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Dracocephalum palmatum Stephan extract induces
caspase- and mitochondria-dependent apoptosis via
Myc inhibition in diffuse large B cell lymphoma

JISU KIM'?, JEONG NAM KIM?, INMYOUNG PARK”*, SARDANA SIVTSEVA®,
ZHANNA OKHLOPKOVA?®, ISMAYIL S. ZULFUGAROV’® and SANG-WOO KIM?

Departments of lIntegrated Biological Science, 2Biological Sciences and 3Microbiology, Pusan National University,

Busan 46241; 4Department of Asian Food and Culinary Arts, Youngsan University, Busan 48015,
Republic of Korea; 5Department of Biology, North-Eastern Federal University, Yakutsk 677027, Russia;
®Institute of Molecular Biology and Biotechnology, Azerbaijan National Academy of Sciences, Baku, AZ 1073, Azerbaijan

Received November 12, 2019; Accepted June 25,2020

DOI: 10.3892/0r.2020.7797

Abstract. Dracocephalum palmatum Stephan (DPS), a medic-
inal plant used by Russian nomads, has been known to exhibit
antioxidant properties. However, to the best of our knowledge,
its anticancer effect has not been elucidated. The present study
aimed to evaluate the tumor-suppressive effect of DPS extract
(DPSE) in diffuse large B cell lymphoma (DLBCL) and the
underlying mechanism. MTS assays and Annexin V staining
were performed to assess the anti-proliferative and apoptotic
effects of DPSE, respectively. To reveal the underlying mecha-
nisms, the levels of pro- and anti-apoptotic Bcl-2 members
were analyzed by western blotting. Rescue experiments were
performed to investigate the potential involvement of Myc
in DPSE-induced tumor-inhibitory effects. Additionally,
high-performance liquid chromatography analysis was
performed to analyze the components with anticancer effects.
Exposure of multiple DLBCL cell lines to DPSE significantly
decreased cell viability and increased apoptosis, whereas it had
no effect on the survival of normal cells in vitro and in vivo.
This indicates that its cytotoxic effect may be specific to
cancer cells. Mechanistically, cell death induced by DPSE was
dependent on the activation of caspase-3/7 and the disruption of
mitochondrial membrane potential. Treatment with the extract
ameliorated the expression of anti-apoptotic Bcl-2 members
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Bcl-xL and Mcl-1, and upregulated that of pro-apoptotic Bcl-2
members Bax and Bak. These modulations led to the disrup-
tion of mitochondrial membrane potential, which culminated
in the activation of executioner caspases-3 and -7. Notably,
overexpression of Myc inhibited DPSE-induced cell killing,
indicating the involvement of Myc in this process. Given that
dysregulation of Myc is strongly associated with the pathobi-
ology of DLBCL, the present study highlights the potential
therapeutic efficacy of DPSE in patients with DLBCL with
aberrant Myc expression. Furthermore, fractionation of DPSE
by thin layer chromatography and liquid chromatography/mass
spectrometry-based investigation of the fraction with bioactive
compounds demonstrated that flavonoids may be responsible
for most, if not all, of the anti-lymphoma effect. Efforts to
identify the bioactive flavonoids is currently underway.

Introduction

Diffuse large B cell lymphoma (DLBCL) is the most frequent
subtype of non-Hodgkin lymphoma (1). This blood cancer is
further divided into germinal center B cell-like (GCB) and
activated B cell-like (ABC) DLBCL according to gene expres-
sion profiling. Genetic lesions that characterize GCB DLBCL
include deletion of phosphatase and tensin homolog and p53
mutations that are associated with genomic instability (2,3).
Constitutively active NF-«kB signaling is the most prominent
feature of the ABC subtype (1-3). The cyclophosphamide,
doxorubicin, vincristine and prednisone regimen is established
as the standard treatment of patients with DLBCL, and the
addition of rituximab significantly improves overall survival
without a significant increase in toxicity (4,5). However,
30-40% of patients with DLBCL still succumb to the disease
worldwide, demanding a better understanding of the disease
and continued efforts for drug development (6).

Apoptosis, or programmed cell death, is a tightly
regulated process that is generally characterized by cell
shrinkage, genomic DNA fragmentation, karyorrhexis and
blebbing (7). The extrinsic apoptosis pathway occurs when
extracellular death ligands, such as Fas-L or TNF-a, bind to
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their cognate death receptors, forming the death-inducing
signaling complex (DISC) (7-9). DISC regulates the activa-
tion of pro- and anti-apoptotic Bcl-2 family members, which
results in a decrease in the mitochondrial membrane potential,
cytochrome c release, and activation of caspases-3 and -7.
The intrinsic apoptosis pathway is initiated by endoplasmic
reticulum stress, DNA damage, hypoxia or metabolic stress,
and involves the disruption of mitochondrial outer membrane
permeabilization and activation of caspases (10,11).

Dracocephalum palmatum Stephan (DPS), a medicinal
plant used by Russian nomads, has been shown to exhibit
strong antioxidant properties owing to high concentrations of
phenolic compounds (12). However, to the best of our knowl-
edge, its anti-lymphoma effect has not been characterized.
The current study investigated the growth-suppressive and
pro-apoptotic effect of DPS extract (DPSE) on DLBCL cells.
Furthermore, thin layer chromatography (TLC) fractionation,
followed by liquid chromatography/mass spectrometry-based
analysis of the fraction with bioactive compounds, revealed
that the anti-lymphoma effect of DPSE mainly stems from
flavonoids.

Materials and methods

Preparation of DPSE. The well-dried DPS herbs were ground
using a pestle and mortar until it was in a fine powder condition.
After adding 100 ml 70% ethanol to 2 g fine powder, the
mixture was shaken for 72 h on a rotary shaker to extract the
majority of the compounds. The resulting extract was filtrated
twice through a filter paper. The filtrated extract was concen-
trated and dried on an IKA RV10 BasicV rotary evaporator
(IKA® Korea. Ltd.), and the dried extract was dissolved in an
ultrasonic bath with the gradual addition of a total of 7 ml
pure methanol. The resulting extract was stored in a freezer
at -30°C.

Fractionation of the methanolic DPSE. Compound fractions
were separated by TLC with the solvent system ethyl acetate,
formic acid, glacial acetic acid and distilled water in a ratio
of 100:11:11:26 (v/v), and with rutin (0.05% in methanol) as a
standard. DPSE (600 pl) was added to the TLC Sorbfil plates
(20 ul per 1 cm extract and 3 pl per point standards; Sorbfil).
Following separation, the TLC plates were examined and under
ultraviolet (UV) light using the TLC-scanner. The developed
spots were described by color and the R, values are calculated
based of the rutin standard with a R;of 0.30. Under UV light,
six fluorescent dark violet spots were detected with R values
of 0.37,0.50, 0.65, 0.75 and 0.90, which were designated as 1F,
2F, 3F, 4F, 5F and OF, respectively. The developed spots were
cut from the TLC plate in strips, crushed and placed into 15 ml
Falcon tubes for elution in small volumes of pure 100% meth-
anol in a Multi RS-60 Biosan multitator (Biosan) for 20 min.
The eluates were transferred to 10 ml tubes and centrifuged at
3,500 x g for 15 min at room temperature and freeze-dried. All
chemicals used were chromatography grade purity.

High-performance liquid chromatography (HPLC) analysis.
To analyze the components of the TLC fraction 6F of
DPSE, the HPLC system (Agilent Technologies 1290 Series;
Agilent Technologies, Inc.) was used. HPLC analysis was
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performed using a Poroshell column (100x3.0 mm, 2.7 pym).
Mobile phase A was 0.1% formic acid in distilled water and
mobile phase B was 0.1% formic acid in acetonitrile. The
injection volume was 3 pl, the column temperature was 40°C,
and the samples were eluted at 300 ul/min with gradient
program (0-5 min, 2% B; 5-16 min, 40% B; 16-24 min,
95% B; 24-25 min, 2% B). The eluents separated from 6F were
analyzed with Agilent Technologies 6530 Accurate-Mass
(Q-TOF) (Agilent Technologies, Inc.). The optimal parameters
were as follows: The positive ESI mode, gas temperature
300°C, sheath gas temperature 350°C, sheath gas flow rate
11 1/min, and fragmentor voltage 175 V.

Cell culture, reagents and antibodies. Human DLBCL
cell lines (DHL4, DHL6, Lyl, Ly8, Lyl9 and HBL1) (13)
and peripheral blood mononuclear cells (PBMCs) were
maintained in RPMI-1640 medium (Hyclone; Cytiva) supple-
mented with 10% fetal bovine serum (FBS; Hyclone; Cytiva),
1% L-glutamine, 1% N-2-hydroxyethylpiperazine-N'-2-ethan
esulfonic acid buffer, and 1% penicillin/streptomycin at 37°C
in a 5% CO, incubator. The DHL4, DHL6, Lyl, Ly8, Lyl9 and
HBL1 DLBCL cell lines were a generous gift from Dr Ricardo
Aguiar (University of Texas Health Science Center at San
Antonio, San Antonio, TX, USA). PBMCs were purchased
from PDXen Biosystems Co. Normal cells (splenocytes and
bone marrow cells) from wild-type C57BL/6 mice were
cultured in DMEM (Hyclone; Cytiva) with 10% FBS and
1% penicillin/streptomycin in a 5% CO, incubator at 37°C.

The primary antibodies against poly (ADP-ribose) poly-
merase 1 (PARP-1; cat. no. sc-7150, 1:1,000), pro-caspase 3
(cat. no. sc-7148, 1:1,000), Bcl-2 (cat. no. sc-7382, 1:2,000),
Mcl-1 (cat. no. sc-819, 1:1,000), Bax (cat. no. sc-7480, 1:1,000),
Bak (cat. no. sc-832, 1:1,000), Myc (cat. no. sc-40, 1:1,000),
p53 (cat. no. sc-126, 1:1,000) and (-actin (cat. no. sc-47778,
1:1,000) were obtained from Santa Cruz Biotechnology, Inc.
The antibody against Bcl-xL (cat. no. 14-6994-81, 1:1,000)
was purchased from eBioscience. Secondary HRP-conjugated
goat anti-rabbit (cat. no. A120-101p, 1:5,000) and secondary
HRP-conjugated goat anti-mouse (cat. no. A90-116p, 1:5,000)
IgG antibodies were obtained from Bethyl Laboratories.

Measurement of cell viability. The CellTiter 96 AQueous MTS
assay (Promega Corporation) was used to determine the cyto-
toxicity of DPSE or isolated compounds (1~6F and 1~6T),
according to the manufacturer's instructions. Briefly, DLBCL
and normal cells (splenocytes and bone marrow cells from
mice and PBMCs) were plated at a density of 3x10* cells and
5x10° cells/well, respectively, in 96-well cell culture micro-
plates and treated with DPSE (0,0.2,0.4,0.6,0.8 and 1 mg/ml
for 24 or 48 h) or TLC fractions of terpenoids or flavonoids
(0, 100 and 200 pg/ml for 24 h) at 37°C, followed by the addi-
tion of 30 ul MTS reagent to the wells and incubation at 37°C
for 2 h. Absorbance was measured at 450 nm on a GloMax™
Microplate multi-mode reader (Promega Corporation).

Measurement of apoptotic rate, caspase-3/7 activities,
and mitochondrial membrane potential. DHL4, Lyl, Ly8,
HBL1 and normal murine cells were seeded at a density
of 5x10° cells/well in 12-well plates, treated with DPSE
(0 and 1 mg/ml) for 24 h at 37°C, and stained using FITC
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Annexin V Apoptosis Detection kit I (BD Biosciences)
according to the manufacturer's instructions. The apoptotic
fraction was analyzed by a BD FACSVerse flow cytom-
eter (BD Biosciences). Data acquisition and analysis were
performed using BD FACSCanto II software (version 3.0;
BD Biosciences).

To examine caspase 3/7 activity, cells were exposed to DPSE
(0,0.5 and 1 mg/ml for 24 h) at 37°C, and Caspase-Glo 3/7 Assay
reagent (cat. no. G8090; Promega Corporation) was added and
incubated for 1 h at room temperature. Luminescence was
measured using GloMax™ Microplate multi-mode reader.

For the measurement of the mitochondrial membrane
potential, cells were treated with DPSE (0 or 1 mg/ml for 24 h)
at 37°C, followed by the incubation with JC-1 dye (Abnova) for
15 min at 37°C. The resulting fluorescence was then monitored
by fluorescence microscopy or by using a BD FACSVerse flow
cytometer (BD Biosciences). Data acquisition and analysis
were performed using DP2-BSW software (version 2.1;
Olympus Cooperation) and BD FACSCanto II software
(version 3.0; BD Biosciences).

Western blot analysis. Following exposure to DPSE (0, 0.5 or
1 mg/ml for 24 h at 37°C), DHL4, Lyl, Ly8, and HBLI cells
were harvested and lysed in RIPA buffer (ELPIS Biotech. Inc.)
with 1 mM Na-vanadate, 50 mM (-glycerophosphate diso-
dium salt, f-mercaptoethanol (142 mM; Bioworld Technology,
Inc.), ProteaseArrest™ (G-Biosciences) and EDTA (5 mM;
G-Biosciences). Protein concentrations were measured using
the BCA assay kit (Thermo Fisher Scientific, Inc.) according
to the manufacturer's instructions. Samples were boiled at
100°C for 10 min in sample buffer, 25 ug proteins were loaded
in the 10 or 12% polyacrylamide gels, and transferred onto
Immobilon-P Transfer membranes, followed by blocking with
1% bovine serum albumin (BSA; MP Biomedicals) for 1 h at
room temperature and probing with primary antibodies at 4°C
overnight. After washing three times with TBS containing
0.1% Tween-20 (TBST) for 5 min each, the membranes were
probed with secondary anti-mouse/rabbit antibodies for 1 h at
room temperature. After washing three times with TBST for
10 min each, the membranes were exposed to a chemilumi-
nescent substrate [EzWestLumi plus (ATTO Corporation)] and
the protein bands were visualized using the Luminograph II
(ATTO Corporation). Western blots were quantified using
ImageJ 1.52a software (National Institutes of Health).

Animal studies. For in vitro toxicity testing, the splenocytes and
bone marrow cells were isolated from wild-type male C57BL/6
mice (n=5; age, 8 weeks; weight, 18+2 g), following the lysis of
red blood cells using ammonium chloride-based red cell lysis
buffer. For in vivo toxicity testing, 10 athymic male nude mice
(age, 8 weeks; weight, 20+4 g) were divided into two groups
and injected intraperitoneally with vehicle (1% methanol; n=5)
or DPSE (50 mg/kg; n=5) daily for 3 weeks, followed by histo-
logical analysis of the lung, heart, liver and kidney. C57BL/6
and athymic nude mice (BALB/c-nu) were purchased from
Central Lab Animal Inc. and Japan SLC, Inc., respectively. For
xenograft studies, 6 athymic nude mice (age, 4 weeks; weight,
17+1.6 g) were divided into two cohorts and inoculated in the
flanks with 1x107 Lyl or HBL1 parental cells. The injection
sites were inspected for possible tumor formation for 3 weeks.

ONCOLOGY REPORTS 44: 2746-2756, 2020

Mice were housed under a 12:12 h light/dark cycle at 26°C
and provided food and water ad libitum. All mice used in this
research were euthanized using a CO, chamber 3 weeks after
the start of the indicated treatment. A 10-liter volume chamber
was used and the displacement rate was fixed to 20% of the
CO, chamber volume. Cervical dislocation was performed for
secondary means to assure death after euthanasia. The animal
protocol used in this study was reviewed and approved by the
Pusan National University-Institutional Animal Care and Use
Committee (approval no. PNU-2016-1158).

Hematoxylin and eosin (H&E) staining. H&E staining was
performed as previously described (14,15). After sacrificing
the mice, the lung, heart, liver and one kidney per mouse were
isolated, and the specimens were fixed with 10% neutral buff-
ered formalin solution (Sigma-Aldrich; Merck KGaA) at 4°C
overnight. Then, samples were embedded in paraffin and cut
into 4-ym sections, followed by deparaffinization, hydration
and staining with H&E (stained with hematoxylin for 15 and
eosin for 5 min) at room temperature. H&E-stained sections
were visualized using a light microscope (Olympus CX31
microscope, Olympus Corporation) at x100 magnifica-
tion. The representative images were captured using Motic
Images Plus 2.0 software (Motic Co. Ltd.).

Ectopic expression of c-Myc in Lyl cells. Generation of
Lyl control cells or Lyl cells stably expressing c-Myc (Myc
hereafter) using pCDH-CMV-MCS-EF1-copGFP lentiviral
constructs (Systems Biosciences) was carried out as previ-
ously described (15), and then designated as Lyl CDH and Lyl
CDH-Myc, respectively.

Reversetranscription-quantitative PCR (RT-qgPCR). Tomeasure
the transcriptional level of Myc, total RNA was extracted from
Lyl CDH-control or CDH-Myc cells using TRIzol (Favorgen),
and cDNA was synthesized using PrimeScript RT reagent kit
with gDNA Eraser (Takara Bio, Inc.) according to the manu-
facturer's guidelines. qPCR was then performed using TOPreal
gPCR PreMIX SYBR Green with low ROX (Enzynomics).
The thermocycling conditions were as follows: 95°C for 10 min
followed by 40 cycles of 95°C for 10 sec, 60°C for 15 sec and
72°C for 30 sed. The sequences for the TBP- and Myc-specific
gPCR primers are as follows: Myc forward, 5-CTCCTGGCA
AAAGGTCAGAG-3' and reverse, S-TCGGTTGTTGCTGAT
CTGTC-3"; and TBP forward, 5“-TATAATCCCAAGCGGTTT
GCTGCG-3' and reverse, 5-AATTGTTGGTGGGTGAGC
ACAAGG-3". Relative gene expression was analyzed using the
2-44C4 method (16).

Analysis of protein stability by the cycloheximide chase
assay. To investigate Myc protein stability, Lyl DLBCL cells
were treated with cycloheximide (20 pg/ml; Sigma-Aldrich;
Merck KGaA) in the presence or absence of DPSE (1 mg/ml
for 0, 2, 4 or 8 h) (17). Western blotting was performed to
analyze Myc protein levels.

Statistical analysis. Data are presented as the mean + stan-
dard deviation. Statistically significant differences were
identified by performing a Mann-Whitney U test or one-way
ANOVA test with Tukey's post hoc test using Microsoft Office



KIM et al: MYC INHIBITION BY Dracocephalum palmatum STEPHAN EXTRACT

2749

A 24 h 48h B ICy,
1.2 1.2 12 Cell lines | 1C, for DPSE (ug/mi)
£ 1 £ 1 £ 1.0 p=———ii o
3 - " s DHL4 624.6
£ o8 g 08 £ o8 e "g"gl_""t; DHLG 253.4
8 06 g 06 g 08 A Ly 457.4
@ @ @
g 04 g £ 04 ° t‘;ﬁg Ly8 392.3
302 3 02 ® g-z A HBLA Ly19 299.7
0+ 04 :
DPSE (mg/ml) 0 0.2 0.4 06 0.8 1 DPSE(mg/ml) 0 02 0.4 06 08 1 100 107 102 108 HBL1 235.0
DPSE (pg/ml)
===DHL4 ——DHLE ==+++* Ly1
——Ly8 ——Ly19 === HBL1
C ~100, DHL4 ~100 Ly 100 i, 100, HBL1
g - g 2 g s
o 80 o 80 = 80 = 80
= = * a a2
o 60 w 60 £ 80 & 80
3 8 L n
£ 40 £ 40 2 40 2 40
o o =1 a
g 20 220 § 20 § 20
0 0 0 0
DPSE (mg/ml) 0 1 DPSE (mg/ml) 0 1 DPSE (mg/ml) 0 1 DPSE(mg/ml) 0 1
DHL4 Ly Ly8 HBL1 E
* *
DPSE (mg/ml) 0 05 1 0 05 1 0 05 1 0 05 1 Z, .
=4
PARP-1 | e —— || — b ool 4 ] L : H
' 2
Cleaved PARP-1 [se s —— | —— | —— P f 3 b
10 04 02 1009 03 10 0302 10 02 0.2 g1
1.0 39 35 10114155 1.0 26 32 1.0 4.4 4.9 g
i |8 =S @
Pro-caspase-3 b“'ﬁ"b—.‘@“ —— P- : J 3° DHL4 Ly1 Ly8 HBL1
10 05 03 10 07 02 1.0 05 03 1.0 05 02

=0 mg/ml=0.5 mg/mi= 1 mg/ml (DPSE)

Cleaved caspase-3 ‘“” e '&.”" ﬂ-H.T.\

1.0 16 21 10 57 26 1.0 1207

1.0 1.6 20

p-actin

— o e

Figure 1. DPSE induces apoptosis in DLBCL cells by activating caspase-3/7. (A) Cell viability was measured by MTS assay after the exposure of multiple
DLBCL cell lines to DPSE (0, 0.2, 0.4, 0.6, 0.8 and 1 mg/ml for 24 and 48 h). "P<0.05 vs. 0 mg/ml DPSE. (B) The ICs, values for DPSE were calculated by
using GraphPad Prism 5 software following treatment with increasing amounts of DPSE for 24 h. (C) The apoptotic rate was measured by flow cytometry
after addition of DPSE (1 mg/ml for 24 h) in DHL4, Ly8, Lyl and HBLI cells. "P<0.05 vs. 0 mg/ml DPSE. (D) Multiple DLBCL cell lines were treated
with DPSE (0, 0.5 and 1 mg/ml for 24 h). Protein expression levels of PARP-1, cleaved PARP-1, pro-caspase 3, and cleaved caspase 3, which are markers
for apoptosis, were assayed by western blotting in DHL4, Lyl, Ly8 and HBLI cells. $-actin was used as a loading control. (E) Caspase-3/7 activities were
analyzed using ELISA-based bioluminescence assays following treatment with DPSE (0, 0.5 and 1 mg/ml for 4, 8 or 12 h). ‘P<0.05 vs. 0 mg/ml DPSE.
DPSE, Dracocephalum palmatum Stephan extract; DLBCL, diffuse large B cell lymphoma; PARP-1, poly (ADP-ribose) polymerase 1.

Excel 2010 (Microsoft Corporation) and GraphPad Prism
version5 software (GraphPad Software, Inc.). All experiments
were repeated at least three times independently to confirm
reproducibility. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

DPSE induces apoptosis. To investigate the effect of DPSE
on the survival of DLBCL cells, one ABC (HBL1) and five
GCB DLBCL (DHL4, DHL6, Lyl, Ly8 and Ly19) cell lines
were exposed to increasing concentrations of DPSE for 24 and
48 h, followed by MTS assay. Cell viability was decreased
dose-dependently as compared with the control (Fig. 1A). The
IC,, at 24 h ranged between 235.0 and 624.6 ug/ml, and HBL1
and DHL4 cells were the most and least sensitive to DPSE,
respectively (Fig. 1B). Annexin V/PI double staining demon-
strated that the apoptotic rate was significantly increased upon
exposure to DPSE (Figs. 1C and S1), which was associated with
an increase in cleaved PARP-1, the active form of caspase 3,
and caspase 3/7 activities (Fig. 1D and E).

To corroborate the in vitro results, in vivo studies were
performed using murine xenograft models. Two cell lines, Lyl
and HBLI, were selected due to their robust proliferation in
culture, and 1x107 Lyl or HBLI1 cells were injected subcutane-
ously into the flanks of athymic nude mice. However, tumors
did not develop within 3 weeks (data not shown). Subsequently,
the selectivity of DPSE toward cancer cells was investigated.
Three different types of normal cells from humans and mice,
human PBMCs, normal mouse splenocytes and bone marrow
cells, were treated with DPSE, followed by the analysis of
viability and apoptotic rates (Figs. 2A-C and S2). In contrast
to DLBCL cells, the survival and apoptotic rates of normal
cells were not affected, suggesting that the cytotoxic effect of
DPSE is specific to cancer cells in vitro.

To further investigate the potential toxicity in normal cells,
vehicle or DPSE was injected into athymic nude mice daily for
3 weeks. Tissues from the lung, heart, liver and kidney were
then sectioned and H&E stained, followed by examination
of their histopathology. Mice injected with either vehicle or
DPSE did not show any obvious difference in terms of tissue
architecture (Fig. 2D). Additionally, the measurement of body



2750 ONCOLOGY REPORTS 44: 2746-2756, 2020
A SPL B
g 1.6 E:h §1
& @ 8
s 1.2 = €4
Bos E: 3o
s 0.4 2 2o
& = ]
2 o 2 2
24 h 48 h 24 h 48 h 24h 48h
= 0 mg/ml (DPSE) * 0.25 mg/ml (DPSE)
=0 mg/ml (DPSE)  ~0.25 mg/ml (DPSE) = 0.5 mg/ml (DPSE) =1 mg/ml (DPSE) % 0.5 mg/ml (OPSE) = 0.75 mg/m (DPSE)
= 1 mg/ml (DPSE)
C SPL
— B0 —_
§ N.S §
® 40 ®
sl 0
w w
2 20 =)
(=9 (=1
o ] o
Q f=}
< 0 i_ﬁ < 0
DPSE (mg/ml) 0 1 DPSE (mg/ml) 0 1
D Heart
30 -
o
o 4
g - Jo T
= £ 201 ¥~
=)
2 15
-
_ E 10 1
2
(=]
E T
3 1t 5 9 13 17 21
'('.'UJ : Days
& ——\Vehicle =» DPSE

Figure 2. DPSE shows minimal toxicity toward normal cells in vitro and in vivo. (A) SPL and BM cells from wild-type C57BL/6 mice were exposed to DPSE
(0,0.25,0.5 and 1 mg/ml) for 24 or 48 h, and MTS assays were conducted to measure cell viability. (B) Flow cytometry was used to identify apoptosis in normal
mouse B cells after treatment with DPSE (0 and 1 mg/ml) for 24 h. (C) Human PBMCs were treated with DPSE (0, 0.25,0.5,0.75 and 1 mg/ml) for 24 or 48 h,
and MTS assays were performed to analyze cell viability. (D) Athymic nude mice (BALB/c-nu, 4-weeks old, male) were treated with vehicle (1% methanol) or
DPSE (50 mg/kg) daily for 3 weeks. Histological analysis of the lung, heart, liver and kidney sections after exposure to DPSE were carried out by hematoxylin
and eosin staining Magnification, x100. Scale bar, 100 ym. (E) Mouse body weights were measured every 4 days during the administration of DPSE. N.S, not
significant; SPL, splenocyte; BM, bone marrow; PBMC, peripheral blood mononuclear cell; DPSE, Dracocephalum palmatum Stephan extract.

weights during drug administration suggests no systemic
toxicity from DPSE treatment (Fig. 2E). These results collec-
tively demonstrate that DPSE has minimal toxicity in normal
cells and specifically affects cancer cells.

Apoptosis induced by DPSE relies on caspases and
mitochondria. The increase in the cleaved/active form of
caspase-3 and caspase-3/7 activities (Fig. 1D and E) indicates
the involvement of these proteins in DPSE-induced cell
killing. Therefore, the present study investigated the mecha-
nism by which DPSE activates caspase-3/7 in DLBCL. It is
well-established that an unbalanced ratio between pro- and
anti-apoptotic Bcl-2 family members triggers disruption of
mitochondrial membrane potential, which leads to cyto-
chrome c release into the cytoplasm that culminates in the
activation of caspases (18). Administration of DPSE markedly
suppressed the levels of pro-survival proteins Mcl-1 and Bel-xLL
(Fig. 3A), while it augmented the expression of pro-apoptotic

Bax and Bak (Fig. 3B). This effect of DPSE was tightly asso-
ciated with decreased mitochondrial membrane potential,
which was confirmed by fluorescence microscopy and flow
cytometry (Fig. 3C-E). Together, these data suggest that DPSE
induces apoptosis in DLBCL by disrupting the mitochondrial
membrane potential and increasing activities of caspases.

Myc appears to be an important regulator of DPSE-induced
cell death. We and others have previously shown that apoptosis
of DLBCL cells could be induced when Myc is downregulated
by Myc inhibitors JQ1 and 10058-F4 (14,19). To investigate
the potential involvement of Myc in DPSE-induced apoptosis,
four different DLBCL cell lines were treated with DPSE for
24 h and it was identified that Myc levels were markedly
reduced (Fig. 4A). Next, the present study aimed to determine
whether DPSE affects Myc expression at the transcriptional or
post-transcriptional level. The mRNA level of Myc was signif-
icantly downregulated upon treatment with DPSE (Fig. 5A),
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Figure 3. DPSE modulates the levels of pro- and anti-apoptotic Bcl-2 family members, and decreases mitochondrial potential. (A) DHL4, Lyl, Ly8 and HBL1
cells were exposed to DPSE (0, 0.5 and 1 mg/ml) for 24 h, and protein expression levels of anti-apoptotic Bcl-2 family members Bcl-2, Mcl-1 and Bcl-xL were
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extract.

and Myc protein was less stable in the presence of DPSE when
protein biosynthesis was inhibited by cycloheximide (Fig. 5B).
These data clearly demonstrated that DPSE modulates Myc
levels both transcriptionally and post-transcriptionally. To
directly test whether Myc plays a critical role in DPSE-induced
apoptosis, Lyl cells ectopically expressing Myc were gener-
ated (Fig. S3). Lyl parental cells and Lyl cells transduced
with a control vector exhibited a similar sensitivity to DPSE,
while Lyl cells transduced with a vector expressing Myc
were significantly more resistant to DPSE treatment (Fig. 4B).
Furthermore, Myc expression was inhibited by DPSE in Lyl

parental and Lyl CDH control cells, but not in Lyl CDH-Myc
overexpressing cells (Fig. 4C). The same phenomenon was
observed with JQ1, a well-characterized Myc inhibitor (20).
In this previous study, JQI suppressed endogenous, but not
exogenous, Myc expression, and ectopic Myc expression using
the MSCYV retroviral vector abolished the negative impact of
JQI on cell proliferation. When treated with JQI, the fractions
of control and Myc-overexpressing cells in the S phase was
decreased by 51 and 24%, respectively (20). Taken together,
the results indicate that DPSE-triggered cell death is accom-
plished via, at least in part, a downregulation of Myc.
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TLC fractionation of DPSE and LC/MS profile of the fraction
with apoptotic effect. A previous study have shown that terpe-
noid and flavonoid compounds have anticancer activities (21). To
gain insight into the nature of apoptosis-inducing compounds
in DPSE, TLC fractionation was performed that resulted in
total 12 fractions of terpenoids (1T-6T) and flavonoids (1F-6F).
Lyl and DHL4 DLBCL cells were exposed to each fraction for
24 h and cell viability was examined by the MTS assays. None
of the terpenoid fractions elicited any discernible cytotoxic
effect (Fig. S4). A significant dose-dependent decrease in cell
viability was observed only with 6F, implying that most, if not

all, of anti-lymphoma effect of DPSE stems from flavonoid
compounds in 6F (Figs. 6A and S5).

The present study performed Annexin V/PI staining
followed by FACS analysis to examine the apoptotic fraction
after 6F treatment. Consistently, the apoptotic rate was signifi-
cantly increased when Lyl cells were exposed to 6F for 24 h
(Figs. 6B and S6). To gain mechanistic insight into 6F-induced
apoptosis, the levels of Myc and anti- and pro-apoptotic Bcl2
family proteins were examined after treatment with 6F. Myc
and anti-apoptotic Bcl2 members, Mcl-1 and Bcl-xL, were
significantly downregulated, while pro-apoptotic proteins
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Table 1. Molecular formulas and m/z values for the main compounds in the fraction 6F of Dracocephalum palmatum Stephan
extract by liquid chromatography/mass spectrometry in the positive ionization mode.

Retention time, min m/z Adduct ions Molecular formula
0.877 479.032 (M+H)* C,(H,,0,,
5.170 393.144 (M+Na)* C,sH,,0;
5.780 435.082 (M+Na)* C,sH,Oq
7.660 599.390 (M+H)* C;.H5,0;
8.556 207.099 (M+Na)* C,0H;0;
8.921 557276 (M+H)* C;,H,0,
9.398 611.271 (M+H)* C;Hy,045
9.974 819.372 (M+Na)* C,;HsO,,
11.381 773.493 (M+H)* CssH, O
12.002 455.350 (M+Na)* C,sH,0;
DPSE
Bax and Bak were significantly upregulated (Fig. 6C and D). : e%e
.

These data suggest that 6F-induced apoptosis is tightly associ-
ated with down- and upregulation of anti- and pro-apoptotic
factors, respectively. Next, HPLC/MS analysis was conducted
to identify molecular formulas of flavonoids in 6F, and the
most abundant compounds separated by the LC peaks are
integrated (Fig. 6E and Table I). Expanded analyses of these
integrated peaks from MS data are presented in Table SI.

Taken together, the data revealed the anticancer effect
of DPSE in DLBCL and the underlying mechanism.
DPSE-induced cell killing was shown to be mediated by
disruption of the mitochondrial membrane potential via an
imbalance between pro- and anti-apoptotic Bcl-2 proteins, in
which p53 and Myc play a central role as upstream regulators
of Bcl-2 family proteins (Fig. 7 and S7).

Discussion

Palmate dragonhead DPS has been traditionally used for the
treatment of gastrointestinal tract disorders and as a diuretic
and a choleretic remedy by the North-Yakutian nomads in
Russia (12). A previous study has shown that DPSE has a
strong antioxidant effect (12). The present study tested a
potential use of this plant extract as an anticancer agent and
elucidated the underlying mechanism. It was identified that
the plant extract efficiently induced apoptosis in multiple
DLBCL cell lines with minimal toxicity in normal cells
in vitro and in vivo. This effect involved the depolarization
of the mitochondrial membrane potential and subsequent
caspase activation. Additionally, the current study revealed
the involvement of Myc in DPSE-induced cell death. It is not
clear whether DPSE would have any effect on the GCB- and
ABC-DLBCL primary cells. Based on the present in vitro
results using GCB (DHL4, DHL6, Lyl, Ly8, and Ly19) and
ABC (HBL1) DLBCL cell lines, it was predicted that DPSE
can kill both GCB- and ABC-DLBCL primary cells. We
as well as other researchers have demonstrated that Myc is
frequently dysregulated in both subtypes of DLBCL and plays
a critical role in their survival (14,19); moreover, the present
study has indicated that DPSE-induced death of DLBCL cells
depends on Myc inhibition. It can therefore be hypothesized

\ .1, MMP
< -
Apoptosis

Figure 7. Schematic of DPSE-induced cell death. DPSE-induced cell death
may involve upregulation of the p53 tumor suppressor and downregulation of
the Myc oncoprotein, which modulates the expression of pro- and anti-apop-
totic Bcl-2 proteins, thus tipping the balance towards apoptosis. Disruption of
the balance between pro- and anti-apoptotic Bcl-2 family members is known
to decrease the mitochondrial membrane potential, subsequently leading to
the release of cytochrome c, activation of caspase 3/7, and eventually cell
death. The expression of pro-survival Bcl-2 family members Mcl-1 and
Bcl-xL may become abnormally high due to the dysregulation of Myc, which
may overwhelm the tumor-suppressive function of p53, and consequently,
abolish DPSE-induced apoptosis. MMP, mitochondrial membrane potential;
DPSE, Dracocephalum palmatum Stephan extract.

that one of the primary targets of DPSE is Myc and this would
be clarified upon isolating and characterizing the compounds
in DPSE with pro-apoptotic activities. The present work lacks
in vivo studies and human primary DLBCL data, which could
be a limitation of the study.

It has previously been shown that Myc is frequently dysreg-
ulated by various mechanisms in different types of human
cancers, such as t(8;14)(q24;q32) translocation involving
IgH and Myc in B-cell lymphomas, and APC inactivation
and subsequent hyperactivation of Wnt/Myc axis in colon
cancers (22-25). Myc plays a critical role in the survival of
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cancer cells and administration of Myc inhibitors alone or in
combination with other anticancer agents elicits cytotoxicity in
these cancer cells (14,26,27). The present results that demon-
strated downregulation of Myc was associated with death of
DLBCL cells upon exposure to DPSE clearly indicates the
potential use of DPSE for the treatment of patients with this
disease with minimum side effects. Given that the DLBCL cell
lines that were used in the current study exhibit different Myc
status (Myc is amplified in DHL4 and translocated in Lyl, Ly8
and HBL1) (19,26), DPSE can be used to downregulate Myc
regardless of the Myc status. The present data show that Myc
expression can be regulated by DPSE both transcriptionally
and post-transcriptionally.

Primary targets of DPSE are yet to be identified. However,
based on the current data that DPSE exerts a pro-apoptotic
effect in a Myc-dependent manner, it can be proposed that the
primary targets of DPSE may be direct or indirect regulators
of Myc. One of the well-characterized transcriptional repres-
sors of Myc is the p53 tumor suppressor (28). The present data
demonstrated that DPSE significantly increases p53 expres-
sion, which is associated with Myc suppression. However, the
possibility that Myc expression is regulated by DPSE through
other ways cannot be excluded, which would be clarified upon
isolating the pro-apoptotic components of DPSE.

Notably, the levels of pro-survival Bcl-2 protein were
unchanged upon addition of the extract, suggesting that other
Bcl-2 family members, such as Mcl-1 and Bcl-xL, may be
major players in DPSE-triggered apoptosis. Mcl-1 has been
shown to be commonly upregulated in cancer and its high
levels confers resistance to ABT-737, a Bcl-2 small molecule
inhibitor as a BH3 mimetic (29,30). The present results that
DPSE efficiently downregulates Mcl-1 provides a rational for
combining DPSE with the Bcl-2 inhibitor ABT-737 to over-
come the chemoresistance.

The present study characterized the molecular formulas
of the major flavonoid compounds with anti-lymphoma
effects in a fraction after partial purification of DPSE by
TLC fractionation. There are several predicted compounds
in 6F, such as benzoic acid and gustastatin, with a potential
anti-lymphoma activity. Benzoic acid and its derivatives are
found in a number of plants, including cinnamon, cloves,
tomatoes and berries, and are known to inhibit cell growth
by ameliorating angiogenesis and invasion in cervical cancer
cells (31). Gustastatin was originally isolated from the
Brazilian nut tree Gustavia hexapetala (32) and was found
in Cupania cinerea (33). This compound with anticancer
activities can be chemically synthesized and is commercially
available (34). New compounds with antitumor activities can
possibly be isolated, but further research is required to eluci-
date the exact components in 6F and their structures.

In conclusion, the present study revealed a previously
uncharacterized anticancer effect of DPSE and the mechanism
by which DPSE induces apoptosis in DLBCL cells. Previous
observations (35-38) and our current work suggest that a major
target of DPSE may be the p53 tumor suppressor that can modu-
late the expression of Bcl-2 family members directly or indirectly
via Myc inhibition, leading to the disruption of mitochondrial
membrane potential, caspase activation and apoptosis (Fig. 7).
Notably, ectopic expression of Myc rescues DPSE-triggered cell
death. Although further mechanistic insights into the anticancer
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activities of DPSE are required, the present results suggests
that inhibition of Myc may enhance the pro-apoptotic effect of
DPSE, and co-treatment of DPSE and Myc inhibitors such as
JQI1 may induce synergistic killing of tumor cells, which could
provide a novel therapeutic strategy for patients with DLBCL.
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