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Abstract i

Abstract

The identification of molecular processes involved in cancer development and prognosis opened
avenues for targeted therapies, which made treatment more tumor-specific and less toxic than
conventional therapies. One important example is the epidermal growth factor receptor (EGFR)
and EGFR-specific inhibitors (i.e. erlotinib). However, challenges such as drug resistance still
remain in targeted therapies. Therefore, novel candidate compounds and new strategies are
needed for improvement of therapy efficacy. Shikonin and its derivatives are cytotoxic
constituents in traditional Chinese herbal medicine Zicao (Lithospermum erythrorhizin). In this
study, we investigated the molecular mechanisms underlying the anti-cancer effects of shikonin
and its derivatives in glioblastoma cells and leukemia cells. Most of shikonin derivatives
showed strong cytotoxicity towards erlotinib-resistant glioblastoma cells, especially
U87MG.AEGFR cells which overexpressed a deletion-activated EGFR (AEGFR). Moreover,
shikonin and some derivatives worked synergistically with erlotinib in killing EGFR-
overexpressing cells. Combination treatment with shikonin and erlotinib overcame the drug
resistance of these cells to erlotinib. Western blotting analysis revealed that shikonin inhibited
AEGFR phosphorylation and led to corresponding decreases in phosphorylation of EGFR
downstream molecules. By means of Loewe additivity and Bliss independence drug interaction
models, we found erlotinb and shikonin or its derivatives corporately suppressed AEGFR
phosphorylation. We believed this to be a main mechanism responsible for their synergism in
U87MG.AEGFR cells. In leukemia cells, which did not express EGFR, shikonin and its
derivatives exhibited even greater cytotoxicity, suggesting the existence of other mechanisms.
Microarray-based gene expression analysis uncovered the transcription factor c-MYC as the
commonly deregulated molecule by shikonin and its derivatives. As validated by Western
blotting analysis, DNA-binding assays and molecular docking, shikonin and its derivatives
bound and inhibited c-MYC. Furthermore, the deregulation of ERK, JNK MAPK and AKT
activity was closely associated with the reduction of c-MYC, indicating the involvement of
these signaling molecules in shikonin-triggered c-MYC inactivation. In conclusion, the
inhibition of EGFR signaling, synergism with erlotinib and targeting of c-MYC illustrate the
multi-targeted feature of natural naphthoquinones such as shikonin and derivatives. This may

open attractive possibilities for their use in a molecular targeted cancer therapy.
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Zusammenfassung

Die Identifizierung molekularer Prozesse der Krebsentstehung und -prognose erdffnet
zahlrahlreiche Moglichkeiten fur zielgerichtete Therapien, welche Tumor-spezifischer und
weniger toxisch sind als konventionelle Methoden. Ein wichtiges Beispiel ist der epidermale
Wachstumsfaktor-Rezeptor (EGFR) und EGFR-spezifische Hemmstoffe (z.B. Erlotinib).
Jedoch bleibt das Problem der Medikamentenresistenz auch bei zielgerichteten Therapien
bestehen. Deshalb weden neue Kandidatensubstanzen und neue Strategien zur VVerbesserung der
Therapieeffizienz bendtigt. Shikonin und seine Derivate sind zytotoxische Inhaltsstoffe der
traditional chinesischen Heilpflanze Zicao (Lithospermum erythrorhizon). In dieser Dissertation
untersuchten wir die zugrundeliegenden molekularen Mechanismen der antitumoralen Wirkung
von Shikonin und seinen Derivaten in Glioblastom- und Leuk&miezellen. Die meisten
Shikoninderivate zeigten eine starke Zytotoxizitdt gegenlber Erlotinib-resistenten
Glioblastomzellen-besonders gegentiber U87.MGAEGFR Zellen, welche einen deletions-
aktivierten EGFR (AEGFR) exprimierten. Dariiber hinaus wirkten Shikonin und einige Derivate
zusammen mit Erlotinib synergistisch bei der Abtétung von U87.MGAEGFR Zellen. Die
Kombinationsbehandlung mit Shikonin und Erlotinib Gberwand die Resistenz dieser Zellen zu
Erlotinib. Western-Blot Analysen zeigten, dass Shikonin die AEGFR-Phosphorylierung hemmte
und dass die Phosphorylierung EGFR-nachgeschalteter Molekiile ebenfalls sank. Mittels Loewe
Additivitats- und Bliss unabhéngige Medikamenten-Interaktions-Modellen fanden wir, dass
Erlotinib und Shikonin (bzw. seine Derivate) gemeinsam die AEGFR-Phosphorylierung
hemmten. Wir glauben, dass das der Hauptmechanismus ist, welcher fir den Synergismus in
U87.MGAEGFR Zellen verantwortlich ist. In Leukdmiezellen, welche kein EGFR exprimieren,
wiesen Shikonin und seine Derivate sogar noch hohere Zytotoxizitaten auf, was auf die Existenz
anderer Mechanimen hindeutet. Microarray-basierte Genexpressionsanalysen deckten den
Transkriptionsfaktor c-MYC als gemeisam dereguliertes Molekil durch Shikonin und seine
Detivate auf. Wie durch Western-Blot Analysen, DNA-Bindungs-Assays und molekulares
Docking bestatigt wurde, banden und hemmten Shikonin und Derivate c-MYC. Weiterhin war
eine Deregulation der ERK, JNK, MAPK und AKT Aktivitat eng assoziiert mit einer c-MYC
Reduktion. Dies weist auf eine Einbindung dieser Signalmolekdle in die Shikonin-gesteuerte c-
MYC Inaktivierung hin. Zusammenfassend veranschaulicht die Hemmung von EGFR-
Signalwegen, der Synergismus mit Erlotinib sowie die zielgerichtete Bindung an c-MYC die
multi-Target Eigenschaften natlrlich vorkommender Naphthochinone wie Shikonin und seine
Derivate. Dies ertffnet attraktive Mdoglichkeiten fiir deren Gebrauch in der molekularen,
zielgerichteten Krebstherapie.
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1 Introduction

1.1 General information about Cancer

According to the World Cancer Report 2014 published by the World Health Organization
(WHO), cancer is now the leading cause of morbidity and mortality worldwide, accounting for
14.1 million new cases and 8.2 million deaths in 2012, among which about a quarter of the
incidence burden and mortality proportions occur in Europe and China [1]. With the
continuing growth and aging of the world’s population, the predicted global cancer burden is
expected to exceed 20 million new cancer cases and 12 million deaths annually by 2025 [2].

World

Incidence: 14.1 million estimated new cases Mortality: 8.2 million estimated deaths

Sub-Saharan

Sub-Saharan
Affica  \siqdie East &
North Africa

Central Asia

Figure 1: Estimated world cancer incidence and mortality proportions by major world regions, in both

sexes combined, 2012. Image taken from Stewart and Wild [1].

Cancer, also known as malignant neoplasm, has more than 100 different types, which roughly
fall into two categories: solid and hematological malignancies. Solid tumors are abnormal
mass of tissue usually free of cysts or liquid areas and formed by cells which may stem from
different tissue types such as brain, breast, lung or liver. They initially grow in the organ of its
cellular origin and may spread to other organs through metastatic growth in advanced stages.
Hematological malignancies are cancer types that occur in cells of the immune system like
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lymph nodes or in blood-forming tissues including bone marrow. Examples of hematologic
cancers are acute and chronic leukemia, lymphomas, multiple myeloma [3]. All various types
of cancers are fundamentally characterized by uncontrolled growth and spread of abnormal
cells. Carcinogenesis, the term for formation of a cancer, is a complex, multistep, multipath
process that usually initiates with a genetic alteration, which causes either the activation of
proto-oncogenes or the inactivation of tumor-suppressor genes, leading to abnormal
proliferation of a single cell [4]. By the selective clonal expansion of initiated cells and further
several genetic mutations, tumor cells continuously become more aggressive, rapid-growing
and increasingly malignant, ultimately the invasion of cancerous cells into regional tissues as
well as metastatic spread of cancerous cells to distant locations result in life-threatening
consequences overtime [5]. The causes responsible for initial genetic mutations and cancer
development lie in inherited genetic defects but mostly in environmental factors, such as
exposure to radiation, chemicals, smoke and pollution, or infection by viruses, e.g. hepatitis B
[6]. The rising tendency of cancer incidence and mortality forces the humanity to work more

on the cancer prevention and treatments.

Multistep Carcinogenesis

* Defects in terminal differentiation
+ Defects in growth control
Body * Resistance to cytotoxicity
surface » Defects in programmed cell death

l

—— Chemical

Deactivation Excretion

Selective

Genetic clonal Genetic Genetic Genetic
5 Activation change Q expansion  — . change change change
3 @ 525, @
g g25s) EH0
o ) &
Inhibition
Normal cell
— Virus
Initiated cell Preneoplastic Malignant Clinical Cancer
lesion tumor cancer metastasis

+ Activation of protooncogenes
« Inactivation of tumor-suppressor genes
= Inactivation of genomic stability genes

Figure 2: Multistage carcinogenesis. Conceptually four stages involved: tumor initiation, tumor

promotion, malignant conversion, and tumor progression. Image taken from Kufe et al [5].
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1.2 Cancer treatment

Cancer is not a new disease, during centuries of struggle against it, especially in the last
hundred years, various treatment modalities containing surgery, radiation therapy,
chemotherapy, immunotherapy, hormone therapy and new option targeted therapy had been
discovered and developed to effectively counterattack cancers. Which strategy to use for a
certain cancer lies on the type, localization and grade of the cancer as well as the patient’s
health and wishes. Usually a combination of treatments, such as surgery with chemotherapy
and/or radiation therapy, is applied in clinic to fulfill the ultimate goal of curing the disease,
prolonging life and improving quality of life [7]. The following paragraphs will focus on the

chemotherapy and the recently emerged mechanism-based target therapy.

1.2.1 Chemotherapy

The use of chemicals to treat disease was termed ‘chemotherapy’ in 1914 by the famous German
chemist Paul Ehrlich [8]. However, it is not until 1940s when a compound called nitrogen
mustard was found to work against lymphoma and make marked regression in lymphoma
patients, the chemotherapy stepped into the landscape of cancer treatment and ended the age
when surgery and radiotherapy were the only effective way to fight tumor growth [8]. More
importantly, the appearance of cancer chemotherapy enabled metastatic cancers curable for the
first time. Over the years, more than one hundred chemotherapy drugs have been successfully
developed and available now in clinics to treat many types of cancers. They are often used as an
adjuvant treatment after surgery or radiation therapy to maintain and strengthen the therapeutic
effect by destroying any remaining cancer cells in the body. When applied before surgery or
irradiation therapy as neoadjuvant treatment, they help to shrink tumors for further operation.
The general principle for classic chemotherapeutic agents is to interrupt with cell division-
related metabolic processes such as DNA, RNA, and protein biosynthesis [9]. Based on their
specific biochemical structure and mode of action, cancer chemotherapy drugs fall into a small
number of broad categories including: alkylating agents (e.g. cyclophosphamide and
mitozolomide), heavy metals (e.g. cisplatin and oxaliplatin), antimetabolites (e.g. pyrimidine
analogues), cytotoxic antibiotics (e.g. anthracyclines), spindle poisons (e.g. Vinca alkaloids),

toxoids and topoisomerase inhibitors [10]. Due to wide effect in the treatment of cancer,
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chemotherapy remains the backbone of current treatment. But there are also a number of
limitations in their safety profile and efficacy. Because these chemotherapeutic agents mainly
affect rapidly dividing cells, some normal cells that grow actively (e.g. blood, mouth, intestines
and hair) will also be compromised by chemotherapy drugs. Consequently, the resulting severe
side effect such as bleeding problems, mucositis, gastrointestinal distress, dramatic hair loss and
so on, lead to a narrow therapeutic index for most chemotherapeutic agents [11]. Therefore, a
new generation of anti-cancer drugs with more tumor-specificity and fewer side effects has been

designed over the past decades, beginning the era of ‘targeted therapy’.

1.2.2 Targeted cancer therapy

The advent of targeted therapy is inseparable from the tremendous advances in understanding
of the molecular biology of cancers. The hallmarks that are necessary for tumor growth and
progression include resistance to cell death, self-dependence on positive regulatory signals,
avoidance of growth suppressors and immune destruction, limitless replicative potential,
capability of inducing angiogenesis and deregulating cellular energetics, and the ability to
invade and establish distant metastasis [12]. Treatment with drugs that target certain specific
molecules or signaling pathways that play a crucial role in these hallmarks is so called targeted
therapy. Currently more than 30 targeted therapy drugs are available in clinical use. They have
become an important component of treatment for many types of cancer, such as breast,
colorectal, lung, and pancreatic cancers, as well as lymphoma, leukemia, and multiple
myeloma[13]. Most of them counter cancer cell growth by targeting members from epidermal
receptor family (e.g. EGFR and HER2/neu), pro-angiogenic factors (e.g. VEGF), proteasomes,
the fusion protein BCR-ADI or cluster of differentiation (CD) system. Meanwhile, there is a
deep pipeline of candidate drugs under development for either these proven valuable targets or
some new promising targets, such as c-MYC [14, 15], PI3K pathway [16], PARP [17] and so
on [18]. Figure 3 gives an overview of some targeted therapy drugs that are in clinical trials or
have been approved for clinical use against the therapeutic targeting of the hallmarks of cancer
[12]. Detailed introductions to two attractive molecules, EGFR and c-MYC, as drug targets for

cancer therapy can be found in chapter 1.4 and 1.5.
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Figure 3: Categories for targeted therapeutics according to their respective effects on the hallmark

capabilities of cancer cell. Image taken from Hanahan and Weinberg [12].

1.2.3 Drug resistance and combination cancer therapy

Despite targeted cancer therapy drugs have achieved great successes in the last 20 years, they

also suffer from a considerable failure rate as chemotherapeutic agents, in large part due to the

development of drug resistance, which is a fundamental problem and limitation facing all

successful cancer therapies [19].

In nearly 50% of all cancer types, resistance to

chemotherapy/targeted therapy is already present prior to drug administration (intrinsic

resistance), and the large proportion of the remaining half will develop resistance during

treatment (acquired resistance) [20]. The mechanisms of acquired drug resistance to classic

chemotherapies and targeted drugs are generally similar and can be broadly divided into two

groups: genetic and non-genetic [21, 22]. Genetic mechanisms virtually result from tumor cell
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heterogeneity. Under the selective pressure (e.g. drug treatment), they readily develop
mutations that can confer resistance in their genome and rapidly equip this resistance for
whole population by clonal expansion, leading to lack of response to treatment. Genetic
alterations responsible for drug resistance mainly include mutation to drug targets, activation
or loss of downstream signaling components and activation of alternative compensatory
signaling pathways [22]. For example, advanced non-small-cell lung cancer (NSCLC) patients
who initially show marked responses to EGFR tyrosine kinase inhibitors (TKIs) develop
resistance to them within ~12 months due to a secondary mutation in the EGFR kinase
domain (T790M), which increases the affinity for ATP and weakens the affinity for ATP-
competitive inhibitors, and the activation of an alternative oncogene able to compensate for
the inhibited signaling pathways [23-25]. Although remaining less characterized, a number of
non-genetic mechanisms also contribute to the acquisition of resistance to cancer drugs,
among which tumor microenvironment and cancer stem cells play the most significant roles
[22].

Another most prevalent and important resistance mechanism for both chemotherapies and
targeted therapies is increased drug efflux, which is mainly mediated by the ATP-binding
cassette (ABC) transporters. These transporters are transmembrane proteins utilizing the
energy of ATP hydrolysis to regulate drug efflux and thus reduce intracellular drug levels
below their therapeutic threshold. A large number of structurally and mechanistically
unrelated anti-cancer drugs such as taxanes, topoisomerase inhibitors, antimetabolites and
EGFR inhibitors, can be recognized and excluded from cells by ABC transporters [21],
therefore they are considered to be the principle mechanism of multidrug resistance (MDR)
[26]. P-glycoprotein (P-gp, also known as multidrug resistance protein 1, MDR1 and ABCB1)
is the first identified and best characterized member of all 49 ABC transporters [27].
Overexpression of P-gp, is frequently associated with the intrinsic resistance in many cancers,
such as hepatoma, lung and colon carcinomas [28]. Moreover, the expression of P-gp can be
induced by anti-cancer agents, thus also leading to the acquired development of MDR [29].

Figure 4 illustrates the major mechanisms of cancer cells against anticarcinogens.
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Figure 4: Resistance mechanisms of tumor cells to anti-cancer agents. Genetic alterations such as
mutations in the target and inactivated p53 gene, which inhibits apoptotic signaling pathways and repairs
of drug induced DNA-damage; decreased drug influx; increased drug efflux by MDR1-related proteins
or a compensatory amplification in the amounts of the cellular drug target contribute to the development
of drug resistant. Image taken from http://what-when-how.com/acp-medicine/molecular-genetics-of-

cancer-part-4/.

To conquer polygenic cancer drug resistance, rational combination therapy, which in this
context refers to the use of two or more drugs to fight the same disease, may be the best solution.
The rationale for combination therapy is to use drugs that act by different mechanisms, thereby
broadening target spectrum and increasing therapeutic effectiveness while decreasing the
likelihood of drug resistance [30]. When treated with one drug alone, a cancer cell that develops
a mutation that confers resistance to the drug will acquire proliferative advantage, which finally
leads to the tumor relapses. By that time switching to a second drug is likely to no avail since a
cell resistant to both drugs may have already emerged. But during combination therapy (using
both drugs simultaneously), cells that are singly resistant to either drug will be eliminated by the
other drug immediately, which therefore reduces the chance of a doubly mutated cell emerging
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and improves the cure rates [31]. (Figure 5) A classic example of combination therapy is using a
‘drug cocktail’ to treat HIV, which successfully tackle the drug resistance problem in HIV [32].
In cancer therapy, the application of combination therapy was inspired in the 1960s when
doctors successfully combined the antifolate methotrexate, tubulin inhibitor vincristine, the
purine nucleotide synthesis inhibitor 6-mercaptoturine and the steroidal agent prednisone to
treat pediatric leukemia [30]. Later on, it extended to and became the standard of care for
Hodgkin’s lymphoma, testicular cancer and epithelial malignancies [32].
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Drugs A+ B

Figure 5: Single-drug versus combination therapy. Combination therapy lowers the likelihood of drug
resistance development compared to using of single drug sequentially and increases treatment

effectiveness. Image taken from Komarova and Boland [31].

However, the majority of previously accumulated clinical protocols for combination therapies
are mainly obtained empirically [33]. They include the consideration on tolerability and
possible pharmacokinetic interactions but lack supporting biochemical and molecular
mechanisms underlining them, therefore it’s hard to estimate the response of a patient to a
combination therapy or identify patients who are likely to respond well to it [30, 33]. Powered

by genomic technologies, advances in understanding of the biology of cancers, and the
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discovery of molecularly targeted therapies, it is now becoming feasible to match patients with
appropriate therapies that are more likely to be effective and safe [30, 34]. In view of this, the
rationally-designed drug combination therapy such as combing targeted drugs that inhibit the
same receptor in more than one way or attack multiple cancer hallmarks is now imperative. The
synergistic effect and circumvention of drug resistance it brings will definitely benefit

personalized cancer treatment.

1.2.4 Natural products for cancer therapy

Natural products are defined as chemical compounds or substances produced naturally by
living organisms, mainly including terrestrial and marine plants and microbes [35]. The great
majority of natural products do not appear to participate directly in growth and development of
those living organisms themselves but influence ecological interactions between them and
their environment, therefore regarded as secondary metabolism[36]. They have evolved for
billion years in response to needs and challenges of the natural environment, such as defense
against competitors, herbivores and pathogens. The biological and geographical diversity

results in the chemical and pharmacological diversity of natural products [37].

A thousand years long history exists of natural products that have been used for the treatment
and prevention of human diseases [38]. In the context of cancer treatment, it can trace back to
American Indians, who used extracts from the roots of mayapple (Podophyllum peltatum) to
combat skin cancers and other malignant neoplasms [39]. The major constituent of this extract
is podophyllotoxin, which was the first in a group of effective anticancer agents known as
podophyllins [40]. Nowadays, natural products play a leading role in the discovery and the
development of drugs for cancer treatment. Natural products or natural-products-derived drugs
comprise over 60% of all anticancer agents approved since 1940 [37]. Representative
examples of plant-derived anticancer agents are Vinca alkaloids from Vinca rosea, the earliest
example, and taxanes originating from Pacific yew bark, the most recent example, which are
presently considered as the most effective antitumor agent [38]. Other anticancer agents
derived from natural sources contain actinomycin D, rapamycin, daunorubicin that are
produced by microbes, as well as cytarabine, trabectedin, aplidine contributed by marine

organisms.
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Due to the diversity of natural products, their anticancer mechanisms are numerous and
distinctive in different components [35]. For example, both vinblastine and taxol act on
microtubules, but the former destabilize microtubules while the latter stabilizes them during
cell division to inhibit cell growth. In case of camptothecin and podophyllotoxin, they function
as DNA topoisomerase inhibitors. Other mechanisms include interruption of angiogenesis,
induction of apoptosis, mitochondrial permeabilization, etc. With the deepening of studies,
many potential anticancer natural products, e.g. curcumin and resveratrol, as well as the
known compounds mentioned above have been reported to exert their effect by interfering
multiple cellular signaling pathways rather than a single target [40]. Since cancer is a
multifactorial disease, this feature of natural products may be favorable for the fight against
cancers. Therefore natural products have to be considered not only as a source of cytotoxicity-
inducing agents, but also for their use as molecularly targeted agents and potential partners in

combination therapy [41, 42].

The search for novel drugs is still a priority goal for cancer therapy [37]. Traditional medicines
such as traditional Chinese medicine (TCM), Ayurveda and others, which have utilized
numerous natural products and developed over centuries, serve as rich resources for modern
drug discovery [40]. Combination of this valuable knowledge with modern cutting-edge
technologies such as genomics, proteomics, combinatorial chemistry and high throughput
screening, provides an attractive and efficient approach for the development of novel and
improved cancer therapeutics. One group of promising anticancer agents derived from TCM

and major subject of this study is the natural naphthoquinones—shikonin and its derivatives.

1.3 Naphthoquinones: shikonin and its derivatives

1.3.1 Sources, structures and biological activities

The naphtoquinones shikonin and its derivatives are the main active molecules present in
traditional Chinese herbal medicine Zicao, which is made from the dried root of Lithospermum
erythrorhizon Sieb et Zucc. (Boraginaceae) [43]. (Figure 6) The application of Zicao in
traditional Chinese medicine can be traced back with certainty to the latter 16" century, as it

was included in the classic compilation of traditional Chinese medicine Pen Ts’ao Kang Mu
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[44]. It is believed to be able to remove heat from the blood and possess properties of
detoxification, and it has been used for centuries as an effective treatment for a variety of
inflammatory and infectious diseases, including burns, anal ulcers, macular eruptions, measles,

sore-throat, carbuncles and oozing dermatitis [45].
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Figure 6: A, Pictures of the plant Lithospermum erythrorhizon (ja.wikipedia.org) and its dried roots
(taken from Vassilios P. Papageorgiou [44] ); B, The chemical structures of shikonin and its derivatives

studied in the thesis.

Shikonin was first isolated as acetylshikonin from the roots of Lithospermum erythrorhizon by
Majima and Kurodain in 1922 [46]. Later on, Brockmann and Liebigs were the first to define
the correct structure of this molecule as 5, 8-dihydroxy-2-[(1R)-1-hydroxy-4-methyl-3-
pentenyl]-1,4-naphthoquinone and identify shikonin’s enantiomer alkannin in 1936 [44]. In
addition to being mostly isolated in the root of Lithospermum erythrorhizon, shikonin, along
with alkannin and other derivate compounds can also be found in many other species of
Boraginaceae family, such as Arnebia euchroma, Echium lycoris, Eritrichium sericeum and
Onosma armeniacum, among others [43]. New strategies such as cell tissue cultures and total
synthesis have been successfully applied in production of shikonin and its derivatives. However,
for mass commercial use of shikonin, we still have to rely upon extraction and isolation form

plants at present [44].
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Biological investigations over the last 40 years have demonstrated a wide spectrum of
pharmacological activities for shikonin and its derivatives, including antioxidant, anti-
inflammatory, anti-cancer, antimicrobial, neuro-/cardio-protective and wound healing effects
[43]. Their diversely beneficial properties stand for a sound scientific basis for the use of Zicao
in folk medicine to treat a variety of inflammatory and infectious diseases. The focus of this

study is their antitumor activities, which will be discussed in more details in the next paragraph.

1.3.2 Anticancer effect

Shikonin and its derivatives were first found exhibiting in vitro cytotoxicity against cancer cells
in 1974 during a mass screening programs of natural products conducted by the National Cancer
Institute of the USA [44]. Three years later, the anti-tumorigenic effects of shikonin and its
derivatives were scientifically confirmed in vivo animal models. They showed complete tumour
growth inhibition and increase in life span at a dose of 5-10mg/kg/day in mice with sarcoma
180 (S-180) ascites cells [47, 48]. Since then, an increasing body of in vitro and in vivo studies
have demonstrated the antitumor activities of shikonin and its derivatives towards various types
of cancer cells, such as leukemia cells [49, 50], breast cancer cells [51, 52], glioma cells [53,

54], bladder cancer cells [55] and lung cancer cells [56] .

The molecular mechanisms underlying shikonin and its derivatives’ antitumor activities vary
depending on the cell type and treatment method [57]. Primarily they exert their antitumor
effects by inhibiting cell growth and inducing apoptosis through a classic caspases-dependent
pathway [57]. A wide spectrum of anticancer mechanisms are involved and play a role in
shikonins-induced apoptosis, such as generation of reactive oxygen species (ROS), suppression
of nuclear factor (NF)-xB-regulated gene products, activation of caspases-9, -8 and -3, release
of the mitochondrial proteins cytochrome c, cleavage of poly (ADP-ribose) polymerase
(PARP), upregulation of p53, cell cycle arrest with concomitant downregulation of cyclin-
dependent proteins, decreased Bcl-2 expression and increased Bax expression, etc. [43] Besides,
shikonin and its derivatives have been shown to induce a non-apoptotic cell death known as
necroptosis to bypass apoptotic/drug resistance [58, 59]. Additionally, shikonin also functions

as a topoisomerase | inhibitor [60] and proteasome inhibitor [61].
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Studies have demonstrated that shikonin selectively kills tumor cells but not normal cells [57].
A clinical trial using a medicinal mixtures containing purified shikonin in 19 patients with late-
stage lung cancer revealed that it was effective for the treatment of late stage cancer and had no
harmful effects on the heart, kidneys, liver, or peripheral blood [62]. The specificity of
shikonin’s cytotoxic effects towards tumor cells and modulation of multiple cancer-associated
cellular targets indicate that this type phytochemical is a promising candidate for targeted

cancer therapy.

1.4 Targeting EGFR for cancer therapy

The epidermal growth factor receptor (EGFR) is among the most studied receptor protein-
tyrosine kinases owing to its general role in signal transduction and in oncogenesis [63].
It is also an example of a target against which several anti-cancer small-molecule inhibitors and
monoclonal antibodies have been successfully developed [64]. Therefore, in the following
paragraphs, function, structure, and importance of EGFR in cancer therapy will be thoroughly

discussed.

1.4.1 Function, structure and downstream signaling pathways

EGFR, also referred to as ErbB1 or HERL, is a 170-kDa transmembrane glycoprotein belonging
to the ERBB/HER superfamily of receptor tyrosine kinase (TK), which comprises four proteins
(ERBB/HER 1 ~ 4) encoded by the c-erbB proto oncogene [63]. These growth factor receptors
are predominantly located on cell surface and play important roles in modulating cell division,
proliferation and differentiation [65]. The structure of EGFR is composed of a cysteine-rich
extracellular region, a single transmembrane region and an intracellular domain containing an
ATP-binding site and TK activity. The extracellular portion has been subdivided into four
domains: domains I and |1l are cysteine-poor and conformationally contain the site for ligand
(e.g. EGF and transforming growing factor (TGF) o) binding. Cysteine-rich domains Il and 1V
contain N-linked glycosylation sites and disulfide bonds, which determine the tertiary
conformation of the external domain of the molecule [66]. Upon binding of ligand to its

extracellular domain, EGFR is known to homodimerize or heterodimerize with HER2, resulting
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in a conformational change that leads to auto-phosphorylation of the intracellular tyrosine
kinase domain. Figure 7 shows the structure and activation of EGFR.
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Figure 7: Modelled structures and dimerization process of EGFR. Image adapted from Gomperts,
Kramer and Tatham [67].

monomer, inactive

Phosphorylated TK residues serve as binding sites for the recruitment of signal transducers and
activators of intracellular substrates, which then initiate numbers of intracellular signaling
pathways, including Ras-Raf mitogen-activated protein kinase (MAPK), Src, STAT3/5, the
phospholipase C (PLCy), protein serine/threonine kinase C (PKC), and the phosphatidylinositol
3-kinase (PI3K)/Akt [65, 68]. The activation of PLCy causes calcium release from intracellular
stores and the generation of diacylglycerol (DAG), the activator of PKC, which is responsible
for transformation, differentiation and apoptosis [69]. Activated Ras binds to Raf, which in turn
triggers the phosphorylation of mitogen-activated protein kinase 1/2 (MEK1/2) and extracellular
signal-regulated kinases 1/2 (ERK1/2). Phosphorylated ERK1/2 translocates into the nucleus
and activates various transcription factors involving in cell-cycle progression and cell
proliferation [70]. EGFR activates PI3K, which then phosphorylates Akt, a well-established
anti-apoptotic kinase that has several cell effects related to cell survival, angiogenesis and so on
[71]. Figure 8 displays the main downstream signaling pathways regulated by EGFR.
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Figure 8: The EGFR signaling pathway. The figure shows signaling pathways that are activated by
EGFR. Important signaling pathways regulated by EGFR are represented with important functions
highlighted in colored boxes. Image taken from Lee and Moon [72].

1.4.2 Rolein cancer and mutations

Although present in normal cells, EGFR is overexpressed in a broad spectrum of solid tumors,
including glioblastoma (GBM), breast cancer, head-and-neck cancer, non-small-cell lung
cancer (NSCLC), renal cancer, ovarian cancer, and colon cancer, which classifies it as one of
the most frequently implicated cell-surface markers for human cancers [65, 66]. Such
overexpression has been associated with tumor progression and poor prognosis, as it produces
intense signal and activates downstream signaling pathways, leading to more aggressive and
invasive cell proliferation. For example, up to 90% of high-grade GBM express EGFR, which is
associated with EGFR gene amplification in 40-50% of GBM [66]. In NSCLC, EGFR is
overexpressed in 40% to 80% of cases and correlated with a high metastatic rate, poor tumor
differentiation, and a high rate of tumor growth [65]. The overexpression of EGFR is
presumably caused by multiple epigenetic mechanisms, gene amplification, and oncogenic

viruses [73].
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Originally, it was thought that EGFR amplification promoted tumor development only by
increasing ligand-activated, growth-stimulatory signaling through wild-type EGFR (EGFRwit).
However, it is now known that in some cancer cells with EGFR amplification have EGFR
mutations, which also play their corresponding roles in contribution to tumor development [66].
Mutations can happen in the extracellular, juxtamembrane regions or kinase domain of EGFR.
Although several EGFR mutations have been documented, the best described and the most
common mutation is EGFRvVIII (also known as de2-7EGFR and AEGFR), which was first
identified in primary human glioblastoma tumors [66]. EGFRvVIII was encoded by EGFRvIII
gene that has an in-frame deletion of 801 base pairs spanning exons 2—7 in the mRNA [74].
This deletion leads to the loss of amino acids 6-273 that include ligand-binding site in the
extracellular domain and decreased molecular mass (145 kDa) of EGFRvIII. The mutated
receptor possesses ligand-independent, constitutive TK activity, which promotes EGFR-
mediated pro-survival and anti-apoptotic signals through the key downstream pathways as
mentioned above. It has been suggested by substantial evidence that EGFRvVIII plays a key role
in increase the tumorigenicity of diverse cancer cells, including breast, lung, prostate and
ovarian cancers, especially GBM [66, 74]. More than 50% GBMs with EGFR gene
amplification express EGFRVIII, which is a poor prognostic factor and correlates with
decreased overall survival in GBM patients [75]. Introduction of EGFRVIII into GBM cell lines
results in an increased proliferation, angiogenesis and invasiveness, as well as reduced apoptosis
compared with matched parental cell lines [74]. Moreover, EGFRVIII is specifically found in
malignancies and has not been found in normal tissues [69], representing a truly tumor-specific

target for drug development.

1.4.3 EGFR inhibitors

A large number of potentially therapeutic agents have been developed directly against
EGFR/AEGFR for cancer treatment, including monoclonal antibodies (mAbs), tumor-antigen
specific vaccines, TK inhibitors (TKIs) and RNA-based therapies [76, 77]. Out of these
approaches, only TKIs are orally active and therefore become the focus of current anti-cancer
drug research. TKIs are small molecules that mechanistically compete for the ATP-binding site
in the TK domain of EGFR, thereby resulting in the ablation of both phosphorylation of the
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receptor and downstream signaling [78]. Several TKIs (e.g. erlotinib, gefitinib, PKI166,
lapatanib, pelitinib and canertinib) have been found to have effective anti-tumor activity and

have been approved or are in clinical trials [68].

Erlotinib, as a representative of best explored TKIs, is a quinazoline derivative which reversibly
inhibits the tyrosine Kinase activity of EGFR and exerts anti-proliferative effects, cell cycle
arrest, as well as induction of apoptosis in preclinical studies [79]. It has been applied in
treatment of NSCLC, pancreatic cancer and several other types of cancer. A recent study
reported that a subset of GBM patients with MGMT promoter methylation and PTEN positivity
showed significantly longer survival with the treatment of erlotinib in combination with
radiotherapy and temozolomide [80]. However, most studies have shown very modest or no
significant survival benefit from TKIs due to the recurrent problem of resistance caused by
mutations in EGFR or tumor heterogeneity [76, 81]. Thus, new treatment strategies are urgently
needed to overcome drug resistance and improve the efficacy of EGFR TKIs. One promising
approach might be the combination treatment with EGFR TKIs and natural products [82]. For
example, results of this study indicated that shikonin and its derivatives synergistically inhibit
EGFR activity and kill cancer cells in combination with erlotinib.

1.5 Targeting c-MYC for cancer therapy
1.5.1 Structure, transcriptional activity and target genes

c-MYC is a 65 kDa oncoprotein transcription factor encoded by the proto-oncogene c-myc,
which belongs to the family of myc genes that also include N-myc and L-myc [83]. ¢c-MYC
protein consists of an amino-terminal domain where lies its transcriptional activation domain
(TAD), a carboxy-termianl domain (CTD) and a central region. The carboxy terminus of c-
Myc is a basic helix-loop-helix leucine zipper (bHLH-LZ) region that is homologous to those
found in characterized transcription factors and functioning as its DNA-binding domain and
dimerization interface for its binding partner Myc-associated factor X (MAX) [84, 85]. c-
MYC heterodimerizes with MAX, which is also a member of bHLH-Lz protein family, to
recognize a consensus sequence “CACGTG”, which is termed the “Enhancer box” (E-box), in

the promoters of its target genes. Thereby, it exerts most of its fundamental biological
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activities. Figure 9 shows the crystal structure of a MYC/MAX heterodimer bound to a

canonical E-box.
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Figure 9: Crystal structure of the bHLH-Lz region of a MYC/MAX heterodimer bound to a canonical E-
box. Image taken from Tansey [85].

c-MYC is a global transcriptional regulator, unlike other transcription factors, c-MYC can bind
to as many as 15% of the genomes and can regulate both genes encoding proteins and those
encoding non-coding RNA products of several functional classes [86, 87]. c-MYC can activate
or repress target genes in transcriptional regulation. Although there is still considerable
controversy over the precise regulation mode of c-MYC responsive genes, the role of c-MYC in
specific classes of genes and various cellular functions has been well known based on the
phenotypic consequences of ectopic c-MYC function on the cell [85, 87]. It plays a pivotal role
in modulating a broad range of cellular events relevant to tumorigenesis, including cell cycle

control, differentiation, genomic stability, metabolism and apoptosis [83].
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For example, cell cycle progression from the GO/G1 into the S phase is tightly controlled by c-
MYC by regulating the expression of cyclins, cyclin dependent kinases (CDK), CDK
inhibitors and the pRb-binding transcription factor E2F [88]. Five of most high-profile tumor

relevant processes that influenced by c-MYC are displayed in Figure 10.

In normal cells, the expression of c-MYC is under the stringent control so that typically there
are only a few thousand molecules per cell [85]. But under cancerous conditions, c-MYC is
usually deregulated and overexpressed due to several mechanisms, such as insertional
mutagenesis, chromosomal translocation, gene amplifications, and constitutive activation of
upstream signaling pathways [86]. Deregulated expression of c-MYC is a hallmark feature of
cancer and essential for certain tumor initiation and maintenance [89]. Averagely, 50% of both
blood-borne and solid human cancers overexpress c-MYC protein, which is frequently
correlated with a poor clinical outcome, aggressive biological behavior, increased likelihood
of relapse, and advanced stage of disease [85, 89]. The following paragraph will emphasize on

the role of c-MYC in hematopoietic malignancies.
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Figure 10: MYC-regulated key tumor-relevant activities. Image taken from Tansey [85].
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1.5.2 Deregulation in hematopoietic malignancies

c-MYC deregulation is closely associated to hematopoietic malignancies [90, 91]. In fact, the
retroviral form, v-MYC was first discovered to cause myelocytomatosis (a type of myeloid
leukemia) in chicken and the oncogene was named after this tumor [85]. Later, the cellular
pendant, c-MYC, was found to be translocated in aggressive Burkitt’s lymphoma. The
important role for c-MYC on leukemogenesis was subsequently confirmed in animal models.
Conditional overexpression of c-MYC in hematopoietic cells in transgenic mice led to the
formation of malignant T-cell lymphomas and acute myleoid leukemias, which were reverted
by inactivation of the c-MYC transgene [92, 93]. Later on, mounting evidence has been
accumulated showing that c-MYC is a key player in hematopoiesis and leukemia [91]. It is
noteworthy that a pristine form of c-MYC or a small expression change of c-MYC is sufficient
to promote tumorigenesis. For instance, in Burkitt lymphoma, which is the paradigm of MYC-
dependent human cancer, expression of c-MYC can be only 2-fold more than normal
lymphocytes [85, 91]. The c-MYC alteration in human hematological malignancies mainly
results from MYC gene translocation, amplification, rearrangement and mRNA overexpression
[91]. Recently, c-MYC is closely correlated to drug resistance in leukemia cells. Leukemic
cell lines resistant to cytarabine displayed a c-MY C-dependent overexpression of the natural
killer (NK) group 2, member D (NKG2D) ligands (NKG2DL) UL-16 binding proteins 1-3
(ULBP1-3) [94]. Up-regulated expression of c-MYC in leukemia cells promoted the colony
formation ability and maintained poor differentiation leading to drug resistance [95]. In
addition, c-MYC contributed to microenvironment-mediated drug resistance in AML [96].
The role of ¢c-MYC in regulating various pro-tumorigenic functions, together with its
extensive deregulation in human cancer, speaks for the potential of c-MYC as therapeutic
target in the quest to cure cancer. Inactivation of c-MYC represents as a novel approach to

improve clinical outcome and prognosis in hematopoietic malignancies treatment.

1.5.3 Strategies to inhibit MYC

Several strategies have been developed to inhibit c-MYC over the past decade, including direct
inhibition of c-MYC, inhibition of c-MYC-dependent transcription signaling, modulation of c-
MYC stability and its upstream pathways [89]. Since interaction of c-MYC with MAX is
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absolutely required for MYC’s oncogenicity, it also provides an important point for c-MYC
regulation. A straightforward strategy to inhibit c-MYC functions is to block its DNA binding
activity by either interfering with c-MYC-MAX dimerization or disrupting the interaction of
transcriptionally-active c-MYC-MAX dimers with DNA [97, 98]. In this context, several small-
molecule c-MYC inhibitors have been identified from large chemical libraries. For some of
them, e.g. 10058-F4 and 10074-G5, the actual binding modes have been elaborately illustrated
[99, 100]. At the level of c-MYC gene transcription, compounds such as bromodomain and
extraterminal domain (BET) inhibitors and G-quadruplex stabilizers have been developed that
attenuate c-MYC transcription by inducing unique and inhibitory DNA structures at the c-MYC
promoter [83]. Another mechanism of c-MYC inactivation involves the interference of signal
transduction pathways that down-regulate c-MYC expression. Many signaling pathways,
including phosphatidylinositol 3-kinase (PI3K)/AKT, Ras-Raf-MEK-ERK mitogen-activated
protein kinase (MAPK), regulate c-MYC mRNA expression and promote c-MYC stability [86,
101]. Marampon et al demonstrated that the inhibition of the MEK/ERK pathway dramatically

decreased c-MY C expression and thus inhibited in cancer cell growth [102].

Numerous studies have proven that c-MYC inhibition or even transient inactivation of c-MYC
leads to tumor collapse in many mouse model systems [103-105]. Furthermore, effective killing
of cancer cells in such models does not require complete blockade of c-MYC activity, but only
attenuating MYC below a certain threshold [85]. This could be a distinct advantage for c-MYC
inhibitors, as they may have a relatively large therapeutic window that could kill tumors without
harming normal cells. However, although several small molecules have been described as c-
MY C inhibitors, none of them is clinically used as of yet. Therefore, novel c-MY C-targeting
drugs are urgently needed. The results of this study reveal that shikonin and its derivatives exert
a strong inhibitory effect on c-MYC and deregulate its upstream signal pathways in killing
leukemia cells, raising the possibility of these compounds to be attractive c-MYC inhibitors.
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2 Aim of the thesis

As the primary active molecules present in traditional Chinese herbal medicine Zicao, the
naphtoquinones shikonin and its derivatives had been shown to possess significant anti-
inflammatory and antimicrobial activities, which stand for a sound scientific basis for the long-
history use of Zicao in folk medicine to treat various infectious diseases. Recently, increasing
evidence revealed that this type compounds have strong antitumor activities towards various
types of cancer cells by influencing several cancer hallmarks, indicating the potential of them as
new anticancer agents in molecular targeted therapy. EGFR is one of the most important
therapeutic targets, against which several small-molecule inhibitors, e.g. erlotinib, have been
developed. However, the rapid development of drug resistance severely limits the efficacy of
these agents. Novel EGFR inhibitors or new strategies such as combination therapy are urgently
needed in order to overcome drug resistance and improve treatment effect. Thus, the first aim of

this thesis was:

® Analysis of the effect of shikonin and its derivatives alone and in combination with

erlotinib on the EGFR signaling pathway.

During the cytotoxicity screen of shikonin towards a panel of various tumor cell lines, leukemia
cell lines were found more sensitive to shikonin compared to solid tumor cell lines. Since EGFR
expression was not detected in leukemia cells, the particularly effective of shikonin and its
derivatives against leukemia cells should lie in other mechanisms. This was leading to the

second aim of this thesis:

® |nvestigation of new molecular targets and mode of action of shikonin and its dervatives

in leukemia cells.



Results 23

3 Results

3.1 Inhibition of EGFR signaling and synergism with erlotinib in glioblastoma

cells

As previously mentioned, shikonin, its derivatives and erlotinib are known for their activities
against tumor cells in vitro and in vivo. However, there is no report about the effectiveness of a
combination treatment and the underlying molecular mechanisms of cellular response.
Moreover, as new treatment strategies are urgently needed to overcome drug resistance against
EGFR TKIs and one promising approach might be the combination treatment with EGFR TKIs
and natural products [82]. Therefore, the first aim of the thesis was to investigate whether and
how the combination of erlotinib with shikonin or its derivatives exert synergic activities in
cancer cells. For this purpose, shikonin and 14 derivatives were analyzed in combination with
erlotinib in the parental human glioblastoma cell line U87MG and its transfected
U87MG.EGFR subline, which overexpresses constitutively active AEGFR. Furthermore, three
other EGFR-expressing cell lines were tested for the combined cytotoxic effect of shikonin and

erlotinib to obtain the translational relevance.!

3.1.1 Cytotoxicity towards glioblastoma cells

As a starting point, the sensitivities of the parental U87MG and transfected U87TMG.AEGFR
cells to erlotinib, shikonin and its derivatives were determined. Both cell lines were treated with

varying concentrations of these compounds for 72 h. The results are summarized in Table 1.

1 The results presented in this section were recently published in a peer-reviewed scientific journal:

Zhao Q, Kretschmer N, Bauer R and Efferth T. Shikonin and its derivatives inhibit the epidermal growth
factor receptor signaling and synergistically kill glioblastoma cells in combination with erlotinib.
International journal of cancer. 2015; 137(6):1446-1456.

All text passages, tables and figures of this publication that are used in a modified form in this
dissertation were prepared or written by myself.
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Table 1: ICso values (mean + SEM) of erlotinib, shikonin and 14 derivatives for U87TMG and
U8B7MG.AEGFR cells after 72 h as measured by resazurin assay. Results shown are mean values and

standard deviation of at least two independent experiments with each 6 parallel measurements.

1Cso [uM
Compounds USIMG [MU§7MG.AEGFR
Erlotinib >102 >10°
Shikonin 4.11+£0.18 2.14+0.07
B-B-Dimethylacrylshikonin 3.63+£0.42 1.11+0.02
2-Methyl-butyrylshikonin 3.61+0.46 1.49+0.04
Deoxyshikonin 14.50£1.00 2.58+0.38
Isobutyrylshikonin 16.18+1.37 4.46+2.01
Isovaltryshikonin 14.67+0.39 10.91+6.26
B-Hydroxyisovalerylshikonin 21.62+1.02 14.72+1.99
Acetylshikonin 18.59+6.66 17.38+2.93
Acetylalkannin 26.00+£2.52 21.21+£3.11
Teracrylalkannin 50.63+3.87 21.89+1.34
Isobutyrylalkannin 51.97+6.96 24.64+3.38
2-Methyl-butyrylalkannin 39.37+1.61 25.53+0.68
Propionylalkannin >100 >100
Alkannin >100 >100
B-Hydroxyisovalerylalkannin >100 >100

a. Maximal growth inhibition by 10 uM erlotinib on U87MG cells is 32.5+0.5%.
b. Maximal growth inhibition by 10 uM erlotinib on U87MG.AEGFR cells is 35.4+1.5%.

Both cell lines displayed similar sensitivities to growth inhibition by erlotinib, but no cell line
showed maximal growth inhibition > 50% by 10 uM erlotinib indicating that both cell lines
were considered to be resistant to erlotinib. Ten micromol was the maximum concentration
achieved in our culture medium and this concentration also had clinical and biological relevance,
as it was reported to represent a plasma concentration that was achievable in non-smoking
patients and growth inhibition by 10 uM erlotinib in vitro closely reflected the percent tumor

growth inhibition derived from in vivo xenograft experiments [106, 107].

However, shikonin inhibited cell growth at lower concentrations. Moreover, it preferentially
inhibited U87TMG.AEGFR cells with an ICsp value of 2.1 uM, which was 2-fold lower than the
ICso value of U7MG cells (4.1 uM). Interestingly, hypersensitivity of shikonin towards
U87MG.AEGFR cells compared to U87MG cells was also observed for most derivatives of
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shikonin. Except for three alkannin derivatives, which were inactive by both cell lines (ICso >
100 pM), the I1Cso values of all other compounds were 5.6~1.1 folds lower for U87MG.AEGFR
cells than those for US7MG cells. Representative dose-response curves used to calculate 1Cso

values were shown in Figure 11.
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Figure 11: Shikonin and derivatives showed preferential cytotoxicity towards EGFR-mutated erlotinib-
resistant transfected cells. U87MG and U87MG.AEGFR cell lines were treated with varying
concentrations of erlotinib, shikonin and 14 derivatives for 72 h. Cell viability was measured by
resazurin assay and representative pairs of cell viability curves are shown. Results shown are mean

values and standard deviation of at least two independent experiments with each 6 parallel measurements.
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3.1.2 Cytotoxicity of combination treatments

The initial cytotoxicity experiments gave us a good hint that shikonin and its derivatives were
not resisted by EGFR-mutated U87MG.AEGFR cells. Next, in order to investigate whether the
combination of shikonin or its derivatives with erlotinib may render additive or synergistic
growth inhibitory interactions on glioblastoma cells, two classic methods for assessment of drug
interaction, namely Bliss independence model and Loewe additivity model, were applied to

analyze the combination effect.

3.1.2.1 Assessment by Bliss independence model

Shikonin as lead compound was first examined. The effects of varying concentrations of
shikonin on growth inhibition of the two cell lines in the presence or absence of 10 uM erlotinib
are shown in Figure 12. The Bliss independence model was first utilized, as it allows to assess
the nature of drug interactions even in cases, where the maximal inhibition by erlotinib as single
agent was low enough so that a reliable 1Cso value could not be obtained. For cell lines that
were less sensitive to erlotinib as single agent, the 1Cso value is often > 10 puM. This approach
has previously been used for drug combination studies in erlotinib-insensitive cell lines [108].
In Figure 12, the Bliss analysis showed a theoretical curve (dashed line) that would be expected,
if the combination of erlotinib and shikonin was solely additive in nature. For U87MG wild-
type cells, the Bliss analysis showed a slight antagonism for the combination of shikonin with
erlotinib. However, in UB7TMG.AEGFR cells the combination was synergistic, as reflected by an
increase in potency. The dose-response curve shifted nearly 4-fold in potency (1.2~0.3), when

shikonin was combined with erlotinib.
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Figure 12: Effect of varying concentrations of shikonin on the proliferation of U87MG,
U87MG.AEGFR cells in the absence or presence of 10 uM erlotinib. Dashed line, Bliss additivity curve,
represents the theoretical expectation, if the combined effect of shikonin with erlotinib was exactly
additive. Results shown are mean values and standard deviation of at least three independent

experiments with each 6 parallel measurements.

Next, we tested the combined effect of erlotinib with 14 shikonin derivatives on
U87MG.AEGFR cells to further analyze possible synergistic interactions. Based on the dose-
response curves of shikonin combined with erlotinib, which demonstrated maximal synergistic
effects at 10 uM erlotinib and ICso of shikonin, the further experiments were therefore
performed with combinations of 10 pM erlotinib with single concentrations selected around the
ICso values of the other 14 shikonin derivatives. Figure 13 shows the summary of the Bliss

analyses for the combination treatments.
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Figure 13: Sensitivity of UB7MG.AEGEFR to the combination of 10 uM erlotinib with shikonin and 14
derivatives. Synergy, as noted by a positive Bliss value, was observed in 6 of 14 compounds. Results
shown are mean values and standard deviation of at least three independent experiments with each 6

parallel measurements.

Here, the Bliss values are expressed as percentage change in fractional inhibitions of cell
growth. They were calculated by the formula Eexpt — Ebiiss. Bliss = 0, which meant that Eexpt =
Eniiss indicated additive effects. Bliss > 0 meant Eexpt > Eniiss indicated a percentage increase in
fractional inhibitions above additivity (synergy). Bliss < 0 meant Eexpt < Eniiss indicated a
percentage decrease in fractional inhibitions below additivity (antagonism) [106]. Besides
shikonin, synergy was also observed with 5 of 14 derivatives, including deoxyshikonin,

isobutyrylshikonin, acetylshikonin, 3,3-dimethylacrylshikonin and acetylalkannin.
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In addition to the U87MG cell line transfected with a deletion-activated EGFR, we tried another
glioma cell line BS153 with a mutated EGFR to prove [109], whether or not shikonin and
erlotinib also exert synergism in cell lines expressing the EGFR variant. BS153 cells were also
resistant to erlotinib, the ICso value was > 10 uM, while shikonin inhibited them with an 1Cso
value of 1.57 uM (Figure 15A). Therefore, we also took Bliss model to analyze the combined
effect of shikonin and erlotinib. In Figure 14, the dose-response curve of shikonin plus 10 uM
erlotinib, similar to the curve of U87TMG.AEGFR cell line and even better, shifted significantly
from the shikonin alone curve and the theoretically additive curve, indicating the combination

was synergistic on BS153 as well.

100 ~ 35153

80 -

60 -

a0 4——shikonin

- — shikonin + 10uM

20 H erlotinib BLISS
—e—shikonin + 10uM

erlotinib (EXPT)

Cell Viability [% of control]

0 T
0.001 0.01 0.1 1 10 100

Drug Concentration [uM]

Figure 14: Effect of varying concentrations of shikonin on the proliferation of BS153 in the absence or
presence of 10 uM erlotinib. Dashed line, Bliss additivity curve, represents the theoretical expectation, if
the combined effect of shikonin with erlotinib was exactly additive. Results shown are mean values and

standard deviation of at least three independent experiments with each 6 parallel measurements.

3.1.2.2 Assessment by Loewe additivity model

Because Bliss independence model was not a final proof for synergistic interaction, we wanted
to apply another universal reference model used for evaluating the effects of drug interaction,
namely Loewe additivity model, which is regarded as ‘gold standard’” in pharmacology to

further confirm our observation [110]. To perform Loewe model, normally a reliable 1Csp value
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is needed for each of compounds in combination. However, all of U87TMG, U87MG.AEGFR
and BS153 cells did not reveal ICso values for erlotinib, therefore we further analyzed other 10
EGFR-expressing cell lines with shikonin and erlotinib alone. Shikonin inhibited all of the 10
cell lines with the ICso values ranged from 0.5 to 5.2 uM, but only two cell lines, DK-MG and
A431, were inhibited by erlotinib and provided I1Cso values below 10 uM (Figure 15A).

A
Shikonin Cell lines IC5 (LM)
100 —an —=—Al172 2.88 +1.74
E‘ /, /5/2/5%‘ . ——A431 1.46 + 0.14
£ 80 BNQ ~ ' —— A498 5.20 + 0.04
"; 60 - ——BS153 1.57 + 0.1
X —z-BT-20 4.49 + 0.1
Z a0 —e—Calu6 2.54 + 0.94
;?U -= DK-MG 0.51 + 0.02
> 207 -+ MDA-MB-436 1.36 + 0.48
3 . . . : -+ SNB-19 3.93 + 0.38
0.001 0.01 0.1 1 10 100 -* T98G 4.83 £ 0.15
Drug Concentration [uM] -z U251 1.46 + 0.09
Erlotinib Cell lines ICso (LM)
-=-A172 >10
S ——A431 2.34 + 0.38
€ ——A498 >10
..; ——BS153 >10
X -a-BT-20 >10
Fy —e—Calu6 >10
;; -= DK-MG 5.87 + 0.43
S 20 -+ MDA-MB-436 >10
3 -~ SNB-19 >10
0 - - » -e T98G >10
0.01 0.1 1 10 - U251 >10

Drug Concentration [uM]
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Figure 15: A, Sensitivity of 13 EGFR-expressing cell lines to shikonin and erlotinib. Cells were treated
with varying concentrations of shikonin and erlotinib for 72 h. Cell viability was measured by resazurin
assay and representative cell viability curves are shown. Results shown are mean values and standard
deviation of at least two independent experiments with each 6 parallel measurements. B, The basal
expression levels of EGFR in all the tested cell lines. B-actin was used as loading control.

Consequently, the two cell lines were used for Loewe additivity model analysis. DK-MG and
A431 cells were treated with varying concentrations of shikonin either in the absence or
presence of indicated concentrations of erltinib for 72 h. The cell viability was then determined
by resazurin assay and five dose-response curves and the corresponding ICso values for both cell
line were shown in Figure 16A and B. We found that the 1Cso values of shikonin in A431 cells
decreased with the presence of increasing erlotinib concentrations to less than 0.05 uM, 30-fold
less than the ICso of shikonin alone. However, in case of DK-MG cells, the ICso values of
shikonin in combination with erlotinib were only reduced by less than half of the ICso of
shikonin alone. The dose-normalized 1Cso isobolograms for both cell lines were made by
plotting of the combination treatment ICso values of shikonin against erlotinib and clearly
illustrated a synergistic inhibition in A431 cells but only additive effect in DK-MG cells (Figure
16C and D). The basal expression level of EGFR in all the tested cell lines were displayed in
Figure 15B.
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Figure 16: A and B, Effect of varying concentrations of shikonin on the proliferation of A431 and DK-

MG cells in the absence or presence of indicated concentrations of erltinib. C and D, The dose-

normalized isobolograms calculated from A and B for A431 and DK-MG cells. The doses of erlotinib

and shikonin normalized with the dose of their ICso to unity on both x and y axis. All points represent the

drug combination that yield 50% cell inhibition. Synergism is indicated if the point falls on the lower left

part of the graph. All the results shown are mean values and standard deviation of at least three

independent experiments with each 6 parallel measurements.



Percentage change of control

Results 33

3.1.3 Inhibitory effects on EGFR signaling pathway

The cell growth suppression of a panel of 13 EGFR-expressing cell lines by shikonin and
increased cytotoxicity of shikonin towards U87MG.AEGFR, BS153, A431 cells in combination
with erlotinib prompted us to examine the possible mechanisms responsible for shikonin-
induced apoptosis and cellular targets that may be critical for the response to this combination
treatment. We supposed that EGFR itself and its down-stream pathways were potential targets,
therefore, the effect of shikonin and erlotinib on the phosphorylation of EGFR and the influence
of shikonin on the EGFR down-stream signaling molecular were determined by Western

blotting.
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Figure 17: Effects of erlotinib and shikonin on the phosphorylation of AEGFR on U87MG.AEGFR cells
as determined by Western blot. Analysis of band density of phosphorylation of AEGFR normalized to
total EGFR levels. B-actin was used as loading control. Representative results and dose—response curves

of three independent experiments are shown.
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Both shikonin and erlotinib dose-dependently inhibited the phosphorylation of AEGFR without
influencing the expression of total EGFR. The ICso values for shikonin and erlotinib were 1.6
uM and 0.06 uM, respectively (Figure 17). The ICso here was defined as the concentration
needed for a 50% reduction in the phosphorylation of AEGFR calculated based on the dose-
response curve. Compared to the untreated control, 3 pM shikonin treatment not only led to
clear reduction of AEGFR phosphorylation in U87MG.AEGFR cells, but also to a
corresponding decrease of the phosphorylation of EGFR downstream proteins, including the
apoptosis-promoting proteins AKT (Ser473), P44/42 MAPK (Thr202/Thr204) and PLCyl
(Tyr783) (Figure 18).
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Figure 18: Western blot analysis of effect of shikonin on the phosphorylation of AEGFR, Akt, P44/42
and PLCyl. Representative bands normalized to B-actin and the digitalized graph of the average and
error bars of three independent experiments are shown. Statistical analysis was performed by two-tailed

Student’s t-test. *: P < 0.05 compared to control group; **: P < 0.01 compared to control group.

3.1.4 Inhibition of AEGFR phosphorylation by combination treatments

Based on these findings, especially considering the relationship between expression levels of

EGFR and the combined effect produced by shikonin plus erlotinib in different cell lines, we
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hypothesized that the synergy of erlotinib with shikonin and its derivatives displayed in
inhibiting U87MG.AEGFR cell growth could be attributed at least in part to the ability to
synergistically inhibit AEGFR phosphorylation. We therefore performed Bliss and Loewe
analyses of Western blots to characterize drug interactions between erlotinib and shikonin and

its derivatives in inhibition of AEGFR phosphorylation.

3.1.4.1 Assessment by Bliss independence model

U87MG.AEGFR cells were treated with indicated concentrations of erlotinib, shikonin or
derivatives either alone or in combination for 24 h. U87MG.AEGFR cells were treated with
erlotinib, shikonin or derivatives either alone or in combination. Fractional inhibitions of
AEGFR phosphorylation by each compound alone and each combination were calculated from
folds of control based on band density analyses of Western blots (Figure 19A). Compared to
cells treated with erlotinib, shikonin or its derivatives alone, we observed a significant decrease
in AEGFR phosphorylation in cells treated with the combination of erlotinib and shikonin or its

derivatives (Figure 19B). Bliss analyses revealed values of shikonin and derivatives above 0

(Figure 19C).
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Figure 19: Combination of erlotinib with shikonin and its derivatives shows synergy in inhibiting
AEGFR phosphorylation. A, Western blot for phosphorylation of AEGFR in U87MG.AEGFR cells after
treatment with erlotinib combined with shikonin and derivatives. Analysis of band density of
phosphorylation of AEGFR normalized to total B-actin levels. B, The digitalized graphs of the average
and of A. C, Sensitivity of AEGFR phosphorylation to the combination of erlotinib with shikonin and its

derivatives. Synergy, as noted by a positive Bliss value, was observed in all tested compounds.

3.1.4.2 Assessment by Loewe additivity model

Since both erlotinib and shikonin inhibited AEGFR phosphorylation in a dose-dependent

manner, we applied Loewe additivity model to confirm the synergy of erlotinib with shikonin in

Acetylshikonin
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inhibiting AEGFR phosphorylation. U87MG.AEGFR cells were treated with varying
concentrations of erlotinib in the presence of 20, 40, 60 and 80% of the ICso concentration of
shikonin for 24 h. The typical results of at least two independent experiments are shown in
Figure 20A. Based on the analyses of band density, we calculated the content of AEGFR
phosphorylation and obtained four dose-response curves for the four different combinations of
erlotinib and shikonin (data not shown) and the corresponding ICso values. Compared to
erlotinib treatment alone (ICso = 0.06 uM), the addition of shikonin led to a more pronounced
inhibition of AEGFR phosphorylation. The 1Cso values were reduced by 2-fold to more than 50-
fold. The increase in AEGFR phosphorylation inhibition rose with serially increasing shikonin
concentrations, indicating that the increasing 1Cso fractions of shikonin enhanced the inhibitory
activity of erlotinib on AEGFR phosphorylation. A dose-normalized ICso isobologram generated
by plotting of the combination treatment ICso values of erlotinib against shikonin illustrated a

synergistic inhibition of AEGFR phosphorylation (Figure 20B).

A U87MG.AEGFR
- 1 0.3 0.1 0.03 0.01 0.003 0.001 Erlotinib (uM)
| x| 20% IC,, of shikonin
IC.,=0.011 £ 0.002 uM
pone ace mam 40% IC_, of shikonin
IC,, = 0.005 + 0.001 uM
p-EGFR -
, 60% IC,  of shikonin
T S 7T |Ic,=0.003 £0.0001 uM
, - . | 80% IC,, of shikonin
"l var - |1c,,<0.001 uM
EGFR D G G G G— eew w0
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Figure 20: A, Western blot for phosphorylation of AEGFR in U87MG.AEGFR cells after treatment with
indicated concentrations of erlotinib combined with 20%-40%-60%-80% ICso of shikonin.
Representative bands and 1Cso values of erlotinib combined with 20%-40%-60%-80% ICso of shikonin in
U87MG.AEGFR cells of at least two independent experiments are shown. B, The dose-normalized
isobologram for erlotinib and shikonin with normalization of dose with 1Cs, to unity on both x and y
axis. All points represent the drug combination that yield 50% reduction of AEGFR phosphorylation.
Synergism is indicated if the point falls on the lower left part of the graph. Analysis of band density of

phosphorylation of AEGFR normalized to total EGFR levels. B-actin was used as loading control.

3.1.5 Molecular docking analysis

In order to explore probable interaction models of shikonin and its derivatives and EGFR active

sites, we performed in silico molecular docking of shikonin and its five derivatives that showed
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synergism with erlotinib into EGFR kinase domain. The blind docking results showed us two
binding sites for shikonin and its derivatives. One was in the catalytic site, the same binding site
of the known inhibitor erlotinib. Shikonin and its derivatives bound to this pocket with the
binding energy ranged from -7.85 kcal/mol to -8.81 kcal/mol which were comparable to that of
erlotinib (-8.22 kcal/mol). The other binding site was on the distal surface of the carboxy-
terminal lobe (C lobe) where Mig6 bound to and also was the asymmetric kinase domain dimer
interface [111]. The binding energy of shikonin and its derivatives to this site was from -5.36
kcal/mol to -6.06 kcal/mol which was higher than that to erlotinib-binding site, indicating this
may be a minor binding domain. Docking positions of shikonin and its derivatives and the
standard inhibitors into the two different binding pockets of EGFR kinase domain were depicted

in Figure 21.
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Figure 21: Dockings of shikonin and its derivatives at the EGFR kinase domain (PDB code: 1M17). In
the middle, the protein was represented in yellow newcartoon format with surfaces of two different
interaction sites: Erlotinib-binding pocket, red; Mig6-binding interface, green. On the left, the interacting
amino acids with the control peptide Mig6 (mauve, newcartoon) and shikonin derivatives (different
colors, licorice) were represented. On the right, we show the interacting amino acids with the control

molecule Erlotinib (blue, licorice) and shikonin derivatives (different colors, licorice).
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3.1.6 Summary: Inhibition of EGFR signaling and synergism with erlotinib in
glioblastoma cells

In the previous part of this work, the effects of erlotinib in combination with shikonin and 14
shikonin derivatives in parental U87MG and transfected U87MG.AEGFR glioblastoma cells
were investigated. Most of the shikonin derivatives revealed strong cytotoxicity towards both
cell lines which were resistant to erlotinib. Shikonin together with five other derivatives, namely
deoxyshikonin,  isobutyrylshikonin,  acetylshikonin,  ,-dimethylacrylshikonin,  and
acetylalkannin showed synergistic cytotoxicity towards U87MG.AEGFR in combination with
erlotinib. Moreover, the combined cytotoxic effect of shikonin and erlotinib was further
confirmed with another three EGFR-expressing cell lines, BS153, A431 and DK-MG. They
exerted synergistic effect in A431 and BS153 cells which overexpressed EGFR/AEGFR. In the
effort to clarify mechanisms underlying the response of cells to combination treatment, western
blotting analysis was performed. It showed that shikonin not only dose-dependently inhibited
EGFR phosphorylation and decreased phosphorylation of EGFR downstream molecules,
including AKT, P44/42MAPK and PLCyl, but also together with erlotinib synergistically
inhibited AEGFR phosphorylation in U87MG.AEGFR cells as determined by Loewe additivity
and Bliss independence drug interaction models. In silico molecular docking analysis illustrated
the interaction models of shikonin and its derivatives in EGFR tyrosine kinases domain. Two
active sites including erlotinib-binding pocket and Mig6-binding interface could be occupied by
shikonin and its derivatives, indicating the molecular basis for the synergism between shikonin

and erlotinib.
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3.2 Inhibition of MYC and deregulation of ERK/INK/MAPK and AKT signaling

as a novel mechanism in leukemia cells

The previous chapter elucidated that shikonin and its derivatives exerted their strong cytotoxic
effect against glioblastoma cells by inhibiting EGFR signaling pathway and synergistically
worked with EGFR TKI erlotinib. However, the initial cytotoxicity screen of shikonin towards a
panel of various tumor cell lines (carried out in our laboratory by Dr. Benjamin Wiench) found
that leukemia cell lines were more sensitive to shikonin compared to solid tumor cell lines
including breast cancer cell lines (MCF7, SK-BR-3 and MDA-MB-231), colorectal cancer cell
lines (SW-1116, HCT-116 and SW680), pancreas cancer cell lins (Capanl and SUIT-2) and
kidney cancer cell line (786-O) [112]. Moreover, the ICso values in glioblastoma cell lines
tested in this study were also higher than those in leukemia cells, further confirming the
particularly effect of shikonin towards leukemia cells. Since EGFR expression was not detected
in leukemia cells and shikonin was known as a multi-targeted compound, there should be other
mechanisms for leukemia cells in response to shikonin treatment. Hence, the second part of the
thesis aimed at identifying new mechanisms of shikonin and its derivatives in hematological
malignancies. Experiments were first performed on U937 histocytic leukemia cells and

subsequently verified on other four leukemia cell lines.?

3.2.1 Cytotoxicity towards U937 leukemia cells

In the previous report, the sensitivities of a panel of 15 different cell lines to shikonin were
analyzed and the U937 histiocytic leukemia cell line turned out to be the most sensitive one
[112]. Thereby, this cell line was used for screening the cytotoxicity of shikonin and 14

shikonin derivatives.

2 The results presented in this section have been submitted to a peer-reviewed scientific journal:

Zhao Q, Assimopoulou A, Klauck S, Damianakos H, Chinou I, Kretschmer N, Rios J, Papageorgiou V,
Bauer R and Efferth T. Inhibition of c-MYC with involvement of ERK/INK/MAPK and AKT pathways
as a novel mechanism for shikonin and its derivatives in killing leukemia cells. Submitted at Oncotarget.

All text passages, tables and figures of this publication that are used in a modified form in this
dissertation were prepared or written by myself.
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Figure 22: Cytotoxicity of shikonin and derivatives towards U937 leukemia cells. Cells were treated
with varying concentrations of shikonin or 14 derivatives and cell viability was measured by resazurin
assay after 24 h or 72 h. Representative dose-response curves and 1Cso values (mean = SEM) of 72 h
treatment for shikonin and 14 derivatives are shown. The ICs values for shikonin and four derivatives
after 24 h are also diaplayed in parallel. Results are mean values and standard deviation of three
independent experiments with each 6 parallel measurements.

The dose-response curves and ICso values of 72 h treatment with varying concentrations of
shikonin and derivatives are summarized in Figure 22. Four compounds, i.e. isobutyrylshikonin,
2-methylbutyrylshikonin, isovalerylshikonin and f,B-dimethylacrylshikonin, showed stronger
effects than shikonin itself. Therefore, these derivatives were further analyzed together with
shikonin for their molecular mechanism against leukemia cells. The ICso values for shikonin
and these four derivatives after 24 h were also measured by resazurin assay. The other
derivatives were less toxic than shikonin towards U937 cells. Furthermore, it was interesting
that shikonin and its homochiral derivatives were more active than their enantiomers, e.g., the
ICso values of isobutyrylshikonin (0.05 puM), 2-methylbutyrylshikonin (0.06 uM) and B-
hydroxyisovalerylshikonin (1.08 pM) were much less than those of their corresponding
enantiomers, isobutyrylalkannin (1.03 pM), 2-methylbutyrylalkannin (1.50 uM) and B-
hydroxyisovalerylalkannin (16.64 puM).
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3.2.2 Assessment of cell death mode by flow cytometry

To further investigate death modes caused by shikonin and derivatives in U937 cells, we
performed flow cytometry with annexin V and Pl double staining in U937 cells treated with and
without shikonin and four derivatives in the presence or absence of the specific necroptosis

inhibitor Nec-1 and the caspase apoptosis-specific inhibitor z-VAD-fmk. As shown in Figure 23,
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©'30.2 2.5 ©'40.2 3.2 ©'30.5 1.5
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Figure 23: Modes of cell death induced by shikonin and its derivatives in U937 cells. A, Representative
dot plots of flow cytometry analysis after treatment of U937 cells with 50 UM necrostatin-1 (Nec-1) or z-
VAD-fmk (z-VAD) 1 h prior to co-incubation with 1Cse concentrations of shikonin or its derivatives for
24 h. A dual staining with annexin V-FITC/PI was performed. The values indicate the percentage of
cells in each region. B, The digitalized graghs of means + SEM of three independent experiments one is
shown in Fig. 23A. 3 p < 0.05 vs. shikonin or its derivatives AnV-PI+; °, p < 0.05 vs. shikonin or its
derivatives AnV+PI+; ¢ p < 0.05 vs. shikonin or its derivatives AnV+PI-, calculated by two-tailed
Student’s t test. AnV-Pl+, annexin V—/PI+ (late necrosis); AnV+PI+, annexin V+/Pl+ (late apoptosis or
early necrosis); AnV+PI-, annexin V+/Pl— (early apoptosis). Shi, shikonin; Ibs, isobutyrylshikonin;

Dmas, B,B-dimethylacrylshikonin; Ivs, isovalerylshikonin; Mbs, 2-methylbutyrylshikonin.
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pretreatment with Nec-1 reduced necrosis (annexin V-/P1+) and partly late apoptosis (annexin
V+/Pl+), but not early apoptosis (annexin V+/PI-). By contrast, z-VAD-fmk attenuated early
and late apoptosis and resulted in more cell viability than Nec-1, indicating that low
concentrations of shikonin or its four derivatives mainly induced cell death by caspase-
dependent apoptosis. However, the most effective inhibition of cell death by shikonin and its
derivatives was achieved by the combination of Nec-1 and z-VAD-fmk, suggesting that

necroptosis, as additional mode of death also contributes to cell death.

3.2.3 Gene expression profiling

Gene expression analyses were performed to get deeper insights into the cytotoxic activity of
shikonins. U937 cells were treated 24 h with ICso values of shikonin, isobutyrylshikonin, 2-
methylbutyrylshikonin, isovalerylshikonin, ,B-dimethylacrylshikonin or DMSO solvent control,
respectively. Then, total RNA was isolated for transcriptome-wide microarray analysis.

The numbers of deregulated genes upon treatment with shikonin compounds were visualized as
Venn diagram (Figure 24). Remarkably, about 18% of the genes were present in the datasets of
all five compounds. If four of five compounds were taken into account, 265 genes are

commonly differentially expressed between treated and untreated cells.

Isobutyryl
shikonin

Isovaleryl
shikonin

Dimethylacryl
shikonin

Figure 24: VVenn diagrams: Numbers of genes deregulated after 24 h. Only molecules with fold changes
>+41.65 are presented in the diagram. 2, p < 0.0001, indicating the probability of 91 genes occurred by

chance, calculated by Monte Carlo simulation method.
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A ranking list of deregulated genes is shown in Table 2. Remarkably, MYC was the most

commonly down-regulated gene among all five compounds. Six commonly deregulated genes

including MYC were quantified by real-time RT-PCR to technically validate the microarray

results. The correlation coefficients (R-values) between mRNA expression values determined

by microarray hybridization and real-time RT-PCR were in the range of 0.80 to 0.93 for each

compound (Pearson correlation test). Importantly, this indicated a high degree of concordance

between the data obtained from the two different methods (Table 3).

Table 2: Top up- and down regulated molecules in U937 cells upon treatment with shikonin and its

derivatives for 24 h.

BJB'

Shikonin Isobutyrylshikonin Dimethylacrylshikonin Isovalerylshikonin 2-Methylbutyrylshikonin

Gene Fold change Gene Fold change  Gene Fold change Gene Fold change Gene Fold change

RNUL1 18,5 LYS6 12,4 IER3 10,6 RMRP 74,0 LYS6 11,2
E IER3 9.6 IER3 10,5 RNU11 10,6 RNU11 733 IER3 9.5
& LYSE 9,0 JUN 7.1 LY96 9.8 RMNULATAC 445 CCL3L1/CCL3LS 47
E HMOX1 8,3 CCL3L1/CCL3L3 6,0 HMOX1 6,3 HISTIH4A 442 JUN 4,7
E HIST1IH4A 5.9 HMO¥1 5.8 EMPL 5.5 mir-320 41,4 EMPL 4.6
:'l? mir-320 5,8 MLLT11 5,7 HISTIH4A 5,5 RNU12 35,4 win 46
;_ JUN 5,8 EMP1 5,2 JUN 5,1 HIST1IHZBEB 30,2 MLLTL1 44
:_ ALB 5.6 GABARAPLL 5,2 CCL3L1/CCL3L3 4.6 VTRMNAL-1 22,5 GABARAPLL 4.3
'E GABARAPLL 5.4 RNUL1 5,0 UPPL 4.6 HISTIHZAG 22,2 HMOX1 4,1

RNU12 5.2 CYP1AL 4.7 CYP1A1 4.2 ALB 22,0 ANXKAL 3.8
8 MYC -5.4 MYC -10.3 MYC -10,4 MYC -89 MYC -8,3
5 MYB -4.5 MS4AS -7,0 ME54AZ -6,8 PAFAHLB3 -8,5 MS4A3 -8,3
-:: LRP3 -4.2 MYB -5,7 CCND2 -5,2 LRP3 -6,8 CTsG -4.8
% PPIA -39 CTSG -5,2 MYEB -5,2 PPIA -6,7 MT1G -4.4
Eo M54A3 -3.6 CCND2 -4.8 CT5G -4.5 MYB -6,0 CCND2 -4.4
? DTDl -3.5 MTLG -4.5 RPL2S -4.3 MNIP7 -5.9 RPL2S -4.3
£ IFITM 2 -3.5 IFITM 2 -4,2 RMASE3 -3,8 oTD1 -5.9 MYB -3.9
-E WASHL -3.5 RPLZS -4,2 IFITM2 -3,8 CDCA7 5.4 MNOP1E -3.3
g' PAFAHLB3 -3.4 ELANE -3,8 RRS51 -3.4 ouT 5.4 RPL3GA -3.3
= CCND2 -3.3 LRP3 -3.6 RP515 -3,3 MS4AS -5.3 RR51 -3.3

Table 3: Comparison of microarray gene expression profiling and real-time RT-PCR for six selected

genes. The correlation coefficient (R-value) between mRNA expression values determined by

microarray hybridization and real-time RT-PCR were caculated with Pearson correlation test.

Fold change

Genes Shikonin Isobutyrylshikonin B.p-Dimethylacrylshikonin Isovalerylshikonin 2-Methylbutyrylshikonin

Microarray RT-PCR Microarray RT-PCR Microarray RT-PCR Microarray RT-PCR Microarray RT-PCR
JUN 5.8 30.67 7.1 160.45 5.1 19.37 7.7 37.24 4.7 32.05
GABARAPL1 5.4 78.16 5.2 78.14 4.1 56.77 4.5 96.57 4.3 112.43
LY9e 9.0 69.84 12.4 161.44 9.8 49,32 4.7 93.54 11.2 103.92
IFITM2 -3.5 -1.05 -4.2 -1.31 -3.8 -1.59 -5.1 -1.27 -3.2 -1.32
MYC -5.4 -2.37 -10.3 -2.30 -10.4 -5.97 -9.9 -5.26 -8.3 -2.20
MS4AS -3.6 -1.72 -7.0 -2.62 -6.8 -10.03 -5.3 -4.63 -8.3 -1.24
R-value 0.9011 0.9386 0.8662 0.7954 0.8480
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All data obtained by microarray analyses were subjected to Ingenuity Pathway Analysis (IPA).
The deregulated genes were correlated with several molecular and cellular functions, including
cell death and survival, cellular growth and proliferation, cellular development, cellular
movement, gene expression, cell cycle, cell-to-cell signaling and interaction, etc. Figure 25A
and B displays the top cellular functions and pathways affected by shikonin and derivatives in
U937 cells.
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Figure 25: Pathway analyses: Top cellular functions (A) and canonical pathways (B) affected by
shikonin and its derivatives examined by mRNA microarray hybridization. P-values were calculated

using right-tailed Fisher's exact test.
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Furthermore, an upstream regulator analysis was performed with IPA to identify transcriptional
regulators, kinases, or enzymes that may be responsible for gene expression changes in U937
cells after treatment. Table 4 shows the upstream regulators predicted by IPA to be activated or
inhibited by shikonin or derivatives. The most likely activated and inhibited upstream regulators
for each compound were underlined. MY C was found to be a commonly inhibited transcription
regulator by shikonin and derivatives. Figure 26 shows the deregulated genes controlled by
MYC.

Table 4: Upstream regulators presumably affected by shikonin and its derivatives after 24 h in U937
cells. The most likely activated and inhibited upstream regulators for each compound were underlined.

Shikonin Isobutyrylshikonin Dimethylaﬁéf;lshikonin Isovalerylshikonin 2-Methylbutyrylshikonin
Activated Inhibited Activated Inhibited Activated Inhibited Activated Inhibited Activated Inhibited
P33 MYE PDGF BB MYc PDGFBB MYC FOXO3 MYC PDGFBB MYC
ATF4 BRD4 ATF4 BRD4 CEBPA BRD4 NANOG BRD4 TNF BRD4
ATF2 MAX FOX03 Mek TREM1 Hdac SMAD4 TCR Mek
CDKN2A TRIB2 ELANE MGEAS FOXO03 Mek RUVBLL TGM2 mir-146
FOXL2 MNT TREM1 TREM1 MGEAS PAF1 EGF miR-155-5p
CEBPB Mek CEBPB TP53 HIFLA PF4 TABL
PGR CDKN2A TGM2 PPRC1 TREM1 MGEAS
IGF1 FOXL2 CDEMN2A CCL5
PPRC1 TP33 CEBPB KRAS
FOXO01 TGM2 FOXO1 Fcerl

ERK1/2 GL1 TGFB1
IGF1 SELPLG IKBKB
FOXO1 NEDD9 NFkB
NFkB EP300 IRF3
EP300 Ink CEBPB
SELPLG cg Ink
PPRC1 SELPLG
Ink IGF1
cxcruz CAMP

MNEDD9
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Figure 26: Deregulated genes under the influence of MYC as common upstream regulator inhibited by

shikonin and its derivatives.

3.2.4 Inhibition of c-MYC expression

The microarray analysis indicated that MYC was not only the most commonly down-regulated

gene, but also the common upstream regulator affected by shikonin and its four derivatives.

Moreover, cell cycle G1/S check point regulation, which is mainly regulated by MYC [88], was

also the top canonical pathway affected by all shikonins. Therefore, we supposed that MYC

itself may be a potential target of this type of compounds. To analyze this hypothesis, we
performed Western blotting to prove whether shikonin and its derivatives affect c-MYC
expression. Two known c-MYC inhibitors, 10074-G5 and 10058-F4 were used as control drugs.
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As shown in Figure 27A, B, shikonin and all four derivatives indeed revealed a strong inhibition
of c-MYC expression in U937 cells at 1 uM and 0.3 uM. This effect was greater than that of
10058-F4 and comparable to that of 10074-G5, however at much lower concentrations than the

control compounds.
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Figure 27: Inhibition of c-MYC protein expression by shikonin, its derivatives, 10058-F4 and 10074-G5
in U937 cells. A, Western blot analysis of c-MYC expression after 24 h treatment with these
compounds. B-Actin was used as loading control. B, Digitalized graphs of c-MYC protein levels as
quantified by FluorChem Q. Data were normalized to B-actin expression and represented as means +
SEM of three independent experiments. 2, p < 0.01 vs. control; °, p < 0.05 vs. control, calculated by two-
tailed Student’s t test. Shi, shikonin; Ibs, isobutyrylshikonin; Dmas, B,B-dimethylacrylshikonin; Ivs,
isovalerylshikonin; Mbs, 2-methylbutyrylshikonin.

3.2.5 Inhibition of c-MYC DNA-binding activity

Next, we attempted to determine, whether the inhibition of c-MYC expression in U937 cells by
shikonin and its derivatives was associated with decreased transcriptional activity and DNA

binding activity of c-MYC. For this purpose, we used a specific ELISA-based DNA-binding
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assay. In Figure 28, the DNA binding activity of c-MYC in nuclear extracts of U937 cells was
suppressed to different extents by treatment of 0.3 pM shikonin and derivatives or 50 UM of the
two control inhibitors. These results were in concordance with the Western blot analysis, since
10058-F4 caused the weakest inhibition, while shikonin and derivatives showed strong
inhibition, which was similar to 10074-G5. This clearly suggests that shikonin and its
derivatives possess MY C inhibitory activities.
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Figure 28: Determination of DNA binding activity of c-MYC by Trans-AM ELISA-based kit. Nuclear
extracts were obtained after treatment of U937 cells with 0.3 puM shikonin and its derivatives or 50 uM
10058-F4 and 10074-G5 for 24 h. Protein/oligonucleotide binding activity was measured by colorimetric
analysis with 10 pg of nuclear extracts. The absorbance at 450 nm was recorded by an ELISA plate
reader. Results are presented as percentage with respect to the untreated control and represented as mean
values + SEM of three independent experiments. 2, p < 0.01 vs. control; , p < 0.05 vs. control, calculated
by two-tailed Student’s t test. Shi, shikonin; Ibs, isobutyrylshikonin; Dmas, B,B-dimethylacrylshikonin;
Ivs, isovalerylshikonin; Mbs, 2-methylbutyrylshikonin.
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3.2.6 Involvement of AKT and ERK1/2, INK MAPK signaling in c-MY C downregulation

It is known that c-MYC is regulated by multiple signaling pathways, including MAPK and
AKT signal transduction cascades [101, 113-115]. Therefore, we further employed Western
blot analysis to evaluate, whether the MAPK and AKT signal transduction pathways were
involved in shikonin-induced c-MYC down-regulation (Figure 29). The results showed that
shikonin inhibited phospho-ERK1/2 and activated phospho-SAPK/JNK without influencing
total ERK1/2 and SAPK/JNK expression. However, both phospho-AKT and total AKT
expression were reduced by shikonin. No appreciable changes were detected in phospho-p38 or

total p38. Comparable results were also found for the other shikonin derivatives.
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Figure 29: Effect of shikonin and its derivatives on AKT/MAPK signaling in U937 cells as determined
by Western blotting. Band density of phosphorylation of AKT, ERK1/2, SAPK/JNK and P38 was
normalized to their corresponding total protein levels. B-actin was used as loading control. Below the
Western blots, the corresponding digitalized graphs of affected proteins levels for each compound are
shown. Data are represented as mean values + SEM of three independent experiments.  p < 0.01 vs.

control; ®, p < 0.05 vs. control, calculated by two-tailed Student’s t test.
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Then, we examined which signaling pathway may play a critical role in regulation of c-MYC. A
specific AKT activator (SC79) and a specific JNK inhibitor (SP600125) were independently
used in combination with shikonin and the expression of c-MYC was measured (Figure 30).
Western blotting analysis showed neither SC79 nor SP600125 appreciably reversed shikonin-
induced c-MYC reduction, though they partly attenuated shikonin’s effect on phospho-AKT and
phospho-SAPK/JNK, indicating that the down-regulation of c-MYC probably resulted from the
joint contributions of AKT and ERK1/2, SAPK/INK MAPK signaling cascades and the direct
binding of shikonin to c-MYC.
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Figure 30: Western blot analysis of the indicated proteins in U937 cells treated with 0.3 uM shikonin in
the absence or presence of 5 pg/mL SC79 or the absence or presence of 30 uM SP600125 for 24 h.
Digitalized graphs of affected proteins levels are shown aside. Data are represented as mean values +
SEM of three independent experiments. 2, p < 0.01 vs. control; *, p < 0.05 vs. control; ™, no significance,

calculated by two-tailed Student’s t test.
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3.2.7 Validation in other leukemia cell lines

In addition to U937 cells, we investigated four other different leukemia cell lines
(CEM/ADR5000, CCRF-CEM, Molt4 and Jurkat) to prove, whether or not inhibition of c-MYC
expression is a general mechanism for shikonin in killing leukemia cells. We first tested the
sensitivities of four cell lines to shikonin. The ICso values after 24 h for CEM/ADRS5000,
CCRF-CEM, Molt4 and Jurkat cells were 0.29+£0.03 pM, 1.68+0.23 pM, 0.24+0.03 pM and
0.97£0.14 uM, respectively. Then, the cells were treated with 0.3 or 1 uM shikonin for 24 h
depended on their different sensitivities, followed by whole cell lysate extraction for Western
blot analyses. The effect of shikonin on c-MYC expression as well as AKT and MAPK
signaling cascades were measured.
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Figure 31: A, Effect of shikonin on c-MYC expression and AKT/MAPK signaling in four different
leukemia cell lines as determined by Western blotting. CEM/ADR5000, CCRF-CEM, Molt4 and Jurkat

cells were treated with 0.3 or 1 uM shikonin depending on their sensitivities to shikonin treatment for 24

h and the whole cell lysates were subjected to Western blotting. Band density of phosphorylation of
AKT, ERK1/2, SAPK/INK and P38 was normalized to their corresponding total protein levels. Others
were normalized to -actin, which was also used as loading control. B, The digitalized graphs of affected
protein levels were quantified by FluorChem Q for each cell line. Data are represented as mean values +
SEM of three independent experiments. 2, p < 0.01 vs. control; ®, p < 0.05 vs. control, calculated by two-
tailed Student’s t test. CEM/ADR, CEM/ADR5000; CCRF, CCRF-CEM.

As displayed in Figure 31, shikonin suppressed c-MYC expression to a different extent in all
tested cell lines. Meanwhile, reduction of phospho-AKT and total AKT, activation of phospho-
SAPK/INK were also found in all four cell lines upon shikonin treatment. Phospho-ERK1/2
was only activated in Jurkat cells and was inhibited by shikonin. There were still no significant
changes in phospo-p38 and total p38 in all cell lines. All these results were comparable to those
of U937 cells, suggesting that AKT, ERK1/2, SAPK/INK/MAPK signaling cascades involved

c-MYC inhibition play a general role in shikonin-caused leukemia cell death.
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3.2.8 Molecular docking on MYC-MAX complex

To further investigate the possible interaction of shikonin and derivatives with c-MYC,
molecular in silico docking studies were performed. There exist at least two binding sites in the
basic helix-loop-helix (bHLH) leucine zipper domain of the MYC-MAX complex [99]. Our
blind docking results showed that shikonin preferentially bound to the same site as the control
drug 10058-F4, while the other derivatives docked to the domain, where the other control drug
10074-G5 bound. Both binding sites were in close proximity to the DNA binding region of
MYC and MAX. Shikonin and derivatives formed hydrogen bonds with residues at the DNA
binding regions of MYC, i.e. Arg925, Lys939. The lowest binding energies of shikonin and its
derivatives were similar and in a range from -6.65 + 0.11 kcal/mol to -6.85 = 0.01 kcal/mol.
These values were also comparable with those of the control inhibitors, indicating the feasibility
for shikonin and its derivatives directly targeting the c-MYC complex and inducing MYC-
related gene expression changes. Docking modes and the binding energies for shikonin and its

derivatives and the control inhibitors on the MYC-MAX complex are summarized in Figure 32.

Figure 32: (next page) Docking modes and binding energies of shikonin, its derivatives, 10058-F4 and
10074-G5 on MYC/MAX complex (PDB code: 1NKP). The proteins were represented in yellow (MYC)
and brown (MAX) in New Cartoon format, while the chemical molecules were represented in different
colors. Shikonin preferentially bound to the same pharmacophore as the control drug 10058-F4, while
the other derivatives docked to the same domain as the second control drug 10074-G5. Both binding

sites were in close proximity to the DNA binding region of MYC/MAX complex.
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3.2.9 Summary: Inhibition of MYC and deregulation of ERK/INK/MAPK and AKT

signaling as a novel mechanism in leukemia cells

In this section of the work, we investigated the cytotoxicity of shikonin and 14 derivatives on
U937 leukemia cells. Four derivatives namely isobutyrylshikonin, 2-methylbutyrylshikonin,
isovalerylshikonin and B,B-dimethylacrylshikonin were more active than shikonin. AnnexinV-
Pl double staining analysis revealed that 1Cso concentrations of shikonin and its derivatives
mainly induced apoptosis. mMRNA microarray hybridization was used to analyze gene
expression changes in U937 cells after treatment with shikonin and its derivatives. Cell cycle
G1/S check point regulation and the transcription factor c-MYC, which plays a vital role in cell
cycle regulation and proliferation, were identified as the most commonly down-regulated
mechanisms upon treatment with shikonins. Western blotting and DNA-binding assays
confirmed the strong inhibitory effect of shikonin and its derivatives on c-MYC expression and
transcriptional activity. Reduction of c-MYC expression was closely associated with
deregulated ERK, INK MAPK and AKT activity, indicating the involvement of these signaling
molecules in shikonin-triggered c-MYC inactivation. Molecular docking studies revealed that
shikonin and its derivatives bind to the same DNA-binding domain of c-MYC, as the known c-
MY C inhibitors 10058-F4 and 10074-G5. Together with the results obtained from DNA binding
assay, this finding indicates that shikonins bind and inhibit c-MYC. Additionally, the effect of
shikonins on U937 cells were confirmed in other leukemia cell lines (Jurkat, Molt4, CCRF-
CEM, and multidrug-resistant CEM/ADR5000), where the shikonins also inhibited c-MYC
expression and phosphorylation of AKT, ERK1/2, SAPK/JNK and P38. In summary, our results
indicate that inhibiting c-MYC and related pathways represents a novel mechanism of shikonin

and its derivatives to explain their anti-leukemic activity.
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4 Discussion

4.1 Inhibition of EGFR signaling and synergism with erlotinib in glioblastoma

cells

4.1.1 Structure activity relationship of shikonin and derivatives

The cytotoxicity of shikonin and 14 derivatives were investigated on two glioblastoma cell lines.
Most of shikonin derivatives exhibited strong cytotoxicity, especially towards EGFR-mutated
erlotinib-resistant U87MG.AEGFR transfectants. Although a body of studies found that
shikonin and its derivatives revealed anticancer activity in vitro and in vivo [43], information on
structural-functional relationships is limited yet. Taking the cytotoxic results and chemical
structures of the tested compounds (Figure 33) into consideration, it was intriguing to observe
that shikonin and its homochiral derivatives were more active than their enantiomers towards

glioblastoma cell lines.
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Figure 33: The chemical structures of shikonin and its derivatives studied in the thesis.

For example, shikonin could inhibit proliferation of U87MG and U87MG.AEGFR cells at

concentrations below 5 puM. B-Hydroxyisovalerylshikonin was effective against U87MG and



Discussion 62

U87MG.AEGFR cells with ICso values of 21.6 pM and 14.7 uM respectively, whereas their
enantiomers, alkannin and B-hydroxyisovalerylalkannin, were inactive (ICso > 100 pM).
Comparable data were found for 2-methylbutyrylshikonin and 2-methylbutyrylalkannin as well
as isobutyrylshikonin and isobutyrylalkannin, indicating that differences in the stereochemistry
at C-11 may influence the activity. A previous study reported that the activities of
isobutylshikonin and isobutylalkanin and those of acetylshikonin and acetylalkannin were
almost identical towards both human HCT116 colorectal cancer cells with low P-glycoprotein
expression and human HepG2 hepatoma cells with high P-glycoprotein expression [116]. This
implies that the configuration of C-11 may affect the cytotoxicity of this class of molecules
depending on the type of tumor cells and mechanism of action. On the other hand, the
cytotoxicity also seems to be correlated with the R group of C-11. Early studies suggested for
acylshikonins in general that an acyl group with shorter chain lengths (containing 2-6 carbon
atoms) exert stronger inhibitory effects than those with longer chain lengths (containing 7-20
carbon atoms) against DNA topoisomerase-l or telomerase enzymes and among short-side-
chain acylshikonins, analogues with larger R group or olefinic double bonds in acyl chains
showed better cytotoxicity [117, 118]. Our results are consistent with these previous reports
based on the fact that acetylshikonin, with the smallest R group, displayed less activity than the
other acylshikonins. B,B-dimethylacrylshikonin, which contains an olefinic double bond in the
R group showed marked enhancement of cytotoxicity against both U87MG and
U87MG.AEGFR cells compared to isovaltrylshikonin with saturated acyl chain. However, this

structure-activity relationship does not seem to be applicable to acylalkannins.

4.1.2 Shikonin, erlotinb efficacy and EGFR expression

It was reported in recent studies that shikonin induced apoptosis through multiple pathways,
such as generation of reactive oxygen species, depletion of glutathione, disruption of
mitochondrial transmembrane potential, as well as upregulation of p53 [53, 57]. Furthermore,
necroptosis is also activated by shikonin mediated by RIP-1 pathway and oxidative stress in
human glioma cell lines, including U87MG cells [119]. In this study, shikonin inhibited cell
growth of a panel of 13 EGFR-expressing cancer cell lines with 1Cso values much lower than

that of erlotinib, which is a specific inhibitor of EGFR. Therefore, we postulated that the strong
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cytotoxicity of shikonin may be related to EGFR. Previous studies indicated that shikonin
modulated cell proliferation by inhibiting EGFR phosphorylation and regulated the EGFR
signaling cascade [120]. Our results confirmed this assumption, because shikonin dose-
dependently inhibited AEGFR phosphorylation with an 1Cso value of 1.6 pM and decreased the
phosphorylation of EGFR downstream molecules such as AKT, P44/42 MAPK and PLCy1 to
different degrees in U87TMG.AEGFR cells. But it is notable that the sensitivity of these cell lines
to shikonin and erlotinib did not depend on the expression level of EGFR/AEGFR. For example,
A431 cells expressed high EGFR and were sensitive to erlotinib, but other cell lines that also
expressed high level EGFR/AEGFR, such as U87MG.AEGFR, BS153, T98G and Calu-6
(Figure 15) were resistant to erlotinib. Instead, DK-MG cells which expressed relatively lower
EGFR were more sensitive to erlotinib. The situation was also similar in sensitivity to shikonin,
suggesting that high levels of EGFR are not required to render cells sensitive to erlotinib or
shikonin, which also implied the existence and contribution of other mechanisms. This agrees
with several previous investigations, which have reported that the efficacy of first line
generation inhibitors such as erlotinib and gefitinib is independent from EGFR overexpression
[121-124].

4.1.3 Effect of combination treatments

Based on the results that shikonin exhibited strong inhibitory effect on cell growth and EGFR
signaling, we assume that the shikonins may act synergistically with other EGFR-targeting
small molecules, e.g. erlotinib. The markedly enhanced cytotoxicity towards US7MG.AEGFR,
BS153 and A431 cells achieved by the combination of shikonin and erlotinib proved our
hypothesis. Moreover, synergistic interactions were also observed with five other shikonin
analogues in U87TMG.AEGFR cells, implying a general scientific significance. To the best of
our knowledge, this is the first report for shikonin and its analogues to interact synergistically
with another established antitumor drug, suggesting a role of shikonins as sensitizer for

otherwise drug-resistant tumors.

Moreover, when considering the combination effect and EGFR expression level of the tested
cell lines, itis not hard to find that the synergistic effect was only achieved in inhibiting
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U87MG.AEGFR, BS153 and A431 cell lines with high expression of EGFR/AEGFR. In DK-
MG and U87MG cells, which expressed very few EGFR molecules, the combination of
shikonin and erlortinib only showed additive even antagonistic effect, indicating that although
the sensitivity of these cell lines to erlotinib and shikonin was not associated with EGFR

expression, the synergism between two compounds may be EGFR specificity.

4.1.4 Molecular basis for the synergistic effect of erlotinib and shikonin

Erlotinib, as an EGFR TK inhibitor approved by FDA for non-small cell lung cancer (NSCLC)
since 2004, has been frequently investigated concerning combination treatment with other
natural or synthetic compounds for various types of cancer [125]. Several cellular and molecular
mechanisms have been ascribed to be responsible for synergistic effects, such as enhanced
inhibition of EGFR activation [126], modulation of Akt phosphorylation [108, 127],
suppression of RACL1 activation [126], induction of cell cycle arrest [127], and so on, depending
on different tumor types and different combined agents. Our study demonstrated that shikonin
synergistically acted with erlotinib by inhibition of phosphorylation of AEGFR in US7MG.
AEGFR cells by using both Loewe additivity and Bliss independence drug interaction models.
Furthermore, all of the five shikonin analogues which showed synergistic cytotoxicity of
U87MG.AEGFR cells in combination with erlotinib also achieved a synergistic reduction of
AEGFR phosphorylation by combination with erlotinib. Therefore, we believe that the enhanced
inhibition of AEGFR phosphorylation accounts as a main mechanism of synergy in

U87MG.AEGFR cells for the erlotinib and shikonin or shikonin derivatives combination.

Besides, activation of the PI3K/AKT/mTOR pathway and failure in inhibition of at least one
phosphorylated downstream signaling molecule was reported to lead to resistance to EGFR-
targeted therapy [128, 129]. Therefore, the deregulation of the PI3K-Akt-mTOR signaling
cascade by shikonin [130, 131] and the complementary inhibitory effect of shikonin in the
phosphorylation of several EGFR downstream molecules, might be another contributor to
synergy of erlotinib-shikonin combination. Additionally, the inhibitory activity of shikonin and
its derivatives against the telomerase enzyme [118], reduction of which has been recently

demonstrated in association with the increasing sensitivity of malignant glioma cells to
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temozolomide [132], the standard chemotherapeutic drug for brain cancer, and the common
inhibition of SRC family kinases by shikonin and erlotinib may also play a role in the erlotinib-
shikonin combination effect on U87MG.AEGFR, BS153 and A431 cells, which need further

investigation.

Erlotinib ablates phosphorylation of EGFR by competing for the ATP-binding site in the
tyrosine kinase domain of EGFR. The hypothesis for the synergistic inhibition of AEGFR
phosphorylation by the combination of shikonins and erlotinib was that shikonins might target
regions outside the ATP-binding site of the receptor, since it has been reported that a shikonin
derivative, B-hydroxyisovalerylshikonin could strongly inhibit EGFR kinase activity in a non-
ATP-competitive way, suggesting both this and the parent compound may bind to the peptide-
binding site [133, 134]. Meanwhile, our own molecular docking studies also showed the
feasibility for shikonins binding to different pharmacophores at EGFR than erlotinib (Figure 21).
It is worth performing further experiments to verify the assumption.

Synthetic small molecules, such as erlotinib, are designed with high selectivity towards a single
target, e.g. EGFR. This high selectivity might favor the rapid development of drug resistance
due to the selection and outgrowth of point-mutated tumor subpopulations, which are then
resistant to this small molecule [135]. In contrast, during evolution of life, plants developed
multi-targeted chemical compounds. The advantage of multi-targeted compounds is that point-
mutations in a single target may not result in resistance, since affecting the other targets may
still lead to substantial tumor killing. Naphthoquinones such as shikonin and its derivatives are a
class of natural products illustrating this typical feature. If shikonins would find their way into
the clinic, it can be expected that they would be used as a part of combination drug therapies
rather than as monotherapy. Hence, the synergism with erlotinib and possibly other drugs is a
beneficial feature making the shikonins attractive candidates for the improvement of cancer

therapy.
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4.2 Inhibition of MYC and deregulation of ERK/INK/MAPK and AKT signaling
as a novel mechanism in leukemia cells

As discussed in the previous chapter, targeting of EGFR signaling and synergizing with
erlotinib on EGFR phosphorylation are the cellular mechanisms of shikonin and combination
treatment, which are primarily responsible for the induction of glioblastoma cell death.
However, the particular activity of shikonin against leukemia cells, which did not express
EGFR, indicated the existence of other mechanisms for shikonin in these cells. By means of
microarray-based gene expression profiling, we were able to identify that c-MYC was
commonly deregulated in U937 cells upon treatment with shikonin and its derivatives. Their
effect on c-MYC was validated via Western blot analysis, DNA-binding activity assays and in
silico molecular docking. Meanwhile AKT, and ERK1/2, INK/MAPK signaling pathways were
also heavily influenced by shikonins treatment. Finally, the effect of shikonins on U937 cells

was further confirmed in other leukemia cell lines.

4.2.1 Cytotoxicity towards leukemia cells and c-MYC

As a first step, we tested the cytotoxicity of shikonin and 14 derivatives towards U937 leukemia
cells, the most sensitive cell line to shikonin in the initial cytotoxicity screen. The results
showed they had marked cytotoxicity towards U937 leukemia cells Especially, the four
derivatives—isobutyrylshikonin, 2-methylbutyrylshikonin, isovalerylshikonin and B,3-dimethyl-
acrylshikonin—that were more effective than the lead compound shikonin. Moreover, it was
intriguing to observe that shikonin and its homochiral derivatives were more active than their
enantiomers. For example, the 1Cso value for shikonin was 25 folds lower than that of alkannin.
Similarly, isobutyrylshikonin, 2-methylbutyrylshikonin and B-hydroxyisovaleryl-shikonin also
showed lower ICso values than their corresponding enantiomers, isobutyryl-alkannin, 2-
methylbutyrylalkannin and B-hydroxyisovalerylalkannin, indicating that differences in the
stereochemistry at C-11 may influence the activity. This structure-activity relationship was
consistent with what we found in glioblastoma cell lines. Another interesting point is that
leukemia cell lines were more sensitive than solid tumor cell lines [112]. A plethora of studies,
including clinical research, reported that leukemia is generally very sensitive to anticancer

reagents that either block the cell cycle process or cause apoptosis [136-139]. Therefore, we
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proposed that the particular activities of shikonin and its derivatives against leukemia cells may
be correlated with their strong effect to induce cell cycle disruption and apoptosis. Previous
studies reported that shikonin caused an arrest of U937 cells in the G1 and S phase and
decreased expression of cell cycle-related proteins, such as cyclin D, CDK and PCNA [112,
140]. However, the mechanism of this effect remains unknown as of yet. By means of
microarray-based gene expression analysis, we noticed that the transcription factor MY C, which
plays a very critical role in cell cycle control, was the commonly deregulated molecule by
shikonin and its derivatives. MYC can influence cell cycle progression through several parallel
mechanisms, such as transcription of target genes including CDKs, cyclins and E2F that encode
many important positive cell cycle regulators, hyperactivating cyclin/Cdk complexes through
the induction of CDK-activating kinase (CAK) and CDC25 phosphatases as well as impairment
of cell cycle inhibitors such as p21 and p27 [141]. Inhibition of MYC expression, down-
regulation or inactivation of MYC in cycling cells results in cell cycle arrest and impairs cell
cycle progression in various cell lines, including human lymphoid and myeloid cells [141-143].
Cellular pathways analysis by IPA also provided supporting information that G1/S checkpoint
regulation was the most disturbed pathway upon treatment with shikonin and its derivatives.
This further indicated that cell cycle arrest in U937 cells resulted from deregulation of MYC
and shikonin and its derivatives may be potential MY C inhibitors. To prove this hypothesis, we
examined the effect on c-MYC expression and its transcriptional activity by Western blotting
and a specific ELISA-based DNA-binding assay. Shikonin and its derivatives exerted
remarkable inhibition on c-MYC expression and its DNA-binding activity, which was much
better than the known MYC inhibitor 10058-F4 and comparable to 10074-G5. Moreover, the
effective concentrations for c-MYC inhibition were much lower than those of both control
drugs. To the best of our knowledge, this is the first report for shikonin to kill cancer cells by

targeting c-MYC, suggesting a novel role of shikonins as antitumor agents.

Except for MYC, another two cancer-related molecules MYB and MS4A3 were also significantly
down-regulated by all five shikonin derivatives. MYB is a proto-oncogene which is
overexpressed in most human myeloid and acute lymphoid leukemias [144]. It actively
contributes to leukemogenesis by promoting proliferation, suppressing apoptosis and blocking
differentiation [145]. MS4A3 (also known as HTm4) encodes a member of membrane-spanning

4-domains subfamily, which acts as an important cell cycle regulator in various cancers,
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especially in hematological malignancies [146, 147]. Therefore, it was very likely that the
dysregulation of MYB and MS4A3 also contribute to shikonin and its derivatives induced cell
cycle arrest and cell death in U937 cells. It is worth performing further experiments to clarify

the potential effect of shikonin on them.

4.2.2 Cell death modes and c-MYC

On the other hand, we clarified the death mode of U937 cells by annexin V-PI double staining
in the presence or absence of the specific necroptosis inhibitor Nec-1 and the caspase inhibitor
z-VAD-fmk. ICso concentrations of shikonin and derivatives mainly induced cell death by
caspase-dependent apoptosis, as evidenced by a remarkable decrease in annexin V+/PI- and
annexin V+/PI+ cells in presence of z-VAD-fmk. This was in agreement with previous reports
that low concentrations of shikonin induced caspase-dependent apoptosis in mitochondriae in
leukemia cells [148]. However, in addition to apoptosis, we found that necroptosis seemed to be
also induced by shikonin and derivatives, as Nec-1 could partly rescued cell from death. This
means that necroptosis, which was induced mostly by high dose of shikonin or its derivatives
[58, 61, 148], perhaps could also be triggered by low concentrations of shikonins as a secondary
death mechanism. Additional experiments such as electron microscopy analysis will help to
further confirm this effect. The role of c-MYC in apoptosis is intricate, depended on the specific
cell type and the physiological status of the cell. Both reduction and overexpression of c-MYC
can lead to apoptosis [149, 150]. However, in hematopoietic cells, apoptosis is closely
correlated with reduction of c-MYC expression. For example, apoptosis of CEM
lymphoblastoid cells induced by oxysterol 25-hydroxycholesterol was preceded by > 90%
reduction in c-MYC levels [151]. Treatment of K562 erythroleukemia cells with the protein
phosphatase inhibitors okadaic acid or calyculin A caused down-regulation of ¢c-MYC and
MAX expression and led to apoptosis [152]. The myeloid HL-60 leukemia cell line also
underwent apoptosis by treatments that reduce c-MYC expression [153]. In addition, the small
molecule c-MYC inhibitor 10058-F4 inhibited proliferation and induced apoptosis through the
mitochondrial pathway of apoptosis in several acute myelocytic leukemia cell lines [154].
Therefore, we believe that apoptosis induced by shikonin and its derivatives in U937 cells is

also associated with inhibition of c-MYC expression.
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4.2.3 Role of ERK/INK/MAPK and AKT pathways in c-MYC regulation

In an attempt to explore, how shikonin and its derivatives inhibit c-MYC expression and
activity, we examined the effect of shikonins on signaling pathways that may regulate c-MYC
expression. It has been showed that shikonin or its derivatives inhibit cancer cells via
AKT/mTOR and MAPK signaling cascades [43, 130, 155-157]. Our results are consistent with
these previous findings, as shikonin and derivatives demonstrated significant effects on ERK1/2,
SAPK/INK MAPK kinases pathways and AKT pathways. These pathways play an important
role in the control of c-MYC protein stability, accumulation and subsequent transcriptional
activity. c-MYC protein stability is strongly influenced by phosphorylation of two adjacent N-
terminal sites, threonine 58 (Thr58) and serine 62 (Ser62), which display opposing roles.
Phosphorylation of Ser62 that is mediated by ERK pathway kinase activity stabilizes c-MYC,
while phosphorylation of Thr58 by GSK-3 promotes c-MYC degradation [89]. GSK-3 activity
is usually inhibited through PI3BK/AKT. Only if AKT activity declines, GSK-3 has the capacity
to phosphorylate Thr58 and to induce the degradation of c-MYC [158]. Meanwhile, JNK also
contributes to c-MYC stability by increasing its ubiquitin-dependent degradation via a &-like
domain [159]. In addition to the influence on c-MYC protein stability, the PI3K/AKT and
MAPK pathways also take part in the regulation of c-MYC-mediated transcription by
phosphorylating and promoting MAD1 degradation. MAD1 suppresses c-MYC transcriptional
activity by competing with c-MYC for heterodimerization with its partner MAX [113]. Thus,
inhibition of the ERK/PI3K/AKT pathway, or activation of JNK signaling may lead to down-
regulation of c-MYC. Our results showed that reduction of c-MYC expression by shikonins and
its derivatives was closely correlated with inhibition of phosphorylation of ERK1/2 and AKT
and activation of phosphorylation of SAPK/JNK. This further confirms the role of these
pathways for c-MYC regulation. However, neither the inhibition of AKT nor the activation of
SAPK/JINK alone appreciably reversed shikonin-induced c-MYC suppression. This indicates a
comprehensive effect of ERK1/2, INK MAPK and AKT signaling for down-regulation of c-
MYC and a direct interaction of shikonin with c-MYC.

Our molecular docking studies demonstrated the binding of shikonin and its derivatives to the
DNA-binding domain of c-MYC in a similar manner as the known c-MYC inhibitors 10074-G5
and 10058-F4. Additionally, c-MYC deregulation may in turn also act on AKT activity. Recent

studies reported that reduced c-MYC levels led to decreased AKT activity in vitro and in vivo
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[160, 161]. Thus, AKT down-regulation upon shikonin treatment may be further reinforced as
negative feedback of c-MYC down-regulation. Co-targeting of AKT and c-MYC has been
recently shown to be a synergistic treatment strategy for leukemia therapy [162, 163], since
shikonin and its derivatives strongly deregulate the AKT signaling pathway and directly inhibit
c-MYC activity. Therefore, they represent promising candidates for leukemia treatment.

Moreover, the mechanism of shikonin in U937 cells also applies for other acute leukemia cell
lines, including the multidrug-resistant cell line CEM/ADR5000. This indicates that inhibition
of c-MYC with involvement of the ERK/JNK/MAPK and AKT pathways represents a general
mechanism for shikonin and its derivatives in killing leukemia cells. Notably, multidrug-
resistant CEM/ADR5000 cells were even more sensitive to shikonin than the wild-type cell line
CCRF-CEM, as evidenced by the lower ICso value. The phenomenon of hypersensitivity of
multidrug-resistant cells has been termed collateral sensitivity [164]. Considering the important
role of c-MYC in drug-resistant leukemia, we assume that shikonin’s collateral sensitivity in
CEM/ADR5000 cells may be also c-MYC-related. This opens avenues for shikonin and its

derivatives for combination therapies to treat otherwise drug-resistant tumors.

In a word, the novel mechanisms for shikonin and its derivatives reported in the present study

make these compounds attractive candidates for the treatment of hematological malignancies.
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5 Summary and conclusion

In this study, the molecular mechanisms that underlie the anti-cancer effects of shikonin and its
derivatives were investigated in two different tumor cell types — solid tumor cells taking
glioblastoma cell lines as examples and hematological tumor cells, specifically leukemia cells.
EGFR and c-MYC were identified as the common molecular targets of shikonin and its

derivatives in glioblastoma and leukemia cells respectively.

In UB7MG and transfected U87MG.AEGFR glioblastoma cells, most of the shikonin derivatives
showed strong cytotoxicity, especially towards EGFR-mutated erlotinib-resistant
U87MG.AEGFR cells. Combination treatment with shikonin and erlotinib produced synergistic
cell growth inhibitory effect in EGFR/AEGFR overexpression cell lines including
U87MG.AEGFR, BS153 and A431 cells, but only additive even antagonistic effect in DK-MG
and U87MG cells, which expressed very few EGFR. This implied us that their synergy effect
seems to rely at least in part on EGFR. Western blotting analysis displayed that shikonin itself
dose-dependently inhibited AEGFR phosphorylation as erlotinib and decreased phosphorylation
of EGFR downstream molecules, including AKT, P44/42MAPK and PLCyl. When treated by
shikonin or its derivatives in combination with erlotinib, the phosphorylation of AEGFR
reduced much more than any one treated alone, proving that the enhanced inhibition of AEGFR
phosphorylation accounts as a main mechanism of synergy in U87MG.AEGFR cells for the
erlotinib and shikonin or shikonin derivatives combination. Since overexpression and mutation
of EGFR has been a major cause for development of drug resistance to EGFR inhibitos, the
synergism of shikonin and its derivatives with erlotinib towards EGFR/AEGFR overexpression
cells is a beneficial feature making the shikonins attractive candidates for the improvement of

cancer therapy.

Compared to solid tumor cells, e.g. glioblastoma cells, leukemia cells seem to exhibit higher
sensitivity to shikonin treatment. As cell viability assays revealed, the ICso value for each of
shikonin and 14 derivatives in U937 leukemia cells was much lower than their corresponding
ICso value in glioblastoma cells. Since expression of EGFR was not the case in leukemia cells,
there should be other cellular mechanisms responsible for the particular effectivity of shikonin

towards leukemia cells. 1Cso concentrations of shikonin and its derivatives induced both
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apoptosis and necroptosis in U937 cells. mMRNA microarray assay showed that the transcription
factor c-MYC was the common molecular intensely down-regulated by shikonin and its
derivatives. c-MYC plays a vital role in cell cycle regulation and apoptosis by transcription and
activation of downstream target genes. The effect of shikonin and its derivatives on c-MYC was
functionally validated by Western blotting analysis and DNA-binding assays, which
demonstrated a markedly decreased expression and transcriptional activity of c-MYC after
shikonins treatment. The mechanisms of shikonin-triggered c-MYC inactivation may integrate
the deregulation of ERK, JNK MAPK and AKT activity, which are important upstream
signaling pathways for c-MYC control, and the direct binding of shikonins to c-MYC-MAX
dimerization thereby disrupting the transcriptional activity of c-MYC. It has reported that
leukemia is generally very sensitive to anticancer reagents that either block the cell cycle
process or cause apoptosis. Seeing as the critical role of c-MYC in cell cycle control and
apoptosis and the close association between c-MYC deregulation and hematological
malignancies, inhibiting c-MYC and related pathways represents a novel mechanism of
shikonin and its derivatives to explain their anti-leukemic activity and strengthen their potential

for the treatment of hematological malignancies.
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6 Material and Methods

6.1 Chemicals and equipment

Shikonin and 14 derivatives

Shikonin and its 14 derivatives were kindly provided by || | | | | S (Dcpartment of
Pharmacognosy, University of Graz, Graz, Austria) and ||| GG (Faculty of

Pharmacy, University of Athens, Athens, Greece). They were isolated and purified from
Arnebia euchroma and Onosma paniculata as described [165, 166]. The chemical structures are
shown in Figure 6B. Stock solutions (50 mM) were prepared in DMSO, stored at —20 °C and
diluted to the final concentration in fresh media before each experiment. Freeze/thaw-cycles of

dissolved shikonin and its derivatives were avoided.

Chemotherapeutics

Erlotinib and z-VAD-fmk were purchased from SelleckChem (Munich, Germany). SC79,
10058-F4 and 10074-G5 were purchased from Sigma-Aldrich (Taufkirchen, Germany).
SP100625 and necrostatin-1 (Nec-1) were purchased from Enzo Life Sciences (LoOrrach,

Germany).

Doxorubicin was provided by the University Medical Center of the Johannes Gutenberg
University (Mainz, Germany) and dissolved in DPBS at a concentration of 10 mM. It was

stored in the dark at 4 °C for a maximum of 4 weeks.

Cell culture media, reagents and disposable material

Table 5: Cell culture media, reagents and disposable material

Product Supplier

6-well cell culture microplate, clear, Nunclon® Thermo Scientific, Germany
12-well cell culture microplate, clear, Nunclon® Thermo Scientific, Germany
96-well, flat bottom cell culture microplate, clear, Nunclon® Thermo Scientific, Germany
96-well, flat bottom cell culture microplate, white, Nunclon® Thermo Scientific, Germany

Cell culture flasks (25 cm?), Nunclon® Thermo Scientific, Germany
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Cell culture flasks (75 cm?), Nunclon®
Cell scraper

Centrifuge tube (15 ml)

Centrifuge tube (50 ml)

Cover Glass 24 x 32 mm

DMEM, High Glucose, GlutaMAXTM, Pyruvate
DPBS, no calcium, no magnesium
FACS tubes

FACS tubes with cell strainer cap
Fetal Bovine Serum (FBS)

G418 disulfate salt

L-Glutamine

Micro tubes (1.5 mL, 2.0 mL)

PCR plate sealing foils

PCR plates (384-well)

Penicillin (10000 U/mL)/Streptomycin (10000 pg/mL)
Phytohemagglutinin M form

Pipette tip (10, 200 and 1250 L)
Pipette with tip (5 and 10 mL)

Roti® PVDF blot membrane (0.45 pm)
RPMI 1640

Trypsin-EDTA 0.25% (1x), phenol red

Thermo Scientific, Germany
Greiner Bio-One, Germany
Sarstedt, Germany

Sarstedt, Germany

VWR International, Austria
Life Technologies, Germany
Life Technologies, Germany
BD Biosciences, USA; Sarstedt, Germany
BD Biosciences, USA

Life Technologies, Germany
Sigma-Aldrich, Germany
PAA Laboratories, Germany
Sarstedt, Germany

Axon Labortechnik, Germany
Axon Labortechnik, Germany
Life Technologies, Germany
Life Technologies, Germany
Sarstedt, Germany

Greiner BIO-ONE, Germany
Roth, Germany

Life Technologies, Germany

Life Technologies, Germany

Chemicals, dyes, antibodies, enzymes and kits

Table 6: Chemicals, dyes, antibodies, enzymes and kits

Product

Supplier

30% acrylamide/bis solution 29:1

5 x Hot Start Taq EvaGreen gPCR Mix (no ROX)
Akt (pan) (C67ET7) Rabbit mAb

Ammonium persulfate (APS)

Annexin V-FITC Apoptosis Kit

Biotin-16-UTP

Bovine serum albumin (BSA)

Bromophenol Blue

c-Myc (D84C12) Rabbit mAb

Complete Mini Protease Inhibitor

Bio-Rad, Germany

Axon Labortechnik, Germany
Cell Signalling, Germany
Sigma-Aldrich, Germany
BioVision, Germany

Roche, Germany
Sigma-Aldrich, MO, USA
Merck, Germany

Cell Signalling, Germany
Roche, Germany
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Dimethyl sulfoxide (DMSQO)

Doxorubicin

EGF Receptor (D38B1) XP° Rabhit mAb
Ethanol (EtOH)

Glycerol

Glycine

HRP-linked anti-mouse 1gG

HRP-linked anti-rabbit 1IgG

Hydrochloric Acid 37% (HCI)

[llumina® TotalPrep™ RNA Amplification Kit
InviTrap® Spin Universal RNA Mini kit
LuminataTM Classico Western HRP substrate
MagicMark™ XP Western Standard

MAPK Antibody Sampler Kit

MessageAmp Il aBRNA Amplification kit
Methanol

M-PER® Mammalian Protein Extraction Reagent

NE-PER® Nuclear and Cytoplasmic Extraction Reagents

Phospho-Akt (Ser473) (D9E) XP° Rabbit mAb

Phospho-EGF Receptor Pathway Antibody Sampler Kit

Phospho-MAPK Antibody Sampler Kit
PhosSTOP Phosphatase Inhibitor Cocktail Tablets
QlAamp® DNA Mini Kits

Resazurin

RevertAid H Minus First Strand cDNA Synthesis Kit
RevertAid H Minus First Strand cDNA Synthesis Kit

Sodium bicarbonate

Sodium chloride (NaCl)

Sodium dodecyl sulfate (SDS)

Sodium hydroxide (NaOH)
Tetramethylethylenediamine (TEMED)
TotalPrep™ RNA Amplification Kit
TransAM® c-Myc Transcription Factor ELISA Kits
Tris (hydroxymethyl) aminomethane (Tris)
Trypsin (modified, sequencing grade)
Tween20

Ultravision Quanto Detection System HRP

Water, nuclease-free

Sigma-Aldrich, Germany
JGU Medical Center, Germany
Cell Signalling, Germany
Sigma-Aldrich, Germany
AppliChem, Germany
AppliChem, Germany

Cell Signaling, Germany
Cell Signaling, Germany
AppliChem, Germany

Life Technologies, Germany
STRATEC Biomedical, Germany
Merck Millipore, Germany
Life Technologies, CA, USA
Cell Signalling, Germany
Ambion, TX, USA

J. T. Baker, NJ, USA
Thermo Scientific, IL, USA
Thermo Scientific, IL, USA
Cell Signalling, Germany
Cell Signalling, Germany
Cell Signalling, Germany
Roche, Germany

Qiagen, Germany
Sigma-Aldrich, Germany
Thermo Scientific, Germany
Thermo Scientific, Germany
Sigma-Aldrich, Germany
Grlssing, Germany

J. T. Baker, NJ, USA
Sigma-Aldrich, Germany
AppliChem, Germany

Life Technologies, Germany
Active Motif, Belgium
AppliChem, Germany
Promega, WI, USA
Sigma-Aldrich, Germany
Thermo Scientific, Germany

Thermo Scientific, Germany
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B-Actin (13E5) rabbit mAb
B-Mercaptoethanol

Cell Signalling, Germany
AppliChem, Germany

Technical equipment and software

Table 7: Technical equipment and software

Device

Supplier

Adobe Photoshop CS5 v 12.0.0.2

Agilent 2100 Bioanalyzer

Alpha Innotech FluorChem Q system
AutoDock 4.2 software

AutoDockTools 1.5.6rc3 software
AutoGrid 4.2 software

BD Calibur Flow Cytometer

BD CellQuest™ software

BeadStudio software

C1000™ Thermal Cycler

Centrifuge 5424

CFX384™ Real-Time PCR Detection System
ChemSketch

Chipster software

Coulter Counter Z1

ENVAIR eco air V 0.8m vertical laminar flow workbench
Eppendorf 8-channel electric pipette
FlowJo software

FluorChem® Q imaging system

Forma Steri-Cult 3310 CO.-Incubator
Heraeus Cytospin

Heraeus Fresco 21 microcentrifuge
Heraeus Labofuge 400 R centrifuge

ImageJ 1.4.6

Illumina Human HT-12 v4 BeadChip array
Illumina BeadStation array scanner

Infinite M2000 Pro™ plate reader
Ingenuity Pathway Analysis (IPA)
Maxisafe 2020 laminar flow hood
Microsoft Office

Adobe Systems, USA

Agilent Technologies GmbH, Germany
Biozym, Germany

Molecular Graphics Laboratory, CA, USA
Molecular Graphics Laboratory, CA, USA
Molecular Graphics Laboratory, CA, USA
Becton-Dickinson Biosciences, CA, USA
Becton-Dickinson Biosciences, CA, USA
Illumina Inc., CA, USA

Bio-Rad, Germany

Eppendorf, Germany

Bio-Rad, Germany

ACD, Canada

CSC, Finland

Beckman Coulter, Germany

ENVAIR, Germany

Eppendrof, Germany

FlowJo LLC, OR, USA

Alpha Innotech, CA, USA

Thermo Scientific, Germany

Thermo Scientific, Germany

Thermo Scientific, Germany

Thermo Scientific, Germany

NIH, MD, USA

Illumina Inc., CA, USA

Illumina Inc., CA, USA

Tecan, Germany

Ingenuity Systems Inc., CA, USA
Thermo Scientific, Germany

Microsoft Corporation, WA, USA
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Milli-Q ultrapure water purification system
Mini-PROTEAN® Tetra Cell

MODELLER 9.11

Molecular Operating Environment (MOE) 2012.10
NanoDrop 1000 Spectrophotometer
Neubauer counting chamber

Optika XDS-2 trinocular inverted microscope
Precisa BJ2200C balance

PyMOL 1.3

REAX 2000 vortexer

Safe 2020 Biological Safety Cabinets
Sartorius R 160 P balance

Sonorex RK 102 H Ultrasonic Cleaning Unit
Spectrafuge™ Mini Centrifuge

SUB Aqua 26 waterbath

Thermomixer comfort

TopMix vortexer

VMD 1.9 software

Millipore, Germany

Bio-Rad, Germany

University of California, CA, USA
Chemical Computing Group Inc., Canada
PEQLAB, Germany

Marienfeld, Germany

Optika, Italy

Precisa Gravimetrics AG, Switzerland
Schroedinger LLC, USA

Heidolph, Germany

Thermo Scientific, Germany
Sartorius, Germany

Babdelin, Germany

Labnet, Germany

Grant Scientific, Germany

Eppendorf, Germany

Fisher Scientific, Germany
University of Illinois at Urbana
Champaign, IL, USA

6.2 Cell culture

All cell lines were maintained in a humidified environment at 37 °C with 5% CO2. Passaging
was performed twice per week. Adherent cells were detached by treatment with 0.25%
trypsin/EDTA solution (Life Technologies). All experiments were performed on cells in the
logarithmic growth phase. Cell counting was carried out by the use of Coulter Counter Z1

(Beckman Coulter) or a Neubauer counting chamber (Marienfeld).

6.2.1 Glioblastoma cell lines

U87MG and its mutant U87TMG.AEGFR, which over-expresses constitutively active EGFR with
a genomic deletion of exons 2-7 were kindly provided by || Gz (Ludwig Institute
for Cancer Research, San Diego, CA, USA).
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DK-MG and SNB-19 cells were kindly provided by [ |GGG (Dcpartment

of Radiation Oncology, University Hospital, Wiirzburg, Germany).

BS153 cells were obtained from ||} (Department of Neurosurgery,

University Medical Center Hamburg-Eppendorf, Hamburg, Germany) and originally generated
by Adrian Merlo [167].

Al172, T98G and U251MG cells were obtained from the German Cancer Research Center
(DKFZ, Heidelberg, Germany). The original source of these cell lines is the American Type
Culture Collection (ATCC, USA).

All glioblastoma cell lines were cultivated in complete DMEM culture medium with GlutaMAX
(Invitrogen) supplemented with 10% fetal bovine serum, L-glutamine (2 mM), and 1% of a
10,000 U/mL penicillin G and 10 mg/mL streptomycin. To maintain the expression of AEGFR,
U87MG.AEGFR was cultured in the medium containing 400 pg/mL G418.

6.2.2 Leukemia cell lines

Acute myeloid leukemia (AML) cells U937, acute lymphocytic leukemia (ALL) cell lines
Molt4 and Jurkat were obtained from the German Cancer Research Center (DKFZ, Heidelberg,
Germany). The original source of the cell lines is the American Type Culture Collection
(ATCC, USA).

ALL cell lines CCRF-CEM and its derived CEM/ADR5000 cell lines were generously provided
by |GG (Dcpartment of Pediatrics, University of Jena, Jena, Germany).

All leukemia cell lines were cultivated in complete RPMI 1640 medium with 2 mM L-
glutamine (Invitrogen) supplemented with 10% fetal bovine serum and 1% of a stock solution
of 10,000 U/mL penicillin G and 10 mg/mL streptomycin. CEM/ADR5000 cells were
continuously treated with 5000 ng/mL doxorubicin to maintain the multidrug-resistance

phenotype.
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6.2.3 Other tumor cell lines

The skin carcinoma cell line A431, the kidney carcinoma cell line A498, the lung carcinoma
cell line Calu-6 and the breast carcinoma cell lines BT-20 as well as MDA-MB-436 were
obtained from the German Cancer Research Center (DKFZ, Heidelberg, Germany). The original

source of these cell lines is the American Type Culture Collection (ATCC, USA).

All these cell lines were cultivated in complete DMEM culture medium with GlutaMAX
(Invitrogen, Germany) supplemented with 10% fetal bovine serum, L-glutamine (2 mM), and

1% of a 10,000 U/mL penicillin G and 10 mg/mL streptomycin.

6.3 Cell line authentication

6.3.1 DNA isolation

1to 5 x 108 cells for each of used solid tumor cell lines were harvested and genomic DNA was
extracted using Ql1Aamp® DNA Mini Kits (QIAGEN) according to the manufacturer's protocol.
The DNA concentrations were determined by NanoDrop 1000 spectrophotometer (PEQLAB)
and adjusted to 15 — 30 ng/uL.

6.3.2 SNP-profiling

Identification of all cell lines was performed using Single Nucleotide Polymorphism (SNP)-
profiling by Multiplexion (Heidelberg, Germany) as described recently [168]. Complete
genotype information is compared to reference database, which currently comprises > 800
distinct STR-Profiling authenticated human reference cell lines. The SNP profiles matched

known profiles or were unique.

6.4 Cytotoxicity assay

Cell viability was evaluated by the resazurin assay. This test is based on the reduction of the

indicator dye, resazurin, to the highly fluorescent resorufin by viable cells. Nonviable cells
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rapidly lose the metabolic capacity to reduce resazurin and, thus, do not produce a fluorescent
signal [169].

In brief, adherent cells were harvested with 0.25% trypsin/EDTA (Invitrogen) and diluted to a
final concentration 5 x 10* cells/mL. One hundred micro-liters of the cell suspension were
sowed into the wells of a 96-well culture plate one day before treatment. For suspension cells, 2
x 10* cells were directly sowed prior to the assay in a 96-well culture plate in a total volume of
100 pL for each well. Marginal wells were filled with 200 pL of pure medium in order to
minimize effects of evaporation. Besides, wells filled with medium served as the negative
control to determine background fluorescence that may be present. Then cells were treated with
different concentrations of the compound of interest alone or combined.

After 24 or 72 h, 20 pL resazurin (Sigma-Aldrich) 0.01% w/v in ddH20 was added to each well
and the plates were incubated at 37 °C for 4 h. Fluorescence was measured on an Infinite
M2000 Proplate reader (Tecan) using an excitation wavelength of 544 nm and an emission
wavelength of 590 nm. Each assay was done at least two times, with six replicates each. The
cytotoxic effect of the treatment was determined as percentage of viability and compared to
untreated cells. The toxicity of compounds was determined by means of the formula:

absorption from sample well - absorption from medium

Cell Viability (% of control) = - - -
absorption from solvent tr eated cells - absorption from medium

x100

The calculated cell viability (y-axis) was plotted against the log drug concentration (x-axis)
using Microsoft Excel. The obtained curve was used to determine the ICso value, which
represented the concentration of the test compound or the tested combination required to inhibit

50% of cell proliferation.

6.5 Assessment of combination effect

The effect of a combined treatment can be classified as additivity, in which the response of a
drug combination is just what is expected from the dose-response relationships of drugs;
synergism, in which the response is greater than expected; and antagonism, in which the
response is less than expected [170]. Two most commonly used reference models to evaluate

drug combination efficacy are the Bliss independence and Loewe additivity models. They
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handle the same question from two different perspectives: the Bliss independence model
focuses on treatment effect enhancement while the Loewe additivity model focuses on dose
reduction [171].

6.5.1 Bliss independence model

The Bliss independence model was used to evaluate the combined effect of shikonin and
derivatives with erlotinib. A theoretical curve was calculated for combined inhibition using the
equation Eniiss = Ea + Eg — Ea x Eg, where Ea and Eg were the fractional inhibitions obtained by
drug A alone and drug B alone at specific concentrations. Here, Episs was the fractional
inhibition that would be expected if the combination of the two drugs was exactly additive. If
the experimentally measured fractional inhibition (Eexpt) Was greater than Epiiss, the combination
was said to be synergistic. If Eexpt Was less than Eniiss, the combination was said to be
antagonistic. For dose-response curves, the Bliss additivity value was calculated for varying
doses of drug A when combined with a constant dose of drug B. This allowed an assessment of
whether drug B affected the potency of drug A or shifted its intrinsic activity [108].

6.5.2 Loewe additivity model

The Loewe additivity model was used to confirm the drug interaction between erlotinib and
shikonin in inhibiting cell growth and AEGFR phosphorylation [172, 173]. In this model, the
combination index (CI) was defined as Cl = d1/D1 + d2/D2, where D1 and D2 were the doses
of drug 1 and drug 2 that produced an response Y (e.g. 50% inhibition of AEGFR
phosphorylation) when used alone, d1 and d2 were the doses of drug 1 and drug 2 in
combination, which can generate the same response Y. If the CI is equal, less than, or greater
than 1, the combination dose (d1, d2) is termed as additive, synergistic or antagonistic,

respectively. The drug interaction was illustrated geometrically by isobologram.

6.6 MRNA microarray gene expression profiling
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6.6.1 RNA isolation

U937 cells were treated with shikonin, isobutyrylshikonin, f,B-dimethylacrylshikonin,
isovalerylshikonin and 2-methylbutyrylshikonin, at 1Cso concentrations or DMSO as solvent
control for 24 h, before total RNA was isolated using InviTrap spin Universal RNA Mini kit
(STRATEC Molecular) according to the manufacture’s instruction. RNA concentrations were

determined using the nanodrop spectrophoto meter (Thermo Fisher).

6.6.2 Probe labeling and hybridization

Microarray hybridizations were performed in duplicates for treated samples and for control
samples by the Genomics and Proteomics Core Facility at the German Cancer Research Center
(DKFZ, Heidelberg, Germany).

Briefly, 1 ug 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 Il aRNA Amplification kit (Ambion). Biotin-labeled cRNA samples for
hybridization on Illumina Human HT-12 BeadChip arrays were prepared according to
[Mlumina’s recommended sample labeling procedure based on the modified Eberwine protocol
[174]. The cRNA was column purified according to TotalPrep™ RNA Amplification Kit (Life
Technologies) and eluted in 60-80 pL water. Hybridization was performed according to the

manufacture’s instructions.

6.6.3 Scanning and data processing

Microarray scanning was done by the Genomics and Proteomics Core Facility at the German
Cancer Research Center using an Illumina® BeadStation array scanner (lllumina), setting
adjusted to a scaling factor of 1 and PMT settings at 430. Data was extracted for each
individually, and outliers were removed, if the median absolute deviation (MAD) exceeded 2.5.
Then, mean average signals and standard deviations were calculated for each probe. Data
analysis was done by using the quantile normalization algorithm without background

subtraction, and differentially regulated genes were defined by calculating the standard
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deviation differences of a given probe in a one-by-one comparison of samples or groups.

6.6.4 Data analysis

Chipster analysis

The expression data sets obtained were further filtered with Chipster software, which is an
analysis platform for high-throughput data. It includes the steps that filtering of genes by two
times standard deviation and a subsequent assessment of significance using empirical Bayes t-
test (p < 0.05) with Bonferroni correction.

Ingenuity pathway analysis

Filtered genes were fed into Ingenuity Pathway Analysis software (IPA; Ingenuity Systems
Inc.), which allows to integrate the experimental data to known biological and chemical
interactions, mechanisms and functions. It relies on the Ingenuity Knowledge Base, a frequently
updated giant database of biological interactions and functional annotations gathered from
literatures. Only molecules with an expression fold changes > +1.65 were used for IPA analysis.
Core Analyses using the Core Analysis tool were performed for all datasets to determine
cellular networks and functions associated with deregulated mRNA that affected by each drug
treatment. The results of the core analyses were further studied using the comparison analysis
tool, offering the possibility to compare datasets of samples treated by different compounds.

6.7 Real-time RT PCR

Real-time RT-PCR was performed with the same samples used for microarray experiments.
Total RNA samples were converted to cDNA with random hexamer primers by RevertAid H
Minus First Strand cDNA Synthesis Kit (Thermo Scientific). Primers for real-time RT-PCR
were designed by Primer Blast (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) and selected
according to their amplification specificities based on the sequence data from the NCBI RefSeq
Human mRNA data base (http://www.ncbi.nim.nih.gov/refseq/). The obtained primers were

then input into Oligo Property Scans (MOPS) (https://fecom.mwgdna.com/services
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Iwebgist/mops.tcl) for their usability. Oligonucleotides were synthesized by Eurofins MWG
Operon and primer sequences are shown in Table 8. The efficiency of all primer pairs used for
real-time PCR expression was better than 90%. Quantification of cDNA was performed on
CFX384 Real-Time PCR Detection System (Bio-Rad) using a Hot Start Tag EvaGreen gPCR
Mix (Axon). RT-PCR was performed with an initial denaturation at 95 °C for 10 min followed
by 40 cycles including strand separation at 95 °C for 15 s, annealing at 57.4 °C for 40 s and
extension at 72 °C for 1 min. After PCR product amplification, melting curves were computed.
Expression levels were normalized to the transcription level of the housekeeping gene RPS13.

All samples were run in duplicates and the experiment was repeated once.

Table 8: Primer sequences used for real-time RT-PCR

Target gene Primer sequences
JUN FW: 5‘-GCCAACTCATGCTAACGCAG-3¢
REV: 5-CTCTCCGTCGCAACTTGTCA-3¢
GABARAP1 FW: 5°-GAAATGAGTGGTTGGAAGCCC-3¢
REV: 5-TTCACCTTCTGTCTCCTTGCG-3¢
LY96 FW: 5‘-ACACCTACTGTGGGAGAGAT-3*
REV: 5‘-CGTCATCAGATCCTCGGCAA-3¢
MYC FW: 5‘-AGAGTTTCATCTGCGACCCG-3¢
REV: 5‘-GAAGCCGCTCCACATACAGT-3¢
IFITM2 FW: 5‘-CATCCCGGTAACCCGATCAC-3¢
REV: 5‘-CCCAGCATAGCCACTTCCTG-3¢
MS4A3 FW: 5‘-GACAAGGTGGACTTGGGAGG-3°
REV: 5¢- CTGAACTACAGAACTTGGAGGCT-3*
RPS13 FW: 5’-GGTTGAAGTTGACATCTGACGA-3’

REV: 5’-CTTGTGCAACACATGTGAAT-3’

6.8 Annexin V and Pl double staining by flow cytometry

The U937 cell death mode induced by shikonin and its derivatives was analyzed by annexin V-
Pl double staining. Annexin V is an intracellular protein that calcium-dependently binds to
phosphatidylserine (PS), which translocates from the intracellular leaflet of the plasma
membrane to the external leaflet during early apoptosis. Propidium iodide (PI) is excluded by
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living or early apoptotic cells with intact membranes and stains late apoptotic and necrotic cells
with red fluorescence due to DNA intercalation. Therefore, cells with annexin V (-) and PI (-)
are considered to be alive, while cells with annexin V (+) and P1 (-) are in early apoptosis. Cells

in late apoptosis or necrosis are both annexin V and Pl positive.

Briefly, 5 x 10° U937 cells were were seeded into the wells of a 12-well culture plate (Thermo
Scientific) and treated 50 uM necrostatin-1 (Nec-1; Enzo Life Sciences) or 50 uM z-VAD-fmk
(Selleckchem) 1 h prior to co-incubation with ICsg concentrations of shikonin or its derivatives
for 24 h. Following incubation, cells were collected and incubated with annexin V and PI
staining solution (BioVision) according to the manufacturer’s protocol. Subsequently, cells
were transferred to a FACS tube (BD Biosciences) and measured with FACS Calibur analyzer
(Becton-Dickinson Biosciences). For each sample, 2x10* cells were counted. The annexin V-
FITC signal was measured with 488 nm excitation and detected using a 530/30 nm band pass
filter. The P1 signal was analyzed with 561 nm excitation and detected using a 610/20 nm band
pass filter. All parameters were plotted on a logarithmic scale. Cytographs were analyzed using

FlowJo software (Tree star).

6.9 DNA binding activity of c-MYC transcription factor

The ¢c-MYC DNA binding activity assays were performed using TransAM enzyme-linked
Immunosor Bent assay (ELISA)-based kits (Active Motif) according to the manufacturer's
protocol. Briefly, 1 x 10° U937 cells were seeded into the wells of a 6-well culture plate
(Thermo Scientific) and treated with indicated concentrations of control, shikonin, derivatives,
10074-G5 or 10058-F4. After 24 h, cells were harvested and nuclear proteins were extracted
using NE-PER® Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific)
supplemented with 1% Halt™ Protease Inhibitor Cocktail (Thermo Scientific). The
concentrations of extracted nuclear protein were determined by NanoDrop 1000
spectrophotometer. 10 pg of nuclear extracts from control, shikonin, derivatives, 10074-G5 or
10058-F4-treated cells were separately incubated in a 96-well plate immobilized with an
oligonucleotide containing the c-MYC consensus binding site (5’-CACGTG-3’). The active
forms of transcription factors from extracts, which specifically bound to this oligonucleotide,

were detected by a primary antibody against c-MYC in an ELISA-like format. The absorbance
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of the sensitive colorimetric reaction mediated by a secondary HRP-conjugated antibody was
measured on the Infinite M2000 Proplate reader (Tecan) at 450 nm with a reference wavelength
of 655 nm.

6.10 Analysis of protein expression by Western blotting
6.10.1 Sample preparation

For adherent cells, 50 x 10* cells were sowed into the wells of a 6-well culture plate (Thermo
Scientific) one day before treatment. For suspension cells, they were directly sowed prior to
treatment. The cells were washed twice with PBS after treated with the indicated concentrations
of the compound of interest alone or combined for 24 h and lysed in lysis buffer (M-PER
Mammalian Protein Extraction Reagent, Thermo Scientific, plus protease inhibitor, Roche)
containing phosphatase inhibitor (Roche). After shaking 30 min at 4 °C, the lysate was
centrifuged at 14,000 x g for 15 min and the supernatant was quantified by NanoDrop 1000

spectrophotometer.

6.10.2 SDS-PAGE and blotting

Equal amounts of protein extracts were separated on 10% SDS-PAGE and electroblotted onto a
PVDF membrane using the Mini-PROTEAN® Tetra Cell system (Bio-Rad). In short, 30 ug
protein were mixed with 4 uL 6 x sample loading buffer and H-O to a final volume of 24 pL.
Prior to electrophoresis, samples were boiled at 95°C for 10 min. 3 pL of Magic Mark Western
Blot Standard protein ladder (Life Technologies) was loaded asides and run in parallel to
estimate molecular weights of the protein. Samples were run through the stacking gel under 50
V and the voltage was increased up to 100 V and maintained till the end of electrophoresis.
Then the separating samples were transferred to a Roti® PVDF blot membrane (Roth) by wet

sandwich method at a 250 mA current for 2.5 h.

6.10.3 Antibody incubation and detection
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After blotting, the membrane was first rinsed with TBST and then blocked with 5% (w/v)
bovine serum albumin in TBST for 1 h at room temperature. The blocked membrane was
subsequently incubated overnight at 4 °C with specific primary antibodies (Cell Signaling) that
diluted 1:1000 in blocking solution. After washing for three times with TBST for 10 min, the
membrane was incubated for 1 h at room temperature with HRP-conjugated secondary antibody
(Cell Signaling) (1:2000 in blocking solution). After the membrane had been washed with
TBST (3 x 10 min), the immunoreactivity was revealed by use of a Luminata Classico Western
HRP Substrate (Millipore Corporation), and the densities of the protein bands were quantified

by FluorChem Q software (Biozym Scientific Company). B-Actin was used as loading control.

6.10.4 Gel and Buffer recipes

The gels and buffers used in the experiments were prepared according to the following recipes:

Table 9: Preparation of SDS-PAGE

Stacking gel (4%0) Running gel (10%)
H20 3.075 mL H20 3.075mL
0.5 M Tris-HCI (pH 6.8) 1.25mL 1.5 M Tris-HCI (pH 8.8) 1.875 mL
20% SDS (w/v) 0.025 mL 20% SDS (w/v) 0.0375 mL
30% acrylamide/bis Solution, 29:1  0.67 mL 30% acrylamide/bis Solution, 29:1  2.475mL
10% APS (w/v) 0.025 mL 10% APS (w/v) 0.0375 mL
TEMED 0.005 mL TEMED 0.005 mL

Table 10: Buffers for SDS-PAGE

6 x sample loading buffer Running buffer
SDS 12g¢g Tris-HCI 25 mM
Bromophenol Blue 0.006 g Glycin 200 mM
Glycerol 4.7 mL SDS (wiv) 0.1%
1 M Tris-HCI (pH 6.8) 0.6 mL in H.0
H.0 2.7mL

R-Mercaptoethanol (v/v) 5%
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Table 11: Transfer buffer and washing buffer

Transfer buffer (Towbin buffer) Tris-buffered saline Tween 20 (TBS-T)
Tris 25 mM Tris-HCI (pH 7.5) 20 mM
Glycine 192 mM NaCl 500 mM
Methanol 20% Tween 20 (w/v) 0.1%
in H.O in H,O

6.11 Molecular docking

The X-ray crystallography based structures of EGFR kinase (PDB code: 1M17) and
MYC/MAX complex (PDB code: 1INKP) were obtained from RCSB Protein Data Bank
(http://lwww.rcsb.org/pdb/home/home.do) and used as docking templates throughout the
docking calculations. All bound waters and ligands were eliminated from the protein and the
polar hydrogen was added to the protein. The 2D structures of shikonin and its derivatives were
energy-minimised and converted to 3D structures compatible for docking operation using an
open source program named Corina of the company Molecular Networks. The known inhibitors
for EGFR, erlotinib and Mig6 (mitogen-induced gene 6, picked from the crystal structure of the
complex between the EGFR kinase domain and aMig6 peptide, PDB code: 2RFD) were
selected as standard to compare their binding modes with shikonin and its derivatives to EGFR
kinase. Two known MYC inhibitors, 10074-G5 and 10058-F4, were used as control drugs to
compare their binding modes and affinities with shikonin and its derivatives to MYC.

Molecular docking was then carried out with Autodock program (AutoDock 4.2, The Scripps
Research Institute, La Jolla, CA, USA) following a protocol previously reported by us [175]. In
brief, all the macromolecular and ligands were first converted to the PDBQT format files with
AutodockTools 1.5.6rc3, the graphical user interface for Autodock 4.2 software (Molecular
Graphics Laboratory). A grid box where the docking took place was then constructed in a way
that it covered the binding sites of the target protein. Docking parameters were set to 100 runs
and 2,500,000 energy evaluations for each cycle. The results were written in dlg files, which
were later used to analyze the binding energies and the interacting amino acids for each ligand.

VMD (Visual Molecular Dynamics) was used as visualization tool to further get a deeper
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insight on the binding modes obtained from docking.

6.12 Statistical analysis

Results are represented as mean + SEM. P-values were calculated by Student's t-test or right-

tailed Fisher’s exact test (IPA data). Differences were considered as significant at P < 0.05.
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