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Abstract: Anti-apoptotic Bcl-2-family members are frequently dysregulated in both blood and solid
cancers, contributing to their survival despite ongoing oncogenic stress. Yet, such cancer cells often
are highly dependent on Bcl-2 for their survival, a feature that is exploited by so-called BH3-mimetic
drugs. Venetoclax (ABT-199) is a selective BH3-mimetic Bcl-2 antagonist that is currently used in the
clinic for treatment of chronic lymphocytic leukemia patients. Unfortunately, venetoclax resistance
has already emerged in patients, limiting the therapeutic success. Here, we examined strategies to
overcome venetoclax resistance. Therefore, we used two diffuse large B-cell lymphoma (DLBCL) cell
lines, Riva WT and venetoclax-resistant Riva (VR). The latter was obtained by prolonged culturing in
the presence of venetoclax. We report that Riva VR cells did not become more sensitive to BIRD-2,
a peptide targeting the Bcl-2 BH4 domain, and established cross-resistance towards BDA-366, a
putative BH4-domain antagonist of Bcl-2. However, we found that Bcl-XL, another Bcl-2-family
protein, is upregulated in Riva VR, while Mcl-1 expression levels are not different in comparison
with Riva WT, hinting towards an increased dependence of Riva VR cells to Bcl-XL. Indeed, Riva
VR cells could be resensitized to venetoclax by A-1155463, a selective BH3 mimetic Bcl-XL inhibitor.
This is underpinned by siRNA experiments, demonstrating that lowering Bcl-XL-expression levels
also augmented the sensitivity of Riva VR cells to venetoclax. Overall, this work demonstrates that
Bcl-XL upregulation contributes to acquired resistance of DLBCL cancer cells towards venetoclax and
that antagonizing Bcl-XL can resensitize such cells towards venetoclax.
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1. Introduction

The Bcl-2 protein family regulates the onset of apoptosis by critically controlling mitochondrial
outer membrane permeabilization [1,2]. The balance between pro-apoptotic (such as BAX/BAK and
BH3-only proteins) and anti-apoptotic (such as Bcl-2, Bcl-XL and Mcl-1) family members is a crucial
factor in determining cell death and survival [3]. Anti-apoptotic Bcl-2 protein family members are
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upregulated in various cancers, e.g., chronic lymphocytic leukemia (CLL) [4], diffuse large B-cell
lymphoma (DLBCL) [4], but also solid tumors such as prostate cancer [5]. This enables cancer
cells to survive despite pro-apoptotic, oncogenic stress [6]. A crucial feature of anti-apoptotic Bcl-2
family members is their hydrophobic cleft, consisting of Bcl-2 homology (BH) domains 1, 2 and
3 [1]. The hydrophobic groove interacts with the BH3 domain of pro-apoptotic Bcl-2 family members,
thereby sequestering them and inhibiting their pro-apoptotic function [1,7]. Venetoclax is the first
clinically used BH3 mimetic to treat relapsed CLL cancer patients [8–10] and does so by occupying
the hydrophobic groove of the anti-apoptotic protein Bcl-2 [7,11]. This prevents the sequestration of
pro-apoptotic Bcl-2 family proteins, often upregulated due to oncogenic stress [12] and tips cancer
cells “addicted” to Bcl-2 for survival over the edge of apoptosis [13]. Ever since its launch in the clinic,
venetoclax has been a precision medicine with great potential and success [11]. While initially it was
approved as a therapy for CLL, current research focuses on its use in other types of cancer such as
DLBCL, follicular lymphoma, myeloma and acute myeloid leukemia [11,14,15].

However, as is often the case with targeted therapies, some cancers developed resistance against
venetoclax, rendering it ineffective in long-term treatments to cure patients of cancer [11]. To understand
the mechanisms underlying venetoclax resistance better and potentially exploit them, we decided to
investigate whether venetoclax-resistant cells become reliant on the antagonizing role of Bcl-2 role at
the endoplasmic reticulum (ER) [16,17]. The ER serves as the main intracellular Ca2+ storage organelle
that controls a plethora of cell functions including cell survival [18]. During the last decades, several
Bcl-2-family members have been identified at the ER where they functionally impact Ca2+ homeostasis
and dynamics [19,20]. Bcl-2 directly targets IP3Rs via its BH4 domain and inhibits Ca2+ flux through
the channel, preventing apoptosis [21–23]. Targeting Bcl-2 at the ER can be achieved through Bcl-2-IP3R
disrupter 2 (BIRD-2) [24–26]. This is a decoy peptide for Bcl-2 based on its binding sequence in the
central, regulatory domain of the inositol 1,4,5-trisphosphate receptor (IP3R) [17,23,27]. BIRD-2 can
kill several Bcl-2-dependent cancer cell types, including primary CLL cells and DLBCL cell lines, by
provoking intracellular Ca2+ overload [26–28]. At the molecular level, we found that the combined
upregulation of the type 2 IP3R (IP3R2 isoform) in combination with ongoing chronic IP3 signaling
downstream of the chronically/tonically active B-cell receptor rendered cancer cells sensitive to BIRD-2
exposure [28,29].

Moreover, previous work from our team revealed that there is a reciprocal correlation between
venetoclax sensitivity and BIRD-2 sensitivity, i.e., cancer cells that were more sensitive to venetoclax
were more resistant to BIRD-2 and vice versa [30]. Hence, in this work, we wished to examine whether
cancer cells that have become resistant to venetoclax were more sensitive to BIRD-2. Therefore, we
compared BIRD-2 sensitivity in an isogenic cell model with acquired venetoclax resistance. This was
achieved by culturing the DLBCL cell line Riva in conditions of chronic exposure to venetoclax. Here,
we compared the sensitivity towards BIRD-2 between naïve Riva cells (Riva WT) and isogenic Riva
cells with acquired resistance towards venetoclax (Riva VR).

We reported that Riva VR do not develop increased sensitivity towards BIRD-2 compared to
their naïve counterparts. Consistently, we did not see an upregulation of the IP3R. In addition, we
found that Bcl-XL upregulation is at least in part responsible for the resistance to venetoclax, while
Mcl-1-expression levels appeared unaltered. Finally, we observed cross-resistance towards BDA-366, a
molecule proposedly targeting the BH4 domain of Bcl-2 [31].

2. Materials and Methods

2.1. Cell Culture and Chemicals

Riva WT and VR were grown in RPMI (Gibco/Invitrogen, Merelbeke, Belgium) supplemented
with 2 mM glutamax, 10% heat-inactivated fetal bovine serum, 100 IU/mL penicillin and 100 µg/mL
streptomycin (100× Pen/Strep, Gibco/Invitrogen, Merelbeke, Belgium) at 37 ◦C and 5% CO2. Resistance
to venetoclax was achieved by culturing Riva cells in increasing concentrations of venetoclax over more
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than three months. This selection started with low nanomolar concentrations of venetoclax (1–10 nM)
and concentrations were stepwise increased up to 300 nM when more than 30% of cells survived
the selection. Survival of cells was monitored using AnnexinV-FITC staining and flow cytometry
twice a week. Venetoclax was purchased from Active Biochem (Kowloon, Hong Kong). Cells were
seeded 24 h before being used in experiments at a density of 250,000/mL. BIRD-2 peptide (sequence:
RKKRRQRRRGGNVYTEIKCNSLLPLAAIVRV) was purchased from LifeTein (South Plainfield, NJ,
USA) with a purity of >85%. BDA-366 was purchased from BioVision (Milpitas, CA, USA). Both S63845
and A-1155463 were purchased from Selleckchem (Munich, Germany).

2.2. Flow Cytometry: Apoptosis Assay

Riva WT and VR cells were treated for 24 h with venetoclax, BIRD-2, BDA-366, S63845 or
A-1155463 or a combination of these. Subsequently, cells were pelleted by centrifugation and incubated
with AnnexinV-FITC (Life Technologies, Carlsbad, CA V13245, USA,) and 7-AAD (Becton Dickinson,
Franklin Lakes, NJ 555815, USA). Cell suspensions were analyzed with an Attune Acoustic Focusing
Flow Cytometer (Applied Biosystems). Cell death by apoptosis was scored by quantifying the
population of AnnexinV-FITC-positive cells using FlowJo version 10 software.

2.3. Western Blot

Riva WT and VR cells were washed with phosphate-buffered saline and incubated at 4 ◦C
with lysis buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1.5 mM MgCl2, 0.5 mM dithiothreitol,
1% Triton-X-100 and 1 tablet of complete EDTA-free protease inhibitor (Thermo Scientific, Brussels,
Belgium)) for 30 min. Cell lysates were centrifuged for 5 min at 4000× g and analyzed by Western
blotting as previously described [21]. Western blot quantification was done using Image Lab 5.2
software (Bio-Rad Laboratories, Temse, Belgium).

2.4. Intracellular Ca2+ Measurement in Intact Cells

Riva VR and WT cells were loaded with 1 µM Fura-2-AM (Eurogentec, Seraing, Belgium) at room
temperature in modified Krebs solution (150 mM NaCl, 5.9 mM KCl, 1.2 mM MgCl2, 11.6 mM HEPES
(pH 7.3), 11.5 mM glucose and 1.5 mM CaCl2) for 30 min. This was followed by a de-esterification
step in the absence of extracellular Fura-2-AM for 30 min at room temperature. Extracellular Ca2+

was chelated with EGTA before stimulating cells with IgG/IgM (12 µg/mL; Jackson ImmunoResearch
Europe Ltd., Cambridge, UK) to elicit intracellular Ca2+ signaling. Alternatively, thapsigargin (1 µM),
an inhibitor of SERCA, was used to deplete the ER to gauge ER Ca2+ content. Fluorescence was
monitored using a Flexstation 3 microplate reader (Molecular Devices, Sunnyvale, CA, USA) by
alternating the excitation of Fura-2 at 340 and 380 nm and collecting the emission at 510 nm. All traces
are shown as the ratio of emitted fluorescence of Fura-2 (F340/F380). GraphPad Prism 8 was used to
calculate area under the curve (AUC).

2.5. siRNA Transfection of Riva VR Cells

Riva VR cells were transfected using the Amaxa® Cell Line Nucleofector® Kit L (Lonza, Basel,
Switzerland), program C-05, as described in Bittremieux et al. [29]. Briefly, 3 × 106 cells were transfected
with 500 nM siCTRL (ON-TARGET plus, non-targeting control pool, from Dharmacon) and 500 nM
siBcl-XL (hs.Ri.BCL2L1.13.1, from IDT). At 24 h post-transfection, the cells were used for experiments
and collected for Western blot analysis to confirm knockdown of Bcl-XL.

3. Results

3.1. Characterization of the Venetoclax-Sensitive and -Resistant Riva Cells

To obtain venetoclax-resistant Riva cells (Riva VR), parental Riva cells (Riva WT) were chronically
exposed to increasing concentrations of venetoclax. A dose–response experiment indicated approximately
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a tenfold difference in venetoclax sensitivity as demonstrated by the different EC50 values for venetoclax
(Figure 1a,b) derived from FACS measurements (AnnexinV-7-AAD staining). Thus, these data confirm
the presence of venetoclax resistance in the VR cell line relative to the parental cell line.

Biomolecules 2020, 10, x FOR PEER REVIEW 4 of 13 

AAD staining). Thus, these data confirm the presence of venetoclax resistance in the VR cell line 
relative to the parental cell line. 

 
Figure 1. Riva VR cells are resistant to venetoclax as compared to Riva WT cells. (a) Representative 
dot plots from flow cytometric analysis of AnnexinV-FITC/7-AAD stained Riva wild-type (WT) and 
venetoclax-resistant (VR) cells, treated with venetoclax at 3 nM and 100 nM, respectively, during 24 
h. (b) Dose–response curves of Riva WT and Riva VR 24 h after drug exposure. The apoptotic 
population was defined as the AnnexinV-FITC-positive fraction. Data presented are average ± SEM 
(n = 5). 

3.2. Acquired Venetoclax Resistance does not Induce Increased Sensitivity Towards BIRD-2  

Previous work performed by our lab [30] revealed an inverse correlation between venetoclax 
and BIRD-2 sensitivity in DLBCL cell lines. Based on these findings, we hypothesized that the cells 
with acquired resistance to venetoclax could have become more susceptible to BIRD-2, illustrating a 
shift from Bcl-2’s reliance on the hydrophobic cleft towards a BH4 domain-dependent mechanism. 
However, a dose–response experiment showed no significant difference in the EC50 values of BIRD-2 
in Riva VR compared to Riva WT (Figure 2a). As in previous work where we associated BIRD-2 
sensitivity of DLBCL cells with IP3R2-expression levels [28], we compared the expression of IP3R2 
and the other IP3R isoforms between Riva WT and Riva VR. Yet, consistent with the findings that 
Riva VR cells were not more sensitive to BIRD-2 than Riva WT cells, IP3R2-expression levels were 
very similar between Riva WT and Riva VR cells (Figure 2b). Similarly, the expression levels of the 
other isoforms of the IP3R (IP3R1 and -3) were not different between Riva WT and Riva VR cells 
(Figure 2b). These data demonstrate that cancer cells with acquired venetoclax resistance do not 
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Figure 1. Riva VR cells are resistant to venetoclax as compared to Riva WT cells. (a) Representative
dot plots from flow cytometric analysis of AnnexinV-FITC/7-AAD stained Riva wild-type (WT) and
venetoclax-resistant (VR) cells, treated with venetoclax at 3 nM and 100 nM, respectively, during 24 h.
(b) Dose–response curves of Riva WT and Riva VR 24 h after drug exposure. The apoptotic population
was defined as the AnnexinV-FITC-positive fraction. Data presented are average ± SEM (n = 5).

3.2. Acquired Venetoclax Resistance does not Induce Increased Sensitivity Towards BIRD-2

Previous work performed by our lab [30] revealed an inverse correlation between venetoclax and
BIRD-2 sensitivity in DLBCL cell lines. Based on these findings, we hypothesized that the cells with
acquired resistance to venetoclax could have become more susceptible to BIRD-2, illustrating a shift
from Bcl-2’s reliance on the hydrophobic cleft towards a BH4 domain-dependent mechanism. However,
a dose–response experiment showed no significant difference in the EC50 values of BIRD-2 in Riva VR
compared to Riva WT (Figure 2a). As in previous work where we associated BIRD-2 sensitivity of
DLBCL cells with IP3R2-expression levels [28], we compared the expression of IP3R2 and the other
IP3R isoforms between Riva WT and Riva VR. Yet, consistent with the findings that Riva VR cells were
not more sensitive to BIRD-2 than Riva WT cells, IP3R2-expression levels were very similar between
Riva WT and Riva VR cells (Figure 2b). Similarly, the expression levels of the other isoforms of the
IP3R (IP3R1 and -3) were not different between Riva WT and Riva VR cells (Figure 2b). These data
demonstrate that cancer cells with acquired venetoclax resistance do not become dependent on Bcl-2’s
non-canonical role at the ER for survival.
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Figure 2. Riva WT and VR cells have a similar sensitivity towards BIRD-2 treatment. (a) Dose–response
curves of Riva WT and VR cells after incubation with BIRD-2 for 24 h. The apoptotic population
was defined as the AnnexinV-FITC-positive fraction. Data presented are average ± SEM (n = 5).
(b) Representative Western blots of IP3R1, 2 and 3-expression levels in Riva WT and Riva VR cells.
GAPDH was used as a loading control. Quantification of IP3R1, -2 and -3-protein levels in Riva WT
and Riva VR cells. For each blot, the immunoreactive bands were quantified and normalized towards
the signal obtained for Riva WT cells, which was set at 1. Data are presented as average ± SD (n ≥ 7).

3.3. IgG/IgM-Induced Cytosolic Ca2+ Signaling and ER Store Content Do not Differ between Riva WT and
Riva VR

Since we observed that IP3R levels were unchanged, we wondered whether Ca2+ handling in
Riva WT and Riva VR was also unaltered. To this end, we conducted cytosolic Ca2+ measurements by
loading the cells with Fura-2-AM. Cytosolic Ca2+ signals were triggered by the addition of IgG/IgM
(12 µg/mL) in the presence of 3 mM EGTA, an extracellular Ca2+-chelating agent (Figure 3a). The latter
ensures that only Ca2+ release from intracellular Ca2+ stores occurs without Ca2+ influx. The cytosolic
Ca2+ signals elicited by B-cell receptor stimulation via IgG/IgM were very similar between Riva WT
and Riva VR, as is evident from the area under the curve (AUC) (Figure 3b). Furthermore, we used
thapsigargin (1 µM) to indirectly quantify the ER Ca2+ store content. However, no significant difference
was observed in the thapsigargin-releasable Ca2+ pool between Riva WT and Riva VR, indicating that
Ca2+ levels present in the ER of Riva VR cells and of Riva WT were very similar (Figure 3c).
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Figure 3. Cytosolic IgG/IgM Ca2+ responses and ER Ca2+ content do not differ between Riva WT
and Riva VR. (a) Typical cytosolic Ca2+ traces in Fura-2-AM-loaded Riva WT and VR. Sixty seconds
after the chelation of extracellular Ca2+ with EGTA (3 mM), the cells were stimulated with vehicle or
12 µg/mL IgG/IgM to provoke a cytosolic Ca2+ signal. (b) Analysis of the area under the curve (AUC)
of the IgG/IgM-triggered peak. Data are presented as average ± SEM (N = 5). (c) Cytosolic Ca2+ traces
in Fura-2-AM-loaded Riva WT (black) and VR (red). Sixty seconds after the chelation of extracellular
Ca2+ with EGTA (3 mM), the cells were treated with thapsigargin (1 µM) to deplete ER Ca2+ stores.
Data are presented as average ± SEM (N = 6).

3.4. Acquired Venetoclax Resistance Is Associated with Bcl-XL Upregulation and Bcl-XL Dependence

Next, we decided to check the levels of selected Bcl-2 protein family members via Western blot,
since they are known to be involved in venetoclax resistance [32,33]. While Mcl-1 levels were similar in
Riva WT and Riva VR cells, a significant increase in Bcl-XL-protein levels was observed in Riva VR in
the Western blots (Figure 4a). To investigate whether Bcl-XL upregulation was indeed responsible for
the induced venetoclax resistance, we treated both Riva WT and Riva VR cells with a panel of validated
on-target BH3-mimetic Bcl-2-family inhibitors: venetoclax (10 nM and 300 nM), a selective Bcl-XL
inhibitor A-1155463 (1 µM and 3 µM) and a selective Mcl-1 inhibitor S63845 (1 µM and 10 µM) [34].
As confirmed before, Riva WT and Riva VR displayed a large difference in sensitivity towards
venetoclax (Figure 4b). Excitingly, the venetoclax resistance could be overcome by simultaneously
treating the cells with venetoclax (10 nM) and the Bcl-XL inhibitor A-1155463 (1 µM). It is interesting
to note that 1 µM of A-1155463 did not provoke cell death when administered alone. Additionally,
both Riva WT and VR were sensitive to this compound at higher concentrations (3 µM), pointing to a
pre-existing susceptibility to the inhibition of Bcl-XL. However, Bcl-XL inhibition by itself was much
less potent in killing the cells than combined Bcl-XL/Bcl-2 inhibition. This illustrates that even though
Riva VR cells seemed to become more dependent on Bcl-XL when treated with venetoclax, they did
not lose the ability to block cell death via Bcl-2. Inhibition of Mcl-1’s hydrophobic cleft did not restore
venetoclax sensitivity (Figure 4b). These data may indicate that Bcl-XL upregulation contributes to the
survival of Riva cells after chronic exposure to venetoclax. Furthermore, this illustrates that Riva VR
cells achieve a status of dual dependency on Bcl-2 and Bcl-XL, but not on Mcl-1.
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in Riva VR were normalized on Riva WT, which was set at 1. Data are presented as the average ± SD 
(n ≥ 7); ** p < 0.01. (b) Flow cytometric analysis of AnnexinV-FITC negative and 7-AAD negative cells 
treated with BH3-mimetic inhibitors of Bcl-XL (A-1155463), Mcl-1 (S63845) and Bcl-2 (venetoclax) for 
24 h. Data are represented as mean ± SD (n = 5); * p < 0.05, **** p < 0.001. 

3.5. Knockdown of Bcl-XL Resensitizes Riva VR Cells to Venetoclax 

To further corroborate these findings, we used a siRNA-mediated knockdown approach to 
decrease the expression levels of Bcl-XL in Riva VR cells. Western blot analysis validated that siBcl-
XL could reduce Bcl-XL-protein levels in Riva VR cells (Figure 5a). Furthermore, cell death analysis 
in Riva VR cells treated with siCTRL or siBcl-XL revealed that knockdown of Bcl-XL sensitized the 
cells to venetoclax (300 nM) (Figure 5b). In addition, Riva WT and VR cells were treated with ABT-
737, a non-selective BH3 mimetic inhibitor of both Bcl-2 and Bcl-XL [35]. While Riva VR cells are 
much more resistant to venetoclax than Riva WT cells, Riva VR and Riva WT seemed equally sensitive 
to ABT-737 (Figure 5c). Both experiments underpin our hypothesis that the resistance of Riva VR cells 
towards venetolax is at least in part due to upregulation of Bcl-XL. 

Figure 4. Bcl-XL-expression levels are upregulated in Riva VR cells. (a) Left: representative Western
blots of Bcl-XL-, Mcl-1- and Bcl-2-expression levels in Riva WT and VR cells. Vinculin was used as a
loading control. Right: quantification of Bcl-XL-, Mcl-1- and Bcl-2-expression levels. Expression levels
in Riva VR were normalized on Riva WT, which was set at 1. Data are presented as the average ± SD
(n ≥ 7); ** p < 0.01. (b) Flow cytometric analysis of AnnexinV-FITC negative and 7-AAD negative cells
treated with BH3-mimetic inhibitors of Bcl-XL (A-1155463), Mcl-1 (S63845) and Bcl-2 (venetoclax) for
24 h. Data are represented as mean ± SD (n = 5); * p < 0.05, **** p < 0.001.

3.5. Knockdown of Bcl-XL Resensitizes Riva VR Cells to Venetoclax

To further corroborate these findings, we used a siRNA-mediated knockdown approach to
decrease the expression levels of Bcl-XL in Riva VR cells. Western blot analysis validated that siBcl-XL
could reduce Bcl-XL-protein levels in Riva VR cells (Figure 5a). Furthermore, cell death analysis in
Riva VR cells treated with siCTRL or siBcl-XL revealed that knockdown of Bcl-XL sensitized the cells
to venetoclax (300 nM) (Figure 5b). In addition, Riva WT and VR cells were treated with ABT-737, a
non-selective BH3 mimetic inhibitor of both Bcl-2 and Bcl-XL [35]. While Riva VR cells are much more
resistant to venetoclax than Riva WT cells, Riva VR and Riva WT seemed equally sensitive to ABT-737
(Figure 5c). Both experiments underpin our hypothesis that the resistance of Riva VR cells towards
venetolax is at least in part due to upregulation of Bcl-XL.
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3.6. Acquired Venetoclax Resistance in Riva Cells Generates Cross-Resistance for BDA-366

Finally, we also assessed the sensitivity towards another presumed BH4-domain inhibitor of Bcl-2,
BDA-366 [31]. This small molecule was identified from a screen for BH4-domain-interacting molecules
and is thought to switch Bcl-2 into a pro-apoptotic protein by triggering surface exposure of its BH3
domain [36]. However, recent work has cast some doubts on whether BDA-366 is a bona fide Bcl-2
inhibitor [34]. Indeed, when Riva WT and Riva VR cells were treated with BDA-366 in a dose–response
experiment, Riva WT cells were approximately ten times more sensitive to the compound than Riva
VR cells (Figure 6). This indicates that induction of venetoclax resistance also results in resistance
against BDA-366.
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4. Discussion

The launch of venetoclax in the clinic to combat CLL has been a relative success [11]. While this
molecule improved the treatment of patients with CLL, some patients develop resistance against
venetoclax very quickly [11]. Thus, it is important to elucidate the mechanisms underlying venetoclax
resistance and to develop strategies for killing such venetoclax-resistant cancer cells. To this end, we
compared the DLBCL cell line Riva before and after chronic venetoclax exposure. By treating the cells
for a longer time with venetoclax, they become resistant to it. In this way we are able to study the
mechanisms involved in venetoclax resistance.

As we previously showed that there was a reciprocal sensitivity among a collection of DLBCL
cells between BIRD-2 and venetoclax [30], we were interested to assess whether DLBCL cells with
acquired resistance towards venetoclax could have become sensitized towards BIRD-2. However, our
data revealed that venetoclax resistance did not shift Bcl-2’s anti-apoptotic function from dependency
on the hydrophobic cleft to using its BH4 domain to suppress cell death. Indeed, both cell lines
displayed similar sensitivities to BIRD-2, a BH4 domain targeting peptide, and Riva VR did not show
an upregulation of IP3R2-protein levels, a parameter shown to correlate with BIRD-2 sensitivity in
previous work [28]. We did not observe any differences in IP3R expression levels and neither in
IgG/IgM-induced cytosolic Ca2+ signaling.

Instead, we observed an upregulation of anti-apoptotic Bcl-2 family member Bcl-XL in Riva VR
cells compared to regular Riva cells. We demonstrated that this Bcl-XL upregulation contributed to
venetoclax resistance, since siRNA-mediated knockdown of Bcl-XL in Riva VR cells could sensitize
these cells to venetoclax. Consequently, the venetoclax resistance of Riva VR cells could be overcome
by validated BH3-mimetic drugs [34], such as A-1155463, a selective antagonist of Bcl-XL or ABT-737, a
non-selective Bcl-2/Bcl-XL inhibitor. Upregulation of Bcl-XL, in cooperation with Mcl-1, is a resistance
mechanism that has previously been reported for other DLBCL cell models, such as SU-DHL-6,
OCI-LY-19 and OCI-LY-1 [33,37]. Venetoclax resistance in OCI-LY-1 cells (as well as CLL patient cells)
was also accompanied by a remodeling of the mitochondrial metabolism involving activation of AMPK
and increased OXPHOS [33].

Interestingly, Riva VR cells seem to develop a dual dependency on Bcl-2 family members, since
inhibiting Bcl-XL alone is not sufficient to completely kill Riva VR cells. This shows that while Bcl-XL
upregulation may contribute to acquiring resistance against venetoclax, Riva VR cells do not shift
away from using Bcl-2 as an anti-apoptotic buffer. It has been reported that different members of the
Bcl-2 protein family have different affinities for their pro-apoptotic counterpart [38]. Yet, functional
redundancy of Bcl-2-protein family members has been described [39,40]. Our findings are in line
with this concept, rendering it more challenging to target a single Bcl-2 family member for prolonged
treatment of cancer due to compensatory upregulation of other Bcl-2 family members providing drug
resistance. In this study, we did not examine the mechanism by which Bcl-XL is upregulated in Riva
VR. A previous study in B-cell lymphoid cell models, however, revealed downregulation of miR-377, a
microRNA suppressing Bcl-XL expression, in venetoclax-resistant cell models [41].

Furthermore, our data suggest that venetoclax resistance may generate cross-resistance to other
molecules that presumably target Bcl-2, such as BDA-366. BDA-366 is proposed to target Bcl-2’s BH4
domain and turn Bcl-2 into a pro-apoptotic protein [31,36]. Thus, while BDA-366 and venetoclax
inhibit Bcl-2 via distinct mechanisms, cancer cells that acquire resistance against venetoclax also seem
to acquire resistance against BDA-366. Yet, it should be noted that recent work of the Letai group
has questioned BDA-366 as an on-target inhibitor of Bcl-2 proteins [34], indicating that BDA-366 can
kill cancer cells independently of Bcl-2. Thus, the results obtained with BDA-366 may need to be
interpreted with care in relation to BH4-domain antagonism.

Different mechanisms for venetoclax resistance have been described in different types of
cancer [32,37,42–44]. Beyond upregulation of other anti-apoptotic Bcl-2-family members that are
not inhibited by venetoclax, Bcl-2 mutations have emerged in CLL patients undergoing venetoclax
treatment. A paired analysis of pre-venetoclax and venetoclax progression in 15 CLL patients revealed



Biomolecules 2020, 10, 1081 10 of 13

a de novo Bcl-2 mutation, changing residue Gly101 in Val in 7 CLL patients [32]. Bcl-2G101V displayed
a severely reduced affinity for binding venetoclax. This rendered the drug inefficient in disrupting
Bcl-2’s association with pro-apoptotic family members and enabled cancer cell resistance towards
venetoclax. In follow-up work, it was shown that Bcl-2 mutations were frequently occurring in
CLL patients receiving venetoclax, including mutations at other residues such as Asp103Tyr [42].
More recently, several other Bcl-2 mutations have been identified to co-occur with Gly101Val, whereby
several patients accumulated multiple Bcl-2 mutations [45]. From the latter study, it is clear that
different venetoclax-resistance mechanisms can arise, including the upregulation of Bcl-XL. In addition,
cancer cells may remodel signaling pathways to elicit resistance against chemotherapy. For example,
upregulation of Akt activity was associated with venetoclax resistance and severely reduced Bcl-2 and
Bim expression levels [46]. Interestingly, in the same vein, kinase inhibitors were found to be effective to
overcome venetoclax resistance, possibly interfering with kinase-mediated responses and subsequent
remodeling caused by signaling cues from the microenvironment [47]. A similar mechanism was
found in primary patient samples of DLBCL [48].

On a more profound level, it is interesting to ask whether certain cancer cells are “primed” to
follow a predetermined path towards resistance. If that were the case, would Riva cells consequently
upregulate Bcl-XL in response to chronic venetoclax exposure, or would a different resistance mechanism
develop? There may be factors underlying this response, and identification of these factors would allow
for a prediction of possible venetoclax resistance in patients. If the resistance occurs by coincidence, it
is important to identify the parameters setting out the path towards resistance.

5. Conclusions

Venetoclax resistance has emerged as a complicating factor for the prolonged treatment of CLL
patients with the drug, limiting long-term therapeutic success in the clinic. Therefore, strategies to
overcome cancer cell resistance to venetoclax are highly needed. Since venetoclax is investigated as
a potential drug against DLBCL, we anticipate similar problems in the treatment of these patients.
Using an isogenic DLBCL cell model with high and low venetoclax sensitivity, we found that Bcl-XL is
upregulated in venetoclax-resistant cells, while the cells do not become more sensitive to BIRD-2, a
peptide that disrupts IP3R/Bcl-2 complexes and disrupts Bcl-2’s function at the ER. Similarly, venetoclax
resistance seems to induce cross-resistance towards BDA-366, a small molecule reported to target
the Bcl-2 BH4 domain. Therefore, Bcl-XL upregulation is a factor that cancer cells exploit to acquire
resistance towards venetoclax and which may be seized upon to improve the treatment of cancer
patients that lose responsiveness towards venetoclax treatment.

Author Contributions: Conceptualization, G.B.; methodology, G.B. and T.V.; formal analysis, T.V., M.K. and
K.B.S.; investigation, T.V. and K.B.S.; resources, V.M.S. and M.V.; writing—original draft preparation, T.V. and
M.K.; writing—review and editing, G.B., M.V. and V.M.S.; visualization, T.V. and M.K.; supervision, G.B.; funding
acquisition, G.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by Grants from the Research Foundation—Flanders (FWO) (G.0819.13,
G.0634.13N, G.0C91.14N, G.0A34.16N and G.0901.18N) and by the Research Council of KU Leuven (Grants
OT14/101, C14/19/101 and AKUL/19/34). M.K. is a recipient of a doctoral fellowship from the FWO. The APC was
funded by C14/19/101.

Acknowledgments: The authors thank Anja Florizoone, Marina Crabbé and Rita La Rovere for the excellent
technical help and all members of the Molecular and Cellular Signaling Lab for helpful discussions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Delbridge, A.R.; Strasser, A. The BCL-2 protein family, BH3-mimetics and cancer therapy. Cell Death Differ.
2015, 22, 1071–1080. [CrossRef] [PubMed]

2. Kalkavan, H.; Green, D.R. MOMP, cell suicide as a BCL-2 family business. Cell Death Differ. 2018, 25, 46–55.
[CrossRef] [PubMed]

http://dx.doi.org/10.1038/cdd.2015.50
http://www.ncbi.nlm.nih.gov/pubmed/25952548
http://dx.doi.org/10.1038/cdd.2017.179
http://www.ncbi.nlm.nih.gov/pubmed/29053143


Biomolecules 2020, 10, 1081 11 of 13

3. Singh, R.; Letai, A.; Sarosiek, K. Regulation of apoptosis in health and disease: The balancing act of BCL-2
family proteins. Nat. Rev. Mol. Cell Biol. 2019, 20, 175–193. [CrossRef] [PubMed]

4. Perini, G.F.; Ribeiro, G.N.; Pinto Neto, J.V.; Campos, L.T.; Hamerschlak, N. BCL-2 as therapeutic target for
hematological malignancies. J. Hematol. Oncol. 2018, 11, 65. [CrossRef]

5. Raffo, A.J.; Perlman, H.; Chen, M.W.; Day, M.L.; Streitman, J.S.; Buttyan, R. Overexpression of bcl-2 protects
prostate cancer cells from apoptosis in vitro and confers resistance to androgen depletion in vivo. Cancer Res.
1995, 55, 4438–4445.

6. Adams, J.M.; Cory, S. The BCL-2 arbiters of apoptosis and their growing role as cancer targets. Cell Death Differ
2018, 25, 27–36. [CrossRef]

7. Montero, J.; Letai, A. Why do BCL-2 inhibitors work and where should we use them in the clinic? Cell Death
Differ. 2018, 25, 56–64. [CrossRef]

8. Roberts, A.W.; Davids, M.S.; Pagel, J.M.; Kahl, B.S.; Puvvada, S.D.; Gerecitano, J.F.; Kipps, T.J.; Anderson, M.A.;
Brown, J.R.; Gressick, L.; et al. Targeting BCL2 with Venetoclax in Relapsed Chronic Lymphocytic Leukemia.
N. Engl. J. Med. 2016, 374, 311–322. [CrossRef]

9. Green, D.R. A BH3 Mimetic for Killing Cancer Cells. Cell 2016, 165, 1560. [CrossRef]
10. Souers, A.J.; Leverson, J.D.; Boghaert, E.R.; Ackler, S.L.; Catron, N.D.; Chen, J.; Dayton, B.D.; Ding, H.;

Enschede, S.H.; Fairbrother, W.J.; et al. ABT-199, a potent and selective BCL-2 inhibitor, achieves antitumor
activity while sparing platelets. Nat. Med. 2013, 19, 202–208. [CrossRef]

11. Juarez-Salcedo, L.M.; Desai, V.; Dalia, S. Venetoclax: Evidence to date and clinical potential. Drugs Context
2019, 8, 212574. [CrossRef] [PubMed]

12. Egle, A.; Harris, A.W.; Bouillet, P.; Cory, S. Bim is a suppressor of Myc-induced mouse B cell leukemia. Proc.
Natl. Acad. Sci. USA 2004, 101, 6164–6169. [CrossRef]

13. Certo, M.; Del Gaizo Moore, V.; Nishino, M.; Wei, G.; Korsmeyer, S.; Armstrong, S.A.; Letai, A. Mitochondria
primed by death signals determine cellular addiction to antiapoptotic BCL-2 family members. Cancer Cell
2006, 9, 351–365. [CrossRef] [PubMed]

14. Jelinek, T.; Popkova, T.; Duras, J.; Mihalyova, J.; Kascak, M.; Benkova, K.; Plonkova, H.; Cerna, L.; Koristek, Z.;
Simicek, M.; et al. Venetoclax plus bortezomib and dexamethasone in heavily pretreated end-stage myeloma
patients without t(11;14): A real-world cohort. Hematol. Oncol. 2020. [CrossRef]

15. Choi, J.H.; Bogenberger, J.M.; Tibes, R. Targeting Apoptosis in Acute Myeloid Leukemia: Current Status
and Future Directions of BCL-2 Inhibition with Venetoclax and Beyond. Target Oncol. 2020, 15, 147–162.
[CrossRef] [PubMed]

16. Zhong, F.; Davis, M.C.; McColl, K.S.; Distelhorst, C.W. Bcl-2 differentially regulates Ca2+ signals according to
the strength of T cell receptor activation. J. Cell Biol. 2006, 172, 127–137. [CrossRef]

17. Monaco, G.; Beckers, M.; Ivanova, H.; Missiaen, L.; Parys, J.B.; De Smedt, H.; Bultynck, G. Profiling of
the Bcl-2/Bcl-XL-binding sites on type 1 IP3 receptor. Biochem. Biophys. Res. Commun. 2012, 428, 31–35.
[CrossRef] [PubMed]

18. Bootman, M.D.; Bultynck, G. Fundamentals of Cellular Calcium Signaling: A Primer. Cold Spring Harb.
Perspect. Biol. 2020, 12, a038802. [CrossRef]

19. Vervliet, T.; Parys, J.B.; Bultynck, G. Bcl-2 proteins and calcium signaling: Complexity beneath the surface.
Oncogene 2016, 35, 5079–5092. [CrossRef] [PubMed]

20. Ivanova, H.; Vervliet, T.; Monaco, G.; Terry, L.E.; Rosa, N.; Baker, M.R.; Parys, J.B.; Serysheva, I.I.; Yule, D.I.;
Bultynck, G. Bcl-2-Protein Family as Modulators of IP3 Receptors and Other Organellar Ca2+ Channels. Cold
Spring Harb. Perspect. Biol. 2020, 12, a035089. [CrossRef]

21. Monaco, G.; Decrock, E.; Akl, H.; Ponsaerts, R.; Vervliet, T.; Luyten, T.; De Maeyer, M.; Missiaen, L.;
Distelhorst, C.W.; De Smedt, H.; et al. Selective regulation of IP3-receptor-mediated Ca2+ signaling and
apoptosis by the BH4 domain of Bcl-2 versus Bcl-Xl. Cell Death Differ. 2012, 19, 295–309. [CrossRef] [PubMed]

22. Ivanova, H.; Wagner, L.E., 2nd; Tanimura, A.; Vandermarliere, E.; Luyten, T.; Welkenhuyzen, K.; Alzayady, K.J.;
Wang, L.; Hamada, K.; Mikoshiba, K.; et al. Bcl-2 and IP3 compete for the ligand-binding domain of IP3Rs
modulating Ca2+ signaling output. Cell Mol. Life Sci. 2019, 76, 3843–3859. [CrossRef] [PubMed]

23. Rong, Y.P.; Bultynck, G.; Aromolaran, A.S.; Zhong, F.; Parys, J.B.; De Smedt, H.; Mignery, G.A.; Roderick, H.L.;
Bootman, M.D.; Distelhorst, C.W. The BH4 domain of Bcl-2 inhibits ER calcium release and apoptosis by
binding the regulatory and coupling domain of the IP3 receptor. Proc. Natl. Acad. Sci. USA 2009, 106,
14397–14402. [CrossRef]

http://dx.doi.org/10.1038/s41580-018-0089-8
http://www.ncbi.nlm.nih.gov/pubmed/30655609
http://dx.doi.org/10.1186/s13045-018-0608-2
http://dx.doi.org/10.1038/cdd.2017.161
http://dx.doi.org/10.1038/cdd.2017.183
http://dx.doi.org/10.1056/NEJMoa1513257
http://dx.doi.org/10.1016/j.cell.2016.05.080
http://dx.doi.org/10.1038/nm.3048
http://dx.doi.org/10.7573/dic.212574
http://www.ncbi.nlm.nih.gov/pubmed/31645879
http://dx.doi.org/10.1073/pnas.0401471101
http://dx.doi.org/10.1016/j.ccr.2006.03.027
http://www.ncbi.nlm.nih.gov/pubmed/16697956
http://dx.doi.org/10.1002/hon.2736
http://dx.doi.org/10.1007/s11523-020-00711-3
http://www.ncbi.nlm.nih.gov/pubmed/32319019
http://dx.doi.org/10.1083/jcb.200506189
http://dx.doi.org/10.1016/j.bbrc.2012.10.002
http://www.ncbi.nlm.nih.gov/pubmed/23058917
http://dx.doi.org/10.1101/cshperspect.a038802
http://dx.doi.org/10.1038/onc.2016.31
http://www.ncbi.nlm.nih.gov/pubmed/26973249
http://dx.doi.org/10.1101/cshperspect.a035089
http://dx.doi.org/10.1038/cdd.2011.97
http://www.ncbi.nlm.nih.gov/pubmed/21818117
http://dx.doi.org/10.1007/s00018-019-03091-8
http://www.ncbi.nlm.nih.gov/pubmed/30989245
http://dx.doi.org/10.1073/pnas.0907555106


Biomolecules 2020, 10, 1081 12 of 13

24. Distelhorst, C.W. Targeting Bcl-2-IP3 receptor interaction to treat cancer: A novel approach inspired by nearly
a century treating cancer with adrenal corticosteroid hormones. Biochim. Biophys. Acta Mol. Cell Res. 2018,
1865, 1795–1804. [CrossRef] [PubMed]

25. Kerkhofs, M.; Vervloessem, T.; Bittremieux, M.; Bultynck, G. Recent advances in uncovering the mechanisms
contributing to BIRD-2-induced cell death in B-cell cancer cells. Cell Death Dis. 2019, 10, 42. [CrossRef]

26. Distelhorst, C.W.; Bootman, M.D. Creating a New Cancer Therapeutic Agent by Targeting the Interaction
between Bcl-2 and IP3 Receptors. Cold Spring Harb. Perspect. Biol. 2019, 11, a035196. [CrossRef] [PubMed]

27. Zhong, F.; Harr, M.W.; Bultynck, G.; Monaco, G.; Parys, J.B.; De Smedt, H.; Rong, Y.P.; Molitoris, J.K.;
Lam, M.; Ryder, C.; et al. Induction of Ca2+-driven apoptosis in chronic lymphocytic leukemia cells by
peptide-mediated disruption of Bcl-2-IP3 receptor interaction. Blood 2011, 117, 2924–2934. [CrossRef]

28. Akl, H.; Monaco, G.; La Rovere, R.; Welkenhuyzen, K.; Kiviluoto, S.; Vervliet, T.; Molgo, J.; Distelhorst, C.W.;
Missiaen, L.; Mikoshiba, K.; et al. IP3R2 levels dictate the apoptotic sensitivity of diffuse large B-cell
lymphoma cells to an IP3R-derived peptide targeting the BH4 domain of Bcl-2. Cell Death Dis. 2013, 4, e632.
[CrossRef]

29. Bittremieux, M.; La Rovere, R.M.; Akl, H.; Martines, C.; Welkenhuyzen, K.; Dubron, K.; Baes, M.; Janssens, A.;
Vandenberghe, P.; Laurenti, L.; et al. Constitutive IP3 signaling underlies the sensitivity of B-cell cancers to
the Bcl-2/IP3 receptor disruptor BIRD-2. Cell Death Differ. 2019, 26, 531–547. [CrossRef]

30. Vervloessem, T.; Akl, H.; Tousseyn, T.; De Smedt, H.; Parys, J.B.; Bultynck, G. Reciprocal sensitivity of diffuse
large B-cell lymphoma cells to Bcl-2 inhibitors BIRD-2 versus venetoclax. Oncotarget 2017, 8, 111656–111671.
[CrossRef]

31. Deng, J.; Park, D.; Wang, M.; Nooka, A.; Deng, Q.; Matulis, S.; Kaufman, J.; Lonial, S.; Boise, L.H.;
Galipeau, J.; et al. BCL2-BH4 antagonist BDA-366 suppresses human myeloma growth. Oncotarget 2016, 7,
27753–27763. [CrossRef] [PubMed]

32. Blombery, P.; Birkinshaw, R.W.; Nguyen, T.; Gong, J.N.; Thompson, E.R.; Xu, Z.; Westerman, D.A.;
Czabotar, P.E.; Dickinson, M.; Huang, D.C.S.; et al. Characterization of a novel venetoclax resistance
mutation (BCL2 Phe104Ile) observed in follicular lymphoma. Br. J. Haematol. 2019, 186, e188–e191.
[CrossRef] [PubMed]

33. Guieze, R.; Liu, V.M.; Rosebrock, D.; Jourdain, A.A.; Hernandez-Sanchez, M.; Martinez Zurita, A.; Sun, J.;
Ten Hacken, E.; Baranowski, K.; Thompson, P.A.; et al. Mitochondrial Reprogramming Underlies Resistance
to BCL-2 Inhibition in Lymphoid Malignancies. Cancer Cell 2019, 36, 369–384. [CrossRef] [PubMed]

34. Villalobos-Ortiz, M.; Ryan, J.; Mashaka, T.N.; Opferman, J.T.; Letai, A. BH3 profiling discriminates on-target
small molecule BH3 mimetics from putative mimetics. Cell Death Differ. 2020, 27, 999–1007. [CrossRef]

35. Oltersdorf, T.; Elmore, S.W.; Shoemaker, A.R.; Armstrong, R.C.; Augeri, D.J.; Belli, B.A.; Bruncko, M.;
Deckwerth, T.L.; Dinges, J.; Hajduk, P.J.; et al. An inhibitor of Bcl-2 family proteins induces regression of
solid tumors. Nature 2005, 435, 677–681. [CrossRef]

36. Vervloessem, T.; La Rovere, R.; Bultynck, G. Antagonizing Bcl-2’s BH4 domain in cancer. Aging (Albany NY)
2015, 7, 748–749. [CrossRef]

37. Choudhary, G.S.; Al-Harbi, S.; Mazumder, S.; Hill, B.T.; Smith, M.R.; Bodo, J.; Hsi, E.D.; Almasan, A.
MCL-1 and BCL-xL-dependent resistance to the BCL-2 inhibitor ABT-199 can be overcome by preventing
PI3K/AKT/mTOR activation in lymphoid malignancies. Cell Death Dis 2015, 6, e1593. [CrossRef]

38. Chen, L.; Willis, S.N.; Wei, A.; Smith, B.J.; Fletcher, J.I.; Hinds, M.G.; Colman, P.M.; Day, C.L.; Adams, J.M.;
Huang, D.C. Differential targeting of prosurvival Bcl-2 proteins by their BH3-only ligands allows
complementary apoptotic function. Mol. Cell 2005, 17, 393–403. [CrossRef]

39. Eichhorn, J.M.; Alford, S.E.; Sakurikar, N.; Chambers, T.C. Molecular analysis of functional redundancy
among anti-apoptotic Bcl-2 proteins and its role in cancer cell survival. Exp. Cell Res. 2014, 322, 415–424.
[CrossRef]

40. Rooswinkel, R.W.; van de Kooij, B.; de Vries, E.; Paauwe, M.; Braster, R.; Verheij, M.; Borst, J. Antiapoptotic
potency of Bcl-2 proteins primarily relies on their stability, not binding selectivity. Blood 2014, 123, 2806–2815.
[CrossRef]

41. Al-Harbi, S.; Choudhary, G.S.; Ebron, J.S.; Hill, B.T.; Vivekanathan, N.; Ting, A.H.; Radivoyevitch, T.;
Smith, M.R.; Shukla, G.C.; Almasan, A. miR-377-dependent BCL-xL regulation drives chemotherapeutic
resistance in B-cell lymphoid malignancies. Mol. Cancer 2015, 14, 185. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.bbamcr.2018.07.020
http://www.ncbi.nlm.nih.gov/pubmed/30053503
http://dx.doi.org/10.1038/s41419-018-1297-z
http://dx.doi.org/10.1101/cshperspect.a035196
http://www.ncbi.nlm.nih.gov/pubmed/31110129
http://dx.doi.org/10.1182/blood-2010-09-307405
http://dx.doi.org/10.1038/cddis.2013.140
http://dx.doi.org/10.1038/s41418-018-0142-3
http://dx.doi.org/10.18632/oncotarget.22898
http://dx.doi.org/10.18632/oncotarget.8513
http://www.ncbi.nlm.nih.gov/pubmed/27049723
http://dx.doi.org/10.1111/bjh.16069
http://www.ncbi.nlm.nih.gov/pubmed/31234236
http://dx.doi.org/10.1016/j.ccell.2019.08.005
http://www.ncbi.nlm.nih.gov/pubmed/31543463
http://dx.doi.org/10.1038/s41418-019-0391-9
http://dx.doi.org/10.1038/nature03579
http://dx.doi.org/10.18632/aging.100828
http://dx.doi.org/10.1038/cddis.2014.525
http://dx.doi.org/10.1016/j.molcel.2004.12.030
http://dx.doi.org/10.1016/j.yexcr.2014.02.010
http://dx.doi.org/10.1182/blood-2013-08-519470
http://dx.doi.org/10.1186/s12943-015-0460-8
http://www.ncbi.nlm.nih.gov/pubmed/26537004


Biomolecules 2020, 10, 1081 13 of 13

42. Tausch, E.; Close, W.; Dolnik, A.; Bloehdorn, J.; Chyla, B.; Bullinger, L.; Dohner, H.; Mertens, D.; Stilgenbauer, S.
Venetoclax resistance and acquired BCL2 mutations in chronic lymphocytic leukemia. Haematologica 2019,
104, e434–e437. [CrossRef] [PubMed]

43. Sharon, D.; Cathelin, S.; Mirali, S.; Di Trani, J.M.; Yanofsky, D.J.; Keon, K.A.; Rubinstein, J.L.; Schimmer, A.D.;
Ketela, T.; Chan, S.M. Inhibition of mitochondrial translation overcomes venetoclax resistance in AML
through activation of the integrated stress response. Sci. Transl. Med. 2019, 11, eaax2863. [CrossRef]
[PubMed]

44. Leverson, J.D.; Cojocari, D. Hematologic Tumor Cell Resistance to the BCL-2 Inhibitor Venetoclax: A Product
of Its Microenvironment? Front Oncol. 2018, 8, 458. [CrossRef] [PubMed]

45. Blombery, P.; Thompson, E.R.; Nguyen, T.; Birkinshaw, R.W.; Gong, J.N.; Chen, X.; McBean, M.; Thijssen, R.;
Conway, T.; Anderson, M.A.; et al. Multiple BCL2 mutations cooccurring with Gly101Val emerge in chronic
lymphocytic leukemia progression on venetoclax. Blood 2020, 135, 773–777. [CrossRef] [PubMed]

46. Bodo, J.; Zhao, X.; Durkin, L.; Souers, A.J.; Phillips, D.C.; Smith, M.R.; Hsi, E.D. Acquired resistance to
venetoclax (ABT-199) in t(14;18) positive lymphoma cells. Oncotarget 2016, 7, 70000–70010. [CrossRef]

47. Oppermann, S.; Ylanko, J.; Shi, Y.; Hariharan, S.; Oakes, C.C.; Brauer, P.M.; Zuniga-Pflucker, J.C.; Leber, B.;
Spaner, D.E.; Andrews, D.W. High-content screening identifies kinase inhibitors that overcome venetoclax
resistance in activated CLL cells. Blood 2016, 128, 934–947. [CrossRef] [PubMed]

48. Pham, L.V.; Huang, S.; Zhang, H.; Zhang, J.; Bell, T.; Zhou, S.; Pogue, E.; Ding, Z.; Lam, L.; Westin, J.; et al.
Strategic Therapeutic Targeting to Overcome Venetoclax Resistance in Aggressive B-cell Lymphomas.
Clin. Cancer Res. 2018, 24, 3967–3980. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3324/haematol.2019.222588
http://www.ncbi.nlm.nih.gov/pubmed/31004028
http://dx.doi.org/10.1126/scitranslmed.aax2863
http://www.ncbi.nlm.nih.gov/pubmed/31666400
http://dx.doi.org/10.3389/fonc.2018.00458
http://www.ncbi.nlm.nih.gov/pubmed/30406027
http://dx.doi.org/10.1182/blood.2019004205
http://www.ncbi.nlm.nih.gov/pubmed/31951646
http://dx.doi.org/10.18632/oncotarget.12132
http://dx.doi.org/10.1182/blood-2015-12-687814
http://www.ncbi.nlm.nih.gov/pubmed/27297795
http://dx.doi.org/10.1158/1078-0432.CCR-17-3004
http://www.ncbi.nlm.nih.gov/pubmed/29666304
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Culture and Chemicals 
	Flow Cytometry: Apoptosis Assay 
	Western Blot 
	Intracellular Ca2+ Measurement in Intact Cells 
	siRNA Transfection of Riva VR Cells 

	Results 
	Characterization of the Venetoclax-Sensitive and -Resistant Riva Cells 
	Acquired Venetoclax Resistance does not Induce Increased Sensitivity Towards BIRD-2 
	IgG/IgM-Induced Cytosolic Ca2+ Signaling and ER Store Content Do not Differ between Riva WT and Riva VR 
	Acquired Venetoclax Resistance Is Associated with Bcl-XL Upregulation and Bcl-XL Dependence 
	Knockdown of Bcl-XL Resensitizes Riva VR Cells to Venetoclax 
	Acquired Venetoclax Resistance in Riva Cells Generates Cross-Resistance for BDA-366 

	Discussion 
	Conclusions 
	References

