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ABSTRACT: Sulforaphane is one of the most characterized isothiocyanate
compounds in cruciferous vegetables and shows anticancer effects, especially
antileukemia properties. However, the molecular mechanism of the growth
inhibition effect of sulforaphane in acute myeloid leukemia (AML) has not
been fully explored. In the present study, a proteomic analysis was
performed on the AML cell line U937 responding to sulforaphane treatment
to identify novel and efficient therapeutic targets of sulforaphane on AML
cells. Key driver analysis was run on the leukemia network, and TRIP13 was
identified as a key regulatory factor in sulforaphane-induced growth
inhibition in U937 cells. Pretreatment with DCZ0415, an inhibitor of
TRIP13, could significantly attenuate sulforaphane-induced cell apoptosis
and cell cycle arrest in vitro through the PI3K/Akt/mTOR signaling
pathway. In addition, the inhibitory effect of sulforaphane on the tumor
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volume could also be obviously attenuated by the pretreatment of DCZ041S in vivo. These results indicate that TRIP13 plays an
important role in the sensitivity of leukemia cell response to sulforaphane treatment, and these findings expand the understanding of

the mechanism of the antileukemic effect of sulforaphane and provide a new target for the treatment of AML.

1. INTRODUCTION

Sulforaphane (SEN), 1-isothiocyanato-4-methylsulfinyl-butane,
is an isothiocyanate found in cruciferous vegetables, which is
one of the most characterized isothiocyanate compounds and
has shown anticancer properties. Recent studies demonstrated
that SEN acted as a therapeutic agent in various cancers' > and
especially played an important role in the treatment of
leukemia.”"* Acute myeloid leukemia (AML) is a hematologic
malignancy with high mortality rates, and it is a heterogeneous
disease characterized by blocked differentiation and uncon-
trolled proliferation of blasts.” Because of the self-renewal
capability of leukemia stem cells, there is a high relapse ratio in
AML. Despite marked improvements in AML management,
the outcomes are still unsatisfactory. It is still a great challenge
to seek more effective approaches to AML treatment.

At present, some studies have been conducted on the
mechanism of the growth inhibition effect of SFN in AML.
Sulforaphane could induce apoptosis in human leukemia HL-
60 cells through extrinsic and intrinsic signal pathways.'® SEN
also could induce nonapoptotic cell death modalities. SEN
triggered different cell death modalities in a dose-dependent
manner. At 25 uM, SEN induced caspase-dependent apoptosis,
and at 50 uM, ferroptosis was induced through depletion of
glutathione (GSH), decreased GSH peroxidase 4 protein
expression, and lipid peroxidation. In contrast, necroptosis was
not involved in SFN-induced cell death.'' Some microRNAs
were reported in AML pathogenesis and as therapeutic targets
in SFN-induced cell apoptosis. The miR-155 level was

© 2024 The Authors. Published by
American Chemical Society

7 ACS Publications

significantly higher in patients with AML compared to
controls, and the anticancer effects of sulforaphane can be
correlated with the reduction of miR-155 levels. Sulforaphane
could induce more differentiation in myeloid progenitor cells
by controlling the miR-155, thereby mitigating the progress of
AML."> MiR-181a levels contribute to AML pathogenesis, and
thus, it can be considered as a strategy to control AML
progression in patients. SEN could arrest cell proliferation and
induce apoptosis in AML cell lines by retarding the expression
of miR-181a and affecting the miR-181a pathway, which
already clarified its role in the differentiation of hematopoietic
stem cells and indicates another mode of anticancer action of
SEN.° SEN could also inhibit the proliferation of leukemia
stem-like cells in vitro and in vivo. After SEN treatment, the
expression of the key players in the Sonic Hedgehog (Shh)
signaling pathway was significantly decreased at transcriptional
and protein levels. Consistent with this, SFN suppressed
proliferation in Shh-overexpressed cells more than in Shh-
downregulated cells, suggesting that SFN negatively modulates
the proliferation of leukemia stem-like cells by affecting the
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Shh signaling 1;);1thwe\~y.8 However, to date, the molecular
mechanism of the SFN-induced proliferation inhibition in
AML cells has not been fully explored, and it is still needed to
find novel and efficient therapeutic targets.

As proteins are molecules that ultimately perform biological
functions, in the present study, the proteomic analysis was
performed on the AML cell line U937 responding to SFN
treatment to find more clues to decipher how SEN could
induce growth inhibition of AML cells. Proteomic expression
profiling showed that a total of 238 proteins were identified as
differentially expressed proteins (DEPs) from the control
U937 cell compared to that with SEN treatment. Key driver
analysis was run on the leukemia network, and thyroid
hormone receptor interacting protein 13 (TRIP13) was
identified as a key regulatory factor in SFN-induced apoptosis
and cell cycle arrest in U937 cells. Previous research reported
that TRIP13 plays a key role in regulating mitotic processes,
including the spindle assembly checkpoint and DNA repair
pathways, which may account for chromosome instability
(CIN). As CIN is a predominant hallmark of cancer, TRIP13
may act as a tumor susceptibility locus. Amplification of
TRIP13 has been observed in various human cancers and
implicated in several aspects of malignant transformation,
including cancer cell proliferation, drug resistance, and tumor
progression, so TRIP13 has significant potential for cancer
treatment.'> However, the role of TRIP13 in the progression
and treatment of AML is still unclear. Therefore, in the present
study, we investigated whether TRIP13 is a key factor in SFN-
induced growth inhibition in AML cells in vitro and in vivo.
These findings have expanded the understanding of the
mechanism of the antileukemic effect of SEN and provided a
new target for the treatment of AML.

2. MATERIAL AND METHODS

2.1. Cell Culture. The human acute myeloid leukemia cell
line U937 was obtained from the American Type Culture
Collection (ATCC, VA) and cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS), 100 U/mL
penicillin, and 100 pug/mL streptomycin. Cells were incubated
in fresh medium at a starting concentration of 2 X 10° cells/
mL and fresh medium was added every 2 to 3 days to maintain
the cell density between 2 X 10° and 1 X 10° cells/mL at 37 °C
with 5% CO,.

2.2. Reagents and Antibodies. SEN was purchased from
Sigma (MO) and dissolved in dimethyl sulfoxide (DMSO) to
prepare a stock solution (40 mM) and stored at —20 °C.
DCZ041S, the inhibitor of TRIP13, was purchased from MCE
(NJ) and dissolved in DMSO to prepare a stock solution with
a concentration of 2.5 mM and stored at —20 °C. Antibodies
against cleaved-PARP, cleaved-caspase-3, cyclin D1, cyclin A2,
c-Myc, phospho-cdc2, CDK2, PI3K, Akt, phospho-Akt,
mTOR, phospho-mTOR, and HIF-1a were purchased from
Cell Signaling Technology (MA), and antibodies against
TRIP13 and GAPDH were purchased from Proteintech
(Wuhan, China).

2.3. Viability Assay. The U937 cells were plated into 96-
well plates (5 X 10* cells/well) and treated with SEN at
concentrations of 0—40 M for 24 h. Cell inhibition rates were
measured using a Cell Counting Kit-8 (CCK-8) (Dojindo
Laboratories, Japan) according to the manufacturer’s in-
structions. The absorbance was measured by an EnSpire
Multimode Plate Reader (PerkinElmer, CA) at 450 nm. The
experiment was performed three times independently.

2.4. Apoptosis Assay. The U937 cells were plated into 24-
well plates (S X 10° cells/mL) and treated with SEN at
concentrations of 0, 10, 20, 30, and 40 uM for 24 h or at 40
uM for 0, 6, 12, 24, and 48 h. The apoptotic cells were
identified by Alexa Fluor647-conjugated Annexin V/propidium
iodide (PI) staining (Solarbio Life Sciences, Beijing, China)
according to the manufacturer’s instructions. Flow cytometry
analysis was performed with a CytoFLEX flow cytometer
(BECKMAN COULTER, CA). Both early apoptotic (Annexin
V-positive, PI-negative) and late apoptotic (Annexin V-positive
and Pl-positive) cells were defined as apoptotic cells.

2.5. Cell Cycle Analysis. The U937 cells were plated into
6-well plates (5 X 10° cells/mL) and treated with SEN at
concentrations of 0—40 M for 24 h or at 40 uM for 0—48 h.
The cells were harvested and fixed at 4 °C in 70% ethanol for
24 h. After fixation, the cells were incubated with RNase A and
propidium iodide (PI) dye (Beyotime, Jiangsu, China)
according to the manufacturer’s instructions. Finally, the
fluorescence intensity of the PI-DNA complex was measured
by CytoFLEX flow cytometer (Beckman Coulter, CA). The
distribution of cells in different stages of the cell cycle was
analyzed by Modfit LT4.0 software.

2.6. Western Blotting. The treated cells were harvested at
indicated concentrations and appointed time points. Cells were
lysed in radioimmunoprecipitation assay (RIPA) lysis buffer
(Beyotime, Jiangsu, China), which contained a protease
inhibitor cocktail (Roche, Mannheim, Germany). Protein
concentrations were determined using a bicinchoninic acid
(BCA) protein assay reagent (Thermo, MA). Equal amounts
of cell lysate were loaded onto sodium dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) gels and
then transferred to polyvinylidene fluoride (PVDF) mem-
branes. Membranes were blocked with 5% fat-free milk and
incubated with the indicated primary antibodies at 4 °C
overnight. The membranes were incubated with horseradish
peroxidase-conjugated species-specific secondary antibodies
(Cell Signaling Technology, MA). Bands were visualized
with enhanced chemiluminescence reagent (Millipore, MA)
and imaged by a ChemiDoc MP imaging system (Bio-Rad,

2.7. Protein Digestion. Two groups of U937 cells
(control and SFN-treated cells; each group contained three
samples) were used for label-free liquid chromatography-
tandem mass spectrometry (LC-MS/MS) assays. Total
proteins were extracted by using a urea lysis buffer containing
8 M urea, 1% SDS, and the protease inhibitor cocktail. Proteins
were quantified using the BCA assay kit (Thermo Scientific,
IL) and detected by SDS-PAGE. Total proteins were treated
following tris(2-carboxyethyl)phosphine (TCEP) reduction,
Iodoacetamide alkylation, and trypsin digestion to obtain
peptides. Then, equal amounts of peptides from six samples
were desalted using a C18 solid-phase extraction and subjected
to LC-MS/MS analysis.

2.8. LC-MS/MS. The peptides of each sample were
separated on the EASY-nLC 1200 high-performance liquid
chromatography (HPLC) system using a C18 column (75 ym
X 25 cm) (Thermo Scientific) over a 120 min gradient from
buffer A (2% acetonitrile and 0.1% formic acid, vol/vol) and B
linear gradient solvent (80% acetonitrile and 0.1% formic acid)
at a flow rate of 300 nL/min. Peptides eluting from the column
were analyzed by MS/MS using a quadrupole-Orbitrap mass
Spectrometer (Q-Exactive) (Thermo Scientific) equipped with
an online nanoelectrospray ion source. MS/MS spectra were
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Figure 1. SFN-inhibited cell growth and induced apoptosis in the leukemia cell line U937. (A) Chemical structure of SFN. (B) Growth inhibition
effect of SFN analyzed at indicated concentrations for 24 h in U937 cells. (C) Cells treated with SFN at indicated concentrations for 24 h or treated
with 40 yM SFN for indicated durations. The percentage of apoptotic cells was determined by fluorescence-activated cell sorting (FACS) analysis
(left panel), and the bar chart displays the statistical analysis results of the cell apoptosis ratio (right panel). (D) The expression of apoptosis-related
proteins analyzed by immunoblotting. Each experiment was repeated three times. *P < 0.0S, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

acquired by data-dependent acquisition (DDA) in full scan
mode (m/z 350—1300) with a mass resolution of 70,000,
followed by 20 sequential high-energy collisional dissociation
MS/MS scans with a resolution of 175,000. In all cases, one
micro scan was recorded using dynamic exclusion of 60 s.

2.9. Data Calculation and Analysis. The original LC-
MS/MS files were imported into MaxQuant for library
checking and an unlabeled quantitative analysis using the
database uniprot-proteome_UP000005640-Homo sapiens-
20170619-71913s.fasta. MS data were analyzed using PEAKS
Studio software version 8.5 (Bioinformatics Solutions Inc.,
Waterloo, Canada), and the parameters were set up as follows:
dynamic modification (methionine oxidation and protein N-
terminal acetylation), static modification (carbamidomethyla-
tion of cysteines), enzyme (trypsin), maximum missed
cleavages per peptide (2), precursor mass tolerance (10
ppm), and fragment mass tolerance (0.05 Da). The result-
filtering parameter is peptide false discovery rate (FDR) <
0.01. Statistical analysis was performed using the ¢t test. A fold
change of <0.67 or >1.5 and P < 0.05 were defined as
significantly different in this study.

2.10. Bioinformatics Analysis. The identified proteins
with P values <0.05 and log,lfold changel > 0.58 between two
groups were considered as differentially expressed proteins
(DEPs). The hierarchical clustering analysis of the DEPs was
performed using hcluster (https://pypi.python.org/pypi/
hcluster/0.2.0). The expression patterns of upregulated and
downregulated proteins were analyzed by a clustering assay. To
reveal the functions of the DEPs, we performed Gene
Ontology (GO) annotation and pathway analysis. In brief,
GO annotation was analyzed based on the DAVID database
(https://david.ncifcrf.gov/tools.jsp) to discover the gene

26630

regulatory networks based on hierarchical categories according
to the molecular function (MF), biological process (BP), and
cellular component (CC) terms of the DEPs. Pathway analysis
was performed with the Kyoto Encyclopedia of Genes and
Genomes (KEGG) (http://www.genome.jp/kegg/), Panther,
WikiPath, and BioCarta database. Enriched GO and pathway
terms with P-value <0.05 were considered as statistically
significant, and bubble plots were implemented with the
ggplot2 package (https://ggplot2.tidyverse.org/) in an R
language environment. The protein—protein interaction
(PPI) of DEPs was conducted on the String (http:/ /string-
de.org/, version 10.0), and the PPI network topology was
analyzed by using Cytoscape software (http://www.cytoscape.
org/). The key driver analysis (KDA) was run on the leukemia
network by using the KDA package in R.

2.11. Animal Experiments. To investigate the inhibitory
effect of SFN on U937 cell growth in vivo and the role of
TRIP13 in the SFN-mediated antitumor effect, a xenograft
nude mice model was constructed. Briefly, the mice were
divided into four groups (NC, SFN, DCZ0415, and DCZ0415
+ SFN group). In DCZ041S and DCZ0415 + SFN groups,
DCZ041S was injected intraperitoneally 1 week before
xenograft inoculation to inhibit the expression of TRIP13 in
vivo, and phosphate buffered saline (PBS) was injected as the
control in NC and SFN groups. Then, 2 X 10° U937 cells were
resuspended in a 1:1 ratio (total volume: 100 xL) in PBS with
a Matrigel basement membrane matrix and subcutaneously
injected into the right dorsal flank in the mice. After 1 week of
injection, the mice were treated with SEN in the SEN group
and DCZ0415 + SEN group for 2 weeks. PBS and DCZ0415
were injected continuously in the NC group and DCZ0415
group, respectively. Tumor sizes were measured with calipers
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Figure 2. SFN-induced cell cycle arrest in the GO/G1 phase in U937 cells. (A) Cells treated with SEN at indicated concentrations or durations; the
cell cycle was determined by FACS analysis (upper panel), and bar charts display the statistical analysis results of cell cycle distribution (lower
panel). (B) Expression levels of cell-cycle-related proteins analyzed by immunoblotting. Each experiment was repeated three times. ****P <

0.0001.

and the volumes were calculated with the formula (length X
width®)/2. The mice were sacrificed at 3 weeks after injection,
and the tumors were excised for imaging. Then, the tumors
were fixed in paraformaldehyde for immunohistochemical
staining. All experimental procedures were approved by the
Animal Ethics Committee of the West China Hospital and
were performed in accordance with the Guide for the Care and
Use of Laboratory Animals.

2.12. Immunohistochemical Staining. Paraffin-embed-
ded and sectioned tumor tissues were processed for
immunohistochemical staining. In brief, the immunohisto-
chemical staining of caspase-3 (Proteintech, Wuhan, China,
66470-2-1g), Ki67 (Cell Signaling Technology, MA, #9449),
and TRIP13 (Proteintech, Wuhan, China, 67759-1-Ig) was
performed using a nonbiotin detection method according to
the instructions on the kit (ZSGB-Bio, Beijing, China, PV-
8000). Images were observed under a microscope (Leica,
Wetzlar, Germany).

2.13. Statistical Analysis. All experiments were repeated
at least three times, and the data were expressed as means +
standard deviation (SD). Comparisons between groups were
evaluated by Student’s ¢ test using GraphPad Prism Software
(GraphPad Software Inc., CA). The P values were denoted as
*P < 0.05, **P < 0.01, ¥**¥*P < 0.001, and ****P < 0.0001 in
all figures.

3. RESULTS

3.1. SFN Inhibited the Proliferation of the Leukemia
Cell Line U937. Sulforaphane (SFN), 1l-isothiocyanato-4-
methylsulfinyl-butane, is an isothiocyanate found in cruciferous
vegetables (Figure 1A), which is one of the most characterized
isothiocyanate compounds and has shown anticancer proper-
ties. In the present study, we evaluated the effect of SEN on
cell proliferation in the leukemia cell line U937. In order to
determine the half maximal inhibitory concentration (ICy,) of

SEN on U937 cells, a dose-dependent assay was performed, in
which cells were resuspended in fresh medium at 5 X 10° cells/
mL and then treated with SFN at 0—40 yM for 24 h. The
CCK-8 assay was performed to investigate the inhibition ratio
of SEN on cell proliferation. The result indicated that SEN
inhibited cell proliferation in a dose-dependent manner, and
the IC;, value of SEN on U937 cells is about 30 uM (Figure
1B).

3.2. SFN Induced the Apoptosis of U937 Cells in a
Dose- and Time-Dependent Manner. Apoptosis is a kind
of programmed cell death that plays an essential role in
controlling cell numbers in many developmental and
physiological settings. A dose- and time-dependent assay was
performed on U937 cells to evaluate whether SEN could
induce the apoptosis of U937 cells. U937 cells were treated
with SFN at a series of concentrations (0, 10, 20, 30, and 40
uM) for 24 h or treated with SEN at 40 uM for different
durations (0, 6, 12, 24, and 48 h), and then the apoptotic cells
were detected by flow cytometry with Annexin V-AF647/PI
staining. The results showed that when treated with SFN at
higher concentrations, more apoptotic cells were detected
compared to those of the control or at lower concentrations.
On the other hand, more apoptotic cells were detected when
treated for a longer time. The percentage of apoptotic cells
increased in a dose- and time-dependent manner (Figure 1C).
The expression levels of cleaved-PARP and cleaved-caspase-3
are commonly used as markers to assess the occurrence of
apoptosis. These cleavage events are indicative of caspase
activation and the execution of programmed cell death.
Therefore, the expression levels of apoptosis-related proteins
(cleaved-PARP and cleaved-caspase-3) were assessed by
Western blotting. Consistent with the above results of flow
cytometry, these apoptosis-related proteins were significantly
increased with an increase in SFN concentrations or treatment
times (Figure 1D). All of these results indicated that SFN
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Figure 3. SEN treatment changed the protein expression pattern of U937 cells. (A) Principle component analysis (PCA) score plot of proteomic
profiling with all identified proteins in control and SFN-treated cells. (B) Volcano plots of differentially expressed proteins in the control and SFN-
treated cells. (C) The hierarchically clustered heatmap of the relative abundances of differentially expressed proteins between the control and SFN-
treatment groups. (D, E) Clustering analyses of the expression patterns of downregulated and upregulated proteins.

could induce apoptosis of U937 cells in a dose- and time-
dependent manner.

3.3. SFN Induced Cell Cycle Arrest at the GO/G1
Phase in U937 Cells. As SEN inhibited the proliferation of
U937 cells, whether SEN could arrest the cell cycle was also
evaluated. U937 cells were treated with SEN at indicated
concentrations and durations, and then, the cell cycle was
detected with PI staining by flow cytometry. The results
showed that the cell cycle was obviously arrested at the GO/G1
phase when treated with SEN at various concentrations and
treated for various time durations (Figure 2A). Further, the
expression levels of cell-cycle-related proteins were assessed by
Western blotting. Consistent with the above results from flow
cytometry, the expression levels of c-Myc and cyclin D1, which
were the key regulators in the G1-to-S phase transition, were
significantly decreased when treated with SEN. Meanwhile, the
expression levels of the key regulators of the G2/M transition
(p-cdc2 and cyclin B1) were also reduced after SEN treatment
(Figure 2B); however, the distribution of the cell cycle in the
G2/M phase showed no statistical difference. These results
indicated that SFN could mainly arrest the cell cycle at the
G0/G1 phase in U937 cells.

3.4. Proteomic Expression Profiling of SFN-Treated
U937 Cells. In order to further understand protein expression
profiling of U937 cells in response to SFN treatment, two
groups of U937 cells (control group and SFN-treated group;
each group contained three samples) were subjected to a label-

free proteomics analysis. A search of the Uniprot database
identified a total of 3281 proteins that possessed at least 1
unique peptide with a greater than 95% confidence. The
principal component analysis (PCA) showed that, as a result of
SEN treatment, the proteomic expression profiling in U937
cells was altered compared with the control group (Figure 3A).
These DEPs were further separated with a volcano plot. A total
of 238 proteins were identified as DEPs (log,lfold changel >
0.58, P < 0.05) from the control U937 cells compared to that
with SEN treatment (Supporting Information: Table S1),
which included 90 upregulated and 148 downregulated
proteins, respectively (Figure 3B). The heatmap analysis
illustrated that all experiments were highly reproducible and
all DEPs could be distinctly distinguished in the control group
from the SEN treatment group. The upregulated and
downregulated proteins could be distinctly classified into two
groups (Figure 3C). According to the expression pattern, these
downregulated DEPs could be mainly grouped into eight
distinct clusters. The largest cluster (cluster 1, including 36
proteins) had a consistent overall pattern of downregulation in
the SFN treatment group (Figure 3D), and 6 clusters were
upregulated steadily in the SFN treatment group compared
with the control group (Figure 3E).

3.5. Bioinformatic Analysis of Differentially Ex-
pressed Proteins (DEPs). The GO enrichment analysis was
also performed in up- and downregulated DEPs, respectively,
and the most significant terms of enrichment were identified
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Figure 4. Gene ontology (GO) enrichment and pathway analysis of differentially expressed proteins. (A, B) GO function enrichment of the
upregulated and downregulated DEPs in biological processes, molecular functions, and cellular components, respectively. (C, D) The pathway
enrichment of upregulated and downregulated DEPs analyzed in KEGG, Panther, Wikipath, and BioCarta database, respectively.

(P < 0.05). For upregulated DEGs, the most significant
enrichment was observed in the regulation of the cholesterol
biosynthetic process, peptidyl-lysine modification to peptidyl-
hypusine, and the adenosine catabolic process of the Biological
Process (BP) group, in the azurophil granule lumen,
transcription factor TFIIH core complex, and transcription
factor TFIIH holo complex of the cellular component (CC)
group, and in deaminase activity, adenosine deaminase activity,
and peptide a-N-acetyltransferase activity of the molecular
function (MF) group (Figure 4A). For downregulated DEGs,
the most significant enrichment was observed in the cellular
response to oxidative stress, mitotic spindle organization, and
cell redox homeostasis of the BP group, in phagolysosomes,
spindle, and UFD1-NPL4 complex of the CC group, and in the
electron-transfer activity, serine-type carboxypeptidase activity,
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and superoxide-generating NADPH oxidase activator activity
of the MF group (Figure 4B). These results indicated that the
downregulated DEGs were mainly enriched in the processes
related to the regulation of cell proliferation and activity, such
as mitotic spindle organization and cell redox homeostasis.
Further, we used a series of databases to analyze the
signaling pathways involved in DEPs. KEGG is a widely used
database that stores a large amount of data about genomes,
biological pathways, diseases, chemical substances, and drugs.
In the KEGG pathway analysis, nucleotide excision repair and
glutathione metabolism were the most significantly enriched
among up- and downregulated DEPs, respectively. In addition,
the pathway enrichment analysis was performed in several
other databases, such as Panther, WikiPath, and BioCarta. The
results showed that in the Panther pathway database,
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Figure S. Interaction networks of differentially expressed proteins. (A) The protein—protein interaction network of DEPs. The circular nodes
represent differentially abundant proteins (red: upregulation; blue: downregulation; circle size: degree of connectivity of the protein, namely, the
number of proteins that directly interact with a protein), and the lines represent protein—protein interactions. (B) The key driver analysis predicted
driving nodes by using an AML-specific gene regulation network combined with topology analysis. The red node represents the proteins that arise
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Figure 7. TRIP13 played an important role in the SEN-induced cell proliferation inhibition through the mTOR/Akt signaling pathway. (A) Cells
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corresponding proteins were detected by immunoblotting.

cholesterol biosynthesis and the pS53 pathway by glucose
deprivation were the most significantly enriched in the up- and
downregulated DEPs, respectively. The sterol regulatory
element-binding protein (SREBP) signaling and photodynamic
therapy-induced NFE2L2 (NRF2) survival signaling were the
most significantly enriched up- and downregulated DEPs in the
WikiPath database. In BioCarta, upregulated DEPs were most
significantly enriched in the effects of calcineurin in
keratinocyte differentiation pathway, and downregulated
DEPs were most significantly enriched in the role of Ran in
the mitotic spindle regulation pathway (Figure 4C,D). These
results indicated that DEGs were mainly enriched in the
signaling pathways related to the regulation of cancer cell
proliferation, such as nucleotide excision repair, pS3 pathway
by glucose deprivation, and the mitotic spindle regulation
pathway.

3.6. Analysis of the Hub Proteins in SFN-Treated
U937 Cells. In order to gain insights into the functions of
these DEPs, a protein—protein interaction (PPI) analysis was
performed using the STRING online database. After isolated
nodes and node pairs were removed, the network included
1344 edges and 219 nodes and a PPI network of DEPs was
constructed by Cytoscape. The PPI network shows a large
number of closely interacting proteins (Figure SA). To screen
the key factor in SFN-induced growth inhibition of leukemia
cells, key driver analysis was performed to predict the driving
nodes by using an AML-specific gene regulation network. The
result showed that thyroid hormone receptor interactor 13
(TRIP13), which arises from the DEPs, might be the top
master key driver in SFN-induced inhibitory effects in U937
cells (Figure SB).

3.7. TRIP13 was the Key Regulatory Factor in SFN-
Induced Proliferation Inhibition in U937 Cells. To
validate the role of TRIP13 in SEN-induced growth inhibition
of leukemia cells, DCZ0415, which is the specific inhibitor of
TRIP13, was used in the following study. First, the effective
concentration and duration of DCZ0415 in U937 cells were
determined. The expression level of TRIP13 was significantly
reduced after treatment with S uM DCZ041S for 48 h (Figure
6A), so this concentration was used in subsequent studies. The
role of TRIP13 in SEN-induced apoptosis in U937 cells was
detected by flow cytometry and Western blotting. The results

showed that pretreatment with DCZ0415 could significantly
attenuate SFN-induced cell apoptosis (Figure 6B). In addition,
inhibition of TRIP13 could also significantly attenuate SFN-
induced cell cycle arrest at the GO/G1 phase (Figure 6C).
Consistently, compared to the SEN group, the expression
levels of apoptosis and cell-cycle-related proteins were
increased to a certain extent in the DCZ041S-pretreated
group (Figure 6D). These results validated that TRIP13 was a
key factor in SFN-induced apoptosis and cell cycle arrest in
U937 cells.

3.8. TRIP13 Plays a Key Role in SFN-Induced
Proliferation Inhibition through the PI3K/Akt/mTOR
Signaling Pathway. The PI3K/Akt/mTOR signaling path-
way plays a critical role in the regulation of cell growth,
proliferation, survival, and metabolism. In leukemia, aberra-
tions in this pathway are often observed, contributing to the
development and progression of the disease. Therefore,
targeting the PI3K/Akt/mTOR pathway holds promise as a
therapeutic strategy in leukemia. Recently, some evidence
suggested that TRIP13 can modulate the activity of the PI3K/
Akt/mTOR signaling pathway so as to participate in cancer
progression, such as in lung cancer,'*'® breast cancer,'® and
hepatocellular carcinoma.'” However, the relationship between
TRIP13 and PI3K/Akt/mTOR in leukemia still needs to be
fully understood. In order to investigate the molecular
mechanism of TRIP13 in affecting the SFN-induced growth
inhibition of leukemia cells, the key proteins in the PI3K/Akt/
mTOR signaling pathway were detected by immunoblotting.
After treatment with SEN, the expression levels of PI3 kinase,
phospho-Akt, phospho-mTOR, and the downstream molecule
HIF-1a were significantly reduced in U937 cells (Figure 7A).
When the U937 cells were pretreated with DCZ0415, the
reduction expression levels of these key proteins in the PI3K/
Akt/mTOR signaling pathway, which was caused by SFN,
could be obviously attenuated (Figure 7B). These results
indicated that SFN could inhibit the activity of the PI3K/Akt/
mTOR signaling pathway, and TRIP13 plays an important role
in the process.

3.9. TRIP13 was the Key Regulatory Factor in SFN-
Induced Proliferation Inhibition In Vivo. To further
validate the role of TRIP13 in SFN-induced growth inhibition
in vivo, the xenograft model mice were divided into four
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Figure 8. TRIP13 is a key protein in SFN-induced leukemia cell growth inhibition in vivo. (A) Schematic of the experimental design to evaluate the
effect of SFN and TRIP13 on leukemia cell growth in vivo. (B) Tumor volumes were measured at the indicated days and tumor growth curves were
drawn. The data points represent the mean value of tumor volumes in each group. (C) The image of subcutaneous tumors from each group. (D)
The representative immunohistochemical images of the expression of apoptosis and proliferation-related proteins in each group. *: compared with
the NC group; *: compared with the SEN group. **P < 0.01, ****P < 0.0001, and "P < 0.01.

groups: control group, SFN group, DCZ041S group, and
DCZ041S + SFN group (Figure 8A). Compared to the control
group, suppressed tumor growth was apparent 8 days after
initiating SFN treatment. When DCZ0415 was previously
injected 1 week before the xenograft inoculation, tumor growth
was promoted 9 days after SEN treatment compared with the
SFN group (Figure 8B). Consistently, the tumor volume in the
SEN group was significantly inhibited, and the inhibitory effect
could be obviously attenuated under the pretreatment with
DCZ0415 (Figure 8C). Further, to analyze the expression of
apoptosis- and proliferation-related proteins, the tumor tissue
was excised, embedded, and sectioned for immunohistochem-
ical staining. The results revealed that, compared with the NC
group, the tumor tissue of SFN-treated mice had increased
immunoreactivity for cleaved-caspase-3, an indicator of
apoptosis. Furthermore, treatment with SFN resulted in an
obvious decrease in the expression level of Ki67, an indicator
of proliferation. However, when pretreated with DCZ0415, the
effect of SFEN on inducing apoptosis and inhibiting
proliferation was significantly diminished (Figure 8D). Taken
together, these findings indicate that SFN significantly
inhibited the growth of U937 cells in vivo, and these effects
were associated with the expression level of TRIP13.

4. DISCUSSION

The growth inhibition effect of SFN was recently demon-
strated in leukemia cell lines via various mechanisms. On the
one hand, SFN could induce apoptosis in leukemia cells
through oxidative damage,” Fas- and mitochondria-dependent
2. ; . 18,19
pathways, ~ an increase in the expression of p53, and other
mechanisms.*”° On the other hand, SFN could inhibit cell
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proliferation via cell cycle arrest. SFN arrested cell cycle
progression in the G1 phase through a decrease in the protein
expression of cyclin D3 in Jurkat T-leukemia cells."®'” In the
present study, the cell cycle was significantly arrested at the
G0/G1 phase with SEN treatment in U937 cells. Consistently,
the expression levels of cell cycle regulatory proteins c-Myc
and Cyclin D1 were obviously decreased. C-Myc is a
transcription factor that is involved in cell cycle entry and
progression from the GO/G1 to the S phase. It also activates
genes involved in DNA replication and cell growth,
contributing to cell cycle progression.”’ Cyclin D1 is involved
in the GI1 phase of the cell cycle. It forms complexes with
cyclin-dependent kinases (CDK4/6), promoting the pro-
gression of the cell cycle from the G1 to the S phase by
phosphorylating and inactivating the retinoblastoma protein
(Rb).”* These results indicate that SEN mainly arrested the
cell cycle at the GO/GI phase in U937 cells. Previous studies
reported that SFN also caused G2/M phase arrest in Jurkat T-
leukemia cells in a time- and dose-dependent manner™ and
G2/M phase arrest in ALL cell lines via a pS3-independent
upregulation of p21(CIP1/WAF1) and inhibition of the
Cdc2/Cyclin B1 complex.” In our study, the expression levels
of p-cdc2 and cyclin B1 were also reduced after SEN treatment.
Cdc2, also known as CDKI1, is a key regulator of the G2/M
transition. It forms complexes with cyclin B to drive entry into
mitosis. Phosphorylation of cdc2 (p-cdc2) leads to its
activation, and the presence of phospho-cdc2 indicates a
transition from the G2 to the M phase of the cell cycle.”*
Cyclin Bl plays a crucial role, particularly in the transition
from the G2 phase to the M phase (mitosis). It is one of the
key regulators of cell cycle progression and is involved in the
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initiation and progression of mitosis.”> However, the results of
flow cytometry showed that the distribution of cells in the G2/
M phase was not statistically different. This may be because p-
cdc2 and cyclin Bl also participated in regulating many other
cellular events, such as mitochondrial bioenergetics, cancer
progression, and drug resistance.”>*’

In the present study, GO-BP enrichment analysis revealed
that the top three significantly enriched terms of these
downregulated DEGs were cellular response to oxidative
stress, mitotic spindle organization, and cell redox homeostasis.
Oxidative stress could activate intrinsic apoptotic pathways. It
could also elevate reactive oxygen species (ROS) levels and
disrupt redox homeostasis in cancer cells. This ultimately leads
to damage to tumor cells with ROS levels exceeding a certain
threshold.?® Consistently, in the GO-MF enrichment, electron-
transfer activity, serine-type carboxypeptidase activity, and
superoxide-generating NADPH oxidase activator activity were
the top three enriched terms. These results indicated that SEN
may induce cell apoptosis mainly by regulating oxidation—
reduction homeostasis. In addition, the results of the GO-CC
enrichment analysis were significantly enriched in phagolyso-
somes, spindles, and the UFDI1-NPL4 complex; meanwhile,
mitotic spindle organization was also enriched in GO-BP
analysis. These results suggested that SEN may inhibit cell
proliferation by regulating the cell cycle, which is consistent
with the results of flow cytometry.

In the pathway analysis, the top three significantly enriched
pathways of these downregulated DEGs were in glutathione
metabolism, lysosome, and protein processing in the
endoplasmic reticulum by KEGG analysis. Interestingly, the
phagolysosome was the most significantly enriched term in the
GO-CC enrichment analysis. It indicated that autophagy may
also be involved in SFN-induced cell growth inhibition. This is
consistent with a previous report that SEN inhibited cell
growth and induced autophagy by the inhibition of HDAC6-
mediated PTEN activation in triple-negative breast cancer
cells.”” In the Panther pathway analysis, the p53 pathway by
glucose deprivation, the FAS signaling pathway, and
formyltetrahydroformate biosynthesis were the top three
significantly enriched pathways of downregulated DEPs.
Glucose deprivation could enhance tumor necrosis factor
(TNF)-related apoptosis-inducing ligand (TRAIL)-induced
apoptosis by integrating the activating transcription factor 4
(ATF4)-C/EBP-homologous protein (CHOP)-pS3 upregu-
lated modulator of apoptosis (PUMA) axis, consequently
amplifying the Bid-Bax-associated mitochondria-dependent
pathway.”® The FAS signaling pathway plays an important
role in cell extrinsic apoptosis.”’ This result indicated that SEN
may induce cell growth inhibition by activating both the
intrinsic mitochondrial pathway and the extrinsic death
receptor pathway. In addition, the WikiPath database analysis
showed that the downregulated DEPs caused by SFN
treatment were mainly enriched in the NRF2 pathway.
NRF2 is a crucial transcription factor that helps maintain
redox homeostasis and it is a potential target for cancer
treatment.”” Recently, the molecular biology and therapeutic
potential of NRF2 in leukemia was reported. High levels of
NFE2L2, which encoded NRF2, may be a predictive biomarker
of poor treatment response in T-cell acute lymphoblastic
leukemia (T-ALL) patients.”> NRF2 could also protect
leukemic cells from the effects of chemotherapeutic drugs.
NRF2 knockdown enhanced the sensitivity of AML cells to the
ferroptosis inducers.”® Targeted silencing of NRF2 by

rituximab-conjugated nanoparticles increases the sensitivity of
chronic lymphoblastic leukemia cells to cyclophosphamide.*
The results of the WikiPath analysis suggested that SEN may
inhibit cell growth by suppressing the activity of the NRF2
pathway, which was consistent with the above studies. In the
BioCarta pathway database analysis, the downregulated DEPs
caused by SFN treatment were mainly enriched in the role of
Ran in mitotic spindle regulation and regulation of cell cycle
progression by PIk3, which was consistent with the results of
flow cytometry analysis and immunoblotting. These results of
pathway analysis indicated that the DEGs mainly enriched in
regulating cancer cell proliferation, such as lysosome, pS3
pathway, FAS signaling pathway, NRF2 pathway, and the cell-
cycle-related pathway.

Performing the key driver analysis in a specific disease
database could help screen key factors more efficiently.*® In the
present study, in order to screen the key factor in leukemia cell
response to SEN treatment, key driver analysis was performed
in the AML-specific gene regulation network. The result
showed that TRIP13, which arises from DEPs, might be the
top master key driver. TRIP13 is a critical mitosis regulator
and plays a key role in regulating mitotic processes and the cell
cycle. In colorectal cancer (CRC) cells, TRIP13 knockdown
resulted in cell cycle arrest in the G1 phase.”” Treatment with
the TRIP13 inhibitor DCZ041S resulted in decreased CRC
cell proliferation and induced cell cycle arrest in the G2-M
phase.’® Another research reported that DCZ0415 could
induce a GO/G1 phase arrest of CRC cells.”” In lung cancer
cells, TRIP13 knockdown increased apoptosis and inhibited
proliferation by inducing cell cycle arrest of H1299 cells in the
S phase.”” In the present study, treatment with SEN could
induce cell cycle arrest in the GO/G1 phase by regulating
TRIP13, and inhibition of TRIP13 expression by pretreatment
with inhibitor DCZ041S could significantly attenuate SFN-
induced cell cycle arrest in the GO/G1 phase. The result
indicated that TRIP13 was the key factor in SFN-induced cell
cycle arrest in U937 cells.

Recent studies suggested that TRIP13 functions as an
oncogene in multiple cancers. Amplification of TRIP13 has
been observed in various human cancers,"**'™*" and it is
implicated in several aspects of malignant transformation,
including cancer cell apoptosis,** cell cycle,** proliferation,*"**
invasion,” and drug resistance.””*® TRIP13 also plays an
important role in leukemia. The TRIP13 mRNA levels of
CD19* B cells were 4-fold higher in chronic lymphocytic
leukemia patients than in healthy persons, and the loss of
TRIP13 inhibits cell proliferation and survival in human
chronic lymphocytic leukemia.*” TRIP13 could also modulate
protein deubiquitination and accelerate tumor development
and progression of B cell malignancies.”” Therefore, TRIP13
was considered to be a novel therapeutic target, and there have
been some genetic and drug studies targeting TRIP13. TRIP13
depletion in liver cancer induces a lipogenic response
contributing to Plin2-dependent mitotic cell death.”’ Some
ceRNAs have been reported to be involved in regulating the
expression of TRIP13, thereby playing a role in tumor
progression.””>”>* Recently, some small-molecule inhibitors,
which specifically target TRIP13, have been used to treat
tumors. The cantharidin derivatives DCZ5417 and DCZ5418
were designed and synthesized as TRIP13 inhibitors, which
could suppress multiple myeloma progression in vitro and in
vivo.”>* DCZ0415 is the most commonly used inhibitor of
TRIP13. DCZ041S could also suppress multiple myeloma
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progression®> and inhibit EMT and metastasis by the
inactivation of the FGFR4/STAT3 axis and the Wnt/f-catenin
pathway in colorectal cancer.’”® Some studies suggested that
TRIP13 is related to tumor resistance. TRIP13 could alleviate
osimertinib-triggered paraptosis in glioblastoma cells,*” and
TRIP13 overexpression promotes gefitinib resistance in
nonsmall-cell lung cancer by regulating autophagy and
phosphorylation of the epidermal growth factor receptor
(EGFR) signaling pathway.** However, some researchers
proposed that TRIP13 is related to tumor chemotherapy
sensitization. Head and neck tumors expressing high TRIP13
do not respond to radiation but are sensitive to cetuximab or
cetuximab combined with radiation.*® In the present study, the
expression level of TRIP13 was to some extent decreased after
treatment with SFN. However, inhibition of TRIP13 by the
specific inhibitor DCZ041S could significantly attenuate SFN-
induced U937 cell proliferation inhibition in vitro and in vivo
through the PI3K/Akt/mTOR pathway, which plays a key role
in promoting survival of leukemia cells.”” The result indicated
that TRIP13 plays an important role in the sensitivity of the
leukemia cell response to sulforaphane treatment. However,
the mechanism of downregulation of TRIP13 by treatment
with SEN and the molecular mechanism of SFN-mediated cell
growth inhibition are complex and still unclear. We will
conduct further research on this issue in the future. In
summary, TRIP13 is the key factor in SFN-induced cell growth
suppression, and it may be a potential treatment target in
leukemia treatment.
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