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Abstract

T-cell acute leukemia and lymphoma have a poor prognosis. Although new therapeu-
tic agents have been developed, their therapeutic effects are suboptimal. a-Pinene,
a monoterpene compound, has an antitumor effect on solid tumors; however, few
comprehensive investigations have been conducted on its impact on hematologic ma-
lignancies. This report provides a comprehensive analysis of the potential benefits of
using a-pinene as an antitumor agent for the treatment of T-cell tumors. We found
that a-pinene inhibited the proliferation of hematologic malignancies, especially in
T-cell tumor cell lines EL-4 and Molt-4, induced mitochondrial dysfunction and re-
active oxygen species accumulation, and inhibited NF-xkB p65 translocation into the
nucleus, leading to robust apoptosis in EL-4 cells. Collectively, these findings suggest
that a-pinene has potential as a therapeutic agent for T-cell malignancies, and further

investigation is warranted.
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1 | INTRODUCTION

Hematologic malignancies are highly heterogeneous diseases that are
classified into more than 100 types according to the WHO classification.
Among hematologic malignancies, T-ALL and T-cell malignant lymphoma
(T-lymphoma) are aggressive, often resistant to treatment, and prone to
early recurrence.?® T-ALL accounts for 10%-15% of cases of pediatric
ALL and up to 25% of cases of adult ALL. Overall survival is 80% in chil-
dren, but less than 50% due to high treatment-related toxicity in adults.?
Therefore, novel therapies are needed for T-ALL and T-lymphoma.
Plant-derived essential oils have antibacterial, antifungal, antivi-
ral, anti-inflammatory, and antitumor effects.’ a-Pinene, an aromatic
monoterpene, is a component of essential oils. a-Pinene suppresses
tumor growth in colon cancer cells.® The mechanism of the antitu-
mor effect of a-pinene in malignant melanoma was the induction of
apoptosis evidenced by early disruption of mitochondrial membrane
potential (MMP), ROS production, increase in caspase-3 activity,
heterochromatin aggregation, DNA fragmentation and exposure of
phosphatidyl serine, and reduced tumor metastasis to the lungs in
mice.” a-Pinene also inhibits tumor growth in human prostate can-
cer cells by inducing apoptosis and cell-cycle arrest.® In this study,
immunohistochemistry in tumor tissues revealed the reduction
of Ki-67 and proliferation cell nuclear antigen, and the increase in
TUNEL-positive cells. Furthermore, a-pinene did not show any tox-
icity in major organs, including the heart, liver, intestine, kidney and
spleen.® Kusuhara et al. showed that administration of a-pinene by
inhalation elicits a tumor-suppressing effect in a mouse model of
malignant melanoma.” Moreover, intriguingly, inhalation of a-pinene
may activate an antitumor immune response, as indicated by an in-
crease in B-cells, T-cells, and natural killer (NK) cells.*® Another study
suggested that a-pinene enhances anticancer activity by accelerat-
ing NK-cell activation and cytotoxicity via the ERK/AKT signaling
pathway.11 a-Pinene thus has potential as an antitumor agent. In this
study, we investigated the effect of a-pinene on cell growth in hema-
tologic malignancies, especially in T-cell tumors in vitro and in vivo.

2 | MATERIALS AND METHODS
2.1 | Chemicals and reagents

a-Pinene, (R)-(+)-limonene (limonene), DMSO, PMA, and ionomycin
were purchased from Sigma-Aldrich (St. Louis, MO, USA). NAC and 4%
PFA were purchased from Fujifilm Wako Pure Chemical Corporation

(Osaka, Japan). a-Pinene, limonene, PMA, and ionomycin were dissolved

in DMSO. The final concentration of DMSO was <0.5v/v%. Control

groups were treated with a medium containing <0.5v/v% DMSO.

2.2 | Celllines

Murine T-lymphoma cell line EL-4, murine multiple myeloma cell line
5TGM1-Luc, human T-ALL cell lines Molt-4, CCRF-CEM and HPB-ALL,
human acute myeloid leukemia cell lines KG-1a and HNT-34, human
chronic myelogenous leukemia cell line K562, and human B-ALL cell lines
BALM-7 and NALM-6 were cultured in RPMI 1640 with 10% fetal bovine
serum (Thermo Fisher Scientific, Waltham, MA, USA). Human acute pro-
myelocytic leukemia cell line HL-60 was cultured in RPMI 1640 with 20%

fetal bovine serum. All the cell lines were incubated at 37°Cin 5% CO,,

2.3 | Cell growth inhibition assay, cell-cycle
analysis, and apoptosis assay

Cell Counting Kit-8 (CCK-8; Dojindo Laboratories, Kumamoto,
Japan) was used to test the viability of the cell lines, human blood
T-cells and mouse spleen T-cells. Cells were seeded at a density of
5x10% cells/well in a 24-well plate and treated with a-pinene or li-
monene in the presence or absence of NAC at set times. Details are
provided in Appendix S1.

2.4 | RNA-sequencing analysis

Cells were treated with or without a-pinene for 6 h. Total RNA was
extracted from treated cells using the RNeasy Mini Kit including
an RNase-Free DNase Set (Qiagen, Venlo, Netherlands). The quan-
tity and quality of the RNA were verified using a NanoDrop ND-
1000 spectrophotometer (Thermo Fisher Scientific) and the 2200
TapeStation (Agilent Technologies, Santa Clara, CA, USA). RNA-seq
libraries were prepared using Genomelead (Kagawa, Japan) and se-
quenced as 2x 150bp paired-end reads on a DNBSEQ-G400RS ana-
lyzer (MGI, Shenzhen, China). Details are provided in Appendix S1.

2.5 | Measurement of total intracellular reactive
oxygen species

DCFH-DA (Sigma-Aldrich) is converted to DCF in the presence of
ROS. Total intracellular ROS levels were measured using a DCFH-DA

FIGURE 1 o-Pinene and limonene inhibited the proliferation of T-cell tumors in vitro. (A) Anti-proliferative effect of a-pinene or limonene
at 36 h on EL-4 and Molt-4 cells, as determined by the CCK-8 assay. (B) EL-4 cells were treated with a-pinene or limonene at the indicated
concentrations and measured using the CCK-8 assay at the specified time points. (C) EL-4 cells were incubated with 50 ug/mL a-pinene

or limonene for 36 h and images were captured. The scale bars indicate 50 um (20 um in the enlarged image). (D) Apoptosis assay in EL-4

cells treated with 50 ug/mL of a-pinene or limonene at the specified time points. (E) Cell-cycle analysis of EL-4 cells treated with 10 pg/mL
a-pinene or limonene at the indicative time points. All data are based on at least three independent experiments. The results are reported

as the mean+SEM. (A. B) Data were compared with the control group using two-tailed independent samples t-tests. (D, E) Results were
analyzed using one-way ANOVA,; *p <0.05, **p<0.01, ***p<0.001, ****p<0.0001.

BSUB017 SUOWIWIOD 3A[Fe1D) 8|qedljdde au3 Aq peusenoh a8 sojoiie YO ‘35N JO S3|NJ 0 A%eiq 18Ul IUO AB|IA UO (SUO T IPUOD-pUR-SLURY WD A8 | M ARRIq U1 |UO//SORY) SUORIPUOD PUe SWB L 8U388S *[7202/20/50] UO ARIq1T 8UIUO /B|IM ‘AisiAIuN BWeARNO AQ 9809T Sed/TTTT 0T/I0p/W00 A8 M ARIq U1 |uo//Sdny Woiy papeojumoqd ‘0 ‘900L6vET



ABE eT AL. - 3
Cancer Science Ul as
(A) EL-4 Molt-4
S 1004 - Fkkk g Fkkk — b
% 75+ * SRR
2
™ - — a-Pinene
3 > — Limonene
D o382
©
<'g (I) 1|0 2|0 3|0 4|0 5l0 (I) 1|0 2|0 3b 4|0 5|0
X
Concentration (ug/mL)
(B) a-Pinene Limonene
12h 24 h 36h 12 h 24 h 36 h
B . o
S 2+ oo 8o ° 8 27 % oo %0 °
7o) wn
3 o S/ o} - o
Q [e] o)) Q| T ***
g 14 o * kK **:* 8 14 **** o * °
8 oQ*¥ . Sk
S | o * dekkk o o s | & ° of Jwkr
n >k o 7] O k% o
£ |fiAgg: i g £ fARRAS ﬁﬁ I8 1|11l IFHs
QBB DB (PP DD (PP DD OB DD OB DD (OB DD
oo&fb’,a’br]’(‘/ ¥ 0«\\;{3’@{)’(‘/ v (’300&;',3’@']’0 e ooé‘;{s’b(}(" S (,o(‘\:b'-olbq"{"’ e 0&;’9’@?’(‘/ i
Concentration (ug/mL) Concentration (ug/mL)
(%] : :
Control a-Pinene Limonene
4 g 0 W ¥ 4 &l
s = I
O Early apoptosis Late apoptosis
40— ******* 100 ’—I
30 * 80— kK
< 60— \
é 20_ ek *k ’_I
5 Lo 40 [wew ] control
10 o |‘| rﬂ - |_\ [] a-Pinene
el AL AR e WA St
1h 2h 6h 1h 2h 6 h
(E)
GO G1 S G2 M e
25 w507 Be EE 25 40; Akl
o
20 °| 4018 |_| P‘ 20/ % 3 5
Kk I_‘ Q ] 2'
X 151 30+ 154 &
*kk 20‘ |_| *k
10 20+ 101 £
. ib 1 F| le) F
51 1 ﬂ % 10 51 ﬁ ﬁ
2h 4h 6h 2h 4 h 6h 2h 4h 6h 2h 4 h 6h 2h 4h 6h

BSUB017 SUOWIWIOD 3A[Fe1D) 8|qedljdde au3 Aq peusenoh a8 sojoiie YO ‘35N JO S3|NJ 0 A%eiq 18Ul IUO AB|IA UO (SUO T IPUOD-pUR-SLURY WD A8 | M ARRIq U1 |UO//SORY) SUORIPUOD PUe SWB L 8U388S *[7202/20/50] UO ARIq1T 8UIUO /B|IM ‘AisiAIuN BWeARNO AQ 9809T Sed/TTTT 0T/I0p/W00 A8 M ARIq U1 |uo//Sdny Woiy papeojumoqd ‘0 ‘900L6vET



4 - ABE ET AL.
MRWATSE Cancer Science

TABLE 1 IC,,(pg/mL) values treated with a-pinene and limonene for 36 h against hematologic malignancy cell lines, human blood T-cells,
and murine spleen T-cells.

Cell line EL-4 Molt-4 CCRF-CEM HPB-ALL KG-1a HNT-34 HL-60
a-Pinene (pg/mL) 6.82+1.60 1.93+0.14 2.64+0.18 1.68+0.46 2.63+0.13 3.71+£0.47 n.d.
Limonene (pg/mL) 16.24 +3.75 13.78+1.25 n.d. n.d. 10.62+5.27 n.d. n.d.
Cell line/cell K562 BALM-7 NALM-6 5TGM1-Luc Human blood T-cells Murine spleen T-cells

a-Pinene (pg/mL) n.d. 0.46+0.04 n.d. 2.02+1.09 n.d. n.d.

Limonene (pug/mL) n.d. 7.59+0.56 n.d. 5.96+0.73 n.d. n.d.

Note: All data are representative of at least three independent experiments. Data are represented as mean+SEM. n.d.; not detected (not possible to
determine the appropriate concentration that inhibits 50% cell growth).

probe. Cells were seeded at a density of 5x 10* cells/well in a 24- 2.8 | Measurement of oxygen consumption rate
well plate and treated with a-pinene in the presence or absence of
NAC for 1h. DCFH-DA containing DAPI was added to treated cells Cells were seeded at a density of 2x 10° cells/well in a 96-well plate
(final DCFH-DA concentration: 10uM), and cells were incubated for and treated with a-pinene. Extracellular OCR Plate Assay Kit (Dojindo
20min at 37°C. The ROS levels were then measured immediately Laboratories) was used to measure oxygen consumption. The fluores-
using FCM. cence intensity (Ex: 500 nm, Em: 650 nm) was measured every 10 min
for 200min using a fluorescence microplate reader, FlexStation 3
(Molecular Devices, San Jose, CA, USA). The oxygen consumption rate
2.6 | Quantification of DNA (OCR) was calculated according to the manufacturer's instructions.
double-stranded breaks

Cells were seeded at a density of 5x 10 cells/well in a 24-well plate 2.9 | Measurement of glucose and lactate of the
and treated with a-pinene in the presence or absence of NAC for cell culture supernatant

6h; fixed in 2% PFA in PBS for 5min; washed, and permeabilized

with 0.1% Triton X-100 in PBS for 5min; and then incubated with an Cells were seeded at a density of 5x 10 cells/well in a 24-well plate and
Alexa Fluor 647-conjugated anti-phospho-H2AX (Ser139) (yH2AX) treated with a-pinene for 24 h. Glucose and lactate concentrations of the

antibody (BioLegend, 0.2:100) in PBS for 30min. yH2AX was meas- cell culture supernatant were measured using a glucose and lactate assay
ured using FCM. kit (Dojindo Laboratories). DAPI” live cells were counted with FCM.
2.7 | Measurement of mitochondrial 2.10 | Measurement of mitochondrial superoxide

membrane potential
The mtSOX Deep Red (Dojindo Laboratories) was used to measure

Tetramethylrhodamine ethyl ester (TMRE; Sigma-Aldrich) was used to mitochondrial superoxide levels. Cells, resuspended with mtSOX
detect MMP. Cells were seeded at a density of 5x 10* cells/well in a Deep Red containing DAPI, were seeded at a density of 5x 10 cells/
24-well plate and treated with a-pinene in the presence or absence well in a 24-well plate and treated with a-pinene in the presence or
of NAC for 24 h. The treated cells were washed and incubated with absence of NAC for 1h (final mtSOX Deep Red concentration: 5pM).
200nM TMRE for 20min at 37°C. MMP was then measured immedi- The mitochondrial superoxide levels were measured immediately
ately using FCM. using FCM.

FIGURE 2 RNA-seq analysis of EL-4 cells treated with a-pinene. EL-4 cells were treated with or without a-pinene 10 ug/mL for 6 h. Total
RNA extracted from the cells was prepared for RNA-seq libraries and the libraries sequenced with DNBSEQ-G400RS. (A) Pie chart showing
the total number of genes detected and percentage of upregulated and downregulated differentially expressed genes (DEGs). (B) Heatmap
of unsupervised hierarchical clustering of significantly enriched genes for EL-4 cells treated with a-pinene. Red and blue shading indicates
upregulation and downregulation, respectively. (C) Volcano plot of the genes. The upregulated, downregulated and non-DEGs are shown as
red, blue, and green dots, respectively. Bubble plots of gene set enrichment analysis (GSEA) using (D) Gene Ontology (GO) terms, (E) Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway, and (F) GO terms related to mitochondria. All data shown are based on three control
samples and three a-pinene samples. DEGs were defined as false discovery rate <0.05 and |log, (fold change)|> 1. Significantly enriched
GO and KEGG pathway in GSEA were defined as p <0.05. Down-DEGs, downregulated DEGs; Non-DEGs, non-DEG genes; Up-DEGs,
upregulated DEGs.
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2.11 | Quantitative real-time polymerase chain
reaction assay

Total RNA from treated cells was extracted using the RNeasy Mini
Kit, and reverse transcription was performed using SuperScript
Il Reverse Transcriptase (Thermo Fisher Scientific), according to
the manufacturer's protocols. Primer sequences are provided in
Table S1. Details are provided in Appendix S1.

2.12 | Quantification of p53 and
phosphorylated p53

EL-4 cells were seeded at a density of 5x 10% cells/well in a 24-well
plate and treated with a-pinene (10 pg/mL) for 3h, and Molt-4 cells
were treated with a-pinene (2 pg/mL) for 6 h. The staining protocol is
provided in Appendix S1.

2.13 | Detection of active caspase-3

Cells were seeded at a density of 5x 10* cells/well in a 24-well plate
and treated with a-pinene in the presence or absence of NAC for 24 h;
fixed in 2% PFA in PBS for 5min; washed, and permeabilized with
0.1% Triton X-100 in PBS for 5min; and then incubated with an anti-
active caspase-3 antibody (Becton, Dickinson and Company, 2:100) in

PBS for 30 min. Active caspase-3 was measured using FCM.
2.14 | Immunocytochemistry
EL-4 cells were seeded at a density of 5x 10* cells/well in a 24-well plate;

treated with 10 pg/mL a-pinene for 4 h; and then treated with 80nM PMA
and 1M ionomycin for 20min. Details are provided in Appendix S1.

2.15 | Quantification of NF-xB p65

EL-4 cells were seeded at a density of 5x10° cells/well in a 6-well
plate, treated with a-pinene (10ug/mL) for 4h, and treated with
PMA (80nM) and ionomycin (1 pM) for 20min. Details are provided
in Appendix S1.

2.16 | Animals

Seven-week-old female C57BL/6J mice were purchased from CLEA
Japan (Tokyo, Japan). All mice were maintained under specific
pathogen-free conditions and under a 12h light/12h dark cycle.
All animal experimental procedures were approved by the Animal
Care and Use Committee of Okayama University Advanced Science

Research Center.

2.17 | EL-4 Luc mouse tumor model

Details of the luciferase-expressing EL-4 (EL-4 Luc) cell generation
methods are provided in Appendix S1. EL-4 Luc cell suspensions
(1% 107 cells in 0.2mL culture medium) were injected subcutane-
ously into the left back of C57BL/6J mice on day 1. Mice received
intraperitoneal injections of a-pinene (100 mg/kg) in 1v/v% DMSO-
containing PBS or vehicle every day from 5days after the EL-4 Luc
inoculation. Tumor volume (minor diameterzxmajor axisx 1/2) was
measured using a caliper. Mice were injected intraperitoneally with
150 mg/kg b-luciferin (Promega, Madison, WI, USA), and tumor
progression and metastasis were evaluated using the IVIS Lumina
(PerkinElmer, Waltham, MA, USA\) in vivo imaging system. Tumor tis-
sues collected from mice on day 15 were fixed in 4% PFA in PBS.
Details of the immunohistochemistry methods are provided in
Appendix S1.

FIGURE 3 «-Pinene-induced mitochondrial respiratory dysfunction and reactive oxygen species are involved in apoptosis in EL-4 cells.
(A) Quantification of intracellular 2',7’-dichlorofluorescein (DCF) levels. EL-4 cells were treated with a-pinene 10 pg/mL with or without
N-acetyl-L-cysteine (NAC) 10 mM for 1 h and then incubated with 2',7-dichlorodihydrofluorescein diacetate (DCFH-DA) for 20 min.
Representative histogram showing intracellular DCF levels (left). Median fluorescence intensity (MFI) of intracellular DCF (right). (B)
Apoptosis assay of EL-4 cells treated with a-pinene 10 pg/mL with or without NAC 10 mM for 6 h. Representative flow cytometry (FCM)
plots of apoptosis assay (left) and percentages of apoptotic cells (right). (C) FCM analysis of intracellular yH2AX levels in EL-4 cells treated
with a-pinene 10 pg/mL with or without NAC 10mM for 6 h. Representative histogram showing intracellular yH2AX levels (left). MFI of
intracellular yH2AX (right). (D) FCM analysis of mitochondrial membrane potential in EL-4 cells treated with a-pinene 10 pg/mL with or

without NAC 10mM for 24 h. Representative histogram showing intracellular tetramethylrhodamine ethyl ester (TMRE) levels (left) and the
percentage of TMRE" cells (right). (E) Oxygen consumption rate of EL-4 cells treated with a-pinene 10 pg/mL. (F, G) EL-4 cells treated with
or without a-pinene 5pg/mL for 24 h. Cell culture supernatant was collected, and the glucose consumption (F) and lactate production (G)
per 1x 10* cells were measured. (H) Quantification of mitochondrial superoxide levels. EL-4 cells, resuspended with mtSOX Deep Red, were
treated with a-pinene 10 pg/mL with or without NAC 10mM for 1 h. Representative histogram showing mtSOX Deep Red levels (left). MFI
of mtSOX Deep Red (right). All data are based on at least three independent experiments. Results are reported as the mean+SEM. In (E-G),
results were compared with those of the control group using two-tailed, independent samples t-tests. In (A-D), and (H), data were analyzed
using one-way ANOVA. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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2.18 | Other methods

Detailed descriptions of other methods used in this study are pro-
vided in Appendix S1.

2.19 | Statistical analysis

The mean+SEM of at least three independent experiments were
reported, unless otherwise specified. Statistical significance was as-
sessed using independent samples t-tests to compare two groups,
and one-way ANOVA with a post-hoc test to compare three groups,
unless otherwise specified. Statistical analyses were performed
using GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA).

Two-tailed p-values <0.05 were considered statistically significant.

3 | RESULTS

3.1 | «-Pinene inhibits the proliferation of
hematologic malignancies

To examine the antitumor activity of a-pinene on hematologic malig-
nancies, we evaluated the cell growth inhibitory effects of a-pinene
for murine and human hematologic malignancy cell lines in vitro. As
limonene, another monoterpene present in mastic oil, is reported
to have antitumor effects,® we included not only a-pinene but also
limonene in the experiments to compare the antitumor effects of
these monoterpenes. To investigate the efficacy of a-pinene and li-
monene in hematologic malignancies, we tested these compounds
in the T-ALL cell lines, EL-4, Molt-4, CCRF-CEM, and HPB-ALL, the
acute myeloid leukemia cell lines, KG-1a and HNT-34, the acute
promyelocytic leukemia cell line, HL-60, the chronic myelogenous
leukemia cell line, K562, the B-ALL cell lines, BALM-7 and NALM-
6, and the multiple myeloma cell line, 5TGM1. a-Pinene was highly
effective at inhibiting the growth in EL-4, Molt-4, CCRF-CEM, HPB-
ALL, KG-1a, HNT-34, BALM-7, and 5TGM1 (Figure 1A; Figure S1A;
Table 1). Among these hematologic malignancies, novel therapies
such as B-cell lymphoma 2 (BCL-2) inhibitors, bispecific T-cell en-
gager, and chimeric antigen receptor T-cell therapy have emerged
for AML and B-ALL.!?** However, given the lack of effective

treatments for relapse and refractory T-cell malignancies and con-
sidering that the patient population is young, developing a novel
agent for T-cell malignancies is imperative. Thus, we focused our in-
vestigation on the effect of a-pinene on T-cell tumors. a-Pinene and
limonene inhibited the growth of the murine T-cell tumor cell line
EL-4 and the human-derived T-cell tumor cell line Molt-4 in vitro in
a concentration- and time-dependent manner (Figure 1A,B; Table 1).
EL-4 cells incubated with a-pinene or limonene for 36h had an in-
distinct, necrotic appearance (Figure 1C), whereas limonene had a
variable effect. Furthermore, a-pinene and limonene had minimal ef-
fect on the growth of human blood T-cells and murine spleen T-cells
(Table 1; Figure S1A).

We examined the apoptotic response using Annexin V and fix-
able viability dye (FVD) staining (Figure S1B). Both a-pinene and lim-
onene triggered apoptosis in EL-4 cells as early as 1 h after exposure.
Limonene rapidly induced early apoptosis at 2h, but a-pinene in-
duced apoptosis more strongly at 6 h (Figure 1D). a-Pinene and limo-
nene also induced apoptosis in Molt-4 cells (Figure S1C). As a-pinene
induces cell-cycle arrest in other types of cancers,*>¢ we performed
cell-cycle analyses by FCM using Ki67 and DAPI (Figure S1D). Both
a-pinene and limonene significantly decreased the proportion of
cells in the G1 and M phases, and increased the proportion of cells
in the GO phase (Figure 1E), suggesting that they induced cell-cycle
arrest and apoptosis.

3.2 | Transcriptomic profiling of EL-4 and Molt-4
cells treated with o-pinene

We analyzed the transcriptomes of EL-4 and Molt-4 cells treated
with a-pinene using RNA-seq to determine the mechanisms under-
lying the effects of a-pinene. We detected 11,900 genes, including
838 upregulated and 796 downregulated DEGs in EL-4 (Figure 2A-
C; Table S2), and 14,614 genes, including 643 upregulated and 288
downregulated DEGs in Molt-4 (Figure S2A-C). GO molecular func-
tion analysis revealed enrichment in GO terms related to cellular
damage (Figure 2D; Figure S2D; Table S3). Furthermore, biological
pathway analyses using KEGG showed that a-pinene treatment
enriched genes associated with the ROS pathway and apoptosis
(Figure 2E; Figure S2E; Table S4). ROS are primarily generated by
mitochondria in most mammalian cells,'” and mitochondrial DNA

FIGURE 4 «o-Pinene stimulates the EGR1-p53-BAX/BCL-2-caspase cascade, leading to apoptosis. Quantitative gene expression analyses
of Egrl (A) and Trp53 (B) relative to Actb in EL-4 cells treated with a-pinene 10 pg/mL at indicative time point. Flow cytometry (FCM) analyses
of protein levels of p53 (C) and phosphorylated p53 (D) in EL-4 cells treated with a-pinene 10 pg/mL for 3h. (C) Representative histogram
showing intracellular p53 levels (left). Median fluorescence intensity (MFI) of intracellular p53 (right). (D) Representative histogram showing
intracellular phosphorylated p53 levels (left). MFI of intracellular phosphorylated p53 (right). (E-G) Quantitative gene expression analyses

of Bcl2 (E) and Bax (F) relative to Actb in EL-4 cells treated with a-pinene 10 ug/mL at the specified time point. (G) BAX/BCL-2 ratio. (H)
Quantification of active caspase-3 levels. EL-4 cells were treated with a-pinene 10 pg/mL with or without N-acetyl-L-cysteine (NAC) 10mM
for 24 h. Representative histogram showing intracellular active caspase-37 levels (left). The percentage of active caspase-3* cells (right). All
data are based on at least three independent experiments. Data are reported as the mean + SEM. In (A-G), the results of the experimental
and control groups were compared using two-tailed, independent samples t-tests. The data in (H) were analyzed using one-way ANOVA.

*p<0.05, **p<0.01, **p<0.001, ****p<0.0001.
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FIGURE 5 «-Pinene reduces total intracellular NF-xB p65 and inhibits NF-kB p65 translocation into the nucleus in EL-4 cells. (A)
Representative immunofluorescence imaging showing the location of nuclear factor kappa B (NF-xB) p65 in EL-4 cells. EL-4 cells were
treated with a-pinene 10 ug/mL for 4h and then stimulated with PMA 80nM and ionomycin (lo) 1 M (PMA/Io) for 20min. Alexa Fluor
488-labeled NF-kB p65 in green and DAPI-labeled nucleus in blue. The scale bars show 20 um. (B-D) Quantification of integrated density

of immunofluorescence of Alexa Fluor 488-labeled NF-xB p65 in the nucleus (B) and intracellular (C). (D) Percentage of integrated density

of nucleus NF-xB p65 immunofluorescence in the whole cell. (E) Representative histogram showing intracellular Alexa Fluor 488-labeled
NF-xB p65 levels in EL-4 cells (left). Median fluorescence intensity (MFI) of intracellular Alexa Fluor 488-labeled NF-xB p65 (right). All data
are based on at least three independent experiments. Data are reported as the mean+SEM. The data were analyzed using one-way ANOVA,;

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

is more susceptible than nuclear DNA to damage after oxidative
stress, leading to mitochondria dysfunction and apoptosis.*® Thus,
we identified GO terms related to mitochondrial dysfunction, in-
cluding mitochondrial respiration, outer membrane permeability,
depolarization and release of cytochrome c (Figure 2F; Figure S2F;
Table S5). These findings suggest that a-pinene inhibits T-cell tumor
proliferation by increasing intracellular ROS levels and inducing mi-
tochondrial dysfunction.

3.3 | «a-Pinene induces mitochondrial
dysfunction and excessive ROS accumulation in
T-cell tumors

Excessive ROS production and mitochondrial damage play crucial
roles in inducing apoptosis'’; therefore, we assessed intracellular
ROS levels in EL-4 and Molt-4 cells treated with a-pinene. a-Pinene
treatment significantly elevated ROS levels in EL-4 and Molt-4 cells,
which was suppressed by co-incubation with the ROS inhibitor, NAC
(Figure 3A; Figure S3A). NAC prevented a-pinene-induced apop-
tosis in EL-4 and Molt-4 cells (Figure 3B; Figure S3B). Because the
CCK-8 assay is unreliable in the presence of NAC, we used FCM
to count live cells and evaluate the effect of the addition of NAC.
NAC almost completely prevented the inhibitory effects of a-pinene
on EL-4 and Molt-4 cells (Figure S3C,D), suggesting that the ROS-
mediated apoptotic pathway plays a major role in the inhibition of
EL-4 and Molt-4 cell growth by a-pinene. As for EL-4 and Molt-4, o-
pinene induced the increase in ROS levels and apoptosis induction in
CCRF-CEM, HPB-ALL, KG-1a, HNT-34 and BALM-7, indicating that
a-pinene might exert an antitumor effect in these cell lines through
similar mechanisms (Figure S3E-I).

As a-pinene has been shown to induce DNA damage in malig-
nant melanoma cells,” we assessed YH2AX, a biomarker for DNA
double-stranded breaks,?° in EL-4 and Molt-4 cells treated with
a-pinene. a-Pinene treatment significantly increased yH2AX both
in EL-4 and Molt-4 cells, which was suppressed by co-incubation
with NAC (Figure 3C; Figure S4A), suggesting that the increase
in ROS preceded DNA damage. Based on the results of RNA-seq
(Figure 2F; Figure S2F), we hypothesized a mitochondrial respiratory
chain-related dysfunction as the cause of the elevated ROS. First,
we assessed the MMP using TMRE. Treatment of a-pinene led to
a decrease in MMP in EL-4 and Molt-4 cells, suggesting mitochon-
drial dysfunction. NAC treatment mitigated the «-pinene-induced
reduction in MMP (Figure 3D; Figure S4B). The assessment of

mitochondrial basal OCR in EL-4 showed a decrease after exposure
to a-pinene, providing additional evidence of mitochondrial dysfunc-
tion (Figure 3E). Next, to examine the impact of impaired mitochon-
drial respiration, we investigated glucose consumption and lactate
production in EL-4 cells treated with a-pinene. a-Pinene treatment
increased glucose consumption and lactate production in EL-4 cells
(Figure 3F,G), indicating a shift in intracellular energy metabolism
from oxidative phosphorylation by mitochondria (OXPHOS) to gly-
colysis induced by a-pinene. Conversely, in Molt-4 cells, no signifi-
cant difference in mitochondrial basal OCR was observed following
a-pinene treatment (Figure S4C). However, analysis of cell culture
supernatant revealed that a-pinene treatment led to an elevation
in glucose consumption and lactate production (Figure S4D,E).
Furthermore, we examined whether the excessive ROS by a-pinene
treatment could increase mitochondrial ROS in EL-4 and Molt-4 cells.
As we expected, mitochondrial ROS was increased by a-pinene,
which was suppressed by NAC combination (Figure 3H; Figure S4F).
These results suggest that a-pinene induces mitochondrial dysfunc-
tion that tilts intracellular energy metabolism toward glycolysis and
amplifies mitochondrial ROS production in a vicious cycle that ulti-
mately leads to ROS-induced apoptosis and DNA damage.

3.4 | «a-Pinene stimulates the EGR1-p53-BAX/
BCL-2-caspase cascade, leading T-cell tumors
to apoptosis

RNA-seq analysis revealed that Egri/EGR1 gene expression was
significantly upregulated in EL-4 and Molt-4 cells treated with a-
pinene (Figure 2C; Figure S2C; Table S2), presumably in response to
elevated ROS levels. EGR1 is a zinc finger transcription factor that
responds to diverse stimuli, including growth factors, cytokines,
ROS, hypoxia, and ionizing radiation.?*?2 As EGR1 and ROS target
p53,2%2% 3 central mediator of cell-cycle arrest and apoptosis, we
postulated that the increase in intracellular ROS might result in an
elevation of EGR1, consequently activating p53, and subsequently
inducing apoptosis. We analyzed the expression of Egrl and Trp53
after a-pinene treatment using a quantitative real-time polymerase
chain reaction assay. a-Pinene treatment significantly upregulated
the expression of both Egrl and Trp53 in EL-4 cells (Figure 4A,B).
Under steady-state conditions, p53 protein is ubiquitinated by
MDM2, a negative regulator of p53, and subsequently degraded to
maintain low levels.?> Stress signals phosphorylate human p53 at
serine 15, leading to reduced interaction between p53 and MDM2,
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FIGURE 6 a-Pinene inhibits EL-4 cell proliferation in vivo. (A) Female C57BL/6J were implanted with EL-4 Luc cells on day 1. Mice
received intraperitoneal injection of a-pinene (100mg/kg) or vehicle every day from days 5 to 14, and analysis was performed on day 15,
n=19-23 mice per group, from seven independent experiments. (B) Bodyweight of the mice. (C) The tumor volume was measured twice

a week (days 5, 8, 12 and 15). (D) Bioluminescence imaging of EL-4 Luc cells in mice on day 15 imaged by IVIS Lumina. (E-H) Imaging
analyses of EL-4 Luc tumors from mice on day 15. (E) Representative images of immunofluorescent staining. Scale bars, 100 um. (F) TUNEL-
positive cell area ratio. (G) Representative images of H&E staining and immunohistochemical staining of CD8 and NK1.1 of the tumor.

Scale bars, 100 pm (40pum in the enlarged images). (H) Analysis of CD8* (left) and NK1.1" cells (right). (I) Schematic model of the mechanism
of a-pinene-induced cell death in hematologic malignancies. a-Pinene impaired mitochondrial oxidative phosphorylation (OXPHOS) and
increased glycolysis capacity. Mitochondrial dysfunction elicits ROS generation, resulting in DNA damage and enhanced expression of EGR1,
p53, BAX, and an increased BAX/BCL-2 ratio. As a consequence, DNA damage cause cell-cycle arrest and the elevated ROS levels cause
augmented permeability of the mitochondrial outer membrane, leading to cytochrome c release and caspase cascade activation, culminating
in apoptosis. Additionally, a-pinene inhibits the activation pathways of the NF-kB. Results are reported as the mean +SEM. The results were
compared with those of the control group using two-tailed, independent samples t-tests. *p <0.05, **p <0.01.

which activates p53.2 Therefore, we investigated the p53 and phos-
phorylated p53 levels in EL-4 cells. a-Pinene treatment significantly
increased phosphorylated p53 levels (Figure 4C,D) without altering
total p53 levels, indicating that a-pinene accelerates phosphoryla-
tion of p53 in EL-4 cells.

As p53 regulates the transcriptional activity of BCL-2 family

27 we examined the gene expression of BCL-2 and BCL-2-

proteins,
associated X protein (BAX), which have opposing effects on apopto-
sis. Although o-pinene increased the expression of both Bcl2 and Bax
in EL-4 (Figure 4E,F), the upregulation of Bax was more pronounced,
resulting in an increased Bax/Bcl2 ratio after 6 h (Figure 4G). BAX pro-
motes the loss of MMP, and then cytochrome c is released into the cyto-
sol and activates the caspase cascade, resulting in apoptosis.?® a-Pinene
treatment markedly increased active caspase-3 in EL-4 cells, which was
inhibited by NAC treatment (Figure 4H). Next, we analyzed the levels
of TP53 expression after treating Molt-4 cells with a-pinene. Because
Molt-4 harbors several mutations in TP53 that may affect its reactivity
to a-pinene,?’ we investigated the TP53 mutations in previously re-
ported loci, including c.743G>A (p.R248Q), c.331C>G (p.L111V), and
€.916C>T (p.R306*) by Sanger sequencing.®°-32 Although these mu-
tations were not detected, a single polymorphism, c.215C>G, which
produced the Arg72 variant of p53, was identified in Molt-4 cells

3% o-Pinene treat-

(Figure S5A-D), consistent with a previous repor
ment downregulated EGR1 in Molt-4 cells, but did not alter TP53 gene
expression (Figure S6A,B). a-Pinene treatment increased p53 and phos-
phorylated p53 levels (Figure S6C,D), leading to significant BAX upreg-
ulation and an increased BAX/BCL2 ratio (Figure S6E-G). As in EL-4
cells, the active caspase-3 level was significantly increased in Molt-4
cells treated with a-pinene and this was completely restored by NAC
treatment (Figure S6H). These findings suggest that a-pinene inhibits
T-cell tumor growth by activating intrinsic apoptotic pathways involving

EGR1, p53, BCL-2, BAX, and caspase cascade.

3.5 | «a-Pinene inhibits NF-xB p65 translocation
into the nucleus and reduces total intracellular
NF-xB p65

NF-xB plays a crucial role in regulating various processes in cancer, in-

cluding cell proliferation, adhesion, and resistance to apoptosis.>*%”

NF-kB is composed of homo and heterodimers of RelA (p65), RelB, c-
Rel, NF-xB1, and NF-kB2. Although inhibitory IxB kinases sequester
these protein complexes in the cytoplasm during steady-state condi-
tions, phosphorylation and acetylation lead to their translocation to
the nucleus and activation of target-gene transcription.3®3® Because
a-pinene has been reported to inhibit nuclear translocation of NF-xB
in the human monocyte cell line THP-1,%? we examined the impact
of a-pinene on the NF-xB pathway in EL-4. In EL-4, NF-kB was pre-
sent in the cytoplasm in the steady state and after a-pinene treat-
ment, but stimulation with PMA/ionomycin led to its translocation
to the nucleus (Figure 5A). We quantified NF-kB translocation by
calculating the integrated density of fluorescence bound to NF-xB
p65 antibodies in the cytoplasm and nucleus using immunofluores-
cence staining (Figure 5A-C). The integrated density of NF-xB p65
increased in the cytoplasm and nucleus following PMA/ionomycin
treatment (Figure 5A-C), indicating upregulation of NF-kB. The per-
centage of intracellular NF-xB p65 located in the nucleus increased
significantly after PMA/ionomycin stimulation, reflecting PMA/
ionomycin-induced nuclear translocation of NF-kB (Figure 5D). a-
Pinene inhibited the PMA/ionomycin-induced increase in NF-xB
p65 and nuclear translocation (Figure 5A-D). FCM analyses revealed
that a-pinene reduced the total amount of intracellular NF-xB p65
and suppressed the increase in NF-xB p65 after stimulation with
PMA/ionomycin (Figure 5E), suggesting that a-pinene might inhibit
EL-4 proliferation by suppressing the NF-xB pathway.

3.6 | Effect of x-pinene on tumor growthina
mouse T-cell tumor model

To investigate the tumor-suppressive effects of a-pinene in vivo,
we administered a-pinene to mice subcutaneously inoculated with
EL-4 Luc cells (Figure 6A). a-Pinene did not affect gross appear-
ance, behavior, or body weight, indicating its safety (Figure 6B).
Administration of a-pinene suppressed tumor cell growth inimmuno-
competent C57BL/6J mice (Figure 6C,D). The TUNEL assay revealed
anincrease in TUNEL-positive apoptotic cells in the a-pinene-treated
group (Figure 6E,F). Previous studies have suggested that in mice
a-pinene activates antitumor immunity associated with an increase

in B-cells, T-cells, and NK cells.}®! Thus, we evaluated the immune
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cells in the blood, spleen, and bone marrow of mice treated with
a-pinene. a-Pinene did not alter the composition of immune cells or
hematopoietic stem and progenitors in these organs (Figure S7A-E).
However, CD8* T-cells and NK cells were significantly increased in
the tumors of mice treated with a-pinene (Figure 6G,H), suggesting
that a-pinene may impede tumor proliferation by facilitating immu-

nocyte recruitment within the tumor.

4 | DISCUSSION

These results show that a-pinene has antitumor activity against
hematologic malignancies, especially in T-cell tumors. a-Pinene is
the low aqueous solubility, and its molecular weight is 136.23 g/
mol.* Small hydrophobic molecules can penetrate the cell mem-
brane and move into the cell by passive diffusion.*! In fact, a-
pinene was found in the homogenate of astrocytes treated with
essential oil containing a-pinene in similar proportions as in the
original essential oil.*> We found that a-pinene induces mito-
chondrial dysfunction and ROS accumulation, ultimately leading
to apoptosis. ROS levels are elevated in cancer cells,*3 promoting
pro-tumorigenic signaling and cancer cell proliferation, survival,
angiogenesis, and metastasis; however, excessive ROS levels pro-
mote anti-tumorigenic signaling and cause irreversible oxidative
distress, thereby inducing cancer cell death.** Chemotherapeutic
agents used to treat leukemia, such as doxorubicin and vincristine,
increase ROS levels in leukemic cells.*>*¢ Elevated ROS levels in
cancer cells augment their sensitivity to anticancer drugs. In ALL,
drugs such as artesunate and parthenolide boost intracellular
ROS levels and have a synergistic effect with chemotherapeutic
agents.”48

The NF-xB signaling pathways play an essential role in the devel-
opment and progression of cancer.*® a-Pinene reduces cytoplasmic
phosphorylated IkB, IkB kinase, and nuclear NF-kB levels, and inhib-
its NF-kB-binding activity in macrophages stimulated with lipopoly-
saccharides.*’ a-Pinene inhibits nuclear translocation of NF-xB p65
in stimulated T-cell tumor cells and decreases intracellular NF-xB
p65 protein levels. These results suggest that a-pinene suppresses
tumor development and progression by suppressing the response of
the NF-xB pathway to various stimuli.

a-Pinene inhibited cell proliferation by inducing apoptosis in vari-
ous hematologic tumor cell lines. The Molt-4 cells in our experiments
harbored a single polymorphism ¢.215C>G, which produced the
Arg72 p53 variant. Compared with the Pro72 variant, the Arg72 p53
variant has stronger transcription-independent apoptosis-inducing
activity in the mitochondria.>® a-Pinene caused a marked loss of
MMP in Molt-4. Thus, the mitochondrial transcription-independent
apoptosis activation pathway by the Arg72 variant of p53 may be
responsible for potent endogenous apoptosis in Molt-4 cells at low
levels of a-pinene.

Another mechanism for the antitumor effect of a-pinene is
the activation of immune cells. a-Pinene may activate an anti-

tumor immune response, as indicated by an increase in B-cells,

T-cells, and NK cells.’® a-Pinene also enhances antitumor activity
by accelerating NK-cell activation and cytotoxicity via the ERK/
AKT signaling pathway.11 Immune checkpoint inhibitors (ICls)
such as programmed death receptor-1 (PD-1) antibodies have
revolutionized cancer treatment and are used to treat Hodgkin

5152 and have antitumor effects on T-cell tumors.>%>*

lymphoma,
However, the effect of ICls is influenced by PD-1 expression in
tumor cells, tumor mutation burden, and infiltration of CD8% T-

cells into the tumor microenvironment.>”

Most malignant lym-
phomas have non-inflammatory environments and may eliminate
immune cells in the tumor microenvironment due to their high
proliferation rate or genetic changes toward immune escape.”*
As our study showed that a-pinene suppressed the proliferation
of T-cell tumors and increased CD8* T-cells and NK cells in the
tumor, combining a-pinene with ICls could boost its efficacy in
T-cell tumors.

The antitumor effect of a-pinene in the mouse model was not as
strong as observed in vitro. This may be because a-pinene is com-
pletely eliminated from the human body 10h after exposure, and
that a-pinene is highly volatile and may be excreted in the exhaled
air,”® which may explain why a-pinene was not as effective in vivo.
This may be the reason why the effect of a-pinene was not high in
our mice tumor model. Although a-pinene has limited applications
due to its low water solubility, high photosensitivity, and high vola-
tility, attempts have been made to encapsulate a-pinene in solid lipid
nanoparticles,®” cyclodextrins, or liposomes to elicit stable biologi-
cal effects.*C It is expected that these technologies will be applied
in the future to develop novel drug delivery systems that efficiently
deliver a-pinene to tumor cells.

In conclusion, this study showed that a-pinene possesses unique
antitumor properties (Figure 6l), which may help in developing novel
therapies for hematologic malignancies resistant to conventional
chemotherapy. Further investigation of the use of a-pinene for the

treatment of hematologic malignancies is warranted.
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