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Abstract

generating significant toxicity and resistance.

therapy

Triple-negative breast cancer (TNBC) is not as prevalent as hormone receptor or HER2-positive breast cancers and all
receptor tests come back negative. More importantly, the heterogeneity and complexity of the TNBC on the molecu-
lar and clinical levels have limited the successful development of novel therapeutic strategies and led to intrinsic or
developed resistance to chemotherapies and new therapeutic agents. Studies have demonstrated deregulation of
Wnt/-catenin signaling in tumorigenesis which plays decisive roles at the low survival rate of patients and facili-
tates resistance to currently existing therapies. This review summarizes mechanisms of Wnt/3-catenin signaling for
resistance development in TNBC, the complex interaction between Wnt/(3-catenin signaling, and the transactivated
receptor tyrosine kinase (RTK) signaling pathways, lymphocytic infiltration, epithelial-mesenchymal transition (EMT),
and induction of metastasis. Such associations and how these pathways interact in the development and progres-
sion of cancer have led to the careful analysis and development of new and effective combination therapies without
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Background
Triple-negative breast cancer (TNBC) cells are identi-
fied by the lack of receptor targeted therapies including
human epidermal receptor 2 (HER2), estrogen receptor
(ER) and progesterone receptor (PR), and are major cause
of lack of better therapies, consisting about 15-20% of
recently diagnosed breast cancer [1]. TNBC tumors are
mostly difficult to currently existing therapies due to dis-
tinct molecular profile. High mitotic rate and enhanced
lymphocytic infiltration. Based on biomarker-driven
therapeutic approaches, TNBCs are categorized into
luminal androgen receptor, immune-enriched, PI3K/Akt/
mTOR activated and DNA repair deficiency [2].

Based on tumors’ characteristics including size,
morbidity, and the number of involved lymph nodes,
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chemotherapeutic agents have been the primary sys-
temic options for TNBC patients [3]. However, resist-
ance to chemotherapeutic agents, such as anthracyclines,
taxanes, capecitabine, gemcitabine, eribulin as well as
biomarker-based treatments and immune checkpoint
inhibitor-based immunotherapy mostly occurs and
causes limited results or no response to the treatments.
Recent studies have revealed various molecular mecha-
nisms and signaling pathways concerning proliferation,
metabolism, survival, and movement in TNBC, which
consequently lead to the resistance to novel targeted
therapies [4, 5]. Therefore, it is of importance to eluci-
date the molecular factors behind intrinsic and acquired
resistance to restore chemo- and targeted therapies.

Wnt ligands activate distinct intracellular signaling,
which can be categorized into [3-catenin-dependent and
B-catenin-independent pathways (Fig. 1). According to
current researches, deregulation of the Wnt signaling
pathway is related to tumor propagation, invasion, and
development of resistance to anticancer agents which
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steer tumors toward a malignant form of progression,
and ultimately leading to poor prognosis of overall sur-
vival [6, 7]. Interestingly, recent findings in TNBC tumors
have elucidated the crosstalk between the Wnt pathway
and multiple growth factors and developmental signaling
pathways and B-catenin as a main downstream effector
of the pathway at multiple levels [8]. Epidermal growth
factor receptor (EGFR), transforming growth factor B
receptor (TGFP-R), insulin/IGF receptor (IGF-R), and
vascular endothelial growth factor receptor (VEGFR) are
among the most important RTKs presented in TNBC,
and since they are the converging point of many intracel-
lular signaling pathways, one can suggest that deregula-
tion of Wnt/p-catenin can be considered as one of the
main reasons for RTK inhibitors not inducing desired
responses in clinical trials [9, 10]. Our previous data illus-
trated that the major effector of the canonical Wnt path-
way, B-catenin, is stabilized in tumors primarily via Wnt
ligand overexpression, down-regulation of Wnt ligand
antagonists, or loss of the APC tumor suppressor. As a
consequence of its stabilization, $-catenin translocates to
the nucleus, where it controls gene expression through its
association with members of the T cell factor (TCF) fam-
ily of transcription factors. Some of the B-catenin/TCF
transcriptional targets implicated in tumor initiation and
progression include cell cycle regulators cyclin D1 and
c-Myc [11]. Indeed, identifying the correlation between
Whnt signaling and different carcinogenic pathways and
their interaction with the heterogeneity of TNBC may
represent a better comprehension in the development
of novel therapeutic approaches for patients. Based on
this brief preface, here, we review the role of Wnt sign-
aling in mechanisms of resistant development in TNBC
cells and then investigate the crosstalks between multiple
developmental signaling pathways and the Wnt pathway
and finally suggest how multi-targeting of these tumor-
associated pathways are highly synergistic with currently
existing therapeutic agents.
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Wnt signaling associated with the development
of resistance to anti-cancer therapies
Although many reports have suggested that TNBCs
tend to respond well to chemotherapeutic drugs,
patients may frequently develop a chemorefractory
and poor prognosis. Interestingly, recent findings lend
support to the possibility that targeting Wnt/p-catenin
signaling in combination with chemo- and targeted-
therapies in patients with TNBC exhibits highly syn-
ergistic results and prevent Wnt signaling function in
chemoresistant cancer cells. According to the in vitro
studies of Xu et al. [12], B-catenin expression correlates
with chemoresistance of TNBC as p-catenin knock-
down resensitized TNBC cells to doxorubicin or cispl-
atin-mediated cell death. However, it still needs further
investigations to consider promising therapeutic tar-
gets of the Wnt pathway and its components in TNBC.
Several mechanisms can lead to the development of
chemoresistance, among which ATP-binding cassette
(ABC) transporters are the most thoroughly validated.
Three transporters have been extensively identified in
TNBC comprising (i) multidrug-resistant protein-1 and
-8 (MRP1 and 8), (ii) breast cancer resistance protein
(ABCG2), and (iii) the P-glycoprotein (MDR1) pump
which pumps a wide array of chemotherapeutics out
of the cancer cells. Previous studies have demonstrated
increased nuclear and cytoplasmic B-catenin accumula-
tion induced ABCB1 (MDR1 or P-gp) in TNBC involv-
ing BRCA1/2 mutation to excrete Poly (ADP-ribose)
polymerase (PARP) inhibitors (PARPi) actively out of
the cells [13]. Therefore, combination therapies tar-
geting the Wnt/p-catenin pathway to overcome PARP
inhibitor resistance can bring novel opportunities to
improve clinical responses. As reported by Zhang et al.
[14], frizzled receptor 1 (FZD1) and P-gp overexpres-
sion increased the doxorubicin-resistant in breast
cancer cells. Their results indicated that silencing the
FZD1I gene expression, by siRNA, reduced cytoplas-
mic/nuclear B-catenin level and P-gp overexpression.

(See figure on next page.)

Fig. 1 An overview of the Wnt signaling pathway. a In the absence of Wnt ligands (Wnt-Off state), 3-catenin is released from the cytomembrane,
sequestered in a destructive protein complex, that is composed of adenomatous polyposis coli (APC), the scaffolding protein axin, casein kinase

1 (CK1), and glycogen synthase kinase 3@ (GSK-3[3). The Dkks, WIF, and SFRPs act as antagonists. The phosphorylations by CK1 and GSK-33 recruit
B-propeller domain of the E3 ubiquitin ligase (3 TrCP) and subsequently cause the  catenin proteasomal degradation and transcriptional
repression of Wnt target genes. b Canonical Wnt/[-catenin signaling is activated by binding of Wnt ligands (Wnt-On state) to a receptor complex
composed of FZD and LRP 5/6. The recruitment of phosphorylated DVL to FZD inhibits the APC/CK1/GSK-33 destruction complex and blockade
of B-catenin by GSK-3B. Accumulated 3-catenin in the cytoplasm translocate into the nucleus, where it regulates target gene expression with

the Tcf/Lef family of transcription factors. ¢ In Wnt planar cell polarity (Wnt-PCP) signaling, Wnt binds multiple receptors including FZD and
co-receptors ROR and Ryk. This activates Rho-A and RAK1/Cdc42, which activate ROCK and JNK (c-Jun N-terminal kinase), respectively, leading

to actin cytoskeleton rearrangement and cell polarity through AP-1. d In ON-state non-canonical Wnt/Ca2+ signaling pathway, the binding

of Wnt promotes FZD-mediated activation of G proteins and Ryk and initiates the release of Ca2+ from intracellular stores and activation of
Ca2+-dependent effector molecules. Several Ca2+-sensitive targets, i.e., PKC, CamKIl, and calcineurin, have been identified as downstream of the

Wnt/Ca2+ pathway
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Fig. 1 (See legend on previous page.)

inducing factor 1-a (HIF-1la) enhances Wnt/B-catenin
signaling in the hypoxic microenvironment and pro-

Many studies have shown that cancer stem cells
(CSCs) are more resistant to conventional thera-

motes B-catenin stabilization and upregulation of CSCs
transcription genes [15]. However, there has been no

pies in TNBC, which cause survival and relapse of

cancer. Moreover, it has been shown that hypoxia
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Fig. 2 Cross-talk of the Wnt/B-catenin pathway with the RTK family receptors and its role in the induction of EMT. The Wnt/3-catenin and EGFR

signaling pathways, on the binding of specific ligands, can activate each other. The binding of Wnt ligands with FZD receptors transactivates EGFR
signaling by MMP-mediated release of EGF ligands. In turn, EGFR signaling transactivates the Wnt/B-catenin pathway through the PI3K/Akt and Ras/
Raf/MEK/Erk signaling cascades. Akt can induce -catenin by triggering its nuclear translocation or blocking GSK-3 activities. PTEN, which acts as

a tumor suppressor and inhibits the activation of Akt, also negatively regulates 3-catenin nuclear translocation. In addition, the aberrant activation
of the EGFR pathway leads to an increase in free 3-catenin accumulation in the cytoplasm through inducing dissociation from a-catenin. Several
cell signaling pathways induce the expression of EMT-inducing transcription factors such as ZEB, SNAIL, and TWIST to push the tumor cells toward
proliferation and metastasis. Moreover, the binding of several growth factors and cytokines to their receptors acts to induce the phosphorylation
and activation of JAKs and activator of transcription proteins (STATs); STAT3/5 dimers stimulate the transcription of genes encoding EMT
transcription factors, anti-apoptotic and survival proteins. In addition, in response to stimuli, such as TNF-q, the IKK complex is activated, resulting in
phosphorylation of IKB and its degradation by the proteasome, and allowing the translocation of NF-kB into the nucleus

direct evidence to establish such a relation in TNBC.
Notably, Wnt signaling causes tumor therapeutic resist-
ance via the synergistic interaction between Wnt target
gene ¢c-MYC and HIF-1a which can subsequently atten-
uate the responsiveness of cancer cells to the drugs
combating them.

These observations were supported by the elevated
activation of the Wnt signaling pathway following stimu-
lation of drug inactivation/detoxification, deregulation of
DNA damage repair pathways, cell cycling, and apopto-
sis. Consequently, as Wnt signaling becomes aberrantly
activated in cancer cells, these signaling mechanisms
become perturbed resulting in the development of resist-
ance to selected TNBC’s therapeutic agents. Therefore,
there is an urgent clinical need to better understand
diverse mechanisms of resistance to multiple conven-
tional and targeted cancer therapies through elevated
Whnt signaling and to introduce novel combinatorial ther-
apies extending TNBC disease-free intervals.

Wnt pathway association with Tumor propagation

and signaling transduction pathways

So far, multiple crosstalks between Wnt signaling and
other intracellular signaling pathways have been iden-
tified in TNBC, which can cause resistance to thera-
pies. The gene-expression profiles of TNBC cells have
shown an association between EGFR and Wnt signal-
ing in TNBC patients treated in the adjuvant setting.
Recent findings on the mechanisms of resistance in
TNBC cells, which constitutively overexpress EGFR,
demonstrate that silencing Wnt/B-catenin signaling
contributes to the reduction of the levels of 3-catenin,
RAS, and EGFR and put forward the possibility of com-
binatorial treatment for TNBC patients [16]. Given the
fact that B-catenin localizes in adherens junctions and
these structures are normally maintained by kinases,
reduction of membrane [-catenin in EGFR-overex-
pressing tumors might be a confirmation of EGFR-
induced destabilization of cell-to-cell adhesion [17]. In
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addition, adequate evidence has shown that EGFR can
directly phosphorylate B-catenin and stimulate EMT
by disturbing the interaction between p-catenin and
E-cadherin in tumor cells, leading to enhanced tumor
spread [18].

The interaction between EGER signaling activation and
the Wnt/B-catenin pathway involves series of kinase sign-
aling cascades for the interruption of adherent junctions.
Most important examples include crosstalk between
Wnt/B-catenin and EGF/RAS/ERK signaling pathways
which involve accelerating p-catenin nuclear transloca-
tion through GSKGSA-3p inhibition [19, 20]. Conversely,
Wnt/B-catenin signaling can regulate RAS stability by
reducing proteasomal ubiquitination and degradation.
RAS stabilization at plasma membrane activates the
RAF/MEK/ERK (MAPK) signaling cascade by series of
phosphorylations and triggers transcription factors acti-
vations leading to hyperproliferation, high cancer stem
cells (CSCs) activation, and metastasis [21] (Fig. 2).

Wnt signaling confers EGFR-dependent activation
of the PI3K/Akt/mTOR pathway and nucleus localiza-
tion of B-catenin and EGFR target genes. Akt can acti-
vate f-catenin nuclear translocation and reduce GSK-3p
activities, which results in increased transcription of
proliferative genes, and tumor cell invasion [22]. In addi-
tion, It has been indicated that reduced expression of
PTEN, a tumor suppressor by negatively regulating the
Akt signaling, mediates translocation of 3-catenin to the
nucleus and defines a subclass of highly lethal TNBCs
with PTEN-low that should be prioritized for aggressive
therapy [23].

Recent evidence published by Solzak et al. has indicated
that mono-agent therapies (using PI3K inhibitors) are
commonly subject to resistant development in the major-
ity of TNBCs. As such, combination therapy against
both PI3K and Wnt pathways using buparlisib (panPI3K)
and Wnt974 (Wnt-pathway), demonstrates significant
in vitro and in vivo synergy against TNBC cell lines and
xenografts [24]. Mentioning this point also seems criti-
cal that the Wnt/p-catenin pathway has been implicated
in the maintenance of resistance to PI3K inhibitors,
and it seems the use of B-catenin inhibitors may resen-
sitize PIK3CA (Phosphatidylinositol-4,5-Bisphosphate
3-Kinase Catalytic Subunit Alpha) to PI3K inhibitors
in patients with PIK3CA-mutated TNBC [25, 26]. This
indicates the regulation of cancer cell growth in rela-
tion to increasing tumor cell sensitivity to combination
therapeutic agents. In certain settings, the association
between Wnt pathway activation, tumor-related signaling
pathways, and even epigenetic effects could contribute
to a multidrug-resistance phenotype in advanced TNBC.
Thus, identifying the Wnt signaling network, which
so far does not have any approved targeted therapy, is
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emphasized to implement optimal efficacy in our current
treatments.

In addition, the vast majority of studies have focused
on the Wnt/ROR signaling and its influence on tumor
cell function starting with two receptor tyrosine kinase-
like orphan receptors (RORs), ROR1 and ROR2 with the
activation of non-canonical Wnt signaling responses trig-
gered by binding of Wnt5A ligand [25, 27]. Recent find-
ings have suggested the role of Wnt5A/ROR1 signaling in
the progression of TNBC tumor cells through the phos-
phorylation of ROR1 by several kinases which results in
the inhibition of anti-apoptotic pathways and activation
of pro-survival signalings, such as Wnt/PCP, MAPK/
ERK, PI3K/Akt/mTOR, TGF-B/SMAD and NF-«B. As a
result of these mechanisms, the Wnt5A/ROR1 signaling
axis plays a negative role associated with enhanced tumor
cell migration or induces a transcriptional response lead-
ing to the expression of genes that contribute to cell pro-
liferation, survival, EMT, or therapy resistance [28, 29].
Undoubtedly, the ongoing development of various strat-
egies targeting either Wnt5A or the Wnt5A/ROR1 is
surely helpful for TNBC therapy.

Wnt signaling and the tumor microenvironment

Performed studies on TNBC cells have shown the biolog-
ical importance of tumor-infiltrating lymphocytes (TILs)
and the balance between cytotoxic and regulatory path-
ways in the tumor microenvironment. It has previously
shown that the presence of TILs in the tumor site, in
early-stage TNBC correlated with significantly improved
clinical outcomes and disease-free and overall survival
rates in patients [30]. Aberrant intratumoral Wnt/p-
catenin signaling activation correlates with the hypoxic
microenvironment of TNBC tumors, immune suppres-
sion, and excluding T cell infiltration, which results in
immune escape by tumors and limits treatment respon-
siveness [31]. Recent evidence has indicated that the dis-
tinct infiltrating cell types have prognostic significance in
breast cancer. A high level of CD8+ (cytotoxic T) lym-
phocyte infiltration, indicates better patient survival and
responses to therapies in basal-like breast cancer, while
high density of forkhead box P3 (FoxP3+) regulatory
T cells (T-Regs) are frequently linked to poor survival
outcomes [32]. These data have also proposed that acti-
vation of TCF-1/B-catenin signaling can result in stem
cell-like phenotypes resulting in the formation of mem-
ory CD8+T cells and then the differentiation of naive
CD8+T cells into CD8+ T effector cells is inhibited. By
preventing the infiltration of effector CD8+T cells dur-
ing tumor progression, tumor cells evade immune elimi-
nation [33]. Furthermore, Dai et al. [34] discovered that
Wnt/B-catenin signaling limits the antitumor immune
response resulting in the infiltration of T-regs into the
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tumor microenvironment (TME). Consistent with this
finding they demonstrated that the production of nega-
tive immunomodulators FoxP3 can be reduced by block-
ing the Wnt/p-catenin signaling pathway in T-Regs.
These pieces of evidence significantly suggest that further
investigations concerning the anti-tumor effects of TILs
and its connection with oncogenic Wnt/[-catenin activi-
ties are required to consider Wnt modulator for use in
combination immunotherapy regimens for TNBC.

The interplay between positive and negative immu-
noregulatory signals is carried on to ensure that the
adaptive immune system is capable of defending the
host while maintaining self-tolerance and preventing
autoimmunity and one important aspect is the PD-1/
PD-L1 axis. PD-1 and PD-L1 are immune check-point
ligand and receptor which restrict T cell effector func-
tions within tissues [35]. TNBC cells with overexpressed
PD-1 show blockade of the antitumor immune effects
which lead to cancer metastasis by induced EMT [36].
Therapeutic agents, with inhibitory effects on PD-1 and
PD-L1, seem to hold great promise as a novel approach
in cancer treatment, particularly in combination with
other drugs. Although the mechanisms underlying resist-
ance to checkpoint inhibition in TNBC immunotherapy
remain obscure, delineating Wnt signaling in relation to
drug resistance is of crucial importance, especially for the
development of a new therapeutic strategy for patients
who remain at high risk for recurrence.

In addition, increasing studies indicated up-regula-
tion of CSC-related Wnt signaling pathway and tumor-
intrinsic activation of B-catenin signaling in PD-L1High
TNBCs [37, 38]. These findings suggested treatment of
TNBC patients with selective Wnt/B-catenin inhibitors
which can downregulate drug resistance and resensitize
TNBC to anti-PD-L1/anti-CTLA-4 monoclonal antibody
immunotherapy. In succession, several trials are also
exploring Wnt/[B-catenin inhibitors administered in com-
bination with various immunochemotherapy drugs.

Whnt signaling association with tumor cell migration

and metastasis

Cancer cell dissemination and metastasis are well-estab-
lished as the worst trait of cancer progression and are
correlated with therapeutic resistance. Loss of E-cad-
herin and accumulation of nuclear B-catenin induce
CD44Me"/CD24loY stem-like cells in a set of mammary
cancer cell lines [39]. Considering the importance of the
Wnt pathway in stem cell biology, it is not surprising that
aberrant Wnt/B-catenin signaling has been implicated
in the tumorigenic potential of CSCs and metastasis. In
addition, aberrant Wnt signaling through up-regulated
frizzled-7 (FZD7) receptor is associated with tumorigen-
esis and poor prognosis [40, 41]. As such, Guanman et al.
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[42] revealed that the FZD7-induced canonical Wnt/{3-
catenin pathway may contribute to EMT progression
and metastasis. They indicated that blocking endogenous
FZD?7 caused an increase of E-cadherin expression level
and decrease of mesenchymal cells markers expression,
such as vimentin, fibronectin, N-cadherin, snail, and
MMP7 compared with their respective control cells. Fur-
thermore, mucin 1 (MUC1) overexpression in tumor cells
can suppress normal E-cadherin function and cell adhe-
sion [43]. In addition, the MUC1-CD/B-catenin com-
plex can either (i) localize adjacent to the cell membrane
and bind to cytoskeleton members Fascin and Vinculin
to stabilize B-catenin and prevent interaction between
B-catenin and E-cadherin, or (ii) translocate into the
nucleus, where it aids nuclear co-factor TCF4 for Wnt/p-
catenin target genes transcription (Fig. 3). Furthermore,
it has been proved that that GSK-3p has interaction with
MUCI1 in a manner that blocks MUC1/B-catenin com-
plex formation [44]. As mentioned, GSK3f phosphoryl-
ates fB-catenin and targets it for proteasomal degradation.
MUC1 overexpression blocks GSK3p-mediated phos-
phorylation and degradation of B-catenin, thereby lead-
ing to the up-regulation of B-catenin level [45, 46]. Taken
together, these findings have provided compelling sup-
port for MUC1-CD-induced Wnt signaling through acti-
vation of -catenin/TCF/LEF pathway and transcription
of Wnt target genes.

Conclusion and future direction

TNBC is extensively studied over the last few decades
on account of its unique clinical pathologies, such as
larger tumor size, nodal involvement, high distant recur-
rence rates, and molecular features. Currently, targeted
therapy in combination with chemotherapy is approved
to treat locally advanced or metastatic TNBCs. There-
fore, screening more reliable biomarkers is imperative,
and understanding the signaling pathways that regulate
biological behaviors may facilitate the establishment of
effective therapeutic strategies. Wnt/B-catenin signaling’s
crosstalk with TNBC-associated tumorigenic mecha-
nisms results in amplification of their underlying signal-
ing cascades and development of resistance to different
therapeutic agents. Consequently, establishing new prom-
ising therapeutic regimens with specific targeting abili-
ties of its upstream and downstream signaling seems to
be an attractive challenge for overcoming resistance and
prevention of cancer progression. Studies in preclinical
and clinical trials have shown that the concurrent inhi-
bition of Wnt signaling together with administration of
cancer chemo- and targeted- therapies develop syner-
gistic effects in the treatment of TNBCs. Despite several
signs of progress in understanding the contributing role of
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Fig. 3 Schematic overview of B-catenin-MUCT dynamics. MUCT interacts with various receptor tyrosine kinases, such as EGFR, FGFR, PDGFR,
and HER2. When the serine-rich domain of MUC1-C is phosphorylated by EGFR or cSRC, the affinity for 3-catenin binding is increased. Following
cleavage of the cytoplasmic domain, the MUC1/(3- catenin complex localizes adjacent to the membrane and binds cytoskeleton members (fascin
and vinculin), or competitively binds with E-cadherin to prevent E-cadherin/B-catenin complex formation. The formation of the MUC1/(3-catenin
complex stabilizes 3-catenin in the cytoplasm by preventing its phosphorylation-mediated proteasomal degradation. In addition, MUC1-CD/
(3-catenin is translocated into the nucleus and interacts with (TCF7L2/TCF4) transcription factors to activate Wnt-triggered genes transcription

Whnt signaling in the development of TNBC and possible
mechanisms underlying the development of resistance to
anti-cancer agents, still, many questions remain unsolved
which must be answered in near future to precisely design
safe combinational therapeutic strategies with high
potency and low toxicity.
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