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Zusammenfassung 

 
Hintergrund: Lungenkrebs ist bekannt für eine hohe Morbidität und Mortalität bei allen 

Malignomen. Als eine häufige Art von Lungenkrebs teilt der nicht-kleinzellige Lungenkrebs 

(NSCLC) die beiden Merkmale mit Lungenkrebs. Ungefähr 80%-85% der Patienten mit 

Lungenkrebs werden als NSCLC diagnostiziert. Eine chemotherapeutische Behandlung 

ist insbesondere für Patienten mit fortgeschrittener oder metastasierter Erkrankung 

unerlässlich. Resistenzen gegen Chemotherapeutika sind häufige und fatale Hindernisse 

für die Verbesserung des Gesamtüberlebens während der Chemotherapie des NSCLC, da 

die Morbidität von NSCLC hoch ist und Chemotherapeutika umfassend eingesetzt werden. 

Die Verringerung oder Umkehrung der Chemoresistenz von NSCLC kann der Schlüssel 

des Problems sein. Der Hedgehog (Hh)-Signalweg zeichnet sich durch eine hohe 

Konservierung in der Entwicklung aus. Der Hh-Signalweg hat große Auswirkungen auf die 

Embryonalentwicklung, Zellproliferation und Differenzierung. Frühere Studien legten nahe, 

dass der Hh-Signalweg nicht nur mit der Entstehung und Entwicklung von Tumoren 

verbunden ist, sondern auch die Chemoresistenz von Tumoren verursacht und 

aufrechterhält. Ein aktivierter Hh-Signalweg bei mehreren Krebsarten könnte eine 

wirksame Umgehnung bei der Milderung der Chemoresistenz von Tumoren sein. 

 

Methoden: Um Pemetrexed-Resistenz zu induzieren und aufrechtzuerhalten, wurden 

HCC827-Zellen mit Kulturmedium inkubiert, das 130 nM Pemetrexed enthält. Der MTT-

Assay wurde angewendet, um die Lebensfähigkeit naiver und Pemetrexed-resistenter 

Zellen unter dem Einfluss des Hh-Signalweg-Inhibitors Vismodegib und Gant61 zu testen. 

Die mRNA-Expressionsniveaus von SHH, PTCH1, HHIP, SMO, Gli1, Gli2 und Gli3 wurden 

durch qPCR nachgewiesen, um die Beteiligung des Hh-Signalwegs in naiven und 

resistenten Zellen zu beurteilen. Der CellTiter-Glo-Zelllebensfähigkeitsassay wurde 

angewendet, um die Sensitivität von naiven Zellen und Pemetrexed-resistenten Zellen 

gegenüber Pemetrexed zu beurteilen, indem der Hh-Signalweg mit Gant61 blockiert wurde. 

 

Ergebnisse: Nach den Ergebnissen der MTT-Proben zeigte Gant61 bei steigenden 

Konzentrationen eine bessere Hemmwirkung auf Pemetrexed-resistente HCC827-Zellen 

als Vismodegib. Die meisten verwandten Proteine des Hh-Signalwegs wurden in 

Pemetrexed-resistenten Zellen überexprimiert. Gli1, Gli2 und Gli3 wurden in Pemetrexed-

resistenten Zellen im Vergleich zu naiven Zellen 3,7-, 4,3- bzw. 3,5-fach überexprimiert. 

Der Ligand SSH wurde in Pemetrexed-resistenten Zellen 5,9-fach überexprimiert. Die 

Lebensfähigkeit naiver Zellen, die mit Pemetrexed, Gant61 und der Kombination von 

Pemetrexed bzw. Gant61 behandelt wurden, unterschied sich nicht deutlich. Die 

Lebensfähigkeit von Pemetrexed-resistenten Zellen hingegen war insbesondere unter 

dem Einfluss von Gant61 bzw. Pemetrexed plus Gant61 sichtbar vermindert. Pemetrexed-

resistente Zellen waren im Vergleich Pemetrexed nicht empfindlich, aber im Gegensatz zu 

naiven Zellen gegenüber Gant61 anfälliger. 
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Schlussfolgerung: Der Hh-Signalweg ist in Pemetrexed-resistenten NSCLC-Zellen 

hyperaktiviert, was bedeutet, dass der Hh-Signalweg auch den Prozess der 

Chemoresistenz bei NSCLC vermittelt. Die Anfälligkeit von Pemetrexed-resistenten 

NSCLC-Zellen gegenüber Pemetrexed kann durch eine Blockierung des Hh-Signalwegs 

verbessert oder wiederhergestellt werden. Der Hh-Signalweg könnte in Zukunft ein 

potenzielles therapeutisches Ziel für Patienten mit NSCLC sein, insbesondere mit 

Chemoresistenz. 
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Abstract 
 

Parts of the abstract were already published in Liu et al., 2020 [1] 
 

Background: Lung cancer is well known for high morbidity and mortality rate among all 

malignancies. As one common type of lung cancer, non-small cell lung cancer (NSCLC) 

shares the two features with lung cancer. Approximately 80%-85% of patients with lung 

cancer are diagnosed as NSCLC. Chemotherapeutic treatment is essential especially for 

the patients with advanced or metastatic disease. Resistance to chemotherapeutic agents 

are common and fatal obstacles of improving overall survival during the chemotherapy for 

NSCLC since high morbidity rate of NSCLC and extensive application of chemotherapeutic 

agents. Reducing or reversing the chemoresistance of NSCLC may be the key towards the 

problem. Hedgehog (Hh) signaling pathway is characterized by high conservation in 

evolution. Hh signaling pathway has great effects on embryonic development, cell 

proliferation and differentiation. Previous studies suggested that Hh signaling pathway was 

not only connected with genesis and development of tumors, but also gave rise to and 

maintain chemoresistance of tumors. Activated Hh signaling pathway in several types of 

cancers might be a potent bypass in mediating chemoresistance of tumors.  

 

Methods: To induce and maintain pemetrexed resistance, HCC827 cells were incubated 

with culture medium which contains 130nM pemetrexed. MTT assay was applied to test 

the viability of naïve and pemetrexed-resistant cells under the influence of Hh signaling 

pathway inhibitor vismodegib and Gant61. The mRNA expression levels of SHH, PTCH1, 

HHIP, SMO, Gli1, Gli2 and Gli3 were detected by qPCR to assess the participation of Hh 

signaling pathway in naïve and resistant cells. The CellTiter-Glo cell viability assay was 

applied to assess the sensitivity of naïve cells and pemetrexed-resistant cells to 

pemetrexed by blocking Hh signaling pathway with Gant61. 

 

Results: According to the result of MTT assay, Gant61 appeared better inhibitory efficacy 

on pemetrexed-resistant HCC827 cells than vismodegib following 

the increasing concentrations. Most of related Hh signaling pathway proteins were 

overexpressed in pemetrexed-resistant cells. Gli1, Gli2 and Gli3 were overexpressed by 

3.7-, 4.3- and 3.5- fold respectively in pemetrexed-resistant cells compared with that in 

naïve cells. The ligand SSH was overexpressed by 5.9-fold in pemetrexed-resistant cells. 

The viability of naïve cells that were treated with pemetrexed, Gant61, and the combination 

of pemetrexed and Gant61 respectively was not distinctly different. The viability of 

pemetrexed-resistant cells, by contrast, was visibly decreased especially under the 

influence of Gant61 or pemetrexed plus Gant61. Pemetrexed-resistant cells were not 

sensitive to pemetrexed, but more susceptible to Gant61 in contrast to naïve cells. 

 

Conclusion: Hh signaling pathway is hyperactivated in pemetrexed-resistant NSCLC cells, 

which also means Hh signaling pathway mediates the process of chemoresistance in 

NSCLC. The susceptibility of pemetrexed-resistant NSCLC cells to pemetrexed can be 
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improved or restored by obstructing Hh signaling pathway. Hh signaling pathway may be 

a prospective therapeutic target for patients with NSCLC especially with chemoresistance 

in future.  
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1. Introduction 
 

Parts of the introduction were already published in Liu et al., 2020 [1] 

 

1.1 Lung cancer 

On account of high morbidity and high mortality, lung cancer has been hindering the health 

as a universal issue all over the world. It is common clinical malignant tumor and also the 

most lethal malignancy in the world [2]. As figure 1 shows, it is estimated that there were 

about 2.1 million new patients who were suffering from lung cancer in the world in 2018, 

accounting for 11.6% of all tumors, and about 1.76 million people died of lung cancer, 

accounting for 18.4% of all tumor deaths [2].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The rates of morbidity of mortality for cancers in 2018. Adapted from Bray et al., 2018 [2] 

 

 

In general, on the basis of histopathological classification, small cell lung cancer 

(SCLC) and non-small cell lung cancer (NSCLC) are classified as lung cancer. And 

squamous cell carcinoma, adenocarcinoma, and large cell carcinoma are classified as 

NSCLC, which is accumulated up to 85% of the entire lung cancer cases [6]. As a highly 

malignant type and an undifferentiated lung cancer, SCLC can be characterized by 

expression of neuroendocrine markers, it is generally thought to originate from Kulchitzky 

cells in bronchial mucosal epithelium or glandular epithelium [7]. Some researchers believe 

that it is derived from stem cells that can differentiate into neuroendocrine cells [8]. Lung 

adenocarcinoma, however, is attracting more and more attention with highest morbidity, 

high aggressiveness and fatality in most countries of the world [9, 10]. Uncontrolled 
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proliferation, early metastasis, and anti-apoptosis are typical of Lung adenocarcinoma [11-

13]. It is also one of the most frequent reasons behind tumor recurrence and patient death 

due to its metastasis and chemoresistance. Due to the lack of clear and effective tumor 

markers and reliable early screening methods, the onset of NSCLC has no symptoms and 

obvious signs, patients are often at the advanced stage when they are diagnosed. Although 

medical treatment technology is improving with the advances of molecular biology research, 

the prognosis of lung cancer and the five-year survival rate of patients with lung cancer are 

still not as optimistic as we expect [14, 15]. 

 

1.2 Treatment of NSCLC 

At present, the treatment of NSCLC mainly includes surgical treatment, targeted therapy, 

immunotherapy, chemotherapy.  

1.2.1 Surgical treatment 

Generally speaking, patients with stage I or II of lung cancer may receive surgical 

intervention, which gives rise to not only advantageous prognosis but also 5-year survival 

rates of 70–90% especially for patients with stage I lung cancer [16]. A study, however, 

described postoperative locally recurrent rates of 24% following surgery, even up to 19% 

for patients with stage I lung cancer [17]. Although lung cancer patients at early stage often 

receive surgery as the main therapy, not only risks of mortality, but also metastasis should 

be taken into account [18]. Adjuvant chemotherapy after radical surgery has gradually been 

applied to the patients with early-stage cancers, especially NSCLC, who can undergo 

surgery as a standard therapy mode. Adjuvant chemotherapy, to a certain extent, can 

eliminate residual micrometastasis, reduce the chance of local recurrence and distant 

metastasis [19]. Douillard found that adjuvant chemotherapy after radical resection could 

prolong the postoperative survival of patients with early-stage NSCLC who can undergo 

surgery [20]. European Society for Medical Oncology (ESMO) has recommended that 

adjuvant chemotherapy that is based on cisplatin is applied to patients with resected stage 

II and III NSCLC or resected stage IB with a primary tumor larger than 4cm [4]. Common 

adjuvant chemotherapy based on cisplatin for patients with NSCLC includes “mitomycin 

C+ifosfamide+cisplatin (MIC), mitomycin C + vinblastine+cisplatin (MVP), 

cisplatin+vinblastine (CV), vinorelbine+cisplatin (NP), cisplatin+ etoposide (PE)” [21] and 

so on. Among them, NP is the most frequently studied until now. With the emergence of 

better chemotherapeutic agents, adjuvant chemotherapy will exert an enormous function 

on further improving the survival rate of NSCLC. 

1.2.2 Radiotherapy 

Radiotherapy is that killing tumor cells directly or indirectly through the effect of ionizing 

radiation, so as to reach the goal of disease control. Radiotherapy has a wide range of 

applications in tumor treatment, almost all malignant solid tumors can be treated with 

radiation. Radiotherapy is also one of the important treatments for NSCLC. About 64.3% 
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of patients with NSCLC need radiation therapy, which is also recommended to 45.9% of 

patients with NSCLC in their initial treatment [22]. In order to obtain better therapeutic effect, 

radiotherapy is usually combined with surgical treatment or chemotherapy. Preoperative 

radiotherapy can reduce tumor volume, narrow the operative region, increase the success 

rate of surgery, and reduce the possibility of the spread cancer cells during surgery [23]. 

Postoperative radiotherapy can reduce the local recurrence rate of cancer and contribute 

to the high survival rates of patients with cancer [24]. Chemotherapy can treat the lesions 

in situ and metastatic lesions, but the lesions in situ are prone to resistance to 

chemotherapy or recurrence after treatment, while radiotherapy can focus on local lesions, 

a reasonable combined application of chemotherapy and radiotherapy has complementary 

advantages. With the development of medical technology, three-dimensional and four-

dimensional radiotherapy techniques are gradually being used in clinic, three-dimensional 

radiotherapy adjusts the radiation field shape so that the dose distribution can be 

consistent with the shape of targeted area in tumor, and target area can be exposed to a 

larger dose, at the same time, the normal tissues around targeted area are less exposed 

to radiation [25], four-dimensional radiotherapy is based on three-dimensional radiotherapy, 

can more accurately locate and treat the lesion through dynamic analysis of the lesion 

within a certain period of time [26]. Compared with traditional two-dimensional radiotherapy, 

they have many advantages such as small side effects, high curative effects, 

personalization and so on [25, 26]. 

 

1.2.3 Targeted therapy 

With the continuous exploration of basic research about cancer, the mechanism of 

tumorigenesis and development is also better known than before. The significant progress 

in targeted therapy is one of the momentous results of continuous progress in cancer 

research. Targeted therapy which has been validated in clinical treatment plays a very good 

role in NSCLC with EGFR, ALK or ROS1 alterations. 

As a member of human epidermal growth factor receptor (HER) family, Epidermal 

growth factor receptor (EGFR) is a kind of glycoprotein transmembrane receptor with 

tyrosine kinase that has a strong effect on cell proliferation, migration and angiogenesis 

[27]. EGFR is commonly detected in many kinds of tumors and is activated by various 

ligands such as amphiregulin (AREG) and epidermal growth factor [27]. If EGFR is 

activated by ligands, it will dimerize, which causes the domains in the cell membrane to 

activate tyrosine kinase, thereby activates downstream signal transduction pathways and 

ultimately leads to survival of tumor cells and continuous proliferation [27]. Tyrosine kinase 

inhibitors for epidermal growth factor receptor (EGFR-TKI) can inhibit downstream signals 

by competing with adenosine triphosphate (ATP) which can connect to the intracellular 

domains of EGFR, preventing autophosphorylation and receptor activation, and inhibits the 

growth and metastasis of tumor [28]. ESMO recommend that Gefitinib, afatinib, osimertinib, 

erlotinib and dacomitinib were used as the first-line chemotherapeutic agents for metastatic 

NSCLC patients with EGFR mutations [5], At present, EGFR-TKI can effectively contribute 

file:///C:/æ��é��/Dict/7.5.0.0/resultui/dict/
file:///C:/æ��é��/Dict/7.5.0.0/resultui/dict/
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to the high survival rate of patients with NSCLC, enhance the quality of patients’ life, and 

has lower side effects than traditional chemotherapy, furthermore it is also easier to be 

tolerated by patients [5]. 

As a kind of receptor tyrosine kinase (RTK), anaplastic lymphoma kinase (ALK) is 

responsible for the signal transduction of the cell, and transmits the signal received on the 

cell surface to the cell [29]. Common pathogenic mutations in ALK gene are gene fusion, 

the EML4-ALK fusion formed by the tyrosine kinase region of ALK protein and echinoderm 

microtubule-associated protein-like 4 (EML4) has been widely seen in NSCLC [30]. Fused 

EML4-ALK exhibits a strong carcinogenic effect, it can activate the tyrosine kinase activity 

of the corresponding proteins in the cell, give rise to the activation of downstream cell 

signaling pathways related to cell proliferation in turn, and eventually cause malignancy 

[30]. Soda et al. also showed that EML4-ALK induced the occurrence of lung cancer in 

mouse models, and after application of tyrosine kinase inhibitors for ALK (ALK-TKI), rapid 

regression of tumor lesions can be observed [31]. As ALK-TKI, crizotinib, ceritinib, 

brigatinib, lorlatinib and alectinib are considered as first-line chemotherapeutic agents for 

ALK-positive patients with NSCLC [5], and the clinical effectiveness of ALK-TKI has been 

confirmed by clinical trials, which is significantly stronger than traditional chemotherapy [32, 

33]. 

C-ros oncogene 1 receptor tyrosine kinase (ROS1) is very similar to ALK in structure 

and function [34]. ROS1 gene can be fused with multiple genes, and activates the 

intracellular tyrosine kinase domain, followed by activating multiple downstream signal 

pathways, further promoting cell proliferation [34]. When ROS1 is fused with other genes, 

it generally retains the kinase domain [34]. As one of ALK-TKI, crizotinib is not only applied 

in ALK gene-positive NSCLC patients, but also effective in NSCLC patients with ROS1 

fusion genes [35]. Some Researchers believed that this might be due to the 49% amino 

acid sequence homology between ROS1 and ALK in the kinase domain [36]. European 

Medicines Agency (EMA) recommended crizotinib for the treatment to ROS1-positive 

advanced NSCLC patients [37]. 

BRAF gene is responsible for encoding B-RAF protein that is serine/threonine-protein 

kinase and transmits cell signals [38, 39]. Mitogen-activated protein kinase kinase 1 (MEK1) 

and mitogen-activated protein kinase kinase 2 (MEK2) are the substrates of B-Raf, which 

is the main activated kinase of MEK [39]. MEK1 and MEK2 can activate extracellular 

signal-regulated protein kinase (ERK) which has great effects on proliferation, apoptosis, 

differentiation of cells [39]. In other words, BRAF can activate Ras-Raf-MEK-ERK signaling 

pathway that is also known as MAPK/ERK signaling pathway, and acts as a bridge between 

RAS and MEK in the MAPK signaling pathway. Therefore, when the BRAF gene mutates, 

MAPK/ERK pathway is continuously activated, which leads to the occurrence and 

development of tumors [40]. There are many types of BRAF gene mutations currently 

discovered. the most common one is the mutation from T to A in 1799th nucleotide of exon 

15 of BRAF gene, which causes the coded valine to be replaced by glutamine, namely 

BRAFV600E [41]. The incidence of BRAF gene mutations is 3.5%-4% in patients with 

NSCLC, in which, BRAFV600E mutations accounted for 50% [42], so targeted therapy for 

BRAF mutations especially BRAFV600E mutations in NSCLC is important. As the B-Raf 

https://en.wikipedia.org/wiki/Receptor_tyrosine_kinase
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inhibitor and MEK1/2 inhibitor respectively, the higher combined efficacy of dabrafenib and 

trametinib has been proved compared with independent application of dabrafenib [43], their 

combination has been recommended by EMA as the chemotherapy to BRAFV600E-

positive patients with advanced NSCLC [44].  

 

1.2.4 Immunotherapy 

Immunotherapy is also an important breakthrough as the therapy for lung cancer with the 

momentous progress of cancer research, it refers to the method of treating tumors by 

regulating the body's own immune cells, it represented by programmed cell death protein 

1 (PD-1) inhibitors has also obtained very good results in clinic treatment of tumors such 

as melanoma [45]. PD-1 is an important protein that prevents the activation of immune 

cells, cancer cells often take advantage of this mechanism to escape the killing of immune 

cells to themselves [46]. As PD-1 inhibitors, the significance of nivolumab and 

pembrolizumab in the treatment of NSCLC has been proved in several clinical trials and 

has been incorporated into clinical applications [47, 48]. When programmed death-ligand 

1 (PD-L1) combines with PD-1 on the surface of T cells, the ability of T cells that attack and 

kill tumor cells is suppressed through the PD-1/PD-L1 pathway [46], therefore, the 

reduction of PD-L1 may be related to tumor immune response and immune escape of 

tumor cells in NSCLC. Mu et al. reported that PD-L1 might has a negative impact on 

NSCLC patient survivability and be considered as a poor prognostic signal [49]. Compared 

with traditional chemotherapy, atezolizumab, as antibody targeting PD-L1, has not only 

been used to treat NSCLC with good anti-tumor effects in clinical trials, but also improved 

the survival rates of patients with NSCLC [50]. It can be seen that PD-L1 still plays a very 

significant regulatory role in promoting the genesis and progression of tumors, and targeted 

PD-L1 therapy can also effectively inhibit tumor growth. As the inhibitor that targets PD-L1, 

durvalumab is a human immunoglobulin G1 kappa (IgG1κ) monoclonal antibody [51], and 

can block PD-L1 interaction with T cells to relieve immune suppression mediated by PD-

1/PD-L1 and promote T cells to attack tumor cells by attaching PD-L1. Some clinic research 

reported durvalumab, with its manageable safety, had better efficacy for advanced NSCLC 

patients than placebo [51]. In 2018, EMA approved durvalumab as a treatment for 

unresectable stage III NSCLC patients with PD-L1-positive tumor when their disease had 

not progressed after concurrent platinum-based, radiotherapy and chemotherapy [52]. 

Although some excellent results have been achieved in immunotherapy, and more and 

more researchers pay attention to immunotherapy in recent years, it is still in its infancy, 

more rigorous large-scale clinical research is needed for further exploration.  

1.2.5 Chemotherapy 

Chemotherapy, a traditional tumor treatment, has great effects on the treatment of lung 

cancer, and could positively impact the patients regardless of cancer stages and the 

patients who cannot tolerate surgery. Preoperative or postoperative chemotherapy is 

known as adjuvant chemotherapy, evidence has indicated the advantages of adjuvant 
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chemotherapy for patients with early stage of NSCLC after surgery, which boosted 5-year 

survival rates by 4% [53]. Chemotherapy in combination with definitive radiation treatments 

are highly recommended for patients with stage III of NSCLC, especially with good 

performance scores and minimal weight loss [54], In advanced stage IV of NSCLC, 

chemotherapy is typically the main treatment [55]. Cisplatin, carboplatin, docetaxel, 

gemcitabine, pemetrexed, paclitaxel and vinorelbine are the most commonly used in clinic 

as chemotherapeutic drugs. In general, two of them are combined to expand the 

therapeutic effects on NSCLC while minimizing side effects. Platinum-based chemotherapy, 

as the first-line treatment, has not only been recommended for advanced NSCLC [56], but 

also applied in adjuvant chemotherapy [57]. According to ESMO guidelines for NSCLC [4, 

5], approved treatment options have been listed as follows (table 1). 

 

Table 1. ESMO clinical practice guidelines for non-small cell lung cancer. Adapted from Postmus et al., 2017 [4] and 

Planchard et al., 2020 [5] 

Chemotherapy for Non-Small Cell Lung Cancer 

Patients with 

resected stage 

II and III 

NSCLC or 

resected stage 

IB with a 

primary tumor 

larger than 4 

cm 

Cisplatin-based ChT: 

Cisplatin+vinorelbine  

Cisplatin+gemcitabine 

Cisplatin+docetaxel 

Cisplatin+pemetrexed 

 

Patients with 

unresectable 

locally 

advanced 

NSCLC (stage 

III) 

Cisplatin-based ChT:  

Cisplatin+etoposide 

Cisplatin+vinorelbine 

Cisplatin+pemetrexed 

 

 

 

 

 

 

PD-L1 expression and molecular tests negative (ALK/BRAF/EGFR/ROS1) 

Any expression of PD-L1 PD-L1≥50% 

PS 0-2 PS 3-4 PS 0-1 

Nivolumab/ipilimumab+platinum/pemetrexed 

followed by nivolumab/ipilimumab 

PD-L1-

positive 

PD-L1-

negative 

BSC Pembrolizum

ab 
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Patients with 

stage IV 

NSCLC 

 

 

 

 

 

 

 

Atezolizumab/bevacizumab+carboplatin/pac

litaxel followed by 

atezolizumab/bevacizumab 

Nivolumab 

/ipilimumab 

Nivolumab 

/ipilimumab 

Atezolizumab 

Atezolizumab+carboplatin/nab-P followed by 

atezolizumab 

Pembrolizumab+platinum/pemetrexed ChT 

followed by pembrolizumab/pemetrexed 

Disease progression 

PS 0-2 PS 3-4 

Nivolumab 

Atezolizumab 

Pembrolizumab if PD-L1

＞1% 

Docetaxel 

Pemetrexed 

Ramucirumab/docetaxel 

Nintedanib/docetaxel 

Erlotinib 

BSC 

 Molecular tests positive (ALK/BRAK/EGRF/ROS1) 

ALK translocation BRAF V600 mutation EGFR mutation ROS1 translocation 

Alectinib 

Brigatinib 

Crizotinib 

Ceritinib 

Ensartinib 

Dabrafenib/trametinib  Osimertinib 

Gefitinib 

Erlotinib 

+/- bevacizumab 

+/- ramucirumab 

Afatinib 

Dacomitinib 

Gefitinib/carboplatin/pemetrexed 

Crizotinib 

Lorlatinib 

Entrectinib 

Repotrectinib 
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 Note: BSC, best supportive care; ChT, chemotherapy; nab-P, albumin-bound paclitaxel; PS, 

performance status. 

 

 

1.3 Common chemotherapeutic agents 

1.3.1 Cisplatin 

After more than 40 years of clinical application, cisplatin has made significant 

achievements in treating diverse types of cancer, such as ovarian cancer, NSCLC [58, 59], 

especially the cure rate of cisplatin for testicular cancer has been over 90% [60]. 

Cisplatin is a neutral inorganic compound with a flat square geometry, and contains 

a Pt center, two stable ammonia ligands and two unstable chlorine ligands [61]. In general, 

extracellular concentration of chloride in plasma and other physiological fluids is higher 

than intracellular concentration of chloride, which makes it difficult to hydrolyze cisplatin 

compounds in extracellular fluid , but easy in the cytoplasm [61]. After cisplatin enters the 

cytoplasm through passive diffusion, transporter-mediated facilitated diffusion and active 

absorption [62], it dissociates and loses chloride ions, while binds water molecules to form 

a positively charged and aquated complex, which selectively binds to the guanine and N7 

atoms on the adenine in the DNA molecule to form three complexes with different 

structures, namely, monoadducts, intrastrand crosslinks, and interstrand crosslinks. All 

crosslinks will destroy the structure of the DNA and inhibit its function of replication, which 

bring about apoptosis of cells [63]. However, cisplatin combines with other biological 

macromolecules in the cytoplasm, especially react promptly with thiol-containing 

compounds such as glutathione, which results in inefficacy of cisplatin [63]. In spite of the 

side effects of cisplatin, such as anemia, nausea, vomiting, nephrotoxicity, neutropenia and 

neurotoxicity, in contrary to non-platinum-based doublet regimens, previous research 

indicated that cisplatin-based doublet regimens contributed to the patients' survival rates 

more effectively [64]. As a second-generation platinum compound, carboplatin increases 

the occurrence of thrombocytopenia, but with lower risk of vomiting, therefore, the patient's 

own condition and toxic effects of drugs should be taken into account [64]. 

1.3.2 Pemetrexed  

For patients with NSCLC, especially with advanced NSCLC, continuous use of cisplatin 

chemotherapy alone is difficult to effectively prolong the patient's survival time, and the 

cumulative toxicity of the drug is likely to aggravate NSCLC, resulting in the inability of 

patients to receive second-line treatment. Therefore, cisplatin-based adjuvant 

chemotherapy is commonly combined with other chemotherapeutic agents in clinic. 

file:///C:/æ��é��/Dict/7.5.0.0/resultui/dict/
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Pemetrexed is an antifolate with a pyrrole-pyrimidine group at its core, which is “a 

novel, multitargeted antifolate that inhibits at least three enzymes involved in the folate 

pathway. These enzymes are thymidylate synthase, dihydrofolate reductase, and 

glycinamide ribonucleotide formyl transferase” [65]. The enzymes are critical ingredients 

for the synthesis of folic acid and also in associated with the biosynthesis of thymine 

nucleotides and purine nucleotides [65]. When pemetrexed enters the cell, it is converted 

to polyglutamic acid by the action of folate polyglutamic acid synthase [66]. Polyglutamic 

acid remains in the cell and becomes an inhibitor of thymidylate synthase (TS) and 

glycinamide ribonucleotide formyl transferase (GARFT). Polyglutamation shows it has the 

characteristic of time-dependence and concentration in tumor cells, while in normal tissues, 

the concentration is very low, the half-life of polyglutamate metabolites in tumor cells 

extends, thereby the action time of drugs in tumor cells is prolonged [66]. Therefore, 

pemetrexed mainly inhibits the growth of tumors by disrupting the normal folate-dependent 

metabolic processes and inhibiting the replication of cells. 

In 2004, Hanna et al. assessed the effectiveness and safety of pemetrexed and 

docetaxel from 571 random patients with advanced NSCLC [67]. The results of treatment 

with pemetrexed and docetaxel exhibited a 9.1% and 8.8% overall response rate, with 8.3 

months and 7.9 months median survival time, respectively, and a similar 1-year survival 

rate 29.7% [67]. All indicates that pemetrexed and docetaxel are equally effective, 

furthermore pemetrexed has a lower incidence of adverse reactions in patients with 

NSCLC. Approximately 90% of pemetrexed can be excreted in the urine within 24 hours 

after intravenous injection, the risk of adverse reactions is low, and the safety is distinctly 

high [68]. 

 

1.3.3 Vinorelbine 

In the 1950s, Noble et al. found vinca alkaloids in Catharanthus roseus [69]. Vinca alkaloids 

such as vinblastine and vincristine have significant anti-tumor activity and very similar 

molecular structure, however their toxicological characteristics are very different [70]. This 

phenomenon has inspired a large number of scientific research groups and pharmaceutical 

companies to discover new vinca alkaloids with high efficiency and low toxicity through 

chemical structure modification. Vinorelbine is a kind of vinblastine drug produced by 

structural modification and has been approved for marketing. 

Vinorelbine is a highly effective anti-tumor drug, which mainly specifically acts on the 

mitotic tube of the cell, inhibits the process of tubulin double microsomes forming into 

microtubules by binding to tubulin, and further induces the disaggregation of microtubules 

to inhibit the process of mitosis. Meanwhile the chromosome cannot be attached to the 

spindle, so that the division and proliferation of tumor cells stops in the middle of mitosis, 

which achieves the purpose of inhibiting the growth of tumor cells and killing tumor cells 

[71]. Compared with other vinblastine drugs, vinorelbine has less activity on axons, so it 

has less neurotoxicity, and it is characterized with the advantages of strong chemical 

stability, broad anti-tumor spectrum, and little toxicity and side-effects [72]. At present, it is 
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a clinical first-line chemotherapeutic drug for the treatment of NSCLC, breast cancer, 

ovarian cancer and so on [72]. The combined application of vinorelbine and various drugs 

such as cisplatin, etoposide, mitomycin, etc. has enhanced efficacy and unchanged toxicity. 

In the randomized study treatment, Chevalier et al. divided 612 cases of newly-treated 

NSCLC into three groups, who were respectively treated with vinorelbine and cisplatin, 

vindesine and cisplatin, and vinorelbine alone, the effective rates were respectively 30%, 

19% and 14%, the median survival time was 40 weeks, 32 weeks and 31 weeks 

respectively [73], which suggested that the combination of vinorelbine and cisplatin was 

obviously advantageous in the treatment of NSCLC. 

 

1.4 Obstacles of chemotherapy in NSCLC 

Chemotherapy is also crucial as a kind of common therapy for cancer patients, but at 

present, patients with cancer become resistant to almost all drugs due to increased 

applications of chemotherapeutic drugs with the passage of time, so that the efficacies of 

chemotherapeutic drugs on cancer cells may be decreased. Chemoresistance of cancer 

cells is one of the principal causes for cancer treatment failure, which may cause the cancer 

to relapse and eventually lead to the death of patients with cancer. When cancer cells resist 

the effects of chemotherapeutic drugs, they can grow and encourage new tumor regions 

to form, the process is known as tumor recurrence. Not only chemoresistance but also 

tumor recurrence is the clinical obstacle to the treatment of NSCLC. It is the challenging 

problem faced by cancer patients and their families, medical staffs and cancer researchers. 

1.4.1 Chemoresistance 

The chemoresistance of tumor cells refers to the phenomenon that tumor cells are resistant 

or insensitive to chemotherapeutic drugs during tumor chemotherapy, which can be divided 

into innate chemoresistance and acquired chemoresistance [74]. Innate resistance is a 

phenomenon that tumor cells are inherently insensitive to chemotherapy drugs before 

treatment to patients with cancer [74]. Tumor cells, however, are sensitive to 

chemotherapeutic drugs at the beginning. After several courses of treatment, the efficacy 

of chemotherapeutic drugs gradually decreases, and tumor cells become resistant or 

insensitive. This phenomenon is known as acquired drug resistance of tumor cells [74].  

The most prominent and common chemoresistance is multidrug resistance (MDR). 

When it occurs, the tumor cells develop resistance to other anti-tumor drugs with different 

structures and mechanisms [75]. MDR is the common and primary factor that leads to the 

chemotherapeutic failure, which is severely and negatively impact the treatments for 

tumors. The mechanisms of MDR tend to be more complicated, such as regulating the 

apoptosis of tumor cells and the concentrations of chemotherapeutic drugs in tumor cells 

[75]. MDR can influence tumor cells by the known or unknown mechanisms. According to 

the mechanism of chemoresistance of tumor cells, it can be divided into chemoresistance 
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occurring in the cell membrane, in the intracellular metabolic process, and in the nucleus 

of tumor cells.  

1.4.2 Chemoresistance occurring in the cell membrane  

The typical representative of this type is P-glycoprotein (p-gp). In 1976, Juliano et al. 

discovered that a transmembrane phosphoglycoprotein (molecular weight 170 KD) was 

expressed on the membrane of Chinese hamster ovary cells resistant to colchicine, and 

named p-glycoprotein [76]. This protein is a kind of pump in lipid membrane, which can 

actively pump various compound from the inside of the tumor cells to the outside of the 

cells, and is also an ATP-dependent drug transport protein, namely ATP-binding cassette 

(ABC) transporter. In other words, P-gp can not only be combined with drugs but also ATP, 

actively transport anti-tumor drugs and hydrophobic lipophilic compounds outside tumor 

cells by energy through ATP hydrolysis, which results in the development of resistance to 

chemotherapeutic drugs in tumor cells until the intracellular concentration of drugs is lower 

than the effective concentration [77]. P-gp is encoded by the MDR1 gene, which is located 

on human chromosome 7q21 [77]. Some Study has found that various stimuli such as DNA 

damage, UV irradiation and serum starvation can activate MDR1 [78]. Related report also 

showed that various activation signals such as epidermal growth factor (EGF) tumor 

necrosis factor-α (TNF-α), doxorubicin, nuclear factor κB (NF-κB) can stimulate the 

expression of MDR1 [79]. NF-κB can induce p-gp expression in addition to the anti-

apoptotic gene expression and anti-apoptotic effect [80]. Bentires-Alj et al. confirmed that 

there was a NF-κB binding sequence in the first intron of the MDR1 gene promoter region, 

and NF-κB can stimulate the transcription of the gene connected to the MDR1 promoter 

[81]. Therefore, the current research believes that p–gp mainly leads to the resistance to 

anti-tumor drug through two ways: one is the role of drug delivery, and the other is raising 

the threshold of apoptosis. How to inhibit the function of p–gp has been the focus of 

research to solve the problem of multidrug resistance. 

P-gp that is made up of 1280 amino acid residues possesses two homologous 

symmetric domains, each homologous domain contains 6 transmembrane peptide chains 

and 1 ATP binding region. The 6 transmembrane peptide chains of p-gp are hydrophobic 

regions, which have the function of binding and transporting drugs. The ATP binding region 

is a hydrophilic region, which can bind to ATP, hydrolyze it to ADP, and release energy [82]. 

Therefore, p–gp can transport many drugs and endogenous substances. Cationic or 

amphoteric hydrophobic molecules that can passively diffuse through the lipid membrane 

are the substrates of p-gp [83]. Some reports have demonstrated that the expression of p-

gp was in connection with unresponsiveness to chemotherapy in certain tumors, including 

sarcoma, leukemia, lymphoma and multiple myelomas [84, 85]. The relationship among 

MDR1, the chemotherapy resistance and the cancer patients’ prognosis has been the 

focus of research. Studies have shown that high expression of MDR1 is not only connected 

with acquired multidrug resistance of patients with lung cancer, but also closely related to 

their prognosis [86, 87]. Even some researchers have discovered that p-gp not only 

exhibited high expression in recurrent carcinoma, but also significantly and negatively 

influenced patients’ survival time and prognosis [88]. Therefore, detecting the expression 
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of p-gp in tissues of NSCLC before chemotherapy can predict the sensitivity of tumors to 

chemotherapeutics and estimate the prognosis of patients with cancer, which is significant 

for the options of clinical treatment, if high expression of MDR1 is found before 

chemotherapy, it indicates that the patient has innate multidrug resistance. Drugs that 

reverse MDR would be considered to be applied to increase the susceptibility of tumor 

cells to chemotherapeutic drugs. Detecting the expression of MDR1 in tumor 

chemotherapy can predict tumor response to treatment, recurrence, and metastasis. A 

study reported that p-gp mediated doxorubicin resistance of NSCLC cells, and the 

chemoresistance was reduced through inhibiting p-gp by verapamil [89]. According to 

Chan's research, he believed that the expression of p-gp was related to the mutation of P-

53, and their pathological indicators might be correlated with the biological characteristics 

of liver cancer cells [90]. However, some experts reported that the expression of P-gp did 

not participate in the resistance to chemotherapy of lung cancer or did not have great 

effects on the mechanism of resistance, for example, some researchers have found that 

the P-gp expression within certain lung cancer cell line which was resistant to 

chemotherapeutic drugs was low, furthermore did not exhibit correlation with intrinsic 

chemoresistance of lung cancer cells [91], it is possible that the occurrence, development 

and resistance of tumor cells are not caused by a single mechanism. 

1.4.3 Chemoresistance occurring in the intracellular metabolic 

process 

Glutathione (GSH) and its enzyme system in cells are not only related to MDR, but also its 

effect of detoxification on chemotherapeutic drugs may exert an enormous function on the 

resistance of tumor cells to chemotherapeutic drugs. Its system is composed of GSH and 

various enzymes, including γ-glutamyl transferase (γ-GT), glutathione synthetase (GS), 

glutathione peroxidase (GPX), glutathione reductase (GR), glutathione S-transferases 

(GSTs) [92]. And GSTs that is most important for GSH system is closely related to tumor 

multidrug resistance.  

As a tripeptide, glutathione is made up of glutamate, cysteine and glycine [93]. In 

general, glutathione that widely exists in mammalian cells can combine with peroxides and 

free radicals under the action of GSTs to protect the proteins which contain sulfhydryl group 

from being destroyed by oxidants, and also protect the important organs from free radicals 

[93]. Jamali et al. have found that intracellular GSH was correlated with cisplatin resistance 

of cancer cells, and its concentration is in a time-dependent manner [94]. This means 

intracellular GSH may be an indicator that reveal the level of cisplatin resistance in cancer 

cells, on the basis of its characteristic, cisplatin resistance may be better dealt with. Yu et 

al. also found that renal cancer cell line RCC8701/ADM800 which were obviously more 

resistant to adriamycin and epirubicin than the parent cells (RCC8701) was cross-resistant 

to cisplatin and 5-fluorouracil, GSH and glucose-6-phosphate dehydrogenase in cytoplasm 

increased significantly, but the expression of P-gp did not increase [95]. One research had 

also suggested high level of GR might mediate chemoresistance of tumor cells by 

regulating redox homeostasis and GSH [96]. All of the results indicate that intracellular 
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GSH may tend to increase when tumor cells develop MDR, in other words, GSH is involved 

in the process of MDR of tumor cells. 

However, Chemotherapeutic drugs can bind GSH and lose their toxic effects 

through the catalysis of GSTs. GSTs can not only catalyze the binding of glutathione to 

electrophilic substances, but also itself can be combined with lipophilic drugs to increase 

their water solubility, which promotes drug efflux, reduces the cytotoxicity of anti-tumor 

drugs and protect tumor cells [93]. GSTs are a superfamily of isozymes, which can be 

divided into some subfamilies: α, μ, π et al. according to their sequence homology and 

location of chromosome [97]. GST-π which is encoded by glutathione S-transferases Pi 

(GSTP) gene is connected with the chemotherapeutic sensitivity of malignant tumors, and 

have been widely studied in recent years. The GST-π gene is located on the 11q13 

fragment of the autosome, its total length is about 3kb, and it contains 7 exons and 6 introns 

[98]. GST-π is mainly present in the placenta and lung, breast and urinary bladder [99]. 

GST-π can catalyze electrophilic hydrophobic compounds such as carcinogens and 

chemotherapeutic drugs to combine with GSH, then form a substance that is easy to be 

excreted from cells. It also can prevent the damage of lipid peroxidation, conjugate and 

transport hydrophobic compounds such as hormones, drugs, carcinogens and so on. 

Therefore, while GST-π protects cells, it also causes the resistant to chemotherapeutic 

drugs of tumor cells. Cheng et al. reported that GST‐π was commonly detected after 

chemotherapy in patients with ovarian carcinoma who did not respond to chemotherapy, 

and compared with responders, the ratio of GST‐π density after chemotherapy to GST‐

π density before chemotherapy distinctly increased in non-responders [100]. According to 

the analysis of 135 NSCLC tissue samples, Rybárová found that the expression rate of 

GSTP1 was as high as 70%, furthermore 77% in adenocarcinoma samples, and was 

correlated with prognosis of patients [101]. All of the findings suggest that GST-π may be 

essential in chemotherapeutic resistance of tumor cells. 

1.4.4 Chemoresistance occurring in the nucleus of tumor cells  

Topoisomerase (TOPO) which includes TOPO I and TOPO II has the function of adjusting 

the topology of DNA, and is closely related to genome replication, DNA recombination and 

gene transcription [102]. TOPO I can catalyze the break of a single strand of DNA [102]. 

TOPO II can noncovalently binds to the substrate DNA to cut the duplex and unwind the 

helix, then TOPO II switches its configuration under the action of Mg2+, Mn2+ and ATP, and 

exhibits the activity of ligase, which will reconnect the broken double-stranded DNA, 

whereafter, TOPO II exhibits the original activity again [103,104]. 

MDR gene is not overexpressed, and chemotherapeutic drugs does not accumulate 

in tumor cells which are resistant to chemotherapy, this phenomenon that is mediated by 

TOPO II is known as atypical MDR (at-MDR) [105], and at-MDR is cross-resistant to 

anthracyclines and epipodophyllotoxins but not vinca alkaloids [106]. Now research 

showed that many chemotherapeutic agents including non-intercalating agents such as 

etoposide and teniposide [107] and intercalating agents such as Adriamycin might target 

TOPO II. Intercalating agents can be inserted between the base pairs to form a reversible 
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combination with the double helix of DNA, which promotes the combination of DNA and 

TOPO II to form a stable complex, and eventually breaks the DNA [108]. The expression 

of TOPO II is inversely proportional to tumor resistance, the reason is chemotherapeutic 

agents' cytotoxicity that targets TOPO II would depends on cleavable complexes' formation 

of DNA, TOPO II and the subsequent effects of DNA damage. De Jong S et al. had 

demonstrated that TOPO II levels in SCLC cells which were resistant to TOPO II inhibitors 

may be reduced [109]. Matsumoto et al. have also found that the mutation and deletion of 

TOPO II gene occurred and were closely related to MDR in tumor cells which were resistant 

to TOPO II inhibitors [110]. The phosphorylation levels of TOPO II are inversely proportional 

to its catalytic activity and ability to the dissociation of complex, the research of Takano et 

al. has suggested that phosphorylation level of topo II increased in human cancer KB 

cells which were resistant to etoposide, and might reduce etoposide -induced cleavages 

of DNA-TOPO II complexes [111]. All the results demonstrate that if the level of TOPO II in 

tumor cells drops or the level of phosphorylation of TOPO II increases, they can lead the 

barriers to the accumulation of intracellular agents and cross-resistance of tumor cells. 

Camptothecins (CPTs) which specifically target TOPO I such as topotecan and irinotecan 

are cytotoxic quinoline alkaloid [112], As similar to TOPO II inhibitors, CPTs can bind to the 

TOPO I–DNA complex to inhibit the religation of DNA. Some reports described that the 

mechanism of tumor cell resistance to CPTs might mainly consist of insufficient 

accumulation of drugs in tumors, variations in TOPO I resistance, or variations in cellular 

responses to TOPO I-CPTs interactions. [113]. Lee et al. also reported that the resistance 

of ovarian cancer cells to CPTs was reduced by inhibiting the activity of TOPO I, in other 

words, the expression of TOPO I was involved in the sensitivity of ovarian cancer cells to 

CPTs [114]. Jensen et al. reported that the mutant TOPO I gene was expressed in resistant 

human colon cancer cells, and may also refer to the resistance of tumor cells to CPTs [115]. 

1.4.5 Blocking of apoptosis pathway    

B-cell lymphoma-2 (Bcl-2) gene that has significant effects on inhibiting apoptosis of cells 

is an oncogene, this gene was first cloned from the breakpoint of the chromosome 

translocation t (14: 18) in patients with follicular non-Hodgkin lymphoma in 1985 [116]. Bcl-

2 protein is a membrane integrin which is mainly expressed on several membranes, 

including the outer mitochondrial, nuclear and endoplasmic reticulum membranes [117]. 

Overexpression of Bcl-2 can reduce the decrease of transmembrane potential and the 

apoptosis of cells which is caused by multiple stimuli such as chemotherapeutic agents, 

radiation, deficiency of growth factor and apoptotic genes [117, 118], it is currently believed 

that Bcl-2 protein can stabilize mitochondrial membrane voltage, prevent mitochondrial 

release and other cytokines, inhibit apoptosis induced by various factors, and have great 

effects on the regulation of mitochondrial apoptosis pathway. Studies have shown that Bcl-

2 may be antagonistic to the apoptotic gene Bax, prevent cytochrome C from releasing into 

the cytoplasm and prevents cytochrome C from activating caspase [119], which is the key 

of apoptosis, various factors that cause apoptosis need to activate caspase before 

apoptosis of cells. Bcl-2 can inhibit apoptosis by promoting glutathione to enter the nucleus 

of cells, change the redox reaction in the nucleus, and prevent the activation of caspase 
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and other nuclear changes [120]. Many chemotherapeutic drugs exert anticancer effects 

by inducing the apoptosis of tumor cells, therefore, the overexpression of Bcl-2 and loss of 

activated apoptotic genes will relatively make tumor cells resistant to the toxic effects of 

chemotherapeutic agents. Sartorius et al. have demonstrated that 3 sensitive human SCLC 

cell lines cultured in subtherapeutic concentrations of etoposide were cross-resistant to 

cisplatin and doxorubicin, which was closely related to the overexpression of Bcl-2 in SCLC 

[121]. In addition, Bcl-2 could promote cells to resist the influence of oxidizing agents, and 

protected cells from oxidative stress by upregulating redox capacity, so that tumor cells 

could survive for a long time [122]. Restoring normal apoptosis and capacity to oxidative 

stress of tumor cells by inhibiting the expression of Bcl-2 may receive good treatment effect 

in some tumors. Some report has showed that the growth and development of melanoma 

cells were inhibited by antisense oligonucleotides which was against Bcl-2 gene [123]. 

Therefore, Bcl-2 is beneficial to prolonging the survival of tumor cells and inducing their 

resistance to stressful microenvironment and chemotherapeutic agents. In addition, the 

normal apoptotic pathway is blocked, the damaged cells do not undergo apoptosis or 

maintain the damaged state, which eventually leads to the occurrence and development 

of tumor. 

1.4.6 Wnt signaling pathway       

Wnt gene is a proto-oncogene cloned from mouse breast cancer induced by murine breast 

cancer virus, which was discovered and reported by Nusse in 1982, it was called Int1 gene 

at that time [124]. Subsequent studies found that Int1 gene and Wingless gene (Wg) of 

Drosophila were homologous genes, hence these genes were universally addressed as 

Wnt. Wnt signaling pathway is very conservative in evolution [3]. Wnt has 3 pathways in 

cells: the canonical Wnt/β-catenin signaling pathway, non-canonical Wnt/Ca2+ signaling 

pathway, and non-canonical Wnt/planar cell polarity signaling pathway [3]. In the canonical 

Wnt/β-catenin signaling pathway, a kind of destruction complex that includes 

“adenomatous polyposis coli (APC), axin, glycogen synthase kinase 3 (GSK3), casein 

kinase 1α (CK1α) and Dishevelled (Dvl) proteins” [3] could degrade cytoplasmic β-catenin, 

if Wnt signaling is absent (Figure 2), in other word, β-catenin may not accumulate in the 

cytoplasm without Wnt signaling [3]. As figure 2 shows, however, when extracellular Wnt 

proteins attach to Frizzled (Fzd) and low-density lipoprotein receptor-related protein 5/6 

(LRP5/6), they could form a complex, which cause dephosphorylation and instability of 

Axin and deactivation of GSK3, so that destruction complex loses the function of degrading 

β-catenin, β-catenin piles up in the nucleus of cells and regulates the transcription of target 

genes [3]. 
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Figure 2. The canonical Wnt signaling pathway. Due to lack of ligands, the activity of complex Fzd-LRP5/6 

is inhibited, destruction complex that consists of APC, axin, GSK3 and CK1α promotes proteolytic cleavage 

of β-catenin in the cytoplasm. In contrast, when complex Fzd-LRP5/6 combined with ligands, Dvl binds to 

Fzd, then promotes axin to combine with β-catenin and inactivate GSK3, which ultimately leads to the 

accumulation of β-catenin in the nucleus of cells and the expression of target genes. Adapted from Taciak 

et al., 2018 [3] 

 

Wnt1 protein is a signal protein that is involved in the Wnt signaling pathway. Some 

studies suggested the expression of Wnt1 protein in NSCLC tissues was related to 

prognosis, and can be used as a distinct prognostic factor, as well as the expression of 

Wnt1 is connected with its downstream genes such as Ki-67, c-Myc, Cylin D1, MMP-7, 

VEGF-A [125,126]. This indicates that the Wnt signaling pathway may be correlated with 

the occurrence and development of NSCLC. In addition, Gao et al. have reported that 

inhibition of the activity of GSK-3β in the cytoplasm of A549/DDP cells can enhance its 

resistance to cisplatin in NSCLC cells [127], which means canonical Wnt/β-catenin 

signaling pathway was in relation to cisplatin resistance of NSCLC cells. Zhang et al. also 

demonstrated the level of β-catenin protein in the cytoplasm and nucleus and MDR1/P-gp 

was reduced by suppressing Fzd1, resulting in improving sensitivity of breast cancer cells 

to chemotherapeutic drugs [128]. In brief, Wnt signaling pathway also has great effects on 

chemoresistance of tumors. 
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1.4.7 Tumor recurrence 

Tumor recurrence is a common and intractable problem in the clinical treatment of cancer, 

there are many reasons for the tumor recurrence, but among which the cancer stem cells 

(CSCs) theory is accepted by the majority of researchers. Further study has confirmed that 

stem cells can self-renew, differentiate, produce mature and differentiated progeny cells, 

and also can construct tissues and organs in a state of differentiation [129]. On the basis 

of the theory of stem cells, the concept of CSCs is proposed on the basis of the stem cell 

theory. Tumor stem cells theory believes that tumor-derived cells are able to form tumors, 

which is different from other tumor cells, these potential tumor-derived cells possess the 

capacity of infinite proliferation, self-renewal and multi-directional differentiation, and are 

the seed of tumor formation and recurrence [130]. Bonnet et al. isolated a kind of cells 

whose surface antigen markers is CD34++ CD38- in human acute myeloid leukemia (AML) 

cells, the amount of this kind of cells accounts for about 0.2% of the total leukemic cells. it 

will not only cause the occurrence of AML after transplanting these cells into 

immunodeficient mice (NOD/SCID), but also possessed the strong capacity of self-renewal 

and differentiation [131]. The research team believed that these cells with CD34++ CD38- 

might be leukemia stem cells [131]. Since tumor stem cells are the same as normal stem 

cells, they are in a relatively static state [132]. Many chemotherapeutic agents, however, 

target the tumor cells which are in cell cycle [133], CSCs may escape the killing effect of 

chemotherapeutic agents. The most of normal tumor cells can be eliminated after sufficient 

chemotherapy, tumor stem cells which survive may be the origin of tumor recurrence, tumor 

may recur in the near future. 

Tumor dormancy is a state in which tumor cells persist in body without obvious 

proliferation or metastasis, and is also the result of the proliferation and apoptosis of tumor 

cells tending to balance [134]. In general, there are two viewpoints on tumor dormancy: 

firstly, when the level of tumor cells proliferation and apoptosis achieve equilibrium, they 

may appear to be dormant; Secondly, the tumor cell cycle is temporarily stopped when the 

tumor cells are in quiescent state, tumor cells would be dormant [134]. Tumor dormancy 

can occur in the process of tumor occurrence and development, including: (1) may occur 

in the early stage of the primary tumor; (2) may appear in the residual lesion after treatment 

of the primary tumor, and become the source of clinical recurrence in the future; (3) may 

appear in disseminated tumor cells (DTCs) or micrometastasis [134]. After a period of 

incubation, these dormant tumor cells are reactivated and progress to metastatic tumors. 

The long-term existence of tumor dormant cells is an important cause of tumor recurrence, 

metastasis and chemotherapy resistance, which makes it difficult to cure the tumors [134]. 

1.5 Pathway involved in NSCLC 

Signaling pathway is a group of enzymatic reactions that transmit molecular signals 

inwards through the cell membrane [135]. These extracellular molecular signals are called 

ligands, consisting of cytokines, growth factors, hormones, neurotransmitters and other 

small molecule compounds [135]. When the ligand specifically binds to the receptor on the 
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cell membrane, a series of proteins in the cell will sequentially regulate the activity of 

downstream proteins, including activation or inhibition, thereby external signals gradually 

are amplified and transmitted, which eventually induces a series of comprehensive cellular 

responses [135]. Signaling pathways have been proved to the decisive factors to tumors 

[135]. Hh signaling pathway is especially abnormally activated during the occurrence and 

development of NSCLC. 

1.5.1 Hedgehog signaling pathway 

The Hh signaling pathway was detected in drosophilae by Christiane Nuesslein-Volhard 

and Weischaus in 1980 [136]. Due to the cuspate and short cuticle on the skin of the mutant 

drosophila larvae, it is named as hedgehog signaling pathway [137]. From drosophilae to 

humans, although there are some molecular differences, the secretion of Hh proteins and 

processes of signal transduction are similar [137]. Hh signaling pathway is the decisive 

factor to embryonic development, regulate cell proliferation and differentiation, and 

coordinate key steps in the progress of tissues and organs such as skin and brain [137]. 

Hh signaling pathway regulates the proliferation of stem cells [137]. Recent studies had 

suggested that hyperactive Hh signaling pathway was correlated with the occurrence and 

development of basal cell carcinoma, pancreatic cancer, lung cancer and other tumors 

[137]. 

Hh signaling pathway of mammals is mainly made up of three ligands: “Sonic 

hedgehog (SHH), Indian hedgehog (IHH) and Desert hedgehog (DHH)” [137], two 

transmembrane receptors: Patched (PTCH) and Smothen (SMO), three transcription 

factors: Gli1, Gli2 and Gli3 and downstream target genes [137]. SHH, DHH and IHH can 

be modified with cholesterol and palmitate to form fully functional proteins, these proteins 

are secreted from the cell by the transmembrane transporter dispatched which can 

promote the release of Hh proteins from secretory cells and binds to the receptor PTCH 

on the responding cells [137, 138]. PTCH family consists of PTCH1 and PTCH2 [139], 

PTCH1 is a 12-pass transmembrane receptor with three large loops, two of them are 

located in extracellular region, one of them is located in intracellular region [140]. PTCH1 

primarily binds to SHH [139], and inhibit the activity of SMO [139]. SMO is a 7-pass 

transmembrane protein, which belongs to the G protein-coupled receptor superfamily and 

has great effects on the signal transduction process of the pathway [141].  

Primary cilia have great effects on Hh signaling pathway in vertebrates [142]. PTCH1 

is highly expressed in primary cilia, SMO and Gli proteins are commonly detected in 

primary cilia after the activation of SHH signaling [142]. In other word, SHH signaling 

pathway mainly takes place in primary cilia. Due to the lack of SHH, PTCH1 that is located 

in primary cilia can catalytically inhibit the activity of SMO in case that SMO locates and 

accumulates in primary cilia [142]. At this time the signaling pathway is deactivated (Figure 

3A). As figure 3B shows, PTCH1 is activated by combining with SHH, so that it loses the 

inhibitory effect on SMO, then SMO localizes and accumulates in primary cilia, and deliver 

the signal to the zinc finger transcription factors Gli family in the cytoplasm [142]. In order 

to ensure the proper activity of the entire signal pathway, Hh ligands that bind to PTCH is 



30 

 

 

tightly regulated by some Hh binding proteins. For example, there is a close affinity 

between Hh-interacting protein (HHIP) and Hh ligands, so HHIP may compete with PTCH 

for the combination with Hh ligands. Because of its special characteristic, HHIP prevents 

excessive activation of Hh signaling pathway and regulates negatively it [143]. 

The Gli family consists of three homologs: Gli1, Gli2 and Gli3. Gli1 is composed of 

zinc finger domain and C-terminal activator domain. Gli2 and Gli3 are composed of N-

terminal suppressor domain, zinc finger domain and C-terminal activator domain [144]. 

Gli1 is generally considered as activator, Gli2 and Gli3 as activator and repressor. Protein 

kinase A (PKA), GSK3, and casein kinase 1 (CK1), suppressor of fused (SUFU), in general 

way, inhibits the activity of Gli1 by binding to transcription factors Gli family, followed by 

promoting the process of Gli repressor (GliR) and inhibiting the combination of full-

length Gli and DNA [144]. As figure 3A shows, in the absence of Hh signaling activity, Gli2 

and Gli3 undergo phosphorylation under the influence of PKA, CK1 and GSK3 and 

truncation via proteasome, eventually transformed into Gli2 repressor (Gli2R) and Gli3 

(Gli3R), which break away from SUFU and attach to target genes for transcription inhibition 

[145].  

Figure 3B shows that SMO gets rid of the inhibition from PTCH1 when Hh signal is 

sufficient, and assembles in primary cilia, followed by phosphorylation under the influence 

of CK1α and G protein coupled receptor kinase 2 (GRK2) [146], activated SMO induce the 

release of full-length Gli2 and Gli3 from SUFU as Gli2 activator (Gli2A) and Gli3 activator 

(Gli3A) in primary cilia, as well as Gli1, which promote transcription by binding to target 

genes in nucleus [145, 147]. Gli1 is not only a transcription factor but also a downstream 

target gene. Its expression is highly dependent on the activity of Hh signaling pathway, so 

it is often regarded as a sign of whether the Hh signaling pathway is activated [145]. HHIP 

is also one of the Hh signaling pathway target genes, which maintain the balance and 

stability of signaling pathway [145]. 
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Figure 3. Hedgehog signaling pathway. (A) Due to lack of SHH, PTCH1 prevents SMO from moving in 

primary cilia, phosphorylated Gli2 and Gli3 by PKA, CK1 and GSK3 undergo proteolytic cleavage by 

proteasome to ultimately form Gli2R and Gli3R, which combine with target genes to inhibit transcription after 

break away from SUFU. (B) The combination of SHH and PTCH1 makes SMO move in primary cilia, 

phosphorylated SMO by CK1α and GRK2 promotes Gli1, Gli2 and Gli3 to separate from SUFU, so full-

length of Gli family, Gli1, Gli2A and Gli3A combine with target genes and facilitate transcription. As the 

inhibitors, vismodegib targets SMO, and Gant61 targets Gli1 and Gli2 to inhibit the activation of Hh signaling 

pathway. 

 

In the entire pathway signal transduction process, all links are strictly regulated, the 

up-regulation of Gli1 in Hh signaling pathway forms a positive feedback loop, and PTCH, 

HHIP, SUFU, etc. form a negative feedback loop [145]. Hh signaling pathway forms a 

complex signal transduction network, which regulates embryonic development and the 

homeostasis of adult tissues by stimulating or inhibiting the expression of target genes 

through positive and negative feedback [148]. Imbalance of Hh signaling pathway may lead 

to cell proliferation and evasion of apoptosis, tumor invasion, metastasis and resistance to 

chemotherapeutic agents [148]. 

The canonical abnormally activated Hh signaling pathway during tumorigenesis and 

development is characterized by ligand-dependence [149]. Ligand-dependent Hh signaling 

pathway has autocrine and paracrine types [149]. The autocrine type is that the tumor cells 

themselves produce ligands that bind to receptors on themselves or nearby tumor cells, 

which can trigger a cascade of reactions in tumor cells [149]. While paracrine type has two 

subtypes, one is that the ligands produced by the tumor cells attach to the receptors on 

the mesenchymal cells, afterwards activate the cascade reaction in the mesenchymal cells. 

Mesenchymal cells produce growth factors such as vascular endothelial growth (VEGF) to 

support the growth of tumor cells. The other subtype is that the Hh ligands produced by 
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mesenchymal cells binds to receptors on cancer cells, resulting in abnormally increased 

signal pathway activity in tumor cells [149]. The canonical activated Hh signaling pathway 

is commonly detected in NSCLC [149]. Besides the canonical activation pathway, there is 

also non-canonical Hh activation pathway, which is not activated by ligands but Gli-

dependent [150]. There is crosstalk between non-canonical and other signaling pathways, 

so that downstream transcription factors are directly upregulated by other pathways without 

the effects of ligands. For example, pathways, such as RAS and PI3K, etc., may directly 

upregulate the expression of Gli1 and promote tumor growth [150]. Aberrantly activated 

SMO in the absence of Hh ligands is also able to activate non-canonical Hh pathway [150].   

Studies have shown that Hh signaling pathway was very important for the 

differentiation and development of trachea and lungs. Exposure of Hh signaling pathway 

inhibitor to animals in early pregnancy can lead to abnormal development of embryonic 

lung [151]. The results of studies about epithelial injury of animal lung indicated that the 

continuous injury of the respiratory tract is an effective stimulating factor for Hh signaling 

pathway activation to help the proliferation and differentiation of respiratory epithelial stem 

cells and promote tissue repair [152]. Smoking is the decisive factor to the occurrence of 

lung cancer. The harmful substances in smoke can make the respiratory epithelium 

undergo repeated damage and repair. The Hh signal pathway may be continuously 

activated during this repeated stimulation, which leads to the destruction of homeostasis 

and uncontrolled cell proliferation and differentiation, and creates conditions for the 

occurrence and development of malignant tumors. In existing reports, however, there is 

still controversy about the role of Hh signaling pathway in NSCLC. According to the study 

of Chi et al., the activation of Hh signaling pathway was detected in less than 10% of lung 

cancers [153]. Moreover, by functional verification of in vivo and in vitro models, tumor-

bearing mice and cell lines without Hh signal pathway activity may be not sensitive to 

monoclonal antibodies or inhibitors [152]. But other studies have been shown that the Hh 

signal pathway is generally activated in NSCLC. According to the study of Abe and Tanaka, 

Gli family can be administered through SMO-independent pathway, which suggests that 

there is paracrine mechanism of Hh signaling pathway in the progress of NSCLC [154]. 

Singh et al. found that the tumorigenic properties of NSCLC cells depend on the Hh 

signaling pathway activity of tumor cells. Inhibition of Hh signaling pathway activity in tumor 

cells could significantly reduce the expression of Hh target genes, and also there was 

autocrine mechanism of Hh signaling pathway in the development of NSCLC [155]. 

Therefore, the mechanism of signaling pathways is very diverse in NSCLC. 

Recent research has suggested that the Hh signaling pathway not only takes part in 

the occurrence and development of tumors, but also in chemoresistance of tumors. 

Kobune et al. found that the sensitivity of CD34+ leukemia cells to cytarabine was improved 

after the application of SMO antagonist, which proved that the Hh signaling pathway was 

correlated with the chemoresistance of leukemia cells [156]. Chen et al. also found the 

correlation between the activation of Hh signaling pathway and chemoresistance in breast 

cancer cells, and Hh signaling pathway may regulate chemoresistance of human breast 

cancer through MDR-1/P-gp [157]. Some studies about Hh signaling pathway showed that 

Gli1 were correlated with chemoresistance, invasion and metastasis of tumor cells [158, 
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159]. Therefore, the abnormally activated Hh signaling pathway strongly supports tumor 

cells to fight or escape chemotherapy, and leads to resistance to chemotherapeutic drugs. 

In addition, there is also crosstalk between the Hh signaling pathway and EGFR signaling 

pathway, which facilitates the expression of Gli1 [160]. Under the influence of such 

interaction, tumors may further get support from multiple factors, which improves the 

resistance to chemotherapeutic agents. However, the mechanism of Hh signaling pathway 

involved in chemoresistance of tumor is not very clear, especially in NSCLC. 

 

1.5.2 Hh signaling pathway inhibitors   

In the view of their different targets, common Hh signaling pathway inhibitors mainly target 

ligands of Hh signaling pathway, transmembrane receptor SMO, transcription factor Gli 

family and so on [149]. In the study, SMO inhibitor and Gli family inhibitor were applied. 

Cyclopamine can also bind to SMO and inhibit the activity of the Hh pathway [161]. Due to 

its poor chemical properties, the therapeutic effects of cyclopamine are restrained [162]. 

Other Hh signaling pathway inhibitors are getting more and more attention. Vismodegib, 

as Hh inhibitor that targets SMO, was recommended by the EMA in 2013 for the therapeutic 

application to the patients with locally advanced or metastatic basal cell carcinoma who 

improperly accept surgery or radiotherapy [163]. Vismodegib brought new hope for tumor 

treatment. Vismodegib can directly prevent the activation of downstream Gli transcription 

factors after inhibiting the activity of SMO [164], thereby inhibiting the expression of 

downstream genes connected with the occurrence and evolvement of tumors. However 

some researchers have found in the clinic that SMO often mutates such as c.1417G＞A 

and c.1406G＞A in patients, which affects the efficacy of vismodegib, and even gives rise 

to the resistance of tumor cells to it [165]. 

Gant61 can specifically inhibit the activity of Gli1 and Gli2 as Hh signaling pathway 

inhibitor [166]. Agyeman et al. explained the binding mode of Gant61 and zinc finger protein 

Gli1, the combination of Gant61 and Gli1 was located at amino acids E119 and E167 which 

were in finger 2 and finger 3 of Gli1 instead of DNA-binging domain [166]. Mutations in 

these two binding sites resulted in significant failure of the combination of Gant61 and Gli1 

[166], which means the efficacy of Gant61 is brought down by mutations and 

chemoresistance of tumor cells may gradually develop. Meanwhile, Gant61 has not only 

proved to induce apoptosis and inhibit the malignant behaviors of tumor cells [167], but 

also enhance the sensitivity of tumor cells to chemotherapeutic drug [168]. Therefore, 

Gant61 may be one of the chemotherapeutic drugs with better prospects. 
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2. Aims 
 

Parts of the Materials and Methods were already published in Liu et al., 2020 [1]. 
 

Despite the fact that enormous progress has been achieved in lung cancer treatments in 

past decade, the problem of chemoresistance after treatment is still a huge obstacle to the 

treatment for patients with lung cancer. The in-depth research of tumor microenvironment, 

however, has also provided new ideas for chemoresistance of tumor. Therefore, the 

purpose of this study is to discover the impact of the Hh signaling pathway on pemetrexed 

resistance of NSCLC cells, determine whether inhibiting the Hh signaling pathway can 

reduce their resistance, and provide a scientific basis about reducing chemoresistance of 

tumor cells for clinic and basic research. 
 

3.Materials and methods  
 

Parts of the Materials and Methods were already published in Liu et al., 2020 [1] 
 

3.1 Experimental materials 

 

Table 2. Experimental materials. Parts of the contents in the table 2 were published in Liu et al., 2020 [1] 

No. Name Origin 

1 HCC827 NSCLC cells ATCC, Manassas, VA, 

USA 

2 RPMI1640 medium Sigma–Aldrich, 

Deisenhofen, Germany 

3 fetal bovine serum Invitrogen, Carlsbad, CA, 

USA 

4 penicillin Biochrom GmbH, Berlin, 

Germany 

5 streptomycin Biochrom GmbH, Berlin, 

Germany 

6 MTT Sigma–Aldrich, 

Deisenhofen, Germany 

7 Trizol Sigma–Aldrich, 

Deisenhofen, Germany 

8 hexamers and 

SuperScriptII 

Roche Diagnostics, 

Penzberg, Germany 

9 iTaq SYBR Green 

Supermix 

Bio-Rad Lab-oratories, 

Hercules, CA, USA 
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10 Celltiter-Glo reagent Promega Corporation, 

Madison, WI, USA 

11 DMSO Sigma–Aldrich, 

Deisenhofen, Germany 

12 Dulbecco’s phosphate 

Buffered Saline 

Sigma–Aldrich, 

Deisenhofen, Germany 

13 Pemetrexed Apotheke KUM, Munich, 

Germany. 

14 Trypan blue stolution Sigma–Aldrich, 

Deisenhofen, Germany 

15 Gan61 Selleckchem, 

Munich, Germany 

16 vismodegib 

 

Selleckchem, 

Munich, Germany 

17 10 ml Sterile disposable 

plastic pipettes 

Sterilin Ltd, Newport, Uk 

18 5 ml Sterile disposable 

plastic pipettes 

Sterilin Ltd, Newport, Uk 

19 Pipettes Eppendorf, Hamburg, 

Germany 

20 50 ml Cellstar centrifuge 

plastic tubes 

Greiner Bio‐One GmbH, 

 Frickenhausen, Germany 

21 15 ml centrifuge tubes Corning, New York, USA 

22 96-well plates Corning, New York, USA 

23 75 cm2 cell culture flask Corning, New York, USA 

24 Life Touch Cycler Bioer, Hangzhou, China 

25 Victor plate reader Berthold Technologies, 

Bad Wildbad, Germany 

26 SPSS 24 statistical 

software 

IBM Corp., Armonk, NY, 

USA 

 

3.2 Cell culture 

 

HCC827 NSCLC cells (ATCC, Manassas, VA, USA) were cultured in 75 cm2 cell culture 

flask with culture medium which contains RPMI1640 medium (Sigma–Aldrich, Deisenhofen, 

Germany), 10% fetal bovine serum (Invitrogen, Carlsbad, CA, USA), 100 U/ml penicillin 

(Biochrom GmbH, Berlin, Germany) and 100 μg/ml streptomycin (Biochrom GmbH, Berlin, 

Germany). All flasks were kept in a 37˚C incubator which contains 5% CO2 and saturated 

humidity.  
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3.3 Method to obtain pemetrexed resistance of cells 

 

Added 130nM pemetrexed to 75 cm2 cell culture flask with HCC827 cells in the logarithmic 

phase of growth, changed new culture medium after 24h, and repeated once every week. 

After 4 weeks, HCC827 cells were always cultured with culture medium which contains 

130nM pemetrexed. 

 

3.4 MTT assay 

 

This research employed Hh signaling pathway inhibitors vismodegib and Gant61. The 

experiment utilized 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) 

(Sigma–Aldrich, Deisenhofen, Germany) as a substrate for whole-cell dehydrogenase 

activity. HCC827 naïve cells and HCC827 pemetrexed-resistant cells were cultured in 96-

well plates at 2×103/well cell volume and kept in incubator overnight. Treated naïve and 

pemetrexed-resistant cells with 0.08μM, 0.8μM, 8μM and 80μM vismodegib or Gant61 

respectively. At the same time, naïve and pemetrexed-resistant cells without treatment 

were considered as control group. This experiment evaluated the amount of formazan 

product after fully dissolving with isopropanol by a Victor plate reader (Berthold 

Technologies, Bad Wildbad, Germany). 

 

3.5 Introduction to quantitative real-time reverse 

transcription polymerase chain reaction (qPCR) 

 

The extraction from cell lines, duplication and purification of total RNA were performed 

according to the Trizol method (Sigma–Aldrich, Deisenhofen, Germany) and the 

manufacturer’s manual. Random hexamers (Roche Diagnostics, Penzberg, Germany) and 

SuperScriptII reverse transcriptase (Invitrogen) were applied for reverse transcription of 

total RNA.  

One noted from one’s previous work published in [1] that doublets experiments were 

conducted. Firstly, qPCR amplifications were performed on Life Touch Cycler (Bioer, 

Hangzhou, China). Their respective genes were replicated using 40ng complementary 

DNA, 500nM forward and reverse primer, and iTaq SYBR Green Supermix (Bio-Rad Lab-

oratories, Hercules, CA, USA) in a final volume of 20μl. PCR reactions ran for 40 cycles, 

each consisted of initial 15 sec’ denaturation at 95˚C, then primer annealing for 15 sec at 

55˚C and extension for 30 sec at 72˚C [1]. Secondly, amplification of the housekeeping 

gene TATABox-binding-Protein (TBP) was performed to systematize the amount of RNA 

samples. Corresponding quantification of gene expression was performed by the ΔΔ-ct 

method as mentioned above [169].  

One quoted the primer pairs (5’->3’ orientation) from [1] as the following: “Gli1, 

AGCTACATCAACTC CGGCCA, GCTGCGGCGTTCAAGAGA; Gli2, TTCTCCAACGC 
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CTCGGAC, GCCTGGGATCTTGCAGATGT; Gli3, TCAAAGCG GGAAGAATGCC, 

CTGACCACCAGGGCTTGG; PTCH1, TTGATT GTGGGTGGCACAGT, 

GCTTGGGAGTCATTAACTGGAAC; SMO, GGAGAGGAGCCATACTGCCC, 

TCAACCAGCCACAGGTTGG; SHH, CTGGGTGTACTACGAGTCCAAGG, 

CAGCCTCCCGATTT GGC; HHIP, TGTACATCATTCTTGGTGATGGG, AGCCGT 

AGCACTGAGCCTGT; TBP, GCCCGAAACGCCGAATAT, CCGT GGTTCGTGGCTCTCT.” 

 

3.6 Measurement of cell viability 

 

HCC827 naïve cells and HCC827 pemetrexed-resistant cells were cultured in 96-well 

plates at 2×103/well cell volume and kept in incubator overnight. Pemetrexed (4μM) and/or 

Gant61 (27.7μM) were applied to cells. At the same time, naïve and pemetrexed-resistant 

cells without treatment were considered as control group. The luminescence value for each 

well was measured by a Victor plate reader (Berthold Technologies, Bad Wildbad, 

Germany) for cell viability on day 1, 3, 5 and 7. Each measurement was completed after 

treating cells with 100μl Celltiter-Glo reagent (Promega Corporation, Madison, WI, USA). 

 

3.7 Statistical analyses 

 

All analyses were performed by SPSS 24 statistical software (IBM Corp., Armonk, NY, 

USA). Through Two-Way ANOVA and the Student unpaired t-test, all data were expressed 

as means ± standard deviation where p<0.05 was considered statistically significant. 
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4. Results 
 

Parts of the results were already published in Liu et al., 2020 [1] 
 

4.1 Effects of vismodegib and Gant61 on naïve cells 

and pemetrexed-resistant cells 

To understand the effects of vismodegib and Gnat61 on NSCLC cells, the inhibition ratios 

of vismodegib and Gnat61 on HCC827 cells and HCC827 pemetrexed resistance were 

tested respectively by MTT assay. Figure 4 showed vismodegib and Gnat61 had higher 

inhibitory effects on pemetrexed-resistant cells with increasing concentrations compared 

with the inhibitory effects on naïve HCC827 cells. In other words, their inhibitory effects 

were much more significant, especially at high concentrations. And Gant61 was more 

effective against pemetrexed-resistant cells than vismodegib (p < 0.05). On the basis of 

the result, a hypothesis that Hh signaling pathway might be connected with 

chemoresistance of NSCLC, and might regulate it directly or indirectly by itself or activating 

other signaling pathways was taken into account.  

 

  

Figure 4. Inhibitory potencies of vismodegib and Gant61 on pemetrexed-resistant and naïve cells detected 

by MTT assay. Naïve cells and pemetrexed-resistant cells were treated with 0.08μmol, 0.8μmol, 8μmol and 

80μmol vismodegib or Gant61 respectively. Both of vismodegib and Gnat61 showed higher inhibitory effects 

on pemetrexed-resistant cells with increasing concentrations than those on naïve HCC827 cells. Gant61 

was more effective than vismodegib in inhibiting pemetrexed-resistant cells. Error bars indicated means ± 

standard deviation of three independent experiments, p<0.05 was considered statistically significant, * 

meant p < 0.05, **** meant p < 0.0001. calculated by Two-Way ANOVA / Bonferroni’s Multiple Comparison 

Test. 
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4.2 Increased expression of genes involved in Hh 

signaling pathway in pemetrexed-resistant NSCLC 

cells 

 

 

After obtaining resistance of cells to pemetrexed by treating cells with sub-lethal doses of 

pemetrexed, IC50 of pemetrexed to pemetrexed was 4μM by testing through preliminary 

experiments. Three experimental groups were set up: (1) naïve cells and resistant cells 

without pemetrexed; (2) naïve cells + pemetrexed (4μM); (3) resistant cells + pemetrexed 

(4μM) to test pemetrexed resistance of HCC827 cells. Group naïve cells and resistant cells 

without pemetrexed was used as a benchmark to evaluate the effect of pemetrexed on the 

non-resistant group and the resistant group. The percentage of viable cells in all the groups 

was tested through CellTiter-Glo cell viability assay. With the passage of time, as 

demonstrated in figure 5, the cell viability of naïve HCC827cells showed an obvious linear 

decline under the influence of pemetrexed. The cell viability of pemetrexed-resistant 

HCC827 cells, however, showed a relatively slow decline. Comparing with naïve HCC827, 

resistant HCC827 cells showed their optimum resistance to pemetrexed. The viability of 

naive HCC827 cells was dramatically low via the treatment with IC50 of pemetrexed 

compared with pemetrexed-resistant cells. 
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Figure 5. Inhibitory potency of pemetrexed on pemetrexed-resistant and naïve cells detected by CellTiter-

Glo cell viability assay. The result showed the percentages of viable cells from three different groups at 

different time: group naïve cells and resistant cells without pemetrexed (solid line), group naïve cells + 

pemetrexed (4μM) (dashed line), group resistant cells + pemetrexed (4μM) (dotted line). Pemetrexed-

resistant HCC827 cells showed stable chemoresistance to pemetrexed, in contrast, naïve HCC827 cells 

were sensitive to pemetrexed. Error bars indicated means ± standard deviation of three independent 

experiments, p<0.05 was considered statistically significant, * meant p < 0.05, calculated by Student 

unpaired t-test. One had previously published this figure in Liu et al., 2020 [1] 

 

 

 

The mRNA expression levels of relevant Hh signaling pathway proteins were 

assessed by qPCR. Most of related Hh signaling pathway proteins were overexpressed in 

pemetrexed-resistant cells. Compared with naïve cells, Gli1, Gli2 and Gli3 were 

overexpressed by 3.7-, 4.3- and 3.5- fold respectively in pemetrexed-resistant cells, and 

the ligand SSH of Hh signaling pathway was overexpressed by 5.9-fold in pemetrexed-

resistant cells. However, the inhibitor of the Hh signaling pathway HHIP and the receptor 

associated protein SMO were not obviously upregulated in pemetrexed-resistant cells 

(Figure 6). 
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Figure 6. Relative mRNA gene expression levels of Hh signaling pathway proteins quantified by qPCR. 

Compared with naïve cells, SHH, Gli2, Gli1, Gli3 and PTCH1 were upregulated by 5.9-. 4.3-, 3.7-, 3.5-, 2.4-

fold respectively in pemetrexed-resistant HCC827 cells. HHIP and SMO were indistinctly upregulated in 

pemetrexed-resistant cells. Error bars indicated means ± standard deviation of three independent 

experiments, p<0.05 was considered statistically significant, * meant p < 0.05, calculated by Student 

unpaired t-test. One had previously published this figure in Liu et al., 2020 [1].  

 

 

 

4.3 Hh signaling pathway inhibitor Gant61 showed high 

inhibitory potency on pemetrexed-resistant cells and 

might suppress their pemetrexed resistance 

 

The previous result showed SHH, Gli1, Gli2 and Gli3 were commonly detected in 

pemetrexed-resistant cells. As mentioned above, all of them had great effects on activating 

Hh signaling pathway and target genes. Therefore, there was also a second hypothesis 

that the pemetrexed resistance of HCC827 cells was reduced or the sensitivity to 

pemetrexed was improved by blocking Hh signaling pathway. To validate the hypothesis, 

the viability of resistant cells and non-resistant cells had been tested through CellTiter-Glo 

cell viability assay by three different treatments: solely pemetrexed, solely Gant61 and both 

pemetrexed and Gant61 together. Through preliminary experiments, the IC50 of naïve 

HCC827 cells to Gant61 was 27.7μM. There were four experimental groups: firstly 
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pemetrexed-resistant cells or naïve cells without treatment, secondly pemetrexed-resistant 

cells or naïve cells + pemetrexed (4μM), thirdly pemetrexed-resistant cells or naïve cells + 

Gant61 (27.7μM), and finally pemetrexed-resistant cells or naïve cells + pemetrexed (4μM) 

+ Gant61 (27.7μM). As illustrated in figure 7A, the treatment with Gant61 significantly 

brought the cell viability down in pemetrexed-resistant cells, it would be more effective if 

Gant61 and pemetrexed were applied together. Whereas in figure 7B, not only the 

treatment with Gant61 plus pemetrexed but also Gant61 alone did not revealed distinct 

differences in reducing naïve cell viability compared with the treatment with pemetrexed 

alone. All the results indicated that chemoresistance of pemetrexed-resistant cells might 

be reduced, or the sensitivity might be improved or even restored by blocking Hh signaling 

pathway with Gnat61, which also further confirmed the first hypothesis that Hh signaling 

pathway might be involved in and crucial to chemoresistance of NSCLC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Inhibitory potencies of pemetrexed, Gant61 and their combination on pemetrexed-resistant and 

naïve cells detected by CellTiter-Glo cell viability assay. (A) The percentage of viable cells of resistant cells 

were tested under the influence of pemetrexed (4μM), Gant61 (27.7μM) and both of pemetrexed (4μM) and 

Gant61 (27.7μM) at different time. Pemetrexed-resistant cells were stably resistant to pemetrexed, Gant61 

revealed inhibitory potency on pemetrexed-resistant cells, and was more effective in combination with 

pemetrexed. (B) The percentage of viable cells of naïve cells was tested under the influence of pemetrexed 

(4μM), Gant61 (27.7μM) and both of pemetrexed (4μM) and Gant61 (27.7μM) at different time. Naïve cells 

were sensitive to pemetrexed, Gant61 and the combination of Gant61 and pemetrexed did not appear 

obviously different inhibitory potency on pemetrexed-resistant cells. Error bars indicated means ± standard 

deviation of three independent experiments, p<0.05 was considered statistically significant, * meant p < 

0.05, calculated by Student unpaired t-test. One had previously published this figure in Liu et al., 2020 [1].  

 

 

To better exhibit the inhibitory potency of Gant61 on HCC827 cells, three 

experimental groups were set up as illustrated in figure 8: (1) naïve cells and pemetrexed-

resistant cells (solid line); (2) naïve cells + Gant61 (27.7μM) (dashed line); (3) pemetrexed-

resistant cells + Gant61 (27.7μM) (dotted line). The percentage of viable cells in all the 

group were tested through CellTiter-Glo cell viability assay. As the result showed, not only 

the viability of naïve cells but also the viability of pemetrexed-resistant cells was 

significantly reduced under the influence of Gant 61, which meaned both of them were 

sensitive to Gant61. Compared with naïve cells, however, pemetrexed-resistant cells 

revealed their higher susceptibility to Gant61, which implied the higher activation of the Hh 
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signaling pathway in these cells. All results showed that Hh signaling pathway might not 

only be connected with chemoresistance of NSCLC, but also be a decisive factor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Inhibitory potency of Gant61 on pemetrexed-resistant and naïve cells detected by CellTiter-Glo 

cell viability assay. The result showed the percentages of viable cells under the influence of three different 

treatments: naïve cells and pemetrexed-resistant cells without treatment (solid line), naïve cells + Gant61 

(dashed line), pemetrexed-resistant cells + Gant61 (dotted line) at different time. Gant61 revealed obviously 

inhibitory potency on pemetrexed-resistant cells and naïve cells. By contrast, Gant61 was more effective 

against the proliferation of pemetrexed-resistant cells. Error bars indicated means ± standard deviation of 

three independent experiments. One had previously published this figure in Liu et al., 2020 [1].  
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5. Discussion  

 

Parts of the discussion and Methods were already published in Liu et al., 2020 [1] 
 

With the rapid progress of social and economic changes in people’s lifestyle, the morbidity 

of lung cancer is increasing year by year, and the treatments for it are getting more and 

more attention by patients and clinic researchers. According to the statistics, 80%-85% of 

patients with lung cancer was diagnosed as NSCLC. Most of them, however, were suffering 

from advanced NSCLC, even had lost the possibility for surgical treatment [170]. Therefore, 

chemotherapy is particularly crucial for the treatment of NSCLC. In order to precisely 

perform more individualized treatment and improve the efficacy of chemotherapy, 

discovering the mechanism of chemoresistance and looking for approaches to reduce or 

suppress the resistance of tumor cells to chemotherapeutic drugs have become hot topics 

in the field of oncology research. 

 

5.1 Pemetrexed resistance in NSCLC 

As is mentioned above, pemetrexed is an anti-cancer drug that can inhibit the metabolism 

of folate at multiple targets. Through a series of reaction processes, pemetrexed can be 

transformed into the form of polyglutamic acid after enters the cells, which can inhibit the 

activity of a variety of enzymes. Not only the synthesis of purine and pyrimidine is interfered, 

but also the mitosis and DNA replication process of cancer cells are greatly affected, so 

that the proliferation of tumor cells is inhibited [65, 66]. Due to its multi-target characteristics, 

pemetrexed is relatively less likely to cause chemoresistance in tumor cells, comparing 

with other single-target drugs for the treatment of tumors. The concentration of 

polyglutamic acid in tumor cells, as mentioned above, is much higher as its level in normal 

cells [65], which means that the activity of pemetrexed against folate metabolism is 

specifically targets tumor cells, and causes fewer side effects. Therefore, pemetrexed can 

be used as a first-line chemotherapeutic drug combined with platinum, or as a single agent 

for maintenance therapy in the treatment of NSCLC [171]. However, it must be admitted 

that resistance to pemetrexed always exists in the treatment of NSCLC due to complicated 

resistance mechanisms. Some report has suggested that NSCLC cells with higher 

expression of TS were more liable to resistance to pemetrexed [172], and ribonucleotide 

reductase subunit M1 (RRM1) has been proved to be closely connected with resistance to 

pemetrexed in NSCLC [173]. In view of the fact that many studies about chemoresistance 

of NSCLC cells to pemetrexed are based on the metabolites during chemical reaction, this 

research aims at analyzing the influence of Hh signaling pathway on resistance of NSCLC 

cells to pemetrexed. 
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5.2 P-gp is involved in chemoresistance in NSCLC 

 

As the most significant treatment for lung cancer, the effectiveness of chemotherapy is 

severely weakened by MDR. MDR brings tumor cells into chemoresistance to 

chemotherapeutic products with different chemical constructions and therapeutic effects, 

which gives rise to the inefficacy of chemotherapy, and ultimately not only causes the 

unsuccessful outcomes of chemotherapy to patients with cancer but also the poor 

prognosis. As is mentioned above, P-gp, a transmembrane protein, is encoded by the 

MDR1 gene, which is located on human chromosome 7q21 [77]. Overexpressed P-gp is 

the classic mechanism for the formation of MDR of chemotherapeutic drugs. P-pg has the 

typical characteristic of active efflux pump, and can excrete chemotherapeutic drugs and 

other cytotoxic drugs to the outside of cells, which brings down the effective drug levels in 

the cells [77]. P-gp can be commonly detected in various human tissues, including NSCLC, 

breast cancer, ovarian cancer, esophageal cancer and so on [174, 175]. The expression 

level of P-gp is not only significantly increased in chemo-resistant cells of these types of 

cancers, but also in the recurrent breast cancer in accordance with some study [176]. 

Therefore, P-gp may be considered as the indicator that regulate the sensitivity of tumor 

cells to chemotherapeutic drugs. 

P-gp can regulate apoptosis of chemo-resistant cells and decrease their apoptosis, 

which is especially essential for MDR of tumor resistant cells [177]. This may indicate that 

the occurrence of chemoresistance of tumor cells is closely connected with the reduction 

of tumor cell apoptosis. It is also believed that suppressing the function or expression level 

of P-gp and increasing the concentrations of intracellular chemotherapeutic drugs may 

reverse P-gp-mediated chemotherapeutic resistance of NSCLC cells and enhance the 

efficacy of chemotherapy [178]. A variety of medicines were detected to have the function 

of reversing MDR which was regulated by P-gp. These drugs mainly include the calcium 

channel blocker verapamil, the immunosuppressant cyclosporin A and so on [179]. 

Although these drugs have been confirmed that they have the function of decreasing the 

activity of P-gp, they have not been completely successful in clinical trials, mainly due to 

their complex pharmacokinetic effects and unavoidable side effects [179]. Therefore, it is 

necessary to find new mechanisms or discover new targets to reverse or inhibit the function 

of P-gp which regulate MDR of NSCLC cells. 

 

5.3 Hh signaling pathway might mediate 

chemoresistance in NSCLC 

 

In the process of signal transduction pathway, the related ligands outside of cells are 

effectively combined with corresponding receptors in the cell membrane, which causes the 

activation of effect proteins in the cytoplasm, and finally gives rise to a series of cascade 

reactions to activate the corresponding transcription factors. Hh signaling pathway and Wnt 



46 

 

 

signaling pathway that are involved in the occurrence and progress of tumors and 

negatively impact the prognosis of patients with cancers participate in MDR regulated by 

MDR1/P-gp. Queiroz et al. have reported that Hh signaling pathway may bring about 

chemoresistance by the mechanism of P-gp in myeloid leukemia cells [180]. Meanwhile, 

Katayama et al. have also reported that P-gp regulated chemoresistance of NSCLC cells 

to ceritinib [181]. In other word, Hh signaling pathway is closely connected with the 

expression of P-gp in this respect of chemoresistance. Some studies have suggested that 

Wnt signaling pathway mediate MDR of tumor cells by P-gp [128, 182]. All the results seem 

to be displayed on the basis of canonical Wnt/β-catenin signaling pathway which has been 

mentioned above. Non-canonical Wnt signaling pathway may take part in the 

chemoresistance of tumor cells by regulating P-gp. “JNK (c-Jun N-terminal kinase) is a 

member of the MAPK (mitogen-activated protein kinase) family that regulates a range of 

biological processes implicated in tumorigenesis and neurodegenerative disorders” 

[183].  In general, Wnt/JNK signaling pathway is considered as non-canonical Wnt/planar 

cell polarity signaling pathway which is mentioned above, when ligands attach to Fzd, Dvl 

would transmit the signal to Ras homologue GTPases (RhoGTPases) which includes Rho 

and Rac, they can stimulate the activation of JNK [184]. Activated JNK has been 

considered as the essential and positive factor on the expression of P-gp [185]. 

Oncoprotein c-Jun that could be activated by phosphorylated JNK is an essential part of 

activator protein-1 (AP-1) [186], which has been confirmed to be connected with high 

expression of P-gp in vinblastine resistant caco-2 Cells [187]. In brief, not only canonical 

Wnt signaling pathway may regulate MDR of tumor cells, but also non-canonical Wnt 

signaling pathway may be involved that. Interestingly, Gli3A, an activator in Hh signaling 

pathway, may improve the expression of Wnt5a [188], which can activate Wnt/JNK 

signaling pathway [189]. In other word, Hh signaling pathway may crosstalk with Wnt/JNK 

signaling pathway. There may be such a possibility, when Hh signaling pathway is activated 

by some reasons or sources, high expression of Gli3A promotes the expression of Wnt5a 

which induces the activation of Wnt/JNK signaling pathway. The expression of P-gp would 

be more effectively improved by synergistic effect of Hh and Wnt/JNK signaling pathway. 

MDR might be more likely to be detected in patients with tumors including NSCLC. 

As is mentioned above, canonical Hh signaling pathway is that Hh ligands bind to its 

receptor PTCH1 to release the inhibition to Smo after the Hh signaling pathway is activated, 

then the signal can be transduced to the downstream transcription factors Gli1, Gli2 and 

Gli3, which are essential for Hh signaling pathway to regulate cell cycle, survival, migration 

and metabolism. Non-canonical Hh signaling pathway also regulates Hh/Gli signaling, and 

multiple pathways can activate Gli factors in tumor cells, such as RAS and P13K [150]. In 

view of the fact that vismodegib has less effect on inhibiting the growth of pemetrexed-

resistant NSCLC cells compared with Gant61 in this study, non-canonical pathway may 

mainly induce the pemetrexed resistance of NSCLC cells. For the chemo-resistant cells 

suffering from canonical Hh signaling pathway, SMO antagonists may effectively inhibit 

their growth. But for the resistant cells that undergo non-canonical activation pathway, 

SMO antagonists may have less inhibitory effect on them due to activation of Gli. These 

two pathways also perhaps exist at the same time. However, whether it is a canonical Hh 

signaling pathway or a non-canonical Hh signaling pathway, it is ultimately necessary to 
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regulate the activity of Gli family, which is the terminal part of Hh signaling pathway and is 

also regulated by other signal pathways. Therefore, Gli may become an effective anti-tumor 

target. Gli is downstream protein of SMO, directly inhibiting Gli may fundamentally solve 

the current chemo-resistance problems caused by SMO mutations. Gant61, Hh signaling 

pathway inhibitor that targets Gli, binds to Gli1 and Gli2 to reduce the transcriptional activity 

of them and inhibits the activity of key components downstream of the Hh signaling 

pathway [165], regardless of the mode of Hh signal activation. Therefore, inhibiting Gli1 

and Gli2 downstream of the Hh signaling pathway may have a greater effect, which is also 

consistent with our research result, so Gant61 was applied as a blocker of the Hh signaling 

pathway in the study. Selecting Gli as the target to develop targeted small molecule 

antagonists may be a promising treatment. 

In this study, the inhibitory effect of SMO inhibitor vismodegib on pemetrexed-

resistant NSCLC cells was not as obviously potent as that of Gli inhibitor Gant61. As is 

mentioned above, some study reported that there was one common mutant point in SMO, 

which reduced the sensitivity of tumor cells to vismodegib, and improved their vismodegib-

resistance [165]. These pemetrexed-resistant NSCLC cells in experimental group probably 

have the same mutant point or other unknown mutant points in SMO, which influence the 

efficacy of vismodegib. Or Hh signaling pathway may cooperate with other signaling 

pathways by transcription factors Gli family, such as Wnt/JNK signaling pathway that was 

mentioned above. Therefore, either efficacy of vismodegib was decreased or efficacy of 

Gant61 was increased in the light of these two possibilities. In order to show the results 

more clearly, Gant61 was applied in this study. According to the result which was obtained 

by qPCR, the gene of SMO in resistant NSCLS cells was not obviously overexpressed 

compared with that in naïve cells, while the expression of the other relative genes in 

resistant NSCLS cells which were crucial to Hh signaling pathway, such as SHH, Gli1, Gli2, 

Gli3 and so on, presented distinctly uptrend compared with that in naïve cells. The result 

further bears out that SMO inhibitor vismodegib is not as efficient as Gant61 on chemo-

resistant NSCLC cells due to low expression of SMO. Previous research has suggested 

that the expression of SHH and Gli1 could be commonly detected in chemo-resistant 

NSCLC cells [190, 191], which was in accord with the result of this study. Hh signaling 

pathway probably take part in the pemetrexed resistance of NSCLC cells. After application 

of Gant61, pemetrexed-resistant NSCLC cells were more subject to pharmaceutical effect 

of pemetrexed compared with naïve NSCLC cells, in other words, the pemetrexed 

resistance of them was decreased. Some study reported that overexpression of Gli1 and 

Gli2 restrained the cell death induced by Gant61 through regulating NBS1 [192]. Taking in 

to account the results of this study, Gant61 perhaps is a sensitizer that is inclined to 

improve the sensitivity of resistant NSCLC cells to pemetrexed. Therefore, there may be a 

possibility that decreasing or reversing pemetrexed resistance by obstructing Hh signaling 

pathway.  
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5.4 Other factors related to Hh signaling pathway may 

regulate chemoresistance 

 

However, the mechanism by which Hh signaling mediates chemotherapy resistance is not 

very clear. As is mentioned above, CSCs are a type of cells with stem cell-like 

characteristics, with unique self-renewal, proliferation and differentiation capabilities. CSCs 

are associated with malignant phenotypic characteristics such as tumor metastasis, 

resistance to chemotherapy and recurrence [193]. Some study reported that the formation 

of lung CSCs is correlated with Hh signaling pathway, and can be inhibited by obstructing 

Hh signaling pathway [194]. Hh signal pathway may mediate the self-renewal of CSCs and 

promote the expression of stemness-associated genes to sustain the characteristics of 

CSCs [193]. Therefore, Hh inhibitors may either directly target CSCs or target the 

correlated genes that provides support for CSCs.  

 

Epithelial-mesenchymal transition (EMT) is a common physiological phenomenon, 

which is an important part of the morphogenesis of embryonic development [195]. In the 

process of EMT, epithelial cells acquire the characteristics of fibroblast-like cells: the 

intercellular adhesion is weakened, the tight junctions between cells and cell polarity are 

destroyed, and the motility of cells is enhanced [195]. EMT is closely related to tumor 

invasion, metastasis and chemoresistance [195]. And there is a close relationship between 

SHH and EMT, the main genes that regulate EMT are the target genes of Hh signal 

transcription factor Gli1 [196]. A study reported that Hh signaling pathway mediated the 

resistance of NSCLC cells to EGFR-TKIs induced by EMT, not only the CSCs markers 

were decreased, but also the chemoresistance was weakened [197]. Therefore, Hh 

signaling pathway may participate in the chemoresistance of NSCLC cells through a variety 

of known or unknown ways.  

Although the process that Hh signaling pathway is involved in the occurrence, 

development and chemoresistance of tumors is very complicated, inhibitors that targets 

the Hh signaling pathway hold promise for inhibiting the occurrence and development of 

NSCLC and decreasing chemoresistance. In conclusion, activated Hh signaling pathway 

may be crucial to pemetrexed resistance of NSCLC cells, and the sensitivity of resistant 

NSLCL cells to pemetrexed may be improved or restored by blocking Hh signaling pathway. 

However, the results need to be confirmed in further experimental and clinical studies. 
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6. Outlook 
 

It has been found that the Hh signaling pathway is not only involved in the occurrence and 

development of a variety of tumors, but also is connected with tumor chemoresistance. In 

NSCLC, the Hh signaling pathway is hyperactive. By applying Hh signaling pathway 

inhibitors, the chemoresistance of NSCLC cells is weakened compared with naïve NSCLC 

cells. This study further shows that the Hh signaling pathway has great effects on NSCLC 

cells, has also clarified parts of the chemoresistance mechanisms, provides a theoretical 

basis for future research on reducing tumor chemoresistance, and also provides ideas for 

clinical treatment of NSCLC patients with chemoresistance. However, the Hh signaling 

pathway is prone to cross-reactions with other signaling pathways to affect 

chemoresistance of tumors. How to quickly and effectively reduce the chemoresistance of 

tumors still needs further and more research. 
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