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A B S T R A C T

Chemotherapy has been the standard treatment for liver cancer. However, intrinsic or acquired drug resistance
remains a major barrier to successful treatment. At present, the underlying molecular mechanisms of chemo-
resistance in liver cancer have not been elucidated. Dipeptidyl peptidase 9 (DPP9) is a member of the dipeptidyl
peptidase IV family that has been found to be highly expressed in a variety of tumors, including liver cancer. It is
unclear whether DPP9 affects chemoresistance in liver cancer. In this study, we find that DPP9 weakens the
responses of liver cancer cells to chemotherapy drugs by up-regulating NQO1 and inhibiting intracellular ROS
levels. In terms of mechanism, DPP9 inhibits ubiquitin-mediated degradation of NRF2 protein by binding to
KEAP1, up-regulates NRF2 protein levels, promotes mRNA transcription of NQO1, and inhibits intracellular ROS
levels. In addition, the NQO1 inhibitor dicoumarol can enhance the efficacy of chemotherapy drugs in liver
cancer cells. Collectively, our findings suggest that inhibiting DPP9/NQO1 signaling can serve as a potential
therapeutic strategy for liver cancer.

1. Introduction

Liver cancer is one of the most common malignant tumors in the
digestive system, primarily consisting of hepatocellular carcinoma,
intrahepatic cholangiocarcinoma, and mixed liver cancer. Among them,
hepatocellular carcinoma accounts for approximately 90 % of the total.
In 2020, there were an estimated 0.906 million new cases (4.7 %) and an
estimated 0.83 million deaths (8.3 %) from liver cancer worldwide [1].
At present, chemotherapeutic agents (cisplatin, 5-fluorouracil, doxoru-
bicin, mitomycin, methotrexate, hydroxycamptothecine, etc.) play a
critical role in the treatment of liver cancer. However, liver cancer is
prone to develop tolerance to chemotherapeutic agents due to the
regulation of aberrant signals, which reduces the efficacy of chemo-
therapeutic agents. Therefore, it is an important issue to study the mo-
lecular mechanisms affecting chemoresistance in liver cancer and to find
effective therapeutic targets.

Dipeptidyl peptidase 9 (DPP9), a member of the dipeptidyl peptidase

IV family, possesses post-proline dipeptidyl aminopeptidase activity,
cleaving Xaa-Pro dipeptides from proteins’ N-termini [2,3]. DPP9 has a
distinctive cellular localization pattern and is widely expressed in cell
lines and tissues [4]. Emerging evidence suggests that DPP9 regulates a
variety of downstream signals in cells. Huang et al. and Hollingsworth
et al. found that DPP9 restrains nucleotide-binding domain and
leucine-rich repeat pyrin-domain containing protein 1 (NLRP1) activa-
tion by sequestering the C-terminal of NLRP1 [5,6]. Finger et al.
revealed that adenylate kinase 2 (AK2) is processed at its N-terminus by
DPP9 on its way to the mitochondria, which triggers AK2’s rapid pro-
teasomal destruction and prevents the buildup of enzymatically active
AK2 in the cytoplasm [7]. Bolgi et al. demonstrated that DPP9 degrades
breast cancer-associated protein 2 (BRCA2), encourages the formation
of RAD51 foci, and promotes DNA damage repair [8]. Another study
showed that DPP9 can interact with FLNA and Syk to create complexes
that cause DPP9 to cleave Syk’s N-terminal, which has an impact on Syk
stability and Syk-dependent signal transduction [9].
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During the past few years, studies on the connection between DPP9
and cancer have grown in number. One previous study showed that
DPP9 knockdown can prevent the proliferation, migration, and invasion
of lung cancer cells, and DPP9 overexpression is a significant indepen-
dent predictor for poor 5-year overall survival in NSCLC patients [10].
Similar to this, DPP9 overexpression is linked to a worse outcome in
colorectal cancer [11]. However, the results of a different investigation
on oral squamous cell carcinoma patients revealed the opposite: low
DPP9 level was linked to poor prognosis for patients [12]. These findings
imply that DPP9 has distinct functions in different types of tumors. DPP9
is abundant in the liver and is up-regulated in the livers of mice with
fibrosis and inflammation [13,14]. One previous study showed that
decreasing DPP9 or reducing its enzyme activity inhibits Huh7 cell
adhesion and migration [15]. Another study showed that DPP9 gene

loss-of-function exonic variants are linked to liver cancer [16]. However,
it is unclear whether DPP9 may affect chemoresistance in liver cancer.
Therefore, in this study, we focused on the effect of DPP9 on chemo-
resistance in liver cancer and explored related molecular mechanisms.

2. Materials and methods

2.1. Materials

RPMI 1640, MEM, DMEM, and heat-inactivated FBS were bought
from Gibco (Grand Island, NY). β-actin, DPP9, NQO1, and ubiquitin
antibodies were bought from Bioworld (Minnesota, USA). Ki67 and Cy3-
conjugated goat anti-rabbit IgG antibodies were bought from Servicebio
(Wuhan, China). HA, FLAG, NRF2, KEAP1, and HRP-conjugated Goat

Fig. 1. DPP9 regulates the responses of liver cancer cells to chemotherapy. (A–B) DPP9 protein levels in SK-Hep-1 and HepG2 cells transfected with DPP9 over-
expression plasmids or DPP9 shRNAs (#1 and #2). (C–D) Toxic effects of chemotherapy drugs (cisplatin, doxorubicin, and 5-FU) on liver cancer cells with DPP9
overexpression or silencing. (E) Schematic diagram of the in vivo study. (F) Image of tumors. (G–L) Growth curves of tumor volume. (M) Tumor weight. (N) In-
hibition rates of tumor. Data are shown as mean ± SD. ***P < 0.001 means significant difference vs. Vector, shControl or PBS group. N.S. means no signifi-
cant difference.

Y. Zhou et al.



Redox Biology 75 (2024) 103292

3

Anti-Mouse/Rabbit IgG antibodies were bought from Proteintech
(Rosemont, IL, USA). ANXA10 and HSPA6 antibodies were bought
Abcam (Cambridge, UK). Cycloheximide, MG132, N-acetylcysteine
(NAC), dicoumarol, cisplatin, doxorubicin, and 5-FU were bought from
Selleck Chemicals (Houston, USA). Protein A + G Agarose, Lipo6000
Transfection Reagent, puromycin, and polybrene were bought from
Beyotime (Shanghai, China). KeyFluor 488 Goat Anti-mouse IgG anti-
body and DAPI were bought from KeyGen (Nanjing, China). All plasmids
were constructed by Sangon biotech (Shanghai, China).

2.2. Cell lines and cell culture

HCCC-9810, HCCLM3, Hep3B, HepG2, HuH-7, Li-7, SK-Hep-1, SNU-
182, SNU-387, SNU-398, and HEK293T cells were obtained from Cell
Bank of the Chinese Academy of Sciences (Shanghai, China). HCCC-

9810, Li-7, Hep3B, SNU-182, SNU-387, and SNU-398 cells were
cultured in RPMI 1640 medium containing 10 % heat-inactivated FBS
and 1 % antibiotic (100 mg/mL streptomycin and 100 U/mL penicillin).
HCCLM3, HuH-7, SK-Hep-1, and HEK293T cells were cultured in DMEM
medium containing 10 % heat-inactivated FBS and 1 % antibiotic (100
mg/mL streptomycin and 100 U/mL penicillin). HepG2 cells were
cultured in MEMmedium containing 10 % heat-inactivated FBS and 1 %
antibiotic (100 mg/mL streptomycin and 100 U/mL penicillin). All the
cells were grown at 37 ◦C in a humidified atmosphere with 5 % CO2.

2.3. Statistical analysis

Statistical analysis was performed by using SPSS software. Kaplan-
Meier analysis was performed for overall survival analyses. Univariate
Cox regression and Multivariate Cox regression analysis were performed

Fig. 2. DPP9 regulates mRNA and protein levels of NQO1 in liver cancer cells. (A) Volcano plots of different gene expression in SK-Hep-1 cells with or without DPP9
overexpression. (B) Heatmap of 54 down-regulated genes and 33 up-regulated genes in SK-Hep-1 cells with or without DPP9 overexpression. (C) Heatmap of 10 genes
with the highest up-regulation fold change. (D) Heatmap of 10 genes with the lowest P-value. (E) Venn gram of intersection of 10 genes with the highest up-
regulation fold change and 10 genes with the lowest P-value. (F) ANXA10, NQO1, HSPA6, and TLL2 mRNA levels in SK-Hep-1 and HepG2 cells with or without
DPP9 overexpression. (G) ANXA10, NQO1, HSPA6, and TLL2 mRNA levels in SK-Hep-1 and HepG2 cells with or without DPP9 silencing. (H) ANXA10, NQO1, and
HSPA6 protein levels in SK-Hep-1 cells with DPP9 overexpression or silencing. (I) ANXA10, NQO1, and HSPA6 protein levels in HepG2 cells with DPP9 over-
expression or silencing. Data are shown as mean ± SD. ***P < 0.001 means significant difference vs. Vector or shControl group. N.S. means no significant difference.
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to analyze the relative risk of patient poor outcome. The results were
expressed as mean ± SD. Statistical analysis was performed with using
2-tailed unpaired Student’s t-test (2 groups), one-way ANOVA, followed
by Tukey’s test (more than 2 groups), 2-tailed Spearman test, or log-rank
test. P < 0.05 was considered significant difference.

Detailed methods are provided in Supplemental Methods online.

3. Results

3.1. DPP9 regulates the responses of liver cancer cells to chemotherapy

To investigate whether DPP9 affects the responses of liver cancer
cells to chemotherapy drugs, MTT assay was used to detect the toxic
effects of chemotherapy drugs (cisplatin, doxorubicin, and 5-FU) on SK-
Hep-1 and HepG2 cells with DPP9 overexpression or silencing (Fig. 1A
and B). Fig. 1C and D shows that the efficacy of chemotherapy drugs in
cells with DPP9 overexpression was significantly reduced, while the

Fig. 3. DPP9-mediated chemoresistance in liver cancer cells is NQO1-dependent. (A–B) NQO1 protein levels in SK-Hep-1 and HepG2 cells transfected with shControl
+ Vector, shControl + DPP9, shNQO1 + Vector, and shNQO1 + DPP9. (C–D) Toxic effects of chemotherapy drugs (cisplatin, doxorubicin, and 5-FU) on liver cancer
cells transfected with shControl + Vector, shControl + DPP9, shNQO1 + Vector, and shNQO1 + DPP9. (E) Schematic diagram of the in vivo study. (F) Image of
tumors. (G–K) Growth curves of tumor volume. (L) Tumor weight. (M) Inhibition rates of tumor. (N) NQO1WT and NQO1Mut compensated for total NQO1 protein
levels in SK-Hep-1 and HepG2 cells with DPP9 knockdown. (O–P) Toxic effects of chemotherapy drugs (cisplatin, doxorubicin, and 5-FU) on SK-Hep-1 and HepG2
cells transfected with shControl, shDPP9 #2, shDPP9 #2 + NQO1WT, and shDPP9 #2 + NQO1Mut. Data are shown as mean ± SD. **P < 0.01 or ***P < 0.001 means
significant difference vs. shControl + Vector, PBS, or shControl group. N.S. means no significant difference.
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efficacy of chemotherapy drugs in cells with DPP9 silencing was
significantly enhanced. Subsequently, we constructed a SK-Hep-1 cell-
derived subcutaneous transplanted tumor model in nude mice and
observed the growth inhibition effect of cisplatin on xenografts with
DPP9 overexpression and silencing (Fig. 1E). As shown in Fig. 1F–N and
Supplemental Fig.1, DPP9-overexpressed xenografts showed decreased
sensitivity to cisplatin, while DPP9-silenced xenografts showed the
opposite. Interestingly, DPP9 overexpression and silencing promoted
and inhibited the growth of xenografts, respectively (Fig. 1F–M), indi-
cating that DPP9 can affect the growth of liver cancer. In addition, we
detected the DPP9 protein levels in different liver cancer cells and
evaluated the efficacy of chemotherapy drugs (cisplatin, doxorubicin,
and 5-FU) in cells (Supplemental Fig. 2A-D). Pearson correlation anal-
ysis showed that the DPP9 protein level in liver cancer cells was posi-
tively correlated with the IC50 of chemotherapy drugs (Supplemental
Fig. 2E-G). These results indicate that DPP9 increases the resistance of
liver cancer cells to chemotherapy drugs.

3.2. DPP9 regulates mRNA and protein levels of NQO1 in liver cancer
cells

To investigate which genes in liver cancer cells are regulated by
DPP9, we performed RNA sequencing on SK-Hep-1 cells with and
without DPP9 overexpression. As shown in Fig. 2A and B, compared
with normal SK-Hep-1 cells, 54 genes in SK-Hep-1 cells with DPP9
overexpression were significantly down-regulated and 33 genes were
markedly up-regulated. We further performed GO and KEGG enrichment
analyses for these genes, and the results showed that these genes were
enriched in pathways involving signal transduction, cell adhesion,
transcriptional misregulation in cancer, etc. (Supplemental Fig. 3).
Among 33 up-regulated genes, four genes (ANXA10, NQO1, HSPA6, and

TLL2) were obtained by crossing 10 genes with the highest up-regulation
fold change and the 10 genes with the lowest P-value (Fig. 2C–E).
Subsequently, we used the qPCR assay to measure mRNA levels of
ANXA10, NQO1, HSPA6, and TLL2 in SK-Hep-1 and HepG2 cells with
DPP9 overexpression or silencing. Fig. 2F and G shows that mRNA levels
of ANXA10, NQO1, and HSPA6 in cells with DPP9 overexpression and
silencing were significantly up-regulated and down-regulated, respec-
tively, while mRNA levels of TLL2 remained unchanged. Next, Western
blot assay was used to detect protein levels of ANXA10, NQO1, and
HSPA6 in cells with DPP9 overexpression or silencing. As shown in
Fig. 2H and I, NQO1 protein levels in cells with DPP9 overexpression
and silencing were significantly up-regulated and down-regulated,
respectively, while protein levels of ANXA10 and HSPA6 were not
significantly changed. These results suggest that DPP9 can regulate the
mRNA and protein levels of NQO1 in liver cancer cells.

3.3. DPP9 promotes resistance to chemotherapy in liver cancer cells by
regulating NQO1 and ROS levels

Previous studies have shown that up-regulation of NQO1 can in-
crease chemoresistance in cancer cells [17–21]. Since DPP9 can regulate
NQO1 in liver cancer cells, does DPP9 affect chemoresistance in liver
cancer cells by regulating NQO1? To answer this question, we overex-
pressed DPP9 in SK-Hep-1 and HepG2 cells with or without NQO1
knockdown (Fig. 3A and B) and used the MTT assay to detect cell re-
sponses to chemotherapy drugs. As shown in Fig. 3C and D, after DPP9 in
SK-Hep-1 and HepG2 cells without NQO1 knockdown was overex-
pressed, the toxic effect of chemotherapy drugs on cells would be
significantly weakened. However, overexpression of DPP9 did not
significantly alter the responses of NQO1-silenced cells to chemotherapy
drugs. Next, we constructed a SK-Hep-1 cell-derived subcutaneous

Fig. 4. DPP9 promotes chemoresistance by inhibiting ROS levels in liver cancer cells. (A–B) The ROS levels in SK-Hep-1 and HepG2 cells transfected with shControl
+ Vector, shControl + DPP9, shNQO1 + Vector, and shNQO1 + DPP9. (C–D) The ROS levels in SK-Hep-1 and HepG2 cells transfected with shControl, shDPP9 #2,
shDPP9 #2 + NQO1WT, and shDPP9 #2 + NQO1Mut. (E–F) The ROS levels in SK-Hep-1 and HepG2 cells of the shControl, shDPP9 #2, and shDPP9 #2 + NAC (5 mM)
groups. (G–H) Toxic effects of chemotherapy drugs (cisplatin, doxorubicin, and 5-FU) on liver cancer cells of the shControl, shDPP9 #2, and shDPP9 #2 + NAC (5
mM) groups. Data are shown as mean ± SD. ***P < 0.001 means significant difference vs. shControl + Vector or shControl group. ###P < 0.001 means significant
difference vs. shDPP9 #2 group. N.S. means no significant difference.
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transplanted tumor model in nude mice for in vivo verification (Fig. 3E).
As shown in Fig. 3F–M and Supplemental Fig. 4, DPP9 overexpression
significantly reduced the sensitivity of xenografts without NQO1
knockdown to cisplatin, but did not affect the efficacy of cisplatin in
NQO1-silenced xenografts. Interestingly, Fig. 3F–K shows that NQO1
silencing could inhibit the growth of xenografts, indicating that NQO1
can promote the growth of liver cancer. In addition, we supplemented
NQO1WT and NQO1Mut (Enzyme functional inactivation) in SK-Hep-1
and HepG2 cells with DPP9 knockdown and evaluated the cytotoxicity
of chemotherapy drugs using MTT assay. As shown in Fig. 3N–P, sup-
plementing NQO1WT could reduce DPP9 knockdown-mediated chemo-
therapy sensitization, while supplementation with NQO1Mut did not
have a similar effect. Interestingly, we found that DPP9 could regulate
ROS levels in liver cancer cells, and this regulatory effect was dependent
on NQO1 (Fig. 4A–D). Moreover, ROS scavenger N-acetylcysteine (NAC)
could reduce DPP9 knockdown-mediated chemotherapy sensitization
(Fig. 4E–H). These results suggest that DPP9 promotes chemoresistance
in liver cancer cells by up-regulating NQO1 and inhibiting ROS levels.

3.4. DPP9 and NQO1 are highly expressed in liver cancer and are closely
associated with poor prognosis

DPP9 and NQO1 protein levels in liver cancer and adjacent normal
tissues were detected by using immunohistochemical (IHC) assay.
Fig. 5A–C illustrate that liver cancer tumor tissues had considerably
greater DPP9 and NQO1 IHC scores than the adjacent normal tissues.
Moreover, tumor tissues with a high DPP9 score had a significantly
higher NQO1 IHC score than tumor tissues with a low DPP9 score
(Fig. 5D). Spearman correlation analysis revealed that the IHC scores of
these two proteins were substantially associated in liver cancer tissues
(Fig. 5E). In addition, we analyzed the IHC scores of DPP9 and NQO1 in
tumor tissues at different clinical stages. Fig. 5F and G shows that tumor
tissues from stages 2–4 had considerably higher DPP9 and NQO1 IHC
scores than those from stage 1 tumor tissues. Fig. 5H and I shows that
liver cancer patients with a high DPP9 IHC score or a high NQO1 IHC
score in tumor tissue had a poor survival prognosis. Next, we divided
patients into four groups: DPP9 low/NQO1low, DPP9low/NQO1high,
DPP9high/NQO1low, and DPP9high/NQO1high, and analyzed the survival

Fig. 5. DPP9 and NQO1 are highly expressed in liver cancer and are closely associated with poor prognosis. (A–C) DPP9 and NQO1 IHC scores in tumor tissues and
adjacent normal tissues of liver cancer. Scale bar = 50 μm. (D) NQO1 IHC scores in tumor tissues with low or high DPP9 IHC score. (E) Spearman correlation analysis
of DPP9 and NQO1 IHC scores in tumor tissues. (F and G) DPP9 and NQO1 IHC scores in tumor tissues with clinical stage 1, stage 2, stage 3, and stage 4. (H–J)
Kaplan-Meier survival analysis. Data are shown as mean ± SD. **P < 0.01 or ***P < 0.001 means significant difference.
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of patients in each group. As shown in Fig. 5J, patients in the DPP9high/
NQO1high group had the shortest overall survival. According to the re-
sults of the univariate and multivariate Cox regression analyses, patients
with DPP9high/NQO1high IHC scores had a markedly high risk (Supple-
mental Table 1). These results suggest that DPP9 and NQO1 are highly
expressed in liver cancer and are closely associated with poor prognosis.

3.5. DPP9 promotes the expression of NQO1 in liver cancer cells by
regulating NRF2

Since we have shown that DPP9 can regulate the mRNA levels of
NQO1 in liver cancer cells, the question arises as to whether DPP9 also
has an impact on the protein stability of NQO1. As shown in Fig. 6A and
B, there was no discernible difference in the rate of NQO1 protein
degradation in SK-Hep-1 and HepG2 cells following the overexpression

Fig. 6. DPP9 promotes the expression of NQO1 in liver cancer cells by regulating NRF2. (A–B) NQO1 protein degradation rate in SK-Hep-1 and HepG2 cells with
DPP9 overexpression and silencing. (C–D) NRF2 protein levels in SK-Hep-1 and HepG2 cells with DPP9 overexpression and silencing. (E–F) NRF2 and NQO1 protein
levels in SK-Hep-1 and HepG2 cells transfected with shControl + Vector, shControl + DPP9, shNRF2 + Vector, and shNRF2 + DPP9. (G–H) NQO1 mRNA levels in SK-
Hep-1 and HepG2 cells transfected with shControl + Vector, shControl + DPP9, shNRF2 + Vector, and shNRF2 + DPP9. Data are shown as mean ± SD. **P < 0.01 or
***P < 0.001 means significant difference vs. Vector, shControl, or shControl + Vector group. N.S. means no significant difference.
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and silencing of DPP9, indicating that DPP9 does not affect the levels of
NQO1 protein in liver cancer cells by regulating the stability of NQO1
protein. It has been shown that NRF2 is a critical upstream transcription
factor of NQO1 [22–24]. We then asked if DPP9 regulates the expression
of NQO1 through NRF2. Firstly, NRF2 protein levels in SK-Hep-1 and
HepG2 cells with DPP9 overexpression and silencing were detected by
using Western blot assay. Fig. 6C and D shows that overexpression of
DPP9 significantly up-regulated NRF2 protein levels in cells, and
silencing of DPP9 significantly down-regulated NRF2 protein levels,
indicating that DPP9 can regulate NRF2 protein levels in liver cancer
cells. Next, DPP9 overexpression plasmids were used to overexpress
DPP9 in NRF2-silenced cells. Western blot and qPCR experiments were
performed to detect NQO1 protein andmRNA levels in cells. As shown in
Fig. 6E–H, DPP9 significantly up-regulated NQO1 protein and mRNA
levels in NRF2-unsilenced cells. However, there was no significant reg-
ulatory effect on NQO1 protein and mRNA levels in NRF2-silenced cells.
These results suggest that the regulation of NQO1 in liver cancer cells by
DPP9 depends on NRF2.

3.6. DPP9 inhibits NRF2 ubiquitination degradation by binding KEAP1 in
liver cancer cells

Recently, Chang et al. found that DPP9 inhibited the ubiquitination
degradation of NRF2 by binding KEAP1 in Clear Cell Renal Cell Carci-
noma, thereby regulating the protein level of NRF2 [25]. So, how does
DPP9 regulate NRF2 protein levels in liver cancer cells? The NRF2
mRNA levels in SK-Hep-1 and HepG2 cells that overexpressed and

silenced DPP9 were detected by using qPCR assay. As shown in Sup-
plemental Fig. 5A and B, when DPP9 was overexpressed or silenced in
cells, the mRNA levels of NRF2 did not change significantly, indicating
that DPP9 does not affect mRNA level of NRF2. Next, we investigated the
effect of DPP9 on NRF2 degradation in liver cancer cells and explored
the related molecular mechanisms. The results in Supplemental Fig. 5-7
show that DPP9 bound to KEAP1 through its ESGE motif in liver cancer
cells, inhibited NRF2 ubiquitination degradation and up-regulated NRF2
protein levels. These results are basically consistent with those of Chang
et al.

3.7. Dicoumarol enhances the efficacy of chemotherapy drugs in liver
cancer cells

Next, we evaluated the effect of dicoumarol (an NQO1 inhibitor) on
the efficacy of chemotherapy drugs in liver cancer cells. As shown in
Fig. 7A–B, dicoumarol could increase the sensitivity of liver cancer cells
to chemotherapy drugs (cisplatin, doxorubicin, and 5-FU). Subse-
quently, we constructed a SK-Hep-1 cell-derived subcutaneous trans-
planted tumor model in nude mice and observed the growth inhibition
effect of dicoumarol combined with cisplatin on xenografts (Fig. 7C). As
shown in Fig. 7D–K, the growth inhibitory effect of these combination
was significantly stronger than that of either drug alone. These results
suggest that dicoumarol can increase the efficacy of chemotherapy drugs
in liver cancer cells.

Fig. 7. Dicoumarol enhances the efficacy of chemotherapy drugs in liver cancer cells. (A–B) Toxic effects of chemotherapy drugs (cisplatin, doxorubicin, and 5-FU)
on SK-Hep-1 and HepG2 cells treated with or without 40 μM of dicoumarol. (C) Schematic diagram of the in vivo study. (D) Image of tumors. (E–I) Growth curves of
tumor volume. (J) Tumor weight. (K) Inhibition rates of tumor. Data are shown as mean ± SD. ***P < 0.001 means significant difference.
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4. Discussion

Excessive activation of aberrant signals can weaken the response of
liver cancer to chemotherapy drugs, resulting in reduced drug efficacy.
Despite extensive research on the causes of drug resistance in liver
cancer, the precise molecular mechanism remains unclear. This study
reveals that DPP9 inhibits ubiquitin-mediated degradation of NRF2
protein by binding to KEAP1, up-regulates NRF2 protein levels, pro-
motes mRNA transcription of NQO1, inhibits intracellular ROS levels,
and thus weakens the responses of liver cancer to chemotherapy drugs
(Fig. 8). Interestingly, Chang et al. have previously reported similar
results [25]. Unlike our findings, they found that DPP9 inhibited fer-
roptosis and induced sorafenib resistance in Clear Cell Renal Cell Car-
cinoma not by regulating the NRF2 downstream target gene NQO1, but
by regulating SLC7A11. We speculated that this difference might be
closely related to the specificity of the tumor. Although somewhat
different, both our study and Chang et al. demonstrate that DPP9 can
potentially serve as a therapeutic target for treating cancer.

NQO1, a phase II detoxification enzyme regulated by the transcrip-
tion factor NRF2, protects cells from xenobiotics and oxidative damage
by catalyzing the reduction of quinone substrates. It has been shown that
NQO1 is overexpressed in many human tumor tissues [26–30] and its
overexpression leads to resistance to chemotherapy in a variety of tu-
mors [17–21]. Distinct mechanisms are involved in NQO1-mediated
chemoresistance in cancer. NQO1 has been reported to be resistant to
5-FU, doxorubicin, and gemcitabine in cholangiocarcinoma by modu-
lating p53 [20]. In addition, as a scavenger of superoxide anion radicals,
NQO1 triggers drug resistance in cancer cells by mitigating intracellular
ROS [17]. Beyond what has been mentioned above, it has also been
demonstrated that NQO1 is involved in drug metabolism, ultimately
leading to drug resistance [31,32]. In this study, we find that DPP9 can
inhibit ROS levels in liver cancer cells by up-regulating NQO1. However,

it is not clear how up-regulated NQO1 regulates ROS levels in liver
cancer cells. Since the ratio of intracellular NAD(P)H/NAD(P)+ plays an
important role in regulating ROS levels to maintain redox homeostasis
[33], up-regulation of NQO1 may inhibit ROS levels by influencing the
ratio in liver cancer cells. Previous studies have shown that inhibiting
ROS can reduce oxidative DNA damage and increase DNA damage repair
[34,35]. Therefore, we speculated that higher DPP9 or NQO1 might
alleviate oxidative DNA damage and increase DNA damage repair by
inhibiting ROS to promote resistance to chemotherapy. Considering the
important role of intracellular ROS levels in DPP9 and NQO1-mediated
chemoresistance, DPP9 and NQO1 might not induce resistance to drugs
that do not increase ROS levels in cells. It is worth noting that NQO1
polymorphism is also a consideration for drug resistance [36]. However,
the mechanism by which NQO1 polymorphism promotes drug resistance
is different. Primarily, NQO1 polymorphism weakens the activity of its
enzyme, resulting in NQO1-bioactivating drugs (such as β-lapachone)
not being activated and not being effective.

Previous studies have shown that NRF2 can regulate numerous
downstream target genes related to antioxidant activity, glutathione
synthesis and conjugation, drug-metabolizing enzymes, and transporters
in cells [37,38]. Since DPP9 significantly increases NRF2 protein levels
in liver cancer cells, it can theoretically up-regulate the transcription of
these downstream target genes as well. However, RNA sequencing result
shows that apart from NQO1 gene, there is no significant up-regulation
observed for other NRF2 downstream target genes in liver cancer cells
with DPP9 overexpression. shKEAP1 or NRF2 agonist CDDO-me was
then used to mimic DPP9 overexpression to see whether only NQO1
could be up-regulated in cells. We found that KEAP1 knockdown could
significantly increase the levels of NRF2 downstream target genes
(ABCC1, ABCC2, AKR1C1, AKR1C3, CAT, GCLC, GCLM, GSTM2, HO-1,
NQO1, and SOD2), while CDDO-me could up-regulate the levels of other
NRF2 downstream target genes except for GSTM2 and SOD2 in cells

Fig. 8. Schematic diagram of DPP9-mediated chemoresistance in liver cancer cells. DPP9 inhibits ubiquitin-mediated degradation of NRF2 protein by binding to
KEAP1, up-regulates NRF2 protein levels, promotes mRNA transcription of NQO1, inhibits intracellular ROS levels, and thus weakens the responses of liver cancer to
chemotherapy drugs.

Y. Zhou et al.



Redox Biology 75 (2024) 103292

10

(Supplemental Fig. 8 and 9). We speculated that the reason why
CDDO-me had no effect onmRNA levels of GSTM2 and SOD2 in cells was
that CDDO-me might balance intracellular GSTM2 and SOD2 mRNA
levels by acting on other targets, resulting in unchanged mRNA levels of
these two genes. Similar to CDDO-me, DPP9 might also balance the
mRNA levels of NRF2 downstream target genes by acting on other
intracellular targets, resulting in no significant changes of other target
genes except for NQO1.

It has been shown that KEAP1 combines with NRF2 in cells to form
two conformations: closed and open states [39,40]. In the closed state,
both NRF2’s DLG and ETGEmotifs are attached to a KEAP1 dimer, while
in the open state, only NRF2’s ETGE motif binds to a single KEAP1
molecule. The conversion of the KEAP1-NRF2 complex conformation
from “open” to “closed” triggers ubiquitin-mediated degradation of
NRF2 protein. DPP9 contains ETGE and ESGE motifs. Theoretically,
both motifs of DPP9 may bind KEAP1 and interfere with the binding of
KEAP1 and NRF2. However, both our study and Chang et al. [25]
demonstrate that DPP9 interacts with KEAP1 through its ESGE motif
rather than its ETGE motif. Since DPP9 inhibits the binding of KEAP1
and NRF2, it is not surprising that DPP9 exhibits a significant promoting
effect on NRF2 stabilization. In addition to DPP9, other proteins can also
regulate NRF2 stability by competing with NRF2 for binding KEAP1. For
example, PALB2 [41], CDK20 [42], FAM117B [43], and WTX [44] can
regulate the stability of NRF2 by combining their ETGE motifs with
KEAP1. Nestin can regulate the stability of NRF2 by combining its ESGE
and DLG motifs with KEAP1 [45]. IASPP and aPKCι can directly bind to
KEAP1 and regulate NRF2 stability via DLT and DLL motifs, respectively
[46,47]. SQSTM1 binds to KEAP1 through its STGE motif and regulates
the stability of NRF2 [48]. These studies suggest that proteins containing
ETGE, DLG or similar sequences have the potential to bind KEAP1 and
regulate the stability of NRF2 protein.

Based on this research, the combination of small-molecule inhibitors
that disrupt the DPP9-KEAP1 complex with chemotherapy drugs could
potentially improve the response of liver cancer patients to chemo-
therapy and prolong their survival. Given DPP9’s critical function in
liver cancer, designing small-molecule inhibitors may offer a fresh
method of treating this disease.

CRediT authorship contribution statement

Yunjiang Zhou: Writing – original draft, Visualization, Validation,
Investigation, Funding acquisition, Formal analysis, Data curation.
Yaxin Chen: Visualization, Validation, Methodology, Investigation,
Data curation. Chenyuan Xuan: Investigation. Xingyan Li: Investiga-
tion. Yingying Tan: Investigation. Mengdi Yang: Investigation. Men-
gran Cao: Investigation. Chi Chen: Investigation. Xing Huang:
Validation, Supervision, Methodology, Conceptualization. Rong Hu:
Writing – review & editing, Supervision, Resources, Project adminis-
tration, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare no potential conflicts of interest.

Data availability

Data will be made available on request.

Acknowledgements

This work was supported by the National Natural Science Foundation
of China (82373328, 82103214, and 82073185), the Natural Science
Foundation of Jiangsu Province (BK20200577), and the Fundamental
Research Funds for the Central Universities (2632023TD09).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.redox.2024.103292.

References

[1] H. Sung, J. Ferlay, R.L. Siegel, M. Laversanne, I. Soerjomataram, A. Jemal, F. Bray,
Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries, CA A Cancer J. Clin. 71 (2021)
209–249.

[2] R. Geiss-Friedlander, N. Parmentier, U. Möller, H. Urlaub, B.J. Van den Eynde,
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