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Abstract
Aim: Bromodomain and extra-terminal domain (BET) proteins are epigenetic readers that play a 
fundamental role in transcription regulation. Preclinical and early clinical evidence sustain BET 
targeting as an anti-cancer approach. BET degraders are chimeric compounds comprising of a BET 
inhibitor, which allows the binding to BET bromodomains, linked to a small molecule, binder for an E3 
ubiquitin ligase complex, triggering BET proteins degradation via the proteasome. These degraders, called 
proteolysis-targeting chimeras (PROTACs), can exhibit greater target specificity compared to BET inhibitors 
and overcome some of their limitations, such as the upregulation of the BET proteins themselves. Here are 
presented data on the anti-tumor activity and the mechanism of action of the BET degrader MZ1 in diffuse 
large B cell lymphoma (DLBCL) of the activated B-cell like (ABC, ABC DLBCL), using a BET inhibitor as 
a comparison.
Methods: Established lymphoma cell lines were exposed for 72 h to increasing doses of the compounds. Cell 
proliferation was evaluated by using an 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazoliumbromide (MTT) 
assay. Fluorescent-Activated Cell Sorter (FACS) analysis was performed to measure apoptotic activation and 
RNA sequencing (RNA-Seq) to study the transcriptional changes induced by the compounds.
Results: MZ1, and not its negative control epimer cisMZ1, was very active with a median half maximal 
inhibitory concentration (IC50) of 49 nmol/L. MZ1 was more in vitro active than the BET inhibitor 
birabresib (OTX015). Importantly, MZ1 induced cell death in all the ABC DLBCL cell lines, while the BET 
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inhibitor was cytotoxic only in a fraction of them. BET degrader and inhibitor shared partially similar changes 
at transcriptome level but the MZ1 effect was stronger and overlapped with that caused cyclin-dependent 
kinase 9 (CDK9) inhibition.
Conclusions: The BET degrader MZ1 had strong cytotoxic activity in all the ABC DLBCL cell lines that 
were tested, and, at least in vitro, it elicited more profound effects than BET inhibitors, and encourages 
further investigations.

Keywords
BET, bromodomain, bromodomain-containing protein 4, lymphoma, diffuse large B-cell lymphoma, 
proteolysis-targeting chimeras, immuno-oncology, epigenetics

Introduction
Diffuse large B cell lymphoma (DLBCL) comprises two biologically distinct entities that are referred to as 
germinal center B-cell (GCB) and activated B-cell (ABC) subtype [1-3]. These two subtypes of DLBCL have 
different survival patterns with a substantially worse outcome for ABC than GCB DLBCL patients when 
treated with standard chemoimmunotherapy [1]. ABC and GCB DLBCL show different gene expression 
profiles and display specific oncogenic pathway perturbations, such as a constitutively active nuclear factor 
kappa B (NF-κB) and Janus tyrosine kinase (JAK)/ signal transducer and activator of transcription 3 (STAT3) 
signaling in the ABC subtype [2, 3]. More recent studies have further defined the subclassification of 
DLBCL, identifying a series of genetically defined subclusters including the largely overlapping MCD and 
cluster 5 (C5), exclusively comprising ABC DLBCL and associated with dismal survival [4-6].

Preclinical [7-10] and early clinical [11, 12] data show that ABC DLBCL can be sensitive to 
pharmacological inhibition of the proteins belonging to the bromodomain and extra-terminal 
domain (BET) family. BET proteins are epigenetic readers that play a fundamental role in transcription 
regulation [13-15]. They include the ubiquitously expressed bromodomain-containing protein 2 (BRD2), 
BRD3, and BRD4 and the testis-restricted bromodomain testis-specific protein (BRDT). BET proteins share 
an extra-terminal domain (ET), conserved N-terminal bromodomains [BD; first bromodomain (BD1) and 
second bromodomain (BD2)], and, only in BRD4 and BRDT, a C-terminal domain. BET proteins are localized 
at acetylated lysine residues on promoter regions and enhancers of active genes, where they recruit 
transcriptional regulatory complexes to acetylated chromatin and regulate transcription initiation and 
elongation. The precise function of each BET protein is not well defined, and they present only partial 
overlaps among them in terms of interacting proteins, an indication that they likely have a different function 
in different cellular contexts [16-19]. BET inhibitors block the binding of BET proteins to acetylated histones, 
and since they do this targeting the BD conserved regions, the majority of them are pan-BET inhibitors, even 
if they present differences in their preferential binding to BD1, BD2, or both [15]. BET inhibitors repress 
the transcription of active genes, as key oncogenes, and anti-apoptotic proteins [20, 21]. The inhibition of 
transcription is particularly strong for those transcripts with regulatory regions with a high enrichment for 
the binding of transcriptional coactivators, such as BRD4. Among genes that are inhibited by BET inhibitors, 
there are genes essential for ABC DLBCL cells [7-9, 22]. BRD4 can also regulate the NF-κB signaling also 
by directly binding to the RelA protein [23]. Finally, Eμ-BRD2 transgenic mice over-expressing BRD2 in the 
B-cell compartment, develop aggressive B-cell leukemias and lymphomas resembling DLBCL with an ABC 
phenotype [24, 25]. Although BET inhibitors are active in all ABC DLBCL cell lines, their activity is largely 
cytostatic with a strong induction of apoptosis limited to cell lines bearing somatic mutations in essential 
genes such as myeloid differentiation factor 88 (MYD88) and cluster of differentiation 79B (CD79B) [9, 10], 
representative of the genetically defined subclusters MCD/C5 [4-6].

The clinical results so far obtained with BET inhibitors have been rather limited [11, 12, 15, 26-33]. One 
of the main factors that limit the anti-tumor activity of BET inhibitors is the frequently induced upregulation 
of BET proteins themselves [15, 34-37]. This limitation is overcome by the use of BET degraders, compounds 
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based on the concept of proteolysis-targeting chimeras (PROTACs) and consisting in a BET inhibitor moiety, 
linked to an additional small molecule which recruits an E3 ubiquitin ligase complex, triggering BET protein 
ubiquitination and proteasome-mediated degradation [38-40]. BET degraders with different BET-binding 
motives and E3 recruiters have been generated [15, 41]. MZ1 is a potent BET degrader composed of the BET 
inhibitor JQ1 for its BET BD binding and a ligand for the E3 ubiquitin ligase von Hippel-Lindau (VHL) for 
proteasomal degradation [42]. Here, we present data on the anti-tumor activity of MZ1 in ABC DLBCL in vitro 
and in vivo models.

Materials and methods
Cell lines and molecules
Seven established ABC DLBCL cell lines (HBL1, OCI-LY-10, OCI-LY-3, RI-1, SU-DHL-2, TMD8, and U2932) 
were all validated for their cell identity by short tandem repeat (STR) DNA fingerprinting (Promega 
GenePrint 10 System kit) [43]. All media were supplemented with fetal bovine serum (FBS; 10%), 
penicillin-streptomycin-neomycin (~5,000 units penicillin, 5 mg streptomycin and 10 mg neomycin/mL, 
Sigma), and L-glutamine (1%). MZ1 and cisMZ1 were synthesized following a previously established synthetic 
route [42], while birabresib (OTX015) was purchased (Selleck Chemicals, Houston, TX, USA). All the molecules 
were dissolved in dimethyl sulfoxide (DMSO) at 10 mmol/L stock solution.

Cell proliferation assay
The antiproliferative activity of MZ1, cisMZ1, and birabresib as a single agent was assessed as previously 
described [9]. The compounds were serially diluted in the appropriate tissue culture medium, at a range 
of 0.95-1,000 nmol/L, and added to cells (two biological replicates) at a maximum of 0.1% DMSO (v/v). 
Cells were incubated for 72 h at 37°C, 5% CO2. DMSO alone was added to negative control (untreated) cells. 
Wells containing medium only were included on each plate and served as blanks for absorbance readings. 
3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazoliumbromide (MTT, Sigma-Aldrich Chemie GmbH, Buchs, 
Switzerland) was prepared as a 5 mg/mL stock in phosphate buffered saline (PBS) and filter-sterilized. MTT 
solution (20 μL) was added to each well and tissue culture plates were incubated at 37°C for 4 h. Cells were 
then lysed with 25% sodium dodecyl sulfate (SDS) lysis buffer (50 μL) and absorbance was read at 570 nm 
using Cytation3 plate reader (Biotek Instruments, VT, USA). The doses corresponding to the half maximal 
inhibitory concentration (IC50) and area under the curve (AUC) were estimated by fitting a sigmoidal model 
through the dose-response curve using the R statistical package (www.r-project.org).

Immunoblotting analysis
Immunoblots of cell line protein extracts were performed as previously described [44]. Proteins were 
extracted in an appropriate volume of mammalian protein extraction reagent (M-PER) lysis buffer added 
with protease and phosphatase inhibitors (Thermo Fisher Scientific, MA, USA). The protein content was 
determined using the bicinchoninic acid (BCA) protein assay (Pierce Chemical Co). Lysates were fractionated 
by 8% SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Membranes were incubated with the primary 
antibodies overnight, followed by the appropriate horseradish peroxidase-conjugated anti-mouse or 
anti-rabbit secondary antibodies (Amersham Life Science) for 1 h. Enhanced chemiluminescence detection 
was then done following the manufacturer’s instructions (Amersham Life Science). Equal loading of samples 
was confirmed by probing for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or actin. Used antibodies 
are pSTAT3-Tyr705 (CST 9131), STAT3 (CST 9139), MYC (CST D3N8F), (Cell Signaling Technology CST, 
Danvers, MA, USA); BRD4 (SC-48772), BRD3 (SC-81202), BRD2 (SC-81825), (Santa Cruz Biotechnology, Santa 
Cruz, CA, USA) and GAPDH (FF26A, Centro Nacional De Investigaciones Oncologicas CNIO, Madrid, Spain).

Cell cycle and apoptosis assay
Cell cycle was performed as previously described [9]. Briefly, 1 × 106 cells/mL were cultured for 72 h, 
harvested and washed twice in PBS with 1% FBS, permeabilized with 70% ethanol, and resuspended in PBS 
with propidium iodide (PI; 1 mg/mL, Sigma-Aldrich) and ribonuclease (RNase). After 20 min of incubation, 

https://doi.org/10.37349/etat.2021.00065
http://www.r-project.org


Explor Target Antitumor Ther. 2021;2:586-601 | https://doi.org/10.37349/etat.2021.00065 Page 589

cells were analyzed using flow cytometer [BD Fluorescent-Activated Cell Sorter (FACS) Canto I]. The analysis 
of the percentage of cell death the percentages of cells in G1, S, and G2/M phases of the cell cycle was 
determined using the Watson Pragmatic model and the FlowJo software (TreeStar Inc., Ashland, OR, USA). 
Cells (3 × 105 cells/mL) were cultured for 72 h, and the percentage of viable and apoptotic cells [Annexin V 
positive/7-Aminoactinomycin D (7AAD) negative and Annexin V positive/7AAD positive] was determined by 
double staining the cells with Annexin V-FITC/7AAD.

In vivo experiment
Mice maintenance and animal experiments were performed under the institutional guidelines established 
for the Animal Facility and with study protocols approved by the local Cantonal Veterinary Authority (license 
TI-23/2015). NOD.CB17-Prkdcscid/NCrHsd (NOD-SCID) mice were obtained from The Harlan Laboratory 
(S. Pietro al Natisone, Udine, IT). Xenografts were established by injecting TMD8 lymphoma cells (15 × 106 
cells/mouse, 200 µL of PBS) into the left flanks of female NOD-SCID mice (6 weeks of age, approximately 
20 g of body weight). Compounds were dissolved in 25% hydroxypropyl-beta-cyclodextrin (HP-β-CD), and 
adjusted pH 6.0 in an application volume of 4 ml/kg, as previously done [45]. Tumor size was measured on 
regular basis and until tumors reached around 5 mm in diameter (100 mm3). The body condition scoring 
was used to assess mice’s health status [46]. Differences in tumor volumes [(length × width × width)/2] were 
calculated using the Wilcoxon rank-sum test (Stata/SE 12.1 for Mac, Stata Corporation, College Station, TX). 
The P-value (P) for significance was < 0.05.

Transcriptome profiling
RNA was extracted and processed for RNA sequencing (RNA-Seq; stranded, single-ended 75 bp-long 
sequencing reads) using the NEBNext Ultra Directional RNA Library Prep Kit for Illumina (New 
England BioLabs Inc., Ipswich, MA, USA) on a NextSeq 500 (Illumina, San Diego, CA, USA) as previously 
described [47]. Data mining was performed as previously described [48]. Differentially expressed transcripts 
were defined as those with an average normalized log expression [counts per million reads mapped (cpm)] 
of at least 2, presenting an absolute |logFC| > 1 and Benjamini-Hochberg (BH) multiple tests corrected 
P value [false discovery rate (FDR)] < 0.05. Functional annotation was done using Gene Set Enrichment 
Analysis (GSEA) on fold-change pre-ranked lists of genes considered differentially expressed. Genesets from 
the MSigDB collection (hallmark, c2cpg, c2cp, c6) [49], SignatureDB [50] and from different experimental 
conditions [9, 10, 44], applying as thresholds P < 0.05 and FDR values < 0.1. Omics playground tool [51] was 
used to compare the expression profiles against the L1000 drug expression database [52]. Expression data 
are available at the National Center for Biotechnology Information Gene Expression Omnibus (GEO number, 
GSE152497; http://www.ncbi.nlm.nih.gov/geo) database. The transcriptome study was performed in the 
context of a larger work assessing also other agents; hence, the DMSO and the birabresib raw data have been 
previously reported [53].

Results
The BET degrader MZ1 has in vitro cytotoxic activity in ABC DLBCL
Seven cell lines derived from ABC DLBCL were exposed for 72 h to the BET degrader MZ1, its negative 
control epimer cisMZ1 and, as a comparison, the pan-BET inhibitor birabresib which has shown early 
clinical activity [12, 27]. MZ1 was very active with a median IC50 of 49 nmol/L [95% confidence interval (CI), 
10.16-126.76 nmol/L] and a median AUC of 14,789 (95% CI, 1,302-32,997) (Figure 1A, Table 1, Figure S1). 
The BET degrader was more active than the BET inhibitor, which presented a median IC50 of 126 nmol/L 
(95% CI, 77.83-446.64 nmol/L; P = 0.024) and a median AUC of 33,067 (95% CI, 17,690-53,025; birabresib 
vs. MZ1, P = 0.012). No activity was seen with cisMZ1, which showed a median AUC of 89,072 (95% CI, 
86,715-99,547; cisMZ1 vs. birabresib, P < 0.001; cisMZ1 vs. MZ1, P < 0.001).

MZ1 (500 nmol/L) induced an accumulation of OCI-LY-10 cells in the subG0 phase already after 24 h of 
treatment, while birabresib (500 nmol/L) induced G0/G1 accumulation in agreement with what previously 
reported (Figure 1B-C) [9]. Both effects were more pronounced at 72 h. No changes in the cell cycle occurred 
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with cisMZ1. MZ1 tested at IC50 concentration in four ABC DLBCL cell lines for 72 h showed that MZ1 induces 
cell death in only 1/4 cell lines more than birabresib (TMD8), while the latter is inducing more cell death in 
2/4 cells (HBL1, SUDHL2) (Figure 1D).

Figure 1. Activity of MZ1, birabresib and cisMZ1 in ABC DLBCL cell lines. A. Seven ABC DLBCL lymphoma cell lines were 
exposed to increasing concentrations of MZ1, birabresib or cisMZ1 for 72 h. IC50 and AUC were calculated and showed in the in 
the box plots; B. cell cycle effects observed after 24 h and 72 h of treatment of OCI-LY-10 cells with birabresib, MZ1 and cisMZ1 
(500 nmol/L); C. representative plots obtained after 72 h of treatment at 500 nmol/L; D. apoptotic effect of the BET degrader 
MZ1 and birabresib in four ABC DLBCL cell lines tested at their IC50s, as in Table 1. Early and late apoptotic effect for 72 h was 
evaluated. DMSO vs. birabresib, P < 0.05. DMSO treatment was used as a control. MZ1, cisMZ1 and birabresib were dissolved in 
DMSO and maximum 0.1% DMSO was used for treatments. The Mann-Whitney U test was used to compare groups. * P < 0.05;  
*** P < 0.001

Table 1. Activity of MZ1, birabresib and cisMZ1 in ABC DLBCL cell lines

Cell line MZ1 (nmol/L) Birabresib (nmol/L) CisMZ1 (nmol/L)
IC50 AUC IC50 AUC IC50 AUC

HBL1 61.68 17,036 292.38 43,057 > 2,000 89,050
OCI-LY-10 4.39 1,302 125.91 33,067 > 2,000 94,936
OCI-LY-3 22.76 3,934 98.35 26,973 > 2,000 89,072
RI-1 134.88 32,997 394.42 50,586 > 2,000 86,715
SU-DHL-2 48.95 14,789 68.42 17,690 > 2,000 88,269
TMD8 39.10 6,847 106.92 19,826 > 2,000 99,547
U2932 109.03 24,749 470.57 53,025 > 2,000 96,221

Median IC50 48.95 125.91 n.a.
95% CI 10.16-126.76 77.83-446.64 n.a.

Median AUC 14,789 33,067 89,072
95% CI 1,302-32,997 17,690-53,025 86,715-99,547
Seven ABC DLBCL lymphoma cell lines were exposed to increasing concentrations of MZ1, birabresib or cisMZ1 for 72 h. Table 
shows the IC50 and AUC values for each cell line, 95% CI of median IC50 and AUC for each drug. n.a.: not avalable

The BET degrader MZ1 strongly suppresses BRD4 and MYC protein levels
Since MZ1 presented a stronger anti-tumor activity than birabresib, we assessed its effect on proteins 
known to be affected by BET inhibitors. We exposed four ABC DLBCL cell lines to the two compounds for 
4 h (Figure 2). MZ1 determined a strong down-regulation of its direct target BRD4 and of the other BRD 
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proteins (BRD2 and BRD3) and abrogated MYC protein levels. Birabresib-induced MYC down-regulation was 
less than after MZ1 and induced an up-regulation of BRD2, BRD3, and BRD4. The MZ1 negative control epimer 
cisMZ1 did not cause any protein change. Based on the reported mechanism of action of BET inhibitors in 
ABC DLBCL [7, 9], we analyzed the effect of MZ1 on phosphorylated STAT3 (pSTAT3). We detected reduced 
phosphorylation in STAT3-Tyr705 after birabresib treatment, stronger with MZ1, while the protein expression 
level of total STAT3 was not affected by any treatment.

Figure 2. BRD proteins, MYC and pSTAT3 immunoblotting after birabresib or MZ1 treatment. Four ABC-DLBCL cell lines were 
treated with 500 nmol/L of DMSO, birabresib, MZ1 or cisMZ1. Protein extraction was performed after 4 h of exposure to the 
compound. GAPDH was used as a loading control. A. Representative immunoblottings; B. relative quantification of protein levels 
normalized to GAPDH

The BET degrader MZ1 has in vivo antitumor activity in ABC DLBCL
To confirm the anti-tumor activity of MZ1 in an in vivo model, we engrafted the ABC DLBCL cell line TMD8 in 
NOD-SCID mice and we treated them with MZ1 (100 mg/kg, i.p.; 3 days ON/4 days OFF), its negative control 
epimer cisMZ1 (100 mg/kg, i.p.; 3 days ON/4 days OFF) or with vehicle only (Figure 3). MZ1 presented 
ant-tumor activity at day 10 (P = 0.023) and 13 (P = 0.014) when compared to vehicle. The cisMZ1 did not 
decrease the growth of the tumor cells. Tumor weight was significantly different between MZ1 (median = 
1,098.4 mg, 95% CI 2,059.4-358) and vehicle (median = 2,388.7 mg, 95% CI 2,645-1,716.2; P = 0.012), and 
between MZ1 and cisMZ1 (median = 2,059.4 mg, 95% CI 2,498.3-1,945; P = 0.024). Treatments were well 
tolerated in mice, without significant signs of toxicity. Throughout treatment, mice were well-conditioned 
with a body condition score of body conditioning score 3 (BC3) for all groups.
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Figure 3. Antitumor in vivo activity of MZ1 in an ABC DLBCL model. Mice were treated with vehicle (i.p., 3 days ON/4 days OFF), 
MZ1 (100 mg/kg i.p., 3 days ON/4 days OFF), cisMZ1 (100 mg/kg, i.p., 3 days ON/4 days OFF). (A) Lines show median values 
per timepoint with the corresponding upper interquartile range. Y-axis, tumor volume in mm3; X-axis, days of treatment. (B) Tumor 
weight represented at autopsy illustrated as Tukey box plot showing the median and the 25-75 percentile of the treatments. 
* P < 0.05

The BET degrader MZ1 causes distinct transcriptome changes compared to birabresib
To assess the differences in transcription regulation, we exposed two ABC DLBCL cell lines (OCI-LY-10 and 
TMD8) to MZ1 (100 nmol/L), birabresib (100 nmol/L), or DMSO for 6 h (Figure 4, Figure S2, Table S1A-B). 
Considering coding genes, the number of differentially expressed transcripts was greater after MZ1 than after 
birabresib (MZ1 n = 885, birabresib n = 213; P = 0.0001, one tail Fisher’s exact test), indicating that the BET 
degrader MZ1 had a bigger impact on the transcriptome of ABC DLBCL than the BET inhibitor birabresib.

Figure 4. Volcano plots showing significantly upregulated (right quadrant in each plot) or down-regulated (left quadrant in each 
plot) transcripts after exposure to MZ1 (right panel) or birabresib (left panel) in two ABC DLBCL cell lines. Both MZ1 and birabresib 
were compared with DMSO. Y axis, log10-adjusted P-value; X axis, log2-fold changes after birabresib or MZ1 treatment

MYC signatures and MYC itself were downregulated by both molecules (Figure S3A, Table S2). Both MZ1 
and birabresib also downregulated signatures related to interferon, JAK/STAT pathway, MYD88, NF-κB and 
B-cell receptor (BCR) signaling (Figure S3B, Table S2). Different to birabresib, MZ1 upregulated transcripts 
related to translation, ribosomal proteins, and metabolism of RNA (Table S2).

The changes induced by both compounds overlapped with signatures for BET and histone 
deacetylase (HDAC) inhibitors and mammalian/mechanistic target of rapamycin (mTOR) inhibitors, but 
only the effect given by MZ1 was similar to what was reported for BET degraders such as ARV-771 and 
multiple cyclin-dependent kinase (CDK) inhibitors (Figure 5, Figure S4, Tables S2-S3).
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Figure 5. Drug connectivity enrichment plots showing the top pharmacological targets having similar or opposite enrichment in 
birabresib (left panel) or MZ1 (right panel) signatures obtained in two ABC DLBCL cell lines exposed to the two compounds or 
to DMSO, as control. RPL3: ribosomal protein L3; PDE3B: phosphodiesterase 3B; GSK3A: glycogen synthase kinase 3 alpha; 
NQO2: N-ribosyldihydronicotinamide:quinone reductase 2; PTGS1: prostaglandin-endoperoxide synthase 1; ESRRB: estrogen 
related receptor beta; ESRRG: estrogen related receptor gamma; MET: MET proto-oncogene, receptor tyrosine kinase; TNF: tumor 
necrosis factor; PDE5A: phosphodiesterase 5A; ESR2: estrogen receptor 2; MAP2K1: mitogen-activated protein kinase kinase 1; 
EGFR: epidermal growth factor receptor; CHRM2: cholinergic receptor muscarinic 2; HTR1E: 5-hydroxytryptamine receptor 1E; 
FFAR1: free fatty acid receptor 1; PRKACA: protein kinase CAMP-activated catalytic subunit alpha; ADORA3: adenosine A3 
receptor; PSMB1: proteasome 20S subunit beta 1; HTR2A: 5-hydroxytryptamine receptor 2A; AURKA: aurora kinase A

While genes coding for histones were upregulated by both BET degrader and inhibitor, HEXIM P-TEFb 
complex subunit 1 (HEXIM1) and sestrin 3 (SESN3), two other transcripts previously reported as commonly 
upregulated by BET inhibitors in multiple models [15, 36, 54-59], were upregulated only by birabresib but 
not by MZ1 (Table S1). As previously reported [60], the transcription factor 4 (TCF4) was downregulated by 
the BET inhibitor and especially by the degrader (Table S1).

Discussions
In this study, we showed that the BET degrader MZ1 had in vitro and in vivo anti-tumor activity in ABC DLBCL 
cell lines. MZ1 specifically degraded BRD4, decreased the expression of MYC and the phosphorylation of 
STAT3. MZ1 was more potent in terms of anti-tumor activity and of modulation of the transcriptome than the 
BET inhibitor birabresib, which was used in parallel.

Among DLBCL, ABC DLBCL and especially its newly defined MCD/C5/MYD88 subtype are characterized 
by a poor outcome when patients are treated with the standard regimens [2-6]. The constitutive activation 
of the NF-κB and JAK/STAT3 signaling is perhaps the main feature of the lymphomas belonging to these 
subtypes [2-6]. Due to their strong suppression of this signaling axis, BET inhibitors have shown promising 
preclinical and early clinical activity in ABC DLBCL [7-12]. However, their efficacy has been limited by different 
factors, including an upregulation of BRD4 itself which follows the exposure to the drugs and hinders their 
anti-tumor activity [12, 15, 26-32, 34-37]. We showed that MZ1 induced cell death in all the ABC DLBCL cell 
lines tested, much more commonly than the BET-inhibitor, which had a much more limited cytotoxic capacity, 
in accordance with previous data [9]. The finding is in line with results obtained with other BET degraders in 
models derived from mantle cell lymphoma [61], and castration-resistance prostate cancer [62]. This effect 
is sustained by stronger effects on BRD4 than what is achieved with BET inhibitors. Indeed, while both MZ1 
and birabresib downregulated MYC, BRD4 was degraded specifically by the BET degrader, as its typical effect 
of the E3 ligase recruitment to the proteasome. The difference between BET inhibitors and degraders is that 
the latter not only blocks the binding of the BET protein to histones, but it completely removes the protein, 
also avoiding a rebound in protein levels, often seen after BET inhibitors [35].

Similarly to what was seen for cell death, also RNA-seq experiments revealed a bigger effect for MZ1 than 
birabresib, but the distribution of up and down transcripts was quite similar, with the down-regulation of MYC 
and MYC targets, genes coding members of the interferon, JAK/STAT3 (including pSTAT3 downregulation), 
MYD88, NF-κB, and BCR signaling pathways. However, the comparison between transcriptional changes 
induced by the BET degrader MZ1 and the BET inhibitor birabresib also identified differences. The changes 
induced by MZ1, and not by birabresib, overlapped with the signatures reported for inhibitors of CDKs, 
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including CDK9. CDKs are composed of a serine/threonine-catalytic domain and by a cyclin-binding domain 
which binds the regulatory subunit to control kinase activity and substrate specificity [63]. They have a 
fundamental role in cell cycle regulation, transcriptional control of cell cycle transition, regulation of RNA 
polymerase (RNA Pol II), proteolytic degradation, and epigenetic machine. Many CDK/cyclin complexes have 
a catalytic activity towards the C-terminal repeat domain of RNA Pol II. As an example, CDK9 and cyclin T 
belong to the positive transcription elongation factor b (P-TEFb), promoting transcription elongation. The 
transcriptional changes mediated by the BET degrader in ABC DLBCL cells correlate with that induced by 
CDK9 inhibitors, in line with results available in acute leukemias [64]. The expression profile of the BET 
degrader dBET6 correlates more with the changes induced by NVP-2, a potent and selective adenosine 
5’-triphosphate (ATP)-competitive inhibitor of CDK9, than to the changes induced by JQ1 [64]. BET 
degradation does not affect CDK9 or cyclin T recruitment in the Pol II transcription elongation complex [64].

The interaction with the tumor microenvironment can sustain lymphoma cells’ growth and 
survival [3, 65]. Interestingly, BET inhibitors or degraders can represent a therapeutic approach to target the 
tumor cells both directly and via modulation of the tumor microenvironment [66]. BET degraders modulate 
the major histocompatibility complex class I (MHC-I) immunopeptidome inducing the presentation of 
peptides derived from BET proteins and other endogenous cellular proteins, which can be recognized by 
CD8+ T-cells [67]. In ABC DLBCL cells, MZ1 but not birabresib induced the expression of C-C motif chemokine 
ligand 3 (CCL3) and CCL4 (Table S1), two chemokines that can foster antitumor response [68-71]. CCL3 and 
CCL4 chemoattract the infiltration of neutrophils, macrophages, natural killer cells, and T cells to the tumor 
microenvironment. In the tumor-draining lymph nodes, antitumor immunity is driven by CCL3-dependent 
interferon gamma (IFNγ) production and CCL3-induced dendritic cells maturation [72]. In addition, in vitro 
and in vivo studies in Burkitt lymphoma cells suggest that CCL3 and CCL4 contribute to the rituximab-induced 
activation of the innate immunity system [73]. Nevertheless, some caution has to be taken into account, 
since the recruitment of immune cells could facilitate the survival of B-cell lymphoid neoplasms [74], and 
high CCL3 and CCL4 serum concentrations have been associated with an inferior outcome [75, 76]. The 
latter phenomenon reflects a strong BCR pathway activation in neoplastic B-cells [76] and leads to a higher 
sensitivity to BCR inhibitors [44, 76], which are indeed actually synergistic when combined with BET 
inhibition or degradation [44, 77-81].

In agreement with the literature [60], the transcription factor TCF4 was downregulated after exposure 
by both BET inhibitors and degraders. The gene is upregulated in ABC DLBCL when compared to GCB 
DLBCL [60], and indeed all but one of our cell lines, which were all derived from ABC DLBCL had indeed a 
gain or amplification of TCF4 locus.

HEXIM1 upregulation has been indicated as a good pharmacodynamic marker in clinical trials 
investigating BET inhibitors [15, 54, 55], but discordant data are available under exposure to BET 
degrader [61, 64]. We observed that, differently from birabresib, MZ1 did not determine HEXIM1 upregulation. 
Thus, in line with what was reported in T cell acute lymphoblastic leukemia cells exposed to JQ1 or to the BET 
degrader dBET6 [64], our data indicate that HEXIM1 levels do not appear an appropriate pharmacodynamic 
marker for BET degraders.

MZ1 has been shown active also in other tumor models [82-85], including in a canine DLBCL cell 
line [45], but one of the resistance mechanisms to PROTACs is the inactivation of the endogenous E3 ligases 
the compounds rely on to degrade their targets. MZ1 degrades BRD4 in colorectal cancer cell lines resistant 
to the BET degrader dBETi, which hijacks cereblon and not VHL [82]. Thus, compounds targeting the same 
protein but exploiting different E3 ligases might represent a modality to overcome resistance, and MZ1 could 
be implemented alongside the other BET degraders that have shown anti-lymphoma activity [61].

In conclusion, our data demonstrate the in vitro and in vivo anti-lymphoma activity of the BET degrader 
MZ1, characterized by the ability to induce cell death and wide effects on the transcriptome of ABC DLBCL 
cells, providing the rationale for its further development in this disease.
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