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ARTICLE INFO ABSTRACT

Keywords: Aims: Alantolactone (ALT) is active component of natural product Inula helenium with a lot of pharmacological
Alantolactone effects, including anti-tumor effect. The present work aimed to explore the antitumor effect of ALT in B cell acute
Apoptosis lymphoblastic leukemia (B-ALL).

Bioinformatics analysis Main methods: B-ALL cells were treated with various concentrations of ALT, and then trypan blue assay, Annexin
Egi damage V/PI staining assay, PI staining assay, western blot analysis were employed to measure the effect of ALT on

viability, apoptosis and cell cycle in B-ALL cells. In addition, a synthetic bioinformatics method was used to
predict the underlying mechanism of antitumor effect of ALT. Then Reactive Oxygen Species (ROS) probe
Dihydroethidium (DHE) and 2’,7’-Dichlorodihydrofluorescein diacetate (DCFH-DA) were used to detect accu-
mulation of cellular ROS. Meanwhile, DNA damage was identified by 8-0x0G, p-ATM1987, y-H2AX and comet
assay. In addition, activity of glutathione reductase (GR), thioredoxin reductase (TrxR) and catalase were
measured and overexpressed in SEM and RS4;11 cells to study the inhibition on these enzymes. Finally, B-ALL
NOD-SCID mouse model was used to test its performance in vivo.

Key findings: ALT showed good antitumor effect in B-ALL in vivo and in vitro through inducing ROS overload,
which led to DNA damage. In addition, we found ROS overload caused by ALT was due to its direct inhibition on
reductase.

Significance: We found that ALT, a natural product, showing a promising tactic in the therapy of B-ALL by
targeting ROS pathway.

B cell acute lymphoblastic leukemia

1. Introduction recurring translocations such as t(9;22)(q34;q11) encoding BCR-ABL1,

rearrangement of MLL at 11q23 with a variety of partner genes and thus

Approximately 80-85% cases of acute lymphoblastic leukemia
(ALL) are of B-cell origin. Patients are mainly children; roughly 60% of
cases occur in people younger than 20 years [1-3]. Survival in pae-
diatric acute lymphoblastic leukemia has improved to roughly 90% in
trials with risk stratification by treatment modification based on pa-
tients' pharmacodynamics and pharmacogenomics, improved suppor-
tive care, and biological features of leukemic cells [2,4]. However, in-
novative approaches are still required to further improve survival time
while reducing adverse effects. Prognosis still remains poor in infants,
adults and patients who have specific genetic alterations including
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more novel drugs need to be explored to improve their outcomes [5,6].

Reactive oxygen species (ROS) plays an important role in normal
cellular processes, but disregulated ROS conduces to the development
of various pathological processes, including cancers [7]. Indeed, one of
the main features of cancer cells is a persistent prooxidative state which
leads to intrinsic oxidative stress when compared with the normal cells,
because of their accelerated metabolism [8,9]. In addition, overload of
ROS was further aggravated by oncogenic signaling, such as ras, BCR-
ABL and c-myc [10,11]. ROS in tumor cells enhances the tumorigenic
phenotype and prompts the accumulation of additional mutations that
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lead to metastatic behavior [12]. Adaptation to this stress phenotype is
essential for tumor cells to survive, proliferation, and drug resistance
and consequently cancer cells become rely on it that do not generally
perform such a vital function in normal cells. However, relatively
higher intracellular ROS level in cancer cells renders these cells more
assailable to oxidative stress-induced cell death than normal cells and
can be exploited for selective cancer therapy [13,14]. And a study
conducted by professors Schreiber & Sam W. Lee showed good anti-
tumor performance of a ROS inducer piperlongumine, which showed
the feasibility and effectivity of triggering cancer cell apoptosis by
targeting ROS pathway through increasing cellular ROS level to break
redox system balance in cancer cell [15].

In our study, we aimed to find a natural product that both effective
in normal B-ALL cells and cells harboring adverse cytogenetic variants
like BCR-ABL fusion oncogene and MLL gene rearrangement. And
alantolactone has showed good performance. We investigated its anti-
tumor effect both in vitro and in vivo in a preclinical B-ALL mice model.
And we have demonstrated that alantolactone exert antitumor effect
through inducing ROS generation and causing DNA damage, conse-
quently leading to cell cycle arrest and cell apoptosis. In addition, we
found B-ALL cell lines with MLL-AF4 and BCR-ABL fusion gene have
higher ROS level compared with non-oncogene addiction cell lines
Naml6 and thus are more sensitive to oxidative stress-induced cell
death, which provided a new insight of targeting those oncogenes
without targeting themselves but oncogenes-induced prooxidative state
in B-ALL.

2. Materials and methods
2.1. Reagents and cell culture

Alantolactone was purchased from Tauto Biotech Company
(Shanghai, China) with purity > 98% and then it was dissolved in di-
methyl sulfoxide (DMSO) and stored as aliquots (20 mM) at —20°C.
TXNRD1, PARP-1, caspase-3, caspase-8, caspase-9, p-cdc2 (Tyrl5), p-
ATM'% p-ATM, and B-actin antibodies were obtained from Cell
Signaling Technology (Massachusetts, USA). Anti-Glutathione
Reductase, catalase, y-H2AX, Cdc2, cdc25c, p-cdc25c (Ser216) anti-
bodies were purchased from Abcam (San Francisco, USA). Cell
Counting Kit-8 was purchased from DOJINDO (Kumamoto, Japan). B-
ALL cell lines SEM, Naml6, SUP-B15, TOM-1, RS4;11 are gifts from
Professor Mi JQ in Blood Research Institute of Rui-jin hospital. SEM,
Naml6 and RS4;11 were maintained in RPIM 1640 medium containing
10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 pg/ml
streptomycin, at 37 °C, 5% CO, incubator. Mononuclear cells isolated
from the primary human B cell Acute lymphoblastic leukemia samples
by Ficoll-Paque density gradient separation method were cultured in
RPIM 1640 medium with 10% Fetal Bovine Serum (FBS) for 1h, and
then the cells were treated with different concentrations of alanto-
lactone.

2.2. Primary MM cells and normal mononuclear cells

Written informed consent was obtained from three B cell acute
lymphoblastic leukemia patients and three healthy donors before per-
ipheral blood sample collection, and the project was approved by the
Clinical Investigational Reviewing Board of the Shanghai Second
Medical University, China. Mononuclear cells were isolated by Ficoll-
Paque density gradient separation method and cultured in RPIM 1640
medium with 10% FBS for 1h, and then the cells were treated with
different concentrations of alantolactone.

2.3. Quantification of apoptosis

Apoptosis was determined by Apoptosis Detection Kit containing
Annexin V-APC and PI (propidium iodide), which was purchased from
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ebioscience (USA) and applied according to the manufacturer's in-
struction. Annexin V-positive and PI-negative cells were regarded as
early apoptotic cells, and cells positive for both Annexin V and PI were
considered to be undergoing late apoptosis or necrosis [16]. In our
study, apoptotic cells are the sum of all the AnnexinV-positive cells.

2.4. Cell cycle assay

The harvested cells were fixed in ice-cold 70% ethanol at —20 °C
overnight. Then fixed cells were washed with PBS and then incubated
in 100 pl PBS containing RNAase at a concentration of 250 pug/ml for
30 min at 37 °C at dark. After this, another 100ul PBS containing pro-
pidium iodide (PI) at a concentration of 100 pg/ml was added and then
cells were incubated at dark at 37 °C for 30 min. Next, cells suspension
was filtered through a 70 uM Filcon nylon mesh (BD Biosciences). Then
samples were analyzed by the BD LSRFortessa Flow cytometer, and
final results were analyzed with FlowJo software (V8.6.1).

2.5. Detection of cellular ROS

Cellular ROS level was measured with fluorescence probes DCFH-
DA (Beyotime, China) and Dihydroethidium (DHE) (Beyotime, China).
Cells were treated with different concentration of alantolactone alone
or pretreated with 5mM NAC for the indicated time, then harvested,
washed with PBS and incubated with 10 uM DCFH-DA diluted with
1640 for 30 min at 37 °C. After washed with 1640 medium for three
times, DCF fluorescence intensity was analyzed by flow cytometer.
Alternatively, cells were incubated with DHE solution at a concentra-
tion of 5 uM at 37 °C for 30 min, then washed twice with PBS to wash off
extra DHE. Then samples were analyzed by flow cytometer. Data from
three independent experiments were quantified.

2.6. Enzymes activity assay

Determination of SOD, thioredoxin reductase (TrxR), glutathione
reductase (GR) and catalase activity were practiced as the instruction of
the manuals of Catalase Assay Kit (Beyotime, China), Glutathione
Reductase Assay Kit (Beyotime, China), Total Superoxide Dismutase
Assay Kit with WST-8 (Beyotime, China) and TrxR Assay Kit (Solarbio,
China).

2.7. siRNA design and electroporation

SEM cells were electroporated with siRNA as described previously
[17]. Oligoribonucleotides have been synthesized by RiboBio
(Guangzhou, China). The sequences of the siRNAs targeting MLL-AF4,
siMA1 and siMA2, have been described previously [18].

2.8. Animal study

NOD-SCID mice (5-6w) were injected through tail vein with
1 x 107 cells/0.1 ml of SEM cells. After 7 days when huCD19+ cells
could be detected from the peripheral cells of mice, mice were rando-
mized into 2 groups with 8-10 mice per group and treated with (a)
vehicle control (30% HS-15, 5% DMSO and 75% normal saline); (b)
alantolactone via intraperitoneal injection at a dose of 100 mg/kg every
two days for 2 weeks. Death incidents in each group were recorded and
weight of mice in two groups was also documented every two days.
Kaplan-Meier methods were used to compute the survival analyze. Bone
marrow mononuclear cells of mice in two groups were collected on day
28 and labelled with huCD19-APC antibody to measure the tumor
burden. Spleens samples were fixed in 4% paraformaldehyde at 4 °C
overnight for paraffin embedding and (H&E) staining was performed to
observe filtration of SEM cells in spleens. The study was approved by
the Shanghai Jiao Tong University School of Medicine Institutional
Animal Care & Use Committee.
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Table 1

IC50 of alantolactone for 48 h in hematological malignances. Cells were treated
with various concentration of alantolactone for 48 h and CCK8 were used to
measure inhibition rate and IC50 were calculated with Graphpad7.0. Data are
shown as mean *= SD (n = 3).

51 Cell type IC50

T-ALL

1 Jurkat 24.10 = 0.66
2 Molt-4 18.6 = 0.18
Myeloma

3 RPMI-8226 8.2 + 0.24
4 U266 8.14 = 0.23
5 LP-1 7.12 = 0.17
AML

6 MV4-11 5.2 = 0.12
7 Molm13 6.4 = 0.16
8 HL60 5.6 + 0.19
B-ALL

9 SEM 3.17 = 0.11
10 RS4;11 3.52 = 0.09
11 SUP-B15 4.05 = 0.12
12 TOM-1 4.15 = 0.18
13 Naml6 3.89 = 0.06

2.9. Statistical analysis

All experiments were performed in triplicate. Two-tailed Student's t-
test was employed for analyzing both in vitro and in vivo data. Mantel-
Cox (Log-Rank) test was used for survival analysis. All analysis was
performed by Graphpad Prism7.0. A threshold of P < 0.05 was con-
sidered as statistically significant.

3. Results

3.1. Alantolactone shows extensive antitumor effect in hematological
malignances but most sensitive in B cell acute lymphoblastic leukemia

In our study, we have identified alantolactone, a natural product
from Inula helenium, showed potent antitumor effect in B-ALL cell lines
with IC50 for 48 h reaching approximately 3.5 uM. In addition, we have
screened the antitumor effect of alantolactone in a variety of hemato-
logical neoplasms cell lines, including T cell acute lymphoblastic,
myeloma, AML and B cell acute lymphoblastic leukemia and compared
sensitivity to it according to their separate IC50 for 48 h. The IC50 of
each cell line was listed in Table 1. The results demonstrated that B-ALL
cell lines are more sensitive to the alantolactone than other hematolo-
gical cancer cells. So, we continued our study in B-ALL.

3.2. Cytotoxicity of alantolactone against B cell acute lymphoblastic
leukemia cell lines

Here, we found alantolactone induced cell death in a dose-depen-
dent manner, as shown in Fig. 1B. And primary cells from 3 newly
diagnosed B cell acute lymphoblastic leukemia patients, including pa-
tient 1# diagnosed with MLL-AF4 positive, were treated with different
concentrations of alantolactone for 48h, with results demonstrating
that alantolactone was highly toxic to B-ALL primary cells (Fig. 1D).
And to test its toxicity to normal cells, peripheral blood mononuclear
cells from three healthy donors were treated with alantolactone in
different concentration for 24 h and 48 h, and then viability was mea-
sured by trypan blue stain assay. Results demonstrated that alanto-
lactone was less toxic to normal cells when compared with tumor cells
(Fig. 1C). In conclusion, alantolactone showed potent antitumor effect
in B-ALL but little toxicity to normal cells.
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3.3. Alantolactone induces cell apoptosis and G2/M arrest in B-ALL

To figure out if alantolactone induced cell apoptosis and cell cycle
arrest, Annexin V/PI staining assay for apoptosis and PI staining assay
for cell cycle were used. As shown in Fig. 2A, B, alantolactone induced
cell apoptosis in a time- and dose-dependent manner. At the same time,
apoptosis-associated proteins were semi-quantified by western blot.
And an obvious cleavage of PARP-1, capase-3,caspase-8,caspase-9 were
observed after treated with different concentration of alantolactone for
12 and 24 h as shown in Fig. 2C, D. In addition, we treated the PBMCs
from three B-ALL patients, and got a similar result (Fig. 2E). To in-
vestigate the effect of alantolactone on cell cycle, we treated B-ALL cell
lines with alantolactone for 12h in different concentrations and cell
cycle was analyzed with flow cytometer. Flow cytometer analysis re-
vealed that treatment with alantolactone for 12 h increased the number
of cells in G2/M phase (from 5.66% to 18.51% in 7.5 uM alantolactone
group). At the same time, it decreased the number of cells in GO/
Glphases (from 56.51% to 32.77% in 7.5 uM alantolactone group), as
shown in Fig. 2F, G. These results indicated that alantolactone showed
antitumor effect through inducing cell apoptosis and cell cycle arrest.

3.4. The underlying mechanism of alantolactone is predicted with
bioinformatics tools

To clarify the antitumor mechanism of the alantolactone, B-ALL cell
line SEM were treated with 5uM alantolactone or DMSO for 24 h, and
then subjected to next generation sequencing. Then cluster heat map
was drawn with R statistical software according to their expression
profile and showed a distinct clustering between alantolactone-treated
group and vehicle-treated group, as shown in Fig. 3A. Then differen-
tially expressed genes (DEGs) expression volcano plot presented in
Fig. 3B was drawn by R statistical software with a criteria of P
value < 0.05 and Fold change (FC) > 2. Enrichment of functions of
the DEGs was conducted by metascape platform with the results pre-
sented in Fig. 3C. It's anticipated that most enriched biological pro-
cesses were associated with cell cycle and apoptosis. We noticed that
“DNA replication” and “regulation of cellular response to stress” may
help to illustrate the underlying mechanism of alantolactone. Further-
more, we performed gene set enrichment analysis (GSEA) and found
that cellular stress associated gene set “ROS” was enriched in alanto-
lactone treatment group showed in Fig. 3D and expression of genes in
gene set ROS were listed in Fig. 3E. In addition, we uploaded up-
regulated and down-regulated genes as a signature to connectivity map,
which is a platform containing expression profile of cell samples treated
with different drugs, to match with the reserved data to figure out
specific drug-treated samples sharing most similar signature with what
we uploaded. There was a presupposition that drugs shared similar
signature may also share similar mechanism [19,20]. The overall
schematic diagram was shown in Fig. 3F. The top 10 drugs were listed
in Table 2, and three of them were NF-xB inhibitors which was coin-
cident with the previous reported mechanism of alantolactone [21],
and four drugs of them exerted their effect mainly through inducing
DNA damage. Then, a hypothesis was formed that alantolactone in-
duced cell apoptosis and cell cycle arrest may through ROS generation
and consequently induced oxidized DNA damage.

3.5. Alantolactone exert antitumor effect through generation of cellular
reactive oxygen species

With bioinformatics methods, we presumed that the antitumor ef-
fect of alantolactone might be associated with ROS generation. In our
previous study, we found that SEM, RS4;11 and SUP-B15 were more
sensitive to alantolactone than Naml6 in 24 h treatment, as shown in
Fig. 4A. And we have detected the background level of ROS in these
four cell lines and found background ROS level is higher in SEM, SUP-
B15 and RS4;11 than in Naml6 (Fig. 4B), which give us a hind that
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alantolactone-induced death may be associated with ROS-induced
oxidative stress. To further verify the presumed mechanism of alanto-
lactone, we treated B-ALL cell lines SEM and Naml6 with various
concentrations of alantolactone for 12h and then ROS were detected
with probes DCFH-DA and DHE. As is revealed in Fig. 4C, D, ROS level
of alantolactone-treated SEM cells sharply increased compared with
DMSO-treated cells. And we also confirmed this phenomenon in Naml6
cells (Fig. S1). Besides, peripheral blood mononuclear cells from
healthy donors were treated with ALT for 20 h and ROS level was de-
tected, with results showing that ALT could not obviously induce ROS
generation in healthy cells (Fig. S4). In addition, similar results were
obtained with fluorescence microscope in Fig. 4E. And pretreatment
with antioxidant NAC could completely reverse alantolactone-induced
ROS generation as shown in Fig. 4E, F. It's well established that over-
load of ROS lead to DNA damage and even cell cycle arrest and cell
apoptosis [13]. To further study if the alantolactone-induced cell cycle
arrest and apoptosis was caused by overload of ROS. Cell lines were
pretreated with 5mM NAC for 3h, then subjected to alantolactone
treatment to find out if antioxidant could reverse its toxicity. Interest-
ingly, the toxicity of alantolactone was almost fully rescued by NAC
pretreatment as it was proved by the reversion of cell viability (Fig. 4G)
and apoptosis (Fig. 4H). And we also observed the disappearance of G2/
M arrest after pretreatment with NAC (Fig. 4I). In conclusion, these
results revealed that the antitumor effect of alantolactone is almost due
to the overload of ROS.

3.6. Alantolactone induces extensive DNA damage through ROS overload

It's well established that enhanced ROS levels may lead to oxidative
DNA damage, which triggers cell cycle arrest, even programmed cell
death if damages exceed repair capacity of cells [13,22]. We presumed
that ROS overload induced by alantolactone may result in compre-
hensive oxidative DNA damage. One of the significant targets of ROS on
nucleic acid is the guanine nucleobase and oxidation of guanine gen-
erates 8-oxoguanine (8-0xoG) [23,24]. Thus 8-0xoG could be an in-
dicator of ROS-induced DNA damage. To investigate if elevated ROS
levels in alantolactone-treated B-ALL cells caused oxidative DNA da-
mage, we first measured total cellular 8-oxoG by immunofluorescent
staining with Alexa 488-conjugated avidin, which specifically binds to
8-0x0G. The results showed that treatment with 5 uM alantolactone for
24 h markedly increased intranuclear 8-0xoG level, and treatment with
7.5 uM alantolactone resulted in stronger staining, suggesting a dose-
response relationship. While if cells was pretreated with NAC, there
almost showed nonoccurrence of 8-oxoG (Fig. 5A, B). In addition,
Naml6 and SEM were treated with alantolactone for 12h and p-
ATM'9®” and y-H2AX were detected by western blot (WB) to determine
the level of DNA damage. Alantolactone could obviously lead the ac-
cumulation of p-ATM'®®” and y-H2AX and pretreatment with NAC
could sharply reduce alantolactone-induced generation of p-ATM1987
and y-H2AX (Fig. 5C, D).

In addition, we performed the comet assay (single-cell gel electro-
phoresis), which is a sensitive and simple method in studying DNA
damage. The mechanism of it and detailed protocol were described in
material and method part. The DNA damage level was measured with
olive tail moment. In this experiment, treatment with 5uM an 7.5 uM
alantolactone for 24 h significantly increased the size of comet tail and
the number of the cells with a comet tails (Fig. 5E, F), confirming the
presence of DNA damage. Pretreatment with 5mM NAC almost com-
pletely prevented the emergence of alantolactone-induced comet tails,
which indicated that the DNA lesion was resulted from alantolactone-
induced ROS.

3.7. Alantolactone inhibit the activity of several enzymes participating in the
elimination of ROS

Fig. 1. Effect of alantolactone on B-ALL cells cell death. (A) Chemical structure of alantolactone. (B) B-ALL cell lines SEM, Naml6, RS4;11 and SUP-B15 were treated with 2.5 uM, 5.0 uM, 7.5 uM and 10 uM alantolactone
or DMSO for 24 h and 48 h and then cell viability was determined by trypan blue stain assay. Each bar represented the mean + SD of triplicate experiments. (C) PBMCs from three healthy individuals were treated with
alantolactone for 48 h and relatively viability was measured with trypan blue stain assay and then normalized to DMSO treatment group. Data shown are means = SD (n = 3). Experiments were performed in triplicate

various alantolactone (2.5, 5.0, 7.5 uM) or DMSO for 24 h and 48 h and viability was determined by trypan blue stain assay. (D) PBMCs from three newly diagnosed B-ALL patients were treated with 5uM and 7.5 uM
(*P < 0.05; **P < 0.01; ***P < 0.001).

To further figure out how alantolactone induced ROS generation,
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Table 2

Top ten drugs shared most similar signature with alantolactone, which was
analyzed by connectivity map. Differentially expressed genes list of alanto-
lactone-treated SEM cells were uploaded as a signature to c-Map platform and
after matched with the reserved data on the platform, results were returned and
ranked according to c-Map score.

Rank Compound name Cell line Mean c- n Enrichment P value
Map score
1 Parthenolide MCF7 0.909 2 0.999 < 0.0001
2 Withaferin A MCF7 0.882 2 1 <0.0001
3 Celastrol MCF7 085 1 0.999 < 0.0001
4 Phenoxybenzamine = MCF7 0.789 3 0.999 < 0.0001
5 Nedaplatin MCF7 074 1 0.998 < 0.0001
6 Thiostrepton MCF7 0.728 2 0.998 < 0.0001
7 Lomustine PC3 0.669 2 0.996 < 0.0001
8 Piperlongumine MCF7 0.641 1 0.996 < 0.0001
9 Parthenolide PC3 0.631 1 0.995 < 0.0001
10  Semustine PC3 0.587 2 0.992 < 0.0001

we have tested if alantolactone could inhibit the activity of enzymes
that play important role in elimination of cellular ROS. We have tested
the inhibition of alantolacrone on several enzymes including glu-
tathione reductase (GR), thioredoxin reductase (TrxR), catalase and
superoxide peroxidase (SOD). Treatment with alantolactone in SEM
cells for 12 h obviously inhibited the activity of GR, TrxR and catalase
(Fig. 6A) while sparing SOD (Fig. S2A). And similar result were con-
firmed in Naml6 (Fig. S2B). Then GR and catalase steadily transfected
into SEM cells, and confirmed in protein level (Fig. 6D, G). After stable
transfection of GR and catalase, the background ROS level was reduced
compared with control group (Fig. 6E, H). And overexpression of GR
and catalase partially reduce the cells death after treatment with same
concentration of alantolactone (Fig. 6F, I). In addition, alantolactone
also inhibited the activity of TrxR, which was in coincidence with re-
sults previously reported [25]. And overexpression of TrxR in SEM cells
induced ROS background level (Fig. S2D) and counteracted the effect of
alantolactone (Fig. S2E). In summary, alantolactone inhibited GR,
catalase and TrxR activity which partly account for its ROS-inducing
effect.

3.8. Alantolactone extended the survival and improves the pathology of B-
ALL xenograft mice

In order to test the antitumor effect in vivo, as is shown in Fig. 7A,
1107 SEM cells were injected into NOD/SCID mouse though caudal
vein. After seven days, at which time a certain number of mCD45-
huCD19+ cells could be detected in peripheral blood, B-ALL model
mice were randomly separated into two groups: vehicle group and
alantolactone treatment group. In alantolactone treatment group, mice
were treated with alantolactone 100 mg/kg by abdominal administra-
tion every 2 days and terminated injection after 14 days of treatment,
while vehicle group mice were treated with carrier solvent of same
volume. Alantolactone significantly extended survival time of mice in
alantolactone-treatment group compared with survival time of mice in
vehicle-treatment group, as shown with a survival curve analyzed by
Kaplan-Meier analysis (Fig. 7B). The average time from diagnosis to
death was 23.5 days in the vehicle-treated disease mice (range from 20
to 25 days; n = 6) versus 31.5 days in the mice treated with 100 mg/kg
alantolactone (range from 25 to 33 days; n = 6; P < 0.01). And weight
was documented from the day of receiving therapy to the last day of
treatment, and no significant weight loss was observed in alantolactone
treatment group compared with vehicle group as is shown in Fig. 6C.
On day 21 when mice in vehicle group showed the signs of overt leu-
kemia such as a percentage of human blasts higher than 80% in PB,
weight lost higher than 20% and/or hunched posture, mice in both
alantolactone treatment group and vehicle group were sacrificed, and
bone marrow cells were separated and labelled with human CD19
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antibody, flow cytometric analysis showed that alantolactone treatment
significantly reduced the number of huCD19-positive leukemia cells in
the bone marrow (Fig. 7D). In addition, spleens of mice on twenty-first
day in alantolactone group are obviously smaller than vehicle group, as
is presented in Fig. 7E, and statistical analysis of spleen weight showed
significant difference as is shown in Fig. 7F. And the same time, spleens
in both vehicle and alantolactone treatment group were stained with
hematoxylin-eosin, and tumor infiltration in alantolactone treatment
group are far more less severe than that in vehicle group. These results
demonstrated that alantolactone was also effective in vivo.

4. Discussion

In this study, we have confirmed the antitumor efficacy of alanto-
lactone both in vitro in B-ALL cell lines, primary cells from patients and
in vivo in B-ALL mice model. And we have demonstrated that alanto-
lactone induced ROS overload and subsequently led to DNA damage,
which triggered cell cycle arrest and cell apoptosis. In addition, except
inhibition to TrxR [25], alantolactone showed extensive inhibition to
enzymes participating in scavenging of cellular ROS to sustain redox
homeostasis, such as glutathione reductase (GR), catalase (Fig. 6). And
stable transfection of these enzymes partially counteracted the effect of
alantolactone (Fig. S2). Besides, we found B-ALL cells including SEM
and RS4;11 harboring MLL-AF4 had higher ROS level compared with
other no MLL-AF4 infusion B-ALL cells such as Naml6 (Fig. 4B). And
SEM and RS4;11 were more sensitive to alantolactone than Naml6 in
24 h treatment (Fig. 4A). And knockdown of MLL-AF4 with siRNAs
could significantly reduce the background ROS level in SEM and RS4;11
(Fig. S3D, E). With these results, we may prudently speculate that MLL-
AF4 may further enhance cellular ROS level like ras and c-myc onco-
gene [10,11].

In order to illuminate the mechanism of antitumor effect of alan-
tolactone, a synthetical bio-informatics method has been used and
showed relatively good accuracy. Next generation sequencing and
volcano plot were used to get differential expression genes (DEGs) and
then DEGs was annotated on metascape platform (Fig. 3C). In addition,
gene set enrichment analysis (GSEA) was performed to further identify
the most related pathway (Fig. 3D, E). What's more, c-MAP platform
were used to acquire the possible drugs sharing similar signature, which
most likely to share similar mechanism with alantolactone (Fig. 3F).
With these synthetical methods, we formed the hypothesis that alan-
tolactone showed anti-cancer effect may through NF-kB inhibition and
oxidative stress induced DNA damage (Table 2). This finding is con-
sistent with that of Wei [21] who reported that alantolactone induced
apoptosis in chronic myelogenous leukemia through NF-«B inhibition
and that of Yushuang Ding who demonstrated that alantolactone
prompted oxidative DNA damage and apoptosis in colorectal Cancer
Cells [26]. So it could give others some reference in figuring out the
underlying mechanism of action of small molecule which remains to be
fully illuminated.

Several tumor cell types harboring cytogenetic abnormalities such
as BCR-ABL, EGFR, which are critically rely on the sustaining activation
of oncogenic pathway essential for their survival, a phenomenon
termed “oncogene addiction” [27]. This finding has led to the ex-
ploitation of molecular targeted therapeutic drugs, such as tyrosine
kinase inhibitors targeting BCR-ABL in chronic myeloid leukemia [28]
and EGFR-TKIs targeting EGFR in non-small-cell lung cancer [29,30]
and showed extremely effective. Unfortunately, this was frequently
followed by the recurrence of drug-resistant tumor clones, which al-
ways due to emergency of new mutations on target sites. Recently, it
has been reported that the proper function of non-mutated genes en-
hance the survival of many cancers, a phenomenon called non-onco-
gene addiction [31]. It is widely reported that cancer cells have rela-
tively higher ROS level compared with normal cells [32]. ROS in tumor
cells enhances the tumorigenic phenotype and prompts the accumula-
tion of additional mutations that lead to metastatic behavior [12].
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Adaptation to this stress phenotype is essential for tumor cells to sur-
vive, proliferation, and drug resistance and consequently cancer cells
may become rely on it that do not generally perform such a vital
function in normal cells. Thus this render tumor cells more sensitive to
pharmacological ROS insults, which induces oxidant stress-induced cell
death, and can be exploited for selective cancer therapy [13,33]. In
previous study, a study conducted by professors Schreiber & Sam W.
Lee showed good antitumor performance of a ROS inducer pi-
perlongumine [15], and here we also identified the good antitumor
effect of alantolactone in B-ALL through inducing cellular ROS gen-
eration (Figs. 1, 4). Alantolactone showed extensive inhibition to sev-
eral hematological malignances (Table 1) and more sensitive in B-ALL
cell lines especially in SEM and RS4;11 due to their higher ROS back-
ground (Fig. 4A). And in vivo study showed alantolactone significantly
prolonged the survival of B-ALL model mice and showed good toler-
ance. Thus, ROS-inducer alantolactone could be candidate drug in the
treatment of B-ALL in the future.

In summary, we have confirmed good antitumor effect of alanto-
lactone both in vitro and in vivo and with bioinformatics methods, we
have predicted and proved that alantolactone increased oxidative stress
overload through inhibition of antioxidant enzymes and resulted in
extensive DNA lesion, which led to cell cycle arrest and apoptosis.
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