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Investigating The Efficacy of Ruxolitinib and CHIR-99021 in 

Targeting Pediatric Neuroblastoma Stem Cells 

 

Fatima Al Sayyed 

 

 

ABSTRACT 

 
Neuroblastoma is the most common malignant tumor of infancy and accounts for 10% 

of all childhood cancers. The high biological and clinical heterogeneity of this tumor 

leads to differences in clinical outcomes ranging from benign tumors that regress 

spontaneously to metastatic tumors that are ultimately fatal. Despite the recent 

advances, many children continue to suffer from refractory and relapsed diseases, and 

they often develop metastatic tumors resistant to standard treatments. Amplification 

of MYC-N proto-oncogene is highly associated with clinically aggressive disease, 

recurrence and treatment failure. The highly malignant rate in neuroblastoma is likely 

due to the continuous acquisition of genetic aberrations in undifferentiated 

neuroblastoma cancer stem cells (CSCs). CSCs play a crucial role in dysregulating 

different pathways that are involved in metastasis, invasion, angiogenic properties, 

uncontrolled proliferation, self-renewal capacities and therapeutic resistance. In this 

study, we investigate the efficacy of two small molecules Ruxolitinib, a JAK/STAT 

inhibitor, and CHIR-99021, a GSK-3 inhibitor, in targeting pediatric neuroblastoma 

stem cells by testing them on human MYC-N amplified, IMR-32, and non-MYC-N 

amplified, SK-N-SH, cell lines. Treating neuroblastoma cells with Ruxolitinib and 

CHIR-99021 resulted in significant reduction in cellular proliferation, viability, 

apoptosis and tumorsphere formation capacity in both IMR-32 and SK-N-SH cell 

lines. Western blot analysis showed significant decrease in stem cell markers SOX-2 

and Oct-4, and tumorigenic protein HMGA1, whereas it showed significant increase 

in apoptotic markers cleaved PARP and cleaved caspase-3. In conclusion, our findings 

demonstrated that Ruxolitinib and CHIR-99021 could be promising therapies in 

targeting neuroblastoma CSCs, and that combining these two drugs may have added 

therapeutic effects in treating this malignant tumor. Further studies are warranted to 

elucidate the therapeutic mechanism through which these drugs act to target the 

various tumorigenic pathways. 
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Chapter One 

Literature Review 
1.1. Neuroblastoma 

1.1.1. Definition 

Neuroblastoma (NB) is a pediatric tumor of the sympathetic nervous system that arises 

from the neural crest cells during the differentiation of sympathetic neurons and adrenal 

chromaffin cells (Rohrer, 2021). Most of NB cases are located in the abdomen where 

40% of them occur in the adrenal medulla and 25% of them occur in the sympathetic 

ganglia (Mahapatra & Challagundla, 2021). NB is considered the most common 

extracranial solid tumor in children that is responsible for about 10% of all childhood 

malignancies (Gurney et al., 1997; Mahapatra & Challagundla, 2021), and the most 

common cancer in infants less than 12 months of age (Davis, Rogers, & Pendergrass, 

1987). It exhibits extensive variability in the functional and morphological 

characteristics, which results in a highly heterogeneous spectrum of tumors. NB is 

associated  with poor prognosis, accounting unfortunately for about 15% of all cancer 

deaths in childhood (Rohrer, 2021), and this makes NB a challenging cancer for 

pediatric neuro-oncologists and researchers to further study this disease and explore 

treatments to improve its prognosis (Mahapatra & Challagundla, 2021; Rohrer, 2021). 

1.1.2. Epidemiology 

The incidence of NB in North American and Europe accounts for 10.5 cases per 1 

million of children below the age of 15, and it has minimal ethnic and geographic 

variability (Heck, Ritz, Hung, Hashibe, & Boffetta, 2009; Irwin & Park, 2015). NB is 

mainly a cancer of young children, where most of children are diagnosed before the age 

of 5 years, and the median age at diagnosis is 19 months (Henderson et al., 2011).  Even 

though NB has a relatively low incidence rate, it’s responsible for 15% of childhood 

related deaths (Rohrer, 2021). It’s slightly more common in boys than in girls with a 

ratio of 1.3:1 (Juškaitė, Tamulienė, & Rascon, 2017), and studies have shown that 

Native Americans and African Americans are at an increased risk to develop more 

aggressive disease with less favorable prognosis, however the etiologies behind these 

differences remain unclear (Henderson et al., 2011). 
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1.1.3. Pathogenesis 

Despite the extensive and thorough studying of the biological aspects of NB progression 

and development, its early stages of pathogenesis remain poorly understood. NB is 

believed to originate from the sympathoadrenal progenitor cells, which normally 

differentiate into the adrenal chromaffin cells and sympathetic ganglion cells 

(Kholodenko, Kalinovsky, Doronin, Deyev, & Kholodenko, 2018). In fact, NB is a 

developmental malignancy that arises in the neuronal ganglia of the peripheral SNS. 

These neuronal structures are derived from the ventrolateral neural crest cells, that  

migrate away from the neural tube during the process of embryogenesis (Betters, Liu, 

Kjaeldgaard, Sundström, & García-Castro, 2010). Throughout the formation of neural 

tube in vertebrates, a significant maturation process occurs in the neural crest in 

response to a complex of epigenetic regulatory and transcription factors (Mayanil, 2013; 

Prasad, Sauka-Spengler, & LaBonne, 2012). During the process of embryogenesis, 

neural crest cells delaminate, migrate and differentiate into different cell types in 

response to epithelial-to-mesenchymal transition (EMT). A complex of external 

signaling, epigenetic events and activation of transcription factors controls this process. 

However, inhibition of this maturation process through dysregulation of the factors 

involved can trigger changes in cell specification and non-regulated cell differentiation 

and migration, which leads to the malignant transformation of these multipotent neural 

crest precursors giving rise to hyper-neoplastic lesions that result in NB (Figure 1) 

(Johnsen, Dyberg, & Wickström, 2019).   
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Figure 1: Development of neuroblastoma from neural crest. 

 

1.1.4. Etiology 

The main underlying etiology of NB remains unknown, and even though environmental 

factors have been proposed as a possible cause of NB, a direct relationship has not been 

established yet (Eramo et al., 2008; Kemper et al., 2010). The wide majority of NB 

cancers occurs in isolations in families, this suggests that a low rate of germline 

mutations in NB patients, and it’s noted that only 1-2% of all NB cases are linked with a 

positive family history (Toh, Lim, & Chow, 2017), with autosomal dominant inheritance 

with incomplete penetrance. Most commonly, NB cases with familial NB present with 

bilateral or multifocal adrenal primary tumors, and they are diagnosed at median age of 

9 months (Chow, Fan, Chen, & Bishop, 2012; Toh et al., 2017). 

 

1.1.5. Clinical Presentation 

Children with NB most commonly present with abdominal mass. The most common 

primary site of involvement is the adrenal gland (40% of cases), followed by other 

locations including other abdominal sites, thoracic, cervical, and pelvic sympathetic 

ganglia (Ahmed, Zhang, Reddivalla, & Hetherington, 2017; Schulte & Eggert, 2015). 
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Tumor location is, to some extent, associated with therapeutic response and age. A 

report by the International Neuroblastoma Risk Group (INRG) showed that tumors in 

the adrenal site correlate with lower event free survival and overall survival independent 

of patient prognostic factors, whereas tumors in the thoracic site correlate with better 

event free survival and overall survival. Moreover, thoracic and cervical tumors are 

common in infants who may have respiratory symptoms and Horner syndrome (Vo et 

al., 2014).  

NB may present with symptoms such as abdominal pain, distention and hypertension, 

and may be even asymptomatic. Tumor extension into the epidural can occur in about 5-

15% of cases, and this can lead to paraplegia (Park, Eggert, & Caron, 2010). In about 

half of the cases, NB patients experience regional disease, and at the time of diagnosis 

about 35% of cases experience regional lymph node spread (Park et al., 2010). Distant 

metastasis usually occurs via hematogenous and lymphatic routes, which are detected in 

approximately 50% of cases at the time of diagnosis. The most common metastatic sites 

are bone, liver and bone marrow. Patients with metastatic disease may also suffer from 

weight loss, fever, pain, and/or pallor. Infants who have skin or liver involvement 

usually have skin nodules and/or hepatomegaly that correlates with respiratory problems 

(Ahmed et al., 2017).  

 

1.1.6. Cancer Stem Cells 

Cancer Stem Cells (CSCs) are defined as a unique group of cells characterized by their 

self-renewal capacity and the ability to generate heterogeneous lineages of cancer cells 

that comprise the whole tumor (Reya, Morrison, Clarke, & Weissman, 2001). They are 

termed as CSCs due to their stem-like properties that are similar to that of normal tissue 

stem cells. These properties include strong self-renewal and differentiation capacities 

(Toh et al., 2017). It should be noted that CSCs definition does not represent their 

source, in which such cells can be originated from differentiated, progenitor or stem 

cells, so terms such as cancer or tumor initiating cells are sometimes used instead of 

CSCs (Phi et al., 2018). Accumulating evidence shows that CSCs play a major role in 

cancer initiation, maintenance, chemoresistance and relapse (Figure 2) (Dean, Fojo, & 

Bates, 2005; Visvader & Lindeman, 2008). Therefore, the concept of CSCs is of high 
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importance to understand their features and set the ground for a new era in cancer 

treatment (Phi et al., 2018), especially that it’s crucial to eradicate CSCs in order to 

achieve effective, long-term cure for cancer (Toh et al., 2017).  

 

 

Figure 2: Conversions between normal and cancer stem cells. 

 

1.1.7. Neuroblastoma Stem Cells 

Clinically, NB progression is associate with hematogenous metastasis and multiple 

relapses leading to a rapid decrease in survival timeline. Taking into account NB 

heterogeneity and resistance development, it’s highly challenging to achieve a cure after 

relapse in cases of progressive NB (George et al., 2006; Hansford et al., 2007; Mahller et 

al., 2009; Polyak & Hahn, 2006). Interestingly, NB with poor prognosis is shown to 

contain undifferentiated CSCs, that are extensively correlated to their highly malignant 

rate (Bahmad et al., 2019). This is mostly due the continuous acquisition of genetic 

aberrations in undifferentiated CSCs in response to intensive multi-modal clinical 

therapy. CSCs play a crucial role in dysregulating different pathways that are involved 

in metastasis, invasion, angiogenic properties, uncontrolled proliferation, self-renewal 
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capacities and therapeutic resistance (Bahmad et al., 2019; Chakrabarti, Abou-Antoun, 

Vukmanovic, & Sandler, 2012). In addition, a study conducted by Mahller et al. to 

further investigate the effect of CSCs in NB asserted that NB CSCs are responsible for 

disease progression in addition to resistance to therapies and unfavorable clinical 

outcomes (Mahller et al., 2009).  

 

1.1.8. Neuroblastoma Heterogeneity 

Cellular heterogeneity is a major hallmark in NB, considered as an obstacle for effective 

NB treatment. The progressive molecular rearrangements in metastatic NB tumors that 

house aggressive CSC clones may have determined the heterogeneity of NB tumors and 

the resultant poor clinical outcome (Veschi, Verona, & Thiele, 2019; Walton et al., 

2004). Interestingly, a study conducted by Veschi et al. (2019) demonstrated that in vitro 

switching between two cellular phenotypes of the murine and human cell lines including 

IMR-32 and SK-N-SH demonstrated that maintaining stem-like characteristics might be 

responsible for NB heterogeneity and chemoresistance. In addition, this study showed 

that these two cellular states display diverse characteristics in terms of anchorage 

dependent or independent tumor growth and different molecular markers with different 

culture conditions in vitro. These findings support the dynamic state of NB CSCs and 

their flexibility to interconvert between various cellular states (Veschi et al., 2019).  

Moreover, Ross et al. (1995) noted the heterogeneity in NB cell lines while isolating 

morphologic variants from NB cell lines, which exhibited differential gene expression 

and interconversion capabilities (Ross et al., 1995). NB variants include three types of 

cells which are Neuroblastic type (N-type), Substrate adherent type (S-type) and 

Intermediate type (I-type), with each type possessing distinct characteristics. The N-type 

cells have short neuritic processes and, S-type cells have Schwannian like 

characteristics, whereas the I-type cells combine characteristics of both N and S type 

cells. The I-type cell is reported to be the most aggressive type within NB,  with a 

capacity to give rise to N and S types (Ross et al., 1995; Veschi et al., 2019; Walton et 

al., 2004). Moreover, I-type cells display stem-like features and are more abundant in 

advanced stages of NB than the other two cell types (Veschi et al., 2019). Having said 

that, NB tumors comprise all of the three cell types, suggesting that the proportion of 
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these distinct cell types may play a role in NB clinical outcome (Veschi et al., 2019; 

Walton et al., 2004).  

 

1.1.9. Diagnosis 

Diagnosis of NB relies mainly on histologic confirmation in addition to imaging 

characteristics and chemical profiling (Swift, Eklund, Kraveka, & Alazraki, 2018).  

 

1.1.9.1. Biopsy 

Histologic confirmation is a main criterion commonly used in NB diagnosis, 

performed by obtaining an incisional biopsy from the primary tumor. In other 

cases, where the tumor appears localized, this incisional biopsy can include a 

sample from nonadherent contralateral and ipsilateral cells. To evaluate the 

extent of the disease, it is necessary to acquire bone marrow aspirates from two 

different sites (Swift et al., 2018). 

 

1.1.9.2. Imaging 

1.1.9.2.1. Ultrasound 

Usually when there is a suspicion of abdominal mass in a child, ultrasound is 

the first method performed for examination. By using this technique, NB 

appears like a solid heterogeneous mass with calcification (David et al., 1989; 

Dumba, Jawad, & McHugh, 2015; Xu, Wang, Peng, & Zeng, 2010). To 

evaluate the extend of disease dissemination, Computed Tomography (CT) 

and/or Magnetic Resonance Imaging (MRI) (Swift et al., 2018) usually follow 

ultrasound examinations.  

1.1.9.2.2. CT and MR Imaging  

To date, it is still not clear if CT or MRI technique is superior in NB detection 

and evaluation. Both techniques are often performed at the initial assessments 

particularly in cases of paraspinal tumor, exhibiting a heterogeneously 

enhanced solid mass passing through the midline and displacing vessels. In 

addition, both techniques can show metastasis into the bone, lymph nodes, skin 
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and liver. The advantage of CT is that it is widely available and can be rapidly 

performed, and it demonstrates better calcification detection. On the other 

hand, MRI is considered a better technique in assessing spinal NB 

involvement, and it does not require the use of ionizing radiation (Kembhavi et 

al., 2015; Papaioannou & McHugh, 2005). 

1.1.9.2.3. Nuclear Medicine 

Both Iodine 123I and 131I labeled meta-iodobenzylguanidine (MIBG) are 

effective agents used in imaging tumors of the endocrine system, especially in 

childhood NB. MIBG is a norepinephrine analog, taken up by transporters of 

norepinephrine, which occurs in up to 90% of NB tumors (Vik et al., 2009). 

Even though 123I labeled MIBG is a better agent for diagnostic imaging, the 

use of 131I labeled MIBG continues in some centers due to its reduced cost and 

availability. A study by Yanik et al. reveled that 131I agent was being used in 

about 27% of their centrally reviewed examinations; they did not report any 

difference in the Curie score based on the agent used (Yanik et al., 2013). In 

addition, adding Single Photon Emission Computed Tomography (SPECT) and 

SPECT/CT increase the identification accuracy of certain uptake sites (Vik et 

al., 2009). Therefore, the high localization specificity and accuracy of MIBG 

imaging make it the diagnostic test of choice for metastatic disease 

identification (Swift et al., 2018; Vik et al., 2009; Yanik et al., 2013).  

 

1.1.9.3. Catecholamines Uptake 

In most NB cases, NB tumors secrete catecholamines (Hazard & Shimada, 2020; 

Murphy et al., 1991). Patients usually present with high levels of catecholamine 

metabolites, where Norepinephrine is metabolized to vanillylmandelic acid 

(VMA) and Dopamine is metabolized into homovanillic acid (HVA). The 

presence of increased levels of these catecholamine metabolites combined with 

NB signs and symptoms suggests the presence of NB (Hazard & Shimada, 2020; 

Verly et al., 2019). Quantitative and qualitative assays that measure the HVA and 

VMA levels in the urine are commonly used in NB diagnosis and these play 
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significant role in NB detection (Hazard & Shimada, 2020; Sawada, Sugimoto, 

Kawakatsu, Matsumura, & Matsuda, 1991). 

 

1.1.9.  Staging 

In 2008 a new NB staging system, the International Neuroblastoma Risk Group Staging 

System (INRGSS) (Monclair et al., 2009) was published as a new method to classify NB 

patients before surgical intervention. This system is being used nowadays along with the 

older staging system, which is the International Neuroblastoma Staging System (INSS). 

There are many main differences between the two staging systems (Swift et al., 2018). 

The old INSS is mainly based on the degree of surgical resection in addition to the 

tumor metastasis, so it classifies patients into five stages which are 1,2,3,4, and 4S 

(Table 1) (Roy Choudhury, Karmakar, Banik, & Ray, 2012).   

 

Table 1: The International Neuroblastoma Staging System (INSS). 

 

On the other hand, the new INRGSS focuses on pretreatment risk classification based on 

image-defined risk factors (IDRFs) and clinical criteria. These IDRFs are intended to 
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evaluate the tumor extent and invasion to nearby structures and vessels. In addition to 

IDRFs, many changes to the INSS have been made; in which local disease is divided 

into 2 two stages instead of 3 and lymph nodes are categorized as regional and non-

regional instead of contralateral, ipsilateral and distant. Moreover, the upper limit of the 

metastatic stage in INRGSS (MS) had an upper age limit of 18 months instead of 12 

months in that of INSS (4S) (Table 2) (Baker et al., 2010; Swift et al., 2018). 

 

Table 2: The International Neuroblastoma Risk Group Staging System (INRGSS). 

 

 

1.1.9. Prognostic Factors 

Understanding clinic pathologic and biologic factors of NB is an essential part in 

predicting disease prognosis and selecting management strategies. Many clinical studies 

and experiments recently showed an essential correlation between specific biologic and 

clinical factors with patients’ prognosis and outcomes, and thus these factors play a 

crucial role in risk stratification of patients into low, intermediate and high-risk groups. 

The most commonly validated prognostic factors are the patient age, tumor stage, 

histopathology, ploidy and MYCN amplification (Ahmed et al., 2017).  

 

1.1.9.1. Age 

Patient’s age at presentation is a highly important factor for NB prognosis. 

Data from the SEER program of the National Cancer Institute shows that 

the five-year survival rates of NB are 83, 55 and 40% for children of age 

less than 1 year, 1 to 4 years and 5 to 9 years respectively (Ries, 1999). 

Many retrospective studies also showed that children older than 18 months 
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of age and adolescents with NB have more advanced disease and poorer 

outcome than children aged less than 18 months (Ahmed et al., 2017; 

Schmidt et al., 2005).  

 

1.1.9.2. Tumor Stage 

The presence of extensive tumor metastasis at the time of presentation is an 

important factor in determining the outcome for NB patients, particularly 

when there is lack in adverse biologic factors (Ahmed et al., 2017). Cohn et 

al. demonstrated in an INRG database analysis that INSS stage is an 

independent prognostic factor, where the analysis showed that patients with 

non-metastatic NB (INSS stages 1,2, and 3) had superior event free 

survival (EFS) and overall survival (OS) values than those with INSS stage 

4 (Cohn et al., 2009). Whereas patients who are younger than 1 year with 

localized primary tumors and metastasis that is limited to skin, liver and 

bone marrow experience superior prognosis and outcome in most of the 

cases (Evans et al., 1980). Therefore, comprehensive physical examination, 

performed at the initial diagnosis, along with biopsies and imaging studies 

is crucial in determining the exact staging and patient prognosis (Ahmed et 

al., 2017; Cohn et al., 2009; Evans et al., 1980).  

 

1.1.9.3. Histopathology 

Based on the INPC system, tumors with favorable histology are those with 

poor differentiation or are differentiating, with low to intermediate mitosis-

karyorrhexis index (MKI), arise in patients younger than 1.5 years, and 

those that are differentiating in patients of age between 1.5 and 5 years. 

Whereas, tumors with unfavorable histology are those that are 

undifferentiated or have high MKI of any age, poorly differentiated or have 

intermediate MKI in patients of age between 1.5 and 5 years, and those that 

are at any differentiation grade and any MKI level in patients of age 5 years 

and older (Ahmed et al., 2017; Sano et al., 2006). 
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1.1.9.4. DNA index (ploidy) 

Changes in total content of DNA that often result from dysfunctions during mitosis 

are a significant indicator for NB patients’ response to therapy and outcome. NB 

tumors that have high DNA content (hyperploid) with DNA index >1 are correlated 

with lower stage of tumor, better response to initial treatment, and better prognosis 

than those with low DNA content (diploid) with DNA index<1, especially if these 

tumors lack structural abnormalities like MYCN amplification (George et al., 2005; 

Katzenstein et al., 1998). This favorable prognosis could be because hyperploid 

cells have increased propensity to undergo apoptosis during antineoplastic therapy 

(Ahmed et al., 2017; George et al., 2005).  

 

1.1.9.5. MYCN Amplification 

MYCN is one of the MYC proto-oncogenes, and it codes for many 

transcription factors that regulate the expression of several genes. In the case 

of NB, MYCN stimulates cellular proliferation, tumor metastasis and 

angiogenesis, and inhibits immune surveillance mechanisms (Huang et al., 

2016; Westermark, Wilhelm, Frenzel, & Henriksson, 2011). The 

amplification of MYCN oncogene, is considered as one of the most common 

prognostic markers in NB (Katzenstein et al., 1998). It is detected in about 

20-30% of NB cases and is highly correlated with advanced stage and 

clinically aggressive disease, treatment failure and poor clinical outcome 

(Ahmed et al., 2017; Bagatell et al., 2009).  

 

1.1.10. Treatment 

1.1.10.1. Conventional Therapy 

Determining the appropriate treatment strategy depends on group 

stratification of patients by taking into consideration the INSS/ INRGSS 

stage of the patient, age at diagnosis, in addition to the biology, genetics and 

histologic signature of the tumor. Thus, patients are classified into low, 

intermediate or high-risk groups, and they receive their treatments 

accordingly in terms of intensity and duration of therapy. According to 

Children’s Oncology Group guidelines, children with low-risk disease may 



 

13 

 

need only surgical removal of the tumor (Swift et al., 2018). Recent studies 

performed in North America and Europe suggest that complete surgical 

resection may not be necessary for patients with low-intermediate disease 

(Baker et al., 2010; De Bernardi et al., 2008). Children who are in the 

intermediate risk group may need chemotherapy in order to reduce the 

tumor size before resection. Patients in high-risk group usually need surgery 

to remove as much as possible of the tumor after chemotherapy induction. In 

cases of congenital NB, the best management is only observation (Acharya 

et al., 1997; Hero et al., 2008); however, the mainstay of treatment in other 

low risk cases is surgery.  In NB cases where complete surgical resection is 

not possible or where tumors may cause respiratory compromise or spinal 

cord compression, chemotherapy is recommended. Children with 

intermediate risk disease often undergo surgical resection in combination 

with chemotherapy when possible; however, radiation therapy is rarely 

given to this group and is usually kept for patients with life threatening 

complications or tumor progression (Swift et al., 2018). The clinical 

outcomes for patients in the low and intermediate risk groups are excellent 

where they have event-free survival (EFS) of >95% and 80-95%, 

respectively (Irwin & Park, 2015). Patients in the high-risk group often need 

aggressive multimodality approach that includes surgical resection, 

neoadjuvent chemotherapy, adjuvant high dose chemotherapy, and radiation 

therapy (Laprie et al., 2004)(65). In addition, maintenance therapy is 

considered for the eradication of residual disease (Swift et al., 2018).  

 

1.1.10.2. Novel Treatment Modalities 

1.1.10.2.1. Immunotherapy 

Conventional therapeutic strategies for patients in high-risk group include 

high dose chemotherapy, radiotherapy and surgeries, all of which associated 

with short and long-term toxicities. Immunotherapy is a new treatment 

strategy that gives hope for improving quality of life and survival of patients 

in high-risk group by reducing their exposure to cytotoxic agents. The most 
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popular immunotherapy target is GD2, which is a surface glycoprotein, and 

the most commonly targeted antigen in NB immunotherapy. GD2 is 

expressed on all primary NB tumors irrespective of the tumor stage (Sait & 

Modak, 2017).  Anti GD2 monoclonal antibodies such as Dinutuximab have 

shown promising outcomes in patients with high risk, where adding 

Dinutuximab increased the 2-year event survival rate from less than 50% to 

66% in this risk group (Yu et al., 2010). In addition, adoptive cell 

immunotherapy approaches are being extensively studied in the treatment of 

NB such as NK cells, T cells, chimeric antigen receptor T-cell (CAR-T), and 

armed T-cell. Preliminary data of a study that used haploidentical NK cells 

showed positive anti NB effects for these NK cells (Modak et al., 2018). 

Moreover, a study conducted by Louis et al. (2011) using first generation 

anti GD2 CAR-T cells in NB patients showed promising anti NB effects of 

these CAR-T cells, and these effects persisted for approximately 192 weeks 

after treatment injection (Louis et al., 2011).  

 

1.1.10.2.2. 131 I MIBG Therapy 

Radio-iodinated MIBG therapy is a new and emerging strategy for the 

treatment of NB, where it allows for targeted NB therapy. MIBG is usually 

moved from extracellular milieu to the cytosol by the NE receptors that are 

present in most NB tumor cells (Matthay, George, & Yu, 2012; Yanik et al., 

2015). Therefor, MIBG is used to treat NB through targeting tumor cells 

that express NE receptors (Pastor & Mousa, 2019). Studies showed that the 

response rate to this therapy was 66% in newly diagnosed patients with 

high-risk NB (de Kraker et al., 2008; Swift et al., 2018). Moreover, this 

therapy is provides pain relief in patients with metastatic bone disease and is 

better tolerated by patients than other treatments due to less side effects such 

as pain, nausea and vomiting (Gedik, Hoefnagel, Bais, & Olmos, 2008; 

Swift et al., 2018). 
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1.1.10.2.3. Retinoid 

Retinoids are vitamin A derivatives that can cause cell growth arrest and 

induce morphological differentiation of NB cells. They include 13-cis-

retinoic acid (13-cis-RA), all trans-retinoic acid (ATRA), and fenretinide (4-

HPR) (Reynolds & Lemons, 2001; Reynolds, Matthay, Villablanca, & 

Maurer, 2003). A phase 3 randomized clinical trial demonstrated that pulse 

therapy with high dose 13-cis-RA administered after intensive 

chemotherapy significantly improved event free survival in patients with 

high-risk NB. Fenretinide showed tumor growth inhibition and cell death in 

NB cell lines resistant to other retinoid types, and was well tolerated by 

patients in a phase I trial (Reynolds et al., 2003).  

 

1.2. Ruxolitinib 

1.2.1. JAK-STAT Pathway 

Janus kinase (JAK) signal transducer and activator of transcription (STAT) pathway is 

one of pleiotropic cascades that transduces a myriad of signals for homeostasis and 

development in humans. It is a major signaling pathway for multitudes of growth factors 

and cytokines. The activation of JAK leads to stimulation of multiple cellular events 

including cell proliferation, migration, differentiation and apoptosis, which are crucial to 

immune development, hematopoiesis, adipogenesis and other processes (Igaz, Tóth, & 

Falus, 2001; O'Shea, Gadina, & Schreiber, 2002). A wide variety of ligands and their 

receptors stimulate the JAK/STAT pathway. Ligand binding to its receptors triggers 

multimerization of the receptor subunits leading to intracellular activation (Figure 3) 

(Bose et al., 2020). The receptor subunits are bound as homodimers for some ligands 

such as growth hormone, or heterodimers for others such as interleukins. In order to 

achieve signal propagation via either heterodimers or homodimers, the cytoplasmic 

domain of the two-receptor subunits should be linked with JAK tyrosine kinases. JAKs 

are considered unique in which they have tandem kinase homologous domains at the C 

terminal, a non-catalytic regulatory domain and one with tyrosine kinase activity 

(Aaronson & Horvath, 2002; Heinrich et al., 2003; Kisseleva, Bhattacharya, Braunstein, 

& Schindler, 2002; O'Shea et al., 2002).  
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Figure 3: JAK-STAT Signaling Pathway. 

Activation of Janus kinase (JAK) /signal transducer and activator of transcription 

(STAT) signaling pathway induce upregulation of proteins responsible for tumor cell 

survival and proliferation. JAK/STAT pathway constitutes of multiple steps, which are: 

I: Binding of cytokines to their receptors and dimerizing of receptors. II: Janus kinases 

phosphorylate each other. III: Janus kinases phosphorylate the receptors forming the 

binding sites for STATs. IV: STATs bind to their receptors, and then STAT is 

phosphorylated by JAK and is released. V: Phosphorylated STATs detach from their 

receptors and dimerize. VI: P-STATs translocate to the nucleus. VII: P-STATs bind to 

DNA inside the nucleus. VIII: DNA transcription of target genes is stimulated. P53: 

tumor protein p53, Mcl-1: Myeloid cell leukemia-1, Survivin: an inhibitor of apoptosis 

protein, Bcl-2, VEGF: (Bose et al., 2020) 
 

1.2.2. JAK-STAT Pathway, Cancer and Neuroblastoma 

JAK/STAT signaling pathway is considered a keystone to cancer development through 

acting as intrinsic driver of cancer growth and metastasis or as a regulator of immune 

surveillance (Brooks & Putoczki, 2020). Aberrant activation of this pathway induces 

tumorigenesis, and this occurs when a tyrosine kinase is improperly stimulated or when 

a ligand binds to its corresponding receptor in a constitutive manner (Bowman, Garcia, 

Turkson, & Jove, 2000). A number of cellular receptors that become over-expressed in 

many tumors activate JAK/STAT pathway; these include, the receptors of interleukins 6 
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and 1(IL6-R and IL11-R), thrombopoietin (Mpl), erythropoietin (Epo-R), and 

macrophage colony stimulating factor (CSF1-R) (Lebedev, Vagapova, Astashkova, 

Spirin, & Prassolov, 2020). In cancer cells, blocking JAK/STAT signaling pathway can 

inhibit the expression of genes that regulate essential functions of the cells including 

invasion and apoptosis. Thus, inhibiting JAK/STAT pathway can hinder the conversion 

of pre-neoplastic lesions into cancerous tumors (Bose et al., 2020). Studies showed that 

JAK/STAT pathway is highly affiliated in the development of NB and inhibition of this 

pathway represents a promising avenue for NB treatment (Borriello et al., 2017; 

Lebedev et al., 2020).  

A study conducted by Borriello et al. (2017) reported that inhibition of JAK2/STAT3 

pathway by ruxolitinib enhanced the tumor response to the chemotherapeutic agent 

etoposide and increased the overall survival (Borriello et al., 2017).  Another study by 

Lebedev et al. (2020) demonstrated that NB cells were sensitive to JAK 2 inhibition, 

where the inhibition of JAK 2 reduced NB cell growth and enhanced the activity of 

doxorubicin. In addition, the authors report that the effectiveness of JAK 2 inhibitors in 

malignant NB correlates with the ratio of receptor expression that activate the 

JAK/STAT signaling pathway (Lebedev et al., 2020). 

 

1.2.3.  Ruxolitinib Origin 

Ruxolitinib (RUX) is a selective and potent inhibitor of JAK1 and JAK2. The US Food 

and Drug Administration (FDA) approved Jakafi (ruxolitinib) on November 16, 2011 for 

the treatment of intermediate to high-risk myelofibrosis (MF); this approval was based 

on two randomized controlled phase III studies COMFORT-I and COMFORT-2 trials. 

Treatment with RUX resulted in significant decrease in spleen size and symptoms in 

most patients with MF, and improved survival rate (Mascarenhas & Hoffman, 2012). 

Thereafter, in December 2014 the FDA approved RUX for the treatment of patients with 

polycythemia vera who were intolerant to or had inadequate response to hydroxyrea, and 

it resulted in effective control of hematocrit and splenomegaly reduction (Arcaini & 

Cazzola, 2018). Recently, in May 2019, the FDA approved RUX for the treatment of 

acute graft versus-host disease (Gonzalez & Pidala, 2020). Studies showed that RUX 

was generally well tolerated by patients, however it can be associated with some adverse 
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events including thrombocytopenia, anemia, dizziness, and headache (Rampal et al., 

2018). 

 

1.2.4. Ruxolitinib Structure 

RUX was previously known as INC424 or INCB018424. It’s a pyrazole substituted by 

2-cyano-1cyano-1cyclopentylethyl group at position 1, and a pyrrolo [2,3-d]pyrimidin-

4-yl group at position 3, so its chemical name is (R)-3-(4-(7H-pyrrolo[2,3-d]pyrimidin-

4-yl)-1H-pyrazol-1-yl)-3-cyclopentylpropanenitrile phosphate. It has a molecular weight 

of 306.37 g/mol (Figure 4) (Ajayi et al., 2018).  

 

Figure 4: Molecular Structure of Ruxolitinib. 

 

1.2.5. Ruxolitinib Mechanism of Action 

RUX is a direct potent inhibitor of JAK1 and JAK2 kinases with IC50 of 3.3nm and 

2.8nm, respectively. Its peak plasma concentration is reached within an hour post 

administration and then drops in a monophasic or biphasic mode with an average half-

life of 2.3 hours (Martens, 2014).   

RUX exerts its activity through competitive inhibition with ATP in the catalytic site of 

JAK tyrosine kinases, thus inhibition of the JAK-STAT pathway decreases 

phosphorylation of many tumor biomarkers such as STAT-3/5, protein kinase B (Akt), 

vascular endothelial growth factor (VEGF) and extracellular signal-regulated kinase 

(ERK) (J. W. Kim, Gautam, Kim, Kim, & Kang, 2019; Mascarenhas & Hoffman, 2012). 

JAK2 involvement in cell proliferation was pre-clinically verified in many cancer cells 

including breast cancer cells, lung cancer cells, and glioblastoma cells (Lim, Jeon, 
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Gwak, Kim, & Suh, 2018; Tavallai, Booth, Roberts, McGuire, et al., 2016; Tavallai, 

Booth, Roberts, Poklepovic, & Dent, 2016). RUX is reported to reduce the levels of 

phosphorylated JAK2, which in turn inhibits the expression of its target genes such as 

cyclin D1, B-cell lymphoma 2 (Bcl-2), and cellular myelocytomatosis (c-Myc) (Lim et 

al., 2018). 

RUX is being recently tested in the treatment of NB due to its promising antitumor 

effects including inhibition of cell proliferation, migration, angiogenesis and tumor 

growth shown in other cancer types such as lung cancer, breast cancer and glioblastoma 

(Hadjidaniel et al., 2017; J. W. Kim et al., 2019). In a study conducted by Hadjidaniel et 

al. (2017) to assess the tumor-associated macrophages’ (TAM) action in NB, RUX 

significantly reduced TAM-mediated growth of NB. Their findings reveal new insights 

about the association of IL-6 and TAM to the MYC expression regulation, and indicate 

that targeting STAT3 and its downstream biomarkers associated with JAK ligand 

activation may be a promising approach to slow the growth of NB and improve 

outcomes in patients with high-risk NB (Hadjidaniel et al., 2017).  

 

1.3. CHIR-99021 

1.3.1. GSK-3 Pathway 

Glycogen synthase kinase 3 (GSK-3) is a serine-threonine highly abundant protein 

kinase that phosphorylates various proteins. This phosphorylation usually leads to 

proteins’ inactivation by proteasomal degradation. However, sometimes it results in 

alteration of the subcellular location of the protein which can confer new biochemical 

activities (Kockeritz, Doble, Patel, & Woodgett, 2006; Sutherland, 2011).  GSK-3 has a 

large number of substrates, which justifies its different roles in either suppressing or 

promoting cellular proliferation (Figure 5).  In vertebrates, GSK-3 is encoded by 2 genes 

GSK-3α and GSK-3β. It has been the ‘center of attention’ in various studies due to its 

involvement in multiple diseases including Alzheimer’s disease, bipolar disease, type 2 

diabetes and cancer (Duda et al., 2020). 
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Figure 5: Overview of GSK-3 Signaling Pathway. 

The effect of GSK-3 pathway on other pathways critically involved in the normal cell 

growth of cells. These pathways include: EGFR: epidermal growth factor receptor, 

PI3K: phosphatidylinositol-3 kinase, PDK1: Phosphoinositide-Dependent Kinase-1, 

AKT: Protein kinase B, PTEN: Phosphatase and tensin homolog, mTORC1: mammalian 

target of rapamycin complex 1, NF-κB: nuclear factor kappa light chain enhancer of 

activated B cells and WNT: Wingless-related integration site /β-catenin, and its resultant 

effect in inducing expression of target genes. Green arrows indicate stimulation, blocked 

red arrows indicate inhibition.  (Duda et al., 2020) 

 

1.3.2. GSK-3 Pathway, Cancer and Neuroblastoma 

Recent studies demonstrated that GSK-3 plays different roles in different types of 

cancer, in which it can act as tumor suppressor or tumor promotor. Thus, inhibiting 

GSK-3 pathway can result in either enhanced or reduced tumor growth depending on the 

tumor type and the related signaling pathway (Figure 6) (Duda et al., 2020). The diverse 

role played by GSK-3 tumorigenesis and cancer cell survival and proliferation makes it 

an important therapeutic target for treating a wide range of cancers (Domoto et al., 2016; 

McCubrey, Davis, et al., 2014; McCubrey, Steelman, et al., 2014; Walz et al., 2017). 

GSK-3 is considered a highly expressed oncogene in NB (Carter, Kunnimalaiyaan, 

Chen, Gamblin, & Kunnimalaiyaan, 2014; Duffy, Krstic, Schwarzl, Higgins, & Kolch, 

2014; Kunnimalaiyaan, Schwartz, Jackson, Clark Gamblin, & Kunnimalaiyaan, 2018), 
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and the use of various GSK-3 inhibitors including 9-ING-41, AR-A01441 and TDZD-8 

in NB patients lead to suppression of NB growth (Duda et al., 2020; Ugolkov et al., 

2018). A study by Duffy et al. (2014) investigated the role of GSK-3 in regulating the 

fate of NB cells and revealed a novel MYC mRNA regulation by GSK-3, which has 

implications for multiple MYC-driven tumors including NB. In addition, the use of 

certain GSK-3 inhibitors increased NB cell death by inducing apoptosis and reducing 

NB cell viability. Multiple signaling pathways contribute to this suppressive effect on 

NB, including the canonical Wnt signaling pathway (Duffy et al., 2014). The canonical 

Wnt signaling pathway is well known for its involvement in the induction, 

differentiation and delamination of the neural crest (Kuriyama & Mayor, 2008; 

Stuhlmiller & García-Castro, 2012). GSK-3 is an important negative mediator in Wnt 

pathway; thus GSK-3 is a key regulator of neural progenitor proliferation, homeostasis 

and differentiation signals (W. Y. Kim et al., 2009). GSK-3 Inhibition mimics Wnt 

signaling pathway activation and this was associated with increased apoptosis and 

reduced viability of NB cells (Duffy et al., 2014).  

 

 

Figure 6: Effects of GSK-3 on various Cancers. 

GSK-3 expression can alter several biochemical processes involved in cancer 

proliferation and suppression. Aberrant regulation of GSK-3 leads to activation or 

suppression of tumor development and proliferation depending on the type and location 

of the cancer (Duda et al., 2020). 
.   

 

1.3.3. CHIR-99021 Origin 

CHIR-99021 is a pyrimidine based, selective glycogen synthase kinase 3 (GSK-3) 

inhibitor. Chiron initially developed it for the potential use in type 2 diabetes 

mellitus treatment. CHIR-99021 induced insulin mediated uptake of glucose and 

enhanced disposal of glucose in diabetic rodent models (Cline et al., 2002; Eldar-
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Finkelman, Licht-Murava, Pietrokovski, & Eisenstein, 2010). Since GSK-3 

pathway is highly involved in the initiation and progression of several types of 

cancer, CHIR-99021 was utilized in multiple studies to study its effect in the 

treatment of various tumors (Langlands, Carroll, Chen, & Näthke, 2018; O'Flaherty 

et al., 2019; Oh et al., 2017).  

 

1.3.4. CHIR-99021 Structure 

CHIR-99021 is also known as CT99021. It corresponds to the aminopyrimidines 

class, where it’s a 2-aminopyrimidine substituted by (5-cyanopyridin-2-yl)ethyl 

group at position N2, 4-methylimidazol-2-yl group at position 5, and 2,4-

dichlorophenyl group at position 6, so its IUPAC name is 6-[2-[[4-(2,4-

dichlorophenyl)-5-(5-methyl-1H-imidazol-2-yl)pyrimidin-2-

yl]amino]ethylamino]pyridine-3-carbonitrile. It has a molecular weight of 465.3 

g/mol (Figure 7) ("PubChem Compound Summary for CID 9956119," 2021) 

 

 

Figure 7: 2D Chemical Structure of CHIR-99021. 

 

1.3.5. CHIR-99021 Mechanism of Action 

CHIR-99021 is a highly selective and potent inhibitor of GSK-3α and β with IC50 of 10 

nm and 6.7 nm, respectively (Wu et al., 2013). It is more than 500 times selective to 



 

23 

 

GSK-3 compared to its closest homologs ERK2 and Cdc2 (Ring et al., 2003). CHIR-

99021 exerts its activity through activating the Wnt signaling pathway by binding Wnt 

proteins to their corresponding receptors. This leads to the recruitment of disheveled 

(Dvl/Dsh), which subsequently inhibits the GSK-3 that is located in the beta-catenin 

destruction complex. As a result, free non-phosphorylated beta-catenin accumulates in 

the cytosol and then moves to the nucleus where it activates the Wnt target gene in 

addition to the T-cell factor/lymphoid enhancer factor (TCF/LEF) transcription factors 

(Naujok, Lentes, Diekmann, Davenport, & Lenzen, 2014).  

CHIR-99021 is under investigation in many cancer studies for the treatment of different 

tumor types (Huang et al., 2016; Yoshida et al., 2018; Zheng et al., 2020). A study by 

Huang et al. (2016) showed that the use of CHIR-99021 enhanced the expression of c-

Jun N-terminal kinase (JNK) and reduced the expression of Ca2+/calmodulin-dependent 

protein kinase II (CaMKII) in ovarian cancer cells (Huang et al., 2016). JNK signaling 

pathway plays a role as a downstream pathway in NB (Chen et al., 2016), and 

CaMKII triggers NB differentiation, which is highly correlated with the degree of NB 

malignancy (Li et al., 2017).  

 

1.4. Aim of the Study 

Despite the recent advances in cancer therapy in general and NB therapy in particular, 

many children with NB continue to suffer from refractory or relapsed disease, and they 

often develop metastatic tumors that are resistant to standard therapies. Thus, there is a 

great need for more potent and targeted approaches in order to increase specificity and 

survival and reduce toxicity and morbidity. JAK/STAT and GSK-3 pathways are highly 

involved in tumor growth, proliferation, and metastasis of NB and specifically in the 

stem cell subpopulation; consequently, inhibiting these pathways using RUX and CHIR-

99021 would provide therapeutic benefit for malignant, MYCN-amplified NB. 

Therefore, the aim of our research is to investigate the efficacy of RUX and CHIR-

99021 used alone or in combination in targeting pediatric NB stem cells. 
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Chapter Two 

Materials and Methods 
2.1.  Cells and Cell Lines 

The NB cell lines used in this project are the human, MYCN-amplified IMR-32, and the non 

MYCN-amplified SK-N-SH cells. The cells were purchased from the American Type Culture 

Collection (ATCC, Manassas, VA, USA), and were cultured in Dulbecco's Modified Eagle 

Medium (DMEM) supplemented with 10% of fetal bovine serum (cat. No. F9665; Sigma), and 

1% penicillin streptomycin (cat. No. P4333, Sigma). The cells were cultured in the incubator at 

5% CO2 and 37°C to get 80% confluence in T25 flasks. Media was replenished every 48 hours; 

and when the flask reaches 80% confluency, the old media was discarded, cells were washed 

with Dulbecco's phosphate-buffered saline 1X (PBS; D8537; Sigma), collected by adding 

Trypsin 1X (T3924; Sigma), and then centrifuged at 1500rpm for 5 minutes. The supernatant 

was discarded and the pellet was resuspended in new media in order to split the cells or to use 

them in experiments.  Extra cells were frozen using 90% fetal bovine serum (FBS), and 10% 

DMSO (D2650; Sigma). Cells were frozen at −20°C for 2 hours, then were moved to the −80°C 

freezer for 24 h, and finally they were moved to the liquid nitrogen storage to reserve them on 

the long term. 

 

2.2. Drugs 

The drugs used are RUX and CHIR-99021. They were prepared by dissolving in DMSO 

to get solutions at concentration of 10 mM. Intermediate solutions of different 

concentrations: 5 μM (RUX) and 10μM (CHIR) were prepared by diluting the 

intermediate solution in DMEM growth media.  

 

2.3. Experiments 

2.3.1. Cell Proliferation Assay (WST-1 Assay) 

The concept of this assay is based on the cleavage of the tetrazolium salt (WST-1) to 

formazan dye by the cellular mitochondrial dehydrogenases. Thus, the amount of 

formazan dye formed is directly related to the mitochondrial activity, which represents 

the number of viable cells and thus the cellular proliferation.  

On first day of the experiment, 3000 cells per well were plated in a 96-well plate for 

both cell lines to get a final volume of 100 μL. The following day a vehicle, containing 
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DMSO at the highest concentration of the used drugs is added to the control wells and 

drugs were added at final concentrations of 2, 5, and 10 μL to the drug wells. At the 

selected time points (0, 24, 48, 72 hours after drug treatment), 10 μL of WST-1 is added 

to each well and incubated for 3 hours. After 3 hours, the absorbance is recorded using 

Synergy HTX Multi-Mode Microplate Reader (BioTek, Winooski, VT, USA) at 450 nm. 

The absorbance data at all time-points were collected and analyzed.  

 

2.3.2. Viability Assay (Trypan Blue Assay) 

This assay is based on the concept that live cells have intact cell membrane that exclude 

specific dyes such as Trypan blue. In case of dead cells, the cell membrane is damaged, 

so trypan blue enters into the cytoplasm, and as a result, the dead cells appear blue under 

the microscope; however, the live ones appear white.  

On first day of the experiment, 25000 cells per well are plated in 12-well plate for both 

cell lines to get a final of 1ml in each well. The following day, the complete media is 

replaced with media containing vehicle or drug to get a final concentration of of 5 μL for 

RUX and 10 μL for CHIR-99021. The plate is incubated for 48 and 72 hours, and at the 

selected time points cells are collected and mixed with equal volume of trypan blue 

(Sigma; cat. No. T8154) in a 1:1 dilution. Then, 10 μL of the mixture is placed on the 

Neubauer chamber, and cells are counted in the four squares of the hematocytometer.  

Cell viability is calculated using the following rules: Viable Cells/ml = Average of 

viable cell count per square × Dilution Factor (=2) × 104, and % Cell Viability = [Total 

Viable cells (Unstained) / Total cells (Viable + Dead)] × 100.  

 

2.3.3. Apoptosis Assay 

In this assay, a green detection reagent CellEvent™ Caspase-3/7 (ThermoFisher 

Scientific; C10423) is used to detect cellular apoptosis. This reagent contains a DEVD 

peptide of four amino acids conjugated to a nucleic acid binding dye, which is non-

fluorescent when non-bound to DNA. Intrinsically, this CellEvent™ Caspase-3/7 

reagent is non-fluorescent because the DEVD prevent the binding of the dye to DNA. 

However, when the caspase-3/7 is activated in apoptotic cell, the DEVD peptide is 

cleaved and thus the dye can bind to DNA producing a bright green fluorescence.  
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On first day of the experiment, 50000 cells per well were plated in 12-well plate for both 

cell lines to get a final of 1ml in each well. The following day, the complete media is 

replaced with media containing vehicle or drug to get a final concentration of 5 μL for 

RUX and 10 μL for CHIR-99021. 72 hours after adding the drug, media is removed 

from the wells and 500uL of PBS supplemented with 5% FBS containing the CellEvent 

Caspase-3/7 reagent at a final concentration of 2 μM is added to each well, and 

incubated for 30 minutes. After that, a Zeiss Axio Observer Microscope is used to take 

images of random fields of the fluorescent cells. Image J software was used to count the 

total and fluorescent cells, and the fluorescent cells percentage was calculated.  

 

2.3.4. Tumorsphere Formation Assay 

This assay is used to assess the effect of RUX and CHIR-99021 in inhibiting the activity 

and capacity of NB (IMR-32 and SK-N-SH) stem cells. A semi-solid matrigel 3D 

culturing system is use to prevent the fusion of the tumor spheres formed in this assay.  

To start with, the Growth factor-reduced Matrigel™ (BD Biosciences; Cat. no. 354230) 

is thawed on ice at 4˚C overnight prior to its use. The following day, IMR-32 and SK-N-

SH cells corresponding to a number of 500 cells per well are re-suspended in serum free 

media/ Matrigel™ in a 1:1 dilution. The solution (10 μL/well) is plated gently around 

the rims of the wells in 96-well plate. Then the plate is incubated at 37˚C for 45 minutes 

in order to allow the solidification of the matrigel. Meanwhile the media to be added to 

the center of the wells is prepared where each 45mL of NeuroCultTM NS-A Basal 

Medium (cat. NO. 05750, Stem cell technologies) is supplemented with 5mL of 

NeuroCultTM NS-A Proliferation Supplement (cat .NO. 05751, Stem cell technologies), 

100μL of 10μg/mL rh EGF (cat. NO. 78006, Stem cell technologies), 50μL of 10μg/mL 

rh bFGF (cat. NO. 78003, Stem cell technologies) and 50 μL of 0.2% Heparin (cat. NO. 

07890, Stem cell technologies). Then the media is supplemented with either DMSO of 

10 μM, RUX of 5 μM, or CHIR-99021 of 10 μM, and then a volume of 100μL of the 

media is added to the corresponding well. The media is replenished regularly every 2-3 

days. At day 7 after plating, IMR-32 and SK-N-SH spheres are imaged using Zeiss Axio 

Observer Microscope and the number of spheres are counted, while the size of spheres 

in micrometers (μM) is measured.  
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2.3.5. Protein Extraction 

In order to study the protein expression using western blot, cells are lysed and total 

cellular proteins extracted.  

On day one of this experiment, 300000 cells per well are plated in a 6-well plate for both 

cell lines (IMR-32 and SK-N-SH) to get a final volume of 2 ml in each well. The 

following day, the complete media is replaced with media containing vehicle or drug to 

a final concentration of 5 μL for RUX and 10 μL for CHIR-99021. After 48 hours the 

cells are collected by scraping and then centrifuged at high speed for 30 seconds at 4°C. 

Then, the media is discarded and the pellet is resuspended in PBS to be washed and then 

centrifuged again at high speed for 30 seconds at 4°C. Washing steps with PBS are 

repeated twice. The cells are mixed with 80-120μL 2X Laemmli lysis buffer (cat. No. 

S3401; Sigma), judging by the size of the pellet. This buffer is supplemented with 1% of 

protease/phosphatase inhibitors cocktail. The samples are then vortexed 6 times 10 

seconds each while keeping them on ice, and centrifuged at 12,000 rpm at 4˚C for 20 

minutes. Finally, the samples are boiled at 97˚C for 5 min before proceeding with the 

western blotting. 

 

2.3.6. Western Blot 

First, the gel is prepared and placed inside the Bio-Rad apparatus, and the tank is filled 

with running buffer tank until its level reaches the mark of 2 gels. The Precision Plus 

Protein ladder (cat.No.161-0376; Bio-Rad ) and samples are loaded in the appropriate 

wells, and then the run proceeded at 120v for 90 min. Proteins are then transferred onto 

a PVDF membrane (cat. No. 162- 0177; Bio-Rad) previously soaked in methanol for 15 

minutes (to be activated) using semi-dry transfer machine. At the completion of the 

transfer, the membrane is blocked using a blocking buffer (TBST with 3% BSA (A2153; 

Sigma)). Then, the membrane is cut according to the molecular weight of the targeted 

proteins. which are: SOX-2 (35 kDa. cat. No. 3579S; cell signaling), Oct-4 (45 kDa. cat. 

No. 2750S; cell signaling), HMGA1 (18 kDa. cat. No. 7777S; cell signaling), cleaved-

caspase 3 (17, 19 kDa. cat. No. 9661S; cell signaling), and  

cleaved-PARP 1 (89 kDa. cat. No. 5625S; cell signaling). Primary antibodies of the 
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mentioned targeted proteins, at a dilution of 1:1,000 in blocking buffer, are added and 

incubated overnight in the fridge on the shaker. The following day, the membrane is 

washed with 1x TBST (0.1%) 3 times for 5min each, and then incubated for 1h at room 

temperature with goat anti-rabbit secondary antibody IgG HRP-conjugated (cat. No. 

170-5046; Bio-Rad). The membrane is then washed 1x TBST (0.1%) 3 times for 5 

minutes each, soaked in ECL substrate (cat. No. 170-5061; Bio-Rad) for 3 minutes and 

imaged using the Chemidoc machine.  

Results are quantified using Image Lab software.  

 

2.4. Statistical Analysis 

All experiments were performed in three biological repeats except for the combination 

therapy and western blot experiments; they were conducted once. Also, all experiments 

were conducted in two experimental repeats, except for the cell proliferation assay, 

tumorsphere formation assay, and the assays performed with combination therapy; they 

were conducted in three experimental repeats. Statistical analysis was performed using 

GraphPad Prism software, where two-way ANOVA test was used for cell proliferation 

and viability assays; whereas one-way ANOVA test was used for apoptosis, 

tumorsphere formation, and western blot assays. P-value <0.05 was set to indicate 

statistical significance.  
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Experiments were conducted in three experimental repeats. The above data represents 

the mean ± the standard error of the mean (SEM) of the three wells of the same 

condition. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
 

3.6.3.2. SK-N-SH 
Treatment with either drug alone and in combination resulted in significant inhibition of 

tumorsphere formation capacity that was assessed using the sphere formation efficiency 

(SFE) assay. Tumorsphere formation capacity of SK-N-SH cell line was significantly 

reduced with 10µM CHIR-99021, 5µM RUX, and 5µM CHIR-99021 + 2.5µM RUX 8 

days after drug treatment. The combination therapy did not seem to exert an 

added/synergistic effect compared to single drug treatment. 
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Chapter Four 

Discussion 

As shown by the literature, NB is the most common solid extracranial tumor in 

children. It is a highly devastating and malignant tumor, which despite the recent 

advances in treatment options, continues to exhibit high recurrence and relapse rates 

in children with high-risk NB. This highlights the great need for more potent and 

targeted therapies in order to increase specificity and survival and reduce toxicity and 

morbidity of NB patients. RUX and CHIR-99021 have been previously studied in 

many types of cancers, and they showed promising results as anticancer therapies 

through inhibiting JAK/STAT and GSK-3 pathways respectively. In our research 

study, we show that RUX and CHIR-99021 exhibit significant anti-cancer effects 

against IMR-32 and SK-N-SH NB cell lines.   

In order to evaluate the efficacy of these two drugs in targeting NB cells and stem 

cells, we performed several assays both at the cellular and molecular level. At the 

cellular level, we conducted cell proliferation, viability, apoptosis and tumorsphere 

formation efficiency assays. Whereas at the molecular level, we conducted western 

blot analysis to study the expression of tumorigenic proteins as well as proteins 

involved in apoptosis after drug treatment.  

To begin with, by analyzing the cellular proliferation graphs, we decided to proceed 

our experiments with 10µM CHIR-99021 and 5µM RUX. Where 10µM CHIR-99021 

was the only dose that showed statistically significant effect at 48 and 72 h after drug 

treatment in both cell lines, whereas both 5µM RUX and 10µM RUX showed 

statistically significant effect at 48 and 72 h after drug treatment in both cell lines.  

RUX and CHIR-99021 exhibited significant anti-cancer activity by inhibiting the 

cellular proliferation and viability in a time dependent manner, and inducing cellular 

apoptosis in IMR-32 and SK-N-SH cell lines. The anti-apoptotic effect was correlated 

with the caspases activation of the extrinsic apoptosis assay.    

In these three assays, it was interestingly clear that RUX has demonstrated higher 
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potency in the two cell lines. Even though, this difference was not statistically 

represented on the graphs, RUX showed much more inhibition at a dose that is half of 

that of CHIR-99021, thus if used at the same dose as CHIR-99021 it would have 

exerted a statistically significant difference compared to treatment with CHIR-99021.  

Moreover, western blot analysis showed that treatment with either RUX and CHIR-

99021 for 48h significantly downregulated the protein expression of the stem cell 

pluripotency markers, SOX-2 and Oct-4, in the two cell lines. SOX-2 is responsible 

for regulating the self-renewal and pluripotency of cancer stem cells, and it was 

previously reported to contribute a major role in numerous pathways during tumor 

development and tumorigenesis in several malignant tumors (Kashyap et al., 2009). 

Oct-4, is a member of the Pit-Oct-Unc (POU) transcription factor family that is 

involved in stem cell differentiation, self-renewal, and pluripotency. It was previously 

reported, by a large amount of evidence from the literature, that the expression of Oct-

4 plays a vital role in the malignant transformation and tumorigenesis of various 

cancer types (You, Guo, & Huang, 2018). 

In addition, western blot analysis showed that treatment with either RUX or CHIR-

99021 for 48h significantly upregulated the expression of the apoptotic markers c-

PARP1 and c-caspase3 in IMR-32 and SK-N-SH NB cell lines. Caspase-3 is a critical 

mediator of cellular apoptosis, and multiple studies have demonstrated that its 

activation is a sign of the irreversible apoptosis stage (Jin et al., 2017). Thus, the 

detection of cleaved caspase-3 is a reliable marker for cellular apoptosis (Crowley & 

Waterhouse, 2016).  

PARP-1 is a protein enzyme highly involved in DNA damage repair and gene 

transcription regulation. PARP-1 is cleaved by caspase-3 into two fragments, p89 and 

p24, which leads to loss of PARP-1 function and subsequent apoptosis (Jin et al., 

2017). In our research project, we used the cleaved PARP-1, which has the molecular 

weight of 89 kDa, thus our findings of c-PARP-1 upregulation supports the efficacy 

of RUX and CHIR-99021 in inducing NB cell apoptosis.  

Moreover, Western blot analysis showed that RUX and CHIR-99021 significantly 
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downregulated the tumorigenic protein HMGA1. HMGA1 is an architectural 

transcription factor that participates in fundamental cellular processes such as cell 

cycle progression, neoplastic transformation, and cellular metabolism. It is highly 

overexpressed in several types of cancer, thus; our finding of HMGA1 downregulation 

supports the therapeutic effect of RUX and CHIR-99021 in treating NB (Fu et al., 

2018). This may explain, in part, the antitumor activity of these drugs in our cells, 

including reduced cellular proliferation, viability, tumorsphere renewal and increased 

apoptosis. 

Next, combination therapy of both RUX at 2.5µM and CHIR-99021 at 5µM exhibited 

significant effect in inhibiting cellular viability, apoptosis, and tumorsphere formation 

capacity in IMR-32 and SK-N-SH NB cell lines. This effect was similar to that of 

CHIR-99021 alone at 10µM, which is lower than that of RUX alone at 5µM in the 

viability and apoptosis assays, while higher than it in tumor sphere formation assay. 

Thus, combination therapy does not seem to exert an added or synergistic effect 

compared to single drug treatment alone. 

Combining these two drugs may have added therapeutic effect in treating NB by 

inhibiting both JAK/STAT and GSK-3 pathways that are both involved in the 

development and tumorigenesis of NB. In our research project, we used both drugs in 

the combination therapy at one concentration that is half that of the used drugs alone; 

however, various concentrations of both drugs may be used in order to obtain clearer 

image about the efficacy of combining these two drugs in targeting NB. At the doses 

used in our study, synergistic or added effects were not observed, however, a more 

thorough investigation involving various drug-dose escalations in combination would 

be warranted to determine if added or synergistic effects exist. 

Thus, we have demonstrated that Both CHIR-99021 and RUX exhibit potent 

apoptotic, anti-proliferative, anti-viability and anti-stem cell maintenance effect on 

IMR-32 and SK-N-SH neuroblastoma cell lines. And that Combining CHIR-99021 

and RUX may have added therapeutic effects in treating NB, but more thorough 

investigation is needed. 
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Chapter Five 

Conclusion and Future Perspectives 

 

Neuroblastoma is a highly common malignant tumor of childhood characterized by high 

relapse and treatment-resistance rates. A better understanding of NB therapeutic targets 

is greatly needed to establish potent and targeted treatment options. JAK/STAT and 

GSK-3 pathways are two of the recently proposed molecular targets to treat NB. RUX 

and CHIR-99021 were shown to have positive anti tumorigenic affects in several cancer 

types. In this study, these two small molecules exhibited promising results in targeting 

pediatric NB stem cells through significant inhibition of cellular proliferation, viability, 

apoptosis and tumorsphere formation capacity in both IMR-32 and SK-N-SH cell lines, 

which is consistent with our proposed hypothesis.  At the biochemical level, RUX and 

CHIR-99021 led to differential expression of proteins responsible for tumor genesis and 

suppression. Moreover, combining these drugs may have added therapeutic effects in 

treating NB.  

 

In order to elucidate the therapeutic mechanism through which RUX and CHIR-99021 

act, further studies are still needed.  

Future perspectives include: 

 Conducting combination therapy experiments using different concentrations of 

both drugs starting from very low concentrations reaching to similar 

concentrations of each drug alone.  

 Investigating the effect of RUX and CHIR-99021 on various tumorigenic 

pathways by using different primary antibodies in western blot experiments.  

 Investigating the effects of RUX and CHIR-99021 in in-vivo animal models.  
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