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ABSTRACT

Hodgkin [ymphoma and is characterized by a remarkable hetero-
- geneity with diverse variants that can be identified histologically
and molecularly. Large-scale gene expression profiling studies have iden-
tified the germinal center B-cell (GCB-) and activated B-cell (ABC-) sub-
types. Standard chemo-immunotherapy remains standard front-line
therapy, curing approximately two thirds of patients. Patients with
refractory disease or those who relapse after salvage treatment have an
overall poor prognosis highlighting the need for novel therapeutic strate-
gies. Transducin B-like protein 1 (TBL1) is an exchange adaptor protein
encoded by the TBL1X gene and known to function as a master regulator
of the Wnt signaling pathway by binding to f-CATENIN and promoting
its downstream transcriptional program. Here, we show that, unlike nor-
mal B cells, DLBCL cells express abundant levels of TBL1 and its overex-
pression correlates with poor clinical outcome regardless of DLBCL
molecular subtype. Genetic deletion of TBL1 and pharmacological
approach using tegavivint, a first-in-class small molecule targeting TBL1
(Iterion Therapeutics), promotes DLBCL cell death in vitro and in vivo.
Through an integrated genomic, biochemical, and pharmacologic analy-
ses, we characterized a novel, B-CATENIN independent, post-transcrip-
tional oncogenic function of TBL1 in DLBCL where TBL1 modulates the
stability of key oncogenic proteins such as PLK1, MYC, and the
autophagy regulatory protein BECLIN-1 through its interaction with a
SKP1-CUL1-F-box (SCF) protein supercomplex. Collectively, our data
provide the rationale for targeting TBL1 as a novel therapeutic strategy
in DLBCL.

h D iffuse large B-cell lymphoma (DLBCL) is the most common non-
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Introduction

Diffuse large B-cell lymphoma (DLBCL) comprises the
majority of adult non-Hodgkin lymphoma cases world-
wide and is traditionally categorized, based on the
molecular profile, into two major subtypes, germinal
center B-cell (GCB) and activated B-cell (ABC) lym-
phoma, mirroring the cell of origin as well as reflecting
the differences in clinical outcomes.”® DLBCL is curable
in 40-60% of the cases following standard front-line
immuno-chemotherapy.* However, patients with refrac-
tory disease, those who relapse after salvage chemother-
apy and autologous stem cell transplant or chimeric anti-
gen receptor T-cell therapy have an overall poor progno-
sis highlighting the need for novel therapeutic approach-
es."*

Transducin B-like protein 1 (TBL1), encoded by the
TBL1X gene, is an adaptor protein initially identified as a
core component of the co-repressor silencing mediator
for retinoid and thyroid hormone receptor (SMRT)-
nuclear receptor co-repressor (N-COR) complex.”
SMRT/N-COR form a complex with TBL1, BCL6, and
other proteins leading to transcriptional repression of tar-
get genes through HDACS-mediated H3K9 deacetyla-
tion.”"* Subsequently, TBL1 was found to be a key player
in enhancing the canonical Wnt signaling pathway by
directly binding to B-CATENIN and recruiting it to the
promoter of Wnt target genes (MYC, BIRC5, CCND1) to
promote uncontrolled cell proliferation and survival.”*"*
Previous work also showed that TBL1 binds to a S-phase
kinase-associated protein 1 (SKP1)/Cullin-1(CUL1)/F-box
protein complex (SCF complex) and protects p-
CATENIN from proteasomal degradation.”®"* Tegavivint
(Iterion Therapeutics) is a first-in-class small molecule
compound that binds directly to the N-terminal domain
of TBL1 and disrupts TBL1/B-CATENIN interaction lead-
ing to B-CATENIN degradation and subsequent down-
stream inhibition of the Wnt transcriptional program.'
Tegavivint has shown significant activity in preclinical
models of acute myeloid leukemia (AML) and multiple
myeloma (MM).*"

Here, we report that, unlike normal B cells, DLBCL
cells express abundant levels of TBL1 regardless of the
molecular subtype and its overexpression correlates with
poor clinical outcome. We demonstrate that both TBL1
genetic deletion and pharmacologic targeting with tega-
vivint induce DLBCL cell death in vitro and in vivo. More
importantly, we show that B-CATENIN is dispensable
for DLBCL cell survival and plays a minimal role in the
tegavivint-mediated attenuation of known Wnt targets.
Through an integrated genomic, biochemical, and phar-
macologic approach we detail the crucial role played by
TBL1 in controlling the stability of critical regulatory pro-
teins involved in cell proliferation and autophagy induc-
tion. Our findings provide the rational for targeting TBL1
in DLBCL.

Methods

Cell lines and primary samples

DLBCL cell lines were purchased from ATCC and identity con-
firmed via short tandem repeats profiling (University of
Arizona).” Peripheral blood and tonsils from healthy donors and
peripheral blood, bone marrow samples, and lymph nodes from

DLBCL patients were obtained following written informed con-
sent under a protocol approved by the Institutional Review Board
of OSU in accordance with the Declaration of Helsinki.

Tissue microarray and immunohistochemistry

Details on tissue microarray (TMA) preparation and immuno-
histochemistry (IHC) are presented in the Online Supplementary
Appendix.

Gene knock-down using short hairpin RNA and CRISPR-
Cas9 system

TBL1X, CTNNB1, and CAND1 were genetically silenced using
pLKO.1 short hairpin RNA (shRNA) vectors (Mission® shRNA,
Sigma). Details are presented in the Omnline Supplementary
Appendix.

Immunoblot and co-immunoprecipitation assay
Details are presented in the Online Supplementary Appendix (see
Online Supplementary Table S4).

RNA extraction and real-time polymerase chain
recation

Details are presented in the Online Supplementary Appendix (see
Online Supplementary Table S5).

Chromatin-immunoprecipitation (ChlP)-sequencing and
ChIP-polymerase chain reaction

For chromatin-immunoprecipitation-sequencing (ChIP-Seq)
assays, 5x10° Pfeiffer and Riva cells treated with either vehicle
control or tegavivint for 12 hours were processed according to
Active Motif protocols.” All raw sequence data are available in
the Gene Expression Omnibus (GSE148232). ChIP-polymerase
chain reaction (ChIP-PCR) was performed according to standard
procedures. Details are presented in the Online Supplementary
Appendix.

Confocal microscopy, proximity ligation assay,
cytotoxicity assay and transmission electron microscopy
Details are presented in the Online Supplementary Appendix.

Animal studies

Animal studies were approved by the OSU Institutional Animal
Care and Use Committee. Experimental details for the animal
studies with tegavivint are included in the result section. For the
in vivo TBL1X knock-down experiment, luciferase and Cas9 posi-
tive Riva cells were transduced with either doxycycline-inducible
single guide RNA (sgRNA) targeting TBL1X or vector control only
using a lentiviral luciferase vector previously described.” 20x10°
of engineered Riva cells were engrafted into NSG mice via tail
vein injection. On day 283, the tumor burden was visualized after
intraperitoneal administration of 200 uL of D-luciferin potassium
salt (Caliper Life Sciences) in phospate buffered saline using i vivo
live-imaging system (IVIS) (Perkin Elmer Inc.). Additional details
are presented in the Online Supplementary Appendix.

Statistical analysis

All the experiments include at least three independent repli-
cates and results were expressed as the mean + standard error of
the mean (SEM). For correlated data such as patient cells treated
with different conditions, paired r-tests for two group compar-
isons or linear mixed effects models for two or more group com-
parisons were used for analysis. Otherwise, for independent data,
two-sample #-tests and analysis of variance (ANOVA) were used
for comparisons between two groups and among more than two
groups respectively. Survival analysis was performed using log-



rank test or Cox proportional hazard regression models. P-values
<0.05 were considered significant after Holm’s procedure adjust-
ment for multiple comparisons.

Results

TBL1 is overexpressed and correlates with clinical
outcome in diffuse large B-cell lymphoma regardless of
its molecular subtype

Immunoblot analysis showed abundant levels of TBL1
protein expression in seven DLBCL cell lines regardless of
the molecular subtype (four GCB and three ABC, Figure
1A) and in primary DLBCL patient samples (n=4) (Figure
1B) (patient characteristics are listed in the Omnline
Supplementary Table S1) compared to normal peripheral
blood B cells and CD10°CD19" sorted germinal center B
cells from reactive tonsils (sorting strategy in the Online
Supplementary Figure S1). In order to validate our findings,
we performed IHC staining of TBL1 in tissue samples
obtained from 83 primary de novo DLBCL patients uni-
formly treated with front-line R-CHOP (46 GCB- and 37
ABC-subtype, Figure 1C; Online Supplementary Figures S2 to
S4; patient characteristics are listed in the Ounline
Supplementary Tables S2 and S3). In our cohort, the percent-
age of DLBCL cells with strong (brown) TBL1 staining
(similar to the intensity seen in the positive controls)
ranged from 5% to 90% (GCB-DLBCL: mean percentage
of positive cells 46%; range, 5-85%; ABC-DLBCL: mean
percentage 49 %; range, 5-90%) compared to 5% to 15%
with a mean of 8% in tonsils with reactive lymphoid
hyperplasia (n=5; P=0.0001). Normal GCB were identified
by co-staining with CD10 (brown) and TBL1 (red) and co-
expression showed in yellow (Figure 1C) or with TBL1 sin-
gle staining (Online Supplementary Figure S2)”* No signifi-
cant difference in the TBL1 expression patterns was seen
between GCB- and ABC-DLBCL (dot plot in Figure 1C).
Using the median percentage of TBL1 positive lymphoma
cells (50% for GCB-DLBCL and 55% for ABC-DLBCL),
patients were classified into high or low expressors.
Importantly, a high percentage of TBL1 positive DLBCL
cells was associated with significantly inferior progression
free survival (PFS) and overall survival (OS) in both ABC-
and GCB-DLBCL (Figure 1D). However, the negative prog-
nostic impact of TBL1 positivity on PFS/OS did not persist
after adjusting for International Prognostic Index (IPI) and
IPI factors in a Cox multivariate model.

TBL1 is critical for diffuse large B-cell ymphoma cell
survival

In vitro TBL1 knock-down using either a doxycycline-
inducible CRISPR-Cas9 system or a TBL1X-specific shRNA
was associated with significant DLBCL cell death regard-
less of the molecular subtype (Figure 2A) (P<0.05). Next,
luciferase positive Riva cells were stably transduced with
Cas9 and a doxycycline-inducible sgRNA targeting TBL1X
exon 2 (guide 1). Prior to engraftment, efficient TBL1
knock-down after doxycycline induction was verified in
vitro (Online Supplementary Figure S5). NSG mice (n=8 per
group) received doxycycline (100 mg/kg) daily via oral gav-
age starting at day 24 after successful engraftment was ver-
ified by IVIS on day 23. TBL1 knock-down induced tumor
regression after 5 days of doxycycline treatment as docu-
mented by i vivo imaging system (IVIS) and significantly
prolonged the survival of these animals compared to con-
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trol [median OS 48 days vs. 38 days, respectively,
(P=0.0004)] (Figure 2B).

Next, we tested the i vitro cytotoxicity of tegavivint. As
shown in Figure 3A and B, 24 hours treatment with tega-
vivint (2-100 nM) induced significant DLBCL cell death in
eight DLBCL cell lines (four GCB and four ABC) and pri-
mary DLBCL samples (n=8; patient characteristics are list-
ed in the Online Supplementary Table S1) compared to the
vehicle control (P<0.001). Importantly, cytotoxic studies on
normal resting and activated immune cell subsets from the
peripheral blood of healthy donors (n=3) incubated for 24
hours with the highest concentration of tegavivint (100
nM) showed no significant toxicity on B and natural killer
(NK) cells while marginal toxicity (<10% decrease in via-
bility) was noted in activated (P=0.0287) but not resting T
cells, consistent with their low TBL1 expression (Online
Supplementary Figure S6A and B). In support of a selective
TBL1-mediated DLBCL cell death, tegavivint lost the
majority of its cytotoxic activity in DLBCL cells when
TBL1 was efficiently knocked-down via shRNA (Online
Supplementary Figure S7).

In order to evaluate the activity of tegavivint in vivo, we
employed three murine models representative of dissemi-
nated ABC- and GCB-DLBCL. i) Seven-week-old NSG
mice were engrafted with 20x10° Riva cells (ABC-DLBCL)
via tail vein injection. Mice in groups of five were then ran-
domized to receive either vehicle control or tegavivint at
25 mg/kg every 3 days via tail vein injection starting at day
7 post engraftment. Tegavivint significantly prolonged sur-
vival in the treated group (median OS of tegavivint vs. vehi-
cle control mice 33 vs. 27 days, P=0.0031) (Figure 3C).
Notably, 4 of 5 tegavivint-treated mice died of central nerv-
ous system (CNS) involvement with minimal systemic dis-
ease evaluated by the spleen size (Figure 3C) consistent
with the known limited CNS penetration property of tega-
vivint. ii) Seven-week-old NSG mice were engrafted with
40x10° SU-DHL10 cells (GCB-DLBCL) via tail vein injec-
tion. Mice in groups of ten were then randomized to
receive either vehicle control or intravenous tegavivint at
25 mg/kg starting at day 3 post engraftment on a twice
weekly schedule (Monday-Thursday). Tegavivint signifi-
cantly prolonged survival in the treated group (median OS
of tegavivint vs. vehicle control mice 47 vs. 34.5 days,
P=0.0002) (Figure 3D). ii) Seven-week-old NSG mice were
tail vein engrafted with 1x10° of passage 3 DFBL-18689
cells from an ABC-DLBCL patient derived xenograft (PDX)
mouse model obtained from the public repository of
xenografts (Proxe).” Mice in groups of five were then ran-
domized to receive either vehicle control or tegavivint at
25 mg/kg via tail vein injection on a twice weekly schedule
(Monday-Thursday) starting at day 3 post engraftment.
Tegavivint significantly prolonged the survival of the treat-
ed animals (median OS of tegavivint vs. vehicle control
mice 55 vs. 37 days, P=0.0026) (Figure 3E; Online
Supplementary Figure S8).

Collectively, these data demonstrate that TBL1 is a novel
therapeutic target in DLBCL and that tegavivint induces
the desired pharmacologic effect by exhibiting selective
TBL1-mediated lymphoma cell death with very limited
toxicity to normal immune cells.

TBL1 modulates Wnt targets in a novel,

post-transcriptional, 3-CATENIN independent manner
Co-immunoprecipitation (Co-IP) experiments in Riva

and Pfeiffer cells showed that treatment with tegavivint

TBL1 modulates prosurvival proteins stability -
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Figure 1. TBL1 is abundantly expressed and correlates with clinical outcome in diffuse large B-cell ymphoma. (A) Immunoblot showing abundant TBL1 expression
in whole cell lysates from the indicated germinal center B-cell (GCB)- and activated B-cell (ABC)-diffuse large B-cell ymphoma (DLBCL) cell lines compared to normal
resting and activated peripheral blood (PB) and germinal center (GC) B cells (n=3). (B) Immunoblot showing abundant TBL1 expression in whole cell lysates from
four primary DLBCL patient (Pt) samples compared to normal B-cells and peripheral blood mononuclear cells (PBMC). ACTIN was used as loading control; mantle
cell lymphoma cell line (Jeko) was used as positive control (+Ctl) for (A)-(B). (C) Immunohistochemical (IHC) staining of lymph nodes involved by ABC- and GCB-DLBCL
(at 40x and 100x) showing strong (dark) nuclear and cytoplasmic positivity for TBL1. As comparison, tonsillar germinal center were co-stained with CD10 (brown)
and TBL1 (red). TBL1-CD10 co-expression at 40x and 100x is shown in yellow (black arrows) using the Nuance Multispectral Imaging System (model 3.0.2) and co-
localization tool which allows to select any color for co-localization evaluation. Positive controls (tonsillar epithelium [left] and breast ductal carcinoma [right]) are
both shown at 40x and 100x. Dot plot showing percentage of TBL1 positive lymphoma cells by IHC staining in DLBCL patient samples (n=83 total with 46 GCB-
DLBCL and 37 (ABC-DLBCL) to reactive tonsillar germinal center controls (n=5). Data represent median percentage of TBL1 positive cells + standard deviation.
**%P<0.0005 by ANOVA. (D) Percentage of TBL1 positive lymphoma cells (=55% for ABC-DLBCL and >50% for GCB-DLBCL) inversely correlated with progression
free survival (PFS) and overall survival (OS) in de novo GCB- and ABC-DLBCL patients treated with front-line R-CHOP chemotherapy. P-values were determined using
the log-rank tests.

for 12 hours led to the disruption of TBL1/B-CATENIN

resulted in decreased protein levels of B-CATENIN, MYC
interaction (Figure 4A) which was further confirmed via

and SURVIVIN with no effect on TBL1 expression when

PLA (Figure 4A; Online Supplementary Figure S9A and B).
ChlIP-seq analysis in the same cell lines revealed that
genome-wide TBL1 promoter occupancy was not signifi-
cantly affected by tegavivint treatment for 12 hours
(Online Supplementry Figure S10A) while ChIP-PCR valida-
tion of selected Wnt/B-CATENIN target genes showed
selective loss of B-CATENIN recruitment to the promot-
ers of MYC and BIRCS (Figure 4B) upon treatment
(P<0.0005), TBL1 recruitment was unaffected. Treatment
of four DLBCL cell lines with tegavivint for 24 hours

compared to the untreated control (Figure 4C). Similarly,
shRNA-mediated TBL1 knock-down led to significant
decrease in MYC, and SURVIVIN expression compared to
controls (Figure 4D). Despite the loss of B-CATENIN
recruitment to the promoter regions of MYC and BIRC5
following treatment with tegavivint, quantitative real-
time PCR (qRT-PCR) showed significant increase in MYC
transcript in Riva (P<0.005) and Pfeiffer (P<0.05) and no
changes in OCI-Ly3 and WSU-NHL (Figure 4E). A similar
pattern was observed with the transcript of two other
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Figure 2. TBL1 genetic knock-down results in significant diffuse large B-cell ymphoma cell death in vitro and in vivo. (A) TBL1 was knocked-down (KD) using either
a doxycycline-inducible CRISPR-Cas9 system (two different guides: one and two targeting exon 2 and 3, respectively) or a TBL1-specific short hairpin RNA (sShRNA)
construct (n=3). 72 hours after transduction, efficient TBL1 knock-down was verified via immunoblot and viability determined by annexin/propidium (Ann-/Pl-) stain-
ing and flow cytometry. Data represent means * standard error of the mean. ns: P>0.05, *P<0.05, **P<0.005, by paired t-test. Empty vector and scramble were
used as controls. +Dox/-Dox: with (red) or without (black) doxycycline 0.75 ug/mL. Numbers below the immunoblots reflect normalized value of quantified protein
bands relative to the controls. (B) Kaplan-Meier curve showing overall survival (OS) of NSG mice engrafted with Cas9+ Riva cells transduced with either a doxycy-
cline-inducible TBL1-targeting single guide RNA (sgRNA) (n=8) or empty vector control (n=8). Daily doxycycline induction was started on day 24, in vivo imaging sys-
tem (IVIS) images were obtained on day 23 and day 29 post engraftment. Median OS was 38 days for the empty vector controls (Ctl) versus 48 days for the TBL1

KD group (P=0.0004 using the log-rank test).
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well-known 3-CATENIN target genes, WISP1 and AXIN2
(Online Supplementary Figure S10B) while treatment with
tegavivint resulted in a minimal but significant decrease
in BIRCS transcript in three out of four DLBCL cell lines

A ABC-DLBCL

tested (Figure 4E). Lastly, efficient shRNA knock-down of
B-CATENIN did not significantly affect MYC or SUR-
VIVIN protein expression and had minimal effect on cell
viability in all the tested DLBCL cell lines (Figure 4F). In
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Figure 3. Tegavivint shows significant activity in in vitro and in vivo models of diffuse large B-cell lymphoma. (A-B) Cytotoxicity assay in the indicated diffuse large
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cated concentration of tegavivint (T) in nM for 24 hours. Viability was determined by annexinV/propidium (Ann-/PI-) staining and flow cytometry. Data represent
means * standard error of the mean. *P<0.05, **P<0.005, ***P<0.0005 by linear mixed effects models with adjustment for multiple dose comparisons in (A) and
with two sample t-test in (B). (C) Kaplan-Meier curve showing overall survival (OS) of NSG mice engrafted with Riva (activated B-cell [ABC]-DLBCL) and randomized
to receive either vehicle control (n=5) or tegavivint (n=5) given at 25 mg/kg via tail vein injection every 3 days starting at day 7 post engraftment. Median OS was
27 days for the controls (Ctl) versus 33 days for the treated group (P=0.0031 using the log-rank test). Representative picture of the spleen size (left image) and
hematoxylin and eosin stain showing brain involvement by DLBCL cells (right image). (D) Kaplan-Meier curve showing OS of NSG mice engrafted with SU-DHL10
(germinal center B-cell [GCB]-DLBCL) and randomized to receive either vehicle control (n=10) or tegavivint (n=10) given at 25 mg/kg via tail vein injection twice
weekly starting at day 3 post engraftment. Median OS was 34.5 days for the controls (Ctl) versus 47 days for the treated group (P=0.0002 using the log-rank test).
(E) Using an adaptive transfer model of DFBL-18689, recipient NSG mice (n=5/group) were randomized to receive either vehicle control or tegavivint at 25 mg/kg
via tail vein injection on a twice weekly schedule (Monday-Thursday) starting at day 3 post engraftment. Kaplan-Meier curve showing OS (P=0.0026 using the log-
rank test). Median OS: 55 days (tegavivint) and 37 days (control [Ctl]). Two mice in the treated group were censored due to engraftment failure assessed by flow
cytometry for circulating lymphoma cells and magnetic resonance imaging for spleen volume.
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Figure 4. TBL1 modulates MYC levels in a post-transcriptional/B-CATENIN independent manner. (A) Diffuse large B-cell ymphoma (DLBCL) cell lines were treated
with either dimethylsulphoxide (DMSO) control (NT) or tegavivint (T) for 12 hours. Lysates were immunoprecipitated with anti-TBL1 or anti-IgG and then immunoblot-
ted with the indicated antibodies. Confocal images of proximity ligation assay (PLA) (60x) using anti-TBL1 and anti-B-CATENIN antibodies after treatment of DLBCL
cells with either DMSO control (NT) or tegavivint (T) for 12 hours. Red indicates PLA signal, blue indicates cell nuclei (Dapi) (n=3). (B) Chromatin immunoprecipitation
(ChIP) assay on crosslinked chromatin from DLBCL cells after treatment with either DMSO control (NT) or tegavivint (T) for 12 hours. Either preimmune (Pl) or the
indicated immune antibodies were used and the retained DNA was amplified using MYC or BIRC5 promoter-specific primers. Fold enrichment with each antibody
was calculated relative to the Pl. n=3; data represent means + standard error of the mean (SEM). ns: P>0.05, *P<0.05, ***P<0.0005 by linear mixed effects mod-
els. (C) Immunoblot showing TBL1, 3-CATENIN, MYC and SURVIVIN expression after treatment of DLBCL cells with either DMSO control (NT) or tegavivint (T) for 24
hours (n= 3). (D) Immunoblot showing MYC and SURVIVIN protein levels after TBL1 knock-down (KD) using two TBL1 specific sShRNA constructs (n=3). Lysates are
the same used in Figure 2A however probed for different proteins. (E) Quantitative real-time polymerase chain reaction (QRT-PCR) showing the mRNA fold changes
of the indicated oncogenes after treating DLBCL cells with tegavivint (T) for 12 hours relative to the untreated control (NT). n=3, data represent means + SEM. ns:
P>0.05, *P<0.05, **P<0.005 by paired t-test. (F) Immunoblot showing MYC and SURVIVIN expressions after efficient 3-CATENIN KD using two 3-CATENIN specific
short hairpin RNA (shRNA) constructs. Viability obtained by trypan blue exclusion 72 hours post-transduction. n=3, data represent means + SEM. ns: P>0.05 by
paired t-test (ns: not significant). Tegavivint (T): Riva, Pfeiffer: 70 nM; OCI-ly3: 50 nM; WSU-NHL: 15 nM (for all experiments).
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Figure 5. TBL1 is a critical component of a SCF complex in diffuse large B-cell ymphoma through which it modulates MYC stability. (A) The indicated diffuse large
B-cell lymphoma (DLBCL) cell lines were treated with either dimethylsulfoxide (DMSO) control (NT) or tegavivint (T) for 12 hours, immunoprecipitated with either an
anti-TBL1 or anti-SKP1, and then immunoblotted with the indicated antibodies. -CATENIN and histone H3 were used as positive and negative controls, respectively.
(B) Confocal images (60x) of proximity ligation assay (PLA) showing the CAND1-CUL1 interaction in the indicated DLBCL cells lines after treatment with either DMSO
control (NT) or tegavivint (T) for 12 hours. Red indicates PLA signal, blue indicates cell nuclei (Dapi). Graph represents the mean value of PLA signal from no less
than 300 cells (n=3). **P<0.005 by paired t-test. (C) Proposed model of the mechanism of tegavivint-induced activation of the SCF complex in DLBCL. (D)
Immunoblot showing PLK1 and MYC expression levels after treatment with either DMSO control (NT) or tegavivint (T) at the indicated time points. (E) Immunoblot
showing PLK1 level after treatment with either the translation inhibitor cycloheximide (CHX), tegavivint (T) or the combination (CHX+T) for the indicated time points.
(F) Immunoblot showing PLK1 and MYC expression after treatment with either DMSO control (NT), tegavivint (T), the proteasome inhibitor MG132 or the combination
(T+MG132) for 24 hours. (G) Cytotoxicity assay in DLBCL cell lines treated with either DMSO control (NT) or tegavivint (T), MG132 or the combination (T+MG132).
Viability was determined by annexinV/propidium (Ann-/Pl-) staining and flow cytometry at 24 hours. n= 3, data represent means + SEM. *P<0.05, **P<0.005 by
linear mixed effects models including interaction test between T and MG132. CHX: 70 ug/mL added for 1 hour and then washed before adding tegavivint treatment.
MG132 (Riva, OCI-Ly3 and WSU-NHL: 0.5 uM and Pfeiffer: 0.3 uM) was added 6 hours after tegavivint treatment was started.

further support of a TBL1-mediated and B-CATENIN
independent process, tegavivint maintained both its cyto-
toxic activity and its effect on MYC and SURVIVIN (pro-
tein and transcript) in the context of efficient f-CATENIN
knock-down (Online Supplementary Figure S11).

Collectively our data provide evidence that M-
CATENIN contributes minimally to the transcriptional
regulation of critical Wnt targets and to DLBCL cell sur-
vival and that TBL1 regulates the stability of MYC in a 8-
CATENIN independent fashion.

TBL1 is a critical component of the SCF complex
in diffuse large B-cell lymphoma

The SCF complex controls the ubiquitination and
degradation of a large number of proteins through the
specificity-conferring F-box proteins such as TRCP and
FBW?7 %" Tts activity is regulated by the interaction of
CUL1 with two proteins: i) the cullin associated and ned-
dylation dissociated 1 (CAND1) and ii) NEDD8. CAND1
functions as an inhibitor of the SCF complex while
NEDDS binding to CUL1 promotes the targeted substrate
ubiquitination and degradation.” We hypothesized that
TBL1 modulates target protein stability through the SCF
complex and that targeting TBL1 with tegavivint
enhances SCF complex activity leading to increased
downstream degradation of key regulatory proteins. Co-
IP and PLA in Riva and Pfeiffer cells showed TBL1-SKP1-
CUL1 association which was unaffected by tegavivint
(Figure S5A; Online Supplementary Figure S12). Importantly,
tegavivint treatment of Riva and Pfeiffer induced signifi-
cant decrease of CAND1-CUL1 association by PLA
(P<0.005) (Figure 5B; Omnline Supplementary Figure S13)
with no effect on the expression of these two proteins
(Online Supplementary Figure S14A).

These results suggest a model in which TBL1, as a crit-
ical component of an SCF complex, modulates the stabil-
ity of critical regulatory proteins (Figure 5C).

TBL1 modulates MYC stability through the SCF
complex

Polo-like kinase-1 (PLK1), an essential regulator of
mitosis and a novel target in lymphoma, is degraded by
SCF™* » Importantly, PLK1 plays a critical protective role
in MYC stability by preventing its SCF**-mediated pro-
teasomal degradation.”* We hypothesized that targeting
TBL1 with tegavivint may enhance the proteasomal-
mediated degradation of MYC directly by SCF* and
indirectly by enhancing SCFF"“*~mediated PLK1 degrada-
tion. Time course analysis showed that treatment of four
DLBCL cell lines with tegavivint led to PLK1 downregu-
lation while leaving its transcript unaffected (Figure 5D;
Ounline Supplementary Figure S14B and C), decreased MYC
levels with concomitant increase in its phosphorylation
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on Ser62 and Thr58 residues at 10 hours, consistent with
enhanced MYC proteasomal degradation (Online
Supplementary Figure S14D). Adding the translation
inhibitor cycloheximide (CHX) to tegavivint significantly
shortened the half-life of PLK1 protein compared to CHX
alone (Figure S5E; Omnline Supplementary Figure S14E).
Consistent with this, the proteasomal inhibitor MG132
partially restored PLK1 and MYC protein levels as well as
cell viability when combined with tegavivint versus tega-
vivint alone (P<0.05) (Figure 5F and G). In further support
of an SCF/TBL1-modulated process, efficient shRNA
knock-down of CAND1 (and TBL1) in Riva and Pfeiffer
cells led to significant decrease in viability as well as
downregulation of PLK1 and MYC protein expression
(Online Supplementary Figure 14F and G).

Altogether, our data support a novel model in which
TBL1 regulates MYC stability directly through SCF*
and indirectly by enhancing SCEF™-mediated PLK1
degradation.

TBL1 is involved in the modulation of cytoprotective
autophagy

Autophagy is a catabolic pathway that sustains metab-
olism by recycling cytoplasmic contents to support
macromolecular synthesis during periods of cellular stress
with accumulating evidence supporting its pro-survival
role in lymphoma.**

As SCF complexes regulate the stability of key
autophagy inducers such as BECLIN-1 and MYC** we
hypothesized that tegavivint impairs the autophagy flux
by affecting these key autophagy inducers. Immune blot
analysis showed downregulation of BECLIN-1 protein
level in four DLBCL cell lines at 12 and 24 hours (Figure
6A) whereas BECN1 transcript level was not affected by
tegavivint (Online Supplementary Figure S15). Co-treat-
ment with CHX and tegavivint significantly shortened
the half-life of BECLIN-1 compared to either CHX or
tegavivint alone (Figure 6B) and incubation with MG132
partially restored BECLIN-1 protein level when combined
with tegavivint compared to tegavivint alone (Figure 6C).
In order to evaluate the effect of tegavivint on the
autophagy flux, four DLBCL cell lines were treated with
either dimethylsulfoxide (DMSO) control, chloroquine
(autophagy blocker), rapamycin (autophagy inducer),
tegavivint or combinations. The increase in the amount
of LC3-II observed in chloroquine-treated cells represents
the amount of LC3 delivered to the lysosome for degra-
dation and is a well-established measure of autophagic
flux.* As shown in Figure 6D, treatment with tegavivint
led to an increase in the levels of LC3-II which could be
due to autophagy induction or inhibition. Co-treatment
with chloroquine led to further accumulation of LC3-II,
suggesting autophagy induction in two of the four cell
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Figure 6. TBL1 modulates cytoprotective autophagy through the SCF complex. (A) Immunoblot showing BECLIN-1 expression in the indicated diffuse large B-cell lym-
phoma (DLBCL) cell lines after treatment with either dimethylsulfoxide (DMSO) control (NT) or tegavivint (T) for 12 hours and 24 hours (n=3). (B) Immunoblot showing
BECLIN-1 expression in the indicated DLBCL cell lines after treatment with either cycloheximide (CHX), tegavivint (T) or the combination (CHX+T) (n=3). (C)
Immunoblot showing BECLIN-1 expression in the indicated DLBCL cell lines after treatment with either DMSO control (NT), tegavivint (T), MG132 or the combination
(T+MG132) at 24 hours (n=3). (D) Immunoblot showing BECLIN-1 and microtubule-associated protein light-chain 3 (LC3-1 and LC3-Il) expression in the indicated
DLBCL cell lines after treatment with either DMSO control (NT), tegavivint (T), chloroquine (CQ), rapamycin (Rapa) or combinations at 12 hours and 24 hours (n=3).
(E) Top: schematic depicting tandem LC3 reporter. Bottom: confocal microscopy images (120x) of the indicated DLBCL cell lines transduced with a lentivirus express-
ing a tandem LC3 plasmid (mCherry-eGFP-LC3) and subsequently treated with either DMSO control (NT), tegavivint (T), chloroquine (CQ) or rapamycin (Rapa) for 12
hours. (F) Histograms represent quantification of yellow (GFP/mCherry) puncta/total red (mCherry) puncta (%) of no less than 100 cells per condition. n=4, data rep-
resent means + standard error of the mean (SEM). *P<0.05, **P<0.005 by a linear mixed effects model with Holm’s adjustment for multiple comparisons for each
cell line. (G) Representative transmission electron microscopy images showing ultrastructural changes in the indicated DLBCL cell lines after treatment with either
DMSO control (NT), tegavivint, chloroquine (CQ) or rapamycin (Rapa) at 12 hours. The arrows indicate accumulation of autophagic vacuoles containing cytoplasmic
material after exposure to tegavivint or chloroquine (n=3). Chloroquine: 50uM and rapamycin: 10uM for all cell lines.

lines tested. However, treatment with rapamycin in com-
bination with either tegavivint or chloroquine resulted in
an increase of LC3-II compared with rapamycin alone
across the four cell lines tested, suggesting that tegavivint
may impair autophagic flux. In order to clarify this discor-
dance, we transfected Riva and Pfeiffer cells with a GFP-
mCherry-LC3 construct. This fluorescence reporter mon-
itors LC3 flux by relying on both green-fluorescence pro-
tein (GFP) sensitivity and mCherry resistance to the
acidic/proteolytic environment in the lysosomes. With
autophagy blockade, both mCherry (red fluorescence
protein) and GFP co-localize in a vesicular compartment
that has not fused with lysosomes (autophagosomes)
resulting in yellow puncta, whereas autophagy induction
leads to fusion of these compartments (autolysosomes)
and subsequent quenching of GFP signal resulting in
singly mCherry red puncta.® As shown in Figure 6E,
treatment of these cells with either chloroquine or tega-
vivint increased yellow puncta assessed by confocal
microscopy whereas rapamycin treatment was associated
with increased red puncta solely. By calculating the ratio
between yellow and red puncta, we found that the yel-
low signal was significantly increased in chloroquine and
tegavivint-treated DLBCL cells (P<0.05) compared to con-
trols, suggesting autophagosome accumulation (Figure 6E
and F). Ultrastructurally, Riva and Pfeiffer treated with
chloroquine or tegavivint for 12 hours showed accumula-
tion of enlarged vesicles with characteristic enclosed
cytoplasmic ultrastructures, supporting the notion that
tegavivint treatment impairs the terminal stages of
autophagy (Figure 6G).

Collectively, these results indicate that tegavivint
impairs cytoprotective autophagy by promoting SCEF-
mediated degradation of key autophagy inducers such as
MYC and BECLIN-1.

Discussion

In the work presented here, we showed that TBL1
encoded by the TBL1X gene is abundantly expressed in
DLBCL cells regardless of the molecular subtype. While
further studies are required to validate TBL1 on DLBCL
samples using IHC, and for this to predict relapse in a
prospective manner, in this initial evaluation we show
that TBL1 overexpression correlates with poor survival in
de novo DLBCL patients uniformly treated with standard
front-line immuno-chemotherapy.

Genetic deletion of TBL1X or pharmacologic treatment
with tegavivint significantly affected DLBCL cell viability
in vitro while minimally toxic against normal immune
cells and significantly prolonged the survival in four ani-
mal models of disseminated DLBCL, supporting the ther-
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apeutic potential of targeting TBL1 in this disease.

While tegavivint has been shown to mediate AML and
MM cell death by disrupting the TBL1/B-CATENIN inter-
action followed by proteasomal-mediated degradation of
B-CATENIN and inhibition of the Wnt/transcriptional
program,'®” our findings are novel and provide insight
into a previously undiscovered post-transcriptional, -
CATENIN-independent oncogenic network modulated
by TBL1 in DLBCL. Despite f-CATENIN expression in a
subset of DLBCL cases,*®” our data minimize the tran-
scriptional relevance of B-CATENIN in promoting Wnt
signaling and DLBCL cell survival while suggesting a pos-
sible role as a direct or indirect transcriptional repressor
for some of the Wnt downstream targets (MYC, WISP1
and AXINZ2) as previously shown in melanoma.”
However, this scenario may differ in a setting such as the
tumor microenvironment where cytokine-induced Wnt
signaling is active.”

The SCF-type of E3 ubiquitin ligase is a multi-protein
complex composed of three static subunits RBX1, CUL1,
SKP1 and variable F-box subunits which confer substrate
selectivity to the complex.”*** Here we showed that
TBL1 modulates the stability of MYC, PLK1 and BECLIN-
1 through its direct interaction with the SCF complex.
Mechanistically, our data support the hypothesis that
tegavivint binding to TBL1 leads to conformational
changes in the SCF complex resulting in CAND1-CUL1
dissociation followed by enhanced proteasomal degrada-
tion of these critical regulatory/pro-survival proteins. In
further support of these findings, we showed that effi-
cient shRNA knock-down of CANDI1 led to significant
decrease in DLBCL viability as well as downregulation of
PLK1 and MYC protein expression. CAND1 functions as
an inhibitor of the SCF complex by preventing the access
of SKP1 and F-box proteins to the CUL1 catalytic core.”
In agreement with our work, C60, a small molecule
inhibitor of CAND1, has been shown to destabilize
CAND1-CUL1 interaction while increasing global ubiqui-
tination in Epstein-Barr virus-positive lymphoma cell
lines.®

Interestingly, TBL1 itself has an F-box motif and a
WD40 domain for substrate recognition” suggesting the
possibility that TBL1 directly interacts with specific tar-
gets to modulate their stability. In support of this hypoth-
esis which warrants further investigation, data produced
in human embryonic kidney 293T cells showed that
TBL1 directly interacts with and protects B-CATENIN
from Siah-mediated ubiquitination and degradation as
part of an SCF™! complex.""

MYC rearrangement is identified in a subset of DLBCL
cases (5-15%), MYC protein over-expression is seen more
commonly (30-50% of DLBCL).* Regardless of the
genetic mechanism, MYC over-expression is associated

TBL1 modulates prosurvival proteins stability -




- Y. Youssef et al.

- haematologica | 2021; 106(11)

with a more aggressive clinical behavior and inferior out-
come in DLBCL.” In addition, it has been recently
showed that PLK1 signaling promotes MYC protein sta-
bility, and in turn, MYC directly induces PLK1 transcrip-
tion, establishing PLK1 as a therapeutic vulnerability in
high grade B-cell lymphomas.”® Our findings are of partic-
ular importance because they indicate that tegavivint
enhances the proteasomal-mediated degradation of MYC
directly by SCF* and indirectly by enhancing SCF™—
mediated PLK1 degradation supporting the notion that
TBL1 holds promise as a therapeutic target particularly in
MYC overexpressing DLBCL.

Cytoprotective autophagy plays an important role in
promoting lymphoma cell survival in adverse conditions
and adequate levels of BECLIN-1 are necessary to main-
tain the autophagy flux as supported by the fact that
BECLIN-1+/- mice have defective autophagy.”*"**
Consistent with this published work and with that on
MYC as a potent inducer of autophagy,® our data indicate
that tegavivint impairs pro-survival autophagy by pro-
moting the SCF-mediated proteasomal degradation of
both BECLIN-1 and MYC.

Although we have identified TBL1 to play a central role
in modulating the turnover of PLK1, MYC, and BECLIN-
1 through the SCF complex, there are a number of other
potential SCF targets that will need to be explored to fur-
ther define the role of TBL1 in the context of the SCE
complex and to fully characterize the mechanism of
action of tegavivint. For example, in addition to f-
CATENIN and PLK1, the TBL1 interacting SCF complex
(SCFP™) targets multiple proteins regulating mTOR sig-
naling including the Ras homolog endriched in brain pro-
tein (RHEB), an upstream direct mTORCI1 activator.”
Constitutive activation of mTOR signaling is critical for
cellular growth and metabolism in both ABC- and GCB-
DLBCL* and mTORCI inhibition is known to lead to
lymphoma cell cycle arrest and compensatory autophagy
induction.” While TBL1 targeting represents an attractive
approach to simultaneously affect multiple prosurvival
signaling pathways leading to a more profound lym-
phoma cell death than that achievable with agents target-
ing each of these pathways individually, this approach,
given the complexity of the prosurvival pathways regu-
lated by TBL1, may induce upregulation of compensatory
mechanisms ultimately leading to drug resistance and
providing the rational for combination strategies.
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