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I. Abstract 

Background Colorectal cancer (CRC) is one of the leading causes of cancer-

associated death worldwide. Metastasis of CRC is directly linked to patient survival and 

the main cause of global CRC mortality. Therefore, it is a clinical need to find novel anti-

metastatic drugs. MACC1 (Metastasis Associated in Colon Cancer 1) is a causal key 

molecule for metastasis, driving tumor progression and metastasis formation. High 

MACC1 expression was found in many tumor entities and is prognostic for metastasis 

and poor survival. In order to provide a therapeutic option for patients diagnosed with 

high MACC1 expression, it is necessary to provide novel inhibitors of MACC1 gene 

expression. 

Methods We aimed to target MACC1 expression using the independent pMACC1-

luciferase reporter‐based high-throughput screening (HTS), testing over 118,500 

compounds from the largest academic library of Germany. The HTS was performed at 

the European Molecular Biology Laboratory (EMBL), Heidelberg, Germany. The most 

promising compounds were characterized in vitro using luciferase assay, qRT-PCR, 

Western Blot, Cell viability, Migration and Wound-healing assays. Additionally, 

commercially available derivatives were tested. The most promising candidate 

molecules were tested in vivo for their metastasis inhibitory effects. 

 Results From the HTS, we found novel compounds that act as potent MACC1 

transcriptional inhibitors. We identified even more effective derivatives of the intially 

identified lead compounds. Furthermore, these compounds not only inhibited MACC1 

expression and MACC1 associated functions in vitro, but also restricted MACC1-

induced tumor progression and metastasis formation in a xenograft mouse model. 

Conclusions We identified novel compounds for MACC1 inhibition that might be used 

for targeted therapy of MACC1-driven metastasis. These compounds need further 

development in order to optimize tolerability, bioavailability and effectivity, bring 

therapeutic value to colon cancer patients in the future. 
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II. Zusammenfassung  

Hintergrund Darmkrebs (CRC) ist weltweit eine der häufigsten Ursachen für 

krebsbedingte Todesfälle. Die Metastasierung des CRC steht in direktem 

Zusammenhang mit dem Überleben der Patienten. Sie ist die Hauptursache für die 

weltweite CRC-Sterblichkeit, kann aber nur begrenzt vorhergesagt werden.  Daher ist 

es ein klinisches Bedürfnis, neue antimetastatische Arzneimittel zu finden. MACC1 

(Metastasis Associated in Colon Cancer 1) ist ein kausales Schlüsselmolekül, das 

Tumorprogression und Metastasierung fördert.Hohe MACC1-Expressionen wurden in 

vielen Tumoren gefunden und das ist prognostisch für Metastasen und schlechtes 

Überleben. Um Patienten mit hoher intratumoraler MACC1-Expression eine spezifische 

therapeutische Option anbieten zu können, ist es notwendig, neuartige Inhibitoren der 

MACC1-Genexpression zu entwickeln. 

Methoden Die MACC1-Expression wurde mit Hilfe eines unabhängigen, auf dem 

pMACC1-Luziferase-Reporter basierenden Hochdurchsatz-Screenings (HTS) 

untersucht. In diesem HTS wurden über 118,500 Substanzen aus der größten 

akademischen Substanzbibliothek Deutschlands getestet. Das HTS wurde am 

Europäischen Laboratorium für Molekularbiologie (European Molecular Biology 

Laboratory EMBL, Heidelberg, Deutschland) durchgeführt. Die vielversprechendsten 

Verbindungen wurden in vitro mittels Luciferase-Assay, qRT-PCR, Western Blot, 

Zellvitalitäts-, Migrations- und Wundheilungstests charakterisiert. Zusätzlich wurden 

kommerziell erhältliche Derivate getestet. Die vielversprechendsten 

Kandidatenmoleküle wurden in vivo auf ihre Metastasen-inhibierende Wirkung getestet. 

Ergebnisse Im Rahmen des HTS konnten wir neue Substanzen, die als potente 

MACC1-Transkriptionsinhibitoren wirken, identifizieren. Die Derivate der anfänglich 

identifizierten Leitsubstanz zeigten eine erhöhte Wirksamkeit. Darüber hinaus hemmten 

diese Verbindungen nicht nur die MACC1-Expression und MACC1-assoziierte 

Funktionen in vitro, sondern inhibierten auch die MACC1-induzierte Tumorprogression 

und Metastasenbildung in einem Xenotransplantat-Mausmodell. 

Schlussfolgerungen Im Rahmen dieser Arbeit identifizierten wir neue Substanzen zur 

Hemmung der MACC1 Genexpression. Sie könnten in Zukunft für eine gezielte 

Therapie der MACC1-gesteuerten Metastasierung eingesetzt werden. Diese 

Substanzen müssen nun weiter entwickelt werden, um z.B. Verträglichkeit, 
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Bioverfügbarkeit und Wirksamkeit weiter zu optimieren. Diese optimierten Substanzen 

stellen eine neue Therapieoption das, die in Zukunft einen therapeutischen Nutzen für 

Darmkrebspatienten erzielen kann. 
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1. Introduction 

1.1  Colorectal cancer (CRC) epidemiology 

Cancer is not a single disease but a general term for a large group of diseases. When 

gene mutation occurs in cells, the growth of these abnormal cells is uncontrolled, 

gradually spreading out of their normal growth range, and beginning to invade nearby 

tissues and organs or transferring to a distant place, and they can occur in almost any 

organs or tissues of the body. 

According to the World Health Organization (WHO), an estimated 9.6 million people 

died of cancer in 2018, the second leading cause of death globally. Among the many 

different types of cancer, CRC is the third most common cancer among men and the 

second in women [1]. CRC is the second leading cause of cancer mortality. Therefore, 

CRC is one of the main causes of cancer-related deaths in the world [2]. 

It is estimated that the number of new CRC cases for men and women of all ages in the 

world was 10.2% in 2018. There are many factors that affect the incidence of CRC, 

such as age, gender, eating habits, living environment and infections [3]. According to 

the literature, CRC has a higher incidence in Western countries, such as Europe, 

Canada, the United States. The countries with the lowest incidence are mainly 

distributed in South and Central Asia, Africa and South America [4,5]. The high 

incidence of CRC in Western countries may be related to the diet. The Western diet is 

characterized by a low intake of dietary fiber and excessive intake of meat, sugar, etc. 

[6,7]. Therefore, identification of the potential relationship between CRC development 

and dietary patterns may provide useful insights for the definition of dietary guidelines 

for CRC prevention. In addition, lack of physical exercise, smoking and drinking are also 

high-risk factors. Among them, smoking is the most important risk factor for cancer. In 

Germany, according to statistics from the German Centre for Cancer Registry Data, 

about 16% of cancer cases are attributed to smoking [8]. In low- and middle-income 

countries, infections such as hepatitis and human papillomavirus (HPV) also account for 

25% of cancer cases [9,10]. 

According to estimates by the Global Cancer Observatory, the CRC mortality rate of 

men and women of all ages in 2018 accounted for 9.2% of all cancers in the world. In 
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developing countries, the five-year relative survival rate of CRC is lower than that of 

high-income countries: 28% and 60%, respectively [1–3]. This shows that economies 

are another factor affecting the 5-year survival rate of cancer and this issue is 

increasing. In 2017, about 26% of low-income countries provided pathological services 

in the diagnosis and treatment of diseases, while in high-income countries, this 

proportion could reach 90%. The lack of pathological examinations has led to the fact 

that about four-fifths of low- and middle-income countries do not have reliable data with 

which o formulate policies related to cancer treatment. This has made advanced cancer 

and difficultty in obtaining diagnosis and treatment become a common phenomenon. 

Early diagnosis and treatment directly affect the 5-year survival rate [4,5]. In Germany, 

about one in eight cancer patients suffer from CRC and the 5-year relative survival rate 

is approximately 62 % [9]. With the improvement of diagnosis and treatment technology, 

although the 5-year survival rate has improved significantly, there has been no 

improvement for patients after metastasis [6]. Therefore, it can be seen that the survival 

rate is highly dependent on the stage of the tumor. For example, the five-year survival 

rate of patients with early local tumors is 90%, but when regional lymph nodes or even 

distant metastases have formed, the 5-year survival rate drops to 10%. Therefore, the 

metastatic transmission of primary colon cancer accounts for 90% of all colon cancer 

deaths, which makes the formation of metastasis a key process in the treatment of CRC 

[7]. 

1.2  Tumorigenesis and progression of CRC 

The occurrence of CRC is a very complicated process which is the result of many 

factors affecting each other. Researchers around the world are trying to find the exact 

mechanisms that cause tumor formation, progression, metastasis and responsiveness 

or resistance to tumor treatment. Therefore, two pathways have been established to 

understand the molecular origin of CRC (Fig. 1). One of the pathways involved is 

chromosomal instability (CIN) that leads to tumor progression, also known as the 

"classic" (adenoma-carcinoma sequence) or "traditional" pathway [8]. The other is the 

approach involving microsatellite instability (MSI), called the “mutator” pathway [9]. 

Among them, the gene mutation involved in the classical pathway is considered to be 

the key driving force to give cancer cells growth advantages and protect cancer cells in 

the initial stage of tumor formation and development [10]. In this classical pathway, the 

most common genomic mutations are the adenomatous polyposis coli (APC) gene, 
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Kirsten rat sarcoma viral oncogene homolog (KRAS), tumor suppressor p53 (TP53) 

gene, and deleted in colorectal cancer (DCC) gene [8,10]. The “mutator” pathway is 

caused by the lack of DNA mismatch repair (MMR), and it can't repair the errors in the 

process of duplicate DNA sequence replication. This pathway accounts for 

approximately 15%-20% of all CRCs [9,11].  

The specific details of these two different pathways will be described in detail in the next 

section. 

 

Fig. 1: Adenoma–carcinoma sequence model in CRC. This model briefly outlines the 

complex process of CRC transformation and illustrates the mutations and/or aberrations of 

several key genes related to cell growth control as well as CIN caused by dysfunctional cell 

division through methylation of certain gene promoters. This is followed by (in)-activation of the 

accumulation of these genes and mutations, leading to CIN or epigenetic silencing [12]. 

1.3 The adenoma-carcinoma sequence 

The adenoma-carcinoma sequence has been one of the most important fundamental 

concepts in CRC in recent years. This pathway describes the process of gradual 

mutation and accumulation of genes related to cancer [13,14]. It mainly involves the 

mutations of tumor suppressor genes (e.g. APC, p53, DCC) and oncogenes (e.g. KRAS) 

[10,15]. Through this concept, we can not only understand the process of cancer 

occurrence and development of cancer more intuitively but also provide a variety of 

ideas for the prevention and treatment of CRC. As depicted in Figure. 1, we will next 

describe in detail the tumor formation process caused by mutations of these genes. 
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1.3.1 APC, β-Catenin and Wnt signaling 

APC is one of the tumor suppressor genes and is located on human chromosomes 

5q21–q22. Its deletion may lead to uncontrolled growth of cells, which in turn leads to 

tumors [16]. The protein produced by APC can promote the assembly or stability of 

multiple protein complexes (such as β-catenin disrupting complexes). By controlling the 

level of β-catenin, it is signaled by the classical Wnt (Wingless and Int-1) signaling 

pathway [17]. When APC is mutated, it interferes with the binding of its protein to β-

catenin, leading to the continuous activation of the Wnt pathway [18,19]. This leads to 

uncontrolled cell growth and the development of invasive lesions (cancer) [20]. The 

APC gene is the most common and inactivated gene in the development of CRC, and 

mutation inactivation has been found in 60% of CRC patients [21]. At the same time, the 

inactivation of this gene is also the initial central link in the development of CRC tumors.  

In addition, APC can also play a role by regulating the mitosis of cells. Loss of APC will 

lead to chromosome abnormality caused by CIN [22–24]. Consequently, mutations in 

the APC and WNT pathways are common mechanisms for progression from early CRC 

lesions to more advanced stages. 

1.3.2 KRAS and MAPK signaling 

KRAS is a murine sarcoma virus oncogene which encodes 21kD RAS protein, so it is 

also called the p21 gene [25]. The KRAS protein is part of the RAS/MAPK (mitogen-

activated protein kinase) pathway. It can transmit signals from outside of the cell to the 

nucleus, indicating that the cell grows as well as proliferation, maturation and 

differentiation. The KRAS protein is a GTPase that can convert GTP to GDP. In this way, 

it uses protein dynamics to act as a signal on/off switch for molecules, which are 

controlled by GTP and GDP, respectively. To transmit a signal, the GTP molecule must 

be turned on by binding to it. When a protein binds to GDP, it does not transmit signals 

to the nucleus [26]. 

The KRAS gene has two states, which are wild type or mutated type. Under normal 

physiological conditions, when cells activate signaling pathways such as epidermal 

growth factor receptor (EGFR) after external stimulation, the KRAS signaling pathway is 

temporarily activated by phosphorylation of wild-type KRAS. The mutant-type KRAS 

protein can cause protein dysfunction, which is still activated in the absence of EGFR 
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activation signal stimulation, causing the MAPK signal cascade, promoting the 

continuous proliferation of cells, and causing tumors [27,28]. 

KRAS gene mutations occur early in the malignant transformation of the tumor, and can 

be detected in approximately 40% of CRC patients [29]. About 97% of KRAS gene 

mutations are caused by mutations in amino acid residues 12 or 13 [30,31]. Tumor 

patients with KRAS activating mutations usually have a poor prognosis and a much 

shorter survival time than those without KRAS activating mutations. Clinically, the 

efficacy of EGFR inhibitors can be predicted by detecting whether the KRAS gene 

(KRAS, p21) has activating mutations. Therefore, the detection of KRAS gene mutation 

is an important indicator for understanding the prognosis of cancers, and the therapeutic 

effect [32]. 

The BRAF gene (v-Raf murine sarcoma viral oncogene homolog B) is located at human 

chromosome 7 (7q34) and belongs to the RAF gene family. Its protein can affect cell 

growth, proliferation, differentiation, migration and apoptosis, and plays a role in 

regulating the RAS-RAF-MEK-ERK (MAPK/ERK) signaling pathway [33,34]. Therefore, 

the signal transduction of this signal pathway is essential for the normal development of 

cells. Among all the mutations of BRAF oncogene, the most important one is that the 

600th amino acid residue of BRAF changes from valine residue (V) to glutamate residue 

(E),  which is the V600E mutation. 8-14% of CRC patients exhibit BRAFV600E 

mutations, accounting for more than 95% of all BRAF mutation cases [35]. Under 

normal circumstances, BRAF protein has kinase activity only after being phosphorylated 

by RAS kinase. However, when the BRAF gene is mutated, the BRAF protein is always 

activated, and it then affects downstream signaling through the MAPK pathway, 

eventually leading to tumor formation. 

1.3.3 CDC4, SMADs and TGF- β signaling 

CDC4 (cell division control protein 4) is a substrate recognition component of the SCF 

(SKP1-CUL1-F-box protein) ubiquitin ligase complex. It can transfer ubiquitin to target 

proteins through the ubiquitin-proteasome pathway and causes its subsequent 

degradation [36]. CDC4 can be used as a regulator of the cell cycle and is essential for 

initiating the process of DNA replication and isolating the spindle to form mitosis [37]. 

Therefore, CDC4 plays a very important role in cell mitosis. When the gene is mutated, 
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it may affect the progress of the cell cycle through the overexpression of cyclin E, 

thereby causing the instability of CIN and leading to tumorigenesis [38]. 

SMAD4 (drosophila mothers against decapentaplegic homolog 4) is located on the 

human chromosome 18q21.2, and about 60% of CRCs show allele deletions at this site 

[39,40]. SMAD4 protein acts as a mediator between the extracellular growth factors of 

the transforming growth factor-beta (TGF-β) family and genes in the nucleus, and can 

directly transfer TGF-β signals from the cell membrane into the nucleus. When activated, 

SMAD is phosphorylated by specific receptors on the cell surface, transferring signals 

from the cell membrane to the nucleus and activating the transcription of target genes, 

thereby regulating the expression of different genes. Inhibitory SMADs block or 

attenuate TGF-β signals through negative feedback pathways. Therefore, the 

transcription of SMADs can be regulated by interacting with TGF-β [41].  

The TGF-β superfamily plays an important role in regulating cell proliferation, 

differentiation, migration, and decay death. Therefore, after the structure of SMAD4 is 

changed, it is not be able to regulate the expression of genes related to cell growth, 

thereby causing uncontrolled cell growth and eventually leading to tumor formation 

[40,42]. SMAD4 has also been found to mutate in juvenile polyposis syndrome (JPS). 

JPS is characterized by hamartomatous polyps of the gastrointestinal tract (GI). These 

polyps increase the risk of CRC [43]. 

1.3.4 TP53 

Tumor suppressor gene TP53 is located at human chromosome 17p13.1, which has the 

highest correlation with human tumors [44]. Among all malignant tumors, more than 50% 

of them will have mutations. The protein encoded by this gene is an important 

transcription factor which can regulate cell apoptosis, maintain genome stability and 

inhibit tumor angiogenesis [45]. The p53 protein can specifically bind to DNA. When 

DNA is damaged, it can keep the cell cycle at the G1/S regulatory point recognized by 

DNA damage, prevent DNA replication, and then repair the damage by activating DNA 

repair proteins. If not, it will lead to apoptosis. When a tumor needs new blood vessels 

to support its growth, p53 can affect angiogenesis by interfering with regulators of 

humor hypoxia, such as HIF1 and HIF2, and inhibiting the production of angiogenic 

promoting factors [46,47]. Therefore, p53 is described as "the guardian of genome". 
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The most common mutation of the p53 gene is a missense mutation. After the mutation, 

the spatial conformation of the p53 gene is changed, resulting in the loss of its normal 

function, and thereby losing its regulatory effect on cell growth, apoptosis and DNA 

repair. p53 mutations occur late in the adenomas-carcinoma sequence. Therefore, by 

predicting the frequency of p53 mutations, we can better understand the process of 

transition from pre-invasive disease to invasive disease (between 4%-26% of adenomas, 

50% of invasive adenomas, and 50%-75% of CRCs) [8,13]. 

1.4 Microsatellite instability pathway 

Microsatellites (MS) are short tandem repeats throughout the human genome. These 

sequences consist of repeating units of 1 to 6 base pairs in length [48]. The most 

common microsatellites are the dinucleotide repeats of nucleotides C and A [49]. 

Compared with normal cells, microsatellites in tumor cells change in length due to the 

insertion or deletion of repeat units, which is called microsatellite instability (MSI). High-

frequency MSI (MSI-H) refers to the detection of MSI at more than 40% of the MS sites, 

while those below 40% are defined as MSI (MSI-L) [8,50]. 

MMR is a method that recognizes and repairs possible base mis-insertions, deletions, 

and mis-bindings during DNA replication and recombination, as well as repairing some 

forms of DNA damage, preventing gene mutations and maintaining the stability of the 

genome [51]. MSI is caused by MMR losing its own proofreading function  (mismatch 

repair deficiency dMMR). The MMR system consists of at least 7 proteins, namely 

hMLH1, hMLH3, hMSH2, hMSH3, hMSH6, hPMS1 and hPMS2, which combine with 

specific partners to form functional heterodimers [8]. 

In the process leading to the formation and development of CRC, CIN accounts for 

about 85%, while MSI accounts for only 15% [52]. 12% of MSI tumors are caused by 

hypermethylation of the MLH 1 gene promoter encoding the DNA MMR protein, while 

the remaining 3% of MSI tumors (Lynch syndrome) are caused by germline mutations of 

MLH 1, MSH 2, MSH 6 and PMS2 [53]. In MSI tumors, MSI-H and MSI-L also have 

defined characteristics. For example, patients with MSI-H CRCs are younger and have 

a better prognosis. The MSI-L phenotype accounted for 29%, 53%, and 83% of 

hyperplastic polyps, serrated adenomas, and mixed polyps, respectively. Hyperplastic 

polyps and other adenomas may be unique histological precursors that cause 

canceration [54–56]. Therefore, in the clinical diagnosis and treatment of CRC, we 
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should choose the appropriate treatment according to the causes and characteristics of 

CRC. 

1.5 Tumor invasion and metastasis 

Metastasis is a major feature of malignant tumors, distinguishing it from benign tumors 

[57]. It refers to the process whereby malignant tumor cells transfer from the primary 

site to other sites and continue to grow through lymph channels, blood vessels or body 

cavities [58]. There are four common types of metastasis: (a) spreading directly to 

adjacent sites; (b) lymphatic metastasis: cells of primary cancer follow the lymphatic 

drainage, from near to distant to lymph nodes at various levels [59]; (c) hematogenous 

metastasis: the cancer cells enter into the blood vessels and metastasize to distant sites; 

(d) implantation: after the tumor cells are shed, they are implanted in another site, such 

as splanchnic cancer being seeded into the peritoneum or pleura. Obviously, malignant 

tumor metastasis will increase the damage to the body and affect the prognosis. In 

many tumor entities, the metastatic transmission of a primary tumor is directly related to 

patient survival. In CRCs, metastasis accounts for about 90% of patients' deaths. 

Therefore, the malignant tumor metastasis is often the key to affecting tumor treatment 

[60–62].  

Epithelial-Mesenchymal Transition (EMT) is a key link in the process of tumor 

metastasis, which is a process to that promotes tumors to obtain an aggressive 

phenotype (Fig. 2). Through this process, epithelial cells lose cell polarity and 

intercellular adhesion, and acquire migration and invasion properties to become 

mesenchymal stem cells, which can differentiate into a variety of pluripotent stromal 

cells. These cells lack this polarization and only interact with each other through the 

focal point [63]. The cells of the epithelial layer maintain the laminar structure intact 

through tight junctions, gap junctions and adhesive junctions, thereby forming a good 

barrier for the epithelial layer. The main component of the barrier is cadherin [64,65]. 

Therefore, during this process, the cells undergo profound morphological and 

phenotypic changes.  
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Fig. 2: Invasion and metastasis cascade. The process by which tumor cells leave the primary 

tumor, separate and migrate to reach the blood or lymphatic vessels and spread to the 

secondary site. This includes multiple gene expression and changes in cell morphology. In the 

figure, you can see the whole process [64]. 

At present, it is thought that there are three types of EMT: EMT type 1 is related to 

embryonic development, EMT type 2 is related to wound healing, and EMT type 3 is 

related to tumor cells [64,66]. There are many common pathways between embryonic 

and tumoral EMT, for example, stimulation of TGF-β can induce β-catenin 

phosphorylation, thereby causing the activation of transcription factors such as Snail 

[67], together with diverse growth factors and proteins. This is accompanied by the loss 

of a variety of epithelial proteins, such as E-Cadherin,  and -catenins and cytokeratin, 

and the overexpression of mesenchymal proteins simultaneously [68]. E-cadherin is a 

protein that plays a key role in the process of cell migration. It prevents cell migration 
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and metastatic transmission by increasing the adhesion between epithelial cells and 

desmosomes [69]. At the beginning of metastasis, the absence of E-cadherin causes 

the adhesion between cancer cells in the primary tumor to weaken or disappear. Cancer 

cells can invade and penetrate the basement membrane and enter the bloodstream 

through intravasation. After entering the bloodstream, tumor cells recruit platelets to act 

as a physical barrier to help protect these cells from being cleared by immune cells. The 

metastatic cancer cells can adhere to the activated endothelial cells in the blood vessel 

wall due to the adhesion of platelets. They then leave the bloodstream at the second 

site and start to form a new tumor. Later, when these circulating tumor cells (CTCs) 

penetrate the blood vessel wall to form micrometastasis, they receive MET clone growth 

at these metastatic sites [70,71]. Therefore, EMT and Mesenchymal-Epithelial 

Transition (MET) form the initiation and completion of the invasion metastasis cascade 

[72]. 

Several oncogenic pathways (TGF-β, EGF, HGF, Wnt/β-catenin, etc.) and hypoxia can 

induce EMT [73]. In addition, p53 is also involved in the regulation of EMT induced by 

TGF-β by activating various microRNAs (miR-200 and miR-34) [74]. Besides this, there 

are other hypotheses about tumor metastasis, such as "seed and soil": cancer cells 

(“seed”) show matching compatibility and adaptive programs with the microenvironment 

of specific target sites (“soil”) [75]. For example, CRC tends to metastasize to the liver, 

while stomach cancer often metastasizes to the ovary in women, when it is called a 

Krukenberg tumor [76,77].  

Because tumor metastasis has a major influence on tumor treatment, we study the 

mechanism of tumor invasion and metastasis, in order to discover more tumor markers 

to detect tumors before metastasis, improve the cure rate, and prolong the survival time 

of patients. For now, we still face great challenges. 

1.6 Staging and treatment of CRC 

According to different stages of CRC, the corresponding treatment plan can be made 

and the prognosis can be reasonably evaluated. Therefore, correct CRC staging is very 

important to guide the treatment of patients (Table 1). The primary tumor is usually 

staged according to its depth of penetration and the involvement of adjacent structures 

or distant sites [78]. 
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T: indicates the depth of tumor invasion, and its number range is 1 to 4. N: nodal status and 0, 1, 

or 2 indicates the number of affected lymph nodes around the region. M: metastasis. M0: no 

metastasis. M1: cancer has spread to distant organs [78]. 

There are many treatment methods for CRC, including surgery, chemotherapy, radiation 

therapy, hormone therapy, targeted therapy, and synthetic lethality. The specific 

treatment method needs to be selected based on comprehensive consideration of tumor 

location and stage as well as patient's general status [79]. However, surgical resection 

is still the main treatment for patients with CRC. 

Stage I refers to tumor invasion of submucosa or muscularis propria, without local 

lymph node metastasis. At this stage, the main treatment is surgical resection, the 

prognosis is relatively ideal, and the 5-year survival rate is about 90% [80]. Stage II 

refers to the tumor invading subserosa, or invading adjacent organs, or perforating the 

visceral peritoneum. There is also no local lymph node metastasis, and the 5-year 

survival rate is about 70% -80%. At this stage, surgical resection is the first choice, and 

those with high-risk factors can consider postoperative chemotherapy [81]. Because 

CRC has no clinical symptoms at an early stage, it is difficult to detect and treat it early. 

As the tumor continues to grow, the 5-year survival rate also drops sharply from 40%-60% 
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at stage III to 10% at stage IV [82]. Stage III of cancer is that cancer cells have spread 

to lymph nodes, but not to other organs or body parts. At this stage, we need to choose 

a comprehensive treatment plan, initially surgical resection, which is then combined with 

chemotherapy to treat patients with CRC [83]. Patients with stage III and high-risk stage 

II (including perforation of the outermost layer of the colon or rectum, lymphatic 

infiltration (LVI), and perineural infiltration (PNI)) can also benefit from adjuvant 

chemotherapy 81,84. Stage IV requires a multidisciplinary discussion to make an 

accurate assessment. Based on these assessment results, you can select the 

appropriate treatment method to reduce patient suffering, improve quality of life, and 

prolong life [79,85].  

With the development of science and technology, the level of treatment has improved. 

Although the 5-year survival rate of patients with early CRC has improved, there has 

been no significant change in patients with advanced cancer (stage IV) in the past few 

decades. Therefore, there is an urgent need for reliable and effective biomarkers for 

early prediction during tumor formation and subsequent treatment of tumors. 

1.7 MACC1 - A newly identified prognostic and predictive biomarker 

In 2009, our group conducted a genome-wide analysis of human CRC tissue, 

metastasis tissue and colorectal normal mucosa tissue by RT-qPCR, and found a 

promising prognostic marker named Metastasis associated in colon cancer 1 (MACC1), 

which has no similarity with the known gene [62].  

Further analysis revealed that the expression of MACC1 mRNA in tumor tissues was 

significantly higher than in normal tissue, and compared with primary tumors, the 

MACC1 mRNA levels of metastatic tumors were significantly higher than non-metastatic 

tumors. The level of MACC1 mRNA expression is also closely related to the 5-year 

survival rate of patients. The 5-year survival rate of MACC1 high and low expression is 

15% and 80%, respectively [62,86]. The level of MACC1 expression is negatively 

related to the survival rate (Fig. 3). This suggests that MACC1 plays a key role in tumor 

progression and metastasis, and can be used as an indicator of metastasis formation 

and non-metastasis survival. Since we discovered MACC1 in 2009, MACC1 has been 

established by many groups as being related to tumor progression and metastasis of 

more than 20 solid cancer types, such as CRC, bladder cancer, lung cancer, breast 
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cancer, esophageal cancer, cervical cancer, gallbladder cancer, gastric cancer, etc. 

[62,87–91]. This further confirms the value of MACC1 in tumor metastasis and 

progression. In addition, the MACC1 transcript or protein levels in liquid biopsies (such 

as the patient's blood) can be used to assess the tumor progression, metastasis 

formation and prognosis of patient survival in different solid tumors [92]. This is of great 

clinical significance and can provide timely clinical treatment for patients with high 

expression of MACC1. 

Besides this, high expression of MACC1 has also been proven to predict the 

postoperative recurrence of the tumor and the response to conventional chemotherapy, 

such as the recurrence of gastric cancer after surgery, and the recurrence of cancer 

after resection liver metastases from CRC as well as 5-fluorouracil (5-FU) to treat 

gastric cancer [93–95]. It has also been confirmed in the adenoma-carcinoma sequence 

that we talked about in the previous section. As the tumor progresses, the expression of 

MACC1 increass, which help us to distinguish between high-grade and low-grade 

adenomas [96,97]. 

In summary, MACC1 can be used as a biomarker for a variety of solid tumors and plays 

a key role in tumor progression and metastasis. 

 

Fig. 3: MACC1 as a prognostic biomarker. MACC1 predicts metachronous metastasis and 

poor metastasis-free survival in tumors of patients without metastases at diagnosis [62]. 

1.7.1 MACC1 related signaling pathways 

With the continuous development of science and technology, there is also in-depth 

research into molecular mechanisms in the process of tumorigenesis and development 
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is also in-depth. Since MACC1 can be used as a biomarker of many solid tumors, the 

signaling pathway associated with it has become very important (Fig. 4).  For example, 

MACC1 induces angiogenesis through the TWIST1/2 signaling pathway, escapes 

growth inhibition through PI3K-AKT/ERK signaling pathway, and enables replication 

immortality through NANOG/OCT4 signaling pathway, and, in particular MACC1 

maintains cell proliferation, migration, invasion and colony formation through HGF/c-

MET [62,86,98,99]. These pathways play an important role in tumor formation, 

progression and metastasis, and MACC1 is at the core of these pathways. 

 

 

Fig. 4: Schematic of MACC1 related signaling pathways’ impact on cancer hallmarks. 

MACC1 plays a key role in the progression and metastasis of tumors by regulating various 

pathways to promote the continuous proliferation, migration, invasion and metastasis of cells 

[86]. 

MACC1 is positively correlated with hepatocyte growth factor (HGF) receptor tyrosine 

kinase c-MET, which is its transcriptional activator. After overexpression of MACC1, the 

HGF/MET signaling pathway is activated and c-MET is upregulated, which results in cell 

proliferation, invasion and metastasis. If the expression of MACC1 is reduced, c-MET is 

downregulated, thereby reducing cell motility and proliferation. MACC1 activates its 

expression by binding to the promoter of the c-MET [62,100,101]. In addition, the 

activation of c-MET can trigger the downstream GAB1-SHP2-ERK/MAPK and PI3K/AKT 

axes, while the transcription factors of MACC1 itself are AP1 and Sp1, and the ERK 
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signal pathway can regulate its expression through the transcription factors of MACC1, 

and thus a positive feedback loop regulated by MACC1 is formed, which in turn leads to 

tumor progression and metastasis [86,102]. 

In short, MACC1 avoids the normal cell cycle by regulating different signaling pathways 

and inducing the continuous proliferation of cells, so that the tumor continues to 

progress to cancer. Similarly, because MACC1 involves many signaling pathways, this 

makes it possible to target MACC1 for intervention. 

1.7.2 MACC1 protein structural features and inhibitory potential 

MACC1 is a gene consisting of 2559 nucleotides located on human chromosome 7 

(7p21.1). This gene was first discovered by our team in 2009. It contains seven exons 

and six introns. The encoded protein is composed of 852 amino acids and has a 

molecular weight of 97 kDa. The chromosome location of the MACC1 gene is a 

common mutation region that causes the occurrence or metastasis of gastrointestinal 

cancer, such as nearby Twist-related protein 1 (TWIST1), and Integrin beta 8 (ITGB8) 

[62,86,87,103]. The MET and HGF we introduced earlier are also located on 

chromosome 7. MACC1's transcription factors include SP1, AP1 and C/EBP. The 

promoter of MACC1 (-992 to -18bp upstream from the MACC1 transcriptional start site) 

drives transcription under the action of these transcription factors, and all three 

transcription factors are conducive to MACC1 expression [60,104]. 

Based on the translated MACC1 protein expression, five domains that mediate protein 

interaction are predicted（Fig. 5） : from the N-terminus, two domains resembling 

known structures of zonula occludens 1 and uncoordinated protein 5 (ZU5), p53-

induced death domain, the domain of protein 1, and ankyrins domain (UPA). The C 

terminal of MACC1 contains an Src homology 3 (SH3) domain and a tandem of death 

domains (DD). MACC1 also contains a clathrin box, two Epsin 15 Homology interaction 

motifs (NPF), an interaction motif (DPF) for adaptor protein 2α (AP-2α), and proline-rich 

motifs (PxPxP, KxxPxxP) [62,87,105]. Among them, SH3 and proline-rich motifs (PxPxP, 

KxxPxxP) are involved in the process of MACC1 transport to the nucleus and affect the 

transcriptional activity of c-MET [106]. Since tyrosine phosphorylation is a very 

important part of the signal transduction process, interference with this process can 

affect the expression of MACC1, which further confirms that MACC1 can be used as a 

potential therapeutic target for cancer and metastasis. 



25 
 

MicroRNA (miRNA) is involved in the regulation of post-transcriptional gene expression. 

Abnormality of miRNA will affect the expression level of normal genes, which in turn will 

lead to the generation and development of tumors. In the past few years, a large 

number of studies have confirmed that many miRNAs cause abnormal cell activity by 

targeting MACC1. Overexpression of miRNAs associated with gastric cancer and CRC, 

such as miR-638, miR-3679-5p and miR-141, significantly reduced tumor growth and 

metastasis by downregulating MACCI in vivo [107–109]. This proves that MACC1 can 

be used as a target to limit the potential of tumor progression and metastasis. 

 

 

 

Fig. 5: Schematic of MACC1 protein domain structure. MACC1 protein expression domains 

that mediate protein interaction are predicted: from the N-terminus are ZU5 and UPA domains. 

The C terminal of MACC1 contains an SH3 domain and two death domains (DD). MACC1 also 

contains a clathrin box, two NPFs motifs, the DPF motif for adaptor protein 2α (AP-2α) and 

proline-rich motifs (PxPxP, KxxPxxP) [87]. 

Through the further analysis of the regulation of MACC1 transcription factors and the 

effect of post-transcriptional miRNA on its expression, it is known that MACC1 can be 

used as a clinical cancer treatment target, providing cancer patients with a new 

treatment method, which is of great clinical significance. 

1.7.3 Discovery of MACC1 inhibitors  

The screening of inhibitors is a very long and complicated process. There are many 

common screening techniques, such as tow-hybrid technology, genetic engineering 

technology, HTS, and so on [110–112]. With the development of advanced cell biology, 

as well as computer and automatic control technologies, the application of HTS 

technology in the screening of inhibitors is becoming more and more extensive. HTS 

uses the target of inhibitors for screening, which has the advantages of accuracy, 

rapidity and high efficiency. It can screen a large number of compounds in a short time, 

so it has become the main technical method of drug screening. Small molecule 

inhibitors have good spatial dispersion, and their chemical properties determine good 

drug-forming properties and pharmacokinetic properties, which makes small molecule 

compounds show great advantages in the screening process of inhibitors [113]. 
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As mentioned above, MACC1 transcription factors play a vital role in the expression of 

MACC1. Therefore, if the inhibitors of these transcription factors can be found, the 

expression of MACC1 can be suppressed, which provides a new way for the treatment 

of cancer and its metastatic patients, or through the combined use of drugs to 

significantly improve the clinical treatment effect. Based on this idea, we found 

Lovastain and Rottlerin from small molecule compounds through HTS technology and 

verified the effects of these two inhibitors in vitro and in xenograft mice [60]. However, 

stains have been used clinically and have many contraindications. Therefore, we want 

to find novel MACC1 small molecule inhibitors through the above mentioned methods to 

provide more clinical treatment options. 
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1.8 Aims of the thesis 

1. Identification of novel MACC1 transcriptional inhibitors from the largest academic 

library of Germany, the European Molecular Biology Laboratory, Heidelberg, Germany. 

2. Evaluation of these inhibitors in vitro for the reduction of MACC1 expression and 

MACC1 associated functions. 

3. In vivo validation for these inhibitors to restrict MACC1-induced tumor progression 

and metastasis formation in a xenografted mouse model. 
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2. Materials and Methods 

2.1 Cell culture 

In this study, all human CRC cell lines were obtained from the American Type Culture 

Collection (ATCC, USA). The medium used for cell growth was RPMI-1640 or 

Dulbecco's Modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS; 

Bio & Sell, Feucht, Germany). The cell was cultured at 37 °C in a humidified incubator 

with 5% CO2. Attention  was paid to check the cell growth status, and cells were 

trypsinized and split in a 1:8 ratio every 3-4 days. Each culture flask was used no more 

than 3 times, so that the cells could better adhere to the bottom and to reduced the 

possibility of contamination. The plastic products used in the cell culture and 

experiments came from TPP (Trasadingen, Switzerland), BD Biosciences (Heidelberg, 

Germany) or Greiner BioOne (Kremsmünster, Austria). The MycoAlert® Mycoplasma 

detection kit (Lonza, Basel, Switzerland) was used to detect Mycoplasma regularly. 

 

 

 

 

 

2.2 Cell cryopreservation and recovery 

To prevent cells from being unsuitable for experiments after splitting too many times, it 

was necessary to know how to freeze cells. Preparation for cryopreservation: 10% 

Dimethylsulfoxide (DMSO, ≥ 99.5%, bioscience-grade, Carl Roth, Germany)/FBS, 

cryopreservation tube and labelling it such as name, date, cell line, etc. Cell preparation: 

sufficient cells in the flask. 

The medium was removed, washed one time with PBS, Trypsin/EDTA was added 

(Corning, USA), and it was placed in the incubator until the cells were completely 

detached, 10% FBS medium was added to stop the reaction, it was transferred to a 

15ml high-clarity polypropylene conical tube (Falcon, Mexico), then centrifuged 

(Centrifuge 5810R, Eppendorf, Germany) at 1000 rpm for 4 min, and the medium was 

       Cell line                               Medium                                    ATCC number 

HCT116 
 

SW620 

RPMI 1640, 10% FBS 
 

DMEM, 10% FBS 

CCL-247 
 

CCL-228 

Table 2. All cell lines used in this study 
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removed and an appropriate amount of 10% DMSO/FBS medium was added after 

centrifugation. 1 ml of cell suspension was added to each cryopreservation tube after 

pipetting, then these were placed into the freezing box, and stored overnight in the 

refrigerator at - 80 ℃, and could then be transferred to a liquid nitrogen tank or stored at 

- 80 ℃ in the refrigerator. 

Cell recovery: The cryopreservation tube was taken out, quickly and repeatedly pipetted 

with the medium containing 10% FBS medium until it was completely thawed, then 

transferred to the 15ml high-clarity polypropylene conical tube, centrifuged at 1000 rpm 

for 4 minutes, the medium was removed after centrifugation, fresh 10% FBS medium 

was added and all of the cell suspension was transferred to a flask, and it was checked 

whether the medium needed to be replaced or passaged after 1-2 days. Generally, it 

could be used for the experiment after splitting 2 times. 

2.3 Cell counting 

The purpose of cell counting was to determine the number of cells required for each 

experiment. The medium was removed, it was washed one time with PBS and 

Trypsin/EDTA was added, the flask was put into the incubator until the cells were 

detached, then medium was added to stop the reaction. Took 10 µl of cell suspension 

was taken and 10 µl of trypan blue was mixed it. Trypan blue is a vital stain used to 

selectively color dead tissues or color cells blue. 10 µl was taken to the cell counting 

slide (NanoEntek, Korea). The number of cells was automatically calculated by the cell 

counter (Live-cell movie analyzer, JuLI™ Br, Korea). 

2.4 Derivative cell lines 

To identify potential transcription inhibitors of MACC1, it was necessary to construct 

CRC derived cell lines for HTS. HCT116-MACC1p-Luc cells were generated by 

transfecting HCT116 cells with the plasmid pGL4.17 (Promega, Fitchburg, Wisconsin) 

containing the luciferase reporter gene. The luciferase expression was regulated by the 

human MACC1 promoter (-992 to -18 bp upstream of the MACC1 transcriptional start 

site).The HCT116-CMVp-Luc cells were HCT116 cells transfected with pcDNA3.1-puro-

Luc. According to the manufacturer's instructions, the stable expression of the 

transgene was regularly controlled by the Steady Glow™ Luciferase Assay System 

(Promega) [60].  
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HCT116-MACC1p-Luc             RPMI 1640, 10% FBS         Firefly luciferase expression      

                                                                                                was regulated by MACC1 promoter 

 

 

HCT116-CMVp-Luc                  RPMI 1640, 10% FBS        Firefly luciferase expression  

                                                                                             was regulated by CMV promoter 

 

2.5 Drug treatment 

All of the small molecule compound inhibitors used for HTS came from the largest 

academic library of Germany, the European Molecular Biology Laboratory (EMBL), 

Heidelberg, Germany. Based on the results of HTS compound screening, small 

molecule compounds for further experiments in vitro were obtained from Enamine, Akos 

and Mcule (the compounds are the same as those used for HTS in EMBL). These 

compounds was dissolved in DMSO at a concentration of 10 mM, they were divided into 

multiple aliquots, and stored them at -80 °C to avoid repeated freezing and thawing. 

The experimental control group was also treated with the same concentration of solvent 

to exclude the adverse effects of DMSO. 

2.6 Steady-Glo® Luciferase assay 

The Steady-Glo® Luciferase Assay System can provide long-lived luminescence when 

added to cultured cells. HCT116-MACC1p-Luc cells were seeded into 96-well plates, 

1.5x104 cells/100 µl per well, this was down in triplicate for each concentration, then thy 

were put into the incubator. After 24 h of incubation, the cells were taken out and 

checked for growth status and density under a microscope. The prepared drug 

concentration of 10 mM was diluted according to the required experimental 

concentration and then the cells were treated for 24 h (since there was 100 μl medium 

in each well already, and the concentration should have been twice of that required). 

The plate was taken out after 24 h, 150 µl (or 100 µl) medium was removed from each 

well, and 50 µl (or 100 µl) of mixed reagent was added, so that the volume of the 

reagent was equal to the volume of culture medium in each well. The plate was rocked 

       Cell line                                         Medium                                   Features                            

Table 3. All derivative cell lines used in this study 
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slowly several times to ensure complete coverage of cells with Glo Lysis Buffer. Next, 

there was incubation for 5 min at room temperature to allow cell lysis in the dark. All the 

lysate was transfered to a white opaque 96-well plate, then the firefly luciferase was 

measure with a luminometer (Tecan, Infinite® 200 PRO, Austria). 

2.7 Gene expression analysis  

2.7.1 RNA isolation and reverse transcription 

RNA was isolated using the GeneMATRIX Universal RNA Purification Kit (Roboklon, 

Berlin, Germany) according to the manufacturer ś instructions. Cells (7.0x104 cells/well) 

were seeded in a 24-well plate and incubated for 24 h. The appropriate concentration of 

drugs as required for another 24 h treatment was configured, and cells were washed 

with PBS and trypsinized. Pellet cells were lysed with 400 μl buffer RL, the lysate was 

transfered to the activated homogenization spin-column tube, then centrifuged at 11000 

rpm for 2 min to remove DNA. This was pipetted with 250 μl of 96-100% ethanol and 

transferred to a RNA binding spin-column tube,  and centrifuged at 11000 rpm for 1 min. 

Then it was rinsed with 400 μl wash DN1 buffer, washed with 600 μl RBW buffer and 

centrifuged. Finally, RNA samples were eluted with nuclease-free water (40 μl-100 μl) 

and quantified using a NanoDrop 1000 Spectrophotometer (Peqlab, Erlangen, 

Germany). The samples could be stored at -20℃ for further use. 

The RNA samples without drug treatment were used as standard. 50 ng RNA was taken 

from each sample for reverse transcription (RT) with random hexamers in a reaction mix 

(25 μM hexamer primer, 200 U/μl reverse transcriptase, 40 U/μl RNase inhibitor, 

5xSynthesis buffer, dNTP mix, PCR grade water; all from Biozym). The procedure (30 ℃ 

for 10min, 50 ℃ for 40min and 99 ℃ for 5 min with subcooling at 4 ℃ for 5 min) was set 

up in the RT machine (Mastercycler, Hamburg, Germany). The RT was carried out 

under these conditions. After the RT, all samples were diluted 1:1 with PCR Grade 

water, except the standard. The standard was used as the standard curve in the PCR 

process. Complementary DNA (cDNA) could be stored at - 20 ℃ or directly used for 

quantitative real-time PCR. 

2.7.2 Quantitative real-time PCR  

The primers for quantitative real-time amplification were obtained from Biotez,  Berlin, 

and the blue S’Green qPCR was from Biozym, Hessisch Oldendorf. A total of 10 µl/well 
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of primers, dyes, and cDNA were added to a 96-well plate, 2-3 replicates were made for 

each concentration, and these were centrifuged briefly after attaching the membrane. 

G6PDH was selected as the housekeeping gene, LightCycler® 480 II (Roche 

Diagnostics, Risch, Switzerland) was used for quantitative polymerase chain reaction 

(qPCR) amplification of cDNA, and data was analyzed with the LightCycler® 480 

Software release 1.5.0SP3 (Roche Diagnostics, Risch, Switzerland). The average 

values of repeated samples were taken and each mean value of expressed genes was 

normalized according to the results of housekeeping gene G6PDH. All expression 

analyses were performed three times independently. 

Table 4. Primers used for quantitative real-time PCR 

              Primer                                                              Sequence 

MACC1-F                                 5’- TTCTTTTGATTCCTCCGGTGA -3’ 

MACC1-R                                 5’- ACTCTGATGGGCATGTGCTG -3’ 

G6PDH-F                                     5’- ATCGACCACTACCTGGGCAA -3’ 

G6PDH-R                                     5’- TTCTGCATCACGTCCCGGA -3’ 

 

2.8  Protein analysis 

2.8.1 Protein extraction and quantification 

3.0 × 105 cells per well were seeded in a 6-well plate, treated with drugs for 24 h (or 48 

h), washed once with PBS and trypsinized. The cell suspension was transferred into a 

1.5 ml tube, centrifuged at 1000 rpm for 5 min, and then the medium was removed. 

RIPA lysis buffer (50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 1% NP-40; supplemented 

with protein and phosphate inhibitor cocktail tablets (Roche Diagnostics, Switzerland) 

was added, mixed and placed on ice for 30 min, and vortexed every 10 min. The tube 

was then centrifuged at 14800 rpm at 4 ℃ for 30 min to remove the cell debris. The 

supernatant was transferred to a new labeled tube and stored at – 20 ℃ or directly used 

for protein quantitative analysis. 

The obtained supernatant was diluted with PBS at a ratio of 1:10 (or 1:5), such as 2.5 μl 

supernatant + 22.5 μl PBS (or 5 μl supernatant + 20 μl PBS). Replicates were done for 

each concentration. 2 mg/ml BSA solution was used to prepare a standard curve. 

According to the manufacturer's instructions, 200 µl Pierce ™ Bicinchoninic Acid (BCA) 
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Protein Assays Reagent (Thermo Scientific, USA) were added to each well. The plate 

was incubated in a 37°C incubator for 20 min and the absorbance at 560 nm was 

measured by Tecan infinite 200 PRO. A volume of 30 µl for each sample containing 20 

µg protein was prepared based on the results of the measurement, which contained 10% 

DTT and 25% NuPAGE (Thermo Fisher Scientific, Invitrogen, USA). Finally, the 

samples were cooked (95°C, 700rpm, 10min). They were centrifuged after cooking and 

stored at 4 °C or directly used for Western blot analysis. 

2.8.2 Western blot analysis 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to 

analyze protein expression levels. Protein samples were loaded onto a self-casted 10% 

Tris-glycine SDS-Polyacrylamide Gel (SDS-PAGE Calculator: 

http://www.changbioscience.com/calculator/sdspc4.htm). The Prestained Protein 

Ladder (PageRulerTM Plus, Thermo Scientific) was used to determine the band size. 

Electrophoresis was carried out in 1 x SDS running buffer. After the protein ran out of 

the stacking gel, the voltage was adjusted from 70 V to 130 V, and the electrophoresis 

was stopped after about 1.5 h. The gel was taken out the gel and the separating part 

was left for membrane transfer. In the TransBlot® TurboTM system (2.5 A, 25 V, 7 min), 

used the TransBlot® TurboTM Transfer Buffer was used to transfer the blot to the 

polyvinylidene difluoride (PVDF) membrane (all of them from Bio-Rad Laboratories Inc., 

Hercules, California). The PVDF membrane was activated with methanol for 1 min and 

rinsed with transfer buffer before use. The quality of the protein transfer was analyzed 

by protein staining with Ponceau S solution (Sigma, Taufkirchen). Then, it was washed 

with TBS-T (50 mM Tris-HCl, 150 mM NaCl, 0.05 % Tween 20, pH 7.5) and blocked 

with 5% milk (5% milk powder in TBS-T) for 1 h at room temperature. The membrane 

was washed with TBS-T after the blocking was completed. The location of the bands 

was determined according to the molecular weight. After the membrane was cut, put it 

into the corresponding primary antibody (Table 5) prepared with Albumin bovine fraction 

V (Serva, Heidelberg, Germany) at 4°C room for overnight. The membrane was washed 

with TBS-T for 30 min at room temperature and the TBS-T was replaced every 10 min. 

The membrane was put into horseradish peroxidase (HRP)-conjugated secondary 

antibodies (Table 5) prepared with TBS-T at room temperature for 1 h. The membrane 

washing process was repeated after incubation. Antibody-protein complexes were 

visualized with WesternBright (Advansta, Menlo Park, CA, USA) and subsequently 
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exposure to Fuji medical X-ray film SuperRX (Fujifilm, Tokyo, Japan). β-actin served as 

the protein loading control. 

 

 

      Primary antibodies 

Anti-MACC1                                 1:3000                    Rabbit polyclonal, Sigma 

Anti-β-Actin                                  1:20000                  Mouse monoclonal, Sigma 
 

Secondary antibodies 

Anti-rabbit-HRP                            1:10000            HRP conjugated antibody, Promega 

Anti-mouse-HRP                           1:40000           HRP conjugated antibody, Thermo Fisher 

 

2.9 MTT cell viability assay  

3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide （ MTT; Carl Roth, 

Germany）cell viability assay was used to determine the cell viability and proliferation of 

tumor cells after being treated by drugs. 7.5x103 cells/well were seeded in a 96-well 

plate in triplicate for each concentration. After incubation for 24 h, the cells were treated 

with drugs for another 24 h. DMSO was used as the control group. MTT was prepared 

at a concentration of 5 mg/ml and added to each well (the concentration of MTT in each 

well was 0.1%). 

The succinate dehydrogenase in the mitochondria of living cells can reduce the 

exogenous MTT to the water-insoluble blue-purple crystal formazan and deposit it in the 

cells, while dead cells have no such function. Thus, the medium was removed after 2 h 

incubation, 150 μl of DMSO was added to each well to dissolve the purple formazan 

crystals for 10 min, and an absorbance reader (Tecan infinite 200 PRO) was used to 

read the absorbance at 560 nm. This result can indirectly reflect the number of living 

cells. The results are expressed as percent viable cells compared to solvent-treated 

controls. Each experiment was performed in triplicate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

           Target                         Dilution                                     Antibody                                                           

Table 5. Antibodies used for Western blot analysis, their dilutions and origins 
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2.10 Transwell migration assay 

The Boyden-chamber assay was performed for the evaluation of the migratory potential 

of cells. The cells were starved in serum-free medium for 6-8 h before seeding. A 96-

well plate (REF 3384, Corning, USA) with an insert membrane pore size of 8 µm was 

used, each well was pre-soaked in 250 µl of medium without FBS for 30 min, and four 

replicates were made for each sample. 50 μl of starved cells (5 x 104 cells/well) were 

seeded in the upper chamber of the insert to avoid air bubbles during the operation. The 

target concentration of the drug was prepared two times, and 50μl per well was added 

to the upper chamber, so that there was a total of 100μl of cell and drug mixture in the 

upper chamber of each well. Medium containing 0.5% FBS was used in the upper 

chamber. In the lower chamber, 235 μl of drugs prepared with 10% FBS medium were 

added into each well to avoid bubbles during the operation. The drug concentrations in 

the upper and lower chambers were the same, with FBS concentrations of 0.5% and 

10%, respectively. DMSO served as a control group. After 24 h of incubation, the 

medium in the upper chamber was removed and was transferred in the lower chamber 

to a new 96-well plate and marked accordingly. 75µl trypsin/EDTA was added to each 

well through the hole on the side of the insert, incubated for 15 min, and then 

transferred to the new 96-well plate, which contained the original medium and mixed. 

100 µl of the mixture and 25 µl of CellTiter-Glo Reagents (Promega) were transferred to 

a white opaque 96-well plate, placed in the dark for 10 min, and then measured with the 

Infinite Pro multi-plate reader (Tecan, Infinite® 200 PRO, Austria). 

2.11 Wound-healing assay 

The wound-healing assay was used to analyze directed cell migration. On day 0, 

1.1x105 cells per well were seeded into a 96-well plate (Imagelock 4379, Essen 

Bioscience, USA). Cells were not seeded in the outer ring of the plate, but replaced with 

100 µl PBS to ensure that each well of the plate contained 100 µl of liquid (whether PBS 

or medium). After 6-8 h of incubation, the plate was taken out to prepare for the wound. 

Two trays were prepared, one for 45 ml of 75% ethanol and another for 45 ml of PBS. 

The scratch maker was first placed in a tray with ethanol for 5 min to sterilize it, and 

then washed with another one with PBS. The prepared 96-well plate was put into the 

cutting groove, the scratch maker was placed into the plate, and then the cutting key 
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was pressed. After that, the plate was put into the Incucyte Zoom (Essen Bioscience, 

USA). The system recorded cell migration every 2 h and analyzed the data after 72 h. 

2.12 High-throughput drug screening (HTS)  

In order to identify new transcription inhibitors of MACC1, we cooperated with the 

largest academic library in Germany, the EMBL and screened 118,500 compounds. 

HCT116-MACC1-Luciferase CRC cells stably expressing the human MACC1 promoter-

driven luciferase reporter gene were seeded into 384-well plates. 4000 cells per well 

were seeded and the drug concentration was 50 µM-0.8 nM (serial 3x dilutions) in 

triplicates for each concentration. After 24 h of incubation, the 11 dose-response curves 

of different concentrations were measured with a Tecan (Infinite® 200 PRO, Austria) 

microplate reader. The most promising compounds were screened based on the 

inhibition of MACC1 mRNA expression and the relationship with cytotoxicity.  

The drugs were stored according to the drug instructions and the stock solutions were 

prepared freshly. DMSO was used as the control group and the concentration of DMSO 

in each group of samples was ensured to be consistent. 

2.13 The validation of novel MACC1 inhibitors on metastasis in vivo 

To further investigate the effect of the novel MACC1 transcription inhibitors, these drugs 

were applied to in vivo experiments. All animal experiments were performed according 

to the United Kingdom Coordinating Committee of Cancer Research (UKCCCR) 

guidelines and in cooperation with Experimentelle Pharmakologie & Onkologie Berlin-

Buch GmbH (EPO, Berlin, Germany). The State Office of Health and Social Affairs, 

Berlin, Germany granted the animal experiments under the permit Reg0010/19.  

2.13.1 Maximum tolerated dose (MTD) experiment for Drug 22 in vivo 

For MTD experiments, eight 6-week-old female severe combined immunodeficiency 

(SCID) mice were randomly divided into 4 groups. The dosages of Drug 22 were 25 

mg/kg, 50 mg/kg, 100 mg/kg, and 200 mg/kg, respectively. The drug was applied by 

oral application. The toxicity effects of the drug were observed by analyzing the body 

weight of the mice daily. Due to the tumor load, the mice were sacrificed after they had 

been fed for 20 days. 
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2.13.2 Intrasplenal tumor transplantation  

 35 mg/kg Hypnomidate®  (Janssen Pharmaceutica, Beerse, Belgium) was used to 

anesthetize the 6-week-old female SCID mice (EPO GmbH) for the spleen tumor cells 

transplantation. The spleen was externalized by incising the skin and peritoneum 

laterally. 3×106 of HCT116-CMVp-Luc  cells were intrasplenically injected with a 27-

gauge needle. The spleen was carefully placed back, the peritoneum was closed with 

Surgicryl ® absorbable suture and the skin was clamped twice. 

2.13.3 In vivo drug application   

Intrasplenically transplanted SCID-beige mice were randomly assigned to 4 groups of 

10 animals each. Drug 22, Drug 22-10 and Drug 22-13 were orally administered at a 

daily dose of 50 mg/kg body weight 24 h after transplantation. Control animals received 

the corresponding amount of solvent.  Due to the tumor load, the mice were sacrificed 

after they had been fed for 28 days. 

2.13.4 In vivo bioluminescence imaging 

The non-invasive bioluminescence imaging system NightOWL LB 981 (Berthold 

Technologies, Bad Wildbad, Germany) was used to monitor tumor growth and 

metastasis in mice. Isoflurane gas was used as the anesthetic for the mice in each test. 

D-luciferin (Biosynth, Staad, Switzerland) dissolved in PBS was injected 

intraperitoneally at a dose of 150 mg/kg. The tumor growth and metastasis formation 

were imaged and quantified by WinLight (Berthold Technologies) and ImageJ (version 

1.53 J8, National Institutes of Health, USA).  After the experiment, the isolated spleen 

(primary tumor) and liver (metastatic tumor) were frozen in liquid nitrogen for further 

analysis. 

2.13.5 MACC1 expression in murine xenograft tissue  

To isolate the mRNA, the mortar and pestle were pre-cooled with liquid nitrogen and 

then used to grind the tumor tissue into a fine powder. To ensure complete cell lysis, the 

tissue powder with RL buffer was sonicated 10 times at 40% output. RNA isolation and 

reverse transcription were performed as described in sections 2.7.1 and 2.7.2, 

respectively. The primers for quantification of MACC1 cDNA were designed to be 

specific for the human sequence of MACC1, excluding murine MACC1 cDNA to avoid 

interfere with the measurements. 
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2.14 Immunohistochemistry 

For immunohistochemistry, previously frozen mouse liver tissues were sliced to a 

thickness of 5 µm. A Dako pen was used to draw a circle on the edge of the tissues to 

obtain more uniform immunohistochemical staining results, and this was left to dry for 

30 min. After washing with PBS once, they were fixed with 4% paraformaldehyde PBS 

solution for 15 minutes at room temperature and washed with PBS three times. The 

sections were quenched with a solution containing 0.1 M glycine for 20 min and washed 

once with PBS. The endogenous peroxidase activity was inhibited by incubation for 10 

min at room temperature in a 3% hydrogen peroxide buffer. After washing three times 

with PBS, the sections were immersed in PBS containing 0.2% TritonX-100 for 2 min. 5% 

albumin-free IgG was used for block for 1 h at room temperature. The slides were 

rinsed in PBS and subsequently incubated with anti-cytokeratin19 (CK19) rabbit 

monoclonal antibody (dilution 1:200; DB103-0.2, DB Biotech, Slovakia) overnight at 4˚C 

in a humidified chamber. Following this incubation, the slides were washed five times 

with PBS. The slides were then incubated with anti-rabbit HRP secondary antibody 

(dilution 1:500; HRP conjugated antibody, Promega) for 1 h in a humid condition at 

room temperature. After washing five times with PBS, 3,3'-diaminobenzidine (DAB) was 

added for a coloration for 2 min at room temperature, and then washed with distilled 

water. Then, the slices were stained with hematoxylin at room temperature for another 1 

min. The slides were rinsed in running tap water, covered with a glass slide, and 

observed under an optical microscope. In the liver tissue, the CK19 positive reactant 

was brown in the cytoplasm [114]. 

2.15 Statistical analysis 

GraphPad Prism 6.0 and Microsoft Excel 2010 were used for data statistics and 

analysis. The comparison between two groups was done by t-test, and the comparison 

of three or more groups was done by one-way analysis of variance (ANOVA) and 

Bonferroni post hoc multiple comparisons. The inhibiting concentration 50 (IC50) and the 

effective concentration 50 (EC50) were calculated by the sigmoidal dose-response 

inhibition curve fit of x=log(x) transformed data. All significance tests were two-sided 

with a confidence interval of 95% (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 

0.0001). 

 



39 
 

3. Results 

Our lab cooperated with the EMBL, Heidelberg. They provided the largest academically 

available drug library in Germany to discover MACC1 transcription inhibitors through 

HTS. We discovered the S100A4 transcription inhibitor niclosamide and MACC1 

transcription inhibitor statins through this method previously [60,115]. Now, we want to 

discover a new kind of compound through this method. This newly identified compound 

could be used as an efficient metastasis inhibitor targeting the metastasis inducer 

MACC1, and might even enhance this metastasis restriction when combined with 

further drugs known to act as metastasis inhibitors. However, since these compounds 

will be used to apply for a patent, the letter “R” replaces parts of the chemical structure 

of the compounds in the results section. 

3.1 Screening of MACC1 transcription inhibitors by HTS 

In this study, we aimed to elucidate a new strategy to prevent and interfere with tumor 

progression and metastasis formation by targeting the novel metastasis driver MACC1. 

Previously, our research team determined the promoter of MACC1, which we employed 

for reporter gene assays. Based on this, we used HCT116 cells that express the 

luciferase reporter gene under the control of the MACC1 promoter (HCT116-MACC1p-

Luc), which is schematically represented in Fig. 6A. HTS was used to screen MACC1 

transcription inhibitors from a library consisting of 118,500 compounds. The work flow 

chart is schematically depicted in Fig. 6B. Through luciferase and cytotoxicity tests, 66 

compounds were selected from the library, then further verified by qRT-PCR. Finally, 

the MACC1 transcription inhibitor Drug 22 and derivatives thereof were identified (Fig. 

6C).  

The inhibitory effect of Drug 22 on MACC1 expression was further analyzed by qRT-

PCR in two different cell lines and different concentrations, as well as by analysis of cell 

viability by the MTT assay. Taken together, Drug 22 inhibits the expression of MACC1, 

however, associated with some cytotoxicity (Fig. 6D). Therefore, we wanted to find 

suitable MACC1 inhibitors among the Drug 22 derivatives. We further compared the 

chemical structure of the inhibitors to define the main functional group (core structure) 

which is essential for efficient inhibition of MACC1expression.   



40 
 

 

  
5‘ 3‘ MACC1 promoter luciferase 

Primary screen using HCT116-MACC1p-Luciferase and 118,500 compounds 

Selectivity screen on luciferase protein and IC50 validation with 

66 compounds 

Inhibitors of reporter gene expression 
Elimination of luciferase inhibitors and cytotoxic 

compounds 

Drug 22 and derivatives 

A 

B 

 

 

 

 

C 

D 

HCT116-pMACC1-luc                                                         HCT116 

                       HCT116                                                                  HCT116 



41 
 

 

 

 

 

 

 

 

Fig. 6: MACC1 inhibitor screening flowchart and verification of Drug 22 mediated 

inhibition of MACC1 expression. (A) Scheme of construct expressed in HCT116-MACC1p-

Luc cells used for HTS. The luciferase reporter gene expression is controlled by the human 

MACC1 promoter (MACC1p). (B) The transcription inhibitors of MACC1 were gradually 

identified from the library through HTS and in vitro verification. (C) HCT116-MACC1p-Luc cells 

and HCT116 cells were treated with increasing concentrations of Drug 22 for 24 h. Compared 

with the control group, Drug 22 significantly reduced the expression of luciferase at 10 µM. 

Similarly, when qRT-PCR was performed to verify the 66 small molecule compounds, only Drug 

22 significantly reduced the expression of MACC1 mRNA. (D) Drug 22 can inhibit the 

expression of MACC1 in different cell lines, but the cytotoxicity is relatively high (IC50=7.36 µM 

in HCT116 cell line and IC50=6.387 µM in SW620 cell line). MACC1 mRNA levels were 

normalized to G6PDH mRNA expression and respective DMSO control (black bar). Results for 

mRNA represent means ± standard error of the mean (SEM) of three independent experiments. 

Significant results were determined by one-way ANOVA and multiple comparison was done by 

Dunnett’s method (* = p < 0.05, **** = p < 0.0001).  

3.2 Derivatives of Drug 22 

In order to better analyze the chemical structure of the Drug 22 derivatives, we divided 

commercially available derivatives into five parts according to their different structure 

variations. In vitro, qRT-PCR, Western blot, cell viability, migration assay and wound-

healing assay were used to verify MACC1 expression and its functional consequences 

in two different cell lines, HCT116 and SW620. Compared with the initial structural 

features of Drug 22, and according to the change of the chemical structure of the 

derivatives, the screening scope gradually narrowed. As a result of this, the 

substructure that is essential for inhibition of MACC1 expression is clearly defined. 

3.2.1 Part 1: Drug 22-2 to Drug 22-9 

In this part, through experimental verification, it was found that four of eight Drug 22 

derivatives can inhibit the expression of MACC1, namely: Drug 22-5, Drug 22-7, Drug 

                       SW620                                                                  SW620 
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22-8 and Drug 22-9 (Fig. 7). The other four didn’t work. Combined with qRT-PCR and 

MTT analysis (EC50 and IC50), it was found that out of these four drugs, Drug 22-7 and 

Drug 22-8 out of these four drugs were more efficient than the other two. 
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Fig. 7：The effect of Drug 22 derivatives on MACC1 expression and cell viability. (A, B, C, 

D) represent Drug 22-5, Drug 22-7, Drug 22-8 and Drug 22-9, respectively. HCT116 cells were 

treated for 24 h, and SW620 cells for 48 h with the Drug 22 derivatives. Cells for qRT-PCR and 

MTT assays were treated for 24 h. MACC1 mRNA levels were normalized to G6PDH mRNA 

expression and respective DMSO control (black bar). Results for mRNA represent means ± 

SEM of three independent experiments and for the WB one representative example of three 

independent experiments is shown. In the WB, β-actin served as a loading control. Cell viability 

was measured independently by MTT assay. Results are shown as mean ± SEM of three 

independent experiments performed in triplicate. Significant results were determined by one-

way ANOVA and multiple comparison was done by Dunnett’s method (* = p < 0.05, ** = p < 

0.01, *** = p < 0.001, **** = p < 0.0001). 

Based on whether these derivatives inhibited the expression of MACC1, a structure 

analysis was performed (Fig. 8). Drug 22 and all derivatives have a similar chemical 

substructure: “R1+R2”. This shows that this part contributes strongly to the inhibitory 

effect. Four Drugs that have no inhibitory effect on MACC1, it may be considered that 

the changing part (marked in red) may affect the function of the main group, such as 

increased cytotoxicity and insolubility, etc. Based on the results of this analysis, in the 

following sections, we have further analyzed this main functional group. 

 

 

 

 

 

 

 

 

Fig. 8 The chemical structures of Drug 22 and derivatives thereof. The common 

substructure of all derivatives are the same as Drug 22, and the chemical substructure marked 

in red are the changing parts. The derivatives inside the box inhibit the expression of MACC1. 
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3.2.2 Part 2: Drug 22-19 to Drug 22-22 

In this part, all the derivatives have the same substructure, i.e., R2 (except Drug 22-21 

in part 4). Through experimental verification, it was found that all of the derivatives in 

part 2 have no effect on the expression of MACC1 (Fig. 9).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9: The effect of Drug 22 derivatives on MACC1 expression. (A, B, C) represent Drug 

22-19, Drug 22-20, and Drug 22-22, respectively. Treatment with these derivatives for 24 h in 

the HCT116 cell line had no effect on MACC1 mRNA expression. Results for mRNA represent 

means ± SEM of two independent experiments. 
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We continue to analyze the structures of these derivatives. Their common substructure 

has been marked in red, but alterations had no inhibitory effect on the expression of 

MACC1 (Fig. 10). Based on our previous analysis of effective structures, we did further 

screening to analyze and confirm the part that inhibits the expression of MACC1. 

 

 

 

 

 

 

 

Fig. 10: The chemical structure of Drug 22 and derivatives thereof. The red part marked in 

all derivatives is the same as Drug 22, and the other part of the chemical structures are the 

changing parts. All of these derivatives have no inhibitory effect on the expression of MACC1. 

3.2.3 Part 3: Drug 22-10 to Drug 22-18 

We checked 9 different derivatives in part 3. Through qRT-PCR, Western blot and MTT 

assay we found that Drug 22-10 and Drug 22-13 inhibit the expression of MACC1 (Fig. 

11). Drug 22-15 and Drug 22-17 also inhibited the expression of MACC1, but they were 

excluded from further evaluations because of their cytotoxicity. Other derivatives have 

no effect. 
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Fig. 11：The effect of Drug 22 derivatives on MACC1 expression. (A, B) represent Drug 22-

10 and Drug 22-13, respectively. HCT116 cells and SW620 cells were treated with the inhibitors 

for 24 h and 48 h, respectively, and Western blots (WB) were performed. The qRT-PCR and 

MTT assays were treated for 24 h. MACC1 mRNA levels were normalized to G6PDH mRNA 

expression and the respective DMSO control (black bar). Results for mRNA represent means ± 

SEM of three independent experiments and for WB one representative example of three 

independent experiments is shown. In the WB, β-actin served as a loading control. Cell viability 

was measured independently by MTT assay. Results are shown as mean ± SEM of three 

independent experiments performed in triplicate. Significant results were determined by one-

way ANOVA and multiple comparison was done by Dunnett’s method (*** = p < 0.001, **** = p < 

0.0001). 
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Similarly, the chemical structure of these derivatives was compared with Drug 22, and it 

was found that all derivatives that can inhibit the expression of MACC1 have the same 

substructure as Drug 22 — R1 (marked red), Even just replacing a sulfoether linkage 

from R1 whit an amine linker R3 (marked in red) affects the inhibition of MACC1 (Fig. 

12). Therefore, we speculate that the R1 may be the working substructure that can 

inhibit the expression of MACC1. In response to this inference, we made further a 

verification in part 4. 

 

 

 

 

 

 

 

 

 

Fig. 12： The chemical structure of Drug 22 and derivatives thereof. The red part marked in 

all derivatives is the same as Drug 22, and the other part of the chemical structures are the 

changing parts. The derivatives in the box can inhibit MACC1 expression. Since a sulfoether 

linker is replaced by an amine linker, other derivatives have no inhibitory effect on MACC1 (R1 

is R3 and sulfoether linkage). 

3.2.4  Part 4: Drug 22-21 to Drug 22-28 

Through the previous analysis, the screening scope was narrowed, and the effective 

substructure was gradually clarified. We therefore screened another 8 derivatives for 

verification (Fig. 13). MTT and qRT-PCR assay were used to analyze the drug toxicity 

and the inhibitory effect on MACC1 mRNA expression, respectively. 
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Fig. 13: The effect of Drug 22 derivatives on MACC1 expression. (A, B, C, D, E) represent 

Drug 22-21, Drug 22-23, Drug 22-24, Drug 22-25, and Drug 22-26, respectively. The qRT-PCR 

and MTT assays were treated for 24 h. MACC1 mRNA levels were normalized to G6PDH 

mRNA expression and the respective DMSO control (black bar). MACC1 showed a dose-

dependent decrease of mRNA. Results for mRNA represent means ± SEM of two independent 

experiments. Cell viability was measured independently by MTT assay. Results are shown as 

mean ± SEM of three independent experiments performed in triplicate. Significant results were 

determined by one-way ANOVA and multiple comparison was done by Dunnett’s method (* = p 

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

 

Through this screening, we compared the structure of the derivatives with Drug 22 (the 

red marked part) and found that the derivatives that have an inhibitory effect on MACC1 

expression all contain the substructure of R1 (marked in red), which proves our previous 

inference (Fig. 14). However, the effective group of some derivatives is not the same as 

the party marked in red, such as Drug 22-25 and Drug 22-26. What we named R4 lacks 

one nitrogen of R1. In addition, it carries a bulky trifluoromethyl group. But they are also 

structural modifications based on this, which also reminded us that we could find 

improved drugs by modifying the most effective group so far. 
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Fig. 14： The chemical structure of Drug 22 and derivatives thereof. The red part marked in 

all derivatives is the same as Drug 22 (R4 lacks one nitrogen of R1), and the other part of the 

chemical structures are the changing parts. The names marked in the box are derivatives that 

can inhibit MACC1 expression.  

3.2.5  Part 5: Drugs from Medchem 

Through Part 4, we found that R4 (lacking one nitrogen of R1) adds a bulky 

trifluoromethyl group that can also inhibit the expression of MACC1. To further prove the 

effectiveness of this structure, we obtained 48 new compounds from Medchem. Here, 

we listed some compounds with the same structure as R4 and made drug screenings 

on this structure. The effect of these drugs was further verified by qRT-PCR in the 

HCT116 cell line (Fig. 15).  
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Fig. 15: The effect of Drug 22 derivatives on MACC1 expression. The qRT-PCR assay was 

treated for 24 h. MACC1 mRNA levels were normalized to G6PDH mRNA expression and the 

respective DMSO control (black bar). MACC1 showed a dose-dependent decrease of mRNA. 

Results for mRNA represent means ± SEM of two independent experiments. Significant results 

were determined by one-way ANOVA and multiple comparison was done by Dunnett’s method 

(* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001). 

 

Combined with the results of qRT-PCR, through the analysis of the chemical structures 

of these drugs, it was found that, for example, when the trifluoromethyl group behind R4 

was changed, the drug would no longer inhibit the expression of MACC1 (Fig. 16), or 

even modify the groups other than R4, which could also change the inhibitory effect of 

this drug on MACC1, like Drug 22-32. This situation provided us with the good idea to 

change the effect of these drugs by modifying the main chemical structure. At the same 

time, these verified drug modifying groups would provide a great reference for our 

subsequent drug structure modification. 
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Fig. 16： The chemical structure of Drug 22 and derivatives thereof. The red part marked in 

all derivatives is R4 (lacking one nitrogen of R1), and the other part of the chemical structures 

are the changing parts. The names marked in the box are derivatives that can inhibit MACC1 

expression.  

3.3 Inhibition on MACC1-associated migration in CRC cells 

Through the experiments using MTT, qRT-PCR and WB, we screened the drugs that 

inhibit the expression of MACC1. Based on cell viability and mRNA expression after 

drug treatment, we further analyzed IC50 and EC50. Based on these two results, all 

effective compounds are classified into two groups: highly active drugs (Table 6) and 

active drugs (Table 7; Appendix table: inactive drugs). Since the major phenotype 

imparted by MACC1 is the increased migration of CRC cells, after classification, 

migration and wound-healing assays were performed on these four highly active drugs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6.  Four highly active drugs 
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Through the qRT-PCR and MTT assay, we knew the EC50 and IC50 of these four highly 

active drugs, so we choose the drug concentration lower than IC50 for the migration 

assay. We investigated the effect of these four highly active drugs on MACC1-mediated 

cell migration of HCT116 cells using the Boyden chamber assay. HCT116 cells treated 

with different drug concentrations for 24 h showed more inhibition of cell migration than 

solvent-treated control cells (Fig. 17). And from the results, it can be seen that the 

effects of these three drugs (Drug 22-7, Drug 22-8 and Drug 22-10) in inhibiting the 

expression of MACC1 are concentration-dependent, which is consistent with the results 

obtained by qRT-PCR and WB. However, Drug 22-13 has no inhibitory effect on cell 

migration at low concentrations of 0.5 µM and 1 µM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 17: The effect of four highly active drugs on cell migration. HCT116 cells were treated 

with different drug concentrations lower than IC50 for 24 h. Migration was measured with the 

Boyden chamber assay. These four highly active drugs inhibited the migration of HCT116 cells 

by inhibiting the expression of MACC1. Results are shown as mean ± SEM of three 

independent experiments performed in quadruplicate. Control cells were treated with an 

equivalent amount of DMSO in all assays. Significant results were determined by one-way 

ANOVA and multiple comparison was done by Dunnett’s method (* = p < 0.05, ** = p < 0.01, *** 

= p < 0.001, **** = p < 0.0001). 
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We further analyzed the effect of these four drugs on directed migration in a wound-

healing assay (Fig. 18A). As with the migration assay, the effective concentrations lower 

than IC50 were selected for the experiments. From the figures, we could see that in the 

control group without these drugs, HCT116 cells completely closed the inserted wound 

in 48 h, which corresponds to a value of 100%. However, wound confluence was 

impaired in drug-treated HCT116 cells. For example, Drug 22-7 started to show a 

different wound confluence curve from the control group after 12 h of drug treatment. 

The high concentration of 10 µM was the first to started to be different from the control 

group, and then the low concentration of 5 µM followed, which indicated that the 

migration of HCT116 cells was inhibited after drug treatment, and the wound confluence 

was slower than that of the control group. The inhibitory effect reached its maximum 

when the drug was treated for 24 h to 36 h, and then started to weaken until the curve 

overlapped with the control group at 48 h, which corresponds to a value of 100%. This 

means that the wound was completely closed at this time, and the drug no longer had 

any effect. The wound confluence curves of the other three drugs were the same as this 

analysis, but the wound confluence curves started to change and the time for the wound 

closure curves to overlap with the control group was different. 

During the experiment, we also took photos of wound confluence so that we could 

understand the process of wound confluence more intuitively (Fig. 18B). After 24 h of 

drug treatment, we could see that the growth of the wound cells treated by the drug was 

significantly slower than that of the control group. After 48 h, the wound in the control 

group had been completely closed, while for the other groups the wounds had not. 

Among them, the remaining wound of Drug 22-8 was the largest. 

Through migration assay and wound-healing assay, it was confirmed that these four 

highly active drugs can inhibit cell migration by inhibiting the expression of MACC1 in 

HCT116 cells. 
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Fig. 18: The effect of four highly active drugs on wound healing. HCT116 cells were treated 

with different drug concentrations lower than IC50 for 24 h. The wound was measured using 

Incucyte. (A) Under the action of these four highly active drugs, the percentage of wound 

confluence of HCT116 cells moved over time. (B) The photos of the wound confluence of 

HCT116 cells were taken every two hours in Incucyte. From top to bottom, the different wound 

states at 0 h, 24 h and 48 h under different drug concentrations are shown, respectively. 

Results are shown as mean ± SEM of three independent experiments performed in triplicate. 

Control cells were treated with an equivalent amount of DMSO in all assays.  

3.4 Novel compounds inhibit metastasis formation in mice 

As shown previously, MACC1 promotes tumor growth and induces metastasis formation. 

To analyze whether these novel drugs have an inhibitory effect on tumor metastasis in 

mice, we conducted animal experiments. Drug 22 is the first novel MACC1 expression 

inhibitor we discovered and has strong toxicity in in vitro experiments. Therefore, we 

first conducted an MTD experiment with Drug 22 to verify the effects in vivo. We had 

four groups, with two animals in each group, and the dosages were 25 mg/kg, 50 mg/kg, 

100 mg/kg and 200 mg/kg, respectively. With the oral application route for 20 

consecutive days, we did not observe any toxicity (as a measure of body weight and 

general health condition) (Fig. 19A ) [116]. Finally, we selected a concentration of 50 

mg/kg for further studies in vivo.  

We used Drug 22 and randomly selected Drug 22-10 and Drug 22-13 from the four 

highly active derivatives for animal bioluminescence experiments (each group with 10 

mice). Since the toxicity of these two derivatives was significantly lower than that of 

Drug 22, the concentration of 50 mg/kg was therefore selected. In cooperation with EPO 

Berlin-Buch GmbH, SCID-beige mouse spleens were transplanted with HCT116-CMVp-

Luc cells. Tumor growth and metastasis formation were continuously monitored by non-

invasive bioluminescence imaging over 21 days until the ethical endpoint (cancer 

burden of control group animals) was reached. We monitored the weight and health 

condition of the mice, which also showed no toxicities (Fig. 19B). The lateral view 

captures the bioluminescent signals emitted by the tumor cells growing in the spleen 

that form the primary tumor, while the ventral view represents the signal from the liver 

where the tumor had metastasized. The signal was quantified by ImageJ software. 

Compared with the control group, Drug 22 significantly inhibited the formation of liver 

metastasis and had some effect on the primary tumor of the spleen (Fig. 19C, D). From 

the overlay figures, comparing the luminous intensity of the control group and the drug-

treated groups on the 21st day, it was found that the ventral area of the control group 
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was larger and the signal intensity was stronger, while the signal of the drug-treated 

group was weakened, which indicated that liver metastasis was inhibited. These drugs 

also had an inhibitory effect on the primary tumor in the spleen (Fig. 19E, H). 

Representative images of the liver isolated signals on day 21 are also shown in these 

figures. 

We next analyzed the presence of human satellite DNA in the liver of the control versus 

the drug-treated mice as a molecular marker for the appearance of metastases (Fig. 

19F). The analysis showed that compared with the three different drug-treated groups 

(Drug 22, Drug 22-10 and Drug 22-13), the human satellite DNA carried by the liver was 

reduced by 55%, 75% and 70%, respectively, which supported our bioluminescence 

experiments. In addition, MACC1 mRNA levels were quantified by qRT-PCR to verify 

drug-mediated transcriptional inhibition of MACC1 in vivo (Fig. 19G, I). Drug-treated 

animals showed significantly reduced MACC1 mRNA expression in the liver and spleen, 

confirming that the drugs act as transcriptional inhibitors of MACC1 and thus inhibit 

MACC1-induced metastasis formation in vivo. 

We used the tissue adjacent to the part where the human microsatellite DNA and 

MACC1 mRNA were detected conduct immunohistochemistry to ensure the accuracy of 

the results and detect the expression of CK19 (Fig. 19J). It can be seen from the figures 

that compared with the control group, the number of micrometastases and the 

expression of CK19 in the drug-treated groups were decreased. The liver tissue treated 

with Drug 22-13 showed that the metastases were reduced and the middle part was 

necrotic. The liver tissues treated with Drug 22-10 showed that there were only a small 

amount of micrometastases and no large metastases. In comparison, the effect of Drug 

22-10 on metastasis inhibition was better than that of Drug 22-13, and the therapeutic 

effects of these two derivatives were significantly better than that of Drug 22, which was 

also consistent with our previous data. In vitro and in vivo experiments were carried out 

to verify the newly discovered inhibitors of MACC1 expression, and these finally proved 

the effectiveness of these inhibitors. 
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Fig. 19: The effect of novel MACC1 inhibitors on metastasis in mice. SCID-beige mice were 

intrasplenically transplanted with HCT116-CMVp-Luc cells and treated orally with novel MACC1 

inhibitors daily. Bioluminescence was measured by an intraperitoneal application of 150 mg/kg 

D-Luciferin and a sequence exposure of 20 s. (A) MTD assay was used to evaluate the toxicity 

of Drug 22 in mice. Body weight was measured daily for 20 days and is shown relative to day 0. 

(B) Acute toxicity was assessed in healthy animals treated with 50 mg/kg of novel MACC1 

inhibitors. Body weight was measured daily for 21 days and is shown relative to day 1. (C, D) 

The ventral signals (C) and lateral signals (D) from metastases and tumors were monitored via 

bioluminescence imaging and quantified over time in solvent-treated and Drug 22-treated mice. 

Bioluminescence intensity was quantified via ImageJ and averaged per group and day. (E, H) 

Representative bioluminescence pictures showing in vivo and ex vivo imaging of isolated 
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organs from each group on day 21 of SCID-beige mice. All images are overlaid with the 

corresponding bright-field pictures. (F) Human satellite DNA was quantified using a quantitative 

polymerase chain reaction (qPCR) with equivalent amounts of genomic DNA obtained from the 

liver of each mouse. (G, I) MACC1 mRNA levels were determined from the livers (G) and the 

spleens (I) using qRT-PCR. (J) The expression of CK19 in liver metastases was detected by 

immunohistochemistry. Data represent mean ± SEM. Significant results were determined by 

one-way ANOVA and multiple comparison was done by Dunnett’s method (n = 10 

animals/group, * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001). 

 

MACC1 is a biomarker highly related to tumor formation and progression as well as 

tumor metastasis. Therefore, it is of great clinical significance to find inhibitors that can 

inhibit the expression of MACC1. Through HTS, we found a small molecule inhibitor of 

MACC1 expression. On this basis, we continuously narrowed the scope of screening, 

and finally found several derivatives of Drug 22 that inhibit the expression of MACC1. 

During this screening process, we identified effective substructures, which are essential 

for the transcriptional inhibition of MACC1. Some of these Drug 22 derivatives showed 

high activity, therefore, they indicate the direction of further structural modifications for 

improved efficacy. In conclusion, Drug 22 and derivatives thereof provide new options 

for the selective anti-metastatic treatment of tumor patients in the future. 
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4. Discussion 

The occurrence and development of cancer is a very complicated process. Although 

people have been continuously deepening their research on cancer in the past few 

decades, trying to find new effective treatments, the current treatment effects for cancer 

are still unsatisfactory. Among them, the mortality caused by CRC is the second highest 

among all cancers, and has become one of the main causes of cancer-related death in 

the world [2]. Conventional treatment methods such as surgery, chemotherapy, and 

radiotherapy have a better effect on early CRC, but the treatment effect is poor for 

advanced patients with metastasis. For example, the five-year survival rate of early local 

tumor patients is 90%, but when the regional lymph nodes or even distant metastases 

are formed, the five-year survival rate drops to 10%. Therefore, the metastatic 

transmission of primary colon cancer accounts for 90% of all colon cancer deaths, 

which makes the formation of metastasis a key process in the treatment of CRC [7]. 

In 2009, our lab discovered MACC1. The gene can be used as a biomarker for a variety 

of solid tumors and plays a key role in tumor progression and metastasis [62]. In a large 

number of follow-up studies, it has been confirmed that tumor progression and 

metastasis of more than 20 solid tumors is related to this gene [86]. Therefore, the 

finding of a transcription inhibitor that inhibits the expression of this gene has become a 

new treatment for CRC. Previously, we found the MACC1 transcription inhibitors statins 

and rottlerin in our lab, and conducted in vivo experiments with good results [60]. This 

highlights the key role of MACC1 in the metastasis of CRC and the necessity to find 

inhibitors to inhibit the expression of this gene. 

Therefore, through HTS screening, we discovered new compounds that inhibit the 

expression of MACC1, and verified the effect of the inhibitors through experiments in 

vitro and in vivo. These compounds that inhibit the expression of MACC1 will provide a 

new treatment for patients with advanced CRC. 
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4.1 HTS identifies novel compounds as MACC1 inhibitors 

The screening of inhibitors is a very complicated and long process. However, with the 

development of cell biology, as well as computer and automatic control technology, HTS, 

with the advantages of accuracy, rapidity and high efficiency, has become the main 

method in the process of inhibitor screening [110–112]. HTS is designed according to 

the target and hypothesis, which can identify the desired ideal compounds from the 

large compound library in a short time, so HTS can be applied to a wide range of 

biological problems. However, it must be noted that screening is only the beginning of 

the drug discovery and development process. Generally, HTS cannot evaluate all the 

properties of compounds required for final drug discovery, so further validation and 

modification of the selected compounds are required [117]. 

We previously described the key role that MACC1 plays in the process of tumor 

metastasis. Therefore, the discovery of novel compounds that can inhibit the expression 

of MACC1 has become a promising new treatment method to inhibit tumor metastasis. 

In order to identify compounds targeting the MACC1 gene, more than 118,500 

compounds from the academic library of EMBL were screened using HCT116 cells 

stably transfected with MACC1 promoter-luciferase constructs [60]. Then, the most 

promising compounds were identified by evaluating cytotoxicity. Among these 118,500 

compounds, 66 compounds were selected as potential candidates, and further verified 

by qRT-PCR. Finally, Drug 22 was found. Through the analysis of the chemical 

structure of different parts of Drug 22, the effective functional groups were finally 

determined. Combined with the comprehensive analysis of IC50 and EC50 results, four 

highly active compounds were found from 76 derivatives of drug 22, including drug 22-7, 

drug 22-8, drug 22-10 and drug 22-13. The effectiveness of these four highly active 

drugs in inhibiting MACC1 expression was further verified by in vitro and in vivo 

experiments. 

4.2 Identifying effective substructure groups and the highly active derivative 
compounds 

Through HTS, we found that Drug 22 has an inhibitory effect on the expression of 

MACC1, but combined with EC50 and IC50 analysis, we found that Drug 22 is too toxic 

for in vitro experiments. Therefore, we wanted to find suitable small molecule 

compounds from its derivatives and analyze them for effective chemical substructures. 
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This required the constant comparison of the structure and effectiveness of different 

derivatives of Drug 22 to determine the trend of the relationship between structure and 

activity, and to screen out effective drug substructures through experimental verification 

[117]. 

First of all, we selected 8 derivatives with similar main substructures from Drug 22: Drug 

22-2 to Drug 22-9. These eight derivatives all have the substructure of R1+R2. Further 

verification by qRT-PCR showed that the four derivatives of Drug 22-5, Drug 22-7, Drug 

22-8 and Drug 22-9 inhibited the expression of MACC1 in HCT116 and SW620 - two 

different CRC cell lines - while the other four did not. Through MTT assay, it was found 

that the IC50 of these eight derivatives was different because of the different structures 

apart from the R1+R2 substructure. Among them, the IC50 of Drug 22-7 and Drug 22-8 

was the largest, indicating that the toxicity was the lowest, which was 18.11 µM and 

21.34 µM in the HCT116 cell line and 21.49 µM and 17.87 µM in the SW620 cell line, 

respectively. Combined with EC50 and IC50 analysis, it was concluded that among the 

four derivatives which had an inhibitory effect on MACC1 expression, Drug 22-7 and 

Drug 22-8 had relatively better effects. Therefore, we verified the effect of two 

derivatives of Drug 22-7 and Drug 22-8 at the protein level by WB. It was found that 

MACC1 at the protein level in these two cell lines could also be inhibited. This indicates 

that the part outside the main substructure of R1 + R2 can affect the effectiveness and 

toxicity of the whole compound. 

Based on the idea of screening the chemical substructure of derivatives from Drug 22, 

we wanted to verify which part of these two substructures R1 and R2 is really effective. 

We also selected three derivatives containing the same part of R2 as Drug 22, namely 

Drug 22-19, Drug 22-20 and Drug 22-22. It was found through qRT-PCR that these 

three derivatives had no inhibitory effect on the expression of MACC1 in HCT116 and 

SW620 CRC cell lines, that is, the substructure R2 part had no inhibitory effect on the 

expression of MACC1. Therefore, R1 may be an effective substructure that works. 

In order to verify the substructure inhibitory effect of R1 on MACC1 expression, we 

selected nine Drug 22 derivatives: Drug 22-10 to Drug 22-18. Four of these nine 

derivatives contain R1 substructure, namely Drug 22-10, Drug 22-13, Drug 22-15 and 

Drug 22-17. The other five derivatives replace the sulfoether on R1 with an amine linker 

(even just replacing a sulfoether linkage from R1 to an amine linker R3 will affect the 
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inhibition of MACC1 expression), which we named R3. The results of qRT-PCR showed 

that all of the nine derivatives with R1 substructure could inhibit MACC1 expression in 

HCT116 and SW620 CRC cell lines, while the other five derivatives with R3 

substructure could not. This fully demonstrates the effectiveness of the R1 substructure. 

By MTT assay, among these four effective derivatives, Drug 22-10 and Drug 22-13 had 

the lowest toxicity, which was 22.08 µM and 24.42 µM in the HCT116 cell line and 36.50 

µM and 31.10 µM in the SW620 cell line, respectively. Combined with EC50 and IC50 

analysis, it was concluded that among these four derivatives with the inhibitory effect on 

MACC1 expression, the effects of Drug 22-10 and Drug 22-13 were relatively better. 

Therefore, we verified the effect of two derivatives of Drug 22-10 and Drug 22-13 at the 

protein level by WB. It was found that MACC1 protein expression in HCT116 and 

SW620 cell lines was also inhibited. 

In order to clarify the inhibitory effect of the integrity of R1 substructure on MACC1 

expression, we screened another eight derivatives, referred to as Drug 22-21, and Drug 

22-23 to Drug 22-29, respectively. Among these eight derivatives, four of them changed 

the substructure of R1, which were Drug 22-25, Drug 22-26, Drug 22-27 and Drug 22-

28. They have one nitrogen less than R1, which we named R4. The results of qRT-PCR 

showed that Drug 22-21, Drug 22-23 and Drug 22-24 with R1 substructure had an 

inhibitory effect on the expression of MACC1, while Drug 22-27 and Drug 22-28 did not 

inhibit the expression of MACC1. Drug 22-29 contains an R1 substructure, but it had no 

inhibitory effect on the expression of MACC1. This may be due to the structure groups 

other than the R1 substructure affecting its function, which is also consistent with our 

analysis above. The two derivatives of Drug 22-25 and Drug 22-26 also inhibited the 

expression of MACC1 by replacing one nitrogen on R1 with a bulky trifluoromethyl 

group in the chemical structure. 

To verify the effectiveness of this replacement, we cooperated with Medchem to select 

another 48 derivatives of Drug 22 (see table 7 and the Appendix table for details), 39 of 

which have R4 substructures. Only 9 of these 39 derivatives were able to inhibit the 

expression of MACC1. Here, we listed 7 representative derivatives for analysis, namely 

Drug 22-32, Drug 22-37, Drug 22-40, Drug 22-57, Drug 22-63, Drug 22-67 and Drug 22-

69. Among the seven derivatives, four derivatives containing R4 and a bulk 

trifluoromethyl group substructure, which were drug 22-40, drug 22-57, drug 22-63 and 
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drug 22-67, had inhibitory effects on the expression of MACC1. Drug 22-37 and Drug 

22-69, containing the R4 structure but replacing the bulky trifluoromethyl group with 

other groups, had no effect. Drug 22-32, containing R4 and the bulky trifluoromethyl 

group, also had no inhibitory effect. Only 9 of the 39 derivatives had an inhibitory effect 

on the expression of MACC1, which accounted for a very small proportion. This 

indicated that after R4 destroyed the substructural integrity of R1, it reduced the 

inhibitory effect of derivatives on MACC1 expression. At the same time, when replacing 

the nitrogen on R1 with other groups, although a small amount of the combination of R4 

and the bulky trifluoromethyl group was effective, most of this and other combinations 

were ineffective. This means that only a few substitution groups can be effective after 

destroying the R1 substructure, which makes it clear that the integrity of the R1 

substructure is very important for inhibiting the expression of MACC1. 

Through the above analysis of the substructure of Drug 22 derivatives, we found that 

the R1 structure is the main functional substructure to inhibit MACC1 expression, and 

that destroying the integrity of the R1 substructure will weaken or cause the inhibitory 

effect of the compound on MACC1 expression to be lost. At the same time, it also 

reminds us that modifying R1 with other groups can reduce toxicity or increase 

effectiveness.  

By analyzing the EC50 and IC50 of all the derivatives, we found four highly active drugs: 

Drug 22-7, Drug 22-8, Drug 22-10 and Drug 22-13. These four highly active drugs not 

only inhibit the expression of MACC1 mRNA but also inhibit the expression of MACC1 

protein. On this basis, we further verified these four highly active drugs in vitro and in 

vivo. However, these four highly active drugs are merely the best drugs found to date, 

and there is still much room for improvement in efficacy and toxicity. At present, we are 

cooperating with the Leibniz-Forschungsinstitut für Molekulare Pharmakologie (FMP) to 

screen out the most effective inhibitor for MACC1 expression by modifying the drug 

structure. 

4.3 Novel compounds inhibit MACC1-associated migration in vitro 

Many papers have confirmed that MACC1 plays a key role in the metastasis of various 

tumors. MACC1 can promote the invasion and migration of tumor cells through the 

HGF/c-MET, WINT/β-catenin, PI3K/AKT/ERK and SPON2 pathways. By reducing the 
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expression of MACC1, it can significantly reduce tumor cell metastasis 

[62,100,101,116,117]. MACC1 promotes tumor cell proliferation and migration to distant 

organs to form new tumor cell colonies, which is also inseparable from the process of 

EMT-MET [86]. Therefore, it is very important to interfere with tumor metastasis by 

targeting MACC1. We have screened out four highly active MACC1 expression 

inhibitors by comparing the chemical structure of the drugs, using qRT-PCR, WB and 

MTT assays. Then through the transwell migration assay, it was found that in the 

effective concentration range lower than IC50, Drug 22-7, Drug 22-8, Drug 22-10 and 

Drug 22-13 can significantly inhibit the migration of HCT116 cells. In the wound-healing 

assay, it was observable that treating the cells with these four different highly active 

derivatives can inhibit the migration properties of HCT116 cells in the confluent 

monolayer of cells at two different time points, 24 h and 48 h, and the effect of 24 h is 

better than 48 h. This shows that CRC cells treated with these four highly active drugs 

can reduce cell migration and colony formation by reducing the expression of MACC1. 

Previously, our lab discovered for the first time that statins and rottlerin can be used as 

MACC1 inhibitors, and statins have achieved good results as drugs that have been 

used in clinical practice [60,118]. In contrast, the newly discovered inhibitors are less 

effective in inhibiting cell migration. This proves the necessity of further optimizing the 

drug structure to improve the efficacy and safety of the drug. Although the specific 

mechanism of these new drugs acting on MACC1 is still unclear, as novel MACC1 

inhibitors, they also provide new expectations for our anti-cancer therapy. Therefore, we 

decided to choose two of these four drugs: Drug 22-10 and Drug 22-13 for the first in 

vivo study to evaluate their effectiveness as MACC1 inhibitors, thereby evaluating their 

role as inhibitors of CRC progression. It has provided pre-clinical data to provide a basis 

for clinical studies as a treatment method for human CRC. 

4.4 Novel compounds inhibit MACC1-driven metastasis in vivo 

As previously shown, we wanted to use three MACC1 expression inhibitors, Drug 22, 

Drug 22-10 and Drug 22-13 for in vivo experiments. However, Drug 22 was the most 

toxic compound in vitro experiments. Therefore, we used Drug 22 for MTD experiments. 

MTD studies are used to determine the highest dose at which a compound can be 

administered without side effects or overt toxicity [119]. The MTD results showed that 

the body weight of mice was reduced by 3%, 3%, 4% and 5% after 20 days of treatment 
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with four different doses of 25 mg/kg, 50 mg/kg, 100 mg/kg and 200 mg/kg, respectively. 

The drug toxicity was within the tolerance range of mice. Finally, a dose of 50 mg/kg 

was selected for the bioluminescence experiment in the SCID mouse model. 

Mouse models have been essential in advancing our understanding of the biological 

processes that drive tumor progression. Since xenografts involve the implantation of 

human tumor cells into mice, in order to prevent host rejection, human tissues must be 

introduced into immunocompromised mice or immune-deficient mice. One advantage of 

these tumor models is that the donor cells originated from humans. The disadvantage is 

the lack of the host adaptive immune system and the microenvironment for human 

tumor growth. However, they can reflect the potential clinical activity of the drug 

according to the different effects of the drug treatment between the primary lesion and 

the metastatic lesion, thereby reflecting the clinical situation [120,121]. Therefore, tumor 

xenografts in immune-deficient mice are recognized animal models for human cancer 

research. 

The metastasis cascade of the original tumor is very complex, as we mentioned in the 

previous introduction. The disadvantages of simulating the whole metastasis cascade in 

orthotopic xenograft mice are obvious. First of all, metastasis formation takes a long 

time and can not guarantee the success of the surgery. Secondly, in successful 

transplanted mice, most of the tumors metastasize to the lymph nodes and peritoneum, 

and rarely to the liver. Furthermore, in most cases, the tumor burden can lead to death 

before liver metastasis is visible [122,123]. The unfavoured organ tropism can be solved 

by transplanting tumor cells directly into the spleen. The spleen has an abundant blood 

supply and fast blood circulation, which can make tumor cells enter the blood circulation 

quickly and avoid the metastasis process in tissues and lymph nodes. Therefore, the 

intrasplenic metastasis model partially represents the process of metastasis formation, 

which can produce liver metastases derived from the spleen [124]. 

In this study, we used the SCID mouse model to transplant HCT116-CMVp-Luc cells 

into the spleen to evaluate the potential of novel MACC1 inhibitors to prevent tumor 

progression and metastasis caused by MACC1. These cells can stably express 

luciferase. Tumor progression was monitored by using non-invasive bioluminescence 

imaging to track the progression of human CRC induced by MACC1 in vivo. Compared 

with magnetic resonance imaging, computed tomography and other methods, this non-
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invasive bioluminescence imaging system has the advantages of easy application and 

high sensitivity [125]. 

By detecting the fluorescence signal, it was found that in the primary tumor of the 

spleen, the fluorescence signal intensity of the drug-treated groups was significantly 

lower than that of the control group, especially for the mice treated with Drug 22-10, and 

the treatment effect was better than that of the drug 22 and Drug 22-13 groups. Then, 

through the detection of MACC1 mRNA expression in the primary tumor, it was found 

that Drug 22-10 and Drug 22-13 treated groups decreased it by 58.2% and 54.2%, 

respectively. The MACC1 mRNA expression of the mice treated with Drug 22 was 

decreased, albeit it had no biological significance. This was also consistent with the 

fluorescence signal intensity and the primary tumor growth curve drawn by continuous 

detection of the fluorescence signal expression. Through fluorescence detection of the 

liver, it was found that the fluorescence signals of the three groups treated with novel 

drugs were significantly lower than those of the control group, especially the group 

treated with Drug 22-10, and only weak fluorescence signals appeared in the isolated 

liver. By detecting the human satellite DNA and MACC1 mRNA expression in isolated 

liver, we found that Drug 22-10 and Drug 22-13 have biological significance in inhibiting 

tumor metastasis. In the detection of human satellite DNA, it was reduced by 75% and 

70%, respectively, and the expression of MACC1 mRNA was reduced by 78% and 39%. 

Although Drug 22 inhibited the mRNA expression of MACC1 to some extent, it had no 

biological significance. This conclusion is also consistent with the results we got from in 

vitro experiments. 

CK19 is a tumor biomarker which exists in a variety of normal epithelial tissues. When 

epithelial cells transform into tumors, their expression increases. Many studies have 

shown that the expression of CK19 is positively correlated with the development and 

prognosis of liver cancer [126–128]. CK19 does not stain normal mouse liver cells but 

has specific staining for bile duct epithelium and liver cancer cells. Therefore, we 

performed immunohistochemical staining to investigate the expression of CK19 at the 

protein level on liver tissue sections. Compared with the control group, the area of 

metastases in the Drug 22 treatment group was reduced. The metastases in the Drug 

22-10 and Drug 22-13 treatment groups were significantly smaller than the control 

group, and necrosis occurred in the metastases. In particular, in the group treated with 

Drug 22-10, not only was the necrotic area inside the metastasis larger, but the edge of 
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the metastasis was not as dense as in other groups. This indicates that these inhibitors 

can also inhibit the formation of tumor metastasis at the protein level. 

The experiments with these drugs in vitro and in vivo have proved that these novelly 

discovered MACC1 expression inhibitors can not only inhibit MACC1 expression in vitro, 

but also can better inhibit the metastasis caused by MACC1 in vivo. 

4.5 Small molecule inhibitors of MACC1 can be used as potential drugs for the 
treatment of CRC 

Small molecules refer to organic compounds that can regulate biological processes, and 

their molecular weight is usually less than 800 Daltons. This characteristic determines 

that the small molecule compound has good spatial dispersion, can easily pass through 

the cell membrane, and can enter the cytoplasm to bind to the corresponding target, 

block its upstream or downstream signal pathway conduction, and achieve the purpose 

of the treatment. Such good drug-forming properties make small molecule compounds 

show great advantages in the screening process of inhibitors [129,130]. 

Traditional “cytotoxic drugs” such as cisplatin, 5-FU and other drugs mainly act on the 

cell division and proliferation stage. These drugs widely act on various types of cells in 

the body and are prone to severe side effects due to their lack of specificity. In contrast, 

small molecule targeted therapy can overcome this problem well. Targeted therapy is 

based on the molecular biology of the tumor, which can prevent the growth of cancer 

cells by interfering with the specific targeted molecules required by cancer 

transformation and tumor growth [131]. These kinds of drugs have strong specificity and 

cause little damage to normal cells, so the side effects of treatment are also small and 

have good application prospects. 

MACC1 is a tumor biomarker discovered by our lab in 2009. It plays a key role in tumor 

progression and metastasis and has been confirmed in more than 20 solid tumors. As 

mentioned in our previous introduction, tumor metastasis is the main cause of death. 

Our newly discovered small molecule targeted drugs have been proved to be effective 

in in vitro and in vivo experiments. Therefore, these small molecule drugs targeting 

MACC1 can effectively inhibit tumor metastasis. This may provide a new treatment 

option for CRC patients in the future. 
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5. Conclusion & Outlook 

MACC1 has been confirmed to be closely related to the development and metastasis of 

a variety of solid tumors. In this study, through HTS, we discovered Drug 22, a novel 

transcription inhibitor of MACC1. Because of its toxicity in in vitro experiments, we 

searched for effective inhibitors from a large number of its derivatives, and finally found 

four highly effective derivatives. During the screening process, the core chemical 

structure that played an effective role was gradually discovered, and it was realized that 

the parts separate to the core chemical structure can affect the effectiveness, solubility 

and toxicity of the whole drug. This idea has laid a foundation for our future drug 

structure modification. Finally, we further verified the inhibitory effect of these drugs on 

MACC1 expression in vivo through animal experiments. These results indicate that 

these drugs have the potential to act as inhibitors of CRC progression by inhibiting the 

transcription of MACC1. 

The process of drug development is long and complicated, and it is still in the initial 

screening stage for this study. It is necessary to collect data through continuous 

screening, designing and experimenting of drug structure. Then, the toxicity, solubility 

and efficacy of the drug should be evaluated comprehensively to determine whether it 

can become the most ideal drug. After the determination of the most ideal drug, it is 

necessary to conduct more in-depth research on its molecular mechanism and 

pharmacokinetics, such as which pathway of signal transduction it acts on and organs 

of drug metabolism, etc. We need to get more preclinical data to lay the foundation for 

future clinical trials based on the high expression of MACC1 in CRC patients. 

Although this research still has a long way to go, we have anyway taken a crucial first 

step anyway. This step fully demonstrates the value of these drugs in inhibiting tumor 

metastasis. This targeted therapy based on MACC1 can provide more options for the 

future anti-cancer treatment of CRC patients. 
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