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Abstract

Purpose: For refractory/relapsed Hodgkin lymphoma (HL) patients (roughly 20% of total cases), 

few effective therapeutic options exist. Currently, Brentuximab Vedotin (BV), a drug-conjugated 

anti-CD30 antibody, is one of the most effective approved therapy agents for these patients. 

However, many patients do not achieve complete remission and ultimately develop BV-resistant 

disease, –necessitating a more detailed understanding of the molecular circuitry that drives BV 

sensitivity and the mechanism of BV resistance.

Experimental Design: Here, we established a ubiquitin regulator-focused CRISPR library 

screening platform in HL and carried out a drug sensitization screen against BV to identify genes 

regulating BV treatment sensitivity.

Results: Our CRISPR library screens revealed the ubiquitin-editing enzymes A20 and RBX1 as 

key molecule effectors that regulate BV sensitivity in HL line L428. A20 negatively regulates NF-

κB activity which is required to prevent BV cytotoxicity. In line with these results, the RNA-seq 

analysis of the BV-resistant single cell clones demonstrated a consistent upregulation of NF-κB 

signature genes, as well as the ABC transporter gene ABCB1. Mechanically, NF-κB regulates BV 

treatment sensitivity through mediating ABCB1 expression. Targeting NF-κB activity synergized 

well with BV in killing HL cell lines, augmented BV sensitivity and overcame BV resistance in 

vitro and in HL xenograft mouse models.

Conclusions: Thus, our identification of this previously unrecognized mechanism provides 

novel knowledge of possible BV responsiveness and resistance mechanism in HL, as well as leads 
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to promising hypothesis for the development of therapeutic strategies to overcome BV resistance 

in this disease.

Introduction

Hodgkin lymphoma (HL) is one of the most common cancers in young adulthood (1), 

representing about 1 in 6 of all cancers affecting young people between 15 and 24 years old. 

Although there has been great progress in treating HL over the last few decades, the survival 

rate for patients diagnosed at an advanced stage or with relapsed/refractory disease remains 

low, especially for elderly patients who do not tolerate intensive treatment (2). For these 

patients, few effective therapeutic options exist. In the last 30 years, only three drugs have 

been approved for relapsed HL: the PD-1 blockage nivolumab and pembrolizumab, as well 

as brentuximab vedotin (BV), a drug-conjugated anti-CD30 antibody.

The malignant component of classical HL (cHL) tumors, the Hodgkin and Reed/Sternberg 

(HRS) cells, have high surface expression of several TNF receptor family members, 

including CD30, CD40, RANK, TACI and BCMA (3–6). This unique characteristic property 

of this disease has been translated into the development and approval of the first effective 

targeted therapy for relapsed/refractory HL, BV, an anti-CD30 antibody-drug conjugate that 

specifically delivers a cytotoxic agent, monomethyl auristatin E (MMAE), to cells 

expressing surface CD30. BV was approved by the FDA first in 2011 for relapsed or 

refractory HL after an autologous stem cell transplantation (ASCT) or following 2 prior 

lines of multiagent chemotherapy; then was approved as part of the initial, front-line 

treatment of advanced stage HL in 2018. Although BV elicits a high response rate (75%) in 

HL, patients who do not achieve a complete response (CR) will eventually develop 

resistance to BV, and progressive disease despite active treatment (7,8). Therefore, the 

optimal clinical development of BV will likely depend upon its pairing with other agents to 

increase response rates and durability, as well as to circumvent potential resistance 

mechanisms. Downregulation of surface CD30 expression was found only in a small portion 

of BV resistant HL cases (9), hence the question of BV resistance mechanisms remains 

open.

Protein ubiquitination is an essential and ubiquitous mechanism used by eukaryotic cells to 

regulate responses to multiple cellular stimuli and stresses (10). In general, protein 

ubiquitination proceeds by a three-step cascade mechanism (11), which initiates with an 

ATP-dependent ubiquitin activation by an E1 (ubiquitin-activating enzyme), followed by the 

transfer of an activated ubiquitin to a cysteine residue within the E2 (ubiquitin-conjugating 

enzyme), and ends with the conjugation of ubiquitin to a target protein through the activity 

of a ubiquitin-protein ligase (E3). Like protein phosphorylation, ubiquitination is a reversible 

process mediated by specific proteases named deubiquitinating enzyme (DUB). The human 

genome encodes two ubiquitin E1 enzymes, 38 E2 enzymes, more than 600 ubiquitin E3 

ligases, and roughly 100 DUBs. Recently, many studies have revealed the critical functions 

of the protein ubiquitination system in multiple steps of human lymphoid malignancies, 

particularly in HL (12). Therefore, it is likely that the protein ubiquitination pathway might 

impact HL responsiveness to BV and contribute to BV resistance; however, this possibility 

has not been examined. Therefore, it will be important to gain a complete understanding of 
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how the ubiquitin modifying machinery regulates BV treatment sensitivity of HL in order to 

identify and exploit critical therapeutic vulnerabilities.

The newly established RNA-guided CRISPR–associated nuclease Cas9 provides a next-

generation approach for genome-scale functional screening (13,14). We have successfully 

established this screening platform, and have utilized this powerful approach to identify 

novel therapeutic targets in a very recent study (15). Therefore, we decided to use the 

CRISPR library screening technology to address the gaps in knowledge and to gain a 

complete understanding of how the ubiquitin modifying machinery regulates HL 

responsiveness to BV and BV resistance.

Materials and Methods

(See Supplemental Experimental Procedures for details)

Cell line Authentication (See Supplemental Experimental Procedures for details).

All the cell lines used in this study, including all the parental and the engineered cell lines 

(Cas9 single cell clones and BV-resistant single cell clones) have been authenticated and 

verified by the STR analysis (DNA fingerprinting) method described in (16).

Ubiquitin regulator-focused sgRNA library.

A 10-sgRNA-per-gene CRISPR–Cas9 deletion library was designed to target ~1300 genes in 

the human genome focused on ubiquitin regulators, including all E3 ligases, 

deubiquitinating enzymes (DUB), and immune cell signaling components as controls. The 

library contained 100 negative control sgRNAs: non-targeting control sgRNA with no 

binding sites in the genome.

BV sensitization CRISPR library screen (see Supplemental Experimental Procedures for 
details).

In brief, 40 million cells were infected with the pooled lentiviral ubiquitin regulators-

focused sgRNA library. Doxycycline was then added to induce sgRNAs expression. Library 

transduced and induced cells were treated with an IC50 dosage of BV for 6 days or left 

untreated. Genomic DNA was extracted and sgRNA sequences were amplified by two 

rounds of PCR. The resulting libraries were sequenced with single end read with dual-index 

75 bp.

RNA sequencing.

For RNA sequencing analysis, the total RNA was extracted from the BV-resistant single cell 

clones and parental controls using the RNeasy Kit (Qiagen). The bulk RNA-seq libraries 

were constructed using the NEBNext Ultra RNA Library Prep Kit for Illumina (NEB). The 

quality-ensured RNA-seq libraries were also pooled and sequenced on the Illumina HiSeq 

2500 platform with 100 or 150 bp paired-end mode (sequenced by Novogene).

For RNA-seq data processing, raw sequence reads were aligned to the human genome 

(hg38) using the Tophat algorithm (17); the Cufflinks algorithm (18) was implemented to 

Wei et al. Page 3

Clin Cancer Res. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



assemble transcripts and estimate their abundance. Cuffdiff (19) was used to statistically 

assess expression changes in quantified genes in different conditions.

Data access.

The high-throughput RNA sequencing data from this study have been submitted to the NCBI 

Sequence Read Archive (SRA) under accession number: SUB6466040

Tumor Model and Therapy Study (see Supplemental Experimental Procedures for details).

For xenograft tumor model, the human Hodgkin lymphoma L428 or KMH2 cells were 

subcutaneously (s.c.) injected into the flanks of female NSG mice. All animal experiments 

were approved by the National Cancer Institute Animal Care and Use Committee (NCI 

ACUC) and Fox Chase Cancer Center Animal Care and Use Committee (FCCC ACUC), 

and were performed in accordance with ACUC guidelines.

Statistical analysis.

All experiments have been repeated and results reproduced. Where possible, error bars or P 

values are shown to indicate statistical significance. In some figures, error bars are not 

visible due to their short heights relative to the size of the symbols. P < 0.05 was considered 

statistically significant.

Results

Using drug sensitization CRISPR library screen to identify genes regulating BV sensitivity

To gain a complete understanding of how the ubiquitin modifying machinery regulates HL 

responsiveness to BV, we produced a unique ubiquitin regulator-focused sgRNA library for 

use in genetic screens. This library contains 10 sgRNAs per target that are directed at 5′ 
constitutive exons of ~800 human genes, including all E3 ligases, deubiquitinating enzymes 

(DUB), and controls. A drug sensitization CRIPSR screen was performed in the HL line 

L428, as depicted in Fig. 1A. Briefly, Cas9 inducible L428 cells was transduced with a pool 

of lentivirus from this library, selected and induced, and then kept untreated or treated with a 

submaximal lethal dose of BV such that roughly 50% of the cells were killed after 6 days. 

The sgRNA abundance in both the treated and untreated populations was determined by 

sequencing, and the relative counts of sgRNAs in each population was calculated and plotted 

(Supplemental Fig. 1A). This allowed us to identify sgRNAs that increased or decreased cell 

death in the presence of BV but to ignore sgRNAs that were toxic in a manner that was BV-

independent. While the majority of sgRNAs counted roughly evenly in BV+ vs BV− 

populations, we have identified a set of sgRNAs that significantly promoted resistance to BV 

cytotoxicity or augmented BV sensitivity (Supplemental Fig. 1A).

We then plotted the screen results for all the ubiquitin regulator genes in the library, ranked 

by enrichment in the treated (BV+) populations (average of 10 sgRNAs), and analyzed all 

the molecular effectors responsible for BV sensitivity in the L428 line (Fig. 1B and 1C). 

Genes whose loss augmented BV sensitivity in HL were several Ring Finger E3 enzymes 

including LONRF3, RNF113A and BIRC7, as well as Cullin 4 (CUL4) ubiquitin E3 ligase 

complex adaptor protein DDB1. However, since we are seeking to understand the common 
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mechanism of BV resistance, we are more focused on the genes whose loss promoted 

resistance to BV cytotoxicity in HL cell lines. Notably, TNFAIP3 (A20), an ubiquitin-

editing enzyme, is the top gene in our list whose loss promoted resistance to BV, followed 

by RBX1 (RING box protein 1) (Fig. 1B and 1C). Remarkably, inactivation of A20 by 

nonsense/deletions or missense mutations is the most recurrent genetic alteration, occurring 

in 30–40% of HL cases (20,21), especially in EBV-negative HL (around 70–80%). RBX1 is 

an essential component of SCF (Skp1/Cullins/F-box) E3 ubiquitin ligases complex, which 

target diverse proteins for proteasome-mediated degradation. Therefore, our drug 

sensitization CRISPR library screen identified A20 and RBX1 as essential genes regulating 

BV treatment sensitivity, which provides insight into the basis for BV resistance.

A20 regulates BV sensitivity of HL in a CD30 independent manner

Our unbiased BV sensitization CRISPR library screen (Fig. 1A–C) revealed the ubiquitin-

editing enzyme A20 as a novel regulator of BV sensitivity in HL cell lines. To verify the 

CRISPR library results, we designed sgRNAs targeting A20 and the positive control CD30, 

and tested their ability to inhibit BV treatment sensitivity in L428 cells (Fig. 1D upper, 

Supplemental Fig. 1B, and Supplemental Fig. 1C). As expected, CD30 depletion largely 

decreased BV sensitivity compared to that in control cells. Importantly, the tumor cells 

depleted of A20 were resistant to BV treatment in a similar degree as with CD30 depletion 

(Fig. 1D upper), verifying the CRISPR library results. Similarly, depletion of A20 in 

another A20 WT HL line L540 also decreased BV sensitivity (Fig. 1D lower and 

Supplemental Fig. 1C right).

Since BV specifically targets cells expressing surface CD30, we then examined if A20 

deletion impacts surface CD30 expression in HL cell line. While the control CD30 sgRNAs 

largely reduced surface CD30 expression, two individual A20 sgRNAs both had no effect 

(Fig. 1E and 1F), indicating that A20 regulates BV sensitivity of HL likely not through 

CD30. Indeed, the A20 depleted HL L428 and L540 cells were much more resistant to 

MMAE, the cytotoxic agent conjugated to anti-CD30 antibody in BV (Fig. 1G). MMAE can 

readily enter cells via passive diffusion (22), therefore A20 is likely to mediate certain 

cellular pathways required for controlling MMAE cytotoxicity in HL. In line with the 

depletion experiments, reconstitution of WT A20 into the A20-deficient HL line KMH2 and 

L1236 remarkably increased the sensitivity to both BV and MMAE treatment (Fig. 1H, Fig. 

1I, and Supplemental Fig. 1D). Thus, we conclude that A20 promotes BV sensitivity in HL 

cell lines, likely through its ability to mediate cellular pathways required for directing 

MMAE cytotoxicity.

A20 regulates BV sensitivity of HL through NF-κB

A20 is an NF-κB target gene, but its induction antagonizes NF-κB activation through the so 

called “dual ubiquitin-modifying/editing capacity” feature (23). In HL, reconstitution of WT 

A20 into A20-deficient HL cell lines revealed a significant decrease in NF-κB activity(21). 

Consistent with previous observations, depletion of A20 in L428 cells promoted NF-κB, as 

indicated by NF-κB target genes CD83 and IL-6 expression, as well as by p-p65 

intracellular level (Fig. 2A). Therefore, loss of A20 revises BV sensitivity in HL cell lines 

that is likely due to its capability to regulate NF-κB activity.
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Similar to other TNF superfamily members, CD30 signals lead to strong NF-κB activation, 

mediated by interactions with TNFR-associated factor (TRAF) 2 and 5 (24–28). To assess if 

BV treatment induces NF-κB activity in HL cells, we examined surface CD83 expression in 

a panel of HL cell lines. BV stimulation increased surface CD83 expression in all HL lines 

tested, so did HeFi-1, a pure murine IgG1 recognizing the ligand-binding site on human 

CD30 (29) (Fig. 2B). Importantly, a highly specific IKKβ inhibitor MLN120B completely 

blocked BV or HeFi-1 induced CD83 expression, indicating that this is a specific NF-κB 

response. Similar results could be achieved when we examined the IL-6 expression in the 

same settings (Fig. 2C). Thus, NF-κB upregulation is commonly acquired upon BV 

treatment, which might impact HL cells responsiveness to BV and determine the BV 

sensitivity. Consistent with this notion, ectopic expression of a constitutively active IKKβ 
mutant into L428 cells largely mitigated the cytotoxic effect of MMAE, but the IKKβ WT 

failed to do so (Fig. 2D and Supplemental Fig. 2A).

The results in Fig. 3B–D suggest that blocking NF-κB activity represents an effective way to 

promote BV sensitivity in HL cell lines. To test this concept, we treated a panel of HL cells 

lines in vitro with BV in combination with the IKKβ inhibitor MLN120B (Fig. 2E). In all 

four HL lines we tested, tumor cells were killed more efficiently with the combination of BV 

and MLN120B than with either drug alone. Importantly, these combinational effects appear 

to be synergistic, which was assessed using the mathematical algorithm described by 

Ianevski et al (30) (Fig. 2F). Hence, combination of BV with agents targeting NF-κB 

activity synergistically killed HL cell lines in vitro, supporting the in vivo evaluation of this 

treatment regimen.

Upregulation of NF-κB signature in BV-resistant HL clones

To gain insight into the molecular mechanisms of BV resistance in HL cells, we developed 

BV-resistant HL models in both KMH2 and L428 HL lines. Briefly, HL cells were incubated 

at the IC90 concentration of BV over 7 weeks to generate BV-resistant pools. Then the pools 

were single-cell cloned with BV-containing media. For each line, we generated 12 individual 

BV-resistant single-cell clones. These BV-resistant clones were very resistant to BV 

treatment compared to the parental lines, as expected (Fig. 3A). Of note, these BV-resistant 

clones were resistant to MMAE treatment as well (Fig. 3A), indicating that there are cellular 

pathway alterations inside these clones which inhibit their response to MMAE cytotoxicity, 

e.g., NF-κB activation.

To determine the pathway alternations of these BV-resistant clones, we profiled gene 

expression changes by RNA-seq of two individual BV-resistant clones vs parental control, in 

both KMH2 and L428 models, allowing us to define a set of genes that were consistently 

upregulated or downregulated. We then compared the gene expression changes with a 

database of gene expression signatures that reflect regulatory processes in normal and 

malignant blood cells (31). Among upregulated genes, a signature of NF-κB activated genes 

was significantly enriched (Fig. 3B and 3C). NF-κB signaling genes were upregulated in all 

of the BV-resistant KMH2 and L428 clones we examined (Fig. 3B), and demonstrated 

significant enrichemnt in Gene Set Enrichment Analysis (GSEA) (Fig. 3C). In line with the 

gene expression profiling, all of these BV-resistant clones exhibited almost normal CD30 
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expression, but markedly increased induction of the NF-κB response gene CD83, measured 

by surface flow cytometry (Fig. 3D). This suggests that resistance to BV, at least in our cell 

line models, is due to upregulation of NF-κB activity, rather than downregulation of surface 

CD30. Importantly, these BV-resistant clones are much more sensitive to the IKKβ inhibitor 

MLN120B treatment (Fig. 3E), suggesting that targeting this pathway would provide a way 

to overcome BV resistance.

ABCB1 upregulation decreases BV sensitivity and promotes BV resistance of HL cell lines

To investigate the molecular mechanism of how NF-κB activity decreases BV treatment 

sensitivity of HL, we further analyzed our gene expression profiling results of the BV-

resistant clones (Fig. 3). Remarkly, in the KEGG pathway emrichment analysis, the ATP-

binding cassette (ABC) transporters pathway was the one showing significant enrichment (p 

value <0.05) in all of the four BV-resistant clones we examined (Supplemental Fig. 2B). 

Indeed, a set of ABC transporter genes were strongly upregualted in all of the BV-resistant 

clones (Fig. 4A). Among these genes, ABCB1 (MDR1), encoding a membrane-associated 

protein in the MDR/TAP subfamily, was the most upregulated. ABCB1 is responsible for 

transporting various molecules across cellular membranes therefore decreasing drug 

accumulation inside cells. In recent studies, ABCB1 has been implied to play a role in BV 

resistance of HL (9,32), and inhibition of ABCB1 was able to overcome resistance to BV in 

a phase I clinical trial (32). However, the molecular evidence and its regulatory mechanism 

are missing.

Confirming the RNA-seq results, ABCB1 expression was largely upregulated in both of the 

KMH2 and L428 BV-resistant clones, revealed by real-time PCR (Fig. 4B) and by 

immunoblot analysis (Fig. 4C). Similarly, all of the BV-resistant clones exhibited markedly 

increased induction of surface ABCB1 expression, measured by flow cytometry (Fig. 4D). 

To determine if ABCB1 expression decreases BV sensitivity in HL, we designed sgRNAs 

targeting ABCB1 and tested their ability to inhibit BV sensitivity in KMH2 and L428 cells 

(Fig. 4E and Supplemental Fig. 3A). In both lines, ABCB1 depletion largely increased BV 

sensitivity compared to the control cells. Consistently, ectopic expression of ABCB1 into 

L428 cells decreased the cytotoxic effect of BV (Fig. 4F and Supplemental Fig. 3B). 

Furthermore, cyclosporin A (CsA), a potent ABCB1 inhibitor, strongly promoted BV 

sensitivity in all four HL lines we tested: KMH2, L428, L1236 and L540 (Fig. 4G and 

Supplemental Fig. 3C). Lastly, pretreating of BV-resistant clones with ABCB1 inhibitor 

CsA, completely revised its resistance ability upon BV treatment (Fig. 4H). Thus, ABCB1 is 

the key molecular whose upregulation is essential for the inhibition of BV sensitivity and 

increasing BV resistance in HL cell lines.

NF-κB and A20 mediate ABCB1 expression

Given that NF-κB/A20 and ABCB1 are all required to regulate BV sensitivity in HL cells, 

we sought to understand the epistatic relationships between these key factors. In L428 cells, 

treatment with the IKKβ inhibitor MLN120B strongly reduced ABCB1 surface expression 

(Fig. 5A), indicating that NF-κB activity supports ABCB1 expression in HL cell lines. BV 

treatment stimulated ABCB1 expression, which could also be inhibited by the IKKβ 
inhibitor MLN120B (Fig. 5A), in line with our previous results (Fig. 2B and 2C). This 
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inhibition appears to be mostly at the transcriptional level, as MLN120B treatment reduced 

ABCB1 mRNA expression in all of the HL lines we tested (Fig. 5B). Furthermore, ectopic 

expression of a constitutively active IKKβ mutant into HL cells promoted ABCB1 

expression, measured by FACS analysis (Fig. 5C) and immunoblotting (Supplemental Fig. 

4A). Hence, NF-κB activation stimulates ABCB1 expression in HL cell lines. We then 

examined if A20 regulates ABCB1 expression as well. In A20 WT HL line L428, A20 

depletion by sgRNAs significantly augmented ABCB1 mRNA transcription (Fig. 5D), 

surface expression (Fig. 5E), and protein level (Supplemental Fig. 4B).

To further investigate if A20 and NF-κB mediate BV sensitivity through ABCB1, we 

examined the effect of the ABCB1 inhibitor CsA on BV sensitivity of A20 depleted or 

constitutively active IKKβ mutant expressing cells. In L428 cells, A20 depletion rescued 

tumor cells from BV treatment, but not in tumor cells pre-treated with the ABCB1 inhibitor 

CsA (Fig. 5F). Similarly, ectopic expression of the constitutively active IKKβ mutant largely 

decreased MMAE sensitivity, as expected, but the CsA pre-treatment completely diminished 

the differences (Supplemental Fig. 4C). Taken together, A20 and NF-κB activity mediate the 

key drug-transporter protein ABCB1 expression in HL cells, which is the likely mechanism 

explaining how they regulate HL responsiveness to BV and eventually BV resistance.

RBX1 regulates BV sensitivity through both CD30 and ABCB1

In addition to A20, RBX1, an essential component of SCF (Skp1/Cullins/F-box) E3 

ubiquitin ligases complex, was also identified as a top hit in our drug sensitization CRISPR 

library screen whose loss promoted resistance to BV cytotoxicity (Fig. 1B and 1C). This 

screen result was validated by an MTS assay using two individual sgRNAs targeting RBX1 

in all 4 HL cell lines tested (Fig. 5G, Supplemental Fig. 5A, and Supplemental Fig. 5B). 

Interestingly, in contrast to A20 depletion, RBX1 depletion reduced surface CD30 

expression in HL cells (Fig. 5H and Supplemental Fig. 5C). Indeed, RBX1 sgRNAs had no 

effect on NF-κB activity of HL cells, as indicated by NF-κB target gene CD83 expression, 

as well as by the p-p65 intracellular level (Supplemental Fig. 5D). Therefore, loss of RBX1 

decreases BV sensitivity in HL cells, not through NF-κB but likely at least partially through 

CD30.

However, similar to A20, the RBX1 depleted HL cells were also resistant to MMAE 

treatment compared to control cells (Fig. 5I, and Supplemental Fig. 5E), indicating that 

RBX1 might also regulate drug-transporter expression, in addition to its ability to regulate 

CD30 surface expression. Indeed, RBX1 depletion by sgRNAs significantly augmented 

ABCB1 mRNA transcription (Fig. 5J), surface accumulation (Fig. 5K), and total protein 

expression (Supplemental Fig. 5F). Furthermore, pre-treating HL cells with ABCB1 

inhibitor CsA completely blocked the ability of RBX1 sgRNAs to rescue tumor cells from 

BV treatment (Fig. 5L). Hence, loss of RBX1 decreases BV sensitivity also by upregulating 

ABCB1 expression, although by a mechanism that is not NF-κB dependent. To further 

assess the role of CRLs/SCF E3 ligase complex in ABCB1 regulation, we treated HL cell 

lines KMH2 and L428 with the NEDD8 activating enzyme (NAE) inhibitor Pevonedistat, 

which inactivates CRLs/SCF E3 ligase activity. In both cell lines, treatment of Pevonedistat 

increased MDR1 protein levels in a dose-dependent manner, indicating the role of 
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CRLs/SCF E3 ligase in MDR1 regulation (Supplemental Fig. 6A). In line with these results, 

pre-treating HL cells with Pevonedistat largely decreases BV sensitivity in KMH2 and L428 

lines (Supplemental Fig. 6B).

Targeting NF-κB improves BV sensitivity and overcomes BV resistance in HL xenograft 
mouse models

Our in vitro cell line studies revealed that NF-κB activity is the major determinant of BV 

sensitivity in HL, and that the IKKβ inhibitor MLN120B synergized well with BV in killing 

HL cells (Fig. 2E and 2F). Therefore, we established two HL xenograft mouse models using 

the L428 and KMH2 cell lines and sought to evaluate the efficacy of this combinational 

treatment in mouse xenograft models. In a L428 xenograft mouse model, treatment with BV 

every 4 days (0.4 mg/kg) slowed tumor growth and yielded a greater prolongation of 

survival (mice died between days 55 and 61, median survival: 58 d, p < 0.0001), as expected 

(Fig. 6A and 6B). Furthermore, the combination of BV and MLN120B treatment completely 

arrested growth of established tumors as was confirmed by survival of all mice for the total 

61-d period of observation (combination vs. BV, p =0.0002) (Fig. 6A and 6B). Of note, the 

pure human CD30 antibody HeFi-1 had little effect on the growth of the xenografts and the 

survival of engrafted mice, as a single agent or in combination with MLN120B (Fig. 6A and 

6B), indicating that the combinational effect of MLN120B plus BV is not due to the 

nonspecific antibody-dependent cellular cytotoxicity (ADCC). At the doses used the BV 

plus MLN120B combination was well tolerated by mice, with no change in body weight 

observed (Fig. 6C). Meanwhile, the serum levels of IL-6 paralleled our cell line observations 

as a surrogate marker of tumor size and NF-κB activation in all the engrafted mice. 

Compared with the vehicle treatment group, there were reductions of IL-6 in the BV 

individual group (P < 0.0001 compared with the vehicle group) at 5.5 weeks after tumor 

inoculation, but there were greater reductions in IL-6 with the BV plus MLN120B 

combination group compared with BV only treatment group (P < 0.0001) (Fig. 6D). Hence, 

targeting NF-κB augments BV sensitivity and minimizes BV resistance in HL.

Finally, we examined if targeting NF-κB could overcome tumor relapse upon BV treatment 

in the HL xenograft mouse model. In the KMH2 xenograft mouse model, we treated the 

tumor with high dosages of BV (2.5 or 5 mg/kg, every 4 days) alone or with the combination 

with MLN120B. Both the BV only group and the combination group appeared tumor free 1–

2 wks after starting therapy (Fig. 6E). However, tumors recurred in the mice of the BV-

treated group 5–10 wks after the tumors initially became undetectable. Remarkably, 

treatments with BV combined with MLN120B yielded a complete response and the mice 

remained tumor free as was maintained for the 14 weeks of observation (Fig. 6E). 

Importantly, in the relapsed tumors of BV only group, ABCB1 and IL-6 mRNA levels were 

substantially higher than in the original (vehicle treated) tumors (Fig. 6F), indicating 

consistent upregulations of the drug-transporter gene and of NF-κB activity during relapse, 

in keeping with our previous results with BV-resistant single cell clones (Fig. 3 and Fig. 4).
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Discussion

Although BV elicits a high response rate in HL, many patients do not achieve complete 

remissions and ultimately develop BV-resistant disease. Therefore, new treatments for HL 

should ideally exploit emerging insights into BV-resistance mechanisms, which will create 

opportunities for synthetic interactions with drugs that increase BV response rates and 

durability. In this study, we utilized a combination of two unbiased high-throughput analysis: 

drug sensitization CRISPR library screen and RNA-seq analysis to comprehensively 

investigate the BV resistance mechanisms. Both of these analyses lead us to identify the 

central role of NF-κB activity in regulating BV treatment sensitivity of HL cell lines. The 

ubiquitin regulator-focused CRISPR library screen identified A20, a negative regulator of 

NF-κB pathway, augmented BV sensitivity in HL lines. Meanwhile, our RNA-seq analysis 

revealed a significant upregulation of the NF-κB signature in BV-resistant HL cells. A20 and 

NF-κB regulate BV sensitivity apparently through mediating the expression of the ABC 

transporter gene ABCB1. Finally, targeting NF-κB augmented BV sensitivity and overcame 

BV resistance in HL xenograft mouse models. Taken together, our findings provide a broad 

understanding of how BV sensitivity is regulated by the protein ubiquitination systems in 

HL cell lines and offer a rationale for therapeutic approaches to overcome BV resistance in 

this disease.

Aberrant activation of the NF-κB pathway is indeed the most striking oncogenic mechanism 

in HL (33), and our study revealed that it is also involved in BV resistance. Genetically, 

various recurrent somatic genetic lesions have been identified in the NF-κB pathway of HL. 

For instance, amplification of the REL locus is present in more than 50% of cHL cases (34–

36). Frameshift or nonsense mutations in NFKBIA, which encodes IκBα, produce inactive, 

truncated IκBα isoforms and occur in ~5–20% of Hodgkin lymphoma cases (37–40). 

Additionally, loss-of-function mutations occur in NFKBIE, encoding IκBε, albeit at a lower 

frequency (41). Among these genetic events, inactivation of the ubiquitin editing protein 

A20 by biallelic deletions or frameshift/nonsense mutations is the most recurrent genetic 

alteration, occurring in 30–40% of HL cases (20,21), and preferentially in EBV-negative HL 

(around 70–80%). Epigenetically, A20 can also be downregulated by promoter methylation 

(42). As only 75% of HL cases respond to BV treatment and there are merely 32% CRs, it is 

very likely that genetic lesions in the NF-κB pathway, especially A20, are associated with 

BV responsiveness and resistance in the clinic. Therefore, A20 mutation and expression 

status can be used as biomarkers to predict treatment outcomes.

It is also worth mentioning that our study is mainly based on HL cell lines and xenograft 

models in NSG mice which lacks immune microenvironment. While HL cell lines 

recapitulate the physiological feature of HRS cells, they are often unable to fully recreate the 

genetic complexity of human HL. In patient, HRS cells only represent a minority of the cells 

within tumors, with the bulk of the tumor composed of various inflammatory cell types 

including T cells, macrophages, neutrophils, and B cells. The presence of such a 

characteristic inflammatory microenvironment is a fundamental component of the tumor 

mass and an essential pathogenetic factor in HL, which would be an important factor to 

determine BV responsiveness and promote resistance. Unfortunately, currently there are no 

murine models presenting human HL. Therefore, the clinical association of A20 mutation/
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expression status to BV responsiveness and resistance will need to be further examined in 

primary HL cases in future studies. Similarly, the association of NF-κB activity with BV 

responsiveness will need to be further examined as well, especially in BV relapsed cases.

Increased expression of the plasma membrane drug efflux pumps, the ABC transporters, is 

generally involved in anticancer drug resistance. Our study identified the ABC transporter 

gene, ABCB1, as essential for BV resistance of HL cell lines, in line with previous studies 

(9,32). Importantly, ABCB1 expression is regulated by NF-κB activity in HL cells, which 

provides a molecular mechanism for NF-κB in BV resistance. In addition to NF-κB, p38 

MAPK (43,44) and Wnt/β-catenin pathway (45) have also been implicated in the 

transcriptional regulation of ABCB1, indicating that other cellular pathways in addition to 

NF-κB could also contribute to BV resistance in HL. Indeed, our ubiquitin regulator-focused 

CRISPR library screen also identified RBX1, the key component of SCF (Skp1/Cullins/F-

box) E3 ubiquitin ligases complex, as an essential factor that mediates ABCB1 expression in 

an NF-κB independent manner. Thus, RBX1 could regulate p38 MAPK or Wnt/β-catenin 

pathways in HL. In addition, ABCB1 could be targeted for proteasomal degradation through 

SCF and F-box protein FBXO15 (SCFFBX15) (46). FBXO15 was not scored as a strong 

positive hit in our library screen, indicating that there are other F-box proteins that could 

compensate for the FBXO15 loss. In this case, RBX1 could regulate the ABCB1 level both 

transcriptionally and post-transcriptionally. Future work should explicate the intricate 

mechanisms that RBX1 regulate ABCB1 in HL cells, and assess the potential F-box proteins 

required to regulate ABCB1 stabilization.

In summary, the present study demonstrates that targeting NF-κB provides an attractive 

strategy to improve BV sensitivity and overcome BV resistance in HL. These findings 

deliver support for a therapeutic trial for select patients carrying recurrent somatic genetic 

lesions in NF-κB pathways with a combination regimen that involves BV with NF-κB 

inhibitors. Although currently there are no effective therapies that directly target IKK in 

clinic, the development of next generation of IKKβ inhibitors with high selectivity, 

nanomolar potency, and flexibility to targeted delivery would be desirable to overcome drug 

resistance, as well as to kill tumor cells relied on NF-κB to survival. Since ABC transporter 

genes are also involved in other anticancer drug resistance, it is reasonable to predict that 

targeting NF-κB might have a broad benefit in this context as well.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of translational relevance

Although there has been great progress in treating Hodgkin lymphoma (HL), the survival 

rate for patients diagnosed at an advanced stage or with relapsed/refractory disease 

remains low. The current understanding of the biology of the disease has been translated 

into the development and FDA approval of the first effective targeted therapy for 

relapsed/refractory HL, Brentuximab Vedotin (BV), a drug-conjugated anti-CD30 

antibody. However, many patients do not achieve complete remission and develop BV-

resistant disease, which usually leads to poor outcomes. So far, the mechanisms that 

underlie BV resistance still remains poorly understood. Giving the fact that the protein 

ubiquitination system plays a critical role in HL pathogenesis, we decided to use the 

CRISPR library screening technologies to gain a complete understanding of how the 

ubiquitin modifying machinery regulates BV effectiveness in HL, which will provide 

actionable interventions for new therapies of patients suffering with HL, particularly in 

BV resistant cases.
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Figure 1: BV sensitization CRISPR library screen in HL line.
A. Outline of the workflow of the BV sensitization CRISPR library screen in HL line. B. 
Shown are the ranking of all the genes (average of 10 sgRNAs of each gene) enriched in the 

treated (BV+) population of the L428 line. Y axis indicates the distribution of standardized 

enrichment scores (Z-scores) of each gene enrichment. C. List of top 10 genes enriched 

(upper) or depleted (lower) in the treated (BV+) of L428 line. Y axis indicates the 

distribution of standardized enrichment scores (Z-scores) of each gene enrichment. D. HL 

cell lines L428 and L540 were transduced with A20 or Ctrl sgRNAs, selected and expression 

induced, then treated with BV at the indicated concentrations for 4 days. Viability was 

measured by the MTS assay and normalized to PBS-treated cells. E. HL cell line L428 was 
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transduced with A20, CD30 or Ctrl sgRNAs along with GFP, and sgRNAs expressions were 

induced for 4 days. Surface CD30 expression in uninfected (GFP−) cells and sgRNA 

infected (GFP+) cells was measured by flow cytometry. One of the representative 

experiments is shown. F. As in the E. the summary of three independent experiments are 

shown. The relative CD30 MFI was normalized to the uninfected (GFP−) cells. G. The HL 

cell lines L428 and L540 were transduced with A20 or Ctrl sgRNAs, selected and expression 

induced, then treated with MMAE at the indicated concentrations for 4 days. Viability was 

measured by MTS assay and normalized to DMSO-treated cells. H and I. A20 deficient HL 

cell lines KMH2 (H) and L1236 (I) were transduced with A20 cDNA or an empty control, 

selected and expression induced, then treated with BV or MMAE at the indicated 

concentrations for 4 days. Viability was measured by an MTS assay and normalized to PBS-

treated or DMSO-treated cells. For all panels, error bars denote SEM of triplicates. P were 
calculated comparing Ctrl and A20 sgRNA transduced groups, or Ctrl and A20 expression 
groups; * indicates P < 0.05; ** indicates P < 0.01; n.s indicates no statistical difference.
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Figure 2: A20 regulates BV sensitivity through NF-κB.
A. The HL cell line L428 was transduced with A20 or Ctrl sgRNAs, selected and expression 

induced. Surface CD83 and intracellular p-p65 expression were measured by flow 

cytometry. The relative CD83 and p-p65 MFI were normalized to the Ctrl sgRNA 

transduced cells. IL-6 gene expression was measured by real-time PCR and normalized to 

the Ctrl sgRNA transduced cells. Error bars denote SEM of triplicates. P were calculated 
comparing Ctrl and A20 sgRNA transduced groups; ** indicates P < 0.01. B. HL cell lines 

KMH2, L428 and L540 were treated with the indicated drugs at the following 

concentrations: KMH2 and L428 (MLN120B (80μM), BV (50μg/ml), HeFi-1 (50μg/ml), or 
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the combination); L540 (MLN120B (20μM), BV (10μg/ml), HeFi-1 (10μg/ml), or the 

combination); for 24 hours. Surface CD83 expression was measured by flow cytometry. The 

relative CD83 MFI was normalized to the untreated cells. Error bars denote SEM of 

triplicates. C. same as B. IL-6 gene expression was measured by real-time PCR and 

normalized to the untreated cells. Error bars denote SEM of triplicates. D. The HL cell line 

L428 was transduced with IKKβ WT, IKKβ S177/181E or empty control, selected and 

expression induced, then treated with MMAE at the indicated concentrations for 4 days. 

Viability was measured by MTS assay and normalized to DMSO-treated cells. Error bars 

denote SEM of triplicates. P were calculated comparing IKKβ WT and IKKβ S177/181E 
groups. ** indicates P < 0.01. E. Viability of HL cell lines KMH2, L428, L1236 and L540 

after treatment (4 days) with the indicated concentrations of BV, MLN120B, or both. Data 

are normalized to DMSO-treated cells. Error bars denote SEM of triplicates. F. Formal 

calculation of synergism between BV and MLN120B. The raw cell viability data from E 
was entered into the SynergyFinder web application described in (30). The resulting contour 

plots; the HSA synergy score are shown. Positive HSA synergy score values indicate 

synergy.
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Figure 3: Analysis of BV-resistant single cell clones of HL line.
A. Two individual BV-resistant single cell clones of KMH2 and L428 HL lines, as well as 

their parental controls, were treated with BV or MMAE at the indicated concentrations for 4 

days. Viability was measured by MTS assay and normalized to PBS-treated or DMSO-

treated cells. Error bars denote SEM of triplicates. P were calculated comparing BV-resistant 
clones and its parental controls under the same treatment. ** indicates P < 0.01. B. Heatmap 

of mRNA induction of NF-κB signature genes in the indicated BV-resistant single cell 

clones of KMH2 and L428 HL lines, relative to their parental controls. C. GSEA of NF-κB 

signatures. The analysis was based on BV-resistant clones vs. parental controls in KMH2 
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and L428 lines. Normalized enrichment score (NES) and normalized (NOM) P value are 

shown. D. Surface CD83 and CD30 expression were measured in BV-resistant single cell 

clones of KMH2 and L428 HL lines, as well as their parental controls, by flow cytometry. 

The relative CD83 MFI was normalized to the parental controls. Error bars denote SEM. E. 
Two individual BV-resistant single cell clones of KMH2 and L428 HL lines, as well as their 

parental controls, were treated with MLN120B (80μM) for 3 days. Cell numbers were 

counted by flow cytometry and normalized to DMSO-treated cells. Error bars denote SEM 

of triplicates. P were calculated comparing BV-resistant clones and its parental controls 
under the same treatment. ** indicates P < 0.01.
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Figure 4: ABCB1 expression is essential for BV sensitivity.
A. Heatmap of rank metric scores of ABC transporter genes in the indicated BV-resistant 

single cell clones of KMH2 and L428 HL lines, relative to their parental controls. B. and C. 
ABCB1 expression in two individual BV-resistant single cell clones of KMH2 and L428 HL 

lines, as well as their parental controls, measured by real-time PCR (B) and immunoblot (C). 

P were calculated comparing BV-resistant clones and its parental controls. ** indicates P < 
0.01. D. Surface ABCB1 expression was measured in all BV-resistant single cell clones of 

KMH2 and L428 HL lines, as well as their parental controls, by flow cytometry. The relative 

CD83 MFI was normalized to the parental controls. Error bars denote SEM. E. HL cell lines 
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L428 and KMH2 were transduced with ABCB1 or Ctrl sgRNAs, selected and expression 

induced, then treated with BV at the indicated concentrations for 4 days. Viability was 

measured by MTS assay and normalized to PBS-treated cells. Error bars denote SEM of 

triplicates. ** indicates P < 0.01. F. HL cell line L428 was transduced with ABCB1 cDNA 

or empty control, selected and expression induced, then treated with BV at the indicated 

concentrations for 4 days. Viability was measured by MTS assay and normalized to PBS-

treated cells. Error bars denote SEM of triplicates. * indicates P < 0.05; ** indicates P < 
0.01. G. Viability of HL cell lines KMH2, and L428 after treatment (4 days) with the 

indicated concentrations of BV, ABCB1 inhibitor CsA, or both. Data are normalized to PBS-

treated cells. Error bars denote SEM of triplicates. H. Viability of a L428 BV-resistance line 

after treatment (4 days) with the indicated concentrations of BV, ABCB1 inhibitor CsA, or 

both. Data are normalized to DMSO-treated cells. Error bars denote SEM of triplicates.
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Figure 5: NF-κB, A20 and RBX1 regulate ABCB1 expression in HL lines.
A. The L428 line was treated with indicated drugs at the following concentrations: 

MLN120B (20μM), BV (10μg/ml), or the combination for 24 hours. Surface ABCB1 

expressions were measured by flow cytometry. The relative ABCB1 MFI was normalized to 

the untreated cells. B. KMH2, L428 and L540 lines were treated with MLN120B (20μM) for 

24 hours. ABCB1 mRNA expressions were measured by real-time PCR and normalized to 

the untreated cells. C. HL cell line L428 was transduced with cDNA of IKKβ WT, IKKβ 
S177/181E or empty control, selected and expression induced. Surface ABCB1 expressions 

were measured by flow cytometry and normalized to the empty control. D and E, The L428 

line was transduced with A20 or Ctrl sgRNAs, selected and expression induced. Relative 
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ABCB1 expressions were measured by real-time PCR (D) and flow cytometry (E). F. The 

L428 line was transduced with A20 or Ctrl sgRNAs, selected and expression induced, then 

treated with the indicated concentrations of BV, ABCB1 inhibitor CsA, or both for 4 days. 

Viability was measured by MTS assay and normalized to PBS-treated cells. G. The HL cell 

line L428 was transduced with RBX1 or Ctrl sgRNAs, selected and expression induced, then 

treated with BV at the indicated concentrations for 4 days. Viability was measured by MTS 

assay and normalized to PBS-treated cells. H. The L428 line was transduced with RBX1 or 

Ctrl sgRNAs along with GFP. Surface CD30 expression in uninfected (GFP−) cells and 

sgRNA infected (GFP+) cells was measured by flow cytometry. The summary of three 

independent experiments is shown. The relative CD30 MFI was normalized to the 

uninfected (GFP−) cells. I. The L428 line was transduced with RBX1 or Ctrl sgRNAs, 

selected and expression induced, then treated with MMAE at the indicated concentrations 

for 4 days. Viability was measured by MTS assay and normalized to DMSO-treated cells. J 
and K. The L428 line was transduced with RBX1 or Ctrl sgRNAs, selected and expression 

induced. Relative ABCB1 expressions were measured by real-time PCR (J) and flow 

cytometry (K). L. The L428 line was transduced with RBX1 or Ctrl sgRNAs, selected and 

expression induced, then treated with the indicated concentrations of BV, ABCB1 inhibitor 

CsA, or both for 4 days. Viability was measured by MTS assay and normalized to PBS-

treated cells. For all the panels, Error bars denote SEM of triplicates. * indicates P < 0.05; ** 
indicates P < 0.01; n.s indicates no statistical difference.
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Figure 6: Targeting NF-κB in HL xenograft mice models.
A. NSG mice bearing L428 xenografts were treated with MLN120B (50mg/kg daily, n=9), 

HeFi-1 (0.1mg/mouse weekly, n=9), BV (0.4mg/kg every 4 days, n=9), the combination of 

MLN120B and HeFi-1 (same dosage dosing schedules as in single treatment groups, n=9), 

the combination of MLN120B and BV (same dosage dosing schedules as in single treatment 

groups, n=9), as well as vehicle controls (n=10). Tumor growth was measured as a function 

of tumor volume. Error bars denote SEM. B. Kaplan–Meier analysis of the survival of the 

tumor-bearing mice in the therapeutic studies of A. C. Mouse body weight changes, 

normalized to D0, in the experiments of A. Error bars denote SEM. D. Serum levels of 

human IL-6 5.5 weeks after inoculation of tumor cells, in the in the experiments of A. E. 
NSG mice bearing KMH2 xenografts were treated with BV (2.5mg/kg or 5mg/kg every 4 
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days), the combination of MLN120B (50mg/kg daily) and BV (2.5mg/kg or 5mg/kg every 4 

days), as well as vehicle controls. Tumor growth was measured as a function of tumor 

volume. F. The relapsed tumor after BV treatment in E., and the original tumor (vehicle 

treated) were harvested. The mRNA expression of ABCB1 and IL-6 were measured by real-

time PCR. Error bars denote SEM of triplicates. P were calculated comparing relapsed group 
and original group. ** indicates P < 0.01.
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