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Abstract

Background: The signal peptide-CUB-EGF-like domain-containing protein 3 (SCUBE3)
is a secretory protein that plays a role in cancer, cardiovascular, and immune disorders.
SCUBEL1, SCUBE2, and SCUBE3 belong to the SCUBE family. They contain multiple copies
of EGF-like repeats at the amino acid terminal, a spacer region, three cysteine-rich motifs,
and a CUB domain at the carboxyl terminus. The SCUBE family members are multifunc-
tional proteins that act primarily as extracellular ligands or co-receptors in various cells.
Methods: In this study, we examined the expression pattern and role of SCUBE3 in various
cancers, as well as other diseases such as cardiovascular disease and immune disorders,
and its impact on growth and development. Results: SCUBE3 expression is upregulated
and secreted by the cells of lung cancer, hepatocellular carcinoma (HCC), melanoma, os-
teosarcoma, ovarian cancer, glioma, and breast cancer. Extracellular SCUBE3 protein often
binds to TGFBRII or acts as a co-receptor for TGFf3 and BMP2/BMP4 in regulating cellular
signaling. Through the TGFBRII signaling, SCUBE3 activities promote tumor growth,
metastasis, invasion, angiogenesis, and poor clinical outcomes. Conversely, in renal cell
carcinoma, SCUBE3 expression suppresses growth. Altered SCUBE3 activity is associated
with cardiovascular diseases, immune disorders, and hair growth. Conclusions: The re-
view presents mechanistic evidence that SCUBE3 plays a crucial regulatory role in multiple
cancers and other diseases. The evidence suggests the SCUBE3 protein could serve as a
potential molecular target for various diseases and highlights its usefulness as a minimally
invasive diagnostic marker, as it is a secreted protein.

Keywords: SCUBE3; cancer; biomarker; ligand; co-receptor; TGFBRII; target; invasion;
angiogenesis; metastasis; proliferation; clinical outcome

1. Introduction

Signal peptide-CUB-EGF-like domain-containing protein 3 (SCUBE3) is a 993 amino
acid member of the SCUBE protein family. The SCUBE3 protein family consists of three
members: SCUBE1, SCUBE2, and SCUBE3. The members are highly conserved in humans,
mice, and zebrafish [1]. SCUBE3 protein shares about 65.6% homology with SCUBE1 and
58.5% with SCUBE2 in their amino acid compositions. SCUBE1 and SCUBE2 are 65.6%
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identical in their amino acid compositions [1]. These members are expressed differently
in tissues of normal cells. The SCUBEL] protein is primarily expressed in platelets and
endothelial cells. Outside the endothelial cells, SCUBE2 is broadly expressed in several cells
and tissues. On the other hand, human SCUBE3 is ubiquitously expressed in osteoblasts
and bone [2]. The association of SCUBE3 with cancer promotion is widely reported.
Secreted SCUBE3 protein is crucial in inducing transforming growth factor-f3 receptor II
(TGFRRII) activation and in increasing the expression of TGF-f3. These events promote
growth, metastasis, invasion, and angiogenesis. Interestingly, Scube3 is expressed in
ectodermal, endodermal, and mesodermal-derivative in mice suggesting that it may be
involved in development [3]. Embryonic depletion of Scube3 in mice has no physiological
or developmental defect, suggesting that it is not essential for embryonic development
or survival [4]. However, the developmental disorder observed due to defective SCUBE3
has been linked to the regulation of growth, morphogenesis, and teeth development
through the Bone Morphogenetic Protein (BMP) signaling [5]. BMPs are among the TGF-f3
superfamily, and the family members are critical regulators of cell growth, differentiation,
and apoptosis [6].

SCUBE family members are secreted glycosylated proteins containing five protein
motifs: N-terminal signal peptide, epidermal growth factor (EGF)-like repeat domain, a
spacer region, three cysteine-rich domains, and a complement protein Clr/Cls, Uegf, and
Bmp1 (CUB) C-terminal domain (Figure 1). The highest homology among the members
is found in the CUB domain (83%), followed by the EGF-like (73%) and Cys-rich (66%)
domains. In contrast, the spacer also present in all members exhibits the lowest homology
at about 34% [1]. This shows the functional importance of the regions to the members.
Despite having the lowest amino acid homology among the members, the cysteine residues
are instrumental for the diverse functions observed in the SCUBE members, as they can
promote disulfide linkage with other proteins, promote protein stability, and serve as
a proteolytic cleavage region (Figure 1). The proteolytic cleavage at the spacer region
controls the modulatory function mediated by the C-terminal CUB domain and secretion
of the N-terminal domain protein in the extracellular space as a soluble protein [7]. The
overexpression of SCUBE3 has been observed in tissue specimens such as lung cancer,
non-small cell cancer, breast cancer, renal carcinoma, glioma, ovarian, and osteosarcoma
compared to the associated healthy tissues.

Each SCUBE gene is located on a different chromosome and is differentially expressed.
The gene for SCUBE3 is uniquely found on human chromosome 6, while the SCUBE1
and SCUBE?2 genes are located on human chromosomes 22 and 11, respectively [1]. This
shows that the SCUBE3 members are regulated differently. SCUBE3 protein was first
isolated in the human umbilical vein endothelial cells (HUVECs) where it is significantly
high [8]. Its 993 amino acid composition is heavily glycosylated, causing the molecular
weight to be approximately 135 kDa. Report shows that SCUBE3 can be cleaved by MMP2
and MMP9 into the N-terminal containing the EGF-like repeat domain and C-terminal
CUB domains, enabling it to interact with multiple proteins and be involved in different
pathways [9]. Increasing evidence has linked SCUBE3 to cancers such as lung cancer, breast
cancer, hepatocellular carcinoma, renal carcinoma, and osteosarcoma. Reports also show
that elevated SCUBE3 expression is associated with poor clinical outcomes [10-12]. Also,
differential alteration in the SCUBE3 gene, such as mutation, amplification, and deletion,
could alter the normal function of the SCUBE3 protein in cells. However, the impacts of
these alterations have yet to be fully deciphered. Our review is focused on the functional
role of SCUBE3 in different cancer models, cardiovascular diseases, and immune disorders,
and the potential benefit of developing new therapeutic agents for inhibiting SCUBE3
functions and as well making it a biomarker for cancer diagnosis. SCUBE3 overexpression
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is linked to various cancers, including lung cancer, hepatocellular carcinoma (HCC), ovarian
cancer, osteosarcoma, breast cancer, melanoma, renal cell carcinoma, and glioma. It also
regulates multiple signaling pathways in cancer, suggesting a need for pan-cancer targeting
of SCUBES3.

SCUBE1 =988 aa

SCUBE2 = 1028 aa

SCUBE3 =993 aa

Cleavage

am Signa! ’ EGF-like [_] Spacer Cysrtis;‘ne- . cus ? point

peptide

Figure 1. Schematic structure of human SCUBE family members showing the different structural
components: signal peptide, EGF-like, spacer, cysteine-rich, and CUB. The cysteine-rich region is
prone to cleavage by MMP2 and MMP9.

Here, we provide a comprehensive review of the role of SCUBE3 in cancer develop-
ment, cardiovascular disease, immune disorder, and fast muscle development.

2. SCUBES3 in Different Cancers
2.1. Lung Cancer

Lung cancer is the second most common type of cancer and the number one cause
of death due to cancer in the United States [13]. Approximately 350 people die each day
from lung cancer, with about 81% of the deaths connected to cigarette smoking and the
rest linked to second-hand smoking [14,15]. Each year, approximately 226,650 individuals
are diagnosed with lung cancer, and around 124,730 people succumb to the disease [13].
Exposure to radon, a naturally occurring radioactive element found in tobacco, increases
the risk of lung cancer among tobacco smokers [16,17]. Radon is the second leading cause
of lung cancer in non-smokers. It is odorless and colorless gas. When inhaled radon attack
and damage lung cells. Approximately 85% of lung cancer cases are classified as non-small
cell lung cancer (NSCLC) [18,19]. SCUBES3 is overexpressed in roughly 70.6% of NSCLC
tissue specimens [10]. Elevated SCUBE3 protein level was observed in extremely invasive
lung cancer. Another investigation demonstrated that SCUBES3 is significantly involved
in the regulation of angiogenesis and increasing the metastatic potential in early lung
cancer [10,20].

Upregulation of SCUBE3 expression alters the epithelial-mesenchymal transition
(EMT) markers in non-small cell lung cancer. SCUBE3 involvement in EMT could result
from its ability to bind and activate the transforming growth factor-3 (TGF-$3) type II recep-
tor through the C-terminal CUB domain [9]. TGFBRII activation, in turn, stimulates the
EMT processes, leading to the induction of receptor activated Smad2/3 by phosphorylation
that triggers the localization of the Smad2/3 to the nucleus, where it acts as a transcriptional
factor responsible for increasing the expression of matrix metalloproteinase-2 (MMP-2), ma-
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trix metalloproteinase-2 (MMP-9), plasminogen activator inhibitor type-1 (PAI-1), vascular
endothelial growth factor (VEGF), and the transcription factors SNAI1 (Snail) and SNAI2
(Slug) involved in epithelial to mesenchymal transition (EMT) and cancer progression
(Figure 2) [9,21].

‘lr Vimentin
SNAI1
SNAI2 EMT markers
TGF-B1
Gene expression VEGF Angiogenic
> PAI-1 factor
MMP2 .
Smad2/3 MMP9 Extracellular matrix
I EEEEEEEN deposition

Figure 2. SCUBE3 Regulates the TGFBRII Signaling Pathway in Lung Cancer. Secreted SCUBE3 is
cleaved by MMP2 or MMP9 into the N-terminal and C-terminal domains. The C-terminal domain
bearing the CUB domains binds to the TGFBRII triggering the phosphorylation and subsequent
activation of the intracellular domain of the receptors. Smad2/3 binds to the intracellular domain
and become activated, then translocate to the nucleus where they bind on the DNA to induce the
expression of EMT markers, angiogenic factors, and extracellular matrix protein. Arrows indicate
activation of signal transduction. Protein cleavage sites are indicated by a lightning bolt symbol.

Remarkably, the secreted SCUBE3 protein is cleaved by MMP2 and MMP9 into two
fragments: one containing the EGF-like domain and spacer and the other containing the
CUB domain and cysteine rich portion [9]. Silencing of SCUBE3 expression in NSCLC
suppressed the proliferation and metastasis of tumor cells in an in vivo model [10]. Given
the complexity of lung cancer, it is imperative to gain a comprehensive understanding of the
molecular mechanisms involved in the development and progression of lung cancer in order
to help in the development of effective therapies that focus on inhibiting SCUBE3 function.

2.2. Osteosarcoma

The SCUBES3 expression is associated with osteosarcoma, the most common primary
bone cancer that affects children and young adults [22,23]. Osteosarcoma is characterized
as an extremely rapid progressive and invasive cancer. SCUBE3 was identified among the
heat shock protein family D (Hsp60) member 1 (HSPD1) and chemokine ligand 14 (CXCL14)
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as a signature gene that correlated with the prognosis of osteosarcoma [24]. The SCUBE3
protein level was significantly high compared to normal osteocytes [24].

The HSPD1 is encoded in the mitochondria and is essential for the folding and assem-
bly of proteins imported into the mitochondria. Silencing of the HSPD1 suppressed the
proliferation and progression of ovarian cancer and oral squamous cell carcinoma [25,26].
Similarly, aberrant expression of the CXCL14, which is involved in the innate immune
system response, is linked to colorectal cancer, breast cancer, prostate cancer, and ovarian
cancer [27-29]. Overexpression of SCUBE3 reduces the overall survival rate and improves
poor treatment outcomes in osteosarcoma patients [24,30]. The suppression of SCUBE3,
HSPD1, and CXCL14 expression significantly attenuated tumor cell proliferation. Ad-
ditional evidence shows that SCUBE3 could be involved in regulating the calcium ion
pathway in osteosarcoma [31] Dysregulation of the calcium ion pathway contributes to can-
cer. Together, these data suggest that treatment focusing on inhibition of SCUBE3, HSPD1,
and CXCL14 genes or their proteins could improve treatment in osteosarcoma patients.

2.3. Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) is the fifth and ninth most frequent cancer in men
and women, respectively, with a yearly incidence of 42,240 and 30,090 deaths [32]. HCC,
cholangiocarcinoma, and angiosarcoma are the three main types of liver cancer, with HCC
accounting for about 90% of all cases worldwide [33]. HCC prevalence is very low in the
United States and is prevalent in Asia [34]. Globally, HCC is the second leading cause of
death arising from cancer [35]. The Wnt signaling pathway, MAPK signaling pathway,
TGF-f signaling pathway, and NF-«B signaling pathway are amongst the most common
dysregulated signaling pathways associated with the development, growth, and metastasis
of HCC [36,37]. Specific targeting of any pathways could inhibit tumor cell proliferation
and progression.

The TGEF-f is essential in cell differentiation and normal liver cell regeneration. How-
ever, its elevated activity in the liver is highly associated with the development and pro-
gression of the HCC. SCUBE3 expression is up-regulated in hepatocellular carcinoma tissue
specimens and cell lines [12]. SCUBE3 overexpression promotes cell proliferation by regu-
lating the expression of cyclin E1 (CCNE1) in HCC [12]. CCNE1 promotes cell survival and
poor treatment outcomes in HCC and several cancers (ovarian cancer, breast cancer, and
gastric cancer) [38—42]. Evidence demonstrated that inhibition of SCUBE3 expression in
the HCC cells significantly attenuates cell proliferation and promotes apoptosis [12]. Also,
a pre-clinical mouse model study demonstrated that SCUBE3 knockdown significantly
inhibited xenograft tumor cell growth, indicating that SCUBE3 knockdown decreased
tumor cell proliferation in vivo.

To determine the role of SCUBES3 in cell proliferation and apoptosis, SCUBE3 gene
was knockdown using lentivirus particles carrying three SCUBE3 shRNAs in Bel7404
cells. Interestingly, the SCUBE3 knockdown cells have an increased number of Annexin
V-APC/PI-positive cells and an increased number of cells in the G1 phase but a reduced
number of cells in the S-and G2/M phases. These suggest that SCUBE3 knockdown
suppressed proliferation and promoted apoptosis in HCC cells. Also, the knockdown of
SCUBES3 significantly attenuated the oncogenic PI3K/AKT signaling pathway and GSK3f3
phosphorylation [12]. Using immunoprecipitation, the study showed that SCUBE3 protein
interacts with TGFBRIL Further analysis indicated that the SCUBE3 protein interacts
with the TGFBRII receptor and suggested that regulation of the PI3K/AKT signaling
pathway occurs through the TGFBRII. Constitutive activation of PI3K/AKT signaling is
known to promote processes associated with tumorigenesis and features that fuel cancer
progression [43]. The result demonstrated the importance of the TGFBRII receptor signaling
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to the SCUBE3 oncogenic function in HCC. It also indicates that in HCC, SCUBE3 promotes
cancer by activating the TGFBRII receptor, which then regulates the PI3K/AKT and GSK33,
causing the accumulation of CCNE1 (Figure 3). The CCNE1 accumulation due to the
reduced activities of GSK3[3 promotes the progression of the HCC cells from the G1 phase
to the S phase, thus promoting cell proliferation. This shows that SCUBE3 inhibitor-based
therapy could be helpful in treating patients with HCC.

TGFBRI

fp

o O
o

MPISK/AKT

|

@aé F(g)F

Cell proliferation & survival

Figure 3. A schematic model illustrating how SCUBE3 is regulating the TGFBRII and PI3K/AKT
in HCC. SCUBE3/TGFBRII signaling function is mediated through the PI3K/AKT. Binding to the
TGFBRII by SCUBE3 leads to the activation and PI3K/AKT pathways and subsequent inhibition of
GSK3p. This also led to the inhibition of the ubiquitination of CCNE1, causing its accumulation and
promoting interaction with CDK2 and the subsequent promotion of the proliferation of HCC cells.
Solid pointed arrows indicate the activation of the pathway, while flathead (or blunt) arrows indicate
inhibition of the pathway.

Interestingly, in another study examining the effect of Triphenyl phosphate (TPP) on
the proliferation, invasion, and migration of the HCC cell line, SCUBE3 was identified
as one of the genes significantly upregulated by TPP treatment [44]. TPP is one of the
organophosphate flame retardants (OPFR) found in the environment. The OPFRs are
metabolized in the liver. The result showed that at low concentrations, TPP promoted
Hep3B cell invasion and migration. In a tumor-bearing mouse model, HCC promotes
tumor growth.

2.4. Melanoma

Just like normal cells, cancer cells require access to circulating blood. The growth and
survival of cancer cells in the body also depend on their ability to increase blood vessels to
the tumor peripheries. Blood carries nutrients, oxygen, and many soluble factors important
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for cellular life solutions. In a mouse model study, the data demonstrated that SCUBE3
expression promoted angiogenesis in melanoma [45]. Although melanoma accounts for
approximately 1% of skin cancer cases, it is among the most aggressive type of cancer
and the number one cause of death resulting from skin cancer. About 80% of all skin
cancer deaths are due to melanoma [46]. Mutations of B-Raf (BRAF), NRAS, and CDKN2A
genes are common in melanoma and mostly result in constitutive activation of the MAPK
pathway, which are very common in melanoma [47,48].

The most common mutation of B-RAF is BRAFV600E, which is a missense mutation
that resulted from substitution of valine with glutamic acid at the 600th amino acid. This
change led to an abnormal flip of the catalytic domain that generates a constitutively
active conformation with a kinase activity that is 500-fold higher than wild-type BRAF
kinase [49,50]. The mutation of the BRAFV600E plus a dysregulation of any oncogenic
genes such as NRAS Q61K, often results in an aggressive form. BRAFV600E mutation
promotes cell proliferation, survival, and metastasis. The neuroblastoma RAS (NRAS)
mutation is the second most common mutation, accounting for about 15-30% of the cases.
NRAS is a viral oncogene homology and was first discovered in neuroblastoma cells by
Robin Weiss led team at Institute of Cancer Research in London [51]. The majority of
these forms of mutation are missense mutations at codons 12, 16, or 61. This mutation
causes a prolonged NRAS binding with active GTP, resulting in increased NRAS signaling
through MAPK kinase and PI3K pathways that promote the proliferation and survival of
cells [52-54]. These mutations lead to constitutive activation of the MAPK kinase pathway,
which promotes the proliferation and survival of cells.

The CDKN2A gene is a tumor suppressor that plays a vital role in regulating cell
division. It encodes two important proteins: p16 (also known as p16INK4A) and p14
(ARF) [48]. These proteins are crucial in controlling the progression of the cell cycle
from the G1 phase to the S phase. The p16(INK4A) protein specifically interacts with
CDK4 and CDK®6, which are proteins that promote cell cycle advancement and lead to cell
division. By binding to these cyclin-dependent kinases, p16(INK4A) inhibits their activity,
effectively preventing cell division. In contrast, the p14(ARF) protein functions to block the
degradation of p53 proteins, which are also essential tumor suppressors that regulate the
cell cycle. The loss of CDKN2A function promotes cell proliferation.

The overexpression and role of SCUBE3 in melanoma is not well reported. Recently
published report has linked SCUBE3 to melanoma [45]. SCUBE3 protein is stabilized by the
presence of the DEP domain containing 1B (DEPDC1B), which competitively binds to ubiq-
uitin ligase cell division cycle 16 (CDC16) to prevent SCUBE3 from undergoing degradation
through the ubiquitin-proteasome pathway [45]. DEPDC1B overexpression has been associ-
ated with cell proliferation, metastasis, and a poor treatment outcome [55]. Like DEPDC1B,
SOX10 is known to promote proliferation, tumor formation, and growth [56]. The expres-
sion of SCUBES3 is directly correlated with the transcription factor SOX10 and DEPDCI1B.
DEPDC1B is downstream of SOX10, which regulates its expression. In turn, DEPDC1B
mediates SOX10 functions such as the promotion of growth, metastasis, and angiogenesis.

DEPDCI1B plays an important role in cell cycle progression allowing cells to lose
focal adhesion long enough for cells to progress through mitosis where they become
rounded prior to cytokinesis. The process competes with RhoA for interaction with fo-
cal adhesion-associated receptor protein tyrosine phosphatase, receptor type F (PTPRF)
and also promotes the degradation of PTPRF resulting in de-attachment of the cells [57].
Similarly, the expression of SCUBE3 correlated to the DEPDC1B expression because of
DEPDC1B involvement in protecting SCUBE3 from ubiquitination and subsequent degrada-
tion by the proteasome complex [45]. In the absence of DEPDC1B, CDC16 binds to SCUBE3
and initiates the ubiquitination of SCUBE3. Thus, DEPDC1B binding to the CDC16, in-
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hibit the CDC16 from binding to SCUBE3. The CDC16 is a component of the anaphase
promoting complex/cyclosome (APC/C), a cell cycle-regulating E3 ubiquitin ligase that
control cycle progression through mitosis and the G1 phase [58]. The SCUBE3 protein
level was significantly decreased when DEPDC1B was knocked down. The stabilization
of SCUBE3 by DEPDC1B promotes increased SCUBE3 protein, enabling it to promote
growth and angiogenesis in melanoma (Figure 4). Knockdown of SCUBE3 alone inhibits
angiogenesis in DEPDC1B overexpressed melanoma cells. Likewise, the overexpression
of SCUBE3 restored DEPDCI1B expression and angiogenesis. These findings highlight
the importance of SCUBES3 in cell division, suggesting it could be a potential target for
melanoma treatment.

@ " Growth,

1 Metastasis
M Invasion

2 Angiogenesis

Ubiquitin —>

SCUBE3

Degraded
SCUBE3

) > I DEPDC1B
SOX10
EENENNNEEEN

Figure 4. The schematic diagram of illustration of events that alter SCUBE3 expression and function
in melanoma. In the absence of DEPDC1B, the CDC16 binds to SCUBES3 in the cytoplasm to cause
SCUBES3 ubiquitination and degradation by the proteasome complex. However, this action is inhibited
by the expression of DEPDC1B by SOX10 because DEPDC1B will competitively bind to the site on the
same site the CDC16 uses to attach to SCUBE3 and competitively prevent it from binding to SCUBES3.
This binding by DEPDC1B prevents the binding by CDC16 and the degradation of SCUBE3. Overall,
the action causes an increase in SCUBE3 protein and its tumor promotion action in melanoma. Solid

pointed arrows indicate the activation of the pathway or process, while flathead (or blunt) arrows
indicate inhibition of the pathway.

2.5. Breast Cancer

Arguably, breast cancer is the most frequent type of cancer and the second cause of
cancer-related death in women [13]. Accumulating evidence has linked SCUBE3 overex-
pression to the development of several cancers, including breast cancer [11,59]. Like in
several other cancers discussed, the elevation of SCUBE3 expression promotes the growth
and progression of breast cancer cells. SCUBE3 expression was absent in normal breast
mucosa but elevated in breast cancer tissue-invasive ductal carcinoma and invasive lobular
carcinoma [11,59]. Remarkably, like in other cancers, SCUBE3 also constitutively activates
the TGFBRII signaling in breast cancer cells, causing the cells to become metastatic and
invasive. There is a direct correlation between the level of SCUBE3 expression and high
histologic grade and negative E-cadherin expression tumors, with the highest SCUBE3
expression observed in late-stage cancer [11]. Also, there is a correlation in the expression
of SCUBE3 and TGF-f1. Increased SCUBE3 expression leads to an increase in TGF-f31, a
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ligand of the TGFBRII, resulting in elevated TWIST1 expression (Figure 5). TWIST1 is a
member of the TWIST family of basic helix-loop-helix ((HLH) factors and is an evolutionar-
ily conserved family of proteins that play diverse roles in both embryonic development and
pathological disease [60,61]. TWIST1 protects cancer cells from apoptosis and promotes
cancer cell stemness, and drug resistance [60]. TWIST protein members have been the focus
of much research for many years.

0@

TGFB

of

MTWIST

<_'<_

EMT
Cell proliferation
Metastasis
Invasion

Figure 5. A diagrammatic model of SCUBE3 mediated events in breast cancer. Overexpression of
SCUBES3 caused an increase in TGF-31, which binds and activates the TGFBRII by phosphoryla-
tion. Activated TGFBRII signals the expression of TWIST critical for EMT, proliferation, metastasis,
and invasion.

A report has also shown that SCUBES3 is a ligand of TGFBRII and interacts with
TGFBRII with its CUB domain [9]. Therefore, the elevation of both SCUBE3 and TGF-31
would likely increase the activation of TGFBRIIL The knockdown of SCUBE3 or TGF-f31
significantly suppressed growth, metastasis, invasion, and angiogenesis. The detection
of SCUBES3 in the early stages of breast cancer suggests that SCUBE3 may be involved in
tumor development and may be a marker to differentiate tumor lesions with a high risk
of malignancy [11]. SCUBE3 expression is linked with decreased patient overall survival
in breast cancer patients. Analysis using Kaplan-Meier demonstrated that increased
expression of SCUBE3 was associated with poor prognosis in TMN3, lymph node (+),
ER—, PR-, and HER?2 +. Altogether, these findings suggest that high SCUBE3 expression is
associated with poor treatment outcomes and that it could serve as an independent poor
prognostic marker and a potential therapeutic target for breast cancer.

A recent study based on a prognostic risk scoring system identified the upregulation
of SCUBE3 mRNA among three other mRNAs (RDH16, SPC24, and SPC25) that are dif-
ferentially associated with HER2-positive breast cancer [62]. The aim of the study is to
help improve the screening of high-risk patients with HER2-positive breast cancer. The
result suggests that SCUBE3, RDH16, SPC24, and SPC25 are essential for the progression of
HER2-positive breast cancer.

2.6. Ovarian Cancer

Ovarian cancer is the fifth cause of death due to cancer in women and the deadliest
gynecologic cancer in the United States [63]. An estimated 20,890 people are diagnosed with
ovarian cancer yearly, and about 12,730 people die of ovarian cancer annually globally [13].
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Late diagnosis is the number one leading factor affecting treatment failure because most
ovarian cancer cases are diagnosed at their late stages. Ovarian cancer is classified into
subtypes based on histological markers, cells of origin, molecular compositions, clinical
features, and treatments. There are four histological types of ovarian cancer: serous carci-
noma, endometrioid, clear-cell carcinoma, and mucinous carcinoma. Serous ovarian cancer
is the most common subtype of ovarian cancer based on histological classification and
accounts for about 75% of all ovarian cancer cases [64]. SCUBE3 expression was elevated in
ovarian cancer, and its overexpression is linked to poor prognosis [65]. The knockdown
of SCUBE3 suppressed ovarian cancer cell growth. Also, in a preclinical study, the knock-
down of SCUBE3 inhibited tumor growth in a xenograft mouse model [65]. Additional
investigation demonstrated that SCUBE3 promotion of cell proliferation is mediated via
hypoxia-inducible factor-1a (HIF1er). HIF1«x is a transcription factor vital for synthesizing
genes essential for enabling cells to adapt to hypoxic conditions, and it is overexpressed in
tumors [66]. Accumulating evidence has linked HIF1x to cancer growth and metastasis
because of its role in initiating angiogenesis [66]. Recent evidence demonstrated that the
TCF4/ 3-catenin transcription factor complex regulates the expression of SCUBE3 at the
transcriptional level (Figure 6). The expressions of SCUBE3 and HIF1« are directly corre-
lated in ovarian cancer cells. The level of HIF1a protein was significantly decreased in
SCUBE3 knockdown cells. Equally, overexpression of SCUBE3 resulted in increased HIF1 o
in the cells, showing a direct correlation in their expressions. This suggests that SCUBE3 is
a regulator of HIF1x expression in ovarian cancer. Altogether, the evidence demonstrated
the significant role of SCUBE3 in promoting ovarian cancer and showed that it is a potential
therapeutic target in ovarian cancer.

MHIF1la

—~H @h

Cell proliferation,
Invasion,
Angiogenesis

Figure 6. Diagram depicting steps leading to SCUBE3 overexpression and its roles in promoting
ovarian cancer. The TCF4/ 3-catenin transcription complex plays a significant role in the expression
of SCUBE3. Following its elevation, SCUBE3 promotes increased HIF1x expression to regulate cell
proliferation, invasion, and angiogenesis.

2.7. Glioma

Glioma is a rare, aggressive neoplasm affecting the glial tissues of the brain. Although
it accounts for approximately 80% of the malignant brain tumor, it remains one of the
least understood human cancers and has poor treatment outcomes [67,68]. The survival
rate among patients with glioma is low, with a median survival of about 14 months [69].
The three main subtypes of glioma are astrocytoma, oligodendroglioma, and glioblastoma.
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Amongst these forms, glioblastoma is the most malignant subtype. Despite the standard
treatment strategy of surgical resection followed by radiotherapy and chemotherapy, the
overall patients’ survival has not improved [70,71]. Interestingly, SCUBE3 expression is
elevated in Glioma cells compared to normal brain tissue [72].

Ectopic SCUBE3 promotes cell proliferation by activating the AKT signaling path-
way (Figure 7) [72]. The AKT signaling pathway is an essential pathway that promotes
drug resistance in various types of cancers, and its constitutive activation promotes poor
treatment outcomes in patients [73,74]. Furthermore, the data analysis showed the ele-
vation of SCUBE3 protein levels in glioma specimens compared to normal brain tissue
specimens. The U251 and U87 cells were treated with CN-3, a derivative of asterosaponin
belonging to a steroid oligoglycosides class, isolated from the starfish Culcita novaeguineae.
The CN-3 treatment at ICsy significantly suppressed U251 and U87 glioma cell growth and
suppressed phosphorylated AKT, which indicated inhibition of AKT signaling. At ICy,
CN-3 treatment significantly reduced SCUBE3 RNA level compared to eight other genes
and control. The CN-3 treatment at ICy4q also significantly suppressed the cell viability of
U251 and U87 cells between 24 h to 72 h. Knockdown of SCUBES3 significantly inhibited
cell proliferation of the glioma cells. SCUBE3 knockdown significantly suppressed AKT
phosphorylation and increased p53, p21, and p27 levels, known as the mediators of cell
cycle arrest (Figure 7). However, overexpression of SCUBE3 restores AKT signaling and
cell proliferation. Also, the overexpression of SCUBES3 significantly damaged the effect of
CN-3 treatment on the glioma cells. The study demonstrated that SCUBE3 plays a crucial
role in promoting AKT signaling and suppressing the cell cycle mediators, leading to the
proliferation of glioma cells. It also showed that treatment strategies targeting the SCUBE3
expression could improve patient treatment outcomes. Finally, it demonstrated that CN-3
is a promising inhibitor of the SCUBE3 oncogenic function in glioma.

@@ CN-3
0@ (Astrasaponin)

~

Tp53

p271‘l Mp21

Cell arrest

Figure 7. Schematic representation of SCUBE3 role and the effects of CN-3 treatment in glioma cells.
CN-3 inhibited SCUBE3/AKT signaling and induced cell arrest in glioma cells. SCUBE3 protein
regulates AKT to mediate cell proliferation, survival, and CN-3 resistance. The treatment with
CN-3, which interacts with SCUBE3 protein, significantly decreases SCUBE3 level, suppresses AKT
phosphorylation, and subsequently induces cell arrest.
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2.8. Renal Cell Carcinoma

A genome-wide methylation analysis study identified SCUBE3, among other genes, as
epigenetically inactivated in renal cell carcinoma (RCC) [75]. RCC is the most common form
of cancer affecting the kidney, accounting for about 85% of kidney tumors [76-78]. The data
from the study found hypermethylation of SCUBE3’s promoter region in both RCC tumor
specimens and cell lines [75]. The study utilized methylated DNA immunoprecipitation
(MeDIP) and whole-genome array analysis techniques in combination with high-density
expression array analysis in the investigation. Hypermethylation of CpG islands at the
promoter regions is associated with gene silencing by multiple mechanisms involving
chromatin modification and inhibition of the binding of the transcription machinery on
the promoter. The loss of expression analysis using RNAi knockdown demonstrated
that SCUBE3 knockdown promotes growth [75]. Additionally, Kaplan-Meier analyses
revealed that the methylation of SCUBE3 was associated with a significantly increased
risk of death and cancer death or relapse. The results demonstrated that SCUBE3 could
function as a tumor suppressor in RCC. It also shows that SCUBE3 may have varying
tissue-specific functions.

3. SCUBES3 in Other Diseases
3.1. Cardiovascular Disease

Cardiovascular disease is the prevalent cause of death in the US and accounts for
approximately one-third of all causes of death [79]. SCUBE3 has been identified as a gene
that is involved in cardiovascular diseases [80]. The overexpression of SCUBE3 promoted
pathological cardiac hypertrophy in transgenic mice [80]. Cardiac hypertrophy is the
abnormal enlargement or thickening of the heart, which makes it hard for the heart to pump
blood. Evidence has shown that SCUBE3 alterations have no developmental defect [3,80,81].
SCUBES3 transgenic mice show no skeletal structure defects, but some abnormalities in bone
morphology may arise when subjected to a pathological state such as stress. SCUBE3 was
selectively expressed in the ventricular myocardium and may be necessary for maintaining
myocyte integrity /growth or the compensatory response to myocardial stress. Observation
with echocardiography and histopathology both showed cardiac hypertrophy in transgenic
mice as they aged and also at eight months. The left-ventricular hypertrophy occurred
more rapidly under pressure overload in the mice compared with age-matched wild-type
littermates. Taken together, SCUBE3 might represent a new target for cardiac hypertrophy.

3.2. Systemic Lupus Erythematosus (SLE)

The SCUBE3 variant rs1888822 has been linked to systemic lupus erythematosus, the
most common form of lupus [82]. The goal of the study was to determine the role of single
nucleotide polymorphisms (SNPs) in SCUBE3 with systemic lupus erythematosus (SLE).
SNP is a genomic variant at a single base position in the DNA of a gene or regulatory
region. The change in the gene code may cause SNPs to alter the role of the gene in a
disease. SLE is an autoimmune disease characterized by inflammation of the connective
tissues and affects many organs [82-84]. Environmental and genetic factors have been
linked as factors that cause SLE. The study has found that individuals with the rs1888822
SCUBES3 variant are predisposed to SLE. Further analysis showed that SCUBE3 mRNA
expressions were significantly reduced in SLE patient’s whole blood, CD3 T-cells, and B
cells compared with healthy controls [82]. However, more investigations are required to
determine if the decreased SCUBE3 expression is linked with the disease condition. The
study demonstrated that the alteration or/and expression of normal SCUBE3 could be
associated with SLE.
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3.3. Other Immune Disorder: Psoriasis and Rheumatoid Arthritis (RA)

SCUBES3 is implicated in both psoriasis and rheumatoid arthritis (RA). The SCUBE3
protein level was significantly higher in serum samples of patients with psoriasis than in
the control [85]. Psoriasis is a chronic inflammatory disease that affects mainly the skin and
joints. It is characterized by excessive growth and aberrant keratinocyte differentiation [86].
SCUBES3 level was also elevated in RA [87]. These findings suggest that SCUBE3 may play
a significant role in the immune system and synovial angiogenesis and is an ideal target for
treating psoriasis and RA.

3.4. Alopecia

A recently published study demonstrated that SCUBE3 is a mesenchymal niche factor
that activates hair growth [88]. The hair dermal papilla cells are specialized mesenchymal
fibroblasts found at the base of hair follicles [89]. They secrete extracellular molecules, for
example, collagen, and are crucial for hair formation, growth, and cycling. The dermal
papilla is connected to the dermal sheath, which surrounds the outside of the dermal
papilla [90]. The dermal sheath contains progenitor cells that maintain and regenerate
the dermal papilla. Together, the dermal papilla and sheath are crucial components for
hair growth [91]. The SCUBE3 expression was broadly observed in the dermal papillae
and some subsets of dermal sheath cells during the anagen phase, which is the hair
growth phase and is mostly absent in the telogen phase, where the follicle is dormant [88].
Scattered expression of SCUBE3 was observed in the hair matrix, mainly during anagen.
Microinjection of recombinant human SCUBE3 protein induced significant hair growth in
mice back skin compared to bovine serum albumin control.

Aging mice experience miniaturization of hair follicles and elevated extra-follicular
hair-growth inhibitor levels [88]. Microinjection of recombinant human SCUBE3 protein
in aged 20-month-old skin mice stimulated hair growth. Further analysis showed that
SCUBE3-deleted mice display mild anagen initiation delay, suggesting the importance of
SCUBE3 in stimulating anagen effects. Recombinant human SCUBE3 protein treatment
induced hair growth on the mouse xenograft. Additional evidence showed that the hair-
stimulating effect is exerted mainly by exogenous SCUBE3 rather than endogenous SCUBE3
protein and via the TGF-f3 signaling [88]. All of these demonstrated that SCUBE3 is a hair-
growth activator and further explained the importance of the TGF-f3 signaling in mediating
SCUBE3-induced growth.

3.5. Fast Muscle Development

In mice, SCUBE3 is broadly expressed in various developing tissues such as somites,
neural tubes, and limb buds [3]. Evidence shows that SCUBE3 is an essential regulator of
fibroblast signaling, which plays a significant role in fast muscle development [92]. The
knockdown of SCUBE3 in C2C12 myoblasts suppressed FGF receptor 4 (FGFR4) expression
and fibroblast growth factor (FGF) signaling, thus resulting in poor myogenic differentiation.
Also, the knockdown of SCUBE3 in zebra fish attenuated the expression of myogenic
marker myod1 within the lateral fast muscle precursors. In contrast, its overexpression in
the adaxial slow muscle precursors was mainly unaffected [92]. The data also demonstrated
that SCUBE3 could act as an FGF co-receptor to boost FGF8 signaling during zebrafish
embryogenesis. Overall, the study showed that SCUBE3 is an essential player in fast fiber
development through the regulation of FGF signaling and can act alone as a multifunctional
protein or together with other SCUBE family members in a context-dependent manner.
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4. Clinical Utility Focusing on SCUBE3 and Future Expectations

The roles of SCUBES3 in the proliferation and progression of cancer and other diseases
have been identified in many studies. The key characteristics of SCUBE3 in different
physiological conditions are summaries in Tables 1 and 2. Increasing evidence showed
that SCUBE3 was involved in the growth and promotion of malignant phenotypes in lung
cancer. All the reports on SCUBE3 underscored the interaction between SCUBE3 and
TGFRRII in the extracellular as the leading promoter of cancer and the upregulation of
TGF-3, which also activates the TGFBRII signaling to promote metastasis and invasion.
Upon its release from the cytoplasm, SCUBE3 and TGF-§3 function as ligands, acting in an
autocrine and paracrine manner by binding and activating TGFBRII signaling. Activating

this signaling thus promotes tumor cell growth, metastasis, and invasion.

Table 1. SCUBE3 expression and function in cancer.

Direction of Change

Cancer Type Model Type /1) Function References
Human lung Overexpressed Involved in progression, metastasis
Lung Cancer cancer cell line, p . ' prog . . ’ [9,10,20]
human fssue @) invasion and angiogenesis.
Human Overexpressed Involved in proliferation and
Osteosarcoma osteosarcoma p overexpression of SCUBES3 is predictive [22,23]
(M) P P
cell lines of survival.
SCUBES3 leads to increased expression
Hepatocellular ~ Human cell lines, Overexpressed of cychr.\ El V.VhICh med1aFes increased
Carcinoma and mouse model s cell proliferation and survival. SCUBE3 [23,38]
was related to poor survival outcomes
in patients.
Promotes growth and angiogenesis.
Human cell lines Increased activity of the transcription
Melanoma human tssues ! Overexpressed factor SOX10 results in expression of [45]
mouse mo dell @) DEPDC1B which then protects SCUBE3
from degradation through
the proteasome.
SCUBES3 activation of TGF-f1 results in
increased TWIST activity which
Breast Cancer =~ Human cell lines Overexpressed promotes EMT’ pr‘ohferatlon, [11,59]
@) metastasis and invasion. Increased
SCUBE3 expression is associated with
lower patient overall survival.
Human cell lines, Overexpressed Promotes proliferation, metastasis,
varian Cancer uman tissues, angiogenesis which is related to its
Ovarian C h i (% giogenesis which is related to i [65]
and mouse model regulation of HIF1-x expression
Clioma Human tissue Overexpressed Promotes cell proliferation through [72]
and cell lines @) increased AKT signaling.
Renal Cell Human tssue Reduced-expression Loss of SCUBE3 expression [75]
Carcinoma () promotes growth.
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Table 2. SCUBE3 is associated with various other diseases.
Disease Direction of Change (1/)) Function References
Pathological cardiac hypertrophy, myocyte
. Overexpressed survival and growth, response to
Cardiovascular M myocardial stress mediated through [80]
TGF-$1 signaling.
SNPs in SCUBE3 were identified in patients
Systemic Lupus SNPs and with SLE and correlated with reduced renal
Er t};lema tosusp(SLE) reduced-expression function. Identification of SNPs may be [82]
y ) useful in identifying genetic susceptibility
for SLE.
Psoriasis Overexpressed Pathogenesm of psoriasis and [85]
M increased angiogenesis.
Overexpressed Increased expression is seen with increased
Rheumatoid arthritis (T% inflammation and hypoxia and therefore [87]

may play a role in RA.

Hair loss and alopecia

Increased expression results in hair growth
in follicles. Microinjection of SCUBE3 into a

Reduced-expression mouse model resulted in increased hair [88]

) growth from previously dormant human
scalp follicles.
Fast Muscle Regulated fast fiber myogenesis via fgf8
Development Expressed signaling during zebrafish embryogenesis. 521

Due to its expression pattern, SCUBE3 could serve as a biomarker for early detection of
cancer and monitoring treatment outcomes. It could also serve as a biomarker for detection
of cardiac stress in patients and also for other patients that are at risk of heart attack. A
reliable circulating protein biomarker can be detected by inexpensive and noninvasive
blood tests that can be used for early diagnosis and monitoring throughout the disease’s
treatment and progression. As we have shown, SCUBE3 expression is significantly higher
in cancer tissues than in normal tissue and is likely to lead to an increased level of secreted
SCUBE3. That could be used as a predictive or prognostic biomarker in cancer. The
glycosylation of secreted SCUBE3 protein makes it reasonably stable for clinical analysis
and thus makes it a good candidate for biomarker. We have seen the success of other
secreted biomarkers detected in blood tests, including prostate-specific antigen (PSA)
for prostate cancer, CA-125 for ovarian cancer, and carcinoembryonic antigen (CEA) for
colorectal cancers [93-97]. Other secreted proteins are being evaluated for their ability to
serve as biomarkers including TGF-f3 and its’ signaling network.

Recent findings demonstrated that the aberrant SCUBE3 expression is associated with
systemic lupus erythematosus (SLE) [82]. SLE is a complex auto-immune disorder caused
when the immune system attacks its own tissue, resulting in tissue damage and inflamma-
tion. Low expression of SCUBE3 mRNA was observed in Systemic lupus erythematosus
(SLE). In CD3+ T cells and B cells of patients with SLE, the SCUBE3 level was also decreased.
In the embryonic mouse, SCUBE3 is expressed in the skin dermal papillae of developed
hair follicles [98]. This report widened the involvement of SCUBE3 in human diseases
such as immune disorder. However, the mechanism by which loss of SCUBES3 alters or
contributes to the immune system is unknown.

Aging in mice is associated with shrinking of hair follicular because of increase ex-
pression of hair-growth inhibitors [99]. SCID mouse xenograft human occipital scalp hair
follicles treated with recombinant human SCUBE3 protein increases hair growth, thus
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suggesting that SCUBE3 is a mesenchymal niche-derived hair-growth activator in mice,
whose expression pattern and function are at least partially conserved in human scalp [88].
The SCUBE3/TGEF-f3 signaling mediates the regulation of mesenchymal niche function in
the hair follicle through Hedgehog. In general, because of its high expression, secretion into
the extracellular matrix and mechanisms of action, extracellular SCUBE3 is a promising
target for future strategies to treat cancer. This report has also validated the critical role of
SCUBES3 in growth and demonstrated that SCUBE3 promotion of growth is extended to
the reprogramming of the stem cell niche in hair follicles. There are still issues to resolve
regarding extracellular SCUBE3. There are possibilities that extracellular SCUBE3 can act
through receptors other than the TGFBRII to promote its functions in cancers because the
composition of three cysteine-rich motifs amino acid residues indicates the possibility of
proteolytic cleavage. In fast fiber myogenesis in zebra fish, SCUBE3 acted as a co-receptor
for fibroblast growth factor 8 (FGF 8) signaling during embryogenesis [92]. The multifunc-
tional character of SCUBE3, functioning intra and extracellularly, should not impede its
suitability as a therapeutic target because SCUBES3 inside and outside the cells promotes
cell growth, metastasis, and invasion.

Hypothetically, the up-regulation in intracellular SCUBE3 protein in cancer cells could
lead to increased secretion of SCUBES3 into the extracellular space. To better understand
these mechanisms, we need to know how SCUBES3 is released, whether SCUBE3 interacts
with other receptors, and the manner of the interactions. It is also important to determine
if SCUBE3 may be acting as a Damage-Associated Molecular Patterns (DAMPs) protein
to indicate the presence of cancer cells in the tumor microenvironment. DAMP proteins
are released in response to stress, apoptosis, necrosis, and acute DNA damage, and during
response to cytotoxic anti-tumor treatment, their release may trigger inflammation [100].
Cells communicate directly and indirectly about their physiological states to other cells
using chemical or mechanical signals [101]. There may be tumor-specific DAMPs that are
upregulated in cancers to signal the pathophysiological states of the cells. Understanding
these proteins can help in the diagnosis and treatment of cancer patients.

5. Concluding Remarks and Future Directions

There are several potential research focus areas for SCUBE3, such as the evaluation
of secreted SCUBE3 in the bodily fluid as a marker in cancer and predictive responses
and delineation of the functional overlaps and differences for extracellular SCUBE3 in
tumorigenesis, neo-angiogenesis, and fibrotic diseases could help shed more information
on the functions and mechanisms of SCUBE3. Furthermore, identifying and characterizing
selective SCUBE3 inhibitors for therapy in pre-clinical and clinical settings could provide
more information on the clinical value of inhibiting SCUBE3 protein in cancer. The role of
SCUBES3 as a hair-growth activator highlights the importance of understanding SCUBE3’s
functions and mechanisms in various conditions, including cardiac hypertrophy, systemic
lupus erythematosus (SLE), rheumatoid arthritis, and psoriasis.

Targeted treatment of SCUBE3 for cancer may encounter several limitations due to its
widespread expression and diverse roles in different tissues. SCUBE3 can have varying
effects in cancer cells; for instance, it acts as a tumor suppressor in renal cell carcinoma
(RCC), while serving as an oncogene in other cancers, such as lung and breast cancer. This
also shows that SCUBE3 can be regulated through methylation. Identifying effective drugs
to block SCUBE3 without harming normal cells is challenging because many compounds
lack specificity or require high, potentially toxic concentrations. Additionally, using an anti-
body or small molecule inhibitor to target SCUBE3 may yield limited success, as research
indicates that SCUBE3 has intracellular functions that promote cell proliferation. SCUBE3
might also function extracellularly by binding to TGFBRII and activating associated signal-
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ing pathways. Antibody treatment is good if the protein is secreted or expressed on the cell
membrane. Cancer cells can increase SCUBE3 to bypass other targeted therapies or become
resistant to antiestrogens, indicating SCUBE3 can be a resistance driver.

Quantifying SCUBE3 in small clinical samples poses challenges due to issues related
to mRNA and protein stability, as well as variability in protein abundance. Therefore,
understanding these factors is crucial for identifying the potential benefits and challenges
of targeting SCUBE3 in medical treatments. A key focus should be on designing and
developing high-affinity inhibitors that disrupt SCUBE3 interactions with target proteins,
such as TGFBRII. Additionally, efforts should be directed towards quantifying SCUBE3
levels in tissue samples and patients’ bodily fluids to establish baseline levels in healthy
individuals and compare them with cancer patients.

6. Conclusions

In this review, we have summarized the current knowledge on SCUBE3 with the
addition of our recent observations of SCUBE3 expression in human cancer to demonstrate
how SCUBES3 influences the pathogenesis of several cancers. Nearly all the reports have
shown that SCUBE3 is a secreted protein with elevated expression in several cancers. The
involvements of SCUBE3 in growth, metastasis, and invasion were also demonstrated in
several reports. The TGFBRIIL is a critical player in mediating SCUBE3 functions. Future
investigation could help determine if SCUBE3 is a diagnostic or prognostic biomarker in
cancer and other diseases. In addition, the identification of selective SCUBE3 inhibitors
could help determine whether targeting SCUBE3 is a promising strategy in cancer treatment.
The role of SCUBE3 in cancer must be clear so that it gains significant attention as an
essential protein that promotes cancers and can be utilized as a diagnostic or prognostic
biomarker and a promising therapeutic target. Since its role spans beyond cancer, crossing
to other areas such as cardiac hypertrophy, bone development, inflammation, and hair
growth, research on SCUBE3 will thus continue to be essential and exciting in life sciences.
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