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Ubenimex suppresses glycolysis mediated by CD13/Hedgehog
signaling to enhance the effect of cisplatin in liver cancer
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Background: Liver cancer ranks third in fatalities among all cancer-related deaths. As a traditional
chemotherapy drug, the application of cis-Diamminedichloroplatinum (II) (cisplatin, CDDP) for the
treatment of liver cancer is greatly limited by its side effects and high drug resistance. Therefore, we are in
urgent need of a more effective and less toxic CDDP therapeutic regimen. Our research aimed to clarify the
possible mechanism of ubenimex in enhancing the effect of CDDP on liver cancer.

Methods: The underlying mechanism was determined using Cell Counting Kit-8 (CCK-8) assay, flow
cytometry, immunofluorescence, enzyme-linked immunosorbent assay (ELISA), transwell assay, wound
healing assay and western blot assay.

Results: The data indicated that ubenimex suppressed the expression levels of glycolysis-related proteins by
decreasing the expression levels of cluster of differentation 13 (CD13), while overexpression of CD13 could
restore the activity of glycolysis. The glycolysis inhibitor 2-deoxy-D-glucose enhanced the antiproliferative
effect of ubenimex and CDDP. In addition, the inhibition of the activity levels of the Hedgehog (Hh)
pathway members was accompanied by a decrease in CD13 expression, which was reversed following CD13
overexpression. Moreover, ubenimex inhibited the production of lactic acid and adenosine triphosphate
(ATP), as well as the expression of key proteins involved in glycolysis, which was similar to the effects caused
by the Hh inhibitor cyclopamine. However, the effects of ubenimex were mediated by targeting CD13,
while cyclopamine exhibited no effects on CD13, suggesting that Hh signaling occurred in the downstream
of CD13. The inhibition of glycolysis by cyclopamine was reduced following CD13 overexpression, which
further indicated that ubenimex targeted the CD13/Hh pathway to inhibit glycolysis. Finally, wound healing
and transwell assays and cell proliferation and apoptosis analysis demonstrated that ubenimex inhibited
glycolysis by alleviating the CD13/Hh pathway, which in turn enhanced the effects of CDDP on inhibiting
the progression of liver cancer.

Conclusions: Ubenimex inhibits glycolysis by targeting the CD13/Hh pathway, thus playing an anti-
tumor role together with CDDP. This study demonstrated the adjuvant effect of ubenimex from the
perspective of Hh signal-dependent glycolysis regulation.
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Introduction

Liver cancer as a common malignant tumor ranks third
among all cancer-related deaths worldwide because of its
high invasion and metastasis rate (1,2). Hepatocellular
carcinoma (HCC) accounts for 90% of primary liver
cancer (3). Despite the application of a multitude of
available therapies, the 5-year survival rate and prognosis
of patients with liver cancer are still unfavorable (4).
cis-Diamminedichloroplatinum (II) (cisplatin, CDDP),
which is one of the conventional chemotherapeutic
drugs, is indispensable in the comprehensive treatment of
unresectable or metastatic liver cancer (5,6). Unfortunately,
severe toxic effects and chemoresistance greatly subside
the clinical efficacy of CDDP (7). Thus, novel therapeutic
regimens are required to improve the antitumor therapeutic
outcomes of CDDP.

Even in the presence of sufficient oxygen, the majority of
cancer cells metabolize glucose mainly through glycolysis
rather than oxidative phosphorylation, which provides
sufficient energy and materials for the rapid proliferation of
tumor cells (8). As a hallmark of cancer, aerobic glycolysis
is considered to be essential for the proliferation, invasion
and metastasis, angiogenesis, and immune evasion of
cancer cells (9,10). Glycolytic transcriptional regulators
and glycolysis-related proteins in cancers are significantly
related to poor prognosis in many types of cancers,
including liver cancer (11-13). High tumor glycolytic
activity is associated with inferior overall survival in the
pan-cancer patients (14). Glycolysis-associated multi-omics
prognostic model (GMPM) is confirmed as an independent
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risk factor for the prognosis of patients with HCC (15).
By stratifying the patients with HCC with glycolysis-
associated genes, GMPM may provide a more efficient
way of screening high-risk patients with HCC associated
with poor prognosis (15). The key molecules of glycolysis,
including hexokinase 2 (HK2), pyruvate kinase M2 (PKM2),
and glucose transporter 1 (GLUT1), are highly expressed
in liver cancer, promoting cell proliferation and metastasis
(16-20).

Hedgehog (Hh) signaling is vital for controlling
tumor growth, cell proliferation, and differentiation
during embryonic development and carcinogenesis (21).
Following binding of Hh ligands to the membrane receptor
patched homolog 1 (PTCHI1), the signal transduction is
initiated and Smoothened (SMO) is no longer repressed
by PTCHI. Following activation, SMO releases glioma-
associated oncogene (GLI) from its inhibitors, promoting
the transcription of the downstream target genes (22,23).
The Hh pathway is abnormally activated in multiple types
of cancers, including liver cancer, and promotes tumor
invasion, metastasis, and multidrug resistance (24-26). Hh
is the most highly expressed ligand in liver cancer (27).
Growing evidence indicates that the Hh pathway is closely
associated with aerobic glycolysis in a variety of diseases
(28-33). However, the underlying molecular mechanism of
Hh signaling-mediated aerobic glycolysis in liver cancer has
not been fully explained.

Cluster of differentiation 13 (CD13), also known
as aminopeptidase N (ANPEP), is an important zinc-
dependent type II metalloexopeptidase (34). CD13 has
been shown to be overexpressed in a variety of cancer types
including liver cancer; it promotes tumor angiogenesis,
proliferation, invasion, and metastasis through the
interaction between its enzyme activity and signal function
(34-36). As the only marketed CD13 inhibitor, ubenimex
has been observed to exert synergistic antitumor effects with
chemotherapeutic drugs by suppressing the self-renewal
of cancer stem cells, inhibiting cancer cell autophagy,
promoting chemotherapy-induced apoptosis, and decreasing
the expression of membrane transport proteins (37-40).
To the best of our knowledge, the adjuvant chemotherapy
effect of ubenimex has seldom been evaluated from the
viewpoint of Hh signaling-dependent glycolytic regulation.

Although certain experiments have shown that ubenimex
can synergistically potentiate the antitumor effect of
chemotherapy, the mechanisms differ. The present study
aimed to provide further understanding on the synergistic
effect of ubenimex with CDDP in liver cancer, and to
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investigate the possible associated molecular events. The
data demonstrated that ubenimex can regulate glycolysis
by targeting the CD13/Hh pathway, so as to exert its
adjuvant chemotherapeutic effect. Collectively, the
emerging regulatory mechanisms of CD13 were elucidated
in liver cancer, thereby providing insights for the improved
anticancer efficacy of CDDP. We present this article in
accordance with the MDAR reporting checklist (available
at https://tcr.amegroups.com/article/view/10.21037/tcr-23-
435/rc).

Methods
Reagents and antibodies

Ubenimex (purity >99.9%) was obtained from Main Luck
(Shenzhen, China). CDDP was acquired from Jiangsu
Hansoh (Shanghai, China). Cyclopamine (purity >98%) was
purchased from Meilun Biotech (Dalian, China). 2-deoxy-
D-glucose (2-DG, purity >99%) was obtained from Abmole
(Houston, TX, USA). The following primary antibodies
were used for western blot analysis: Mouse monoclonal
antibodies against ANPEP/CD13 (1:5,000; cat. No. 66211-
1-Ig; ProteinTech, Rosemont, IL, USA); rabbit polyclonal
antibodies against PTCHI (1:1,000; cat. No. E-AB-10571;
Elabscience, Wuhan, China), GLI1 (1:1,000; cat. no: E-AB-
19459; Elabscience), SMO (1:1,000; cat. No. DF5152;
Affinity Biosciences), sonic hedgehog protein (SHH;
1:1,000; cat. No. DF7747; Affinity Biosciences), p-actin
(1:1,000; cat. No. E-AB-20058; Elabscience), HK2 (1:1,000;
cat. No. E-AB-14706; Elabscience), PKM2 (1:1,000; cat.
No. AF5234; Affinity Biosciences), GLUT1 (1:1,000; cat.
No. E-AB-31556; Elabscience). Horseradish peroxidase-
conjugated anti-mouse (1:10,000; cat. No. E-AB-1001)
and anti-rabbit (1:10,000; cat. No. E-AB-1003) secondary

antibodies were obtained from Elabscience.

Cell culture

The liver cancer cell lines Huh7, HepG2, and PLC/PRE/5
were obtained from the Cell Bank of the Chinese Academy
of Sciences (Shanghai, China). Huh7 and PLC/PRE/S cells
were grown in Dulbecco’s modified Eagle medium (DMEM,
Procell Life Science & Technology, Wuhan, China) and
HepG?2 cells were cultured in modified Eagle’s medium
(MEM, Procell Life Science & Technology). All cells were
cultured in the aforementioned medium with 10% fetal
bovine serum (FBS, Procell Life Science & Technology)
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in a humidified 5% CO, incubator at 37 °C. The pTZU-
CD13-short hairpin RNA (shRNA) and p enhanced
green fluorescent protein (EGFP)-N1-CD13 plasmids
were purchased from GeneChem (Shanghai, China) and
transfected into the cells by Lipofectamine™ 3000 (Thermo
Fisher Scientific, Waltham, MA, USA).

Western blot analysis

RIPA buffer (Solarbio, Beijing, China) containing 1%
protease and phosphatase inhibitors (Elabscience) was used
to extract the total protein from the treated liver cancer
cell lines. The concentration was measured by using the
bicinchoninic acid method to estimate the loading amount.
Following addition of the loading buffer to the protein,
the latter was boiled and denatured. Electrophoresis was
performed using a Mini-PROTEAN Tetra Cell system
(Bio-Rad Laboratories Inc., Hercules, CA, USA). Following
transfer of the desired protein to a polyvinylidene fluoride
membrane (MilliporeSigma), blocking was performed
using a 5% skimmed milk solution. The membranes were
incubated with primary antibodies at 4 °C for 12-16 h.
Subsequently, they were incubated with a homologous
secondary antibody. ChemiDoc™ Imager (Fusion Solo;
VilberLourmat, Collegien, France) was used to detect the
band signals visualized by the ECL Chemiluminescence Kit
(Epizyme, Shanghai, China).

Immunofluorescence staining

The liver cancer cells were seeded in a 12-well plate,
treated, and fixed with 4% polyformaldehyde at room
temperature for 15 min. The cells were washed with
phosphate-buffered saline (PBS) three times and blocked
with 5% goat serum blocking solution at room temperature
for 45 min. Following blocking, the cells were exposed
to the corresponding primary antibody (1:200) overnight
at 4 °C; they were washed with PBS three times and
subsequently incubated with a fluorescein isothiocyanate
(FITC)-conjugated secondary antibody (1:300) in the dark
at room temperature for 1 h. Finally, an anti-fluorescent
quencher containing 4',6-diamidino-2-phenylindole (DAPI)
was added. Immunofluorescent images were captured by
an inverted fluorescence microscope (NikonTi2-U; Nikon
Corporation, Tokyo, Japan). Image] software (National
Institutes of Health) was used to obtain the integrated
optical density (OD) of the fluorescence intensity.
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Enzyme-linked immmunosorbent assay (ELISA)

The activity levels of the intracellular metabolic enzymes
HK2 and PKM2 were detected with the corresponding
ELISA kits (Elabscience) according to the manufacturer’s
instructions. The OD was detected spectrophotometrically.
The enzyme concentration levels were estimated by
substituting the OD value into the standard curve formula.

Measurement of energy metabolic parameters

The intracellular levels of adenosine triphosphate (ATP)
were detected using an ATP chemiluminescence assay kit
(Elabscience) according to the manufacturer’s instructions.
Luminescence was recorded using the luminometer. The
levels of lactate in the culture supernatant were determined
using the lactate colorimetric assay Kit (Elabscience)
according to the protocol provided by the manufacturer.

Cell proliferation assay

The liver cancer cell lines were seeded in 96-well plates
(5x10° cells/well) and treated in a humidified 5% CO,
incubator at 37 °C for 24, 48, and 72 h. At the indicated time
points, the supernatant was replaced by 100 pL. medium
containing 10 pL. Cell Counting Kit-8 (CCK-8) reagent
(Yeasen, Shanghai, China) in each well. Subsequently, it was
incubated for 1 h at 37 °C. The OD,s, value was detected
using a microplate reader (SynergyMx; BioTek, Winooski,
VT, USA).

Wound bealing assay

The monolayer cells with 90% density were scratched
vertically with a 10 pL pipette tip to retain the same scratch
pattern in each well. Following washing with PBS for
three times, the cells were incubated in a drug-containing
medium with 2% FBS in a humidified 5% CO, incubator at
37 °C for 48 h. The images were obtained by microscopy at
0, 24, and 48 h. The area of the cell migration was assessed
using Image] software (National Institutes of Health).

Transwell assays

The transwell invasion experiments were performed as
follows: The cells were incubated in starvation medium
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overnight. Matrigel matrix glue (Corning Inc., Corning,
NY, USA) was placed at 4 °C for approximately 12 h to
melt. A total of 50 pL. matrigel diluted with serum-free
DMEM (1:8) was added to the transwell chamber per well.
Subsequently, it was placed in a 37 °C incubator for 1 h to
solidify. A total of 1x10’ cells were seeded with serum-free
medium in the upper chamber. A total of 500 pL complete
medium containing 10% serum was added to the 24-well
plate. Following incubation for 48 h, the cells which were
found on the membrane were carefully removed with
cotton swabs, while the invasive cells under the membrane
were fixed with 4% paraformaldehyde for 30 min at room
temperature. Following washing with PBS, the cells
were stained with 0.1% crystal violet for 20 min at room
temperature. The migration experiment was carried out
without matrigel. The stained cells on the bottom surface
were observed using an inverted microscope (Nikon Ti2-U)
and counted with Image] software (National Institutes of
Health).

Cell apoptosis analysis by flow cytometry

The cells seeded in 6-well plates were treated with drugs
for 48 h and digested using trypsin (Procell Life Science &
"Technology). The cells were centrifuged at 300 xg for 5 min
and washed twice with cold PBS. Following removal of the
supernatant, the cells were resuspended in 1x binding buffer
and stained with 5 pL. FITC and 5 pL propidium iodide (PI)
(BD Biosciences, San Jose, CA, USA) for 15 min at room
temperature in the dark. Following filtering with 400 mesh
sieves, the cells were detected by flow cytometry (CytoFLEX
S; Beckman Coulter, Inc., Brea, CA, USA) and analyzed
with FlowJo Software (BD Biosciences).

Statistical analysis

The data were presented as the mean * standard deviation
from triplicate experiments. GraphPad Prism software 7.0
(La Jolla, CA, USA, RRID:SCR_002798) was utilized for
analysis. In order to analyze the differences between the
two groups, the Student’s #-test was used, whereas one-
way analysis of variance (ANOVA) was used for analysis of
multiple groups and the comparison was made by Tukey’s
method post hoc test. P<0.05 was considered statistically
significant.
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Results

Ubenimex inbibited aerobic glycolysis in liver cancer cell
lines

Aerobic glycolysis is considered to possess a close
relationship with the proliferation, invasion, and migration
of liver cancer cell lines (9). The present study investigated
whether ubenimex affects the glycolysis of liver cancer.
The two key rate-limiting enzymes of glycolysis are HK2
and PKM2. ELISA experiments demonstrated that the
enzyme activity levels of HK2 and PKM2 in liver cancer
cell lines could be significantly inhibited by ubenimex,
whereas the inhibition became more apparent with the
increase of ubenimex dosage (Figure 1A4,1B). Silencing of
CD13 expression produced similar results (Figure 1C,1D).
Simultaneously, western blot analyses illustrated that with
the reduced expression of CD13, ubenimex could markedly
decrease the expression levels of the key glycolytic proteins
HK2, PKM2, and GLUT1 (Figure 1E-1G).

Consistent with these observations, the data
demonstrated that CD13 silencing also suppressed
the expression levels of the glycolysis-related proteins;
ubenimex-mediated downregulation of HK2, PKM2, and
GLUT1 protein levels was abolished by upregulation of
CD13 expression (Figure 1H-17). Moreover, the present
study examined whether suppression of aerobic glycolysis
could enhance the combined inhibition of ubenimex and
CDDP on the proliferation of liver cancer cell lines. The
glycolysis inhibitor 2-DG was applied to block aerobic
glycolysis in liver cancer cell lines. As expected, the CCK-
8 cell viability assay demonstrated that downregulation of
CD13 expression or ubenimex treatment promoted the
effects of CDDP; 2-DG further boosted the joint inhibitory
effect caused by CDDP and ubenimex or by CD13
silencing on the proliferation of liver cancer cell lines (Figure
IK-1M). These data revealed that ubenimex significantly
suppressed aerobic glycolysis in liver cancer cell lines.

Ubenimex blocked Hb signaling by tavgeting CD13 in

liver cancer cell lines

Hh signaling is crucial to the regulation of liver cancer;
blocking Hh signaling can suppress cell proliferation (41).
Since recent evidence suggests that glycolysis is activated
by the Hh pathway in liver cancer cell lines, the role of
CD13 in mediating Hh signaling was investigated in Huh7,
HepG2, and PLC/PRE/5 cells. The effects of ubenimex

© Translational Cancer Research. All rights reserved.

2827

on Hh signaling in Huh7, HepG2, and PLC/PREF/5 cells
were initially assessed with western blot analysis. Consistent
with the downregulation of the CD13 protein levels,
western blot analysis confirmed that the levels of PTCHI,
GLI1, SMO, and SHH proteins were significantly lower
in ubenimex-treated liver cancer cell lines than in the
control cells (Figure 24-2C). These data illustrated that
ubenimex dose-dependently inhibited Hh signaling in liver
cancer cell lines. Moreover, immunofluorescence staining
confirmed that ubenimex reduced the levels of SMO, which
coincided with the previous conclusions (Figure 2D-2G).
In addition, following ubenimex treatment or transfection
of the cells with the pTZU-CD13-shRNA plasmid, the
expression levels of PTCH1, GLI1, SMO, and SHH
were downregulated, whereas the opposite effects were
observed following overexpression of CD13 (Figure 2H-2%).
Collectively, these findings indicated that ubenimex blocked
Hh signaling by targeting CD13 in liver cancer cell lines.

Disruption of Hb signaling was essential for ubenimex
inhibition of glycolysis liver cancer cell lines

To determine whether ubenimex inhibits glycolysis by
targeting the CD13/Hh pathway in liver cancer cell lines,
the products of glycolysis including the intracellular levels
of ATP and the levels of lactate in the culture supernatant
were examined. Compared with the control group, ubenimex
treatment and CD13 silencing reduced the production of
ATP and lactate, which was similar to the inhibitory effects
of the Hh inhibitor cyclopamine (Figure 34,3B). Western
blot analysis indicated that ubenimex, CD13 silencing, and
cyclopamine suppressed the expression levels of HK2, PKM2,
and GLUT1 (Figure 3C-3E). The expression levels of CD13
were downregulated with ubenimex treatment or following
silencing of CD13 expression. However, the expression
levels of the CD13 protein were not significantly affected
by cyclopamine (Figure 3C-3E). These results demonstrated
that inhibition of CD13 expression and suppression of the
Hh pathway could decrease glycolysis of liver cancer cell
lines; Hh signaling was the downstream pathway of CD13.
Furthermore, upregulation of CD13 expression weakened
the effects of ubenimex, CD13 silencing, and cyclopamine
in reducing the expression of glycolysis-related proteins
(Figure 3C-3E), which further illustrated that CD13 was an
indispensable part of this mechanism. Taken together, these
data revealed that ubenimex inhibited glycolysis by blocking
CD13/Hh signaling in liver cancer cell lines.
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Figure 1 Ubenimex inhibited aerobic glycolysis in liver cancer cell lines. (A,B) The intracellular activity levels of the metabolic enzymes
HK2 and PKM2 were assessed by ELISA in Huh7, HepG2, and PLC/PREF/S5 cells treated with 0.05 or 0.1 mg/mL ubenimex (**, P<0.01).
(C,D) Huh7, HepG2, and PLC/PREF/5 cells were transfected with pTZU-CD13-shRNA or pEGFP-N1-CD13 plasmid for 24 h and
subsequently stimulated with ubenimex (0.1 mg/mL) for an additional 24 h. Measurement of intracellular HK2 and PKM?2 activities by
ELISA (*, P<0.05; **, P<0.01). (E-G) Western blot analysis of protein expression of CD13, HK2, PKM2, and GLUT1 in liver cancer cell
lines treated with 0.05 or 0.1 mg/mL ubenimex. Densitometry analysis was used to normalize the expression levels of the proteins compared
with those of B-actin. Mean + SD is indicative of three independent experiments (¥, P<0.05; **, P<0.01). (H-]) The liver cancer cell lines were
transfected with pTZU-CD13-shRNA or pEGFP-N1-CD13 plasmid for 24 h and subsequently stimulated with ubenimex (0.1 mg/mL) for
an additional 24 h. Western blot analysis of protein expression of CD13, HK2, PKM2, and GLUTT in liver cancer cell lines. Densitometry
analysis was used to normalize the expression levels of the proteins investigated to those of B-actin; mean = SD is indicative of three
independent experiments (*, P<0.05; **, P<0.01). (K-M) Liver cancer cell lines were pretreated with ubenimex (0.1 mg/mL), pTZU-CD13-
shRNA plasmid, or pEGFP-N1-CD13 plasmid for 24 h, followed by single or combined treatment with CDDP (5 pM) and 2-DG (5 mM)
for 0-72 h. Cell viability was determined by the CCK-8 method (**, P<0.01 vs. the control group). HK2, hexokinase 2; PKM2, pyruvate
kinase M2; ELISA, enzyme-linked immunosorbent assay; CD13, cluster of differentiation 13; shRNA, short hairpin RNA; GLUT, glucose
transporter 1; SD, standard deviation; CDDP, cisplatin; 2-DG, 2-deoxy-D-glucose; CCK-8, Cell Counting Kit-8.
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Figure 2 Ubenimex blocked Hh signaling by targeting CD13 in liver cancer cell lines. (A-C) Western blot analysis of the protein expression
levels of CD13, PTCHI, GLI1, SMO, and SHH in Huh7, HepG2, and PLC/PRF/5 cells treated with 0.05 or 0.1 mg/mL ubenimex.
Densitometry analysis was used to normalize the expression levels of the proteins to those of B-actin; mean = SD is indicative of three
independent experiments (*, P<0.05; **, P<0.01). (D-G) The expression levels of SMO in Huh7, HepG2, and PLC/PREF/5 cells following 0.05
or 0.1 mg/mL ubenimex treatment were detected by immunofluorescence staining (green), whereas the nuclei were stained with DAPI (blue).
Representative images are shown at x200 magnification and scale bar of 50 pm. The statistical analysis of the fluorescence intensity of SMO
is presented as mean=SD (**, P<0.01). (H-J) Huh7, HepG2, and PLC/PRE/5 cells were transfected with pTZU-CD13-shRNA or pEGFP-
N1-CD13 plasmid for 24 h and subsequently stimulated with ubenimex (0.1 mg/mL) for an additional 24 h. Western blot analysis of the
main proteins under investigation involved in the Hh pathway. Densitometry analysis was used to normalize the expression levels of the
proteins investigated to those of B-actin; mean = SD is indicative of three independent experiments (*, P<0.05, **, P<0.01). Hh, Hedgehog;
CD13, cluster of differentiation 13; PTCHI, patched homolog 1; SMO, Smoothened; SHH, sonic hedgehog; shRINA; short hairpin RNA;
DAPI, 4',6-diamidino-2-phenylindole; SD, standard deviation.
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Figure 3 Disruption of Hh signaling was essential for ubenimex-mediated inhibition of glycolysis in liver cancer cell lines. Huh7, HepG2,
and PLC/PREF/S cells were transfected with pTZU-CD13-shRNA or pEGFP-N1-CD13 plasmid for 24 h and subsequently stimulated
with cyclopamine (10 pM) for an additional 24 h. (A) The intracellular ATP levels were detected using an ATP chemiluminescence assay kit
(**, P<0.01). (B) The lactate levels in the supernatant were examined by the lactate colorimetric assay kit (**, P<0.01). (C-E) Western blot
analysis of protein expression levels of CD13, HK2, PKM2, and GLUTT in liver cancer cell lines. Densitometry analysis was used to normalize
the expression levels of the proteins investigated to those of B-actin; mean + SD is indicative of three independent experiments (*, P<0.05;
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The glycolysis of liver cancer cell lines was suppressed by
ubenimex through relieving CD13/Hb signaling so as
to facilitate apoptosis, inhibit invasion, migration, and
proliferation and enbance the effect of CDDP

The biological function of the CD13/Hh pathway and
glycolysis was studied in liver cancer cell lines. Wound
healing assays indicated that the CDDP group had lower
scratch healing rates than the control group; in addition,
the mobility of CDDP combined with ubenimex, the
downregulated levels of CD13, cyclopamine, or 2-DG were
lower than those noted in the CDDP treatment alone group
(Figure 44-4E). In addition, the results of the transwell
assay suggested that the number of the cells in the lower
chamber following CDDP treatment was lower than that in
the control group and higher than that in the other combined
treatment groups (Figure 4F-41). These results demonstrated
that ubenimex enhanced the inhibitory effect of CDDP on
the invasion and migration of liver cancer cell lines.

In addition to the aforementioned experiments,
flow cytometry was performed to investigate the rate
of apoptosis. The apoptosis assay results demonstrated
that CDDP combined with ubenimex, CD13 silencing,
cyclopamine, or 2-DG, enhanced apoptosis compared with
the CDDP single treatment group (Figure 47,4K). The data
indicated that ubenimex enhanced the therapeutic effect
of CDDP by promoting the induction of apoptosis in liver
cancer cell lines.

Furthermore, based on the CCK-8 results, the cell
viability of liver cancer cell lines was suppressed following
treatment with CDDP. Cell viability was lower in the
combined treatment groups (Figure 4L-4N). However, no
significant difference was noted between the group treated
with ubenimex and the group transfected with the pTZU-
CD13-shRNA plasmid. Taken together, these findings
indicated that ubenimex induced apoptosis and suppressed
the biological function of liver cancer cell lines by inhibiting
glycolysis via alleviating the CD13/Hh pathway, thus
enhancing the effect of CDDP.

Discussion

As the sixth most common cancer globally, liver cancer
ranks fifth in cancer-related morbidity and second in
mortality in China. The prognosis of liver cancer is not
optimistic due to its highly invasive metastasis and the high
rate of postoperative recurrence. Due to the concealed onset
of the disease and its rapid progression, patients are usually
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diagnosed at an advanced stage (2). Radiofrequency ablation
(RFA) and transcatheter arterial chemoembolization
(TACE) are Food and Drug Administration (FDA)-
approved treatments for advanced HCC (3). Additional first
line therapy for advanced HCC includes broad-spectrum
tyrosine kinase inhibitors (TKIs), such as sorafenib and
lenvatinib, as well as a combination of immunotherapy
and anti-angiogenesis therapy, namely atezolizumab and
bevacizumab (3,42,43). Research and development of
targeted, safe and effective treatment mode can provide
significant survival benefits for HCC patients. CD13 is
overexpressed in various solid tumors and participates in
complex and diverse processes, such as tumor cell invasion,
differentiation, cell migration, and angiogenesis (44).
Numerous studies have established that the CD13 inhibitor
ubenimex can improve the efficacy of chemotherapy
(35,37,39). Nonetheless, the ability of ubenimex to regulate
glycolysis by targeting the CD13/Hh pathway so as to
enhance the efficacy of CDDP has not been previously
investigated. In the present study, ubenimex was shown to
inhibit glycolysis.

Aerobic glycolysis ensures the necessary energy and
materials required for the rapid tumor growth and metastasis
of cancer cells, which offers advantageous environment for
the development of cancer, including liver cancer (45,46).
The changes in the expression levels of the glycolytic
regulators (HK2, PKM2, and GLUT1) can greatly affect
the progression of liver cancer and are associated with
the pathological stages of liver cancer tumors (20,47,48).
Liver cancer expresses considerably higher levels of HK2
than most adult tissues; silencing of its expression inhibits
proliferation and increases sensitivity to cell death in
human liver cancer cell lines (47,49). The expression levels
of PKM2 are considered to be associated with the clinical
and pathological features of liver cancer (50). Heat shock
protein 90 (HSP90) promotes cell glycolysis, proliferation
and inhibits apoptosis by regulating PKM?2 abundance
in HCC (51). As an important molecule which controls
the rate of glucose transport, high levels of GLUT1 are
associated with the proliferation and invasiveness of liver
cancer (52). The present study indicated that the expression
levels of the glycolytic key proteins correlated positively
with the expression of CD13 in Huh7, HepG2, and PLC/
PREFE/S cells. Following CD13 overexpression, the inhibition
of glycolysis by ubenimex was reversed, further verifying
that ubenimex regulated glycolysis by targeting CD13. In
addition, the glycolysis inhibitor 2-DG further potentiated
the inhibitory effects of ubenimex or the effects caused by
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Figure 4 The glycolysis of liver cancer cell lines was suppressed by ubenimex by relieving CD13/Hh signaling so as to facilitate apoptosis,
inhibit invasion, migration, and proliferation and enhance the effect of CDDP. Liver cancer cell lines were pretreated with ubenimex
(0.1 mg/mL), pTZU-CD13-shRNA, cyclopamine (10 pM), or 2-DG (5 mM) for 24 h, followed by incubation with CDDP (5 pM) for
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an additional 24 or 48 h. (A-E) Wound healing assays were performed to assess cell migration with quantification in Huh7, HepG2, and
PLC/PREY/5 cells. The scratch areas of three random fields of view were obtained by microscopy at 0, 24, and 48 h. Representative images
were shown at x40 magnification (*, P<0.05; **, P<0.01). (EH) Cell invasion and (G,I) the migratory ability in liver cancer cell lines were
evaluated with the transwell assay. Stained with 0.1% crystal violet. The column graphs present the number of invaded or migrated cells.
The representative images are shown at x200 magnification and with a scale bar of 50 pm (*, P<0.05; **, P<0.01). (J,K) Huh7, HepG2, and
PLC/PREF/5 cells were pretreated with ubenimex (0.1 mg/mL), pTZU-CD13-shRNA, cyclopamine (10 pM), or 2-DG (5 mM) for 24 h,
followed by incubation with CDDP (5 puM) for an additional 24 h. Annexin V/PI staining was analyzed by flow cytometry detection to assess
the apoptotic ratio of different groups. The results are expressed as mean = SD of three replicates (*, P<0.05; **, P<0.01). (L-N) Huh7, HepG2,
and PLC/PRF/5 cells were pretreated with ubenimex (0.1 mg/mL), pTZU-CD13-shRNA, cyclopamine (10 pM), or 2-DG (5 mM) for 24 h,
followed by incubation with CDDP (5 pM) for 0-72 h. Cell viability was determined by the CCK-8 method. The results are expressed as
mean + SD of three replicates (**, P<0.01). CD13, cluster of differentiation 13; Hh, hedgehog; CDDP, cisplatin; shRNA, short hairpin RNA;
2-DG, 2-deoxy-D-glucose; PI, propidium iodide; SD, standard deviation; FITC, fluorescein isothiocyanate; CCK-8, Cell Counting Kit.

synergism of downregulation of CD13 expression with
CDDP treatment on the proliferation of liver cancer cell
lines. In summary, the proliferation of liver cancer cell lines
was inhibited by blockade of aerobic glycolysis, which was
mediated by CD13. However, the exact mechanism requires
further verification.

Hh signaling plays a central role in embryonic
development, which is inactive in the adult liver, except for
the involvement in post-injury reconstruction (53). The Hh
signaling components are highly expressed in liver cancer
tissues and cell lines (54-56). Previous study has shown that
liver cancer cell lines secrete SHH via exosomes and promote
tumorigenesis through the activated Hh pathway (22).
Moreover, the knockdown of PHD finger protein 19 (PHF19)
expression promotes the ubiquitination of GLII to activate
the Hh signaling pathway and facilitate tumorigenesis of
liver cancer (57). In addition, microRNA-338-3p inhibits
invasion of liver cancer cell lines by regulating SMO (56).
The high mRNA expression of PTCHI1 and GLII in the
SHH pathway is related to the high risk of recurrence of
liver cancer following operation (58). In the current study,
western blot analysis indicated that the expression levels
of the Hh pathway ligands decreased with the decrease
of CD13 expression, as demonstrated by the fluorescence
intensity of SMO. Expectedly, these effects were attenuated
by upregulation of CD13 expression, highlighting that
the latter was required for the activation of the opposite
pathway of Hh via ubenimex.

Accumulating evidence has shown that Hh signaling
regulates glycolysis in several diseases, including liver
cancer (9,33). In the present study, ubenimex was shown to
regulate glycolysis and inhibit the Hh pathway. Therefore,
it was speculated that ubenimex regulates the aerobic
glycolysis of liver cancer cell lines via Hh signaling. The

© Translational Cancer Research. All rights reserved.

data of the present study revealed that CD13 silencing or
ubenimex treatment significantly reduced not only the levels
of ATP and lactate, but also the expression levels of HK2,
PKM2, and GLUTT1. Cyclopamine induced a similar effect;
however, the effect was completely different following
overexpression of CD13. Overall, ubenimex inhibited
glycolysis mediated by CD13/Hh signaling in liver cancer
cell lines.

According to the present study, the reduction in the
expression levels of CD13 augmented the effect of CDDP
in inhibiting the progression of liver cancer with regard
to cell invasion, migration, proliferation, and apoptosis.
Moreover, inhibition of Hh signaling or glycolysis can
effectively assist CDDP in suppressing the progression of
liver cancer, suggesting that ubenimex may play a synergistic
role in inhibiting glycolysis by targeting the CD13/Hh
pathway. However, this requires additional studies for
confirmation.

Conclusions

To conclude, the aggregated data in this study revealed that
ubenimex blocks Hh pathway and inhibits glycolysis in liver
cancer cell lines. We also newly discovered that ubenimex
facilitates apoptosis and suppresses the invasion, migration,
and proliferation of liver cancer cell lines via regulating
CD13/Hh signaling-mediated glycolysis to enhance
the curative effect of CDDP. These findings outline the
importance of CD13 in liver cancer. Due to the complexity
of Hh pathway and metabolic mechanism, further research
is needed to determine the detailed molecules involved.
Certainly, there are several limitations in our study.
Experimental research in vivo is needed, as well as research
on the specific molecular mechanisms between CD13 and
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Hh pathways in aerobic glycolysis of liver cancer cell lines.
These restrictions will be further perfected in our future
work.
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