteasome is

blocked, inhibition of peptidases is stronger when ATP hydrolysis is permissible. Under these conditions, the inhibition is allosteric and

occurs at similar concentrations of CGI-1746 as inhibition of ATPase activities. These data can be explained if binding of CGI-1746 to an

active site(s) of the 19S ATPase, which has the highest affinity for ATP, causes competitive inhibition of this ATPase(s) and allosteric in-

hibition of remaining ATPases and of peptidase activities. CGI-1746 is also capable of inhibiting proteasome peptidases by a different

mechanism because it competitively inhibits free 20S, albeit with lower potency. When peptide hydrolysis is stimulated by ATP hydro-

lysis, this competitive inhibition is simply overridden by an allosteric inhibition due to stronger binding to 19S ATPase(s). The future

identification of CGI-1746 binding sites by cryoelectron microscopy should help clarify these models and help in the future design

of more potent inhibitors.30–32

There are several reasons to believe that the observed inhibition of proteasome ATPase (and perhaps proteolytic activities) is the major

contributor to synergy. ATPase inhibition was observed at the same concentration as synergy. Gene expression profiling was consistent with a
iScience 27, 110961, November 15, 2024 7
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Figure 4. CGI-1746 inhibits the 26S proteasome and proteasomal ATPases

(A) Effects of BTK inhibitors on proteolytic sites of the human 26S proteasomes were measured using Suc-LLVY-AMC (b5), Ac-RLR-AMC (b2), and Ac-nLPnLD-

AMC (b1) (n = 3).

(B) The hydrolysis of 100 mMATP by human 26S proteasomes and of 50 mMATP by bovine 19S particles wasmeasured in the presence or absence of the indicated

BTK inhibitors (n = 3).

(C) ATPase activity of bovine 26S proteasome was measured at different concentrations of ATP in the presence or absence of 20 mMCGI-1746 (n = 3) and fit into

the Michaelis-Menten equation using different concentration ranges indicated in Table 1.

(D) Peptidase activities of rabbit 26S proteasomes were measured in the presence or absence of CGI-1746 (20 mM for b1 and b5 sites, 40 mM for b2 sites) using the

indicated concentrations of site-specific substrates (n = 3) and fit into equations listed in Table 1.

(E) Effects of CGI-1746 on proteolytic activities of human 26S proteasomes were measured as in (A), except that MgCl2 was omitted from the assay buffer (n = 4).

(F) Effects of CGI-1746 on activities of the 20S proteasomes were measured using peptidase substrates of individual active sites (n = 4).

(G) Peptidase activities of the 20S proteasomes were measured in the presence or absence of 20 mM CGI-1746 at different concentrations of site-specific

substrates (n = 3) and fit into equations listed in Table 1. Poor solubility of Ac-nLPnLD-amc at >1 mM prevented us from conducting measurements at

saturating concentrations.

Error bars on all panels represent S.E.M.
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combination of CGI-1746 and LU-102 acting as proteasome inhibitors. The combination also synergized in causing the accumulation of ubiq-

uitylated proteins in cells. Finally, it induced NOXA and dramatically lowered the ratio of reduced to oxidized glutathione. Except for the

degradation of highly basic proteins, b2 inhibitors are much weaker inhibitors of protein degradation,62 and as such, LU-102 may benefit

more from additional inhibition of ATPase activities than carfilzomib or bortezomib, thus explaining stronger synergy of the LU-102/CGI-

1746 combination.

Themicromolar concentration at which synergy is observed is too high for the observed effect to have any therapeutic value, especially for

CGI-1746, which had to be used at 100 mg/kg to achieve BTK inhibition in mice.38 While analysis of proteasome inhibition by other kinase

inhibitors is underway, the possibility that some of them will be more potent inhibitors of the proteasome cannot be ruled out. In fact,

mTOR inhibitor rapamycin allosterically inhibits 20S and interferes with 26S assembly at a lower concentration than CGI-1746.63 This study

adds the 26S proteasome to the long list of off-target effects of protein kinase inhibitors64 warranting counter-screening of all new kinase

inhibitors for proteasome inhibition.

In summary, we have identified a dual inhibitor of 20S proteolytic core and 19S regulatory particles. While it is not yet clear whether this

discovery has therapeutic implications, this inhibitor should at least serve as a novel tool to dissect proteasomemechanisms and as a starting

point for the development of specific inhibitors of proteasomal ATPases.
Limitations of the study

Although several experimental observations support our conclusion that inhibition of ATPase activities contributes to synergy between CG-

1746 and proteasome inhibitors, they do not rule out alternative mechanisms of synergy. The alternative mechanism should also be respon-

sible for the synergy between proteasome inhibitors and ibrutinib, which we did not fully analyze in this study. Ibrutinib and GDC-0853, which

synergize with LU-102 in cell killing, also synergized in causing ubiquitin conjugate accumulation. However, they did not inhibit ATPase ac-

tivities of 19S and p97/VCP and inhibited only the b1 sites of the 26S proteasome, with activity plateauing at 50%. It remains to be determined

whether this inhibition of b1 sites is sufficient to cause synergy or if other mechanisms are involved.

It is also not clear whether partial inhibition of ATPase by CGI-1746 is sufficient to inhibit protein breakdown in cells. The most common

model substrate of the 26S proteasome, Ubn-Sic1
PY, is modified by K63-linked polyubiquitin chains65 that do not target proteins for intracel-

lular degradation.66 Inhibition of its degradation by CGI-1746 (or lack thereof) would not necessarily mean the same effect on intracellular

protein degradation. Other model 26S substrates are unfolded proteins, which do not require ATP hydrolysis for their degradation,67 and

we therefore did not test CGI-1746 effects on their degradation.

We also did not explore whether a combination of LU-102 and CGI-1746 preferentially inhibits the degradation of basic proteins,62 as it

could be inferred from our past work that degradation of purified basic proteins is more sensitive to the inhibitors of b2 activity. In the future, it

would be interesting to study how treatment of cells with interferon-gamma that stimulates b2 activity by replacing the b2 (PSMB7) subunit

with a more active PSMB10 (MECL1) subunit68,69 or overexpression of PA28g that selectively activated b2 activity70 affects LU-102 and CGI-

1746 synergy.
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Alexei Kisselev (afk0006@auburn.edu).
Materials availability

This study did not generate new unique reagents. Antibodies, reagents, and cell lines usedwere obtained from commercial or other sources as outlined in the key
resources table.
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Table 1. Effect of CGI-1746 on kinetic parameters of ATP hydrolysis by the 19S regulatory particle and on peptidase activities of 26S and 20S

proteasomes

PR Active site CGI -1746 (mM)

Curve fit parameters (95% CI)

S range (mM) Equation Km or K1/2, mM

Vmax, nmole/

(min*mg) Hill coefficient R2

19S Rpt1-6 0 0–1,000 MM 722 (291–2,752) 186 (117–456) – 0.85

– – 20 0–1,000 MM 452 (222–1,053) 76 (56–118) – 0.91

– – 0 0–250 MM 99 (30–126) 48 (27–270) – 0.81

– – 20 0–250 MM 226 (90–1,091) 48 (30–144) – 0.91

26S b5 0 0–400 Hill 101 (81–140) 0.72 (0.64–0.85) 1.4 (1.1–1.7) 0.98

– – 20 0–400 Hill 119 (87–223) 0.27 (0.21–0.42) 2.8 (1.4–?) 0.88

– b1 0 0–800 MM 769 (395–2,190) 0.46 (0.31–0.87) – 0.94

– – 20 0–800 Hill 205 (?–234) 0.09 (0.08–0.1) 24.7 (?) 0.95

– b2 0 0–800 Hill 190 (81–57,500) 0.22 (0.16–2.17) 0.7 (0.4–1.1) 0.96

– – 40 0–400 Hill 158 (137–179) 0.062 (0.050–0.070) 4.6 (3–8.5) 0.97

20S b5 0 0–400 SI 0.37 (?–34) 0.41 (0.35–?) – 0.66

– – 20 0–400 MM 57 (28–120) 0.20 (0.16–0.26) – 0.88

– b1 0 0–800 SI 516 (205–?) 2.1 (1.0–N) – 0.98

– – 20 0–800 MM 24,543 (582–N) 3.5 (0.16–N) – 0.70

– b2 0 0–800 MM 205 (115–378) 1.17 (0.95–1.5) – 0.90

– – 20 0–800 (MM) 435 (259–729) 0.23 (0.18–0.31) – 0.94

Analysis of data on Figures 4C, 4D, and 4G.

Equations:

Hill: V=Vmax[S]n/(K1/2
n+[S]n), n-Hill coefficient.

MM, Michaelis-Menten: V=Vmax[S]/(Km+[S]).

SI-substrate inhibition: V=Vmax[S]/(Km+[S](1+[S]/Ki)).
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Data and code availability

� RNA-seq data have been deposited at GEO (GEO: GSE239482) and is publicly available as of the date of publication. key resources table Original western
blot images have been deposited at Mendeley (Data set http://doi:10.17632/7n36xfmfj9.1) and are publicly available as of the date of publication.key
resources table

� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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NMS-873 Selleckchem Cat#S7285
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Alamar Blue Thermo Fisher Cat#DAL1025

Critical commercial assays
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CellEvent� Caspase 3/7 Green

Detection Reagent

Thermo Fisher Cat#C10423
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Deposited data

Raw and analyzed RNA sequencing data This paper GSE239482

Full Western Blots This paper https://doi.org/10.17632/7n36xfmfj9.1

Experimental models: Cell lines
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Recombinant DNA

pDEST15-UBL-hHR23B Dr. Alfred Goldberg

pET26b-His10-UIM2-hS5a Dr. Alfred Goldberg

Software and algorithms

Prism GraphPad

CalcuSyn Biosoft

ll
OPEN ACCESS

iScience
Article
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

MDA-MB-231, Raji, NCI-H929, and MDA-MB-468 cells were obtained from ATCC. INA-6 cells were obtained from DSMZ, and SUM149 cells

were obtained fromAsterand. MM1.S cells were a kind gift fromDr. Steven Rosen.71 All cell lines were validated by short tandem repeat (STR)

DNA fingerprinting.40 MDA-MB-231 and SUM149 cells were cultured in DMEM/F12 50:50 media supplemented with 5% fetal bovine serum

(FBS). In addition, SUM149media was supplemented with 1 mg/mL hydrocortisone, 4.8 ug/mL human recombinant insulin, 10 mMHEPES (pH

7.3), and 4 mM L-glutamine. Multiple myeloma and lymphoma cells were cultured in RPMI-1640 media supplemented with 10% FBS, and

INA-6 cells media was supplemented with 1 ng/ml IL-6 and 50 mM b-mercaptoethanol. All media used was further supplemented with peni-

cillin, streptomycin, amphotericin-B (0.25 mg/ml), and ciprofloxacin (0.2 mg/ml). Cell viability was assayed with resazurin (Alamar Blue,

ThermoFisher) after cells were treated for the times indicated. Combination indices were calculated using CalcuSyn software. Apoptosis

was measured by flow-cytometry on BD Accuri C6 Plus flow-cytometer using CellEvent� Caspase-3/7 Green Detection Reagent and

SYTOX cell viability dye (Thermo). Data were analyzed using BD CSampler Plus software. Alternatively, caspase-3,7 activity was measured

in extracts using Ac-DEVD-AMC as described by Britton et al.23
METHOD DETAILS

Inhibitors and substrates

Carfilzomib and bortezomib were obtained from LC Laboratories. BTK inhibitors were obtained fromMedChemExpress. Suc-LLVY-AMCwas

obtained from Bachem, Ac-RLR-AMC, and Ac-nLPnLD-AMC were custom synthesized by ChinaPeptides. LU-102 was synthesized as

described by Geurink et al.21
Immunoblotting and antibodies used

Cells were lysed in CHAPS buffer (0.5% CHAPS, 10% glycerol, 5 mMMgCl2, and 1 mM EDTA in 50 mM Tris-HCl (pH 7.5)), incubated for 5 min

on ice, and centrifuged at 20,0003 g for 15 min. 1X PhosSTOP� (Roche) was added to the lysis buffer in experiments requiring the study of

phosphorylation. Samples were quantified using Bradford assay, and 20 mg of total protein per sample was heated for 15 minutes with LDS
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buffer (Novex NP0007) at 72�C, fractionated on Bis-Tris gels (Genscript) using MES electrode buffer, and transferred to 0.2mm PVDF mem-

brane (Immobilon, ISEQ00010). Blots were blocked with 2% or 5% non-fat milk. The membrane was incubated with primary antibodies,

BTK (Cell Signaling, 8547S), Y223-pBTK (Cell Signaling, 5082S), K48 polyubiquitin (Cell Signaling, 12805S); HSP70 (Cell Signaling, 4876S);

NOXA (Cell Signaling, 14766S); a-Tubulin (Cell Signaling, 3873S); b-actin (Cell Signaling, 3700S) and GAPDH (Abcam, AC027), overnight at

4�C and with the secondary antibodies (fluorescent goat anti-mouse (LI-COR, 92668070), and fluorescent anti-rabbit (Thermo Fisher,

A21245, HRP-linked secondary antibodies (Cell Signaling; anti-rabbit, 7074S; anti-mouse, 7076S)) for 1h at room temperature, and imaged

on Azure c600, directly if fluorescently labeled secondary antibodies were used, or after brief incubation with Pierce SuperSignal West Femto

Maximum Sensitivity Substrate of HRP-conjugated secondary antibodies were used.
RNA sequencing

MDA-MB-231 cells were treated for four hours with CGI-1746, LU-102, or a combination of the two. RNA was extracted using the Qiagen

RNeasy Mini Kit according to the manufacturer’s protocol, frozen, and shipped on dry ice to LCSciences (Houston, TX) for total RNA

sequencing (150 bp PE, 40 million reads per sample). RNAseq data analysis was performed using a command-line-based analysis pipeline.

Briefly, raw reads were pre-processed andmapped to the hg38 human genome build using the STARAligner tool. Next, mapped read counts

were normalized for sequencing depth, and counts per million (CPM) of mapped reads were generated for each transcript. Differential gene

expression analysis was performed between the Gene Expression Profiles (GEP) of each treatment group using GSA, as described earlier.72
Protein isolation

Human 26S proteasomes were isolated frommammalian cells via the UBL-affinity purification method.73 HeLa cells were collected by centri-

fugation and lysed by sonication in affinity purification buffer (APB), 25 mMHEPES-KOH (pH 7.4), 10% (v/v) glycerol, 5 mMMgCl2, 1 mMATP,

and 1 mM DTT, using six ten second bursts (12-micron amplitude) with at least ten-second recovery periods on ice. Lysates were cleared by

centrifugation at 4�C, 100,000g for 30 minutes, and the supernatant was then further centrifuged for 3 hours at 4�C, 150,000g. The protea-

some-rich pellet was suspended in APB and then incubated with GST-UBL74 and pre-equilibrated Glutathione-Sepharose for two hours at

4�C. The Glutathione-Sepharose resin was washed with APB. Bound proteasomes were eluted by fifteen-minute incubation with

His10-UIM
74 in APB. His10-UIM was removed from eluted proteasomes by incubation with pre-equilibrated Ni-NTA resin for twenty minutes,

followed by resin removal by centrifugation. Rabbit 20S and 26S proteasomes were purified from frozen muscles as described.23,75 19S and

VCP were isolated from bovine erythrocytes as described.76,77
Activity assays

Peptidase activities of proteasomes were determined from the slope of the reaction progress curves obtained by continuously following the

fluorescence of 7-amino-4-methyl coumarin (AMC), released upon cleavage of Suc-LLVY-AMC (b5 sites), Ac-RLR-AMC (b2 sites), or Ac-

nLPnLD-AMC (b1 sites),23 by�580 pM of purified proteasomes in the presence or absence of inhibitors. Each substrate was at 100 mM unless

stated otherwise. The reaction buffer was 50 mMTris-HCl (pH 7.5), 1 mMDTT for 20Smeasurements, supplemented with 5 mMMgCl2 (unless

otherwise stated), 100 mM ATP, 2 mM EDTA, and 40 mM KCl for 26S activity.

ATPase assays. 2 ml of purified 19S, 26S and VCPwere pre-incubatedwith BTK inhibitors for two hours in 40mMTris (pH 7.5), 20mMMgCl2,

0.1 mg/ml BSA. 10 mL of ATP in the same buffer were added, and incubation continued for 30 minutes. The final concentrations of enzymes

were 14 nM for the 19S regulatory particle, 3 nM for the 26S proteasome, and 80 nM for VCP. The amount of ADP produced was then deter-

mined using Promega ADP-Glo� Kinase Assay according to the manufacturer protocol.
ROS assay

2000 MDA-MB-231 cells/ well were plated on a 96-well plate for 24 hours after which cells were treated with 10 mM of CGI-1746, 3 mM of LU-

102, a combination of 10 mM of CGI-1746 and 3 mM of LU-102, 50 nM of bortezomib, and 0.05% of vehicle (DMSO/MOCK) for 3 and 8 hours.

The ratio of reduced glutathione to oxidized glutathione was determined using GSH/GSSG-Glo� Assay (Promega), which was performed

according to the manufacturer’s protocol.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was done using GraphPad Prism. All data points on graphs are averages of n biological replicates. n> 3 indicates 4–7 rep-

licates. Error bars on all graphs indicate S.E.M, except for Figure 1C where they indicate S.D. Combination indexes were calculated using

CalcuSyn.
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