Genes & Diseases (2024) 11, 701—710

. : . . Genes &
Available online at www.sciencedirect.com Diseases

K e A‘i ScienceDirect

CHINESE ROOTS
GLOBAL IMPACT

journal homepage: www.keaipublishing.com/en/journals/genes-diseases

REVIEW ARTICLE

The Wnt-dependent and Wnt-independent  ®
functions of BCL9 in development,
tumorigenesis, and immunity: Implications

in therapeutic opportunities

Minjie Wu ", Heng Dong >“", Chao Xu <", Mengqing Sun *,
Haojin Gao ¢, Fangtian Bu *<, Jianxiang Chen %:®:<*

2 College of Pharmacy and Department of Hepatology, Institute of Hepatology and Metabolic Diseases,
The Affiliated Hospital of Hangzhou Normal University, Hangzhou Normal University, Hangzhou,
Zhejiang 311121, China

b Laboratory of Cancer Genomics, Division of Cellular and Molecular Research, National Cancer Centre,
Singapore 169610, Singapore

¢ Key Laboratory of Elemene Class Anti-Cancer Chinese Medicines, Engineering Laboratory of
Development and Application of Traditional Chinese Medicines, Collaborative Innovation Center of
Traditional Chinese Medicines of Zhejiang Province, Hangzhou Normal University, Hangzhou, Zhejiang
311121, China

Received 14 October 2022; received in revised form 27 February 2023; accepted 5 March 2023
Available online 11 April 2023

KEYWORDS Abstract B-cell CLL/lymphoma 9 (BCL9) is considered a key developmental regulator and a
BCLY; well-established oncogenic driver in multiple cancer types, mainly through potentiating the
Development; Wnt/B-catenin signaling. However, increasing evidences indicate that BCL9 also plays multiple
Immunity; Whnt-independent roles. Herein, we summarized the updates of the canonical and non-canon-
Multifaceted ical functions of BCL9 in cellular, physiological, or pathological processes. Moreover, we also
functions; concluded that the targeted inhibitors disrupt the interaction of g-catenin with BCL9 reported
Therapeutic target; recently.

Tumorigenesis © 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,

Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).

* Corresponding author. College of Pharmacy and Department of Hepatology, Institute of Hepatology and Metabolic Diseases, The Affil-
iated Hospital of Hangzhou Normal University, Hangzhou Normal University, Hangzhou, Zhejiang 311121, China.
E-mail address: chenjx@hznu.edu.cn (J. Chen).
Peer review under responsibility of Chongging Medical University.
' These authors contributed equally to this work.

https://doi.org/10.1016/j.gendis.2023.03.012
2352-3042/© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:chenjx@hznu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gendis.2023.03.012&domain=pdf
https://doi.org/10.1016/j.gendis.2023.03.012
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.sciencedirect.com/science/journal/23523042
http://www.keaipublishing.com/en/journals/genes-diseases
https://doi.org/10.1016/j.gendis.2023.03.012
https://doi.org/10.1016/j.gendis.2023.03.012

702

M. Wu et al.

Introduction

Human B-cell CLL/lymphoma 9 (BCL9) was first cloned from
translocation t(1; 14)(q21; q32) of a patient with precursor
B-cell acute lymphoblastic leukemia (ALL) in 1998."
Increasing evidences have demonstrated the role of BCL9 in
various diseases, especially in various human cancers (Table
1). BCL9 is overexpressed in multiple kinds of cancers, such
as myeloma,’ colorectal cancer (CRC),*> breast cancer,”
lung cancer,’ liver cancer,® and ovarian cancer.” As an
oncoprotein, BCL9 promotes cancer development mainly
through sustaining cancer cell division,® promoting prolif-
eration and migration, inhibiting apoptosis,”® remodeling
tumor microenvironment (TME) and immune system, and
regulating chromosomal instability and karyotype for tumor
evolution.* 10712

Besides tumors, during tooth development, conditional
deletion of both Bcl9 and its homolog BCL9-like (Bcl9L) in
mice produced teeth with defective enamel that was bright
white and deficient in iron, which is reminiscent of human
tooth enamel pathologies.’® BCL9 and Pygopus (PYGO)
perturbations cause developmental heart defects in
zebrafish and mice, indicating implicated alterations in
BCL9 in human congenital heart defects.'* In addition, BCL9
mediates the differentiation of myogenic progenitors dur-
ing muscle regeneration.'”

BCL9 has long been considered to be involved in the
canonical Wnt signaling pathway, but recent studies have
revealed diverse roles of BCL9 outside the Wnt signaling
pathway.® '3 This review summarizes the recent mul-
tiple functions of BCL9, which will provide guidance for
uncovering the potential roles of this oncogene and for
designing more specific and precise inhibitors targeting its
multifaceted functions for various human diseases.

Table 1  Multi-functions of BCL9.

The diverse regulations of BCL9 expression

The expression of BCL9 is up-regulated in tumors, and the
mechanism is complex. Hypoxia is a common feature of
tumors and plays a crucial role in their occurrence and
development. In hepatocellular carcinoma (HCC), hypoxia
can induce the expression of BCL9, and this is predomi-
nantly mediated by hypoxia-inducible factor 1, alpha sub-
unit (HIF1«), and HIF2¢."® Consistently, in CRC, the ectopic
expression of HIF1a, but not HIF2a. up-regulates the
expression of BCL9 in SW480 and HCT116 cells at the
transcription level, and there is a strong correlation be-
tween the expression of HIF1o. and BCL9 in human CRC
specimens. '’

Noncoding RNAs are also important regulators of BCL9
(Table 2). In CRC, the expression of miR-140-3p in patients
is lower than that in healthy controls, just as in CRC pa-
tients with liver metastasis. Notably, BCL9 and BCL2 are
identified as direct targets of miR-140-3p.%° In gastric
cancer, the double-stranded miR-30a precursor produces
two single-stranded and mature miRNAs: miR-30a-3p and
miR-30a-5p. They serve significant biological functions in
two distinct ways. Through BCL9, miR-30a-3p inhibits COX-2
expression and regulates B-catenin nuclear translocation.
miR-30a-5p binds to the 3’ UTR of BCL9 and negatively
regulates BCL9 expression.?' It is further identified that
nuclear paraspeckle assembly transcript 1 (NEAT1), a long
non-coding RNA (IncRNA), can sponge miR-30a. NEAT1 is
negatively correlated with miR-30a (miR-30a-3p and miR-
30a-5p). Because miR-30a-5p negatively regulates the
expression of BCL9, NEAT1 enhances the expression of BCL9
indirectly.?? Also, miR-30c-2* stops growth factor-induced
cellular proliferation in ovarian cancer and down-regulates
the activity of the oncogene BCL9.?® In HCC, miR-1301

Functions of BCL9

References

Cancer development

Promoting cell proliferation, migration; suppressing apoptosis;

1,4,5,7,8,11,56,89

remodeling tumor microenvironment

Cancer immunity Suppressing Treg and DCs; inhibiting the infiltration of CD8" T 4hile
cells
Muscle regeneration Promoting myogenic progenitors 15
Tooth development Promoting enamel formation e
Congenital heart defects Promoting heart development 1
Table 2 The noncoding RNAs that regulate the expression of BCL9.
Noncoding RNAs Kinds of cancer BCL9 expression regulation References
miR-1301 Hepatocellular carcinoma Downregulated o
miR-140-3p Colorectal cancer Downregulated 20
miR-30-5p Myeloma Downregulated Z8
miR-30a-5p Gastric cancer Downregulated 2
miR-30c Prostate cancer Downregulated 2
miR-30c-2* Ovarian cancer Downregulated Z2
NEAT1 Gastric cancer Upregulated 2




Wnt dependent and independent functions of BCL9

703

inhibits cell migration, invasion, and angiogenesis by
decreasing Wnt/B-catenin signaling through targeting
BCL9.”* In prostate cancer, miR-30c functions as an
important suppressor of BCL9, and the decreased expres-
sion of miR-30c is correlated with a frequent pathogenetic
event.?> In multiple myeloma, the interaction of tumor
cells and bone marrow stromal cells leads to the down-
regulation of miR-30-5p, thereby enhancing the expression
of BCL9.”

Recent studies have illustrated that the expression of
BCL family members is also regulated by the deregulation
of alternative splicing.?’2° As BCL9 has several splice
variants, suggesting the expression of these splice variants
may also be regulated by alternative splicing, while addi-
tional researches are required. Hypoxia, coding and non-
coding factors, and combing targeting BCL9 are among the
several elements that regulate the expression of BCL9, and
these regulators may be an effective approach for treating
various cancers.

The canonical role of BCL9: A nuclear
coactivator for Wnt/B-catenin signaling

In 2002, legless (lgs), the homolog of BCLY in drosophila was
identified. The deletion of (gs displayed similar phenotypes
to that of Wnt factor Wingless,*® indicating a potential
regulatory role of BCL9 in Wnt signaling. Wnt signaling
pathways are highly conserved across animal species, from
the fruit fly to human, and governing various fundamental
biological processes during development. The aberrant
activation of Wnt signaling has been frequently observed in
many diseases, especially in cancer.?' 3¢

The canonical Wnt pathway was discovered in mouse
mammary tumor virus (MMTV) in 1982.3” Canonical Wnt
signaling is stimulated by Wnt ligands that bind to Frizzled
(Fz)/low-density lipoprotein (LDL) receptor-related protein
(LRP) receptors and activates B-catenin (or Armadillo in
Drosophila) by blocking its phosphorylation and degrada-
tion, promoting B-catenin translation from the cytoplasm
into the nucleus.*®*° Through proteasome, p-catenin/

Figure 1

Armadillo is rapidly degraded in the cytoplasm in the
absence of Wnt stimulation by phosphorylation of its amino
terminus by the concerted action of the scaffold protein
Axin, glycogen synthase kinase 3B (GSK3) and the adeno-
matous polyposis coli (APC).*' To transcribe Wnt target
genes in the nucleus, B-catenin binds to T cell factor/
lymphocyte enhancer factor (TCF/LEF) transcription fac-
tors and recruits chromatin-modifying and -remodeling
complexes.*” PYGO and BCL9 (Lgs in Drosophila) are
conserved nuclear proteins regulating the transcriptional
activity of B-catenin/Armadillo.?®*" PYGO was identified in
Drosophila as a dedicated component of the Wg (fly ho-
molog of mammalian Wnt). There are two PYGO proteins in
mammals, PYGO1 and PYGO2. They have two distinct
conserved domains, an N-terminal homology domain (NHD)
and a C-terminal PHD zinc finger motif.*""*>** PYGO forms a
chromatin reader by binding to the N-terminal domain of B-
catenin via BCL9/Lgs.>° As a result, BCL9 has been identi-
fied as an adapter and essential core component of nuclear
B-catenin complexes,*>* and functions as an adapter
protein providing binding sites for the transcriptional ma-
chinery of Wnt signaling.*>*>“ This is the canonical func-
tion of BCL9.

The primary structure of B-catenin is composed of N-
terminal and C-terminal tails flanking a central domain of
about 500 residues composed of 12 armadillo (Arm) re-
peats, which can be packed into a superhelix with a posi-
tively charged groove.”*® The Arm repeat domain
mediates the binding of B-catenin with APC, Axin, Cad-
herins, TCFs, as well as BCL9 (Fig. 1A).">3%%° BCL9 consti-
tutes 5 homeodomains, named HD1~HD5 from its N-
terminal to C-terminal. As a reported adapter, the HD1
domain of BCL9 binds the PHD domain of PYGO and the HD2
domain mainly interacts with pB-catenin,® to activate
downstream transcription or shuttle B-catenin in or out of
the nucleus in different models (Fig. 1B).***>° Thus, BCL9,
B-catenin, and PYGO can form a critical nuclear complex
for TCF1/LEF1-directed Wnt transcriptional activity and
cancer cell growth. Importantly, the regulatory factors or
small molecular compounds disrupting the BCL9 and B-
catenin interaction can inhibit cancer cell growth.
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BCL9 functions as a Wnt coactivator. (A) BCL9 functions as a coactivator of Wnt/B-catenin dependent transcription.

BCL9 functions by recruiting the transcriptional coactivator PYGO to the B-catenin/TCF complex, which is required for the tran-
scription of Wnt target genes. (B) The specific domains of BCL9 interact with PYGO and B-catenin.
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The multifaceted roles of BCL9 independent of
canonical Wnt-signaling

Besides the canonical role as a nuclear coactivator for Wnt/
B-catenin signaling, evidence has recently shown diverse
non-canonical roles of BCL9 in Wnt-independent manners.
The dominant-negative mutants of BCL9 depend not only on
its B-catenin ligand, but an unknown ligand on its C-ter-
minus,’’>> and BCL9 itself contains a transcriptional acti-
vation domain containing a proline-rich sequence between
HD4 and HD5 domains at the C-terminus.’’ Moreover, the
gene fusion of BCL9-MEF2D in ALL represents a distinct form
of high-risk leukemia. Another gene fusion of the BCL9 HD2
domain to E1A increases the cytopathic effect of an onco-
lytic adenovirus that targets colon cancer cells, revealing
the multi-functions of BCL9 in cancers.®>>>* Moreover,
BCL9 has multifaceted functions independent of canonical
Wnt signaling. This will be addressed in the following.

BCL9 regulates cancer cell mitosis independent of
canonical Wnt signaling

Wnt-dependent stabilization of proteins (Wnt/STOP)
signaling was introduced by Sergio et al in 2014, during
clarifying the mechanism of mitotic Wnt signaling.>® Wnt/
STOP signaling is independent of B-catenin, peaks during
mitosis, and protects proteins including B-catenin, c-MYC
and other GSK3 substrates from degradation.®® Many
mitotic Wnt/STOP targets are crucial for maintaining pre-
cise mitotic cell division.>®

The activation of canonical Wnt signaling is triggered by
the Wnt ligands binding to a heterodimeric receptor com-
plex, consisting of a LRP5/6 on the targeted cell surface.
Whereas Clathrin-mediated endocytosis (CME) can nega-
tively regulate Wnt signaling through the internalization
and degradation of LRP6 receptor complexes.®’ Unexpect-
edly, our recent work has identified that BCL9 regulates
mitotic spindle assembly and precise cell division. BCL9
acts as a positive regulator in mitotic Wnt signaling and
stabilizes the LRP6 signalosome by inhibiting Clathrin and
CME. Mechanically, BCL9 phosphorylation by cyclin-depen-
dent kinase 1 (CDK1)/Cyclin B1 can compete with Clathrin
to bind with LRP6/Axin1 complex and thus dynamically
regulate the stability of mitotic Wnt/STOP substrates dur-
ing cell division (Fig. 2A).%

BCL9 and hippo signaling pathway

Hippo signaling is a critical pathway regulating cell prolif-
eration, epithelia—mesenchymal transition (EMT), and
apoptosis in cancers.'® Canonical Hippo signaling inhibits B-
catenin/Wnt signaling through a WW domain-containing
transcription regulator protein 1, namely TAZ.>® TAZ sup-
presses Wnt3A signaling by limiting the ability of CK1g/¢g to
phosphorylate DVL2.%® Mammalian large tumor suppressors
1 and 2 (LATS1 and LATS2), the homologs of Wts in
Drosophila, are serine/threonine kinases and key compo-
nents of the Hippo signaling pathway.®° In the canonical
Hippo signaling pathway, LATS2 can inhibit oncogenesis by
phosphorylating the transcription factors. Yes 1 associated
transcriptional regulator (YAP) and TAZ.

Recently, it has been reported that LATS2 is a nuclear
repressor of B-catenin-mediated transcription by disrupting
the interaction between B-catenin and BCL9/PYGO02.'®
Moreover, LATS2 also inhibits the recruitment of BCL9 and
BCLO9L by B-catenin.'® Previously, we identified a PPPY
motif in BCL9 protein sequence,® indicating a probable
interaction with the WW domain-containing proteins, such
as YAP1 (Fig. 2B).%* More detailed investigations should be
performed regarding the precise interactions between BCL9
and Hippo signaling pathway components.

BCL9 interacts with paraspeckle proteins

Based on the recent update of BCL9, it seems that BCL9 is not
only involved in transcriptional regulation but dynamically
interacts with some cellular components. Paraspeckles are
dynamic structures regarded as nuclear condensates or
membrane-less organelles that are altered in response to
changes in cellular metabolic activity.®* Recently, it is also
reported that BCL9 is recruited adjacent to the interchro-
mosomal regions. It can stabilize the mRNA of calcium
signaling and neural genes by interacting with paraspeckle
proteins under spontaneous calcium transients or stress
conditions (Fig. 2C). This B-catenin-independent function of
BCL9 is markedly correlated with a poor-prognosis subtype of
colorectal cancer.'” Moreover, BCL9 also promotes cancer
progression through remodeling the TME and sustaining the
calcium transients and neurotransmitter-dependent
communication in colorectal cancer cells.'” These pieces of
evidences indicate that BCL9 is a multifunctional protein
with a temporospatial regulatory manner in cancers.

BCL9 affects the tumor immune microenvironment

Recently, it is found that BCL9-signal transducer and acti-
vator of transcription 3 (STAT3) drives transcriptional en-
hancers to promote ductal carcinoma progression. BCL9 has
been identified to regulate both direct targets of STAT3,
including integrin B3, COX-2, forkhead box O1 (FOXO1), and
p-c-Jun, as well as upstream regulators of STAT3, such as
EGFR, IGF, PDGF, HER2, ERK/MAPK, HGF, ILK, and IL-6.%°
Moreover, knocking down of BCL9 is associated with the up-
regulation of a subset of tumor suppressors, including BCL2-
associated agonist of cell death (BAD), cyclin-dependent
kinase inhibitor 1B (CDKN1B), and phosphatidylinositol
3,4,5-trisphosphate 3-phosphatase and dual-specificity
protein phosphatase (PTEN).®®> STAT3 is a 92 kDa protein
activated as a DNA-binding protein through the signaling
primed by cytokines, such as IL-6 and growth factors (e.g.,
EGF). The canonical pathway of STAT3 signaling depends on
the Y705 phosphorylation,®® whereas the non-canonical
pathway of STAT3 signaling has been implicated in under-
going phosphorylation at the serine 727 (5727) residue. '
STAT3 is phosphorylated at S727 via the MAPK signaling
pathway. The S727 residue is located at a conserved Pro-X-
Ser-Pro sequence, recognized by the protein kinase ERK.
Activation through the S727 residue is thought to cause
transcription initiation.®* Recently, it has been revealed
that BCL9 and pS-727-STAT3 rather than pY705-STAT3 form
a complex to enhance the transcription of subsequent
genes. Moreover, integrin B3 and its associated matrix
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Figure 2 The diverse mechanisms of BCL9 independent of canonical Wnt-signaling. (A) BCL9 competes with Clathrin to promote
mitotic Wnt/STOP. (B) BCL9 and Hippo signaling pathway. (C) BCL9 interacts with paraspeckle proteins and microRNAs.

metalloproteinase-16 (MMP16) function as the linker of
BCL9/STAT3-associated enhancers to promote human
ductal carcinoma in situ invasive progression.® This finding
indicates the interaction of BCL9 and pS727-STAT3, sug-
gesting that BCL9 may be involved in STAT3-mediated
immuno-regulation in cancer progression (Fig. 3A).

Interestingly, BCL9 also affects tumor immune infiltra-
tion (Fig. 3B). In colon adenocarcinoma, Bcl9-depletion
combined with PD-1 blockade remodels the tumor immune
microenvironment. In Bcl-9-depleted CT26 tumors, phar-
macological inhibition of BCL9 enhances cytotoxic CD8" T
and NK&T cell infiltration and inhibits the regulatory T cells
(Tregs) migration.”

CD155 is an onco-immunological protein identified as a
poliovirus receptor (PVR). It is a very important part of
how tumor cells invade and move."®” Both CD226 and
CD96 are receptors for CD155. CD226 is a transmembrane
receptor expressed on CD8" T cells and NK cells,"
whereas CD96 is a coinhibitory receptor on NK cells. CD96

not only competes with CD226 for binding with CD155 but
also directly inhibits NK cell function.? Mechanically, BCL9
potentially modulates the CD226-CD155 checkpoint in
CD8* T cells.” The expression of BCLY is positively corre-
lated with the expression of CD155 in cancer cells and
negatively correlated with the expression of CD226 in T
cells. BCL9 inhibition induces the engagement of CD226;
this activates the proto-oncogene vav (VAV1) and pro-
motes CD155 expression.? Moreover, BCL9 depletion also
decreases C—C motif chemokine 22 (CCL22) expression in
tumor cells. Pharmacological inhibition of BCL9 leads to
C—C motif chemokine receptor type 4 (CCR4) expression
and decreased Treg infiltration. The peptide “LEH-
RERSLQTLRDIQRMLFP-Ahx-C” copolymerized with gold ion
and assembled into a nanohybrid cluster inhibits tumor
growth and metastasis by blocking the interaction of BCL9
with B-catenin. It also synergizes with the PD1/PD-L1
checkpoint blockade immunotherapy,®® indicating that
BCL9 is involved in the modulation of TME.
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Figure 3

BCL9 is involved in the modulation of the tumor microenvironment. (A) The BCL9-STAT3 axis drives cancer progression

and invasion. (B) BCL9 regulates immune cell infiltration in tumor cells.

The role of BLC9 in regulating TME suggests that it can be
a potential target for immunotherapy to help overcome the
current obstacles of immunotherapy in the clinic. Though
immunotherapy that blocks immune checkpoints has hel-
ped many cancer patients, only a small percentage of those
who have received it have had a long-term response. Why
some patients fail or do not sustain a response to immu-
notherapy that blocks immune checkpoints is an intense
research topic. Immunotherapy resistance mechanisms are
classified as either primary or acquired.®® The primary
resistance indicates the patients do not initially respond to
the treatment of blocking immune checkpoint; the ac-
quired resistance indicates the patients respond initially
but become refractory.®® An important indicator of the
response to immunotherapy is the infiltration of cytotoxic T
cells into the TME, which has been demonstrated in ovarian
cancer, colorectal cancer, and melanoma.”® "% This po-
tential mechanism of resistance to immunotherapy suggests
that therapy directed at blocking immune checkpoints
might synergize with other treatments that enhance
endogenous antitumor immunity.

The summarized evidences above have elucidated a
potential role of BCL9 in the TME, and depletion of BCL9
could enhance the infiltration of NK cells and T cells.*
Blocking BCL9 interaction with other interactors may
disrupt the resistance to immunotherapy induced by
blocking immune checkpoints and improve the efficiency of
immunotherapy. These mechanisms need further
investigation.

BCL9 and its homolog BCLIL work redundantly
or not?

BCL9 has gained variable faces by gradually exploring its
canonical and non-canonical roles in human cancer and
other diseases. A natural question raised is how about
BCLIL protein? BCLIL is also known as BCL9-2, located at
chromosome 11. BCL9 and BCLIL share three conserved
domains, HD1—3.7>7“ In the nucleus, BCL9 and BCL9L act as
the nuclear coactivators of B-catenin and adapters for
binding PYGO to prime B-catenin transcriptional
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signaling.”>”>7¢ Intriguingly, in ameloblasts, BCL9 and
BCLIL possess a cytoplasmic function by binding with PYGO
to interact with secretory vesicles and modulate the
secretion and maturation of the enamel matrix.'>””

However, increasing experimental evidences indicate
that the expression of BCLIL is mainly responsive to the
changes in Wnt pathway activity.”' The nucleus localization
of BCLIL is mainly dependent on its nuclear localization
sequence (NLS) at the N-terminus (amino acids 1—175),”*
while BCL9/legless lack the NLS and can localize to both the
nucleus and cytoplasm.”’* The subcellular localization of
BCL9 may depend on its binding with PYGO.*>’® Whether
BCL9 and BCLI9L function redundantly in humans by
compensating each other in the B-catenin transcriptional
complex remains obscure. Silencing of BCLIL significantly
affects B-catenin/Wnt signaling, while the silencing of BCL9
does not.”” The findings of these studies suggest that BCL9
and BCLIL do not work redundantly, at least in the regulation
of pB-catenin/Wnt signaling. Our previous report has
confirmed that BCL9 mainly localizes on the mitotic centro-
somes and spindles during mitosis, while BCLIL was detected
without this localization of the mitotic apparatus.® The
diverse, endogenous subcellular localization of BCL9 and
BCLIL indicates that BCLIL, rather than BCL9, mainly po-
tentiates the Wnt-induced transcription in a cell or tissue-
dependent manner.®' The cytoplasmic, mitotic, and sub-
cellular detailed distribution of BCL9 in cells may contribute
to its non-canonical functions distinct from BCLIL.

Targeting the B-catenin/BCL9 complex

The diverse roles of BCL9 in developmental diseases and
cancers suggest BCL9 has great potential as a drug target
for clinical application. BCL9 is a long spaghetti-like un-
structured protein with five HD domains (Fig. 4). The

crystallographic and chemical analysis has identified that
BCL9 and its paralogue BCLIL interact with the first arma-
dillo repeat of B-catenin through HD2.* Based on the
structure, a few compounds have been screened or
designed, including the small molecules,?° stapled helices
mimicking the HD2 domain,®’ and some natural com-
pounds®? for blocking the binding of BCL9/BCLIL with B-
catenin (Fig. 4). The small molecule 1,4-dibenzoylpiper-
azine can block the interaction of B-catenin/BCL9 in colo-
rectal cancer cell lines SW480 and HCT116.2° Furthermore,
carnosic acid (CA) is a natural compound extracted from
rosemary. In colorectal cancer cells with hyperactive B-
catenin signaling, CA can significantly inhibit BCL9/B-cat-
enin binding. Evidences from nuclear magnetic resonance
(NMR) and analytical ultracentrifugation have demon-
strated that the CA response requires an intrinsically labile
a-helix (H1) amino-terminally abutting the BCL9-binding
site in B-catenin.®? Moreover, therapeutic targeting of BCL9
by CA can inhibit the invasive progression of human ductal
carcinoma in situ.®> Nowadays, some other natural com-
pounds that have been proven to be associated with B-
catenin signaling may also interact with BCL9/B-
catenin.®¥ %

Besides natural compounds, peptides targeting B-cat-
enin/BCL9 have also been designed. Stabilized «-helix of
BCL9 (SAH-BCL9) has been developed to dissociate native -
catenin/BCL9 complex, leading to selective suppression of
Wnt targets.®' Using hydrocarbon-stapled peptide technol-
ogies, hsBCL9 CT-24, a peptide disrupting the interaction of
B-catenin and BCL9/BCLIL, has been developed.* This
peptide shows an inhibitory effect on the activity of B-
catenin, by suppressing cancer cell growth and promoting
the infiltration of cytotoxic T cells by reducing the Tregs.*

Moreover, as BCL9/BCLIL paralogs bind with PYGO via
the HD1 domain to form a "“Wnt enhanceosome”,

174-207 346-376 466-483 484-1005 1219-1259
HD1 HD2 HD3 HD5
scLo NN T T [ [ 0 1426
NT HD1-2 HD2-3 M1 M2 M3 HD4 Linker CT1 CT2
11-173 208-345  377-465 487-687 688-788 789-889 1006-1040 1041-1218 1260-1335 1336-1417
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hsBCLICT-24
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Figure 4 The diagram of BCL9 and the drugs target BCL9.
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facilitating B-catenin-mediated Wnt transcription.?” The
HD1 domain of BCL9 assists the PHD finger of PYGO to an-
chor the histone H3 tail methylated at lysine 4
(H3K4me).**'88 Benzimidazole docks into the H3K4me
specificity pocket and displaces the native H3K4me peptide
from the PHD finger, thus blocking BCL9/PYGO mediated
chromatin binding.%®

All the inhibitors mentioned above have exhibited
promising effects in preclinical cancer models. Given the
diverse functions of BCL9, the designation or development
of specific and effective inhibitors of BCL9 remains chal-
lenging but necessary. Therefore, the dissection of the
regulatory functions and mechanisms of unique domains of
BCL9, compared with BCLIL, is critical for developing BCL9
specific inhibitors. Moreover, the combination of the in-
hibitors targeting BCL9 is rational at least in BCL9-driven
cancer. There are still several unanswered questions: (i)
What are the regulatory roles of the individual domains of
BCL9 in normal cells and cancers? (ii) Is it specifically
targetable? (iii) Do BCL9 and BCLIL work redundantly or not
in Wnt signaling regulation?

Conclusions

To date, most functional studies on BCL9 are mainly based
on its nuclear transcriptional role in the Wnt signaling
pathway. However, the investigation of the role of BCL9 in
the cytoplasm and specific cellular organelles is crucial for
the dissection of its diverse functions and the develop-
ment of more specific and precise inhibitors in cancer.
Previously, we have identified that BCL9 localizes in
centrosome and spindle to regulate cell division.® How-
ever, the detailed domains and modifications that
contribute to the localization of the mitotic apparatus
require further investigation, which may offer a valuable
therapeutic target for the inhibition of cancer cell divi-
sion. Thus, targeting BCL9 by blocking its interactions with
other proteins, such as Clathrin or mitotic spindle proteins
would be a promising strategy for the designation of can-
cer therapy inhibitors.

As BCL9 locates in the centrosome, it remains to be
elucidated whether centrosomal BCL9 has elaborate regu-
lation in centrosomal regulation, such as separation,
amplification, and cohesion. Furthermore, paraspeckle is a
type of membrane-less organelle. Most of the functions of
paraspeckle remain obscure. However, it has been pro-
posed that paraspeckles are dynamic structures that are
altered in response to the changes in cellular metabolic
activity and are transcription-dependent.®’ Does BCL9 play
a role in forming paraspeckles? If so, what is the mecha-
nism? Does BCL9 have an organelle-specific function in
other organelles or function of the tether of organelle
interaction? Too much remains to be elucidated about this
multifaceted protein.
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