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The CDCP1 Signaling Hub: A Target for Cancer Detection
and Therapeutic Intervention
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ABSTRACT
◥

CUB-domain containing protein 1 (CDCP1) is a type I trans-
membrane glycoprotein that is upregulated in malignancies of the
breast, lung, colorectum, ovary, kidney, liver, pancreas, and hemato-
poietic system. Here, we discuss CDCP1 as an important hub for
oncogenic signaling and its key roles in malignant transformation
and summarize approaches focused on exploiting it for cancer
diagnosis and therapy. Elevated levels of CDCP1 are associated
with progressive disease and markedly poorer survival. Predomi-
nantly located on the cell surface, CDCP1 lies at the nexus of key

tumorigenic and metastatic signaling cascades, including the SRC/
PKCd, PI3K/AKT,WNT, and RAS/ERK axes, the oxidative pentose
phosphate pathway, and fatty acid oxidation, making important
functional contributions to cancer cell survival and growth, metas-
tasis, and treatment resistance. These findings have stimulated the
development of agents that target CDCP1 for detection and treat-
ment of a range of cancers, and results from preclinical models
suggest that these approaches could be efficacious and have man-
ageable toxicity profiles.

Introduction
Over the past two decades, the receptor CUB domain-containing

protein 1 (CDCP1), also known as CD318, SIMA135, and TRASK, has
emerged as a potential biomarker and therapeutic target for a range of
cancers (1–3). CDCP1 expression is markedly upregulated in a broad
cross-section of malignancies including metastatic triple-negative
breast cancer (TNBC), metastatic HER2þ breast cancer, lung adeno-
carcinoma, colorectal cancer, high-grade serous ovarian cancer, ovar-
ian clear cell carcinoma, clear cell renal cell carcinoma, PTENnull

castration-resistant and metastatic prostate cancer, hepatocellular
carcinoma, pancreatic ductal adenocarcinoma, acute myeloid leuke-
mia, acute lymphoid leukemia, and chronic myeloid leukemia in blast
crisis (4–17). For each of these malignancies, elevated CDCP1 expres-
sion is associated with advanced stage, poorer prognosis, and/or
therapy response, suggesting that it functionally contributes to disease
progression (4–17). Consistent with a functional role in cancer,
CDCP1 is an important mediator of aberrant cancer-associated
molecular cascades critical for survival, growth, metastasis, and treat-
ment resistance (4–21). However, increased expression of CDCP1 is
not an invariant predictor of poor outcome for all cancers. In endo-
metrioid adenocarcinoma, low CDCP1 expression correlates with
advanced stage, higher relapse rate, and poorer disease-free and overall
survival (22), and there is evidence of decreased CDCP1 expression in
some prostate cancer cohorts (23). Accordingly, although targeting
CDCP1 has potential to benefit large numbers of patients with cancer,
successful implementation of this strategy requires thorough under-
standing of the intricacies of CDCP1 signaling and cellular processing,
and how these contribute to cancer progression as well as normal
physiologic processes.

Here, we summarize the current understanding of CDCP1 as a
nexus for important oncogenic signaling pathways, its roles in malig-
nant transformation, and theCDCP1-targeted approaches that have to
date been used to detect and disrupt cancer in preclinical models.

CDCP1 Is a Hub forOncogenic Signaling
As shown inFig. 1A, CDCP1 is a type I transmembrane protein that

contains three CUB-like domains of largely unknown function and 14
consensus N-glycosylation sites that incorporate approximately
40 kDa of carbohydrate moieties, which likely contribute to interac-
tions with other biomolecules (1–3). It undergoes serine protease–
mediated cleavage at adjacent amino acids, phosphorylation at five
carboxyl-terminal tyrosine residues (Fig. 1A), and intersects with a
range of receptor tyrosine kinases (RTK) and other cell surface
proteins, each of which drive intracellular signal transduction path-
ways that modulate cancer-promoting phenotypes (1–3). This section
provides insights into mechanisms that regulate CDCP1 expression
and summarizes the key CDCP1-mediated molecular pathways that
make important contributions to cancer progression.

Regulation of CDCP1 expression
Exploration of mechanisms regulating CDCP1 expression have to

date focused on two key drivers of cancer progression, hypoxia, and
growth factor signaling (Fig. 1B). Two independent studies have
revealed that CDCP1 is strongly upregulated by hypoxia-inducible
factor (HIF) family members in response to hypoxia, with responses
impacted by the mutation status of the Von Hippel–Lindau (VHL)
tumor suppressor gene. As highlighted in Fig. 1B, CDCP1 expression
in breast epithelial MCF10A cells is induced by hypoxia via a mech-
anism involving HIF2a but not HIF1a (11). In contrast, in clear cell
renal cell carcinoma cells that have lost the tumor suppressorVHL, and
those with intact VHL under hypoxic conditions, expression from the
CDCP1 gene is regulated by both HIFs (Fig. 1B; ref. 10). At the
transcriptional level, CDCP1 expression is negatively regulated by
genome methylation, because the demethylating agent 5-azacytidine
induces robust transcription of the encoding gene in breast cancer
MCF7 cells (24). At the posttranscriptional level, methylation of the 30

untranslated region of the CDCP1 mRNA, by the m6A methyltrans-
ferase METTL3, is a key contributor to effective translation of the
CDCP1 protein (25).
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Growth factor signaling is also a robust inducer of CDCP1 expres-
sionwith EGF signaling via EGFRdriving upregulation and cell surface
localization of CDCP1 as well as inhibition of its palmitoylation-
dependent degradation (Fig. 1B; refs. 26, 27). Similarly, PDGF sig-
naling via the PDGF receptor transcriptionally upregulates CDCP1
expression via ERK activation (Fig. 1B; ref. 28). The functional
importance of this observation is suggested by the coexpression of
CDCP1 and PDGFR in TNBC patient specimens (28, 29). In non–
small cell lung cancer (NSCLC) patient tumors, aberrant ERKpathway
activation, caused by mutation of the small GTPase RAS, is associated
with elevated CDCP1 expression (30). The link between RAS activa-
tion and CDCP1 expression is also supported by detailed proteomic
analysis of the surfaceome of RAS-transformed cells (31). CDCP1
expression is also strongly induced via the phospholipid kinase PI3K
and its target the kinase AKT. The PI3K/AKT pathway, a key driver of
aggressive prostate cancer, is activated by loss of the tumor suppressor
PTEN, which occurs in as many as 50% of castration-resistant prostate
cancer tumors (32). Androgen deprivation, leading to androgen-
independent prostate cancer, combined with PTENnull augmented
PI3K/AKT signaling upregulates CDCP1, which drives activation of
the SRC/ERK pathway (Fig. 1B; ref. 12). Another contributor to
elevated CDCP1 expression in cancer is the negative regulation of
the E3 ligase FBXL14 by STAT3 (Fig. 1B). STAT3 reduces levels of
FBXL14, which ubiquitinylates CDCP1 for its normal cycle of inter-
nalization and degradation, thereby contributing to increased levels of
CDCP1 (29).

Proteolytic activation of CDCP1
CDCP1 is an important transducer of serine protease–initiated

signaling at the cell surface. Its cleavage by serine proteases, such as
plasmin, matriptase, and tissue plasminogen activator (tPA), occurs
predominantly at residues arginine-368 and lysine-369 (Fig. 1A); and
there is also evidence of trypsin cleavage at lysine-277 (33–36).
Proteolysis of full-length glycosylated 135 kDa CDCP1 at arginine-
368/lysine-369 generates an amino-terminal (ATF) of approximately
65 kDa and a membrane-spanning carboxyl-terminal fragment (CTF)
of approximately 70 kDa (Fig. 1A; refs. 33, 34, 36, 37). This cleavage
event activates CDCP1-CTF, inducing its tyrosine phosphorylation
by the kinase SRC, CTF homodimerization, and formation of a
phospho(p)-CDCP1-CTF/Src/PKCd trimeric complex, which is key
to downstream signaling (34, 38, 39). For example, proteolysis induces
recruitment of matrix-bindingmembrane proteins such as b1 integrin
to the trimeric complex, which activates AKT (39). It is worth noting
that under basal conditions SRC is predominantly complexed with the

kinase FAK at points of cell adhesion, but proteolysis of CDCP1 causes
SRC to translocate to CDCP1-CTF, phosphorylating it at tyrosine-734
and other sites, and recruiting PKCd, resulting in the formation of
the p-CDCP1-CTF/SRC/PKCd complex (Fig. 1C; refs. 3, 38). In
addition to this engagement with CDCP1-CTF, SRC can also trans-
locate to full-length 135 kDa CDCP1, with the interaction occurring
in response to loss of cell adhesion (Fig. 1D), mitosis and, as dis-
cussed below, interactions with several RTKs (1, 40, 41).

As shown in Fig. 1C, the proteolysis generated 65 kDa CDCP1-ATF,
which can be retained at the cell surface through its interaction
with membrane-spanning 70 kDa CDCP1-CTF or full-length CDCP1
via a mechanism that is independent of disulfide bond formation
(14). It is not yet known whether CDCP1-ATF binds back to the
cell surface after being released, and thus functions as a ligand, or
whether it remains tethered after proteolysis. Accordingly, it is possible
that it is a proteolysis-induced ligand/receptor interaction, which
induces tyrosine phosphorylation of CDCP1-CTF and formation the
p-CDCP1-CTF/SRC/PKCd trimeric complex. Interestingly, to date
the only reported ligand for CDCP1 is the T-cell receptor CD6. (42).

It is also important to note that CDCP1-ATF can be shed from the
cell surface (Fig. 1C) and it is detected in colorectal cancer patient
serum raising the possibility that it may serve as a cancer bio-
marker (43). This suggests the possibility that CDCP1 can signal by
paracrine and/or endocrine mechanisms potentially to recruit other
cells to the tumor microenvironment or act as a chemotactic cue for
metastasizing cells; however, this remains to be tested experimentally.
Paracrine/endocrine signaling via CDCP1 is also suggested by the
observation that it is significantly enriched in extracellular vesicles
released by prostate cancer cell lines and irradiated hepatoma and
breast cancer cell lines (44, 45). The full implications of possible
paracrine/endocrine signaling routes involvingCDCP1, and how these
contribute to normal physiology and disease, present significant
challenges to safely disrupting this protein as a strategy for cancer
treatment.

In addition to functioning as a substrate for serine proteases,
CDCP1 relays cancer-associated proteolytic signaling of the extracel-
lular matrix degrading enzymesMMP9 andMT1-MMP. In pancreatic
cancer cells, CDCP1 promotes MMP9-mediated matrix degradation
via a mechanism involving SRC and PKCd activation and binding of
PKCd to the actin-binding protein cortactin (15). In human breast
cancer and melanoma cells, CDCP1 colocalizes with MT1-MMP at
caveolin-1–containing vesicles and lipid rafts proximal to actin-based
protrusions on the surface of invasive cancer cells, called invadopodia,
that promote degradation of the extracellular matrix as a precursor to

Figure 1.
Structure and regulation of CDCP1. A, CDCP1 structural features including within the extracellular portion three CUB-like domains (CUB), serine protease
cleavage sites at arginine-368 (R368) and lysine-369 (K369), 14 consensus N-glycosylation sites (N), and in the intracellular region five tyrosine phosphorylation
sites required for downstream signaling. CDCP1 amino-terminal (ATF) and carboxyl-terminal (CTF) fragments generated by serine protease cleavage are
indicated. B, Mechanisms regulating CDCP1 expression. As described in the text, regulatory mechanisms include RTK signaling, RAS mutation leading to MAPK
pathway activation, hypoxia, methylation, ubiquitination, internalization, plasma membrane recycling, and degradation. 5-Aza, 5-Azacytidine; meA,
methyladenosine; meC, methylcytosine; mRAS, mutant RAS. C, Proteoytic activation of CDCP1 is mediated by serine proteases (scissors) to initiate SRC-
mediated phosphorylation of CDCP1-CTF and binding of PKCd. CDCP1-ATF can be shed or retained at the cell surface, and CDCP1-CTF can homodimerize or
heterodimerize with, for example, b1 integrin (b1), both of which initiate signaling via SRC and PKCd. D, CDCP1 activation during cell deadhesion. In adherent
cells, SRC is localized with FAK at sites of cell adhesion where integrins bind to extracellular matrix (ECM). During cell deadhesion, SRC translocates to CDCP1,
initiating its tyrosine phosphorylation and binding of PKCd. E, CDCP1 heterodimerizes with RTKs. Activated HER2 and EGFR bind to CDCP1. The CDCP1-HER2
heterodimer signals via the PI3K/AKT and ERK pathways, and CDCP1-EGFR promotes internalization of E-cadherin via SRC activation. F, CDCP1 modulates
metabolic pathways. Left, CDCP1 contributes to depletion of lipids from cytoplasmic lipid droplets by binding to acyl coenzyme A (CoA)-synthetase ligase
(ACSL), inhibiting its synthesis of acyl-CoA from the combination of fatty acids (FA) and CoA switching FAs to a fuel source for oxidative phosphorylation in
mitochondria. Right, CDCP1-mediated switching of glucose metabolism from the citric acid cycle (TCA) to the oxidative pentose phosphate pathway (PPP),
maximizing NADPH reduction to counteract chemotherapy (Chemo)-induced formation of reactive oxygen species (ROS) via a mechanism that is dependent
on inhibition of the glycolytic enzyme triosephosphate isomerase via demalonylation of its Lys56 residues by SIRT5.
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cancer metastasis (46). CDCP1 and MT1-MMP also coimmunopre-
cipitate and disruption of CDCP1 inhibits the trafficking and function
of MT1-MMP protease activity at invadopodia (46). It is possible that
CDCP1-mediated matrix degradation is via a proteolytic cascade
because it is known that activation of pro-MMP9 is initiated by
MT1-MMP and mediated by MMP2 in a process that is tightly
regulated by proteinaceous inhibitors of this class of proteases (47).

CDCP1 cross-talk with the cancer surfaceome modulates
intracellular signaling

In addition to being upregulated by EGFR and PDGFR, CDCP1-
mediated signaling is modulated inmalignant settings by intersections
with several RTK signaling pathways and other cell surface receptors.
An example is HGF signaling via the RTK MET in cell line models of
kidney and breast cancer that causes upregulation of CDCP1, which in
turn drives SRC recruitment into lipid rafts followed by STAT3
signaling (48). In models of breast cancer, another key cancer-
associated RTK HER2 interacts directly with full-length CDCP1
inducing SRC recruitment to CDCP1 and activation of the PI3K/AKT
and MAPK pathways (Fig. 1E; ref. 5). Similarly, there is also evidence
that CDCP1 and EGFR interact directly in breast cancer cell lines and
this augments SRC activation promoting E-cadherin nuclear translo-
cation (Fig. 1E; ref. 27). Interestingly, CDCP1 also impacts E-cadherin
via a non-RTK–mediated pathway, where it cooperates with canonical
WNT signaling in models of colorectal cancer to promote nuclear
translocation E-cadherin concurrently with b-catenin (18). As dis-
cussed above, p-CDCP1-CTF, generated by proteolytic cleavage, also
complexes at the cell surface with active matrix-binding b1 integrin to
induce intracellular phosphorylation signaling involving FAK and
PI3K-dependent AKT activation (38). Consistent with functions in
modulating cell adhesion, there is also evidence that CDCP1 interacts
with other adhesion proteins including N- and P-cadherin and
syndecan-1 and -4, although the signaling consequences of these
interactions have not been defined (36).

CDCP1 intersects with metabolic pathways
In addition to modulating RTK andWNT signaling and potentially

mediating paracrine/endocrine signaling, data are emerging that
CDCP1 intersects with molecular pathways that regulate metabolic
processes. For example, in preclinical models of TNBC, CDCP1
contributes to depletion of lipids from cytoplasmic lipid droplets. As
shown in Fig. 1F (left), it binds to acyl Coenzyme A (CoA)-synthetase
ligase (ACSL) inhibiting its synthesis of acyl-CoA from the combi-
nation of fatty acids and CoA. This promotes increased fatty acid
oxidation in the mitochondria to fuel oxidative phosphorylation (21).
In addition, in KRAS-mutant colorectal cancer stem cells, CDCP1
promotes switching of glucose metabolism to the oxidative pentose
phosphate pathway (Fig. 1F, right; ref. 20). Mechanistically, CDCP1-
directedmetabolic switching appears tomaximize NADPH reduction,
which counteracts chemotherapy-induced formation of reactive oxy-
gen species (20). Downstream of CDCP1, these processes are depen-
dent on inhibition of the glycolytic enzyme triosephosphate isomerase
via demalonylation of its Lys56 residues by SIRT5 (20).

The Multifaceted Roles of CDCP1
Signaling in Cancer

This section summarizes the roles of CDCP1-mediated signaling in
cancer progression including aberrant cell survival and growth, metas-
tasis, and treatment resistance. Importantly, while most data support
CDCP1 as a mediator of oncogenic processes, we also provide an

analysis of a smaller but important body of data that propose tumor
suppressor roles for CDCP1.

CDCP1 in cancer cell survival and growth
CDCP1 is functionally involved in cancer cell survival and growth

through its intersection with mediators of key cell signaling pathways
including those transduced by the RTKs HER2 and MET, and down-
stream effector proteins such as RAS, SRC, and AKT. Direct interac-
tions between CDCP1 and HER2 are important in breast cancer
promoting colony formation in vitro and orthotopic tumor growth
in mice (5). The disease relevance of these preclinical data is suggested
by the observation that coexpression of CDCP1 and HER2 is common
in metastatic breast tumors and is associated with poor patient
prognosis (5). CDCP1 is also important for oncogenic signaling via
the HGF/MET system because, in models of kidney cancer, HGF-
induced MET signaling via STAT3 that upregulates CDCP1 to drive
SRC signaling, mediates cell growth in vitro (48). In NSCLCs, con-
stituting more than 80% of lung malignancies, elevated CDCP1
expression correlates with mutation of RAS, which is the most
frequently mutated oncogene in lung adenocarcinomas (30). This
appears to be functionally important for disease progression because
RAS activation induced expression of CDCP1 drives SRC-mediated
survival in in vitromodels of this cancer (30). SRC signaling is in fact a
key mechanism of CDCP1-mediated cancer survival and growth. For
example, proteolysis-induced interactions between the p-CDCP1-
CTF/SRC/PKCd trimer and b1 integrin activate AKT to promote
in vitro and in vivo survival of aggressive prostate cancer cells by
suppression of PARP1-mediated apoptosis (39). There is also evidence
that the trimeric complex consisting of full-length p-CDCP1mediates
survival of unanchored lung cancer cells by suppressing autophagy (2).
SRC and potentially ERK are also likely involved in CDCP1-mediated
prostate cancer because prostate-specific expression of CDCP1 initi-
ates prostate tumorigenesis in mice, which is accompanied by signif-
icantly increased signaling via these pathways (12).

CDCP1 in metastasis
Consistent with the association between elevated expression and

poorer patient prognosis, CDCP1 is implicated in key stages of the
metastatic cascade that result in disseminated tumor burden, the cause
of the vast majority of deaths from cancer. For example, in an
orthotopic mouse model of colorectal cancer, CDCP1 mediates dis-
semination to lung via a mechanism that appears to involve CDCP1-
induced nuclear localization of b-catenin and E-cadherin to enhance
signaling by the key driver of this malignancy, aberrantWNT pathway
activation (18). In pancreatic cancer, CDCP1 mediates cell migration
and nonadherent growth of cells as metastasis-mediating spher-
oids (19). CDCP1-mediated spheroid growth, involving AKT activa-
tion, is also important for transcoelomicmetastasis of ovarian clear cell
carcinoma (9). This formofmetastasis is also a commonmechanism of
metastasis of high-grade serous ovarian cancer and gastric cancer to
which CDCP1 contributes by promoting anchorage-independent cell
growth (8, 49, 50). Another pancreatic cancer study, also reporting
elevated CDCP1 expression in patient tumors, supported the role of
CDCP1 in cell migration as well as invasion and matrix degradation
via mechanisms involving SRC, PKCd, and the collagen-degrading
enzyme MMP9, to mediate migration and extravasation of cells from
primary tumors (15). Cell migration involving CDCP1, mediated by
AKT signaling, is also important in models of Kaposi’s sarcoma (51);
and in NSCLC, where elevated CDCP1 expression correlates with RAS
mutation in patient tumors, CDCP1 signaling via SRC contributes to
cell migration and invasion (30).
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In preclinical models of breast cancer, interactions between CDCP1
and EGFR cause SRC activation, which results in E-cadherin nuclear
translocation, to drive loss of cell adhesion at adherens junctions
helping to drive metastasis (27). Consistent with a role in disrupting
the epithelial cell interactions that occur during cancer progression, the
EGFR ligand EGF upregulates CDCP1 expression in ovarian cancer
cells, mediates its localization on the plasma membrane at the protru-
sions required for migration, and inhibits its proteasome-mediated,
palmitoylation-dependent degradation promoting recycling of
CDCP1 to the cell surface (26, 52). Intersection of the CDCP1 pathway
with another prominent cancer-associated RTK, MET, also contri-
butes to aggressive phenotypes. HGF/MET signaling that induces
CDCP1 expression, SRC activation, and STAT3 signaling significantly
increases cell invasion in breast cancer models (48). Another CDCP1-
mediated mechanism, involving its inhibition of the enzyme ACSL,
increases mitochondrial fatty acid oxidation and oxidative phosphor-
ylation, resulting in significantly increased migration of TNBC cells
and metastasis in mouse models of this malignancy (21).

In prostate cancer, CDCP1 is a key mediator of evolution toward
metastatic disease, driven by loss of tumor suppressor PTEN, which
causes aberrant PI3K/Akt pathway activation (12). This was demon-
strated in mice with concurrent prostate-specific CDCP1 overexpres-
sion and deletion of PTEN that developed metastases with SRC and
ERK activation, resulting in significantly shorter survival compared
with control mice (12). Consistently, data from other in vivo models
indicate that CDCP1 contributes to prostate cancer colonization of
secondary sites by promoting survival of cells during extravasation
from blood vessels (53). Cleavage of CDCP1 and downstream signal-
ing via SRC family kinases and PKCd and activation of AKT via PI3K
to promote complex formation with activated b1 integrin, is a key
mechanism of vascular metastasis, which is the primary pathway of
prostate cancer dissemination (38, 39).

Data from mouse models employing patient-derived malignant
cells demonstrate that CDCP1 also contributes to organ-specific
dissemination of colorectal cancer to lung (7). CDCP1 expression
was significantly elevated in cells isolated from patient tumors,
which were then serially enriched from xenografts that grew in
mouse lung after subcutaneous inoculation. It appears that CDCP1
is functionally important in mediating lung metastasis by mediating
adhesion of the CDCP1þ stem cells to pulmonary endothelium (7).
These data are consistent results from IHC analysis of showing that
patient tumors with elevated CDCP1 expression in primary tumors
are much more likely to have lung metastases than those with lower
levels of CDCP1 (7). A role for CDCP1 in organ-specific dissem-
ination is also indicated by evidence from in vivo models that
activation of tPA by the cell surface metalloprotease ADAM9,
resulting in CDCP1 of cleavage, promotes preferential metastasis
of lung adenocarcinoma to brain (35). Although ADAM9 and
CDCP1 coexpression are invariant predictors of poor prognosis in
lung cancer, further work is required to elucidate the function and
molecular underpinnings of the tPA/ADAM9/CDCP1 axis in brain
metastasis (35, 54).

CDCP1 mediates treatment resistance
CDCP1 is implicated in resistance to a range of chemotherapies and

targeted agents, again highlighting the link between its elevated
expression and poorer patient outcomes. The first report of
CDCP1-mediated chemotherapy resistance was from in vitro analysis
showing that its stable expression confers resistance ofHeLa cells to the
topoisomerase 2–targeted chemotherapy doxorubicin, with respon-
siveness restored by treatment with an anti-CDCP1mAb (53). In clear

cell ovarian carcinoma, CDCP1 mediates resistance in vitro to the
DNA cross-linking chemotherapy carboplatin via activation of AKT
signaling, with mAb-based targeting of CDCP1 restoring sensitivity in
in vitro models and patient-derived cells grown as intraperitoneal
tumors in mice (9). Similarly, CDCP1 appears to mediate pancreatic
cancer resistance to the DNA synthesis inhibiting chemotherapy
gemcitabine, with antibody-mediated disruption of CDCP1 markedly
increasing in vitro and in vivo sensitivity of patient-derived cells to this
agent (14). Consistently, CDCP1 silencing can attenuate resistance of
Panc-1 pancreatic cancer cells to gemcitabine (19).

In KRASmutant colorectal cancer, CDCP1-mediated resistance to
chemotherapy is via alterations in a key metabolic process. In this
setting, CDCP1 promotes switching of glucose metabolism to the
oxidative pentose phosphate pathway in response to the treatment
regimen of folinic acid, fluorouracil, and oxaliplatin to select for stem
cell populations that reinitiate tumorigenesis (20). This CDCP1-
mediated process is dependent on inhibition of the glycolytic enzyme
triosephosphate isomerase via demalonylation of its Lys56 residues by
SIRT5, a process that when blocked increases chemosensitivity of
colorectal cancer stem cells and delays recurrence of KRASmutant

colorectal cancer in a mouse model (20).
CDCP1-mediated resistance to targeted agents has been reported

for lung, prostate, and breast cancer; squamous cell carcinoma of the
tongue; and leukemia. In EGFR-mutation–positive NSCLC, coexpres-
sion of CDCP1 and the RTK Axl, a common event in these tumors,
limits the efficacy of EGFR-targeted tyrosine kinase inhibitors (55).
Coexpression of CDCP1 and Axl also appears to mediate resistance of
chronic myeloid leukemia to the Bcr-Abl tyrosine kinase inhibitor
nilotinib (56). Similarly, HGF-mediated resistance to tyrosine kinase
inhibitors inmodels of tongue squamous cell carcinoma induces EGFR
interactions with CDCP1 as well as the receptors Axl, EphA2 and
integrin b4, and the non-RTK JAK1, although it is not yet clear how
these interactions contribute to treatment resistance (57). In breast
cancer, resistance to the HER2-targeted therapeutic antibody trastu-
zumab is mediated by interactions between CDCP1 and HER2 to
increase SRC pathway signaling (5). Coexpression of CDCP1 and
HER2, which is frequent in breast cancer cell lines (58) and patient
metastases, and associated with poor patient prognosis, promotes
transformation ability and migration of breast cancer cells in vitro
and tumor formation in vivo (5). In prostate cancers, resistance to
androgen-deprivation therapy is driven by treatment-mediated selec-
tion of PTEN-deficient malignant cells that overexpress CDCP1,
leading to procancer activation of SRC/MAPK signaling. Therapeutic
targeting of CDCP1 may represent a rational strategy to treat patients
with PTEN-deficient prostate cancer (12).

The paradox of CDCP1 as a tumor suppressor in some
experimental systems

Despite the preponderance of preclinical and patient data support-
ing CDCP1 as a key contributor to oncogenic events, several studies
reveal potential tumor suppressor roles for this protein. For example,
induction of CDCP1 expression in poorly metastatic human breast
cancer MCF7 cells, which lack expression of endogenous CDCP1,
reduced metastasis from orthotopic tumors in mice (24). While the
authors reported consistent effects in v-src–transformed mouse 3T3
cells where induction of humanCDCP1 expression resulted in reduced
vascular metastasis in mice following tail vein injection (24), other
researchers have demonstrated that CDCP1 overexpression increases
the invasiveness of MCF7 cells in vitro (21). Another breast cancer
study employed MMTV-PyMT mice that spontaneously develop
breast cancer with features mimicking HER2þ disease including
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morphologic changes, loss of estrogen and progesterone receptors, and
distant metastasis (59). Supporting the contention that CDCP1 can act
as a tumor suppressor, crosses of MMTV-PyMT and CDCP1 knock-
out mice displayed accelerated mammary tumor formation compared
with crosses of MMTV-PyMT and CDCP1 wild-type animals (60).
Interestingly, this contrasts with other studies in patients with TNBC
and HER2þ metastastic breast cancer where elevated CDCP1 expres-
sion is linked to distinctly poorer outcomes (4, 5), and a BT-474–based
mouse model, where CDCP1 overexpression increases growth of
orthotopic xenografts (5).

A tumor suppressor role has also been proposed for CDCP1 in
prostate cancer. This was based on the observation that CDCP1
silencing significantly increases proliferation and nonadherent growth
in vitro of CDCP1-silenced androgen-insensitive PTENþ/�DU145 and
PTEN–/� PC3 cell lines, and tumor growth in mice of CDCP1-silenced
DU145 cells (23). It is supported by the finding of reduced CDCP1
expression in a cohort of high-grade, primary prostate cancers, circu-
lating tumor cells, and tumor metastases of patients with castration-
resistant prostate cancer (23). However, supporting CDCP1 as a key
oncogenic contributor to at least a subset of prostate cancers, CDCP1
expression was elevated in 48% of castration-resistant prostate cancers
and metastatic prostate tumors and its overexpression correlated with
loss of the tumor suppressor PTEN. Consistent with this link between
oncogenic CDCP1 and loss of PTEN, results from mice genetically
modified for prostate-specific overexpression of human CDCP1 and
deletion of Pten demonstrate that CDCP1 cooperates in vivo with Pten
deficiency to drive prostate cancer progression and metastasis (12).

Other results supporting a tumor suppressor function for CDCP1
include preclinical data from the highly metastatic cell line L3.6pl.
CDCP1 silencing in this line, which was developed from a human
adenosquamous carcinoma of the pancreas, increased peritoneal
metastasis from orthotopic xenografts in mice (24). Although an
interesting result in this rare type of pancreatic cancer, the data cannot
be extrapolated to the most common and lethal form of this malig-
nancy, pancreatic ductal adenocarcinoma, for which an oncogenic role
is well established for CDCP1 (14, 15, 19, 61). Finally, CDCP1 silencing
increased the migration and invasion of esophageal cancer cell lines
in vitro, while these phenotypes were reduced in CDCP1-overexpres-
sing cells (62).

In summary, these results indicate that CDCP1 can function as a
tumor suppressor in preclinical models of breast and prostate cancer,
adenosquamous carcinoma of the pancreas, and esophageal squamous
cell carcinoma. The findings are inconsistent with a narrative that
CDCP1 contributes exclusively to oncogenic processes in cancer. The
results from the two studies that reported IHCanalysis of large prostate
cancer patient cohorts (12, 23) suggest that for a particular type of
cancer, it will be subsets of patients carrying distinct genetic tumor
aberrations who will benefit from CDCP1-targeted approaches. While

both of these studies demonstrated that the majority of prostate
cancers do not display elevated expression of CDCP1, each noted
that its expression is increased in a significant subset of patients, with
the report by Alajati and coworkers narrowing the focus to PTEN-
mutant, castration-resistant tumors where increased CDCP1 expres-
sion correlates with poorer outcomes, also demonstrating, using
preclinical models, a critical functional link between elevated CDCP1
and more aggressive disease (12, 23). Overall, the apparent incongru-
ence between functioning in both oncogenic and tumor-suppressing
roles highlight the need for further research to understand the function
of CDCP1 in cancer progression, and approaches that can identify
patients with cancer who could benefit from CDCP1-targeted
approaches.

Potential Clinical Applications of
Targeting CDCP1 in Cancer

CDCP1 is expressed by the epithelium of a limited number of
normal tissues, including prostate, breast, lung, colon, and endome-
trium (22, 63, 64) and while its normal function is unknown, several
findings suggest that toxicities associated with its detection and/or
therapeutic disruption in patients with cancer will be clinically man-
ageable. A key finding is that CDCP1 knockout mice develop and
reproduce normally, indicating that its functions are not essential for
normal physiology (65). Also, immunization of immune-competent
mice with mouse CDCP1 peptides triggered antitumor immunity
against primary and metastatic tumors of a mouse breast cancer cell
line without overt toxicity, indicating that therapeutic disruption of
CDCP1 will likely have a manageable adverse event profile (45). In
addition, the marked upregulation of CDCP1 expression in a range of
cancers, compared with the corresponding normal tissues, suggests
that a therapeutic window will be achievable for CDCP1-targeted
agents. The data suggest the exciting possibility that targeting CDCP1
for certain cancers will be as important as the clinically established
receptor targets HER2, nectin 4, TROP-2, and PSMA, and emerging
candidates such as HER3 and folate receptor a (66, 67). Importantly,
based on its roles and elevated expression in a variety of malignant
settings, employing CDCP1 as a biomarker or a treatment target could
be beneficial for a significant number of patients with cancer. Figure 2
summarizes potential applications of targeting CDCP1 and CDCP1-
mediated signaling in cancer, including as a biomarker, a direct target
for therapeutic intervention, as well as a target for tumor delivery of
agents to detect and treat cancer.

CDCP1 as a potential cancer biomarker
Reports indicating that CDCP1 can be detected at elevated levels in

the serum of patients with colorectal (43) and gastric (68) cancer and
urine of patients with prostate cancer, and on the surface of circulating

Figure 2.
Potential applications of CDCP1 in cancer. A, CDCP1 as a cancer biomarker. 1. Measurement of CDCP1-ATF levels in patient body fluids as a potential biomarker for
diagnosis and prognosis and to monitor response to treatment or relapse. The graph is adapted with permission from Chen and colleagues (43). 2.Measurement of
CDCP1 expression levels in patient tumors for cancer diagnosis or prognosis. The survival curve is adapted with permission fromHe and colleagues (9).B, CDCP1 as a
target for delivery of PET radiotracers for cancer imaging. Todate, anti-CDCP1 antibodies havebeen used todeliver the radionuclide 89Zr for PET-CT–baseddetection
of xenograft tumors in mice. The PET-CT image is adapted with permission from Kryza and colleagues (14). White arrow, orthotopic pancreatic ductal
adenocarcinoma xenograft detected using 89Zr chemically linked to anti-CDCP1 antibody 10D7. DFO, desferrioxamine; DOTA, 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid; 225Ac, actinium-225. C, Disruption of cancer by targeting CDCP1 and CDCP1-mediated signaling. 1. Inhibition of proteases that cleave and
activate CDCP1 using a chlorinated analogue of kempopeptin B. 2.Disruption of CDCP1 signaling via PKCd using the lowmolecularweight glycoconjugated palladium
compound, Pd-Oqn.3.Antibodies disruptingCDCP1 cell surface expression anddownstream signaling.D,CDCP1 as a target for deliveryof cytotoxic agents for cancer
treatment. Anti-CDCP1 antibodies have been used to deliver cytotoxic payloads, such as Saporin, MMAE, and 177Lu, for treatment of preclinical models of cancer.
Receptor-mediated internalization of the bound antibody following lysosomal-mediated release of the payload and apoptosis results in significant reductions
in tumor burden and increased survival of mouse models of cancer. The graph is adapted with permission from Kryza and colleagues (14).
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leukemic cells (16, 17), suggest that it may be suitable as a cancer
biomarker as summarized in Fig. 2A.

Proteolytic cleavage at the cell surface generates CDCP1-ATF
that can remain tethered to the cell surface or released into the
extracellular space (14, 34) and detectable in human serum with
levels elevated in several cancers (Fig. 2A). An example is colorectal
cancer where CDCP1-ATF levels are significantly higher in stage II–
IV patients, suggesting that it could be used to distinguish early-
stage cases or monitor response to treatment or relapse (43). Also,
as part of a panel of 19 proteins from patient serum, elevated
CDCP1 distinguishes earlier stage from later-stage gastric cancers
and the panel may be useful for identifying patients suitable for
curative intent surgery (68). Mass spectrometry analysis of proteins
enriched from urine of patients with prostate cancer revealed
markedly higher levels of CDCP1 in cases at high risk of treatment
failure, defined as those with serum PSA > 20 ng/mL, Gleason score
8 to 10, or clinical stage T2c-3a, suggesting that elevated CDCP1
could be used to identify patients requiring closer monitoring and/
or more aggressive treatment (69).

In addition to CDCP1-ATF present in patient body fluids, cell
expressed CDCP1 may be useful as a biomarker for leukemia. Flow
cytometry analysis detected cell surface CDCP1 in acute myeloid
leukemia, acute lymphoid leukemia, and chronic myeloid leukemia
in blast crisis but not normal circulating immune cells (17). In the
leukemic patient cohorts, elevated CDCP1 levels correlated inversely
with overall survival in patients receiving anthracycline-based induc-
tion therapy or best available alternative therapy, suggesting its use as a
negative prognostic marker for these treatments (17).

Transcriptomic profiling and IHC analysis are well established for
detection of CDCP1mRNAandprotein, respectively, in cancer (4–17).
For many cancers, altered CDCP1 expression correlates with patient
outcomes such as disease-free and overall survival (4–17) and it is
possible that the level of expression may be useful for diagnosis or
prognosis of a range of these malignancies (Fig. 2A). Furthermore,
with the development of CDCP1-targeted treatments, assays detecting
the presence of CDCP1 mRNA or protein in biopsies, resected tumors
or circulating tumor cells would be useful for prognosticating patient
response to those agents. Also, as shown in Fig. 2B, recent preclinical
studies have provided promising data that PET-CT imaging using
CDCP1-targeted radiotracers could be effective at stratifying patients
with cancer suitable for CDCP1-targeted therapies (14, 31, 49, 61).
These preclinical studies have employed mAbs, which induce
cellular internalization of CDCP1, to deliver the radionuclide
zirconium-89 (89Zr) for PET-CT–based detection of subcutaneous
and orthotopic tumors in mouse models of high-grade serous
ovarian cancer, clear cell ovarian carcinoma, and pancreatic
ductal adenocarcinoma demonstrating impressive sensitivity to
detect low-burden disease in particular for clear cell ovarian
carcinoma (14, 31, 49, 61). As discussed below, in two of these
studies, PET-CT imaging has been coupled to a treatment arm
to therapeutically target CDCP1-positive lesions, following a
theranostic paradigm, with the antigen-targeting antibody linked
to a cytotoxic payload such as has been successfully translated
clinically for the receptor PSMA for detection and treatment of
advanced prostate cancer (49, 61).

Emerging CDCP1-targeted treatment approaches
Two approaches have to date been employed to target CDCP1 in

cancer: function-blocking approaches that seek to disrupt CDCP1-
signaling nodes, and theranostic approaches that exploit tumor-

enriched expression of the receptor. As shown in Fig. 2C, several
low molecular weight compounds that disrupt CDCP1 molecular
interactions have been tested in preclinical models of cancer.
Kempopeptin C, a chlorinated analogue of kempopeptin B, isolated
from a marine cyanobacterium, that inhibits the CDCP1-cleaving
proteases trypsin, plasmin, and matriptase, was effective at reducing
proteolysis of CDCP1 and migration of the breast cancer cell line
MDA-MB-231 in vitro (49, 70). Also, a low molecular weight
glycoconjugated palladium compound, Pd-Oqn, that inhibits inter-
actions between PKCd and tyrosine phosphorylated CDCP1,
reduces proliferation, colony formation and invasion in vitro, and
peritoneal dissemination and orthotopic tumor growth of 44As3
gastric adenocarcinomas and MiaPaCa-2 pancreatic adenocarcino-
ma cells in vivo (71). Also, anti-CDCP1 antibodies that disrupt
CDCP1 cell surface expression and downstream signaling have
achieved significant slowing of tumor growth in intraperitoneal
mouse models of high-grade serous ovarian cancer (8), subcutane-
ous xenografts of lung cancer H322M, and breast cancer KPL4 and
MDA-MB231 cells in mice (72).

While anti-CDCP1 antibodies have slowed progression of preclin-
ical models of cancer, significantly more promising effects have been
achieved through employment of these biomolecules as theranostic
agents for delivery target of cytotoxic payloads to cancer, as shown
in Fig. 2D. An internalizing human/mouse chimeric anti-CDCP1
antibody, 25A11, conjugated to the ribosomal-inactivating toxin
saporin inhibited subcutaneous growth and lymph node metastases
of prostate cancer PC3 cells (63). Also, immunoliposomes incorpo-
rating the antibody-binding fragment of anti-CDCP1 mAb CUB4
linked with liposomes loaded with doxorubicin, blocked the emer-
gence in vitro and in mice of androgen-deprivation–independent
prostate cancer LNCAP cells when combined with the androgen-
deprivation therapy enzalutamide (12). In addition, a single treatment
with the high-affinity internalizing mouse anti-CDCP1 mAb 10D7
conjugated to the tubulin polymerization inhibitor monomethyl aur-
istatin E (MMAE) was effective at causing marked regression of
intraperitoneal mouse xenografts of HEY high-grade serous ovarian
cancer cells and significantly improving survival of the mice (49).
CDCP1 expression in xenografts was first confirmed by PET-CT
imaging using zirconium-89–labelled 10D7 (49). A single treatment
with the same 10D7-MMAE antibody–drug conjugate also blocked
growth of patient-derived pancreatic cancer cells grown subcutane-
ously inmice. This treatment was significantlymore effective than four
treatments with the standard-of-care chemotherapy gemcitabine at
blocking tumor growth and improving survival of xenografted
mice (14). Importantly, the pancreatic cancer study revealed that
proteolytic cleavage of CDCP1 does not interfere with antibody-
mediated delivery of radionuclides or cytotoxins to cancer
in vivo (14). Another more recent preclinical pancreatic cancer study
also reported efficacy of another anti-CDCP1 antibody, 4A06, con-
jugated with cytotoxic lutetium-177 against subcutaneous xenografts
of theHPACcell line (61). This antibodywas also effective at delivering
89Zr for PET-CT imaging of this preclinical model (61). While
promising results against preclinical models of cancer have been
achievedwithCDCP1-directed antibodies (14, 49, 61, 63), some cancer
settings may require the use of high-affinity peptides for theranostic
targeting of CDCP1, analogous to peptide-based agents for detection
and treatment of advanced prostate cancer that target the receptor
PSMA (67).

It is important to note that implementation of the theranostic
approach requires enrichment of the target on the surface ofmalignant
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cells and the kinetics of internalization of the theranostic agent.
Because it is independent of the role of the receptor in cancer, questions
about the role of CDCP1 as an oncogene or tumor suppressor in
particular cancers are less relevant. A critical issue is whether an
approach is available to select patients who could benefit from
treatment with a theranostic against a cancer-enriched receptor such
as CDCP1.

Conclusions and Future Directions
CDCP1 has key roles in cancer survival, growth, metastasis, and

therapy resistance. It mediates these functions by interactions with
serine proteases, cross-talk with RTKs and other transmembrane
proteins, and recruitment of intracellular signal transducers. Fur-
ther work is required to understand these molecular events, develop
and clinically validate CDCP1-targeted agents, and establish
approaches to identify patients who will benefit from CDCP1-
targeted treatments.
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