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Arctigenin impairs UBC12 enzyme activity and cullin
neddylation to attenuate cancer cells

Yi-fan Chen', Run-zhi Liu', Wen-wen Ying', Yue-ning Yang', Sen-feng Xiang', Xue-jing Shao', Ji Cao'*3, Yan-gi Zhang®, Bo Yang',

Qiao-jun He'** and Mei-dan Ying"*®

Neddylation is a type of posttranslational protein modification that has been observed to be overactivated in various cancers.
UBC12 is one of two key E2 enzymes in the neddylation pathway. Reports indicate that UBC12 deficiency may suppress lung cancer
cells, such that UBC12 could play an important role in tumor progression. However, systematic studies regarding the expression
profile of UBC12 in cancers and its relationship to cancer prognosis are lacking. In this study, we comprehensively analyzed UBC12
expression in diverse cancer types and found that UBC12 is markedly overexpressed in most cancers (17/21), a symptom that
negatively correlates with the survival rates of cancer patients, including gastric cancer. These results demonstrate the suitability of
UBC12 as a potential target for cancer treatment. Currently, no effective inhibitor targeting UBC12 has been discovered. We
screened a natural product library and found, for the first time, that arctigenin has been shown to significantly inhibit UBC12
enzyme activity and cullin neddylation. The inhibition of UBC12 enzyme activity was newly found to contribute to the effects of
arctigenin on suppressing the malignant phenotypes of cancer cells. Furthermore, we performed proteomics analysis and found
that arctigenin intervened with cullin downstream signaling pathways and substrates, such as the tumor suppressor PDCD4. In
summary, these results demonstrate the importance of UBC12 as a potential therapeutic target for cancer treatment, and, for the
first time, the suitability of arctigenin as a potential compound targeting UBC12 enzyme activity. Thus, these findings provide a new

strategy for inhibiting neddylation-overactivated cancers.
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INTRODUCTION
Neddylation is a type of posttranslational protein modification that
is mediated by the ubiquitin-like protein NEDD8, and it plays an
important role in regulating protein stability [1]. The overactivated
neddylation pathway has been observed in various types of cancer
and indicates poor patient prognosis [2-6]. Two specific E2
conjugating enzymes have been identified to participate in the
neddylation pathway: UBC12 and UBE2F. UBC12 preferentially
regulates the neddylation of cullin 1, cullin 2, cullin 3, and cullin 4 [7].
Published results indicate that knocking down UBC12 could inhibit
the development of lung cancer and esophageal squamous cell
carcinoma [8, 9]. It remains unclear whether UBC12 is involved in
the progression of other cancers and whether the expression of
UBC12 specifically confers the prognosis of certain cancer types. In
this study, we systematically analyzed UBC12 expression in diverse
cancers. We found that in most cancers (17/21), UBC12 over-
expression was associated with poor survival rates, indicating that
UBC12 could be a potential target for cancer treatment.

Targeting neddylation is a promising approach for cancer
therapy. MLN4924 is the first-in-class E1 enzyme inhibitor of

neddylation and exerts significant antitumor effects [10-15].
Despite its remarkable effects and considerable success in clinical
trials, MLN4924 has some unavoidable limitations. First, due to its
broad inhibition of the entire neddylation pathway, MLN4924 may
induce unexpected toxicities. Second, some preclinical studies
reported that mutations in NAER and UBA3 could induce resistance
to MLN4924 [16, 17]. Preclinical studies have designed several
inhibitors targeting the interaction between the E2 enzyme UBC12
and the E3 enzyme DCN1; however, the effects of these inhibitors
against tumors have not been evaluated systematically, in vitro or
in vivo [18-20]. Notably, no inhibitors that directly target UBC12
have been designed to restrain neddylation and tumor progression.
These results indicate the need to develop more selective inhibitors
of the neddylation pathway.

Considering the potential role of UBC12 in tumor progression
and prognosis, we screened a natural product library to identify
potential compounds targeting UBC12 enzyme activity. We found,
for the first time, that arctigenin showed a remarkable effect in
inhibiting the E2 enzyme activity of UBC12, leading to a decrease
in neddylated cullins. As a result, tumor-related downstream
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signals and substrates of cullin, such as the cell cycle signal, P53
pathway, and tumor suppressor PDCD4, are changed. We found
that the function of arctigenin in inhibiting tumor cells is
associated with UBC12 enzyme level. Collectively, our studies
validate the potential and attractive prospect of UBC12 as an
effective anticancer target and identify arctigenin as a new
approach to target the overactivated neddylation pathway for
cancer treatment.

MATERIALS AND METHODS

Cell lines and culture

The PC9 and H1299 human lung cancer cell lines, the HGC27 and
MGC803 human gastric cancer cell lines, the 5637 human bladder
cancer cell line, and the U20S human osteosarcoma cell line were
purchased from the Shanghai Institute of Biochemistry and Cell
Biology (Shanghai, China). Human embryonic kidney HEK-293T
and 293FT cells were purchased from Invitrogen (Grand Island, NY,
USA). The PC9, H1299, HGC27, MGC803, 5637, and U20S cells were
maintained in RPMI-1640 medium (HyClone). The HEK-293T cells
were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM,
Gibco). The 293FT cells were maintained in DMEM (Gibco) with
1 mM L-glutamine (Invitrogen) and 1% MEM-nonessential amino
acids. All culture media were supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin.

Plasmids, reagents, and antibodies

Human UBC12 was amplified from HEK-293T c¢DNA and then
subcloned into the pCDNA3.0 plasmid. The sequences of shUBC12
#1 and shUBC12 #2 were synthesized and subcloned into the
PLKO.1 plasmid. A primary antibody against UBC12 was purchased
from Santa Cruz Biotechnology. Primary antibodies against cullin 1
and cullin 3 were purchased from Cell Signaling Technology.
Primary antibodies against NEDD8 and PDCD4 were purchased from
Abcam. A primary antibody against GAPDH was purchased from
Diagbio. Arctigenin was purchased from FEIYUBIO (Nantong, China).

Cell proliferation assay

Cell proliferation was evaluated by a sulforhodamine B (SRB)
colorimetric assay. To assess drug effects, cells were seeded in 96-
well plates, cultured for 24 h, and then treated with DMSO or a
dilution series of arctigenin for 72 h. To assess clone formation
ability, cells were seeded in six-well plates, cultured for 24 h, and
then exposed to arctigenin or DMSO for 10-12 days. At the end of
the experiment, the cells were washed with PBS five times
and then fixed with 10% trichloroacetic acid (4 °C). Following
fixation, the cells were incubated in SRB for 30 min at room
temperature. Then, 1% acetic acid was used to wash residual SRB.
After drying, the quantity of clones was measured using ImagelJ. A
10 mM Tris solution was used to dissolve the SRB dye in 96-well
plates, and the optical density was analyzed at 510 nm.

Cell apoptosis analysis

Cells were stained with PI/Annexin V for 15 min and then collected.
Flow cytometry was used to detect PI/Annexin V* and PI*/Annexin
V* cells for cell apoptosis analysis.

Western blotting

To assess PDCD4 and GAPDH levels, cells were lysed in 4% SDS
buffer (4% SDS, 150 mM NaCl, 50 mM triethylamine). To determine
the extent of neddylation of cullin 1 and cullin 3, cells were lysed in
1% NP40 buffer (50 mM Tris, 150 mM NaCl, 1% NP40, pH=7.4)
containing protease inhibitors (5 mg/mL leupeptin, 0.1 mM NazVO,,
1 mM PMSF). A BCA reagent kit was used to quantify the protein
level of all samples. Proteins were separated by 12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to PVDF membranes. To detect NEDD8-conjugated
UBC12, cells were lysed in MES buffer (50 mM MES, 150 mM Nadl,
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1% NP40, pH=4.5) containing protease inhibitors (5mg/ml
leupeptin, 0.1 mM NasVO,; 1 mM PMSF). Proteins were separated
using 12% Bis-Tris gels and transferred to PVDF membranes. The
membranes were blocked with 5% skim milk, and then incubated
with primary antibodies overnight at 4 °C, subsequently incubated
with secondary antibodies at room temperature for 1 h and finally,
reacted with ECL detection reagent and detected via
chemiluminescence.

Lentivirus transduction

Five micrograms of PLKO.1-shUBC12 (sequence #1 or sequence
#2), 5 ug of pCMV-P8.9, and 1 pg of pMDG-VSVG were mixed with
jetPRIME transfection reagent, added to 293FT and incubated for
16 h. The supernatant was discarded. The cells were then
incubated with fresh medium containing sodium pyruvate over-
night. The supernatant was filtered with 0.45um filters and
concentrated. For lentivirus transduction, cells were cultured in
six-well plates and infected with lentiviral suspensions in the
presence of 6 mg/mL polybrene for 16 h. The supernatant was
replaced with fresh medium, and the cells were cultured until the
cells were harvested to examine protein expression.

Quantitative proteomics analysis

HGC27 cells were treated with 40 uM arctigenin for 36 h and 72 h
and then harvested. Label-free quantitative proteomics was
analyzed by PTM BIO.

Expression and survival analysis of online datasets

The expression profile of UBC12 in different types of cancer was
analyzed using the Tumor Immune Estimation Resource (TIMER,
http://timer.cistrome.org/) [21]. The gene expression level is
shown with log2 TPM. The differential expression between tumor
and adjacent normal tissues was determined by Wilcoxon test.
Kaplan—Meier Plotter (KM plotter, http://kmplot.com) was used to
analyze the correlation between UBC12 expression and overall
survival [22]. Samples were assigned to two cohorts based on the
best cutoff of UBC12 expression.

Statistical analysis

Data are presented as the mean values + SD and were analyzed
using Student’s t test. ICso values were determined using the
statistical analysis software platform SPSS. Protein expression was
measured using ImageJ. We used Pearson’s coefficient correlation
to evaluate the correlation of ICs, values with the neddylation
level of UBC12. P values less than 0.05 were considered statistically
significant (n.s., P> 0.05; *P < 0.05; **P < 0.01; ***P < 0.001).

RESULTS

The overexpression of UBC12 is closely associated with poor
prognosis in a subset of human cancers

We used the TIMER database to systematically investigate the
expression profile of UBC12 in different cancer types. Comprehensive
analysis of 21 cancer types from The Cancer Genome Atlas (TCGA)
showed that UBC12 was overexpressed in 80.95% of cancer types
(17/21), compared to adjacent normal samples. These cancer types
include bladder urothelial carcinoma (BLCA), breast invasive carci-
noma (BRCA), cervical squamous cell carcinoma and endocervical
adenocarcinoma (CESC), cholangiocarcinoma (CHOL), colon adeno-
carcinoma (COAD), esophageal carcinoma (ECSA), head and neck
squamous cell carcinoma (HNSC), kidney chromophobe (KICH),
kidney renal clear cell carcinoma (KIRC), liver hepatocellular
carcinoma (LIHC), lung adenocarcinoma (LUAD), lung squamous cell
carcinoma (LUSC), pheochromocytoma and paraganglioma (PCPG),
prostate adenocarcinoma (PRAD), stomach adenocarcinoma (STAD),
thyroid carcinoma (THCA), and uterine corpus endometrial carcinoma
(UCECQ) (Fig. 1a). We further examined whether UBC12 expression was
associated with patients’ prognosis. Analyzing the Kaplan—Meier
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Plotter database, we found that patients with higher UBC12
expression had lower overall survival rates in five cancer types
including STAD, LUAD, KIRC, LIHC, and ESCA (Fig. 1b). Instead, the
expression of UBC12 was downregulated in glioblastoma and
irrelevant to patient prognosis. These results indicate that, in a subset

Fig. 1

UBC12 Expression Level (log, TPM)
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of human cancers, UBC12 overexpression is closely associated with
poor prognosis. Considering the expression level and clinical features,
we focused on gastric cancers and lung cancers, which showed
significant UBC12 overexpression and worse prognoses, to further
explore the fundamental role of UBC12 in cancers.
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The overexpression of UBC12 is closely associated with poor prognosis in a subset of human cancers. a UBC12 expression level in

human cancers and adjacent normal tissues was determined by TIMER based on TCGA database (*P < 0.05; **P < 0.01; ***P < 0.001. Red, higher
in cancer; blue, lower in cancer; black, no significant between cancers and normal tissues). b The relationships between cancer patients’
survival rate and UBC12 expression were analyzed by the Kaplan-Meier plotter database.
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Depletion of UBC12 can inhibit malignant phenotypes of cancer
cells

After demonstrating that the abnormal activation of UBC12 was
closely related to poor prognoses of gastric cancer and lung
cancer, we further evaluated the effect of UBC12 downregulation
on the malignant phenotypes of these two cancer cell lines. We
knocked down UBC12 and evaluated the proliferation abilities of
the gastric cancer cell line HGC27 and the lung cancer cell line PC9
(Fig. 2a). The results showed that the downregulation of
UBC12 significantly inhibited the proliferation of these two cell
lines (Fig. 2b, P<0.05). Similarly, UBC12 knockdown markedly
decreased the clone formation number of HGC27 and PC9 cells
(Fig. 2c), providing further evidence of the UBC12 knockdown

effect. The relative clone formation rates of shUBC12 #1 in HGC27
cells and PC9 cells were 40% and 9%, respectively. More
significant inhibition was observed in the shUBC12 #2 group;
and the relative clone formation rates in HGC27 cells and PC9 cells
were 27% and 0.4%, respectively. Furthermore, inhibiting UBC12
also induced the apoptosis of HGC27 cells (Fig. 2d). In conclusion,
UBC12 knockdown significantly inhibited the malignant pheno-
types of gastric cancer cells and lung cancer cells.

Arctigenin can effectively restrain the E2 enzyme activity of UBC12
To identify potential compounds capable of targeting UBC12 enzyme
activity, we screened a natural compound library consisting of 32
compounds (Supplementary Table 1). As the specific NEDD8-
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Fig. 2 Depletion of UBC12 can inhibit the malignant phenotypes of cancer cells. a HGC27 and PC9 cells were transfected with lentivirus-
shUBC12 or shCtrl (control shRNA) for 72 h and the effect of UBC12 knockdown was examined. b Cell proliferation of HGC27 and PC9 cells
transfected with lentivirus-shUBC12 was determined by SRB assay. ¢ Clone formation ability of HGC27 and PC9 cells transduced with
lentivirus-shUBC12 was determined by SRB assay and the clone numbers were counted using Image J. d Apoptosis rate of HGC27 and PC9

cells transduced with lentivirus-shUBC12 was determined by flow cytometry. The effect of UBC12 knockdown was examined by Western
blotting. *P < 0.05, **P < 0.01, ***P < 0.001.
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conjugated E2 enzyme, the vital function of UBC12 is to transfer
NEDDS8 to target proteins, which catalyzes the NEDD8 cascade [7].
Therefore, we examined the protein expression of NEDD8-conjugated
UBC12 to evaluate the inhibitory effects of the compound candidates
on the E2 enzyme activity of UBC12. MLN4924 was used as a positive
control. We found that compound #24 (arctigenin) reduced the level
of NEDD8-conjugated UBC12 to the greatest extent (Fig. 3a, b).
Arctigenin also inhibited the E2 enzyme activity of UBC12 in a dose-
dependent manner (Fig. 3¢). Given that UBC12 is known to catalyze
the second step of the neddylation pathway, inhibiting UBC12 may
decrease the modification levels of cullins. We evaluated the
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neddylation levels of cullins in HEK-293T cells treated with arctigenin.
Arctigenin significantly decreased the neddylation levels of cullin 1,
cullin 3, and cullin 4, and modestly decreased the neddylation of
cullin 2 (Fig. 3d). Taken together, these results provide new evidence
that arctigenin can significantly inhibit UBC12 enzyme activity,
leading decreased cullin neddylation.

The inhibition of UBC12 enzyme activity contributes to the
abrogation of tumor progression by arctigenin

Considering the inhibitory effect of arctigenin on UBC12 E2
enzyme activity, we investigated the correlation between UBC12
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Fig. 3 Arctigenin can effectively restrain the E2 enzyme activity of UBC12. a UBC12-overexpressing HEK-293T cells were treated with
MLN4924 or 32 natural compounds for 24 h. The level of NEDD8-conjugated UBC12 was used to evaluate the enzyme activity of UBC12.
b Quantification of inhibitory effects of the 32 natural compounds on E2 enzyme activity of UBC12. ¢ HEK-293T cells were treated with
different doses of arctigenin for 24 h and NEDD8-conjugated UBC12 was detected. d UBC12-overexpressing HEK-293T cells were treated with
20 pM arctigenin for 24 h. Protein levels of neddylated cullins were examined.
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enzyme activity and the antitumor effect of arctigenin. We first
evaluated the ability of arctigenin to suppress the proliferation of
cancer cells. According to our database analysis, high expression
of UBC12 was correlated with poor prognosis in STAD and LUAD.
Consequently, we chose the lung cancer cell lines PC9 and H1299
and the gastric cancer cell lines HGC27 and MGC803 to assess the
growth inhibitory effect of arctigenin. We also explored this effect
on two other cancer types, the 5637 bladder cancer cells and
U20S osteosarcoma cells, in which UBC12 levels were not higher

than those determined in the corresponding adjacent normal
tissues. Arctigenin treatment dose-dependently inhibited the
proliferation of PC9, H1299, and HGC27 cells (with ICsy values of
9.7 UM, 17.2 uM, and 9.5 uM, respectively). In contrast, at similar
concentrations ranging from 10 to 20 uM, no cytotoxic effect was
observed in MGC803, 5637, and U20S cells (with ICsy values of
100.3 uM, 140.1 uM, and 117.2 uM, respectively) (Fig. 4a). Con-
sidering that UBC12 mainly functions as the E2 enzyme of
neddylation and that UBC12 expression is not always associated
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Fig. 4 The inhibition of UBC12 enzyme activity contributes to the abrogation of tumor progression by arctigenin. a PC9, H1299, HGC27,
MGC803, 5637, and U20S cell lines were treated with arctigenin for 72 h. The cell proliferation was measured by SRB assay (*P < 0.05; **P < 0.01;
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with its enzyme activity, we evaluated the protein level of NEDD8-
conjugated UBC12 in the above cancer cells to clarify whether the
sensitivity of cancer cells to arctigenin is associated with the E2
enzyme activity of UBC12. The results showed that the protein
levels of NEDD8-conjugated UBC12 in PC9, H1299, and HGC27
cells were significantly higher than those in MGC803, 5637, and
U20S cells (Fig. 4b). Analysis of Pearson’s coefficient correlation
confirmed a significant negative correlation between the protein
levels of NEDD8-conjugated UBC12 and the ICs, values of
arctigenin (r= —0.960, P < 0.05) (Fig. 4c).

We further investigated whether arctigenin can inhibit the E2
enzyme activity of UBC12 in gastric and lung cancer cells. Our
results showed that arctigenin significantly reduced the protein
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levels of NEDD8-conjugated UBC12 in a dose-dependent manner
in HGC27 and PC9 cells (Fig. 4d, e). The clone formation inhibitory
effect of arctigenin was also confirmed (Fig. 4f, g). Collectively,
these results demonstrate that the inhibition of UBC12 enzyme
activity contributes to the function of arctigenin suppressing the
malignant phenotypes of gastric and lung cancer cells.

Arctigenin can increase the PDCD4 protein level by blocking cullin
neddylation

Next, we explored the mechanism by which arctigenin inhibits
cancer cells. As expected, arctigenin treatment decreased the
neddylation levels of cullin 1 and cullin 3 in a time- and
concentration-dependent manner in gastric cells (Fig. 5a, b).
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Fig. 5 Arctigenin can increase the PDCD4 protein level through blocking cullin neddylation. Western blotting was performed to detect
neddylation level of cullin 1 and cullin 3 in HGC27 cells treated with 40 pM arctigenin for 36 h and 72 h (a) and HGC27 cells treated with 20 and 40 pM
arctigenin for 72 h (b). ¢ HGC27 cells were treated with arctigenin for 36 h and 72 h, respectively. Quantitative proteomics was used to identify the
proteins regulated by arctigenin. d The Gene ontology (GO) classification was used to analyze the biological functions of the 133 upregulated
proteins and 263 downregulated proteins in arctigenin group (72 h). e Heatmap of 37 upregulated proteins overlapped in arctigenin 36 h group and
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Inhibition of cullin neddylation results in the accumulation of
downstream substrates. Label- free quantitative proteomics was
performed to explore the potential mechanism by which
arctigenin induces cell death. A total of 4898 quantifiable proteins
were identified. The expression levels of a total of 261 and 396
proteins changed significantly in HGC27 cells treated with
arctigenin for 36 h and 72 h, respectively. Among these changed
proteins, 37 proteins were upregulated and 142 proteins were
downregulated in both the arctigenin 36h group and the
arctigenin 72h group (Fig. 5c). The differentially expressed
proteins of the arctigenin 72 h group were classified according
to data from the gene ontology database. Arctigenin mainly
affected the proteins associated with DNA damage, cell cycle, the
p53 class mediator, and nuclear division, which could explain the
ability of arctigenin to induce cancer cell death (Fig. 5d). Next, we
examined whether any tumor suppressors accumulated among
the changed neddylation substrates. Among the upregulated
proteins in both the arctigenin 36 h group and 72 h group, we
found Programmed Cell Death 4 (PDCD4), a tumor suppressor
protein that has been demonstrated to be a substrate of cullin 1
(Fig. 5e) [23]. We then further confirmed the effect of arctigenin on
PDCD4 expression in HGC27 cells. We treated HGC27 cells with
arctigenin and found that PDCD4 protein accumulated in a
concentration- (20 uM and 40 uM) and time-dependent manner
(36 h and 72h) (Fig. 5f, g). In addition, UBC12 overexpression
restored the increase in PDCD4 protein levels in HGC27 cells
treated with arctigenin (Fig. 5h). Taken together, these findings
indicate that arctigenin can inhibit cullin neddylation in gastric
cancer cells, resulting in the accumulation of the tumor
suppressive protein PDCD4 and changes in key signaling path-
ways that induce cell death. The inhibition of UBC12 and cullin
neddylation contributes to the regulation of protein stability by
arctigenin.

DISCUSSION
The neddylation pathway is overactivated in various types of
tumors [1, 3, 4, 8, 24]. Because UBC12 is the specific E2
conjugating enzyme of the neddylation pathway, inhibition of
UBC12 is a promising strategy targeting the overactivated
neddylation for cancer treatment. We comprehensively analyzed
the expression patterns and clinical features of UBC12 in diverse
cancers and propose that UBC12 is a prospective therapeutic
target. In addition, UBC12 knockdown resulted in remarkable
suppression of malignant tumor characteristics. Furthermore, we
are the first to have identified a compound named arctigenin that
can inhibit the E2 enzyme activity of UBC12. We determined that
the underlying mechanism of the antitumor effect of arctigenin is
related to the neddylation pathway, like cullin substrate PDCDA4.
These findings highlight the crucial role of UBC12 in tumor
progression and provide sound evidence for developing arcti-
genin as a compound that intervenes in the E2 enzyme activity of
UBC12 and impairs the overactivation of neddylation in cancers.
A previous study reported that UBC12 is overexpressed in lung
cancers [8]. In our systematic analysis of TCGA datasets, we found
abnormally increased levels of UBC12 in multiple cancers, and this
increase was associated with poor prognosis in some of these
cancers. We further validated that knocking down UBC12 can
significantly inhibit the progression of gastric cancer. These findings
indicate that UBC12 plays an important role in cancer development
and is an attractive therapeutic target for cancer treatment.
Although MLN4924 has demonstrated considerable anticancer
effects in clinical trials, it still faces challenges that include
potential high toxicity and resistance due to unexpected
mutations. Here, we provide an innovative UBC12 inhibitor,
arctigenin, that markedly inhibits UBC12 enzyme activity and
blocks cullin neddylation, especially the neddylation of cullin 1,
cullin 3, and cullin 4. This selective inhibition appears to be
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different from the MLN4924-mediated blockage of the entire
neddylation pathway, which could possibly indicate lower toxicity
[10]. Overall, our study identified arctigenin as a novel E2 enzyme
inhibitor that selectively targets cullin neddylation and, therefore,
could be a promising strategy for neddylation-overactivated
cancers.

Arctigenin has been reported to possess antitumor activity by
regulating the C/EBPalpha, PPARalpha, ROS/p38 MAPK, and Wnt/
beta-Catenin pathways [25-30]. However, its role in the regulation
of the neddylation pathway is not clear. In our studies, arctigenin
selectively blocked the neddylation pathway and markedly
suppressed the malignant phenotypes of cancer cells. Arctigenin
also altered several crucial biological processes, including DNA
damage, the cell cycle, the p53 class mediator, and nuclear
division, which are crucial to cancer cell death. We also found a
high accumulation of PDCD4, which is a crucial tumor suppressor
and a substrate of cullin 1 and cullin 3, after arctigenin treatment
[23, 31]. Previous studies have established the essential role of
PDCD4 in suppressing cancer cell growth, invasion, and neoplastic
transformation and in inducing apoptosis [32-35]. Moreover,
PDCD4 is involved in the regulation of protein translation by
inhibiting the helicase activity of elF4A [23, 36, 37]. These results
strongly indicate how arctigenin induces the suppression of the
malignant tumor phenotypes by regulating the neddylation
pathway. Of note, with the exception of PDCD4, the accumulation
of a subset of other proteins was also observed in the proteome.
Further studies are required to determine how these proteins
contribute to the anticancer effect of arctigenin.

Overall, our results elucidate that UBC12 is a prospective and
attractive antitumor target. We are the first to report that
arctigenin exerts a significant antitumor effect by directly
inhibiting the E2 enzyme activity of UBC12, suggesting a new
strategy targeting the neddylation pathway in tumor treatment.
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