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Abstract: The human Dickkopf (DKK) family includes four main secreted proteins, DKK-1, DKK-2,
DKK-3, and DKK-4, as well as the DKK-3 related protein soggy (Sgy-1 or DKKL1). These glycoproteins
play crucial roles in various biological processes, and especially modulation of the Wnt signaling
pathway. DKK-3 is distinct, with its multifaceted roles in development, stem cell differentiation
and tissue homeostasis. Intriguingly, DKK-3 appears to have immunomodulatory functions and
a complex role in cancer, acting as either a tumor suppressor or an oncogene, depending on the
context. DKK-3 is a promising diagnostic and therapeutic target that can be modulated by epigenetic
reactivation, gene therapy and DKK-3-blocking agents. However, further research is needed to
optimize DKK-3-based therapies. In this review, we comprehensively describe the known functions
of DKK-3 and highlight the importance of context in understanding and exploiting its roles in health
and disease.

Keywords: Dickkopf (DKK) family; Wnt signaling pathway; DKK-3; development; immunomodulation;
cancer; tumor suppressor; oncogene; therapy

1. Introduction

Embryonic development involves various processes, including cell proliferation, fate
determination, differentiation, migration and axis patterning. These processes are shut
down in most cells in the adult, except for stem cells, which use them for tissue homeostasis
and maintenance [1]. They are regulated by signaling pathways that include Wnt, Notch
and Hedgehog (for review, see [2] and references therein). Uncontrolled reactivation of
these pathways during adult life, through the acquisition of somatic genetic mutations or
epigenetic anomalies, are at the origin of malignant transformation, tumor progression and
cancer cell resistance to therapy [2].

Inhibitors of the Wnt signaling pathway are being tested in clinical trials [3]. However,
there are other promising avenues to explore, especially regulation by one particular
extracellularly secreted factor, DKK-3. The various extracellularly secreted regulators
include the Wnt inhibitory factor-1 (WIF-1), soluble Frizzled-related proteins (sFRPs),
Cerberus, R-spondin and the Dickkopf (DKK) family [4]. There are four DKK factors
that are classically known to downregulate Wnt signaling through interactions with the
co-receptor LRP5/6 and that have additional, context-dependent functions. The goal
of this review is to briefly summarize the role of DKK proteins in the regulation of the
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canonical Wnt signaling pathway and to further focus on the intriguing complex functions
of the most divergent member, DKK-3, which functions as both an oncogene and a tumor
suppressor, and which has promise as either a prognostic biomarker or a therapeutic target
in human cancers.

2. Sequence and Structural Properties of the DKK Family of Proteins

The human genome encodes four similar secreted DKK proteins (DKK-1, DKK-2,
DKK-3 and DKK-4) (Figure 1) and a distinct DKK-3-related protein known as Soggy (Sgy-1
or DKKL1) [5,6]. DKK proteins are glycosylated and harbor an N-terminal signal peptide as
well as two conserved cysteine-rich domains (CRD1 and CRD2). CRD1 is located towards
the N-terminus and is uniquely found in the human DKK family of proteins [7]. Both
CRD1 and CRD2 are required for receptor binding at the cell surface (see below). DKK-3
is the most divergent family member. It has a shorter linker between its CRD1 and CRD2
(13 amino acids versus 51 to 56 for the others), lower homology (40% versus 50% between
the others) [8,9], a higher molecular weight (38 kDa compared to 24 to 29 kDa [9]), and
an additional Soggy domain [10] that resembles the N-terminal region of DKKL1. The
functional significance of the Soggy domain remains unknown.

DKK-1 ~ter [ CRD1 CRD2 C-ter

1 31 85 138 189 266

DKK-2 v CRD1 | CRD2  Jcue

1 33 78 127 183 259

DKK-3  nter [N | Sgy | CRD1 CRD2 L Tcter

1 21 147 195 208 284 350

DKK-4 o CRD1 | CRD2 e
1 18 41 9

0 145 224

Figure 1. Schematic diagrams of individual DKK proteins. CRD1/CRD2: cysteine-rich domain 1 or 2.
Sgy: Soggy. Created with BioRender.com (accessed on 11 November 2023).

3. DKKs Modulate the Wnt Signaling Pathway through Binding to the LRP5/6 and
Krm1/2 Co-Receptors

DKK-1 was initially discovered in Xenopus embryos as a crucial regulator of the
Wnt/ 3-catenin signaling pathway, early embryonic development and head formation [11].
Wnt signaling includes three sub-pathways, namely the canonical as well as the non-
canonical planar cell polarity (PCP) and Wnt/calcium pathways [12-14].

In the canonical pathway, Wnt regulates the stability and cellular localization of (3-
catenin. In the absence of Wnt signaling (Figure 2, right panel), 3-catenin is degraded
through a sequence of events that involves: (1) binding to a multi-protein complex that
contains Axin, the glycogen synthase kinase 33 (GSK 33) and adenomatous polyposis coli
(APC), (2) phosphorylation by GSK 33 and CK1«, (3) ubiquitination by the 3-transducin
repeats-containing proteins (3-TrCP) E3-ubiquitin ligase (not shown) and (4) degradation
by the proteasome. In the presence of Wnt (Figure 2, left panel), 3-catenin is stabilized
by: (1) Wnt binding to the Frizzled receptors and the LRP5/6 (low-density lipoprotein
receptor-related protein 5/6) co-receptors (2) phosphorylation of disheveled leading to
inhibition of the Axin/GSK 33 /APC complex, (3) accumulation of unphosphorylated
[-catenin that is resistant to ubiquitination and degradation, (4) 3-catenin translocation
to the nucleus, association with the T-cell factor/lymphoid enhancer factor (TCF/LEF)
transcription factors and regulation of Wnt target genes [15,16].
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Figure 2. Canonical Wnt signaling in the presence of Wnt ligands (left panel) and inhibition by DKK

(right panel). Left panel: Wnt binds to a receptor complex on the cell surface that is composed of
Frizzled (FZD) and either lipoprotein receptor-related protein 5 (LRP5) or LRP6. This interaction
leads to activation of Dishevelled (DVL) that then inhibits the Axin-glycogen synthase kinase 33
(GSK3p)-adenomatous polyposis coli (APC)-casein kinase 1 (CK1) complex, leading to loss of 3-
catenin phosphorylation and degradation. 3-catenin accumulates in the cytoplasm and translocates
to the nucleus, where it activates the transcription factors T-cell factor (TCF) and lymphoid enhancer
factor (LEF). Right panel: Dickkopf (DKK) inhibits Wnt—{3-catenin signaling. DKK binds to LRP5/6,
preventing its interaction with FZD. Additionally, it collaborates with Kremen (Krm) to trigger
internalization and degradation of the LRP6-DKK complex. Finally, the protein complex (DVL-
GSK3[3-APC-CK1-Axin) facilitated the phosphorylation of 3-catenin leading to its ubiquitinylation
and degradation by the proteasome (adapted from Schunk et al., 2021 [17]). Canonical Wnt signaling
inhibition by diffusible DKKs is brought about by their binding to the LRP5/6 FZD co-receptor. It
has been proposed that extracellular DKK-3 triggers LRP5/6 internalization and degradation via
binding to Kremen1/2. The non-secreted DKK-3b isoform was shown to interact with the $-TrCP
ubiquitin-ligase and impair $-catenin translocation. Created with BioRender.com (accessed on
18 December 2023).

Canonical Wnt signaling is inhibited by DKK-1/-2 and -4 binding to the Wnt co-
receptors LRP5/6 [1,4,18] (Figure 2, right panel). LRP5/6 were initially discovered as
plasma membrane receptors for DKK-1 and DKK-2, and LRP6 has been shown to be a co-
receptor for Wnt signaling. Mao et al. originally observed that DKK-1 binds specifically and
with high affinity (10719 M) to LRP6 expressed on 293T cells, and inhibits the Wnt pathway
by impeding the formation of the Wnt-Frizzled-LRP complex [19]. DKKs also inhibit Wnt
signaling by binding with high affinity to Kremen proteins (Krm1 and Krm2), which results
in the formation of ternary complexes with LRP5/6, rapid endocytosis and degradation of
LRP5/6 [20] (Figure 2, right panel). Consistently, mice with a double knockout of Krm1
and Krm2 (Krm1/1 and Krm2/2) have elevated Wnt signaling, a bone mass phenotype and
extra digits in the forelimbs. Notably, the growth of these ectopic digits is further amplified
by the loss of DKK expression, indicating that DKK-1 and Kremen interact genetically
during limb development [21].

DKK-3 differs from the other DKKs in the way it impinges on the Wnt signaling
pathway. However, there are discordant findings. Nierhs and collaborators reported that
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DKK-3 does not bind to LRP6 or Kremen-2 co-receptors at the cell surface, consistent with
the lack in its CRD2 of specific amino acids required for protein—protein interactions [22].
Similarly, Mao et al. reported that DKK-3 does not inhibit Wnt induction of transcription
in 293T cells, suggesting that DKK-3 does not antagonize Wnt signaling [19]. Yet, several
studies have reported that DKK-3 inhibits the Wnt signaling pathway by interacting with
Kremen receptors. Mohammadpour et al. predicted, using bioinformatics models for
docking analysis, that DKK-3 interacts with either or both the extracellular kringle and
CUB domains of Kremen [23]. They proposed that the interaction with the CUB domain
potentiates the Wnt pathway, leading to enhanced cell invasion and migration, whereas the
interaction with either the kringle domain or both the kringle and CUB domains prevents
Wnt signaling by inhibiting the nuclear translocation of 3-catenin [24]. Xu et al. reported
that DKK-3 and Kremen-1 interact functionally [25]. Downregulation of Kremen-1 with
siRNA reduced the protective ability of rDKK-3 in a mouse intracerebral hemorrhage (ICH)
model. In addition, DKK-3 and Kremen-1 co-localized in neurons and microglia after
ICH [25]. Ferrari et al. [26] reported that DKK-3 interacts physically with Kremen-1 in
human breast cancer—cancer-associated fibroblasts (BC-CAFs) and co-localizes in internal
structures, leading to Kremen-1 destabilization, LRP5/6 stabilization and activation of Wnt
signaling in a cell-autonomous manner.

There is also a cytoplasmic, non-secreted isoform, DKK-3b. It was initially identified
as the 29-kDa subunit of the short-lived, membrane-bound enzyme, type 2 deiodinase
(D2p29), that displays intracellular trafficking in a myosin-5-dependent manner in rat
astrocytes [27,28]. It is encoded by an alternative transcript that starts in intron 2 of the
DKK-3 gene. DKK-3b lacks the N-terminal 71 residues, which include the signal sequence
and N-glycosylation sites that direct DKK-3 to the secretory vesicle 22 (for review see [29]
and references therein). DKK-3b is an intracellular regulator of 3-catenin signaling and cell
proliferation [30]. It impairs the nuclear translocation of (3-catenin through the formation of
an extranuclear complex with 3-TrCP, thereby sequestering cytoplasmic, unphosphorylated
[-catenin, and inhibiting Wnt/ 3-catenin signaling (Figure 2, right panel).

In conclusion, DKK-3's properties are contentious and different from the other DKK
family members. Due to the controversies about its ability to physically bind LRP5/6
and/or Kremen 1/2 at the cell surface, it was considered by some authors to be an orphan
ligand until the late 2010s.

4. CKAP4 Is the Only Known Receptor for DKK-3

Quite recently, Kimura et al. [31] discovered that DKK-3, as well as the other DKKs,
physically bind to CKAP4 (cytoskeleton-associated protein 4, also known as P63, CLIMP-63
or ERGIC-63). CKAP4 is a type II transmembrane protein that is primarily expressed in
the endoplasmic reticulum (ER) and regulates its architecture [32]. Yet, a minor fraction
of CKAP4 (less than 10% of the total) is transported to the plasma membrane of specific
cell types, including pulmonary, vascular smooth muscle, and bladder epithelial cells [33].
CKAP4 is the only known protein that binds to the CRD1 domain [31], whereas LRP5/6
binds to CRD2 [1,4,18]. The CKAP4 extracellular domain-CRD1 interaction triggers the
internalization of CKAP4 in a clathrin-dependent manner [31]. The functional consequences
of DKK binding to CKAP4 on the cell membrane are poorly understood. Most notably,
DKK-1 binding to CKAP4 triggers the intracellular PI3K/Akt signaling pathway [31],
which is relevant for tumor progression (for review see [34] and references therein). To
date, and to the best of our knowledge, CKAP4 is the only known receptor for DKK-3.

5. DKK-3 Has Diverse Biological Roles

Unlike other DKK members, DKK-3 has no major developmental function, and DKK-3
knock-out mice are viable and fertile. They display different phenotypes that include
behavior (increased velocity), elevated hematocrit and total hemoglobin concentration in
blood, lower respiratory rates and higher titers of NK cells and IgM [35]. Intriguingly,
the specific knock-out of DKK-3b is embryonically lethal [30]. Leonard and collaborators
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engineered mouse models with a specific knockdown of the DKK-3b transcript, using a
promoter trap knock-in strategy. DKK-3b loss in mouse embryonic fibroblasts results in
elevated Wnt—f3-catenin signaling [30] (Figure 3A). More recently, DKK-3b has been shown
to be involved in the cell-autonomous regeneration of pancreatic 8-cells and cardiomyocytes
in Zebrafish [36,37]. How these functions of DKK-3b are relevant to human biology remains
to be determined.

DKK-3 has additional roles in humans, relating to cartilage degradation, cardiac
hypertrophy, artheroprotection, pulmonary ventilation and oxidative stress (Cell protection,
Table 1).

Table 1. A comprehensive literature summary: revealing the versatile role of human Dickkopf-3
(DKK-3) in development, immune modulation, and cancer.

DKK-3 Function Comment Ref.
Cell adhesion, migration Secreted DKK-3 is part of the extracellular matrix and [38]
and invasion promotes cell adhesion, migration and invasion
DKK-3 prevents interleukin-1f3 /oncostatin-M driven
Chondroprotection proteoglycan loss of cartilage and is upregulated in [39]
osteoarthritis
c Protection against cardiac DKK-?» protects t.he heart against pressure overload-induced
,g hvpertronh cardiac remodeling through the inhibition of the [40]
< M PRy ASK1-JNK/p38 signaling pathway
E Smooth muscle cell DKK-3 induces the expression of differentiated SMC
o (SMC) differentiation markers (myocardin) through the activation of the ATF6 [41]
8 transcription factor
Endothelium protection DKK-3~/~ mice have more atherosclerotic lesions. DKK-3
and repair stimulates endothelial cell migration through the [42]
Wnt/planar cell polarity signaling pathway
Protection against DKK-3~/~ ischemic mice have greater infarct size. DKK-3
neuronal death prevents astrocyte death via the upregulation of VEGF [43]
expression and the activation of VEGFR2
B1 cells have better proliferation and survival abilities
. whereas the development of B2 cells is impaired in
el et el o taeibion. DKK-3"/" mice, wlfi)ch also show altered iljnmune and (4]
cytokine responses
g . DKK-3 is expressed in tolerant T-cells, where it reduces
£ reactivity to host antigens. Blocking DKK-3 leads to
E autologous skin graft rejection.
g Peripheral CD8 T-cell tolerance ~ ® DKK.-S*/ ~ mice suffer from e.x.:acerl.)atgd experimental [45,46]
E autoimmune encephalomyelitis with increased
° numbers of IFNy-producing T-cells in the central
< nervous system
§ Anti-tumor immune High expression of DKK-3 in glioblastoma multiform
% response resulati correlates with poorer prognosis and decreased anti-tumor [47]
] p guiation immunity.
g Regulation of DKK-3 reduces the intracerebral hemorrhage-related [25]
= inflammatory cytokines expression of TNF-oc and IL-13 -
g Differentiation of monocytes to Human CD14+ monocytes grown with recombinant DKK-3
- DCs differentiate into immature CD11c+, CD40+, CD86+, [48]
HLADR+ DCs
Microglia polarization and DKK-3 inhibits the ASK-1/JNK/p38 pathway, favoring the
transformation of type M1 to M2 microglia and the [25]

reduction of neuroinflammation

downregulation of TNF-«, IL-6 and IL-1f3
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Table 1. Cont.
DKK-3 Function Comment Ref.
Downregulated expression in DKK-3 expression is lower in immortalized cell lines and 8 [49]
cancer cells human tumor-derived cell lines
DKK-3 promoter is The frequency of DKK-3 promoter hypermethylation varies [7,50]
hypermethylated in cancer from 26% (pleural mesothelia) to 61% (breast carcinoma). !

Soppprsson ef asl sl The overexpression of DKK-3 in hepatoma and cervical [51,52]

Tumor suppressor function

cancer cells diminishes cell proliferation in vitro

e  DKK-3 loss is correlated with chemoresistance and
adverse prognosis in ovarian cancer, and extracellular
DKK-3 reduces cell proliferation, migration, and
response to paclitaxel in vitro
e  DKK-3 siRNA-mediated downregulation mediates [15,53]
lung cancer cell resistance to cisplatin, and DKK-3 ’
overexpression impairs cell proliferation and
migration, induces apoptosis and increases cell
sensitivity to cisplatin.

Response to chemotherapy

Serum DKK-3 is a prognosis DKK-3 levels are negatively correlated with the number of

Oncogenic function

biomarker CD133+ circulating tumor cells in ovarian cancer [54]
Reculation of the tumor DKK-3 expression correlates with infiltrating CD8+
.8 . . lymphocytes and macrophages in HPV-positive HNSCC [55]
immune microenvironment . . >
and stimulates NF-«B signaling in macrophages
The expression of DKK-3 is high in HNSCC, esophageal
Stimulation of cell proliferation, and pancreatic cell lines, where it stimulates cell [10,56-58]

migration and tumor growth proliferation and migration in vitro. In xenograft models,
DKK-3 supports tumor growth.

DKK-3 expression was found to increase from normal oral
mucosa in dysplasia and squamous cell carcinoma and to [59]
correlate with the tissue proliferative index (Ki67)

Correlation with
tumor progression

e The expression of DKK-3 in the stroma of breast, colon
and ovarian cancer is associated with poorer prognosis.
DKK-3 stimulates the 3-catenin and YAP/TAZ
signaling pathways in cancer-associated fibroblasts,
increasing their extracellular matrix
DKK-3 has pro-tumorigenic remodeling activity.

function in tumor stroma e  The knockdown of DKK-3 in prostatic stromal cells
decreases their proliferation, inhibits the
fibroblast-to-myofibroblast differentiation, and
contributes to blood vessel destabilization through the
upregulation of ANGPT1.

e  DKK-3 expression by mesenchymal stem cells favors
the infiltration of tumors by pro-tumorigenic M2
Y : macrophages and limits the recruitment of CD8+
DKI3 impairs T lymphocytes. [29-31,47,61,62]
o  DKK-3 expression correlates with immune
suppression in glioblastoma.

[26,60]

anti-cancer immunity

Snelling et al. demonstrated that incubation of primary human chondrocytes or chon-
drosarcoma cells with recombinant DKK-3 protects against in vitro cartilage degradation
through enhanced TGF-f signaling, and DKK-3 expression is regulated by both injury
and inflammatory cytokines [39]. Intracellular and extracellular DKK-3 play crucial roles
in preventing cardiac hypertrophy [63] and promote the differentiation of stem cells into
vascular smooth muscle cells [41], via the activation of several intracellular signaling path-
ways, including the ASK1/JNK/p38 [apoptosis signal-regulating kinase 1 (ASK1)-c-Jun
N-terminal kinase (JNK)/p38] and MEK/ERK/ATF6 axes, respectively (Figure 3B,C).

Extracellular DKK-3 also serves as an atheroprotective cytokine, which stimulates the
migration of HUVEC endothelial cells through the Wnt/planar cell polarity (ROR2-Dvl1-



Cells 2024, 13,75

7 of 14

Rac1-JNK) signaling pathway, potentially acting as a biomarker of endothelial integrity
and repair [42] (Figure 3D). DKK-3 can also influence cellular antioxidant defense mecha-
nisms and protect cells from oxidative damage since recombinant DKK-3 protects cultured
astrocytes against oxidative stress [43]. However, in all these cases, the precise molecular
mechanisms have not been elucidated.

Krm LRP5/6 CKAP4 ROR2 @
Frizzled Frizzled
v DKK3
i
MEK1/2) e
Dishevelled 1 / \/
Dyl
J- ERKI/2 MKK4/7 ‘\MKK:'/G
(o o 1 |
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& Y .JNK
NF8 cell \ /
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Figure 3. Pathways regulated by DKK-3: insights into DKK-3 functions. (A). In addition to sig-
naling by extracellular DKK-3 (see also Figure 2), the DKK-3b variant serves as an intracellular
regulator of 3-catenin signaling and cell proliferation. DKK-3b, in complex with 3-TrCP, impedes
the nuclear translocation of 3-catenin, leading to the cytoplasmic sequestration, unphosphorylated
f-catenin and subsequent inhibition of Wnt/ 3-catenin signaling. (B). Left pathway: Secreted DKK-
3 activates NF-kB signaling via a CKAP4-Akt-NF-«kB axis. Right pathway: extracellular DKK-3
promotes the differentiation of stem cells into vascular smooth muscle cells through the activa-
tion of the MEK/ERK/ATF6 axis. (C). Intracellular DKK-3 prevents cardiac hypertrophy through
ASK1/JNK/p38 signaling pathway activation. (D). Extracellular DKK-3 stimulates the migration
of HUVEC endothelial cells through the Wnt/planar cell polarity (ROR2-Dvl1-Racl-JNK) signaling
pathway. Created with BioRender.com (accessed on 18 December 2023).

6. DKK-3 Modulates the Immune System

DKK-3 has a diverse role in immunomodulation that extends from differentiation of B-
cells, immune peripheric tolerance, dendritic cell differentiation and inflammation (Table 1).
DKK-3 is expressed at the highest levels in immune-privileged organs, such as the embryo,
placenta, eye and brain [9], which is compatible with a role for DKK-3 in their immune
tolerance. Ludwig et al. [44] provided evidence that DKK-3 acts as a modulator of B-cell
fate and function. They found that loss of DKK-3 in DKK-3~/~ mice had significant impacts
on various aspects of B-cell biology. Specifically, it affected the maturation of B2 cells, which
play a crucial role in adaptive immune responses. It also reduced the proliferation and
self-maintenance ability of Bl cells in the periphery, thereby influencing the production
of antibodies and cytokines involved in the innate immune response. Most importantly,
DKK-3 has been shown to play a vital role in establishing peripheral CD8 T-cell tolerance in
a T-cell receptor (TCR) transgenic system. This is supported by the observation that DKK-3
expression is elevated in tolerant CD8 T-cells, and it contributes to reducing the overall
reactivity of CD8 T-cells in vitro [45]. Interestingly, the same group also reported that an
anti-DKK-3 neutralizing antibody, administered after transplantation of male MHC class-I
mismatched embryoid bodies under the kidney capsule of sex-matched recipient mice,
resulted in a higher occurrence of graft rejection. This suggests that DKK-3 is involved in
the local microenvironment that protects transplanted MHC class-I mismatched embryo
bodies from CD8+ T-cell-dependent rejection. In addition, they provided evidence that
DKK-3 plays a role in regulating CD4+ T-cell-mediated autoimmune encephalomyelitis,
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by restricting T-cell activation and polarization, as well as moderating the activity of IFNy
in the central nervous system (CNS), leading to disease improvement [46]. Consistently,
a machine learning approach proposed that high DKK-3 expression related to immuno-
suppression was associated with poor prognosis in glioblastoma [47]. DKK-3 also affects
the functions of dendritic cells (DC), which play a crucial role in initiating and regulat-
ing immune responses. Secreted DKK-3 has been shown to induce the differentiation of
monocytes to DC-like cells [48]. DKK-3 is involved in inflammation, in that it reduces the
intracerebral hemorrhage-related expression of TNF-a and IL-13 [25]. DKK-3 also reduces
neuroinflammation and improves neuropathic pain, through the inhibition of p-ASK1,
p-JNK, and p-p38, the promotion of the transformation of microglia from pro-inflammatory
type M1 to anti-inflammatory type M2 and decreased production of pro-inflammatory
cytokines [64].

Further research is needed to fully characterize and understand the complex interplay
between DKK-3 and the immune system, and to exploit these findings for immunomodula-
tion therapies.

7. DKK-3 Has a Dual Role in Cancer, as Either a Tumor Suppressor or an Oncogene
7.1. DKK-3 as a Tumor Suppressor

DKK-3, as implied by its other name, REIC (reduced expression in immortalized cells),
is frequently downregulated in various tumor types, cancer cell lines and immortalized
cells [49], as expected for a tumor suppressor (Table 1; Figure 4). Its expression is commonly
suppressed through hypermethylation of CpG islands in the DKK-3 locus in human cancer
cells, including basal breast cancer, non-small cell lung cancer, gastric cancers and colon
cancers [50,65]. Clinical trials are underway to explore the potential of REIC/DKK-3 gene
therapy for prostate cancer [66] and liver cancer [67].

DKK-3 acts as a tumor suppressor through inhibition of the Wnt/ 3-catenin signaling
pathway. For instance, ectopic overexpression of DKK-3 has been shown to decrease cancer
cell proliferation in vitro through the inhibition of the Wnt/-catenin pathway [51,52].
DKK-3 strongly inhibits prostate cancer cell proliferation [68]. DKK-3 expression is sig-
nificantly downregulated in invasive epithelial ovarian carcinoma compared to normal
tissue, adenoma, and borderline tumors. Furthermore, DKK-3 inhibits the proliferation of
ovarian cancer cells. DKK-3 decreases the levels of active non-phosphorylated {3-catenin,
as well as P-glycoprotein, an important chemoresistance-regulating protein. DKK-3 acts
as an inhibitor of chemoresistance, since reducing DKK-3 levels decreases resistance to
chemotherapy with paclitaxel [53]. In lung cancer cells, DKK-3 downregulates the ex-
pression of survivin at the protein level, and DKK-3 overexpression decreases c-myc and
MMP7, which are Wnt signaling effector genes that control the fate of cancer development,
progression and metastasis [15]. In addition, DKK-3 inhibits cisplatin-resistant lung cancer
cell growth in a xenograft model of nude mice. The authors show that DKK-3 enhances
apoptosis and retards growth either alone or synergistically with cisplatin in resistant
non-small cell lung cancer (NSCLC) cells (Figure 4, right panel) [15].

Interestingly, DKK-3 also exerts a tumor-suppressive function independently of Wnt
signaling. An in silico study predicted an interaction between DKK-3 and EGFR, in which
DKK-3 could completely occupy the EGF binding domain of the EGFR. This suggests
that DKK-3 may possibly inhibit cancer proliferation by inhibiting both Wnt and EGFR
signaling [24].

Another study based on blood samples from patients with ovarian cancer established
a negative correlation between the serum levels of DKK-3 and the amount of circulating
CD133+ cells, used as a glycoprotein marker for cancer stem cells (CSCs). Administration of
DKK-3 increased both the transcript and protein levels of the epithelial marker E-cadherin
and reduced mesenchymal markers (Vimentin, N-cadherin, and Snail) suggesting that
DKK-3 inhibits the epithelial-mesenchymal transition (EMT). This observation is significant
since it suggests the combination of both CD133+ and DKK-3 markers could have prognosis
value (Figure 4, left panel) [54].
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Figure 4. The dual role of DKK-3 in cancer: implications for diagnosis, prognosis and therapeutic
strategies. DKK-3 has been reported to play a role in human cancer progression and/or response to
treatment. However, its function has been described as tumor-suppressive (green text; right panel) or
oncogenic (red text; right panel) depending on the cellular and tissue context. In addition, DKK-3 is a
potentially interesting tool, both as a prognostic biomarker or a druggable therapeutic target (left
panel). Created with BioRender.com (accessed on 11 November 2023).

Consistently with the known function of DKK-3 as an immunomodulatory molecule
(see above), REIC/DKK-3 may play a cytokine-like role in monocyte differentiation since
the intratumor administration of full-length DKK-3 (FL-REIC) led to the induction of anti-
cancer immunity towards prostate cancer cells, and inhibition of tumor growth in vivo [48].
Finally, our team has recently shown that DKK-3 expression is regulated by ANp63« in
human papillomavirus-positive oropharyngeal squamous cell carcinoma, and that secreted
DKK-3 activates NF-«B signaling in macrophages through a CKAP4-Akt-NF-«B axis,
without impacting Wnt signaling (Figure 3B) [55].

7.2. DKK-3 as an Oncogene

DKXK-3 expression is elevated and exhibits tumor-promoting functions in some cancers
(Table 1). DKK-3 expression has been found to be high in squamous cell carcinomas of
the head and neck [59] and esophagus [69], and pancreatic ductal adenocarcinoma [57],
and to promote cancer cell proliferation and migration (Figure 4, right panel). Cytoplasmic
levels of DKK-3 have been reported to increase during the carcinogenic transition of
the oral epithelium and to be higher in tissue samples of head and neck squamous cell
carcinoma (HNSCC), where they correlate with 3-catenin accumulation [59]. DKK-3
stimulates processes that contribute to malignancy, which include cell-autonomous effects
on cell proliferation, migration and invasion. High-level expression of DKK-3 is associated



Cells 2024, 13,75

10 of 14

with chemoresistance and tumor volume progression in HNSCC [56,58], pancreatic [57]
and esophageal cancer [10], and with poorer outcomes in HNSCC and esophageal cancer
patients [10,70].

Interestingly, DKK-3 has oncogenic effects on other cells, in the tumor microenvi-
ronment, i.e., in a non-autonomous manner. DKK-3 expression has been found to be
high in cancer-associated fibroblasts (CAFs) of the stroma of colon, ovarian and estrogen
receptor-negative breast cancers and to be associated with worse prognosis. DKK-3 in
CAFs impacts their extracellular matrix-remodeling abilities, with consequences on matrix
stiffness and cancer invasion properties [26]. DKK-3 is also expressed in pancreatic stellate
cells, where it promotes resistance to chemotherapy, tumor growth and metastatic spread,
via both paracrine and autocrine mechanisms, through NF-«B activation [57]. Consistently
with an oncogenic function, DKK-3 blockade using neutralizing antibodies increases the
response to chemotherapy and the survival of mice models of pancreatic cancer [57]. High
levels of stromal DKK-3 in benign prostatic hyperplasia (BPH) and prostate cancer (PCa)
have been reported to increase fibroblast proliferation, promote myofibroblast differentia-
tion, and contribute to the angiogenic switch by suppressing vessel-stabilizing factors like
angiopoietin-1 (ANGPT1) (Figure 4, right panel) [60]. Finally, and as mentioned earlier,
DKK-3 has an immunomodulatory role that contributes to the establishment of peripheral
T-cell tolerance [46]. Thus, DKK-3 could contribute to limiting immune cell infiltration in
the tumor microenvironment. Consistent with this deduction, Lu et al. showed that DKK-3
expressed by mesenchymal stem cells favors the infiltration of tumors by pro-tumorigenic
M2 macrophages, and limits the recruitment of CD8+ T lymphocytes, using an immuno-
competent syngeneic model of melanoma [62]. The analysis of transcriptomic data from
525 patients in The Cancer Genome Atlas database showed that DKK-3 correlates with
immune suppression in glioblastoma [47,61].

In conclusion, DKK-3 appears to have a dual role, acting either to promote or re-
press cancer depending on the specific tissue and/or cell context. The inhibitory effect of
DKK-3 on the Wnt pathway implies a potential tumor suppressor role due to the preva-
lent pro-oncogenic impact of Wnt pathway overactivation. However, in other tumors,
DKK-3 has been implicated in immune suppression, in both Wnt signaling-dependent or
independent manners.

8. DKK-3 as a Tool for Cancer Therapy

DKK-3 has a dual role in cancer, making its use as a diagnostic/prognostic biomarker
and/or as a therapeutic target complex and context-dependent. There are various strategies
to increase DKK-3 levels, where it acts as a tumor suppressor. Epigenetic reactivation of
DKK-3 expression through DNA hypomethylating reagents such as 5-Aza-20-deoxycytidine
(decitabine) has been proposed as a potential therapeutic [71] (Figure 4, left panel). Never-
theless, significant clinical challenges remain, such as non-selective cytotoxicity, limited
bioavailability and temporary activity since DNA methylation levels revert to normal once
the drug is withdrawn [72]. Attempts have been made to express DKK-3 with an adenoviral
vector (Ad-REIC) in cancer patients with low levels of DKK-3. DKK-3 expression has been
shown to increase cancer cell apoptosis, in a phosphorylated JNK-dependent manner, via
endoplasmic reticulum (ER) stress signaling. Interestingly, in non-cancer cells, a different
ER stress response is observed that leads to IL-7 expression and secretion, and NK cells
activation of systemic anti-tumor immunity [73]. Ad-REIC has been shown in clinical trials
(NCT01931046) with high-risk localized prostate cancer, to be safe with no apparent side
effects [66] (Figure 4, left panel). However, due to the need for local administration within
the tumor and the need for imaging guidance, this therapy is limited to the treatment of
solid tumors.

In contrast, DKK-3 expression is upregulated in some cancers, such as squamous cell
carcinoma of the head and neck and pancreatic ductal adenocarcinoma, and is correlated
with poorer overall survival. DKK-3 could therefore be a druggable target and inhibitors
are being developed [74,75]. Based on docking simulations, Katase et al. developed DKK-3
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complementary peptides that significantly reduce DKK-3-driven Akt phosphorylation,
cellular proliferation and migration of a human tongue cancer-derived cell line (HSC-3),
as well as in vivo tumor growth [76]. These therapeutic peptides are a promising ap-
proach for the development of anti-cancer agents since they are relatively easy to develop
and are inexpensive (Figure 4, left panel). DKK-3-blocking monoclonal antibodies have
also been developed and found to be effective against pancreatic ductal adenocarcinoma
progression [57] (Figure 4, left panel).

Targeting DKK-3’s oncogenic function might be challenging, due to its dual oncogenic
and tumor suppressor activities (see above). Treatments that inhibit DKK-3 in tumors could
inhibit tumor-suppressive functions in healthy tissues. Blocking DKK-3 could also affect
Wnt/$-catenin signaling in stem cells, where it plays an important role in cell renewal and
tissue homeostasis [1]. Tumor-specific delivery could limit undesirable effects on healthy
tissues. It is also conceivable that patients could have malignant clones with different
susceptibility to DKK-3, in analogy with other treatments [77]. However, to the best of our
knowledge, such heterogeneity has not been described.

9. Conclusions

DKK-3 is a target of choice for cancer therapy. There are favorable facets that suggest
that DKK-3 is a target of choice. It has functions in both cancer and immune cells, suggesting
that targeting one factor could have multiple and perhaps synergistic effects. Furthermore,
it is secreted, which suggests that it is more easily targeted and modulated. However, to
fully exploit this promise, further investigations are needed to understand the different
activities of DKK-3 and to optimize therapeutic strategies that take into account context
and cancer-type dependence.
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