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Abstract (225 words) 

Preventing or overcoming resistance to the Bcl-2 inhibitor venetoclax is an emerging unmet cl inical 

need in patients with chronic lymphocytic leukemia (CLL). The upregulation of anti -apoptotic Bcl -2 

members through signaling pathways within the tumor microenvironment appears as a major factor 

leading to resistance to venetoclax. Previously, we reported that T cells can drive resistance through 

CD40 and non-canonical NF-κB activation and subsequent Bcl-XL induction. Moreover, the T cell-

derived cytokines IL-21 and IL-4 differentially affect Bcl-XL expression and sensitivity to venetoclax via 

unknown mechanisms. Here, we mechanistically dissected how Bcl-XL is regulated in the context of  

JAK-STAT signaling in primary CLL. First, we demonstrated a clear antagonistic role of IL-21/STAT3 

signaling in the NF-κB-mediated expression of Bcl-XL, whereas IL-4/STAT6 further promoted the 

expression of Bcl-XL. In comparison, Bfl-1, another NF-κB target, was not differentially affected by 

either cytokine. Second, STAT3 and STAT6 affected Bcl-XL transcription by binding to its promoter 

without disrupting the DNA-binding activity of NF-κB. Third, in situ proximity ligation assays ( i sPLAs)  

indicated crosstalk between JAK-STAT signaling and NF-κB, in which STAT3 inhibited canonical NF-κB 

by accelerating nuclear export, and STAT6 promoted non-canonical NF-κB. Finally, NF-κB inducing 

kinase (NIK) inhibition interrupted the NF-κB/STAT crosstalk and re-sensitized CLL cells to venetoclax. 

In conclusion, we uncovered distinct crosstalk mechanisms that shape the NF-κB response in CLL 

towards venetoclax sensitivity or resistance via Bcl-XL, thereby revealing new potential therapeutic 

targets. 
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Introduction 

Venetoclax has been approved for previously treated CLL in 2018 and for previously untreated CLL in 

2019[1-3]. Although this has led to a breakthrough in the treatment of CLL, resistance to venetoclax  

is inevitable. Acquired BCL2 mutations have been identified as a potential resistance mechanism, but 

only a small number of cases show the presence of mutations, and only after prolonged treatment 

duration[4, 5], suggesting that additional mechanisms play a role. CLL is a malignancy that is highly 

dependent on interactions with the microenvironment. In the lymph node (LN), CD40L-presenting 

follicular T cells may promote microenvironment-induced drug resistance by activating CD40 in CLL 

cells and the secretion of cytokines that affect drug resistance[6-10]. We and others have 

demonstrated that CD40 stimulation of CLL cells in vitro increased the expression of the anti-

apoptotic proteins Bcl-XL, Bfl-1, and Mcl-1, which is consistent with the anti-apoptotic profi le of  LN-

residing CLL cells in vivo[11-14]. Previously, we conducted a comprehensive investigation of CD40-

mediated NF-κB activation and subsequent Bcl-XL regulation[15]. Moreover, we previously found 

that the T cell-derived cytokines IL-21 and IL-4 differentially affect Bcl-XL expression and sensitivity to 

venetoclax in vitro and that both are abundantly expressed in the CLL microenvironment[16-18, 12] . 

To further expand on this aspect, here we investigated how Bcl-XL is regulated in the context of JAK-

STAT signaling. 

IL-21 and IL-4 are upstream activators of the JAK-STAT signaling pathway. Upon binding to their 

cognate receptors, receptor-associated Janus kinases (JAKs) become activated and phosphorylated, 

thereby creating docking sites for signal transducers and activators of transcription (STATs) at the 

intracellular tail of the receptor. These events result in the phosphorylation and activation of  STATs, 

which may translocate to the nucleus and bind DNA to directly regulate gene expression[19]. 

Whereas IL-21 signals via JAK1/3 to STAT3, IL-4 signals via JAK1/3 to STAT6[20]. Activation of STATs i s 

associated with the phosphorylation of specific residues in the transactivation domain at the C-

terminus, which contains a crucial tyrosine residue of which phosphorylation initiates dimerization of 

inactive monomers[21]. 

Stimulation of interleukin receptors is associated with divergent STAT activation[20], but it is 

unknown how IL-21 and IL-4 affect STAT activation in CLL and consequently influence the expression 

of Bcl-XL.  Bcl-XL plays a particularly important role in shifting venetoclax sensitivity versus resistance 

of CLL cells in the context of CD40 stimulation[15, 22, 12]. However, direct targeting of Bcl-XL by BH3 

mimetics is associated with the induction of on-target dose-dependent thrombocytopenia, and thus 

regulators of Bcl-XL expression might provide valuable therapeutic targets for CLL treatment[23]. Bcl-
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XL is regulated by the canonical and non-canonical NF-κB pathways following CD40 stimulation[15],  

but mechanistic insight into how cytokine signals contribute to or dominate the regulation of  Bcl -XL 

is currently lacking and prompted us to investigate the downstream signaling pathways involved. We 

observed that IL-21 and IL-4 exert opposing effects on CD40-mediated Bcl-XL expression, where IL-

21/STAT3 signaling reduced and IL-4/STAT6 signaling augmented Bcl-XL expression via direct 

transcriptional regulation as well as by interfering with NF-κB signaling activity, thereby inf luencing 

CLL drug resistance. 
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Materials and Methods 

Patient material 

After obtaining written informed consent, patient blood was collected during diagnostic or follow-up 

procedures at the Department of Hematology of the Academic Medical Center Amsterdam. This 

study was approved by the AMC Ethical Review Board under the number METC 2013/159 and 

conducted in accordance with the Declaration of Helsinki. Blood mononuclear cells of patients with 

CLL, obtained after Ficoll density gradient centrifugation (Pharmacia Biotech, Roosendaal, The 

Netherlands) were cryopreserved and stored as previously described[24]. The expression of CD5 and 

CD19 (Beckton Dickinson (BD) Biosciences, San Jose, CA, USA) on leukemic cells was assessed by flow 

cytometry (FACScanto; BD Biosciences). The CLL samples included in this study contained 85-99% 

CD5+/CD19+ cells. The patient characteristics of the primary samples used in this study are depicted 

in Supplemental Table 1. 

 

Reagents 

Venetoclax was purchased from Active Biochem (Bonn, Germany). A-1331852 was purchased from 

Chemietek (Indianapolis, IN, USA). Ruxolitinib was purchased from Selleckchem (Houston, TX, USA). 

AS1517499 was purchased from Selleckchem (Houston, TX, USA). CW15337 was obtained from Prof. 

Dr. Simon Mackay (University of Strathclyde, Glasgow, UK) and previously described[15]. 

 

Cell culture and detection of apoptosis  

Lymphocytes from CLL patients were co-cultured with NIH3T3 fibroblasts stably transfected with 

human CD40L or negative control as described before10. After 24 hours, the cells were detached and 

incubated with or without drugs for an additional 24 hours. CLL cell viability was measured  as 

before13. Specific apoptosis is defined as [% cell death in treated cells] – [% cell death in medium 

control] / [% viable cells medium control] x 100%.   

 

Western blot analysis 

Whole-cell lysates were prepared using RIPA buffer. Subcellular fractionation was performed using 

the NE-PER kit (ThermoFisher). Western blot analysis was performed using standard techniques[24]. 

The membranes were probed with the following antibodies: anti-Bcl-XL, p65, p-p65, p100/p52, p-

STAT3, p-STAT6, Bcl-2, TBP (Cell Signaling, Boston, MA, USA), and actin (Santa Cruz Biotechnology, 

Dallas, TX, USA). An Odyssey Imager (Li-Cor Biosciences) was used as the detection method, 

according to the manufacturer’s protocol. 
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Reverse transcription-multiplex ligation-dependent probe amplification assay and real-time 

polymerase chain reaction 

RNA was isolated using the GenElute Mammalian Total RNA Miniprep kit (Sigma), and cDNA was 

synthesized by reverse transcriptase reactions according to the manufacturer’s instructions 

(Promega). Reverse transcription-multiplex ligation-dependent probe amplification assay (RT-MLPA) 

procedure (MRC, Amsterdam, the Netherlands) was performed as described previously[25]. Real-

time polymerase chain reaction products were amplified in a Fast SYBR green (Life Technologies) 

reaction (40 cycles of 5 seconds at 95⁰C followed by 30 seconds at 60⁰C) and the following primers: 

Bcl-XL-F (GTATTGGTGAGTCGGATCGC), Bcl-XL-R (TGCTGCATTGTTCCCATAGA), IκBα-F 

(CTCCCCCTACCAGCTTACCT), IκBα-R (TAGGGCAGCTCATCCTCTGT), HPRT-F (CCTGGCGTCGTGATTAGTGA), and 

HPRT-R (CGAGCAAGACGTTCAGTCCT). 

 

Luciferase reporter gene experiments 

A basic pGL3 luciferase reporter vector (Promega, Madison, WI, USA) was used to construct a 

reporter plasmid of the Bcl-XL (BCL2L1) promoter. The primers used for the BCL2L1 promoter were: 

5’-CAGACAAAGTGCTTAACCACAAG-3’ and 5’-TTTTATAATAGGGATGGGCTCAACC-3’. HEK293T cells 

were cotransfected with 1.5µg of luciferase reporter plasmid and 1.5µg empty vector, STAT3C-GFP, 

or STAT6 vector (Addgene). Polyethylenimine (Polysciences, Inc.) was used for transfection, and cel l s 

transfected with STAT6 were also stimulated with IL-4 (25ng/ml, Gibco, Invitrogen, Life 

Technologies). After 24 hours, luciferase activity was determined using a BioTek Synergy-HT 

(Winooski, VT, USA). 

 

DNA-binding ELISA 

Nuclear extracts of CLL cells were prepared using an NE-PER kit (ThermoFisher). DNA binding of  p65 

and p52 DNA binding were determined using the TransAM NF-κB kit (Active Motif, Carlsbad, CA, 

USA). STAT3 DNA binding was determined using the TransAM STAT3 kit (Active Motif, Carlsbad, CA, 

USA). 

 

Bcl-XL promoter ELISA 

Nuclear extracts of CLL cells were prepared using an NE-PER kit (ThermoFisher). Biotinylated 

oligonucleotides of 20-50bp were designed of different regions of the Bcl-XL promoter. The 

oligonucleotides were coupled to their unlabeled complementary oligonucleotides to create double-

stranded oligonucleotides, which were subsequently coupled to streptavidin-coated plates. After 

incubating the nuclear extracts and washing away the unbound fraction, transcription factors were 

detected using the following antibodies: rabbit-anti-p65, p100/p52 (Cell Signaling), and STAT3 (Active 
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Motif, TransAM STAT3 kit). Anti-rabbit-poly-HRP (ThermoFisher) or anti-rabbit-HRP (Active Motif, 

TransAM STAT3 kit) secondary antibodies were used. Finally, after applying the 3,3’,5,5’-

tetramethylbenzidine substrate solution, the signal was detected using BioTek Synergy-HT (Winooski, 

VT, USA). 

 

In situ proximity ligation assay 

Primary CLL cells were cultured for 24 h on 3T3 or 3T40 fibroblasts, supplemented with IL-21 or IL-4. 

Subsequently, the cells were fixed, permeabilized, and attached to poly-D-lysine-coated glass sl ides. 

The following primary antibodies were used: STAT3, STAT6, p-p65, p65, and p100/52 (Cell Signaling).  

isPLA was performed using anti-mouse PLUS and anti-rabbit MINUS probes, according to the 

manufacturer’s instructions (Merck). Slides were analyzed by confocal microscopy and quantification 

was performed using Leica analysis software. 

 

Statistics  

The student’s t-test or paired t-test was used to analyze (paired) observations. The one-way or two-

way ANOVA with multiple testing corrections was used to analyze differences between groups.  *p 

<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 
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Results 

IL-21 and IL-4 exert opposing effects on venetoclax sensitivity via Bcl-XL expression mediated by 

STAT3 and STAT6 signaling 

As previously described, CD40 stimulation by CD40L-expressing fibroblasts resulted in significant 

venetoclax resistance of CLL cells, which we and others showed to be correlated with upregulation of 

the Bcl-2 family members Bcl-XL, Mcl-1, and Bfl-1[11, 13] (Figure 1A). Consistent with previous 

findings[12], IL-21 sensitized CD40-stimulated CLL cells to venetoclax, whereas IL-4 further promoted 

venetoclax resistance. Upon screening the effects of cytokine stimulation on the expression of 

several Bcl-2 family members, we found that only Bcl-XL was differentially regulated by both IL-21 

and IL-4 (Figure 1B). This suggested that Bcl-XL is the predominant factor influencing venetoclax 

sensitivity upon cytokine signaling. Consistently, treatment with the BH3 mimetic A-1331852 

specifically targeting Bcl-XL, normalized the differences in venetoclax sensitivity between CD40-

activated CLL cells stimulated with or without cytokines, confirming by pharmacological means that 

the opposing effects of IL-21 and IL-4 are mediated via Bcl-XL (Figure 1C-D). Furthermore, we 

investigated individual CLL patients carrying mutations in NF-κB-related genes. CD40-mediated 

venetoclax resistance was induced to different extents, yet a shift in sensitivity upon IL-21 or IL-4 

stimulation was observed in all cases (Supplemental Figure 1A-H). This suggests that these distinct 

mutations in NF-κB-related pathways did not substantially affect the crosstalk with JAK-STAT 

signaling. Next, we investigated how IL-21 and IL-4 affect STAT activation in CLL and consequently 

influence Bcl-XL expression. CD40-induced Bcl-XL expression was downregulated by IL-21 stimulation, 

which was associated with pSTAT3 activation (Figure 1E). In contrast, IL-4 stimulation further 

increased CD40-induced Bcl-XL expression, associated with the activation of pSTAT6. To further 

demonstrate the essential role of STAT activation in the regulation of Bcl-XL, the JAK1/2 inhibitor 

ruxolitinib was used to block the JAK-STAT signaling pathway. Inhibition by ruxolitinib abrogated the 

effects of IL-21 and IL-4 on CD40-mediated Bcl-XL expression, confirming that their effects on Bcl -XL 

were mediated by JAK-STAT signaling (Figure 1F). The combination of IL-21 and IL-4, as they are 

present in the microenvironment[16-18] showed differential effects on Bcl-XL expression across 

patients. Therefore, single cytokine stimulations were investigated in further experiments. 

 

STAT3 and STAT6 regulate Bcl-XL expression at the transcriptional level 

We next investigated how STAT signaling may regulate the transcription of Bcl-XL. Though Bcl-XL 

transcription was differentially regulated by IL-21 and IL-4, this was not the case for the transcription 

of Bfl-1, another Bcl-2 family member that is also regulated by NF-κB[15, 13], indicating that the 

effects of IL-21 and IL-4 are specific for Bcl-XL. Consistently, multiple high-affinity STAT3 and STAT6 

binding sites were predicted within the Bcl-XL promoter region using the JASPAR database[26] 
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(Figure 2A). To further investigate how STAT3 may result in repression while STAT6 may result in 

induction of Bcl-XL transcription, we performed reporter assays using Bcl-XL promoter luciferase 

reporter constructs. As reporter assays are not possible in primary CLL cells, we investigated these 

aspects in HEK293T cells. Since HEK293T cells express endogenous pSTAT3 at basal levels, HEK293T 

cells were cotransfected with a constitutively active STAT3 mutant (STAT3C) to induce pSTAT3 

overexpression (Figure 2B). Upon introduction of pSTAT3 overexpression, Bcl-XL promoter activity 

was significantly reduced (Figure 2C). Since HEK293T cells do not express endogenous STAT6, 

HEK293T cells were cotransfected with STAT6 and subsequently stimulated with IL-4 to induce STAT6 

phosphorylation (Figure 2D). Activation of STAT6 upon IL-4 stimulation significantly increased Bcl -XL 

promoter activity (Figure 2E). These observations suggest that STAT3 negatively regulates Bcl-XL 

transcription and STAT6 positively regulates it by directly binding to its promoter. 

 

STAT3 and STAT6 do not disrupt the DNA-binding activity of NF-κB 

Having confirmed the direct binding of STAT3 and STAT6 to the Bcl-XL promoter in HEK293T cells, we 

next aimed to test the DNA-binding capacity of STAT3 and STAT6 in primary CLL cells. We observed a 

significant enrichment of STAT3 upon IL-21 stimulation, suggesting that the DNA-binding activi ty of  

STAT3 is dependent on active IL-21/STAT3 signaling (Figure 3A-B). Due to technical limitations, the 

DNA-binding activity of STAT6 could not be investigated.  

Although STAT3 and STAT6 affect the transcriptional regulation of Bcl-XL, Bcl-XL is primarily a 

downstream target of NF-κB signaling. Therefore, we investigated whether JAK-STAT signaling affects 

the DNA-binding capacity of NF-κB in primary CLL cells. To this end, we measured the DNA-binding 

activity of the NF-κB regulators p65 and p52. We observed CD40-mediated activation of canonical 

p65 and determined that DNA-binding activity was unaffected by cytokine stimulation (Figure 3C-D). 

While CD40-induced DNA-binding of non-canonical p52 was unaffected upon IL-21 stimulation, it 

increased upon IL-4 stimulation (Figure 3E-F). These results suggest that STAT3 and STAT6 do not 

disrupt the DNA-binding capacity of NF-κB. 

 

STAT3 inhibits Bcl-XL expression by repressing canonical NF-κB signaling 

Next, we investigated the effects of JAK-STAT signaling on NF-κB activation and translocation. 

Primary CLL cells were cultured on either 3T3 or 3T40 fibroblasts, supplemented with IL-21 or IL-4 for 

24 hours. Protein lysates of subcellular fractions were blotted with Bcl-2 and TBP as cytoplasmic and 

nuclear loading controls, respectively (Figure 4A). CD40 stimulation resulted in induction of canonical 

NF-κB signaling, as observed by nuclear translocation of p65. Upon cytokine stimulation with e i ther 

IL-21 or IL-4, total fractions of p65 did not significantly change, but nuclear p-p65 levels disappeared. 
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Importantly, loss of phosphorylation at this site (Ser536) is associated with a loss of transcriptional 

activity of p65[27]. 

The most well-known negative feedback loop of canonical NF-κB signaling involves cytoplasmic 

translocation via IκB[28]. However, the transcription of IκBα was not significantly affected by 

cytokine stimulation during initial NF-κB activation (up to 6 hours, Figure 4B). In contrast, Bcl-XL 

transcription upon IL-4 stimulation reached a peak at 3 hours after NF-κB activation and remained 

high despite the loss of p65 phosphorylation at 24 hours (Figure 4C). These observations suggest that 

STAT-mediated control of Bcl-XL transcription occurs independently of IκB. Furthermore, IL-21 

stimulation showed no effect on IκBα or Bcl-XL transcription for up to 6 hours, but showed significant 

inhibition of both at 24 hours, suggesting attenuation of canonical NF-κB signaling. 

Next, we performed in situ proximity ligation assays (isPLAs) targeting NF-κB and STAT proteins to 

investigate whether these proteins could interact directly and whether their subcellular local i zation 

was affected, which could lead to differences in Bcl-XL expression. In the 3T3 and 3T40 conditions, 

inactive p65-STAT complexes were observed in the cytoplasm, indicating that p65 and STAT do not 

require activation in order to interact (Figure 4D-F). Upon combined CD40 and IL-21 stimulation, p65-

STAT3 complexes accumulated in the nucleus at 30 minutes, whereas at 24 hours barely any 

complexes were observed in the nucleus. This indicates that the nuclear p65-STAT3 complexes were 

actively relocated to the cytoplasm. In contrast, IL-4 stimulation resulted in significant enrichment of  

nuclear p65-STAT6 complexes at both 30 minutes and 24 hours after stimulation. Although NF-κB 

and STAT may still be localized as single transcription factors (Supplemental Figure 2A-B), these 

observations suggest that p65-STAT3 complexes are sequestered in the cytoplasm, whereas p65-

STAT6 complexes remain in the nucleus. Furthermore, to abrogate p65-STAT3 cytoplasmic relocation 

upon IL-21 stimulation, we used the inhibitor Selinexor to inhibit Exportin 1, which mediates STAT3 

nuclear export[29]. Selinexor treatment prevented nuclear export of p65-STAT3 complexes, yet did 

not rescue Bcl-XL transcription upon IL-21 stimulation, suggesting that although p65-STAT3 

complexes are still present in the nucleus, they are not bound to the DNA (Supplemental Figure 3A-

D). In support of this, the p65-STAT3 complexes present in the nucleus consist of unphosphorylated 

p65 and are thus inactive (Supplemental Figure 4). Together, these data suggest that STAT3 signaling 

represses canonical NF-κB signaling via rapid relocation of p65 into the cytoplasm, thereby 

attenuating the transcription and expression of Bcl-XL. 

 

STAT6 increases Bcl-XL expression by promoting non-canonical NF-κB signaling 

Although Bcl-XL is regulated by both canonical and non-canonical NF-κB pathways in CLL, the non-

canonical NF-κB pathway is the dominant signaling route for prolonged expression of Bcl-XL[13]. 

Therefore, we also investigated the effects of JAK-STAT signaling on the non-canonical NF-κB 
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pathway. Consistent with the DNA-binding assays shown in Figure 3, CD40 and IL-4 stimulation 

resulted in elevated nuclear p52 levels (Figure 5A). In resting cells, NIK protein is continuously 

degraded by TRAF3[30]. We previously showed that upon CD40 stimulation of CLL cells, NIK is 

stabilized[15], which is considered a key step in non-canonical NF-κB signaling, as it regulates the 

processing of the precursor p100 into p52[31]. To extend this, isPLA was performed using an 

antibody targeting both p100 and p52. Resting cells in the 3T3 condition showed inactive p100-STAT 

complexes in the cytoplasm (Figure 5B-D). Upon CD40 stimulation and subsequent processing of 

p100 into p52, p100/p52-STAT complexes were still observed in the cytoplasm due to inactive  STAT. 

Stimulation with either IL-21 or IL-4 resulted in significant enrichment of NF-κB-STAT complexes in 

both cytoplasm and nucleus, likely representing p100-STAT complexes in the cytoplasm and p52-

STAT complexes in the nucleus. Although upon IL-21 stimulation more p52-STAT3 complexes were 

observed in the cytoplasm than in the nucleus, there still seemed to be active non-canonical  NF-κB 

signaling due to the enrichment of nuclear p52-STAT3 complexes. These data suggest that IL-4-

mediated STAT6 signaling promotes non-canonical NF-κB signaling via NIK by promoting the 

processing of p100 into p52, thereby upregulating the expression of Bcl-XL. 

 

Targeting NIK sensitizes resistant CLL cells to venetoclax 

To link the differential effects of IL-21 and IL-4 to the balance between venetoclax sensitivity and 

resistance, we applied the STAT inhibitor AS1517499 or the NIK-inhibitory compound CW15337, 

which has previously been shown to specifically inhibit non-canonical NF-κB signaling[15]. STAT 

inhibition normalized the effects of IL-21 and IL-4 on venetoclax resistance to the level of 3T40-

activated CLL cells (Figure 6A-B), confirming the enhancing and attenuating effects of IL-4 and IL-21, 

respectively. Finally, we investigated whether NIK could be a potential therapeutic target to mitigate  

3T40/IL-4-mediated resistance to venetoclax by treating 3T40/IL-4-stimulated CLL cells with the NIK-

inhibiting compound CW15337. NIK inhibition increased specific apoptosis from 48% to 97% in 3T40-

stimulated CLL cells, substantially abrogating CD40-mediated venetoclax resistance (Figure 6C-D). 

Even combined 3T40/IL-4 stimulation, which provided almost absolute resistance against venetoclax 

with a maximum specific apoptosis of 15%, could be strongly reverted by NIK inhibition, increasing 

specific apoptosis to 88%. In summary, these data suggest that targeting NIK may be an effective 

approach to abrogate microenvironment-induced signaling and re-sensitize CLL cells to venetoclax. 
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Discussion 

Understanding the processes that control the upregulation of Bcl-XL in response to 

microenvironmental stimuli may identify novel targets for therapy[32]. Moreover, characterization of 

crosstalk mechanisms with parallel signaling networks that shape the NF-κB response may represent 

a clinically relevant approach[32]. Therefore, we studied the regulation of Bcl-XL in the context of the 

T cell-derived signals CD40L, IL-21, and IL-4. The relationship between NF-κB and STAT3 has been 

repeatedly described as synergistic, where STAT3 promotes the expression of Bcl-XL and protects 

cells from apoptosis[33-35]. In contrast, here, we showed a clear antagonistic role for STAT3 in the 

NF-κB-mediated expression of Bcl-XL in primary CLL. Whereas IL-21 stimulation reduced Bcl-XL via 

transcriptional regulation by STAT3 and inhibition of canonical NF-κB signaling, IL-4 stimulation 

further increased Bcl-XL via transcriptional regulation by STAT6 and enhanced non-canonical NF-κB 

signaling (Figure 7). 

DNA-binding assays confirmed the direct binding of STAT3 to the Bcl-XL promoter in primary CLL cells 

and showed that JAK-STAT signaling did not compete or interfere with the binding of NF-κB to the 

Bcl-XL promoter. Next, we investigated the effects of JAK-STAT signaling on NF-κB activation and 

signaling activity. Cytokine stimulation with either IL-21 or IL-4 resulted in a loss of Ser536 

phosphorylation of nuclear p65, which is associated with a loss of p65 transcriptional activity without 

affecting DNA-binding activity[36-39], consistent with our data. Nuclear translocation of p-

p65(Ser536) has previously been shown to be independent of IκB and without interaction with 

cofactors[27]. Therefore, loss of p65 phosphorylation upon cytokine stimulation may allow 

interaction with cofactors such as STATs, which may subsequently influence NF-κB activity and 

transcription of Bcl-XL and other target genes. Notably, isPLA experiments targeting p-p65(Ser536) 

did not show any nuclear complexes with STAT3 or STAT6 upon NF-κB/JAK-STAT activation, indicating 

that all the nuclear p65-STAT6 complexes we observed consisted of unphosphorylated p65 

(Supplemental Figure 4). Although loss of p65 transcriptional activity fits with STAT3-mediated 

inhibition of Bcl-XL, it does not correspond with STAT6-mediated upregulation of Bcl-XL. A possible  

explanation could be that transactivation of STAT6 upon interaction with p65 is sufficient to rescue 

the loss of p65 transcriptional activity[40]. Consistently, p65-STAT6 complexes were enriched in the 

nucleus upon IL-4 stimulation, suggesting that STAT6 may induce target gene expression as a 

complex with p65. 

We showed that the interaction of STAT3 and STAT6 with NF-κB may affect their subcellular 

localization, revealing an additional layer of complexity in STAT-NF-κB signaling crosstalk, which may 

function as a mechanism to shape the NF-κB response. Time course experiments showed an early 

increase of Bcl-XL transcription upon IL-4 stimulation, whereas IL-21-mediated inhibition of Bcl-XL 

was observed at later time points, possibly due to the accumulation of cytoplasmic STAT3 levels[41]. 

 18780261, ja, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1878-0261.13364 by N

H
S Education for Scotland N

ES, Edinburgh C
entral O

ffice, W
iley O

nline Library on [09/01/2023]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



Since CD40 stimulation of CLL cells results in low-level pSTAT3 activation independent of cytokine 

stimulation[18, 42], it is likely that STAT3 may act as a negative regulator to dampen or fine-tune the 

NF-κB response. Though loss of p65 phosphorylation would enable negative feedback by IκB, 

transcriptional time course experiments suggested that STAT3-mediated inhibition of canonical  NF-

κB signaling was independent of IκB negative feedback. This is consistent with the enrichment of 

cytoplasmic STAT3-p65 complexes and a previous study showing that STAT3 may bind p65 in 

competition with IκB[43]. Several studies have reported NF-κB activation upon STAT3 inhibition 

based on the nuclear translocation of p65, indeed suggesting that STAT3 sequesters p65 in the 

cytoplasm[44, 45]. Other studies confirmed the binding of STAT3-p65 transcription factors to inhibi t 

the transcription of certain NF-κB target genes[43], but did not show binding of this complex  to the 

Bcl-XL promoter[46]. 

When checking for non-canonical NF-κB signaling, we observed increased nuclear p52 protein levels 

upon IL-4 stimulation, which was consistent with increased p52 DNA-binding. These data suggest 

enhanced processing of p100 to p52 via NIK, thereby representing an additional mechanism for JAK-

STAT signaling to shape the NF-κB response and influence the expression of Bcl-XL. It was previously 

shown that IL-4 may induce p100 processing into p52, specifically in healthy B cells[47], and our data 

suggest that this is also the case for CLL cells. 

In summary, we have demonstrated multiple regulatory layers involving stimulus-dependent effects 

that influence NF-κB activity to regulate the target gene Bcl-XL. A subsequent goal is to take 

advantage of the accumulated knowledge of the mechanisms used to confer NF-κB selectivity to 

develop therapeutic strategies in order to modulate Bcl-XL-mediated drug resistance in CLL. We 

applied an inhibitor of NIK, which largely normalized the differences in venetoclax resistance caused 

by IL-4 stimulation, suggesting that targeting NF-κB signaling also eliminates NF-κB/STAT signaling 

crosstalk. An alternative approach could be to address JAK-STAT signaling, of which some strategies 

have been previously investigated. IL-21 has previously been shown to mediate pro-apoptotic effects 

in several CLL studies[48-50]. Notably, recombinant IL-21 was tested in combination with rituximab in 

a phase I clinical trial involving CLL patients[51]. Combination therapy with IL-21 was wel l -tolerated 

and responses were typically longer than the patient’s previous response to rituximab-based 

therapy. There have been no follow-up studies concerning IL-21-based therapy in CLL, but the 

development of novel antibody-cytokine fusions that deliver cytokines to specific cells may be 

applicable[52]. However, a risk to consider is that IL-21 promotes antigen-independent proliferation 

of CLL cells in vitro[18, 42]. In addition, various inhibitory strategies against JAK-STAT signaling are 

being pursued[21]. Some studies have focused on inhibiting STAT dimerization using peptides or 

small-molecule inhibitors targeting the tyrosine kinases that phosphorylate STAT monomers[53, 54]. 

The JAK1/2 inhibitor ruxolitinib showed promising results in clinical trials and caused 
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recompartmentalization of CLL cells from tissues to peripheral blood, which may provide a rationale  

for combination therapy with venetoclax[55], as currently explored in the context of AML 

(NCT03874052). Additionally, JAK-STAT inhibition may be favorable for clinical application as 

opposed to cytokine therapy, as JAK inhibitors also block cytokine-induced proliferation of CLL 

cells[54]. Alternative approaches include the use of oligonucleotides that function as decoy STAT 

DNA-binding sites to compete with DNA-binding to endogenous promoter sequences[56]. 

 

Conclusions 

In conclusion, we demonstrated that JAK-STAT signaling may shape the NF-κB response in CLL 

towards venetoclax sensitivity or resistance via Bcl-XL, involving multiple regulatory crosstalk 

mechanisms, thereby providing multiple potential targets for the downregulation of Bcl-XL, which 

could be applied in combination therapy for CLL. 
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Supporting information 

Supplemental Table 1. Patient table. 

Supplemental Figure 1. Effect of IL-21 and IL-4 on venetoclax sensitivity in mutated CLL samples. 

Supplemental Figure 2. isPLA antibody controls. 

Supplemental Figure 3. Exportin-1 inhibition prevents p65-STAT3 nuclear export. 

Supplemental Figure 4. p-p65-STAT isPLA. 

 

Figure Legends 

Figure 1. IL-21 and IL-4 exert opposing effects on venetoclax sensitivity via Bcl-XL expression 

mediated by STAT3 and STAT6 signaling. A) Chronic lymphocytic leukemia (CLL) cells were cul tured 

on 3T3 or 3T40L fibroblasts and supplemented with 25ng/mL IL-21 or IL-4 for 72 hours. After 

detachment, cells were incubated with 0-2500nM venetoclax for 24 hours (n = 4). Bars represent the 

mean ± SEM, *p<0.05, **p<0.01, ***p<0.001 (paired t-test). B) mRNA expression of Bcl-2 family 

members was measured by RT-MLPA in CLL cells 24 hours after stimulation with CD40L with or 

without 25ng/mL IL-21 or IL-4, normalized to the sum of all data. Bars represent the mean ± SEM 

(n=6),  *p<0.05, **p<0.01, ****p<0.0001 (one-way ANOVA). C-D) CLL cells were cultured on 3T3 or 

3T40L fibroblasts and supplemented with 25ng/mL IL-21 or IL-4 for 72 hours. After detachment, cel l s 

were incubated with 0-7500nM A-1331852 (n = 4) (C) or combined with 0-2500nM venetoclax (n = 4)  

(D) for 24 hours. Averaged data of 4 CLL samples are shown. Bars represent the mean ± SEM (pai red 

t-test). E) CLL cells were cultured on 3T3 or 3T40L fibroblasts and supplemented with 25ng/mL IL-21 

or IL-4 for 24 hours. Protein lysates were probed for pSTAT3, pSTAT6, Bcl-XL and actin as loading 

control. Blots from 2 representative CLL samples are shown. F) CLL cells were cultured on 3T3 or 

3T40L fibroblasts and supplemented with 25ng/mL IL-21 or IL-4 and treated with 1µM ruxolitinib for 

24 hours (n = 2). Protein lysates were probed for Bcl-XL and actin as loading control. Densitometric 

analysis shows averaged data of 2 CLL samples. Bars represent the mean ± SEM. A13, A-1331852. 

 

Figure 2. STAT3 and STAT6 regulate Bcl-XL expression at the transcriptional level. A)  Schematic 

representation of the used Bcl-XL promoter luciferase constructs. STAT3 and STAT6 binding si tes in 

the Bcl-XL promoter were predicted using the JASPAR database[26]. B) HEK293T cells were 

transfected with constitutive active STAT3 mutant (STAT3C) plasmid or empty vector. Chronic 

lymphocytic leukemia (CLL) cells were cultured on 3T40 with IL-21 as a positive control. Protein 

lysates were probed for pSTAT3 and actin as loading control. C) HEK293T cells were transfected with 

Bcl-XL promoter luciferase construct and cotransfected with STAT3C plasmid. Promoter activi ty was 

measured and results are shown as mean ± SEM (n = 5). ***p<0.001 (student’s t-test). D) HEK293T 
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cells were transfected with STAT6 plasmid and stimulated with 25ng/mL IL-4. Protein lysates were 

probed for pSTAT6, STAT6 and actin as loading control. E) HEK293T cells were transfected with Bcl-XL 

promoter luciferase construct and STAT6 plasmid and stimulated with IL-4. Promoter activity was 

measured and results are shown as mean ± SEM (n = 6). ***p<0.001 (student’s t-test). LUC, luciferase 

reporter; EV, empty vector; STAT3C, constitutive active STAT3 mutant. 

 

Figure 3. STAT3 and STAT6 do not disrupt the DNA-binding activity of NF-κB. Chronic lymphocytic 

leukemia (CLL) cells were cultured on 3T3 or 3T40L fibroblasts and supplemented with 25ng/mL IL-21 

or IL-4 for 24 hours. A-B) Nuclear lysates were analyzed for binding of STAT3 in a DNA-binding ELISA 

using STAT3 consensus binding sites (n=4) (A) or in a custom DNA-binding ELISA using 

oligonucleotides containing Bcl-XL promoter regions (n=4) (B). Bars represent the mean ± SEM,  

*p<0.05 (one-way ANOVA). C-D) Nuclear lysates were analyzed for binding of p65 in a commercial 

DNA-binding ELISA using NF-κB consensus binding sites (n=7) (C) or in a custom DNA-binding ELISA 

using oligonucleotides containing Bcl-XL promoter regions (n=5) (D). Bars represent the mean ± SEM, 

*p<0.05, ****p<0.0001 (one-way ANOVA). E-F) Nuclear lysates were analyzed for binding of p52 in a 

commercial DNA-binding ELISA using NF-κB consensus binding sites (n=7) (E) or in a custom DNA-

binding ELISA using oligonucleotides containing Bcl-XL promoter regions (n=4) (F). Bars represent the 

mean ± SEM,  *p<0.05, **p<0.01 (one-way ANOVA). OD, optical density. 

 

Figure 4. STAT3 inhibits Bcl-XL expression by repressing canonical NF-kB signaling. A) Chronic 

lymphocytic leukemia (CLL) cells were cultured on 3T3 or 3T40L fibroblasts and supplemented with 

25ng/mL IL-21 or IL-4 for 24 hours. Cytoplasmic (c) and nuclear (n) lysates were probed for pSTAT6, 

pSTAT3, p-p65, p65, Bcl-2 as cytoplasmic loading control and TBP as nuclear loading control. 2 

patient samples were investigated, 1 representative example is illustrated. B-C) mRNA expression of  

Bcl-XL (B) and IκBα (C) were analyzed and normalized to HPRT. Bars represent the mean ± SEM (n=6) ,  

*p<0.05, **p<0.01 (paired t-test). D) isPLA was carried out following the manufacturer’s protocol 

using rabbit-anti-p65 primary antibodies in combination with mouse-anti-STAT3 or mouse-anti-

STAT6 antibodies. 3 patient samples were investigated, 1 representative example is illustrated. Cell s 

were analyzed by confocal microscopy. Scale bars represent 10 µm as indicated. E-F) Imaging data 

was quantified using Leica software. Bars represent the mean ± SEM (36-64 cells analyzed per 

condition), *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (two-way ANOVA). TBP, TATA-binding 

protein; T0, time point zero; h, hours; min, minutes. 

 

Figure 5. STAT6 increases Bcl-XL expression by promoting non-canonical NF-κB signaling. A) Chronic 

lymphocytic leukemia (CLL) cells were cultured on 3T3 or 3T40L fibroblasts and supplemented with 
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25ng/mL IL-21 or IL-4 for 24 hours. Cytoplasmic (c) and nuclear (n) lysates were probed for p100, 

p52, Bcl-2 as cytoplasmic loading control and TBP as nuclear loading control. 2 patient samples were 

investigated, 1 representative example is illustrated. B) isPLA was carried out following the 

manufacturer’s protocol using rabbit-anti-p100/p52 primary antibodies in combination with mouse-

anti-STAT3 or mouse-anti-STAT6 antibodies. 3 patient samples were investigated, 1 representative  

example is illustrated. Scale bars represent 10 µm as indicated. C-D) Imaging data was quantified 

using Leica software. Bars represent the mean ± SEM (41-78 cells analyzed per condition), *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001 (two-way ANOVA). TBP, TATA-binding protein. 

 

Figure 6. Targeting NIK sensitizes resistant CLL cells to venetoclax. A-B) Chronic lymphocytic 

leukemia (CLL) cells were cultured on 3T3 or 3T40L fibroblasts and supplemented with 25ng/mL IL-4 

for 24 hours and/or 0.5µM AS1517499. After detachment, cells were incubated with 0-10µM 

venetoclax. Averaged data of 3 CLL samples are shown. Bars represent the mean ± SEM, *p<0.05, 

**p<0.01 (paired t-test). C-D) CLL cells were cultured on 3T3 or 3T40L fibroblasts and supplemented 

with 25ng/mL IL-4 for 24 hours and/or 0.5µM CW15337. After detachment, cells were incubated with 

0-10µM venetoclax. Averaged data of 6 CLL samples are shown. Bars represent the mean ± SEM, 

*p<0.05, **p<0.01, ****p<0.001 (paired t-test). STATi, STAT inhibitor; NIKi, NIK inhibitor CW15337. 

 

Figure 7. Schematic summary of results. CD40 stimulation of chronic lymphocytic leukemia (CLL) 

cells leads to the upregulation of Bcl-XL mediated by the activation of the canonical and non-

canonical NF-κB pathways. IL-21 stimulation inhibits Bcl-XL expression both via direct transcriptional  

regulation by STAT3 as well as inhibition of p65 at the protein level via translocation and 

sequestering of p65 in the cytoplasm. IL-4 stimulation further promotes the expression of Bcl -XL via 

direct transcriptional regulation by STAT6 as well as promoting p52 protein levels via NIK. IL-21R, IL-

21 receptor; IL-4R, IL-4 receptor. 
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