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Zusammenfassung (Deutsch):

Hintergrund: Das hepatozelluldre Karzinom (HCC) hat eine hohe Morbidi-
tats- und Mortalitétsrate, jedoch sind die entsprechenden Behandlungsmog-
lichkeiten limitiert. Mit dem Fortschreiten der Antibiotikaforschung wurde
auch die tumorhemmende Wirkung von Antibiotika entdeckt. Unter anderem
zeigt auch das Glycylcyclin Tigecyclin antitumorale Wirkung und ist Ge-
genstand dieser Studie, um die Wirkung gegen Leberzellkarzinome zu un-

tersuchen und dessen Mechanismus zu erforschen.

Methoden: HCC-Zellen und Hepatozyten wurden mit unterschiedlichen
Konzentrationen von Tigecyclin behandelt. MTT und CV wurden verwen-
det, um die posttherapeutische metabolische Aktivitat der Zellen zu messen
und die mittlere inhibitorische Konzentration (ICso) zu berechnen. Sphere
Formation Assays wurden benutzt, um Verdnderungen der Stammzellen
festzustellen. Des Weiteren wurden Wundheilungsassays und Transwell-As-
says verwendet, um Verdnderungen der Zellmigrations- und der Invasions-
fahigkeit zu analysieren. Zudem wurden bioinformatische Analysen zur
Identifizierung potenzieller Ziele von RACI1 eingesetzt. Western blot und
RT-PCR wurden zum Nachweis der Expression relevanter Marker durchge-
fithrt. DCHA wurde angewendet, um die Produktion reaktiver Sauerstoffspe-
zies nach der Behandlung mit Tigecyclin nachzuweisen. Dariiber hinaus
wurde auch die Durchflusszytometrie hinzugezogen, um Verdnderungen in
verschiedenen Zellzyklen nach der Tigecyclin-Behandlung zu erkennen. Die
Seahorse-Analyse wurde eingesetzt, um Verdnderungen in der mitochondri-

alen Funktion nach der Zellbehandlung festzustellen.

Ergebnisse: Nach der Tigecyclin-Behandlung von HCC-Zellen und norma-
len Hepatozyten THLE-2 war die Lebensfahigkeit aller Zellen reduziert. Die
Empfindlichkeit von HCC-Zellen gegeniiber Tigecyclin war hoher als die
von THLE-2. Tigecyclin hemmte sowohl die Migration als auch die Invasion

von HCC-Zellen. HCC-Zellen zeigten nach der Behandlung mit Tigecyclin
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eine erhdhte Expression von RACI, eine verringerte ROS-Produktion, eine
verdnderte Funktion der Mitochondrien und eine Verlangsamung der S-
Phase des Zellzyklus. Die Inhibition von HCC-Zellen wird verstirkt, wenn

Tigecyclin in Kombination mit Everolimus eingesetzt wird.

SchluBfolgerung: Unsere Studie zeigte erstmals die hemmende Wirkung
von Tigecyclin auf HCC. Die Hemmung von RAC1, der Stillstand des Zell-
zyklus, die Verringerung von ROS und die mitochondriale oxidative Phos-
phorylierung konnten an diesem Prozess beteiligt sein. Vor allem aber haben
wir festgestellt, dass Tigecyclin normale Hepatozyten nur begrenzt schadigt.
Unsere Ergebnisse bieten mehr Moglichkeiten flir den klinischen Einsatz

von Tigecyclin bei HCC.



Abstract (English):

Background: Currently, hepatocellular carcinoma (HCC) has a high mor-
bidity and mortality rate and corresponding treatment options are limited.
Liver transplantation is highly limited by organ supply and liver resection is
limited by high recurrence rates and there are no adjuvant therapy options to
date. As antibiotic research progressed, antitumor effects of antibiotics were
discovered. Therefore, we chose Tigecycline, a glycylcycline antibiotic, as
the subject of our study to investigate the anti-HCC effects and to explore its

mechanism to provide a perioperative antitumor therapy option.

Methods: HCC cells and hepatocytes were treated with different concentra-
tions of Tigecycline. MTT and CV were used to assay their cell viability and
to calculate ICso. Sphere formation assays measured changes in cell stem-
ness. To assess changes in cell migration and invasion capabilities, wound
healing and transwell assays are used. RAC1 was identified as a possible
target for Tigecycline by bioinformatics analysis. The expression of key
markers was detected using Western blot and RT-PCR. DCHA was utilized
to measure reactive oxygen species generation during Tigecycline therapy.
FACS was used to detect alterations in cell cycle following Tigecycline treat-
ment and changes in mitochondrial function were detected via seahorse anal-

ysis.

Results: After Tigecycline treatment of HCC cells the viability was reduced
significantly. The sensitivity of HCC cells to Tigecycline was higher than
that of immortalized normal hepatocytes THLE-2. Tigecycline inhibited
both migration and invasion of HCC cells. HCC or hepatocytes cells showed
increased expression of RACI, decreased ROS production, reduced mito-
chondrial function and arrested in S-phase of the cell cycle after Tigecycline
treatment. The inhibition of HCC cells is enhanced when Tigecycline is used

in combination with Everolimus.



Conclusion: Our study firstly revealed the inhibitory effect of Tigecycline
on HCC. Inhibition of RACI1, cell cycle arrest, reduction of ROS and mito-
chondrial oxidative phosphorylation may all be involved in the process. Most
importantly, we also studied the effects of Tigecycline on normal hepato-
cytes and found that it caused limited damage to normal hepatocytes. Our

findings provide more possibilities for the clinical use of Tigecycline in HCC.
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1. Introduction

The liver, as the biggest organ in the body, has a rich circulatory system,
received blood mainly from hepatic artery and the portal vein. Therefore, the
liver is exposed to a large proportion of microbial products through the in-
testine. As a result, the liver is an important metabolic and detoxification
organ. Millions of people worldwide are affected by liver disease. In most
developed areas such as Europe and the United States, the incidence of viral
hepatitis is waning due to advances in disease prevention, diagnosis, and
treatment. At the same time, the massive expansion of vaccines against hep-
atitis B viruses in many countries, like China, has also led to a dramatic de-
cline in new cases. Conversely, as living standards improve, the incidence of
metabolic liver disease (non-alcoholic fatty liver disease and alcohol-related
liver disease) will increase, finally leading to more cases of advanced-stage
liver disease (liver failure, cirrhosis and liver cancer). And of all advanced

liver diseases, liver cancer is undoubtedly the worst outcome for patients.

1.1 Liver cancer and hepatocellular carcinoma

1.1.1 The global epidemiological statistics of liver cancer

According to the latest data, liver cancer is the sixth most prevalent cancer
type globally, and it is even the second or third largest cause of cancer-related
fatalities. Especially in male, the cancer mortality rate is the second highest
[1-3]. The 5-year survival of liver cancer is 18% [4]. The incidence and mor-
tality rates of liver cancer also vary greatly between genders. In most regions
of the world, the incidence and mortality rates are two to three times higher
among men than in women. According to the World Health Organization
2020 report, among the most common types of cancer in 185 countries of the
world, liver cancer is the most common in Mongolia with by far the highest

incidence and mortality rates worldwide (93.7 and 75.4, respectively) [1].
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The overall burden from liver cancer is most pronounced in transitioning
countries; rates are highest in Eastern Asia, South-Eastern Asia, Northern

Africa, and Micronesia (Fig. 1).

Different risk factors may lead to different types of liver cancer and have
different trends. Primary liver cancer can be broadly subdivided into hepa-
tocellular carcinoma (HCC) (typically 75-85% of all liver cancer cases) and
intrahepatic cholangiocarcinoma (ICC) (approximately 10-15%), and others,
more rare types [5]. ICC is associated with primary sclerosing cholangitis
fibrous polycystic liver disease, parasitic infections, and intrahepatic bile
duct stones [6]. As the most common form of liver cancer, HCC’s epidemi-

ological data are consistent with liver cancer.

HCC has several major causative risks. These factors include mainly long-
term infection with hepatitis B and C viruses (HBV, HCV), obesity, smok-
ing, long-term consumption of aflatoxin-contaminated food, diabetes and
high alcohol intake [7]. Interestingly, the incidence in high-risk countries
(e.g., China, Philippines, Thailand, etc.) has been declining for a long time
[8], but in contrast the incidence in some low-risk countries such as Europe,
South America, and Australia/New Zealand has been steadily increasing in
recent years [9]. Declining prevalence of aflatoxin infection and exposure in
high-risk areas like Eastern Asia may contribute to the declining incidence
of HCC in these areas[10]. It is hypothesized that the continued increase in
morbidity in low-risk areas is associated with an increased incidence of obe-
sity and metabolic diseases such as diabetes. These new cases counterbal-
ance the improvements obtained by lowering HBV and HCV prevalence [11,
12]. Fortunately, the incidence and mortality rates of liver cancer in adoles-
cents and young adults aged 15 to 39 years are much lower, probably due to
the long time it takes from precancerous lesions to tumor formation and the

short time they are exposed to risk factors [13].
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Figure 1: Region-Specific Incidence Age-Standardized Rates by Sex for

Liver Cancer in 2020.

Rates are shown in descending order of the world (W) age-standardized rate
among men, and the highest national rates among men and women are super-
imposed. Data from: GLOBOCAN 2020 (https://acsjournals.onlineli-
brary.wiley.com/cms/asset/1f16ffd6-9a97-436d-b8ec45c54c231db6/caac21660-
fig-0013-m.jpg).

1.1.2 Options for the treatment of hepatocellular carcinoma
Surgical removal, liver transplantation, local treatment, chemoembolization,

and systemic chemotherapy are the five primary clinical therapeutic options

for HCC [14].


https://acsjournals.onlinelibrary.wiley.com/cms/asset/1f16ffd6-9a97-436d-b8ec
https://acsjournals.onlinelibrary.wiley.com/cms/asset/1f16ffd6-9a97-436d-b8ec
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With improvements in bleeding control, anesthesia techniques, perioperative
care, surgical equipment, and an all-around understanding of liver anatomy,
the prognosis for patients after liver resection is getting better [15]. It also
allows many patients with tumors previously considered unsuitable for sur-
gical resection to have the opportunity to undergo surgery. Depending on the
size and location of the tumor in the liver, there are several types of curative
liver resections including segmental resection, left or right hepatectomy, and
extended left or right hepatectomy [16]. The application of new minimally
invasive liver resections has increased in recent years with the development
of minimally invasive techniques, laparoscopic techniques, and surgical ro-
botics, and some articles suggest that this may be benefiting from improved
short-term outcomes [17], but others suggest that the long-term outcomes of

these new techniques need further validation [18, 19].

Liver transplantation is the most favorable treatment option for HCC pa-
tients. Liver transplantation achieves 5-year recurrence rates of 15%,
whereas liver resection shows recurrence rates of more than 70% [20]. How-
ever, liver transplantation is limited especially in countries with limited or-
gan supply. Liver transplantation is therefore mainly performed in patients
fulfilling the Milan criteria. The Milan criteria include individuals who do
not have macrovascular invasion or extrahepatic dissemination, as well as
nodule size limitations of a single nodule less than or equal to 5 cm or no

more than three nodules not exceeding 3 cm [21].

The Barcelona Clinic Liver Cancer (BCLC) staging system (Figure 2), re-
mains the most widely used method for the systematic management of HCC
patients in clinical practice to the current time. This recommendation states
that surgical therapy is mostly determined by the patient's functional condi-
tion, underlying liver disease, and tumor size [22]. According to reports, only
30% of HCC patients are surgical candidates (liver resection and liver trans-

plantation) [23].
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Due to these limitations, resection needs to be performed and there is a need
of improving recurrence rates after resection. One way of improving recur-
rence rates after resection is to establish new adjuvant therapy options. To
date, there are no adjuvant therapy options established. In chemotherapy and
systemic therapy, more than 100 randomized clinical trials have been re-
ported testing chemotherapy or other types of systemic therapy for HCC, but
only one drug, Sorafenib, has been shown to have a survival advantage [24-
26]. Therefore, Sorafenib remains the first-line treatment option for HCC.
Sorafenib, a first-line systemic treatment, is appropriate for patients in the C
stage (BCLC standard) with maintained liver function, an ECOG-PS score
of 1 to 2, and macrovascular invasion or extrahepatic dissemination [24] did

not show any benefit when used as an adjuvant therapy option[27].

In addition, a similar drug, cabozantinib, is being tested as a second-line ther-
apy after initial positive results in clinical studies [28]. Several clinical trials
have found benefits of radiofrequency ablation for patients with early-stage
HCC [14, 29, 30]. Five-years survival rates after radiofrequency ablation av-
erages 60% [31]. However, for terminal stage patients, symptomatic treat-
ment and end-of-life care are the only things we can do to alleviate their

suffering.



BCLC Staging and Management Strategy
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Figure 2. BCLC Staging and Treatment Strategy Flow Chart, modified from
[22] (PS, performance status)

1.1.3 Classification of HCC based on molecular characteristics

Molecular classification of tumors is particularly important for the precision
treatment of tumors. If the molecular characteristics of a tumor can be clari-
fied, the development of relevant inhibitors or activators for the characteris-
tics of these molecules is the main method of new tumor drug development.
Among all tumors, the best-known molecular classification would be in the
breast cancer. Based on the expression of ER, PR and HER2 genes breast
cancer can be classified into Luminal A, Luminal B, HER2 and triple nega-
tive breast cancer (TNBC) [32]. The different treatment approaches for dif-
ferent subtypes have greatly improved the overall survival rate of breast can-
cer patients. Molecular subtypes of HCC have been identified by high-
throughput sequencing. These molecular subtypes are distinguished by

unique oncogene signaling pathways and recurrent mutations [33]. Even



19

though these molecular subtypes of HCC do not currently directly affect cli-
nicians' diagnosis and decision making, correlations between these subtypes,
pathological and clinical features (eg, clinical test results, risk factors, sur-

vival time, etc.) have been identified and are increasingly valued.

Unsupervised clustering of gene expression classified HCC into two major
subtypes [34, 35]. Taking into account the clinicopathological features, path-
ogenic factors, and patient prognosis, HCC can be broadly classified into
proliferation and non-proliferation subtypes, each subtype has its own

unique molecular expression profile [35].

The proliferation subtype of HCC cells is mainly the progenitor-like, with a
small percentage of hepatocyte-like [35]. The proliferation subtype of HCC
was also shown to be mainly enriched in the proliferation pathway of tumor
cells in the results of signaling pathways enrichment analysis. The pathway
of insulin-like growth factor [36], mTOR [37], RAS [38], stem cell features
[39] and the NOTCH [40] have all been found to be associated with the pro-
liferation subtype. Thus, proliferation has a high degree of heterogeneity.
Epigenetic studies have found that DNA methylation, microRNA expression

patterns are associated with proliferative subtypes [41].

The nonproliferation subtype of HCC has a different molecular profile com-
pared proliferation, in addition to better clinical symptoms and patient out-
comes than proliferative subtypes. HCC of the nonproliferation subclass
keep part hepatocyte-like characteristics; a subset includes activation of the
canonical Wnt signaling pathway, mostly through mutations in CTNNB1
[35]. Also, canonical WNT signaling is considerably enriched in this class,
as indicated by upregulation of well-known target genes such as GLUL or
LGRS [42]. Compared with proliferative HCC, this type of HCC has a rela-

tively low level of a-fetoprotein and a relatively low degree of malignancy.
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The characteristics of proliferative and non-proliferative subtypes are sum-
marized in the Table below, some data mainly sourced from the review re-

ports by Daniela Sia et al. [43] and Jessica Zucman-Rossi et al [35].

Summary of molecular classification of HCC

Proliferation Nonproliferation
Cell lineage fea- Progenitor-like, Hepatocyte-like
tures Hepatocyte-like
Activation of NOTCH Classical Wnt
signaling path- mTOR (CTNNBI1 mutation)
ways
RAS/MAPK
Clinical Features HBV HCV, Alcohol
High AFP Low AFP
Poor prognosis Better prognosis
Others More vascular invasions Immune related gene
signature

1.2 Antibiotics and Tigecycline

Chemotherapy is a highly essential treatment for cancers in advanced stages
and its history can be traced back to the twentieth century [44]. However, it
caused life-threatening side effects and led to the development of resistance
in cancer cells. Currently, there are many categories of chemotherapy agents,
including anti-microtubule drugs, inhibitors of mitotic and topoisomerase,
alkylating drugs, cytotoxic antibiotics, antimetabolites and corticosteroids.

One rather new category are antibiotics.
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1.2.1 Antitumor effects of antibiotics

For many years, antibiotics have been used to target bacterial infections.
However, during years of clinical practice, antibiotics have been found to
have an inhibitory effect on tumors. In recent years more and more basic

studies have demonstrated the antitumor effect of antibiotics.

Some antibiotics are powerful intercalating agents, whereas others are DNA-
damaging agents. DNA is one of the major molecular targets of many
chemotherapeutic agents and is largely considered a non-specific target of
cytotoxic agents [45]. Anthracyclins, bleomycins, mitomycins are a few an-
ticancer antibiotics used in therapy. Doxorubicin and daunorubicin are two
of the first anthracyclines discovered, which were obtained from Streptomy-
ces and are now widely used in breast cancer as an intercalating agent that
can interfere with DNA interactions [46]. Bleomycin prevents DNA repair
and causes DNA damage [47]. Mitomycin, a broad-spectrum antibiotic, acts
as a bioreductive alkylating agent, which forms covalent linkages with DNA

and interferes with DNA synthesis [48].

Next, [ will introduce several new antibiotics used in antineoplastic therapy.
We believe that further exploration of the anti-tumor effects of antibiotics

could provide more new options for the treatment of oncological diseases.

Salinomycin

Salinomycin (SAL), molecular structure is shown in Figure 3, is an antibac-
terial and coccidiostat ionophore therapeutic drug. SAL is isolated from
Streptomyces albus and belonging to the polyether class. It has a wide range

of biological activities [49].

SAL has been shown to have proliferation-inhibiting effects in a variety of
tumors. The main mechanism including inhibition of Akt, Wnt/B-catenin,

hedgehog, and Notch pathways [50, 51]. It has been shown that SAL can
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induce apoptosis by altering the balance of NA"/K" ions at the mitochondrial
and cellular membranes [52]. Thereafter, SAL have been shown to destroy
cancer stem cells in some malignancies and to promote the effects of radio-
therapy and chemotherapy [53]. At the same time, SAL has shown striking
results in targeting cancer stem cells. It has been reported that SAL has more
than 100 times the ability to remove cancer stem cells compared to paclitaxel
[54]. In addition to solid tumors, SAL has also been reported to act on hema-
tologic tumors, with the main mechanism being the inhibition of the Wnt

pathway [55].

Figure 3: The chemical structure of Salinomycin.

Chemical formula structure figure from the public database Drugbank

(https://go.drugbank.com/)[56].



https://go.drugbank.com/
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Ivermectin

Ivermectin (IVR) is a semi-synthetic antiparasitic medication derived from
avermectins (Figure 4), a class of highly-active broad-spectrum antiparasitic
agents isolated from the fermentation products of Streptomyces avermitilis.
In the context of the COVID-19 global pandemic, some inhibitory effects of
ivermectin on COVID-19 have been reported [57].

IVR exhibited antitumor effects mainly in colon cancer, glioma, skin and
lung cancers through the Wnt pathway blocking [58]. In addition to the in-
hibition of Wnt-TCF pathway, the inhibition of multidrug resistance (MDR)
proteins, the blockage of AKT/mTOR pathway, and the degradation of PAK-
1 (p21-activated kinase) are the main pathways [59, 60]. In gastric cancer

IVR exhibited antitumor effects through the inhibition of YAP-1 [61].

Like SAL mentioned previously, [IVR inhibits cancer stem cells in breast
cancer [58] and increases the production of intracellular ROS, resulting in
some inhibition of breast cancer. Also, in breast cancer Dou et al. found that

IVR could induce autophagy in breast cancer [62].
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Figure 4: The structure formula of Ivermectin.

Ivermectin itself is a mixture of two avermectins. The two component chem-
icals are extremely similar, ivermectin Bla has an ethyl group at the C-26
position, while ivermectin B1b has a methyl group. IVR is composed of at
least 90% of Bla and not more than 10% of B1b. The red circles show the
different structure of the two. Chemical formula structure figure from the

public database Drugbank (https://go.drugbank.com/)[56].



https://go.drugbank.com/

25

Monensin

Monensin (MON), molecular structure is shown in Figure 3, is a polyether
isolated from Streptomyces cinnamonensis that presents antibiotic proper-
ties [49]. Proven antibacterial and antiparasitic abilities [63]. It is widely

used in ruminant animal feeds [64].

MON has been reported to induce apoptosis in a variety of tumors, including
renal cell carcinoma [65], colon cancer [66], myeloma [67], and acute mye-
logenous leukemia [68]. Moreover, the induction of apoptosis in these tu-
mors is associated with cell cycle arrest. MON suppresses signaling path-
ways associated to cancer formation, including as NF-xB and STAT, and
also decreases EGFR expression [69]. Therefore, MON has also been re-
ported to have synergistic effects with many known chemotherapeutic agents
(oxaliplatin [69], gemcitabine and erlotinib [70]). MON was selected from
4910 drug-like molecular screens by high-throughput technology and inhib-
ited prostate cancer proliferation even at nanomolar concentrations [71].
Similarly, MON (only at a concentration of 10 nM) induced apoptosis, cell
cycle arrest and increased reactive oxygen species (ROS) in prostate cancer
cells TEM4-18. Again, this report points out that MON is a selective cyto-

toxic compound for Epithelial-to-mesenchymal transition [72].

In conclusion MON deserves more further study as a new anti-cancer drug

candidate.
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Figure 5: The chemical structure of Monensin.

Chemical formula structure figure from the public database Drugbank

(https://go.drugbank.com/)[56].

Above, I have briefly introduced the anti-cancer effects of three antibiotics.
Although none of them are currently approved for use in clinical practice,
they still deserve to be investigated in greater depth. Over the last decade,
there has been a greater awareness of the repositioning of well-known med-
ications, such as antibiotics, as antineoplastic agents. More clinical trial data
on the effectiveness of antibiotics repurposed as anticancer medicines are

forthcoming. More clinical study data on their effectiveness are expected.

Tigecycline, which we studied next, like the three previous mentioned anti-
biotics, has been clearly shown to have antitumor effects. However, the spe-
cific mechanism, especially in hepatocellular carcinoma, has not been clearly

studied. The aim of our project is to fill this part of the gap.

1.2.2 Exploring the antitumor effects and mechanisms of Tigecycline
Tigecycline, a glycylcycline antibiotic drug, plays a huge role in the process
of fighting bacterial infections. Its main target is the 30S subunit of the ribo-

some. It was originally developed to cope with the rising rates of antibiotic
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resistance in Staphylococcus aureus, Escherichia coli and Acinetobacter bau-
mannii [73] and got fast-track approval from the FDA on June 17, 2005 [74].
As a broad-spectrum antibiotic, Tigecycline inhibits protein synthesis. It ex-
hibits an antimicrobial effect by binding to the 30S ribosomal subunit of bac-
teria, which interrupts the interaction of aminoacyl-tRNA with the ribosomal

A site [75].

Figure 6: The chemical structure of Tigecycline

Chemical formula structure figure from the public database Drugbank

(https://go.drugbank.com/)[56].

Tigecycline has been firstly shown to have anticancer effects in studies of
human acute myeloid leukemia, primarily by inhibiting mitochondrial trans-
lation [76]. Since then, there have been an increasing number of anticancer
studies on Tigecycline. Tigecycline has shown some anti-cancer effect in
various solid tumors, including stomach cancer [77], mammary tumors [78],
cervical cancer [79], liver cancer [80], lung cancer [81], oral squamous cell

carcinoma [82], and Glioma [83], among others.

There are various studies on the mechanism of Tigecycline tumor suppres-
sion. We found that these studies are mainly focusing on mitochondrial func-

tion in explaining the antitumor mechanism of Tigecycline. Most of these
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articles suggest that Tigecycline attenuates mitochondrial function or inter-
feres with mitochondrial translation. In terms of reports on mitochondrial
function, major studies have indicated that Tigecycline inhibits mitochon-
drial oxidative phosphorylation [81, 84, 85], affects mitochondrial biogene-

sis [76] or induces mitochondrial Oxidative damage [86].

In addition to this, cancer cell death caused by Tigecycline could also be
explained by the activation of cell death mechanisms such as apoptosis. The
most common form of cell death is apoptosis and extracellular stress is the
main reason for activating apoptosis. Therefore, the induction of apoptosis
1s a viable approach for the treatment of tumors [87]. Interestingly, whether
Tigecycline induces apoptosis in tumors seems to be dependent on the pri-
mary place of the tumor. Previous studies have shown that no significant
apoptosis was found in gastric cancer [77], melaoma [88] and glioma [83]
treated with Tigecycline at 10 pM. However, some tumor cells treated at
specific concentrations showed a significant level of apoptosis due to the
release of cytochrome c¢ and activated BCL-2. For example, 50 uM in
chronic myeloid leukemia cells [89], 10 uM in NSCLC cells [81] and 1 uM
in cervical cancer cells [79]. We believe that such concentration differences
and phenotype differences are still mainly due to the heterogeneity of differ-

ent organs and tissues.

Autophagy is one of the key degradation processes that can function as pro-
grammed cell death in cancers [90, 91]. Autophagy can clear misfolded or
damaged organelles. Japanese cell researcher Yoshinori Ohsumi has been
awarded the 2016 Nobel Prize in Physiology for autophagy. However, the
specific pathways of autophagy activation by Tigecycline differ in the avail-
able reports. In chronic myeloid leukemia, down-regulation of the PI3K-
AKT-mTOR pathway is the main mechanism for Tigecycline to induce au-
tophagy [89]. In both multiple myeloma and gastric cancer, mTOR was

found to be activated by increased phosphorylation levels after Tigecycline
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treatment, thereby activating the AMPK pathway to induce cellular autoph-
agy [77, 92].

In addition to these more common mechanisms, there are a number of others
that have been reported. Other studies suggest that Tigecycline inhibits the
AKT pathway [93]. In a number of cancers, Tigecycline causes cell cycle
arrest in the GO/G1-phase [77, 88, 94] and inhibits migration/invasion and
angiogenesis [95].

Whether Tigecycline has a therapeutic effect on HCC and whether it inhibits
HCC growth in vitro remained unclear to date. Also, whether Tigecycline is
harmful to normal hepatocytes is a question that needs to be considered. To
address this issue and to explore a potential innovative adjuvant therapy op-
tion after HCC resection, our study will explore the effect of Tigecycline on
the development of HCC cells and initially explores the mechanisms in-

volved.
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1.3 Aim of the study

The main aim of the study is to investigate a potential therapeutic role of
Tigecycline in HCC in vitro. For this purpose, HCC cells and normal hepato-
cytes will be treated with Tigecycline and analyses of cytotoxicity, prolifer-

ation, cell cycle and apoptosis, as well as of mitochondrial function will be

carried out.
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2. Materials and Methods

2.1 Materials

2.1.1 Consumables

Consumables

Company or source

6-well plates

Thermo Fisher Scientific, Ros-

kilde,Denmark

12-well plates

Thermo Fisher Scientific, Ros-

kilde,Denmark

96-well plates

Thermo Fisher Scientific, Ros-

kilde,Denmark

5ml pipette Costar, Maine, USA

10ml pipette Costar, Maine, USA

25ml pipette Costar, Maine, USA

50ml pipette Costar, Maine, USA
1.5ml tips Eppendorf, Hamburg, Germany
2.0ml tips Eppendorf, Hamburg, Germany
15ml tube Falcon, Reynosa, Mexico
50ml tube Falcon, Reynosa, Mexico
Blot paper Bio-Rad, California, USA

Cell culture flask T25

Thermo Fisher Scientific, Ros-

kilde,Denmark

Cell culture flask T75

Thermo Fisher Scientific, Ros-

kilde,Denmark
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Cell culture flask T125

Thermo Fisher Scientific, Ros-

kilde,Denmark

Cell scraper TPP, Trasadingen, Switzerland
FACS tubes Falcon, New York, USA
Filter paper Whatman, Maidstone, UK

Polyvinylidene difluoride membranes

Merck Group, Darmstadt, Germany

Low-attachment 96-well plates

Corning, Krailling, Germany

Seahorse kit

Agilment, California, USA

Transwell plates

Corning, New York, USA

2.1.2 Chemicals

Chemicals Company or source Identifier
B -Mercaptoethanol Sigma-Aldrich, Stein- M6250
heim,
Germany
Agarose Life science, leuven, 184034129
Belgium
Ammonium persulfate | Serva, Heidelberg, Ger- 13376.01
(APS) many
BSA Biomol, Plymouth Meet- 9048-46-8
ing, USA
B27 Gibco, New York, USA Cat#12587-010
BEGM Lonza, Basel, Switzer- Cat#: CC-3170
land
Crystal violet Sigma-Aldrich, Stein- C0775
heim, Germany
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6X DNA Sample Load- Thermo Fisher Scien- R0611
ing tific, Schwerte, Germany
Buffer
30% PolyAcrylamid Carl Roth, Karlsruhe, Art.-Nr 3029.1
Ger-many
DCFH-DA Sigma-Aldrich, St. 4091-99-0
Louis, Missouri, USA
DMSO Sigma-Aldrich, Karls- D2650
ruhe,
Germany
DMEM/F12 Gibco, New York, USA 11330-032
DNA-Ladder standard Invitrogen, California, 10787-018
USA
Everolimus Selleckchem, Munich, Cat#S1120
Germany
EGF ImmunoTools, Frieso- Cat#11343406
ythe,
Germany
ECL™ Western Blotting | Bio-Rad Laboratories, 102031594
Detection System California, USA 102031597
80% Ethanol Apotheke GH, Munich, 603-002-00-5
Germany
>99% Ethanol PanReac AppliChem, 0v013438
Germany
FBS Sigma-Aldrich, Stein- 35079017
heim, Germany
FGF ImmunoTools, Frieso- Cat#11343623

ythe, Germany
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200mM Glutamine

PAN-Biotech, Baryern,

Germany

Cat#P04-80100

1M Glucose

Agilment, California,
USA

Cat#103577-100

Hydrogen peroxide 30%

Merck, Darmstadt, Ger-

many

K42389487 135

Loading buffer 4x

Bio-Rad, California,
USA

161-0747

Methanol

Merck, Darmstadt, Ger-

many

1.06009.1000

MTT powder

Thermo Fisher Scien-
tific, Massachusetts,
USA

2216966

Matrigel

Sigma-Aldrich, Stein-

heim, Germany

06693

Methyl cellulose

Sigma-Aldrich, Stein-
heim, Germany

Lot BCCB8250

Opti-MEM™ Thermo Fisher Scien- 31985070
tific, Massachusetts,
USA
PBS PAN-Biotech, Munich, P04-36500

Germany

100mM Pyruvate

Agilment, California,

Cat#103578-100

USA
Protein standards Bio-Rad, California, RB227155
USA
Protease inhibitor cock- | Roche, Basel, Switzer- 05892791001
tail land
Roche, Basel, Switzer- 04906837001

Phospho Stop cocktail

land
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berg, Germany

10X Tris/Glycine/ SDS Bio-Rad Laboratories, Cat#1610772
buffer (Running buffer) Cali-fornia, USA
RNase-free water Qiagen, Hilden, Ger- 129112
many
RPMI 1640 Medium Gibco, New York, USA 21875-034
RIPA lysis buffer 10X Millipore, Darmstadt, 20-188
Germany
Seahorse XF Medium Agilment, California, 14620003
USA
SDS Carl Roth, Karlsruhe, 2326.2
Germany
Tigecycline Apotex Inc., Toronto, NDC 60505-6098-0
Ontario, Canada
TEMED Thermo Fisher Scien- 17919
tific, Massachusetts,
USA
Transfer Buffer (20X) Novex, Van Allen Way BT00061
Carlsbad, CA
Tris Base Carl Roth, Karlsruhe, 9090.3
Ger-many
Trypan blue Sigma-Aldrich, Stein- T8154
heim, Germany
Trypsin/EDTA Lonza, St. Louis, USA BE17-161E
Tween 20 Sigma-Aldrich, Heidel- P1379
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2.1.3 Antibodies

Primers Company or source Identifier
RAC1 Cell Signaling Technol- cat. no. 4561
ogy, Massachusetts,
USA
ERK1/2 Cell Signaling Technol- #9102S
ogy, Massachusetts,
USA
P-ERK1/2 Cell Signaling Technol- #9101S
ogy, Massachusetts,
USA
OXPHOS Abcam, Massachusetts, ab110411
USA
GAPDH Santa Cruz Biotechnol- Cat#sc-25778
ogy, Texas, USA
2.1.4 Primers
Primers Company or source Identifier
RAC1 Qiagen, Hilden, Ger- Cat#QT00065856
many
GAPDH Qiagen, Hilden, Ger- Cat#QT00079247
many
2.1.5 Commercial Assays Kkits
Product Company or source Identifier
BCA protein Assay kit Thermo Fisher Scien- Cat# 23227

tific, Schwerte, Germany
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BEGM BulletKit™

Lonza, Basel, Switzer-

land

Cat#: CC-3170

BrdU cell cycle kit

BD Pharmingen, San
Diego, CA

Cat# 559619

FlexiTube siRNA -Rac1

Qiagen, Hilden, Ger-

many

Cat# 1027417

Lipofectamine

Invitrogen, California,

Cat#13778-100

RNAIMAX USA

QuantiNova ™ SYBR Qiagen, Hilden, Ger- Cat#208154
Green PCR Kit many

Reverse-transcribed kit | Thermo Fisher Scien- Cat#11756050
tific, Schwerte, Germany

RNA isolate kit Qiagen, Hilden, Ger- Cat#74904
many

Seahorse assay kit Agilment, California, 103591-100

USA

2.1.6 Apparatus

Apparatus

Company or source

Autoclave

Unisteri, Oberschleillheim, Germany

tem

Bio-Rad CFX96 Real-Time PCR sys-

Bio-Rad Laboratories, California,

USA

Centrifuge

Hettich, Ebersberg, Germany

Cool Centrifuge

Eppendorf, Hamburg, Germany

Micro centrifuge

Labtech, Ebersberg, Germany

COz2 Incubator

Binder, Tuttlingen, Germany
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DNA workstation

Uni Equip, Martinsried, Germany

Drying cabinet

Thermo Fisher Scientific, Schwerte,

Germany

Electronic pH meter

Knick Elektronische Messgerate, Ber-

lin, Germany

FACS Fortessa

BD Biosciences, Heidelberg, Ger-

many

Fridge (4°C, -20°C and -80°C)

Siemens, Munich, Germany

Ice machine

KBS, Mainz, Germany

Inverted light microscope

Nikon, Tokio, Japan

Liquid Nitrogen tank

MVE Goch, Germany

Lamina flow Thermo Fisher Scientific, Schwerte,
Germany

Microscope Olympus, Hamburg, Germany

Micro weigh Micro Precision Calibration, Califor-
nia, USA

Pipette boy Eppendorf, Hamburg, Germany

Trans-Blot Turbo

Bio-Rad Laboratories, California,

USA

Thermocycler

Eppendorf, Hamburg, Germany

Thermomixer comfort

Eppendorf, Hamburg, Germany

ChemiDoc Imaging System

Bio-Rad Laboratories, California,

USA

Shaker

Edmund Bihler, Bodelshausen, Ger-

many

Seahorse XFp Analyzer

Agilment, California, USA
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VersaMax ELISA Microplate Reader

Molecular Devices, California, USA

Vortex Mixer VF2 (Janke & Kunkel)

IKA, North Carolina, USA

Water bath

Memmert, Schwabach, Germany

2.1.7 Software

Software and version

Company

FlowJo Vesion 10.0

BD Biosciences

Graphpad Prism 7.04

GraphPad

Imaged Version 1.50i

National Institutes of Health

2.1.8 Buffer and Solutions

MTT solution
MTT powder 25mg
PBS 50ml
Western blot
Separating Gel (10% and 13%)
10% 13%
H20 4.1ml 3.1ml
1.5M Tris pH8.8 2.5ml 2.5ml
30% PolyAcrylamid 3.3ml 4.3ml
10% SDS 0.1ml 0.1ml
10% APS 50ul 50ul
TEMED 5ul 5ul
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Stacking Gel

H20 2.4ml
1.5M Tris pH6.8 1ml
30% PolyAcrylamid 0.6ml
10% SDS 0.04ml
10% APS 20ul
TEMED 4ul

1x Running Buffer

10X Tris/Glycine/ SDS buffer 100ml

H20 900ml

1x Transfer Buffer

Transfer Buffer 20x 50ml
Ethanol 150ml
H20 800ml
10x TBS
Tris Base 244
NaCl 80g
H20 1000ml
PH 7.6
1x TBS-T
10x TBS 100ml

H20 900ml
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Tween 1ml
Blocking Buffer

BSA 2.5mg

H20 50ml

Protein lysis Buffer

10x RIPA buffer 1ml

H20 Oml
Phospho Stop 1 Table
Protease Inhibitor 1 Table

1M Tris-HCI

Tris-base 12.129g
H20 200ml

PH 6.8

1.5M Tris-HCI

Tris-base 36.349g
H20 200ml

PH 8.8

Loading buffer

4xloading buffer 3600ul
B -Mercaptoethanol 400ul
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10%SDS
SDS 10g
H20 100ml
10%APS
APS 10g
H20 100ml
Crystal violet solution
Crystal violet 500mg
Methanol 20ml
H20 80ml
Seahorse assay medium
Seahorse XF Medium 970ul
1M Glucose 100ul
100mM Pyruvate 100ul
200mM Glutamine 100ul

2.2 Methods

2.2.1 Cell culture

2.2.1.1Hepatocellular carcinoma cells (Huh7 and HepG2)

The two HCC cell lines Huh7 and HepG2 were purchased from ATCC and

stored in bio-liquid nitrogen tanks in the laboratory of the department of
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General, Visceral, and Transplantation Surgery, Ludwig Maximilians-Uni-
versity. The two HCC cell lines utilized and cultured in RPMI 1640 medium,
supplemented with 10% fetal bovine serum (FBS), in a humidified incubator

with 5% CO; at 37 C. Change the culture medium every 3 days.

2.2.1.2Liver normal immortalized cells (THLE-2)

THLE-2 human normal liver epithelial cells were purchased from the Amer-
ican Type Culture Collection (ATCC) and cultured in BEGM (Bronchial Ep-
ithelial Cell Growth Medium). The BEGM kit includes 500 mL basal me-
dium and separate frozen additives from which we discard the gentamy-
cin/amphotericin (GA) and epinephrine and to which we add extra 5 ng/ml
EGF, 70 ng/ml phosphoethanolamine and 10% FBS. The cell culture flasks
used were precoated with a mixture of 0.01 mg/ml fibronectin, 0.03 mg/ml
bovine collagen type I and 0.01 mg/ml bovine serum albumin dissolved in

BEBM medium.

All cells were routinely tested for mycoplasma according lab rules every four
months authenticated commercially by IDEX BioResearch once a year (Lud-

wigsburg, Germany).

2.2.2 Cell viability assay

2221AMTT

Cell viability was assessed using a 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphe-
nyltetrazolium Bromide assay (Thermo Fisher Scientific, Waltham, Massa-
chusetts, USA). According to the manufacturer's instructions, cells were
plated at a density of 8x10*well in 96-well plates with different concentra-
tions of Tigecycline and cell viability was assessed at different timepoints.
The absorbance of each well was measured at a wavelength of 570 nm with

a background wavelength of 670 nm using VersaMax microplate reader
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(Molecular devices Instruments, San Jose, California, USA). Empty wells
served as blank controls. The test was performed three times under the same
operating conditions. The standard curves were obtained according to Non-
linear Regression in GraphPad Prism 7.04 software, and then the half maxi-
mum inhibitory concentrations (ICso) of Tigecycline on different cells were

calculated.

2.2.2.2 Crystal violet staining

To verify the experimental results, we continued to test cell viability of the
same batch of samples with crystal violet (CV). Cells were seeded and
treated as in the MTT experiment and 8x10* cells were seeded in 96-well
plates. The cells were washed with PBS to ensure that all medium was re-
moved. 50 pul of 4% paraformaldehyde (PFA) were added and an incubation
for 15 minutes at room temperature followed. PFA was discarded and it was
allowed to air dry for 15 to 20 minutes. Then, cells were stained with 50 pl
of CV solution for 15 minutes. After discarding the CV, the cells were
washed with H>O and it was allowed to dry overnight at room temperature.
The next day, the dye was dissolved in 50 pl of 33% acetic acid. The absorb-
ance of the developed color was measured at a wavelength of 570 nm with a
background wavelength of 670 nm using VersaMax microplate reader. The
cell viability was calculated as a comparative percentage to the values ob-

tained from untreated cells.

2.2.3 Detection of ROS

The intracellular level of reactive oxygen species (ROS) in form of cellular
peroxides was assessed using a 10 umol/l1 2',7'-dichlorofluorescein diacetate
(DCFH-DA, Sigma-Aldrich, St. Louis, Missouri, USA) as a probe after treat-
ment with Tigecycline or hydrogenperoxide. In the Tigecycline treatment
group, the cells were treated with different concentrations of Tigecycline for

24 hours. Cells were collected and suspended in diluted DCFH-DA at a cell
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concentration of 20,000 cells/ml and incubated for 30 minutes at 37 °C. The
suspension was mixed upside down every 3 to 5 minutes to bring the probe
and cells into full contact. Cells were washed three times with serum-free
cell culture medium to adequately remove DCFH-DA that has not entered
the cells. In the positive control group, cells were treated with 70% hy-
drogenperoxide for 1 hour after loading the probes. Cells were collected and
assayed with a Filter Max F3 microplate reader (Molecular devices Instru-
ments, San Jose, California, USA). The detection parameters were 488 nm

excitation wavelength and 525 nm emission wavelength.

2.2.4 Western blot analysis

Huh7, HepG2 and THLE-2 cells were washed twice with cold PBS and har-
vested with protein lysis buffer including protease and phosphatase inhibi-
tors (Roche, Basel, Switzerland). The protein concentrations were assessed
using a BCA Protein Assay kit (Thermo Fisher Scientific, Schwerte, Ger-
many). Equal amounts of proteins (25 pg/lane) from each group were sepa-
rated by sodium dodecyl sulfate polyacrylamide gel electrophoresis on 10%
and 13% gels (Bio-Rad Laboratories, Hercules, California, USA) and trans-
ferred to polyvinylidene difluoride membranes (Merck Group, Darmstadt,
Germany). After blocking with 5% bovine serum albumin (BSA) for 1 hour
at room temperature, the membranes were incubated with specific primary
antibodies at 4°C overnight. Then, after washing three times with tris-buff-
ered saline containing Tween-20 (TBST), the membranes were incubated
with horseradish peroxidase-conjugated secondary antibodies for 1 hour at
room temperature. Proteins were visualized by chemiluminescence using en-
hanced chemiluminescent substrate (Bio-Rad Laboratories, Hercules, Cali-
fornia, USA). Immunoreactive bands were examined using the ChemiDoc

Imaging System (Bio-Rad Laboratories, Hercules, California, USA). The
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following antibodies were used: Rabbit Rac1/Cdc42 antibody (Cell Signal-
ing Technology, Danvers, Massachusetts, USA; cat. no. 4561, dilution
1:1000). Rabbit p44/42 MAPK (Erk1/2) (Cell Signaling Technology, Dan-
vers, Massachusetts, USA; cat. no. 4695, dilution 1:1000). Rabbit Phospho-
p44/42 MAPK (Erk1/2) (Cell Signaling Technology, Danvers, Massachu-
setts, USA; cat. no. 8544, dilution 1:1000). GAPDH antibody (Santa Cruz
Biotechnology, Texas, USA, Cat#sc-25778). Mouse OXPHOS antibody,
(Abcam, ab110411). GAPDH was used as an internal control for each mem-

brane.

2.2.5 Sphere formation assay

The human cell lines Huh7 and HepG2 were cultured in suspension in sphere
formation assay (SFA) medium which consisted of serum-free DMEM/F12
supplemented with B27 (Gibco, New York, USA; 1:50), 10 ng/ml epidermal
growth factor (EGF) and 20 ng/ml basic fibroblast growth factor (bFGF)
(ImmunoTools, Friesoythe, Germany) and 1% methylcellulose. To form
hepatocellular carcinoma spheres, 1000 suspended cells were cultured per
well in ultra-low attachment plates (Corning, Corning, New York, USA).
After 8 days of treatment the formed spheres were inspected under the mi-
croscope and pictures were taken with 40x magnification. The amount of
clones and clones’ size were then analyzed by ImageJ software (open source

software).

2.2.6 Wound healing assay

Huh?7 and HepG2 cells were seeded in 6-well plates. When the cells grew in
a full monolayer, a wound was produced by scraping straight across the cell
monolayer using a 200 pl sterile tip. The cells were then washed gently with
PBS and new serum-free medium was added. Pictures were taken immedi-

ately (0 h). Further pictures were taken again in the same location and with
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the same magnification after 24 and 48 hours. The area of each wound was
analyzed at different time points using ImageJ software (open source soft-
ware). The reduction of the wound area was then calculated and interpreted

as cell migration ratio.

2.2.7 Transwell assay

Matrigel and serum-free medium were dissolved at 4 °C in a 1:3 ratio, mixed
thoroughly and added to the upper chamber of the transwell plate. 40 ul were
added to each chamber so that it fully covered the bottom of the chamber.
Then it was put into the incubator with 5% CO, at 37 °C overnight to allow
the Matrigel to solidify fully. A total number of 100,000 cells in 300 pl se-
rum-free medium were seeded into the upper chamber of the 8.0 um pore
size transwell plate (Corning, New York, USA) and 600 pl complete medium
was added to the lower compartment. The cells were incubated for 24 hours
in a humidified incubator with 5% CO> at 37 °C. After incubation for 24
hours the upper chamber was wiped twice with cotton swabs. Next, cells
were fixed with 4% paraformaldehyde for 15 to 20 minutes and stained with
0.5% CV for another 15 to 20 minutes at room temperature. The numbers of
invading cells in 3 randomly selected fields were counted under an inverted
light microscope (TE2000-U Inverted Microscope, Nikon, Tokio, Japan;
100x magnification). Three replicates were performed the number of invad-
ing cells under different conditions demonstrate the effect on the invasion

ability of the used cells.

2.2.8 Mitochondrial bioenergetics measurements

To assess mitochondrial respiratory function, mitochondrial oxygen con-
sumption rates (OCR) were analyzed using the Seahorse XFp Analyzer.
Huh7, HepG2 and THLE-2 were seeded in Seahorse 8-well mini-plates
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(12,000 cells/well) and cultured at 37 C with 5% CO- and treated with dif-

ferent concentration of Tigecycline for 48 hours. After 48 hours treatment
day, media was replaced with Seahorse assay medium, cells were incubated
at 37 “C without CO; for 1 hour and then 2 uM oligomycin and 0.5 pM ro-

tenone/antimycin A were added sequentially to assess mitochondrial respir-
atory capacity. For short-term treatment of Huh7, HepG2 and THLE-2, cells
were treated and measured them on the same day. Cells were cultured in
medium with Tigecycline in Seahorse 8-well mini-plates for 6 hours. After
6h treatment, the medium with Tigecycline replaced with seahorse analysis
medium and then performing subsequent experiments. Also, mitochondrial
basal respiration, ATP-production and proton leak could be performed as

manufacture's protocol.

2.2.9 Flow Cytometric Analysis of Cells

Flow cytometry and BrdU Flow kits (BD Pharmingen, San Diego, CA) was
used to analyze the cell cycle changes of three cells after Tigecycline treat-
ment. Firstly, labeling cells in vitro. Carefully add 20 pl BrdU solution (1
mM BrdU in 1xDPBS) directly to 2ml of culture medium and incubate 1h.
Then, trypsinase cells from well and put it in a FACS tube, centrifuge for 5
minutes at 200 to 300 g, discard supernatant. Resuspend in 100ul BD Cy-
tofix/Cytoperm Buffer, incubate for 30 minutes at room temperature. After
washing with 1ml 1xBD Perm/Wash buffer, resuspending cells in 100 pl BD
Cytoperm Permeabilization Buffer Plus, incubating for 10 minutes on ice.
Measurements were performed by flow cytometry immediately after staining
the cells with fluorescent anti-BrdU and 7-AAD solution, respectively, ac-

cording to the operator's instructions of the kit.
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2.2.10 RNA isolation and real-time PCR (RT-PCR)

Total RNA from Huh7 and HepG2 cells was extracted with a total RNA ex-
traction kit (Qiagen, Inc.) and reverse-transcribed using the SuperScript ™
IV VILO™ Master Mix kit (Thermo Fisher, Inc.), Quantitative RT-PCR was
performed using QuantiNova ™ SYBR Green PCR Kit (Qiagen, Inc.) in a
20ul PCR mixture on a Bio-Rad CFX96 Real-Time PCR system (Bio-Rad
Laboratories, Inc.) according to the manufacturer's standard protocols. RNA
samples were reverse-transcribed in a thermocycler with the following pro-
tocol: Priming, 25 °C for 10 minutes, reverse transcription, 50 °C for 10
minutes, inactivation, 85 °C for 5 minutes and hold at 4 °C. The reverse-
transcribed reaction settings are shown in Table 1 below. QuantiNova™
SYBR Green PCR Kit was used for RT-RCR assays. The reaction setup of
the kit is shown in Table 2 below. The RT-PCR amplification processes were
as follows: An initial cycling for 2 minutes at 95°C, followed by 40 cycles
at 95 °C for 5 seconds and 10 seconds at 60 °C. Each sample was performed
in triplicate and a negative control with sterile RNase free H>O was used
instead of template DNA. Housekeeping gene GAPDH was used to normal-
ize the variation of cDNA. Three independent experiments were performed
for each group. Relative gene expression was normalized to GAPDH and

calculated using the 2-AACq method.

Table 1: The reverse-transcribed reaction settings

SuperScript™ IV VILO™ Master Mix 4ul
Template RNA (I1pg to 2.5ug to total RNA) varies
RNase-free water to 20ul

Table 2: Reaction setup of QuantiNova™ SYBR Green PCR Kit

SYBR Green PCR Master Mix 10ul
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QN ROX Reference Dye 2ul
Primer 2ul
RNase-free water 4ul
cDNA 2ul

Total reaction volume 20ul

2.2.11 Bioinformatic analysis

The molecular structure of Tigecycline was obtained from PubChem
(https://pubchem.ncbi.nlm.nih.gov/). Information on a total of 6,876 HCC-
related genes was retrieved from the GeneCards database using “hepatocel-
lular carcinoma” as keyword. According to a GeneCards Inferred Function-
ality Score (GIFtS) greater than 20, we selected the top 5.4% of genes, which
comprised a total of 376 genes. Similarly, a search in the Disgenet database
(https://www.disgenet.org/ ) using “hepatocellular carcinoma” as a keyword
comprised 96 potential genes for hepatocellular carcinoma. Excluding the 43
genes contained in both databases, a total of 429 potential genes related to
hepatocellular carcinoma were obtained. Genes associated with Tigecycline
were obtained from the PharmMapper (http://www.lilab-ecust.cn/phar-
mmapper/) database and the Comparative Toxicogenomics Database (CTD,
http://ctdbase.org/). Hereby 34 genes were got. After analysis, 11 potential
targets related to both HCC and Tigecycline were identified. KEGG (Kyoto
Encyclopedia of Genes and Genomes) enrichment analysis was performed
to determine the pathways significantly associated with the 11 potential tar-
get genes. Survival data for 11 potential genes was retrieved from the
Kaplan-Meier plotter (https://kmplot.com/analysis/). Data for differential
gene expression were obtained from GEPIA (http://gepia.cancer-pku.cn/)
and The Human Protein Atlas (https://www.proteinatlas.org/).


https://kmplot.com/analysis/
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2.2.12 Statistical analysis

All experiments were independently performed at least three times. The
mean standard deviation (SD) was determined for each group. Statistical
analyses were performed using one/two-way analysis of variance (ANOVA)
for multiple group comparisons or student's t-test for individual compari-
sons. Statistical significance was considered at p<0.05. In all statistical
graphs, bar graphs represent the mean + SD. *P<0.05, **P<0.01,
*#%P<0.005, ****P<0.001 and ns means no significance compared with the

control group.
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3. Results

3.1 Tigecycline shows antitumor effect on HCC cells

To investigate the effects of Tigecycline on HCC, two different human HCC
cell lines (HepG2 and Huh7) were used. Both HCC cell lines were treated
with different concentrations of Tigecycline for 24 and 48 hours. The viabil-
ity of HCC cells after Tigecycline treatment for 24 and 48 hours was detected
by MTT assays. After 24 hours, the decrease in viability of Huh7 cells was
not significant with the increase of Tigecycline treatment concentration.
However, after 48 hours, the decrease of viability of Huh7 was very signifi-
cant with the increase of Tigecycline treatment concentration (Fig. 8 A and
C). Similar results were obtained in HepG2 cells (Fig. 8 B and D). To further
confirm the results of 48 hours, we tested the viability of both HCC cell lines
again with Crystal violet (CV) staining and got the similar results as MTT
assays (Fig. 8 E and F). To clarify whether there is a difference in the cyto-
toxicity of Tigecycline between the two HCC cell lines, we calculated the
half maximal inhibitory concentration (ICso) of the two cell lines. The results
showed that the ICso of the two cell lines were indeed different. HepG2 with
a calculated and MTT based ICso of 1,723 uM was more sensitive than Huh7
with an ICso of 7,695 uM for Tigecycline.

To further examine the effect of Tigecycline, we performed sphere formation
assays to create stem cell like HepG2 and Huh7 cells in three-dimensional
culture. Size and number of spheres were analyzed using ImagelJ software
after Tigecycline treatment (Fig. 8 G and J). The software analysis showed
a reduction in count and size of spheres in both HCC cell lines (Fig. 8 H, I,
K and L). Again, the sensitivity varied for the two different HCC cell lines.
Especially regarding clone count, Huh7 was more sensitive to Tigecycline

in the three-dimensional culture.
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Figure 8: Cytotoxicity assay Huh7 and HepG2 after Tigecycline treatment
and Sphere formation assay Huh7 and HepG2

The two cell lines Huh7 (A) and HepG2 (B) were treated with different concentra-
tions of Tigecycline for 24 hours and cell viability of both cells was measured by
MTT, the results of treatment for 48h are shown in (C) and (D); A Crystal Violet
assay was used to validate the inhibitory effects of increasing Tigecycline con-
centrations for Huh7 (E) and HepG2 (F); Sphere formation assays were used to
create stem cell like Huh7 and HepG2 cells in a three-dimensional cell culture
model; Images of Huh7 (G) and HepG2 (J) cells after 8 days of incubation with
different concentration of Tigecycline under microscope with a magnification of
100x; Statistical analysis of the number of spheres (H, K) and size of spheres (l,
L) for sphere formation of Huh7 (H, I) and HepG2 (J, K) after 8 days of incubation
with different concentration of Tigecycline was performed using the image analy-

sis software Image J.

MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide; CV, Crystal
Violet; Tige, Tigecycline; ICso, half maximal inhibitory concentration.

3.2 Tigecycline inhibits migration and invasion of HCC cells

After confirming the influence of Tigecycline on the viability of HCC cells,
we further assessed whether there is a Tigecycline associated effect on mi-
gration and invasion of HCC cells. Therefore, we performed wound healing
assays to detect the migration of HCC cells (Fig. 9 A and F). After treating
Huh7 cells with different concentrations of Tigecycline for 24 hours (Fig. 9
C) and 48 hours (Fig. 9 D), the analysis revealed that even 10 uM Tigecy-
cline can inhibit the migratory ability of Huh7 cells. The inhibition of HepG2
migration was only significant with 80 uM of Tigecycline for 24 hours (Fig.
9 H) and 40 uM for 48 hours (Fig. 9 I). Furthermore, transwell assays with
matrigel were used to test invasion ability of Huh7 and HepG2 with increas-
ing Tigecycline concentrations (Fig. 9 B and G). As seen in Fig. 9 B and E,
already 10 uM of Tigecycline reduced the number of Huh7 cells invading

after 24 hours significantly. Performing the same experiments with the
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HepG2 cell line, as displayed in Fig. 9 G and J, we observed comparable

inhibition of invasion.
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Figure 9: Altered migration and invasion of HCC cells with increasing
Tigecycline concentrations assessed by wound healing assays and

transwell invasion assays with matrigel.

Microscope images at a magnification of 50x at different timepoints of wound
healing assays with Huh7 (A) and HepG2 (F) with increasing Tigecycline concen-
trations; Microscope images at a magnification of 100x of transwell assays with
Huh7 (B) and HepG2 (G) with increasing Tigecycline concentrations; Image J
based analysis of wound healing images with Huh7 after 24 hours (C) and 48
hours (D); Analysis of transwell invasion images with Huh7 after 24 hours (E);
Analysis of wound healing images with HepG2 after 24 hours (H) and 48 hours

(I); Analysis of transwell invasion images with HepG2 after 24 hours (J).

3.3 Tigecycline leads to reduced levels of ROS

Previous studies reported that Tigecycline promotes the production of reac-
tive oxygen species (ROS) [80]. Also, the further down mentioned protein
RACI1 plays an important role in the intracellular accumulation of ROS [96].
To assess the effect of Tigecycline on ROS in HCC, we used a DCFH-DA
assay as described in methods to examine the changes of ROS after treatment
with different concentrations of Tigecycline in the cell lines HepG2 and
Huh7. The results showed that ROS decreased with increasing Tigecycline
concentration after 24 hours of Tigecycline treatment in the two HCC cell
lines (Fig. 10 A and C). After 48 hours of treatment, ROS also decreased
with increasing Tigecycline concentrations (Fig. 10 B and, D), but increased

compared to the same concentration at 24 hours.
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ROS-Huh7-24h ROS-Huh7-48h

ROS-HepG2-24h ROS-HepG2-48h

Figure 10: Effect of Tigecycline on ROS levels in HCC cells.

(A) ROS levels of Huh7 after 24 hours and (B) 48 hours of treatment with different
concentrations of Tigecycline quantified by DCFH; (C) ROS levels of HepG2 after
24 hours and (D) 48 hours of treatment with different concentrations of Tigecy-
cline; The positive control group is 70% hydrogen peroxide for 1 hour after loading

the probes.

DCFH, 2'-7'dichlorofluorescin; ROS, Reactive oxygen species.

3.4 Tigecycline reduces the extend of mitochondrial oxidative
phosphorylation (OXPHOS) in HCC cells

To assess the respiratory function of mitochondria in Tigecycline treated
cells, mitochondrial oxygen consumption rates (OCR) were analyzed using
the Seahorse XFp Analyzer. OCR was significantly decreased after 10 uM
Tigecycline treatment in Huh7 cells. The decrease was more pronounced

with increasing Tigecycline concentrations (Fig. 11 A).
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Further, we analyzed the OCR corresponding to basal respiration, ATP-pro-
duction and proton leak. Here we also found a significant decrease at 10 uM
Tigecycline, with further decrease with increasing Tigecycline concentra-
tions (Fig. 11 C). The same results we obtained in HepG2 cells (Fig. 11 B
and D). To assess how Tigecycline treatment affects mitochondrial content,
we used Western blot to detect the expression of the respiratory chain subu-
nits Complex I to V. The experimental results showed that low doses of
Tigecycline reduce the expression of respiratory chain complexes in both
cell lines. However, there is no clear relation to the Tigecycline treatment
concentration (Fig. 11 E and F). Also, there is no clear difference between
the mtDNA encoded complexes I and IV and the nucDNA encoded com-
plexes II, III and V. Statistical analysis of the relative expression of the res-

piratory chain subunits in the two cells can be found in Fig. 11 G and H.
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Figure 11: Mitochondrial OXPHOS and respiratory chain subunit expres-

sion after Tigecycline treatment of HCC cells.

OCR after 48 hours of tigecycline treatment of Huh7 (A) and HepG2 (B) meas-
ured by Seahorse XFp Analyzer; Changes in basal respiration, ATP-production
and proton leak after different concentrations of Tigecycline treatment in Huh7
(C) and Hep G2 (D); Changes in the expression of the five respiratory chain sub-
units in Huh7 (E) and HepG2 (F) after Tigecycline treatment assessed by West-
ern blot; (G) and (H) show the statistical analysis of the Western blot images of

the expression of the five respiratory chain subunits.

OCR, oxygen consumption rate; Cl, Complex I; Cll, Complex II; Clll, Complex llI;
ClV, Complex IV; CV, Complex V. @ means the Complex encoded by the
mtDNA; # means the Complex encoded by the nucDNA.

3.5 Tigecycline causes cell cycle change in HCC cells

To further understand the effect of Tigecycline on the growth of HCC cells,
we examined the cell cycle changes after Tigecycline treatment of cells using
flow cytometry and BrdU. In Huh7, experimental results showed that 10 uM
Tigecycline reduced the proportion of cells in S-phase. This percentage de-
creases with increasing duration of treatment. As the proportion of S-phase
cells decreased, the proportion of GO/G1 and G2/M-phase cells increased
(Fig. 12 A and C). The same result was reproduced in HepG2 (Fig. 12 B and
D).
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Figure 12: Cell cycle analysis of Tigecycline treated Huh7 and HepG2 cells.

Flow cytometry dot plots showing the changes in the cell cycle of Huh7 (A) and

HepG2 (B) after 10 uM tigecycline treatment for 24 hours and 48 hours; Statistical

analysis was performed on the percentage of different phases, with results for

Huh7 shown in (C) and for HepG2 shown in (D).



64

3.6 HepG2 and Huh7 are more sensitive to Tigecycline than

immortalized hepatocytes

To compare the different effects of Tigecycline on malignant and non-ma-
lignant hepatocytes, we used the immortalized normal epithelial liver cell
line THLE-2. We treated these immortalized hepatocytes with the same con-
centration of Tigecycline for 48 hours. The cell viability of the THLE-2 cells
decreased with increasing Tigecycline concentration (Fig. 13 A). However,
the ICso of THLE-2 with 11.01 uM [6.419<ICs0<18.97] was higher than that
of Huh7 and HepG2, indicating that both hepatocellular carcinoma cells
were more susceptible to Tigecycline than the immortalized cell line THLE-
2 (ICso Huh7=7.695 uM; 1Cso HepG2=1.723 uM; ICso THLE-2 =11.01 uM)
(Fig. 13 E). Moreover, the same methods as before were used to detect alter-
ations in ROS and OCR of THLE-2 after treatment with 10 pm and 20 pm
of Tigecycline. Comparable to the reaction of the cell lines Huh7 and HepG2,
both ROS (Fig. 13 B) and OCR (Fig. 13 C) decreased after Tigecycline treat-
ment of the THLE-2 cell line. At the same time, basal respiration, ATP-pro-
duction and proton leak were also decreased (Fig. 13 D). Interestingly, we
found that THLE-2 showed less decrease in OCR after Tigecycline treatment
than Huh7 and HepG2 cells. Flow cytometry was also applied to detect cell
cycle changes in THLE-2 after Tigecycline treatment (Fig. 14 A). After re-
peating the test three times, the results showed that the S-phase of THLE-2
was significantly reduced by 10 uM Tigecycline treatment for 48 hours.
However, the cell cycle changes were not as obvious as in the malignant cell
lines Huh7 and HepG2 (Fig. 14 C). Similarly, we examined the expression
of Complex I to V by Western blot (Fig. 14 B). The results showed that 10
uM and 20 uM Tigecycline decreased the expression of the respiratory chain
complexes in THLE-2 cells. The statistical analysis of the relative expression

can be found in Fig. 14 D.
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Figure 13: Tigecycline induced cytostatic effect, influence on ROS levels
and mitochondrial OXPHOS in non-malignant THLE-2 cells and comparison

to the malignant Huh7 and HepG2 cells.

(A) THLE-2 was treated with different concentrations of Tigecycline for 48 hours
and cell viability was measured by MTT; (B) ROS levels of THLE-2 after 24 hours
of treatment with different concentrations of Tigecycline quantified by DCFH; (C)
OCR after 48 hours of Tigecycline treatment of THLE-2 measured by Seahorse
XFp Analyzer; (D) Changes in basal respiration, ATP-production and proton leak

after different concentrations of Tigecycline treatment of THLE-2 cells;

MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide; DCFH, 2'-
7'dichlorofluorescin; ROS, reactive oxygen species; OCR, oxygen consumption

rate.
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Figure 14: Cell cycle analysis and respiratory chain subunit expressions of

Tigecycline treated non-malignant THLE-2 cells

(A) Flow cytometry dot plots showing the changes in the cell cycle THLE-2 cells

after 10 uM Tigecycline treatment for 24 hours and 48 hours; (C) Statistical anal-

ysis was performed on the percentage of different phases; (B) Changes in the

expression of the five respiratory chain subunits in THLE-2 cells after Tigecycline

treatment assessed by Western blot; (D) Statistical analysis of the Western blot

images of the expression of the five respiratory chain subunits.

Cl, Complex [; Cll, Complex IlI; Clll, Complex llI; CIV, Complex IV; CV, Complex
V. @ means the Complex encoded by the mtDNA; # means the Complex en-

coded by the nucDNA.
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3.7 HepG2 is most sensitive to short-term treatment with

Tigecycline regarding OXPHOS

For a typical rapidly proliferating human cell with a total cycle time of
24 hours, the G1-phase might last about 11 hours, S-phase about 8 hours, G2
about 4 hours, and M about 1 hour [97]. Changes in the cell cycle always
bring metabolic and energetic changes. We speculate that Tigecycline may
interfere with the metabolic cycle of the cells in a much shorter period of
time. On the other hand, we have found that both OXPHOS and cell viability
were significantly changed after 48 hours of Tigecycline treatment, but the
viability of the two cell lines did not change much at 24 hours. Also, it is not
clear whether the change in OXPHOS caused the alteration of cell viability
or the change in cell viability induced the secondary change in OXPHOS.
We are not sure about the causal relationship between the OXPHOS and cy-
totoxicity. To better understand the causal relationship between the two and
the alterations in energy metabolism in the three used cell lines, we shortened
the treatment time of Tigecycline to 6 hours. We treated the three cells with
10 uM Tigecycline for 6 hours and then used the Seahorse XFp Analyzer to
detect the OCR (Fig. 15 A, C and E) and analyzed basal respiration, ATP-
production and proton leak (Fig. 15 B, D and F). We found the greatest
change in OCR in HepG2 cells after 10 uM Tigecycline treatment. Also, the
basal respiration was significantly reduced in HepG2 (Fig. 15 C and D). By
contrast, the immortalized normal hepatocyte cells THLE-2 were not greatly
changed (Fig. 15 E and F). To understand the changes in OCR of the three
cell lines after a short period of Tigecycline treatment, we analyzed and com-
pared the reduction in basal respiratory OCR after 6 hours of 10 uM Tigecy-
cline treatment (Fig. 15 G). The reduction of HepG2 in basal respiratory
OCR was much higher than in the other two cells. THLE-2 seems to be most
resistant. The stronger inhibition of mitochondrial OXPHOS of HepG2 by
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Tigecycline may be one of the reasons why HepG2 is more sensitive to

Tigecycline.
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Figure 15: Alterations in mitochondrial OXPHOS after short-term treatment
of Huh7, HepG2 and THLE-2.

OCR after 6 hours of 10 uM Tigecycline treatment of Huh7 (A), HepG2 (C) and
THLE-2 (E); Changes in basal respiration, ATP-production and proton leak after
10 uM Tigecycline treatment of Huh7 (B), HepG2 (D) and THLE-2 (F); (G) Com-
parison of the amount of OCR decrease in basal respiration after 10 yM Tigecy-
cline treatment for 6 hours of the malignant cells Huh7 and HepG2 and the non-

malignant THLE-2 cells.

3.8 Bioinformatical analysis reveals RAC1 as a potential

target for Tigecycline in HCC cells

To 1dentify potential target proteins that mediate the effect of Tigecycline in
HCC cells, we conducted a detailed bioinformatical analysis using several
established databases. Firstly, we obtained a total of 429 potential genes re-
lated to hepatocellular carcinoma from the GeneCards and DisNET data-
bases. In addition, we used the two databases Pharmmaper and Comparative
Toxicogenomics Database to identify potential target proteins of Tigecycline
and their corresponding genes. We obtained 34 potential target genes for
Tigecycline. These 34 potential targets related to Tigecycline and the 429
genes related to HCC were intersected. Thereby we obtained 11 genes that
are relevant genes in HCC and code for potential target proteins of Tigecy-
cline (Fig. 16 A). In order to investigate the interaction between the 11 po-
tential genes, STRING 11.5 was used. The results showed that these 11 genes
are closely related to each other (Fig. 16 C). KEGG was used to analyze the
pathways involved in the 11 genes. KEGG bioinformatics analysis shows
that these genes are closely related to inflammation pathways and apoptosis
pathways (Fig. 16 D). After differential expression analysis and survival
prognosis analysis of these 11 genes using data of The Cancer Genome Atlas
Program, we found that only the gene RAC1 was statistically significant in

both differential expression (Fig. 16 B, E and F) and survival differences
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between tumor and normal tissues (Fig. 16 G and H). Therefore, we propose
that RAC1 does play a major role in mediating the effects of Tigecycline in
HCC. It may play a role in mediating the growth inhibitory effect of Tigecy-
cline in HCC.
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Figure 16: Bioinformatics analysis of Tigecycline and hepatocellular carci-

noma.

(A) 429 potential genes related to hepatocellular carcinoma from the GeneCards
and DisNET and 34 potential target genes for Tigecycline from Pharmmaper and
Comparative Toxicogenomics Database were identified; The intersection reveals
11 relevant genes. (B) The expression of RAC1 in tumors and normal tissues;
The data comes from Gepia (http://gepia.cancer-pku.cn/); (C) Protein-protein in-
teraction networks functional enrichment analysis was established with STRING
11.5 (https://string-db.org/); (D) KEGG analysis results of 11 potential genes; The
immunohistochemically assessed protein expression of RAC1 in tumor (E) and
normal (F) tissues; The data comes from The Human Protein Atlas
(https://lwww.proteinatlas.org/); Survival analysis of OS (G) and DFS (H) of pa-
tients with different expression of RAC1; Data comes from Kaplan-Meier plotter

(https://kmplot.com/analysis/index.php?p=service&cancer=liver_rnaseq).

LIHC, Liver Hepatocellular Carcinoma; OS, Overall Survial; DFS, Disease Free

Survial;

3.9 Tigecycline causes altered RAC1 RNA and protein

expression in HCC cells

The G-protein RAC1 was identified as a potential target protein for Tigecy-
cline in HCC. To assess the effects of Tigecycline, we first detected protein
expression of RAC1 by Western blot after treatment with different concen-
trations of Tigecycline for 24 and 48 hours in Huh7. After 24 hours of
Tigecycline treatment with 10 uM and 20 uM the protein expression of
RACI was elevated statistically (Fig. 17 A). In HepG2 the same tendency
was seen (Fig. 17 B). To detect the mRNA expression of RACI after Tigecy-
cline treatment we used RT-PCR for both HCC cell lines with 10 uM and 20
uM Tigecycline after 24 hours. The results showed that both 10 uM and 20
uM of Tigecycline promoted higher RAC1 mRNA expression in HepG2 and
Huh7 (Fig. 17 C). We also compared RAC1 protein and mRNA expression

in both cells without Tigecycline treatment, and statistical results showed no
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significant difference of RACI1 expression in Huh7 and HepG2 (Fig. 17 D
and E).
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Figure 17: RAC1 mRNA and protein expression of Tigecycline treated HCC

cells.

Western blot to detect the protein expression of RAC1 in Huh7 (A) and HepG2
(B) after treatment with 10 uM and 20 uM Tigecycline for 24 hours; (C) RT-PCR
to detect the mRNA expression of RAC1 in Huh7 and HepG2 after treatment with
10 uM and 20 pM tigecycline for 24 hours; (D) Western blot to detect the protein
expression of RAC1 in Huh7 and HepG2 without any treatment; (E) RT-PCR to
detect the mRNA expression of RAC1 in Huh7 and HepG2 without any treatment.

3.10 Tigecycline reduces phosphorylation of ERK1/2

Recently, the latest systematic review on ROS indicated that the reduction
of ROS caused by mitochondrial dysfunction would reduce the expression
of MAPK/ERK and RACI1 [98]. According to this, we intended to find out
which role ERK1/2 plays in hepatocellular carcinoma. Therefore, we used
bioinformatics to analyze the expression and prognosis of ERK1 and ERK2
in two cells. ERK1 and ERK2 are highly expressed in liver cancer. Also,
patients with high expression of ERK1 and ERK2 have a worse prognosis
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(Fig. 18 A, B, D and E). Correlation analysis found that ERK1/2 was posi-
tively correlated with RAC1 (Fig. 18 C and F). Western Blot was used to
detect the expression of phosphorylated ERK1/2 and ERK1/2 in two cell
liness treated with different concentrations of Tigecycline. The results
showed that phosphorylated ERK1/2 was reduced, but the total ERK1/2 did
not change significantly in Huh7 and HepG2 (Fig. 18 G and J). Fig. 18 H, I,
K and L shows the statistical results of three independent experiments.
Thereafter, we examined the expression of ERK1/2 and P-ERK1/2 in the two
cell lines without any treatment and there was no significant difference be-
tween them (Fig. 18 M). So, we speculate that Tigecycline may change the
phosphorylation of ERK1/2, but the specific mechanism, especially the con-

nection with RACI1, is still unclear.
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(A) and (D) The expression of ERK1 and ERK2 in liver cancer is higher than that
in normal tissues. (B) and (E) Patients with high expression of ERK1 and ERK2
have a worse prognosis. (C) and (F)The correlation analysis between ERK1 and
ERK2 and RAC1 showed a positive correlation. All the data of Fig. 11 A to F come
from Gepia (http://gepia.cancer-pku.cn/). (G) and (J) show the Western blot re-
sults for the expression of ERK1/2 and p-ERK1/2 in HCC cells. The statistical
results of three independent repeated experiments are measured with ImageJ
and displayed in (H), (1), (K) and (L). (M) shows Western blot to detect the protein
expression of ERK1/2 and p-ERK1/2 in Huh7 and HepG2 without any treatment

3.11 Combination of Tigecycline and Everolimus leads to

increased inhibition of HCC cells

Everolimus is a common clinical mTOR receptor inhibitor and does have
antitumor effect. It i1s approved for the treatment of advanced renal cell car-
cinoma [99]. Moreover, in HCC patients the immunosuppression with
Everolimus reduces the HCC recurrence rate after liver transplantation [100,
101]. We compared the effect of Everolimus on the viability of Huh7 and
HepG?2 cells (Fig. 19 A and B) with the effects of Tigecycline. Here the cal-
culated IC50 values for Everoimus were 7.282 uM [4.865 pM<ICso<11.41
uM] for Huh7 and 12.71 uM [10.49 uM<ICs0<15.51 uM] for HepG2. Com-
paring these ICso values to the Tigecycline ICso values of 7.695 uM [5.703
UM<ICs0<10.15 uM] for Huh7 and 1.723 uM [0.953 pM<ICs0<2.438 uM]
for HepG2 shows comparable values for Huh7 and indicates that Tigecycline

is more effective in HepG2.

Furthermore, we did combination experiments. We treated the two HCC cell
lines with 10 uM and 20 uM of Tigecycline and Everolimus, respectively,
and also treated with 10 uM of Tigecycline and Everolimus in combination.
The MTT results showed that the combination of the two drugs reduced the
cell viability of the HCC cells more effectively (Fig. 19 C and D).
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Figure 19: Everolimus induced cytostatic effect on HCC cell lines Huh7 and
HepG2 and combination with Tigecycline.

The two cell lines Huh7 (A) and HepG2 (B) were treated with different concentra-
tions of Everolimus for 48 hours and cell viability of both cells was measured by
MTT; Huh7 (C) and HepG2 (D) cells were treated with Tigecycline or Everolimus
alone and Tigecycline and Everolimus in combination and the cell viability was

measured by MTT.

MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide; [Cso, half
maximal inhibitory concentration; T-10 uM, Tigecycline 10 uM; T-20uM, Tigecy-
cline 20 yM; E-10 uM, Everolimus 10 pM; E-20 uM, Everolimus 20 uM; Combi-

nation, 10 yM Tigecycline combined with 10 yM Everolimus.
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4. Discussion

4.1 The gap between what is known and unknown about

Tigecycline

Currently, the treatment of liver cancer is dominated by surgery. Liver trans-
plantation is the most favorable treatment option. However, especially in ar-
eas with low organ supply, resection needs to be performed. After resection
the recurrence rate of liver cancer remains at a high level. To date, there are
no established adjuvant therapy options to improve recurrence rates after re-
section to gain comparable results like after liver transplantation. Besides
new immunotherapies, that are currently tested, we suggest the repurposing
of the antibiotic Tigecycline as a new innovative, perioperative and adjuvant

therapy strategy.

The Tigecycline has an antibacterial effect because it binds to the 30S ribo-
somal subunit of bacteria, preventing aminoacyl-tRNA from interacting with
the ribosomal A site [75]. Tigecycline has been firstly shown to have anti-
cancer effects in studies of human acute myeloid leukemia, primarily by in-
hibiting mitochondrial translation [76]. Since then, an increasing number of

anticancer studies on Tigecycline have been published.

There are few studies on the effects of Tigecycline on HCC. Tan J et al.
discovered in 2017 that Tigecycline increased cisplatin activity against hepa-
tocellular carcinoma by generating mitochondrial dysfunction and oxidative
damage [80]. Recent studies have also found that Tigecycline could be con-
sidered as a second-line treatment when HCC patients are resistant to Soraf-
enib [102]. Other than that, no further basis studies on Tigecycline and HCC
can be found. Moreover, the existing studies never directly focused on po-
tential target proteins of Tigecycline in HCC. Also, the effect of Tigecycline
on normal hepatocytes have never been focused in detail. On this basis we

have carried out our research.



79

4.2 Our findings

Our study firstly reported that Tigecycline inhibits growth of the two differ-
ent HCC cell lines Huh7 and HepG2. Interestingly, the ICso of the two cell
lines differs significantly. HepG2 is more sensitive to Tigecycline than
Huh7. To better simulate tumor growth environment and stem cell charac-
teristics, we used sphere formation assays as a three-dimensional culture
model. The cell line Huh7 was more sensitive than HepG2 in this three-di-
mensional culture model. In addition, we found that both invasion and mi-

gration were inhibited significantly by Tigecycline.

To search for mechanisms, we examined changes in OXPHOS and ROS pro-
duction in both types of cells after Tigecycline treatment. Changes in the cell
cycle were also focused on. To fill a gap in the research on the effects of
Tigecycline on normal hepatocytes, we repeated all of the above mentioned

experiments with the immortalized normal hepatocyte cell line THLE-2.

In addition, to search for potential target proteins of Tigecycline action in
HCC, we used detailed bioinformatics analysis. We identified RACI1 as a
potential target gene and analyzed the changes in RAC1 in response to
Tigecycline treatment. Eventually, in order to explore new clinical applica-
tions, we tested the combination of Everolimus and Tigecycline, and ob-

tained good anticancer results.

4.3 Differences in the sensitivity of Tigecycline in three cell

lines

In the initial stages of our experiment, we found a significant difference in
the sensitivity of HepG2 and Huh7 to Tigecycline. We consider that this may
be due to the heterogeneity of the different cells. Back in 2018, Jian S et al.
performed a principal component analysis of the expression profiles of 101

drug-metabolizing enzymes data of Hep3B, HepG2 and Huh7 cell lines. The
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research revealed that Hep3B and Huh7 had extremely comparable drug-
metabolizing enzyme expression patterns, however, HepG2 diverged greatly
from them [103]. This finding might be related to the diverse origins of these
cells. HepG2 was generated from newborn liver stem cells taken from a
hepatoblastoma liver biopsy sample [104], which may have greater differen-
tial potential, whereas Hep3B and Huh7 were obtained from highly differ-
entiated HCC cells. [105-107]. A further discrepancy in the sensitivity to
Tigecycline is seen with the cell line THLE-2, which is an immortalized
hepatocyte cell line. Our results show that THLE-2 has a higher ICso value
(11.01 uM) than both tested HCC cell lines. This is an encouraging result
and means that Tigecycline could kill tumor cells with limited damage to
normal hepatocytes as long as the dose is well controlled. In the course of
our studies, we found that the biggest difference between THLE-2 and HCC
cell lines 1s in terms of OXPHOS of mitochondria. They all reduced their
OCR as a result of Tigecycline treatment, but at the same concentration,
THLE-2 showed the least change in OCR. THLE-2 tolerance to Tigecycline-
induced alterations in mitochondrial OXPHOS may have occurred earlier
than we thought. In our short-term experiment of 6h Tigecycline treatment,
the OCR of THLE-2 did not change significantly. In contrast, the reduction
of OCR in HepG2 is much higher than THLE-2 and Huh7. As mentioned
above, this may be caused by different drug-metabolizing enzymes. We can
rationally speculate that because of the difference in drug-metabolizing en-
zymes makes HepG2 has different energy requirements. Tigecycline does
have strong effect to the inhibition of OXPHOS metabolism of HepG2, re-
sulting in a large reduction of energy production within HepG2 with a low
dose of Tigecycline. Furthermore, cells that lack energy cannot perform

DNA synthesis which leads to growth inhibition or even death.
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4.4 Causal relationship between cytotoxicity and OXPHOS

In our experimental results, we found that Tigecycline had an inhibitory ef-
fect on all cells at 48 hours, reducing the viability of the cells and exhibiting
cytotoxicity. Also, the negative effect of Tigecycline on mitochondrial
OXPHOS was shown in our 48 hours experimental results. But what is the
sequence in which these two changes occur? And what is the causal relation-
ship between these two changes? It is well documented that alterations in
OXPHOS can modify the cytotoxicity of resveratrol, which is related to en-
ergy metabolism [108]. However, we cannot exclude the possibility that in-
creased cytotoxicity directly causes cell death, and then OXPHOS decreases
subsequently. Therefore, in our experimental design, the time of Tigecycline
treatment of three cells was shortened to 6 hours, and then OXPHOS was
detected. Our experimental results showed that the inhibitory effect of
Tigecycline on OXPHOS had been produced at 6 hours. However, there was
no significant change in cell viability in the MTT results even at 24h. So, we
can assume that the change of OXPHOS precedes the change of cell viabil-
ity. This also confirms our speculation that the negative effect of Tigecycline
on OXPHOS enhances the cytotoxicity of Tigecycline causing a decrease in

cell viability.

4.5 The role of RAC1 in tumors: friend or foe?

Rac family small GTPase 1 (RACI) encodes a GTPase that belongs to the
RAS superfamily of small GTP-binding proteins. Members of RAC family
play different roles in a variety of cellular functions, including control of
cytoskeletal re-organization, activation of protein kinases, and cell growth
and proliferation [109, 110]. Racl may also play a role in cell invasion and
migration. There are articles reporting that RAC1 can control the cell con-
traction and membrane protrusion, which all affect cell invasion and migra-

tion [111]. RACI is prone to mutation in a range of cells, with a prominent
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hotspot at P29. The number of mutations is increased in uterine cancer, mel-
anoma, and HNSCC [112, 113]. These mutations enhance the activity of
Racl, but do not prevent it from circulating between the GTP and GDP
bound form. A deletion of the Racl gene in the lung or pancreas significantly
reduced tumor formation in those organs, indicating that Racl activation is
critical in a variety of cancers [114, 115]. Likewise, overexpression of RAC1
has been linked to a number of cancer cell phenotypes associated with tumor
development, metastasis, treatment resistance and a poor prognosis for pa-

tients with a range of solid tumors [116-118].

As mentioned before, the signaling of RAC1 is involved in several biological
processes in cells. RACI is a small GTPase that alternates between active
and inactive states [109]. Such variations occur mainly in some subcellular
locations including mitochondria, nucleus, and cytoplasmic membrane.
However, it is known that the pathways and biological functions of RACI1 in

different locations are very different.

As early as 1991, RAC1 was found to regulate the phagocytosis of the
plasma membrane [119]. At the plasma membrane, RACI interacts with gua-
nine nucleotide exchange factors (GEFs), receptor tyrosine kinases (RTKs),
adhesion molecules and scaffolding proteins [120]. RAC1 has also been
linked to the formation and location of macrophage tunneling nanotubes
(TNTs), which are membranous channels that connect cells and may
transport a variety of signaling chemicals such as vesicles and organelles
[121]. To summarize briefly, RAC1 cannot become a transmembrane protein
due to its hydrophilic structure, but it can bind to phospholipids and adhesion
proteins. Such interactions, in turn, can also change the biological functions

of the plasma membrane.

There is much less studied about RACI in the nucleus than on the plasma
membrane. The existence of nuclear RAC1 was discovered in recent studies
[122]. The nuclear location of RACI1 depends on the cell cycle. At the end
of G2-phase, nuclear localization increased while at the beginning of G1-
phase there is nuclear exclusion [123]. In the G2-phase, RAC1 was also
found to be involved in the process of centrosome separation [124]. Re-

cently, TTAM1, a guanine nucleotide exchange factor specific for RAC1, was
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discovered to negatively regulate the transcriptional activity of YAP/TAZ in
the nucleus of gastrointestinal tumor cells, reducing their invasiveness [125].
In addition, studies have shown that DNA damage and inflammation medi-
ated by Racl promote Nf2 tumorigenesis. The main mechanism is the regu-
lation of the Hippo-Yap and Racl-Pakl pathways [126].

Compared with the previous two subcellular locations, we pay more atten-
tion to the locations and function of RAC1 on the mitochondria. The mito-
chondrial localization of RACI is the latest subcellular localization that was
discovered. The first discovery of mitochondrial RACI1 was in B cell lym-
phoma cells with BCL2 overexpressing [127]. The main function of mito-
chondrial RACI1 is to mediate the production of superoxide, which can have
cytoprotective or cytotoxic effects. The impact of this "two-edged sword" is
determined by cell type and environmental factors such as glycolysis and
other metabolic levels [128, 129]. In addition, RACI is also involved in the
electron transport of the respiratory chain on the mitochondria [130].

As described, we initially identified 11 potential genes that are relevant genes
in HCC and code for potential target proteins of Tigecycline, but only RACI
of these 11 potential genes differed in expression and survival analysis. So,
we chose RACI to continue our study. According to bioinformatic findings,
RACI is highly expressed in cancer and that high expression is associated
with a poor prognosis. Numerous basic studies have also shown that reduced
RACI expression exhibits inhibition of hepatocellular carcinoma [131-134].
Interestingly, we have repeatedly confirmed increased expression of RAC1
in response to Tigecycline stimulation with RT-PCR at mRNA and Western
blot at protein level. For the first time, we found that Tigecycline increased
the expression of RAC1 when it inhibited cell viability, which is a very in-
teresting phenomenon. It is possible that there are other pathways that acti-

vate RAC1 expression and also kill tumor cells.

However, analyzing the total amount of RAC1 mRNA and protein expres-
sion is limited. In fact, RACI is distributed in different subcellular orga-

nelles, such as mitochondrial RACI1, nuclear RACI, and plasma membrane
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RACI1[135]. These different distributions of RAC1 may have different bio-
logical functions. Moreover, RACI1 can be modified by phosphorylation and
the RACI activation could be assessed on top. After we found that RAC1 is
altered in Huh7 and HepG2, we wondered whether RAC1 changes in THLE-
2 cells and whether such differences are responsible for their differential sen-
sitivity to Tigecycline. Unfortunately, we did not get any results when we
used Western blot to detect the expression of RACI in THLE-2. Combined
with the bioinformatics data, we believe that this may be due to the low ex-

pression of RACI in normal tissues or cells.

4.6 Relationship between RAC1 and ROS

A large amount of literature suggests an inextricable relationship between
RAC1 and ROS. Few papers have been able to clearly elucidate the relation-
ship between RAC1 and ROS. Some articles suggest that changes in RAC1
are a prerequisite for changes in ROS [136-139]. Some articles also suggest
that changes in ROS affect the activity of RAC1 [140, 141]. There is not
much literature on the relationship between Tigecycline and ROS. However,
several of these articles suggest that Tigecycline increases the production of
ROS [80, 81, 142]. This was contrary to the results of our experiments which
were repeated several times. We evaluated the formation of ROS in all three
cell lines using H>O» as a positive control and found that there was a decrease
after 24 hours in all cases. However, our observed inhibition of mitochon-
drial function by Tigecycline is supported by other studies [143]. Nolfi-Don-
egan et al. clearly described the relationship between mitochondrial function
and ROS in a review, accordingly we suggest that the reduction in ROS may

be related to the inhibition of mitochondrial OXPHOS [144].

In addition, the latest systematic review on ROS indicated that the reduction

of ROS caused by mitochondrial dysfunction would reduce the expression
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of MAPK/ERK and RACI [98]. Therefore, we used bioinformatics to ana-
lyze the expression and prognosis of ERK1 and ERK2. Correlation analysis
found that ERK1/2 was positively correlated with RACI1. The expression of
phosphorylated ERK1/2 and ERK1/2 was detected by Western blot in two
cells treated with various doses of Tigecycline. The results indicated that
phosphorylated ERK1/2 were decreased, while overall ERK1/2 remained
unchanged. So, we speculate that Tigecycline may change the phosphoryla-
tion of ERK1/2, but the explicit mechanism, especially the connection with

RACI, is still unclear. This is also the direction we want to study next.

4.7 Tigecycline and cell cycle

The cell cycle is closely related to tumor growth and metabolism, and its
regulation can be a promising target for cancer therapy [145, 146]. Numerous
studies have demonstrated that Tigecycline arrests the cell cycle in the
G0/G1-phase in a variety of malignancies, including melanoma [88], glioma
[83], and pancreatic ductal adenocarcinoma [147]. These studies have gen-
erally considered that a reduction in cyclin D1 and CDK family members
(CDK2 and CDK4) is associated with cell cycle arrest. Some studies also
hold a different view, with Bo Hu and Yue Guo in a study of ovarian cancer
suggesting that Tigecycline causes cell cycle arrest in the G2/M-phase in-
stead of the GO/G1-phase [86]. Interestingly, our results are different from
any previous study. For the first time, we found that the cell cycle of the
Tigecycline arrest in HCC is in the S phase instead of GO/G1 and G2/M-
phases. We found reasonable support in the literature to explain this phe-
nomenon. DNA synthesis occurs during the S-phase and it is possible that
Tigecycline interferes with DNA synthesis. In plant and animal cells, the
beginning and termination of DNA synthesis, as well as mitosis, are energy-
dependent and need OXPHOS [148, 149]. According to reports, acrobic gly-
colysis peaks when lymphocytes enter the S-phase [150, 151]. Based on our
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previous description, we speculate that the S-phase is arrested because of the
lack of a large energy supply. The S-phase arrest occurs because of the re-
duced supply of energy for DNA synthesis due to the Tigecycline induced
weakening of mitochondrial OXPHOS.

4.8 Exploration of Tigecycline combination

Drug resistance in tumor cells is a major obstacle in cancer treatment [152].
Tigecycline in association with numerous chemotherapeutic agents may im-
prove the responsiveness of certain hematological malignancies and solid
tumors to chemotherapy. Tigecycline has synergistic effects with cisplatin in
ovarian cancer [86] and HCC [80]. Furthermore, Tigecycline in combination
with paclitaxel dramatically improved the in vitro and in vivo therapy of re-
nal cell cancer [153]. In hematological malignancies, the combination of
Tigecycline with doxorubicin and vincristine has a synergistic effect in acute
lymphoblastic leukemia [84]. In Myc-driven lymphomas [154], Tigecycline
exhibits significant apoptosis because it interferes with the function of mito-
chondria. Meanwhile, a preclinical study showed that Tigecycline and ve-
netoclax synergistically inhibited MY C/BCL-2 double-hit B cell lymphomas
[155]. Everolimus, an inhibitor of the mTOR receptor inhibitor, is now li-
censed for treatment in patients with late kidney cancer who have failed con-
ventional therapy [156], and was approved by the FDA in July 2012 for a
treat in conjunction with exemestane in patients with ER+, HER2- breast
cancer [157]. Everolimus is also used in the prevention of organ rejection
after liver transplantation [158] and results in reduced recurrence rates after
liver transplantation of HCC patients [100, 101]. Despite the recognized role
of Everolimus in the prevention of organ rejection and in the reduction of
HCC recurrence rates after liver transplantation, patients with non-resected
HCC do not benefit from a systemic therapy with Everolimus [159]. Whether

the combination of Everolimus and Tigecycline has a synergistic effect in
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HCC raised our curiosity. So, we performed experiments in HepG2 and
Huh7 cells with the combination of the two drugs. The results of the in vitro
experiment are promising, but whether it can be applied to the clinic still

needs to wait for more data to support this.
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5. Conclusion

In conclusion, our study investigated the promising inhibitory effect of
Tigecycline on HCC. Moreover, the role of RACI in the mechanism of in-
hibition was explored for the first time. Also, we found some different find-
ings from previous studies, such as Tigecycline decreased ROS production
and Tigecycline induced cell cycle arrest in S-phase instead of GO/G1 and
G2/M-phase. Most importantly, we also studied the influence of Tigecycline
on normal hepatocytes and revealed differential reaction which indicate that
Tigecycline could kill tumor cells with limited damage to normal hepato-

cytes as long as the dose is well controlled.
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