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Abstract 

 

Adenoid cystic carcinoma (ACC) is a malignancy originating in salivary glands. Although more 

frequent in the head and neck region, ACC can also arise from exocrine glands in other body 

locations, such as breast, respiratory tract, and genitourinary system. ACC is slow growing but 

relentless, and poorly responding to chemotherapy or other therapeutic interventions, 

explaining the high frequency of recurrence, propensity to metastasise, and poor prognosis. 

Overexpression of the MYB transcription factor and oncoprotein is a hallmark of ACC; 

however, the inherent difficulty of pharmacological inhibition of transcription factors and the 

critical role of MYB in normal haematopoiesis have stalled the progression of direct targeting 

strategies. Another difficulty in ACC research is the lack of reliable, easy-to-use cellular 

models.  

In this PhD study, we have developed a new model of ACC by expressing a switchable MYB 

transgene in non-tumourigenic MCF10A breast epithelial cells. Upon MYB expression, the 

model recapitulated transcriptional features of ACC patient-derived gene expression profiles, 

affirming clinical relevance. Analysis of MYB-regulated genes at the global level identified the 

mitotic checkpoint kinase BUB1 as a potential therapeutic target. We found that BUB1 is 

directly regulated by MYB at the promoter level and co-expressed with MYB in ACC tumours. 

Pharmacological inhibition of BUB1 caused suppression of proliferation and apoptosis of 

primary ACC cells and impaired the growth of MYB-overexpressing, but not MYB-negative, 

MCF10A cells, indicating that the oncogene could be used as a biomarker of drug response 

in glandular tumours. Overall, these results suggest that newly designed ACC models could 

become valuable and versatile tools for research providing a cost-effective, reproducible 

alternative to patient-derived cell lines or xenotransplants. The MYB-BUB1 axis unveiled in 

this study using the novel cellular model of ACC has the potential to increase therapeutic 

opportunities for cancer patients.  
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1.1 Adenoid cystic carcinoma: an indolent but aggressive 

tumour 

 

 

 

First described by Robin and Laboulbene (Robin Charles & Joseph A. Laboulbene, 1853) and 

later referred to as “cylindroma”, a term coined by Billroth in 1859, adenoid cystic carcinoma 

(ACC) is a rare head and neck malignancy that mainly affects salivary glands (Billroth, 1859; 

Fordice et al., 1999). It can also arise in any site with a secretory gland component, including 

ceruminous and lacrimal glands, exocrine glands, breasts, uterine cervix, oesophagus, lungs, 

and prostate (Figure 1. 1) (Dodd & Slevin, 2006; Kokemueller et al., 2004). The sites of origin 

in the head and neck region are the tongue, paranasal sinuses, palate, nasopharynx, larynx, 

lacrimal glands, and the external auditory canal (Cantù, 2021a; Khan et al., 2001; Spiro et al., 

1974). Although this type of cancer typically arises within the salivary glands, it may also affect 

other tissues with glandular characteristics outside the head and neck region, such as in the 

tracheobronchial tree, oesophagus, breast, lungs, prostate, uterine cervix, Bartholin’s glands, 

and skin (Cantù, 2021a). The biological behaviour of the disease is still poorly understood. 

Due to the relative scarcity of cases, the knowledge gap in understanding underlying disease 

mechanisms has resulted in fewer evidence-based therapies compared to other cancers, 

highlighting a clinical need for improved treatment strategies (Chae et al., 2015).  
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Figure 1. 1 | Schematic representation of the main sites of ACC of the head and neck. 

ACC affects exocrine glands. The main major salivary glands are shown under the 

lining of the tongue (sublingual), below the jaw (submandibular), and inside the 

cheeks (parotid). In humans there are around 800-1000 minor salivary glands 

located throughout the oral cavity within the mucosa of the buccal, labial, and also 

palate tissues. Original illustration. 

 

 

 

1.1.1 Epidemiology of ACC 

ACC accounts for 1% of the head and neck cancers and 20% of the salivary gland 

malignancies in adults (Fordice et al., 1999; Kokemueller et al., 2004; Spiro et al., 1974).  

Due to its rarity, comprehensive epidemiological studies on ACC, especially by anatomical 

site, are lacking. The latest overall incidence ratio has been estimated at 0.35 per 100 000, 

with incidence being directly proportional to increasing age (Boyle et al., 2020). In fact, the 

median age of diagnosis ranges between 50 and 70 years (Boyle et al., 2020; Ellington et al., 

2012). Despite affecting patients prevalently in the fifth and sixth decades of life, ACC may 
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appear virtually at any age (Chummun et al., 2001; Li, N., Xu, Zhao, El‐Naggar, & Sturgis, 

2012), with a slight predominance in woman than men with a ratio of around 60:40 (Jaso & 

Malhotra, 2011). Mu and colleagues (2021) investigated a cohort of 1285 patients initially 

diagnosed with ACC from the Surveillance, Epidemiology and End Results (SEER) database 

of the National Cancer Institute (NCI) (Mu et al., 2021). Patients who received a diagnosis of 

ACC between 2010 and 2015 were included in the study and patient’s details were extracted, 

including age, ethnicity, gender, and site of the cancer; results are reported in Figure 1. 2 (Mu 

et al., 2021). 

 

Limited data has been collected on the contribution of ethnicity, geographical distribution, 

exposure, or other environmental or epidemiologic factors to the disease development, mainly 

due to the scarcity of registry studies. Comparing the latest reviews on the topic, geographic 

distribution of ACC is similar between USA and Europe, while there is a notable difference 

when compared to Chinese data especially for oral cavity (30% vs 7.5%), major salivary 

glands (46% vs 22%), nasal cavity and paranasal sinuses (10% vs 30%), and lung and 

bronchus (4% vs 24%) (Ciccolallo et al., 2009; Li, N. et al., 2012; Mu et al., 2021). There are 

no identifiable lifestyle or environmental risk factors for ACC, and smoking is not known to 

raise the incidence, although it can be involved in oral cancers in general (Coca-Pelaz et al., 

2015; Zvrko & Golubović, 2009). 
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Figure 1. 2 | Baseline characteristics of all patients in the SEER dataset. Details of a 

cohort of 1285 patients diagnosed with ACC between 2010 and 2015. Data were extracted 

from the SEER database and are shown as number of patients (%). Original illustration. 

 

 

 

Due to the slow progression and indolent nature of ACC, clinical heterogeneity exists among 

patients. Survival rates have been reported to be 70-90% for 5 years but decline steadily for 

subsequent years of survival (Ellington et al., 2012; Lloyd et al., 2011). While for ACC affecting 

major salivary glands and lung, the rate has been reported to be 71%, and 39%, respectively, 

the most striking feature of ACC of the breast is the positive long-term prognosis, with a 10-

year survival rate accounting for 90-100% (Ciccolallo et al., 2009; Marchio et al., 2010; Molina 

et al., 2007). 

To date, only a handful of multivariate analyses have investigated the prognostic value of 

different clinico-pathologic factors in ACC (Amit et al., 2015; Amit et al., 2015; Bjørndal et al., 

2015; Ganly et al., 2015; Jones et al., 1997; Oplatek et al., 2010; van Weert et al., 2015; Xu 

et al., 2017; Zhang et al, 2013). 
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Among the factors influencing the survival rate in ACC of the salivary glands, the site of the 

primary tumour appeared to be an important player (Huang et al., 1997). By analysing over 

one hundred samples of ACC, Huang and colleagues (1997) reported a poor prognosis for 

ACC cases occurring in submandibular glands, maxillary antrum, and tongue, with the worse 

prognosis reported for submandibular glands (Huang, Minxian et al., 1997). These results 

confirmed previous data (Spiro et al., 1979), and could be explained by assuming that variable 

tumour locations and extensive invasion of nerves, bones, and muscles, hardly secure a 

radical cure (Spiro et al., 1979). Moreover, the ACC cases with the worse prognosis (i.e. 

submandibular) were also poorly differentiated, characteristic generally associated with poor 

prognosis in cancer patients.  

The common and consistent independent adverse predictors repeatedly identified in these 

studies were tumour staging and positive surgical margins (meaning that tumour cells can be 

still identified at the edge of the removed tissue) (Amit et al., 2015; Amit et al., 2015; Bjørndal 

et al., 2015; Ganly et al., 2015; Huang, Minxian et al., 1997; Jones et al., 1997; Oplatek et al., 

2010; van Weert et al., 2015; Xu et al., 2017; Zhang, Chun-Ye et al., 2013). Using multivariate 

analysis, Xu et al. (2017) confirmed ACC tumour stage and the presence of solid histology as 

adverse prognostic factors for recurrence-free survival (RFS) (Xu et al., 2017). Moreover, they 

also identified other adverse predictors of survival, including large tumour size, solid growth 

pattern, increased mitoses, high grade transformation, vascular invasion, nuclear atypia, and 

open chromatin (Xu et al., 2017). Radiotherapy has been reported to not improve survival rate, 

but to be effective in improving the locoregional control rate (Bjørndal et al., 2015).  

Survival analysis of clinical and pathological risk factors for local–regional recurrence or 

distant metastasis indicate that tumour grade (advanced vs early-stage), histological grade 

(undifferentiated vs differentiated), and adjuvant radiotherapy (aRT) have prognostic impact 

on disease-free survival (DFS), with advanced stage and high grade independently associated 

with reduced DFS (Romani et al., 2023). 
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1.1.2 Clinical presentation and diagnostic evaluation 

Signs and symptoms  

Generally, ACC is characterised by a protracted indolent course; however, it has an aggressive 

long-term behaviour, with invasive perineural infiltration and high propensity for local 

recurrence and distant metastases resulting in eventual death (Dodd & Slevin, 2006; Spiro et 

al., 1974). For these reasons, ACC has been described as “one of the most biologically 

destructive and unpredictable tumours of the head and neck” (Conley & Dingman, 1974). The 

most common symptom is the presence of a slowly growing mass, followed by pain and facial 

nerve dysfunction due to propensity for perineural invasion (Vander Poorten et al., 1999). A 

study on 61 ACC of the salivary glands reported that 98% of patients presented a mass, 48% 

experienced pain, 30% had ulceration, and one patient had facial nerve paralysis (Nascimento 

et al., 1986). The fraction of time in which the symptoms were present varied from 1 month to 

4 years (Nascimento et al., 1986).  

 

The symptomatology is heavily dependent on the anatomical site of disease. For example, it 

has been shown that ACC facial nerve palsy may occur when the mass is located in the parotid 

gland in the major salivary glands (Coca-Pelaz et al., 2015; Vander Poorten et al., 1999). The 

classical presentation of a palate minor salivary gland tumour is that of a painless submucosal 

swelling, although it is also possible to observe ulceration or even oro-antral fistula (Poorten 

et al., 2014). When located in the larynx, dyspnoea could be the first presenting symptom; and 

in the nose or paranasal sinuses the main symptoms are nasal obstruction, deep facial pain, 

epistaxis, and eye problems (Biswas et al., 2014; Husain et al., 2013). 

The ACC of the breast is localised (i.e. only restricted to the site of origin) in 96% of the cases, 

with rare cases of metastatic spread, whereas only 57% of ACC of the salivary glands is 

localised, with the remaining tumours showing high rate of perineural invasion and distant 

metastases (Ciccolallo et al., 2009; Ghabach et al., 2010; Marchio et al., 2010).  
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Diagnostic workup 

The following reports explore the recommended modalities of preoperative evaluation for 

patients with ACC according to literature review and the American Society of Clinical Oncology 

(ASCO) published in 2021. 

Diagnostic examination of a suspected minor salivary gland tumour is essential to discriminate 

the likelihood of malignancy and determine the exact anatomic location, local extent, and 

lymph node involvement for management considerations (Poorten et al., 2014). 

Preoperatively, fine-needle aspiration cytology (FNAC) or core-needle biopsy can be used for 

tissue biopsy and ancillary tests (immunohistochemical or molecular studies) to assess for the 

presence of malignancy, avoiding unnecessary resection (ASCO Head and Neck Guidelines, 

2021). These techniques allow to distinguish between benign and malignant specimen with 

an estimated sensitivity of 80% and a specificity of 97% (although across studies, this varied 

as widely as 57%-86% and 87%-100% for sensitivity and specificity, respectively), but fails to 

further classify the sample into subtypes or in providing tumour grading (Poorten et al., 2014; 

Schmidt, Hunt et al., 2011; Schmidt, Hall, & Layfield, 2011; Schmidt, Hall, Wilson et al., 2011). 

Therefore, incisional biopsy can be used to obtain a more accurate and complete 

representative specimen for diagnosis and provide histological information (Poorten et al., 

2014). 

Although pathology is the definitive diagnostic modality, imaging offers additional details for a 

diagnosis and correct surgical planning. Tumour characteristics including extension, nature, 

borders, and infiltration are delineated by computerised tomography (CT) scan, magnetic 

resonance imaging (MRI), and positron emission tomography (PET) (Poorten et al., 2014; 

Thoeny, 2007).  

CT approaches can include ionizing radiation and using iodinated contrast agents (Burke et 

al., 2011). It is the first-choice examination for identification of erosion of the bones that may 

occur adjacent to the temporal bone, detection of pulmonary nodules, and presence of distant 

metastasis preoperatively and during the follow-up (ASCO Head and Neck Guidelines, 2021;  

Eggesbø, 2012; Fang et al., 2022; Ju et al., 2019).  
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MRI has a better soft tissue contrast and spatial resolution, making it the preferred option for 

depicting skull base involvement and perineural invasion (Lee, YYP et al., 2008). Some reports 

suggested that Tmax (time to maximum contrast enhancement) in contrast enhanced MRI can 

be helpful to distinguish malignant and non-malignant minor salivary gland tumours 

(Matsuzaki, Yanagi et al., 2012; Matsuzaki, Hara et al., 2012).  

Diffusion-weighted imaging (DWI) with apparent diffusion coefficient (ADC) can be used to 

identify benign and malignant sinus tumours and classify ACC and non-ACC nasal masses 

with a maximum accuracy of 82% and a sensitivity of 100% (Gencturk et al., 2019; Wang, 

Feng et al., 2017). 

PET (with or without CT) does not provide the spatial resolution for anatomical detail, useful 

for a better preoperative evaluation, but it can be used for exclusion of metastatic disease, 

more accurate prediction of nodal and distant metastatic disease in high-grade tumours, and 

identification of recurrent and metastatic disease, although false positives may alter the results  

(Kim, Min-Joo et al., 2013; Lee, Hwan et al., 2019; Roh et al., 2007). 

Another imaging technique is the ultrasound (US), and it is mainly used to describe superficial 

lesions, especially those located in the parotid and submandibular glands (Fang et al., 2022).  

 

 

 

1.1.3 Classification of ACC 

Diagnostic classification of ACC is performed by histopathological analysis of tumour 

specimen. The histopathological examination also aids in differential diagnosis of other 

tumours such as squamous and basaloid carcinomas (Ferlito et al., 1997; Shaikh et al., 2014; 

Tsang et al., 1991). ACC encompasses a diverse histopathological spectrum which has 

resulted in controversies around standardised classification systems (van Weert et al., 2015).  

ACC presents itself mainly in non-luminal, basaloid cells with a limited amount of cytoplasm, 

or less often in luminal cuboidal cells with a duct-like phenotype, highlighting its origin from 
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the intercalated duct region of the glandular structures (Chen, J. et al., 1988; Coca-Pelaz et 

al., 2015). ACC histologically appears as a mixed tumour, consisting of tubular, cribriform 

and/or solid growth patterns (Figure 1. 3) (van Weert et al., 2015). The most prevalent 

histology is cribriform, in which cells present different sizes and shapes, surrounded by punch-

out spaces (pseudolumina or pseudocystis), with a stroma containing hyaline material and/or 

myxoid glycosaminoglycans, and tumour cell nests surrounding the lumina (Cheng et al., 

1992; Coca-Pelaz et al., 2015). Tubular architecture of ACC, typical mixed with the cribriform 

one, presents gland-like groups of luminal cells with a central lumen; conversely, solid ACC 

tumours grow in sheets without lumen formation (Figure 1. 3) (Cheng et al., 1992; Coca-Pelaz 

et al., 2015; Moskaluk, 2013).  
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Figure 1. 3 | Haematoxylin and eosin staining of ACC. Normal salivary gland (NSG) and 

adenoid cystic carcinoma (ACC) tissues stained with haematoxylin and eosin (HE). The 

different morphology is indicated above the pictures. Scale bars= 50 µm. Adapted from  

Wang, Yu-Fan et al., 2014. 

 

 

 

Currently, two classification systems are employed: Perzin/Szanto and Spiro, which also 

correlate with prognostic outlooks, according to the percentage of solid tumour component 

(Perzin et al., 1978; Spiro et al., 1974; Szanto et al., 1984). To predict a worse prognosis of 

the cancer, the cut-off values based on the solid component are >30% and >50% in the 

Perzin/Szanto and Spiro systems, respectively (Perzin et al., 1978; Spiro et al., 1974; Szanto 

et al., 1984). Similar to the cut-off set by Szanto, the current World Health Organization (WHO) 

for salivary gland tumours averts that ACC cases with a solid component accounting for more 

than one third of the tumour may lead to a worse clinical outcome (EI-Naggar, 2017).  

Another grading system has been proposed by van Weert and colleagues (2015), in which 

they distinguished presence or absence of solid compartment, independently from the amount 

NSG Cribriform Tubular Solid

ACC
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(van Weert et al., 2015). Recently, Morita et al. (2021) proposed a novel criterion (the 

minAmax) for pathological classification of ACC tumour grade, in which the maximum oval 

fitting the solid tumour nest of was estimated, and the length of the minor axis of the oval 

(minAmax) was measured (Morita et al., 2021).  

Nevertheless, the clinical utility of histopathology has been debated, also due to the lack of 

diversified treatment regimens (in detail in paragraph 1.1.5) (van Weert et al., 2015). 

A list of other proposed grading systems can be found in Table 1. 1. 

 

 

Table 1. 1 | Criteria of histopathological grading for ACC.  

SYSTEM  DESCRIPTION  STUDY 

 Grade I Grade II Grade III  

Perzin/Szanto 
Mostly 

tubular, no solid 

Mostly 
cribriform, solid 

component < 30% 

Solid 
component > 30% 

 (Perzin et 
al., 1978; 

Szanto et al., 
1984) 

Spiro 

Mostly 
tubular or 
cribriform, 

occasionally 
solid 

Mixed with 
substantial solid 

(>50%) 

Only solid 
component 

 (Spiro et al., 
1974) 

     

 S- S+   

van Weert 

 
Solid 

component 
absent 

Solid component 
present 

  (van Weert 
et al., 2015) 

     

 Low-grade  High-grade   

MinAmax 
MinAmax 
≤ 0.20 mm 

MinAmax > 0.20 mm   (Morita et 
al., 2021) 
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1.1.4 TNM classification 

Being a solid tumour, ACC is also classified according to the TNM classification system. 

Published by the Union for International Cancer Control (UICC) and the American Joint 

Committee on Cancer (AJCC), the TNM Classification of malignant tumours is the global 

recognised standard for classifying cancers (TNM Classification of Malignant Tumours, UICC; 

update 2023). The TNM gives a description of tumour site and size (T), regional lymph node 

involvement (N), and distant metastatic spread (M), providing information about the severity 

of an individual’s cancer and helping in designing an appropriate plan for treatment (TNM 

Classification of Malignant Tumours, UICC, update 2023). 

The T classifier ranges from a value of 1 to a value of 4 according to the size of the tumour; N 

goes from 1 to 3 according to the number of lymph nodes involved (one or more than one) 

and the size of the primary tumour; M describes the spread of the cancer to other sites of the 

body. Moreover, a value of “0” is used when no evidence is found, i.e. T0 means no presence 

of tumour, N0 stands for no presence of cancer in lymph node region, and M0 no metastatic 

spread to other sites. When a tumour cannot be evaluated, the nomenclature includes an “X” 

(TX, NX, MX) (Adenoid Cystic Carcinoma: Stages, Cancer.Net; Conquer Cancer, the ASCO 

foundation, 2021). 

Combinations of T, N, and M scores determine the staging of the cancers. The earliest-stage 

salivary gland cancer is stage 0 (carcinoma in situ), and stages range from I to IV, according 

to the severity of the condition. Additional details are reported in Table 1. 2. 
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Table 1. 2 | Staging classification of ACC. TX, main tumour cannot be assessed due to lack 

of information; T0, no evidence of a primary tumour; NX, regional lymph nodes cannot be 

assessed due to lack of information. Adapted from AJCC, Cancer Staging Manual. 

STAGE TNM DESCRIPTION 

0 Tis 

N0 

M0 

The cancer is confined to the cells lining the salivary duct (Tis). 

It has not spread to nearby lymph nodes (N0) or distant sites (M0). 

This stage is also known as carcinoma in situ (Tis). 

I T1 

N0 

M0 

The cancer is 2 cm (about ¾ inch) or smaller. It’s not growing into 

nearby tissues (T1). 

It has not spread to nearby lymph nodes (N0) or to distant sites 

(M0). 

 

II 

T2 

N0 

M0 

The cancer is larger than 2 cm but no larger than 4 cm (about 1½ 

inch). 

It’s not growing into nearby tissues (T2). It has not spread to 

nearby lymph nodes (N0) or to distant sites (M0). 

III 

 

T3 

N0 

M0 

The cancer is larger than 4 cm and/or is growing into nearby soft 

tissues (T3). 

It has not spread to nearby lymph nodes (N0) or to distant sites 

(M0). 

OR 

T0, T1, 

T2, T3 

The cancer is any size and might have grown into nearby soft 

tissues (T0-T3) AND has spread to 1 lymph node on the same 

side of the head or neck as the primary tumour. 
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N1 

M0 

The cancer has not grown outside the lymph node and the lymph 

node is no larger than 3 cm (about 1¼ inch) (N1). It has not 

spread to distant sites (M0). 

IVA T4a 

N0 or 

N1 

M0 

The cancer is any size and is growing into nearby structures such 

as the jawbone, skin, ear canal, and/or facial nerve. This is known 

as moderately advanced disease (T4a) AND: 

• It has not spread to nearby lymph nodes (N0) OR  

• It has spread to 1 lymph node on the same side of the 

head or neck as the primary tumour but has not grown 

outside of the lymph node and the lymph node is no larger 

than 3 cm (about 1¼ inch) (N1). 

It has not spread to distant sites (M0). 

OR 

T0, T1, 

T2, T3 

or T4a 

N2 

M0 

The cancer is any size and might have grown into nearby soft 

tissues or structures such as the jawbone, skin, ear canal, and/or 

facial nerve (T0-T4a) AND any of the following: 

• It has spread to 1 lymph node on the same side as the 

primary tumour but has not grown outside of the lymph 

node and the lymph node is larger than 3 cm but not larger 

than 6 cm (about 2½ inches) (N2a) OR 

• It has spread to 1 lymph node that is 3 cm or smaller and 

the cancer has grown outside of the lymph node (N2a) OR 

• It has spread to more than 1 lymph node on the same side 

as the primary tumour, but it has not grown outside of any 

of the lymph nodes and none of the lymph nodes are larger 

than 6 cm (N2b) OR 

• It has spread to 1 or more lymph nodes, either on the 

opposite side of the primary tumour or on both sides of the 

neck but has not grown outside any of the lymph nodes 

and none are larger than 6 cm (N2c). 

It has not spread to distant organs (M0). 
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IVB 

Any T 

N3 

M0 

The cancer is any size and might have grown into nearby soft 

tissues or structures (Any T) AND any of the following: 

• it has spread to a lymph node that is larger than 6 cm but 

has not grown outside of the lymph node (N3a) OR 

• it has spread to a lymph node that is larger than 3 cm and 

has clearly grown outside the lymph node (N3b) OR 

• it has spread to more than one lymph node on the same 

side, the opposite side, or both sides of the primary cancer 

with growth outside of the lymph node(s) (N3b) OR 

• it has spread to a lymph node on the opposite side of the 

primary cancer that is 3 cm or smaller and has grown 

outside of the lymph node (N3b).  

It has not spread to distant organs (M0). 

OR 

T4b 

Any N 

M0 

The cancer is any size and is growing into nearby structures such 

as the base of the skull or other bones nearby, or it surrounds the 

carotid artery. This is known as very advanced disease (T4b). 

It might or might not have spread to nearby lymph nodes (any N). 

It has not spread to distant organs (M0). 

IVC Any T 

Any N 

M1 

The cancer is any size and may have grown into nearby soft 

tissues or structures (Any T) AND it might or might not have 

spread to nearby lymph nodes (Any N). 

It has spread to distant sites such as the lungs (M1). 
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1.1.5 Available treatments for ACC  

Surgery 

The first line of treatment for ACC patients in the absence of distant metastases is surgical 

resection, with some precautions depending on the location of the tumour. When in presence 

of a T4b disease or cervical lymph node metastases invading the carotid artery, the tumour is 

considered unresectable (Fushimi et al., 2018). 

Regardless of the site, R1 resection (close margins of resection within 1 mm) is preferred over 

the radical resection (R0, negative margins and complete removal of tumour residues) when 

R0 is too risky or potentially lethal, and its often accompanied by aRT to obtain a promising 

prognosis for patients (Millar et al., 2004; Naylor et al., 2008; Ning et al., 2019; Woida & 

Ribeiro-Silva, 2007). However, the ASCO guideline for management of salivary gland 

malignancy reports that “the extent of adequate free margin is not well-established because 

of the absence of prospective randomized trials, the different anatomical sites that these 

tumors involve, and the diverse histologic types” (ASCO Head and Neck Guidelines, 2021). 

 

The National Comprehensive Cancer Network (NCCN) Guidelines 2019 (Head and Neck 

Cancers, NCCN, 2019) set guidelines for optimal surgical practices for head and neck surgery. 

In particular, surgeons encounter challenging conditions due to the complex branching of the 

facial nerve within the parotids and its functional and aesthetic importance, which also require 

consideration around the issue of perineural invasion that may determine the resection of the 

nerve. In these cancers, surgeons aim for complete excision, avoiding the removal of 

additional parotid tissue containing adjacent at-risk lymph nodes because of the low rate of 

metastasis (removal of adjacent lymph nodes is a treatment reserved for advanced (T3-T4) 

parotid cancers only) (Xiao et al., 2016). The proximity to the facial nerve leads to a close 

surgical margin of less than 5 mm; however, early-stage low and intermediate grade parotid 

cancers demonstrated a 100% locoregional control at a mean follow-up of 74 months in 15 

patients with T1-2 N0 cancer treated with surgery alone, even presenting a resulting surgical 
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margin of 2 mm (Zenga et al., 2019). These results were also confirmed in another series of 

18 patients with early stage acinic cell carcinomas of the parotid gland without adverse 

features, where only one patient experienced recurrence with a median follow-up of 64 months 

(Zenga et al., 2018). In another report of 32 not advanced parotid gland malignancy a 5-year 

DFS of 90.6% was observed (Stodulski et al., 2017).  

The hypoglossal nerve is almost always preserved during resection of ACC affecting the 

submandibular gland because of its deep location; however, the lingual nerve is often 

approached by the tumour together with the involvement of the adjacent lymph nodes (Cantù, 

2021b). Thus, for this location of the cancer, the preferred surgical procedure is complete 

resection of nodular and glandular content of the submandibular compartment (Batsakis, 

1979). For paranasal sinuses, the best treatment is surgery followed by postoperative 

radiotherapy (PORT); however, advanced stage tumours complicate the possibility of a clean 

resection, with around 60% of the cases presenting positive margins after the treatment 

(Cantu et al., 2010; Miller, E. D. et al., 2017). 

For ACC of the oropharynx at the base of the tongue, less invasive resection methods such 

as transoral robotic resection are possible but limited by the size of the tumours.  

Mandibulotomy may be required for larger tumours (Cantù, 2021b). For ACC of the larynx, the 

most common procedure is total laryngectomy (Cantù, 2021b). In general, regardless of the 

location of the primary ACC, the most common treatment is conservative total surgical 

resection, advocated also by the United Kingdom National Multidisciplinary Guidelines for 

parotid glands, whereas partial parotidectomy is preferred for small, low-grade superficial T1 

or T2 low-grade malignant tumours (Sood et al., 2016).  

However, postsurgical residual disease and positive margins are associated with poor 

prognosis, whilst negative or clean margins (with no residual tumoural tissue) are associated 

to improved overall survival (OS) (Gillespie et al., 2012; Ishida et al., 2020; Morse et al., 2019). 
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Radiotherapy 

Salivary gland malignancies are historically known to be radioresistant (Cerda et al., 2014). 

PORT is commonly used for ACC patients and essential for ACC treatment, independently on 

the margin status of the tumour, and “a dose of at least 60 Gy is indicated for patients with T3-

4 tumours, incomplete or close resection, bone invasion, perineural invasion, and pN(+)”, 

reporting a significantly improved 10-year local control in patients treated with PORT 

compared to surgery alone (Terhaard et al., 2005). This promising result was confirmed by 

analysis of available registries. Mahmood and colleague (2011) analysed a population of more 

than 2000 patients with high-grade (poorly differentiated or undifferentiated) and/or locally 

advanced malignant major salivary gland tumours (T3/4 or N+) extrapolated from the SEER 

(Mahmood et al., 2011). They found significantly improved survival with aRT among ACC 

patients with both high-grade and locally advanced disease (Mahmood et al., 2011). A 

comparable efficacy of PORT treatment was suggested after the analysis of more than 4000 

salivary gland ACC samples collected from the National Cancer Database (NCDB) (Safdieh 

et al., 2017). Moreover, it has been shown that aRT improves the survival rate also in patients 

with early-stage disease (Lee, Anna et al., 2017). Although the promising and significant 

difference in outcome in patients that underwent surgery alone or in combination with aRT, 

some studies reported a not significant effect in patients’ survival rate (Ellington et al., 2012; 

Lloyd et al., 2011). 

 

Particle therapies, including neutron, proton, and carbon ion therapies, have been investigated 

in ACC. It has been demonstrated that the 5-year local control rate is 24-57% and the OS is 

26.5-87% (Bhattasali et al., 2016). 

At the end of the 80’s, Catterall & Errington (1987) published for the first time the positive 

results achieved by using fast neutron radiotherapy rather conventional X-ray radiation 

therapy (RT) for head and neck ACC treatment, reporting a local control and 5-year survival 

rates of 72% and 50%, respectively (Catterall & Errington, 1987). Following studies on ACCs 

reported a remarkable difference in locoregional control in neutron therapy compared to the 
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conventional radiotherapy (56% vs 17%) or electron radiation (75% vs 32%) (Huber et al., 

2001; Lindsley et al., 1996). However, in patients treated with neutron therapy, no benefit in 

survival rate were detected compared to surgery alone (Balamucki et al., 2012; Choi et al., 

2013; Shen et al., 2012). Moreover, neutron radiotherapy has been reported to have a higher 

risk of late side effects, thus the NCCN guidelines for head and neck tumours no longer 

recommends neutron therapy for salivary gland neoplasms (Head and Neck Cancers, NCCN, 

2019). 

 

Two other types of heavy particle are proton beam radiotherapy and carbon ion radiotherapy 

(CIRT). The former has shown to be effective in achieving a good local control and less side 

effects compared to the neutron therapy; the latter is the most recent type of radiotherapy 

investigated, and it has been demonstrated its efficacy in cancers where photon beams 

therapy is not effective, including inoperable salivary gland tumours (Okada, T. et al., 2010; 

Vischioni et al., 2020). CIRT can be a new option to evaluate for the treatment of ACC patients, 

in the attempt to overcome ACC radioresistance properties. Unfortunately, only a few centres 

in the world perform CIRT, mainly due to its high costs and the need of peculiar shielding thick 

enough to prevent the leakage of radiation (Cantu et al., 2010).  

 

 

Chemotherapy  

ACC tumours do not benefit from systemic chemotherapy; thus, no recommendation by NCCN 

about standard chemotherapy is accepted for ACC treatment (Head and Neck Cancers, 

NCCN, 2019). Nevertheless, over the years various studies attempted to investigate single-

agent cytotoxic drugs or combinatorial chemotherapy in patients with ACC tumours; however, 

the response rates for chemotherapeutic drugs quoted in the literature are variable and 

inconsistent  (Dodd & Slevin, 2006). The objective tumour response to cisplatin in metastatic 

tumours, for example, remains unclear, with studies suggesting a favourable subjective 
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response and objective tumour regression in 7 patients out of 10, alongside with studies 

reporting no significant response in ACC metastatic tumours treated with cisplatin (Dick Haan 

et al., 1992; Licitra, Lisa et al., 1991; Schramm et al., 1981). According to a review published 

by Laurie and colleagues (2011), 141 patients were analysed across different clinical trials 

using single-agents mitoxantrone, cisplatin, epirubicin, vinorelbine, paclitaxel, and 

gemcitabine; major responses were sporadically observed (18 patients out of 141), stable 

disease (SD) was reported in 64 of 111 patients, and paclitaxel and gemcitabine yielded nil 

response rate (Airoldi et al., 2001; Gilbert et al., 2006; Mattox et al., 1990; Schramm et al., 

1981; Van Herpen et al., 2008; Vermorken et al., 1993; Verweij et al., 1996). Although 

combinatorial chemotherapy with cisplatin may show a higher objective response rate than 

single-agent chemotherapy, the toxicity derived from the combination is the limiting factor in 

using multiple chemotherapeutic agents concomitantly (Fang et al., 2022). 

Cytotoxic drug responses were also analysed in four ACC trials: cisplatin, doxorubicin, and 

cyclophosphamide-adriamycin-platinum (CAP) were the most common administrated 

regimens and major objective responses were noted in 9 of 36 patients (Belani et al., 1988; 

Creagan et al., 1988; Dreyfuss et al., 1987; Licitra, L. et al., 1996). Use of anthracycline in 

combination with cisplatin was also suggested as potential therapeutic strategy cells (Laurie 

et al., 2011).  

Currently, chemotherapy is mainly used as palliative treatment effective in a small portion of 

metastatic and recurrent ACC patients where surgery and/or radiotherapy are not reasonable 

options (Laurie et al., 2011; Fang et al., 2022; de Sousa et al., 2022). However, chemotherapy 

alone is not sufficient to increase patients’ survival rate, and combination with other types of 

therapeutics could be a path to explore for those patients with inoperable or incurable tumours. 

 

 



Chapter I – Introduction to adenoid cystic carcinoma 

 

 22 

Target-specific therapy 

Due to the rarity of ACC, there are no disease-specific agents designed for its treatment; in 

spite of that, different pharmacological agents targeting MYB-regulated proteins, including 

tyrosine kinases, have been used in phase I and phase II clinical trials, and some of them will 

be discussed in this paragraph.  

It has been found that 65% to 100% of ACCs overexpress KIT (CD117), suggesting that the 

KIT inhibitors imatinib and dasatinib could represent possible therapeutic targets (Chae et al., 

2015; Holst et al., 1999; Penner et al., 2002). Although these drugs administered as single 

treatments did not show an objective response in a phase II trial, combinatorial treatment with 

cisplatin improved the response (Hotte et al., 2005; Ochel et al., 2005; Pfeffer et al., 2007; 

Wong et al., 2013).  

Other therapies investigated in ACC include cetuximab, gefitinib, and lapatinib, three widely 

used drugs that target the tyrosine kinase EGFR, in view of its positivity in ACC (74-91%) 

(Agulnik et al., 2007; Dahse et al., 2009; Hitre et al., 2013; Jakob et al., 2015; Locati, Laura 

D. et al., 2009; Macarenco et al., 2008; Vered et al., 2002). Monotherapy with gefitinib or 

lapatinib did not show any positive effect, although SD was reached in 68% (13/18) of the 

cases with gefitinib and in 79% (15/19) of the cases treated with lapatinib (Agulnik et al., 2007; 

Jakob et al., 2015). Compared with the gefitinib and lapatinib studies, the monoclonal antibody 

cetuximab showed contrasting results in different studies. In a phase II trial, the drug did not 

show better results, with no overall response, and 87% of cases (20/23) with SD (Locati, L. D. 

et al., 2009).  

 

The pathways involved in ACC pathogenesis are not fully elucidated, thus investigating drugs 

with a broader spectrum of targets can be a reasonable alternative. In fact, multikinase 

inhibitors, including dovitinib, axitinib, sunitinib, lenvatinib, sorafenib, and regorafenib have 

been considered for ACC disease; common targets for these medications are VEGFRs, 

FGFRs, and PDGFRs (Chau et al., 2012; Dillon et al., 2013; Ho, Alan Loh, Sherman, Fury, 

Baxi, Haque, Sima, Antonescu, Katabi, & Pfister, 2014; Thomson et al., 2015). Therapeutic 
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strategies involving these molecules were inefficient in achieving an objective response (OR); 

however, partial response (PR) was observed in 10.5%, 9%, and 10.5% of patients treated 

with dovitinib, axitinib, or sorafenib, respectively (Chau et al., 2012; Dillon et al., 2013; Ho, 

Alan Loh et al., 2014; Thomson et al., 2015).  

Other targets have been investigated; a collection of clinical trials is highlighted in Table 1. 

3Table 1. 3. Results have been reported according to the categories of the Response 

Evaluation Criteria in Solid Tumors (RECIST) from European Organisation for Research and 

Treatment of Cancer (EORTC) and NCI (RECIST 1.1, EORTC and NCI, 2000).  

 

 

Table 1. 3 | Clinical trials investigating molecular targets studied in ACC. Abbreviations: 

N, number of patients. RECIST categories: CR, complete response; PR, partial response; SD, 

stable disease; PD, progressive disease. PFD, progression-free survival (median, in month); 

OS, overall survival (median, in month). HDAC, histone deacetylase; Number (%); NS, not 

specified; (*) mean, not median. 

 

TARGET PHASE AGENT N CR PR SD PD PFS OS STUDY 

NOTCH1 I Brontictuzumab NS 0 (0) 2 (NS) 3 (NS) - 9.9 - 
Ferrarotto et 

al.; 
2018 

PRMT5 I GSK3326595 14 - 3 (21) - - - - 
Siu et al.; 

2019 

ATRA II Tretinoin 16 0 (0) 0 (0) 11 (69) 5 (28) 3.7 - 
Hanna et al.; 

2021 

EGFR 

II Cetuximab 23 0 (0) 0 (0) 20 (87) 3 (13) - - 
Locati et al.; 

2009 

II Gefitinib 19 0 (0) 0 (0) 16 (84) 2 (11) 4.3 25.9 
Jakob et al.; 

2015 

II Lapatinib 19 0 (0) 0 (0) 15 (79) 9 (53) 3.5 NR 
Agulnik et al.; 

2007 

FGFR II Dovitinib 34 0 (0) 2 (6) 22 (65) 1 (3) 8.2 20.6 
Dillon et al.; 

2017 
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TARGET PHASE AGENT N CR PR SD PD PFS OS STUDY 

II 
Lenvatinib 
(VEGFR, KIT, 
PDGFR) 

26 0 (0) 3 (12) 20 (77) 3 (12) 9.1 27 
Locati et al.; 

2020 

II 
Lenvatinib 
(VEGFR, KIT, 
PDGFR) 

32 0 (0) 5 (16) 24 (75) 1(3) 17.5 - 
Tchekmedyian 

et al.; 2019 

HDAC II Vorinostat 30 0 (0) 2 (7) 27 (90) 1 (4) 10 11.5 
Goncalves et 

al.; 2017 

KIT 

II Imatinib 10 0 (0) 0 (0) 2 (20) 5 (50) 6 * - 
Pfeffer et al.; 

2007 

II Imatinib 15 0 (0) 1 (7) 2 (13) 6 (40) 2.5 7.5 
Hotte et al.; 

2005 

II 
Imatinib+ 
Cisplatin 

28 0 (0) 3 (11) 19 (68) 4 (14) 15 35 
Ghosal et al.; 

2011 

II Dasatinib 40 0 (0) 1 (3) 20 (50) 12 (30) 4.8 14.5 
Wong et al.; 

2016 

II Sunitinib 13 0 (0) 0 (0) 11(85) 2 (15) 7.2 18.7 
Chau et al.; 

2012 

PD-1 

II Nivolumab 45 0 (0) 4 (9) 26 (57) - 4.9 - 
Fayette et al.; 

2019 

II 

Pembrolizumab 
+/−radiation 
therapy 

10 0 (0) 0 (0) 5 (50) 2 (50) 4.5 NR 

Mahmood et 
al.; 2021 

Pembrolizumab 9 0 (0) 0 (0) 7 (78) 2 (22) 6.6 27.2 

VEGF 

II 
Pazopanib 
(VEGFR, KIT, 
PDGFR) 

46 0 (0) 1 (2) 35 (76) 10 (22) 5.9 16.6 
Guigay et al.; 

2016 

II 
Sorafenib 
(VEGFR, KIT, 
PDGFR) 

19 0 (0) 2 (11) 13 (68) 4 (21) 11.3 19.6 
Thomson et 

al.; 2015 
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1.1.6 Molecular biology of ACC 

MYB aberrations 

A defining molecular characteristic of ACC is the t(6;9)(q22–23;p23–24) chromosomal 

translocation, which involves MYB, located at chromosomal band 6q23, and NFIB 

transcription factor, located at chromosomal band 9p22–23 (Figure 1. 4 A) (Nordkvist et al., 

1994; Persson et al., 2009). The prevalence of t(6;9) in ACC patients varies, with estimates 

ranging between 60-80% of salivary ACC cases (Brill et al., 2011; Persson et al., 2009; 

Stenman et al., 2010; Warner et al., 2018). Persson and colleagues (2009) investigated the 

cytology of 11 ACC samples from salivary glands and breast, finding that 100% of them 

harboured the t(6;9) translocation and showing that MYB-NFIB fusion is a recurrent event 

(Persson et al., 2009). Notably, the MYB-NFIB fusion transcript has been shown to be specific 

for ACC cancers regardless of the site of origin, being detected in ACC of salivary gland and 

breast, lacrimal gland, lung, vulva, and skin (North et al., 2015; Roden et al., 2015; von 

Holstein et al., 2013; West et al., 2011; Xing et al., 2017). 

The t(6:9) is a balanced translocation producing two derivative chromosomes, der(6) and 

der(9) Figure 1. 4 A). The translocation breakpoints have been mapped using fluorescence 

in situ hybridisation (FISH), recurrently occurring at 6q22–23 leaving the coding exons of MYB 

mostly intact or with small truncations at the 3’ end of the gene, and at 9p23-24 encompassing 

the 3’ portion of NFIB (Geurts et al., 1998). The exchange of genetic material produces a MYB-

NFIB fusion product on the der(6), which is transcribed into a chimaeric mRNA (Persson et 

al., 2009). Although rarer, a reciprocal NFIB-MYB fusion product has also been detected by 

RT-PCR, indicating that this rearrangement also exists (Persson et al., 2009). 

The MYB-NFIB fusion consists of the N-terminal part of MYB, including the DNA-binding 

domain (DBD) and transcription activation domain (TAD) linked to the C-terminal end of 

NFIB (Figure 1. 4 

Figure 1. 4 B) (Persson et al., 2009). A functional protein translated from the fusion transcript 

has been described (Persson et al., 2009). 
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Figure 1. 4 | Schematic representation of MYB-NFIB fusion in ACC. (A) Ideogram 

showing chromosome 6 (Chr 6) and chromosome 9 (Chr 9) and their derivative after the 

fusion. The red lines indicate the sites of the breakpoints in proximity of MYB and NFIB. (B) 

MYB and NFIB transcripts; MYB (showed in blue) (ENSG00000118513) is composed of 15 

or 16 exons depending on the variant considered, more than 40 different transcripts have 

been associated to this gene (https://www.ensembl.org). NIFB (showed in orange) consists 

of 11-12 exons (ENSG00000147862). Breakpoints reported in the literature are highlighted 

by the red arrows. The MYB-NFIB fusion transcript is shown at the bottom of the panel; red 

triangles indicate the approximate location of the breakpoints and the protein domains 

involved. Ex, exon; DBD, DNA binding domain; TAD, transactivation domain; NRD, negative 

regulatory domain. Original illustration, source: NCBI, genome data viewer GDV.  
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The most common MYB-NFIB chimaeric transcripts involves MYB exon 14 joined with NFIB 

at exon 9 and was found in 7 cases out of 11 analysed; altogether 24 different translocation 

variants were identified as consequence of alternative splicing and variable breakpoints in 

both MYB and NFIB (Persson et al., 2009). Following studies have in fact reported additional 

fusion rearrangements involving different exons of both genes (Chahal et al., 2018; McIntyre 

et al., 2019; Mitani et al., 2011; Togashi et al., 2018). A collection of 80 t(6;9) translocations 

extracted from 6 studies is reported in 

 

 

 

 

 

Table 1. 4 Table 1. 4 and shows the multiple variable breakpoints between exons in MYB and 

NFIB (Chahal et al., 2018; McIntyre et al., 2019; Mitani et al., 2011; Panaccione et al., 2017; 

Persson et al., 2009; Togashi et al., 2018). Taken together, these observations provide 

information on the breakpoints, suggesting that they can occur in MYB between exon 8 and 

15, and in NFIB between exon 8 and 12, or in the MYB untranslated region (UTR). Moreover, 

it has been reported that in a subset of ACCs, MYB is replaced by the closely related MYB-

like1 (MYBL1) gene linked to NFIB, or other fusion partners, resulting in gene rearrangements 

likely to have the comparable oncogenic properties as the more common MYB-NFIB fusions 

(Brayer et al., 2016; Mitani et al., 2011). Despite the trend observed and the exons involved 

in the translocation, independent research reported the same breakpoint sequence 

CCCCTTGCAG in both exon 14 and 15 (McIntyre et al., 2019; Mitani et al., 2011; Persson et 

al., 2009; Wagner et al., 2022). Overall, more than 70% of ACCs rearrangements implicates 

MYB or MYBL1, with the former being present in around 60% of the cases, and the latter in 

approximatively 35% of MYB-NFIB negative ACCs (Fujii et al., 2017; Mitani et al., 2016).  

 



Chapter I – Introduction to adenoid cystic carcinoma 

 

 28 

 

 

 

 

Table 1. 4 | Breakpoint sites of t(6;9) reported in six studies. Colour-scale is used 

according to the total number of samples analysed for the specific breakpoint. 

 

Breakpoint exonic 
sites of t(6;9) 

Persson 
et al, 2009 

Mitani et 
al, 2011 

Panaccione 
et al, 2017 

Togashi et 
al, 2017 

Chahal et 
al, 2018 

McIntyre 
et al, 2019 

Total 

MYB 8 – NFIB 8  2      2 

MYB 8 – NFIB 9  1    3  4 

MYB 8 – NFIB 11  1     1 

MYB 8 – NFIB 12  5  1   6 

MYB 9 – NFIB 11  1  2   3 

MYB 9 – NFIB 12  1  2   3 

MYB 11 – NFIB 12  3     3 

MYB 12–NFIB 8  1      1 

MYB 12–NFIB 9  1  1  1  3 

MYB 12 – NFIB 11  1     1 

MYB 12 – NFIB 12    1   1 

MYB 13 – NFIB 9  1     1 

MYB 13 – NFIB 11  1     1 

MYB 13 – NFIB 12  4     4 

MYB 14–NFIB 8 12      12 

MYB 14–NFIB 9  7  3    10 

MYB 14 – NFIB 11    1   1 

MYB 14 – NFIB 12  1  4   5 

MYB 14 – NFIB 
3’UTR 

   3   3 

MYB 15 – NFIB 11  2    3 5 

MYB 15 – NFIB 12  3    5 8 

MYB 16 – NFIB 12  1    1 2 
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Although the percentage of ACC samples presenting t(6;9) translocation (i.e. fusion-positive 

ACC) vary through the existing body of literature, there is still an ongoing debate about the 

biological consequences these fusions have on the establishment and progression of the 

disease. The exact mechanism of action of the MYB-NFIB fusion remains to be elucidated 

due to the lack of knowledge regarding whether MYB activation is the result of truncations in 

the MYB gene, or if the translocated region of NFIB plays a salient role (Wagner et al., 

2022). As schematised in Figure 1. 4 B and already discussed before, breakpoints occur in 

different exons (8 to 16) of MYB, giving raise to different transcripts, for example including or 

excluding totally or partially the sequence containing the negative regulatory domain (NRD) 

(Figure 1. 4 

Figure 1. 4 B).  

Different studies suggest that, regardless of the chimaeric transcripts and breakpoints, the 

outcome of the t(6;9) is an increase in mRNA level of MYB and overexpression of its encoded 

protein product (Gao et al., 2014; Persson et al., 2009; Rettig et al., 2016). Therefore, to 

understand the consequence of the translocation, it is crucial to understand the consequences 

of MYB reactivation.  

 

It has been reported that the segment of MYB corresponding to amino acids 358- 452 located 

in the NRD domain might play a role in protein turnover (Corradini et al., 2005). Compared to 

the full length MYB, hematopoietic cells with the protein presenting deletions of the amino 

acids at positions 389-418 of MYB showed increase protein stability, proposing that the lack 

of this regulatory portion may enhance the activity of MYB in ACC (Corradini et al., 2005). It 

has been suggested that the 5 amino acids SWYLG encoded by exon 9 of NFIB are critical 

for the proper function of the transcription factor, however their contribution to ACC 

pathogenesis is expected to be limited (Geurts et al., 1998; Gründer et al., 2003). However, 

the functional role of NFIB within the translocation remains to be fully elucidated. One of the 

hypotheses related to the mechanism of MYB activation lies in the disruption of the negative 

regulatory feedback of MYB as consequence of the deletion of microRNA (miRNA) binding 

sites located in the MYB 3’ UTR, especially miR-150 (Gao, R. et al., 2014; Persson et al., 
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2009). Analysis of miRNA in ACC was performed by Gao and colleagues (2014) from a large 

collection of salivary gland tumours (Gao, R. et al., 2014). They investigated a miRNA 

signature and found that in both fusion-positive and negative cases, miR-150 was 

downregulated in tumour samples compared to the matched adjacent normal tissue, 

suggesting a regulatory role of miR-150 independent on the fusion status (Gao, R. et al., 

2014). Moreover, they generated cell lines of normal salivary gland expressing MYB full-

length, MYB with impaired 3’ UTR, as well as truncated MYB, and MYB-NFIB fusion gene 

(Gao, R. et al., 2014). Interestingly, they found a significant prolonged MYB protein half-life 

only in those cells expressing the fusion construct, suggesting that the NFIB segment could 

stabilise MYB (Gao, R. et al., 2014). It has been recently reported that the loss of the 3’ UTR 

of MYB and flanking sequences was significantly associated with shorter 5-year and 10-year 

OS in ACC patients, as well as with patients’ tumour grading, indicating the possible presence 

of genes or sequences in 6q23.3-qter with tumour suppressive functions, contributing to poor 

prognosis and short OS in ACC (Persson et al., 2022). Drier and colleagues (2016) used 

Chromosome Conformation Capture analysis to map the chromatin landscape and examined 

the translocated genomic loci (Drier et al., 2016). They found that MYB overexpression in ACC 

following chromosome rearrangement can be triggered by super-enhancers located in the 

NFIB portion that translocate in proximity of the MYB promoter, thus activating its transcription 

(Drier et al., 2016). Overexpression of MYB does not seem to be specifically dependent on 

NFIB but can be also detected in cells harbouring rearrangements with other partner genes, 

such as TGFBR3 and RAD51B (Drier et al., 2016). A more recent study on ACC suggests that 

MYB is activated by engagement of an alternative MYB promoter, the transcription start site 2 

(TSS2), located upstream of exon 2, leading to a N-terminal truncated form of the protein 

(Frerich et al., 2019). The truncation qualitatively alters the specificity of MYB binding to DNA, 

activating alternative downstream pathways, including gene sets implicated in neuronal cell 

migration, resulting in poor outcome in a subgroup of ACC patients (Frerich et al., 2019). 

Dysregulation of MYB can also lead to overactivation of downstream target genes involved in 

critical pro-tumourigenic pathways with genes involved in apoptosis (API5, BCL2, BIRC3, 
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HSPA8, SET), cell-cycle control (i.e. CCNB1, CDC2, MAD1L1, AURKA), and cell growth and 

angiogenesis (CD53, FGF2, MYC, VEGFA, IGF1R, MET) (Drier et al., 2016; Persson et al., 

2009). 

Human cancers usually evolve through a multistage carcinogenesis process that is driven by 

the progressive accumulation of gene mutations and epigenetic abnormalities over the time 

(Greenman et al., 2007; Weinstein et al., 1997). Although MYB transcriptional regulatory 

activity is a key component of ACC tumourigenicity, potential involvement of secondary genetic 

mechanisms is still poorly understood (Moskaluk, 2013). Aside from MYB alterations, whole 

exome sequencing (WES) analysis identified an overall low mutational burden, with mutations 

including PIK3CA, ATM, CDKN2A, SF3B1, SUFU, TSC1, CYLD, FGFR, and NOTCH 

(Stephens et al., 2013). The role of MYB as driver of ACC is also strengthened by studies 

reporting ACC cases exhibiting upregulation of known direct targets of MYB, including genes 

belonging to the apoptotic pathway (API5, BCL2, BIRC3, HSPA8, SET), cell growth, 

angiogenesis (CD53, FGF2, KIT, MYC, VEGFA), cell cycle control (CCNB1, CDC2, MAD1L1), 

and cell adhesion (CD34) (Persson et al., 2009). Other studies reported mutations in genes 

belonging to several DNA-related pathways, such as chromatin-remodelling, histone 

acetyltransferase/deacetylase, and DNA damage response (Stransky et al., 2011).  

 

Strong experimental evidence demonstrating that MYB alone can transform normal human 

epithelial cells is lacking. In our laboratory, in collaboration with the Stenman’s group, we 

observed increased proliferation rates of human glandular epithelial cells transduced with 

MYB or MYB-NFIB fusion (Andersson et al., 2020). Treatment of the transduced cells with a 

MYB inhibitor Naphthol AS phosphate significantly reduced the relative proliferation of the cells 

(Uttarkar et al., 2015), suggesting a MYB-dependent effect. However, despite acquiring a 

partially transformed phenotype in vitro, MYB-expressing epithelial cells were unable to grow 

as xenografts when transplanted into immunocompromised mice (Andersson et al., 2020). 

Nevertheless, the low mutational burden seen in patients supports the hypothesis that MYB 

overexpression is the main, common oncogenic event (Miller, L. E. et al., 2022).  
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In addition to MYB, vertebrates also express A-MYB (MYBL1), encoded by the MYBL1 gene 

located on chromosome 8q, which presents a nearly identical DNA binding domain and a 

similar overall structure (George & Ness, 2014). MYBL1 has been firstly proposed to be an 

oncogene in glioma (Ramkissoon et al., 2013). Interestingly, the tumours with MYB or MYBL1 

fusions did not display unique gene expression signatures; instead, the truncated MYB and 

MYBL1 gene products appear to be equally oncogenic and interchangeable in ACC cancers 

(Brayer et al., 2016). Although not as common as MYB, overexpression of MYBL1 has been 

detected in 16% of ACC cases, which brings the percentage of tumours with activation of 

either MYB or MYBL1 to 93% of cases (Persson et al., 2022). Therefore, it seems likely that 

the development of ACC tumours requires the rearrangement of MYB or MYBL1 oncogenes. 

 

 

Additional gene alterations/mutations found in ACC 

Comparative genomic hybridisation analysis unveiled additional cytogenetic abnormalities in 

ACC, including DNA copy number losses at chromosome 12q12–q13 and 1p32–36, and gains 

at chromosome 22q12–q13, 8, 16p, 17q, (El-Rifai et al., 2001; Freier et al., 2005; Rao et al., 

2008; Toida et al., 2001). Vékony and colleagues (2007) showed that 40% of ACC cases 

presented overexpression of PDGFB (located on 22q13) (Vékony et al., 2007). Moreover, 

additional gained regions were found on chromosome 9q, 11q, and 19q where fibroblast 

growth factors and their receptors are located, suggesting that their dysregulation may have 

a role in ACC development (Liu, J. et al., 2012; Vékony et al., 2007).  

 

Using microarray analysis, two independent studies uncovered that ACCs undergoing high 

grade transformation (dedifferentiation) express genes associated with early development, 

such as SOX4, TFAP2, NGFI-A, TGFB3, as well as genes belonging to the Wnt/-catenin 

pathway, and genes involved in morphogenesis (Frierson Jr et al., 2002; Patel et al., 2006). A 
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key role was also proposed for KIT (CD117) encoding a receptor tyrosine kinase involved in 

promoting cell growth, differentiation, and haematopoiesis (Funasaka et al., 1992; Huang, Eric 

et al., 1990; Nocka et al., 1989).  

More than 90% of ACCs express KIT transcript and protein, but not non-neoplastic salivary 

gland tissue, suggesting that the receptor has no role in normal salivary gland function (Freier 

et al., 2005; Holst et al., 1999). KIT-positive tumours have been described, including 

malignancy of the gastrointestinal tract and seminoma, in which gain-of-function mutations 

results in overexpression of the protein (Izquierdo et al., 1995; Sarlomo-Rikala et al., 1998). 

Although the reason for the abundant KIT expression in ACC remains unclear, KIT has been 

proposed to promote cell migration, perineural invasion, local recurrence, and distant 

metastasis (Pérez-Losada et al., 2002; Tang, Y. et al., 2010). If in gastrointestinal stromal 

tumours displaying mutations in KIT, treatment with KIT inhibitors has been demonstrated to 

be effective; however, ACC tumours with upregulated KIT seem to be resistant to the 

treatment, suggesting that KIT does not play a critical role in ACC, despite its overexpression 

(Heinrich et al., 2003; Holst et al., 1999; Hotte et al., 2005). 

 

Recent studies integrating proteomics, genomics, and clinical data from Ferrarotto and 

colleagues (2021) have defined and characterised distinct molecular ACC subtypes: ACC-I 

and ACC-II (Ferrarotto et al., 2021). The cluster I presented a strong upregulation of MYC and 

its target genes and enrichment in NOTCH-activating mutations, as well as the mutation of 

their negative regulator (SPEN); cluster II presented overexpression of TP63 and receptor 

tyrosine kinases (RTKs) such as AXL, MET, and EGFR, and a better clinical course compared 

to the ACC-I subtype (Figure 1. 5) (Ferrarotto et al., 2021). The NOTCH family consists of 

four transmembrane protein receptors (NOTCH1-4) that are activated by five ligands: 

DLL1,3,4, JAG1 and JAG2 which induce cell proliferation, survival, migration, stem cells 

renewal, and metastasis (Feeney et al., 2022; Kopan & Ilagan, 2009). 
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Figure 1. 5 | Schematic representation of ACC subtypes (ACC-I and ACC-II). According 

to Ferrarotto and colleagues (2021), ACCs can be classified and stratified based on their 

molecular alterations: MYC-overexpressing ACCs falls in the ACC-I subtype, while ACC-II 

subtype presents TP63 overexpression. As simplified in the figure, the two different classes 

show unique molecular profiles, hence, targeted therapies can be directed towards one or 

the other cluster, accordingly. (*) mutation; (^) amplification; (↑) overexpression of the genes. 

Adapted from Ferrarotto et al., 2021. 

 

 

 

Although cribriform and tubular histology were found in cluster II ACCs, the subtype I showed 

an enrichment in solid component (Ferrarotto et al., 2021). As already discussed, solid pattern 

in ACC is associated with a more aggressive cancer, likely increasing propensity to 

metastasise. Interestingly, NOTCH mutations have been solely associated to a metastatic 

ACC profile, and therefore, association of the NOTCH cascade to a poorer prognosis was 

uncovered (Ferrarotto et al., 2017; Ferrarotto et al., 2021). NOTCH has been associated with 

a rapidly progressive disease and reduction in OS in the recurrent/metastatic (R/M) ACC 

setting (Feeney et al., 2022). Dysregulation in MYC and TP63 signalling could also expose 

potential therapeutic vulnerabilities specific for each subtype (Figure 1. 5) (Ferrarotto et al., 

2021). Interestingly, MYC, a master oncogene aberrantly expressed in 70% of human cancers 
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(Madden et al., 2021), is also a well-known MYB target (Fujii et al., 2017), providing the 

opportunity to pharmacologically repress targets of both oncoproteins, including BRD4, 

PRMTs, and BCL2. BCL2, a key regulator of cell death and MYB target (Mitra et al., 2016), is 

upregulated in ACC-I, together with the activated form of NOTCH1 (NICD1) (Ferrarotto et al., 

2021). Preclinical studies on inhibitors of BCL2 and GSI have shown synergetic effects in other 

solid tumours, including non-small cell lung cancer (NSCLC), myeloma, and breast cancer (Li, 

M. et al., 2010; Sakakibara-Konishi et al., 2017; Séveno et al., 2012), suggesting that this 

could be an effective new therapeutic combination for ACC-I group.  

In ACC-II, overexpression of TP63 has been proposed as the driver of RTKs, including EGFR, 

MET, and AXL, which was also suggested in other studies (Carroll et al., 2006; Dang et al., 

2015; Ferrarotto et al., 2021). Multi-kinase inhibitors, such as cabozantinib, an inhibitor of AXL, 

MET, and VEGFR, are therefore being studied in a clinical trial (NCT03729297). Moreover, 

AXL and MET are mediators of cancer resistance to EGFR inhibitors (Giles et al., 2013; 

Taniguchi et al., 2019; Zhang, Zhenfeng et al., 2012); therefore, a double targeting therapy 

approach using a combination of cabozantinib and EGFR inhibitors, such as erlotinib, may be 

a good strategy in ACC-II tumours. 

Finally, epigenetic dysregulation could also play an important role in ACC as 35 to 50% of 

cases have mutations in genes involved in histone modification and chromatin remodelling, 

including KDM6A, ARID1A, KMT2C (previously MLL3), and CREBBP (Almeida et al., 2017; 

de Sousa et al., 2022; Ho, Allen S. et al., 2019).  
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1.2 MYB (c-MYB) 

 

 

 

1.2.1 MYB protein structure  

MYB is a transcription factor belonging to the MYB family, highly conserved across species 

(Cicirò & Sala, 2021). In humans, MYB, MYBL1, and MYBL2 genes (encoding for the 

corresponding transcription factors, also known as C-MYB, A-MYB, and B-MYB, respectively) 

are similar in structure, although their expression is often non-overlapping and they interact 

with specific co-factors, suggesting that different MYB members have distinct roles (Gewirtz 

& Calabretta, 1988; Nomura et al., 1988; O'Rourke & Ness, 2008; Ramsay, Robert G. & 

Gonda, 2008). 

MYB orchestrates a variety of cellular processes through regulation of gene expression by 

direct interaction with target gene sequences. MYB plays an essential role in haematopoiesis 

by regulating cell proliferation and differentiation, as well as in the cell cycle (Mucenski et al., 

1991; Nakata et al., 2007; Pilkinton et al., 2007).  

MYB is a 75 kDa protein comprising 640 amino acids. It contains three main domains: the 

DNA binding domain (DBD), the transactivating domain (TAD), the negative regulatory domain 

(NRD) (Figure 1. 6) (Aziz, Natasha et al., 1995; Cicirò & Sala, 2021; Ogata et al., 1992; Sakura 

et al., 1989). Different isoforms of MYB have been found in normal and cancer cells and 

named according to their molecular weight (Dudek, H. & Reddy, 1989; Shen‐Ong, 1987). The 

dominant human isoform is the p72 (72 kDa, 640 aa), but alternative splicing can also result 

in an additional exon between exon 9 and exon 10 (the 9B, originally named 9A), generating 

an alternative isoform of 89 kDa (O'Rourke & Ness, 2008; Shen‐Ong, 1987). Functionally, 

different isoforms are thought to differ in their transactivation activity (Wang, Xunde et al., 

2018; Woo et al., 1998). 
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Figure 1. 6 | Schematic representation of MYB protein structure. MYB protein consists 

of 640 residues. The DNA-binding domain (DBD) is comprised of three repeats (R1, R2, and 

R3). The transactivation domain (TAD) is the interaction site for p300/CBP MYB co-activator 

and is required for transcriptional activity. The negative regulatory domain (NRD) extends 

from the LZ/FAETL motif to the EVES peptide sequence, involved in intramolecular and 

intermolecular protein–protein interactions. Post-translational modification affecting the 

structure are phosphorylation (P), acetylation (AC), and sumoylation (SUMO). For each 

domain, the N-terminal starting residue and the C-terminal one is displayed. The main 

functions associated with different domains are highlighted. MYB co-activators and co-

repressors are listened in green and red, respectively. Original illustration. 

 

 

 

The DBD is a conserved helix-turn-helix (HTH) domain containing three tryptophan repeats 

segments (R1, R2, and R3) that are involved in DNA binding (Ogata et al., 1992). The first 

portion of the DBD is dispensable for DNA binding, although it facilitates DNA interactions, 

while the final part is crucial for the DNA interaction with co-factors (Ogata et al., 1992). It has 

also been suggested that the DBD may be involved in nuclear localisation; MYB proteins 

lacking either the first two tryptophan repeats, or the TAD remain inside the nucleus, but the 

protein partially migrates outside the nuclear region after depletion of the whole DBD, 
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suggesting that the nuclear localisation sequence of MYB might be located in the N-terminal 

region (Sakura et al., 1989).  

The TAD functions in transcriptional transactivation of target genes. The TAD is acidic and 

contains a well-characterised short linear motif (SLiM) in the form of an LxxLL motif, which is 

involved in the interaction with co-activators such as CREB-binding protein (CBP) and p300 

through their KIX domain (Kasper et al., 2002; Oelgeschläger, M., Janknecht, Krieg, Schreek, 

& Lüscher, 1996; Parker et al., 1999).  

NRD motifs are often found in transcription factors as regulatory domains repressing the 

recruitment of gene expression machinery and the activity of the TAD (Marceau et al., 2019).   

In MYB, the NRD accommodates multiple highly conserved S/TP sequences and Cdk 

consensus sites (Wijeratne et al., 2022). Its regulatory mechanisms remain unknown, however 

it is believed to act as a regulator of its own activity, as deletions of the NRD result in increased 

transactivation of MYB (Dubendorff et al., 1992; Gonda et al., 1989). 

MYB is able to transactivate gene expression by recognising and binding the (T/C)AACNG 

sequence (Figure 1. 7), known as the canonical MYB binding site (MBS), and activates 

transcription via interactions with co-activators, particularly CREB-binding protein (CBP) 

(Biedenkapp et al., 1988; Dai et al., 1996). It has been reported that MYB activation relies on 

the TAD, which functions by recruiting the main co-activators CBP and p300, independently 

of DNA binding (Dai et al., 1996; Foos et al., 1993; Kanei-Ishii et al., 1994; Oelgeschläger, M. 

et al., 1996). MYB can either cooperate or compete with other transcription factors, such as 

members of the CAAT enhancer binding protein (CEBP) family, the ETS family, and GATA1, 

which are known regulators of haematopoiesis (Bartůněk et al., 2003; Mink et al., 1996; 

OelgeschlaÈger et al., 2001; Oelgeschläger et al., 1996; Shapiro, 1995; Takahashi, Tomomi 

et al., 2000; Wang, D. M. et al., 2007). MYB has also been shown to act as a repressor of 

transcription of specific genes (Zhao et al., 2011). Post-translational modifications, such as 

phosphorylation, acetylation, ubiquitination, and sumoylation, affect the ability of MYB to 

interact with other factors, modifying its transcriptional activity (Aziz, N. et al., 1993; Bies & 



Chapter I – Introduction to adenoid cystic carcinoma 

 

 39 

Wolff, 1997; Bies et al., 2002; Cures et al., 2001; Lüscher et al., 1990; Ramsay, Robert G. et 

al., 1995; Sano & Ishii, 2001; Sramko et al., 2006; Tomita et al., 2000).  

A list of the main interactions with co-activators and co-repressors is shown in Figure 1.. 

 

 

 

 

Figure 1. 7 | MYB motif logo.  In humans, the MBSs are characterised by the sequence 

shown on the upper part of the figure. MYB motifs are coherent with the average length of 

the characters for eukaryotic transcription factor binding site (TFBS), between 5 and 20. The 

bottom part shows a matrix with frequencies of each base. The figure was downloaded from 

JASPAR dataset; matrix ID MA0100.3. 

 

 

 

1.2.2 MYB in normal cellular physiology  

MYB regulates the process of blood formation by modulating proliferation and differentiation 

of haematopoietic stem cells (HSCs). Haematopoiesis relies on the activity of HSCs, which 

are able to differentiate into specialised blood cells, as well as dividing to form an identical 

HSC through self-renewal. Within the haematopoietic hierarchy, which follows an 

]422401810151914780292425A [

]5284823601527231513428422C [

]22514715166800395397300G [

]352497013980679410380T [



Chapter I – Introduction to adenoid cystic carcinoma 

 

 40 

arrangement with progressively mature cell types of two fundamental lineages of myeloid 

and lymphoid cells 

Figure 1. 8 (Figure 1. 8), MYB has been described as a regulator of multiple functions, 

including HSCs self-renewal, myeloid progenitor development, erythropoiesis, B cell 

differentiation, and T cell development (Bender et al., 2004; Lieu & Reddy, 2009; Lipsick, J. S. 

& Baluda, 1986; Mucenski et al., 1991; Sheiness & Gardinier, 1984; Thomas et al., 2005; 

Thompson & Ramsay, 1995; Vegiopoulos et al., 2006). Myb-null mouse models indicate that 

MYB is important for adult, but not embryonal, erythropoiesis (Mucenski et al., 1991). A 

conditional MYB knockout in adult haematopoietic stem cells revealed that the transcription 

factor is essential for self-renewal, and, in its absence, there is accelerated differentiation (Lieu 

& Reddy, 2009). In agreement with these observations, the expression of MYB is high in 

haematopoietic progenitor cells and is downregulated during differentiation (Gonda & Metcalf, 

1984; Westin et al., 1982). In fact, early studies already suggested a role for MYB in stem cell 

proliferation and differentiation (Gewirtz & Calabretta, 1988; Mucenski et al., 1991; Sandberg 

et al., 2005). Regulation of stemness by MYB has also been demonstrated in different tissues, 

including neurons, vascular smooth muscle cells, and stem cells of the intestinal crypts (Lieu 

& Reddy, 2009; Malaterre et al., 2007; Ramsay, Robert G., 2005; Sandberg et al., 2005; 

Shikatani et al., 2016). 
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Figure 1. 8 | Diagram of haematopoiesis showing the defects observed in mouse 

models harbouring Myb deficiency. (↓) decrease in the frequency of the cell 

type/maturation stage in the absence of Myb. (↑) increase in the frequency of the cell 

population after the loss of Myb. Abbreviations: LMPP, lymphoid-primed multipotent 

progenitor; CMP, common myeloid progenitor; GMP, granulocyte–macrophage progenitor; 

CLP/ELP, common lymphoid progenitor/early lymphoid progenitor; Meg, megakaryocyte. 

Figure adapted from Greig et al., 2008. 

 

 

 

1.2.3 Role of deregulated MYB expression in human cancers 

Dysregulation of MYB has been described in both haematopoietic and solid malignancies 

(Clappier et al., 2007; Li et al., 2016; Okada et al., 1990; Quelen et al., 2011; Thompson et al., 

1997; Torelli et al., 1987). In fact, the oncogenic version of vertebrate MYB, i.e. the viral 

oncogene v-myb, was firstly identified as the transforming gene of E26 and AMV retroviruses 

resulting in leukaemias in birds (Lipsick, Joseph S. & Wang, 1999; Roussel et al., 1979). In 

cancer, alterations of MYB have been described in the form of dysregulated expression (up- 
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or downregulation), structural chromosomal abnormalities, genomic amplifications, and 

mutations (Ho et al., 2013). 

 

MYB is a known translocation partner in several haematological cancers. The first recurrent 

genomic rearrangements of the MYB locus were evidenced in acute T cell leukaemia, where 

MYB and TCRB are fused in the t(6;7)(q23;q34) translocation (Clappier et al., 2007). In the 

Atlas of Genetics and Cytogenetics in Oncology and Haematology, 15 different translocations 

involving MYB and a second partner gene have been reported, of which 9 are in 

haematological neoplasms (MYB, 4602, Atlas of Genetics and Cytogenetics in Oncology and 

Haematology, 2009). Some examples of translocations involving the MYB locus are the 

t(X;6)(p11;q23) resulting in the MYB-GATA1 fusion gene found in acute basophilic leukaemia 

(ABL); MYB-MNX1 (6;7)(q23;q36) in an acute myeloid leukaemia (AML) cell line GDM-1; 

t(6;6)(q23;q24) involving MYB/PLAGL1 in T acute lymphoblastic leukaemia (T-ALL); 

t(6;6)(q23;q25) with MYB and ESR1 in angiocentric glioma; t(6;11)(q23;q21) MYB/MAML2 in 

low-grade gliomas where was also identified the t(5;6)(q31;q23) linking MYB and PCDHGA1 

(Bandopadhayay et al., 2016; Nagel et al., 2005; Pinto et al., 2016; Quelen et al., 2011; 

Quintana et al., 2011). 

MYB duplication may be leukaemogenic in T cell acute lymphoblastic leukaemia (T-ALL) 

(Lahortiga et al., 2007). Oncogenic TAL1 is aberrantly expressed in T-ALL as a consequence 

of somatic mutations in its regulatory sequences which create new MYB-binding sites and a 

super-enhancer (Mansour et al., 2014). Lahortiga et al. (2007) detected MYB duplication (and 

consequential overexpression) in a small fraction of T-ALL patients (8.4%) and in five different 

cell lines (Lahortiga et al., 2007).  

MYB is altered in acute basophilic leukaemia (ABL), where its locus is fused to GATA1 as a 

consequence of the t(X;6)(p11;q23) translocation that results in a decrease or loss of GATA1 

expression (Quelen et al., 2011). It has been reported that transgenic expression of the fusion 

in a GATA1-deficient murine model led to myelodysplasia and leukaemia development (Belloni 

et al., 2011). Acute myeloid leukaemia (AML) is often characterised by recurrent mutations or 
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gene fusions involving the gene MLL; such translocations have been associated with 

aggressive leukaemia (Estey, 2018; Meyer et al., 2006). MYB is a key downstream effector of 

MLL fusions, promoting it as a possible target for therapies in MLL-driven leukaemias (Hess 

et al., 2006). The small molecule inhibitor celastrol (Uttarkar et al., 2016) acts by targeting the 

KIX domain of p300, disrupting its interaction with MYB and inhibiting MYB-dependent 

transcriptional activation, which caused inhibition of AML cells growth in vitro and in vivo  

(Uttarkar et al., 2016).  

The KIX domain is also the target of Naphthol AS-E phosphate, a compound shown to be 

effective in inhibiting the expression of the MYB gene itself, as well as a variety of its targets, 

resulting in myeloid differentiation and leukaemic cell apoptosis (Uttarkar et al., 2016).  

Recently, a novel therapeutic peptide was developed, called MYBMIM, designed to interact 

with the KIX domain of the CBP protein, mimicking the interaction of the naïve MYB:CBP/p300 

complex (Ramaswamy et al., 2018). MYBMIM causes the dissociation of the MYB:CBP/p300 

complex in AML, its displacement from oncogenic enhancers enriched for MBSs, and 

downregulation of the expression of genes associated with MYB, including the oncogenes 

MYC and BCL2 (Ramaswamy et al., 2018). NOD-scid mice engrafted with primary patient-

derived MLL-rearranged leukaemia cells and treated with the peptide did not demonstrate any 

growth advantage and extended survival (Ramaswamy et al., 2018). 

Taken together, these approaches elucidate the dependence of leukaemias on MYB and their 

susceptibility to aberrant MYB, paving the way for its therapeutic blockade.   

 

Paediatric low-grade gliomas encompass a heterogeneous set of brain tumours. The MYB-QKI 

fusion disrupts both MYB and QKI, resulting in hemizygous deletion of 3’ MYB and 5’ QKI, and 

has been identified as a recurrent aberration in angiocentric gliomas (Bandopadhayay et al., 

2016). Three different mechanisms of oncogenic activation downstream of the translocation  

have been identified: activation of MYB via translocation of a super-enhancer located in the 3’ 

UTR of QKI upstream of the MYB promoter; enhanced expression of the MYB allele through  a 

positive feedback loop consequent to transcriptional activation by the MYB-QKI fusion protein; 
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rearrangement of QKI locus leading to haploinsufficiency and loss of its tumour-suppressing 

activity (Ichimura et al., 2006; Mulholland et al., 2006; Yang, G. et al., 2010).  

 

MYB is overexpressed in colorectal (CRC) cancers with a frequency of 80% and its upregulation 

has been associated with poor prognosis (Ramsay, R. G. et al., 1992; Williams et al., 2008). 

MYB overexpression is caused by attenuation of transcriptional pausing in the intron 1 regulatory 

sequence (Hugo et al., 2006). An interesting therapeutic approach for MYB-positive CRC 

cancers is the MYPHISMO study protocol. This is the first-in-human phase I clinical trial of a 

combined treatment using the TetMYB vaccine and an Anti-PD1 antibody (BGB-A317) in 

patients with advanced CRC or ACC (Pham et al., 2019). The MYPHISMO study is based on 

promising pre-clinical data of vaccine-induced tumour clearance and establishment of anti-

tumour memory (Pham et al., 2019; Williams, B. B. et al., 2008). To date, the study is still 

ongoing and therefore no results are publicly available yet. 

 

Breast cancer is a heterogeneous neoplasia, and the clinical outcome is determined by its 

molecular profile (Goldhirsch et al., 2013; Vuong et al., 2014). Over 70% of breast cancers are 

oestrogen receptor-positive (ER+) and almost invariably also MYB positive (Yang, R. et al., 

2019). MYB expression levels increase in an oestrogen-dependent way, suggesting a strong 

correlation between MYB and ER, also corroborated by the fact that proliferation of ER+, but not 

oestrogen receptor-negative (ER-), breast cells is inhibited following MYB-knockdown (Drabsch 

et al., 2007; Quintana et al., 2011).  

Mitra and colleagues (2016) demonstrated that ER+ breast cancer cell lines, including MCF-7, 

were much more sensitive (> 10 times) to killing by inhibitors of CDK9 (CDKi) than ER-/MYB- 

cells (Mitra et al., 2016). Cyclin-dependent kinases (CDKs) are proteins essential to a wide 

range of cellular functions, crucial for cell division and transcription, therefore treatment of breast 

cancer cells with the CDK9i also impaired cell proliferation and cell cycle progression, inducing 

arrest at both the G1/S and G2/M cell cycle phases (Mitra et al., 2016). Moreover, expression 
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of relevant MYB target genes including BCL2 and CCNB1 was suppressed by the 

pharmacological inhibition of CDK9; ectopic MYB expression restored their expression levels 

and cell survival, suggesting that CDKi may be effective in ER+ breast cancer by targeting 

MYB transcription (Mitra et al., 2016). 

Dismally, breast cancer often results in acquired resistance to targeted therapies (Brufsky & 

Dickler, 2018). One of the proposed mechanisms that leads to treatment resistance is the 

activation of epithelial–mesenchymal transition (EMT), that can be targeted with microRNAs, 

specifically the miR-200 family (Korpal et al., 2008; Park, Sun-Mi et al., 2008; Ward et al., 

2013). ER+ tamoxifen-resistant breast cancer cells treated with miR-200b/c showed reduced 

levels of MYB expression (Gao, Y. et al., 2019). The EMT markers vimentin, ZEB1, and ZEB2 

were also downregulated. The authors observed that naïve breast cancer cells expressed lower 

levels of MYB, compared to the drug-resistant cells, and were more sensitive to tamoxifen, 

suggesting the involvement of MYB in the EMT process (Gao, Y. et al., 2019). 

 

 

MYB downstream targets  

MYB is considered undruggable due to the difficulty in targeting inherently disordered proteins 

such as transcription factors, and also because its depletion may be deleterious to the 

organismal homeostasis (Bushweller, 2019). Despite these caveats, pharmacological 

therapies aiming at interfering with the oncogenic activity of MYB (or its downstream targets) 

are under investigation. A list of preclinical and clinical cancer studies is reported in Table 1. 

5. 
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Table 1. 5 | Selection of preclinical therapeutic strategies adopted to target MYB or 

MYB-regulated genes. BC, breast cancer. 

 

TREATMENT TARGET CANCER STUDY 

AT7519, BE-09-LN53  CDKs ER + BC (Mitra et al., 2016) 

ATRA MYB ACC 
 (Mandelbaum et al., 

2018) 

Celastrol MYB-C/EBPβ-p300 AML (Uttarkar et al., 2016) 

Mebendazol MYB AML 
(Walf-Vorderwülbecke et 

al., 2018) 

miR-200b/c EMT markers ER + BC  (Gao, Y. et al., 2019) 

Monensin A MYB AML, ACC (Yusenko et al., 2020) 

MYBMIM MYB:CBP/p300 AML 
 (Ramaswamy et al., 

2018) 

Naphthol AS-E 
phosphate 

MYB-C/KIX(p300) Leukaemia  (Uttarkar et al., 2015) 

Plumbagin MYB/p300 AML  (Uttarkar et al., 2016) 

VX-970 ATR ACC (Andersson et al., 2020) 

Linsitinib IGFR ACC  (Andersson et al., 2017) 

 

 

 

The diverse range of cellular processes orchestrated by MYB are dictated by regulation of 

target genes which could be potentially exploited for pharmacological targeting of MYB-

expressing tumours. Over the years, many putative targets have been identified, but a 

comprehensive validated collection is still lacking, with different studies producing non-

overlapping results (Bianchi et al., 2010; Quintana et al., 2011; Zhao et al., 2011). MYB-

regulated genes are involved mainly in cell cycle progression and control of programmed cell 

death, but also in cytoskeletal and microtubule functions (Suzuki & Forrest, 2009). Of note, 



Chapter I – Introduction to adenoid cystic carcinoma 

 

 47 

some of the MYB target genes encode for protein kinases (De Dominici et al., 2018; Ferrao et 

al., 1997; Ku et al., 1993). Interestingly, many MYB target genes are involved in transcriptional 

regulation, which has led to the hypothesis of MYB as master regulator of transcriptional 

programmes or as part of a wider transcription factor network of regulators (Lorenzo et al., 

2011).  A selection of MYB-related genes can be found as Supplementary Table 1. 

 

In a study recently published by our research team, we have identified the DNA damage-

activated kinase ATR as a MYB downstream target in ACC. ATR expression was high in MYB- 

expressing ACCs and pharmacological inhibition of ATR inhibited ACC growth in vitro and in 

vivo (Andersson et al., 2020). In the same study, a cluster of MYB or MYB-NFIB downstream 

genes were identified, mostly involved in the regulation of DNA repair, cell cycle, cell division 

and apoptosis, including the gene encoding the kinase BUB1, whose role in ACC has been 

the subject of this PhD project.    
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1.3 BUB1 

 

 

 

1.3.1 BUB1 protein 

Budding uninhibited by benzimidazole 1 (BUB1) was found to be upregulated MYB-

transformed MCF10A and in ACC samples compared to normal salivary glands (Andersson 

et al., 2020). 

BUB1 is a highly conserved serine/threonine protein kinase involved in the mitotic checkpoint 

(Kim, Taekyung & Gartner, 2021) (Figure 1. 9). Different stages of the cell cycle are tightly 

regulated by gateway control mechanisms known as checkpoints (Figure 1. 10) (Le Breton et 

al., 2005). Cell cycle checkpoints act to prevent the progression to the next stage of the cell 

cycle if cell size, DNA replication or integrity, and chromosome attachment are abnormal 

(Barnum & O’Connell, 2014).  
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Figure 1. 9 | Schematic representation of the different domains of BUB1 protein. 

Domains are indicated on the top of the protein. Arrows show the sites for localisation and/or 

binding of the interacting proteins. TPR= tetratricopeptide repeat; GLEBS= Gle2-binding-

sequence; R1LM= BUBR1 localisation motif; CD1= conserved domain 1; ABBA= cyclin A, 

BUBR1, BUB1, and Acm1p; KEN= lysine-glutamate-asparagine; S/T= serine/threonine; 

MCC= mitotic checkpoint complex. Original illustration. 

 

 

 

The main function of BUB1 is to organise the spindle assembly checkpoint (SAC) during 

mitosis, monitoring chromosome segregation and stable attachment of the spindle-

microtubule polymers to large proteinaceous structures at the centromere of multiple 

chromosomes (kinetochores) (Figure 1. 10) (Barnum & O’Connell, 2014; Zhang, Yuqing et 

al., 2022). The SAC is a safeguard mechanism to inhibit anaphase onset until the mitotic 

spindle is correctly positioned; it is activated if there is a failure in kinetochores attachment 

(Pesenti et al., 2016). The SAC is composed of different proteins, such as BUB1, BUB3, 

MAD1, MAD2, and MAD3 (BUBR1 in higher eukaryotes), AURKB, and CDC20 (Hoyt et al., 
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1991; Li, R. & Murray, 1991; Zhang, Yuqing et al., 2022). BUB1 recruits several proteins to 

support chromosome alignment, and its knockout in mouse models results in embryonic 

lethality, suggesting it is necessary for faithful mitosis (Perera et al., 2007; Tilston et al., 2009; 

Zhang, Yuqing et al., 2022). Indeed, treatment of HeLa cells with siRNAs against BUB1 results 

in severe defective SAC signalling and chromosome alignment and, as a consequence, cells 

proceeded to anaphase with unaligned chromosomes (Chen, Q. et al., 2021; Zhang, Gang et 

al., 2017). 

 

 

Figure 1. 10 | Schematic representation of cell cycle phases and proteins assembled 

at the kinetochore. Cell cycle includes interphase (G1, S, and G2), and mitosis (M). Mitosis 

includes prophase, metaphase, anaphase, and telophase to obtain two identical daughter 

cells. In case of unattached kinetochores at the mitotic spindle, the spindle assembly 

checkpoint (SAC) is activated, and the mitotic checkpoint complex (MCC) proteins are 

recruited (box at the bottom left). By sequestering Cdc20, the MCC keeps the APC/C 

inactive (red X), maintaining sister-chromatid cohesion and determining the cell cycle 

arrested until all kinetochores have properly aligned and segregation can proceed correctly. 

Original illustration. 
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BUB1 protein consists of 1085 residues (D'Arcy et al., 2010; Kang et al., 2008) and the N-

terminal region is the most conserved in both BUB1 and BUBR1 and their homologues, and it 

was shown to be essential for the SAC; indeed, murine embryonic fibroblasts with mutant 

forms of the N-terminal region caused chromosome instability (Schliekelman et al., 2009). The 

crystal structure of this region revealed a triple-tandem arrangement of the tetratricopeptide 

repeat (TPR) motif essential for kinetochore localisation (Bolanos-Garcia et al., 2009; Leontiou 

et al., 2019). The BUB3-interacting motif (also known as Gle2-binding-sequence, GLEBS) 

enhances the recruitment of BUB3, while BUBR1 localises on the BUBR1 localisation motif 

(R1LM) (Bolanos-Garcia et al., 2009; Elowe & Bolanos-Garcia, 2022). BUB1 conserved 

domain 1 (CD1) SLiM recruits MAD1 (Elowe & Bolanos-Garcia, 2022). CDC20 binding is 

mediated by two KEN boxes and the ABBA (cyclin A, BUBR1, BUB1, and Acm1p) domain, 

that ensure CDC20 phosphorylation providing a catalytic mechanism for the anaphase-

promoting complex (APC/C) inhibition (Tang, Z. et al., 2004). Finally, the kinase domain at the 

carboxyl-terminus of the protein is involved in protein phosphorylation and dephosphorylation 

required for SAC signalling (Zich & Hardwick, 2010). 

 

 

 

1.3.2 BUB1 involvement in human cancers and salivary gland 

neoplasms 

Alterations in BUB1 including deletions, point mutations, and expression changes, have been 

observed in several malignancies (Cahill et al., 1998; Hernando et al., 2001; Klebig et al., 

2009; Ohshima et al., 2000; Ru et al., 2002; Shichiri et al., 2002; Wang et al., 2015). In general, 

cancers are characterised by uncontrolled proliferation and aneuploidy (Sherr, 1996). 

However, the mechanism by which BUB1 promotes tumourigenesis it is not yet clarified.  

Mouse models carrying Bub1 mutations exhibit increased chromosome segregation errors 

and aneuploidy (Ricke et al., 2011; Ricke et al., 2012). However, other studies on breast 
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cancer cell lines reported that most BUB1 mutations do not cause functional protein changes, 

suggesting that mutations might not be the leading cause of chromosomal instability in this 

cancer (Yuan et al., 2006). 

In fact, genomic instability can occur in different ways. It has been reported that mutations in 

checkpoint genes are rare, nonetheless a weakened SAC is a common feature in cancers, 

and likely cooperates with additional genetic changes to facilitate cancer initiation (Kops et al., 

2005). Moreover, SAC proteins can also be affected by epigenetic changes (Kops et al., 2005; 

Shichiri et al., 2002). Conversely, it has been demonstrated that cancer can be promoted also 

when SAC components are upregulated, suggesting that any perturbation of checkpoint 

proteins might be decisive for cells’ fate (Grabsch et al., 2003; Shigeishi et al., 2001; Yuan et 

al., 2006). The causative connection between spindle defects, genomic abnormalities, and 

oncogenesis has been recently investigated. For instance, it has been reported that the 

breast-cancer-associated gene 1 (BRCA1) maintains genomic stability through interplay with 

the tumour suppressor gene p53 and modulating spindle checkpoint genes, including MAD2, 

BUB1, and BUBR1 (Wang, Rui-Hong et al., 2004). Another BRCA family member, BRCA2, is 

involved in DNA repair and acts as a tumour suppressor but, paradoxically, its truncated 

version provokes cell growth arrest, which is overridden by mutations in BUB1, enforcing the 

hypothesis of spindle checkpoint implication in carcinogenesis (Lee, Hyunsook et al., 1999). 

Although the mechanisms of action are not fully understood and still controversial, different 

studies correlate BUB1 expression (and limitedly BUB1 mutations) with poor prognosis in 

several cancers, including breast cancer, glioma, prostate cancer, and salivary gland tumour 

(Bie et al., 2011; Finetti et al., 2008; Glinsky et al., 2005; Nakagawa et al., 2008; Shigeishi et 

al., 2006). 

 

BUB1 expression has been linked to abnormal cell proliferation in salivary gland malignancies 

(Shigeishi et al., 2006). BUB1 expression was higher in malignant salivary gland tumours 

compared to the benign type and the normal submandibular gland tissue, suggesting that 

overall BUB1 can be associated with proliferative activity of glandular malignancies (Shigeishi 
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et al., 2006). mRNA levels of BUB1 tightly correlated with PCNA protein in 3 submandibular 

glands and 15 salivary gland tumours, and with Ki-67 labelling index, which has been reported 

as prognostic marker of various salivary gland carcinomas (Hellquist et al., 1997; Nordgård et 

al., 1997; Shigeishi et al., 2006). Moreover, BUB1 expression levels weakly correlated with 

the clinical stage, and patients with larger tumours and/or lymph node metastases showed 

higher BUB1 mRNA expression (Shigeishi et al., 2006).  

 

One of the pioneer studies on checkpoint involvement in cancer comes from Cahill and 

colleagues (1998) who showed how chromosome instability (CIN) and aneuploidy are 

consistently associated with the mutational inactivation of BUB1 in CRC (Cahill et al., 1998). 

They discovered that cells with CIN transfected with BUB1 mutants prematurely exit mitosis 

even in presence of microtubule mis-segregation, bypassing the checkpoint machinery, 

suggesting the importance of BUB1 in the accurate supervision of the mitotic exit (Cahill et al., 

1998). Shichiri and colleagues (2002) analysed BUB1 mutational status and mRNA levels in 

103 CRC carcinomas samples compared to the normal colonic mucosa (Shichiri et al., 2002). 

They found that BUB1 was expressed in all the normal colonic mucosa but inactivated in 3 

samples out of 103; however, mRNA levels were markedly higher in cancers compared to their 

normal tissues (Shichiri et al., 2002). 

 

Other studies suggested that BUB1 may be involved in germline mutations in familiar CRC 

(Broderick et al., 2017). Deleterious BUB1 (none stop-gain, frameshift, or splice-site) variants 

have been associated with increased risk of developing CRC at young age, with mosaic 

variegated aneuploidy syndrome (MVAS) and variable dysmorphic features (de Voer et al., 

2013; Djursby et al., 2020; Mur et al., 2018). Broderick and colleagues (2017) screened more 

than 2000 samples of familiar/early onset CRC or normal controls to investigate hereditary 

genes (Broderick et al., 2017). Interestingly, none of the reported variants were found during 

the screening, with only one likely pathogenic BUB1 variant reported, together with four 

variants found in control samples (Broderick et al., 2017). Nevertheless, these alterations are 
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rarely seen in other cancers, suggesting that they are restricted to CRC (Myrie et al., 2000; 

Shigeishi et al., 2001; Shigeishi et al., 2001). 

The role of BUB1 in familiar cancer has been a topic of debate in the last years and its causal 

implication in CRC tumourigenesis is yet to be demonstrated. 

 

The role of BUB1 in breast cancers was investigated by several groups (Han et al., 2015; 

Wang, Zhanwei et al., 2015; Yuan et al., 2006). It has also been demonstrated that the breast 

cancer cell line MDA-MB-231 with depleted BUB1 via short hairpin RNAs (shRNA) lacks the 

ability to generate xenograft in immunocompromised mice (Han et al., 2015). According to this 

study, BUB1-depleted MDA-MB-231 and MCF7 breast cancer cells showed a reduced cancer 

stem cells (CSCs) potential, thus diminishing the pool of cells capable of self-renewal and able 

to boost tumour pathways and resistance to anti-cancer therapies (Han et al., 2015; O'Brien 

et al., 2009). CSCs confer resistance to therapies, and as consequence of the reduced CSCs 

population after BUB1 depletion breast cancer cells showed an increased sensitivity to 

radiation compared to the control (Han et al., 2015). Hence, the authors suggested that BUB1, 

like other mitotic regulators, such as AURKA, BUBR1, and PLK1, might be used as a target 

for anti-CSCs therapy (Han et al., 2015). 

Variable expression of BUB1 was detected in 19 aneuploid breast cancer cell lines (Myrie et 

al., 2000). Interestingly, no mutations were found, although nine variations were identified, 

none of which, however, predicted significant changes in the protein structure, suggesting that 

while regulation of BUB1 protein may be crucial for cancer development, putative deleterious 

mutations in BUB1 do not fully support its role in breast cancer pathogenesis (Myrie et al., 

2000). 

A study conducted by Wang et al. (2015) showed that increased expression of BUB1 (as well 

as MAD2L1) is significantly associated with increased risk of recurrence and death, lower 

relapse-free survival and OS in breast cancer patients (Wang, Zhanwei et al., 2015). In in vitro 

experiments, Wang and colleagues (2015) observed that downregulation of MAD2L1 and 

BUB1 resulted in reduced cell growth, migration, and invasion of breast cancer cells (Wang, 
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Zhanwei et al., 2015). Some clues on the mechanisms of action were revealed by studies 

showing that suppression of BUB1 expression leads to crucial inhibition of TGF-β-mediated 

cell migration and invasion, highlighting the biological relevance of BUB1 and MAD2L1 in 

breast cancer progression (Nyati et al., 2015; Wang, Zhanwei et al., 2015). Yuan and 

colleagues (2006) analysed a panel of 12 breast cancer cell lines and found increased mRNA 

transcript levels of the checkpoint genes MAD1L1, MAD2L1, MAD2L2, BUB1, BUB1B, BUB3, 

CDC20, and TTK in cancerous cells compared to the normal breast cell line MCF10A (Yuan 

et al., 2006).  

 

Also in gastric carcinoma, mutational inactivation of the BUB1 gene is not involved in the 

pathogenesis, but its expression levels correlate with tumour proliferating activity (Grabsch et 

al., 2003; Shigeishi et al., 2001; Shigeishi et al., 2001). The first demonstration that BUB1 

mRNA is associated with tumour growth comes from Shigeishi et al.’s study (2001) reporting 

that BUB1 expression is strongly correlated with PCNA and Ki-67 protein levels, two common 

immunohistochemical markers used for evaluating cell proliferation (Bologna-Molina et al., 

2013; Shigeishi et al., 2001). A few years after this discovery, Grabsch and colleagues (2003) 

corroborated the results by analysing a set of 43 gastric carcinomas and examined gene 

expression of BUB family members (BUB1, BUBR1, BUB3) (Grabsch et al., 2003). BUBs were 

found simultaneously overexpressed in 61% of the cohort analysed, with BUB1 overexpressed 

in 84% of the tumours (Grabsch et al., 2003). In addition, the correlation between BUB genes 

and Ki-67 was investigated, resulting in a significant strong positive correlation that suggested 

a proliferative-dependent overexpression of BUB1 in gastric cancers (Grabsch et al., 2003).  

 

Mitotic checkpoint defects are found in about 40% of human lung cancer cell lines (Takahashi, 

Takao et al., 1999). Accordingly, a proportion of lung cancer can be expected to present 

alterations in gene checkpoints. However, studies indicate that BUB gene family members are 

not frequently dysregulated in lung cancer, if present at all (Haruki et al., 2001). The rarity of 

BUB1 mutations in this cancer was validated in multiple studies, strengthening the idea that 
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the gene is not a target for genetic alterations in this type of neoplasm and additional 

investigations may shed light on the mechanistic impact of mitotic checkpoint impairment in 

lung cancer (Haruki et al., 2001; Sato et al., 2000; Yamaguchi et al., 1999). 

Bioinformatics analysis on lung adenocarcinoma identified the overexpression of BUB1 as one 

of the genes potentially relevant to clinical outcomes, showing an impact on the survival of 

patients, and suggesting BUB1 as a potential target for therapeutic strategies in this context 

(Li, P. et al., 2022; Wang, Luyao et al., 2020). 

 

Mutations of BUB1 have been described in T cell leukaemia/lymphoma (ATLL) (Ohshima et 

al., 2000). In 8 B-cell lymphoma cases, only one nonsense mutation was found, suggesting a 

lower mutational rate compared to ATLL (Ohshima et al., 2000). Moreover, chromosomal 

analysis showed significantly more frequent numerical and structural abnormalities in T than 

B cell lymphoma, suggesting that functional loss of checkpoint genes might prompt the 

progression of CIN (Ohshima et al., 2000).  

By transfecting various leukaemic cell lines with vectors expressing either wild-type (WT) or 

mutant BUB1, a significant lower mitotic index was detected in cells expressing the mutant 

compared to the WT form (Ru et al., 2002). Similar results were obtained by analysing the 

mitotic index of leukaemia cells harbouring deletions in the BUB1 coding sequence, rendering 

the protein non-functional (Ru et al., 2002). Indeed, in the presence of the defective forms of 

BUB1, treatment of these cells with nocodazole, a spindle-disrupting agent, did not prevent 

prematurely exit from mitosis and start of a new round of DNA synthesis (Ru et al., 2002). 

 

BUB1 gene and protein are overexpressed in bladder cancers samples compared to matched 

normal controls (Jiang, N. et al., 2021). Following siRNA-mediated BUB1 downregulation, 

more than 1500 genes were dysregulated, especially those related to JAK-STAT signalling 

(Jiang, N. et al., 2021). This study showed that STAT3 transcriptional activity depended on 

BUB1 expression since BUB1 directly binds and phosphorylates STAT3 at Ser727, promoting 

the development of bladder cancer (Jiang, N. et al., 2021).  
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Constitutive activation of the TGF-β/SMAD signalling pathway serves an important role in the 

development and progression of liver cancer; in fact, overexpression of TGF-β signalling 

enhances expression of genes involved in cell growth and its effect is mediated via interaction 

with SMAD transcription factors (Derynck & Zhang, 2003; Dituri et al., 2019; Wrana et al., 

1994).  Overexpression of BUB1 promoted proliferation of liver cancer cells in vitro, while cell 

growth became inhibited after shRNA-mediated BUB1 knockdown (Zhu et al., 2020). It was 

found that BUB1 promoted liver cancer cells proliferation by increasign the phosphorylated 

form of SMAD2 (Zhu et al., 2020).  

 

Overall, in virtue of its role in cell cycle control and genomic stability, investigating the functions 

of BUB1 in cancer is gaining interest to open new potential diagnostic, prognostic and 

therapeutic options. 

 



Aims 

 

The main goal of this PhD project was to develop a new, easy to manipulate cellular model of 

ACC with which to study the molecular links between the MYB oncoprotein and the mitotic 

checkpoint kinase BUB1. 

 

Specific aims were: 

 

1) To generate a MYB switchable system based on the non-tumourigenic MCF10A 

breast cell line, which was validated with patient derived cells and tumours (Chapter 

III) 

2) To dissect the mechanisms used by MYB to regulate BUB1 expression, in vitro and 

in vivo (Chapter IV) 

3) To investigate the therapeutic potential of inhibiting BUB1 activity in ACC models, in 

vitro and in vivo (Chapter V) 
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This thesis contains experiments performed in collaboration with other research groups or 

Companies. Table 2. 0 summarises their work and contributions. 

 
 
 
Table 2.0 | Summary of the experiments and the performers 
 

Experiment Performer(s) Affiliation Location 

ACCX11 establishment Göran Stenman’s group 
Sahlgrenska Center for 

Cancer Research 
Gothenburg, 

Sweden 

ACCX11 culturing and 
treatment 

Ylenia Cicirò 
Brunel University 

London 
London, UK 

MCF10A engineering Ylenia Cicirò 
Brunel University 

London 
London, UK 

Luciferase assay Ylenia Cicirò 
Brunel University 

London 
London, UK 

Cell health assays Ylenia Cicirò 
Brunel University 

London 

Gothenburg, 
Sweden/London, 

UK 

FACS and imaging Ylenia Cicirò 
Brunel University 

London 
London, UK 

siRNA  Göran Stenman’s group 
Sahlgrenska Center for 

Cancer Research 
Gothenburg, 

Sweden 

3D spheroid Kiyatec Kiyatec Greeneville, SC 

In vivo XenoSTART XenoSTART 
S. Antonio, Texas, 

USA 

RT-qPCR Ylenia Cicirò 
Brunel University 

London 
London, UK 

ChIP 

Göran Stenman’s group 
Sahlgrenska Center for 

Cancer Research 
Gothenburg, 

Sweden 

Ylenia Cicirò 
Brunel University 

London 
London, UK 

Western blot Ylenia Cicirò 
Brunel University 

London 
London, UK 

IHC 
Gianluca Sala/ 

Rossano Lattanzio 
Università di Chieti-

Pescara 
Chieti-Pescara, 

Italy 

Bioinformatics 
Ylenia Cicirò/Denise 

Ragusa 
Brunel University 

London 
London, UK 
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2.1 Cell lines 

MCF10A, a non-tumourigenic human mammary epithelial cell line, was grown in 10 cm dishes 

in DMEM/F12 medium (Gibco, Paisley, UK), 5% horse serum (v/v) (Gibco), and 100 U/mL 

penicillin-streptomycin (PenStrep) antibiotic (Gibco), supplemented with 20 ng/mL of human 

epidermal growth factor (hEGF) (Invitrogen, Inchinnan, UK), 500 ng/mL hydrocortisone (MP 

Biomedicals, California, USA), 100 ng/mL cholera toxin (Invitrogen), 10 μg/ml insulin (Sigma-

Aldrich). Cells were maintained at a density of 5 x 105 cells/mL with medium change every 48 

hours. Cells were detached by washing them in 1X Phosphate Saline Buffer (PBS) (Gibco) 

followed by incubation in trypsin-EDTA (0.25%) (Gibco) for 10 minutes at 37 C. Medium was 

added to quench the trypsin with a ratio of 3:1, cells were then pelleted by centrifugation at 

400 x g for 5 minutes and resuspended in fresh culturing medium for replating. Cells were 

maintained in incubation at 37 C and 5% CO2. 

 

Engineered MCF10A cells (MM), transduced with a MYB-expressing lentivirus, were cultured 

in the same medium used for MCF10A cells with the addition of 2 μg/mL doxycycline (DOX) 

(MP Biomedicals). Medium was replaced every 48 hours.  

 

The patient-derived xenograft (PDX) human cell line ACCX11 was obtained from Prof Göran 

Stenman (Sahlgrenska Center for Cancer Research (SCCR), University of Gothenburg, 

Gothenburg, Sweden). Cells were cultured in T25 flasks as per publication (Andersson et al., 

2017; Persson et al., 2009). Cells were passaged every 7 days. For replating, medium was 

discarded, 2 mL of trypsin-EDTA (0.25%) (Gibco) were added to wash the cells and 1 mL of 

trypsin-EDTA (0.25%) (Gibco) was used to detach the cells. Once detached, ACC cells were 

centrifuged at 300 x g for 5 minutes and plated in fresh medium. 

 

HEK293T cells were cultured in T75 flasks in DMEM GlutaMAX (4.5 mg/mL glucose, L-

glutamine) (Gibco), supplemented with 10% v/v foetal bovine serum (FBS) (Gibco), and 
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100 U/mL PenStrep antibiotic (Gibco). Cells were passaged every 2-3 days and maintained at 

80% confluency. Passaging was performed by mechanical detachment of cells and 

replacement of medium.  

Cells were monitored for mycoplasma using the MycoSensor Assay Kit (Agilent, Cheshire, 

UK). 

 

 

 

2.2 Three-dimensional culture (3D spheroid)  

Three-dimensional (3D) ACC spheroids were performed by the Adenoid Cystic Carcinoma 

Research Foundation (ACCRF, MA, USA) in collaboration with the biotech company Kiyatec 

(Greeneville, SC).  

Cryopreserved PDX tissues were thawed, dissociated, and cells were plated. Spheroids were 

cultivated for 7 days before treating them and performing functional assays.  

 

 

 

2.3 In vivo models 

In vivo studies were performed by the Adenoid Cystic Carcinoma Research Foundation 

(ACCRF, MA, USA) in collaboration with XenoSTART (S. Antonio, Texas, USA).  

ACCX11 tumour fragments were implanted into the flanks of NSG immunodeficient mice and 

let grow until palpable. Mice were then randomised into drug and control groups and 

monitored. Individual animals reaching a tumour volume as predetermined study endpoint 

were removed from the study. The study involved mice used as non-treatment (NT) control 

group, and mice treated with BAY1816032. Additional information is confidential.  
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2.4 Luciferase assay 

Vector construction 

Vectors pGL3-BUB1 WT and pGL3-BUB1 Mut were made by subcloning a portion of BUB1 

promoter region into pGL3-Basic reporter vector (Mammalian, #VGG098) from Biomatik 

Corporation (Kitchener, Canada) (Figure 2. 1 A). The wild-type sequence (BUB1 WT) was 

extrapolated from the National Center for Biotechnology Information (NCBI) website 

(https://www.ncbi.nlm.nih.gov), by selecting 500 bp upstream to the transcription start site 

(TSS) (codon ATG, position 110677995) (Figure 2. 2). The sequence was screened searching 

for canonical MYB binding sites (MBSs) -(T/C)AACNG- and the MBSs presents were point 

mutated in order to create the BUB1 Mut sequence (Figure 2. 2). Both BUB1 WT and BUB1 

Mut were subcloned into the pGL3-Basic (lacking promoter and enhancer features) backbone 

vector upstream the luciferase gene by using KpnI and XhoI as restriction enzymes at 5’ and 

3’, respectively (Figure 2. 1 A-B). Cloning was performed by Biomatik Corporation and the 

vectors were delivered as 4 μg lyophilised plasmid containing the gene insert. 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/
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Figure 2. 1 | pGL3 vectors from Biomatik Corporation. (A) pGL3-basic vector is a 

luciferase reporter vector with a modified coding region for firefly (Photinus pyralis) 

luciferase. It lacks promoter and enhancer. (B) pGL3-BUB1 (WT/Mut) contains the BUB1 

sequence of 512 bp (500 bp BUB1 promoter plus 12 bp of for the restriction enzymes; see 

Figure 2. 2 for more details) either wild type (WT) or mutated (Mut). 

 

 

 

 

BA
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Figure 2. 2 | BUB1 promoter regions cloned. In uppercase the 500 bp upstream the TSS 

of BUB1. In lowercase the sequence of the restriction enzymes used to create sticky ends 

and subclone these portions into the pGL3-Basic backbone: KpnI and XhoI at the 5’ and 3’ 

end, respectively. The top section shows BUB1 wild type (BUB1 WT) promoter region 

extrapolated from the NCBI repository. The bottom one shows the BUB1 Mut sequence 

containing point mutations (in red) to alter the canonical MBSs (T/C)AACNG highlighted in 

yellow. All the mutations were performed following the rule CAACG/CG converted to 

CCCCGG. The underlined MBS is antisense. 

 

 

Plasmids expansion and purification 

pGL3-BUB1 (WT/Mut) lyophilised plasmids were resuspended in pure water to a final 

concentration of 100 μg/mL. Bacterial transformation was performed by mixing 100 ng of 

plasmid DNA into 50 μL of competent cells (E. coli, DH5α strain) in a tube, and incubating it 

on ice for 30 minutes. Heat shock was carried out for 45 seconds at 42 C, followed by 3 

minutes back on ice. 2 mL of liquid selective LB medium were added, and the tube was placed 

ATTTAAGCGAAGGGGAGAAGAAACGCGACTCTCAGGACCCAAGGGCTGAGGCAGGGTTTTTCTGTCTCAAAG

ACCTCCAGTTAAGACATTTTTCTCCTGCAAAGCCTTTCCTACAATGATGGCTTAATCGTGTAATTATGTAAACC

AGTCACAACCTGGATAGCTAAAACAAAAAAACCAATTCCCTACGCCCGAGCCAAGCCTGCTCCCCCTCGCCG

TGCCGCATCCCAAACACCCCGCGCTCGCTCAGCCAACGGCCAGGTTTCGGTTCAACCGAAAACCACGGGAA

GTGGGAGGAGCTACTGGCTCAAGGGAGGGAGGTGGGACTTGACCTCCGAGCAACGGCCCCGGTGATTGGC

CAACCTTCTGCCGCCGCCACCAATGGGCAGGCGCCCTGAAACGTTCGGCGAGCCGACTGCGGCTGCGCGG

GGTATTCGAATCGGCGGCGGCTTCTAGTTTGCGGTTCAGGTTTGGCCGCTGCCGGCCAGCGTCCTCTGGCC

ATTTAAGCGAAGGGGAGAAGAAACGCGACTCTCAGGACCCAAGGGCTGAGGCAGGGTTTTTCTGTCTCAAAG

ACCTCCCCTTAAGACATTTTTCTCCTGCAAAGCCTTTCCTACAATGATGGCTTAATCGTGTAATTATGTAAACC

AGTCACAACCTGGATAGCTAAAACAAAAAAACCAATTCCCTACGCCCGAGCCAAGCCTGCTCCCCCTCGCCG

TGCCGCATCCCAAACACCCCGCGCTCGCTCAGCCCCCGGCCAGGTTTCGGTTCCCCCGAAAACCACGGGAA

GTGGGAGGAGCTACTGGCTCAAGGGAGGGAGGTGGGACTTGACCTCCGAGCCCCGGCCCCGGTGATTGGC

CAACCTTCTGCCGCCGCCACCAATGGGCAGGCGCCCTGAAACGTTCGGCGAGCCGACTGCGGCTGCGCGG

GGTATTCGAATCGGCGGCGGCTTCTAGTTTGCGGTTCAGGTTTGGCCGCTGCCGGCCAGCGTCCTCTGGCC

5’- ggtacc

5’- ggtacc

ctcgag -3’

ctcgag -3’

BUB1 WT

BUB1 Mut
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in a shaking incubator at 37° C for 1h. 0.5 mL of the mix was streaked onto an LB-agar plate 

containing ampicillin (100 μg/mL, Merck Life Science, UK) and incubated at 37° C overnight. 

12 hours later, individual colonies were picked and first grown in 3 mL liquid selective LB 

medium containing ampicillin (50 μg/mL, Merck) in a shaking incubator at 37° C overnight, 

and further expanded in 100 mL selective LB medium with addition of ampicillin (50 μg/mL, 

Merck). Plasmids were purified using NucleoBond Xtra Midi kit (Macherey-Nagel, Duren, 

Germany). Overnight cultures were pelleted by centrifugation at 4500 x g for 15 minutes, the 

supernatants were discarded, and the pellets resuspended in 8 mL of Resuspension Buffer 

containing RNAse A by pipetting up and down. 8 mL of Lysis Buffer were added to the 

suspensions and the tubes inverted 5 times and incubated at room temperature for 5 minutes; 

meanwhile the columns to filter the solutions were equilibrated with 12 mL of Equilibration 

Buffer. 8 mL of Neutralisation Buffer were added and mixed to the homogeneous suspensions, 

loaded into the columns, and allowed to drain by gravity flow. The columns were washed with 

5 mL of Equilibration Buffer first and 8 mL of Wash Buffer after, allowing drainage by gravity. 

5 mL of Elution Buffer were added, and the eluate was collected in clean centrifuge tubes. To 

precipitate the DNA, 0.7 volumes of room-temperature isopropanol were mixed to the eluate 

by vortexing and centrifuged at 4500 x g for 20 minutes. After discarding of the supernatant, 

the pellets were washed with 2 mL of 70% ethanol, centrifuged at 4500 x g for 10 minutes, 

and following the removal of the supernatant, let dry for 10 minutes at room temperature. The 

DNA was reconstituted in 100-200 μL molecular grade water and quantified by Nanodrop 

2000c spectrophotometer (Thermo Fisher Scientific, Oxford, UK). 

 

 

Luciferase assays 

5x104 MCF10A cells were seeded per well in 24-well plates. The next day, plasmids were 

transfected with jetPRIME Transfection Reagent (Polyplus, Lancing, UK). jetPRIME buffer 

were mixed with DNA in a microcentrifuge tube, with a ratio DNA:jetPRIME reagent 1:2, and 
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incubated at room temperature for 10 minutes. The mix was delivered onto the wells drop-

wise in a final volume of 500 μL/well and the plate incubated at 37 C and 5% CO2 for 48 

hours. pLXSN (empty vector EV and MYB) plasmids (Sala et al., 1995) were co-transfected 

with pGL3-BUB1 (WT or Mut) to a final concentration of 0.5 μg. pRenilla luciferase vector was 

used as internal control. The vector pGL3-Basic was used as empty vector (EV) luciferase 

control. All the different combinations of DNA plasmids are reported in Table 2. 1.  

 

 

Table 2. 1 | Different combinations of DNA plasmid delivered for DNA transfection. 

The volumes and concentrations shown are referred to a single well of a 24-well plate. 

Buffer, jetPRIME Buffer; Reagent, jetPRIME Reagent.  

 

  DNA 

Buffer Reagent pGL3 EV pGL3-BUB1 WT pGL3-BUB1 Mut pLXSN-EV pLXSN-MYB pRenilla 

50 μL 1 μL 0.25 μg / / 0.25 μg / 0.001 μg 

50 μL 1 μL 0.25 μg / / / 0.25 μg 0.001 μg 

50 μL 1 μL / 0.35 μg / 0.15 μg / 0.001 μg 

50 μL 1 μL / 0.35 μg / / 0.15 μg 0.001 μg 

50 μL 1 μL / / 0.35 μg 0.15 μg / 0.001 μg 

50 μL 1 μL / / 0.35 μg / 0.15 μg 0.001 μg 

 

 

Luciferase activity was detected with the Dual-Luciferase Reporter Assay System (Promega, 

Chilworth, UK). Culture medium was removed by aspiration, cells were rinsed with 1X PBS 

solution (Gibco) and 100 μL of 1X Passive Lysis Buffer (PLB) were dispensed into each well. 

The plate was gently rocked for 20 minutes at room temperature to perform passive lysis. In 

round-bottom tube suitable for luminometry assay, 10 μL of cell lysate were mixed with 50 μL 
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of Luciferase Assay Buffer II (LARII) and firefly luciferase activity was measured using a Junior 

LB 9509 Portable Luminometer (Berthold Technologies, Harpenden, UK). After the first 

measurement, 50 μL of Stop and Glo Reagent was added, the tube gently flicked and pRenilla 

luciferase activity measured. To calculate Relative Light Unit (RLU), firefly counts were divided 

by pRenilla counts used to control transfection efficiency. The experiment was performed in 

triplicates. 

 

 

 

2.5 Pharmacological treatments 

A list of all the drugs used is reported in Table 2. 2.  

 

 

Table 2. 2 | List of drugs used. DMSO, dimethyl sulfoxide. 

 

Drug name Working concentration Manufacturer 

BAY1816032 1-10 μM MedChemExpress, New Jersey, USA 

Gemcitabine 0.01-10 μM Selleck Chemicals, Planegg, Germany 

Paclitaxel 0.01-10 μM Selleck Chemicals 

Vinorelbine 0.01-10 μM Selleck Chemicals 

DMSO 0.2% Fisher Scientific, Loughborough, UK 

Doxycycline 2 μg/mL MP Biomedicals 
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MM (EV/MYB) cells and ACCX11 cells were seeded in a 96-well plate at a density of 4 000 

cells/well (for MTT and alamarBlue assays) or 8 000 cells/well (for apoptosis assay) in 100 μL 

of complete medium and incubated at 37 C and 5% CO2 for 24 hours. Medium was discarded 

and fresh medium containing different concentrations of BAY1816032 (BUB1 inhibitor) was 

added. DMSO was used as vehicle control. Cells were incubated at 37 C and 5% CO2 for 72 

hours (for MTT and alamarBlue assays) or 48 hours (for apoptosis assay) covered in foil to 

prevent exposure to light. 

 

 

 

2.6 Cell health assay 

Proliferation assay 

Proliferation of naïve or engineered MCF10 cells was quantified using the MTT assay 

(Cayman Chemical, Ann Arbor, US) that measures cellular metabolic activity by the conversion 

of 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide (MTT) into formazan. 10 μL of 

MTT reagent were added to each well and mixed by shaking for 1 minute, followed by a 3-

hour incubation at 37° C and 5% CO2. To dissolve formazan crystals, 100 μL of dissolving 

buffer were added to each well and cells were incubated for further 12 hours. The intensity of 

the colourimetric reaction was quantified by absorbance at 570 nm using the CLARIOstar 

Plate Reader (BioTek, Winooski, US) and values were normalised to DMSO (control vehicle) 

treated cells.  

 

 

Cell viability assay 

ACCX11 cells were seeded in 96-well black pigmented plates, treated or untreated with drugs. 

After 72 hours, the resazurin-based alamarBlue Reagent (Thermo Fisher Scientific) was 
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added in an amount equal to 10% of the medium volume in the well. In living cells, resazurin 

is reduced to resorufin, a highly fluorescent coloured compound. Plates were covered with foil 

to prevent exposure to light and incubated for 4 hours at 37° C and 5% CO2. Next, plates were 

left for 15 minutes at room temperature before cell viability was measured by reading 

fluorescence at 544 nm using a SpectraMax L Microplate Reader (Molecular devices, San 

Jose, USA). 

 

 

Apoptosis assay 

For apoptosis assays, ACCX11 cells were seeded in white-walled 96-well luminometer plates 

with or without the BUB1 inhibitor and incubate for 48 hours at 37° C and 5% CO2. Caspase-

Glo 3/7 Reagent (Promega) was added in a proportion 1:2 to the volume of medium in the well 

and gently mixed by pipetting. Plates were incubated for 1 hour at 37° C and 5% CO2 covered 

in foil. Luminescence emission is proportional to Caspase activity and was measured with the 

SpectraMax L Microplate Reader (Molecular devices) with an excitation filter of 560 nm. 

 

 

 

2.7 Lentiviral vector transduction 

Lentiviral vectors 

The inducible lentiviral vector pINDUCER21 (ORF-EG) backbone (hereby referred to as “EV”, 

empty vector, #46948) and pINDUCER21-MYB (#51305) were purchased from Addgene 

(Teddington, UK) (Figure 2. 3)  and delivered as bacterial stabs. The viral packaging vectors 

pCMV(-PL) and pMD2.G (Addgene, #20783 and #12259, respectively) were used to assemble 

lentiviral particles and expanded following the procedure described in “Vector expansion and 

purification” section. 

 



Chapter II – Materials and methods 
  
 

 71 

  

 

Figure 2. 3 | Inducible lentiviral gene expression vectors. (A) Maps of the lentiviral 

vectors pINDUCER21 (ORF-EG, empty backbone or empty vector EV) and (B) 

pINDUCER21 overexpressing MYB. Chloramphenicol cm + ccdB cassette in pINDUCER21-

EV was removed in the pINDUCER21-MYB to clone into the gene of interest. Vector maps 

were downloaded from Addgene website and modified by using Snapgene. Both plasmids 

contain enhanced green fluorescent protein (EGFP) and a tetracycline-inducible expression 

system (Tet-On). Conditional MYB expression is turned on in the presence of DOX. 

B

A
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Vector expansion and purification 

Bacterial stabs containing the vector of interest were streaked using a sterile inoculation loop 

onto LB-agar plates containing ampicillin (100 μg/mL, Merck) for the pINDUCER21-MYB, and 

in LB-agar plates containing ampicillin (100 μg/mL, Merck) and chloramphenicol (25 μg/mL, 

Merck) for pINDUCER21 EV. Plates were incubated at 37° C overnight and 30° C for the 

pINDUCER21-MYB or -EV, respectively. Colonies were picked and grown in 3 mL liquid 

selective LB medium in a shaking incubator at 37/30° C overnight with ampicillin (50 μg/mL, 

Merck) for the pINDUCER21-MYB plasmid and ampicillin (50 μg/mL, Merck) and 

cloramphenicol (30 μg/mL, Merck) for the EV, and further expanded in 100 mL selective LB 

medium mainteining the same appropriate concentrations of antibiotics. Plasmids were 

purified using NucleoBond Xtra Midi kit (Macherey-Nagel) as previously described. 

 

Virus production in HEK293T cells 

HEK293T cells were cultured in T175 flasks. Each flask was co-transfected with plasmids 

using the quantities reported in Table 2. 3. Plasmids were diluted in TE buffer (Thermo Fisher 

Scientific) and delivered via transfection using TurboFect Reagent (Invitrogen) mixed with 

Opti-MEM (Gibco). 
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Table 2. 3 | Plasmids used for virus production. The quantities are relative to a T175 

flask. TE, Tris-EDTA buffer; Q.S. quantity sufficient. 

PLASMID WEIGHT 
T

E
: 

Q
.S

. 
to

 4
5
 μ

L
 

pCMV 2.98 μg 

pMD2.G 4.48 μg 

pINDUCER21(EV/MYB) 4.48 μg 

Opti-MEM 237 μL 

TurboFect 37 μL 

 

 

 

After adding the plasmid mixture to each flask, cells were incubated at 37° C and 5% CO2 for 

24 hours, after which the transfection medium was replaced with fresh medium, and cells were 

further incubated for 48 hours. The supernatant containing viral particles was collected 72 

hours post-transfection. Cells were incubated in fresh medium which was harvested 96 hours 

post-transfection. The supernatants were centrifuged overnight at 4° C at maximum speed. 

The viral pellets were resuspended in leftover medium after decanting, aliquoted in 

microcentrifuge tubes, and stored at -80° C until further use. 

 

 

Lentiviral vector transduction  

Dilutions of virus aliquots were added to a constant number of cells for transduction and the 

cultures were incubated for 24 hours at the standard conditions. Cells were then rinsed twice 

in 1X PBS (Gibco) and incubated again. Calculation of the virus titre was performed as follows: 
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According to the results obtained, the volume resulting in > 80% GFP-positive cells was 

chosen and scaled based on the number of cells. For transduction, the correct amount of virus 

was added to the cultured medium; Polybrene (Merk Millipore, Massachusetts, USA) was 

added at a final concentration of 5 µg/mL to boost transduction efficacy. Cells were incubated 

at 37° C and 5% CO2 for 24 hours, washed with 1X PBS (Gibco) twice and then cultured in 

standard medium conditions. tubes, and stored at -80° C until further use. 

 

 

Flow cytometry 

48 hours post-transduction, flow cytometry was used to detect the pINDUCER21 GFP marker. 

Non transduced cells were used as a control. Samples were analysed on the ACEA Novocyte 

Flow Cytometer (Agilent). Gating strategies are indicated in Figure 2. 4. Cells were gated for 

live cells by plotting FCS-H against SSC-H; positivity to GFP marker was determined by gating 

the area tangent to area of the cell population in the unstained control (SSC-A against FITC-

A). This gate was also applied to the sample transduced and the percentage within the gate 

was deemed positive.  
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Figure 2. 4 | Gating strategies for selective live cells and GFP-positive cells. MCF10A 

parental cells (WT) were used as non-transduced control. Live cells were gated (E1 gate) 

with FSC-H against SSC-H (top left). From lived cells, negative cells area (E3) was selected 

by SSC-A against FITC-A to detect positive cells (P2) (top right). The same gating was 

applied for MCF10A cells transduced with pINDUCER21-EV vector (MM EV) or 

pINDUCER21-MYB vector (MM MYB). Percentage of positive cells is showed into the areas. 

 

 

 

Imaging 

Images of cell cultures of MM cells were captured using the Cytation 5 Cell Imaging Multi-

Mode Reader (Biotek) plate reader using bright field and FITC channels. 

Live cells (E1)

Live cells (E1) / -ve gate (E3) / 

+ve gate (P2) 

Live cells (E1) / -ve gate (E3) / 

+ve gate (P2) 

Live cells (E1) / -ve gate (E3) / 

+ve gate (P2) 

Live cells (E1)

Live cells (E1)

MCF10A WT

MM EV

MM MYB
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2.8 siRNA 

siRNA-mediated MYB knockdown was performed by Prof Göran Stenman’s group 

(Sahlgrenska Center for Cancer Research (SCCR), University of Gothenburg, Gothenburg, 

Sweden). ACC cells were transfected with 50 nM of Stealth siRNAs for MYB (HSS106819, 

HSS106821) or control siRNAs, using the Lipofectamine RNAiMAX transfection reagent 

(Thermo Fisher Scientific) in antibiotic-free medium and maintained for 48 hours.  

RNA was extracted and stored at -80° C.  

 

 

 

2.9 Real-time quantitative polymerase chain reaction (RT-qPCR)  

RNA extraction 

Total RNA was extracted from cultured cells using the Monarch Total RNA Miniprep Kit (New 

England BioLabs, Hitchin, UK). For the sample disruption and homogenisation step, up to 3 x 

106 cells were pelleted by centrifugation at 500 x g for 1 minute and resuspended in 300 μL of 

RNA Lysis Buffer by gentle pipetting. The resuspended sample was transferred into a DNA 

removal column fitted with a collection tube to eliminate genomic DNA. The tube was spun for 

30 seconds at 16 000 x g, the DNA column was discarded and the flow-through, containing 

the RNA, was mixed with an equal volume of ≥ 95% ethanol thoroughly by pipetting, 

transferred into an RNA purification column fitted with a collection tube and centrifuged for 30 

seconds at 16 000 x g. On-column DNase I treatment for enzymatic removal of residual DNA 

was performed by adding 500 μL of RNA Wash Buffer and centrifuged for 30 seconds at 16 

000 x g. 5 µL DNase I was mixed with 75 µL DNase I Reaction Buffer and the mixture was 

pipetted directly into the column and incubated at room temperature for 15 minutes. Following 

15 minutes of incubation, the column was rinsed once with RNA Priming Buffer. This was 

followed by two washing with RNA Wash Buffer. For the elution step, 30-50 μL of nuclease-

free water was added to the centre of the column matrix and centrifuged for 30 seconds. RNA 
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quality and quantity was measured by Nanodrop 2000c (Thermo Fisher Scientific). The RNA 

samples were stored at -80° C. 

 

 

cDNA synthesis 

RNA was reverse-transcribed into complementary DNA (cDNA) using the High-Capacity 

RNA- to-cDNA Kit (Applied Biosystems, Waltham, US). The reaction was performed on ice 

in PCR tubes. 500 ng of RNA were converted to cDNA within a final volume of 20 μL 

reaction according to the 

 
Table 2. 4 Table 2. 4. The reaction was incubated in a DNA Engine Dyad thermocycler (Bio-

Rad, Hemel Hempstead, UK) at 37° C for 1 hour, followed by 5 minutes at 95° C to stop the 

reaction, and 4° C on hold. 

 

 
Table 2. 4 | Reverse transcription reaction volumes. RT, reverse transcription; Q.S., 

quantity sufficient. 

 

COMPONENT 
VOLUME PER REACTION 

+RT REACTION -RT REACTION 

2X RT Buffer Mix 10.0 μL 10.0 μL 

20X RT Enzyme Mix 1 μL / 

RNA sample Up to 9 μL Up to 9 μL 

Nuclease-free H2O Q.S. to 20 μL Q.S. to 20 μL 
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RT-qPCR 

Gene expression in MM cells was quantified by real-time reverse-transcriptase polymerase 

chain reaction (qPCR). For each target gene, three technical replicates were run in 96-well 

microtiter plates (MicroAmp Fast Optical 96-Well Plate, Applied Biosystems). cDNA was 

diluted 1:2 and 2 μL were used as template in 20 μL reaction according to the FastGene 2x IC 

Green Universal qPCR Mix (fluorescein) (Nippon Genetics Düren, Germany) protocol (Table 

2. 5). K562, a leukaemia cell line, was used as positive control for MYB overexpression. The 

plate was sealed and briefly centrifuged to spin down the content and eliminate air bubbles 

before the run. Reactions were run on QuantStudio 7 Flex Real-Time PCR Machine (Thermo 

Fisher Scientific) with the cycling parameters showed in Figure 2. 5. Primer sequences used 

in this study were designed using Primer-BLAST from NCBI and they can be found in Table 

2. 6. 

 
 
 
Table 2. 5 | qPCR volumes per reaction used for MM cells. NTC, Non-Template Control; 

Q.S., quantity sufficient. 

 

COMPONENT 
VOLUME PER REACTION 

qPCR NTC 

2X FastGene IC Green 10 μL 10 μL 

Forward Primer (10 μM) 0.8 μL 0.8 μL 

Reverse Primer (10 μM) 0.8 μL 0.8 μL 

Template DNA 2 μL 1:2 cDNA / 

PCR-grade water Q.S. to 20 μL Q.S. to 20 μL 
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Figure 2. 5 | Parameters for qPCR amplification. Setting used for quantification of gene 

expression. Temperatures and timings are shown in each box corresponding to different stages. 

Original illustration. 

 

 

 

Table 2. 6 | List of qPCR primers. Sequences are 5’ – 3’ direction. 

 

GENE FORWARD SEQUENCE REVERSE SEQUENCE 

MYB GGGAACAGATGGGCAGAAATCG GCTGGCTTTTGAAGACTCCTGC 

BUB1 GCTCTGTCAGCAGACTTCCTTC CAGCAGATGTGAAGTCTCCTGG 

GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA 

 

 

 

qPCR on ACC cells was done using the AB 7500 Fast Real-Time PCR system using TaqMan 

Gene Expression Assays (Applied Biosystems) for MYB (Hs00920556_m1*) and BUB1 

(Hs01557695_m1). UBC496 (Hs01871556_s1) was used as reference gene. For each target 

gene, three technical replicates were run in 96-well microtiter plates (MicroAmp Fast Optical 

96-Well Plate, Applied Biosystems). Summary of the volumes needed for the reactions can be 

found in Table 2. 7. 

 

HOLD STAGE PCR STAGE MELT CURVE

T
e

m
p

e
ra

tu
re

°
C

100

80

60

40

20

0

95° C

00:20

95° C

00:01

60° C

00:20

60° C

01:00

95° C

00:15

95° C

00:15

x 40 cycle continuous
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Table 2. 7 | qPCR volumes per reaction used for ACC cells. NTC, Non-Template Control; 

Q.S., quantity sufficient. 

COMPONENT 
VOLUME PER REACTION 

qPCR NTC 

20✕ TaqMan Gene Expression Assay 1 μL 1 μL 

2✕ TaqMan Gene Expression Master Mix 10 μL 10 μL 

cDNA template (1 to 100 ng) 4 μL / 

PCR-grade water Q.S. to 20 μL Q.S. to 20 μL 

 

 

 

Differential gene expression was calculated using the delta delta Ct (ΔΔCt) method. GAPDH 

and UBC were used as endogenous reference genes for MM and ACC samples, respectively. 

Fold changes were calculated according to the formula: 

 

∆𝑪𝒕 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝐶𝑡 𝑔𝑒𝑛𝑒 − 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝐶𝑡 𝑒𝑛𝑑𝑜𝑔𝑒𝑛𝑜𝑢𝑠 

∆∆𝑪𝒕 = ∆𝐶𝑡 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 − ∆𝐶𝑡 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 

𝑭𝒐𝒍𝒅 𝒄𝒉𝒂𝒏𝒈𝒆 = 2−𝛥𝛥𝐶𝑡 

 

 

 

2.9 Chromatin immunoprecipitation (ChIP) analysis 

Chromatin immunoprecipitations (ChIP) were performed with cross-linked chromatin from 

ACCX11 cells following the instruction of the SimpleChIP Enzymatic Chromatin IP Kit 

(Magnetic Beads) (Cell Signaling Technology, Massachusetts, USA). 
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Cell culture cross-linking and sample preparation. This step was performed by Prof Göran 

Stenman’s group (Sahlgrenska Center for Cancer Research (SCCR), University of 

Gothenburg, Gothenburg, Sweden). To crosslink proteins to DNA, 540 µL of 37% 

formaldehyde were added to 4 X 106 cells (in 20 mL culturing medium) and the culture was 

incubated at room temperature for 10 minutes. 2 mL of glycine were added, and cells were 

further incubated at room temperature for 5 minutes. Medium was removed and cells washed 

twice with 20 mL ice-cold 1X PBS (Gibco), completely removing wash from culture dish each 

time. A mix of 2 mL of ice-cold 1X PBS (Gibco) and 10 µL 200X Protease Inhibitor Cocktail 

(PIC) was added and cells were scraped and collected into a conical tube. Cells were 

centrifuged at 2 000 x g for 5 minutes at 4° C. Supernatants were discarded and pellets were 

sent to Brunel University London for the following steps.  

Nuclei Preparation and chromatin digestion. To digest the chromatin, nuclei pellets were 

resuspended in 1 mL ice-cold 1X Buffer A mixed with 0.50 µL of 1 M dithiothreitol (DTT) and 5 

µL 200X PIC for each immunoprecipitation (IP) prep and incubated on ice for 10 minutes with 

frequent mixing by inverting the tube. The solution was centrifuged at 2 000 x g for 5 minutes 

at 4° C; supernatant was removed, and pellets were resuspended in 1 mL ice-cold 1X Buffer 

B and 0.50 µL of 1 M DTT. Centrifugation and removal of the supernatant was repeated, and 

the pellets resuspended in 100 µL of Buffer B and 5 µL of 1 M DTT. 0.5 µL Micrococcal 

Nuclease (MNase) were added per IP prep and tubes were placed for 20 minutes at 37° C 

with frequent mixing by inverting every 3 minutes to digest DNA to the length of approximately 

150-900 bp. Digestion was stopped by adding 10 µL of 0.5 M EDTA and tubes were placed 

on ice for 2 minutes before centrifugation at 16 000 x g in a for 1 minute at 4° C. Supernatant 

was removed and nuclear pellets were resuspended in 100 µL of 1X ChIP Buffer 0.5 µL 200X 

PIC and incubated on ice for 10 minutes.  

Analysis of chromatin digestion and concentration. To analyse the quality of the chromatin 

digestion and the concentration, an aliquot of 50 µL chromatin sample was used. 100 µL 

nuclease-free water, 6 µL 5 M NaCl, and 2 µL RNAse A were added and mixed by vortexing 
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before incubation for 30 minutes at 37° C. To each RNAse A digested sample, 2 µL of 

Proteinase K were added, the sample was vortexed and incubated at 65° C for 2 hours.  

DNA purification using spin columns. DNA was purified using spin columns. Each sample was 

mixed with 750 µL of DNA Binding Buffer, vortexed, and transferred into DNA spin column in 

collection tube. Tube was centrifuged at 18 500 x g for 30 seconds, after which the procedure 

was repeated twice. 50 µL of DNA Elution Buffer were added to the centre of the column which 

was centrifuged at 18 500 x g for 30 seconds. 1 µL of eluted DNA was quantified by Nanodrop 

2000c spectrophotometer (Thermo Fisher Scientific) and 10 µL were qauntified by agarose 

gel electrophoresis. 1.5% agarose gel was made dissolving agarose powder in 1X Tris-

acetate- EDTA (TAE) buffer and SYBR Safe Gel Stain (Invitrogen) was added at 0.5 μL/mL. 

DNA was mixed with 6X loading dye (New England BioLabs) and loaded onto the gel’s wells. 

10 μL of the 50 bp Quick-Load Purple DNA marker (New England BioLabs) were loaded to 

determine DNA fragment size. Gel was run at 60 V for 45 minutes. GelDoc EZ Imager (Bio-

Rad) and the integrated software ImageLab 3.0 were used for image capture. The gel showing 

the fragments is reported in Figure 2. 6. 

 

 

 

Figure 2. 6 | Enzyme-digested chromatin. Lane 1 shows the 50 bp ladder. Lane 2, 3, and 

4 show ChIP prep. Purified DNA from each chromatin sample was run on a 1.5% agarose 

gel. Optimised chromatin digestion produced chromatin fragments ranging from 150 to 900 

bp, corresponding to one to five nucleosomes in length. Red arrows indicate the 

corresponding size of the DNA marker. 

200 bp

50 bp

500 bp

916 bp

1 2 3 4
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Chromatin Immunoprecipitation. 10 µg of digested, cross-linked chromatin were used per IP 

and mixed in a conical tube with 400 µL of 1X ChIP Buffer and 2 µL of 200X PIC. 10 µL were 

removed and used as Input Sample. The following antibodies were used for 

immunoprecipitation: Anti-c-Myb (phospho S11) [EP769Y] (ab45150) (Abcam, Cambridge, 

UK) diluted 1:50; Normal Rabbit IgG #2729 (Cell Signaling Technology) diluted 1:50. IP 

samples were incubated overnight at 4° C with rotation. The next day, 30 µL of ChIP-Grade 

Protein G Magnetic Beads were added to each IP reaction and tubes were incubated for 2 

hours at 4° C with rotation. Then tubes were placed in a magnetic separation rack and bead 

pelleted until the solution was clear; supernatant was removed, and magnetic beads pellet 

was washed by adding 1 mL of low salt solution 1X ChIP Buffer and tubes were incubated at 

4°C for 5 min with rotation. The last steps were repeated twice for a total of three low salt 

washes. An additional wash was performed by adding 1 mL of high salt wash (1X ChIP Buffer 

and 70 µL 5M NaCl), beads were incubated at 4°C for 5 min with rotation, pelleted with the 

magnetic rack, and the supernatant was discarded. 

Elution of chromatin from antibody/Protein G Magnetic Beads and reversal of cross-links. To 

elute chromatin, 150 µL of the 1X ChIP Elution Buffer were added to each IP sample for 30 

minutes at 65° C with gentle vortexing at 1 200 rpm. Protein G magnetic beads were placed 

in the magnetic rack until the solution was clear. The chromatin supernatant was carefully 

transferred to a new tube. Tubes (including the input diluted into 150 µL of the 1X ChIP Elution 

Buffer) were reverse cross-linked by adding 6 µL 5 M NaCl and 2 µL Proteinase K, and 

incubated 2 hours at 65° C.  

Finally, the DNA was purified by using spin column as already performed in the “DNA 

purification using spin columns” step. 
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ChIP sequencing  

Chromatin immunoprecipitation sequencing (ChIP-seq) (including library construction) was 

performed by Novogene (Cambridge, UK). A minimum of 40 ng (2 ng/μL) of high-quality 

enriched DNA with main peak of 100-500 bp was supplied for sequencing. Libraries were 

constructed using Illumina Sequencing PE150 library preparation. Sequencing was performed 

at 20M reads per sample. ChIP-seq results were delivered as raw fastq files, with input and 

no-input controls of three technical replicates per sample. 

 

 

 

2.10 Western blot  

All the solution used for western blot analysis are listened below: 

 

Laemmli buffer (2X stock concentration) 

- 4% SDS 

- 20% glycerol  

- 10% 2-mercaptoethanol 

- 0.004% bromphenol blue  

- 0.125 M Tris HCl  

pH was adjusted to 6.8 

 

SDS-PAGE gel (10% SDS) 

Resolving gel  

- 1.25 mL ProtoGel Resolving Buffer (Tris/SDS) (Geneflow, Lichfield, UK) 

- 1.63 mL 30% acrylamide (Merck) 

- 2.1 mL ddH2O 

- 50 µL APS (Thermo Fisher Scientific) 
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- 5 µL TEMED (Fisher Scientific) 

Stacking gel  

- 625 µL ProtoGel Stacking Buffer (Tris/SDS)  

- 375 µL 30% acrylamide  

- 1.5 mL ddH2O 

- 25 µL APS  

- 2.5 µL TEMED  

 

Running Buffer (Tris-Glycine/SDS) 

- 25 mM Tris base 

- 190 mM glycine 

- 0.1% SDS 

pH was adjusted to 8.3 

 

Transfer Buffer  

- 25 mM Tris base 

- 190 mM glycine 

- 20% methanol 

- SDS was included at a final concentration of 0.1% 

pH was adjusted to 8.3 

 

Ponceau S Staining Solution 

- 25 mL glacial acetic acid  

- 400 mL ddH2O 

- 0.5 g Ponceau S 

 

Tris-buffered saline (TBS) buffer (10X) 

- 24 g Tris  
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- 88 g NaCl 

- 900 mL of water  

pH was adjusted to 7.6 

For 1X TBS-Tween 20 detergent (TBST) 

- 100 mL of 10X TBS  

- 1 mL Tween 20 detergent  

- 900 mL of ddH2O 

 

Blocking Buffer 

- 5% non-fat dried milk in TBST 

 

 

Sample preparation. For western blot analysis, 10 cm dishes with cells at a confluency of 80% 

were used. Medium was removed, and adherent cells were rinsed with ice-cold 1X PBS 

(Gibco) supplemented with 1X cOmplete, EDTA-free Protease Inhibitor Cocktail (Roche, 

Basel, Switzerland). Direct lysis was performed by adding 1X Laemmli buffer (approximatively 

60 µL/1 x 106 cells) to the cells and mechanically scraping the cells from the plate.  

Cells were collected and transferred into a microcentrifuge tube and boiled at 95° C for about 

30 minutes with frequently mixing by vortexing.  

Loading and running the gel. 30 µL of protein samples were loaded onto the wells of a SDS-

PAGE gel, along with the Colour Prestained Protein Standard, Broad Range molecular weight 

marker (New England BioLabs). The SDS-PAGE gel was run using the Wet/Tank Blotting 

System (Bio-Rad) in Running Buffer and run at 100 V for 1-2 hours. 

Transferring the protein from the gel to the membrane. Proteins were transferred onto a 

nitrocellulose membrane (Bio-Rad) preparing a stack as shown in the Figure 2. 7. All the 

components of the stack were kept wet with ice-cold Transfer Buffer. Wet electrophoretic 

transferring was performed into the Wet/Tank Blotting System (Bio-Rad) placed on ice and 

filled with ice-cold Transfer Buffer. Run conditions were 300 mA for 1.5 hours. At the end of 
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the run, protein transfer was checked by staining the membrane with Ponceau S Staining 

Solution for 5 minutes at room temperature in gently shacking.  

 

 

 

 

Figure 2. 7 | Prepared stack for transferring of the proteins. Schematic set up of a stack 

to create the “sandwich” electrophoretic transfer holding gel and membrane in the middle. 

Two filter papers were used each side together with a sponge. Voltage is applied between 

the electrodes and proteins migrate to the membrane following the current generated by the 

applied voltage across the electrodes. Direction of the current is shown on the left side of the 

scheme. Original illustration. 

 

 

 

Antibody staining. To prevent non-specific binding of the antibodies, the membrane was 

incubated in blocking buffer for 1 hour at room temperature with gentle shaking. The blocking 

buffer was then discarded, and the membrane was incubated with primary antibodies in 

blocking buffer overnight at 4° C with gentle shaking. c-Myb Antibody (D-7): sc-74512 (Santa 

Cruz Biotechnology, California, USA) was used at 1: 500 dilution; GAPDH Monoclonal 

antibody (Proteintech, Rosemont, USA) was used at 1: 30 000 dilution. The next day, the 

antibodies were removed, and the membrane washed three times with TBST Buffer, 5 minutes 

each, with constant agitation. The membrane was then incubated for 1 hour at room 
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temperature with the conjugated secondary antibody (Anti-mouse IgG, HRP-linked Antibody 

#7076 (Cell Signaling Technology), dilution 1: 10 000) in blocking buffer. Washing steps were 

repeated, and the membrane was kept in TBST until analysis. Chemoluminescence was 

detected using the Bio-Rad ChemiDoc XRS (Bio-Rad) kit. The membrane was placed inside 

the machine and an appropriate amount of Immobilon Forte Western HRP substrate (Merck 

Millipore) was placed onto the membrane in order to be covered. Images were analysed with 

ImageJ software. 

 

 

2.11 Immunohistochemistry (IHC) 

Immunohistochemistry analysis on tissue microarrays (TMAs) was performed by Prof 

Gianluca Sala and Prof Rossano Lattanzio from Università di Chieti-Pescara, Italy. Samples 

were provided by the Adenoid Cystic Carcinoma Research Foundation (AACRF; Needham, 

MA, USA) team, in collaboration with the research organisation XenoSTART (S. Antonio, 

Texas, USA).  

To detect BUB1 the primary Anti-BUB1 (clone EPR18947, ab195268, Abcam) was used. 

Secondary antibody was biotinylated goat anti-rabbit (Abcam). 

  

 

2.12 Bioinformatics analysis 

All bioinformatics methods were performed under the guidance of Dr Denise Ragusa (Brunel 

University London). 

 

 

Datasets 

Microarray datasets were downloaded from the Gene Expression Omnibus (GEO, 

https://www.ncbi.nlm.nih.gov/geo/) repository. The Andersson dataset (GEO accession 

https://www.ncbi.nlm.nih.gov/geo/
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number GSE88804) (Andersson et al., 2017) reported expression data of 13 surgical samples 

of ACC and 7 NSG samples. The Chowbina dataset (GEO accession number GSE36820) 

presented microarray analysis on 3 normal samples and 11 ACC xenograft samples. The Gao 

dataset (GEO accession number GSE59702) (Gao, R. et al., 2014) contains expression 

profiling by array of 12 ACC with matched normal tissues. Differential expression analysis was 

performed using the R package limma.  

Clinical phenotype and expression data for unmatched healthy and tumour samples were 

extracted from the Cancer Genome Atlas (TCGA, https://www.cancer.gov/tcga) and 

Genotype-Tissue Expression (GTEx, https://gtexportal.org/home). Access to information for 

the TCGA patients was obtained from the GDC Data Portal and processed. Only primary 

tumour data were used in the analysis. A list of samples available from the TCGA dataset and 

the correspondent normal anatomical site is reported in Supplementary Table 2. 

 

 

RNA sequencing  

RNA sequencing (including library construction and sequencing) was performed by Novogene 

(Cambridge, UK). A minimum of 1 μg (20 ng/μL) of high-quality total RNA was supplied for 

sequencing. Libraries were constructed using Illumina Sequencing PE150 library preparation 

with Ribozero rRNA depletion. Sequencing was performed on Novaseq 6000 platform, at 20M 

paired-end reads per sample. Results were delivered as raw fastq reads. 

 

Analysis of RNA-seq and ChIP-seq data  

Fastq RNA-seq raw reads were analysed with the open-source software package of the 

Tuxedo Suite. Tophat2 with bowtie2 were used to map paired-end reads (Kim, Daehwan et 

al., 2013; Langmead & Salzberg, 2012). The Homo sapiens genome build GRCh38 was used 

as reference. GENCODE38 (Frankish et al., 2019) was used as the reference human genome 

https://www.cancer.gov/tcga
https://gtexportal.org/home
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annotation. Aligned reads were filtered by quality using samtools (Li, H., Handsaker, Wysoker, 

Fennell, Ruan, Homer, Marth, Abecasis, Durbin, & 1000 Genome Project Data Processing 

Subgroup, 2009) with a minimum selection threshold set at 30. Transcript assembly and 

quantification was achieved using HTSeq 2.0 (Putri et al., 2022). Differential expression 

between sample and control was performed by collapsing technical replicates for each 

condition and the use of the DESeq2 tool (Love et al., 2014) in R library v 1.32.0. The 

differential expression was expressed in the form of log2 fold change between sample and 

control. 

 

ChIP-seq data in the form of fastq files were mapped to the Homo sapiens GRCh38 reference 

genome using bowtie2. Reads were filtered by a standard quality threshold of 30 using 

samtools (Li, H. et al., 2009). MACS was used to call peaks with a p value threshold of 0.01 

by comparison with the input control (Zhang, Yong, Liu, Meyer, Eeckhoute, Johnson, 

Bernstein, Nusbaum, Myers, Brown, & Li, 2008). True peaks were selected when two of three 

replicates overlap in the same sequence. Binding motif analysis and peak visualisation was 

performed on Integrative Genomics Viewer (IGV). 

 

 

Gene Ontology (GO) and pathway analysis 

GO analysis was performed using the online tool ExpressAnalyst (www.expressanalyst.ca) 

and the PANTHER Biological Process (BP) and REACTOME repositories. GO and pathway 

terms were filtered by false discovery rate (FDR) ≤ 0.05. 

 

 

Gene Set Enrichment Analysis (GSEA) 

GSEA was performed on the GSEA software v 4.2.3 by inputting RNA-seq values in the values 

of counts generated by HTSeq 2.0 (Putri et al., 2022) against a custom gene signature. The 
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signature was constructed by common intersection of upregulated differentially expressed 

genes from the datasets described in section 2.6.1. Standard GSEA settings were employed: 

1000 permutations, gene set, and Signal2Noise metric. 

 

 

 

2.13 Data visualisation 

Plots were constructed in Microsoft Excel for Mac v 16.71 and ggplot2 library in R Studio v 

4.2.3. Venn diagrams were generated in VennPainter (Lin et al., 2016). Correlations were 

computed and visualised using ggplot2 (v 3.3.5) and corr packages in R Studio v 4.2.3. 

 

 

 

2.14 Statistical analysis 

Two tailed Student’s T-test and Wilcoxon test were used to calculate statistical significance on 

3 replicates. Statistical significance was deemed at a p value threshold of < 0.05. Variance in 

plots is shown as error bars representing standard deviation. Statistical significance is 

symbolised as: p value ≤ 0.05 (*), 0.001 (**), 0.0001 (***), and 0.00001 (****). Calculations 

were performed in R studio v 4.2.3. 
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3.1 Introduction  

 

 

 

The existing body of research on ACC has established that the recurrent reciprocal 

translocation t(6;9)(q22-23; p23-24), resulting in fusion gene partners comprising MYB and 

NFIB, is found in ACC of the breast, and salivary and lachrymal glands (Persson et al., 2009). 

The MYB-NFIB fusion gene accounts for about 30 – 86% of cases, depending on the study, 

and results in the activation of MYB by disrupting its 3′ UTR, which contains microRNA 

regulatory sites that negatively regulate MYB expression (Persson et al., 2009). However, 

MYB translocations that retain the 3′ UTR are still associated with high MYB expression, 

indicating the existence of additional mechanisms for MYB overexpression in ACC. 

Nevertheless, MYB activation can occur through copy number gain or enhancer hijacking with 

breakpoints located either upstream or downstream of the gene (Drier et al., 2016). Therefore, 

it was crucial to study both the functional properties of the MYB-NFIB fusion as well as the 

biology and gene expression in fusion-negative ACC.  

 

It has already been shown that overexpression of MYB or MYB-NFIB fusion(s) have similar 

effects on the biology of human glandular epithelial cells after forcing their expression by 

transduction, resulting in analogous cellular, molecular, and transcriptional consequences 

(Andersson et al., 2020). This study, alongside with the one from Gao et al. (2014), underlined 

the possibility of focussing on MYB overexpression for the creation of cellular models, rather 

than fusion-dependent models (Gao, R. et al., 2014). Gao and colleagues (2014) performed 

global mRNA/miRNA analyses ACC samples with matched normal tissues, finding a 

characteristic molecular landscape for ACC that is independent of MYB rearrangements (Gao, 

R. et al., 2014). In fact, to identify candidate MYB target genes, they analysed a collection of 

12 ACC tumours (6 fusion-positive and 6 fusion-negative) and their matched adjacent normal 
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samples, finding a similar downstream expression profile regardless of the fusion-status (Gao, 

R. et al., 2014). 

 

Developing stable ACC cell lines has been challenging due to the limited numbers of patients 

and the inability to retain key ACC molecular alterations in in vitro cultures. Patient-derived 

mouse xenografts (PDXs) have been successfully established from ACC primary tumours, 

and it has been proven that they maintain the characteristic ACC histology and molecular 

features (Moskaluk et al., 2011). Although cells derived from ACC PDXs, as well as from 

biopsy specimens, have been described before, PDX models suffer from high cost and the 

need for tumour engraftment, which requires time and has a success rate of less than 50% 

(Cho et al., 2016). Moreover, cells derived from ACC tumour tissue can be cultured in vitro for 

a limited time only, leading to researchers having to use substitute models for morphological, 

cytogenetic, and functional studies. These include cell lines with MYB fusions (i.e. UTSW-

ACC52 and UTSW-ACC112) immortalised via integration of viral constructs containing the 

E6/E7 genes of HPV16 (Queimado et al., 1999), or via h-TERT (MDA-ACC-01) (Li, J. et al., 

2014). Other immortalised ACC cell lines were developed from patients’ samples after surgical 

resection, such as the UFH2 cell line from a tumour biopsy taken from a metastatic parotid 

gland ACC (Jiang, Y. et al., 2019), or the UM-HACC-2A line established from the minor salivary 

gland of a patient carrying t(6;9) MYB-NFIB chromosomal rearrangement (Warner et al., 

2018). The former was validated for MYB expression by RNA sequencing and immunoblotting. 

Although these models retain ACC features, the typical t(6;9) translocation and MYB fusion 

characterising the primary tumour are lost over time (Li, J. et al., 2014; Queimado et al., 1999), 

limiting their use as models  for the study of ACC. ACCX6, ACCX11, and ACCX5M1 are 

primary/short-term ACC cell lines derived from PDXs (Andersson et al., 2017; Chen, C. et al., 

2017). These cell lines maintain their growth and molecular characteristics only for a limited 

number of passages (Andersson et al., 2017; Chen, C. et al., 2017). ACCX11 was also used 

to perform experiments shown in this chapter. A list of ACC cell lines can be found in Table 3. 

1.  
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Table 3. 1 | List of available established cell lines. List of ACC cell lines and main 

characteristics listed by the Adenoid Cystic Carcinoma Research Foundation (ACCRF), MA, 

USA. FCP = fibronectin-coated plates. OSGM = optimized salivary gland medium. 

 

 

 

 

Despite progresses made so far, establishment of stable ACC cell lines is still a challenge to 

overcome, exacerbated by the remarkable tumour heterogeneity that characterises this type 

of cancer, making each ACC case unique. 

 

Since the ACC research community needs robust in vitro models to study ACC, in this chapter 

we describe the generation of a switchable MYB-overexpressing cell line based on lentiviral 

transduction of the glandular MCF10A breast cell line, to establish a new in vitro model of ACC 

that allows to capture MYB role in glandular cells. The switchable model was validated using 

RNA-sequencing to elucidate the transcriptional profile of the engineered cell line and 

establish transcriptional similarities with ACC patient signatures.  

  

CELL LINE  CONDITION 
MYB-NFIB 
STATUS 

REFERENCE 

UTSW-ACC52 Immortalized with HPV E6/E7 No 
(Queimado et al., 

1999) 

UTSW-ACC112 Immortalized with HPV E6/E7 No 
(Queimado et al., 

1999) 

(MDA-)ACC-01 Immortalized with hTERT No (Li, J. et al., 2014) 

UM-HACC-2A FCP and OSGM Yes (Warner et al., 2018) 

UFH2 / Yes (Jiang, Y. et al., 2019) 

ACC(X)11 Established from PDX Yes (Chen, C. et al., 2017) 

ACC(X)6 Established from PDX Yes (Chen, C. et al., 2017) 

ACCX5M1 Established from PDX Yes 
(Andersson et al., 

2017) 
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3.2 Results 

 

 

 

3.2.1 Generation of a conditional MYB-expressing MCF10A cell line 

using a lentiviral system 

MCF10A cells were transduced with a lentiviral vector (pINDUCER21-MYB) that drives 

expression of human MYB after adding DOX into the culturing medium (Figure 2. 3 B from 

Chapter II). As a negative control we used the empty vector (pINDUCER21-EV) (Figure 2. 3 

A from Chapter II). Successful vector transduction was checked before functional experiments 

by detecting expression of GFP by fluorescent microscopy (Figure 3. 1). We established by 

flow cytometry analysis that the transduction efficiency was  80% in the sample population 

analysed (Figure 3. 2 A-B). 

 

 

Figure 3. 1 | GFP signal captured in MCF10A cells after transduction with the 

pINDUCER21 lentiviral vector (MM). Phase contrast channel shows cultured cells. 

Transduced cells appear green (GFP-MM MYB, bottom right square) compared to the 

control ones (GFP-MCF10A WT, up right square).  The analysis was performed with the 

Cytation 5 Cell Imaging reader using phase contrast and FITC channels and compared to 

the parental MCF10A cells (MCF10A WT). Both vectors used (pINDUCER21-MYB and 

pINDUCER21 empty backbone) contain the GFP coding sequence. The magnification used 

is 40X. 

Phase contrast GFP

MCF10A WT

MM MYB
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Figure 3. 2 | Flow cytometer analysis of MCF10A cells. (A) MCF10A parental cells (WT) 

were used as control to set the gate for GFP-positive cells. (B) MCF10A cells after 

transduction with pINDUCER21-MYB (MM MYB) showed a proportion of positive cells 

higher than 80%.  

 

 

 

3.2.2 MYB expression in pINDUCER21-MYB MCF10A cells (MM cells) 

in the presence or absence of the inducer DOX 

To determine whether MCF10A cells were able to express MYB in the presence of DOX, qPCR 

analysis was performed on MM MYB cells before and after the treatment. As shown in Figure 

3. 3 A, addition of DOX increased MYB expression levels (MM MYB +DOX) compared to the 

MM MYB -DOX control. Moreover, immunoblotting confirmed the presence of MYB protein in 

MM MYB +DOX cells, but not in the absence of the inducer (Figure 3. 3 B). 

 

 

 

-ve gate (E3) / 

+ve gate (P2) 

-ve gate (E3) / 

+ve gate (P2) 

BA MCF10A WT MM MYB
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Figure 3. 3 | MYB expression in MM cells before and after DOX treatment. 

(A) RT-qPCR analysis showed MYB expression values as fold change between -DOX 

and +DOX conditions, calculated by Ct method by normalisation to GAPDH gene 

used as housekeeping gene. (B) Immunoblotting analysis showing the presence of 

MYB protein in MM MYB +DOX cells but not in -DOX condition. GAPDH was used 

as internal control. p value ≤ 0.0001 (***) 

 

 

 

3.2.3 RNA sequencing validates MM MYB cells as a faithful model of 

human ACC 

MM MYB cells were used in RNA-seq experiments to establish gene expression profiles and 

compare these to those of PDX-derived ACCX11 cells. ACCX11 cells were provided by 

Professor Göran Stenman, Sahlgrenska Cancer Center (University of Gothenburg, Sweden), 

in collaboration with the Adenoid Cystic Carcinoma Research Foundation (ACCRF, MA, USA), 

and XenoSTART (S. Antonio, Texas, USA). 
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Differential expression of genes after MYB overexpression 

RNA-seq analysis was performed on MM MYB cells with or without DOX treatment to identify 

differentially expressed genes caused by switching MYB on or off. A total of 798 differentially 

expressed genes were found and divided as up- or downregulated according to their fold 

change, with a fold change threshold   1 and an FDR cut-off of 0.05. Specifically, 335 genes 

were identified as upregulated and 463 as downregulated in the presence of the inducer 

(Figure 3. 4 A). Numbers of genes were further classified according to strength of the p value 

(Figure 3. 4 B). A list of the top 100 differentially expressed genes can be found in 

Supplementary Table 3. As expected, MYB was found to be one of the most differentially 

expressed genes, with a strongly significant p value of 2.86E-23. To confirm the specificity of 

the results, the same analysis was performed on the empty vector-infected cells (MM EV) prior 

and after addition of DOX. The analysis highlighted no significant changes in gene expression, 

confirming that differences observed in the MM-MYB cell lines were caused by MYB 

overexpression and not by the presence of DOX (Figure 3. 4 C-D). 
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Figure 3. 4 | RNA-seq analysis of MM MYB and MM EV cells in the presence or 

absence of doxycycline (DOX). (A) Volcano plot presenting genes significantly up- (red) 

and down- (blue) regulated in MM MYB +DOX compared to the -DOX condition. (B) Number 

of genes up- or downregulated in MM MYB cells enumerated according to the strength of the 

p value. (C) Volcano plot presenting genes significantly up- (red) and down- (blue) regulated 

in MM EV +DOX compared to the -DOX condition. (D) Number of genes up- or 

downregulated in MM EV cells enumerated according to the strength of the p value. p value 

≤ 0.05 (*), 0.001 (**), 0.0001 (***), and 0.00001 (****). 

 
 
 
 
 

BUB1

MYB
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As expected, MYB expression was not detected in MM EV cells in the presence of DOX Figure 

3. 5). To assess similarities in gene expressions between the new cellular model and true ACC 

cells, RNA-seq was also performed in 7 replicates of ACC (ACCX11 cell line) and 3 normal 

salivary gland (NSG) controls. MYB expression was higher in ACC samples compared to the 

NSG controls, with a fold difference comparable to that between MM MYB -DOX and +DOX 

conditions (Figure 3. 5).  

 

 

 

 

Figure 3. 5 | MYB expression levels in MM cell lines and ACC samples. RNA-seq was 

carried out to detect expression of MYB in ACC samples, NSG, MM EV, and MM MYB cells 

cultured in the presence or absence of DOX. Expression is reported as fragments per kilo 

base of transcript per million mapped fragments (FPKM) and t-test was used to perform the 

statistical analysis. p value ≤ 0.05 (*); ns, not significant. 
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To evaluate the biological relevance of the differentially expressed genes, we carried out gene 

ontology (GO) analysis. Figure 3. 6 A shows network analysis, using Panther:BP database, 

of the selected genes meeting the criteria of significance with a p value  0.05. Biological 

processes associated with the differentially expressed genes were extracted from the GO 

analysis according to the p value  0.05 and filtered by FDR  0.1 and are listed in Figure 3. 

6 B. The main activated pathway was the cell cycle, followed by DNA replication, chromosome 

segregation, negative regulation of apoptotic processes, DNA repair, cell adhesion, and blood 

circulation (Figure 3. 6 B and Table 3. 2). To investigate in more detail the biological processes 

involved, the same analysis was carried out using the REACTOME repository. The results 

suggest that MYB expression is significantly associated with mitotic-related processes, 

including M-M/G1, G1-G1/M, M phase, and G1/S transition, as well as, prometaphase, 

metaphase and anaphase, together with interferon signalling and checkpoint programs (both 

cell-cycle and replication stress-related) (Figure 3. 7). 

The differentially expressed genes were further divided into upregulated and downregulated, 

and GO analysis was performed. Biological processes matching up- and downregulated 

genes are reported in Figure 3. 8. Cell cycle was confirmed as the top activated pathway, 

followed by DNA replication, chromosome segregation, and DNA repair. According to the 

analysis, downregulated genes belonged to the negatively regulated apoptotic activity (Figure 

3. 8). 
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Figure 3. 6 | Gene ontology GO analysis of differentially expressed genes in MM MYB 

+DOX. (A) Network analysis of the differentially expressed genes filtered by statistically 

significance p value  0.05. (B) Gene ontology biological processes extracted from 

Panther:BP database related to the genes meeting the criteria. The size of the dots indicates 

the percentage of genes mapped to the specific process. 
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Figure 3. 7 | Gene ontology (GO) terms relating to the biological processes of 

differentially expressed genes in MM MYB +DOX cells. Plot bar showing the biological 

processes activated in MM cells after MYB activation, according to REACTOME database. 

Processes were filtered by p value  0.05 and adjusted by FDR  0.1. The size of the dots 

indicates the % of genes mapped for each biological process analysed. 
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Table 3. 2 | List of genes differentially expressed in MM MYB +DOX classified by 

biological processes according to the REACTOME database. 

 

  

BIOLOGICAL 
PROCESS 

P VALUE 

TOTAL 
NUMBER 

OF 
GENES 

GENES MAPPED 

Cell cycle 5.49E-21 647 

ANLN; SPDL1; MCM2; TIPIN; AURKA; BIRC5; 
CLSPN; CDC45; CDC7; DMC1; VRK1; E2F1; 
SUV39H1; CENPT; OIP5; UBE2S; NCAPG; FBXO5; 
GMNN; CENPA; MAD2L2; CDC20; HELLS; ZWINT; 
CKS2; PKMYT1; CHTF18; SGO1; RBM38; LRRCC1; 
CAMK1; PSRC1; CABLES1; USP44; NEK3; DSCC1; 
KNL1; CEP55; TICRR; NUF2; FANCD2; SASS6; 
MIS18A; CHAF1B; CDC25A; MAD2L1; SKA3; 
DDIAS; MCM7; CENPV; BUB1; CKS1B; UBE2C; 
MLF1; AURKB; KIF18B; SAPCD2; ERCC6L; 
CENPW; KIFC1; UHRF1 

DNA 
replication 

1.10E-10 155 

MCM2; CLSPN; CDC45; CDC7; CHTF18; DSCC1; 
TICRR; CHAF1B; MCM7; POLA2; MCM10; ORC1; 
SAMHD1; GINS2; RFC3; GINS4; RFC4; RRM2; 
EXO1; GINS3; BLM 

Chromosome 
segregation 

5.78E-07 83 
BIRC5; CENPT; OIP5; SGO1; KNL1; NUF2; MIS18A; 
SKA3; BUB1; CENPW; CEP85; ESPL1 

DNA repair 1.31E-05 379 

CLSPN; DMC1; MAD2L2; TICRR; FANCD2; 
CHAF1B; UHRF1; SAMHD1; EXO1; BLM; EYA2; 
NTHL1; UBE2T; RAD54L; NEIL3; RAD51AP1; 
OGG1; EEPD1; FAAP24; XRCC4; FANCB; XRCC2; 
WDHD1; FANCG 

DNA 
recombination 

3.39E-03 104 
EXO1; BLM; RAD54L; RAD51AP1; XRCC4; XRCC2; 
XRCC2; HMGB3; HMGB2 

Blood 
circulation 

1.24E-02 38 STAT1; FLI1; CXCL10; HOXB2 
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Figure 3. 8  | Gene ontology (GO) terms relating to the biological processes of up- and 

downregulated genes in MM MYB +DOX cells. Plot bar showing the biological processes 

activated in MM cells after MYB activation, according to Panther:BP database. Results were 

filtered by p value  0.05 and adjusted by FDR  0.1. Different colours are used to 

distinguish the regulation. The size of the dots indicates the % of genes mapped for each 

biological process. 

 

 

Comparing the transcriptional landscape of MM MYB cells with that of ACC  

To understand if induction of MYB in MM MYB cells recapitulates the gene expression patterns 

observed in ACC cell lines and primary tumours, a gene expression signature for ACC was 

constructed and compared with the RNA-seq analysis of MYB-overexpressing MM MYB cells. 

To establish an ACC gene expression signature, four publicly available datasets were 

analysed. Specifically, data from three ACC microarray datasets (Andersson, Chowbina, and 

Gao) was downloaded from the Gene Expression Omnibus (GEO) repository and combined 

with the RNA-seq analysis of ACC-X11 (PDX-derived) cell line (Cicirò dataset). Details of the 

datasets are in Table 3. 3. 
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Table 3. 3 | Details of the datasets used. H: human, X: xenograft. 

 

 

 

 

Firstly, we identified genes differentially expressed in ACC tumour samples compared to NSG 

using the R package limma. Genes were filtered by fold change with a threshold  ± 1 and an 

FDR cut-off of 0.05. 

Figure 3. 9 shows the volcano plots of differentially expressed genes for each dataset and the 

number of up- or downregulated genes classified by statistical significance. The top 100 genes 

of each dataset are reported in Supplementary Table 4, Supplementary Table 5, 

Supplementary Table 6. 

 

 

 

 

 

 

DATASET 
ACCESSION 

NUMBER 
TYPE 

NUMBER OF ACC 

SAMPLES 

NUMBER OF NSG 

SAMPLES 
REFERENCE 

Andersson GSE88804 H 13 7 
 (Andersson et al., 

2020) 

Chowbina GSE36820 X 11 3  / 

Cicirò E-MTAB-12978 H 7 3 / 

Gao GSE59702 H  12 12 
 (Gao, R. et al., 

2014)  
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Figure 3. 9 | Differentially expressed genes in publicly available datasets. Volcano plots 

(left) illustrated the differentially expressed genes in (A) Andersson, (B) Chowbina, (C) 

Cicirò, and (D) Gao datasets. Bar plots (right) show the number of differentially expressed 

genes, according to p value. Colours indicate upregulation (red), downregulation (blue), or 

no change in expression (grey). p value ≤ 0.05 (*), 0.001 (**), 0.0001 (***), and 0.00001 

(****); ns, not significant. 
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To confirm the biological relevance of up- and downregulated genes in ACC for each dataset, 

GO analysis was performed using Panther:BP database (Figure 3. 10). Significant GO terms 

were selected with a p value  0.05 and filtered by FDR  0.1. Interestingly, the top scoring 

pathways were related to the cell cycle and its regulation, as well as regulation of chromatin 

and chromosomes. 
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Figure 3. 10 | GO analysis of the publicly available datasets of ACC. Dot plot showing 

the biological processes resulted most significantly up- or downregulated in (A) Andersson, 

(B) Chownina, (C) Cicirò, and (D) Gao  dataset. The size of the dots indicates the 

percentage of the genes mapped in each biological process, and up- and downregulated 

genes are shown in blue and red, respectively. 
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Next, the pathways extracted from each GO analysis were intersected using the REACTOME 

database. The Venn diagrams in Figure 3. 11 A-B illustrate the shared pathways. Positively 

regulated genes shared among the different datasets were related to cell cycle and DNA 

replication processes, whereas the only processes related to the downregulated genes was 

the immune system. 

 

 

 

 

Figure 3. 11 | Biological processes common to the Andersson, Chowbina, Cicirò, and 

Gao datasets. Venn diagrams of shared pathways extracted from GO analysis of (A) 

upregulated or (B) downregulated genes. 

 

 

 

To investigate whether MYB fusion-negative ACC tumours exhibit a different downstream 

gene expression profile compared to MYB-NFIB fusion-positive ACC, GSE59702 microarray 

from GEO Gene Expression Omnibus (GEO) database was downloaded and analysed. This 

set (Gao dataset) contains ACC samples classified according to their fusion status: 8 fusion 

positive tumours (FPT) with their matched normal tissue (NFP), 4 fusion negative tumours 
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(FNT) paired with their normal tissue (NFN), for a total of 24 samples. FPT and FNT tumours 

were compared to their matched normal samples and differentially expressed genes were 

identified. Genes were filtered by a fold change threshold   1 and an FDR cut-off of 0.05, 

and analysis was performed using the R package limma. Comparison of fusion positive and 

fusion negative differentially expressed genes revealed a total of 60 genes downregulated and 

55 genes upregulated (Figure 3. 12). The vast majority of the genes (25 378 genes) showed 

no changes (Figure 3. 12). 

 

 

 

 

Figure 3. 12 | Comparison of differentially expressed genes in fusion positive and 

fusion negative ACC. Volcano plot of differentially expressed genes (left). The number of 

differentially expressed genes according to the p values is shown on the right. p value ≤ 0.05 

(*), 0.001 (**), 0.0001 (***), and 0.00001 (****); ns, not significant. 

 

 

 
We also carried out unsupervised hierarchical clustering of gene expression and the resulting 

heatmap showed high gene expression similarities between tumour samples, regardless of 

their fusion status, validating the hypothesis that MYB rearrangements or MYB activation 
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(without fusion to another gene partner) are functionally equivalent in ACC cancers (Figure 3. 

13) as previously postulated in our laboratory (Andersson et al., 2020). 

 

 

Figure 3. 13 | Comparison of ACC fusion positive and fusion negative samples. 

Heatmap generated from the Gao microarray dataset (GEO accession GSE59702) to 

assess similarities in gene expression in ACC samples with different MYB rearrangement 

status. FPT = fusion positive tumour. FNT = fusion negative tumour. NFP = match normal of 

a fusion positive tumour. NFN = match normal of a fusion negative tumour. 
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Identification of an ACC patient signature 

The singscore method was used to normalise gene expression across datasets taking into 

account the theoretical minima and maxima for scores in each sample. The normalised 

upregulated genes were intersected and plotted in a Venn diagram (Figure 3. 14). The 156 

upregulated genes shared between the four datasets were considered as a genuine ACC 

signature. The identity of each gene is listed in the Supplementary Table 7. 

 

 

 

Figure 3. 14 | Gene signature of ACC-patient gene expression extrapolated from 

published array and RNA-seq datasets. The Venn diagram shows the upregulated genes 

shared in the four databases.   

 

 

We performed Gene Set Enrichment Analysis (GSEA) to determine whether the a priori 

defined 156 gene set signature shows statistically significant enrichment in MCF10A cells 

overexpressing or not overexpressing MYB. The enrichment analysis of the gene signature 

against MM MYB  DOX RNA-seq counts revealed a significant enrichment in MM MYB 

+DOX, compared with the condition -DOX, with a Normalised Enrichment Score NES of 1.55 

and p value  10E-16 (Figure 3. 15 A).  
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The top 50 core enriched genes (also known as ‘leading edge’) extracted from GSEA identified 

patient-specific genes recapitulated in the MM MYB +DOX model (Figure 3. 15 B). The full 

list is reported in Supplementary Table 8. 

 

 

 

 

 

Figure 3. 15 | Comparison of MM MYB transcriptional profile with the ACC patient 

signature. (A) GSEA enrichment plots of MM MYB cell line’s expression profile using the 

156-signature. The enrichment score (ES) reflects the degree to which the gene-set is 

overrepresented at the top or bottom of the ranked list of genes. The normalised ES (NES) 

corrects for differences in ES between gene-sets due to differences in gene-set sizes. The 

horizontal coloured bar indicates the shift from positively enriched genes (red) to negatively 

enriched genes (blue). (B) Top 50 core enriched genes of MM MYB compared to the ACC 

signature from GSEA. The black arrow indicates MYB gene. 
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3.3 Discussion  

 

 

 

The chromosome exchange resulting in the fusion of the transcription factor genes MYB in 

chromosome 6 and NFIB in chromosome 9 is a hallmark of ACC, which is characterised by 

the overexpression of MYB (Brill et al., 2011; Persson et al., 2009). However, abnormally high 

expression of wild type MYB can also occur through promoter/enhancer element alterations 

(Drier et al., 2016). Independently from the mechanism of activation, MYB overexpression is 

a key instigating event in ACC (Persson et al., 2009), suggesting that it is important to study 

the role of MYB in both fusion-negative and fusion-positive tumour samples. There is an urgent 

need to develop ACC models that are physiologically relevant, easy to maintain, and 

mimicking the main characteristics of the disease. Developing ACC cell lines that grow 

robustly in vitro while retaining key biomarkers over time, including MYB expression, has been 

challenging and has limited the availability of reliable ACC cell line models. Moreover, the dual 

myoepithelial/epithelial composition of ACC underlies its biological heterogeneity and the 

technical difficulties of ACC cell line establishment (Hantel et al., 2016).  

It has been shown that fusion-positive and fusion-negative ACC samples exhibit similar gene 

expression profiles (Gao, R. et al., 2014). Likewise, gene expression profiles of MCF10A cells 

stably overexpressing MYB or different MYB-NFIB fusion variants were very similar and 

caused comparable biological changes (Andersson et al., 2020), suggesting that the 

overexpression of MYB is the main oncogenic player. 

 

One major aim of this PhD study was to establish a new in vitro model that could more faithfully 

recapitulate the biological and gene expression profiles of ACC cells. We thought that 

inducible expression of MYB could establish an ACC-like state in glandular MCF10A breast 

cells, while at the same time offering a “normal” control in the uninduced condition with MYB-
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OFF. The model was engineered by transducing MCF10A cells with the lentiviral vector 

pINDUCER21-MYB which contains the human MYB cDNA under the control of a DOX 

inducible promoter, allowing transient expression of the proto-oncogene. The combination of 

cellular and molecular properties of MCF10A, as well as the relatively ease in manipulating it 

in different assays and its wide adoption in biomedical research, made MCF10A a valid 

candidate to perform these studies. In particular, the glandular origin shared with ACC and the 

absent MYB expression in WT cells (Andersson et al., 2020; Imbalzano et al., 2009), provided 

the rationale for using MCF10A to build a new model of ACC. Indeed, it should be noted that 

a small fraction of triple negative breast cancers characterised by MYB gene rearrangements/ 

overexpression are classified as ACC (Zhang, Meilin et al., 2022). Therefore, the MM model 

could result potentially useful also in breast cancer setting or, taking into account its molecular 

characteristics, in other cancers harbouring MYB overexpression, e.g. leukaemia.   

Basal levels of MYB in uninduced MM MYB cells (-DOX) condition were higher than in empty 

vector controls (MM EV DOX), highlighting leakiness of inducible systems, probably as 

consequence of the site of chromosomal integration (Garrick et al., 1998; Meyer-Ficca et al., 

2004).  

 

The biological relevance of the MM MYB cellular model was validated by Gene Ontology (GO) 

analysis. The most active biological process in MM MYB +DOX cells (MYB-ON) was cell cycle, 

followed by DNA replication, chromosome segregation, negative regulation of apoptotic 

processes, DNA repair, cell adhesion, and blood circulation. This result is consistent with 

recently reported data, including the multi-omics analysis performed on MCF10A in which 

master transcription factors, counting MYB, were activated after exposure to six ligands (EGF, 

HGF, OSM, IFNG, TGFB, and BMP2) known to stimulate different disease-associated 

signalling pathways of clinical relevance, such as MAPK, JAK/STAT, WNT, TGFB, and 

activation of genes related to the cell cycle progression, including the kinases AURKA, CDK1, 

PLK1, and BUB1 (Gross et al., 2022). Gross and colleagues also identified a suite of enriched 

REACTOME pathways comparable to the one depicted in Figure 3. 7, including G1/S specific 
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transcription, unwinding of DNA, and processes linked to DNA damage induced by stress or 

activation of G2/M or DNA damage checkpoint associated kinases (Gross et al., 2022). The 

importance of MYB in the regulation of the cell-cycle has been also highlighted in the study 

published by Andersson and colleagues in which they established that knockdown of MYB-

NFIB via MYB siRNAs leads to G1 arrest, reduced cell proliferation, and strong reduction of 

cells residing in the G2/M phase, thus underlying the impact of MYB in cell cycle progression 

of primary ACC cells (Andersson et al., 2017).  

 

There are no available RNA-seq data in repositories online that we could use to establish a 

more detailed comparison. Therefore, we had to use ACC microarray datasets and compared 

them with our mRNA whole-transcriptome high-throughput sequencing on MM cells, facing 

the limitations that this comparison may imply. In fact, microarrays profile only a cluster of 

predefined transcripts/genes, suggesting that comparison with RNA-seq data is not ideal. 

However, this study may pave the way to future investigations which can take these variables 

into account. 

 

The analysis of four publicly available ACC datasets, of which three microarray studies 

extracted from GEO repository database and one RNA-seq analysis generated by us, showed 

similar enrichment in biological processes. These datasets were also used to extract an ACC 

oncogenic signature from transcriptional data that could yield valuable insights on the biology 

of the tumour and that was used to validate MM MYB as a faithful in vitro model of ACC. 

Indeed, GSEA revealed that MM MYB +DOX (MYB-ON) showed a significant enrichment 

index, confirming the hypothesis that this cell line could be used with confidence as a model 

that recapitulates the ACC transcriptional landscape. Interestingly, MM MYB +DOX cells 

gradually lost MYB expression after serial passaging, similarly to the ACCX11 cell line 

(Supplementary Figure 1), a limitation already reported in Queimado et al. (1999) and Li et 

al. (2014), where ACC cells lost the MYB-NFIB fusion found in the primary tumours from which 
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they were derived, suggesting a secondary event interfering with stability of MYB levels in in 

vitro cultures (Li, J. et al., 2014; Queimado et al., 1999). 

 

In conclusion, this chapter provides evidence the MM MYB model could be used as an avatar 

of ACC cells. The new model is easier to manipulate and cheaper to maintain than PDXs and 

PDX-derived cell lines. MCF10A cells and pINDUCER21-MYB are commercially available, 

therefore increasing the chances that other investigators could use the system to advance 

ACC research and improve patient’s outcome.  
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4.1 Introduction  

 

 

 

Although MYB activation is a hallmark of ACC (Persson et al., 2012), it is still unclear what the 

consequences of its activation are and the molecular factors with which it may cooperate in 

the carcinogenesis of ACC. Given its role in cell cycle, proliferation, and in transformation of 

haematopoietic cells, therapeutic targeting of MYB has been investigated in several studies 

(Pham et al., 2019; Ramaswamy et al., 2018; Uttarkar et al., 2016; Walf-Vorderwülbecke et 

al., 2018; Yusenko et al., 2020). For example, the Gonda laboratory reported how its 

suppression by using either antisense oligonucleotides or RNA interference inhibited 

proliferation of oestrogen receptor positive (ER+), but not ER negative (ER-), breast cancer 

cells, reflecting the link between MYB and the oestrogen signalling (Drabsch et al., 2007). 

Another study highlighted the efficacy of monensin, a novel polyether ionophore MYB inhibitor, 

in suppressing cell viability and inducing apoptosis in two different MYB-driven cancers, AML 

and ACC (Yusenko et al., 2020). Other therapeutic strategies targeting MYB involve 

peptidomimetic blockade (Ramaswamy et al., 2018) or cancer vaccine (Pham et al., 2019), 

used for the treatment of AML, CRC, and ACC, respectively. Despite promising results in 

experimental models (references as above), there have been only few clinical trials with MYB-

targeting molecules. To date, according to the publicly available list of clinical trials, only a few 

reached phase II, suggesting that direct targeting of MYB may be difficult in clinical settings. 

A major complication is that MYB is a key gene in mammalian haematopoiesis (Westin et al., 

1982). Thus, the essential role of MYB in important physiological processes, together with the 

lack of stable tumour lines and mouse models, have hindered drug development for the 

treatment of MYB-driven solid tumours, such as ACC.  
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The identification of MYB-downstream genes to be used as therapeutic targets could be a 

reasonable strategy to avoid the potential haematological toxicity of anti-MYB therapies. Thus, 

researchers have focused their attention on signalling pathways downstream of MYB in 

multiple cancers. The laboratory of Scott Ness used the breast cancer cell line MCF-7 to 

identify MYB target genes using chromatin immunoprecipitation coupled with genome 

promoter tiling microarray analysis and found MYB associated with over 10.000 promoters 

(Quintana et al., 2011). Using this strategy, the team identified several already known MYB 

targets, including cell cycle genes and transcription factors, such as CCNB1, MYC, and 

CXCR4 but also novel MYB-regulated genes, such us JUN, KLF4, NANOG, and SND1 

(Quintana et al., 2011). A selection of MYB target genes identified in different published studies 

can be found in Supplementary Table 1. Interestingly, some of the MYB target genes encode 

for protein kinases (De Dominici et al., 2018; Ferrao et al., 1997; Ku et al., 1993). Among 

these, ATR was significantly upregulated in normal breast glandular cells overexpressing MYB 

(or MYB-NFIB fusion) as well as in ACC samples and PDXs (Andersson et al., 2020). 

Microarray analysis of ACC cells overexpressing MYB identified genes already known as MYB 

targets (i.e. BIRC3, CDC2, and CXCR4) together with new candidates, including BUB1, 

CENPE, CENPF, EXO1, NDC80, and TTK (Andersson et al., 2020). Based on these results 

and the possibility of using kinases as drug targets, the mitotic checkpoint BUB1 was selected 

as an interesting candidate for ACC therapy. In this chapter, the relationship between MYB 

and BUB1 was investigated to uncover molecular and functional aspects of this interaction. 
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4.2 Results 

 

 

 

In this chapter, PDX-derived ACCX11 cells were used to quantify BUB1 expression after 

knockdown of MYB-NIFB and for ChIP-seq analysis. ACCX11 cells were provided by 

Professor Göran Stenman, Sahlgrenska Cancer Center (University of Gothenburg, Sweden), 

in collaboration with the Adenoid Cystic Carcinoma Research Foundation (ACCRF, MA, USA), 

and XenoSTART (S. Antonio, Texas, USA). Immunohistochemistry (IHC) analysis was 

performed by Prof Rossano Lattanzio and Prof Gianluca Sala from in Chieti-Pescara 

University, Italy. 

 

 

 

4.2.1 Analysis of MYB and BUB1 expressions in publicly available 

ACC datasets  

To validate the hypothesis that BUB1 is a downstream effector of MYB in ACC, we analysed 

gene expression profiles from publicly available datasets. We used the microarray datasets 

from Andersson, Chowbina, and Gao, along with the RNA-seq data generated in this study. 

Details about the datasets are summarised in Table 3. 3 (from Chapter III).  

RNA-seq revealed that BUB1 was upregulated in MM MYB cells upon addition of DOX and in 

ACCX11 samples compared to the NSG (Figure 4. 1). Increased expression of BUB1 in MM 

MYB cells was confirmed by qPCR (Figure 4. 2). 
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Figure 4. 1 | BUB1 expression levels in ACC samples and MM cells. Boxplot showing 

BUB1 expression in ACCX11 cells (ACC) compared to NSG. After addition of DOX, MM 

MYB cells showed increased expression of BUB1 compared to the uninduced (NODOX) 

samples. No statistically significance was observed between EV samples with or without 

DOX. Expression values are reported in FPKM. p value ≤ 0.05 (*), 0.001(**); ns, not 

significant. 

 

 

 
 

Figure 4. 2 | BUB1 expression in induced or uninduced MM MYB cells. BUB1 

expression levels were quantified by RT-qPCR in MM MYB cells in the presence or absence 

of DOX. Gene expression was compared to naïve MCF10A cells (WT) used as control. p 

value ≤ 0.001 (**); ns, not significant. 
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MYB and BUB1 expression levels in the combined datasets were increased in ACC samples 

compared to the NSG controls (Figure 4. 3). Moreover, Pearson correlation was used to 

assess whether MYB and BUB1 were co-expressed in ACC. We found a significant linear 

relationship between the expression levels of MYB and BUB1, as indicated by a Pearson 

correlation value of 0.46 and a p value of 0.0063 (Figure 4. 4). 

 

 

 
 

Figure 4. 3 | MYB and BUB1 expression profile in ACC datasets. Violin plots showing 

MYB (left) and BUB1 (right) expression; ACC samples were compared to NSG controls. 

Data were normalised and merged prior the plotting. Statistical analysis (Wilcoxon test) is 

shown at the top of the graphs. RMA, Robust Multi-Array Average. 
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Figure 4. 4 | Pearson correlation analysis. Linear correlation profile of MYB and BUB1 

extrapolated from publicly available datasets showing the statistical relationship between the 

two variables. The grey area represents the correlation confidence interval (CI). R, Pearson 

correlation coefficient; p, p value. 

 

 

 

To investigate whether BUB1 is a direct downstream target of MYB, we analysed a microarray 

gene expression dataset in which MYB-NFIB was downregulated by RNA interference in ACC 

(Andersson et al., 2017). Treatment with two independent siRNAs targeting MYB-NFIB 

resulted in the downregulation of MYB, together with a concomitant decrease in BUB1 

expression level compared to the scramble siRNA control (Figure 4. 5 A). We have validated 

these results independently by using the same siRNA in the patient-derived ACC cell line 

ACCX11. RT-qPCR demonstrated that BUB1 expression significantly declined after siRNA-

mediated knockdown of MYB-NFIB in vitro (Figure 4. 5 B). 
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Figure 4. 5 | MYB and BUB1 expression after MYB-NFIB knockdown by siRNAs. (A) 

Bar plots showing the expression fold changes of MYB and BUB1 genes in ACC cells 

treated with two independent siRNAs, compared to the scramble control in GSE76094 

microarray dataset and (B) after RT-qPCR in ACCX11 cultured cells.  

 

 

 

4.2.2 BUB1 protein expression in ACC samples 

To verify if BUB1 protein is expressed in ACC samples, the collaborating Chieti laboratory 

carried out immunohistochemical staining of BUB1 in 11 Tissue Microarray (TMA) samples, 

from a collection of XenoSTART Patient-Derived Xenograft (XPDX) models. 9 ACC samples 

were positive (82%), while 2 (18%, not shown) were negative for staining of BUB1 (Figure 4. 

6 A). BUB1 protein was localised in the nucleus in five of the samples, whereas in the 

remaining samples three presented cytoplasmic and one diffuse staining (Figure 4. 6 B). In 

comparison, BUB1 was found to be localised in the cytoplasm of ACCX1 cells (Figure 4. 6 A). 
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Figure 4. 6 | IHC analysis of ACC samples. (A) ACC TMAs samples were stained with a 

BUB1 specific antibody. Mouse testis tissue was used as positive control (Ctrl +) and normal 

parotid gland as negative control (Ctrl -). (B) Schematic representation of the number of 

ACC samples (express in percentage) classified according to the localisation of BUB1 

protein. The red box highlights ACCX11. The assay was performed by Prof Gianluca Sala 

and Prof Rossano Lattanzio from G. D’Annunzio Chieti-Pescara University, Italy. Samples 

were provided by Adenoma Cystic Carcinoma Research Foundation (AACRF; Needham, 

MA, USA), in collaboration with the research organisation XenoSTART (S. Antonio, Texas, 

USA). 
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4.2.3 MYB transactivates the BUB1 promoter via canonical MYB 

binding sequences 

 

We hypothesised that MYB might transcriptionally activate the BUB1 gene. Manual inspection 

of the BUB1 5’ flanking region revealed several iterations of the G/TAACNG MYB consensus 

sequence in both DNA strands. Furthermore, using Cistrome Data Browser (Cistrome DB) 

(MYB ID: 50569, Cistrome DB) online tools, we confirmed that there were Chromatin IP (ChIP) 

MYB peaks overlapping with the putative MYB binding sequences in Jurkat leukaemia cells 

which constitutively express high levels of MYB (Figure 4. 7). 

 

 

 

Figure 4. 7 | MYB binding peaks in the BUB1 promoter. Cistrome DB analysis showing 

MYB binds the BUB1 promoter around position 110 680 000. The MYB peak overlaps with 

H3K27 acetylation marks, indicating a transcriptionally active region. 

 

 

 

To assess whether MYB could directly transactivate BUB1 in gland cells, MCF10A cells were 

co-transfected with the wild type BUB1 promoter region cloned in the pGL3 Firefly basic vector 
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(pGL3-BUB1 WT), and a pLXSN vector expressing MYB (pLXSN-MYB) (Sala et al., 1995), as 

described in the materials and methods section (2.4 Luciferase assay). Cells were also co-

transfected with a plasmid encoding pRenilla luciferase to control for transfection efficiency. 

36h after transfections, cells were lysed, and luminescence activity was quantified. There was 

a fourfold increase in luciferase activity in the presence of the pLXSN-MYB vector, compared 

to the empty vector control (pLXSN-EV) (Figure 4. 8) suggesting that the BUB1 promoter was 

transactivated by MYB. To demonstrate that the effect was caused by direct interaction of MYB 

with the BUB1 promoter, we used a BUB1 promoter reporter plasmid (pGL3-BUB1 Mut) in 

which all the canonical MBSs were mutated, as described in the methods (2.4 Luciferase 

assay). As expected, mutation of the MYB-binding sites completely abolished MYB 

transactivation, confirming the specificity of the interaction (Figure 4. 8). 

 

 

 

 



Chapter IV – MYB transcriptionally controls the expression of BUB1 in immortalised and transformed human glandular epithelial cells 

 

 133 

  

 

Figure 4. 8 | Dual-luciferase assay on MCF10A cells. MCF10A cells were co-transfected 

with luciferase reporter plasmids containing the BUB1 promoter in the wild-type (pGL3-BUB1 

WT) or MBSs-mutant (pGL3-BUB1 Mut) conformation and MYB-expression vector (pLXSN-

MYB) or control vector (pLXSN-EV). pGL3 empty vector (pGL3 EV) was used as further 

control. A schematic representation of the constructs, the putative MBSs and the mutations 

introduced are shown on the top of the panel. RLU, relative light unit. 
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4.2.4 ChIP-seq analysis demonstrates that MYB directly binds the 

BUB1 promoter in ACC cells in vivo 

 

To investigate whether endogenous MYB binds the BUB1 gene in ACC cells, we examined 

genome-wide MYB occupancy patterns in ACCX11 cells using ChIP-seq. Peaks were called 

with a p value cut-off of < 0.01 by using the Model-based Analysis of ChIP-Seq data (MACS) 

(Zhang, Yong et al., 2008). We identified the presence of peaks in the BUB1 promoter region, 

located at – 0.84 Kb and – 0.177 Kb from the transcription start site (TSS) of the gene Figure 

4. 9), similarly to what was observed from data in Cistrome DB for leukaemia cells (Figure 4. 

7). Interestingly, we found other peaks that overlapped two enhancers in intragenic position 

(located at 110.662.587- 110.662.901 and 110.659.601- 110.659.800) (Figure 4. 9). The 

analysis on the three replicates can be found in Supplementary Figure 2. Locations of 

promoters and enhancers regulatory regions of BUB1 are depicted in Supplementary Figure 

3. 
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Figure 4. 9 | MYB binds BUB1 promoter in ACCX11 cells in vivo. ChIP-seq analysis 

showing the localisation of MYB peaks (depicted in red) according to the reference 

sequence of the gene (RefSeq genes). The blue boxes under each peak indicate regions 

significantly enriched by the MYB binding as defined by the peak caller output of p < 0.01, 

analysed with MACS algorithm. MYB-binding peaks around the transcription start site (TSS) 

of BUB1 are highlighted in the zoomed box. The green arrows indicate the position of MYB 

canonical binding site in the sequence. Portion of the gene sequence is shown on the right 

of the box and the canonical MBSs are highlighted in green. 
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4.3 Discussion  

 

 

 

MYB plays an important role in the control of cell proliferation, apoptosis, and differentiation, 

and is highly expressed in immature proliferating cells, while its expression decreases as 

differentiation progresses (Kastan et al., 1989; Oh & Reddy, 1999; Ramsay, Robert G. & 

Gonda, 2008). MYB dysregulation has been reported in different cancers, including AML, non-

Hodgkin lymphoma, CRC, and breast cancer (Li, Y. et al., 2016; Okada, M. et al., 1990; 

Thompson et al., 1997; Torelli et al., 1987). In addition to its physiological role in the 

haematopoietic system (Westin et al., 1982), MYB has also been shown to be expressed in 

mouse submandibular glands at embryonic day E14.5 (Visel et al., 2004), suggesting an 

involvement of MYB in salivary gland development.  

 

Due to the potential role of MYB in the promotion of several human malignancies, MYB has 

been targeted with different molecules in preclinical cancer studies (Cicirò & Sala, 2021). 

Although direct targeting of key oncogenes is a logical approach, drugging transcription factors 

is notoriously difficult (Bushweller, 2019). This mainly stems from challenges associated with 

disorderly structures, lack of binding pockets and in difficulties in targeting the protein–DNA or 

protein–protein interfaces, (Arkin et al., 2014). Moreover, inhibition of tissue specific 

transcription factors such as MYB could block critical signalling pathways, generating severe 

side effects, potentially incompatible with life (Ramsay, Robert G. & Gonda, 2008). 

  

ACC research has been seriously hampered by a limited knowledge of the biology and 

transcriptional landscape of ACC, the mechanisms leading to carcinogenesis and progression, 

as well as lack of relevant in vitro and in vivo models to test new therapeutic approaches 

(Persson et al., 2012). To gain insights into the molecular consequences of constitutive, high-
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level expression of MYB, different groups have identified MYB target genes using high-

throughput methodologies, such as chip-on-chip, microarray, and RNA-sequencing. For 

example, Andersson and colleagues performed microarray analysis on MCF10A cells 

transduced with retroviruses encoding MYB or MYB-NFIB fusion (Andersson et al., 2020). In 

this study, the MYB-activated genes showed significant overlap with previously published 

gene expression profiles of ACC samples (Andersson et al., 2017; Andersson et al., 2020). 

Biological pathways associated with the overexpressed genes included key players of the cell 

cycle, such as cyclins, centromere proteins, and checkpoint kinases, such as ATR and BUB1 

(Andersson et al., 2020). Due to the importance of BUB1 as mitotic checkpoint, the interest in 

its role in cancer is increasing (Jiang, N. et al., 2021; Li, M. et al., 2022; Li, X. et al., 2020).  

 

We detected immunoreactivity of BUB1 in the nucleus and/or cytoplasm of several ACC cell 

lines (Figure 4. 6). This finding contrasted with the knowledge of BUB1 as protein involved in 

cell cycle, and therefore its intracellular localization is postulated to be the nucleus. However, 

a number of studies have reported cytoplasmic immunolocalisation of other mitotic checkpoint 

kinases in cancer cells, such as BUB1B in breast and colon carcinomas, MAD2 in colon and 

gastric cancers (Li, G. & Zhang, 2004; Shin et al., 2003; Tanaka et al., 2001; Yuan et al., 2006). 

Although little is known about the association between BUB1 localisation and its function in 

malignant cells, distinct roles of aberrant BUB1 has been revealed, including its involvement 

in CIN, and the ability to negatively regulate p53-mediated early cell death (Gao, F. et al., 

2009; Warren et al., 2002; Williams, G. L. et al., 2007). Hence, BUB1 may be implicated in 

other biological functions in addition to the mitotic checkpoint and may have important roles in 

proliferation and maintenance of cancers, suggesting the need of further investigation. 

 

In this chapter, we studied the relationship between MYB and BUB1. Analyses of ACC gene 

expression datasets confirmed co-expression of MYB and BUB1 in tumour samples, 

suggesting that BUB1 expression may be controlled by MYB in this cancer. To assess whether 

MYB regulates BUB1, we performed a siRNA-mediated knockdown of MYB in an ACC cell 
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line. This caused a significant decrease in BUB1 expression, validating the hypothesis that 

BUB1 is downstream of MYB. Moreover, luciferase reporter assays confirmed that MYB binds 

to and activates the BUB1 promoter when ectopically expressed in MCF10A cells. Data from 

Cistrome DB, a collection of ChIP sequencing and chromatin accessibility studies, indicates 

that MYB can bind to the BUB1 promoter in vivo in leukaemia cells (Mansour et al., 2014). We 

confirmed these results also in our cultured ACC cells. Genome-wide maps of MYB chromatin 

occupancy in ACCX11 cells were generated using ChIP-seq and BUB1 emerged as a direct 

MYB target. The main peaks were located in proximity of the TSS of BUB1, in agreement with 

the general knowledge of TFs preference to bind upstream regulatory elements of genes in 

the proximal promoter and modulate their expression (Vinson et al., 2011). Markedly, 

intragenic portions of BUB1 were enriched in MYB motifs and called peaks overlapped them. 

A more accurate analysis uncovered that these portions corresponded to enhancer regions, 

close to loci of open chromatin, suggesting a possible regulation by MYB that may or may not 

cooperate with the MYB-mediated transactivation (Figure 4. 9).  

Thorough investigation of the ChIP-seq data was beyond the scope of this project, therefore 

we limited the inspection to the main MYB target genes, such as BCL2, CDC2I, KIT, CD34, to 

further confirm the trustworthiness of this analysis and compared it to the results of Drier and 

colleagues (2016) (Drier et al., 2016). 

 

In summary, given the difficulties in drugging MYB, the identification of the BUB1 kinase 

downstream of MYB might lead to the development of more effective therapeutic options for 

patients. Indeed, kinases are more amenable to pharmacological targeting than transcription 

factors, due to a stable structure and the presence of molecular pockets that can be used to 

develop small molecule inhibitors. 
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5.1 Introduction  

 

 

 

Due to their crucial role in cell signalling, kinases have emerged as potential therapeutic 

targets in pharmacology research (Wu et al., 2015). Kinases mediate a broad range of cellular 

processes such as apoptosis, differentiation, and proliferation (Adams, 2001). More than 530 

human kinases have been identified and they are the second most targeted group in clinical 

therapies, following the G-protein-coupled receptor (Bhullar et al., 2018). This is mainly due 

to the degree of similarity that kinases share in their 3D structures, giving the possibility to 

design kinase inhibitors that perturb the ATP-binding site of the proteins (Knighton et al., 1991; 

Wu et al., 2015). So far, there are 72 FDA-approved therapeutic agents that target about two 

dozen different protein kinases (Roskoski Jr, 2022). Deregulation of kinases leads to a variety 

of pathophysiological changes that may culminate in cancer cell proliferation and tumour 

progression (Bhullar et al., 2018).  

 

Pioneering studies on the role of kinases in pathological conditions have revealed that 

targeting these proteins is also promising in cancer (Huang, Min et al., 2014; Ma & Adjei, 2009; 

Sun & Bernards, 2014). In particular, kinases involved in the mitotic spindle checkpoint have 

been proposed to be excellent cancer therapeutic targets (Kaestner et al., 2011). The mitotic 

kinase BUB1 has been associated with the development of solid cancers, including papillary 

renal cell carcinoma, gastric cancer, osteosarcoma, and pancreatic ductal adenocarcinoma  

(Gao, Z., Zhang, Duan, Yan, Fan, Fang, & Liu, 2019; Piao et al., 2019; Shigeishi et al., 2001). 

BUB1 is part of the BUB and mitotic arrest‐deficient (MAD) families of proteins that play a 

crucial role in the organisation of the spindle checkpoint, preserving correct ploidy during 

mitosis (Bernard et al., 1998).  



Chapter V – Inhibiting BUB1 activity with the small molecule inhibitor BAY1816032 
 

 141 

Targeting BUB1 has been shown to be a promising strategy in osteosarcoma patients, where 

inhibition of the kinase markedly suppressed cell proliferation, migration, invasion, and 

induced apoptosis. It has been reported that BUB1 promotes bladder cancer by 

phosphorylating STAT3, activating a JAK/STAT-mediated cascade, and leading to cancer 

proliferation and progression (Grivennikov et al., 2009). Pharmacological targeting of BUB1 in 

bladder cancer cells suppressed tumour progression in vivo (Jiang, N. et al., 2021). 

Dysregulation of BUB1 was also observed in paediatric glioblastoma (Morales et al., 2013). 

Combinatorial treatment with temozolomide (TMZ, a standard chemotherapeutic drug used in 

glioblastoma treatment) and siRNAs against BUB1 and its partner in mitotic checkpoint spindle 

assembly BUBR1, reduced proliferation and colony formation of glioblastoma cells with 

increased formation of micronuclei, accompanied by cell cycle arrest and apoptosis (Morales 

et al., 2013). Dysregulation of the cell cycle is one of the hallmarks of cancer (Hanahan & 

Weinberg, 2000), making cell cycle arrest a primary mechanism of action of chemotherapeutic 

drugs, such as taxanes and alkaloids. On the other hand, inactivation of cell cycle checkpoints 

leads tumour cells to proceed into cell division, causing lethal accumulation of DNA damage 

and aneuploidy. Thus, targeting cell cycle checkpoints is emerging as a successful strategy in 

cancer treatment  (Dominguez-Brauer et al., 2015; Siemeister et al., 2019). 

 

Following the analysis of the relationship between MYB and BUB1 in Chapter IV, in this 

chapter we investigate whether inhibition of BUB1 could be a promising therapeutic strategy 

for MYB-dependent cancers, such as ACC.  
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5.2 Results 

 

 

 

ACCX11 cells were provided by Professor Göran Stenman, Sahlgrenska Cancer Center 

(University of Gothenburg, Sweden), in collaboration with the Adenoid Cystic Carcinoma 

Research Foundation (ACCRF, MA, USA), and XenoSTART (S. Antonio, Texas, USA). Three-

dimensional (3D) ACC spheroids and in vivo experiments were performed by the Adenoid 

Cystic Carcinoma Research Foundation (ACCRF, MA, USA) in collaboration with the biotech 

companies Kiyatec (Greeneville, SC) and XenoSTART (S. Antonio, Texas, USA). 

 

 

 

5.2.1 Pharmacological inhibition of BUB1 in ACC cell models 

To evaluate the impact of BUB1 inhibition in MYB-related cancers, we treated MM MYB cells, 

MCF10A cells containing an inducible MYB transgene discussed in the previous chapter 

(Chapter IV), with BAY1816032, a selective inhibitor of the catalytic activity of the kinase 

BUB1 (Siemeister et al., 2017). In the presence of the inducer DOX, escalating concentrations 

of the drug caused loss of viability, with an IC50 of 4.0 μM, whereas in the absence of 

doxycycline-induced MYB the drug had almost no effect (Figure 5. 1 A). To rule out non-

specific interactions between DOX and the BAY inhibitor, we repeated the dose response 

experiment with MCF10A cells transduced with the empty control virus (MM EV). As expected, 

no significant reduction in cell viability was detected in the presence of increasing 

concentrations of BAY1816032, with or without DOX treatment, demonstrating that the effect 

of the small molecule inhibitor is genuinely MYB-dependent, (Figure 5. 1 B). 
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Figure 5. 1 | Drugging BUB1 causes inhibition of MCF10A cells in a MYB-dependent 

manner. (A) Induced (+DOX) or non-induced (-DOX) MM MYB cells were cultured in the 

presence of different concentrations of the BUB1 inhibitor BAY1816032. Cells were 

harvested 72 h after plating and percentages of cell growth compared to the vehicle (DMSO) 

control were calculated implementing the MTT assay. (B) The experiment was repeated as 

in (A), except that the cells used were the empty vector infected MCF10A (MM EV). Error 

bars indicate standard errors. p value ≤ 0.05 (*), 0.001(**); ns, not significant. 

 

 

To validate BUB1 inhibition as a therapeutic strategy in ACC, we treated PDX-derived 

ACCX11 cells with BAY1816032 for 72 h. Pharmacological inhibition of BUB1 led to 

decreased cell viability in a dose-dependent fashion, with an IC50 of 2.95 𝜇M. Interestingly, the 

treatment had no significant effect on naïve MCF10A, used as a glandular MYB-negative 

control cell line (Figure 5. 2). To assess whether the kinase inhibitor was inducing tumour cell 

apoptosis, we performed a caspase activation assay. ACCX11 cells were treated with 

increasing concentration of BAY1816032 for 48 h after which they were harvested, and the 

caspase activity was quantified. A concentration of the drug of 2 μM was sufficient to produce 

a significant increase of luminogenic Caspase 3/7 substrate signal, supporting the hypothesis 

that the BAY inhibitor induces programmed cell death in ACCX11 cells (Figure 5. 3).  



Chapter V – Inhibiting BUB1 activity with the small molecule inhibitor BAY1816032 
 

 144 

 

 
Figure 5. 2 | ACCX11 cells viability in the presence of BAY1816032. Cells were exposed 

to escalating concentrations of BAY1816032. MCF10A cells (grey line) were used as normal 

cell control. Error bars indicate standard errors. p value ≤ 0.001 (**), 0.00001 (****). 

 
 
 

 

 

 

Figure 5. 3 | Inhibition of BUB1 induces ACC cells apoptosis.  ACCX11 cells were 

treated with BAY18169032 and 48 h later caspase 3/7 activity was quantified by 

luminescence. DMSO was used as negative control. Errors bars indicate standard errors. p 

value ≤ 0.001 (**), 0.00001 (****). 

 
 
 
Changes in cell viability were also assessed in multicellular tumour spheroid (MCTS). 3D 

models of ACCX11 cells were established by the Adenoid Cystic Carcinoma Research 

Foundation (ACCRF, MA, USA) in collaboration with Kiyatec (Greeneville, SC) and were used 
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to assess the effects of BAY1816032.  After 96 h of incubation with the drug, the viability of 

3D spheroids was quantified. Consistent with the results obtained with 2D cultures (Figure 5. 

2), the viability of ACCX11 spheroids decreased as the drug concentration increased, with a 

calculated IC50 of 1.24 μM (Figure 5. 4). Data was normalised on DMSO vehicle control. 

Overall, BUB1 inhibitions caused strong reduction in cell viability in both 2D and 3D cultured 

cells. Treatment with high doses of BAY1816032 disrupted the spherical shape of the cultures, 

compared to the 3D structure of the cells treated with a low dose of BAY1816032 (Figure 5. 

5). 

 

 

 

 

Figure 5. 4 | Viability assay in 3D spheroid cultured ACCX11. Analysis of Cell-Titer Glo 

assay in ACCX11 cells cultured as 3D multicellular tumour spheroid (MCTS) after treatment 

with increasing doses of BAY1816032. p value ≤ 0.00001 (****). This experiment was 

performed by the Adenoid Cystic Carcinoma Research Foundation (ACCRF, MA, USA), and 

XenoSTART (S. Antonio, Texas, USA) in collaboration with Kiyatec company (Greeneville, 

SC). 
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Figure 5. 5 | Morphology of ACCX11 spheroids in the presence of different 

concentrations of BAY1816032after 10-day culturing. Both images refer to spheroids 

after treatment with a low dose (<10 μM, left) and high dose (>10 μM, right) of the 

BAY16018232 compound after been cultured for 10 days. The inhibition of BUB1 causes the 

disruption of the 3D spherical structure indicating a strong effect on the morphology of 

glandular structures. This experiment was performed by the Adenoid Cystic Carcinoma 

Research Foundation (ACCRF, MA, USA), and XenoSTART (S. Antonio, Texas, USA) in 

collaboration with Kiyatec company (Greeneville, SC). 

 

 

 

5.2.2 Effect of BAY1816032 in vivo 

We used BAY1816032 in an ACC PDX mouse model to evaluate its efficacy in vivo. ACCX11 

tumour specimens were implanted into the flanks of NSG immunodeficient mice and let grow 

until palpable. Mice were then randomised into drug (20mg/kg of BAY1816032) and control 

groups, which were monitored until tumours had reached the predetermined study endpoint 

volume-wise. The study was conducted by XenoSTART. At the end of the experiment, mice 

receiving the BAY1816032 treatment did not show benefit in comparison with the control 

group. The drug was safe, since no weight changes were detected in BAY1816032 treated 

mice compared to the control group. Data regarding the experiment cannot be disclosed at 

this stage due to confidentiality policy. 
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5.3 Discussion  

 

 

 

BUB1 is important for correct chromosome segregation and genomic stability. It exerts this 

function by coordinating centromere recruitment of shugoshin proteins (SGO1 and SGO2), 

which are essential for the protection of centromeric cohesin from premature degradation. It 

also aids in the localisation of the chromosome passenger complex (CPC), consisting of inner 

centromere protein (INCENP), survivin, borealin, and Aurora kinase B (AURKB), to the 

centromeres (Kawashima et al., 2010; Wang, Fangwei et al., 2011). Thus, inhibition of BUB1 

impairs the resolution of microtubule–kinetochore attachment errors, resulting in an 

unsustainable degree of chromosome alignment defects (Siemeister et al., 2019). Increased 

expression of BUB1 has been associated with several cancers, where it promotes a pro-

tumourigenic phenotype (Gao, Z. et al., 2019; Piao et al., 2019; Shigeishi et al., 2001).  

Previous studies have indicated that small molecule inhibitors of BUB1, such as BAY320 or 

BAY524, can inhibit the kinase catalytic activity in biological settings (Baron et al., 2016; 

Faesen et al., 2017). However, these drugs showed limited pharmacokinetic properties 

making them unsuitable for in vivo investigations (Baron et al., 2016; Faesen et al., 2017). On 

the other hand, Siemeister and colleagues (2017) were able to develop a new inhibitor, called 

BAY1816032, orally available, relatively non-toxic and with favourable pharmacokinetic 

characteristics (Siemeister et al., 2017). 

 

Having established that BUB1 is a kinase activated downstream of MYB in the previous 

chapter, we wanted to investigate whether inhibiting BUB1 could have an impact against 

cancer cells with high levels of MYB. Pharmacological blockade of BUB1 caused an inhibition 

of cell growth in MM MYB +DOX cells, but not in MM MYB -DOX cells, suggesting that 
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hyperactivation of the MYB oncogene sensitises cells to the BUB1 inhibitor. We conclude that, 

in principle, BAY1816032 could be used for therapy of MYB-dependent cancers, such as ACC.  

Dose-response assays with the BAY inhibitor showed reduced viability and increased 

apoptosis of ACCX11 cells (both in 2D or 3D systems), suggesting a potential for clinical 

application in this rare cancer. Although BAY1816032 worked in vitro, it did not show any 

significant benefit in an ACC model in vivo. Previous in vivo studies, in which the BAY inhibitor 

was used for the treatment of other solid malignancies, displayed similar results, suggesting 

that BAY1816032 might not be effective in cancer models when used as a single drug  

(Siemeister et al., 2019). Notably, nude mice injected with triple negative breast cancer cells 

SUM-149 showed significant tumour growth reduction when treated with BAY1816032 in 

combination with paclitaxel. Similarly, single agent treatment with BAY1816032 or the PARP 

inhibitor olaparib showed little or no efficacy against the triple negative cancer cell line MDA-

MB-436, whereas the combinatorial treatment significantly slowed tumour growth (Siemeister 

et al., 2019). Therefore, inhibition of BUB1 per se might not be sufficient to trigger a 

considerable antitumour response but can prompt antiproliferative effects in a synergistic or 

additive way when combined with other small molecule inhibitors or chemotherapeutic drugs. 
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6.1 ACC complexity and the unmet need of models 

 

 

 

ACC is a rare malignancy of glandular origin characterised by a slow but relentlessly 

progressive course, often accompanied by resistance to therapy and ultimately death 

(Frierson & Moskaluk, 2013). Development of more effective targeted therapies can benefit 

from a better knowledge of the molecular and genetic alterations that are unique to the 

neoplasm (Al-Lazikani et al., 2012; Ledford, 2016). However, the lack of reliable ACC models 

has hindered the understanding of the biology of the disease.  

The main molecular feature of ACC is the upregulation of MYB, often accompanied by the 

presence of the t(6;9) translocation and the production of the fusion transcript MYB-NFIB in 

around half of the cases (Persson et al., 2009). In fact, almost the totality of ACC cases shows 

upregulation of MYB regardless of the fusion status, suggesting that MYB may have a stronger 

role in pathogenesis than NFIB, of which the effective involvement in cancer development and 

progression has not been fully elucidated yet. 

In this Thesis, three aspects of ACC were addressed: (1) the generation of an in vitro model 

to capture the role of MYB, (2) the validation of BUB1 as a target of MYB, (3) the potential use 

of BUB1 inhibition as a therapeutic strategy. 

 

To address our first aim and investigate the role of MYB, we engineered the human epithelial 

breast glandular cell line MCF10A with a lentiviral vector carrying a MYB inducible system 

under the control of the antibiotic doxycycline (DOX) (MM MYB DOX). The switchable system 

allowed us to perform functional experiment and provide new insight in the transcriptional 

activation of MYB in glandular tissue. 

ACC tumour complexity is emphasised by its biphasic feature, implying co-proliferation of 

epithelial and mesenchymal elements (Xu et al., 2017).  
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Choosing the optimal cell line as tumour model depends on a variety of factors, including 

specific genomic and morphological characteristics, as well as practical issues such as cellular 

growth and culturing conditions. We reasoned that the widely used immortalised yet non-

tumourigenic mammary glandular epithelial cell line MCF10A, came to the aid of our purpose, 

thanks to its glandular composition and absent expression of MYB in parental cells that may 

serve as negative reference (Andersson et al., 2020; Imbalzano et al., 2009). 

However, despite MCF10A being a good cell line to exploit in this context, the non-transformed 

nature of MCF10A cells makes them incapable of forming xenografts in immunocompromised 

mice, setting the limitation of working on this model only for in vitro studies (Dawson et al., 

1996; Lourenco et al., 2019). 

 

Importantly, the MM MYB model reflected clinical features of ACC tumours. We performed a 

comprehensive comparison of differentially expressed genes between MM cells with or 

without MYB overexpression in order to establish the biological relevance of the “MYB-ON” 

system through Gene Ontology (GO) analysis. Cell cycle, DNA replication, chromosome 

segregation, and DNA repair pathways were the top activated biological processes. Activation 

of cell cycle and DNA replication-related events suggests an increased potential for 

proliferation, in accordance with what was observed in the MCF10A retroviral system 

engineered to overexpress MYB in our laboratory (Andersson et al., 2020). Interestingly, top 

activated pathways in +DOX condition were comparable with the ones observed in ACCX11 

cells (Figure 3. 7 and Figure 3. 10). However, although RNA-seq allows dissection of gene 

expression at high resolution, we performed the analysis on the only cell line available for this 

PhD study. Hence, to interrogate the transcriptional significance of MM MYB +DOX cells, we 

compared these cells to every ACC microarray dataset derived from public domain resources, 

revealing similarities to the ones already discussed. Therefore, the transcriptional identity of 

our MM MYB cells overexpressing MYB (MM MYB +DOX) was akin to the ones extrapolated 

from the datasets and from the RNA-seq, strengthening the reliability of the engineered in vitro 

model for future works. 
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Previous research has established that MYB expression alone is sufficient for increasing 

proliferative activity of human epithelial glandular cells (Andersson et al., 2020), suggesting 

that ACC transformation might solely depend on MYB activation. Nevertheless, due to the 

immortalised nature of the MCF10A line, it was not possible for us to determine the true 

transformative capacity of MYB alone in the MM MYB model. The tumour mutation burden 

(TMB) of ACC is lower than the most common types of solid tumours, and this low-rate 

matches ACC indolent clinical behaviour, but raises questions on other additional mutations 

essential for ACC pathogenesis (Frierson & Moskaluk, 2013; Ho, Allen S. et al., 2013; 

Stephens et al., 2013; Stransky et al., 2011). Two independent studies have previously 

addressed the need of recurrent mutations in ACC through exome sequencing; however, no 

candidates that might cooperate with activated MYB protein were identified (Ho, Allen S. et 

al., 2013; Stephens et al., 2013), raising the question of whether mutations in regulatory 

regions or non-coding RNAs could play an additive role. Molecularly, overexpression of the 

oncogene MYB is the main alteration of ACC; however, a fraction of ACCs with physiological 

expression of MYB has been reported, suggesting that there is a possibility of secondary 

events supporting the tumourigenesis of human glands (Brill et al., 2011; Park, Susan et al., 

2020). Based on these results, ACC might fall in the category of cancers characterised by 

“oncogene addiction”, as they show dependency on a master oncoprotein to maintain the 

malignant phenotype. Weinstein and Joe (2006) proposed the oncogene addiction 

phenomenon as a consequence of the multistage carcinogenic process, reasoning that the 

protein encoded by these oncogenes have a variety of roles in regulatory networks (Weinstein 

& Joe, 2006; Weinstein & Joe, 2008). Future studies using the MM MYB model could explore 

the contribution of candidate mutations based on patient studies to determine whether the 

cooperative action with MYB could affect the phenotype.  

 

One of the challenges associated with the strenuous efforts to develop ACC models is the 

scarcity of ACC patients. To further complicate the development of stable ACC cell lines, it has 

been shown that cultured cells are incapable of preserving ACC histological and (cyto)genetic 
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characteristics after prolonged passages in vitro (Jiang, Y. et al., 2019). PDXs have been 

reported reassuring results in cellular maintenance, however, in vivo growth of tumour cells is 

time-consuming, expensive, and tumour engraftment capacity is not always fulfilled (Cho et 

al., 2016).  

 

Unfortunately, the MM MYB +DOX system failed to retain MYB expression after several 

passages, which is also a feature observed in ACCX11 cells and experienced by other 

research groups working with primary ACC cells (Supplementary Figure 1) (Li, J. et al., 2014; 

Queimado et al., 1999). The reasons behind the loss of expression are not elucidated yet, 

forcing short-term in vitro studies on ACC and exposing researchers to the need to constantly 

repeat the in vitro-in vivo cycles also dramatically increase the time-requirement, and the risk 

of straying from the original characteristics of the patients’ cells’ morphology and/or molecular 

profile. However, MM MYB +DOX provided a novel reliable and cut-price alternative, easy to 

reproduce, rendering the development an ACC-like profile more accessible.  
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6.2 Systemic therapies and new approaches: is BUB1 a valid 

target in ACC? 

 

 

 

There is currently no chemotherapy recognised to be effective in the treatment of patients with 

ACC. Several drugs have been investigated for the treatment of ACC, including 5-FU, 

gemcitabine, epirubicin, vinorelbine, cisplatin, and paclitaxel (Airoldi et al., 2001; Dick Haan et 

al., 1992; Gilbert et al., 2006; Tannock & Sutherland, 1980; Van Herpen et al., 2008; 

Vermorken et al., 1993). Due to the rarity of the cancer, the number of patients involved in the 

trials has been scarce, rendering the interpretation of the efficacy of the different compounds 

unreliable. However, although limited, results from clinical studies still advocate the possibility 

of using a specific translational therapy on ACC (Table 1. 3).  

Of note, phase II clinical trials involving gemcitabine, paclitaxel, or vinorelbine as single agents 

displayed minimum or no objective response in patients (0/21, 0/14, and 2/13, respectively) 

(Airoldi et al., 2001; Gilbert et al., 2006; Van Herpen et al., 2008), corroborating the lack of 

efficacy of these drugs that we observed in ACCX11 cells in vitro (Supplementary Figure 4).  

 

Identification of MYB molecular aberration in tumours and the profound dependency of ACC 

cells on MYB has been a major breakthrough in ACC research. Although it is reasonable to 

think that MYB is the Achilles heel of this cancer and therapies against MYB may restore its 

physiological activity and re-establish a non-neoplastic condition, MYB has been traditionally 

considered impossible to target pharmacologically (Bushweller, 2019). Despite the broad 

therapeutic promise of modulators of DNA-binding transcription factors (Bushweller, 2019; 

Lambert et al., 2018), including MYB (Uttarkar et al., 2015; Uttarkar et al., 2016; Uttarkar et 

al., 2017; Walf-Vorderwülbecke et al., 2018; Yusenko et al., 2020), there are major roadblocks 

associated to the potential imbalanced activity consequent to the inhibition of such master 
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regulators involved in human homeostasis (Kim, Daniel Jong-Woong, 2021). To avoid 

potential lethal effect of targeting MYB, investigating new potential MYB-related genes is 

essential. To this aim, we focused our attention on the kinase BUB1, previously uncovered by 

microarray analysis as one of the MYB-associated effectors in the MCF10A cells 

overexpressing MYB and MYB-NFIB (Andersson et al., 2020).  

 

To our knowledge, this is the first study revealing a direct axis linking MYB and BUB1 and 

demonstrating that the kinase could be used as a therapeutic target in the context of ACC. We 

showed that ectopic expression of MYB directly transactivated BUB1 by binding its promoter 

region, similarly to what recently obtained by Cheng and colleagues (2022) in prostate cancer 

(Chen, L. et al., 2022). 

To establish the biological importance of BUB1 in glandular cells, we treated cells with 

BAY1816032, a selective inhibitor of the kinetic activity of BUB1. While in vitro model displayed 

sensitivity to the treatment, tumour-bearing mice models did not affect the tumour proliferative 

capacity. We experienced the weakness of the in vitro systems and how in vivo experiments 

may lead to different observations and results, due to the complexity of an entire living 

organism (Graudejus et al., 2018). Because of the favourable pharmacokinetic profile and 

tolerability of BAY1816032, this compound is prone to be combined with other compounds for 

both in vitro and in vivo investigations. To this regard, it has been shown that the same 

compound used as single agent in murine models harbouring breast cancer cells did not 

exhibit any antiproliferative effect; however, combination of BAY1816032 with paclitaxel or 

olaparib significantly affected tumour volume growth (Siemeister et al., 2019). Interestingly, 

paclitaxel or olaparib alone were ineffective against cancer cells proliferation, strengthening 

the idea of the need for a combinatorial treatment to reduce and delay tumour outgrowth 

(Siemeister et al., 2019). Notably, the combination of BAY1816032 with cisplatin, irinotecan, 

5-FU, or gemcitabine was antagonistic, revealing a heterogeneous spectrum of effectiveness 

(Siemeister et al., 2019). By exploring the public clinicogenomic cancer dataset The Cancer 

Genome Atlas (TCGA) at pan-cancer level, we observed that BUB1 expression influences the 
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efficacy of standard therapeutic drugs in different tumour types (Supplementary Figure 5); 

therefore, expression of BUB1 may be used as a biomarker to predict efficacy of commonly 

used chemotherapeutic drugs. 

From the TCGA dataset, we also discovered a significant increase of BUB1 expression in 

many solid cancers, relative to normal tissue controls (Supplementary Figure 6 A-B), 

suggesting that BUB1 may have a growth promoting role in a vast array of malignancies. 

Interestingly, most of the cancers analysed showed significant correlation between BUB1 and 

MYB levels (Supplementary Figure 7), suggesting that transcriptional activation of BUB1 

operated by MYB could be occurring not only in ACC but also in most human cancers. The 

new knowledge regarding BUB1 and MYB in different cancers (and in particular in ACC), may 

provide fertile ground to further analyse the mechanism of action by which MYB 

overexpressing cells are sensitise towards BUB1 inhibitors. Future works may take into 

consideration the idea of exploiting BUB1 as therapeutic target in combination with standard, 

approved, chemotherapeutic drugs with the main aim of proving how BUB1 can affect cancer 

cell response and improve the course of the disease. Additional studies can provide insight on 

BUB1 role in ACC patients stratification, allowing a better care pathway, with the goal of 

making them a personalised targeted therapy to ameliorate patient’s quality of life. 

 

In conclusion, in this PhD study, we have demonstrated that BUB1 is a bona fide MYB target 

gene in ACC. Since drugging MYB is not currently feasible in the clinical setting, 

pharmaceutical targeting of MYB-regulated kinases, such as BUB1, hold promise to become 

an excellent therapeutic strategy for cancer patients.  
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Supplementary Table 1 | Partial list of reported MYB-target genes.  

 

GENE PROTEIN STUDY 

ADA Adenosine deaminase 
(Berge et al., 2007; Ess et al., 

1995) 

ATR 
Ataxia telangiectasia Rad3-related 

protein 
(Andersson et al., 2020) 

BCL2 B-cell lymphoma 2 
(Peng et al., 2007; Salomoni et al., 

1997) 

BIRC5 Survivin (Zhou et al., 2011) 

CAR1 Carbonic anhydrase 1 (Ess et al., 1995) 

CCNB1 Cyclin B1 
(Nakata et al., 2007; Quintana et 

al., 2011) 

CCNE1 Cyclin E1 
(Cheasley et al., 2015; Nakata et 

al., 2007) 

CD4 Cluster of differentiation 4 (Allen III et al., 2001) 

CDK1/CDC2 
Cyclin-dependent kinase 1/Cell 

division cycle protein 2 
(Ku et al., 1993) 

CDK6 Cyclin-dependent kinase 6 (De Dominici et al., 2018) 

CXCR4 C-X-C chemokine receptor type 4 (Liu, F. et al., 2006) 

ELA2 Neutrophil elastase 2 

(Lausen et al., 2006; 

Oelgeschläger, Michael et al., 

1996) 
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GATA3 GATA-3 (Maurice et al., 2007) 

IGF1R Insulin-like growth factor 1 receptor 
(Andersson et al., 2017; Calvo et 

al., 2017) 

KIT (c-)KIT/ Cluster of differentiation 117 
(Hogg et al., 1997; Ratajczak et 

al., 1998) 

H2AFZ H2A histone Z (Hooper et al., 2008) 

MAT2A 
Methionine adenyl-transferase II, 

alpha 

(Yang, H. et al., 2001; ZENG et 

al., 2001) 

MIM1 Mitochondrial import protein 1 (Dudek, Henryk et al., 1992) 

MYC c-Myc 
(Berge et al., 2007; Cogswell et 

al., 1993; Nakagoshi et al., 1992) 

PTCRA Pre-T cell antigen receptor alpha (Reizis & Leder, 2001) 

RAG2 Recombination activating gene 2 
(Kishi et al., 2002; Wang, Qian-Fei 

et al., 2000) 

TAL1 
T-cell acute lymphocytic leukaemia 

protein 1 
(Mansour et al., 2014) 

TCRD TCR delta chain (Carabana et al., 2005) 

VEGF Vascular endothelial growth factor (Lutwyche et al., 2006) 
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Supplementary Table 2 | TCGA dataset samples and sites. 

 

ABBREVIATION CANCER SITE 

A(D)CC Adrenocortical carcinoma Adrenal gland 

BLCA Bladder urothelial carcinoma Bladder 

BRCA Breast invasive carcinoma Breast 

CESC Cervical squamous cell carcinoma and 
endocervical adenocarcinoma 

Cervix 

CHOL Choloangiocarcinoma Bile duct 

COAD Colon adenocarcinoma Colon 

DLBC Lymphoid Neoplasm Diffuse Large B-cell 
Lymphoma 

B-cells 

ESCA Esophageal carcinoma Esophagus 

GBM Glioblastoma multiforme Brain 

HNSC Head and neck squamous cell carcinoma Head and neck 

KICH Kidney chromophobe Kidney 

KIRC Kidney renal clear cell carcinoma Kidney 

KIRP Kidney renal papillary cell carcinoma Kindey 

LGG Lower grade glioma Brain 

LIHC Liver hepatocellular carcinoma Liver 

LUAD Lung adenocarcinoma Liver 

LUSC Lung squamous cell carcinoma Liver 

MESO Mesothelioma Mesothelium 

OV Ovarian serous cystadenocarcinoma Ovary 

PAAD Pancreatic adenocarcinoma Pancreas 
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PCPG Pheochromocytoma and paraganglioma Adrenal gland 

PRAD Prostate adenocarcinoma Prostate 

READ Rectum adenocarcinoma Colon 

SARC Sarcoma Bones and soft tissue 

SKCM Skin cutaneous melanoma Skin 

STAD Stomach adenocarcinoma Stomach 

TGCT Testicular germ cell tumors Testis 

THCA Thyroid carcinoma Thyroid 

THYM Thymoma Thymus 

UCEC Uterine corpus endometrial carcinoma Uterus 

UCS Uterine carcinosarcoma Uterus 

UVM Uveal melanoma Eye 
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Supplementary Table 3 | Top 100 differentially expressed genes upregulated in MM MYB 

+DOX compared to MM MYB -DOX. MYB is highlighted. P ADJ, p adjusted (False Discovery 

rate (FDR)). Genes were filtered for FDR  0.05 and ordinated for decreasing log2 fold change. 

 

GENE 
LOG2 FOLD 

CHANGE 
P VALUE P ADJ REGULATION CONFIDENCE 

CTAGE11P 6.675642847 5.22E-06 0.002800431 Up **** 

ZNF853 6.410443454 0.001432516 0.098129989 Up *** 

CCDC106 6.067215545 0.000377394 0.050928571 Up *** 

TRIM71 5.996050886 0.020803358 0.371823705 Up * 

MYB 5.986535181 2.86E-23 1.19E-19 Up **** 

SLC47A1 5.781880685 0.001417644 0.097882132 Up *** 

LINC02593 5.529741686 0.007719102 0.237708674 Up ** 

ELOVL2 5.129485237 0.03915181 0.481512281 Up * 

MX2 5.073960295 0.000393078 0.051886692 Up *** 

CEMIP 5.025941018 1.48E-09 3.52E-06 Up **** 

KIF5C 4.73539775 0.000356536 0.049439698 Up *** 

HOXC10 4.72867763 0.008683086 0.251280958 Up ** 

COLGALT2 4.713896324 0.010951298 0.281972928 Up ** 

COL25A1 4.708926104 0.010170097 0.272546991 Up ** 

A2M 4.474935233 9.21E-05 0.02129109 Up **** 

PLA2G4E 4.292626418 7.87E-06 0.00396987 Up **** 

RPP25 3.986368489 6.14E-06 0.003191778 Up **** 

CXCL10 3.906721424 0.005641915 0.20735399 Up ** 

UNC5C 3.812518999 4.69E-05 0.013693829 Up **** 

HPCAL4 3.69355132 0.001384562 0.097591869 Up *** 
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MOXD1 3.685040822 0.003549423 0.1640622 Up ** 

KLF17 3.619690081 0.000261569 0.042257356 Up *** 

USP44 3.603019627 0.011440222 0.283703857 Up ** 

ADAM22 3.564277915 0.007802307 0.238658816 Up ** 

RNF150 3.547264877 2.87E-09 5.40E-06 Up **** 

EYA2 3.512991771 0.004650061 0.188730537 Up ** 

LAMA4 3.500906437 0.006844364 0.227839164 Up ** 

GSDMA 3.483889686 3.79E-25 3.15E-21 Up **** 

RSPH10B2 3.409278835 0.002534915 0.134334338 Up ** 

UAP1L1 3.364325566 0.029431639 0.426604938 Up * 

PPP1R14A 3.339390922 0.009092813 0.256191988 Up ** 

PARVB 3.308504024 0.001306578 0.095097309 Up *** 

WNT11 3.272198426 0.01266999 0.296524102 Up ** 

LHX6 3.182183968 0.001865032 0.114396946 Up *** 

GBP4 3.159097973 0.000486111 0.058442564 Up *** 

RARB 3.150180491 0.03517418 0.463052498 Up * 

ALPK2 3.114080461 0.012530814 0.294094151 Up ** 

CDK15 3.10107992 8.53E-05 0.020288119 Up **** 

DMC1 2.994194557 0.03134051 0.440626128 Up * 

MPO 2.99384431 0.002957881 0.148250418 Up ** 

TMEM121 2.962951478 0.000628344 0.066514791 Up *** 

ADAMTS17 2.900689224 0.019729045 0.364278641 Up ** 

GAREM2 2.823241225 0.008722359 0.251542559 Up ** 

ZYG11A 2.817458185 0.047393966 0.520208175 Up * 
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PAX6 2.806297107 0.008918558 0.2545537 Up ** 

WNT5B 2.790193763 0.000951904 0.083366722 Up *** 

ITGA7 2.734841717 0.033892768 0.454367897 Up * 

CHST4 2.71445823 1.82E-05 0.007400665 Up **** 

DERL3 2.70868822 0.057887567 0.554458726 Up * 

PELI2 2.700900582 0.054101509 0.541931072 Up * 

BHLHE41 2.684089018 9.58E-05 0.021847095 Up **** 

ADAMTS3 2.641856749 0.036047458 0.466793539 Up * 

NR2F1 2.636706432 0.004321824 0.182809044 Up ** 

GFI1 2.62588098 0.033924786 0.454367897 Up * 

LINC01085 2.551086547 0.006528446 0.225707042 Up ** 

MESP1 2.551002082 0.018594887 0.359789436 Up ** 

HOXA11-

AS 
2.45537599 0.028925518 0.423106088 Up * 

PPM1E 2.443430734 0.020718386 0.371046935 Up * 

SOWAHA 2.441724985 0.030539166 0.435506208 Up * 

SCARF2 2.407888684 0.016621335 0.340776338 Up ** 

GPAT3 2.399288399 0.000349612 0.04888691 Up *** 

HOXB6 2.394571055 0.027389289 0.413399836 Up * 

HOXC4 2.38625159 0.021418528 0.376486557 Up * 

APBB1 2.372686506 0.003740517 0.169532276 Up ** 

IFFO1 2.355662545 0.004257052 0.181380907 Up ** 

HOXA11 2.297480342 0.004196634 0.179979367 Up ** 

JCAD 2.280166351 0.001890575 0.114396946 Up *** 

ARHGEF10 2.249619579 0.013758026 0.311261385 Up ** 
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NRIP3 2.242579999 0.049377583 0.52804819 Up * 

RFLNB 2.239689698 0.000775979 0.07426947 Up *** 

PI4KAP1 2.201997293 0.024535985 0.396002703 Up * 

LARGE2 2.153288687 0.045910166 0.514381356 Up * 

ADAM23 2.148932207 0.001867019 0.114396946 Up *** 

SHISA2 2.144452608 0.05295493 0.5390341 Up * 

NR6A1 2.131416619 0.004364057 0.183743367 Up ** 

ADRA2C 2.128054023 0.032036783 0.443773294 Up * 

NRARP 2.093025552 0.003149764 0.153542638 Up ** 

CHDH 2.090124601 0.011669544 0.286402961 Up ** 

DNM1 2.066722262 0.028595552 0.421526 Up * 

GATA2 2.049283127 0.050465218 0.534526558 Up * 

CCDC74B 2.033671355 0.01967006 0.363677548 Up ** 

REEP2 2.030753094 0.011073932 0.281972928 Up ** 

VSIG10L 2.022994078 0.019153647 0.362178045 Up ** 

PCOLCE2 1.976888824 0.001153366 0.090957389 Up *** 

CAND2 1.976425042 0.026342178 0.405185498 Up * 

JAM3 1.961213806 0.017144638 0.346767228 Up ** 

CXCL11 1.932784427 0.024390187 0.39546139 Up * 

CDHR3 1.921425077 0.019108876 0.362178045 Up ** 

MPP2 1.915885348 0.034066595 0.454585523 Up * 

DSCAM 1.907552498 1.78E-05 0.007400665 Up **** 

FLNC 1.902639427 0.027929984 0.417061956 Up * 

NTN1 1.876972359 0.008138052 0.242248999 Up ** 
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Supplementary Table 4 | Top 100 differentially expressed genes in upregulated ACC 

cells from Andersson database. MYB is highlighted. Genes were filtered for FDR  0.05 and 

ordinated for decreasing log2 fold change. 

 

GENE 
LOG2 FOLD 

CHANGE 
P VALUE P ADJ REGULATION CONFIDENCE 

HORMAD1 0.89213783 1.93E-10 1.47E-08 Up **** 

MYB 0.84697945 9.22E-13 3.24E-10 Up **** 

GABRP 0.75193462 1.98E-12 5.68E-10 Up **** 

HAPLN1 0.74981242 4.79E-07 5.96E-06 Up **** 

ABCA13 0.7164187 2.58E-10 1.87E-08 Up **** 

BMPR1B 0.70720871 6.44E-16 2.31E-12 Up **** 

PDZK1P1 0.69794737 4.56E-05 0.00025582 Up **** 

PDZK1 0.69794737 4.56E-05 0.00025582 Up **** 

ART3 0.6681816 5.02E-07 6.18E-06 Up **** 

NETO2 0.66548999 1.96E-08 4.81E-07 Up **** 

ZNF730 0.66093781 2.17E-12 6.01E-10 Up **** 

RN7SKP240 0.65611984 1.40E-11 2.31E-09 Up **** 

PRAME 0.65202058 1.86E-14 1.83E-11 Up **** 

FABP7 0.64089862 1.36E-14 1.58E-11 Up **** 

ELAVL2 0.63904645 5.90E-11 6.28E-09 Up **** 

TBX22 0.63743853 1.72E-11 2.71E-09 Up **** 

ANLN 0.63258511 1.15E-14 1.46E-11 Up **** 

RNA5SP101 0.62033523 4.54E-09 1.53E-07 Up **** 

RNU6-302P 0.60245845 1.05E-09 5.40E-08 Up **** 
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RNU6-446P 0.59408654 3.02E-10 2.06E-08 Up **** 

OR2L8 0.58621485 5.68E-07 6.86E-06 Up **** 

ZNF726 0.57899202 6.11E-12 1.39E-09 Up **** 

CDK1 0.57675683 9.97E-10 5.21E-08 Up **** 

VTCN1 0.57362768 6.75E-15 9.06E-12 Up **** 

BRIP1 0.57051645 5.93E-12 1.36E-09 Up **** 

FNDC1 0.56992441 2.79E-09 1.07E-07 Up **** 

OR2L2 0.56835149 1.87E-07 2.80E-06 Up **** 

OR2AK2 0.56558098 2.98E-07 4.06E-06 Up **** 

DTL 0.55866954 4.71E-10 2.88E-08 Up **** 

HELLS 0.54835335 9.36E-14 6.45E-11 Up **** 

SNORA72 0.54674306 3.66E-06 3.10E-05 Up **** 

LINC01667 0.5370638 2.22E-05 0.00014083 Up **** 

VCAN 0.52995838 2.67E-12 6.99E-10 Up **** 

KIF11 0.5194619 1.23E-10 1.03E-08 Up **** 

OR2L5 0.51700674 2.59E-06 2.31E-05 Up **** 

SHC4 0.51061181 3.67E-09 1.32E-07 Up **** 

DLX5 0.50523046 3.03E-06 2.64E-05 Up **** 

SYCP2 0.50348588 1.17E-10 9.86E-09 Up **** 

CCNB2 0.49988228 8.20E-11 7.75E-09 Up **** 

XRCC2 0.49680259 4.27E-11 5.07E-09 Up **** 

TOP2A 0.49585189 5.34E-11 5.92E-09 Up **** 

CENPF 0.49573719 3.26E-10 2.14E-08 Up **** 

TTK 0.49382075 2.08E-08 4.99E-07 Up **** 
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RNA5SP157 0.48560484 5.93E-08 1.14E-06 Up **** 

CENPK 0.48510544 2.07E-09 8.67E-08 Up **** 

RNU6-637P 0.48018087 0.00019502 0.00088035 Up *** 

NUSAP1 0.47659492 2.86E-10 1.99E-08 Up **** 

CENPU 0.47229991 1.09E-11 1.98E-09 Up **** 

KRT15 0.46765698 3.89E-06 3.26E-05 Up **** 

ZNF300 0.46615317 1.32E-12 4.16E-10 Up **** 

RAPGEF4 0.4658005 1.94E-07 2.88E-06 Up **** 

RNU6-674P 0.46506125 1.07E-09 5.46E-08 Up **** 

DUXAP10 0.46337824 4.99E-12 1.17E-09 Up **** 

PTH2R 0.46190645 0.00250718 0.00761351 Up ** 

PRLR 0.45807086 2.11E-08 5.04E-07 Up **** 

ADGRV1 0.45402419 0.00011583 0.00056598 Up **** 

PCLAF 0.45280212 1.60E-08 4.18E-07 Up **** 

RPS24 0.45279077 2.85E-06 2.50E-05 Up **** 

OBP2B 0.45119868 1.26E-07 2.04E-06 Up **** 

GUCY1A1 0.4493344 3.83E-09 1.35E-07 Up **** 

GINS1 0.44704048 2.47E-12 6.56E-10 Up **** 

RASGRP1 0.44686369 7.16E-08 1.31E-06 Up **** 

SLC12A1 0.44374509 2.22E-05 0.00014062 Up **** 

EZH2 0.44263498 3.53E-15 5.37E-12 Up **** 

NLN 0.44243006 1.38E-12 4.28E-10 Up **** 

BUB1B 0.44168495 7.53E-11 7.30E-09 Up **** 

RNU6-1003P 0.43816692 1.20E-07 1.96E-06 Up **** 
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KIF14 0.43764569 9.48E-09 2.77E-07 Up **** 

LINC02487 0.437522 0.00030225 0.00127228 Up *** 

POLE2 0.43697368 1.18E-10 9.92E-09 Up **** 

HEY2 0.43622312 1.39E-06 1.39E-05 Up **** 

TDRD12 0.4347428 0.0093138 0.02283094 Up ** 

MELK 0.43345808 3.12E-10 2.09E-08 Up **** 

TPX2 0.43237384 1.95E-09 8.32E-08 Up **** 

EDIL3 0.43192282 1.32E-07 2.12E-06 Up **** 

DKK1 0.4247637 0.00015132 0.0007096 Up *** 

GLYATL2 0.42030902 0.00032704 0.00135892 Up *** 

ZNF286A 0.41968677 2.77E-13 1.36E-10 Up **** 

ZNF286B 0.41968677 2.77E-13 1.36E-10 Up **** 

ZNF286A-

TBC1D26 
0.41968677 2.77E-13 1.36E-10 Up **** 

KNL1 0.41857955 3.54E-09 1.29E-07 Up **** 

RN7SL73P 0.4182692 0.0003982 0.0015985 Up *** 

RPL24P8 0.4182692 0.0003982 0.0015985 Up *** 

RPL24 0.4182692 0.0003982 0.0015985 Up *** 

SKA3 0.41786658 2.05E-08 4.95E-07 Up **** 

SERPINE2 0.41756123 9.19E-06 6.73E-05 Up **** 

SHCBP1 0.41625138 9.42E-08 1.63E-06 Up **** 

RNA5SP346 0.41565498 0.00098562 0.00343766 Up *** 

AADAT 0.41543912 1.98E-08 4.85E-07 Up **** 

ASPN 0.41516045 0.00250235 0.00760156 Up ** 

TMSB15B 0.41471215 2.97E-09 1.12E-07 Up **** 
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PLK4 0.41459754 9.70E-11 8.58E-09 Up **** 

VIT 0.41412027 6.17E-05 0.00033199 Up **** 

CKS2 0.41198799 8.04E-09 2.41E-07 Up **** 

CENPI 0.41082475 1.68E-09 7.64E-08 Up **** 

DIAPH3 0.41072892 2.92E-10 2.01E-08 Up **** 

MKI67 0.41004835 3.48E-09 1.27E-07 Up **** 

PARPBP 0.40977352 1.97E-09 8.35E-08 Up **** 

FAM111B 0.40871178 2.17E-08 5.19E-07 Up **** 

ST3GAL4 0.40743091 6.66E-11 6.66E-09 Up **** 
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Supplementary Table 5 | Top 100 differentially expressed genes in upregulated ACC 

cells from Chowbina database. MYB is highlighted. Genes were filtered for FDR  0.05 and 

ordinated for decreasing log2 fold change. 

 

GENE 
LOG2 FOLD 

CHANGE 
P VALUE P ADJ REGULATION CONFIDENCE 

EN1 6.04059354 3.01E-12 1.64E-09 Up **** 

FABP7 5.92613776 1.67E-08 2.45E-06 Up **** 

IGF2 5.61381622 5.07E-05 0.00104071 Up **** 

MYB 5.41311003 4.60E-05 0.00096597 Up **** 

FNDC1 5.09886147 1.55E-09 3.42E-07 Up **** 

VCAN 4.99819954 5.66E-06 0.00021992 Up **** 

IGFBP2 4.99606766 4.53E-06 0.00018731 Up **** 

RRM2 4.94537289 4.96E-08 5.99E-06 Up **** 

COL27A1 4.82953275 1.07E-07 1.09E-05 Up **** 

NUSAP1 4.7867362 3.55E-08 4.66E-06 Up **** 

HAPLN1 4.68972911 0.00633487 0.03772405 Up ** 

GABRP 4.60316414 2.25E-07 1.98E-05 Up **** 

VTCN1 4.59027596 5.43E-08 6.39E-06 Up **** 

SOX11 4.49325499 0.00909669 0.04911993 Up ** 

PCLAF 4.43466531 7.11E-08 8.11E-06 Up **** 

HORMAD1 4.30752547 1.03E-06 6.20E-05 Up **** 

LAMB1 4.2180471 1.77E-08 2.59E-06 Up **** 

CKS2 4.13922976 5.54E-09 9.42E-07 Up **** 

TTYH1 4.13722216 0.00010515 0.00180266 Up **** 

DTL 4.11459974 7.75E-07 5.08E-05 Up **** 
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TOP2A 4.10106158 6.28E-07 4.38E-05 Up **** 

ASPM 4.08522542 7.57E-07 4.99E-05 Up **** 

PNMA8A 4.07222369 5.47E-05 0.00110669 Up **** 

CDCA7 4.03277266 2.18E-08 3.07E-06 Up **** 

PRAME 4.01045853 7.86E-08 8.74E-06 Up **** 

PBK 3.98652301 4.04E-06 0.00016974 Up **** 

NRCAM 3.96362984 1.43E-08 2.15E-06 Up **** 

EZH2 3.9308591 6.53E-07 4.53E-05 Up **** 

ART3 3.93005526 1.35E-05 0.00041026 Up **** 

SOX4 3.88032844 3.42E-08 4.52E-06 Up **** 

BASP1 3.81780376 2.33E-08 3.26E-06 Up **** 

CENPU 3.80269213 1.73E-06 8.72E-05 Up **** 

KIF11 3.80062968 1.15E-07 1.16E-05 Up **** 

LGR6 3.77654375 0.0004709 0.00553466 Up *** 

SERPINE2 3.77151196 1.49E-05 0.00044003 Up **** 

DLGAP5 3.77014347 4.09E-06 0.00017135 Up **** 

TTK 3.74170154 7.35E-06 0.00026533 Up **** 

COL11A1 3.73140278 0.00161422 0.0137943 Up *** 

COL9A2 3.7159813 1.23E-05 0.00038586 Up **** 

MIR483 3.70854505 0.00321259 0.02294151 Up ** 

INS-IGF2 3.70854505 0.00321259 0.02294151 Up ** 

MFAP2 3.70441833 0.00046845 0.00550882 Up *** 

GINS1 3.70114619 2.15E-06 0.00010252 Up **** 

CDC7 3.69875565 0.00017337 0.00264558 Up *** 
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PRC1 3.6680321 2.45E-07 2.12E-05 Up **** 

KIF20A 3.66601867 1.15E-06 6.68E-05 Up **** 

NETO2 3.66061385 0.00390977 0.02646169 Up ** 

MELK 3.63689514 1.26E-07 1.23E-05 Up **** 

NPNT 3.62746331 0.00245824 0.01893654 Up ** 

BUB1B 3.60805284 2.88E-06 0.00012872 Up **** 

SLC35F3 3.6008696 0.00011951 0.00197506 Up **** 

ANLN 3.5831178 3.10E-07 2.58E-05 Up **** 

E2F7 3.56483462 1.07E-06 6.39E-05 Up **** 

ZWINT 3.56046338 7.41E-07 4.94E-05 Up **** 

TMSB15A 3.54688019 6.53E-05 0.00128037 Up **** 

LINC01139 3.52653143 0.00259024 0.01969497 Up ** 

DLX2 3.50356647 0.00828964 0.04585868 Up ** 

CENPK 3.49927126 0.00020931 0.00305425 Up *** 

HMMR 3.47450946 3.39E-07 2.77E-05 Up **** 

WDFY2 3.46571814 1.97E-06 9.56E-05 Up **** 

FAM83D 3.45542458 5.38E-06 0.00021319 Up **** 

ZNF300 3.44476881 7.90E-08 8.74E-06 Up **** 

PCDHB10 3.42607489 2.46E-05 0.00062702 Up **** 

EFHD1 3.39496915 1.87E-10 6.34E-08 Up **** 

OBP2B 3.37606868 0.00011448 0.001907 Up **** 

CDK1 3.37282853 5.89E-06 0.00022538 Up **** 

MTHFD1L 3.29704266 1.27E-06 7.06E-05 Up **** 

MIR100HG 3.29660651 0.00025216 0.00349687 Up *** 



Supplementary data 

 174 

CDC20 3.25868422 1.46E-05 0.00043311 Up **** 

TP53 3.24665758 7.83E-10 1.97E-07 Up **** 

MOK 3.22153185 3.26E-05 0.00075569 Up **** 

ZNF367 3.20270786 1.13E-06 6.62E-05 Up **** 

NDC80 3.18599734 3.98E-05 0.00086219 Up **** 

RAD51AP1 3.18087398 2.37E-06 0.00010933 Up **** 

BAMBI 3.15996619 2.83E-05 0.00067893 Up **** 

SPARC 3.15974268 1.94E-06 9.48E-05 Up **** 

UBE2SP1 3.13970659 8.33E-08 9.04E-06 Up **** 

UBE2S 3.13970659 8.33E-08 9.04E-06 Up **** 

UBE2SP2 3.13970659 8.33E-08 9.04E-06 Up **** 

PDE9A 3.1360691 5.64E-09 9.48E-07 Up **** 

CCNB1 3.13129911 1.80E-05 0.00050555 Up **** 

ZNF727 3.11555949 0.00018039 0.0027339 Up *** 

MIA 3.11325772 7.30E-05 0.0013835 Up **** 

MIA-RAB4B 3.11325772 7.30E-05 0.0013835 Up **** 

PRELP 3.10945043 0.00425019 0.0281494 Up ** 

MLC1 3.10885397 0.0056868 0.03477257 Up ** 

HELLS 3.09247353 1.03E-05 0.00034 Up **** 

COLEC12 3.08856344 0.00133036 0.01203568 Up *** 

TPX2 3.08716842 1.19E-05 0.00037688 Up **** 

IGDCC4 3.084614 0.00067735 0.00719583 Up *** 

RACGAP1 3.05240595 8.79E-06 0.00030475 Up **** 

RFLNA 3.05082202 0.00051716 0.00592726 Up *** 
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NEK2 3.04867288 0.0001136 0.00189501 Up **** 

NUDT11 3.04350644 6.95E-07 4.75E-05 Up **** 

TMEFF1 3.03636107 0.0025554 0.01949024 Up ** 

MSANTD3-
TMEFF1 

3.03636107 0.0025554 0.01949024 Up ** 

MARCKSL1 3.00481511 0.00052726 0.00602292 Up *** 

SOX8 3.00059656 0.00221801 0.01752689 Up ** 

KRT5 2.99681887 3.42E-09 6.24E-07 Up **** 

SHC4 2.98719611 0.00604698 0.03641304 Up ** 
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Supplementary Table 6 | Top 100 differentially expressed genes in upregulated ACC 

cells from Gao database. MYB is highlighted. Genes were filtered for FDR  0.05 and 

ordinated for decreasing log2 fold change. 

 

GENE 
LOG2 FOLD 

CHANGE 
P VALUE P ADJ REGULATION 

CONFIDENC

E 

ART3 0.67935827 2.43E-13 8.86E-10 Up **** 

MYB 0.63042863 1.19E-09 2.83E-07 Up **** 

SHC4 0.60767572 4.55E-11 2.76E-08 Up **** 

RN7SKP240 0.59132741 2.50E-15 2.64E-11 Up **** 

RNPS1 0.55532933 4.70E-05 0.00054425 Up **** 

FABP7 0.55436947 1.30E-11 1.22E-08 Up **** 

PDZK1P1 0.54900041 1.29E-06 3.88E-05 Up **** 

PDZK1 0.54900041 1.29E-06 3.88E-05 Up **** 

TBX22 0.5462117 2.14E-09 4.63E-07 Up **** 

RNU6-853P 0.54614575 8.84E-08 6.38E-06 Up **** 

HORMAD1 0.53812108 3.40E-05 0.00042964 Up **** 

RNU6-637P 0.53247878 1.56E-06 4.36E-05 Up **** 

KAT7 0.52131329 7.87E-05 0.0007973 Up **** 

VCAN 0.51390686 1.55E-12 2.83E-09 Up **** 

RNU6-540P 0.5090587 3.66E-07 1.66E-05 Up **** 

ABCA13 0.50776709 2.79E-06 6.74E-05 Up **** 

PRAME 0.49965249 4.25E-10 1.35E-07 Up **** 

HAPLN1 0.49907447 4.26E-06 9.23E-05 Up **** 

RNU6-446P 0.49622005 1.17E-07 7.62E-06 Up **** 

ELAVL2 0.48450786 9.35E-08 6.44E-06 Up **** 
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FNDC1 0.48069652 4.97E-11 2.82E-08 Up **** 

RNA5SP101 0.47667856 2.66E-09 5.44E-07 Up **** 

PCDHB4 0.4647641 6.83E-07 2.58E-05 Up **** 

RNU6-674P 0.46395115 1.33E-07 8.46E-06 Up **** 

IL17RB 0.46309928 2.57E-10 9.47E-08 Up **** 

BMPR1B 0.46307375 7.33E-10 2.08E-07 Up **** 

DNAH14 0.46090218 1.57E-07 9.42E-06 Up **** 

VTCN1 0.45335164 3.19E-07 1.51E-05 Up **** 

ITGA9 0.44355078 1.89E-14 1.20E-10 Up **** 

RNU6-433P 0.44026722 4.56E-07 1.94E-05 Up **** 

ZNF730 0.43935682 3.97E-11 2.59E-08 Up **** 

RNU6-831P 0.43746892 6.55E-08 5.20E-06 Up **** 

NETO2 0.43454259 5.33E-07 2.17E-05 Up **** 

CCDC144CP 0.43192957 4.40E-09 7.00E-07 Up **** 

CCDC144A 0.43192957 4.40E-09 7.00E-07 Up **** 

CCDC144B 0.43192957 4.40E-09 7.00E-07 Up **** 

GABRP 0.42908634 1.04E-07 7.03E-06 Up **** 

DUXAP8 0.42856773 3.11E-15 2.64E-11 Up **** 

SEMA6D 0.42765534 2.95E-11 2.15E-08 Up **** 

SYCP2 0.42746006 1.87E-06 5.00E-05 Up **** 

PCDHB3 0.42333659 1.71E-05 0.00025659 Up **** 

AADAT 0.42220992 7.07E-10 2.02E-07 Up **** 

DUXAP10 0.41587303 3.09E-15 2.64E-11 Up **** 

PLCL1 0.40891366 4.16E-09 6.89E-07 Up **** 



Supplementary data 

 178 

RNU6-302P 0.40548902 7.85E-08 5.80E-06 Up **** 

RNU6-944P 0.40371664 7.82E-06 0.00014146 Up **** 

LRRN1 0.40298417 2.91E-05 0.00038193 Up **** 

NTRK3 0.40120395 2.67E-10 9.47E-08 Up **** 

OR5P2 0.39910974 4.50E-06 9.60E-05 Up **** 

EDIL3 0.39852538 1.57E-05 0.00023988 Up **** 

SNORA72 0.38930299 1.11E-05 0.00018553 Up **** 

LINC00665 0.38822186 1.61E-11 1.32E-08 Up **** 

LINC01535 0.38822186 1.61E-11 1.32E-08 Up **** 

LAMB1 0.38680502 2.10E-10 8.50E-08 Up **** 

HEY2 0.38652217 1.17E-08 1.45E-06 Up **** 

PXDN 0.38592589 3.53E-09 6.25E-07 Up **** 

RNU6-1078P 0.38569979 4.14E-05 0.00049757 Up **** 

PCDHB10 0.38296335 1.15E-08 1.43E-06 Up **** 

SCRG1 0.38249044 4.75E-06 9.99E-05 Up **** 

OR2L8 0.38194593 3.01E-05 0.00039231 Up **** 

ZNF711 0.38185062 2.01E-11 1.56E-08 Up **** 

RNU6-1052P 0.38137616 3.59E-06 8.05E-05 Up **** 

ST8SIA6 0.38050068 5.95E-05 0.00064706 Up **** 

OBP2B 0.37934072 4.42E-09 7.00E-07 Up **** 

RNU6-1079P 0.37765373 1.44E-08 1.67E-06 Up **** 

EFHD1 0.37444045 8.86E-13 1.74E-09 Up **** 

MFGE8 0.37383908 4.49E-12 7.16E-09 Up **** 

MMP16 0.37267307 1.75E-07 1.02E-05 Up **** 
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RASGRP1 0.37199506 6.29E-07 2.42E-05 Up **** 

NID1 0.36872384 3.11E-08 2.97E-06 Up **** 

ZNF726 0.36701721 4.75E-08 4.18E-06 Up **** 

BAMBI 0.36282955 1.14E-07 7.51E-06 Up **** 

COL9A1 0.36266435 1.94E-06 5.13E-05 Up **** 

EIF3D 0.3626212 7.16E-06 0.00013305 Up **** 

CBX3 0.36237291 2.16E-07 1.18E-05 Up **** 

VIT 0.35917076 2.69E-07 1.35E-05 Up **** 

CEP170 0.35889924 2.71E-06 6.60E-05 Up **** 

ANKRD36 0.35699288 1.54E-07 9.36E-06 Up **** 

SEPTIN4 0.35515236 6.34E-10 1.84E-07 Up **** 

NRCAM 0.35339438 1.27E-06 3.82E-05 Up **** 

GUCY1A1 0.35163716 1.46E-07 9.05E-06 Up **** 

MYEF2 0.35115042 7.92E-09 1.08E-06 Up **** 

PRLR 0.35001727 2.77E-06 6.71E-05 Up **** 

RNU6-747P 0.34965688 1.18E-06 3.63E-05 Up **** 

RNU6-1217P 0.34965688 1.18E-06 3.63E-05 Up **** 

RNU6-355P 0.34965688 1.18E-06 3.63E-05 Up **** 

RNU6-177P 0.34965688 1.18E-06 3.63E-05 Up **** 

RNU6-447P 0.34965688 1.18E-06 3.63E-05 Up **** 

RNU6-860P 0.34965688 1.18E-06 3.63E-05 Up **** 

RNU6-241P 0.34965688 1.18E-06 3.63E-05 Up **** 

LINC01002 0.34965688 1.18E-06 3.63E-05 Up **** 

RNU6-1319P 0.34965688 1.18E-06 3.63E-05 Up **** 
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RNU6-1118P 0.34965688 1.18E-06 3.63E-05 Up **** 

RNU6-1199P 0.34965688 1.18E-06 3.63E-05 Up **** 

RNU6-1076P 0.34965688 1.18E-06 3.63E-05 Up **** 

RNU6-1100P 0.34965688 1.18E-06 3.63E-05 Up **** 

RNU6-785P 0.34965688 1.18E-06 3.63E-05 Up **** 

RNU6-791P 0.34965688 1.18E-06 3.63E-05 Up **** 

RNU6-705P 0.34965688 1.18E-06 3.63E-05 Up **** 

RNU6-1054P 0.34965688 1.18E-06 3.63E-05 Up **** 
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Supplementary Table 7 | ACC gene patient signature. List of the 156 genes extrapolated 

from the intersection of the upregulated genes from the publicly available datasets analysed 

(Andersson, Chowbina, Gao) and the RNA-seq produced in this study (Cicirò). 

 

ACC GENE SIGNATURE 

PNMA8A SHC4 ZWILCH KIF14 NCAPG2 BZW2 

TMEFF1 GGH ATIC GINS1 C1GALT1C1L MTHFD2 

ARNT2 TFAP2A SCRG1 WDR12 MCM3 BICD1 

CHODL HEY2 GABRP PRELP ARL9 TOP2A 

TTK CENPU WDFY2 MYH10 OLFM2 ANKRD50 

OBP2B CENPK HAPLN3 AADAT EFNA3 BCL2 

VCAN CENPE TM4SF1 ZBED4 ZNF286B CHEK1 

AGPAT5 WDHD1 FAT1 NUDT11 ZNF286A RASGRP1 

C4orf46 GART BUB1B SLC25A15 CCND1 TRAM1L1 

STK26 CHML FAM216A BUB1 SGO2 SLC35F3 

PCDHB10 CCDC138 PGAP1 BAMBI RFC3 PLK4 

CDC7 NOTCH1 KPNA2 ZNF260 COL11A1 APBB2 

RPP40 TPST1 BMPR1B ZNF257 VIT RAD51AP1 

SOX4 PRAME SCHIP1 MLC1 ZNF681 TRPS1 

NETO2 SERPINH1 FAM178B TP53 ST3GAL4 APBA2 

E2F7 FLVCR1 EZH2 ZNF239 CTTNBP2NL SDC2 

E2F3 DDIAS TTYH1 PUS7 ABI2 SELENOI 

DTL DIPK1C SPARC ART3 PCDHB3 DAPK1 

SKA3 ZFP37 WEE1 NCAPG PCDHB2 ZNF300 

FABP7 SERPINE2 TUSC3 KNTC1 POLR1B MOK 
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PLXDC2 FNDC1 AFAP1 PLSCR3 EFHD1 FANCI 

SPPL3 UBE2T PRKDC CDC25B MYB NCKAP5 

BRCA2 LAMB1 ANLN ARHGEF9 GUCY1B1 MTHFD1L 

NUF2 TEX14 KIF23 LIMK2 CHD1L CDC42EP3 

VTCN1 POLE2 EN1 EPHX4 KIAA0895 RPGRIP1L 

ZNF492 HORMAD1 KIF15 GLMN GUCY1A1 MIA 
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Supplementary Table 8 | List of enriched genes from Gene Set Enrichment Analysis 

(GSEA). Core enriched genes in MM MYB +DOX cells against ACC patient signature. MYB 

is highlighted. 

 

GENE RANK METRIC SCORE RUNNING ES 

MYB 1.734 0.0174 

RFC3 1.389 0.0302 

PLK4 1.331 0.0441 

NCAPG 1.284 0.0577 

C4orf46 1.274 0.0716 

RAD51AP1 1.272 0.0857 

NUF2 1.219 0.0979 

BUB1 1.201 0.1108 

UBE2T 1.200 0.1242 

TTK 1.186 0.1370 

DDIAS 1.170 0.1498 

WDHD1 1.165 0.1626 

SKA3 1.157 0.1754 

HELLS 1.139 0.1873 

CENPE 1.117 0.1991 
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CDC7 1.112 0.2113 

GUCY1B1 1.101 0.2231 

SGO2 1.096 0.2352 

ZNF286B 1.094 0.2474 

POLE2 1.093 0.2595 

GINS1 1.073 0.2706 

FANCI 1.061 0.2818 

MTHFD2 1.061 0.2936 

TPST1 1.036 0.3038 

KIF15 1.033 0.3150 

GLMN 1.030 0.3264 

BCL2 1.026 0.3376 

KNTC1 1.022 0.3485 

CCDC138 1.017 0.3597 

SLC25A15 1.013 0.3708 

CHODL 0.995 0.3807 

WEE1 0.976 0.3905 

CENPU 0.975 0.4013 

KPNA2 0.961 0.4108 

AADAT 0.950 0.4207 
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BUB1B 0.949 0.4312 

CENPK 0.899 0.4364 

ANLN 0.886 0.4449 

FAM216A 0.884 0.4547 

SLC35F3 0.849 0.4588 

DTL 0.835 0.4666 

ZWILCH 0.830 0.4745 

NCAPG2 0.822 0.4827 

ARNT2 0.817 0.4911 

KIAA0895 0.807 0.4987 

RPGRIP1L 0.802 0.5073 

KIF23 0.800 0.5159 

EZH2 0.780 0.5219 

OLFM2 0.772 0.5293 

RPP40 0.762 0.5362 

MTHFD1L 0.755 0.5435 

SCHIP1 0.751 0.5513 

MOK 0.721 0.5525 

KIF14 0.704 0.5568 

BRCA2 0.691 0.5611 
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STK26 0.688 0.5681 

ZNF239 0.686 0.5755 

BAMBI 0.656 0.5756 

PNMA8A 0.648 0.5810 

MCM3 0.636 0.5846 

MYH10 0.622 0.5876 

CHEK1 0.601 0.5876 

HEY2 0.590 0.5907 

APBA2 0.589 0.5970 

TOP2A 0.581 0.6013 

E2F7 0.581 0.6076 

GUCY1A1 0.577 0.6121 

PRAME 0.575 0.6162 

EFHD1 0.574 0.6225 

NUDT11 0.571 0.6268 

AFAP1 0.568 0.6310 

SDC2 0.566 0.6361 

ABI2 0.555 0.6361 

ZNF492 0.546 0.6372 

ARL9 0.546 0.6427 
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RASGRP1 0.529 0.6373 

FLVCR1 0.527 0.6420 

NETO2 0.522 0.6459 

AGPAT5 0.494 0.6385 

PCDHB3 0.490 0.6377 

PLSCR3 0.475 0.6372 

SHC4 0.470 0.6398 

HAPLN3 0.453 0.6376 

ATIC 0.445 0.6393 

WDFY2 0.441 0.6422 

WDR12 0.439 0.6463 

SOX4 0.435 0.6493 
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Supplementary Figure 1 | qPCR analysis on cells at different culturing passages.  

(A) Graphs showing MYB expression levels in MCF10A cells transduced with pINDUCER21-

MYB vector (MM) in presence or absence of DOX or (B) in ACCX11 cells. MCF10A was 

used as negative control, while K562 was used as positive control for MYB overexpression. 

p followed by a number indicates the different passages of the cell culture. For MM cells the 

p0 counts as the moment of the transduction, for ACCX11 cells the passage counting starts 

at the moment of the first in vitro seeding after being expanded in xenograft. Experiment was 

performed in triplicates. ACCX11 cells were provided by Professor Göran Stenman, 

Sahlgrenska Cancer Center (University of Gothenburg, Sweden), in collaboration with the 

Adenoid Cystic Carcinoma Research Foundation (ACCRF, MA, USA), and XenoSTART (S. 

Antonio, Texas, USA). 
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Supplementary Figure 2 | Visualization of labelling peaks using ChIP-seq read 

mapping data. ChIP enriched sequences found in the three replicates in BUB1 region 

(chromosome 2). Overall, peaks were called when found in 2 out of 3 samples at 

overlapping regions. In green the position of the MYB canonical motif (sequence on the left) 

in the negative and positive strand (-ve and +ve, respectively). 
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Called peaks

Called peaks

Called peaks
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Supplementary Figure 3 | BUB1 comprehensive set from GENCODE 43. Representation 

of BUB1 transcripts and regulatory builds, including regions of promoter and enhancers. 

Figure as to be interpreted from right to left, as the reverse strand is shown. Colours of 

boxes indicate protein coding in red and yellow, with transcripts from Ensembl and 

Ensembl/Havana merged, respectively; in blue processed transcripts of non-protein coding. 

The figure was adapted from Ensembl; access number of the gene: 169679. 
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Supplementary Figure 4 | Treatment of ACCX11 cells with standard therapeutic drugs. 

Graph showing the percentage of cell viability of cultured ACCX11 cells after 

pharmacological treatment of increasing doses of three standard chemotherapeutic drugs: 

gemcitabine, paclitaxel, and vinorelbine. The drugs were selected due to test the efficacy of 

drugs exerting different mechanisms of action. Gemcitabine interferes with DNA synthesis, 

paclitaxel stabilises the microtubule, and vinorelbine inhibits microtubule assembly. 

Experiment was performed in triplicates. ACCX11 cells were provided by Professor Göran 

Stenman, Sahlgrenska Cancer Center (University of Gothenburg, Sweden), in collaboration 

with the Adenoid Cystic Carcinoma Research Foundation (ACCRF, MA, USA), and 

XenoSTART (S. Antonio, Texas, USA). 
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Supplementary Figure 5 | Analysis of sensitivity of different cancers to approved 

standard chemotherapies according to BUB1 expression. Bubble plot showing the 

sensitivity to standard chemotherapeutic drugs, grouped by classes, according to BUB1 

overexpression. Colours indicate a significant correlation between high levels of BUB1 and 

sensitivity (i.e. efficacy) to drugs; red colour indicates a significant relationship, blue a non-

significant one. Size of the bubbles represents the strength of the relationship. Strong 

relationship means that patients harbouring BUB1 overexpression are likely to benefit from 

the therapy. ns, not significant. 
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[Continued] 
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Supplementary Figure 6 | In silico analysis of BUB1 expression change in tumours 

sample from TCGA cohort compared to corresponding healthy tissues from GTEx. (A) 

Grid showing violin plots of matching tumours and normal tissues for each anatomical site in 

which BUB1 resulted significantly overexpressed. Mean expression of BUB1 was compared 

between the normal GTEx cohort (grey) and tumour TCGA cohort (blue). (B) Graph showing 

the fold change of BUB1 expression and its statistical significance in different tumours 

compared to their corresponding healthy tissues. Fold change strength is represented by 

intensity-scaled colours, red colour indicates positive fold change, meaning upregulation of 

the gene, whereases the blue colour indicates negative fold change, meaning 

downregulation of expression. The size of the points shows the absolute value of the fold 

change. Statistical significance was determined by Wilcoxon test. Expression values in (A) 

are defined as log2(norm_count+1); in (B) showed as –log10(pvalue). 
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Supplementary Figure 7 | Correlation between MYB and BUB1 expressions. Linear 

correlation profile of MYB and BUB1 extrapolated from the TCGA dataset showing the 

statistical relationship between the two variables at pan-cancer level. A R value higher than 

0.3 indicates a significant positive or negative correlation, respectively. R, Pearson 

correlation coefficient; p, p value. 
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