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Abstract. The benefits of treating several types of cancers
using immunotherapy have recently been established. The
overexpression of nucleolin (NCL) in a number of types of
cancer provides an attractive antigen target for the develop-
ment of novel anticancer immunotherapeutic treatments. NCL
is a multifunctional protein abundantly distributed in the
nucleus, cytoplasm and cell membrane. It influences carci-
nogenesis, and the proliferation, survival and metastasis of
cancer cells, leading to cancer progression. Additionally, the
meta-analysis of total and cytoplasmic NCL overexpression
indicates a poor prognosis of patients with breast cancer. The
AS1411 aptamers currently appear to have therapeutic action
in the phase II clinical trial. The authors' research group has
recently explored the anticancer function of NCL through the
activation of T cells by dendritic cell-based immunotherapy.
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The present review describes and discusses the mechanisms
through which the multiple functions of NCL can participate
in the progression of cancer. In addition, the studies that
define the utility of NCL-dependent anticancer therapies
are summarized, with specific focus being paid to cancer
immunotherapeutic approaches.
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1. Introduction

Cancer currently ranks as either the first or second leading
cause of mortality among people prior to the age of 70 years
worldwide (1). Based on global cancer statistics collected
in 2020, the large burden of cancer incidence and mortality
is projected to grow, with a predicted 22 million new cancer
cases and 13 million cancer-related deaths occurring annually
by the year 2030 (2,3). Cancer is increasing in prominence as
an effort is being made to increase the range of novel treat-
ment approaches for cancer. The conventional therapeutic
methods for the treatment of cancer, including chemotherapy
and irradiation following conservative surgery, are not always
effective and are associated with undesirable side-effects (4).
Hence, additional intensive strategies are required to improve
the chances of successful therapy.

The immune system in the tumor microenvironment is
considered to be a key target for cancer therapy (5,6). Immune
responses to tumor cells have been generally considered to
eliminate the vast majority of incipient cancer cells and conse-
quently, nascent tumors (5). Cancer immunotherapy aims to
boost the power of the host's immune system to prevent, control
and eliminate cancer (7). The use of tumor antigen-specific
T-cells in preclinical and clinical studies on multiple types
of cancer has the objective of inducing the activation of the
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patient's immune system, directing it specifically toward
tumor-associated antigens (TAAs) (8). Due to their genetic
instability, TAAs are antigens that are aberrantly expressed
to a greater degree in tumors than in normal tissues (9). This
feature contributes to the low systemic toxicity if a TAA is
targeted for treatment, and since TAAs are common markers
of cancer cells, they are attractive as specific targets for a range
of cancer types (7).

Clinical trials are currently being conducted on TAAs
to translate the discoveries of these new potential molecular
targets into clinical cancer treatments. Several good
examples include treatments for malignant pleural mesothe-
lioma, pancreatic and ovarian cancer that target mesothelin
antigens (phase I, ClinicalTrials.gov: NCT01355965 and
ClinicalTrials.gov: NCT02159716), NKG2D-L antigen in
phase I/II and treatments for ovarian, colorectal, pancreatic,
bladder, triple-negative breast cancer (TNBC), acute myeloid
leukemia and multiple myeloma that target the NKG2D-L
antigen (phase I/II, ClinicalTrials.gov: NCT03018405).
Several clinical studies are using human epidermal growth
factor receptor 2 (HER-2) antigen in the treatment of sarcoma,
including osteosarcomas, Ewing sarcoma and soft tissue
sarcomas, such as synovial sarcoma or desmoplastic small
round cell tumors, nonrhabdomyosarcoma and rhabdomyosar-
coma (ClinicalTrials.gov: NCT01935843), and in the treatment
of advanced sarcoma (ClinicalTrials.gov: NCT00902044),
lung, gastrointestinal tract, ovarian, biliary tract, pancreatic
and brain cancer (glioblastoma multiforme) (ClinicalTrials.
gov: NCT01109095 and ClinicalTrials.gov: NCT02349724).
Moreover, the treatment of New York esophageal squamous
cell carcinoma 1 (NY-ESO-1; Wilms' tumor 1, WT1I) is cited
in an attempt to create off-the-shelf dendritic cell vaccines that
could target multiple malignancies sharing the same antigen
(NCT02387125).

Among the various known TAA options available for
immunotherapy to combat cancers is nucleolin (NCL), which
was first described as a nucleolar protein in Novikoff hepatoma
cells and Chinese Hamster Ovary cells (10,11). NCL is one of
the most abundant proteins in the nucleus and >90% of the
total NCL levels in cells are located there (12). It is also found
in the cytoplasm and on the cell membrane. Notably, NCL on
the cell surface can bind to various ligands to affect numerous
physiological functions, including ribosome biogenesis, chro-
matin organization and stability, DNA and RNA metabolism,
cytokinesis, cell proliferation, angiogenesis, apoptosis regu-
lation, stress response and microRNA processing (13). The
shuttling of NCL between the nucleus, cytoplasm and plasma-
lemma is significantly higher in cancer cells than in normal
cells (14). Previous studies have demonstrated the role of NCL
in angiogenesis (15), epithelial-to-mesenchymal transition and
stemness (16,17). Increasing evidence from several research
articles and datasets associates an elevated NCL expression
with a poor prognosis of patients with various types of cancer,
including pediatric and adult ependymoma (18,19), hepatocel-
lular carcinoma (20), non-small cell lung cancer (21),esophageal
squamous cell carcinoma (22), B-cell lymphoma (23), gastric
cancer (24) and endometrial cancer (25). Although NCL
is mainly present in the nucleus, its functions in aggressive
cancer progression have been reported to be associated with its
presence in the cancer cell cytoplasm and membrane (26). The

nuclear, cytoplasmic and cell membrane expression of NCL
can be used as a prognostic marker and therapeutic target in
various types of cancer (26-28) (Table I). A high cytoplasmic
expression of NCL is associated with a poor prognosis of
patients with breast cancer, endometrial carcinoma, gastric
cancer and non-small cell lung cancer (24,25,29,30) whereas
a high nuclear expression of NCL is an independent good
prognostic marker in gastric cancer, endometrial carcinoma
and pancreatic ductal adenocarcinoma (17,24,25) (Table I).
However, the surface NCL has been linked to the poor survival
of patients with gastric cancer, rhabdomyosarcoma, breast
cancer, hepatocellular carcinoma, colon cancer and prostate
cancer (26,31-33) (Table I). In agreement with the rational of
a decrease in cell surface NCL expression or activity, several
in vitro and in vivo studies showed that decreases in cell
surface NCL expression or activity inhibited the growth of
cancer cells and triggered apoptosis (34,35).

Epigenetic regulation is well known for its effect on protein
expression, which contributes to cancer initiation and progres-
sion, including DNA methylation, histone modification,
nucleosome remodeling and RNA or microRNA-mediated
targeting molecules (36,37). The epigenetic regulators are
targetable and have become prognostic biomarkers for
various types of cancers including brain, breast, liver, ovary,
prostate, gastric, lung, colorectal cancers, melanoma and
angiosarcoma (36-39). NCL was also identified as an epigen-
etic regulator of leukemogenesis (40). The overexpression of
NCL has been shown to promote the survival of leukemic
cells by enhancing DNA methyltransferase 1 expression and
subsequently inducing DNA hypermethylation followed by
the epigenetic silencing of tumor suppressor gene transcrip-
tion (40). Therefore, targeting NCL as epigenetic therapy may
improve the survival of patients with leukemia (40).

Thus, NCL is considered to be a promising target for
anticancer immunotherapy. In the present review, the nature of
NCL and the NCL-based targeting strategies under develop-
ment are discussed. Special focus has been paid to recently
developed cell-based immunotherapy approaches.

2. Structure and location of nucleolin

NCL is a 100-110-kDa protein that is a multifunctional phos-
phoprotein expressed in exponentially growing eukaryotic
cells. The biophysical and biochemical research of NCL
mainly results from its multidomain structure. The human
NCL gene consists of 14 exons and 13 introns on chromo-
some 2ql12-qter (41). Mammalian NCL consists of 707 amino
acids and a predicted molecular mass of ~77 kDa (13,42). The
biophysical and biochemical research of NCL has disclosed a
multidomain structure comprising three structural domains:
An N-terminal domain rich in acidic regions and containing
multiple phosphorylation sites; a central domain containing
four RNA-binding domains (RBDs); and a C-terminal
domain containing multiple glycine, arginine and phenyl-
alanine residues (27,43). The N-terminal domain contains
acidic stretches (rich in glutamic acid and aspartic acid)
and its length varies greatly between the different NCL-like
proteins (43). This domain participates in functions during
the cell cycle that result in a high degree of phosphoryla-
tion of cell division control protein 2 homolog (p34°?),



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 52: 81, 2023

Table I. The characterization of each compartment of NCL as the biomarkers for diagnosis, prognostic prediction, and therapeutic

targets.
Impact of NCL Nuclear NCL (Refs.) Cytoplasmic NCL (Refs.) Cell surface NCL (Refs.)
1. Diagnostic and High nuclear NCL was High cytoplasmic NCL was High cell surface NCL was

prognostic values

2. Therapeutic target

associated with a good
prognosis in endometrial
carcinoma, gastric cancer,
and pancreatic ductal
adenocarcinoma (17,24,25)
AS1411, F3 peptide and
N6L targeted nuclear NCL
and induce cancer cell death
and decrease malignant
transformation of prostate

correlated with poor prognosis
in breast cancer, endometrial
carcinoma, gastric cancer, and
non-small cell lung cancer
(24-26,29,30)

AS1411,HB-19 and N6L
targeted cytoplasmic NCL
and induced cancer cell death
of leukemia cells and breast
cancer (132,148,203,204)

correlated with poor
prognosis and might serve
as a promising biomarker
for cancer diagnosis
(13,26,31-33)

AS1411, F3 peptide, 4LB5
antibody, HB-19, and N6L
targeted surface NCL and
induced cancer cell death
of gastric cancer,

cancer (85,86,147,203)

rhabdomyosarcoma, breast
cancer and hepatocellular
carcinoma (31-33)

NCL, nucleolin.

casein kinase 2, protein kinase C and cyclin-dependent
kinase 1 (13,44-46). The involvement of the N-terminal
domain in several protein-protein interactions has also
been shown, including interactions with components of
the pre-rRNA processing complex, and interactions with
chromatin and untranslated regions controlling rDNA
transcription (47-50). The central domain has four domains
with RNA-binding domains (RBDs) or RNA-recognition
motifs, and their modulatory effects have been the focus of
numerous studies on cancer research (13). These domains
are known for their RNA-binding specificity (43). One of the
functions of NCL RBDs is assisting in pre-RNA transcrip-
tion where they interact with the stem-loop structure of 18S
and 28S ribosomal RNA (51), helping the pre-rRNA to fold
correctly (52). Moreover, studies have demonstrated that
the RBDs of NCL function in RNA packaging, pre-mRNA
splicing, poly-A tail synthesis, maturation, mRNA stability
and translational control (53). The C-terminal domain is rich
in arginine-glycine-glycine repeats interspersed with several
aromatic amino acids (43,54), and can interact with a number
of target mRNAs and proteins (55).

Fractionation studies have located >90% of the NCL
in the nucleolar portion of the cellular pool (12,27). The
distribution of NCL between the cytoplasm and membrane
is difficult to estimate, as it is dependent on the quality of the
fractionation or sensitivity of the detection techniques (56,57).
However, NCL appears to be ubiquitously distributed, being
not only in the nucleus, but also in the cytoplasm and cell
membrane (22). The distribution of NCL between cellular
compartments, shuttling between the nucleus, cytoplasm and
membrane, plays a significant role in the diverse mechanisms
of NCL involvement in cancer (26,27). Several methylations
and phosphorylations of the NH, terminus of the NCL
protein are required for the nuclear export of NCL to the
cytoplasm (58,59). Highly proliferative cells, such as meta-
bolically active cancer cells (60), have the common features

of NCL overexpression and localization in the cytoplasm and
cell membrane (27).

In tumor tissues from patients with gastric cancer (24),
colorectal cancer (61), breast cancer (62), non-small cell
lung cancer (29), and endometrial cancer (25), a high cyto-
plasmic NCL expression is associated with a poor prognosis
and unfavorable clinical outcomes (26). The involvement of
cytoplasmic NCL in the transportation of diverse molecules
required for biogenesis in the nucleolus has been high-
lighted (63). For example, NCL can interact with the p53
mRNA 5'UTR and prevent its translation (64,65), and the
overexpression of cytoplasmic NCL enhances the stability of
BCL-2 mRNA in B-cells from patients with chronic lympho-
cytic leukemia (66). It may be possible that the modulation
of protein availability by the interaction of cytoplasmic NCL
with mRNAs allows tumor cells to rapidly proliferate and
escape apoptotic cell death.

NCL on the cell surface serves as an anchor protein that
binds various molecules implicated in cell differentiation,
adhesion, trafficking, inflammation, angiogenesis and cancer
development (12,67-69). The mechanism whereby NCL
is translocated to the plasma membrane remains unclear.
Accumulating evidence validates the conclusion that the
NCL, which is localized on the surface of various types
of cancer cells, but not on their normal counterparts, is an
effective strategic target for the treatment of cancer (68).
By binding with Fas (70), or with Ras via the C-terminal
domain (71), NCL significantly promotes cancer cell prolif-
eration and inhibits apoptosis by decreasing the expression
of the pro-apoptotic BAX gene (72). Targeting cell-surface
NCL might trigger multiple inhibitory effects, depending on
the cell type (68,73). Taken together, to date, these observa-
tions highlight a critical role for NCL in tumorigenesis and
tumor progression. However, potential methods with which
to modulate NCL for cancer immunotherapeutic purposes
have been challenging to implement.
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Table II. Therapeutic strategies exploiting NCL-based targeting.

Therapeutic strategies

Proposed functions

(Refs.)

F3 peptide-based agents
AS1411-based agents

Peptides targeted to NCL on the cancer cell surface
Aptamer targeted to DNA/RNA-binding domains of

(77 84,86-88.90.92-117)
(140-143)

NCL on the cancer cell surface

Anti-NCL antibodies

Antigen-binding fragments (Fab) and the fragment

(31,47,111,154,155,201)

crystallizable (Fc) region of NCL on the cancer cell

surface
Anti-NCL pseudopeptides

A specific antagonist that binds the C-terminal RGG

(15,33,157-180)

domain of NCL on the cancer cell surface

NCL-specific T-cells

Targeted to NCL on the cancer cell surface and

(181,190)

cytoplasm (anti-NCL CAR T-cell and SmartDCs-NCL)

NCL, nucleolin.

3. Therapeutic strategies exploiting NCL-based targeting

Surface NCL as a target for intracellular drug delivery. NCL
was described for the first time in the plasma membrane of
HepG2 cells (74,75) and was reported to be overexpressed at
the cell membrane of various cancer cell lines (24,25,76-80).
Cell-surface NCL functions as a receptor for several oncogenic
ligands and is implicated in various oncogenic processes,
such as epithelial-mesenchymal transition, the stabilization
of pro-survival protein, angiogenesis and lymphangiogen-
esis (16). It also plays a critical role in anti-apoptosis (70)
associated with chemoresistance in B-cell lymphoma (70),
cervical cancer (81), breast cancer (82) and acute lymphoblastic
leukemia (83). Several studies have described the development
of molecules that target NCL on the cell surface of cancer
cells to suppress or block NCL, and thereby inhibit cancer cell
proliferation, apoptosis and angiogenesis (15,26,31-33,47).

The overexpression of surface NCL on cancer cells,
compared to normal cells, provides a very promising target for
cancer therapy, since targeting it does not alter NCL expression
in the nucleus and generates minimal toxicity (27). Among the
various NCL-binding ligands that have been tested thus far,
the F3 peptide and the AS1411 aptamer are those that have
been explored the most extensively (47).

F3 peptide as targeting ligand for agent delivery. The
NCL-binding F3 peptide is a 31-amino acid (KDEPQRRS
ARLSAKPAPPKPEPKPKKAPAKK) (84) that was gener-
ated by a phage-displayed cDNA library, and selected using
ex vivo screening on cell suspensions prepared from mouse
bone marrow and in vivo screening for tumor homing (85).
The use of NCL-binding F3 peptides has been encouraged
for intracellular drug delivery (Table II and Fig. 1A). F3
homes to surface-expressed NCL as a receptor in cancer cells,
neovasculature and endothelial cells (86). After the F3 peptide
binds at the N-terminal domain of NCL, it is internalized
into the targeted cell and translocated to the nucleus (85,86).
The C-terminus of the F3 peptide has been utilized as an
effective carrier of nanoparticles (NPs) for chemotherapeutic
drugs, such as doxorubicin (87,88), cisplatin (Cis) (89),

paclitaxel, the sphingolipid, C6-ceramide (inhibitor of the
PI3K pathway) (90), or photodynamic therapy agents (91), and
it has been chemically conjugated to radiotherapeutics (92).
A range of cancer models has been utilized (77,87,93-116).
Among notable findings, after intravenous administration
of an F3 peptide-targeted Cis-loaded hydrogel NP there was
decreased Cis-sensitive-derived or Cis-resistant-derived
ovarian cancer progression (89). F3 peptide has also been
used for the delivery of photodynamic therapeutic agents,
dextran-coated iron oxide NPs, siRNAs and oligonucleotides
to various tumor cell lines and tumor xenografts (117,118).
In a previous study, results were obtained from institutional
pathology reports and reviewed by experienced pathologists
from the Portuguese Institute of Oncology, Coimbra, Portugal,
which confirmed that the uptake of F3-targeted liposomes
by cancer cells was associated only with the expression of
the NCL receptor (88). Indeed, compared to treatments with
phages and antibodies, the small mass of F3 peptide (~5 kDa)
permitted wider distribution in cells (86). Moreover, an
anti-NCL single variable domain has been generated on the
variable domain of heavy-chain antibodies (VHH) (nano-
bodies) by grafting 10-amino acids of F3 peptide-derived
NCL-binding sequences onto complementarity-determining
regions (CDR)1 or CDR3 of a parental VHH to yield
anti-NCL-CDR1 VHH and anti-NCL-CDR3 VHH. The two
different anti-NCL VHHs exhibited maximal binding and
increased cytotoxicity against an NCL-overexpressing breast
cancer cell line (119,120). In a previous study, the treatment of
Polo-like kinase 1 (PLK1)-overexpressing prostate cancer and
angiogenic endothelial cells with an F3-targeted liposomal
nanocarrier entrapping an anti-PLK1 siRNA significantly
decreased cell viability (121). In preclinical models, targeted
drug delivery into tumors has been achieved by the conjugation
of anticancer drugs with F3 tumor-homing peptides. An F3
dimer coupled to the radiopharmaceutical DTPA chelated with
213Bi, (*"Bi-DTPA-[F3],), has been tested for binding affinity,
bio-distribution, and anti-tumor activity in vitro and in vivo
in a preclinical model of peritoneal carcinomatosis (122). In
another study, The ?"*Bi-DTPA-[F3], was highly cytotoxic
without severe side-effects in animals (122), significantly
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NCL-specific T cells
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Anti-NCL CAR-T cells (b)
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Figure 1. Schematic diagram of NCL-targeting cancer therapies. (A) NCL-binding peptides, (B) NCL targeting aptamers, (C) Anti-NCL antibodies/pseu-
dopeptides, and (D) NCL-specific T-cells including (a) SmartDCs-NCL, (b) anti-NCL CAR-T cell, and (c) NCL peptide vaccines. The figure was created
using BioRender.com. NCL, nucleolin; SmartDCs-NCL, self-differentiated myeloid-derived APC reactive against tumors presenting NCL; Cis, cisplatin;
PLGA-NPs, poly-lactic-co-glycolic acid-based nanoparticles; LPs, lipid polymers; GM-CSF, granulocyte-macrophage-colony stimulating factor; CAR,
chimeric antigen receptor; DC, dendritic cell; IL-4, interleukin-4; HLA, human leukocyte antigen; TCR, T-cell receptor.

reduced clonogenic survival in vitro, and delayed tumor
growth in vivo (84).

AS1411 aptamer as a targeting ligand for agent delivery. An
aptamer is a short single-stranded nucleic acid sequence, either
DNA or RNA, that can specifically target cellular and extra-
cellular targets with high affinity (12). The aptamer AS1411,
unmodified guanosine (G)-rich oligonucleotide (5'-d GGT
GGTGGTGGTTGTGGTGGTGGTGG-3'"), has a high affinity
for NCL, binds to overexpressed NCL on the cell surface,
and is then internalized (123,124), without adverse effects on
normal cells (125-127). AS1411 functions as a molecular decoy,
blocking and shortening the half-life of shuttle-NCL-regulated
RNAs (128). The AS1411-based strategies have been used to
target NCL with a delivery system of NPs containing agents
such as siRNA, or small drugs (129,130) (Table II and Fig. 1B).

The first successful transition of an aptamer into clinical
trials for cancer treatment was that of an NCL-targeting DNA
aptamer AS1411 (119,120). In phase I clinical trials, three
AS1411-based agents have been assessed for safety and efficacy
in advanced solid tumors (ClinicalTrials.gov: NCT00881244)
and acute myeloid leukemia (AML) (ClinicalTrials.gov:
NCTO00512083). The first, tested in NCT00881244, after it was
demonstrated to significantly reduce tumor growth in xenograft
models of both renal and lung cancers (131-133), demonstrated
that 50% of 30 patients with advanced solid tumors had stable
symptoms for 2-9 months after AS1411 administration without
severe side-effects (134).

The phase 1 trial under NCT00512083, completed in
2006 (135), confirmed the safety and good tolerance of
AS1411 in patients with AML. Furthermore, a phase II study
[ClinicalTrials.gov: NCT00512083 (136,137)] demonstrated
synergistic anticancer effects of AS1411 with cytarabine in
the treatment of AML, thus demonstrating that it may be a
promising candidate for AML therapy (131). In a previous
study on patients with relapsed/refractory AML, high doses
of cytarabine were associated improved response rates
among patients who received combination therapy with
continuous infusion of either 10 or 40 mg/kg/day doses of
AS1411 compared to the control cytarabine-only group (138).
Initial clinical assessments have been made of the responses
in phase II trials in patients with metastatic refractory renal
cell carcinoma (ClinicalTrials.gov: NCT00740441) (139) and
AML (ClinicalTrials.gov: NCT01034410) (140-143). Although
evidence of successful anticancer activity in phase I and II
human clinical trials to treat AML was reported, and the
aptamer has been renamed ACT-GRO-77, the company that
developed it (Advanced Cancer Therapeutics), is no longer
testing it against this type of cancer (27). A phase II clinical
trial was also performed in patients with carcinoid/neuroendo-
crine tumors, and this drug is currently being developed by the
company Tetragene.

During the development of clinical trials to further assess
the efficacy of the AS1411 aptamer regarding the overall rate of
response on a larger number of patients, the therapeutic effects
of other types of AS1411 aptamer-conjugated agents were
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tested, including poly-lactic-co-glycolic acid (PLGA)-based
NPs (PLGA-NPs) and lipid polymers (144). Several preclinical
models are also being used to investigate the potential of the
aptamer in transport mechanisms for other anticancer drugs
(Table II, Fig. 1B). For example, AS1411-conjugated gold
nanospheres have exhibited an enhanced cellular uptake,
and increased anti-proliferative and cytotoxic effects in both
in vitro and in vivo experiments (144). In lung cancer cells
overexpressing NCL, AS1411-gemcitabine-NPs have been
shown to exert an inhibitory effect on cell proliferation (145).
Moreover, the AS1411-coated polymeric nanosystem can
function as a potential drug delivery mechanism against
various types of cancer, such as ovarian, pancreatic and lung
cancer (146). Targeting surface NCL concurrently impairs the
progression of several cancer cell types in vitro and in vivo.
AS1411 targets nuclear NCL, leading to the re-localization
of the protein arginine methyltransferase 5-NCL complex
from the nucleus to the cytoplasm of prostate cancer, which
may decrease malignant transformation (147). Moreover, the
RNA-binding activity of cytoplasmic NCL to various mRNAs
is inhibited by AS1411 aptamer, resulting in the induction of
tumor cell death (148).

NCL in cancer immunotherapy. Active cancer immuno-
therapy uses the strategy of deploying the immune system
of cancer patients to destroy tumors and prevent their recur-
rence (149). As proposed in Coley's toxins, agents with potent
immunostimulatory properties (adjuvants) have achieved
favorable responses in various types of cancer (150) and have
significantly facilitated the advent of novel immunotherapy
technologies. In recent years, cancer immunotherapy has
made a significant breakthrough due to the development
of adoptive T-cell therapies and the use of monoclonal
antibodies that block the cytotoxic T-lymphocyte (CTL)
antigen-4 (CTLA-4) and programmed cell death 1 (PD-1)
immune checkpoints (151). Another approach that is often
employed is the identification of TAA molecule(s) that are
either selectively expressed or overexpressed by tumors (152).
As discussed herein, NCL may be the most prominent
eligible structure, which is stable on the cell surface of prolif-
erating cells (153); hence, it represents an attractive target for
immune-based anticancer agents.

Anti-nucleolin antibodies and pseudopeptides. Anti-NCL
antibody production is the adaptive immune system response
to the detection of the antigen (47). The antibody-based
targeting of NCL has been previously explored (Table II
and Fig. 1C). Treatment with anti-NCL3 antibodies has been
shown to decrease the viability of both angiogenic endothelial
and melanoma cells, and this is accompanied by the down-
regulation of BCL-2 expression (154). The same effect was
observed in a murine model bearing breast cancer, in which
anti-NCL3 antibody administration resulted in decreased
tumor hypoxia (155). In another study using a leukemic
xenograft mouse model, the anti-NCL3 antibody reduced
cell viability without triggering immune responses (47,155),
whereas CP101.2C8, which binds to the RBDs of NCL, led
to a 30% greater mouse survival rate compared to the control
IgG isotype group, and reduced the viability of leukemic
cells (155).

Furthermore, the generation of anti-NCL antibodies has
also been explored in the context of single-chain fragment
variable (scFv) and VHH antibodies. The 4LB5 antibody,
an scFv antibody that binds to the RNA-binding domain of
cell-surface NCL, was previously found to decrease cell
viability, clonogenicity and tumor growth in xenografts,
while inducing the apoptosis of breast cancer and hepatocel-
lular carcinoma (31). Indeed, a decreased tumor growth was
observed in the in vivo model following the 4LB5 administra-
tion with no evidence of adverse effects (31). Novel anti-NCL
VHHs have also been developed using a strategy of grafting
F3 peptide-derived NCL-binding sequences onto a VHH
CDRI1 or CDR3 (111). These VHHs are more compact and
smaller (~15 kDa) than scFv, with a stable immunoglobulin
fold (156). The CDR3-grafted VHH enabled a significant
antibody-dependent cell-mediated cytotoxicity effect against
breast cancer cells with a 2-fold increase in cell death (111).

HB-19 is a surface NCL-antagonistic pseudopeptide
with a pentavalent structure comprising the tripeptide
lysine-glycine-proline (with a reduced bond between the
lysine and proline residues) coupled to an §-amino-acid
template (15,33,157-180) (Fig. 1C). This pseudopeptide is
translocated to the cytoplasm, but not to the nucleus, leading
to a reduction in NCL levels in the cytoplasm and at the cell
surface (33,157,172-175). The binding of HB-19 to surface
NCL can form an irreversible complex that inhibits both tumor
progression and angiogenesis (171). HB-19 treatment has been
shown to suppress the tumor growth of established human
breast cancer xenografts and exhibits low toxicity to normal
tissue (15). HB-19 has been shown to impair angiogenesis,
the formation of capillary-like structures, and blood vessel
branching in chick embryo chorioallantoic membranes (15).
Moreover, the colony formation capacity of several cancer
cell lines in soft agar was decreased, which underscored the
anticancer activities of HB-19 (15,167,169).

Multivalent pseudopeptide NucAnt 6L. (N6L) also specifi-
cally binds to the surface NCL of cancer and endothelial cells
and displays antitumor activities (176). It was synthesized to
improve the biological actions of HB-19 by using a specific
antagonist that binds the RGG domain of the NCL C-terminal
tail (170). The normalization of tumor vessels and improved
delivery and efficacy of chemotherapeutic drugs were observed
as a consequence of NCL inhibition by N6L (17). The combina-
tion of N6L and mTOR inhibitors was found to synergistically
inhibit the proliferation and viability of pancreatic cancer in
both 2 and 3-D preclinical models (179). In another study, the
pseudopeptide N6L cross-linked to saporin-S6 (SAP-N6L)
induced the internalization of toxin to glioblastoma cancer
cells and enhanced the toxic activity 1,000-fold compared to
saporin alone in glioblastoma primary cells. The conjugated
saporin and N6L induced glioblastoma cell death at low
nanomolar concentrations and induced more apoptotic cell
death than saporin alone (177). Moreover, N6L incorporated
as polyplexes with nanoparticles (N6L-polyplexes) exhibited
enhanced anti-tumor activities against pancreatic cancer.
Gemcitabine treatment provides a standard of care for this
cancer type. However, in an in vivo model of pancreatic ductal
adenocarcinoma, the administration of N6L-polyplexes led
to a significantly greater reduction of tumor volume than the
administration of gemcitabine (175).
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Adoptive T-cells by antigen-presenting cells (APCs). It has
been found that >75% of patients with TNBC highly express
NCL (181). Yangngam et al (26) performed a meta-analysis to
assess the prognostic value of NCL expression. A high level
of total NCL was significantly associated with a poor overall
survival (OS) and a shorter disease-free survival (DFS). A
high level of cytoplasmic NCL was significantly associated
with a poor OS and a shorter DFS. By contrast, a high nuclear
expression of NCL was associated with an increased patient
OS (26). These findings are consistent with the potential of
upregulated NCL as a TAA.

An active approach to obtaining NCL-specific T-cells
takes advantage of the potent antigen-presenting capacity of
dendritic cells (DCs) loaded with NCL antigen (181) (Table II
and Fig. 1D-a). The self-differentiated myeloid-derived APC
reactive against tumors presenting NCL (SmartDCs-NCL) are
monocyte-derived DC transduced with lentivirus harboring
tricistronic complementary DNA sequences encoding cyto-
kines (granulocyte-macrophage-colony stimulating factor;
interleukin-4) and NCL antigen. A high copy number of
integrated lentiviral vectors per cell in the SmartDCs plat-
form led to ~1.5-3.0-fold self-differentiation more than the
control vector (182), based on the endogenous load on the
major histocompatibility complex (MHC) class I complex at
the cell surface of APCs. DCs that acquire APC-like func-
tion provide the majority of endogenous MHC class I ligands
for association with CD8* CTLs (183). SmartDCs-NCL
expressed all DCs markers, including the downregulation of
CDI14 and the upregulation of CD11c, CD40, CD80, CD83,
CD86 and human leukocyte antigen (HLA)-DR, as compared
with monocytes. The T-cells established following co-culture
with SmartDCs-NCL comprised markedly increased
CD3*/CD8*/CD45RA/CD62L" effector memory T-cells (184),
when compared to those generated by conventionally produced
DCs. Furthermore, MHC class I-restricted stimulation of allo-
genic T-cells by the NCL-specific T-cells was verified by higher
levels of interferon (IFN)-y production. NCL-specific T-cells
activated with SmartDCs-NCL gave significantly increased
percentages of specific cell lysis at effector:target ratios of
1:1, 5:1, and 10:1 against NCLMie" MDA-MB-231 and HCC70
TNBC cells. No killing activities of NCL-specific T-cells
were detected against normal mammary cells expressing no
NCL (181).

Among the immunotherapeutic strategies that are recur-
rently being conducted worldwide in preclinical studies or
clinical trials, the use of immune checkpoint inhibitors is
particularly prominent (185). In a previous study, the combined
treatment with SmartDCs-NCL-activated NCL-specific
T-cells and anti-programmed cell death ligand 1 (PD-L1)
peptide (CLQKTPKQC) (186) yielded significant killing of
NCL"e"/PD-L1"e" MDA-MB-231 and NCL"€"/PD-L]"ieh
HCC70 TNBC cells. NCL-specific T-cell-mediated TNBC
cell killing was mediated through both apoptotic and autoph-
agic pathways. The higher lytic potential was also revealed by
exposing TNBC cells to an autophagy inducer, the medicinal
herb curcumin, which attenuated PD-L1 expression (181). The
degradation of PD-L1 via the autophagy pathway has been
reported (187-189). Indeed, curcumin can suppress PD-L1
production in cancer cells through p62-mediated autophagy.
This is the first small-scale study that opens the door for

potential clinical approaches targeting not only TNBC but
also NCLHie/PD-L1"ie" cancer cells with NCL-specific
T-cells in combination with a PD-L1 inhibitor or autophagic
stimulator (181). Further intensive studies may lead to the
incorporation of the adoptive transfer of NCL-specific T-cells
into the standard of care protocol for clinical applications.

Chimeric antigen receptor (CAR) T-cells. The development
of anti-NCL CAR T-cells has been previously reported (190)
(Table II and Fig. 1D-b). Lentiviral-based CAR-transduction
was previously used to generate anti-NCL CAR T-cells from
PBMC:s of healthy donors. The transduction efficacy of T-cells
assessed by packaging:rev:envelope plasmid ratio revealed
the highest transduction rate of 50% of tdTomato fluorescent
protein and surface CAR expression assessed by flow cytom-
etry assay (Table II and Fig. 1D-b). The anticancer activity of
the NCL CAR T-cell was described (190). Importantly, similar
to studies with SmartDCs-NCL, there has been only one
publication on NCL CAR T-cells and it illustrates the poten-
tial of NCL as a target for anticancer immunotherapy (190).
However, anti-NCL CAR T-cells and SmartDCs-NCL have
opened a new field of novel strategies for NCL-based targeting
in cancer treatment in terms of anti-NCL immunotherapeutic
approaches.

Nucleolin peptide vaccines. Currently, the identification
of TAA and the subsequent identification of T-cell epitopes
render ‘reverse immunology’ applicable to the treatment of
malignant tumors (191). This approach consists in raising
T-cells against specific peptides corresponding to fragments
of conventional proteins. New opportunities for cancer preven-
tion and treatment can arise from peptides that promise a novel
class of anticancer agents that can specifically target cancer
cells, while remaining non-toxic to normal tissues (192). The
ability of some TAA peptides to specifically recognize and
bind to the membrane proteins of cancer cells could overcome
the issues associated with the high molecular weight, low
tissue diffusion, slow delivery and the poor cellular uptake
of therapeutic antibodies (193-195). Moreover, peptide-based
therapies are attractive over other treatment forms as peptides
are easily synthesized on a large scale, chemically stable, have
a high in vivo biocompatibility, are free of contaminating
substances such as bacterial pathogens and are devoid of
oncogenic potential (193,196). In breast cancer, HER-2/neu
is overexpressed in 15 to 30% of patients and is associated
with a poor prognosis (197). The E75 and GP2 HER-2/neu
binding peptides were identified by their antigen-specific
T-cell responses and tested in phase 1 clinical trial in patients
with metastatic breast and ovarian cancer (197,198). Moreover,
the identification of two novel 9-mer peptides, M1.1 and M1.2,
with high binding affinity to HLA-A*02, could lead to their
application in vaccine therapies for breast and ovarian cancer,
based on the finding that >90% of the cancer cells of patient
overexpress human mucin 1 (MUC-1) protein (199,200). More
importantly, MUCI-specific CTLs were induced in patients
with breast and ovarian cancer after vaccination with DC
that had been pulsed with these peptides (200). Very recently,
in silico predictive computational algorithms have revealed
9-mer NCL epitope peptides with major HLA-A*02-binding
motifs (KMAPPPKEV;,; and VLSNLSYSN,g 496) in the
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full-length NCL sequence (181) (Fig. 1D-c). In in vitro experi-
ments using these 2 NCL peptides, high IFN-y-producing
NCL-specific T-cells that kill NCL-positive cancer cells were
observed (unpublished data).

4. Conclusions and future perspectives

NCL is an ubiquitous multifunctional protein with a tripar-
tite domain structure that includes an acidic histone-like
N-terminus, a central domain containing four RBDs, and an
arginine and glycine-rich C-terminus (27,43). It functions as
a shuttle phosphoprotein between nucleolus and cytoplasm in
its diverse roles in cell growth, proliferation, carcinogenesis,
angiogenesis, metastasis and cell death (13,43). Surface NCL
is overexpressed in cancer cells, which renders it an attrac-
tive target for cancer treatment (12,26,67-69). A high level
of cytoplasmic NCL, or cytoplasmic NCL and total NCL
together, can provide a potent predictive marker for a shorter
OS, whereas a high level of nuclear NCL presents a predictive
marker for a long OS and DFS of patients (26). On the whole,
this evidence indicates that NCL not only provides a potential
biomarker for cancer diagnosis and prognosis, but also that
anti-NCL therapies could represent a novel opportunity for
cancer treatment.

A broad range of studies now supports this potential for
cancer immunotherapy. Targeting surface NCL impaired
the progression of several cancer cell types in vitro and
in vivo. Furthermore, a wide variety of ligands targeting
cell-surface NCL has been reported to block cancer cell
growth and progression, including aptamer AS1411 (140-143),
F3 peptides (77,84,86-88,90,92-117), antibodies against
NCL (31,47,111,154,155,201) and the multivalent pseudo-
peptides (HB-19 and N6L) (15,33,157-180). The pace of
clinical trials based on this approach is accelerating. Four
aptamers AS1411 have been evaluated in clinical phase I/II
including ClinicalTrials.gov: NCT00881244, NCT00512083,
NCT00740441 and NCT01034410 (140-143). Two anti-NCL
antibodies have been evaluated in clinical trials with the
outcome of proliferation reduction. The antagonistic pseudo
peptide N6L showed good results against solid tumors
during a phase I/IIa clinical trial [ClinicalTrials.gov:
NCTO01711398 (202)], and a phase Il trial is currently underway.

An important criterion for the selection of TAAs for
personalized immunization is that it should be expressed by
more than two-fold compared to para-tumor tissues (152).
This property could allow for the induction of antigen-specific
T-cells for patients with relatively low expression levels in
normal tissues since immunization induced anti-TA A-specific
CD4* and CD8" T-cell responses, which were enhanced by 0.1
to 10.0% (152). This highlights the potential of using protein
overexpression, which is associated with a favorable OS for
personalized TAA immunization. Sensitivity to NCL-specific
T-cells is dependent on the level of NCL expressed in cancer
cells (181). The in vitro data showed that NCL-specific T-cells
activated by the DC-based platform decreased the viability of
NCL-overexpressing breast cancer cells. Notably, the effects of
NCL-specific T-cells, apoptosis and autophagic cell death, can
be enhanced by an anti-PD-L1 peptide or autophagy modulator.
Accordingly, treatment with NCL-specific T-cells is compat-
ible with a combined approach, including immune checkpoint

inhibitors for effective cancer patient treatment (181,190).
However, at this time, the number of experiments is too limited
to draw firm conclusions. Large-scale in vitro and clinical
trials are required to validate the safety and effectiveness of
this approach.

It is widely accepted that NCL has a functional role in
cancer regulation. The present up-to-date review provides
data to support the notion of targeting NCL among the devel-
oping anticancer approaches, including the use of anti-NCL
peptides, aptamers, anti-NCL antibodies/pseudopeptides and
NCL-specific T-cells. The NCL-specific T-cells generated
by APCs or NCL peptides illustrate the use of the platforms
that open a window for using immunotherapy targeted at
NCL as another very promising approach in NCL-positive
cancers. Further studies involving a specific target for each
compartment of NCL are required in order to obtain a better
understanding of the mechanisms through which different
compartments of NCL contribute to the distinct prognoses
of patients with cancer. Importantly, precision NCL-based
targeting approaches with immunological potential and low
toxicity need to be tested in both preclinical and clinical
research to extend the value of NCL-targeting strategies.
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