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Abstract

Over the past two decades, the adaptor protein transducin beta-like 1 (TBL1X) and its homologous
TBL1XR1 have been shown to be upregulated in solid tumors and hematologic malignancies

and their overexpression associated with poor clinical outcome. Moreover, dysregulation of the
TBL1 family of proteins has been implicated as a key component of oncogenic pro-survival
signaling, cancer progression, and metastasis. Herein, we discuss how TBL1X (and TBL1XR1)
are required for the regulation of major transcriptional programs through the SMRT/NCOR/BCL6
complex, Wnt/p catenin and NF-kB signaling. We outline the utilization of tegavivint (Iterion
Therapeutics), a first-in-class small molecule targeting the N terminus domain of TBL1, as a novel
therapeutic strategy in preclinical models of cancer and clinically. While most of the published
work focuses on TBL1X transcriptional role, we recently showed that in diffuse large B-cell
lymphoma (DLBCL), the most common lymphoma subtype, genetic knockdown of TBL1X and
treatment with tegavivint resulted in the decreased expression of critical (onco)-proteins in a

post transcriptional/B catenin independent manner by promoting their proteasomal degradation
through a Skp1/Cull/F-Box (SCF)/TBL1X super-complex and potentially through the regulation
of protein synthesis. However, given that TBL1X controls multiple oncogenic signaling pathways
in cancer, treatment with tegavivint may ultimately results in drug resistance providing rationale
for combination strategies. While many questions related to TBL1X function remain to be
answered in lymphoma and other diseases, these data provide a growing body of evidence that
TBL1X is a promising therapeutic target in oncology.
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The TBL1 Family of Proteins

Located on the X chromosome, the 7BL.1X gene was first identified in 1999 when its
deletion was discovered to be associated with an X-linked human hearing defect, ocular
albinism with sensorineural deafness (OASD) 1. Additional TBL1 family members have
since been identified and include TBL1X-related 1 (7BL1XRI) located on chromosome 3
and 7BL1Y, the Y-linked homologue of 7BL1X2. These genes encode for a family of
highly evolutionarily conserved proteins sharing high structural and functional similarities
from yeast to human. Sequence alignment studies demonstrate high (>80%) sequence
similarity between the different TBL1 homologues 3. Structurally, TBL1 proteins consist
of an N-terminal Lis homology (LisH) domain (for hetero- and homodimerization and
chromatin localization), an F-Box domain (for E3 ligase recruitment), and a C-terminal
WDA40 repeat domain (for protein-protein and protein-DNA interactions) 4.

TBL1 family members share a diverse set of binding partners, however the degree of affinity
is often specific for each homologue #-8. In general, these protein-protein interactions occur
in the context of large, multi-protein complexes, however, the mechanisms of complex
formation and regulation are not fully delineated. The functions of TBL1X and TBL1XR1
are regulated by phosphorylation at Ser173, Thr334 and Ser420 for TBL1X and Ser123

and Ser199 for TBL1XR1 4. Additionally, SUMOylation by SUMO1 is also known to
regulate the localization of TBL1X and TBL1XR1 °. In addition, SUMOylation regulates
the complexing of TBL1X/TBL1XR1 with certain targets, including p-catenin (discussed
below). Conversely, SUMO-specific protease | (SENP1) deSUMOylates TBL1X/TBL1XR1
resulting in complex destabilization °.

TBL1X expression and correlation with oncogenesis and clinical outcomes

Immunohistochemical and transcriptome analyses reveal that TBL1X is expressed
ubiquitously with low tissue specificity (https://www.proteinatlas.org/ENSG00000101849-
TBL1X) 10, TBL1X the relatively high RNA levels in the brain, endocrine tissues,

and female and male reproductive tissues and lower levels in other tissues. Aberrant
overexpression of the 7BL1X gene and homologues has been correlated with more
aggressive clinical behavior and poor prognosis in several cancers. In our recently published
work, we showed that 7BL1.X overexpression correlates with poor survival in de novo
diffuse large B cell lymphoma (DLBCL) patients treated with standard frontline immuno-
chemotherapy assessed by standard immunohistochemistry (IHC) on an established tissue
microarray (TMA\) of 83 patient samples 1. Specifically, we showed that the percentage

of TBL1 positive lymphoma cells inversely correlate with progression free survival and
overall survival regardless of DLBCL molecular subtype. Similar correlations between high
TBL 1X expression and poor prognosis have been shown in breast cancer, nasopharyngeal
carcinoma (NPC), and pancreatic ductal adenocarcinoma 1214, These studies have also
demonstrated that aberrant 7BL1X expression is associated with tumor proliferation,
migration, and invasion. For example, in breast cancer, TBL1X promotes epithelial-to-
mesenchymal transition (EMT) by functioning as a cofactor to ZEBL1 in the regulation of
CDH1 expression, thereby ultimately contributing to the metastasis of breast cancer 12. In
NPC, TBL1X acts cooperatively with Flot2 to promote cancer cell migration and invasion
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and thus metastasis 4. Moreover, TBL1.XR1 expression has also been correlated to poor
clinical outcomes in NPC, gastric cancer, serous epithelial ovarian cancer, lung squamous
cell carcinoma, and colorectal cancer 15-21

TBL1X-mediated regulation of selected transcriptional programs

Shortly following its discovery, TBL1X was shown to be a core component of the nuclear
receptor co-repressor (NCoR) and silencing mediator for tetanoid and thyroid hormone
receptors (SMRT) transcriptional repression complexes 8. These large protein super
complexes contain structural, chromatin-binding, and DNA/histone-modifying enzymes.
Specifically, in addition to TBL1X, the NCoR/SMRT complex also includes TBL1XR1,
HDAC3, GPS2, and actin-binding protein IR10 6:8:22.23,

The BCL6 transcriptional repressor is also part of the SMRT/NCOR complex 6:8:22.23,
BCLS6 is required for the formation of germinal centers (GC) during immune responses 2.
Specifically, the N-terminal BTB-POZ domain of BCL6 mediates homodimerization and
recruitment of co-repressor molecules — SMRT, NCoR and BCoR - and collectively, this
protein assemblage complexes with TBL1X, TBL1XR1, GPS2 and HDACS3 to promote
HDAC3-mediated H3K9 acetylation 2528, This results in the silencing of genes required
for exiting the GC reaction and for differentiation of GC B-cells to plasma cells (e.g.
IRF4, PRDMZ1) 2%, BCLS6 has also been shown to antagonize enhancer activation by p300
histone acetyltransferase through SMRT/HDAC3-dependent H3K27 de-acetylation, thus
functioning as an on/off “switch” for enhancers 28, This dynamic and reversible “toggling
of enhancers is speculated to permit physiologic recycling of B-cells for additional rounds
of affinity maturation. Eventual downregulation of BCL6 in normal GC B-cells facilitates
differentiation of B-cells to memory B-cells (MB) or plasma cells 2529-32, Deregulated
expression of BCL6, on the other hand, drives malignant transformation of GC B-cells,
promoting lymphomagenesis 33-3%, Inactivation of the BCL6-mediated transcriptional
repression by targeting its BTB domain to disrupt activity with its corepressors has been
demonstrated genetically (point mutation) and with specific peptides or small molecules
25,26,36-38 and BTB-corepressor interactions have been proven essential for survival of both
malignant and normal B-cells 28,

Interestingly, mutations in TBL1XR1 have recently been shown to significantly impair
differentiation of GC B-cells, thus driving lymphomagenesis 3°. Specifically, TB1XR1
mutations shift GC B-cells differentiation toward an abnormal immature MB cell phenotype
by inducing preferential interaction of the SMRT/HDAC3 co-repressor complex with
memory B-cell transcription factor BACH2; this shift occurs at the expense of the BCL6
resulting in impairment plasma cell differentiation and lymphomagenesis 3°.

TBL1X/TBL1XR1 have also been demonstrated to possess co-activating functions in gene
expression. Upon ligand-binding of RAR (retinoid acid receptor), estrogen receptor (ER),
androgen receptor (AR), thyroid hormone receptor (THR), and peroxisome proliferator-
activated receptor (PPAR), TBL1X/TBL1XR1 mediate the exchange of NCoR/SMRT

for co-activators by recruiting the E3 ubiquitin-conjugating /19S proteasome machinery
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to degrade the co-repressors, thus controlling the transcriptional switch between gene
repression and gene activation 4:31.

The canonical Wnt/p-catenin signaling pathways promotes cell proliferation, survival, and
oncogenesis. TBL1X plays a key role in enhancing this signaling cascade by interacting with
the transcription factor B-catenin at its N-terminus (residues 1-142) 7. In the absence of Wnt
signaling, cytoplasmic p-catenin undergoes Siah-1-mediated ubiquitination and subsequent
proteasomal degradation 4941, Upon Wnt stimulation, on the other hand, SUMO1-mediated
SUMOylation of TBL1X facilitates its translocation to the nucleus and direct binding to
B-catenin, where this complex localizes to the promoters of target genes to promote the Wnt
transcriptional program and oncogenesis 2. Similarly, TBL1X is also required for nuclear
factor xB (NF-xB) subunit p65 transcriptional activity. Upon tumor necrosis factor alpha
(TNF-a) stimulation, TBL1X binds p65 facilitating its recruitment to the promoter regions
of NF-xB targets 3142 and thus regulating a wide range of cellular functions, including
inflammation, tumor progression, and invasion 42,

Hepatic deficiency in TBL1X has been implicated in the development of
hypertriglyceridemia, hepatocellular steatosis, and obesity-induced non-alcoholic fatty liver
disease via upregulation of miR-367 43-45, Given the association between obesity, related
metabolic dysfunction, and the pathogenesis of pancreatic ductal adenocarcinoma (PDAC)
46 further studies revealed that TBL1X is overexpressed in human PDAC cells that

genetic inactivation of TBL1 both prevented and reversed pancreatic tumor growth via
reduction of phosphatidylinositide 3 kinase (P13K) signaling, glucose uptake, and glycolytic
flux 13. Specifically, this study showed that depletion of TBL1X in PDAC cells lead to
transcriptional downregulation of the p110a catalytic subunit of PI3K, while transcription
of canonical Wnt targets remained unchanged. These data suggest that TBL1X-driven
tumorigenesis in PDAC stems from its role in transcriptional regulation of p100a, leading to
enhanced oncogenic PI3K signaling.

Targeting TBL1X with tegavivint

Tegavivint (BC2059, Iterion Therapeutics) is a first-in-class small molecule targeting
TBL1X’s N-terminal domain, a region which contains a hydrophobic pocket that binds
B-catenin, members of the NCoR complex, and the NF-xB subunit p65 424748, When this
pocket is occupied by tegavivint, TBL1X is unable to interact with some of its binding
partners. For example, via disruption of the TBL1X-B-catenin interaction, treatment with
tegavivint leads to degradation of pB-catenin, consequently resulting in abrogation of the
oncogenic Whnt-transcriptional program, cell cycle arrest, and tumor growth inhibition 4°.
Activity of tegavivint has been demonstrated in preclinical models of multiple cancer
types with active B-catenin signaling, including desmoid tumor, osteosarcoma, acute
myeloid leukemia (AML), and multiple myeloma (MM) 9:50:51 in these cancers, aberrant
Whnit/B-catenin signaling develops as a result of germline mutations in the B-catenin gene
(CTNNBI) or adenomatous polyposis coli (APC) gene 22-54, APC is an essential component
of a cytoplasmic protein complex that targets p-catenin for destruction; consequently,
inactivating mutations in APC are associated with high levels of nuclear g-catenin and
activation of the Wnt transcriptional program %°. In preclinical models of chemoresistant
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osteosarcoma, tegavivint exhibited significant antiproliferative activity through attenuation
of Wnt/p-catenin signaling and decreased activity of aldehyde dehydrogenase 1, an enzyme
overexpressed in osteosarcoma cells that regulates tissue self-renewal, a feature of tumor
stem cells 56, Recently, tegavivint has also been shown to affect the tumor immune
microenvironment in osteosarcoma by increasing numbers of CD8+ T cells and NK cells
and enhancing checkpoint blockade in preclinical models of this disease 7.

By serving as transcriptional cofactors for f-catenin, the T-cell factor/lymphoid enhancer
factor (TCF/LEF) family of nuclear DNA-binding proteins are the primary downstream
effectors of Wnt signaling 58:59. In both AML and MM, dysregulated Wnt signaling and
impaired degradation of B-catenin lead to nuclear translocation of B-catenin and increased
co-factor transcriptional activity with TCF4/LEFL1. In preclinical models of these diseases,
treatment with tegavivint disrupts the interaction between TBL1X and p-catenin 5160, This
enhances the proteasomal degradation of p-catenin, attenuates TCF4/LEF1 transcription
activity, and reduces expression of key target oncogenes, including CCNDJ1, c-MY<C, and
BIRC5. Recently, it has been shown that tegavivint has significant activity in preclinical
models of AML overexpressing EVI1, a transcription factor associated with poor prognosis
in this disease through attenuation of the TBL1X-nuclear p-catenin-TCF4 axis resulting in
reduced levels of EV1 level and other TCF4 targets 61. In further studies in MM, tegavivint
in combination with the pan-histone deacetylase inhibitor, panobinostat, has recently been
shown to have significant activity in preclinical models of this disease by targeting aerobic
glycolysis and mitochondrial respiration 2.

Clinically, in a recently completed Phase 1 clinical trial (NCT03459469), a total of 24
patients with progressive, unresectable desmoid tumors, where nuclear B-catenin is a critical
oncogenic driver, were enrolled in six dose levels from 0.5 mg/kg to 5 mg/kg and treated

on day 1, 8, and 15 of a 28 day schedule 3. Tegavivint was overall well-tolerated.
Treatment-related adverse events occurring in >20% of patients were mostly grade 1 and

2 (fatigue, nausea, headache, constipation, decreased appetite and dysgeusia), and there were
no treatment-related Grade 4 or 5 adverse events or dose-limiting toxicities. Grade 3 TRAES
of hypophosphatemia, stomatitis, ALT increased, and headache occurred in 5 patients. One
serious adverse event of an infusion site extravasation occurred. The maximum tolerated
dose was not determined, and the recommended phase 2 dose (RP2D) was declared at 5
mg/kg based on pharmacologically relevant plasma concentrations and preliminary efficacy.
Four objective responses were observed according to WHO/RECIST criteria (17% across all
dose levels and 25% at the RP2D) with a median duration of response of 8.1 months with all
responses ongoing at data cut-off. Nine months progression-free survival rate was 76%.

Two additional clinical trials with single agent tegavivint are ongoing: the first one is a
Phase 1 study in patients with relapsed/refractory acute myeloid leukemia (NCT04874480).
The second is a Phase 1/2 trial for recurrent or relapsed solid tumors including lymphomas
and desmoid tumors (NCT04851119). A Phase 1b study in combination with osimertinib,
an irreversible epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor, for
metastatic EGFR-mutant non-small cell lung cancer (NCT04780568) has been approved
but it is now recruiting according to clinicaltrial.gov.
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TBL1X modulates protein stability in diffuse large B-cell lymphoma

(DLBCL)

Diffuse large B cell lymphoma (DLBCL) is the most common non-Hodgkin’s lymphoma
(NHL) subtype and is characterized by remarkable heterogeneity with diverse variants

that can be identified histologically and molecularly 84-67. Large-scale gene expression
profiling studies have identified the germinal center B-cell (GCB) and activated B cell
(ABC) subtypes 5. Chemoimmunotherapy with R-CHOP (rituximab, cyclophosphamide,
doxorubicin, vincristine, and prednisone) remains the standard front-line therapy, curing
approximately 40% of patients with ABC-DLBCL, which is associated with worse

outcome compared to GCB-DLBCL 66, GCB- and ABC-DLBCL subtypes are characterized
by different genetic lesions, which result in distinct constitutively activated oncogenic
pathways.

GCB-DLBCL oncogenesis is highly variable, with approximately 45% of cases having

a t(14,;18) translocation, resulting in juxtaposition of the BCL2 gene and /gH locus

68, MY Cencodes for a global transcription factor with profound influence on many
different cellular functions such as proliferation, metabolism, DNA replication, and protein
synthesis69.70, Similar to BCL2, MYC can also be translocated under the control of the
immunoglobulin promoter, which occurs in 5-15% of DLBCL cases’"3. In a smaller
number of cases, MYC rearrangements may involve a non-IG partner such as BCL6,
BCL11A, or PAX5. The presence of MYC, BCLZ, (+/- BCL6) define double hit or

triple hit lymphomas (high grade B-cell lymphoma). Patients with DHL and THL have

a significant worse prognosis compared to the c-Myc negative counterpart following
standard front-line chemotherapy’1-7. In the absence of translocations, protein expression
assessed by immunohistochemistry (IHC) of both c-Myc (>40%) and Bcl2 (>50%) define
double-expressor DLBCL (DEL), which are significantly more common than DHL/THL,
accounting for ~25% of DLBCL patients’®. While other cases of GCB-DLBCL are
characterized by amplification or gain in copy number of MDM?Z2, encoding a negative
regulator of tumor suppressor p53, and others by deletions in other tumor suppressor
proteins, namely p73 or ING1 8. Translocations involving BCL2, MYC and mutations

of EZH2 are almost exclusively seen in GCB-DLBCL %76, In addition, up to 55% of
GCB-DLBCL are characterized by loss of the tumor suppressor phosphatase and tensin
homolog (PTEN), the major negative regulator of PI3K/AKT signaling 7.

ABC-DLBCL is characterized by constitutive activation of multiple oncogenic signaling
pathways resulting from structural alterations disrupting terminal B-cell differentiation
(PRDMJ) and mutations of TNFAIP3, CARD11, CD79A/B and MYD88'8-81, These
changes ultimately result in the constitutive activation of NF-xB, B-cell receptor, and/or
PI3K/AKT signaling pathways, which are responsible for the inferior clinical outcomes, as
compared to GCB-DLBCL 78.82,

Previous work has shown that Wnt signaling is variably activated in DLBCL, and that
[B-catenin expression and nuclear localization are inconsistently increased in this disease
83,84 Targeting Wnt-signaling has been shown to suppress growth of some DLBCL subtypes
In vitro85-87_ Generally, the importance of and potential for targeting this pathway in
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DLBCL is unclear. In our investigations, we found that unlike normal human immune cells,
DLBCL cells express abundant levels of TBL1X, and its overexpression has prognostic
significance, regardless of DLBCL molecular subtype 11, We showed that genetic deletion
of TBL1X or pharmacological targeting with tegavivint induces significant DLBCL cell
death /n vitroand /n vivo. We further showed that in DLBCL, TBL1X interacts with a Skp1/
Cul1/F-Box (SCF) super-complex, which controls the proteasome-mediated degradation of
critical onco-proteins such as c-Myc, PLK1, and the autophagy regulatory protein, Beclin-1.
While tegavivint was initially developed as an inhibitor of the TBL1X/B-catenin interaction,
our data showed that genetic deletion of TBL1X and treatment with tegavivint reduces
c-Myc expression in a post-transcriptional/p-catenin independent manner. We demonstrated
that tegavivint induces conformational changes in the SCF complex, resulting in dissociation
of CAND1 (an SCF inhibitor) 88 from CUL1 and subsequent enhanced degradation of

SCF targets. Collectively, these data highlighted the role of TBL1 in controlling critical
(onco)-proteins stability rather than their transcription and established the rationale for
targeting TBL1X as a novel therapeutic strategy in DLBCL, particularly in patients with
c-Myc-driven disease.

New Perspectives

In both the GCB and ABC subtypes of DLBCL, PI3K/mTOR signaling supports tumor

cell proliferation and growth 68.89.90, The SCFBT'CP complex, which interacts with TBL1X
in lymphoma 11, also modulates the stability of proteins regulating mTOR signaling,
including the Ras homolog enriched in brain (Rheb), an upstream direct activator of
mTORC1 21, Interestingly, in GCB and ABC DLBCL cell lines, shRNA-mediated

TBL1X knock-down (Fig.1A) and treatment with tegavivint (Fig.1B) resulted in decreased
Rheb protein expression without significant decrease in Rheb transcript levels (Fig.1C),
confirming that TBL1X is involved in controlling Rheb protein turn-over rather than

its transcription. Co-treatment with the translational inhibitor cycloheximide (CHX) and
tegavivint significantly shortened the half-life of Rheb compared to CHX alone (Figl.D),
while adding the proteasomal inhibitor MG132 to tegavivint efficiently rescued Rheb level
(Fig.1D). Furthermore, treatment with tegavivint did not significantly affect the levels of
mTORC1 components, mMTOR and Raptor (Fig.1E). Immunoblot analysis of all tested cell
lines after a 12 hour incubation with tegavivint showed evidence of decreased mTORC1
activity, as measured by decreased levels of phosphorylated p70S6 kinase (p70S6K Thr389)
and eukaryotic initiation factor 4E binding protein 1 (p4E-BP1 Ser65) (Fig.1F)%2. We
hypothesize that tegavivint functions as a selective mMTORC1 inhibitor, as treatment of
DLBCL cells induces compensatory hyperphosphorylation of AKT at its serine 473 residue,
followed by downstream inactivating phosphorylations of GSK-3 (Ser9) and FOXO1
(Ser256) (Fig.2A and Suppl. Fig.1)%.

High levels of phosphorylated AKT are associated with poor prognosis in DLBCL, and
several studies support the PIBK/AKT pathway as a therapeutic target in DLBCL 949,

The oral, ATP-competitive pan-AKT inhibitor AZD-5363 (capivasertib) has been shown to
have significant activity in preclinical models of DLBCL and is currently in several clinical
trials, including a trial for advanced solid tumors and lymphoma (NCT02465060) 97-101, The
combination of tegavivint and AZD-5363 resulted in synergistic killing of PTEN-deficient
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DLBCL cells, while additive cell death was seen in PTEN-wild type DLBCL cells (Fig.2B).
Moreover, similar results were obtained with other AKT inhibitors, MK2206 and ipatasertib,
in combination with tegavivint (not shown). These data suggest that co-targeting TBL1 and
AKT may represent a promising novel combination strategy in AKT-addicted DLBCL.
Conclusion

As outlined here, there is a growing body of data demonstrating that TBL1X is
overexpressed in several types of cancer and that its upregulation is associated with

disease progression and poor prognosis. Moreover, this adapter protein is being established
as a critical regulator of multiple oncogenic signaling networks, playing key roles in

both transcriptional and post-transcriptional regulation of crucial mediators of pro-survival
signaling. Together these data support further investigations aimed at targeting TBL1X as a
novel therapeutic strategy in oncology.

While our published data demonstrated that genetic knockdown of TBL1X and treatment
with tegavivint leads to significantly enhanced survival in preclinical models of DLBCL,
cure is not observed. Although we have demonstrated the central role of TBL1X in
modulating the stability of key oncoprotein such as c-Myc, PLK1 and Beclin-1 through

the SCF complex, there are other potential SCF targets that may be affected by tegavivint.
For example, as shown in Fig.1, the TBL1X-binding SCF complex (SCFPT'CP) regulates the
turnover of Rheb, a potent activator of the mTOR signaling pathway 193104, resulting in
inhibition of this pathway.

Two important considerations arise from this: 1) while our data support the hypothesis

that TBL1X is involved in controlling protein turn-over through the ubiquitin-proteasome
system, our data on mTORC1 signaling additionally suggest that tegavivint may also

affect targeted protein levels through inhibition of translation. 2) These data highlight the
complexity of oncogenic signaling pathways regulated by TBL1X and suggest that treatment
with tegavivint may induce compensatory mechanisms ultimately leading to drug resistance.
For example, while additional work is needed, our data suggest that tegavivint functions as

a selective mTORCL1 inhibitor, evinced by decreased phosphorylation of downstream S6K
and 4E-BP1. In turn, this may result in inhibition of 5” cap-dependent mRNA translation and
compensatory hyperphosphorylation of AKT at the serine 473 residue via mTORC2 92, thus
providing us rationale for co-targeting of TBL1X and PI3BK/AKT/mTOR signaling in this
disease. When combined with an AKT inhibitor, tegavivint treatment resulted in enhanced
cell killing in PTEN-deficient DLBCL cell lines, demonstrating an approach to maximizing
its therapeutic potential in selected patients.

While we have characterized the role of TBL1X in controlling oncoprotein stability through
the SCF complex in DLBCL 1, its transcriptional role is yet to be characterized in this
disease. This is particularly important in DLBCL, where TBL1X is part of a SMRT/NCoR
complex which contains BCL6, a repressive transcription factor that serves as a scaffold for
recruiting chromatin-modifying complexes. It is well established that deregulation of BCL6
plays a pathogenetic role in a subset of DLBCL 105, In addition, the histone deacetylase,
HDAC3, which deacetylates H3K27 and regulates enhancer-dependent promoter activation,
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is also part of this complex, emphasizing the genome-wide transcriptional impact that

these complexes possess. It is also likely that TBL1X may play a BCL6-independent
transcriptional role in DLBCL. For example, survivin is a member of the inhibitor

of apoptosis family of proteins 108, and its high expression inversely correlates with

5-year overall survival in DLBCL patients treated with frontline anthracycline-based
chemoimmunotherapy 197, In addition, YM155, a small molecule inhibitor of survivin, has
shown significant activity in preclinical models of DLBCL. Interestingly, our published and
unpublished data show that, in addition to the decrease in B/RC5 transcript and survivin
protein levels, proteasomal inhibition partially restored survivin levels in the context of both
tegavivint treatment as well as TBL1X knock-down (Suppl. Fig.2A and B). These results
suggest a model in which TBL1X regulates survivin expression transcriptionally as well as
in a post-transcriptional manner.

In sum, while targeting TBL1X with tegavivint alone and in combination represents an
effective therapeutic strategy in DLBCL, many exciting questions remain related to TBL1X
function in lymphoma and other diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Funding Information

This work was in part supported by the NCI [K08CA226352 (L.A.), R01-CA266682 (L.A.)].

REFERENCES

1. Bassi MT, Ramesar RS, Caciotti B, et al. X-linked late-onset sensorineural deafness caused
by a deletion involving OA1 and a novel gene containing WD-40 repeats. Am J Hum Genet
1999;64(6):1604-16. DOI: 10.1086/302408. [PubMed: 10330347]

2. Yan HT, Shinka T, Kinoshita K, et al. Molecular analysis of TBLL1Y, a Y-linked homologue of
TBL1X related with X-linked late-onset sensorineural deafness. J Hum Genet 2005;50(4):175-181.
DOI: 10.1007/s10038-005-0237-9. [PubMed: 15834507]

3. Zhang XM, Chang Q, Zeng L, Gu J, Brown S, Basch RS. TBLR1 regulates the expression of
nuclear hormone receptor co-repressors. BMC Cell Biol 2006;7:31. DOI: 10.1186/1471-2121-7-31.
[PubMed: 16893456]

4. Perissi V, Scafoglio C, Zhang J, et al. TBL1 and TBLR1 phosphorylation on regulated gene
promoters overcomes dual CtBP and NCoR/SMRT transcriptional repression checkpoints. Mol Cell
2008;29(6):755-66. DOI: 10.1016/j.molcel.2008.01.020. [PubMed: 18374649]

5. Choi HK, Choi KC, Kang HB, et al. Function of multiple Lis-Homology domain/WD-40 repeat-
containing proteins in feed-forward transcriptional repression by silencing mediator for retinoic and
thyroid receptor/nuclear receptor corepressor complexes. Mol Endocrinol 2008;22(5):1093-104.
DOI: 10.1210/me.2007-0396. [PubMed: 18202150]

6. Guenther MG, Lane WS, Fischle W, Verdin E, Lazar MA, Shiekhattar R. A core SMRT corepressor
complex containing HDAC3 and TBL1, a WD40-repeat protein linked to deafness. Genes Dev
2000;14(9):1048-57. [PubMed: 10809664]

7. LiJ, Wang CY. TBL1-TBLR1 and beta-catenin recruit each other to Wnt target-gene promoter for
transcription activation and oncogenesis. Nat Cell Biol 2008;10(2):160-9. DOI: 10.1038/nch1684.
[PubMed: 18193033]

Exp Hematol. Author manuscript; available in PMC 2023 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pray et al.

Page 10

8. Zhang J, Kalkum M, Chait BT, Roeder RG. The N-CoR-HDAC3 nuclear receptor corepressor
complex inhibits the INK pathway through the integral subunit GPS2. Mol Cell 2002;9(3):611-23.
DOI: 10.1016/51097-2765(02)00468-9. [PubMed: 11931768]

9. Choi HK, Choi KC, Yoo JY, et al. Reversible SUMOylation of TBL1-TBLR1 regulates beta-
catenin-mediated Wnt signaling. Mol Cell 2011;43(2):203-16. DOI: 10.1016/j.molcel.2011.05.027.
[PubMed: 21777810]

10. Uhlen M, Fagerberg L, Hallstrom BM, et al. Proteomics. Tissue-based map of the

human proteome. Science 2015;347(6220):1260419. DOI: 10.1126/science.1260419. [PubMed:
25613900]

11. Youssef Y, Karkhanis V, Chan WK, et al. Transducin beta-like protein 1 controls multiple
oncogenic networks in diffuse large B-cell lymphoma. Haematologica 2021;106(11):2927-2939.
DOI: 10.3324/haematol.2020.268235. [PubMed: 33054136]

12. Rivero S, Gomez-Marin E, Guerrero-Martinez JA, Garcia-Martinez J, Reyes JC. TBL1 is required
for the mesenchymal phenotype of transformed breast cancer cells. Cell Death Dis 2019;10(2):95.
DOI: 10.1038/s41419-019-1310-1. [PubMed: 30705280]

13. Stoy C, Sundaram A, Rios Garcia M, et al. Transcriptional co-factor Transducin beta-like (TBL) 1
acts as a checkpoint in pancreatic cancer malignancy. EMBO Mol Med 2015;7(8):1048-62. DOI:
10.15252/emmm.201404837. [PubMed: 26070712]

14. Xu H, Yan X, Zhu H, et al. TBL1X and Flot2 form a positive feedback loop to promote metastasis
in nasopharyngeal carcinoma. Int J Biol Sci 2022;18(3):1134-1149. DOI: 10.7150/ijbs.68091.
[PubMed: 35173544]

15. Zhou Q, Wang X, Yu Z, et al. Transducin (beta)-like 1 X-linked receptor 1 promotes gastric
cancer progression via the ERK1/2 pathway. Oncogene 2017;36(13):1873-1886. DOI: 10.1038/
onc.2016.352. [PubMed: 27694893]

16. Zhao Y, Lin H, Jiang J, Ge M, Liang X. TBL1XR1 as a potential therapeutic target that
promotes epithelial-mesenchymal transition in lung squamous cell carcinoma. Exp Ther Med
2019;17(1):91-98. DOI: 10.3892/etm.2018.6955. [PubMed: 30651768]

17. Liu Y, Sun W, Zhang K, et al. Identification of genes differentially expressed in human
primary lung squamous cell carcinoma. Lung Cancer 2007;56(3):307-17. DOI: 10.1016/
j.lungcan.2007.01.016. [PubMed: 17316888]

18. Liu F, He Y, Cao Q, Liu N, Zhang W. TBL1XR1 Is Highly Expressed in Gastric Cancer
and Predicts Poor Prognosis. Dis Markers 2016;2016:2436518. DOI: 10.1155/2016/2436518.
[PubMed: 27672238]

19. Chen SP, Yang Q, Wang CJ, et al. Transducin beta-like 1 X-linked receptor 1 suppresses cisplatin
sensitivity in nasopharyngeal carcinoma via activation of NF-kappaB pathway. Mol Cancer
2014;13:195. DOI: 10.1186/1476-4598-13-195. [PubMed: 25145705]

20. Ma M, Yu N. Over-Expression of TBL1XR1 Indicates Poor Prognosis of Serous Epithelial
Ovarian Cancer. Tohoku J Exp Med 2017;241(3):239-247. DOI: 10.1620/tjem.241.239. [PubMed:
28344213]

21. An Q, Pacyna-Gengelbach M, Schluns K, et al. Identification of differentially expressed genes
in immortalized human bronchial epithelial cell line as a model for in vitro study of lung
carcinogenesis. Int J Cancer 2003;103(2):194-204. DOI: 10.1002/ijc.10807. [PubMed: 12455033]

22. LiJ, Wang J, Wang J, et al. Both corepressor proteins SMRT and N-CoR exist in large protein
complexes containing HDAC3. EMBO J 2000;19(16):4342-50. DOI: 10.1093/emb0j/19.16.4342.
[PubMed: 10944117]

23. Yoon HG, Chan DW, Huang ZQ, et al. Purification and functional characterization of the human
N-CoR complex: the roles of HDAC3, TBL1 and TBLR1. EMBO J 2003;22(6):1336-46. DOI:
10.1093/emboj/cdg120. [PubMed: 12628926]

24. Klein U, Dalla-Favera R. Germinal centres: role in B-cell physiology and malignancy. Nat Rev
Immunol 2008;8(1):22—-33. DOI: 10.1038/nri2217. [PubMed: 18097447]

25. Ahmad KF, Melnick A, Lax S, et al. Mechanism of SMRT corepressor recruitment by the BCL6
BTB domain. Mol Cell 2003;12(6):1551-64. DOI: 10.1016/s1097-2765(03)00454-4. [PubMed:
14690607]

Exp Hematol. Author manuscript; available in PMC 2023 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pray et al.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 11

Ghetu AF, Corcoran CM, Cerchietti L, Bardwell VVJ, Melnick A, Prive GG. Structure of a BCOR
corepressor peptide in complex with the BCL6 BTB domain dimer. Mol Cell 2008;29(3):384-91.
DOI: 10.1016/j.molcel.2007.12.026. [PubMed: 18280243]

Karagianni P, Wong J. HDAC3: taking the SMRT-N-CoRrect road to repression. Oncogene
2007;26(37):5439-49. DOI: 10.1038/sj.0nc.1210612. [PubMed: 17694085]

Hatzi K, Jiang Y, Huang C, et al. A hybrid mechanism of action for BCL6 in B cells defined by
formation of functionally distinct complexes at enhancers and promoters. Cell Rep 2013;4(3):578-
88. DOI: 10.1016/j.celrep.2013.06.016. [PubMed: 23911289]

Hatzi K, Melnick A. Breaking bad in the germinal center: how deregulation of BCL6 contributes
to lymphomagenesis. Trends Mol Med 2014;20(6):343-52. DOI: 10.1016/j.molmed.2014.03.001.
[PubMed: 24698494]

Dent AL, Shaffer AL, Yu X, Allman D, Staudt LM. Control of inflammation, cytokine
expression, and germinal center formation by BCL-6. Science 1997;276(5312):589-92. DOI:
10.1126/science.276.5312.589. [PubMed: 9110977]

Perissi V, Aggarwal A, Glass CK, Rose DW, Rosenfeld MG. A corepressor/coactivator

exchange complex required for transcriptional activation by nuclear receptors and other regulated
transcription factors. Cell 2004;116(4):511-26. DOI: 10.1016/s0092-8674(04)00133-3. [PubMed:
14980219]

Ye BH, Cattoretti G, Shen Q, et al. The BCL-6 proto-oncogene controls germinal-centre formation
and Th2-type inflammation. Nat Genet 1997;16(2):161-70. DOI: 10.1038/ng0697-161. [PubMed:
9171827]

Baron BW, Anastasi J, Montag A, et al. The human BCL6 transgene promotes the development
of lymphomas in the mouse. Proc Natl Acad Sci U S A 2004;101(39):14198-203. DOI: 10.1073/
pnas.0406138101. [PubMed: 15375218]

Cattoretti G, Pasqualucci L, Ballon G, et al. Deregulated BCL6 expression recapitulates the
pathogenesis of human diffuse large B cell lymphomas in mice. Cancer Cell 2005;7(5):445-55.
DOI: 10.1016/j.ccr.2005.03.037. [PubMed: 15894265]

Ci W, Polo JM, Melnick A. B-cell lymphoma 6 and the molecular pathogenesis of diffuse large B-
cell lymphoma. Curr Opin Hematol 2008;15(4):381-90. DOI: 10.1097/MOH.0b013e328302c7df.
[PubMed: 18536578]

Cerchietti LC, Ghetu AF, Zhu X, et al. A small-molecule inhibitor of BCL6 kills DLBCL cells

in vitro and in vivo. Cancer Cell 2010;17(4):400-11. DOI: 10.1016/j.ccr.2009.12.050. [PubMed:
20385364]

Cerchietti LC, Yang SN, Shaknovich R, et al. A peptomimetic inhibitor of BCL6 with

potent antilymphoma effects in vitro and in vivo. Blood 2009;113(15):3397-405. DOI: 10.1182/
blood-2008-07-168773. [PubMed: 18927431]

Polo JM, Dell'Oso T, Ranuncolo SM, et al. Specific peptide interference reveals BCL6
transcriptional and oncogenic mechanisms in B-cell lymphoma cells. Nat Med 2004;10(12):1329—
35. DOI: 10.1038/nm1134. [PubMed: 15531890]

Venturutti L, Teater M, Zhai A, et al. TBL1XR1 Mutations Drive Extranodal Lymphoma
by Inducing a Pro-tumorigenic Memory Fate. Cell 2020;182(2):297-316 e27. DOI: 10.1016/
j.cell.2020.05.049. [PubMed: 32619424]

Dimitrova YN, Li J, Lee YT, et al. Direct ubiquitination of beta-catenin by Siah-1 and
regulation by the exchange factor TBL1. J Biol Chem 2010;285(18):13507-16. DOI: 10.1074/
jbc.M109.049411. [PubMed: 20181957]

Stamos JL, Weis WI. The beta-catenin destruction complex. Cold Spring Harb Perspect Biol
2013;5(1):a007898. DOI: 10.1101/cshperspect.a007898. [PubMed: 23169527]

Ramadoss S, Li J, Ding X, Al Hezaimi K, Wang CY. Transducin beta-like protein 1 recruits
nuclear factor kappaB to the target gene promoter for transcriptional activation. Mol Cell Biol
2011;31(5):924-34. DOI: 10.1128/MCB.00576-10. [PubMed: 21189284]

Kulozik P, Jones A, Mattijssen F, et al. Hepatic deficiency in transcriptional cofactor TBL1
promotes liver steatosis and hypertriglyceridemia. Cell Metab 2011;13(4):389-400. DOI: 10.1016/
j.cmet.2011.02.011. [PubMed: 21459324]

Exp Hematol. Author manuscript; available in PMC 2023 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pray et al.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 12

Li DD, Liu Y, Xue L, Su DY, Pang WY. Up-regulation of microRNA-367 promotes liver steatosis
through repressing TBL1 in obese mice. Eur Rev Med Pharmacol Sci 2017;21(7):1598-1603.
[PubMed: 28429344]

Rohm M, Sommerfeld A, Strzoda D, et al. Transcriptional cofactor TBLR1 controls

lipid mobilization in white adipose tissue. Cell Metab 2013;17(4):575-85. DOI: 10.1016/
j.cmet.2013.02.010. [PubMed: 23499424]

Giovannucci E, Michaud D. The role of obesity and related metabolic disturbances in cancers

of the colon, prostate, and pancreas. Gastroenterology 2007;132(6):2208-25. DOI: 10.1053/
J.gastro.2007.03.050. [PubMed: 17498513]

Soldi R, Halder TG, Sampson S, et al. The Small Molecule BC-2059 Inhibits Wingless/Integrated
(Wnt)-Dependent Gene Transcription in Cancer through Disruption of the Transducin beta-Like
1-beta-Catenin Protein Complex. J Pharmacol Exp Ther 2021;378(2):77-86. DOI: 10.1124/
jpet.121.000634. [PubMed: 34006586]

Oberoi J, Fairall L, Watson PJ, et al. Structural basis for the assembly of the SMRT/NCoR

core transcriptional repression machinery. Nat Struct Mol Biol 2011;18(2):177-84. DOI: 10.1038/
nsmb.1983. [PubMed: 21240272]

Soldi R, Horrigan SK, Cholody MW, et al. Design, Synthesis, and Biological Evaluation of

a Series of Anthracene-9,10-dione Dioxime beta-Catenin Pathway Inhibitors. J Med Chem
2015;58(15):5854—62. DOI: 10.1021/acs.jmedchem.5b00460. [PubMed: 26182238]

Saenz DT, Fiskus W, Mill CP, et al. Mechanistic basis and efficacy of targeting the beta-catenin-
TCF7L2-JMJD6-c-Myc axis to overcome resistance to BET inhibitors. Blood 2020;135(15):1255-
1269. DOI: 10.1182/blood.2019002922. [PubMed: 32068780]

Savvidou I, Khong T, Cuddihy A, McLean C, Horrigan S, Spencer A. beta-Catenin

Inhibitor BC2059 Is Efficacious as Monotherapy or in Combination with Proteasome

Inhibitor Bortezomib in Multiple Myeloma. Mol Cancer Ther 2017;16(9):1765-1778. DOI:
10.1158/1535-7163.MCT-16-0624. [PubMed: 28500235]

Crago AM, Chmielecki J, Rosenberg M, et al. Near universal detection of alterations in CTNNB1
and Wnt pathway regulators in desmoid-type fibromatosis by whole-exome sequencing and
genomic analysis. Genes Chromosomes Cancer 2015;54(10):606-15. DOI: 10.1002/gcc.22272.
[PubMed: 26171757]

Miyaki M, Konishi M, Kikuchi-Yanoshita R, et al. Coexistence of somatic and germ-line mutations
of APC gene in desmoid tumors from patients with familial adenomatous polyposis. Cancer Res
1993;53(21):5079-82. [PubMed: 8221638]

Ng TL, Gown AM, Barry TS, et al. Nuclear beta-catenin in mesenchymal tumors. Mod Pathol
2005;18(1):68-74. DOI: 10.1038/modpathol.3800272. [PubMed: 15375433]

Tejpar S, Nollet F, Li C, et al. Predominance of beta-catenin mutations and beta-catenin
dysregulation in sporadic aggressive fibromatosis (desmoid tumor). Oncogene 1999; 18(47):6615—
20. DOI: 10.1038/sj.0nc.1203041. [PubMed: 10597266]

Nomura M, Rainusso N, Lee YC, et al. Tegavivint and the beta-Catenin/ALDH Axis in
Chemotherapy-Resistant and Metastatic Osteosarcoma. J Natl Cancer Inst 2019;111(11):1216-
1227. DOI: 10.1093/jnci/djz026. [PubMed: 30793158]

Nakahata L, Nirala B, Shuck R, Kurenbekova L, Yustein JT. Targeting TBL1 inhibits nuclear
B-catenin activity and enhances immune checkpoint inhibition efficacy in osteosarcoma. American
Association for Cancer Research. New Orleans, LA2022.

Behrens J, von Kries JP, Kuhl M, et al. Functional interaction of beta-catenin with the transcription
factor LEF-1. Nature 1996;382(6592):638-42. DOI: 10.1038/382638a0. [PubMed: 8757136]
Molenaar M, van de Wetering M, Oosterwegel M, et al. XTcf-3 transcription factor mediates
beta-catenin-induced axis formation in Xenopus embryos. Cell 1996;86(3):391-9. DOI: 10.1016/
s0092-8674(00)80112-9. [PubMed: 8756721]

Fiskus W, Sharma S, Saha S, et al. Pre-clinical efficacy of combined therapy with novel
beta-catenin antagonist BC2059 and histone deacetylase inhibitor against AML cells. Leukemia
2015;29(6): 1267-78. DOI: 10.1038/leu.2014.340. [PubMed: 25482131]

Birdwell BF WC; Mill CP; Davis JA; Jin Q; DiNardo CD; Takahashi K; Horrigan S; Kadia

TM; Daver N; Bhalla KN Novel combination therapies against AML with 3926 lesions and

Exp Hematol. Author manuscript; available in PMC 2023 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pray et al.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Page 13

EVI1 overexpression. American Association for Cancer Research Annual Meeting. New Orleans,
LA2022.

Savvidou I, Khong T, Whish S, et al. Combination of Histone Deacetylase Inhibitor Panobinostat
(LBH589) with beta-Catenin Inhibitor Tegavivint (BC2059) Exerts Significant Anti-Myeloma
Activity Both In Vitro and In Vivo. Cancers (Basel) 2022;14(3). DOI: 10.3390/cancers14030840.

Cranmer LD, Razak ARA, Ratan R, et al. Results of a phase | dose escalation and expansion study
of tegavivint (BC2059), a first-in-class TBL1 inhibitor for patients with progressive, unresectable
desmoid tumor. Journal of Clinical Oncology 2022;40(16_suppl):11523-11523. DOI: 10.1200/
JC0.2022.40.16_suppl.11523.

Alizadeh AA, Eisen MB, Davis RE, et al. Distinct types of diffuse large B-cell lymphoma
identified by gene expression profiling. Nature 2000;403(6769):503-11. DOI: 10.1038/35000501.
[PubMed: 10676951]

Rosenwald A, Wright G, Chan WC, et al. The use of molecular profiling to predict survival after
chemotherapy for diffuse large-B-cell lymphoma. N Engl J Med 2002;346(25):1937-47. DOI:
10.1056/NEJM0a012914. [PubMed: 12075054]

Sehn LH, Donaldson J, Chhanabhai M, et al. Introduction of combined CHOP plus rituximab
therapy dramatically improved outcome of diffuse large B-cell lymphoma in British Columbia. J
Clin Oncol 2005;23(22):5027-33. DOI: 10.1200/JC0.2005.09.137. [PubMed: 15955905]

Teras LR, DeSantis CE, Cerhan JR, Morton LM, Jemal A, Flowers CR. 2016 US lymphoid
malignancy statistics by World Health Organization subtypes. CA Cancer J Clin 2016;66(6):443—
459. DOI: 10.3322/caac.21357. [PubMed: 27618563]

Lenz G, Wright GW, Emre NC, et al. Molecular subtypes of diffuse large B-cell lymphoma arise
by distinct genetic pathways. Proc Natl Acad Sci U S A 2008;105(36):13520-5. DOI: 10.1073/
pnas.0804295105. [PubMed: 18765795]

Johnson NA, Savage KJ, Ludkovski O, et al. Lymphomas with concurrent BCL2 and MYC
translocations: the critical factors associated with survival. Blood 2009;114(11):2273-9. DOI:
10.1182/blood-2009-03-212191. [PubMed: 19597184]

Horn H, Ziepert M, Becher C, et al. MYC status in concert with BCL2 and BCL6 expression
predicts outcome in diffuse large B-cell lymphoma. Blood 2013;121(12):2253-63. DOI: 10.1182/
blood-2012-06-435842. [PubMed: 23335369]

Barrans S, Crouch S, Smith A, et al. Rearrangement of MYC is associated with poor prognosis

in patients with diffuse large B-cell lymphoma treated in the era of rituximab. J Clin Oncol
2010;28(20):3360-5. DOI: 10.1200/JC0.2009.26.3947. [PubMed: 20498406]

Savage KJ, Johnson NA, Ben-Neriah S, et al. MYC gene rearrangements are associated with a poor
prognosis in diffuse large B-cell lymphoma patients treated with R-CHOP chemotherapy. Blood
2009;114(17):3533-7. DOI: 10.1182/blood-2009-05-220095. [PubMed: 19704118]

Valera A, Lopez-Guillermo A, Cardesa-Salzmann T, et al. MY C protein expression

and genetic alterations have prognostic impact in patients with diffuse large B-cell
lymphoma treated with immunochemotherapy. Haematologica 2013;98(10):1554-62. DOI:
10.3324/haematol.2013.086173. [PubMed: 23716551]

Dunleavy K, Fanale MA, Abramson JS, et al. Dose-adjusted EPOCH-R (etoposide, prednisone,
vincristine, cyclophosphamide, doxorubicin, and rituximab) in untreated aggressive diffuse large
B-cell lymphoma with MY C rearrangement: a prospective, multicentre, single-arm phase 2

study. Lancet Haematol 2018;5(12):609-e617. DOI: 10.1016/S2352-3026(18)30177-7. [PubMed:
30501868]

Rosenthal A, Younes A. High grade B-cell lymphoma with rearrangements of MYC and BCL2
and/or BCL6: Double hit and triple hit lymphomas and double expressing lymphoma. Blood Rev
2017;31(2):37-42. DOI: 10.1016/j.blre.2016.09.004.

Schmitz R, Wright GW, Huang DW, et al. Genetics and Pathogenesis of Diffuse Large B-Cell
Lymphoma. N Engl J Med 2018;378(15):1396-1407. DOI: 10.1056/NEJM0a1801445. [PubMed:
29641966]

Pfeifer M, Grau M, Lenze D, et al. PTEN loss defines a PI3K/AKT pathway-dependent germinal
center subtype of diffuse large B-cell lymphoma. Proc Natl Acad Sci U S A 2013;110(30):12420-
5. DOI: 10.1073/pnas.1305656110. [PubMed: 23840064]

Exp Hematol. Author manuscript; available in PMC 2023 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pray et al.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Page 14

Davis RE, Ngo VN, Lenz G, et al. Chronic active B-cell-receptor signalling in diffuse large B-cell
lymphoma. Nature 2010;463(7277):88-92. DOI: 10.1038/nature08638. [PubMed: 20054396]

Ngo VN, Young RM, Schmitz R, et al. Oncogenically active MY D88 mutations in human
lymphoma. Nature 2011;470(7332):115-9. DOI: 10.1038/nature09671. [PubMed: 21179087]

Lenz G, Davis RE, Ngo VN, et al. Oncogenic CARD11 mutations in human diffuse large

B cell lymphoma. Science 2008;319(5870):1676-9. DOI: 10.1126/science.1153629. [PubMed:
18323416]

Compagno M, Lim WK, Grunn A, et al. Mutations of multiple genes cause deregulation of
NF-kappaB in diffuse large B-cell lymphoma. Nature 2009;459(7247):717-21. DOI: 10.1038/
nature07968. [PubMed: 19412164]

Turturro F Constitutive NF-kappa B Activation Underlines Major Mechanism of Drug Resistance
in Relapsed Refractory Diffuse Large B Cell Lymphoma. Biomed Res Int 2015;2015:484537.
DOI: 10.1155/2015/484537. [PubMed: 25984532]

Bognar MK, Vincendeau M, Erdmann T, et al. Oncogenic CARMAL couples NF-kappaB and
beta-catenin signaling in diffuse large B-cell lymphomas. Oncogene 2016;35(32):4269-81. DOI:
10.1038/0nc.2015.493. [PubMed: 26776161]

Ge X, Lv X, Feng L, Liu X, Wang X. High expression and nuclear localization of beta-catenin

in diffuse large B-cell lymphoma. Mol Med Rep 2012;5(6):1433-7. DOI: 10.3892/mmr.2012.835.
[PubMed: 22427053]

Kawahara T, Kawaguchi-lhara N, Okuhashi Y, Itoh M, Nara N, Tohda S. Cyclopamine

and quercetin suppress the growth of leukemia and lymphoma cells. Anticancer Res
2009;29(11):4629-32. [PubMed: 20032413]

Koivula S, Valo E, Raunio A, Hautaniemi S, Leppa S. Rituximab regulates signaling pathways and
alters gene expression associated with cell death and survival in diffuse large B-cell lymphoma.
Oncol Rep 2011;25(4):1183-90. DOI: 10.3892/0r.2011.1179. [PubMed: 21318224]

Walker MP, Stopford CM, Cederlund M, et al. FOXP1 potentiates Wnt/beta-catenin signaling

in diffuse large B cell lymphoma. Sci Signal 2015;8(362):ra12. DOI: 10.1126/scisignal.2005654.
[PubMed: 25650440]

Goldenberg SJ, Cascio TC, Shumway SD, et al. Structure of the Cand1-Cull-Rocl complex
reveals regulatory mechanisms for the assembly of the multisubunit cullin-dependent ubiquitin
ligases. Cell 2004;119(4):517-28. DOI: 10.1016/j.cell.2004.10.019. [PubMed: 15537541]

Sehn LH, Gascoyne RD. Diffuse large B-cell lymphoma: optimizing outcome in the

context of clinical and biologic heterogeneity. Blood 2015;125(1):22-32. DOI: 10.1182/
blood-2014-05-577189. [PubMed: 25499448]

Wanner K, Hipp S, Oelsner M, et al. Mammalian target of rapamycin inhibition induces

cell cycle arrest in diffuse large B cell lymphoma (DLBCL) cells and sensitises DLBCL

cells to rituximab. Br J Haematol 2006;134(5):475-84. DOI: 10.1111/j.1365-2141.2006.06210.x.
[PubMed: 16856892]

Harraz MM, Tyagi R, Cortes P, Snyder SH. Antidepressant action of ketamine via mTOR is
mediated by inhibition of nitrergic Rheb degradation. Mol Psychiatry 2016;21(3):313-9. DOI:
10.1038/mp.2015.211. [PubMed: 26782056]

Saxton RA, Sabatini DM. mTOR Signaling in Growth, Metabolism, and Disease. Cell
2017;169(2):361-371. DOI: 10.1016/j.cell.2017.03.035.

Sun SY, Rosenberg LM, Wang X, et al. Activation of Akt and elF4E survival pathways by
rapamycin-mediated mammalian target of rapamycin inhibition. Cancer Res 2005;65(16):7052-8.
DOI: 10.1158/0008-5472.CAN-05-0917. [PubMed: 16103051]

Hasselblom S, Hansson U, Olsson M, et al. High immunohistochemical expression

of p-AKT predicts inferior survival in patients with diffuse large B-cell lymphoma

treated with immunochemotherapy. Br J Haematol 2010;149(4):560-8. DOI: 10.1111/
j.1365-2141.2010.08123.x. [PubMed: 20201946]

Hong JY, Hong ME, Choi MK, et al. The impact of activated p-AKT expression on clinical
outcomes in diffuse large B-cell lymphoma: a clinicopathological study of 262 cases. Ann Oncol
2014;25(1):182-8. DOI: 10.1093/annonc/mdt530. [PubMed: 24356628]

Exp Hematol. Author manuscript; available in PMC 2023 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pray et al.

96.

97.

98.

99.

100

101.

102.

103.

104.

105.

106.

107.

Page 15

Uddin S, Hussain AR, Siraj AK, et al. Role of phosphatidylinositol 3'-kinase/AKT pathway
in diffuse large B-cell lymphoma survival. Blood 2006;108(13):4178-86. DOI: 10.1182/
blood-2006-04-016907. [PubMed: 16946303]

Crabb SJ, Birtle AJ, Martin K, et al. ProCAID: a phase I clinical trial to combine the AKT inhibitor
AZD5363 with docetaxel and prednisolone chemotherapy for metastatic castration resistant
prostate cancer. Invest New Drugs 2017;35(5):599-607. DOI: 10.1007/s10637-017-0433-4.
[PubMed: 28144789]

Davies BR, Greenwood H, Dudley P, et al. Preclinical pharmacology of AZD5363, an inhibitor of
AKT: pharmacodynamics, antitumor activity, and correlation of monotherapy activity with genetic
background. Mol Cancer Ther 2012;11(4):873-87. DOI: 10.1158/1535-7163.MCT-11-0824-T.
[PubMed: 22294718]

Erdmann T, Klener P, Lynch JT, et al. Sensitivity to PI3K and AKT inhibitors is mediated

by divergent molecular mechanisms in subtypes of DLBCL. Blood 2017;130(3):310-322. DOI:
10.1182/blood-2016-12-758599. [PubMed: 28202458]

. Jones RH, Casbard A, Carucci M, et al. Fulvestrant plus capivasertib versus placebo after relapse
or progression on an aromatase inhibitor in metastatic, oestrogen receptor-positive breast cancer
(FAKTION): a multicentre, randomised, controlled, phase 2 trial. Lancet Oncol 2020;21(3):345—
357. DOI: 10.1016/S1470-2045(19)30817-4. [PubMed: 32035020]

Schmid P, Abraham J, Chan S, et al. Capivasertib Plus Paclitaxel Versus Placebo Plus Paclitaxel
As First-Line Therapy for Metastatic Triple-Negative Breast Cancer: The PAKT Trial. J Clin
Oncol 2020;38(5):423-433. DOI: 10.1200/JC0.19.00368. [PubMed: 31841354]

Di Veroli GY, Fornari C, Wang D, et al. Combenefit: an interactive platform for the analysis

and visualization of drug combinations. Bioinformatics 2016;32(18):2866—8. DOI: 10.1093/
bioinformatics/btw230. [PubMed: 27153664]

Gao D, Inuzuka H, Tan MK, et al. mTOR drives its own activation via SCF(betaTrCP)-dependent
degradation of the mTOR inhibitor DEPTOR. Mol Cell 2011;44(2):290-303. DOI: 10.1016/
j.molcel.2011.08.030. [PubMed: 22017875]

Xu ZZ, Xia ZG, Wang AH, et al. Activation of the PI3BK/AKT/mTOR pathway in diffuse

large B cell lymphoma: clinical significance and inhibitory effect of rituximab. Ann Hematol
2013;92(10):1351-8. DOI: 10.1007/s00277-013-1770-9. [PubMed: 23636313]

Polo JM, Juszczynski P, Monti S, et al. Transcriptional signature with differential expression
of BCL6 target genes accurately identifies BCL6-dependent diffuse large B cell lymphomas.
Proc Natl Acad Sci U S A 2007;104(9):3207-12. DOI: 10.1073/pnas.0611399104. [PubMed:
17360630]

Zhuang Y, Che J, Wu M, et al. Altered pathways and targeted therapy in double hit lymphoma. J
Hematol Oncol 2022;15(1):26. DOI: 10.1186/s13045-022-01249-9. [PubMed: 35303910]
Cheson BD, Bartlett NL, Vose JM, et al. A phase |1 study of the survivin suppressant YM155

in patients with refractory diffuse large B-cell lymphoma. Cancer 2012;118(12):3128-34. DOI:
10.1002/cncr.26510. [PubMed: 22006123]

Exp Hematol. Author manuscript; available in PMC 2023 February 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pray et al.

Page 16

12hrs 24hrs
A. Isu KD B. C. RHEB 12hrs
2 3 = = Z =
& E
© E fheb
z
z

GAPDH
Rheb
GAPDH

oa-y3

oa-y3

3
=] " | o st e
= ® e |Rheb
a
Riva 0OCl-ly3
12hrs 12hrs
D' 12hrs 24hrs E‘ 12hrs 24hrs F = B
o = = Z = z -
& o L] Z - Z
s S - 5 z = . = g
l--- ._H- == | Rheb ° O =
= p-4EB-P1 (Ser65)
B S W | | S a— o—— | GA7DH
g | e e vy
=3 o
5 o e =] [ e e — e [ E== = oo (D [T

Figure 1. TBL 1X regulates Rheb turnover in DLBCL.
Immunoblots showing Rheb protein levels in DLBCL cell lines (ABC-DLBCL cell lines:

Riva and OCI-Ly3; GCB-DLBCL.: Pfeiffer) following A. shRNA knockdown of TBL1

and B. incubation with tegavivint (T) or vehicle control (DMSO, NT) for 12-24hrs. For

this experiment and the following, tegavivint was dosed at each cell lines” 24hour 1C50
(Riva and Pfeiffer: 70nM, OCI-Ly3: 50nM) according to our previous publication!. C.
RHEB mRNA transcript levels following 12hrs incubation with tegavivint. D. Immunoblots
showing Rheb levels following treatment with either the translation inhibitor cycloheximide
(CHX), tegavivint (T) or the combination (CHX+T) for 12hrs, and after treatment with
either DMSO control (NT), tegavivint (T), the proteasome inhibitor MG132 or the
combination (T+MG132) for 24 hours. CHX (70 mg/mL) was added for 1 hour and then
washed before adding tegavivint. MG132 (Riva and OCI-Ly3: 0.5uM and Pfeiffer: 0.3uM)
was added 6 hours after tegavivint treatment was started. Immunoblots showing protein
levels of E. mTORC1 components, mTOR and Raptor, and F. mTOR targets, p70 S6 kinase
(p70S6K) and eukaryotic initiation factor 4E binding protein 1 (4E-BP1) in DLBCL cell
lines following treatment with tegavivint (T).
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Figure 2. Tegavivint activates AKT signaling and the combination of tegavivint with AZD-5363

resultsin synergistic cell killingin PTEN-deficient DLBCL cell lines.

A. Immunoblots showing AKT protein levels, its phosphorylation status at the serine 473
residue, and its downstream targets, FOXO1 and GSK-3p, in an ABC DLBCL cell line
following treatment with tegavivint (T) or vehicle control (DMSO, NT) for the indicated
timepoints. B. Isobologram analysis and synergism determination by Loewe additivity
synergy modelled using Combenefitl92, Matrices display calculated Loewe additivity scores
+ SD from dose concentration combinations of tegavivint (Teg) and AZD-5363 in PTEN
mutant (mut) (BJAB, OCI-Ly1, and U2932) and PTEN wildtype (WT) DLBCL cell lines
(Riva). Matrices are color-coded; blue indicates synergistic cell killing, red antagonism, and
green represents dose combinations for which additive effect was found. Following 48 hours
incubation with indicated concentrations AZD-5363, tegavivint was added for an additional
24 hours incubation. Viability was determined by annexin V/propidium staining and flow

cytometry. Experiments were performed in triplicate.
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