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Cancer is one of the most serious diseases that are harmful to human health. Systemic chemotherapy is an opti-
mal therapeutic strategy for the treatment of cancer, but great difficulty has been encountered in its administra-
tion in the form of multidrug resistance (MDR). As an enzyme on the outer cell surface, CD13 is documented
to be involved in the MDR development of tumor cells. In this review, we will focus on the role of CD13 in

MDR generation based on the current evidence.
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INTRODUCTION

Chemotherapy is widely used to treat cancer, often
with effective results'. Chemotherapeutic drugs can be
divided into the following kinds according to their anti-
tumor mechanisms. (1) Alkylating agents, represented by
cyclophosphamide and cisplatin, prevent tumor regen-
eration by targeting DNA synthesis with cross-linking
DNA. Hodgkin’s lymphoma and breast and ovarian can-
cer are sensitive to treatment with alkylating agents?. (2)
Antimetabolites used in the treatment of chronic leuke-
mia, gastric cancer (GC), and colorectal cancer are rep-
resented by 5-fluorouracil, methotrexate, and cytarabine.
It has been proven that antimetabolites can interfere with
the synthesis of DNA and RNA by reducing the intake
of purine nucleotides®. (3) Antitumor antibiotics, includ-
ing bleomycin and adriamycin, have been widely used
in cancer chemotherapy and function by intercalating
into DNA base pairs to inhibit the replication of DNA*.
Beyond these, anticancer drugs obtained from plants,
such as vincristine and paclitaxel, can restrain the mitosis
that realizes cell regeneration®.

Unfortunately, the application of chemotherapeutic
drugs is hindered by multidrug resistance (MDR), in
which tumor cells show resistance to not only a specific

drug but also other drugs with different structures and
mechanisms®. Emerging evidence has demonstrated that
MDR development represents an important contributor to
the unfavorable prognosis of GC patients and the major-
ity of GC deaths’. GC patients with MDR often exhibit a
median survival period that ranges from 3 to 6 months®. A
clinical trial was performed in which hepatocellular car-
cinoma (HCC) patients were randomly divided into two
groups, including 112 patients who did not receive che-
motherapy and 120 patients treated with cisplatin (100
mg) treatment in advance, followed by the administration
of mitomycin, cisplatin, and adriamycin for more than 4
weeks. The results showed that the rate of response in
HCC patients treated without chemotherapy and in those
treated with cisplatin treatment was 26.7% and 11.7%,
respectively, suggesting that HCC cells are also less sen-
sitive to chemotherapeutic drugs, probably due to MDR
development’. Thus, MDR development has become an
urgent problem to be solved in cancer chemotherapy.
CD13, also known as aminopeptidase N (APN), is
an extracellular peptide belonging to the type II zinc-
dependent metalloproteinase family, the members of which
are widely expressed and have catalytic activity'®. CD13
promotes tumor angiogenesis, invasion, and metastasis in
breast, ovarian, and prostate cancer cells by participating in
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enzymatic cleavage of the polypeptide chain''. More strik-
ingly, there is a positive association between CD13 expres-
sion and MDR development in tumor cells'>'4, Herein we
provide comprehensive insights into the role of CD13 in
promoting MDR development by mediating the increase
in drug efflux, ROS inhibition, and immune suppression.

DRUG EFFLUX: THE NOTORIOUS REASON
FOR MDR DEVELOPMENT

Drug efflux, facilitated by membrane transport pro-
teins, is associated with the development of MDR in
tumor cells'>. Membrane transport proteins represented
by the ATP-binding cassette (ABC) transport superfam-
ily, including P-glycoprotein (P-gp), multidrug resistance-
associated proteins (MRPs), lung resistance protein (LRP),
and breast cancer resistance protein (BCRP/ABCG), pump
out a variety of chemotherapeutic drugs to increase drug
efflux and reduce intracellular concentrations, thereby
inducing drug resistance in tumor cells'®. P-gp has 12
transmembrane domains and two ATP binding sites that
can be inserted into the cell membrane'”. The transmem-
brane region as a membrane channel is conducive to mate-
rial transport, while the ATP binding site is responsible
for the energy supply'®. Expression of the MDR1 gene
encoding P-gp is upregulated in the chemoresistant GC
cell line SCG-7901/ADR compared to that in parental
SCG-7901 cells®. Additionally, P-gp is an ABC trans-
port protein that is known to contribute to the incidence
of MDR in HCC?. However, new evidence indicates that
the MDR1 gene and P-gp are not detected in some tumors
with MDR, but MRPs, represented by MRP1-9, were
found on the cell membrane of these non-P-gp-expressing
MDR cells?'. MRP1 expression is used to guide the selec-
tion of chemotherapeutic regimens, consistent with the
positive association between MRP1 expression and drug
susceptibility?>. MRP5 is involved in the development of
intrinsic resistance, while MRP2 and MRP3 are associ-
ated with acquired resistance of HCC cells*. In addition,
increased invasive depth and numbers of metastatic lymph
nodes in GC specimens are tied to an elevated expres-
sion of ABCG2?*. Furthermore, protein levels of LRP are
higher in GCs with high differentiation than in mucinous
carcinomas with poorly differentiated cells, suggesting
that LRP is necessary for the development of MDR in GC
cells®. Recent evidence suggests that CD13 induces MDR
in tumor cells by triggering increased drug efflux'?. In par-
ticular, CD13 may activate the expression of ABC family
proteins in both cancer stem cells (CSCs) and tumor cells
to accelerate MDR development'>%,

CD13: THE GENESIS OF DRUG EFFLUX
MEDIATED BY CANCER STEM CELLS

CSCs, which include a small number of tumor cells
with self-renewal and tumor-initiating ability, slow
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growth, and low differentiation status, play a decisive role
in the initiation of tumor formation and growth?’. CSCs
can induce drug resistance, recurrence, and metastasis of
malignant tumors?. Nevertheless, the current research on
CSCs is still in the early stages. More exciting advances
in sorting and identifying cancer stem cells have been
reported. CSCs can be identified by magnetic-activated
cell sorting (MACS) and fluorescence-activated cell sort-
ing (FACS) using specific surface markers®. In addition,
CSCs are also characterized as side population (SP) cells
that can efflux Hoechst 33342, showing low fluorescence
or no fluorescence, and thus can be separated by FACS*.
At present, SP cells have been successfully isolated from
HCC, pancreatic cancer, lung cancer, and GC cells®'=*,
Cell markers, such as CD24, CD105, CD44, CD90,
CD133, EpCAM, CD13, and OV6, have been identified
on these SP cells®.

CD13 plays a vital role in the self-renewal capacity of
liver cancer stem cells (LCSCs), which are derived from
the differentiation of hepatic stem cells and oval cells®.
CD13* LCSCs maintain a semidormant state at the G /G,
transition in the hypoxic environment of the liver fibrous
capsule, and the growth of new tumors is demonstrated
after these cells are transplanted subcutaneously into
immune-deficient mice, but no new tumors grow after
anti-CD13 antibody or the CD13 inhibitor bestatin is
administered?’*®. CD13* SP cells were also found to be
resistant to irinotecan, and these SP cells highly express
ABCG2¥. In vivo results demonstrate that CD13* cells
have stronger lung metastasis ability as well as greater
resistance to doxorubicin and vincristine than CD13~
MHCC-97L cells due to the high expression of ABCG2*.
More intriguingly, Li-7, a unique CD13* HCC line that
was developed by cancer stem cell differentiation in cul-
ture, has been shown to be resistant to sorafenib due to
the high expression of P-gp and MRP2*.

Emerging evidence has demonstrated that the induc-
tion of ABC transporter expression mediated by CD13 in
CSCs is caused by abnormal activation of the Hedgehog
(Hh) signaling pathway*. The Hh pathway plays an
important role in maintaining the function of CSCs but is
mostly inactivated in normal cells. The Hh signal is deliv-
ered by two receptors, also known as Patched (Ptc) and
Smoothened (Smo), on the cell membrane. Hedgehog sig-
nal transduction begins from Patched, is transmitted by a
G protein-coupled receptor, and finally initiates the acti-
vation of the Gli family to promote gene transcription®.
An epoch-making study indicates that green fluorescent
protein (GFP)-labeled CD13 can be captured by CD90*
A549 cells, and this GFP-CD13 fusion protein localized
to Patched*. A further study showed that human glioblas-
toma stem cells display significant resistance to etoposide
and 5-fluorouracil with aberrant expression of CD13 and
CD133%, and transcriptional activity of Gli-1 in HCC
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is reduced after a blocking antibody targeting CD13 is
administered, accompanied by a decrease in ABCG2
expression*. Moreover, CD13 can act as a pseudoligand
of Patched to sensitize the Hedgehog signaling pathway,
leading to the upregulation of ABCG2, P-gp, MRP2, and
MRP3, which are direct targets of Glil in the induction of
drug resistance*.

Signal transduction initiated by Notch, including
Notch-1, Notch-2, Notch-3, and Notch-4, is another path-
way for maintaining normal growth and differentiation of
CSCs. Notch-1 is the most commonly studied receptor,
and its role in MDR formation caused by CD13 expres-
sion is a focus of much research. Notch-1 expression is
upregulated in colon cancer cell lines, whereas inhibition
of Notch-1 can increase the sensitivity of tumor cells to
regorafenib®. A further study was carried out in which
CD44*CD13* SP cells were sorted from gastric cancer
stem cells. These SP cells show sustained loss of Notch-1
after stimulation by small interfering RNA targeting
CD13, but MW 167, an inhibitor of Notch-1, had no effect
on the expression of CD13%. In addition, constitutive
expression of Notch-1 was positively related to ABCG2
protein levels in glioma stem cells*. More importantly,
miR-34 has also been shown to be involved in regulat-
ing the expression of CD13, and miR-34 overexpression
restrained CD13 expression to decrease Notch-1 levels,
thus reversing the resistance of pancreatic cancer stem
cells to gemcitabine'.

CD13: THE MODERATOR OF DRUG EFFLUX
MEDIATED BY TUMOR CELLS

It is currently believed that CD13 can be used as a
hub for promoting the expression of ABC transporters.
Moreover, CD13 can initiate this regulation by upregulat-
ing the expression of p53 and CDX2 in HCC cells®. The
activation of P-gp requires self-phosphorylation. Protein
kinase C (PKC) plays important roles in several signal
transduction cascades by phosphorylating the serine and
threonine amino acid residues on signaling proteins.
Additionally, the MDR cell lines obtained by drug selec-
tion are often accompanied by increased PKC activity,
indicating a positive correlation between PKC expression
and MDR. Furthermore, the expression of CD13 in the
K562 leukemia cell line can induce the upregulation of
PKC-y, which may be related to the high phosphorylation
of P-gp*.

Through the comparison of the expression of MRP2,
MRP3, and MRP5 in the normal liver cell line L-02, the
hepatoma cell line BEL and the HCC drug-resistant cell
line BEL/ADM, one study clarified that MRP2 expres-
sion in EL/ADM cells is higher than that in L-02 and BEL
cells, but the expression of MRP3 and MRP5 was dis-
tinctly differentin L-02, BEL, and BEL/ADM cells*. This
suggests that MRP2 may be involved in the development
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of intrinsic MDR in HCC, and MRP5 and MRP3 expres-
sion may be related to acquired MDR in HCC. CD13
expression was positively correlated with the expression
of MRP2 and MRP3 in HCC cells and LCSCs, indicating
that CD13 mediates intrinsic and extrinsic MDR in HCC
cells by increasing drug efflux. MRPs belong to the ABC
superfamily along with P-gp, and MRPs can pump drugs
with the help of ATP-dependent glutathione-binding S
carrier (GS-X pump), for which the activity of glutathi-
one-S-transferases (GSTs), including GST-rt, GST-a., and
GST-y, was essential’’. The constructive findings show
that alkylating agent and platinum drugs can be excreted
out of the cells through this so-called “GSH-drug cou-
pling” mechanism. GST-w is currently considered to be
the most closely associated with MDR formation®®. In the
colorectal cancer cell line SW480, GST-r expression can
be obviously induced after CD13 is overexpressed, fol-
lowed by increased expression of MRP2%.

Unlike P-gp and MRPs, LRP is a kind of nonglyco-
protein, the gene of which is located in the short arm of
the sixth chromosome, which is very close to the gene
encoding MRP®. It has been proven that two mechanisms
are involved in MDR mediated by LRP. First, LRP pre-
vents drugs from passing through nuclear pores into the
nucleus. Additionally, LRP can deliver chemotherapeutic
drugs into transport vesicles in the cytoplasm and present
atrioventricular distribution, thus expelling them into the
extracellular space through exocytosis®®2. CD13 silenc-
ing can inhibit LRP expression in lung cancer, ovarian
cancer, rectal cancer, and leukemia cells®. Further results
indicate that the nuclear pore complex (NPC), which can
mediate the nuclear transport of proteins and the nuclear
translocation of mRNA, has limited assembly in lung
cancer cells, which have a remarkable expression of
CD13%,

In conclusion, CD13 plays a vital role in promoting
drug efflux mediated by ABC transporters, in which
diverse mechanisms are involved.

OXIDATIVE STRESS OBSTRUCTION BY CD13:
THE IMPORTANT FACTOR OF MDR GROWTH

Reactive oxygen species (ROS) are formed as a natu-
ral byproduct of the normal metabolism of oxygen and
are crucial in the maintenance of normal intracellular
homeostasis®. However, ROS levels can increase dramat-
ically under environmental stress (e.g., UV light or tumor
initiation), which is characterized by oxidative stress®.
Chemotherapeutic drugs mostly rely on the induction
of tumor cell apoptosis to exert a therapeutic effect, and
apoptosis mediated by mitochondrial pathways is largely
dependent on ROS. ROS can promote the influx of Ca?*
to promote the release of CytC, which can be combined
with apoptotic protease activating factor-1 (Apaf-1) to
engender the formation of apoptotic bodies®”. These
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apoptotic bodies can recruit caspase molecules, leading
to the activation of caspase 3/9, which is the executor of
cell apoptosis®. Unfortunately, when MDR occurs, oxi-
dative stress is blocked. Studies have shown that there
is a negative relation between CD13 expression and the
level of ROS®. In addition, the expression of Apaf-1 in
patients with long-term administration of chemothera-
peutic drugs is significantly lower than that in patients
treated with initial chemotherapy and is negatively corre-
lated with the expression of CD137°. We have also found
that the expression of BCL-XL and BCL-2 in HCC and
normal tissues is not the same, and there is also a positive
correlation between the BCL-XL and BCL-2 expression
and the expression of CD137!.

The mitogen-activated protein kinase (MAPK) path-
way is crucial in the eukaryotic signal transmission net-
work. Signal transduction mediated by MAPK and the
downstream cascade molecules p38 MAPK, JNK, and
ERKI1/2 can be propagated by MAP kinase, MAPK
kinase, and MEK kinase’. The ERK1/2 signaling path-
way regulates cell growth and differentiation, and the
signaling pathways of p38 and MAPK JNK play an
important role in inflammation initiation and cell apopto-
sis’. Interestingly, mounting evidence supports a physi-
ological role for ROS as a second messenger responsible
for regulating drug resistance together with MAPK’. The
release of ROS can inhibit GST activity and reduce the
synthesis of glutathione and downregulate P-gp expres-
sion, accompanied by inactivation of ERK1/2 and JNK”.
Combined treatment with molybdate, 5-fluorouracil, and
mitomycin C activated JNK and P38, and elevated levels
of intracellular ROS and decreased expression of CD13
were demonstrated’®. As such, we believe that high CD13
expression enables inhibition of ROS-induced stress,
leading to the inhibition of cell apoptosis, thus generat-
ing MDR.

IMMUNE SUPPRESSION BY CD13:
AN ACCELERATOR OF MDR DEVELOPMENT

As shown previously, the cancer patients with MDR
to chemotherapeutic drugs often exhibited immune tol-
erance’’. It has been reported that CD13 is expressed
not only on the surface of tumor cells but also in a large
number of other cells and lymphocytes, which partici-
pate in the inflammatory response of T lymphocytes™.
Critically, when a tumor develops, CD13 can be expressed
by antigen-presenting cells such as macrophages and
monocytes to inhibit their antigen-presenting ability
and the cytotoxic potential of natural killer cells against
tumors™. Chemokines (e.g., fMLP), antigen-presenting
molecules (e.g., CD86), and a variety of immune-activat-
ing substances (e.g., [L-8) display obvious degradation®.
CD13 can also reduce the binding of major histocompat-
ibility complex class II (MHC II), thereby reducing the

GUOETAL.

ability of T cells to recognize tumor antigens. Moreover,
CD13*CD4*CD25" regulatory T cells exhibit higher sup-
pressive function than CD4*CD25" regulatory T cells that
do not express CD13 and increase with tumor stage in
non-small cell lung cancer patients®’. CD13" neutrophil-
like myeloid-derived suppressor cells also exert immune
suppression through arginase 1 expression in pancreatic
ductal adenocarcinoma®2. However, evidence to support
that immune escape mediated by CD13 plays a key role
in MDR is still lacking.

CONCLUSIONS

MDR of tumor cells to multiple chemotherapeutic
agents is still the main reason for chemotherapy failure
and is difficult to handle in the treatment of cancer. To
seek effective countermeasures to reverse MDR and
enhance the effectiveness of chemotherapy for malig-
nant tumors, the mechanism involved in MDR formation
should be thoroughly researched.

As an exopeptidase, CD13 works ubiquitously in dif-
ferent peptide metabolism pathways. Interestingly, CD13
is overexpressed in many tumor cells and plays a key
role in tumor angiogenesis, invasion, and metastasis, and
also has been identified as a factor encouraging MDR
development.

The abnormal expression of multidrug resistance-
associated proteins is a culprit of increased drug efflux. In
this review, we consider that CD13 can regulate the accu-
mulation of ABC transporters, including P-gp, MRPs,
LRP, and BCRP/ABCG, from gene transcription and
protein expression in tumor cells. Although LRP is a new
protein related to MDR, CD13 has been revealed to have a
regulatory relationship with it. Therefore, it is obvious that
the tumor-associated antigen CD13 can induce the occur-
rence of MDR by directly targeting ABC transporters.

CSCs are considered the most challenging enemy of
tumor treatment because most of them are in a resting
stage in the cell cycle. It is noteworthy that CD13 may
increase the expression of ABC transporters by activat-
ing the Hedgehog and Notch-1 signaling pathways in
CSCs to induce MDR development, creating a chal-
lenge for treatment. Moreover, p53 and CDX2 can pro-
mote the transcriptional activity of genes encoding ABC
transporters, while PKC and GSTs provide a way for
ABC transporters to pump chemotherapeutic drugs out
of tumor cells.

ROS are promoters of cell apoptosis, but tumor cells
lag in response to apoptosis, especially when they are
resistant to chemotherapeutic drugs. In addition to medi-
ating the efflux of drugs, CD13 can also inhibit the oxida-
tive stress reaction of tumor cells. In particular, CD13 can
downregulate ROS expression, resulting in inactivation
of the MAPK signaling pathway with increased expres-
sion of ABC transporters.
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Figure 1. CD13 mediates multidrug resistance (MDR) development by triggering multiple mechanisms.

Immune suppression has been suggested as a mediator
of tumor occurrence, and immune incompetence is also
a cause of drug resistance. Studies have found that the
expression of CD13 in lymphocytes can inhibit specific
and nonspecific immunity by suppressing the secretion of
inflammatory factors and preventing antigen presentation.
As shown in Figure 1, CD13 mediates the production of
MDR by triggering multiple mechanisms. Our discussion
will provide a theoretical basis for further study of tumor
MDR. Simultaneously, our review is useful in finding
ways to reverse the drug resistance of tumors, and CD13
can be not only a direct target for cancer therapy but also
a key point to reverse multidrug resistance. MDR might
be resolved by CD13 inhibition induced by bestatin. The
combination of bestatin and chemotherapeutic drugs,
such as cisplatin, 5-fluorouracil, and the FOLFOX regi-
men (comprised of 5-fluorouracil, oxaliplatin, and leuco-
vorin), may represent a novel therapeutic approach for
GC and HCC patients'>'*. However, thus far, bestatin has
not received FDA approval or has been tested in clini-
cal trials, and there are no reliable methods to distinguish
CD13 expression by normal cells, drug-resistant cells,
and drug-sensitive cells. Thus, more research is needed.
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