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Abstract

Cancer is a worldwide public health problem. Owing to severe side effects and
development of resistance, new anticancer agents are urgently required. Natural
products provide novel options, because they are considered as being less toxic and
more active by multifactorial mechanisms. Salvia miltiorrhiza Bunge (Lamiaceae),
Danshen in Chinese, is a well-known traditional herb widely used in China. In
addition to its activity against cardiovascular diseases, recent reports also focused on
the anticancer effects this plant. In this thesis, | hypothesized that S. miltiorrhiza can
bypass drug resistance. | investigated molecular mechanisms underlying cytotoxic
effects of the extract and three main chemical compounds of S. miltiorrhiza. The root
extract of S. miltiorrhiza exerted profound cytotoxicity towards various sensitive and
multidrug-resistant, P-glycoprotein over-expressing CEM/ADRS5000 leukemia cells,
EGFR transfected U87.MGAEGFR glioblastoma cells and HCT-116 p53-knockout
colon cancer cells. The plant extract activated the intrinsic apoptotic pathway, which
was experimentally determined by increased cleavage of caspase 3, 7, 9 and poly
ADP-ribose polymerase (PARP). Further in vitro studies revealed that
cryptotanshinone and miltirone as main constituents of S. miltiorrhiza induced the
intrinsic apoptotic pathway, G2/M cell cycle arrest, DNA damage, as well as the
generation of reactive oxygen species (ROS). Furthermore, signaling of the
transcription factor NF«xB and cellular movement has been inhibited. These effects
have been unraveled by transcriptome-wide microarray-based mRNA expression.
Bioinformatic analyses of microarray results also showed that unfolded protein
response (UPR) and elF-mediated translation initiation, which determine cancer cell
fate and which are recognized as anticancer targets, were regulated by
cryptotanshinone. Rosmarinic acid induced apoptosis and necrosis by pathways,
which were ROS-, DNA damage and caspase-independent. Molecular docking and
Western blotting provided supportive evidence suggesting that cryptotanshinone,
miltirone and rosmarinic acid bound to IKK-k and inhibited the translocation of p65
from the cytosol to the nucleus. In addition, the three compounds inhibit cellular
movement as shown by a fibronectin-based cellular adhesion assay, indicating that
this compound exerts anti-invasive features. In an additional project, rosmarinic acid
and salvianolic acid B were determined to be the main phenolic compounds from S.
miltiorrhiza stem and leaf of callus culture. Here too, the cytotoxic activities could be
determined. In summary, my findings suggest the possibility to isolation bioactive
constituents with anti-cancer properties from in vitro callus cultures of stem and leaf
of S. miltiorrhiza. These results may serve as starting point for drug development
from this plant.
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Zusammenfassung

Krebs ist ein weltweites Problem. Aufgrund schwerer Nebenwirkungen und
Resistenzentwicklungen werden neue Krebsmedikamente dringend bendtigt.
Naturstoffe bieten neue Optionen, weil sie als weniger toxisch und aktiver sind gegen
Krebszellen durch multifaktorielle Mechanismen. Salvia miltirrhiza (Lamiaceae),
Danshen auf Chinesisch, ist eine bekannte traditionelle Heilpflanze, welche in China
viel verwendet wird. Zuséatzlich zu ihrer Aktivitat gegen kardiovaskulére Krankheiten
trat in letzter Zeit die Antikrebs-Aktivitat dieser Pflanze in den Mittelpunkt des
Interesses. In der vorliegenden Dissertation stellte ich die Hypothese auf, dass S.
miltiorrhiza die Zytostatika-Resistenz umgehen kann. Ich untersuchte die
molekularen Mechanismen der Zytotoxizitdt vom Extrakt und drei chemischen
Hauptsubstanzen dieser Pflanze. Der Wurzelextrakt von S. miltiorrhiza zeigte eine
starke  Zytotoxizitdt  gegeniiber  sensiblen und multidrug-resistenten
(P-Glykoprotein-tberexprimierenden) CEM/ADR5000 Leukamiezellen,
EGFR-transfizierten = U87.MGAEGFR  Glioblastomzellen  sowie = HCT-116
p53-knockout Darmkrebszellen. Der Pflanzenextrakt aktivierte den intrinsischen
Apoptoseweg, was experimentell durch erhohte Spaltung der Caspasen 3,7 und 9
sowie Poly-ADP-Ribose Polymerase (PARP) nachgewiesen wurde. Weitere in vitro
Studien zeigten, dass Ctyptotanshinon und Miltirone als Hauptsubstanzen von S.
miltiorrhiza den intrinsischen Apoptoseweg, G2/M  Zellzyklus-Arretierung,
DNA-Schadigung sowie die Generierung von ROS induzierten. Weiterhin wurden die
Signalweiterleitung von NF-kB und der zelluldren Beweglichkeit gehemmt. Diese
Effekte wurden durch Transkriptom-weite Microarray-basierte mRNA Analysen
herausgearbeitet. Bioinformatische Analysen der Microarray-Analysen zeigten auch,
dass der unfolded protein response (UPR)-Weg und die elF-vermittelte Hemmung der
Translationsinitiation, welche als Schicksal von Krebszellen determinieren und als
Zielstruktur fur Krebsmedikamente bekannt sind, durch Cryptotanshinon reguliert
wurden. Rosmarinsaure induzierte Apoptose und Nekrose mit Signalwegen, welche
ROS-, DNA-schadigungs- und Caspase-unabhangig waren. Molekulare Docking und
Westernblot-Analysen lieferten unterstitzende Beweise, dass Cryptotanshinoin,
Miltirone und Rosmarinsdaure an IKK-k banden und die Translokation von p65 vom
Zytosol zum Kern hemmten. Zusétzlich hemmten alle drei Substanzen die zellulére
Bewegung, wie im Fibronectin-basierten zelluldren Adhasionstest gezeigt wurde. Dies
weist darauf hin, dass diese Substanz anti-invasive Eigenschaften auspragt. In einem
zusétzlichen Projekt, wurde nachgewiesen, dass Rosmarinsaure und Salvianolséure
die hauptséachlichen phenolischen Komponenten von S. miltiorrhiza in Stamm- und
Blatt-Calluskuluren waren. Hier konnte die zytotoxische Aktivitdt ebenfalls
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nachgewiesen werden. Diese Ergebnisse konnen als Ausgangspunkt zur weiteren
Entwicklung von Krebsmedikament aus dieser Pflanze dienen.
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1 Introduction

1.1 General aspects of cancer

1.1.1 Prevalence and etiology

Cancer belongs to the one of the most important public health issues. According to the
report of the World Health Organization (WHO) global burden of disease (GBD), it is
estimated that 14.9 million new cancer cases are diagnosed and 8.2 million deaths are
caused worldwide, and has been ranked as the second leading cause of death behind
cardiovascular diseases in 2013 [1]. By 2030, the continuous growing aging
population caused new cancer cases which are expected to exceed 20 million every
year [2]. Environmental/acquired factors including carcinogen exposure (e.g. tobacco
or alcohol consumption, chemicals, pollution), infection of virus and changes of life
style (e.g. obesity and diabetes) are responsible for approximately 90-95% of the
occurrence of all cancer cases, whereas only 5-10% attribute to internal factors such
as inherited gene mutation, hormone and immune conditions [3]. Therefore, the
occurrence of cancer is controllable and preventable, when people know to avoid
exposing themselves in the circumstances of environmental risks which likely induce
cancer.

1.1.2 Characteristics of cancer

Cancer refers to multistep process that genetic alterations lead to progressively
transformation of healthy cells into malignant ones [4]. This feature makes cancer
difficult to differentiate from normal cells, which results in failure of chemotherapy in
early stages because of overlap in target of treatment between normal and cancer cells.
Hanahan and Weinberg have described the acquired capabilities of cancer: evading
cell death, self-sufficiency in growth signals, insensitivity to anti-growth signals,
activating invasion and metastasis, limitless replicative potential, sustained
angiogenesis, avoiding immune destruction and reprogramming of energy metabolism
(Figure 1) [4]. These characteristics notify the underlying genomic instability and
encompass the contribution of tumor microenvironment during tumorgenesis. For
decades, abundant efforts were made based on the hallmarks for developing cancer
treatment against cancer.

All the images used in this chapter with citation are permitted by the respective copyright holders to

reuse in print and in electronic media.
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(A)
Sustaining proliferative
signaling
Resisting Evading growth
cell death suppressors
Inducing Activating invasion
angiogenesis and metastasis
Enabling replicative
immortality
(B)

Emerging Hallmarks

Deregulating cellular Avoiding immune
energetics destruction

Genome instability Tumor-promoting
and mutation Inflammation

Enabling Characteristics

Figure 1. Hallmarks of cancer. (A) Six hallmark capabilities; (B) Two emerging hallmarks
and enabling characteristics. Illustration is adapted from Hanahan and Weinberg, 2011[4].

1.1.3 Hematological malignancies: acute lymphoblastic leukemia (ALL)
Hematological malignancies are cancer forms that are initiated in the immune system
or blood-generating sites (e.g. bone marrow), including various types of leukemia,
lymphoma and myeloma [5]. Leukemia was firstly clarified in 1845 by John Hughes
Bennett and Rudolph Virchow, who contributed to describe the principal feature of
leukemia as accumulated leukocytes in the blood circulation [6].
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Acute lymphoblastic leukemia (ALL), a progressive and malignant disorder
accounting for nearly 80% of pediatric leukemia and 30% of the most common
childhood cancers is characterized by uncontrolled proliferation of lymphoid
progenitor cells. These abnormal blood progenitor cells are unable to differentiate into
hematopoietic cells due to specific genomic mutations. The prevalence of ALL peaks
between 2-5 years of age. Improved therapies raised cure rates of childhood ALL up
to 85% during the past years [7-9]. Optimized combination chemotherapeutical
regimens steadily improved outcome of patients. Despite high survival rates by
current chemotherapy, many challenges still exist. First, unlike high cure rate in
children, survival rates of only approximately 40% adults were reported for adults
[10]. Second, relapsed ALL, which is responsible for low survival rates, occurs in
around 20% of ALL patients [11].

1.1.4  Current cancer therapy

Cancer treatment mainly counts on surgery, radiation therapy, chemotherapy, targeted
therapy, hormone therapy and immunotherapy. Depending on the type, location and
grade of cancer as well as general health status of patients, combination of the
treatments are adapted for clearance or shrinkage of primary tumor/cancer (radiation,
surgery and chemotherapy) and prevention of metastasis (chemotherapy). Combined
modality treatment with maximized therapeutical effects and minimized toxicity to
normal tissues has become the standard clinical practice [12]. In the future, with the
discovery of molecular mechanisms regarding cancer and completion of human
genome sequencing in 2003, person’s individual genetic profile can be tested in a
routine laboratory test and provides comprehensive information for targeted therapy
to combat cancer [13].

1.2 Drug resistance

A critical problem in cancer therapy is the occurrence of drug resistance. Cancers can
develop drug resistance against chemotherapy via inherent cell heterogeneity, drug
efflux, increased drug inactivation, drug target alteration, cell death inhibition,
stimulated repair of DNA damage caused by chemotherapeutic agents, epigenetic
alterations and epithelial-mesenchymal transition [14]. These mechanisms promote
direct or indirect drug resistance independently or in combination through diverse
molecular pathways.
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1.2.1  ABC transporter

Multidrug resistance (MDR) represents acquired-resistance phenomenon of cancer
cells to structurally diverse chemotherapeutic agents, which target different cellular
molecules [15]. Cellular or genetic alterations acquired during development of drug
resistance involve increased efflux of cytotoxic drugs mediated by overexpression of
the ATP-binding cassette (ABC) transporter. ldentified with 48 genes in human, ABC
transporter family is combined with two transmembrane domains (TMDs) and two
nucleotide-binding domains (NBDs) [16, 17].

P-glycoprotein (P-gp, ABCB1/MDR1) is the best studied mediator in this family [18].
P-gp is widely distributed in normal human tissues and functionally expressed in
some specific organs for protection of susceptible tissues (e.g. blood brain barrier) and
excretion of metabolites and xenobiotics (e.g. gastrointestinal tract, liver and kidney)
[19]. P-gp has broad substrate specificity and can confer resistance to a wide range of
different cytotoxic compounds [20]. Studies confirmed that overexpression of this
transporter was responsible for drug efflux and resistance to several unrelated
hydrophobic used in cancer chemotherapy e.g. anthracyclines, vinca alkaloids,
taxanes, epipodophyllotoxines, and probably hundreds of other compounds [21].

The structure of P-gp is illustrated in figure 2A. P-gp is comprised of two bundles
each consisting of six transmembrane helix. The two bundles with intracellular-facing
conformation open to the cytoplasm and the inner leaflet of the lipid bilayer creates
the cavity (substrate-binding pocket, SBP), in which amino acids interact with P-gp
substrates. Triggered by the interaction between the substrate and residues in the SBP,
adenosine triphosphate (ATP) binds to the nucleotide-binding domain (NBD) and
results in dimerization of the NBDs. This conformational change of NBD occludes
transport of the substrate into the cytoplasm or the inner leaflet of the bilayer.
Therefore, the substrate is released into the outer leaflet or to the extracellular space,
preventing transport of the substrate across the lipid bilayer [16, 22].
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(A) ;; :
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Figure 2. (A) 3D-structure of mouse P-gp in cartoon and colored in yellow and blue
illustrating each moiety of the protein (photo adapted from Martinez and Falson [16]). (B)
Mechanism of efflux by P-glycoprotein (P-gp). P-gp substrates bind to the P-gp
substrate-binding pocket (SBP). Binding of adenosine triphosphate (ATP) to the
nucleotide-binding domain (NBD) results in dimerization of the NBDs. This triggers a
conformational change that extruds the substrate to the extracellular space. Photo adated from
O'Brien et al. [22]

Efforts have been made to develop P-gp inhibitors after the discovery of
P-gp-mediated MDR. Most preclinical trials aim to inhibit activity of P-gp, however,
these compounds used in clinical trials which inhibit activity of P-gp had unfavorable
properties involving limited efficiency, toxicity, unrelated pharmacological effects,
pharmacokinetic interaction with other drugs and lack of potency for specific
mechanisms of resistance [23,24]. To search for new generation of P-gp inhibitors, in
addition to traditional pharmacological modulation, new alternative strategies are
emerged: 1) engage: co-administration of P-gp inhibitors and cytotoxic agents; 2)
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evade: the use of cytotoxic agents that bypass P-gp-mediated efflux; 3) exploit:
approach takes advantage of the collateral sensitivity of MDR cells [24] (Figure 3).

MDR

Engage Exploit

Figure 3. Scheme of targeting P-gp. Image adapted from Szakécs et al. [24]

1.2.2  Epidermal growth factor receptor (EGFR)

In addition, other alterations including drug detoxification by phase I and 1l enzymes
increased DNA repair, point mutations in drug targets as well as deregulated cell
death signaling lead to drug resistance [25]. The epidermal growth factor receptor
(EGFR), a well-characterized oncogene also referred to ErbB1 or HER1, is a 170 kDa
transmembrane protein belonging to the erB family of tyrosine kinase receptors. The
structure of EGFR is composed of an extracellular cysteine region, a single
transmembrane region and an intracellular domain involving an ATP-binding site and
tyrosine kinase activity [26-28]. Active EGFR dimers undergo autophosphorylation of
tyrosine residues in the cytoplasmic tail of the receptor, subsequently activating
multiple signal transduction pathways, including the MAPK signaling cascade, Src,
STAT3/5, the phosphoinositide-3-kinase (PI3K) pathway, which recruits Akt/PKB to
the plasma membrane, and the phospholipase Cy pathway, which leads to protein
kinase C (PKC) activation [28,29]. Activation of these downstream signaling
pathways results in oncogenesis, angiogenesis, cell cycle progression and
differentiation in a variety of cancers. The overexpression of EGFR is presumably
caused by multiple epigenetic mechanisms, gene amplification, and oncogenic viruses
[30].
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1.2.3  Tumor suppressor p53

Tumor suppressor p53, encoded by TP53 gene, plays an important role in maintaining
genome stability and tumor prevention [31]. As a transcription factor, p53 mainly
exerts its tumor suppressive function through transcriptional regulation of its target
genes. Under normal condition, expression and activity of p53 is maintained at a low
level by negative regulators (e.g. MDM2, Copl and Pirh2), which are E3 ubiquitin
ligases for p53 degradation [32]. A variety of stress signals, including DNA damage,
nutrient deprivation, hypoxia and oncogene activation which related in many ways to
carcinogenesis, release p53 from negative regulators-mediated inhibition. This
increases p53 protein levels and activity. Once activated, p53 regulates a group of
genes targeting cell cycle arrest (e.g. p21, Gadd45, cdc25c and 14-3-30) [33], DNA
repair (e.g. p48XPE) [34], apoptosis (e.g. Puma, Bax, Noxa) [35] or senescence (e.g.
p21) [36]. In addition, recent reports indicates that p53 also enables cells to adjust its
metabolism in response to mild normal physiological fluctuations, including those in
glucose and other nutrient levels [31] (Figure 4).

Somatic p53 is frequently mutated in almost every type of human tumors [37]. In
those tumors with low p53 mutation rates, p53 is often inactivated by alternative
mechanisms [31]. Mutations in the TP53 tumor suppressor gene silence the function
of the encoded p53 protein, which promotes oncogenic transformation and drug
resistance [38,39]. Thus, given these alterations, new strategies are urgently needed to
treat drug-resistant malignancies [40,41].

4’ uu;>
Stress signals ——p | p‘59 |v— < Cop1 >
l < Pirh2 )

| p53 D53>

—>
| p53 | pS3
P

p53 RE p53 target gene

|
¢ v v v v

Cell cycle arrele ‘ DNA repair ] ‘ Apoptosis J L Senescence J Metabolism ]

Figure 4. Simplified scheme of p53 pathway. Image adapted from Liu et al. [31]
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1.3 Cancer treatment

1.3.1 Chemotherapy

The German chemist Paul Ehrlich is the first one who documented results of animal
models for screening chemicals which exerted positive effects against diseases and
defined the term “chemotherapy” as the use of chemicals to treat diseases in early
1900s [12]. In cancer chemotherapy, the chemicals refer to cytotoxic/cytostatic drugs.
The general function of classic chemotherapeutic agents is to interrupt with cell
division by targeting DNA, RNA, and protein synthesis [42,43]. Taken treatment of
ALL for example, established drugs include vincristine (mitotic tubulin inhibitor),
L-asparaginase, cytarabine (inhibition of DNA polymerase), dexamethasone
(anti-inflammatory glucocorticoid), anthracyclines such as daunorubicin (DNA
topoisomerase 1l inhibitor) and many others [44]. Traditional chemotherapeutical
agents target fast-dividing cells, one of the main properties of cancer cells. Therefore,
they also affect other fast-proliferating cells in normal tissues e.g. cells in mucosa,
bone marrow and hair follicles. Major complications by side effects which many
patients under treatments of chemotherapy may encounter involve hair loss,
immunosuppression, anemia, gastrointestinal distress, infertility and organ damages
(e.g. hepatoxicity and nephrotoxicity).

1.3.2 Natural products for cancer treatment
1.3.2.1 Natural products

Natural products are secondary metabolites which serve for survival of organisms.
These small molecules display molecular structures, named “privileged scaffolds”,
which are constructed with high-affinity to bind multiple targets (e.g. proteins) [45].
In fact, natural products exert biological effects by binding to specific biological
targets as chemical weapons.

Natural products have been historically considered as important resources for
anticancer drug discovery and a variety of natural products have been identified as
potent anticancer drugs. With development of the genetic identification, new
technologies such as high-throughput screening, targeted therapies which count on
small synthesized molecules or antibodies to target specific proteins in cancer growth
were thought to be the future to combat cancer. Natural products, therefore, were once
considered to be outdated by pharmaceutical companies in the 1990°s [46]. Targeted
therapies improve cure rate of some forms of cancers and life expectancy of patents.
However, the cure rate is disappointing in man of solid tumors. Most of the cancers
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are shown to deregulate multiple signaling pathways, and either primary resistance
responding to targeted agents or acquired resistance to inhibition of cell signaling
often occurs in few months after treatment. Combination of targeted agents has been
proposed to combat resistance, nevertheless, unexpected side effects and toxicity
might take place during treatment. In addition, enormous cost of target therapies has
to be taken into consideration [47]. These drawbacks of targeted therapies revitalized
the research interests of natural products. Instead of monospecific chemotherapeutical
drugs which cancer cells frequently develop resistance to, natural products with
multifactorial properties may be of advantage to overcome or bypass drug resistance
[48]. In comparison with synthesized chemical drugs, natural products show a
favorable profile with low toxicity.

The authors Swinney and Anthonyshowed that over a time frame between 1999 and
2008, 36% of the first-in-classs mall-molecules approved by U.S. Food and Drug
Administration (FDA) were NPs or NPs derivatives [49]. From 1940s-2010, of the
175 anticancer drugs approved worldwide, 74.9% are naturally inspired agents, with
48.6% actually being either natural products or directly derived there from. [50]. To
date, several natural products and derivatives thereof are in clinical use against cancer,
such as anthracyclins, L-asparaginase, Vinca alkaloids, campthothecins, taxanes,
epipodophyllotoxines, etc., demonstrating that natural products play a key role in
cancer research.

1.3.2.2 Natural products derived from traditional Chinese medicine (TCM)
Traditional Chinese medicine (TCM) commands a unique position among all
traditional medicines not only because of its 5000 years of history, but also its focus
on holism and naturalism, combining Chinese medical experience with Chinese
culture [51,52]. Combination of individual herbal ingredients (called formulas)
based on patients’ symptoms, which in accordance with the theory of “individual
therapy”, is the basic principle of TCM. It aims to multiple targets simultaneously
against diseases, generating synergetic actions of each ingredient [53]. The
ingredients of herbal remedies are extracted from natural resources: plants, animal
parts, shells, insects and even stones and minerals. Each herb has its own properties.
Recently, the development of modern cellular/molecular biology has contributed to
the interpretation of the anticancer effects of TCM. It was illustrated that TCM plays
important role in inhibiting cancer progress by inducing apoptosis, modulating the
immune system, reducing multidrug resistance (MDR), etc. Targeting multiple
mechanisms against cancer was the most described features among the herbal
ingredients [52,54].
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1.3.2.3 Salvia miltiorrhiza

In traditional Chinese medicine, cancer was described as the results of blood stasis or
gi stagnation [55,56]. Herbal plants which are able to promoting circulation and
removing blood stasis (a Chinese medicinal term named huoxue huayu) are
traditionally used for patients with cancers [57]. Salvia miltiorrhiza Bunge
(Lamiaceae, also named danshen in Chinese, figure 5) is a well-known Chinese
medicinal herb and is classified as huoxue huayu. Therefore, besides the clinical use
as hemorrheologic agent, S. miltiorhriza has also traditionally used in the treatment of
cancer [58]. The root of the plant contains most of the bioactive ingredients, which
mainly belong to two groups of compounds: hydrophilic phenolic acids (e.g. caffeic
acid, rosmarinic acid, salvianolic acid, isoferulic acid, etc.) and hydrophobic
tanshinones (e.g. tanshinone 1, tanshinone 2A, tanshinone 2B, cryptotanshinone, etc.)
[59-61]. These bioactive compounds refer to as secondary metabolites and exert
multiple therapeutic activities, such as anti-oxidative stress, anti-neurodegenerative,
anti-inflammatory, anti-hypertensive effects etc [62-64]. In addition, lipophilic
compounds, especially tanshinones such as tanshinone I, tanshinone IIA and
cryptotanshinone showed significant anti-cancer activities [65-68].

1.3.2.4 Cryptotanshinone (CPT)

Cryptotanshinone (CPT), whose chemical name IS
1,2,6,7,8,9-hexahydro-1,6,6-trimethyl-(R)- phenanthro(1,2-b)furan-10,11-dione with a
molecular formula of C19H5003, is a main ingredient derived from the root extracts of
Salvia miltiorrhiza. CPT has been considered to prevent cardiovascular diseases such
as ischemia [69] and atherosclerosis [70,71], as well as to possess neuroprotective
effects against Alzheimer disease [72,73]. Other potentially therapeutic properties
include anti-bacterial [74], anti-inflammatory [75,76], anti-diabetic [77],
anti-osteoporotic [78,79], and anti-cancer [80,81] activities.

1.3.2.5 Miltirone

Miltirone is a lipophilic compound from S. miltiorrhiza. It was first identified in the
1970s as a tanshinone [82]. Miltirone inhibits cytochrome P450 enzymes [83] and
modulates the GABAAa-benzodiazepine receptor [84-86]. Additionally, miltirone
exerts anti-plasmodial, anti-trypanosomal and anti-oxidant activities [87,88]. Several
studies advocated that miltirone inhibits cancer cell growth [51,89,90]. A recent study
revealed that miltirone inhibits P-gp on doxorubicin-resistant cancer cells [91].

1.3.2.6 Rosmarinic acid (RA)
Rosmarinic acid (RA) or 3,4-dihydroxyphenyllactic acid, classified as a polyphenolic
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compound, is an ester derivative of caffeic acid and found in numerous medicinal and
culinary plants, such as S. miltiorrhiza, sweet basil, oregano and many others [92].
RA modulates the immune system [93,94] and acts anti-microbial [95-100],
antioxidant [101,102] anti-carcinogenic [103,104], anti-inflammatory [105,106] as
well as neuroprotective [107,108]. Cytotoxic effects of RA against cancer cells have
been studied [109]. This compound inhibited colon cancer cell proliferation by
repressing 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced binding of AP-1,
c-Jun and c-Fos to cyclooxygenase-2 (COX-2) and reducing COX-2 activity
[110,111]. Furthermore, RA induced cancer cell apoptosis and inhibited invasion by
modulating phosphorylation of ERK [112,113]. Moreover, RA inhibited DNA
methyltransferase activity, which in turn promoted transcriptional expression of tumor
suppressor genes [114]. In addition, RA sensitized TNFa-induced apoptosis by
down-regulating ROS regeneration and NFkB activation in U937 leukemia cells
[115].

1.3.2.7 Salvianolic acid B (Sal B)

Salvianolic acid B (Sal B) is a phenolic acid ingredient of S. miltiorrhiza, and has also
proven strong pharmacological activities. It has been used to treat cardiovascular
diseases [116-118], ameliorate hepatic fibrosis [119,120], inhibit oxidative stress
[121,122] and prevent cancer [123,124].
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Figure 5. Pictures of plant S. miltiorrhiza. (A) Leaf and stem part of S. miltiorrhiza. (B) Root
part of S. miltiorrhiza. (C) Chemical structure of compounds.

1.4 Drug targets for cancer therapy

1.4.1 Apoptosis

As mentioned in the chapter “General aspects of cancer”, evading cell death, in
particular apoptosis, is one of the main features in the cancer progress. Apoptosis
is a gene-directed program has had profound implications that cell numbers can be
regulated by factors that influence cell survival as well as those that control
proliferation and differentiation. Moreover, the genetic basis for apoptosis implies that
cell death can be disrupted by mutation [125].

Morphological hallmarks of apoptosis include cell shrinkage, blebbing of plasma
membrane, maintenance of organelle integrity, condensation and fragmentation of
DNA [126]. In addition, during early apoptosis, phosphatidylserine (PS) flipped out
from the inner layers to outer layers of the cell membrane, allowing recognition and
phagocytosis of macrophages without the release of pro-inflammatory cellular
components. Apoptosis has been classified into two types of pathways: the death
receptor-mediated (extrinsic) pathway and the mitochondria-mediated (intrinsic)
pathway. The intrinsic pathway is mainly described in the following paragraph.
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Figure 6. The intrinsic pathway of apoptosis. Image adapted from Galluzzi et al., 2012 [127].

As its name implies, the intrinsic pathway is initiated within the cell. The intrinsic
mitochondrial-mediated pathway can be triggered in response to stimuli such as DNA
damage, severe oxidative stress, overload of cytosolic Ca** and unfolded protein
responses. In brief, this pathway is the result of increased mitochondrial permeability
and the release of pro-apoptotic molecules such as cytochrome-c into the cytoplasm.
This pathway is closely regulated by a group of proteins belonging to the Bcl-2 family,
which contains pro-apoptotic proteins (e.g. Bax, Bak, Bad, Bcl-Xs, Bid, Bik, Bim and
Hrk) and the anti-apoptotic proteins (e.g. Bcl-2, Bcl-X., Bcl-W, Bfl-1 and Mcl-1)
[128]. When pro-death signals prevail, mitochondrial outer membrane
permeabilization (MOMP) occurs and leads to mitochondrial transmembrane potential
(Aym) depolarization, arrest of mitochondrial ATP synthesis and Awy-dependent
transport activities [127]. Cytoplasmic release of cytochrome c activates caspase 3
via the formation of a complex known as apoptosome which is made up of
cytochrome ¢, Apaf-1 and caspase 9 [129]. Smac/DIABLO or Omi/HtrA2 binding to
inhibitor of apoptosis proteins (IAPs) leads to degradation of IAPs and promotes
activation of caspase 3 and 9 [130]. Other apoptotic factors that are released from the
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mitochondrial intermembrane space into the cytoplasm via caspase-independent
pathway include apoptosis inducing factor (AIF) and endonuclease G (ENDOG),
which translocate to the nucleus and mediate large-scale DNA fragmentation [127].

Molecular targets of apoptosis for cancer treatment include targeting Bcl-2 family,
p53, IAPs and caspase activities [130].

1.4.2 Nuclear factor kappa B (NFxB) signaling

Organisms develop a system for inducible regulation of gene expression in response
to environmental changes such as chemical and microbiological stresses. NFkB, as a
model of transcriptional factors, controls DNA transcription and regulates primarily in
immune response, as well as a variety of biological events, such as cell survival and
differentiation [131,132]. In cancer cells, activation of NFxB favors with many
carcinogenic processes, including activation of anti-apoptotic genes, proliferation,
angiogenesis, metastasis as well as resistance in response to anti-cancer drug
treatment [133,134].

There are five NFkB family members in mammals: RelA/p65, RelB, c-Rel, p50
(NFkB1), and p52 (NFkxB2). NF-kB proteins bind to kB sites as dimers, either
homodimers or heterodimers (e.g. p50/p65, p50/c-Rel, and p52/p65), and can exert
both positive and negative effects on target gene transcription. NFxB activation is
stimulated by a number of positive and negative regulatory elements [131,135]. NFxB
is normally held inactive in the cytoplasm through its association with the inhibitory
molecule 1kB. Inducing stimuli trigger activation of the IxB kinase (IKK) complex,
leading to phosphorylation, ubiquitination, and degradation of IxB proteins. This step
allows release of NFkB dimmers, which in turn translocate to the nucleus, bind
specific DNA sequences, and promote transcription of target genes (Figure 7).
Binding sites for the transcriptional regulatory factor NFxB are present in the
promoter regions of targeted mediators important associated with critical illness. The
core elements of the NFkB pathway are the IKK complex, 1B proteins, and NFxB
dimers. Research regarding the regulation of NFkB has concentrated on the activation
of the IKK complex, the inhibition of NFkxB by IxB proteins, and the capacity of
NFxB family members to bind to and promote transcription from the promoters of
selected target genes. These mechanisms serve as therapeutic targets for drug
development [133].

Evidence reveals that compounds that block NFkB activation can serve to block
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cancer cell growth. Curcumin has been shown to suppress NFkB activation and
NF«B-dependent gene expression (e.g. cyclin D1, Bcl-2, and Bcl-xL) and exerted
antitumor effects on cancer cell lines [136]. The IKK inhibitors (e.g. BAY 11-7082
and AS602868), the NFxB inhibitor (e.g. parthenolide) and proteasome inhibitors that
blocks NFxB activation have shown efficacy in a variety to cancer models via
increased apoptosis [133, 137-139]

Figure 7. Pathways regulating nuclear factor kappa B (NFxB) activation and the ability of
NFkB to act as a transcriptional enhancer. NIK, NF«B inducible kinase; 1B, inhibitor of xB.
Image adapted from Sun and Andersson [135].

1.4.3 Unfolded protein response (UPR)

Proteins have to be folded into specific conformations to properly execute their
cellular functions. Besides being a major site for calcium storage and lipid
biosynthesis, the endoplasmic reticulum (ER) is an essential organelle for
post-translational modifications, structure maturation and correct folding of
transmembrane and secretory proteins. These processes require molecular chaperones
and enzymes residing in the ER such as oxidoreductases [140]. Acting as quality
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control system, the ER exports correctly-folded proteins to the sites of actions and
eliminates misfolded proteins through the ER-associated degradation (ERAD)
pathway, which disposes misfolded proteins from the ER to the cytosol for
ubiquitin-mediated proteolytic degradation [141].

Accumulation of misfolded proteins, which is considered to be harmful to cells
threatening their survival, results from numerous physiological or pathophysiological
factors, such as hypoxia, nutrient deprivation, loss of calcium homeostasis, and
elevated uncompleted folding forms of proteins due to mutations and a failure in
degradation [140]. As shown in figure 8, in response to such a cellular condition
referred to as ER stress, cells have evolved an adaptive mechanism, termed unfolded
protein response (UPR) to maintain cellular homeostasis. UPR is triggered by three
major ER-resident transducers: inositol-requiring enzyme-1 (IRE1), protein kinase
RNA-like endoplasmic reticulum kinase (PERK), and activating transcription factor-6
(ATF6). IRE1 represents a strong homeostatic transcription factor, which
multimerizes and trans-autophosphorylates upon stimulation, cleaves X-box protein 1
(XBP1) mRNA to a spliced mature form (XBP1s). XBP1s translocates to the nucleus
and induces the transcription of ERAD component genes and genes related to ER
chaperones and biogenesis [142]. Activated PERK phosphorylates eukaryotic
initiation factor 2 (elF2a) on Ser51 thereby blocking global protein synthesis by
decreasing cap-dependent translation from most mMRNAs. This in turn alleviates the
heavy load of new peptides that require modification and folding in the ER
compartment [143]. Nevertheless, mMRNAs encoding ATF4 paradoxically sustain
translational efficiency, which induces transcription of target genes coding enzymes
involved in amino acid metabolism, enzymes required for protein folding and
degradation, GADD34 phosphatase, and the transcription factor C/EBP homologous
protein (CHOP/DDIT) [144]. ATF6 translocates to the Golgi apparatus for cleavage
by site-1 and site-2 proteases. Together with XBP1, activated ATF6 subsequently
translocates into the nucleus and regulates transcription of target genes to restore ER
function [145]. Taken together, UPR activation serves as adaptive system against ER
stress and promotes cell survival. Nevertheless, if prolonged ER stress occurs and
UPR fails to restore protein folding homeostasis, PERK and IRE1 stimulate
pro-apoptotic signaling and increase CHOP expression. CHOP, a key molecule
involved in ER-stress-driven apoptosis, is associated with repression of BCL-2, which
in turn translocates BCL-2-associated protein X (BAX) to mitochondria, ultimately
leading to release of cytochrome c. This suggests that ER stress modulates intrinsic
apoptosis via disruption of mitochondrial membrane potential and a series of caspase
activation [146,147]. CHOP strongly correlates with ER stress-driven apoptosis and
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CHOP-deficient cell lines are resistant to ER stress-induced apoptosis [148]. In light
of the previous facts, sustained UPR activation, which leads to programmed cell death,
might be a potential strategy in cancer therapy.
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Figure 8. The three branches of the UPR. Each pathway uses a different mechanism of signal
transduction: ATF6 by regulated proteolysis, PERK by translational control, and IRE1 by
nonconventional MRNA splicing. Image adapted from Walter and Ron [149].

1.4.4 Translation regulation

Translation can be divided into four phases including initiation, elongation,
termination and ribosome recycling. The most predominant regulatory mechanism
occurs during the rate-limiting phase of initiation [150]. Basic steps of translation
initiation includes: 1) Assemble cap-binding complex: During the first steps of
cap-dependent translation initiation, messenger RNA (MRNA) associates at its 5"UTR
with the eukaryotic initiation factor elF4F, containing the cap-binding protein elF4E,
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the scaffold protein elF4G, and the 5'UTR unwinding RNA helicase elF4A that
operates in conjunction with elF4B. The circularization and activation of mRNAs
takes place where poly-A binding proteins (PABP) bind to elF4G at the 3'UTR end. 2)
Recruit 43S complex to mRNA: The 43S pre-initiation complex [composed of the
40S ribosomal subunit, the elF2 ternary complex (elF2, GTP, and Met-tRNA), elF3,
elF1, elF1A, and elF5] joins the activated RNA structure (via elF4AG and elF3
interaction). 3) Scanning of 40S ribosomal subunits to AUG: 40S ribosomal subunits
scan 5'UTR until AUG start codon recognition occurs, followed by the hydrolysis of
elF2-bound GTP and the release of elF2-bound GDP, elF5, elF3, and elF1. 4) 60S
ribosomal subunits join: The subsequent association of the 60S ribosomal subunit
with elF5B-bound GTP leads to elF5B-mediated GTP hydrolysis and the release of
elF5B-GDP and elF1, thus allowing the assembly of the 80S complex, which is then
ready for translation elongation [151,152].

Stimulation of elF4AF assembly is caused in part by the activation of the
PI3K/Akt/mTOR pathway, which contributes to oncogenetic process. Under the
circumstances that mitogens and growth factors exist, mTOR is activated via
PIBK/AKT pathway, in turn resulting in phosphorylation of 4E-BPs (to dissociate
4E-BPs from elF4E), elF4G and elF4B for formation of elF4F complex. Stress or
starvation promotes phosphorlation of elF2a, which blocks elFAF assembly and
reduces global protein synthesis. Meanwhile, phosphorylation of elF2o triggers
unfolded protein response to assume cell survival (Figure 9) [151,153].

Regulation of gene expression at the level of protein synthesis is a unique mechanism,
by which cells rapidly respond to extra- and intracellular stresses. In the case of
cancer progression, synthesis of specific proteins required to initiate and maintain the
transformed phenotype is hyperactivated by post-transcription via translation
initiation. This process utilizes existing MRNA species to produce target proteins and
skips transcription steps, favoring cancer cell development [151]. Therefore, the
susceptibility of translation initiation to protein synthesis may be a determinant factor
in cancer development. Currently, therapeutic approaches targeting deregulated
translation in cancers include reduction of eukaryotic initiation factors (e.g. elF3,
elF4E) [154,155], disruption of their RNA-binding ability or elF4F complex
formation (e.g. elF4A) [156,157], as well as inhibition of PI3BK/AKT/mTOR pathway
[158].
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Figure 9. Eukaryotic cap-dependent translation initiation and its regulation by elF2a kinases
and other signaling pathways. Figure adapted from Sonenberg and Hinnebusch [153].

1.5 Callus culture

Accumulation of secondary metabolites in plants plays an important role for plants to
survive. Secondary metabolites are synthesized in response to environmental stress,
especially in defense against pathogens and herbivores [159]. Based on different
biosynthetic origins and structural diversity, secondary metabolites include flavonoids,
phenolic and polyphenolic compounds, terpenoids, alkaloids, etc. These bioactive
compounds in plants represent valuable and unique resources as food additives,
cosmetics, and pharmaceutical drugs [160].

Nowadays, the commercial supply of phytochemical for either therapeutic purposes or
research uses mainly relies on extraction from field-cultivated plants. Quality and
safety issues arouse from field-cultivated plants concerning the variation in contents
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of bioactive constituents and contaminations with heavy metals, microbes and
pesticide. Geographical and climate-related reasons also generate phenotypic
variations of field-cultivation of herbal plants. In addition, the price of herbal products
IS rising due to increasing demand and production costs [161,162]. Therefore, there is
a need to develop a controllable and sustainable system for efficient production of
herbal plants. Plant tissue culture is the most useful technique for exploring various
measures on biosynthesis of desired secondary metabolites [163]. Plant tissue cultures
not only avoid the disadvantages mentioned above, which the field-cultivated plants
may exert, but also shorten the growth cycle into weeks rather than years of growing
plants in the field [164].

Numerous investigations have reported that production of useful compounds using
callus culture [164]. Callus, a term originated from Latin word callum, refers to
undifferentiated parenchymatous cell masses derived from plant tissues (explants).
Callus cells are thought to be totipotent, being capable of developing to whole plant
[165,166]. In plant biology, callus formation is often induced on the wounds of plant
organs. With the supplement of essential growth hormones, differentiated cells from
the wounded explants undergo the process of dedifferentiation, which lead to
generation of callus. Callus has been widely used in both basic research and
pharmaceutical industries [167]. The composition of culture medium including carbon
source, nitrate and phosphoate and concentration of growth hormones determine the
production of target compounds from callus [168].
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2 Aims of the thesis

Fighting cancer is a long-term war. Failure of cancer therapy principally attributes to
intrinsic or acquired resistance of cancer cells. With the properties of multi-target
potential, natural products certainly have their place in the field of anticancer
treatment, alongside with a comprehensive understanding of molecular mechanisms.
In TCM, S. miltiorrhiza is recognized with high-valued clinical therapuetical effects
and used for the treatment of patients with cardiovascular diseases. Until recently, it
was reported that S. miltiorrhiza and major substances extracted thereof have
significant anticancer activities. However, the molecular targets and the mode of
action of S. miltiorrhiza in cancer cells are not fully understood.

Thus, the aims of the thesis are:

(1) to evaluate the cytotoxic effects of root extract of S. miltiorrhiza towards
multidrug resistant cell lines and to identify the major compounds in S.
miltiorrhiza

(2) to explore the molecular target and mode of actions of the three major compounds
towards ALL cells

-- Analysis of the effects of miltirone on G2/M cell cycle arrest and apoptosis

--Analysis of the molecular mechanisms of cryptotanshinone-induced anticancer
activities integrated with mRNA microarray and bioinformative techniques

-- Analysis of the antioxidant, rosmarinic acid, -induced cytotoxic effects

The stem and leaf parts of S. miltiorrhiza, which are thought to be without medical
effects as waste, are collected for plant tissue culture (callus culture). It leads to the
last project of the study:

(3) Identification and comparison of the main compounds of stem and leaf extracts
from callus culture and plant, and evaluation of cytotoxic effects on cancer cells

The results presented in the following chapters were recently published as first author in the six

peer-reviewed scientific journals (please see Appendix: Publication 2014-2016, Journal paper No. 3-8).

All text passages, tables and figures of the publication that are used in a modified form in this thesis

were prepared or written by myself.
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3 Materials and methods
3.1 Preparation of plant materials

3.1.1 Cultivation and harvest of S. miltiorrhiza

The seeds of S. miltiorrhiza were obtained from the Bavarian State Research Center
for Agriculture (LfL, Freising, Germany), where a voucher specimen (No. BLBP01)
was deposited. S. miltiorrhiza was cultivated and harvested in the botanical garden of
the Johannes Gutenberg University (Mainz, Germany). Leaves, stems and roots were
collected from field-grown S. miltiorrhiza plants and dried in the oven at 37°C for 7
days. The dried materials were cut into small pieces and then powdered using a
mechanical grinder.

3.1.2 Extraction of S. miltiorrhiza root

Dried and powdered root material (50 g) was immersed in a mixture of
dichloromethane-methanol (1:1) for 48 h at room temperature. The extract was
concentrated to obtain the crude extract. The dried extracts were stored at 4°C until
use.

3.1.3 Callus formation

The preparation of callus formation was performed by Doris Rohr. Leaves and stem
explants from S. miltiorrhiza were cultured on the day, they were harvested. The
stems and leaves were washed with tap water and then soaked in distilled water.
Thereafter, leaves and stem explants were surface sterilized for 10 sec in 80% EtOH
followed by rinsing two times with sterilized distilled water and for 10 sec with 20%
sodium hypochlorite (NaClO) solution and then rinsed three times with sterilized
distilled water under laminar flow. Sterilized stem explants were cut into 1 cm long
pieces and cultured in AM1 medium, which was modified after Murashige and Skoog
(MS) [169]. The medium contained 40 g/l sucrose as carbon source and 8 g/l agar for
gelling, and growth regulators such as 2,4-dichlorophenoxyacetic acid (2,4-D, 1 mg/l)
combined with kinetin (0.45 mg/l) and 1-naphtylacetic acid (0.01 mg/l). The leaves,
on which wounds were made by bladecuts, were cultured in MS medium containing
0.022 mg/l of kinetin. For callus initiation, the culture medium was adjusted to pH 5.8.
The culture plates were paraffined and maintained in the dark at 24°C. Medium was
changed every four weeks. Callus induction was observed on the surface of the cut
edges after 8 weeks. The calli collected from each plate were gently pressed on filter
paper to remove excess water and the fresh weights were recorded. The dry weights
were also recorded after the calli was freeze-dried.
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3.1.4 Extraction procedure for callus and plant stem and leaf

The procedure was performed by Dr. Anastasia Karioti. All samples including calli
and dry powdered plant stems and leaves were extracted with 60% EtOH, according
to Dong et al [170]. Each stem callus sample was sonicated by Sonorex RK 100 H
ultrasonic bath (Bandelin, Germany) with a medium operating frequence at 35 kHz
for 25 min and was extracted with 50 ml 60% EtOH for 3 times (150 ml in total) and
was filtered. Stem callus extracts were combined and concentrated under vacuum in a
Rotavapor R200/205 (Buchi Italia s.r.l., Assago, Italy) and the volume was finally
adjusted at 50 ml in a volumetric flask, while for leaf callus extracts a 20 ml
volumetric flask was used. Before the HPLC analysis, each sample was filtered
through a cartridge-type sample filtration unit with a polytetrafluoroethylene (PTFE)
membrane (d=13 mm, porosity 0.45 um, Lida manufacturing Corp.) and immediately
injected.

3.2 Chromatography analysis

3.2.1 HPLC analysis for callus and plant stem and leaf
The analysis was performed by Dr. Anastasia Karioti.

Chemicals

All solvents used for HPLC analysis were HPLC grade. CH3CN and MeOH for HPLC
were purchased from Merck (Darmstadt, Germany). Formic acid (85% v/v) was
provided by Carlo Erba (Milan, Italy). Water was purified by a Milli-Qplus system
from Millipore (Milford, MA, USA). 0.45 mm PTFE membrane filter was purchased
from Waters Co. (Milford, MA). For quantitative analysis, the following standards
were used: rosmarinic acid (at 330 nm) and salvianolic acid B (at 290 nm).
Rosmarinic acid (MW: 360.3; 97% purity) was purchased from Sigma-Aldrich
(Munich, Germany). Salvianolic acid B (MW: 718.6; >98.5 purity) was kindly
provided by the China’s National Institute for the Control of Pharmaceutical and
Biological Products (NICPBP).

HPLC-DAD analysis instrumentation

We used an HP 1100 L instrument coupled to a Diode Array Detector, managed by a
HP 9000 workstation (Agilent Technologies, Palo Alto, CA, USA). The column was
RP C18 Luna phenomenex ® (150 x 3mm), particle size 5 um maintained at 27 °C.
The eluents were H,O at pH 3.2 by formic acid (A) and acetonitrile (B). 10uL of the
sample solution were injected. The following multi-step linear gradient was applied:
from 90% A to 85% A in 10 min, in 7 min to 22% B, with a plateau of 8 min; 2 min
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to 25%; 13 min to 66% of B and then 5 min to 90% A. Total time of analysis was 45
min, equilibration time was 5 min, flow rate was 0.4 ml min—1. UV-Vis spectra were
recorded in the range 220-600 nm, and chromatograms were acquired at 254, 290,
315, 330 and 350 nm.

HPLC-MS analysis instrumentation

The HPLC system described above was interfaced with a HP 1100 MSD
APIl-electrospray (Agilent Technologies, Palo Alto, CA, USA). The same column,
time period and flow rate were used during the HPLC-MS analyses. Mass
spectrometry operating conditions were optimized, in order to achieve maximum
sensitivity values. Negative and positive ionization modes with scan spectra from m/z
100 to 1000 were used with a gas temperature of 350 <C, nitrogen flow rate of 10
I/min, nebulizer pressure of 30 psi, quadrupole temperature of 27<C, and capillary
voltage of 3500 V. The applied fragmentors used were 60, 120, and 180 V.

Identification of peaks and peak purity

Identification of all constituents was performed by HPLC-DAD/MS analysis by
comparing the retention time, the UV, MS spectra of the peaks in the samples with
those of authentic reference samples. The purity of peaks was monitored by a diode
array detector coupled to the HPLC system, comparing the UV spectra of each peak
with those of authentic reference samples and/or by examination of the MS spectra.

Quantitative determination of constituents

The method of external standard was applied to quantify each compound.
Quantification of individual constituents was performed using a five point regression
curve. Measurements were performed at 290 nm for Sal B and at 330 nm for RA.

Method validation of quantitative analysis: Linearity, limits of detection (LOD),
limit of quantification (LOQ) and precision

The linearity range of responses of the standard Sal B and RA in plasma was
determined on five concentration levels with three injections for each level.
Calibration graphs for HPLC were recorded with sample amounts ranging from
6.6x10~ to 2 pg (SalB) and from 5.2x10° to 3.3 pg (RA). Stock solutions of the
standards to evaluate LOD and LOQ were prepared at different concentrations
ranging from 3.3x107® to 0.33 mg/ml (Sal B) and from 2.8x10® to 0.286 mg/ml (RA)
and injected into HPLC (injection volumes varying from 2 to 10 pl). The limit of
detection (LOD) and quantification (LOQ) under the chromatographic conditions
were determined by injecting a series of the standard solutions until the
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signal-to-noise (S/N) ratio for each compound was 3 for LOD and 10 for LOQ. For
the intra-day variability test, freshly prepared standard samples in the range of the
calibration curve were analysed in six replicates within 1 day. For the interday
variability test, the standard solutions were examined in triplicates for three
consecutive days. The contents of SalB and RA in each sample were evaluated by
HPLC-DAD to calculate the relative standard deviation (%RSD).

3.2.2 HPLC analysis for plant root

The work was cooperated with lab Prof. Eckhard Thines (IBWF, Mainz). Methanol
was used as a solvent for S. miltiorrhiza root extract. DMSO was used as a solvent for
standard compounds. S. miltiorrhiza root extract and standard compounds were
analyzed by HPLC (Agilent 1100 Series) equipped with a LiChrospher RP 18 (3x125
mm; 5 um, Merck KGaA, Darmstadt, Germany). The column was used at 40 °C and a
flow rate of 1 mL min*with an elution gradient composed of H,O and acetonitrile.
The compounds were detected via a diode array detector.

HPLC-MS

The molecular weight of selected peaks was determined using an HPLC-MS (Agilent
1260 Series LC and 6130 Series Quadrupole MS System). The mass spectra were
recorded using atmospheric pressure chemical ionization (APCI) with positive and
negative polarization. A Superspher RP 18 (125x2 mm; 4 pum, Merck KGaA,
Darmstadt, Germany) column was used at 40 °C. For every run 1 pul of a sample at a
concentration of 1-10 mg mL ™ was injected. The elution was performed with a
gradient of H,0 and acetonitrile and a flow rate of 0.45 mL min™*. The 3D-tool of the
program Chemstation (Agilent, Santa Clara, CA, US) was used to create 3D graphics.

3.3 Substances

Epirubicin and doxorubicin were provided by the University Medical Center of the
Johannes Gutenberg University Mainz (Mainz, Germany). CPT and G418 (geneticin)
were purchased from Sigma-Aldrich (Munich, Germany). Miltirone was purchased
from Chemfaces (Wuhan, People’s Republic of China). RA and necrostatin-1 were
purchased from Enzo Life Science GmbH (Lorrach, Germany). Sal B was kindly
provided by the China’s National Institute for the Control of Pharmaceutical and
Biological Products (NICPBP). TNFa was purchased from Sino Biological Inc
(Beijing, People’s Republic of China) and MG-132 was obtained from Invivogen (San
Diego, USA). 4'6-Diamidino-2-phenylindole (DAPI) was purchased from
Sigma-Aldrich (Munich, Germany).
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3.4 Cell culture

3.4.1 Cancer cell lines

CCRF-CEM and CEM/ADRS5000 cells were kindly provided by Dr. Axel Sauerbrey
(University of Jena, Department of Pediatrics, Jena, Germany). The cells were
cultured in RPMI medium (Invitrogen, Germany) containing 10% fetal bovine serum
(Invitrogen) and 1% penicillin/streptomycin (Invitrogen), and incubated in a 5% CO,
atmosphere at 37 °C. Human glioblastoma U87.MG wild-type cells and a subline
transfected with the epidermal growth factor receptor (EGFR) gene with deletion of
exon 2-7 (U87.MGAEGFR) were kindly provided by Dr. Webster K. Cavenee
(Ludwig Institute for Cancer Research, San Diego, USA). Human wild-type HCT116
(p53") and p53-knockout HCT116 (p53™) colon cancer cell lines were obtained
from Dr. Bert VVogelstein (Howard Hughes Medical Institute, Baltimore, USA). The
four cell lines were cultured in complete DMEM culture medium with GlutaMAX
(Invitrogen) supplemented with 10% fetal bovine serum and 1% penicillin and
streptomycin. U87.MGAEGFR and HCT116 (p53") cells were maintained in the
culture medium containing 400 pg/ml of G418 (geneticin). MCF-7 breast cancer cell
line, a kind gift from Prof. Shu-ling Fu (National Yang-ming University, Taipeli,
Taiwan), was cultured in complete DMEM medium containing L-glutamine (Life
Technologies). Medium was supplemented with 10% fetal bovine serum (Invitrogen)
and 1% penicillin and streptomycin.

3.4.2 Normal lymphocyte isolation

Fresh blood was collected in EDTA-coated tubes, layered onto Histopaque-1077
(Sigma Aldrich) and centrifuged at 400xg for 30 min at room temperature. Opaque
interface was carefully transferred to a clean conical centrifuge tube. The cells were
washed by PBS and centrifuged at 250xg for 10 min. After three wash-centrifuge
steps, the cells were cultured in Panserin 413 medium (PAN-biotech GmbH,
Aidenbach, Germany) containing cytokines and 2% v/v phytohemagglutimin (PHA)
(Life technologies, CA, USA) and were used for cytotoxicity assay.

3.5 Cell based assay

3.5.1 Cytotoxicity assay

Resazurin assay was performed to measure cytotoxicity of test compounds or extracts.
The indicator dye, resazurin, is reduced from blue to the red fluorescent resorufin in
living cells. In brief, 5000 cells per well were seeded in 96-well-plates in 100 pl. Test
compounds or extracts were added in additional 100 pl culture medium. After 72 h,
20 pl resazurin (Sigma-Aldrich) solution was subjected to each well and the plates
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were placed in the incubator for 4 h. Fluorescence was measured using Infinite M2000
Proplate reader (Tecan, Germany) with 544 nm (excitation) and 590 nm (emission).

Cytotoxicity of MCF-7 cells was determined by MTT assay. MTT
(Methylthiazolyldiphenyl-tetrazolium bromide, Sigma-Aldrich) was converted to blue,
water-insoluble formazan by mitochondrial dehydrogenases of living cells. Formazan
was solubilized by DMSO and the intensity was detected at 570 nm.

3.5.2 Evaluation of drug combination

The Loewe additivity model was used to confirm the drug interaction between RA
and Sal B in cytotoxicity [171,172]. In the study, the combination index (CI) was
calculated with the equation: Cl = Clsp0/D1s09 + C2 5006/D2500%, Where Dlsgy, and
D250, Were the doses of single drugl and drug 2 that produced 50% inhibition of cell
growth, C1 and C2 were the doses of drug 1 and drug 2 in combination, which
inhibited 50% of cell growth. The value of CI less than 1 represents synergetic effects,
whereas more than 1 means antagonistic ones.

3.5.3 Caspases-Glo 3/7 and caspase-Glo 9 assay

The activity of caspases 3/7 and 9 was measured using Caspase-Glo 3/7 and
Caspase-Glo 9 Assay kits (Promega, Germany). Cells were seeded in 96-well plates
and treated with test compounds/extracts or DMSO. After 24 h incubation, caspase
3/7 and 9 luminescence was determined by Infinite M2000 Proplate reader.

3.5.4 Comet assay

Cells (2x10°/well) were treated with test compounds/extracts or DMSO for 24 h.
After harvesting and washing of cells with PBS, comet assay analysis was performed
by using Oxiselect Comet Assay® kit (Cell Biolabs) according to the manufacturer’s
instruction. Briefly, collected cells were counted and mixed with low melting point
agarose at a ratio of 1:10 (v/v), and then pipetted onto CometSlide™. After incubating
the slides at 4°C for 15 min, cells were incubated in lysis solution for 90 min before
treatment with alkaline solution for 30 min to unwind DNA. The slides were then
electrophoresed for 20 min at 25 V and 300 mA by adjusting the volume of the
alkaline solution. The slides were fixed with ethanol for 5 min and stained by Vista
Green DNA Dye. The images were visualized under fluorescent microscope using a
band pass FITC filter (excitation 490 nm, emission >520 nm). Twenty-five cells were
randomly selected and captured per sample using 40x magnification and were
analyzed by using CASP comet assay software (http://casplab.com/). Tail length,
percentage of DNA in the tail and head, tail movement and Olive moment were used
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as parameters for DNA damage. Statistical significance was determined by one way
ANOVA with Dunnett and Tucky post hoc test.

3.5.5 Fibronectin adhesion assay

We modified an assay described elsewhere [173]. 24-well plates were coated for 1 h
at 37 °C with 20 pg/ml fibronectin (Sigma-Aldrich) and were air-dried for 45 min.
cells (3x10° cells/well in serum-free medium) were incubated with test compounds or
extracts in 150 pl, and 150 pl cell suspensions were added into fibronectin-coated
wells to obtain a total volume of 300 pl/well. Cells were allowed to adhere for 2 h at
37 °C and then wells were washed three times with PBS containing 5% FBS. Twenty
microliters of resazurin solution was added to each well and the plates were placed in
the incubator for 4 h. Fluorescence was determined by Infinite M2000 Proplate reader
using 544 nm (excitation) and 590 nm (emission). Photographs of adherent cells were
taken using a EVOS fluorescence microscope (AMG Advanced Microscopy Group,
WA, USA).

3.6 Flow cytometry

3.6.1 Cell cycle assay

CCRF-CEM cells (3x10°, 1.5x10° 0,75x10° and 0.375x10°) were added to 6-well
plates and treated with test compounds or extracts for 24 , 48, and/or 96 h. Cells were
washed in PBS (Invitrogen) and fixed in ice-cold 95% ethanol. Then, cells were
incubated with 50 pg/ml propidium iodide (PI) for 30 min in the dark. Cells were
analyzed by LSR-Fortessa FACS analyzer (Becton-Dickinson, Germany) with 488
nm excitation and detected using a 610/20 nm band pass filter. The results were
analyzed using FlowJo software (Celeza, Switzerland).

3.6.2 Detection of reactive oxygen species (ROS)

Briefly, 2x10° CCRF-CEM cells were resuspended in PBS and incubated with 10 uM
H,DCFH-DA for 30 min in the incubator. Cells were washed with PBS and
suspended in RPMI 1640 medium containing test compounds/extracts or DMSO.
After 1 h incubation, cells were washed and suspended in PBS. Subsequently, cells
were measured in a LSR-Fortessa FACS analyzer. For each sample, 3x10* cells were
counted. Fluorescence was measured at 488 nm (25 mW) excitation and detected

using a 530/30 nm band pass filter. Histograms were analyzed using FlowJo software.
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3.6.3 Measurement of mitochondrial membrane potential (MMP)

CCRF-CEM cells were treated with test compounds/extracts or DMSO for 24 or 48 h.
Cells were collected and stained by JC-1 (Biomol, Germany) for 15 min. JC-1 signals
were determined in an LSR-Fortessa FACS analyzer by counting 2x10* cells. The
fluorescence of JC-1 J-aggregated form was detected at 561 nm (excitation) and
586/15 nm (emission). The fluorescence of JC-1 monomers was detected at 488 nm
(excitation) and 530/30 nm (emission). Results were analyzed by using FlowJo
software.

3.6.4 Annexin V-FITC apoptosis/necrosis detection

Phosphatidylserine (PS) is translocated from inner cell membrane sides to the surface
during apoptosis. The annexin V (AV)-FITC apoptosis detection kit (Biovision, USA)
was used to detect PS by staining with fluorescent-conjugated AV, which has high
affinity to PS. Cells were treated with test compounds or extracts for 48 h and stained
by AV and PI for 5 min at room temperature in the dark. AV-FITC binding was
detected by LSR-Fortessa FACS analyzer at 488 nm (excitation) and 530 nm
(emission). Cytographs were performed by using FlowJo software.

3.7 Computational approaches

3.7.1 Molecular docking

Preparation of docking files was carried out with AutodockTools-1.5.6rc3 and
molecular docking was performed by Autodock4 using lamarckian algorithm [174].
The three-dimensional structures of compounds were prepared in protein data bank
(PDB) format from PubChem website. The X-ray crystallography-based structures of
target proteins were obtained from the PDB website
(http://www.rcsb.org/pdb/home/home.do). We defined the docking space within a
grid box placed at the pharmacophore of each protein. Docking parameters were set to
250 runs and 2,500,000 for energy evaluations. Docking sites and residues were
visualized by using AutodockTools-1.5.6rc3 and Visual Molecular Dynamics (VMD)
software  (http://autodock.scripps.edu/;  http://www.ks.uiuc.edu/Research/vmd/).
Docking log (dlg) files provided information regarding the lowest binding energy, the
number of clusters and predicted inhibition constant (pKi).

3.7.2 Analysis of gene promoter binding motifs

Motif analysis was performed by Cistrome analysis software [175]. Briefly, a BED
format of deregulated genes was retrieved (http://genome.ucsc.edu/cgi-bin/hgTables).
SegPos motif analysis was used to screen for enriched motifs in given DNA regions
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(http://cistrome.org). SeqPos scan all the motifs not only in Transfac, JASPAR,
UniPROBE (pbm), hPDI database, but also try to find de novo motifs using MDscan
algorithm. The output of genes was ranked by —log10 (p-value).

3.8 Microarray gene profiling

Total RNA was isolated by InviTrap Spin Universal RNA Mini kit (Stratec molecular,
Berlin) according to the manufacturer’s instruction. RNA was eluted with
nuclease-free water and stored at -80°C until analysis. The procedure of microarray
including quality check of total RNA, probe labeling, hybridization, scanning and data
analysis was performed by the Genomics and Proteomics Core Facility at the German
Cancer Research Center (DKFZ) in Heidelberg, Germany [176,177].

Quiality check of total RNA

The quality of total RNA was checked by gel analysis using the total RNA Nano chip
assay on an Agilent 2100 Bioanalyzer (Agilent Technologies GmbH, Berlin,
Germany). Only samples with RNA index values greater than 8.5 were selected for
expression profiling. RNA concentrations were determined using the NanoDrop
spectrophotometer (NanoDrop Technologies, Wilmington, DE).

Probe labeling

Biotin-labeled cRNA samples for hybridization on Illumina Human/Mouse/Rat
Sentrix-6/8/12 BeadChip arrays (lllumina, Inc.) were prepared according to Illumina's
recommended sample labeling procedure based on the modified Eberwine protocol
(Eberwine et al., 1992). In brief, 250-500 ng total RNA was used for complementary
DNA (cDNA) synthesis, followed by an amplification/labeling step (in vitro
transcription) to synthesize biotin-labeled cRNA according to the MessageAmp 1l
aRNA Amplification kit (Ambion, Inc., Austin, TX). Biotin-16-UTP was purchased
from Roche Applied Science, Penzberg, Germany. The cRNA was column purified
according to TotalPrep RNA Amplification Kit, and eluted in 60-80 ul of water.
Quality of cRNA was controlled using the RNA Nano Chip Assay on an Agilent 2100
Bioanalyzer and spectrophotometrically quantified (NanoDrop).

Hybridization

Hybridization is performed at 58°C, in GEX-HCB buffer (lllumina Inc.) at a
concentration of 100 ng cRNA/ul, unsealed in a wet chamber for 20 h. Spike-in
controls for low, medium and highly abundant RNAs were added, as well as
mismatch control and biotinylation control oligonucleotides. Microarrays were
washed once in High Temp Wash buffer (lllumina Inc.) at 55°C and then twice in
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E1BC buffer (Illumina Inc.) at room temperature for 5 minutes (in between washed
with ethanol at room temperature). After blocking for 5 min in 4 ml of 1% (wt/vol)
Blocker Casein in phosphate buffered saline Hammarsten grade (Pierce
Biotechnology, Inc., Rockford, IL), array signals are developed by a 10-min
incubation in 2 ml of 1 pg/ml Cy3-streptavidin  (Amersham Biosciences,
Buckinghamshire, UK) solution and 1% blocking solution. After a final wash in
E1BC, the arrays are dried and scanned.

Scanning

Microarray scanning was done using a Beadstation array scanner, setting adjusted to a
scaling factor of 1 and PMT settings at 430. Data extraction was done for all beads
individually, and outliers are removed when > 2.5 MAD (median absolute deviation).
All remaining data points are used for the calculation of the mean average signal for a
given probe, and standard deviation for each probe was calculated.

Data analysis

Data analysis was done by normalization of the signals using the quantile
normalization algorithm without background subtraction, and differentially regulated
genes are defined by calculating the standard deviation differences of a given probe in
a one-by-one comparison of samples or groups.

Bioinformatic evaluation

The set of genes analyzed by microarray were filtered using Chipster software
(http://chipster.csc.fi/) with a p value lower than 0.05. These filtered genes with
differential fold changes more than 1-fold were selected and subjected to the
Ingenuity Pathway Analysis Software (http://www.ingenuity.com/).

3.9 Quantitative real-time polymerase chain reaction (QPCR)

Total RNA was extracted by InviTrap Spin Universal RNA Mini kit (Stratec
Molecular, Berlin) according to the manufacturer’s protocol. Three micrograms RNA
were reverse-transcribed to cDNA by using RevertAid H Minus First Strand cDNA
Synthesis Kit (Thermo Scientific). The mRNA levels were analyzed in triplicates with
the use of 5x Hot Start Tag EvaGreen® gPCR Mix (Axon Labortechnik, Germany) by
CFX384™ Real-Time PCR Detection System (Bio-Rad, CA, USA) and normalized to
RPS13 mRNA expression. The running protocol of gPCR was set as follows: 50°C
for 2 min, 95°C for 10 min, 40 cycles including denaturation at 95°C for 15 s,
annealing at 58.1°C (AKR1C3 and DDIT3), 59°C (CCNB1, CDC2, TP53 and
CDKN1A) or 59.4°C (DUSP6, TXNIP, IGLL1, VPREB1 and BIK) for 1 min and
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extension at 72°C for 1 min following 95°C for 1 min. Primer sequences were
designed using NCBI and GenScript Real Time PCR Primer Design
(https://www.genscript.com/ssl-bin/app/primer) websites and synthesized by Eurofins
MWG Operon (Ebersberg, Germany). Primer specificities were checked by NCBI
Primer-Blast (http://www.ncbi.nlm.nih.gov/tools/primer-blast). Properties of primers
were scanned by Eurofins genomics
(https://www.eurofinsgenomics.eu/en/dna-rna-oligonucleotides/oligo-design-more/oli
go-property-scan.aspx).The sequences of the primers used for g°PCR were listed in the
table [178, 266].

Table 1. Primer sequence

Gene Forward (5°—37) Reverse (5°—3°)
AKR1C3 CAGTTGTGGTGCCCAATAAA TCTGCTTCAGCTTGAAATGG
BIK AACCCCGAGATAGTGCTGGA GGTGACAATTGCAGAGCCAT

CCNB1 AGGCGAAGATCAACATGGCA AGCTGTTCTTGGCCTCAGTC
CDC2 AATCTATGATCCAGCCAAACGAA TTCTTAATCTGATTGTCCAAATCATTAAA
CDKNIA TGGAGACTCTCAGGGTCGAAA GGCGTTTGGAGTGGTAGAAATC
DDIT3 GGAAACGGAAACAGAGTGGT TGTTCTTTCTCCTTCATGCG
DUSP6  GGCATAGTAGGGCAAGGTTC ACGGTACAGTCGGTCCATTC
IGLL1 GGACCCAGCTCACCGTTTTA CACCGTCAAGATTCCCGGAT
OPTN TGAAAGAGCAGCGAGAGAGA GGCAGGAATGAATCGGAATA
RPS13 GGTTGAAGTTGACATCTGACGA CTTGTGCAACACATGTGAAT
TP53 TTCCTGAAAACAACGTTCTGTCC TCTGGACCTGGGTCTTCAGTGAA
TXNIP GAGCAGCCTACAGGTGAGAA CCCAGTAGTCTACGCAACCA
VPREB1 TTGGAACCACAATCCGCCTC CGCTGTACACACCGATGTCA

3.10 Western blotting

The nuclear protein fraction of cells was extracted by NE-PER nuclear extraction
reagent (Thermo Scientific, MS, USA). Twenty-five microgram of nuclear protein
was subjected to SDS-PAGE with 10% resolving gel. The gel with separated proteins
was then transferred onto Immobilon-PVDF membrane (Millipore, Bedford, MA,
USA). The antibodies used were NF«xB/p65 (Thermo Scientific) and Histon h3 (Cell
Signaling Technology, MA, USA). Blots were developed using Luminata™ Classico
western HRP substrate (Millipore). The density of protein band was quantified and
normalized to Histon h3.
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The total cellular protein fraction was extracted by using M-PER® Mammalian
Protein Extraction Reagent (Thermo Scientific) and complete Mini Protease Inhibitor
Cocktail Tablets (Roche Diagnostics, Germany). The procaspase antibody sampler kit
(Cell Signaling) was used detect PARP, caspase 3, 7, and 9. The evaluation of loading
control was determined by expression of -actin.

3.11 Compare analysis

COMPARE analysis has been previously described in detail [179]. COMPARE
analysis is based on the transcriptome-wide correlation of mMRNA expression of 60
cell lines in the NCI database (USA, http://dtp.nci.nih.gov) with response (logio ICs
values) to a selected compound. Correlation coefficients (R-values) were generated by
a Pearson correlation test-based algorithum to produce COMPARE rankings. In the
present investigation, we used CPT as test compound with cutoffs for positive
correlations (R-value >0.5) and negative correlations (R-value <-0.5). Informations
about the respective gene function was obtained from the GeneCard database
(Weizman Institute of Science, Israel, http://www.genecards.org/) and OMIM
database (NCI, USA, http://www.ncbi.nlm.nih.gov/omim).

Hierarchical cluster analysis was performed obtained from COMPARE analysis with
the mRNA expression profiles for 60 NCI cell lines using the WIinSTAT program
(Kalmia Inc., Cambridge, MA, USA). The y test was applied to test whether the
separation of cell lines according to their gene expression profiles predicted
sensitivity or resistance to CPT. This test defines dependencies of bivariate normal
distribution for pairs [180].

3.12 Statistics

Results were shown as mean + standard deviation. Results were obtained from three
independent experiments. Statistical analysis was determined by using Student’s t-test.
p< 0.05 was considered as statistically significant.
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4. Results

4.1 Cytotoxicity of Salvia miltiorrhiza root extract against multidrug
-resistant cancer cells

Natural products are frequently considered to be less toxic than synthetic compounds.
In addition, the multifactorial activity of many natural products leave less possibilities
open for cancer cells to develop drug resistance, since resistance to one mode of
action may not affect other therapy-relevant cellular targets [181]. Thus, natural
products might be of advantage to overcome resistance to establish anticancer drugs
and to provide novel strategies for chemotherapy. For this reason, we hypothesized
that S. miltiorrhiza may be capable to bypass drug resistance. In this study, cytotoxic
effects of S. miltiorrhiza root extracts towards several sensitive and drug-resistant cell
lines as well as correlations to apoptotic cell death have been investigated.

4.1.1 Cytotoxicity on sensitive and resistant cancer cell lines

All cancer cells were treated with varying concentrations of S. miltiorrhiza root
extract for 72 h and cell viability was detected by the resazurin assay. S. miltiorrhiza
root extract was cytotoxic towards CCRF-CEM and CEM/ADR5000 cell lines with
ICsp values of 1.9 + 0.23 pg/ml and 3.2 + 0.83 ug/ml, respectively (Figure 10A). CPT
and RA, the main compounds of S. miltiorrhiza root extract, showed cytotoxicity
towards CCRF-CEM and CEM/ADR5000 cell lines with ICsq values (CPT: 4.85 +
0.54 pM vs. 5.34 + 0.46 uM; RA: 7.52 + 2.69 uM vs. 35.68 + 1.55 uM). CPT exerted
more profound cytotoxicity than RA. Furthermore, the ICsq values were 5.5 + 0.83
ng/ml and 4.3 + 0.47 pg/ml for S. miltiorrhiza root extract against HCT116 (p53™*)
and HCT116 (p53™) cells (Figure 10B). The S. miltiorrhiza root extract was also
active against U87.MG and U87.MGAEGFR cells with ICs, values of 13.8 + 0.7
ug/ml and 6.3 + 2.48 ug/ml, respectively (Figure 10C). It is remarkable that S.
miltiorrhiza root extract was slightly more cytotoxic towards HCT116 (p53”) and
significantly towards U87.MGAEGFR cells than their parental wild-type cells, as
indicated by degrees of resistance below 1.0. This kind of hypersensitivity is termed
collateral sensitivity. In the following experiments, CCRF-CEM cells were used for
further investigation.
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Figure 10. Cell viability of resistant cells and their according parental cells with treatment of S.
miltiorrhiza root extract. (A) CCRF-CEM cells and CEM/ADR5000 cells, (B) HCT116 (p53™") cells
and HCT116 (p53™) cells and (C) U87.MG and U87.MGAEGFR cells were treated with varying
concentration of S. miltiorrhiza root extract. After 72 h of incubation, resazurin assays were
performed. At least three independent experiments with each 6 parallel measurements were performed.
IC50 values for different sensitive and resistant cancer cell lines after 72 h treatment were shown in the
table.

4.1.2 Induction of cell cycle arrest and apoptosis

As leukemia cells are easier to process by flow cytometry than solid cancer cells, we
continued our experiments with CCRF-CEM cells. We further explored the effect of S.
miltiorrhiza root extracts on the cell cycle distribution of CCRF-CEM cells. As shown
in Figure 11A and B, sub-G1 and S phases were induced upon treatment starting from
a concentration of 10 ug/ml, implying that cellular DNA damage led to cell cycle
arrest and apoptosis. DAPI staining revealed the appearance of apoptotic bodies and
nuclear condensation upon treatment with S. miltiorrhiza root extract (Figure 11C).
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Figure 11. Effect of S. miltiorrhiza root extract on cell cycle distribution and apoptosis induction

in CCRF-CEM cells. (A) Representative DNA content histograms of CCRF-CEM treated with

indicated concentrations for 48 h. (B) Results upon treatment for 24 or 48 h presented as mean + SD of
three independent experiments. (C) CCRF-CEM cells were treated with DMSO or S. miltiorrhiza root
extract. Nuclei were stained by DAPI and the fluorescent images were captured by fluorescent

microscope.

4.1.3 Induction of ROS

Cell cycle arrest mediated by S. miltiorrhiza root extract implies cellular damage,
which might be a consequence of oxidative stress [182]. Therefore, intracellular ROS
levels were further investigated in CCRF-CEM cells upon treatment of S. miltiorrhiza
root extracts. Indeed, S. miltiorrhiza root extracts as well as H,O, induced ROS
production as detected by flow cytometric H,DCFH-DA staining (Figure 12A and B).
Statistically significant increased ROS levels were observed after treatment with 3, 10
or 30 pg/ml (Figure 12C).
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Figure 12. Effect of S. miltiorrhiza root extract on ROS generation. ROS production was
measured by flow cytometry after treatment of CCRF-CEM cells with (A) 5 mM H,0, for 15 min and
(B) varying concentration of S. miltiorrhiza extract for 1 h. (C) Quantitative results of ROS
production. *: P<0.05 compared with DMSO.

4.1.4 Cleavage of caspases and PARP

When cells undergo apoptosis, PARP, the nuclear enzyme, which binds to
single-strand DNA, breaks assisting repair process, is cleaved and inactivated [183].
Thus, we investigated, whether PARP may be involved in S. miltiorrhiza root
extract-induced apoptosis on CCRF-CEM cells. As indicated in Figure 13, Western
blotting showed that full-length PARP (116 kDa) was cleaved into an 89 kDa
fragment, suggesting involvement of PARP inactivation in apoptosis due to S.
miltiorrhiza root extract application. Cleavage of PARP was predominately
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mediated by caspase 3 [184]. Other caspases such as caspase 7 are also responsible
for cleavage [185,186]. Our results demonstrated that caspase 3 and 7 were both
activated upon application of S. miltiorrhiza root extracts by showing cleaved
segments at 17 and 20 kDa, respectively (Figure 13A, B). Caspase 9, the initiator of
the intrinsic mitochondrial apoptotic pathway, cleaving of effector caspases 3 and 7,
was also cleaved and activated [187]. Taken together, S. miltiorrhiza root extract
appeared to induce apoptosis through caspases and a PARP-dependent pathway.
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Figure 13. Effect of S. miltiorrhiza root extract on cleavage of caspases and PARP. (A) Western
blot was performed to detect S. miltiorrhiza root extract-induced cleavage of caspases 3, 7, and 9 and
PARP. B-actin was used as internal control. (B) Cleavage of caspases 3, 7, and 9 and PARP was

quantified and normalized by expression of -actin. *: p<0.05 compared with DMSO.

4.1.5 HPLC analysis
The ingredients in root extracts of S. miltiorrhiza were determined by HPLC analysis.
The presence of miltirone, CPT and RA in S. miltiorrhiza root extracts was confirmed
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by HPLC-MS. The other minor chemical compounds have not been further
considered.

OH
OOIO/HQ/OH ¥
Xr 1) ; N\ 0
RA OW cPT (X

Miltirone #<" e

Figure 14. HPLC analysis for S. miltiorrhiza root extract. Chromatograms of S. miltiorrhiza root

extract at an absorption of 250 nm.

4.1.6 Summary: Cytotoxicity of S. miltiorrhiza root extract against multidrug
-resistant cancer cells

The results indicated that S. miltiorrhiza root extract has a strong cytotoxic effect on a
wide variety of sensitive and resistant cancer cell lines. S. miltiorrhiza root extracts
induced ROS-mediated apoptotic cancer cell death. Cell cycle arrest and PARP
cleavage implied that S. miltiorrhiza root extracts are potentially inducing DNA
damage. Furthermore, activation of caspase 9 suggested mitochondrial dysfunction.
Cleavage of the effector caspases 3 and 7 ensured the activation of caspase-dependent
apoptosis. Thereby, the investigation suggested that S. miltiorrhiza root extracts
induced cytotoxicity through the mitochondria-mediated intrinsic apoptotic pathway.
Guided by HPLC analysis which revealed S. miltiorrhiza root extract contains three
major ingredients including CPT, miltirone and RA, the mechanisms of the three
compounds towards leukemia cells were individually explored in detail in the
following chapters.
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4.2  Anticancer activity of cryptotanshinone (CPT) on acute
lymphoblastic leukemia cells

In this study, we aim to investigate molecular modes of action of CPT in acute
lymphoblastic leukemia (ALL) cells. Guided by transcriptomic microarray profiles,
we validated CPT-regulated gene functions and pathways in drug-sensitive and
multidrug-resistant ALL cell lines.

4.2.1 CPT induced cytotoxicity on sensitive and resistant leukemia cell lines
CCRF-CEM and CEM/ADRS5000 cells were treated with varying concentrations of
CPT for 72 h and cell viability was detected by the resazurin assay. CPT induced
cytotoxicity towards both cell lines with 1Cs, values of 4.8 + 0.66 uM and 6.0 + 0.81
uM, respectively (Figure 15B). Doxorubicin is a substrate of P-gp and was used as
control drug. It revealed ICs values of 0.005 + 0.0004 uM in sensitive and 16.6 +
3.48 uM in resistant cells (Figure 15C). As indicated by the degrees of
cross-resistance, doxorubicin was remarkably more active on sensitive cells than on
resistant ones, while CPT showed equal sensitive to both resistant and sensitive cells
with the degree of resistance value at 1.04. Thus, the results implied that CPT can
bypass P-gp and can be used to treat P-gp overexpressing multidrug-resistant cancer
cells with the same efficacy as sensitive ones.
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Figure 15. Cell viability of CCRF-CEM and CEM/ADRS5000 cells with treatment of CPT. (A)
Chemical structure of CPT. (B) Cells were treated with varying concentration of CPT and doxorubicin

(C) following seeding. After 72 h of incubation, resazurin assays were performed.

4.2.2 Microarray gene profile of CPT on CCRF-CEM cells

Global gene expression of CCRF-CEM cells in response to CPT treatment was
determined by microarray-based transcriptome-wide mRNA hybridization.
CCRF-CEM cells were treated with 10 uM CPT or DMSO for 24 h. A total of 660
genes were significantly deregulated upon CPT treatment in comparison to DMSO
treatment as analyzed by Chipster software (p < 0.05). Significance was assessed
using empirical Bayes t-test (P < 0.05) with Benjamini-Hochberg correction. The
dataset of deregulated genes from microarray hybridization was subjected to ingenuity
Pathway Analysis (IPA) to identify possible signaling pathways and modes of action.
The most remarkable biological functions identified by IPA were cellular growth and
proliferation, cell death and survival, cell cycle, lipid metabolism, free radical
scavenger, DNA replication and repair, cellular movement and energy production
(Figure 16A). The most pronounced canonical pathways correlating with the
deregulated genes included unfolded protein response (UPR), EIF2 signaling,
Antioxidant action, TNFR2 signaling, and JAK/STAT signaling. Considering the top
deregulated pathways, it can be implied that a 24 h treatment with 10 uM CPT
affected UPR signaling, which in turn regulated general protein translation via elF2
signaling (Figure 16B).
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Figure 16. Microarray-based mRNA expression profiling of CCRF-CEM cells treated with CPT.
Functional groups of genes were identified using the Ingenuity Pathway Analysis software. (A) Top
biological function. (B) Canonical pathway. P-values were calculated using right-tailed Fisher’s exact

test. Ratio indicates the percentage of genes which are deregulated in a given pathway.

4.2.3 Validation of microarray gene expression

We performed quantitative real-time polymerase chain reaction (qPCR) in selected
examples to validate the gene expression of microarray results by another independent
technique. Seven up-or down-regulated genes were selected and the fold-change
ratios of glue expressions in treated and non-treated cells were calculated. The
fold-change values obtained from microarray hybridizations and gPCR reactions were
subjected to linear regression. The correlation coefficient was R=0.9794, indicating
high accordance between microarray and qPCR results (Table 2).
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Table 2. Validation of microarray gene expression profiling for selected genes by
guantitative real-time RT-PCR.

Gene name Microarray data (FC) gPCR data (FC)°
AKR1C3 1.765 1.5555 + 0.12
DUSP6 2.181 3.164 £ 0.13
TXNIP 1.357 1.63 +0.47
IGLL1 -1.84 -1.755+0.31
BIK -1.879 -1.2835+0.13
VPREB1 -1.542 -1.268 £ 0.11

R value=0.9794

®Correlation coefficient (R value) of mRNA expression values between microarray
hybridization and RT-PCR as determined by Pearson Correlation Test.

®FC: Fold change

4.2.4 CPT induced oxidative stress, DNA damage and MMP disruption

The microarray-based gene expression profiling showed that CPT treatment was
associated with free radical scavenger and DNA repair pathways, implying that ROS
production and DNA damage may occur by CPT treatment. Therefore, we studied
cellular ROS levels and induction of DNA damage upon CPT treatment. Indeed, one
hour of CPT treatment induced ROS in a dose-dependent manner as detected by flow
cytometric H,DCFH-DA staining. Statistically significant increased ROS levels were
observed after treatment with 1, 3, 10 or 30 uM. ROS induction by CPT was lower
than by 5 mM H,O; (Figure 17A, B).

Followed by the results that CPT induced excess ROS production, we further
investigate whether DNA damage is induced by CPT. Increasing CPT concentration
damaged DNA upon 24 h treatment as investigated by single cell gel electrophoresis
(Comet assay). The percentage of tail DNA (= damaged DNA) increased and the
percentages of head DNA (= intact DNA) simultaneously decreased. DNA migration
was monitored by tail and Olive tail movements (Figure 17C, D). The in vitro results
of DNA damage and ROS production corroborated the microarray results and implied
that CPT-induced ROS production might lead to DNA damage.Since we found that
CPT stimulated ROS and DNA damage, we further examined MMP upon CPT
treatment. CCRF-CEM cells stained with JC-1 shifted from red to green fluorescence
after CPT treatment for 24 or 48 h (Figure 17E, F), indicating a breakdown of MMP.
The result that CPT induced mitochondrial dysfunction is consistent with the
deregulated gene expression regulating energy production (Figure 16).
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4.2.5 CPT initiated intrinsic mitochondrial apoptotic pathway

Since we have shown that CPT induced cytotoxicity, DNA damage and MMP
disruption, we further hypothesized that CPT induced the intrinsic, mitochondrial
apoptotic pathway on CCRF-CEM cells. Firstly, CPT induced apoptosis was validated
by DAPI stain and cell cycle analysis. Apoptotic bodies and nucleus condensation
were observed with DAPI staining after 24 h of CPT treatment (Figure 18A). Cell
cycle analysis revealed that G2/M arrest was increased dose-dependently
accompanied with slight S phase arrest after 24 h of CPT incubation. Expression of
sub-G1 peak can be seen at high CPT doses (Figure 18B, C).
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Figure 18. CPT induces apoptosis in CCRF-CEM cells. (A) DAPI-stained CCRF-CEM cells. The
white arrow shows apoptotic bodies. Doxorubicin was used as control drug. (B) DNA content
histograms of CCRF-CEM treated with indicated concentrations for 24 h. Cell cycle distribution of
CCRF-CEM cells was statistically calculated after treatment with varying concentrations for 24 h. (C)

These results were presented as mean value of three independent experiments.
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After incubating with 5, 10 or 20 uM CPT for 48 h, early apoptosis was measured by
flow cytometry and annexin V (AV)-FITC propidium iodide (PI) staining. The cell
population of AV'PI' and AV PI fractions, which represent early apoptosis and late
stage of apoptosis, respectively, increased in contrast to DMSO group (Figure 19A,
B).

Upon MMP breakdown and initiation of the intrinsic mitochondrial apoptotic pathway
initiator caspase 9 is activated, which in turn causes the cleavage of effector caspases
including caspases 3 and 7 and finally leads to apoptosis. Therefore, we investigated
the activity of caspases 3/7 and 9 in CPT-treated CCRF-CEM cells. The results of
luminescence assays revealed that all caspases were cleaved and activated in a

dose-dependent manner upon CPT treatment (Figure 19C).

PARP is a nuclear enzyme, whose expression is triggered by DNA damage. If cells
undergo apoptosis, PARP is cleaved by caspase 3 to inactivate the ability of PARP to
respond to DNA damage. As caspase 3 was activated by CPT, we also explored
PARP cleavage by CPT. Western blotting showed that CPT dose-dependently
induced PARP cleavage (Figure 19D). Taken together, these data showed that CPT
leads to ROS generation, MMP disruption and caspase-dependent apoptosis.
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Figure 19. CPT stimulated caspase-dependent apoptosis. (A) Cells were treated with the compounds
for 48 h. Doxorubicin was used as a positive control. The signals of AV-FITC binding and PI staining
were detected by flow cytometry. (B) Quantification of AV-FITC and PI binding. (C) Induction of
caspase 3/7 and caspase 9 after treatment of CCRF-CEM cells with CPT. Cells were treated with the
compounds for 24 h. (D) Western blot was performed to detect CPT-induced PARPcleavage. The lower
panel shows the quantification of inactive and cleaved PARP. B-actin was used as an internal control. *:
P<0.05 compared with DMSO.

4.2.6 CPT binds IKK-B and inhibits nuclear p65 expression

We hypothesized that NFkB may be an important transcription factor regulating
CPT-induced cellular responses. Deregulated genes of the most pronounced signaling
networks identified by microarray data involving cell death and survival, cellular
growth and proliferation, and cell cycle were selected for motif analysis. This is a
computational approach aiming at the identification of binding sites for transcription
factors in the DNA sequence of gene promoters. This technique has been applied for
genes identified by microarray analysis and belonging to the most prevalent pathways.
As shown in Table 3, diverse NFkB elements (NFkB1, NFkB2, RelA, RelB and c-Rel)
were found among the top ranked transcription factors that may potentially bind to
these gene promoters. This emphasizes that motifs of NFkB complex were
predominant for deregulated genes and that NFkB may be a key regulator for the
activity of CPT in ALL cells.

As CPT induced DNA damage and apoptosis, we further speculated that CPT may
interact with NFkB signaling. IKK-p phosphorylates NFkB inhibitor protein IxB,
leading to degradation of IkB and activation of NFxB, which in turn stimulates
downstream transcriptional genes in the nucleus. Thus, we studied the binding of CPT
to inhibitor kB kinase-p (IKK-B) by another computational approach. The most
frequent hydrophobic binding residues of IKK-f are Leu2l, Gly22, Gly24, Val29,
Alad2, Tyr98, Gly102, Lys147 and lle165. Additionally, IKK-f inhibitors are also
supposed to interact with the hinge motif, which is composed of Glu97 and Cys99
[188]. As shown in molecular docking analysis, CPT was situated to the same ATP
binding region as MG132, a reference compound for NFkB inhibition, with binding to
the same ATP hydrophobic residues including Val29, Glu97, Tyr98, Cys99, Glul00
and Gly102. Meanwhile, CPT also formed a hydrogen bond at binding residue
Glu100, as did MG132 (Figure. 20A, B). Notably, CPT showed better binding energy
and lower predicted Ki values (-8.34 kcal/mol; 0.77 uM) than the known NFxB
inhibitor, MG132 (-7.59 kcal/mol; 7.33 uM) (Table 4). This CPT revealed higher
affinity to IKK-f than MG132, suggesting that CPT may interact with IKK-f.
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Table 3. Motifs depending on Cistrome analysis for deregulated genes upon CPT

treatment
Motif Z score | -log10(p- Motif Z score | -log10(p
val) -val)

1 | SREBF1 -6.311 226.97 | 33 | cebpe -3.953 | 101.607
2 | CBF1 -6.097 213.37] 34 | Hmx3 -3.944 | 101.23
3 | TFEB -6.036 | 209.568 | 35 | USF1 -3.94 | 101.084
4 | CEBPA|Cebpb -5.59 182.93 ) 36 | PTEN -3.937 | 100.975
5 | MAX -5.574 | 182.036 | 37 | Amnt -3.878 | 98.501
6 | *RELB|NFKB2 -5.414 | 172.927] 38 | Yap6 -3.853 | 97.489
7 | RAP1 -5.295 | 166.353 39 | CST6 -3.851 | 97.394
8 | CREB|CREB1 -5.229 | 162.789 ] 40 | DEAF1 -3.844 | 97.138
9 | MECP2 -4,942 | 147.649 ) 41 | ZNF326 -3.838 | 96.891
10 | TAF-1 -4.882 | 144.619] 42 | NR4Al -3.831 | 96.603
11 | MAF|Maf -4.88 | 144.496 | 43 | USF2 -3.756 | 93.587
12 | EREG|ESR1 -4.818 141.39§ 44 | AGP1 -3.724 | 92.285
13 | PHOA4 -4,751 | 138.022 45 | YY1 -3.685 | 90.746
14 | ATF2|Atf2 -4.736 | 137.271 ] 46 | TFAP4 -3.682 | 90.635
15 | HEB|TCF12 -4.66 | 133.596 ] 47 | Mycn -3.673 | 90.273
16 | RXRA -4.62 | 131.663 ] 48 | RUNX2 -3.67 | 90.166
17 | STAT1 -4.524 | 127.065) 49 | BDP1 -3.647 | 89.288
18 | HAC1 -45| 125.915] 50 | PPARG -3.643 | 89.118
19 | p53|TP53 -4.493 | 125.593| 51 | E2F1 -3.633 | 88.725
20 | NERFla|ELF2 -4.463 | 124.199] 52 | Myc -3.631 | 88.637
21 | TCF4|Tcf4 -4.452 | 123.673] 53 | PIF1 -3.613 | 87.961
22 | Ebox -4.449 | 123.537] 54 | *REL -3.612 | 87.936
23 | TGAlb -4.344 118.68 | 55 | Stral3 -3.59 | 87.094
24 | MYF -4.257 114.78 | 56 | ZFP36L1 -3.56 | 85.937
25 | SPF1 -4.206 11252 | 57 | CG1 -3.549 | 85.491
26 | ATF3 -4.18 111.35] 58 | RITA-1 -3.513 | 84.155
27 | *P50:RELA-P65 | -4.177 | 111.218 ] 59 | ZHX3 -3.512 84.1
28 | Atfl -4.126 | 109.017 | 60 | TGIF2 -3.455 | 81.964
29 | LEF1 -4.115 | 108.518 ] 61 | Tye7 -3.452 | 81.875
30 | Hand1|Tcfe2a -4.111 | 108.347 ] 62 | FOXP3 -3.439 | 81.372
31 | PCF5 -4.078 | 106.944 ] 63 | *NFKB1 -3.4 | 79.961
32 | *c-Rel|REL -4.047 | 105.613 ] 64 | RUNX1 -3.376 | 79.075

*: belongs to NFkB complex

48
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Table 4. Molecular docking of cryptotanshinone to IKK-B. The frame performed
the lowest binding energy and name of hydrogen bond.

Compound Lowest Mean Residues of | Numbers of | PKi value®
binding binding hydrogen residues (uM)
energy energy bond involved in
(kcal/mol) | (kcal/mol) hydrophobic

interaction
MG132 -7.59 -6.49 Cys99, 16 7.33
(IKKB inhibitor) Glu100,
Gly102,
Aspl03
CPT -8.34 -8.34 Glu100 10 0.77

®oKi (predicted Ki): Ki is the inhibition constant for a drug. The pKi value is used to

evaluate affinity of drug to a target structure.

(A)

Val 29
A

le165 7

(B)
MG132 Asp 103 Gly102
— ¢ Glu 100
val 29 :
P ~ Cys 99
Asp 166 lle 165
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Figure 20. CPT interacts with NFkB signaling. (A) Molecular docking studies of CPT to IKK-B.
Docking of MG132, a well-known IKK-B inhibitor was subjected as control drug. VMD files presented
the binding site of CPT (red) in comparison with MG132 (blue). (B) The residues involved in the
formation of hydrogen bonds are labeled in red, and hydrogen bonds are shown as green dots. (C) Cells
were treated with CPT for 24 h and MG132 for 2 h prior to 1 h induction by TNFa. Cell lysates were
collected and the nuclear protein fraction was extracted. Western blot analysis was used to detect
nuclear p65 expression. Histon h3 was used as internal control. #: P<0.05 compared with DMSO; *:
P<0.05 compared with TNFa..

We assumed that CPT might bind to IKK-B and influence downstream effects of
transcription. Hence, we investigated whether CPT decreases nuclear p65
translocation. The expression of nuclear p65 protein was detected by western blotting.
TNF-o was used as a strong inducer of NFkB activity. As shown in Figure 20C,
TNFa-induced translocation of p65 from the cytoplasm to the nucleus was inhibited
by CPT. In sum, CPT inhibited NFxB signaling, which may contribute to cell
apoptosis.

4.2.7 CPT inhibited cell adhesion

Infiltration of tissues (e.g. central nerve system) by migrated leukemia cells are
observed in ALL patients with poor prognosis. Invasion of leukemia cells into tissues
results from cell adherence to endothelial cells [189]. The role of NF«B in the
activation of adhesion molecules has been abundantly explored [190]. Activation of
NFxB was reported to regulate the expression of adhesion molecules on human
promyelocytic leukemia HL-60 cells [191]. Analysis of the adhesion molecules, such
as VCAM-1, ICAM-1 and E-selectin, has revealed that these genes contain binding
motifs for the NF«kB transcription factor [192]. Inhibition of adherent molecules on
leukemia cells and endothelial cells by blocking NF«B transcription or overexpression
of IkBa lead to inhibition of cell adhesion [190,193,194]. These reports suggested that
the relationship between NF«B transcription and cell adhesion plays an important role
in development of ALL. We have shown that CPT inhibited NF«B signaling,
therefore, we further investigate whether CPT influenced cell adhesion. After 2 h
incubation, CPT dose-dependently down-regulated cell adhesion, reaching statistical
significance and nearly 50% of inhibition at a concentration of 20 uM (Figure 21). Of
note, the reduction of cell adhesion by CPT was not due to cytotoxicity and high
doses of CPT did not change cell morphology. This result is consistent with the
microarray gene expression profile showing the deregulation of genes involved in
cellular movement, implying that CPT may have the potential to inhibit invasion of
leukemia cells.
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Adhesion assay
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Figure 21. CPT inhibits cell adhesion. Cells were incubated with different doses of CPT in
fibronectin-coated wells and were allowed to adhere for 2 h at 37°C. Attached cells were determined by

resazurin assay. Representative results were shown in bar chart. *: P<0.05 compared with DMSO.

4.2.8  Cluster analysis of microarray-based transcriptome-wide mMRNA
expression

The genetic determinants of sensitivity and resistance to CPT were investigated at a
transcriptome-wide level. Firstly, the logio ICso values of CPT for 60 tumor cell lines
revealed that cell lines from different tumor types reacted in a different manner to
CPT. Brain cancer and melanoma were most sensitive toward CPT, while renal and
breast cancer cell lines were the most resistant ones. The other cell lines including
leukemia were of intermediate sensitivity (Figure 22).
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Figure 22. Structure of CPT and Mean log;olCs, value of 60 NCI cell lines for CPT. (A)
Mean values were calculated according to type of cancer cell lines. The data was presented as

mean + SD. (B) Correlation of microarray OPTN mRNA expression sorted from the five cell

lines with respective values of logoICsy (C) Validation of microarray data by qPCR. The

relative expression levels of OPTN measured by qPCR were calculated as levels relative to

the housekeeping genes RPS13 in five of the 60 NCI cell lines.

To identify the genes, which determined cellular responsiveness to CPT, we correlated
the transcriptome-wide mRNA expression of the 60 cell lines to their logio ICso values
to CPT by means of COMPARE analysis. The ranking of genes, whose mRNA
expression directly (R>0.5) or inversely (R<-0.5) correlated to logip ICso values of

CPT are listed in Table 5.
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Table 5. Correlation of mMRNA expression of genes obtained by COMPARE
analysis with logio IC 5o values for CPT.

COMPARE PatternID  Genbank Gene Name Function
coefficient Accession  symbol
-0.528 GC63104  Al338045 MRPL44 mitochondrial ribosomal  component of the 39S subunit of mitochondrial
protein L44 ribosome
-0.527 GC184784 NM_006571 DCTN6 dynactin 6 mitochondrial biogenesis
-0.522 GC44082  AA425325  FAM161A  family with sequence involved in ciliogenesis
similarity 161, member A
-0.52 GC31816  AF010236  SGCD sarcoglycan, delta component of the sarcoglycan complex
(35kDa
dystrophin-associated
glycoprotein)
-0.518 GC173303 BE539792  ZCCHC9 zinc finger, CCHC transcriptional factor
domain containing 9
-0.511 GC13135  H52516 CLCN5 chloride channel 5 proton-coupled chloride transporter
-0.505 GC60904  AI217950 PLK1S1 polo-like kinase 1 centrosomal protein required for establishing
substrate 1 robust mitotic centrosome architecture
0.578 GC57560  AI038061 PARD3 par-3 partitioning adapter protein involved in cell division and
defective 3 homologue  cell polarization processes
(C. elegans)
0.547 GC32097  AF043325  NMT2 N-myristoyltransferase 2 catalyzation of N-terminal myristoylation of
signaling proteins, including apoptosis
0.546 GC60060  Al184988 FBN3 fibrillin 3 structural components of extracellular
calcium-binding microfibrils
0.534 GC10492  AA057701 GNAS GNAS complex locus tumor suppressor
0.529 (GC55552  AF033382  KCNF1 potassium voltage-gated voltage-gated potassium channel
channel, subfamily F,
member 1
0.527 GC32186  AF070533  OPTN optineurin polyubiquitin (polyUb)-binding protein
regulating cell signaling
0.521 GC168333 AW085172  PRKD1 protein kinase D1 serine/threonine kinase that regulates a

variety of cellular functions, including
protection from oxidative stress at the
mitochondria, gene transcription, and

regulation of cell shape, motility, and adhesion


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide&term=AI338045
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GC13832

GC166009
GC189362

AB037750  SORCS2

AF161345  ZEB2

AAB68332  ZMIZ2

T74107 DMGDH

Al739142 HAPLN3

M59217 COL13A1

AW440492  ATP1A2

U31628 IL15RA

AI377021 C3orf55

N58350 LOC440173

AL545500  LOC440900
NM_024311 MFSD11

sortilin-related VPS10
domain containing
receptor 2

zinc finger E-box binding
homeobox 2

zinc finger, MIZ-type
containing 2
dimethylglycine

dehydrogenase

hyaluronan and
proteoglycan link protein
3

collagen, type XIlI, a 1

ATPase, Na*/K*
transporting, a2
polypeptide

interleukin 15 receptor, a
chromosome 3 open
reading frame 55
hypothetical LOC440173
hypothetical LOC440900
major facilitator
superfamily domain

containing 11
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neuropeptide receptor activity

transcriptional inhibitor that binds to the DNA
sequence 5'-CACCT-3' in different promoters.
increases ligand-dependent transcriptional
activity of nuclear hormone receptors

involved in the catabolism of choline,
catalyzing the oxidative demethylation of
dimethylglycine

function in hyaluronic acid binding and cell

adhesion

involved in cell-matrix and cell-cell adhesion
interactions in normal development

catalyzes the hydrolysis of ATP coupled with
the exchange of sodium and potassium ions
across the plasma membrane.

high-affinity receptor for interleukin-15

unknown

unknown
unknown

unknown
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To validate the microarray data, we selected one of the genes with positive correlation
in Table 2 (OPTN) and analyzed its baseline expression in five cell lines (leukemia:
CCRF-CEM; CNS cancer: SNB75; breast cancer: MCF7; renal cancer: 786-0 and
A498). RPS13 was selected as housekeeping gene to obtain a normalized gene
expression. We confirmed the microarray data of the positive correlation between
microarray OPTN mRNA expression and log;0lCso value in the five selected cell lines
(Figure 22B). As shown in Figure 22C, the mRNA expression of OPTN obtained from
gPCR correlated to the value from microarray data with a significant level of p < 0.05.
The correlation coefficient R is 0.8898, meaning a strong positive correlation between
gPCR and microarray data. The mRNA expressions of these genes were then
subjected to hierarchical cluster analysis to obtain a dendrogram (Figure 23), which
represented the relatedness of these cell lines toward CPT responsiveness. In order to
find out, whether these gene expression profiles can predict sensitivity or resistance to
CPT, the median log;olCso value (-5.5945 M) was used to separate these cell lines as
resistant or sensitive. The distribution of sensitive or resistant cell lines was
significantly different (p=3.12x10"; y2-test, Table 6). This means that the expression
of these genes indeed determined and predicted the response of cancer cells towards

1 Cell line Tumor type: .
o8 Rea carcr Cryptotanshinone
RXF 393 Renal cancer
OVCAR-4 Ovarian cancer
BT-549 Breast cancer
MDA-MB-23UATCC  Breast cancer
2 Cell line Tumor type: T-41 Breast. cancer
MALME-3M Velanoma ;sci;aT S::zt okl
gl\(/cM AEF1_35 g\:ra\gn:ancer DU-145 Prostate cancer & 1
Uo-31 Renal cancer
UACC-257 Melanoma CAKIL Renal cancer
MDA-MB-435 Melanoma 786:0 Renal cancer
SK-MEL-28 Melanoma TK-10 Renal cancer
MDAN Melanoma SK-OV-3 Owarian cancer
UACC-62 Melanoma SNLC Renal cancer
SK-MEL-2 Melanoma ACHN Renal cancer
LOX IMVI Melanoma OVCAR-8 Owarian cancer
g&;lg g;l;n s;:a PC-3 Prostate cancer
SF-205 NS cancer OVCAR-5 Ovarian cancer
SNB.75 NS cancer NCI/ADR-RES Ovarian cancer
HT-29 Colon cancer IGROVL Ovarian cancer
NCI-H522 Non-small cell lung cancer
SF-539 CNS cancer 2
SF-268 CNS cancer 7
SW-620 Colon cancer <
u2s1 CNScancer
HCT-15 Colon cancer 3
Km12 Colon cancer Cell line Tumor twe:
COLO 205 Colon cancer HOP-92 Non-small cell lung cancer
HCC-2998 Colon cancer NCI-H322M Non-small cell lung cancer
HOP-62 Non-small cell lung cancer RPMI-8226 Leuemia
K-562 Leukemia
HL-60(TB) Leukemia
HCT-116 Colon cancer
NCI-H460 Non-small cell lung cancer
NCI-H23 Non-small cell lung cancer é 3
SR Leukemia
AS49/ATCC Non-small cell lung cancer
MOLT-4 Leukemia
NCI-H226 Non-small cell lung cancer
EKVX Non-small cell lung cancer
CCRF-CEM Leukemia

Figure 23. Hierarchical cluster analysis of microarray-based mRNA gene expression as
determined by COMPARE analysis. The dendrogram presented three main clusters, which indicated

concordances of resistance and sensitivity of the NCI cell line panel towards CPT.
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Table 6. Clusters of NCI tumor cell line processed by hierarchical cluster analysis

Partition Cluster 1 Cluster 2 Cluster 3
Sensitive <-5.5945 M 4 21 5
Resistant >-55945 M 17 4 9

x’- test: p=3.12 x10°
Partition: The median log,olCsvalue (-5.5945 M) was used as cutoff to categorize NCI
tumor cell lines as being “sensitive” or “resistant”.

4.2.9 Gene expression and Analysis of transcription factor binding motifs which
account for initiation of UPR upon CPT treatment

According to our microarray and computational results, it is implied that 24 h of CPT
treatment induced ER stress towards ALL cells mainly through deregulation of
IRE1-XBP1 and ATF4-CHOP pathways. The detailed gene expression regarding UPR
signaling is listed in Table 7. Upregulation of CEBPB, CEBPG, SREBP-1and INSIG1
genes implied that ER stress-mediated lipid synthesis was activated. Expression of
XBP1 and EDEM1 suggested induction of ERAD pathway, which in turn stimulates
ER chaperones. Interestingly, expression of HSPA4 and HSPA14, which encodes ER
chaperone HSP70, was down-regulated, though a co-chaperone of HSP70 encoded by
DNAJB9, which was upregulated.

Table 7. Genes involved in unfolded protein response (UPR) deregulated upon
treatment with 10 uM CPT

Gene Description Fold change
Unfolded protein response (UPR)

CEBPB CCAAT/Enhancer binding protein (C/EBP), beta 1.537
CEBPG CCAAT/Enhancer binding protein (C/EBP), gamma 1.439
DDIT3 DNA-damage-inducible transcript 3 1.905
DNAJB9 DnaJ (Hsp40) homologue, subfamily B, member 9 1.385
EDEM1 ER degradation enhancer, mannosidase alpha-like 1 1.510
HSPA4 Heat shock 70kDa protein 4 -1.542
HSPA14 Heat shock 70kDa protein 14 -1.361
INSIG1 Insulin induced gene 1 1.429
PPP1R15A Protein phosphatase 1, regulatory subunit 15A 1.784
SREBP1 Sterol regulatory element binding transcription factor 1 1.380

XBP1 X-Box binding protein 1 1.790
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This computational technique aims to identify binding sites for transcription factors in
the DNA promoter regions. We applied this method to investigate the DNA promoter
sequences of genes found to be deregulated in microarray experiments. In total, 166
genes with a fold-change threshold over 1 sorted from top CPT-deregulated cellular
functions were subjected to Cistrome analysis for SeqPos motif search. These
included genes involved in cell death and survival, cell cycle and cellular growth and
proliferation. The most pronounced motifs for each deregulated gene list are depicted
in Table 8. ATF4, a crucial transcription factor, which is induced by PERK-mediation
of phosphorylation of elF2a and activates pro-apoptotic factor CHOP and GADD34
[144], was found among the list of transcription factors that potentially bind to these
gene promoters. ATF2 was also shown to regulate expression of CHOP [195]. XBP1
and SREBP1 motifs emphasized the participation of the activation of XBP1-ERAD
pathway and lipid biogenesis potentially in CPT-induced ER stress. Taken together,
occurrence of these motifs further supports a role of UPR in response to CPT
treatment.

The CHOP/DDIT3 gene was upregulated upon CPT treatment. This result was
validated by qPCR and the microarray analysis (Table 7 and Figure 24). This and the
upregulation of PPP1R15A/GADD34, a growth arrest and DNA-damage inducible
factor [196] suggested that misfolded protein-stimulated PERK-elF2a-ATF4 pathway
was activated, which is stimulated by protein misfolding and that ER stress-mediated
apoptosis was triggered. This global view of gene expression elucidated the possible
mechanism, by which CPT may regulate the cellular response to ER stress.

DDIT3
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Figure 24. mRNA expression of DDIT3 upon CPT treatment for 24 h. *: p<0.05 when compared
with DMSO.
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Table 8. Cistrome analysis of transcription factor binding motifs in DNA
promoter sequences of genes deregulated upon CPT treatment (10 pM).

Upstream 2 kb Upstream 3 kb
Motif Z score -log10(p-v Motif Z score -loglo(p
alue) -value)
1 | CEBPA -7.082 279.7 1 | ZBTB33 -6.312 | 227.0
2 | Rhox11 -6.859 263.8 2 | NR4Al -5.466 | 175.8
3 | Arid5a -6.771 257.7 3 | CDP|ICUX1 |-5.351 |169.4
4 | PBX1 -6.636 248.5 4 | ETS1 -5.258 | 164.3
5 | SNAPC5 |-6.487 238.5 5 | TFEB -5.17 159.5
6 | LARP1 -6.25 223.0 6 | XBP1 -5.034 | 1524
7 | RARA -6.245 222.7 7 | NR2E3 -5.009 | 1511
8 | GATA-1 -6.036 209.6 8 | SREBP1 -4.999 | 150.5
9 | Nhpéb -5.868 199.3 9 | PU.1SPI1 -4.943 | 147.6
10 | FOXO3 -5.757 193.2 10 | C-MAF -4.897 | 145.3
11 | DMRT3 -5.693 192.6 11 | ATF2 -4.892 | 145.1
12 | NKX2-5 -5.54 188.9 12 | Zfp187 -4.878 | 1444
13 | TGAla -5.539 180.0 13 | EFNA2 -4.849 | 142.9
14 | POU2F3 | -5.44 179.9 14 | ELK1 -4.8 140.4
15 | TBP -5.436 174.3 15 | POU6F1 -4.742 | 1375
16 [ C1 -5.376 174.1 16 | SPIB -4.739 | 1374
17 | RGT1 -5.322 170.8 17 | PEA3IETV4 |-4.695 | 135.2
18 | FOXD1 -5.258 167.8 18 | E2F1 -4.502 | 126.0
19 | HOXA13 |-5.244 164.3 19 | FACB -4.492 | 1255
20 | MATa2 -5.114 163.5 20 | CREB1 -4.475 | 1247
21 | NFKB1 -5.013 156.6 21 | SRY -4.452 | 123.6
C/EBPalpha|
22 | Pbx-1b -4.988 151.3 22 -4.342 | 118.6
CEBPA
23 | TCF3 -4.98 150.0 23 | HOXC9 -4.319 | 1175
24 | ZAP1 -4.775 149.6 24 | aMEF-2 -4.294 | 116.4
25 | ATF4 -4.762 139.2 25 | PITX2|INr2f2 | -4.294 | 116.4
26 | HNF1B -4.756 138.5 26 | NR3C1|PGR |-4.288 |116.1
27 | GZF3 -4.749 138.2 27 | ERG -4.252 | 1145
28 | FOXP3 -4.749 137.9 28 | TATA -4.239 | 113.9
29 | TRAP4 -4.685 137.9 29 | TBP -4.239 | 113.9
30 | STATS5A | -4.626 134.7 30 | HLF -4.21 112.6

*Items marked in bold: possible transcriptional motif related to UPR.
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4.2.10 Expression of genes involved in elF2 signaling upon CPT treatment

The elF2 pathway was the second significant pathway deregulated after CPT
treatment. Therefore, we further analyzed this pathway, which responds to UPR and
regulates protein synthesis via initiation of PERK-elF2a. phosphorylation. A global
inhibition of genes regulating eukaryotic initiation factors and ribosomal proteins has
been observed (Table 9), implying that the overall protein synthesis was hampered
due to sustained CPT-triggered UPR.

Table 9. Genes involved in elF2 signaling deregulated upon treatment with 10

UM CPT.

Gene Description Fold change
elF2 signaling

EIFIAX Eukaryotic translation initiation factor 1A, X-Linked -1.343
EIF2B3 Eukaryotic translation initiation factor 2B, subunit 3 -1.361

gamma, 58kDa

EIF3B Eukaryotic translation initiation factor 3, subunit B -1.385
EIF4G1 Eukaryotic translation initiation factor 4 gamma, 1 -1.306
MAP2K1 Mitogen-activated protein kinase inase 1 1.306
PPP1R15A Protein phosphatase 1, regulatory subunit 15A 1.784
RPL7L1 Ribosomal protein L7-like 1 -1.283
RPL14 Ribosomal protein L14 -1.297
RPL36 Ribosomal protein L36 -1.424
RPL36A Ribosomal protein L36a -1.400
RPS2 Ribosomal protein S2 -1.376
RPS7 Ribosomal protein S7 -1.619
RPS15 Ribosomal protein S15 -1.641

4.2.11 CPT interfered protein translation

During ER stress, protein synthesis is regulated not only by UPR through the control
of elF2a. phosphorylation, but also by the PISK/mTOR pathway. The latter represents
a major hyperactivated signaling pathway in cancer development and hence, an
important target in cancer therapy [151]. In our study, we observed a global reduction
of genes related to protein synthesis (Table 9). Therefore, using a computational
approach, we attempted to investigate, whether CPT potentially targets the
PIBK/mTOR signaling pathway. Due to the high homology between mTOR and
PI3Kc within the ATP binding site, the binding of the kinase domain of PI3Ky could
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provide insights into how drugs bind to the mTOR active site [197]. The region
known as the affinity pocket within the ATP binding site contains hydrophobic
interactions with Asp841 and Tyr867, and a hydrogen bond with Val882 (known as
hinge residue) [198]. Other interacting residues include Met804, Trp812, Lys833,
Asp836, Asp964 and Phe965. These interacting residues are conserved between
MTOR and PI3Ky [197]. PI-103 [199] and GSK2126458 [200] were selected as
positive control in our study. CPT bound to the same binding site as the two control
drugs. CPT formed a hydrogen bond with Val882 and hydrophobic interaction with
Tyr867 implying that it bound to the affinity pocket (Table 10 and Figure 25,

performed by Dr. Ean-Jeong Seo).
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Figure 25. Molecular docking of CPT, P1-103 and GSK2126458 on PI3K (PDB ID: 1E8Y, white

surface representation). PI-103 and GSK2126458 are specific PI3K inhibitors and were selected as

reference compounds, in order to compare their docking sites of with those of CPT.
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In general, cellular stress caused for example by DNA-damaging agents suppressed
cap-dependent translation, mostly by inhibition of elF4F and elF2 ternary complex
[201]. The PIBK/mTOR signaling pathway controls the assembly of elF4F, which of
elF4A is a specific component with helicase activity in regulating protein translation
[202]. elF4A is considered as an oncogene, which is  involved in T-cell ALL (T-ALL)
development [203]. Targeting elF4A is a novel anticancer strategy that has shown
preclinical efficacy [202]. Thus, we studied the binding of CPT to elF4A using
molecular docking Our analysis showed that CPT bound to the same ATP binding
region as pateamine A, a novel inhibitor for elF4A, interacting with the same
hydrophobic residues, including Phe200, Asn204, Phe227 and Arg229 (Figure 26,
performed by Dr. Ean-Jeong Seo). Since, CPT showed lower binding affinity with
higher binding energy and predicted Ki values (-8.03 kcal/mol; 1.31 uM) than
pateamine A (-11.27 kcal/mol; 0.004 uM) (Table 10), the docking indeed suggests a
possible interaction of CPT with elF4A.

Cryptotanshinone Pateamine A
Asn 204
Asn 204
Thr 207 Ser205
Leu 203
e Met 228
0 ? : GIn20
; : = n201
Ag229 | PN a2z 3
}\’\ 7 Asp198
s Phe 200 Phe 200 |/
Phe 227 Phe 227 Asp 194

Tyr197

Figure 26. Molecular docking result of CPT (silver) and pateamine A (grey) on elF-4A (PDB ID:
2G9N, white surface representation). Pateamine A, a specific elF-4A inhibitor selected as a control

drug, was used to compare the docking sites of CPT.
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Table 10. Molecular docking of CPT to PI3K (PDB ID: 1E8Y) and elF4A (PDB
ID:2G9N). Docking of control drugs (PI-103 and GSK2126458 for
PI3K and pateamine A for elF4A) was performed for comparison.

Protein Compound Lowest Mean Residues Residues PKi  (uM)
energy of binding hydrogen involved in
docking energy bond hydrophobic
(kcal/mol)  (kcal/mol) interactio interaction with
n with the ligand
ligand
PI3K CPT -8.20+<0.00 -8.20+<0.00 Val882 Met804, Trp812, 0.97+<0.00
Tyr867, 11e879,
Glu880, Lys890,
Met953, le963
PI-103 -8.77+0.01  -8.57%0.03 Val882,  Met804, Ser806, 0.37+<0.00
Lys890 Trp812, Tyr867,
1e879, Glu880,
[le881, Ala885,
Met953
GSK212645 -11.20+£0.09 -10.7810.15 Ser806, Met804, Ala805, 0.01+<0.00
8 Lys833, Lys807, Lys808,
Val882,  Pro810, lle831,
Asp964  Tyr867, 11e879,
Glu880, Asp950,
Met953, 1le963
elF-4A  CPT -8.03+<0.00 -8.03+<0.00 Phe200, Leu203, 1.31+<0.00
Asn204, Thr207,
Phe227, Arg229
Pateamine -11.51+0.01 -11.27+<0.0 Asp194, Tyr197, 0.004+<0.0
A 0 Asp198, 0

Phe200, GIn201,
Asn204, Ser205,
Phe227,

Met228, Arg229

®oKi (predicted Ki): Ki is the inhibition constant for a drug. The pKi value is used to

evaluate affinity of drug to a target structure.
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4.2.12 Summary: Anticancer activity of cryptotanshinone (CPT) on acute
lymphoblastic leukemia cells

In this study, we have shown that CPT exerted strong cytotoxicity towards sensitive
and multidrug-resistant ALL cells. Microarray-based mRNA expression profiling of
CCRF-CEM cells revealed that CPT predominantly modulated several molecular
functions including cell death and survival, cell proliferation, ROS production, cell
cycle arrest, DNA damage and cellular movement, and canonical pathways including
UPR and elF2 signaling. These effects were validated by subsequent independent
methods to identify the possible mechanisms of CPT-induced cytotoxicity. CPT
stimulated ROS production, caused loss of MMP and DNA damage, and activated
caspase 3/7 and 9. These results imply that CPT induced cytotoxicity through the
mitochondria-mediated intrinsic apoptotic pathway. Down-regulation of p65
translocation might result from a direct binding of CPT to IKKp, providing supportive
evidence for CPT-induced apoptosis. In addition, CPT inhibited cell adhesion to
fibronectin. Based on the rapid accumulation of ROS by CPT, it is suggested that
CPT-caused apoptosis, inhibition of adhesion and blocking of NFkB signaling may
originate from ROS production. In addition, CPT triggered UPR and inhibited protein
synthesis via elF-mediated translation initiation, potentially supporting CPT-induced
cytotoxic effects toward acute leukemia cells.
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4.3 Miltirone induces G2/M cell cycle arrest and apoptosis in acute
lymphoblastic leukemia CCRF-CEM cell line

Interestingly, identified as a tanshinone in 1970s, the pharmaceutical potential of
miltirone, in comparison with other tanshinones, is less explored. In addition, the
mechanisms of miltirone-induced anti-cancer effects have been reported yet have not
been investigated in depth. In this study, we investigated modes of action of miltirone
against ALL cells.

4.3.1 Cytotoxicity of miltirone against ALL cells Drug-sensitive CCRF-CEM and
P-glycoprotein (P-gp) over-expressing multidrug-resistant CEM/ADRS5000 leukemia
cells were treated with miltirone concentration ranging from 0.01 to 100 pug/ml) for
72 h and cell viability was measured by the resazurin assay. Miltirone induced
cytotoxicity towards both cell lines with ICsy values of 25 + 0.1 uM and 1.7 +
0.17uM, respectively (Figure 27B). Epirubicin, an anthracycline used for leukemia
therapy and substrate of P-gp revealed 1Cso values of 0.001 + 0.0008 uM in sensitive
and 60.727 + 16.607 uM in resistant cells (Figure 27C). As indicated by the degrees
of cross-resistance, epirubicin was more effective in reducing cell viability of
sensitive cells, but less active on resistant cells, as it is a known P-gp substrate (Table
11). Taken together, the results implied that miltirone is not transported by P-gp and
can be used to treat P-gp overexpressing multidrug-resistant cancer cells.

Miltirone was less active against normal lymphocytes, if compared with the two
cancer cell lines. The preferential inhibition of cancer cells indicates that normal cells
might be less affected in patients (Figure 27B).

Table 11. ICsy Values for miltirone and epirubicin in sensitive wild-type

CCRF-CEM and multidrug-Resistant P-glycoprotein overexpressing

CEM/ADRS000 cells.
CCRF-CEM CEM/ADR5000 Degree of cross
IC50 (uM) IC50 (uM) resistance
epirubicin 0.001 (+ 0.0008) | 60.727 (+ 16.607) | 60929.3
miltirone 2.5 (+0.1) 1.7 (£ 0.17) 0.68

“Degrees of resistance were calculated by dividing the ICs, value of CEM/ADRS5000 by the

1Cs, value of CCRF-CEM.
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Figure 27. Cell viability of CCRF-CEM and CEM/ADRS5000 cells treated with miltirone. (A)

Molecular structure of miltirone. (B) Leukemia cells and normal lymphocytes were treated with

indicated concentration. After 72h of incubation, resazurin assay was performed. (C) Epirubicin was

used as control drug.

4.3.2 Induction of G2/M arrest and apoptosis

Flow cytometric cell cycle analyses were performed after 24, 48 and 96 h of treatment
with miltirone. Incubated of CCRF-CEM cells for 24 h arrested cells in the G2/M
phase (Figure 28A). After 48 h incubation, miltirone significantly increased the

percentage sub-G1 phase (apoptotic) cells in a dose-dependent manner (Figure 28B).
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To further investigate miltirone-induced G2/M arrest, mRNA expression of CDC2
and CCNBI (cyclin B1), which control G2/M transition, was measured. Miltirone
down-regulated the expression of both genes, though deregulation of CCNBI did not
reach statistical significance (p<0.05). Expression of 7P53 (tumor suppressor p53),
which regulates G1/S and G2/M cell cycle arrest, did not change. CDKNIA (p21)
expression was induced by miltirone (Figure 28C), indicating that DNA damage
response might play a role [204].
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Figure 28. Measurement of cell cycle in CCRF-CEM cells treated with miltirone. (A) DNA
histograms of CCRF-CEM cells treated with indicated concentration for 24 and 48 h. (B) Cell cycle
distribution was calculated after 24, 48 and 96 h. Results were presented as mean values of three
independent experiments. (C) Expression of genes, which regulate G2/M phase. Cells were treated with
miltirone for 24 h. The mRNA levels of CCNBI, CDC2, TP53 and CDKNIA were evaluated by qPCR.
RPS13 was used as a housekeeping gene. *, p<0.05 compared with cells with DMSO group.
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4.3.3 Induction of DNA damage

Miltirone-induced G2/M cell cycle arrest and deregulated expression of CDC2,
CCNBI and CDKN1A4 speak for the induction of DNA damage. Therefore, we tested
DNA damage using the comet assay (alkaline single cell electrophoresis), as it detects
both DNA single- and double-strand breaks and alkali labile DNA adducts [205].
Miltirone significantly increased the percentage of tail DNA with increasing
concentration, and in parallel, the percentages of head DNA decreased. DNA
migration was observed with increasing concentration of miltirone with tail and Olive
tail movements (Figure 29A, B), indicating that miltirone caused DNA damage and
inhibited DNA replication.
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Figure 29. DNA damage induced by miltirone. (A) Cells were incubated with different concentration
for 24 h and DNA damage was evaluated by comet assay. Representative pictures (upper panel: 100x;
lower panel: 400x magnifications). (B) Head DNA%, tail DNA%, tail movement and Olive tail
movement were measured. Tail and Olive tail movements were presented as estimated DNA damage in
arbitrary units. Results were presented as mean values = SD of 25 cells. Statistical significance was

calculated by one way ANOVA with Dunnett and Tucky post hoc test.
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4.3.4 Oxidative stress and MMP disruption

Since miltirone stimulated DNA damage, we hypothesized that ROS may induce
DNA damage. Miltirone induced ROS in a dose-dependent manner as measured by
flow cytometry and H,DCFH-DA staining. Statistically significant increased ROS
levels were observed after treatment with 1, 3, or 10 uM. ROS generation by
miltirone was lower than by 5 mM H,0;, which has been used as control (Figure 30A,

B).

CCRF-CEM cells stained with JC-1 after 24 and 48 h of treatment with miltirone led
to a shift from red to green fluorescence (Figure 30C, D). This indicates a breakdown

of MMP as prerequisite of apoptosis.
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Figure 30. Measurement of ROS and MMP upon miltirone treatment of CCRF-CEM cells. (A)
ROS induction in cells treated with miltirone for 1 h or SmM H,0, as measured by flow cytometry. (B)
ROS quantification with fold-changes of mean values + SD of at least three independent experiments. *:
p<0.05 if compared with DMSO-treated cells. (C) Cells treated for 24 and 48 h, and stained with JC-1.
Untreated cells mainly displayed red-fluorescing J-aggregates, whereas apoptotic cells formed green
fluorescing JC-1 monomers. (D) Upon miltirone treatment, a cell population with depolarized MMP
appeared in Q3. Results were obtained from three independent experiments. *: p<0.05 compared with

DMSO after 24 h treatment; #: p<0.05 compared with DMSO in 48 h treatment.

4.3.5 Mechanism of miltirone-induced apoptosis

After miltirone treatment, apoptotic bodies appeared as shown by fluorescence
microscopy and DAPI staining (Figure 31A). Doxorubicin was used as control drug.
Early apoptosis was also detected by flow cytometry and annexin V (AV)-FITC
propidium iodide (PI) staining. After incubating with 5 uM miltirone for 48 h, the
fraction of apoptotic AV PI" cells considerably increased in contrast to untreated
controls (Figure 31B, C).

Since miltirone disrupted MMP and induced apoptosis, miltirone may induce the
intrinsic, mitochondrial apoptotic pathway. During intrinsic apoptosis caspase 9 is
activated, which subsequently activates the down-stream caspases 3 and 7 [206]. We
examined caspases 3/7 and caspase 9 in miltirone-treated CCRF-CEM cells. Indeed,
all caspases were significantly activated in a dose-dependent manner upon miltirone

treatment (Figure 31D).

PARP, a molecule responding to DNA damage, is cleaved and activated by caspase 3
[207]. Western blotting showed that miltirone induced PARP cleavage (Figure 31E).
These data indicate that miltirone induced the intrinsic apoptotic pathway in
CCRF-CEM cells.
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Figure 31. Miltirone-induced apoptosis in CCRF-CEM cells. (A) Cell morphology as shown by phase
contrast microscopy (upper panel) and DAPI-stained cells as captured by fluorescence microscopy
(lower panel). (B) Cells treated for 48 h. Doxorubicin were used as positive control. AV-FITC binding
and PI staining were measured by flow cytometry. (C) Results show fractions of AV'PI" and AV'PI’
stained cells. *: p<0.05 if compared with DMSO treated controls in AV'PI cells; #: p<0.05 if
compared with the DMSO treated group in AV'PI" cells. (D) Cleavage of caspases upon miltirone
treatment. Miltirone affects the activity of caspase 3/7 and caspase 9. Cells were treated for 24 h.
Activity of caspase 3/7 and caspase 9 were determined as fold-change of control. The results were
obtained from three independent experiments. *: p<0.05 if compared with DMSO-treated cells in
caspase 3/7 experiments; #: p<0.05 if compared with DMSO-treated cells in caspase 9 experiments. (E)
PARP expression was detected by western blotting. The expression of inactive (116 kDa) and cleaved
PARP forms (89 kDa) were normalized to B-actin. Quantification was shown in the lower panel. *:

p<0.05 if compared with DMSO treated controls.
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4.3.6 Miltirone binds IKK-f3 and inhibits nuclear p65 expression

Inhibition of NFkB activation represents an attractive therapeutic strategy. Previous
studies revealed that NFkB-dependent G2/M arrest correlates with p21 induction
following DNA damage highlighting the crucial role of NFkB and DNA repair for
drug resistance [208,209]. Since miltirone induced DNA damage and apoptosis, we
hypothesized that miltirone may inhibit NFxB signaling. For this reason, we
investigated whether miltirone may bind to inhibitor kB kinase-f (IKK-B) by a
computational molecular docking approach. IKK-3 phosphorylates NFxB inhibitor
protein IkB, leading to stimulation of down-stream transcriptional genes in the
nucleus.”® As recently reported, the drug binding residues of IKK-B (Ala42, Val29,
Tyr98 and Glyl102) are mainly located at ATP binding sites [188]. Leu2l, Gly22,
Gly24, Val29, Ala42, Tyr98, Lys147 and Ile165 are the interacting hydrophobic
residues, while Cys99 acts as hydrogen bond donor [188]. It is well-known that kinase
inhibitors tend to form hydrogen-bonds to the hinge motif [210]. Therefore, IKK-3
inhibitors are also supposed to interact with the hinge motif, which in case of IKK-f3
is composed of Glu97 and Cys99. Thereby, inhibitor binding is stabilized contributing
to reduced catalytic enzyme activity [211,212]. Remarkably, miltirone showed lower
binding energy and predicted Ki values (-8.26 kcal/mol; 0.89 uM) than the known
NF«B inhibitor, MG132 [213] (-7.59 kcal/mol; 7.33 uM) (Table 12). This implies
that miltirone revealed higher affinity to IKK-B than MGI132. Notably, miltirone
bound to the same pharmacophore as MG132. Miltirone and MG132 bound to the
hinge region by forming a hydrogen bond with Cys99 residue. Meanwhile, miltirone
also formed a hydrogen bond at the drug binding residue Gly102, as did MG132
(Figure 32A, B, C). In sum, the results suggested that miltirone may directly bind to
IKK-f and seems to be a more potent IKK-3 inhibitor than MG132.

We further tested the expression of nuclear p65 protein by Western blotting to clarity,
whether miltirone may affect p65 translocation. Translocation of p65 from the
cytoplasm to the nucleus was induced by TNFa - a process which was inhibited by
miltirone (Figure 32D). Taken together, miltirone inhibited NF«xB signaling, which
may contribute to cell apoptosis.
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Figure 32. Interaction of miltirone with IKK-B. (A) Docking of miltirone and MG132 to IKK-.
MG-132 was used as control drug. Shown are IKK-f binding sites. VMD files presented the binding
site of miltirone (light blue) in comparison with MG132 (dark blue). (B, C) Amino acids interacting
with miltirone. Residues participating in hydrogen bonding are labeled in red. Hydrogen bonds are
shown as green dots. (D) Prior to TNFa induction for 1 h, cells were treated with miltirone for 24 h or
MG132 for 2 h. Cell lysates were collected and nuclear protein was extracted. Nuclear p65 expression
was detected by Western blotting. Histon h3 was shown as an internal control. #: p<0.05 compared

with control; *: p<0.05 compared with TNFa.
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Table 12. Molecular docking of miltirone to IKK-f.

compound | lowest mean residues of | numbers of | pKi values
binding binding hydrogen residues (LM)
energy energy bond involved in
(kcal/mol) | (kcal/mol) hydrophobic
interaction
MG132 -7.59 -6.49 Cys99, 16 7.33
Glul100,
(KK Gly102,
inhibitor) Aspl03
Miltirone -8.25 -8.22 Cys99, 9 0.89
Glul100,
Gly102

“pKi (predicted Ki): Ki is the inhibition constant for a drug. The pKi value is used to
evaluate affinity of drug to a target structure.

’Bolded residues are ATP-binding or drug-binding residues.

4.3.7 Inhibition of cell adherence

Transmigrating of leukemia cells from blood to tissue initiates from adherence to
blood vessel endothelial cells. Deregulation of adhesion molecules is often found in
leukemia cells, which leads to poor prognosis by massive accumulation of leukemia
cells in the tissues [214-216]. In addition, NFkB signaling pathway plays an important
role in cell adhesion. Blocking of NFkB-mediated transcription leads to
down-regulation of adherent molecules on leukemia cells and endothelial cells, which
contribute to inhibition of cell adhesion [191,194]. These previous studies revealed
that inhibition of cell adhesion represents a crucial step to prevent progression of ALL.
Therefore, we investigated whether miltirone may influence cell adhesion.
Fibronectin, an important extracellular adhesion glycoprotein, was used to mimic the
environment for cell adhesion [217-218]. After 2 h incubation, miltirone
dose-dependently suppressed cell adhesion to fibronectin-coated wells, reaching
statistical significance at a concentration of 40 uM (Figure 33). The reduction of cell
adhesion was not due to cytotoxicity and the cell morphology in miltirone-treated
cells remained similar to DMSO-treated control cells. Miltirone decreased cell

adhesion, suggesting inhibition of leukemic invasion into tissues.
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Figure 33. Miltirone inhibited adhesion of CCRF-CEM cells to fibronectin. Cell adhesion was
quantified as fold-change in comparison to DMSO-treated control cells. The experiments were

performed in triplicate. *: p<0.05 compared with DMSO-treated cells.

4.3.8 Summary: Miltirone induces G2/M cell cycle arrest and apoptosis in
acute lymphoblastic leukemia CCRF-CEM cell line

Miltirone stimulated ROS generation, disrupted MMP and caused DNA damage
leading to the activation of caspases 3/7 and 9. Hence, miltirone was cytotoxic by
mitochondria-driven intrinsic apoptosis. Inhibition of nuclear p65 translocation might
result from direct binding to IKK[3. Miltirone-induced DNA damage results in G2/M
arrest by deregulating CDC2, CCNBI and CDKNIA expression. Furthermore,
miltirone inhibited cell adhesion and NFkB signaling. To the best of our knowledge,
this is the first report on the mechanisms of miltirone in ALL cells.
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4.4 Molecular mechanisms of rosmarinic acid from Salvia
miltiorrhiza in acute lymphoblastic leukemia cells

Despite its anticancer and chemopreventive properties, the molecular modes of action
of RA in cancer cells have not been analyzed in detail, especially on acute
lymphoblastic leukemia (ALL). Here, we investigated the inhibitory effects of RA
towards sensitive (CCRF-CEM) and multidrug-resistant cell lines (CEM/ADRS5000)
derived from ALL, which represents an aggressive and malignant form of
hematopoietic tumors characterized by uncontrolled growth of abnormal progenitor
cells unable to differentiate into T-cells and B-cells. To the best of our knowledge, the
detailed mechanisms of RA treatment towards CCRF-CEM and CEM/ADRS5000 have
not been explored.

4.4.1 Cytotoxicity of RA towards ALL cell lines.

We firstly investigated, whether RA suppresses the growth of sensitive CCRF-CEM
cells and the P-gp-overexpressing subline CEM/ADR5000. RA induced cytotoxicity
towards CCRF-CEM and CEM/ADRS5000 cells with ICsq values of 14.6 + 1.58 uM
and 44.5 + 5.3 uM, respectively (Figure 1B, Table 1). We divided the ICs, value of
resistant cells by the 1Csq value of sensitive cells to calculate the degree of resistance.
CEM/ADR5000 cells were three-fold more resistant than CCRF-CEM cells (Table 13,
Figure 34B). Normal lymphocytes treated with RA showed an 1Cs value of 77.39 +
12.2 uM, which was 5-fold and 1.7-fold higher than that of CCRF-CEM and
CEM/ADR5000 cells, respectively. For comparison, the clinically established
anticancer drug doxorubicin was used as control drug. Doxorubicin revealed ICs
values of 0.005 £ 0.0004 pM in sensitive and 16.6 + 3.48 pM in resistant cells (Figure
34C, Table 13). The degree of resistance of CEM/ADR5000 cells to doxorubicin was
3320 (Table 13). We also tested the cytotoxicity of doxorubicin towards normal
lymphocytes and measured an 1Csy value of 3.97 + 0.84 uM. This value was 794-fold
higher than that of sensitive CCRF-CEM cells, but 4.17-fold lower than that of
multidrug-resistant CEM/ADRS5000 cells. This indicates that normal cells were able
to tolerate RA, but not doxorubicin at doses necessary to kill MDR cells. In sum, RA
revealed preferential cytotoxic effects on both sensitive and P-gp overexpressing
leukemia cells.
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Phase contrast microscopy was applied to study the cellular morphology of
CCRF-CEM cells after 24 h treatment of RA or DMSO. As shown in figure 34D, two
different types of morphological changes including cell swelling (indicated by
arrowhead with solid line) and formation of apoptotic bodies (indicated by arrowhead
with dashed line) were observed. This implies that RA simultaneously induced
necrotic and apoptotic cell death in CCRF-CEM cells.
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Figure 34. Cytotoxicity of RA towards acute lymphoblastic leukemia cells. (A) Chemical structure of
RA. (B, C) CCRF-CEM and resistant CEM/ADR5000 cells were treated with varying concentration of
RA and doxorubicin following seeding. Normal lymphocytes were freshly isolated and were treated
with RA. After 72 h of incubation, cell viability was performed by resazurin assay. (D) Phase contrast
pictures represented morphology of CCRF-CEM cells without or with RA treatment. Arrows with solid

lines indicated necrotic cells, while arrows with dotted line indicated apoptotic cells.
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Table 13. 1C50 values for RA and doxorubicin in sensitive wild-type CCRF-CEM,
multidrug-resistant P-glycoprotein overexpression CEM/ADRS5000 cells
and normal lymphocytes.

CCRF-CEM CEM/ADR5000 | Normal Degree of cross
IC50 (uM) IC50 (nM) lymphocyte | resistance
Doxorubicin | 0.005 (+ 0.0004) 16.577 ( 3.97(+0.84) 3503.4
3.478)
RA 14.6 (£ 1.58) 44,5 (£ 5.3) | 77.39%(12.2) 3.06

Degree of cross-resistance: it is calculated by dividing the IC 50 value of CEM/ADR5000 by
the 1C 50 value of CCRF-CEM.

4.4.2 Microarray profiling of untreated and RA-treated CCRF-CEM cells
CCRF-CEM cells were treated with 30 uM RA or DMSO for 48 h. Using Chipster
software, 856 genes were significantly deregulated (p<0.05) upon RA treatment in
comparison to DMSO treatment. These genes were subsequently subjected to
Ingenuity Pathway Analysis (IPA) to obtain profiles of possibly affected signaling
pathways. The most pronounced biological functions identified by IPA were: cellular
growth and proliferation, cell death and survival, cell cycle, DNA replication and
repair, cellular movement and energy production (Figure 35A).

As a next step, we performed network analysis to prove, whether these deregulated
genes act independently or together as a network beyond pathways. A specific
molecular network connected with cell death and survival and cell cycle pointed to
NF«B complex as a main cellular regulator, implying that RA acts on NFxB (Figure
35B).
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Figure 35. Microarray-based mRNA expression profiling of CCRF-CEM cells treated with RA using
Ingenuity Pathway Analysis. Predominant pathways (A) and signaling networks (B) regulated by

deregulated genes were identified.

4.4.3 Validation microarray results by gPCR

Five up- or down-regulated genes were exemplarily selected for qPCR analysis
(DDIT3, AKR1C3, TXNIP, IGLL1 and VPREBL1). Their expression was normalized to
RPS13. Then, the fold-change values of RA-treated and untreated samples obtained
from microarray hybridization and gPCR were subjected to Pearson correlation test.
We obtained a correlation coefficient R-value of 0.924, indicating high concordance
of microarray and qPCR data (Table 14).

Table 14. Validation of microarray gene expression profiling with selected genes
by real-time reverse transcription-PCR.

Gene name Microarray data qPCR data

AKR1C3 1.892 3.6425
DDIT3 1.409 1.7455
IGLL1 -1.778 -1.29
TXNIP 2.189 6.315
VPREB1 -2.266 -1.4005

R value= 0.9236

4.4.4 Induction of cell cycle arrest by RA

Based on the pathway analysis of microarray results that cell cycle is affected by RA
treatment, we investigated the cell cycle using flow cytometry. As indicated in figure
36, RA induced a slight G2/M arrest after 24 h and also increased the fraction of
sub-G1 cells at high concentrations (100 M) after 48 h incubation. G2/M arrest can
be taken as hints that RA treatment is associated with DNA damage, DNA repair and
cell survival. Sub-G1 cells imply the induction of cell apoptosis. Therefore, we tested
this hypothesis in the next sections.
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Figure 36. Measurement of cell cycle in CCRF-CEM cells treated with RA. (A) DNA histograms of

CCRF-CEM cells treated with indicated concentration for 24 and 48 h. (B) Cell cycle distribution was

calculated after 24 and 48 h of treatment.

4.4.5 Induction of apoptotic and necrotic cell death by RA

We performed annexin V (AV) — Pl analyses, of RA-treated CCRF-CEM cells to
differentiate apoptotic from necrotic cell death. RA significantly increased cell
population in the AV(+)PI(-) and AV(-)PI(+) quadrants, indicating that both, early
apoptosis and necrosis occurred (Fig. 37A and B). Notably, the statistical evaluation
showed that necrotic cell death occurred preferentially compared to apoptotic cell

death.
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Although it has been initially considered that necrosis is an accidental form of cell
death without contribution of a genetic regulatory pathway, recent studies
demonstrated the existence of programmed necrotic cell death (termed necroptosis)
with RIP1 and RIP3-mediated signaling as major transduction pathway [219-221].
Therefore, we were intrigued by the question, whether RA-induced necrosis could be
classified as necroptosis (programmed necrotic cell death) or unregulated necrosis.
Necrostatin -1 (Nec-1) was used as a specific RIP1 inhibitor and necroptosis marker.
z-VAD-fmk (zVAD) was used as a pancaspase inhibitor. As seen in Figure 37C,
incubation with 50 uM Nec-1 did not block RA-induced cell death, suggesting that
RA induced unregulated necrosis rather than necroptosis. Cell death was partially
rescued by zVAD, implying involvement of caspases in regulating RA-induced
cytotoxicity towards ALL cells.
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Figure 37. Induction of necrosis and apoptosis by RA in CCRF-CEM cells. (A) Cells were treated with
RA or DMSO for 48 h. The signals of AV-FITC binding and Pl staining were detected by flow
cytometry. (B) Quantification of AV-FITC and PI binding was performed. (C) Cells were treated with
nec-1 or zZVAD for 2 h prior to 24 h incubation of RA. All treatments contained equal amount of DMSO.
Cell viability was determined by resazurin assay. *: p<0.05 in comparison between RA alone and RA
treatment with zZVAD.

4.4.6 Induction of ROS-independent DNA damage

Pathway analysis of microarray results showed that genes associated with DNA
replication and repair were significantly deregulated, and additionally, cell cycle assay
revealed that G2/M arrest was stimulated by RA. This implies that RA may induce
DNA damage. We performed alkaline comet assays to detect single and
double-stranded DNA damage. Besides RA decreased the percentage of comet head
and increased the percentage of comet tail, DNA migration was observed with tail and
Olive tail movements in a dose-dependent manner (Fig. 38A and B). We conclude
that RA induced DNA damage and therefore inhibited DNA replication.

DNA damage can result from surplus oxidative stress, which is mediated by
overproduction of intracellular ROS [222]. Therefore, we proved, whether
RA-induced DNA damage may be associated with increased ROS production.
Interestingly, RA did not increase intracellular ROS levels (Figure 38C and D). Taken
together, RA-induced DNA damage is not attributed to ROS generation and RA might
be involved in a direct interaction with DNA bases.

4.4.7 Disruption of MMP by RA

Mitochondria generate most of the cellular energy supply by regulating adenosine
triphosphate (ATP). Mitochondrial dysfunction leads to cell death and causes
disruption of membrane integrity by breakdown of ATP synthesis (necrosis) or
releasing mitochondrial proteins to activate apoptotic-related caspases (apoptosis)
[223-225]. Since the microarray results indicated that energy production was altered
by RA, we explored whether RA affected MMP. JC-1-stained CCRF-CEM cells
resulted in a shift from red to green fluorescence after RA treatment for 48 h (Figure
39A and B), indicating a depolarization of MMP.
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Figure 38. Induction of ROS-independent DNA damage by RA in CCRF-CEM cells. (A) Cells were
incubated with different concentration of RA for 24 h. DNA damage was measured by comet assay.
Representative pictures of comet assay (upper panel: 100x of magnification; lower panel: 400x). (B)
Four parameters were detected including head DNA (%), tail DNA (%), tail movement and Olive tail
movement. Tail movement and Olive tail movement were presented in arbitrary units. Results were
presented as mean + SD of 25 cells each. *: p<0.05 compared with DMSO. (C) ROS production was
measured by flow cytometry after treatment with varying concentration of RA or DMSO for 1 h or 5
mM H,0O, for 15 min in CCRF-CEM cells. (D) Statistical quantification of ROS level with mean (fold
change) = SD.

4.4.8 Induction of caspase-independent cell death by RA

We further investigated, whether RA induces the intrinsic, mitochondrial apoptotic
pathway in CCRF-CEM cells. Caspase 9 is activated by loss of MMP, which in turn
cleaves the effector caspases 3 and 7 and finally leads to cell apoptosis (Kroemer et al.,
2007). Therefore, we investigated the activity of caspases 3/7 and caspase 9 in
RA-treated CCRF-CEM cells. Western blots revealed no significant cleavage of
caspase 3 and 9 upon RA treatment. Caspase 7 showed partially cleaved bands at high

RA concentration without reaching statistical significance (Figure 39C and D).
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As the next step, we used MCF-7, the cancer cells which do not express caspase-3
[226], to further confirm that caspase 3 is not involved in RA-induced cell apoptosis.
As shown in figure 40, RA inhibited MCF-7 cell growth (ICsp: 59.88 + 10.11 uM).
Cell population in Sub-G1 phase was upregulated by RA treatment, suggesting RA

induced caspase 3-independent apoptosis.

Nuclear PARP is activated after DNA damage. PARP binds to DNA and allows DNA
repair-related enzymes access to the damaged DNA [227]. Cleavage of PARP, which
typically inactivates PARP, is often associated with apoptosis. Over-activation of
PARP results in depletion of ATP and cellular NAD" pool, and subsequently to
necrosis [228-230]. RA dose-dependently elevated full-length PARP expression (116
kDa), indicative for both, DNA repair and necrotic cell death in response to
RA-induced DNA damage. PARP cleavage (89 kDa) upon exposure with high RA
concentrations pointed to apoptotic cell death (Figure 39C and D). In sum, RA led to
caspase-independent and PARP-mediated cell death in CCRF-CEM cells.
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Figure 39. Disruption of MMP and induction of caspase-independent cell death by RA in CCRF-CEM
cells. (A) Cells were treated with RA for 48 h, and stained by JC-1. Healthy cells mainly displayed the
J-aggregated form with red fluorescence (Q1) and apoptotic cells showed JC-1 monomers with green
fluorescence (Q3). (B) Statistical results of the cell population in Q3, which was defined as disruption
of mitochondrial membrane potential. *: p<0.05 compared with DMSO for 48 h. (C) Cells were treated
with RA for 24 h. All treatments contained equal amount of DMSO. Cell lysates were collected and the
extracted protein was then subjected to western blotting to detect cleavage of caspase 3/7, caspase 9
and PARP. B-actin was used as an internal control. (D) Quantified results were shown as fold-change of

DMSO.
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Figure 40. Measurement of cytotoxicity and cell cycle distribution upon RA treatment towards MCF-7
cells. (A) MCF-7 cells were seeded for 24h and subsequently treated with varying concentration of RA.
After 72 h of incubation, cell viability was performed by MTT assay. (B) Cell cycle distribution was

calculated after 48 h of treatment.
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4.49 [Inhibition of cell adhesion by RA

Microarray data showed that genes involved in cellular movement were deregulated
by RA. Thus, we performed an in vitro cell adhesion assay. Indeed, RA
dose-dependently down-regulated cell adhesion to fibronectin after 2 h RA treatment
(Figure 41). This result implies that RA may inhibit extravascular invasion of

leukemia cells.
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Figure 41. Inhibition of cell adhesion by RA in CCRF-CEM cells. Cells were incubated with different
RA doses in fibronectin-coated wells and were allowed to adhere for 2 h at 37°C. Attached cells were

determined by resazurin assay. *: p<0.05 compared with DMSO.

4410 RAinterferes with NFxB signaling

Based on the results in figure 35B that NFkB complex may act as transcriptional
regulator of genes associated with cell death and survival and cell cycle, we assumed
that NFxB at least partly mediates the activity of RA towards CCRF-CEM cells.
Firstly, differentially expressed genes of the most pronounced networks from
microarray data (cell death and survival, cellular growth and proliferation, and cell
cycle genes) were selected for gene promoter binding motif analysis. The rationale
was that genes with high frequency of binding motifs in their promoters for NF«xB
may be tightly regulated by this transcription factor. As shown in table 15, NFxB
elements including NFxB1 and c-Rel were indeed found in these genes, emphasizing
that motifs of NFkB complex were important transcriptional factor binding sites for
RA-induced deregulated genes.
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Table 15. Binding motif analysis for transcription factors in promoter sequences
of genes that were differentially expressed upon RA treatment.

SCluster | Motif Z score -log10 (p-val)
1 FOXO3A|FOX03 -7.283 294.416
*REL -6.503 239.564
2 *c-Rel |REL -5.048 153.155
*NFKB1 -3.478 82.824
3 POUA4F3 -5.871 199.475
SCMH1 -3.443 81.529
4 SOAT1 -5.799 195.205
5 STAT1|Statl -5.602 183.63
6 GZF1|Gzfl -5.482 176.787
7 Oct-1|POU2F1 -5.064 153.973
8 STAT3 -5.039 152.69
TSNAX -4.9 145.536
9 E2F1 -3.182 72.213
STAT4 -3.118 70.023
10 YprO015c -4.877 144.339

*: proteins of the NFkB complex
$: Genes that appear with similar motifs were classified into the same cluster. Ranking was numbered

according to t —log10 (p-val) of the first motif of each cluster.

Subsequently, we speculated that RA may interact with NFkB signaling. If the NF«xB
pathway is activated, inhibitor kB kinase-B (IKK-B) phosphorylates NF«B inhibitor
protein and then degrades IxB, which liberates p50 (NFKB1)/p65 (RELA) complex.
This complex in turn enters the nucleus, leading to the transcriptional activation of
downstream genes [231]. Thus, we proposed that RA may directly bind to IKK-$ and
performed in silico molecular docking. IKK-f inhibitors interact with the hinge motif,
which forms hydrogen bonds with Glu97 and Cys99 [188]. Remarkably, RA bound to
the same pharmacophore as MG132, a reference compound for IKK-B inhibition.
MG132 and RA formed hydrogen bonds to the ATP binding sites at binding residue
Cys99 and Glu97 (Figure 42A and B, Table 16). Additionally, RA also formed
hydrogen bond with Aspl66 and Leul67, which are located in the N-terminal
activation segment in the ATP binding site [232]. Interestingly, RA showed a higher
binding energy than MG132 (-6.98 kcal/mol vs. -7.59 kcal/mol), but a lower predicted
Ki value (7.33 vs. 5.75 uM).
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NF«B activation is associated with its translocation from the cytosol to the nucleus.
Therefore, we investigated, whether RA binding to IKK-B was associated with
decreased nuclear p65 translocation. We performed Western blotting to detect nuclear
expression p65 protein. TNF-o was used as inducer of NFkB signaling. Indeed, RA
inhibited TNFa-induced translocation of p65 from the cytoplasm to the nucleus
(Figure 42C). Taken together, we conclude that RA binds to IKK-f and decreases
nuclear p65 translocation. The inactivation of NFkB transcriptional activity may then
lead to the deregulation of genes involved in cell cycle regulation, cell death, DNA
damage and invasion.
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Figure 42. RA interacts with NF«B signaling. (A) Molecular docking of RA to IKK-B. VMD files
presented the binding site of RA (purple) in comparison with the control drug, MG132 (blue). (B)The
residues included in hydrogen bond binding are labeled in red, and hydrogen bonds are shown as green
dots. (C) Incubation CCRF-CEM cells with RA for 24 h or MG132 for 2 h prior to 1 h induction of
TNFao. All treatments contained equal amount of DMSO. Western blot analysis was used to detect
expression of nuclear p65 and histon h3 (internal control). #: P<0.05 compared with DMSO; *: p<0.05

compared with TNFo.
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Table 16. Molecular docking of rosmarinic acid on IKK-B. The frame performed
the lowest binding energy and name of hydrogen bond.

Compound Lowest Mean Residues of | Numbers of | PKi value
binding binding hydrogen residues (um)
energy energy bond involved in
(kcal/mol) | (kcal/mol) hydrophobic

interaction

MG132 -7.59 -6.49 CYS99, 16 7.33

(IKKB inhibitor) GLU100,

GLY102,
ASP103
Rosmarinic acid -6.98 -6.98 LYS44 11 5.75
GLU97
ASP103
ASP166
LEU167

4411

TP53 as a regulator gene upon RA treatment

In response to DNA damage by RA treatment, G2/M arrest and subsequently
appearance of sub-G1 peak were stimulated, which indicates the induction of
apoptosis. The microarray data depicted a series of deregulated genes associated with
control of G2/M arrest, which might support the phenomenon of RA-induced G2/M
arrest (Figure 43). The tumor suppressor gene and stress sensor p53 induces cell cycle
arrest and apoptosis following multiple stresses [233]. It blocks damaged cells at G2
checkpoints, if cells enter the G2 phase with damaged DNA. A recent study revealed
that p53 regulated not only apoptosis, but also necrosis by forming mitochondrial
permeability transition pores upon interaction of cyclophilin D [234]. Our microarray
results implied that p53 might be also a regulator gene upon RA treatment-induced

DNA damage.
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Figure 43. Deregulated genes under the influence of TP53 in CCRF-CEM cells treated with RA. The
arrows indicate effects of deregulated genes on other genes. Continuous lines show a direct interaction,

dotted lines an indirect interaction.

4.4.12 Summary: Molecular mechanisms of rosmarinic acid from Salvia
miltiorrhiza in acute lymphoblastic leukemia cells

It has been demonstrated that RA induced necrosis and apoptosis through DNA

damage and disruption of MMP in a ROS- and caspase-independent manner.

Additionally, RA also inhibits NFxB signaling and cell adhesion. This study provides

additional insights into novel modes of cell death. These results may contribute to the

rationale use of RA and Salvia miltiorhizza in traditional medicine to treat leukemia.
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4.5 Production of rosmarinic acid and salvianolic acid B from
callus culture of Salvia miltiorrhiza with cytotoxicity towards
acute lymphoblastic leukemia cells

Plant tissue cultures serve as useful and convenient models for the mass production of
valuable secondary metabolites, particularly from rare or slow-growing plant species.
It is known that the highest contents of bioactive hydrophilic and hydrophobic
compounds can be found in the roots of S. miltiorrhiza, however, the number of
studies employing cultures of SM leaf and stem callus as source of bioactive
compounds is very limited. In this investigation, we established a solid medium callus
culture system for stem and leaf from SM and detected the major components from
the extracts by HPLC analysis. Thereafter, the cytotoxic effects of callus cultures
toward the acute lymphoblastic CCRF-CEM leukemia cells were determined.

4.5.1 Callus induction from stem and leaf explants

A variety of modifications of medium for stem and leaf callus culture have been
tested to identify the most effective culture medium for stem or leaf callus production.
Stem explants from SM producing callus on a nutrient AM1 medium supplemented
with 1 mg/l 2,4-D combined with 0.45 mg/l kinetin and 0.01 mg/l 1-naphtylacetic acid
was found the best condition, which generated the highest amounts of stem calli.
Using AM1, a biomass of 4.0 + 0.75 g was accumulated (Table 17). Leaf explants
cultured in MS medium supplemented with 0.022 mg/l of kinetin generated 2.9 + 0.31
g of calli. The results indicated that SM stems potentially produced more calli than
leaves did.

—

Salvia miltiorrhiza leaf Salvia miltiorrhiza stem

Figure 44. Callus formation from leaf and stem of SM.
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4.5.2 Qualitative and quantitative analysis of RA and Sal B

The qualitative and quantitative HPLC analyses of the individual phenolic compounds
in plant and callus extracts are given in Table 1. Representative chromatograms at 330
nm are shown in figure 45 and 46. The constituents were identified by comparison
their retention times (Rt), UV spectra and MS data with those of authentic standards
and confirmed by comparison of the data reported the literature [235]. Briefly, the
major components were RA (Rt 14 min) and Sal B (Rt 19.5 min). RA UV spectra
displayed Amax at 225, 290 (sh), and 330 nm, while for Sal B Amax were at 218, 238,
290, 210 (sh) nm. Both negative and positive ionization mode was tried to detect mass
fragmentation of the constituents. The results indicated that negative mode was
sensitive to RA and Sal B and the quasi-molecular peak [M—H] was always present.
Specifically, RA displayed the fragments at 359 [M—H] and 719 [2M—H] , while Sal
B fragments were at 717 [M—H], 519 [M—H-198], 321 [M—H-198-198] . The
fragments at 519 m/z and 321 m/z indicated the loss of one or two units of danshensu.
Quantitative data were calculated on the basis of the peak area of each compound in
the chromatograms at 330 nm for RA and at 290 for Sal B. In accordance with the
values of dry biomass, calli from stem explants produced higher amount of RA (1.27
+ 0.38 % vs. 0.28 + 0.02 %) and Sal B (0.87 + 0.20 % vs. 0.07 + 0.03 %) than leaves
did. Similarly, the phenomenon that stem samples yielded higher amounts of these
two constituents than leaves was also seen in plants.

Table 17. Biosynthetic parameters of SM plant and callus extracts

Sample Starting Fresh biomass | Dry biomass | RA Sal B
materials (9) | (9) (9) (%) (%)

Callus stem | 0.086 (+£0.01) | 120.4 (+5.02) | 4.0(+0.75) | *1.27 (£ 0.38) | *0.87 (+0.20)

Callus leaf | 0.061 (+£0.01) | 130.3(+17.6) | 29(+0.31) § 0.28(+0.02) | 0.07 (£0.03)

Plant stem *1.12 (£ 0.31) | *0.50 (+0.25)

Plant leaf 0.06 (+£0.02) | 0.01(+£0.01)

*Values from callus or plant stem extracts significantly differ at a significance level of p <
0.05 in comparison with respective callus or plant leaf.
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Figure 45. HPLC chromatogram at 330 nm of RA and Sal B from callus stem (A) and leaf (B) extracts
of SM. The peak shown at a retention time of 14 min indicated RA, and at 19.5 min Sal B.
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Figure 46. HPLC chromatogram at 330 nm of RA and Sal B from plant stem (A) and leaf (B) extracts
of SM. The peak shown at a retention time of 14 min indicated RA, and at 19.5 min Sal B.
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45.3 Linearity, LOD, LOQ, precision

Al calibration curves showed good linearity. The following r? values were obtained:
Sal B r’=0.9996 (regression curve: y=0.0004x—0.0591); RA r?=0.9999 (regression
curve: y=9x 10 *~0.0006). LOD for Sal B was 1.89 ng (0.94 pg/ml, 2ul of injection)
and LOQ was 6.6 ng (3.3 pg/ml, 2 ul of injection). For RA, LOD was calculated as 1.86
ng (0.93 pg/ml, 2 pl of injection) and LOQ was 5.8 ng (2.9 png/ml, 2 pl of injection).
The overall intra- and inter-day time variations of the standards were less than 3.64%
and 2.34% for Sal B and less than 2.13% and 3.44% for RA, respectively. In addition,
both Sal B and RA remained stable (not less than 93% residual percentage) during the
three days of inter-day variability tests.

4.5.4 Cytotoxicity of stem and leaf callus extracts towards ALL cells

In general, extracts from callus cultures contained higher amounts of RA and Sal B
than plant extracts (Table 17). Therefore, we further tested cytotoxic effects of
extracts from callus cultures. CCRF-CEM cells were treated with stem or leaf callus
extract in a concentration ranging from 0.01 to 100 ug/ml for 72 h and the cell
viability was measured by the resazurin assay. Stem and leaf callus extracts cytotoxic
towards both cell lines with ICsy values of 13.1 + 0.90 and 18.1 + 0.33 ug/ml,
respectively (Figure 47A, Table 18). In comparison, stem extracts with higher
amounts of RA and Sal B inhibited cell growth more than leaf extracts. Treatment
with RA or Sal B revealed ICs, values of 13.1 + 0.81 and 4.4 + 2.41 uM, indicating
that Sal B was more potent than RA in killing CCRF-CEM cells.

The combination of RA and Sal B resulted in a synergetic effect towards inhibition of
CCRF-CEM cells as validated by Loewe additivity model (Fig 47B). CCRF-CEM
cells were treated with varying concentration of RA and indicated concentration (1 or
2 uM) of Sal B for 72 h. In table 18, it was shown that the ICs; value of RA decreased
with increasing doses of Sal B to 2 uM, 2.42 to 3.03-fold less than RA treatment
alone.
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Table 18. IC50 values for callus extracts from SM and 2 compounds (RA and Sal
B) towards CCRF-CEM cells as determined by resazurin assay.

Extract/Compound CCRF-CEM ICsg 95% confidence interval
(extract: pg/ml;
compound: pM)

Stem *13.1 (£ 0.90) 10.87 — 15.33

Leaf 18.1 (£ 0.33) 17.28 — 18.92

RA 13.1(£0.81) 11.09 -15.11

Sal B 4.4 (+£0.41) 3.38-5.42

RA+1uM Sal B 5.41 (£ 0.76) 3.52-7.30

RA +2 uM Sal B 4.32 (£0.35) 3.45-5.19

*Values significantly differ at a significance level of p < 0.05 in comparison with callus leaf
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Figure 47. Cell viability of CCRF-CEM cells treated with callus culture extracts from SM, RA
and Sal B. (A) The cells were treated with indicated concentrations following seeding. After 72 h of
incubation, resaruzin assays were performed. At least three independent experiments each with six
parallel measurements were performed. (B) Combined effects of RA and Sal B were illustrated by
isobologram analysis. The concentrations of RA and Sal B were normalized with the dose of their ICs
on x and y-axes. Dash lines represented the standard deviation for ICs, values of each drug. The results

were displayed as with mean SD.

455 Summary: Production of rosmarinic acid and salvianolic acid B from
callus culture of Salvia miltiorrhiza with cytotoxicity towards
acute lymphoblastic leukemia cells

In this study, the chemical constituents and anticancer potential of Salvia miltiorrhiza
(SM) stem and leaf were examined with those of respective callus cultures. The callus
culture for stem and leaf explants was initiated in modified Murashige and Skoog
(MS) medium. Active constituents of respective extracts were analyzed by high
performance liquid chromatography coupled with DAD and MS (HPLC-DAD-MS).
Rosmarinic acid (RA) and salvianolic acid B (Sal B) were determined to be the main
phenolic compounds. Quantitative analyses revealed that callus stem extracts
produced higher amount of RA and Sal B. Stem and leaf callus extracts exerted
cytotoxic effects towards CCRF-CEM cells. As expected, stem extract with higher
amount of RA and Sal B showed lower 1Csy value than leaf extract. These findings
suggest the possibility to isolation bioactive constituents with anti-cancer properties
from in vitro callus cultures of stem and leaf of SM.
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5. Discussion

5.1 Anticancer effects of S. miltiorrhiza

5.1.1 S. miltiorrhiza overcomes drug resistance

Acute lymphoblastic leukemia (ALL) is featured by uncontrolled proliferation of
lymphoid progenitor cells, which are unable to differentiate into T cells and B cells.
Since conventional chemotherapy frequently fails to cure relapsed ALL patients and
results in severe complications, new therapeutic drugs are needed to improve the
treatment [7,44].

Clinical trials testing compounds, which inhibit ABC transporter-mediated MDR,
revealed high toxicity of these inhibitors in normal tissues limiting their clinical use
[236]. Thus, cytotoxic agents, which are able to bypass MDR or selectively kill the
MDR cells (by collateral sensitivity) represent an attractive alternative concept to treat
otherwise drug-resistant tumors [25]. Collateral sensitivity can be understood as a
kind of synthetic lethality, in which the genetic alterations in MDR cells is
accompanied by hypersensitivity to certain compounds that the parental cells are not
that much sensitive to [237,238]. The mechanisms that result in collateral sensitivity
can be either P-gp-mediated or non-P-gp-mediated [237, 239-241]. Specific genetic
alterations in MDR cells, which otherwise confer resistance, can be specifically
exploited to preferentially kill MDR cells. Miltirone inhibited multidrug-resistant
CEM/ADRS5000 cells with even higher efficacy than wild-type CCRF-CEM cells as
indicated by degree of resistance below 1.0, referring to a significant collateral
sensitivity. This represents an attractive approach to kill unresponsive tumors and is a
remarkable result in light of the extremely high resistance of CEM/ADRS5000 cells to
epirubicin. In this context it is worth mentioning that miltirone affected normal
lymphocytes less than multidrug-resistant CEM/ADRS5000 cells, indicating that the
collateral sensitivity of milrirone against MDR is not accompanied by increased
toxicity towards normal cells. The mechanisms how miltirone exerts collateral

sensitivity warrants further investigation.

In contrast to doxorubicin and epirubicin, which are well-known P-gp substrates and
which exert high cross-resistance in P-gp-overexpressing, resistant CEM/ADR5000
cells, S. miltiorrhiza root extract, CPT and RA exerted similar cytotoxic efficacy in
CEM/ADRS5000 cells and parental CCRF-CEM cells. This is a strong clue that S.
miltiorrhiza root extracts displayed cell death independent of P-gp.
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Moreover, S. miltiorrhiza root extracts conferred greater sensitivity towards resistant
HCT116 (p53”) and U87.MGAEGFR cells compared to their parental counterparts,
showing the potential of S. miltiorrhiza root extracts for inducing collateral sensitivity.
This investigation confirmed the multifactorial properties of S. miltiorrhiza roots to
overcome drug resistance in diverse cancer cell lines.

5.1.2 Discussion of CPT, miltirone and RA on NFkB signaling and cell invasion

Activation of NF«B signaling leads to anti-apoptotic effects and drug resistance of
cancer cells. In ALL, inhibition of NFxB-mediated transcription contributed to
downregulated molecules referred to cell adhesion [191,194]. CPT and
RA-deregulated genes by motif analysis have yielded clues that NFkB may be a
crucial transcriptional regulator upon treatment. Our molecular docking analysis
revealed that CPT, miltirone and RA bound to the same pharmacophore but with
higher affinity (lower binding energy and pKi value) than the well-known IKK-$
inhibitor MG132. These three compounds down-regulated p65 translocation was
induced by TNF-a, suggesting that they may target NFkxB and inhibit NFkB signaling
in ALL cells.

Notably, 5 uM CPT slightly, but not statistical significantly enhanced p65
translocation compared with TNF-o treatment alone. This undesired effect implied
that low dose of CPT might potentially trigger NFkB on CCRF-CEM cells. As
mentioned previously, activation of NF«kB stimulated drug resistance and expression
of anti-apoptotic molecules in cancer cells. Thus, low-dose CPT-induced NFkB might
be related to drug resistance. The phenomenon is similarly reported toward
doxorubicin-treated cervical carcinoma cells [242]. The mechanism of NF«B
induction by low-dose CPT and whether low-dose CPT-induced NFkB activation
directly regulates drug resistance required further elucidation.

Leukemia cells can leave the blood vessel system and permeate into various organs.
This is also well documented for acute lymphoblastic leukemia (ALL) cells.
Infiltrated organs include urinary bladder, eyes, ovary, breast, lung and others
[243-252]. Treatment of leukemic infiltration is frequently difficult and therapeutic
improvements are warranted. The fact that CPT, miltirone and RA indeed inhibited
adhesion of CCRF-CEM cells is a clue that these compounds might be suited to treat
extravascular infiltration of organs by ALL cells.
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5.1.3 S. miltiorrhiza initiates DNA damage and ROS-mediated apoptosis

Reactive oxygen species (ROS) is a collective term that summarizes O,-derived free
radicals such as superoxide anions (O2"), hydroxyl radicals (HO¢), peroxyl (ROz*),
alkoxyl (RO¢), as well as O-derived non-radical species such as hydrogen peroxide
(H202) [253]. They are considered as side products of anaerobe metabolisms with the
feature of instability. At low level, ROS act as “redox messenger” to regulate
intracellular signaling and maintain physiological function, while excess ROS
interacts with different component of DNA to modify DNA bases and generate strand
breaks, which seriously alters cellular function and determines cell fate, termed as
oxidative stress [222]. Mitochondria are the primary source of endogenous ROS, as
they supply approximately 90% of cellular energy in the form of ATP, in which the
respiration process generates free radicals. Therefore, mitochondria are also major
targets of unfavorable effects from ROS, which lead to mitochondrial dysfunction and
activitation of the mitochondrial-mediated intrinsic apoptotic pathway [254,255].
Agents inducing ROS-production and apoptosis gained interests to inhibit cancer cell
growth. These drugs produce excess ROS mostly in mitochondria and stimulate
oxidative DNA damage. Caspase-dependent intrinsic (mitochondria-mediated)
pathway is mediated by mitochondrial dysfunction and release of cytochrome c,
which determines apoptotic cell death. In this investigation, S. miltiorrhiza root
extract has been shown to induce ROS-mediated apoptotic cancer cell death.
Furthermore, activation of caspase 9 suggested that the upstream mitochondrial
dysfunction was initiated. Cleavage of the effectors caspase 3 and 7 ensured
caspase-dependent apoptotic pathway was activated. The phenomenon was also
observed in the results of CPT and miltirone-induced cytotoxic effects, suggesting
that tanshinones are the main active compounds of S. miltiorrhiza against growth of
ALL cells.

In response to genotoxic stress caused by environmental or endogenous insults such
as ultraviolet radiation, various chemicals and reactive cellular metabolites, cell cycle
checkpoints can be initiated to slow down or arrest cell cycle progression, allowing
the cell to repair or prevent the transmission of damaged chromosomes. Cell cycle
checkpoint regulation can also activate pathways leading to apoptosis to remove
damaged cells from tissues. Defects in these processes may lead to formation of
cancer cells which summarize hypersensitivity to cellular stress, and susceptibility to
DNA damage, genomic defects, and resistance to apoptosis [256].The DNA-damage
response network is highly complex and involves a multitude of proteins that sense
the damage, transduce signals into cells and execute cellular responses. DNA
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double-strand break ‘“sensor” proteins constitute NBS1/Mrel1/Rad50 multiprotein
complexes recruited at DNA damage sites, where they create rapidly-expanding
nuclear foci referred to as DNA damage heterochromatin foci. The “transducer”
protein of DNA double-strand breaks is the phosphoinositide 3-kinase-related
ataxia-telangiectasia-mutated (ATM) kinase, which, in turn, activates multiple
“effector” proteins, including p53, Mdm2, and CHK?2. Activation of these “effector”
proteins influences cell-cycle progression and arrest, cellular senescence and
apoptosis activation [257,258]. Cell cyle transition is regulated by cyclin-dependent
kinases (CDK), cyclin proteins and CDK inhibitors. In general, DNA damage in the
G2 phase prevents transition into mitosis. P53 is activated by ATM and ATM- and
Rad3-related (ATR) protein kinases in response to DNA damage, resulting in increase
of p21(Cip/Kip family of CDK inhibitors). This protein inhibits cdc2 activity (also
known as CDK1) - cyclin B1 complex. Down-regulation of this complex halts cell
cycle at the G2/M checkpoint [204,259]. Taken miltirone as an example,
miltirone-induced G2/M arrest was validated by up-regulation of CDKN1A (p21) and
down-regulation of CDC2/CCNBL1. Interestingly, TP53 (p53) gene expression was not
significantly changed In previous reports, G2/M arrest and p21 expression were
regulated in a p53-independent way [260,261]. A possible explanation is that ATM
and ATR inhibited CDC2 by phosphorylating tyrosine 15 and threonine 14, thereby
stimulating G2/M arrest [233].

PARP is another important DNA damage sensor. It binds at sites of single- or
double-strand DNA breaks and initiates repair process. Activated PARP can deplete
the ATP of a cell in an attempt to repair the damaged DNA. Once cells undergo
apoptosis, PARP is cleaved by caspases, which in turn inactivate PARP. Therefore,
cleavage of PARP is associated with caspase-dependent apoptotic pathway [184].
PARP cleavage that mediated by caspases in intrinsic pathway and G2/M arrest
stimulated by CPT and miltirone implied that they are potentially a DNA-damaging
inducer.

RA induced DNA damage, PARP cleavage and dusfunction of mitochondria, howener,
it generated ROS-independent and caspase-dependent cell death. The underlying
mechanisms of RA against ALL cell growth are discussed in detail in the seperated

chapter below.
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5.2 Molecular basis of CPT-mediated anticancer effects

Compare analysis

It is well documented that the cancer cells’ response to chemotherapeutic agents is
determined by multiple factors [262]. To gain insight into the determinants of cellular
sensitivity and resistance towards S. miltiorrhiza root extract, we selected CPT as
main constituent and performed a microarray-based transcriptome-wide COMPARE
analysis for 60 cancer cell lines to identify genes, whose mRNA expression correlated
with the logio ICso values of CPT. As listed in Table 5, the encoded proteins exerted
diverse function, including cellular adhesion (HAPLN3) [263], cell proliferation
(OPTN, PARD3) [264-266], DNA methylation (GNAS, PRKD1) [267,268],
mitochondrial biogenesis and components (DCTN6, MRPL44) [269], and signal
transduction and transcriptional regulators (NMT2, ZCCHC9, ZEB2, ZMIZ2)
[270,271]. Among these genes, Zinc finger E-box-binding homeobox 2 (ZEB2) and
N-myristoyltransferase 2 (NMT2) are determinants, which are known to render cells
resistant to drugs. ZEB2 is involved in apoptotic regulation, which contributes to
MDR associated with E2F1 overexpression. This transcription factor up-regulates
P-gp [272,273]. NMT2 is known to inhibit cancer cell apoptosis [274]. Induction of
the NMT2 gene in drug-resistant osteosarcoma cell lines suggested a role for drug
resistance [275]. The other genes are not reported as of yet to be involved in drug
resistance. However, the function or pathways, which these genes are assigned to are
known to be relevant for drug resistance, e.g. cell-cell adhesion [276-278], DNA
methylation [279-281], cell death mechanisms [282,283], and signal transduction
[284-286]. The results draw a diverse picture of different gene functions and
cancer-associated mechanisms. This implies that CPT exerts multifactorially
determined cytotoxicity towards cancer cells, as most natural products do. It deserves
further studies to unravel the full range of molecular mechanisms that determine the
responsiveness of tumor cells to CPT.

CPT initiates UPR and interferes protein translation

Based on the microarray and bioinformatic results, treatment of CPT on CCRF-CEM
cells induced ER stress mainly through deregulation of IRE1-XBP1 and ATF4-CHOP
pathways. Transcription of the CHOP gene has been reported to be activated by XBP1,
ATF4 and ATF6 [148]. It is worth mentioning that CHOP induced GADD34
expression, which regulates restoration of protein synthesis via a negative feedback
loop by dephosphorylation of elF-2a.. The recovery of protein translation might be in
favor of synthesis of pro-apoptotic molecules [144, 287]. Expression of GADD34 is
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associated with increased sensitivity to apoptosis [146]. Previous reports showed that
CPT induced ROS and CHOP expression, and contributed to apoptosis of human
hematoma, melanoma and breast cancer cells [288,289]. Combined with the data
which unraveled the ROS-dependent intrinsic apoptotic pathway upon CPT treatment,
the present investigation suggested that ER stress is potentially involved in
CPT-induced apoptosis in ALL cells.

Inhibitors targeting PI3K/mTOR signaling are under evaluation in human clinical
trials, including BEZ235 (phase Il) and GSK2126458 (phase I) showing anticancer
activity in a variety of cancers, such as metastatic breast cancer, lymphoma and
advanced solid tumors [290]. Previous investigations also revealed that CPT inhibited
signaling pathways of PI3K and mTOR, and regulated expression of downstream
molecules, which led to attenuation of cancer development [291,292]. Our docking
approach revealed that CPT may target PISK/mTOR, which corroborates these
findings. However, it is also reported that mTOR inhibitors or PI3K/mTOR dual
inhibitors led to resistance by MYC-driven elevation of elF4F complex [293].
Therefore, the combination of such inhibitors with those targeting the elF4F complex
may be expected as improved anticancer strategy. Here we showed that CPT
potentially bound to elF4A, one of the components of elF4F. Hence, CPT may be a
suitable component for such combination treatments.

5.3 Anticancer mechanisms of RA

RA has been recognized as important natural antioxidant, which possesses antioxidant
activities by scavenging free radicals, increasing antioxidant enzymes such as
superoxide dismutase (SOD) and glutathione peroxidase and decreasing
malondialdehyde (MDA) resulting from lipid peroxidation [294-296]. Furthermore,
RA acts in an anti-inflammatory manner and prevents from oxidative injuries
[297,298]. Our result showed that RA was not capable of generating ROS, which
might be attributed to the feature of RA as antioxidant. In this regard, RA-induced
DNA damage did not result from excess ROS generation. Rather, RA acts potentially
as a genotoxin through other mechanisms involving intercalation of DNA and/or
inhibition of topoisomerase, DNA polymerase and ribonucleotide reductase [299,300].
Other antioxidants such as epigallocatechin gallate (EGCG) exert not only genotoxic,
but also mutagenic effects with reductive DNA damage in normal cells [301].
Therefore, it warrants more investigation to figure out, whether RA treatment
generates genotoxic or mutagenic effect.
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As mentioned above, PARP activity is regulated by many factors, such as DNA
damage, caspases, and intracellular NAD" concentrations. Activation of PARP
represents DNA damage is sensed and DNA repair is initiated. Cleavage of PARP is
mediated by caspase 3, which results in PARP inactivation and subsequently
apoptosis . Overexpression of PARP not only refers to DNA repair, but also implies
necrotic cell death for depletion of ATP and cellular NAD™ pool [184, 228-230].
AV-PI analysis revealed that RA caused apoptotic and necrotic cell death. The results
are in accordance with the expression of PARP, which depicted cleavage of PARP
from 116 to 89 kDa and activation of full-length PARP simultaneously. Activation of
PARP has been observed in lower concentration of RA, meaning that treatment of RA
triggered process of DNA repair. Concerning the comet assay and cell cycle assay, it
further confirms that low dose of RA caused DNA insults and triggered DNA repair

system protected cells from damages by showing unchanged cell cycle regulation.

Apoptosis and necrosis are by definition two extremes of possible types of cell death.
It seems that the availability of ATP is decisive for the mode of cell death [302]. In
particular, DNA-damaging compounds lead to activation of the energy-consuming
DNA repair machinery in cells and thus to extensive exhaustion of cellular NAD" and
ATP pools caused by PARP activation [303]. As a consequence cells are no longer
able to perform the energy-requiring molecular and structural changes (e.g. nuclear
condensation and DNA degradation) necessary for apoptosis, and necrosis will occur
instead [228]. The mechanism that RA simultaneously induced apoptotic and necrotic
cell death remains unclear. Indeed, in various cell types, a narrow range of ATP
depletion (15-25% of basal levels) has been found to represent a threshold that
determines whether a cell dies by apoptosis or by necrosis, and below this threshold
necrosis is the dominant cell death pathway [304]. It seems that DNA damage leads to
extensive PARP activity and thus to a rapid consumption of NAD* and ATP, which
subsequently leads to a necrotic mode of ALL cell death in vitro. To further confirm
RA-induced necrotic cell death warrants investigations involving morphologic
identification by electron microscopy and analysis of ATP depletion.

Western blotting and luminescence assays (data not shown) confirmed that caspases 3,
7 and 9, which play a vital role in mitochondrial apoptosis, were not activated by RA.
In addition, RA also induced cytotoxic effects towards caspase 3-null MCF-7 cell line,
confirming caspase 3-independent cell death mode by RA. Our result was supported

by the authors Xavier et al., who have shown that RA- promoted apoptosis on colon
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cancer cells is not dependent on caspase 3 and 9 [112]. One report revealed that
caspases are involved in RA-induced mitochondrial-dependent apoptotic pathway in
HepG2 and Jurkat cells [305-306]. Therefore, induction of apoptosis by RA might be
cell type specific. In light with the result that pancaspase inhibitor zZVAD reversed
RA-induced cell death, it is reasonable to speculate that cleavage of PARP may be
mediated by other caspases [307,308]. Considering that RA induced DNA damage,
mitochondrial dysfunction and caspases-independent pathway, it is worth mentioning
that these effects caused by RA might be related to apoptosis inducing factor (AIF)
and endonuclease G (ENDOG), which translocate to the nucleus and mediate
large-scale DNA fragmentation [127].

Due to genetic alternations, cancer cells develop the capacity to circumvent apoptotic
cell death and resistance to chemotherapeutic agents [309], which leads to failure of
anti-cancer treatment. Therefore, other types of cell death such as necrosis, autophagy
and mitotic catastrophe against apoptosis-resistant cancer cells have gained much
attention [310,311]. Necrosis shows morphological changes by random DNA
fragmentation, increase in cell volume, swelling of organelles, loss of plasma
membrane integrity, and leakage of intracellular contents. Necrotic cell death has been
thought to be a cause of inflammatory reactions. However, necrotic cells are not
always proinflammatory and occasionally can also inhibit inflammatory responses
[312,313], implying the complexity of necrosis-induced inflammation. ROS
production and NF«B signaling are important for inflammatory processes [314,315].
Since the NFxB activity was repressed and ROS generation was unchanged upon RA
treatment, RA may be less harmful to healthy tissues by conquering inflammatory
response induced by necrotic death. Of note, several reports revealed that ROS
generation and NFxB activation leads to up-regulation of P-gp [316-318]. Moreover,
increased ROS generation upon chemotherapeutic agents induced mitochondrial DNA
mutations, resulting in resistance of leukemia cells to anti-cancer drug [319]. Thus,
the occurrence of MDR might be avoided by RA treatment. Additionally, necrotic cell
death is thought to be immunogenic, and to stimulate immune responses against
cancer cells [320-322]. Taken together, the mode of cell death induced by RA is worth
considering as novel anti-cancer strategy.

5.4 Callus produces RA and Sal B from S. miltiorrhiza leaf and stem

In this study, callus cultures were successfully generated from S. miltiorrhiza leaves
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and stems on modified MS solid medium with optimized concentration of growth
regulators. Our results are in good agreement with other reports that 2,4-D in
combination with kinetin favors callus growth and the production of secondary
metabolites [323,324].

HPLC analysis revealed that RA and Sal B were the major components in plant and
callus extracts. Both of the detected constituents are caffeic acid derivatives. The
establishment of productive callus culture systems to gain desired phytochemicals
results from plant materials originally having high-yield potential [325]. In
accordance with previous research, our results showed that, plant and callus stem
produced greater amounts of RA and Sal B than plant and callus leaf extracts did. The
callus culture system allows growth in a medium containing more carbon source and
growth hormones than in the normal atmosphere. The nutrient-rich environment
might promote higher biosynthesis of phenols. Therefore, it is not surprising that S.
miltiorrhiza stem and leaf extracts from callus cultures generated higher amounts of
RA and Sal B than field-cultivated plants. The phenomenon seen in our investigation
IS in agreement with other studies [326,327]. In addition, different combinations of
nutrition additives in the medium may also influence the yield production of the
desired compounds. This has been reported for RA synthesis [326]. Thus, the
composition of nutrients in the culture medium needs to be optimized to obtain the
maximum amount of desired compounds.

The variations in the distribution of individual phenolic compounds in the plant parts
remain unclear. Previous studies revealed that leaves contain the second highest
amounts of bioactive components after roots, and most of these compounds are
water-soluble [328,329]. Accumulation of phenolics in the leaves may serve as
defense strategy against UV-B radiation. UV-sensitized phenolics activate specific
antioxidant systems and prevent the plant from DNA damage and cell death [330,331].
These finding are in agreement with data of Modarres et al., [332], showing that
superior yields of caffeic acid derivatives in the leaves of Salvia leriifolia.
Interestingly, our results indicated that leaves contained less active components than
stems. This phenomenon might be attributed to geographical or climate-related factors.
A recent study suggested that the distribution of phenolics in SM differs at different
stages. Phenolic compounds are transported from leaves through the stem and
ultimately to the root during growth [333]. Therefore, the harvest time may
considerably determine the quantities of phenolic components in SM.
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We have shown that the extracts containing RA and Sal B inhibited CCRF-CEM cell
growth. In addition, a synergetic growth inhibitory effect was by the combination of
RA and Sal B in CCRF-CEM cells, suggesting the chemotherapeutic potential of
callus or plant stem and leaf extracts from S. miltiorrhiza.
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6. Summary and conclusion

The goal of the study is to identify the mode of actions that underlie the anticancer
effects of S. miltiorrhiza and its major compounds including cryptotanshinone,
miltirone and rosmarinic acid. S. miltiorrhiza root extract exerted cytotoxicity towards
various sensitive and resistant cancer cells. CEM/ADRS5000 cells were shown nearly
identical sensitive to CCRF-CEM cells, while HCT116 (p53”) and U87.MGAEGFR
cells were hypersensitive (collateral sensitive) compared to their parental cells. S.
miltiorrhiza root extract stimulated ROS generation, cell cycle S phase arrest and
triggered intrinsic apoptotic pathway on CCRF-CEM cells. To develop new
chemotherapeutic agents against resistant cancer cells, it is worthwhile to further
investigate the selective cytotoxicity towards EGFR-overexpressing and p53-mutant
cell lines by SM root extract, giving hope for development of new anti-cancer drugs
which confer sensitivity to tumors resistant to conventional chemotherapy.

Guided by HPLC analysis of S. miltiorrhiza, we illustrated the mechanisms of
cryptotanshinone, miltirone and rosmarinic acid towards CCRF-CEM cells as follows:

(1) Cryptotanshinone stimulated ROS generation and induced DNA damage. It
arrested cells in G2/M phase of the cell cycle and induced mitochondrial-mediated
intrinsic apoptosis. DNA-binding motif analysis of the microarrary-retrived
deregulated genes in the promoter region revealed NFxB as potential transcription
factor involved in cryptothanshinone’s mode of action. Molecular docking and
western blotting provided supportive evidence suggesting that cryptotanshinone binds
to IKK-B and inhibits the translocation of p65 from the cytosol to the nucleus. In
addition, cryptotanshonone inhibited cellular movement, indicating that this
compound exerts anti-invasive features. In addition, cryptotanshinone triggered genes
(e.g. DDIT3, XBP1, GADD34 and ATF4) related to UPR and cell apoptosis.
Molecular docking suggested inhibitory effects of crptotanshinone by binding to
elF-4A and PI3K providing evidence for a role of crptotanshinone’s in the disruption
of protein synthesis via elF-mediated translation initiation. These findings potentially
support cryptotanshinone-induced cytotoxic effects toward acute leukemia cells.

(2) Miltirone inhibited multidrug-resistant CEM/ADRS5000 cells better than
drug-sensitive CCRF-CEM wild-type cells — a phenomenon termed -collateral
sensitivity. Furthermore, miltirone showed less active against normal lymphocytes,
indicating normal cells might be less affected in patients. Flow cytometric analyses

revealed that miltirone induced G2/M arrest and apoptosis. Down-regulation of
CCNBI (cyclin B1) and CDC2 mRNA and up-regulation of CDKNIA (p21) mRNA
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were in accord with miltirone-induced G2/M arrest. Furthermore, miltirone stimulated
ROS generation and MMP disruption, which in turn induced DNA damage and
activation of caspases and PARP. Moreover, miltirone decreased cell adherence to
fibronectin. Molecular docking revealed that miltirone bound to the ATP binding site
of IKK-f.

(3) Rosmarinic acid dose-dependently inhibited CCRF-CEM and CEM/ADR5000
cells, but caused less cytotoxicity towards normal lymphocytes. RA simultaneously
induced apoptosis and necrosis. DNA damage was dose-dependently induced without
ROS generation, which subsequently led to cell cycle arrest. Rosmarinic
acid-stimulated MMP dysfunction activated PARP-cleavage and caspase-independent
apoptosis. In accordance with molecular docking and gene promoter binding motif
analyses, p65 translocation from the cytosol to the nucleus was blocked, indicating a
mechanistic role of the NFkB pathway to explain rosmarinic acid’s action.
Rosmarinic acid affected cellular movement as evaluated by ameliorating cell
adhesion to fibronectin.

In an additional project, rosmarinic acid and salvianolic acid B were identified as the
main constituents with therapeutic effects in extracts and callus culture of S.
miltiorrhiza leaf and stem parts. Extracts from respective callus culture showed
cytotoxic effects towards CCRF-CEM cells. These established experimental
approaches pave a way to utilize leaf and stem parts of S. miltiorrhiza, which are
considered as a waste of the medicinal plant, to generate rosmarinic acid and
salvianolic acid B in the industry.

In conclusion, these results suggest that crptotanshinone, miltirone and rosmarinic
acid may serve as potential chemotherapeutic agents in anti-leukemia therapy, and
may contribute to the rationale use of Salvia miltiorhizza in traditional medicine of
cancer.
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