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Abstract 

 

Adenoid cystic carcinoma (ACC) of the salivary glands is characterised by slow growth, 

frequent metastasis and low survival rates. ACC is resistant to conventional 

chemotherapy and currently, no systemic agent has proven effective. MYB activation is 

a hallmark of ACC, with the most common genetic aberration being the MYB-NFIB 

translocation, occurring in 50-60% of cases. Research has been hindered by the lack of 

validated pre-clinical ACC models, hence there is an urgent need to develop relevant 

models to test novel therapeutic options. Therefore, I aimed to establish patient-derived 

xenograft (PDX)-derived pre-clinical in vitro models, and to identify potential drug 

targets and therapies based on the properties of eight sequenced metastatic ACC 

patient tumour samples.  

 

The success rate of ACC PDX establishment was 54.5%; three of which possessed the 

MYB-NFIB translocation, one the MYBL1-NFIB translocation, and the other two 

expressed high MYB via alternative mechanisms. Using ACC PDX-derived primary cells I 

successfully established and developed culture conditions for 2D growth and 3D ACC 

organoid models that maintain high MYB expression and histologically recapitulate the 

PDX tumours derived from. I optimised 2D and 3D drug sensitivity assays to assess 

potential therapies for ACC, targeting genes and pathways identified using the patient 

tumour sequencing data. A promising drug combination of a CDK2, 5, 9 inhibitor and 

bromodomain inhibitor was highly synergistic in the PDX-derived models. A short-term 

in vivo drug assay in one PDX line identified engrailed-1 (EN1), MYC and SOX9 as 

potential candidate biomarkers for therapeutic activity of the drug combination, and Ki-

67 staining identified that the combination treatment significantly reduced the 

proportion of actively proliferating cells. On-going long-term in vivo assays will 

determine whether this promising combination inhibits ACC growth.  

 

Here I discuss the optimisation and establishment of relevant PDX-derived ACC 2D and 

3D organoid models representing MYB-NFIB, MYBL1-NFIB and MYB driven ACC subsets. 

I also demonstrate the application of these models by identifying a promising novel drug 

combination for ACC that could potentially inform clinical trials. 
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1. Introduction 

1.1. Normal salivary gland overview 

1.1.1. Major and minor salivary glands 

The human salivary glands (SGs) are exocrine secretory glands, classified as either major 

or minor glands. There are three pairs of major SGs; parotid, submandibular and 

sublingual, shown in Figure 1-1A. These are encased by a fibrous capsule and produce 

saliva that is delivered to the oral cavity via the excretory ducts. There are 800-1000 

minor SGs with short excretory ducts, concentrated in the tongue and in the walls of the 

oral cavity although absent in the gingiva and anterior hard palate (Figure 1-1B) (Varga, 

2015). Minor SGs are also present in the nasal cavity, paranasal sinuses, pharynx and 

larynx. The minor glands are named according to their location; buccal, labial, lingual, 

palatine and glossopalatine.  

 

The parotid gland is the largest of the three major SGs. It is located next to the facial 

nerve and the external carotid artery, between the masseter and the 

sternocleidomastoid muscle, one of the largest most superficial cervical muscles 

(Marieb & Hoehn, 2010). The submandibular gland is the second largest major SG, 

located below the mandible, parallel to the hypoglossal nerve. The sublingual gland is 

the smallest of the major SGs, and is located beneath the submucosa in the floor of the 

mouth, alongside the submandibular nerve.  

 

 



 19 

 

Figure 1-1 Sites of major and minor salivary glands 

A) Diagram of the three paired major salivary glands; the parotid, submandibular and sublingual 

glands. B) Anatomy of the oral cavity, indicating areas of the minor salivary glands. Diagrams created 

using BioRender.com. 

 

1.1.2. Salivary gland structure and function 

The SGs are composed of three major cell types; acinar, ductal and myoepithelial cells. 

All cell types are required to complete the main function of the SGs; to produce and 

deliver saliva to the oral cavity. Saliva is important for many different reasons such as 

supporting mastication and swallowing, digestion via enzyme secretion such as amylase, 

protective roles due to antimicrobial components such as autolysin and lactoferrin, and 

the facilitation of proper speech (Carpenter, 2013; Marieb & Hoehn, 2010). The minor 

SGs in the sinonasal tract do not contain amylase as their main roles are for lubrication 

and protection. The major SGs produce between 92-95% of total saliva, with the parotid 

glands alone responsible for at least 50% of the total volume (Varga, 2015).  

 

Unlike the parotid and submandibular glands that have one main secretory duct into the 

oral cavity, the sublingual gland has 10-12 smaller shorter ducts that secrete directly 

into the floor of the mouth (Marieb & Hoehn, 2010). Despite this, all SGs have the same 

fundamental branched ductal structure beginning with luminal secretory units known 

as acini, that produce the saliva. Acini and intercalated ducts are surrounded by 

myoepithelial cells that, upon stimulation by nerves, contract aiding saliva secretion 

from the acinar units into and along the ductal system, releasing the saliva into the oral 

cavity (Figure 1-2) (de Paula et al., 2017).  
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There are three main types of acini; serous, mucinous and seromucous (Marieb & 

Hoehn, 2010). Serous acini secrete a watery fluid rich in enzymes such as amylase, and 

are spherical in morphology. Mucinous acini produce a glycoprotein-rich secretion, 

which becomes hydrolysed to form mucus, and generally have a tubular morphology. 

Seromucous acini produce both types of secretions but normally one type 

predominates. The parotid glands contain predominantly serous acini, the 

submandibular glands contain both types of acini but a higher proportion of serous, 

whereas the sublingual glands contain both types but produces predominantly mucous 

secretions. The minor salivary glands are predominantly formed by mucinous acini (de 

Paula et al., 2017).  

 

Figure 1-2 Salivary gland structure 

A diagram to show the basic structure and cell types within the salivary glands. Acini secrete into the 

intercalated ducts, which lead into the striated ducts. The striated ducts drain into the excretory 

ducts and into the oral cavity. This diagram is taken from (de Paula et al., 2017). 

 

1.1.3. Salivary gland development 

Initial SG development begins with the thickening of the oral ectoderm due to 

interactions between the epithelium and adjacent mesenchyme, a stage known as the 

prebud stage, occurring around 6-8 weeks post fertilisation (pf) (Knosp et al., 2012; V. 
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N. Patel & Hoffman, 2014). The thickening protrudes into the mesenchyme and 

invaginates forming a bud on a stalk. The bud then undergoes branching 

morphogenesis, a process involving cell proliferation, clefting, differentiation, migration 

and apoptosis. All of these processes are highly regulated and induced by specific 

signalling pathways initiated by interactions between the epithelial, mesenchymal, 

endothelial and neuronal cell network.  Terminal buds become acini at 14 weeks pf. By 

16 weeks pf, the basal lamina surrounds the epithelium and myoepithelial cells have 

differentiated. Intercalated and striated ducts form in the following weeks, and by 28 

weeks pf the SGs are fully developed.  

 

SGs are innervated by neural crest progenitor cells that have migrated to the oral 

epithelium and differentiated into mesenchyme, and in the submandibular gland 

formed the parasympathetic submandibular ganglion that surrounds the stalk that 

differentiates into the major secretory duct (Knosp et al., 2012; V. N. Patel et al., 2006; 

V. N. Patel & Hoffman, 2014). There is some controversy within the literature about 

whether the developmental origin of the major gland epithelium is ectodermal or 

endodermal in origin. Genetic-lineage tracing using Wnt1-cre recombinase identified 

that the mesenchyme and nerves are of neural crest origin (V. N. Patel & Hoffman, 

2014). A lineage experiment using Sox17-2A-iCre/R26 reporter mice, marking 

endodermal cells, identified that the major SGs are not endodermal, suggesting that 

they are ectodermal. However, a study should be completed to positively determine 

that the epithelium is ectodermal in origin (Rothova et al., 2012).  

1.2. Neoplasms of the salivary glands 

SG cancers are rare, accounting for less than 1% of all malignant neoplasms, with an 

incidence of 1.4 cases per 100,000 per year according to the Information Network on 

Rare Cancers, collating data from 94 European population-based cancer registries 

(www.rarecarenet.eu). However, the incidence of SG cancers is rising. A report 

published by Public Health England (PHE) studying the epidemiology of major SG cancers 

between 1990 and 2013 in England, identified that over the last decade the number of 
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new cases has increased by 2.5% annually (Girdler et al., 2016). A study using the 

Surveillance, Epidemiology and End Results (SEER) database for cancer statistics in the 

United States, identified an annual increase of 0.99%, with an annual increase in parotid 

SG cases of 1.13% (Del Signore & Megwalu, 2017). A 15-year population-based study in 

Demark identified that of all SG sites, the parotid gland was the most common primary 

site accounting for 52.5% of cases (Bjørndal et al., 2011). In England between 2009-2013, 

77% of major SG cancer cases occurred in the parotid SG, 14% in the submandibular, 

and 2% in the sublingual glands, the remaining cases occurred in overlapping major 

glands or were unspecified (Girdler et al., 2016). The minor SGs account for 14-26.3% of 

all SG tumours, principally occurring in the palate (37-54%) (Bjørndal et al., 2011; Eveson 

& Cawson, 1985; Spiro et al., 1973). 

 

According to the 2005 World Health Organisation (WHO) classification, there are 24 

different histologic subtypes of SG cancer (Thompson, 2006). PHE reported that 

between 2004-2013, 78.3% of major SG cases diagnosed accounted for the 4 most 

common histologically SG cancer types; mucoepidermoid carcinoma (20.5%), 

adenocarcinoma (19.8%), acinic cell carcinoma (19.6%), and adenoid cystic carcinoma 

(18.4%). The proportion of these top four cancer subtypes of major SG origin varies 

between different studies, however for minor SG tumours, the most common malignant 

cancer subtype is adenoid cystic carcinoma, reportedly accounting for 40% of cases 

(Bjørndal et al., 2011; Eveson & Cawson, 1985; Spiro et al., 1973).  

 

SG tumours are diagnosed by MRI and fine needle aspiration cytology (FNAC). The most 

common false negative cases (malignant but identified as benign) were adenoid cystic 

carcinoma, acinic cell carcinoma and basal cell adenocarcinoma (Daneshbod et al., 2009; 

B. J. Lu et al., 2005). This would prolong diagnosis and could suggest why many SG cancer 

cases are diagnosed in later disease stages. Moreover, specific SG tumour diagnosis is 

extremely difficult due to similar morphologic features, particularly between adenoid 

cystic carcinoma, basal cell adenoma and pleomorphic adenoma (B. J. Lu et al., 2005; 

Nagel et al., 1999).  

 

Standard treatment for all SG tumours is surgery, with 90% of 5,880 major SG cancer 

cases in England having surgery as first-line treatment. Post-operative adjuvant 
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radiotherapy is common, administered in 40% of all cases, although this treatment rate 

increases with disease advancement (Girdler et al., 2016). Chemotherapy is not the 

normal first-line treatment option for SG cancers, being prescribed in only 2% of all 

cases, however, chemotherapy is used palliatively for metastatic or unresectable SG 

cancers. Molecular genetic studies have identified that each SG cancer subtype has 

unique tumour-specific genetic characteristics, therefore treatment advancements are 

focused on distinguishing these differences and identifying therapeutic targets to treat 

SG cancers based on cancer subtype rather than general standard non-specific 

treatments. 

 

Of all SG cancer subtypes, adenoid cystic carcinoma has the largest area of clinical unmet 

need due to its unpredictable disease course, biological properties and apparent 

resistance to conventional chemotherapeutics. Therefore, herein, I will discuss in detail 

adenoid cystic carcinoma of the SGs.  

1.3. Adenoid cystic carcinoma of the salivary glands  

1.3.1. Overview 

Adenoid Cystic Carcinoma (ACC) is a rare cancer, with an incidence of 4.5 per 1 x 106 

according to a 30-year Nova Scotia population-based study, and is therefore referred to 

as an “orphan” disease (Boneparte et al., 2008). ACC can arise in exocrine glands such 

as the trachea, breast, skin and vulva. However, 58% of ACC occurs in the oral cavity, 

mainly the SGs (Ellington et al., 2012). 32-52% of ACC cases occur in the minor glands in 

the palate, the rest occurring in the major SGs (Bjørndal et al., 2011; Spiro et al., 1973).  

In Denmark, ACC was the most common SG cancer subtype, accounting for 25.2% of 

cases between 1990-2005 (Bjørndal et al., 2011).  

 

Most patients are diagnosed in the fourth to sixth decades of life, however there is a 

wide range in the age of patients at diagnosis with SEER database analysis reporting 

patients from 3 to 99 years, with an average age of 55 (Lloyd et al., 2011). There is a 

higher occurrence in Caucasians (82%) (Ellington et al., 2012). There is also a slight 
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gender specific trend in ACC of all tissue origins with a higher occurrence in females 

(62%) compared to males (38%), although it is suggested this could be due to female 

organ incidence, the PHE report focusing on major SG primary sites reports a similar 

trend with 40% of cases in males and 60% females (Ellington et al., 2012; Girdler et al., 

2016). The disease is not hereditary, being regarded as sporadic, and there is also little 

evidence to show an association between lifestyle factors such as alcohol or tobacco 

use. There is no evidence that the human papillomavirus (HPV) plays a causal role in ACC 

development, however this conclusion is based on a limited study of 13 cases 

(Haeggblom et al., 2018).   Due to the rarity of the cancer, lack of patients within one 

geographical area, and no known stages of pre-malignancy, risk factor studies are 

challenging to conduct. 

 

ACC is an indolent but ultimately relentless cancer having a low survival rate. Whilst the 

short-term prognosis is good, recurrence and metastasis are common leading to poor 

long-term survival. The average 5-, 10-, and 15-year disease-free survival rates from a 

15-year Danish population-study are reported as 72%, 60% and 55% respectively. These 

rates mirror the 5-, 10-, and 15-year overall survival rates of 80%, 58% and 46% 

respectively (Bjørndal et al., 2015). However, the site of primary tumour, histological 

growth pattern, and neural invasion are all factors that impact prognosis, and will be 

further discussed. 

1.3.2. Clinical behaviour and biological properties 

ACC is a slow growing tumour, having periods of dormancy followed by spurts of growth, 

nevertheless the course of ACC is unpredictable and relentless. In most cases ACC arises 

as a painless, small, slow growing lump in the oral cavity. The development of pain 

indicates neural involvement via perineural space invasion (PNSI), a known 

characteristic of ACC (M. Amit et al., 2015). The slow and indolent clinical course means 

diagnosis is often late, when the tumour is in more advanced stages, and systemic 

intervention may be required to prevent recurrence and distant metastasis following 

surgical resection.  
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Treatment is challenging due to three biological properties of ACC; PNSI associated with 

incurable relapse at the skull base, local recurrence, and the emergence of distant 

metastases via haematogenous dissemination after long periods of dormancy. Invasion 

of the lymph nodes is relatively uncommon in ACC, only occurring in 11% of cases 

(Matsuba et al., 1986).  

 

Neural invasion in ACC has classically been reported as invasion of the perineurium, 

occurring in 52-78% of cases including early stage tumours, resulting in a poor prognosis 

with 5-year survival reports of 38.5% compared to 73.4% in patients without neural 

involvement (M. Amit et al., 2015; M. Huang et al., 1997; Ko et al., 2007; Vrielinck et al., 

1988). However, a recent study of 239 ACC patient samples with positive neural invasion 

distinguished between three types of invasion previously recognised in squamous cell 

carcinoma and pancreatic cancer; perineurial invasion with viable tumour cells in the 

perineurial space, intraneural invasion where tumour cells invade and/or destruct the 

axon containing the nerve bundles, and perineural inflammation defined as  invasion 

into the perineurial space with the observation of lymphocytic infiltration (M. Amit et 

al., 2015; De Matos et al., 2012; Mitsunaga et al., 2007). This study identified that the 

only type of neural invasion with a significant impact on disease-free and overall survival 

was intraneural invasion.  

 

Local recurrence is a common occurrence despite primary surgical removal, with 10-

year local recurrence-free survival rates of 40.8% (Iseli et al., 2009). Positive surgical 

margin status did not significantly correlate with local recurrence. Cases originating from 

the major SGs have lower rates of local and regional recurrence compared to minor SG 

primary sites, although there is no significant difference in disease-specific survival (N. 

Li et al., 2012). Local recurrence occurred in 25% of cases of parotid gland origin 

compared to 40.9% of cases arising from the minor glands. This may be due to the 

propensity of minor SG ACC to migrate along fascicle planes and smaller nerves, 

hindering complete surgical excision  (Khafif et al., 2005).  

 

Distant metastasis occurs in 35-56% of cases predominantly to the lungs (72.2-89.7% of 

metastatic cases) followed by liver and bone (M. Huang et al., 1997; Ko et al., 2007; van 

der Wal et al., 2002). Moreover, one third of cases have distant metastasis despite local 
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control, implying that cancer cells had spread undetected prior to primary site 

treatment (Matsuba et al., 1986). Cases with lung metastasis have a median survival 

time of 2.2 years from diagnosis, whereas cases with liver and brain metastasis have a 

lower median survival of only 1.4 years (Bjørndal et al., 2015). Therefore, it is highly 

recommended that patients have regular X-ray or CT scans on the lungs, and possibly CT 

and MRI scans for metastasis in other areas, for earlier detection and therefore possible 

treatment.  

1.3.3. Histology 

A diagnosis is made by FNAC and biopsies for histological analysis. FNAC is not the most 

accurate method for diagnosis, with a study reporting 77% of ACC samples correctly 

typed by cytology (Nagel et al., 1999). Therefore, the “gold standard” for diagnosis is 

histopathological analysis (van Weert et al., 2015). ACC is typically bi-phenotypic; 

composed of large ductal cells surrounded by myoepithelial cells. ACC has three 

histologic growth patterns; cribriform (most common), tubular, and solid, although 

tumours are usually heterogeneous (Figure 1-3) (van Weert et al., 2015). Tumours with 

solid areas have a higher proportion of luminal cells and are more aggressive, having 10-

year recurrence-free survival of 38%, almost half of that for cribriform and tubular 

growth (Bjørndal et al., 2015). Furthermore, cases with solid areas have significantly 

lower 10-year disease-specific survival compared to the other two growth patterns; 52% 

and 78% respectively. Samples with solid growth have also been reported to develop 

distant metastasis sooner and in a study of 81 ACC cases, all but 1 case with lymph node 

invasion had predominantly solid growth (Matsuba et al., 1986; van Weert et al., 2015).  

 

As the majority of tumours are heterogenous, the two most common grading systems 

use the percentage of solid growth within the tumour to determine poor prognosis 

(described by Perzin et al./Szanto et al. as >30% and Spiro et al as >50%) (Perzin et al., 

1978; Spiro et al., 1974; Szanto et al., 1984). Szanto et al suggest three grades; grade I 

has tubular and cribriform areas, grade II has mixed growth with >30% solid areas, and 

grade III has almost all solid growth. Based on the Perzin/Szanto grading system, 5-year 

disease-specific survival is 90% for grade I, 75% for grade II and 36% for grade III, 

therefore histologic grade is a clear indicator of prognosis (van Weert et al., 2015). 
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Figure 1-3 ACC histologic growth patterns 

A) Cribriform is the most common growth pattern of ACC. Basal myoepithelial cells surround 

pseudocysts, hence the alternative name “swiss cheese pattern”. B) With tubular growth, nests of 

tumour cells are surrounded by eosinophilic stroma. C) Solid growth shows no tubular or cystic 

formation. These representative images of each growth pattern are adapted from (van Weert et al., 

2015). 

1.3.4. Current therapeutic options  

Initial treatment is surgical resection of the primary site, often followed by adjuvant 

radiotherapy. Following surgical removal, the tumour is checked by a pathologist to 

confirm margin status, and if margins are positive with residual tumour cells around the 

surgical area radiotherapy is given. In some cases, depending on the site of the primary 

tumour, surgical resection may not be advised therefore patients receive only 

radiotherapy. PHE collated treatment information for 1260 ACC cases, and reported that 

54.1% of cases had surgery and radiotherapy, 32.4% had surgery alone, and that 9.8% 

of cases only received radiotherapy (Girdler et al., 2016). The remainder 3.7% had 

various combinations of chemotherapy, radiotherapy and surgery. The preservation of 

major nerves and tissue function is attempted however, this is dependent on margin 

status and primary site. Following surgical resection, patients can experience a number 

of complaints such as chronic pain and permanent changes to appearance. Furthermore, 

radiotherapy can result in a dry mouth, difficulty swallowing, loss of taste and tooth 

decay.  

 

As discussed, local recurrence and distant metastasis is a common characteristic of ACC, 

and in those cases systemic intervention is required. However, due to a complicated 

clinical course, other than surgical excision and post-operative radiotherapy for 
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locoregional control, therapy for advanced ACC is not standardised. Chemotherapy is 

generally given when patients have rapidly progressive disease and is used for palliative 

care as the toxicity of cytotoxic agents outweighs the side effects of ACC at the 

indolent/dormant stage (Laurie et al., 2011). Agents commonly administered as mono-

therapy for advanced ACC are cisplatin, epirubicin, gemcitabine and paclitaxel. In a 

review by Laurie et al, chemotherapy phase II trial regimens were systematically 

assessed (Laurie et al., 2011). From all single-agent trials in 141 patients, objective 

responses were only reported for 18 patients, 7 of which were treated with cisplatin 

(n=10) (Schramm et al., 1981). No objective responses were reported for the 14 patients 

that received paclitaxel or the 21 patients who received gemcitabine (Gilbert et al., 

2006; van Herpen et al., 2008). However, two independent trials investigating cisplatin 

treatment reported a total of 2 out of 23 partial or complete responses, therefore the 

effect of cisplatin on advanced ACC remains unclear (Dick de Haan et al., 1992; Licitra et 

al., 1991). Disease stabilisation rather than partial or objective responses were more 

common in chemotherapy trials, in 64 of 111 patients recorded, however length of 

stabilisation is not generally documented. Combination cytotoxic treatments were also 

assessed. The most promising combinations investigated were cisplatin, doxorubicin 

and cyclophosphamide, and the combination of epirubicin, cisplatin and 5-fluorouracil. 

However, for the latter combination the results were not superior to previous phase II 

studies of either cisplatin and 5-fluorouracil in combination or epirubicin alone, and it 

was concluded by Laurie et al that combination therapies had no advantage over single-

agent chemotherapeutics (Laurie et al., 2011; P. J. Ross et al., 2009). Iseli et al 

retrospectively reviewed 183 cases treated over 40 years and reported that survival in 

patients with distant metastasis did not significantly improve with chemotherapy, 

however eating and aesthetic scores were improved therefore chemotherapy could 

improve the quality life of these patients (Iseli et al., 2009).  

 

There are two reports investigating chemotherapy as a radiosensitiser, termed 

chemoradiotherapy, to be given post operatively to prevent local and regional 

recurrence (Pederson et al., 2011; Schoenfeld et al., 2012). However, median follow-up 

is reported as 2.3 and 3.5 years whereas metastasis can be detected over 10 years later, 
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therefore longer monitoring of these patients must continue ideally up to 5 years, to 

determine whether chemoradiotherapy is a promising treatment to prevent recurrence.  

 

To date, systemic agents have not proven effective against both loco-regional or 

systemic disease. Furthermore, since 1985, none of the phase II clinical trials (over 22) 

for ACC patients have progressed to phase III. Therefore, research is now focussed on 

identifying targeted therapies for ACC. 

1.4. Molecular landscape 

1.4.1. Low and uncommon mutational burden  

Due to the failure of conventional systemic therapies, research is now focused on 

identifying molecular drivers of ACC that can be targeted by specific inhibitors. Three 

studies analysing a total of 109 tumour samples with matched normal DNA reported a 

low somatic mutation rate; with Ho et al (2013) identifying a mean of 22 somatic 

mutations per sample, correlating to a non-silent mutation rate of 0.31 mutations per 

megabase (A. S. Ho et al., 2013; Rettig et al., 2016; Stephens et al., 2013). The mutation 

profile of ACC is highly diverse, with mutations associated with epigenetic modifications 

(chromatin regulation), DNA damage pathways (ATM/ATR activation), growth factor 

signalling (FGF, IGF and PI3K), differentiation pathways (Wnt and Notch) and axonal 

guidance factors (Table 1-1).  
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Table 1-1 Published ACC mutation profiles by associated pathway 

 Paper  

Pathway 

Ho et al. (2013) 

(n=60) 

Rettig et al. 

(2016) (n=25) 

Stephens et al. 

(2013) (n=24) 

Average (± SD) 

(%) 

MYB 34 (57%) 11 (44%) 19 (79%) 60% (±17.7%) 

Notch 8 (13%) 9 (36%) 3 (12.5%) 20.5% (±13.4%) 

FGF/IGF/PI3K 18 (30%) 15 (60%) 4 (17%) 35.7% (±20.1%) 

Chromatin 

remodelling 

21 (35%) 11 (44%) 16 (67%) 48.7% (±16.5%) 

DNA damage 16 (26%)  2 (8%) 17% (±12.7%) 

Axonal 

guidance 

 14 (56%)  56% 

 

1.4.2. MYB and MYBL1 oncogenic drivers of ACC 

The most frequent genetic alteration in ACC is activation of the proto-oncogene MYB (c-

MYB) reported in approximately 65-80% of cases (Brayer et al., 2016; Brill et al., 2011; 

Persson et al., 2009). MYB protein is a DNA-binding transcription factor implicated in the 

regulation of both differentiation and proliferation. It has a highly conserved N-terminal 

DNA binding domain (DBD), central transcriptional activation domains (TAD), and 

conserved specificity and negative regulation C-terminal domains (NRD) (Figure 1-4A) 

(O. L. George & Ness, 2014). High MYB transcript expression has been documented in a 

number of cancers such as leukaemia, pancreatic tumours and colon tumours (Hugo et 

al., 2006; O’Rourke & Ness, 2008; Wallrapp et al., 1997). However, evidence suggests 

that C-terminal NRD truncation is required to induce MYB oncogenic effects. In 

leukaemia, enhanced alternative RNA splicing results in truncated oncogenic c-MYB 

variants (O’Rourke & Ness, 2008). Due to the presence of at least six alternative exons 

and a number of splice donor and acceptor sites in the standard exons, the MYB gene 

can be transcribed to more than 60 different mRNA variants that encode over 20 MYB 

protein variants. Furthermore, all alternative RNA splicing occurs at the C-terminal NRD. 

There is also evidence that c-terminal truncations increase MYB transcript stability (O. 

L. George & Ness, 2014).  
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The most common mechanism of MYB activation is the MYB-NFIB t(6;9) (6q22-23; 9p23-

24) translocation, in 50-67% of cases (Drier et al., 2016; A. S. Ho et al., 2013; Stephens 

et al., 2013). The minimal common region of MYB deletion via the fusion is exon 15, 

including the 3’ untranslated region (UTR). The 3’UTR contains several highly conserved 

microRNA docking sites (miR-15a/16 and miR-150) which have been shown to negatively 

regulate MYB expression (Persson et al., 2009). Reported MYB breakpoints have ranged 

from exon 8-15 whereas NFIB breakpoints have a range of exon 9-12, with the most 

common resulting transcript identified from 11 ACC samples being MYB exon14-NFIB 

exon9 in 64% (Figure 1-4B) (Mitani et al., 2010; Persson et al., 2009). Overall, the vast 

majority of translocations result in a C-terminal MYB deletion and fusion to the NFIB C-

terminal. NFIB has flanking super-enhancer elements. The translocation juxtaposes 

these super-enhancers to the MYB locus. The super-enhancers contain MYB binding 

sites, creating a positive feedback loop, so MYB is constitutively activated (Figure 1-4C) 

(Drier et al., 2016). MYB translocation partners other than NFIB have been detected at 

much lower frequencies, such as TGFBR3 and RAD51B, that also have flanking super-

enhancers (Andersson et al., 2017; Cornett et al., 2019; Drier et al., 2016). Alternative 

mechanisms of MYB activation, accounting for 10% of ACC cases, include gene 

amplifications and alternative RNA splicing of MYB transcripts, similar to mechanisms 

detected in leukaemia (Brayer et al., 2016; Frerich et al., 2018; Kim et al., 2018). 

 

ACC whole genome and whole-transcriptome analyses identified a novel gene fusion 

between the MYB related protein, MYBL1 (A-MYB) and NFIB t(8;9), in 35% of ACC (Brayer 

et al., 2016; Mitani et al., 2016). MYBL1 is structurally similar to MYB with almost 

identical DNA binding domains. MYB and MYBL1 expression in ACC appears to be 

mutually exclusive, implying they are independent drivers of ACC having identical 

functions (Mitani et al., 2016). This is supported by the fact that gene expression profiles 

are similar between MYB-NFIB and MYBL1-NFIB expressing tumours (Brayer et al., 2016; 

Mitani et al., 2016). Detected MYBL1 breakpoints range between exons 8-15, with a 

study of 13 MYBL1-NFIB fusion positive ACC cases identifying 8 samples with a 

breakpoint at exon 8 (Mitani et al., 2010). Other MYBL1 translocation partners have also 

been detected, such as ACTN1, RAD51B and YTHDF3, however all fusion proteins result 



 32 

in a MYBL1 c-terminal truncation (Brayer et al., 2016; Kim et al., 2018; Mitani et al., 

2016).  

 

Although MYB and MYBL1 are widely accepted as oncogenic drivers of ACC due to the 

high frequency of activating mutations and increased expression, there has been a lack 

of functional studies proving this. Therefore, the development of accurate relevant 

preclinical models would enable confirmatory studies to prove whether MYB/MYBL1 

activation is sufficient to transform normal epithelial cells, and whether MYB 

knockdown inhibits tumour growth. There has been one study conducting a MYB-NFIB 

knockdown in one PDX-derived 2D in vitro culture, however instead of studying the role 

of MYB in ACC oncogenesis, the paper compared the molecular effects observed to the 

effect of a potential drug therapy, therefore further studies are required (Andersson et 

al., 2017). 

 

 

Figure 1-4 MYB/MYBL1-NFIB translocations 

A) Schematic to show c-MYB and MYBL1 proteins, depicted N-terminal to C-terminal. Conserved 

domains are coloured: DNA binding domain (DBD) in red, transcriptional activation domain (TAD) in 
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dark blue, the transformation domain (FAETL) in light blue, and negative regulatory domains (TPTPF 

and EVES) in purple and orange respectively. The numbers above the C-MYB plot indicate the amino 

acid (aa) residues as well as the protein full length in aa in the column on the left. MYBL1 has a DBD 

and TPTPF as indicated. The normal forms of c-MYB and A-MYB have been adapted from (O. L. 

George & Ness, 2014). B) Schematic depicting the MYB and NFIB genes, and resulting translocation 

at the most common breakpoint; MYB exon14 and NFIB exon9. Coding exons are shown in bolder 

shades of green and blue, and breakpoints are indicated by arrows. DBD, DNA binding domain; NRD, 

negative regulatory domain; TAD, transactivation domain. Schematic has been adapted from 

(Persson et al., 2009). C) Diagram to show the constitutive MYB activation via the MYB-NFIB 

translocation. NFIB flanking super-enhancers have MYB binding sites, promoting a positive feedback 

loop. 

 

1.4.3. Other potential oncogenic drivers of ACC 

The largest ACC study to date comparing genetic alterations in 177 primary tumours to 

868 recurrent or metastatic tumours, also reported a low mutational burden of 0.34 

mutations per megabase (A. S. Ho et al., 2019). Due to the large sample size of 

recurrent/metastatic cases, four distinct ACC subgroups were identified; MYB 

translocation+ and NOTCH1+, MYB translocation+ and other mutation, MYBWT and 

NOTCH1+, and lastly MYBWT and telomerase reverse transcriptase (TERT) promoter 

mutation+. The remaining cases were referred to as “triple-negative” (MYBWT, NOTCHWT, 

and TERTWT), where potential driver mutations have not been identified for this 

subgroup.  

 

NOTCH1 activating mutations have been identified previously in ACC in 14% of cases, 

being the most frequently altered gene, however Ho et al reported that these mutations 

are more prevalent in recurrent/metastatic tumours (26.3% compared to 8.5% in 

primary) (Ferrarotto et al., 2016; A. S. Ho et al., 2019; Rettig et al., 2016). Therefore, Ho 

et al confirm other reports that NOTCH1 is a potential driver of ACC, or more specifically 

a driver of aggressive, metastatic ACC. Ferrarotto et al previously identified a distinct 

subgroup of particularly aggressive ACC cases with NOTCH1 activating mutations that 

significantly corresponded with solid histology, advanced stage at diagnosis, increased 

rate of liver and bone metastasis and both shorter relapse-free survival and overall 

survival (Ferrarotto et al., 2017). Significantly lower overall survival in NOTCH1 positive 
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patients was also reported by Ho et al. Notch signalling is known to have a key role in 

cell fate determination as well as proliferation, angiogenesis, epithelial-mesenchymal 

transition (EMT) and evading cell death in cancer (Aster et al., 2017).  

 

Other genetic alterations significantly enriched in recurrent/metastatic tumours were 

involved in chromatin-remodelling, DNA damage repair and tumour suppression. Ho et 

al identified a potential cooperativity between NOTCH1 and chromatin remodelling 

genes. NOTCH1 mutations co-occurred at a significant rate in samples also with 

mutations in the genes KDM6A, ARID1A and CREBBP, and it was found that patients 

harbouring a KDM6A mutation also had significantly lower survival (A. S. Ho et al., 2019). 

This suggests that epigenetic mechanisms may biologically synergise with increased 

Notch pathway activity promoting ACC progression and that both Notch signalling 

molecules and chromatin remodelling proteins could be potential therapeutic targets.  

 

In addition, TERT promoter mutations were present in 13.1% of recurrent/metastatic 

cases and were mutually exclusive with both MYB/MYBL1 fusions and NOTCH1 

mutations. This highlights an alternative mechanism of ACC tumorigenesis, independent 

of the MYB/MYBL1 translocation. TERT promoter mutations have been widely reported 

in a number of cancers, such as 59% of bladder and 43% of central nervous system 

cancers, and function to avoid replicative senescence (Vinagre et al., 2013). However, 

TERT promoter mutations have not been reported in other ACC sequencing papers, only 

in a single case study of metastatic ACC (Rafael et al., 2016). Therefore, this suggests 

that TERT promoter mutations may only be drivers of recurrent or metastatic disease, 

not primary, and could be a potential therapeutic target for these advanced cases. 

1.4.4. Cancer stem cell genetic signature 

Cancer stem cells (CSCs) account for a small fraction of the tumour cell population, and 

are responsible for tumour initiation and aggressive disease having the capacity to self-

renew, and differentiate into multiple cell lineages. It is these cells that are hypothesised 

to cause relapse, metastasis and radio/chemo-resistance. CSCs were first isolated from 

ACC patient-derived xenograft (PDX) models by Panaccione et al  (Panaccoine et al., 

2016). This CD133+ cell population had high expression of NOTCH1, SOX10 and FABP7, 
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which all indicate the aberrant activation of a transcriptional programme promoting 

neural stem cells (Yarbrough et al., 2016). SOX10 is highly expressed in other cancers 

that originate from the neural crest such as melanoma, neuroblastoma and glioblastoma 

(Ivanov, Panaccione, Nonaka, et al., 2013). The neural crest contains arguably the most 

plastic cells in human development, excluding embryonic stem cells, giving rise to 

diverse tissue types of both ectodermal and endodermal designation. As discussed, 

during development the SGs are innervated by neural crest progenitor cells that form 

the mesenchyme, parasympathetic submandibular ganglion and are suggested to form 

myoepithelial cells (V. N. Patel & Hoffman, 2014). It has been identified that the 

dedifferentiation of a melanocyte to the neural crest stem state defines the origin of 

melanoma, and this has been suggested for ACC with the dedifferentiation of neural 

crest-derived myoepithelial cells (Kaufman et al., 2016). Neural crest progenitor cells 

express a specific gene signature that coordinates neural crest maintenance, migration 

and development; SOX10, NOTCH1, MYB, WNTs, and FGFRs (Betancur et al., 2010; 

Simões-Costa & Bronner, 2015). This signature has also been reported in ACC samples,  

further supporting neural crest-like stemness (Drier et al., 2016; A. S. Ho et al., 2013; 

Mitani et al., 2016; J. S. Ross et al., 2014; Stephens et al., 2013). Further characterisation 

of the identified CD133+ CSC population in ACC is required, as targeting CSC survival 

could increase tumour sensitivity to current therapies, and prevent recurrence. 

1.5. Targeted therapy 

Given the ineffectiveness of systemic chemotherapy and radiotherapy in ACC, research 

is now focussed on identifying targeted therapies. Targeted therapy is a type of cancer 

treatment designed to specifically target molecules promoting the growth, survival and 

dissemination of cancer cells, whilst sparing normal cells. Often, the molecules targeted 

drive cancer progression as a result of oncogenic mutations or epigenetic modifications 

that are absent or expressed at lower levels in normal healthy cells. Alternatively, 

cancers can be driven by mutations in a tumour suppressor gene leading to its loss of 

function. There are a number of types of targeted therapy such as ligand or receptor-



 36 

targeted inhibitors, hormonal therapies, immunotherapies, angiogenesis inhibitors and 

apoptosis agonists.  

 

As previously described, there is large variability in the ACC genetic landscape, with few 

common mutations, therefore it is not a case of “one therapy fits all” and patient 

responses will differ depending on their tumour genomic and molecular profile. For a 

number of cancer types there are specific lines of treatment for distinct subtypes 

targeting particular characteristics, such as hormonal therapy to lower oestrogen levels 

or inhibit the oestrogen receptor (ER) in ER+ breast cancer. Although Ho et al identified 

four distinct ACC subgroups in recurrent and metastatic cases, there are some 

differences in the mutational profiles of these tumours compared to primary cases, for 

example TERT promoter mutations have not been reported in primary tumours (A. S. Ho 

et al., 2019). This could mean that treatment designed according to these subgroups is 

mainly stratified towards advanced stage ACC and potentially not applicable to 

unresectable primary cases, for which currently only radiotherapy and chemotherapy 

are therapeutic options. Therefore, patient tumours should be screened to detect 

targets from the four subgroups to determine whether they could benefit from a specific 

therapy.   

 

As ACC is a rare cancer, often only a few ACC cases are tested in basket trials, where 

different cancer types are grouped together that possess the same mutation or 

biomarker. However, as ACC is an orphan disease, promising drugs in clinical trials can 

be granted accelerated progression by the Food and Drug Administration (FDA) for 

patients based on a surrogate endpoint due to the lack of treatment options available 

for patients, this known as “orphan drug designation”. To date there are 50 registered 

completed, on-going, or recruiting targeted clinical trials for ACC on ClinicalTrials.gov 

(Table 1-2). 

1.5.1. MYB 

High expression of MYB is a hallmark of ACC, occurring in up to 70% of cases. However, 

as it is a transcription factor it is difficult to directly inhibit. It has been reported that the 

retinoic acid receptor (RAR) and MYB are mutual antagonists, having opposing effects 
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during proliferation, differentiation and haematopoiesis (Zemanová & Smarda, 1998). 

In addition, RAR has previously been identified to suppress MYB expression at the 

transcriptional level, and inhibit growth in neuroblastoma and acute promyelocytic 

leukaemia (APL) by promoting terminal differentiation (Degos & Wang, 2001; Smarda et 

al., 1995; Thiele et al., 1988). Recently, Mandelbaum et al showed that treatment of ACC 

PDX models in vivo with RA agonists significantly inhibited tumour growth (Mandelbaum 

et al., 2018). Furthermore, chromatin immunoprecipitation sequencing (ChIP-seq) 

analysis in ACC PDX tumours harbouring the MYB-NFIB translocation identified that all-

trans-retinoic acid (ATRA) inhibits MYB binding at the translocated super-enhancers by 

increasing RAR expression and its binding at the MYB promoter and translocated 

enhancers. RAR binding at these MYB regulatory elements is repressive, and results in 

reduced expression of MYB and MYB downstream targets. Based on this evidence, there 

are currently two registered clinical trials for ATRA recruiting ACC patients, 

NCT03999684 (USA) and NCT04433169 (China). ATRA is approved for the treatment of 

APL. 

 

There is currently an on-going first-in-human phase 1 clinical trial for a MYB targeted 

vaccine, TetMYB, being investigated as a single agent and in combination with an anti-

PD-1 antibody to treat ACC and colorectal cancer (CRC) for which aberrant MYB 

expression is frequent (NCT03287427) (Pham et al., 2019). TetMYB is a DNA vaccine 

carrying a fusion construct consisting of human MYB cDNA and the universal tetanus 

toxin T-cell epitope (Tet) cDNA. The vaccine induces a cytotoxic T lymphocyte-mediated 

immune response against high MYB-expressing cells, and the anti-PD-1 treatment aims 

to prevent T-cell exhaustion. In preclinical in vivo CRC mouse models, when the mice 

were re-challenged with CRC an immune response was instantly activated killing the 

cancer cells, proving that the vaccine can induce a sustained population of memory T-

cells which could potentially prevent tumour recurrence (Cross et al., 2015). There is no 

published preclinical data for ACC, however, the vaccine is constructed using the full 

coding region of MYB so MYB-NFIB positive ACC tumours with MYB breakpoints in 

earlier exons should have also been assessed prior to clinical studies.  
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1.5.2. Notch 

Activating mutations in the NOTCH signalling pathway occur in approximately 25% of 

ACC samples representing a cohort of particularly aggressive disease, therefore NOTCH 

inhibitors have been widely investigated. These mutations include activating NOTCH1 

mutations or loss-of-function mutations in the Notch transcriptional repressor SPEN 

(Drier et al., 2016). Furthermore, NOTCH expression is a marker of ACC CSCs and in vitro 

NOTCH inhibition selectively inhibited CD133+ CSC proliferation and induced cell death 

(Panaccoine et al., 2016). NOTCH is the only targetable marker of these CSCs, therefore 

notch inhibition could also sensitise the CSCs to chemo- or radiotherapy. A phase 1a trial 

of the NOTCH inhibitor LY3039478 (NCT01695005) was promising, being well-tolerated 

and having clinical activity in heavily pre-treated patients (Massard et al., 2018). 

However, the phase 1b trial confirming the recommended phase 2 dose reported no 

confirmed responses out of 22 enrolled ACC patients (Even et al., 2020).  Despite this, 

NOTCH remains a promising target for ACC patients and there are currently two actively 

recruiting clinical trials for patients with NOTCH pathway alterations, one in Europe 

(NCT03422679) and one in the USA (NCT03691207). The US clinical trial is a phase 2 trial 

investigating the drug AL101 (Ferrarotto et al., 2020). In May 2019, the FDA granted 

AL101 orphan drug designation for the treatment of ACC as preliminary results from the 

phase 2 study were very promising with 15.3% of patients having a partial response and 

53.8% achieving stable disease (Ferrarotto et al., 2020; Rehovot et al., 2019). This trial 

is ongoing and is actively recruiting patients with recurrent or metastatic ACC 

harbouring activating NOTCH mutations. The predicted completion date is July 2021.  

1.5.3. Tyrosine kinases 

Receptor Tyrosine kinases (TKs) are a family of enzymes that regulate a range of critical 

cellular processes such as proliferation, differentiation, survival and migration. Upon 

ligand binding and activation via phosphorylation, TKs activate an intracellular signalling 

cascade resulting in the transcription of target genes. TK inhibitors have been widely 

investigated as potential ACC therapies. Sequencing studies have identified a number of 

targetable mutations in primary samples, and it was reported that 40.3% of recurrent 

and metastatic ACC samples harbour activating mutations in genes targetable by TK 
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inhibitors (A. S. Ho et al., 2019). Of all NCT registered targeted on-going and completed 

clinical trials for ACC, 62% are investigating TK inhibitors.  

 

c-KIT is a TK particularly important in haematopoiesis. It is highly expressed in other 

cancers such as acute lymphoblastic and chronic myeloid leukaemia (AML and CML) and 

the c-KIT inhibitor, Imatinib-mesylate, is approved for treatment of these indications. 

However, although 80-94% of ACC samples are positive for c-KIT expression, a phase 2 

imatinib study of 10 patients found the only response to be stable disease in 2 patients 

for 11-14 months (NCT00045669) (Jeng et al., 2000; S. K. Lee et al., 2012; Pfeffer et al., 

2005). This could be because none of these studies detected c-KIT amplifications or 

activating mutations in the samples (Jeng et al., 2000). In a recent sequencing study, KIT 

amplification was detected in 3.8% of samples (Hou et al., 2020). In addition, a single 

study analysing only eight ACC samples reported a potential gain-of-function mutation 

in exon 11 in seven of the samples, suggesting KIT could be involved in the pathogenesis 

of ACC (Vila et al., 2009). However, Lee et al concluded that c-KIT positivity was not 

correlated with ACC recurrence or prognosis (S. K. Lee et al., 2012). 

 

VEGF is critical for angiogenesis, and a study of 80 surgically resected ACC and 20 normal 

SG samples showed that high VEGF expression is significantly correlated with clinical 

stage, tumour size, vascular invasion, recurrence and metastasis (P < 0.05, Cox’s 

proportional hazards model), making VEGFR an ideal therapeutic target for ACC (J. Zhang 

et al., 2005). Axitinib was tested in 33 patients and reported 3 (9.1%) partial responses 

and 25 (75.8%) patients with stable disease (NCT01558661) (A. L. Ho et al., 2016). 

Furthermore, a recent report identified that axitinib significantly prolonged stable 

disease compared to an observation group (NCT02859012) (Keam et al., 2020). 

Lenvatinib has been tested in two clinical trials (NCT02860936 and NCT2780310) and 

reported very similar results with 11.5% and 15.6% of patients having partial responses 

respectively and 76.9% and 75% of patients with stable disease (Locati et al., 2020; 

Tchekmedyian et al., 2018). A phase 2 study of apatinib had very striking results 

compared to other VEGFR inhibitor trials with a reported response rate of 47.1% and 

stable disease in a further 51% of patients (G. Zhu et al., 2018). This suggests that 

targeting VEGFR could be relatively effective in ACC. 
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EGFR is highly expressed in approximately 50-60% of cases, however activating 

mutations have only been reported for 1.4% of cases (S. K. Lee et al., 2012; Saida et al., 

2018). Therefore, it is not surprising that EGFR inhibitors have not shown much promise 

in clinical trials. A phase 2 gefitinib trial (NCT00509002) of 18 ACC patients reported only 

1 stable disease outcome (Jakob et al., 2015). However, a phase 2 lapatinib trial 

(NCT00095563) of 19 patients reported 15 (79%) with stable disease of which 4 were 

stable for over 6 months (Agulnik et al., 2007). Neither trial reported partial responses. 

Moreover, in a study detecting EGFR pathway mutations, RAS family mutations were 

present in 14.3% and were significantly associated with lower overall survival (P = 0.024) 

(Saida et al., 2018). Mutations in KRAS, located downstream of EGFR, are known to 

confer resistance to EGFR targeted therapies in other cancers, therefore RAS genes may 

be better therapeutic targets in ACC opposed to EGFR (Boeckx et al., 2013). 

Unfortunately, in the completed EGFR inhibitor clinical trials, RAS mutation status was 

not examined. There are currently trials on-going of EGFR inhibitors in combination with 

chemotherapeutic agents or immune checkpoint inhibitors that may be more effective.  

 

The FGF signalling pathway is highly upregulated in ACC, with 4-12% of ACC samples 

harbouring FGFR activating or enhancing mutations. Amplifications of FGFR1 and 2 have 

been detected in patient samples, furthermore FGFR2 is known to be a downstream 

effector of MYB, and the FGFR1 ligand, FGF2, is also upregulated by MYB (Andersson et 

al., 2017; J. S. Ross et al., 2014; Stephens et al., 2013). Whilst no single FGFR inhibiting 

agents have been tested in the clinic, multi-targeting TK inhibitors have been trialled 

that inhibit FGFR but with little response. 

 

High copy number gain, amplification and general over-expression of c-MET has been 

reported to promote tumour growth, invasiveness and metastasis in a number of 

cancers such as breast, colorectal and lung (Christensen et al., 2005). 

Immunohistochemical (IHC) analysis of 200 archived ACC patient samples identified 

strong c-MET expression in 53.2% of cases, however expression did not correlate with 

clinicopathologic parameters or patient overall survival (Bell et al., 2015). Although, 

despite this, it could still be a potential drug target and deserves further investigation. 



 41 

There are currently no single c-MET targeted clinical trials on-going, although it is 

targeted by some multi-TK inhibitors in the clinic.  

 

Neurotrophic TKs (NTRKs) play important roles in neurogenesis, embryonic pluripotent 

stem cell survival, and migration (Castellanos et al., 2002; E. J. Huang & Reichardt, 2001; 

Pyle et al., 2006). TrkC (NTRK3) is highly expressed in ACC, with expression levels up to 

100 fold higher in 17 out of 18 ACC samples when compared to normal tissue controls, 

although all samples had wild-type NTRK3 lacking activating mutations (Ivanov, 

Panaccione, Brown, et al., 2013). The TrkC ligand NT-3 was also expressed in ACC, 

suggesting an autocrine signalling loop. Directional migration abilities observed in co-

culture assays of Schwann cells and the ACC cell line SACC-83 were inhibited when 

treated with the TrkC inhibitor, AZD7451, suggesting a mechanism of neural attraction 

and invasion (H. Li et al., 2019). It is important to note that the SACC-83 cell line is not 

acknowledged as a validated cell line (see 1.6.1). Furthermore, in vivo assays 

demonstrated that AZD7451 reduced tumour growth in two ACC PDX models (Ivanov, 

Panaccione, Brown, et al., 2013). This demonstrates that NTRK inhibitors could be 

promising therapeutic targets for ACC treatment. There is an ongoing basket clinical trial 

currently recruiting ACC patients targeting TrkA (NCT03556228), however TrkC 

inhibitors are yet to be tested. 

 

It has also been reported that targeting certain TK pathways inhibits MYB/MYB-NFIB 

oncogenic effects in ACC and promotes cell differentiation (Andersson et al., 2017). 

Andersson et al identified in ACC PDX-derived in vitro cultures that IGF1R specifically 

regulates MYB/MYB-NFIB expression regardless of the MYB activation mechanism, in an 

AKT-dependent manner. MYB-NFIB knockdown downregulated over 50% of the same 

genes as IGF1R inhibition, indicating that the oncogenic transcriptional program induced 

by MYB-NFIB can be reversed by inhibition of IGF1R. Despite these findings, single 

treatment of the IGF1R inhibitor linsitinib did not inhibit tumour growth in two ACC PDX 

lines. Only the combined treatment of linsitinib, gefitinib (EGFR inhibitor) and crizotinib 

(MET inhibitor) significantly inhibited tumour growth in both PDX models, although did 

not induce apoptosis. Furthermore, the triple TK inhibitor combination in vitro reduced 

proliferation synergistically, suggesting crosstalk between EGFR and MET. This triple 
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targeted combination could be an effective therapy in the clinic, despite not inducing 

apoptosis in PDX studies, as currently there are no available targeted treatments for ACC 

patients. However, multi-targeted combination therapies may induce excess toxicity, so 

perhaps identifying a single drug that targets both IGF1R and MET may be more effective 

and tolerable for patients. 

1.5.4. Epigenetic modification 

Epigenetic processes and modifications induce changes in gene expression without 

altering the DNA sequence. It has been reported that 35% of ACC tumours possess 

mutations linked to epigenetic modifications such as histone acetyltransferase and 

methyltransferase activity, the SWI/SNF chromatin regulator complex and chromatin 

remodelling (A. S. Ho et al., 2013). Histone acetyltransferase and deacetylase are key 

regulators of gene transcription by altering histone structure. A phase 2 clinical trial 

testing the histone deacetylase (HDAC) inhibitor, vorinostat, in 30 ACC patients reported 

partial responses in 2 patients, with response durations of 53 and 7.2 months, and 

progression in 1 patient (NCT01175980) (Goncalves et al., 2017). However, both 

responses were detected late into therapy, after 8 and 10 cycles. Both responders had 

mutations in methyltransferases (KMT2A and KTM2E), bromodomain (BRD) proteins 

(BRD1 and BRD3), and members of the SWI/SNF chromatin regulator family (SMARCA2). 

Alternatively, the patient who had disease progression possessed an activating NOTCH1 

mutation, suggesting a high-grade ACC with NOTCH signalling dependency. However, as 

only a small number of samples were sequenced it cannot be claimed that the presence 

of these mutations are the reasons for vorinostat response or resistance. There is 

currently an on-going combination phase 2 trial investigating the HDAC inhibitor 

chidamide with chemotherapy (NCT03639168). 

 

As explained, the MYB-NFIB translocation brings NFIB-flanking super-enhancers into 

close proximity to the MYB locus, and MYB protein binds to these super-enhancers 

creating a positive feedback loop sustaining MYB expression. Drier et al identified that 

these super-enhancers have high occupancy of the transcriptional co-activator extra 

terminal (BET) bromodomain (BRD) protein BRD4 (Drier et al., 2016). BRD4 is a global 

regulator of gene transcription and plays an important role in transcription initiation and 
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elongation by recruiting the positive transcription elongation factor (P-TEFb) to 

acetylated chromatin, which in turn activates RNA polymerase II (Yang et al., 2005). 

BRD4 is a druggable epigenetic target, and BET inhibitors have been reported to 

suppress MYB function in AML and suppress the activity of super-enhancers with high 

BRD4 occupancy (Roe et al., 2015). Therefore, Drier et al treated ACC PDX models in vivo 

with the BRD inhibitor JQ1. However, although grade II ACC tumour growth was reduced 

compared to the vehicle treated mice, along with a decrease in MYB and MYB target 

gene expression, grade III ACC tumours did not respond to BET inhibition. Drier et al 

reported that MYB coordinates distinct regulatory programmes in differing cell lineages 

by binding to different enhancers; cooperating with TP63 in myoepithelial cells and 

NOTCH in luminal epithelial cells. High grade ACC has the highest proportion of solid 

growth and has a higher proportion of luminal cells compared to lower grades. 

Therefore, these results suggest that that low-grade ACC is sensitive to BRD inhibition 

and that high-grade tumours with a higher proportion of solid growth may be more 

sensitive to Notch inhibitor intervention. 

1.5.5. Immunotherapy 

Immunotherapy is a type of targeted therapy that promotes the patients immune 

system to attack cancer cells by promoting the recognition of cancer cells, and 

enhancing immune responses to aid cancer cell elimination. There has been one report 

investigating the immunologic profile of ACC tumours studying 28 primary and 

metastatic ACC samples, focussing on infiltrating immune cells and the immune 

checkpoint blockade PD-1 pathway (Sridharan et al., 2016). Of the 28 primary and 

metastatic samples, PD-L1 and PD-1 expressing infiltrating immune cells were detected 

in 45% of samples, and PD-L2 expression in 65.4% of tumour samples. PD-L2, like PD-L1, 

also binds to the PD-1 receptor and decreases T-cell proliferation and cytokine 

production, promoting immune tolerance and evasion. Therefore, this study suggests 

that a high proportion of ACC cases could be responsive to PD-L1 targeted therapy. 

However, a more recent study compared the immune microenvironment of 20 primary 

and metastatic ACC patient samples to 10 other cancer types, including urothelial 

carcinoma and breast cancer that are currently treated with immune checkpoint 

therapies in the clinic (Linxweiler et al., 2020). RNAseq identified universally low 
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expression of T cell checkpoints in the ACC samples suggesting that checkpoint 

inhibitors, such as anti-PD-1 monotherapy, would not be effective. Linxweiler et al 

suggest that ACC has an immune “cold” microenvironment due to T cell exclusion and 

comparably higher levels of immunosuppressive myeloid-derived suppressor cells and 

M2-polarised tumour-associated macrophage populations. This indicates that a 

potential immunotherapeutic approach for ACC would be to make the tumours more 

immune “hot” by using vaccines or immune agonists.  

 

There are currently six ongoing PD-1 targeting clinical trials; two of which are in 

combination with VEGFR inhibitors, one in combination with the anti-MYB vaccine 

TetMYB and one in combination with another immune checkpoint pathway inhibitor 

targeting CTLA4, Ipilimumab. The only published results for ACC treatment with a PD-1 

inhibitor are from a phase 1 study treating 26 patients with SG carcinoma, only two of 

which were ACC patients. For this trial, 3 partial responses were reported however none 

were ACC (Cohen et al., 2018). Therefore, anti-PD-1 therapy in combination with other 

targeted therapies may be more effective for ACC than anti-immune checkpoint agents 

alone. 
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Table 1-2 Completed and on-going targeted therapy clinical trials for ACC 

Target(s) Drug(s) NCT no. Phase Status No. of 

patients 

Partial 

response  

Stable 

disease  

Abl, Scr TKs Dasatinib NCT00859937 2 C 40 1 (2.5%) 20 (50%) 

Akt MK2206 NCT01604772 2 C 16 0 13 (81.25%) 

c-KIT, PDGFR, VEGFR3, FGFR Dovitinib NCT01524692 2 C 34 2 (5.9%) 22 (64.7%) 

c-KIT, PDGFR, Abl Imatinib NCT00045669 2 C 10 0 2 (20%) 

c-KIT, PDGFR, Abl + chemo Imatinib + Cyclophosphamide NCT01046487 1 C (-R)    

c-KIT, PDGFRß, FLT3, 

VEGFR2 

Sunitinib NCT00886132 2 C 13 0 11 (84.6%) 

EGFR Gefitinib NCT00509002 

NCT00068497 

2 

2 

C 

C (-R) 

18 0 1 (5.55%) 

EGFR2 Rivoceranib NCT04119453 2 R    

EGFR + EGFR Erlotinib + cetuximab NCT00397384 1 C (-R)    

EGFR + EGFR +/- VEGFR Erlotinib + cetuximab +/- Bevacizumab NCT00101348 1/2 C (-R)    

EGFR + HER2 Lapatinib NCT00095563 2 C 19 0 15 (79%) 

HDAC Vorinostat NCT01175980 2 C 30 2 (6.66%) 27 (90%) 

HDACi + chemo Chidamide + cisplatin NCT03639168 2 R    

HER2 Trastuzumab NCT00004163 2 C (-R)    
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HER2 Trastuzumab + IL-12 NCT00004074 1 C (-R)    

HER2 + chemo Thalidomide + Docetaxel NCT00049296 1 C (-R)    

HER2 + FTase Trastuzumab + Tipifarnib NCT00005842 1 C (-R)    

HPV16 E6 and E7 Vaccine therapy NCT00019110 1 C (-R)    

HSP90 Alvespimycin hydrochloride NCT00089362 1 C (-R)    

mTOR Everolimus NCT01152840 2 C 34 0 27 (79.4%) 

mTOR + EGFR Everolimus + cetuximab NCT01627194 1 C (-R)    

mTOR + TNFa, VEGF, FGF Everolimus + Lenalidomide NCT01218555 1 C 36 5 (13.8%) 24 (66.7%) 

MYB + PD-1 TetMYB + BGB-A317 NCT03287427 1 R    

NOTCH AL101 NCT03691207 2 R    

NOTCH CB-103 NCT03422679 1/2 R    

Oncolytic virus + PD-1 Talimogene laherparepvec (TVEC) + 

Nivolumab 

NCT02978625 2 R    

PD-1 + CTLA-4 Nivolumab + Ipilimumab NCT02834013 

NCT03146650 

2 

2 

R 

A 

   

PD-1 Pembrolizumab NCT02054806 1b A    

PD-1 Pembrolizumab +/- radiation NCT03087019 2 A 10/arm  7 P (70%) 

5 P+RT (50%) 

PRMT5 PRT543 NCT03886831 1 R    

PRMT5 GSK3326595 NCT02783300 1 R    
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A = active, C = completed, C (-R) = completed results not published, R = recruiting  

 

Protease Nelfinavir NCT01065844 2 C 11 0 7 (63.6%) 

Proteasome (20S) + chemo Bortezomib + doxorubicin NCT00077428 2 C 21 0 15 (71%) 

RAR Tretinoin (All-trans retinoic acid) NCT03999684 

NCT04433169 

2 

2 

A 

R 

   

TrkA VMD-928 NCT03556228 1 R    

Vascular targeting peptide + 

TNFa 

NGR-TNF NCT00098943 1 C (-R)    

VEGFR Apatinib NCT02775370 

NCT04119453 

2 

2 

C 

R 

59 28 (47.1%) 30 (51%) 

VEGFR Axitinib NCT02859012 

NCT01558661 

2 

2 

A 

C 

30 

33 

1 (3.33%) 

3 (9.1%) 

29 (96.6%) 

25(75.8%) 

VEGFR Lenvatinib NCT02780310 

NCT02860936 

2 

2 

C 

C 

32 

26 

5 (15.6) 

2 (11.5%) 

24 (75%) 

20 (76.9%) 

VEGFR2, c-MET Cabozantinib NCT03729297 2 C 17 Closed due to toxicity 

VEGFR, RET, Raf-1, c-KIT Regorafenib NCT02098538 2 A 38 0 17 (44.7%) 

VEGFR2 + chemo Semaxanib + paclitaxel NCT00005647 1 C (-R)    

VEGFR + PD-1 Axitinib + Avelumab NCT03990571 2 R    

VEGFR + PD-1 Lenvatinib + Pembrolizumab NCT04209660 2 R    
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1.6. ACC pre-clinical models 

Molecular and therapeutic studies of ACC have been complicated by the differences in 

diagnosis and characterisation, the rarity of tumours and the lack of bona fide ACC cell 

lines (Nagel et al., 1999; Zhao et al., 2011). Genetic profiling of six commercially available 

cell lines identified cross contamination with HeLa and T24 bladder cancer cells, and two 

lines were identified to be of rodent not human origin (Phuchareon et al., 2009). To-

date, there are no validated SG ACC cell lines available from the American Type Culture 

Collection (ATCC), and there is a need for the establishment of novel ACC preclinical 

models to accurately predict therapeutic responses. More generally, in research a large 

number of compounds fail phase 2-3 studies resulting in a discrepancy between pre-

clinical results and patient outcomes. This is partly due to poor pre-clinical models failing 

to represent tumour and patient heterogeneity. Patient-derived xenografts (PDXs) and 

patient-derived organoids (PDOs) are proving to be translational models bridging the 

gap between preclinical and patient studies. A comparison between 2D, 3D and PDX 

preclinical models is summarised in Table 1-3. 

1.6.1. ACC cell lines 

As mentioned, to-date there are no validated ACC cell lines commercially available. One 

proposed cell line is SACC-83, that has been used in a number of in vitro ACC studies (H. 

Li et al., 2019; Sha et al., 2019; Shan et al., 2016; Xu et al., 2019). This line was derived 

from the adenoepithelial cells of a female patients sublingual gland (L. Wang et al., 

2013). A limitation of this cell line is that SACC-83 does not express high levels of MYB, 

and studies using this line to model ACC often overexpress MYB via lentiviral 

transduction so MYB regulation does not mirror mechanisms observed in the clinic (Xu 

et al., 2019). SACC-83 is not acknowledged as a validated cell line.  

 

A very recent, promising ACC-derived cell line has been established by Warner et al, UM-

HACC-2A (Warner et al., 2019). This line took eight years to successfully establish and 

validate, however is yet to be made commercially available. Culture conditions included 
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fibronectin-coated plates and the addition of 1% bovine brain extract (BBE), described 

to provide “critical” neural factors for ACC growth and survival. Although, as BBE is an 

unspecified mixture of cytokines and growth factors, further studies could aid the 

specific identification and characterisation of ACC growth requirements and 

dependencies. Furthermore, MYB expression was significantly reduced until passage 20, 

and the reason for this is unknown. The length of time to establish this single ACC cell 

line highlights the need for alternative ACC pre-clinical models and the lack of MYB 

expression in early passages draws attention to the difficulty in accurately modelling 

ACC patient tumours.  

1.6.2. Patient-derived xenografts 

PDXs are preclinical in vivo models where fragments of patient tumours are engrafted 

into immunocompromised mice. Engrafted tumours grow recapitulating the primary 

patient tumour by maintaining molecular characteristics, tumour histology and 

heterogeneity, including maintenance of CSC populations. As only a small volume of 

patient tumour is originally implanted, it may not represent the heterogeneity of the 

whole tumour, therefore often PDX lines are generated from biopsies from multiple 

regions of the patient tumour. 

 

A key study by Toolan et al proved that it was possible to grow human tumour cells in x-

irradiated mice and rats, and subsequent trials demonstrated that suppressing the 

immune system increased tumour proliferation and implant success rate (Phillips & 

Gazet, 1970; Toolan, 1953). This prompted the generation of modified immune-

deficient mice such as the NOD/SCID/IL2Rcnull (NSG) mouse, enabling the 

establishment of PDX models (Shultz et al., 2005).  

 

PDX lines have now been established for a large range of cancer types, including breast, 

colorectal, lung and ovarian (Figure 1-5) (Bruna et al., 2016; Cutz et al., 2006; E. George 

et al., 2017; Guenot et al., 2006).  There are currently a number of PDX initiatives such 

as the EurOPDX collection, which is an extensive collection of over 1,500 subcutaneous 

and orthotopic models from more than 30 different pathologies, collated from 16 

European academic institutions (Byrne et al., 2017). These large biobanks improve the 
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diversity of tumours modelled for each cancer type at the epidemiological and molecular 

levels. As PDX models increase the amount of tissue available from one patient, they are 

particularly useful models for rare cancer types, such as ACC. The University of Virginia, 

in collaboration with the ACC Research Foundation (ACCRF) have developed over 20 ACC 

PDX models, with 12 available to external research groups for in-house in vivo drug-

sensitivity studies at South Texas Accelerated Research Therapeutics (XenoSTART). Full 

sequencing data are available for 10 models (Moskaluk et al., 2011).  

 

PDXs are used for pre-clinical drug testing, with reportedly similar drug responses as 

those observed in the clinic. Moreover, PDXs have also been utilised to predict therapy 

biomarkers and mechanisms of drug resistance and acquired resistance, and to develop 

regimes to prevent or overcome this. For example, Bertotti et al found concordance 

between the responses to EGFR inhibitor cetuximab in EGFR-amplified CRC PDXs and 

patients in the clinic (Bertotti et al., 2011). They also identified that HER2 amplification 

was a biomarker for cetuximab resistance and that the combination of cetuximab with 

HER2 inhibition resulted in long-lasting tumour suppression in PDXs. This is clear 

evidence that this combined therapy could be very promising in cetuximab-resistant 

patients. Furthermore, Gao et al conducted high-throughput screening using PDXs 

established from the Novartis Institutes for BioMedical Research PDX encyclopaedia 

(NIBR PDXE) to determine population responses to 62 treatments across 6 different 

cancer types (H. Gao et al., 2015). This large-scale screen used the “one animal per 

model per treatment” approach (1 x 1 x 1), that enables modelling of inter-patient 

response heterogeneity. From this study, novel therapies dismissed in cell line in vitro 

screens were reported as sensitive, and responses were similar to those observed in 

patients according to available clinical data. In addition, mechanisms of acquired 

resistance were identified and matched with existing mechanisms reported in the clinic. 

Altogether, there is strong evidence indicating that PDX models are a potential tool to 

improve predictions of patient responses in the clinic. However, as PDX maintenance 

costs are high, an alternative drug screening method has been developed using short 

term PDX-derived 2D cultures. In these studies, PDX tumours are dissociated to single 

cells and grown in a 2D high-throughput format and treated with drug candidates in 

vitro. Based on cell viability results, only the most sensitive therapies ex vivo are 
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confirmed in PDX studies in vivo. This method was utilised by Bruna et al, and they 

reported that 82.5% of PDX-derived 2D drug responses were recapitulated when 

repeated in PDXs in vivo (Bruna et al., 2016). 

 

An important consideration for assessing outcomes from PDX drug sensitivity studies 

conducted at a range of institutions is that there should be standardized methods and 

defined quantitative assessment to ensure reproducibility and enhance extrapolation to 

clinical settings. Recently, clinical Response Evaluation Criteria in Solid Tumours (RECIST) 

has been adapted to suit PDX application, defining “best response” and “best average 

response” and outlining tumour volume cut offs (H. Gao et al., 2015; Therasse et al., 

2000). These allow categorizing responses as either progressive disease, stable disease, 

partial response or complete response and improve predictability of patient outcomes 

from PDX studies.  

 

PDXs are mostly subcutaneous implants, however, orthotopic transplantation at the 

physiological site of tumour origin can lead to local invasion and metastasis similar to 

the disease progression observed in patients (Dai et al., 2015; Hoffman, 2015). 

Furthermore, the stroma may be different at the orthotopic site compared to the 

subcutaneous site, more accurately modelling the primary tumour by mimicking the 

native tumour microenvironment. However, these models are more technically 

challenging in terms of micro-surgical engraftment and, depending on the engraftment 

site, monitoring tumour progression. Therefore, the majority of studies use 

subcutaneous engraftment. The issue of whether subcutaneous or orthotopic 

implantation affects drug responses has not been determined. It is probable that 

therapies targeting tumour microenvironment components or inhibiting metastatic 

spread would be more accurately recapitulated in orthotopic PDXs, whereas therapies 

targeting oncogenes and genetic driver mutations would be less dependent on 

anatomical engraftment site.  

 

Although there is evidence that PDXs overcome the issues of maintaining the phenotypic 

and genomic characteristics of patient tumours, accurately predicting drug responses 

and predicting mechanisms of drug resistance, some limitations must still be addressed:  
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Firstly, early passage PDX models maintain tumour-stromal interactions, vasculature 

immune cells and fibroblasts, however with increasing passages the human stroma is 

replaced by murine stromal components. This raises the question as to whether PDXs 

are appropriate models for some therapies targeting microenvironmental processes and 

although most murine cytokines or growth factors are able to cross-react with human 

receptors expressed by the tumour, it is not always the case such as for HGF ligand and 

MET receptor (Brodeur et al., 2009; Mestas & Hughes, 2004). In addition, as the mice 

used are immune-deficient to prevent tumour rejection, they cannot currently be used 

to assess immunotherapies. This is beginning to be addressed by the development of 

humanised mice (human haemato-lymphoid chimeric mice and human immune system 

(HIS) models). These are immunocompromised mice in which selected immune 

components have been introduced (usually haematopoietic stem cells, peripheral blood 

mononuclear cells or tumour infiltrating lymphocytes), generating mice with a human 

immune system with different degrees of immune activity (Byrne et al., 2017). These 

models are relatively novel and have already been used to study immune checkpoint 

inhibitors and oncolytic viruses (Tsoneva et al., 2017; Zheng et al., 2018). However, the 

development of humanised mice with immune cells and tumour sample from the same 

patient would enable more accurate modelling of personalised treatment and disease 

progression whilst avoiding immune reactions caused by human leukocyte antigen 

mismatch (Kooreman et al., 2017). 

 

Secondly, it has been reported that tumour growth rate increases with PDX passage and 

that there is a significant correlation between PDX passage and high-grade tumour 

features, as identified in three head and neck squamous cell carcinoma PDXs and one 

ACC PDX (A. T. Pearson et al., 2016). This suggests that clonal selection occurs over 

increasing passage, selecting for the most proliferative cell types. Other studies do not 

report this observation, with a study of breast cancer explants preserving the 

morphological and molecular characteristics of the primary tumours throughout serial 

passaging (Bruna et al., 2016). However, it is generally advised that translational 

research should be conducted on PDXs at lower passages to reduce the risk of variation 

from the original patient tumour, although this may be impractical due to tissue 

availability and time taken for tumour growth.  
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Finally, another drawback of PDX models is that continuous passaging and line 

expansion is time consuming with high maintenance costs. This makes large scale 

studies difficult for individual institutions, hence the development of large PDX 

initiatives promoting collaboration in this research area. However due to expense, PDXs 

are mainly used to confirm sensitivities identified from drug screening in alternative pre-

clinical models, such as 2D cultures or 3D patient-derived organoids (PDOs).  

1.6.3. 3D organoids 

Alternative patient-specific in vitro pre-clinical models increasingly used to predict drug 

responses are primary cell 3D organoids. Over the last decade major strides have been 

made in in vitro 3D organoid establishment and culture. Organoids are defined as 

isolated embryonic or adult stem cells able to differentiate, proliferate and self-organise 

into 3D structures resembling the tissue of origin. Initial research into 3D culture was to 

generate organoids from normal tissues. All organ and tissue types have specific growth 

requirements and dependencies which are required in culture to recapitulate the tissue 

of origin. The first adult stem cell-derived organoids reported were established from 

Lgr5+ mouse intestinal stem cells and grown in culture conditions mimicking the 

intestinal niche; plated in a basement membrane and culture medium optimised with 

specific growth factors required for proliferation and differentiation to form structures 

resembling the intestinal epithelium (Sato et al., 2009). Since this key publication, 

organoids have been established for a number of normal tissues including colon, liver, 

prostate and fallopian tube (Chua et al., 2014; Huch et al., 2015; Karthaus et al., 2014; 

Kessler et al., 2015; Sato et al., 2011). Two studies to date have demonstrated the use 

of murine normal SG organoids to restore function in vivo, and these studies have 

defined specific medium requirements to culture functional SG organoids (Maimets et 

al., 2016; Nanduri et al., 2014). 

 

Tumour-organoids have also been established for a number of human cancers, derived 

from patient tumour samples. These are isolated patient-derived cancer cells grown in 

a 3D matrix with the capacity to proliferate and differentiate into “mini-tumours”. These 

cancers include breast, lung, ovarian, and prostate and are summarised in Figure 1-5 
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(Drost et al., 2016; D. Gao et al., 2014; Hoffmann et al., 2020; Kopper et al., 2019; Sachs 

et al., 2018, 2019). However, whilst normal murine SG organoids have been developed, 

the culture of SG tumour-derived organoids are a novel area of investigation. To date, 

all tumour organoids established are derived from epithelial tumours, so cannot yet be 

used to model cancers such as leukaemia or lymphoma for which PDX models have been 

established (Chapuy et al., 2016). 

 

Organoid lines are thoroughly tested to confirm that they accurately recapitulate the 

patient tumour from which they are derived. For example, Sachs et al established a 

library of 95 primary and metastatic breast cancer organoid lines, achieving a success 

rate of 61.3%, and for each compared tumour histopathology, grade and hormone 

receptor status. Furthermore, copy number variations and mutational signatures were 

consistent between tumour samples and matching derived organoid lines and this was 

maintained following long term expansion (Sachs et al., 2018). However, Fujii et al 

established 54 CRC PDOs and reported that microsatellite unstable CRC organoid genetic 

and cellular heterogeneity are modified with continual passage, therefore genetic 

stability should be investigated routinely following passages to ensure reliability of 

research (Fujii et al., 2016). In addition, clonal expansion from single cells could maintain 

tumour heterogeneity representation. Studies such as these have led to the generation 

of living organoid biobanks. These are repositories of a large number of organoid lines 

representing a diverse range of cancer types and reflecting the diversity of subtypes 

observed in the clinic. Each organoid line is well characterised and has been expanded 

long-term and cryopreserved ensuring accessibility, sample viability and proliferative 

capacity, as well as being cost effective. These biobanks are particularly useful for rare 

cancer types for which stable cell line generation is challenging.  

 

Organoids have been utilised to investigate a range of factors. Fujii et al identified the 

optimum niche factor requirements for CRC PDO growth, for organoids harbouring 

differing mutations (Fujii et al., 2016). They reported that CRC organoids carrying 

mutations in APC, CTNNB1 and TCF7L2 could grow in the absence of Wnt activators, and 

that samples harbouring mutations in both KRAS and the PI3K pathway were EGF 
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independent. These findings demonstrate how organoids can be used to study the 

interaction between tumour mutational profiles and the tumour microenvironment.  

 

PDOs can be applied to drug screens and used to validate drug sensitivities identified 

from patient-specific genomic sequencing. The Rubin lab (Cornell) have established 

organoids for 38.6% of patient samples of 17 different tumour origins, and successfully 

designed a high-throughput organoid drug screening method (Pauli et al., 2017). 

Comparison of drug sensitivities between 2D and 3D showed high concordance with a 

Spearman’s rank correlation coefficient of 0.77, validating organoid cultures as a pre-

clinical drug-screening model. Moreover, a phase I/II clinical trial evaluated the clinical 

value of PDOs to predict clinical outcomes in patients in response to anti-cancer therapy 

for CRC or gastroesophageal cancer (Vlachogiannis et al., 2018). Biopsies were collected 

from 71 patients and they reported that the derived organoids displayed 100% 

sensitivity, 93% specificity, 88% positive predictive value and 100% negative predictive 

value when compared to patient clinical responses to targeted and chemotherapeutic 

agents (Fishers exact test, P < 0.0001). This provides promising evidence that organoids 

are clinically relevant drug sensitivity models.   

 

Other applications also include studying mechanisms of metastasis, invasion and 

tumour dormancy (reviewed in Fan et al., 2019). Organoids can also be genetically 

altered using gene editing technologies to study the effects of oncogenic mutations. Two 

studies used CRISPR/Cas9 technology to modify the most commonly mutated genes in 

CRC into normal human intestinal organoids (Drost et al., 2015; Matano et al., 2015). 

Drost et al concluded that combined loss of APC and P53 induces extensive aneuploidy 

and chromosome instability. CRISPR/Cas9 technology was also used to demonstrate the 

multiple key driver mutations in pancreatic ductal adenocarcinoma (PDAC) that induce 

niche independence during tumorigenesis (Seino et al., 2018). These studies are 

examples of how organoid gene editing methods can be used to study genetic 

mechanisms of cancer initiation and progression.  

 

A limitation of organoid models is that they cannot mimic tumour vasculature, stroma, 

or incorporate an immune component. However, in order to address these issues, co-

culture organoids are a growing area of research. Co-culture systems have been 
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developed to investigate immunotherapy responses and to generate tumour-reactive T-

cells. Dijkstra et al co-cultured autologous CRC or lung cancer organoids and peripheral 

blood lymphocytes isolated from matching patient blood samples (Dijkstra et al., 2018). 

Tumour-reactive T-cells with patient-specific immunogenic mutations were expanded 

when grown in the co-culture organoid system and had the ability to recognise and kill 

the autologous tumour organoids, proving organoids can be used to support T-cell-

based therapies. Furthermore, developments are being made using co-culture models 

to investigate tumour-stroma interactions. Öhlund et al isolated murine pancreatic 

stellate cells which differentiate into cancer-associated fibroblasts (CAFs) (Öhlund et al., 

2017). They found that co-culture of these CAFs with murine PDAC organoids mimicked 

desmoplastic stroma, and that CAFs differentiate into two distinct subgroups. In 

addition, Seino et al found that PDAC tumours were dependent on Wnt signalling for 

proliferation when co-cultured with CAFs, identifying that CAFs provide a Wnt niche for 

PDAC tumour growth (Seino et al., 2018). These studies highlight the importance of CAFs 

in the tumour microenvironment promoting tumorigenesis. However, further 

development is needed to model tumour vasculature interactions and potentially to 

model multiple microenvironmental factors together to more accurately recapitulate 

the patient tumour native microenvironment.   

 

Overall, organoids are a growing area of translational research. There are 68 projects 

registered on ClinicalTrials.gov (as of 5th December 2020) covering a range of study 

aims; including organoid line establishment, patient response correlations, drug 

screening including T-cell immunotherapies and cancer progression investigations. They 

are a useful tool particularly for rare cancer subtypes and, like PDXs, are beginning to 

bridge the gap between pre-clinical and clinical studies, particularly with co-clinical 

trials. 
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Figure 1-5 Pie chart depicting the different cancer types for which patient-derived tumour 
xenografts and organoids have been established. 

Taken from (Bleijs et al., 2019). 

 

 

Table 1-3 Comparison between 2D, 3D and PDX pre-clinical models 

Feature Cell lines Organoids PDX models 

Generation efficiency - 30-80%  17-72% 

Tumour tissue source Surgical biopsies 

or PDX tissue 

Surgical biopsies 

or PDX tissue 

Surgical biopsies 

Retention of heterogeneity No Yes Yes 

Generation time 1 week 2-12 weeks 4-12 months 

Passage efficiency High High Low 

Genetic manipulation Yes Yes No 

Immune components No In development In development 

High-throughput drug screening Yes Yes No 

Cost Low Middle High 
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1.7. Aims of research 

It is clear from reviewing the literature that there is a need for novel targeted 

therapeutic strategies for ACC. However, pre-clinical research would be greatly 

propelled by the generation of improved in vitro ACC models, which could be applied to 

both drug sensitivity assays and utilised to identify drivers of and niche requirements for 

ACC growth.  

  

Therefore, the aims of this studentship were to: 

a) Identify potential therapeutic targets from the genomic and transcriptomic 

analyses of ACC patient tumours 

b) Optimise and establish relevant PDX-derived preclinical models in both 2D and 

3D conditions 

c) Use these models to identify novel therapeutic options for ACC, to confirm these 

in vivo and identify potential therapeutic biomarkers to demonstrate therapeutic 

efficacy. 
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2. Materials and methods 

2.1. Patient samples 

2.1.1. Sample collection 

Fresh tumour tissue from radiologically-guided percutaneous needle biopsies were 

obtained from 12 patients at The Royal Marsden acquired under ethical approval. 

Matched peripheral blood samples were also acquired from all patients. All stored 

samples are recorded under the Human Tissue Act.  

2.1.2. Patient sample RNA sequencing and whole exome sequencing 

Sequencing was conducted by the Tumour Profiling Unit (TPU). Briefly, DNA and RNA 

were extracted from frozen sections of primary tumours using the AllPrepTM DNA/RNA 

Micro kit (Qiagen). DNA exome sequencing followed the SureSelectXT Target 

Enrichment Kit (Agilent). Total RNA was ribosomal RNA depleted using the Ribo-Zero 

rRNA Removal Kit (Illumina), prior to library preparation using the NEB Next Ultra 

Directional RNA Library Prep Kit for Illumina (New England Biolabs). Both DNA and RNA 

were sequenced using the HiSeq 2500 system (Illumina). Each sample required a 

sequencing depth of 50 x 106 reads and 2 x 100 cycles. DNA extracted from matched 

peripheral blood samples were also sequenced to identify germline mutations.  

 

RNAseq data was mapped to Genome Reference Consortium Human Build 37 (GRCh37). 

Differential gene expression of the ACC samples was normalised in two different ways. 

Firstly, all ACC samples were normalised to published raw sequencing data from 5 

normal salivary gland samples (Bell et al., 2016). Secondly, each ACC sample was 

normalised to the sample SG0043, acinic cell carcinoma of the salivary glands. This 

sample was chosen as there was a previous project within the Swain laboratory to 

establish PDX lines from multiple SG cancer subtypes, however SG0043 was the only 

successful line that was not of ACC origin. Acinic cell carcinoma is thought to be driven 

by the transcription factor NR4A3, that is activated via a translocation to the SCPP gene 
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cluster resulting in SCPP super-enhancer hijacking (Haller et al., 2019). Importantly, 

aberrant MYB expression is not a hallmark of acinic cell carcinoma. Enrichr was used for 

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of differentially 

expressed genes (DEGs) (E. Y. Chen et al., 2013; Kuleshov et al., 2016).  

2.2. Patient-derived xenograft line establishment 

2.2.1. PDX line establishment 

Primary patient tumour samples were implanted subcutaneously onto both flanks of 

female 6-8-week-old CD1 nude (Crl:CD1-Foxn1nu) mice. Tumour fragments were 

passaged to new mice when they reached 1000 mm3, calculated as (width2 x length)/2. 

At each passage one snap-frozen, one formalin- or 4% paraformaldehyde (PFA)-fixed 

and one viable frozen sample in DMSO was taken for reference. Additionally, samples 

were also stored to produce single cells for downstream experiments. 

 

Re-establishment of all lines was required in 2018, three years after initial implantation 

due to Corynebacterium bovis (C. bovis) infection. SG0028, 36 and 37 lines were re-

established via single cell injections. Briefly, 1 x 106 PDX-dissociated single cells (without 

mouse depletion) were mixed with 50% Matrigel® Basement Membrane Matrix 

(Corning®) in 100 µL volumes and injected into each flank of 6-8-week-old NSG mice 

(NOD.Cg-PrkdcSCID Il2rgtm1Wjl/SzJ).  

2.2.2. Orthotopic PDX model engraftment 

Single SG0032 tumour fragments, approximately 5 mm3, were implanted into the 

submandibular gland of 6-8-week-old CD1 nude mice. Tumour growth was monitored 

and when reaching a volume of 1000 mm3, SG0032 was passaged once. On tumour 

harvest the submandibular gland, lungs, and liver were dissected and fixed in 10% 

formalin for histological analysis.  
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2.2.3. PDX line validation 

For samples with either the MYB-NFIB or MYBL1-NFIB translocations, the presence of 

the translocated transcripts in different passage numbers were confirmed via reverse-

transcription polymerase chain reaction (RT-PCR) with primers designed for the 

breakpoint in each sample (see 2.8.1-2.8.3). All custom DNA oligos used in this project 

were ordered from Sigma. 

 

PDX lines were also validated by confirming selected somatic mutations with a high 

variant allele frequency (VAF), or germline mutations where the mutation was at a 

higher VAF than the matching normal sample, chosen from the whole exome 

sequencing (WES) data of the patient samples. DNA was extracted using the DNeasy 

Blood and Tissue kit (Qiagen). Primer design and PCR completion was conducted by 

Mercy Fleming in the Swain laboratory. Each 25 μL reaction was prepared using 1 μL 

template DNA, 1.25 μL of each 10 μM Forward and Reverse primer (Table 2-1) and 0.25 

μL Q5 Hot Start High-fidelity DNA polymerase (NEB) as per the manufacturers protocol.  

The MJ Research PTC-200 Thermal Cycler (Marshall Scientific) was used. The 

amplification program comprised of a denaturation step at 98°C for 30 seconds followed 

by 35 amplification cycles of a denaturation step at 98°C for 10 seconds, an annealing 

step at the optimal temperature specific for the primer pair (Table 2-1) for 30 seconds, 

followed by an elongation step at 72°C for 30 seconds, and a final elongation step at 

72°C for 5 minutes.  

 

PCR products were purified using QIAquick® PCR Purification Kit (Qiagen) and 5 μL of 

each purified DNA product, with 5 μL of the corresponding forward primer (10 mM) was 

sent to Genewiz for Sanger sequencing.  The resulting AB1 files were downloaded and 

viewed using 4Peaks software (Nucleobytes B.V.). The location of the variant was found 

in each sequence and the sample from the tumour compared to a tumour lacking the 

mutation as a control sequence to confirm the presence of the variant in the tumour. 
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Table 2-1 PDX line mutation confirmation primer pairs 

Sample Gene  Forward primer Reverse primer  Annealing 
temp. (°C) 

SG0027  ELF4 TTCAGCTCCATTCCTCTCGTG GGAAAGAGGCCTGCAAAGTG 66 
SG0027  FANCD2 AGCACCACCTACATGTGTCTC TGACACTTGTTCTGGGAGGTT 65 
SG0028 BRD1 AAACGCTGACCTACGCTCAA CCTCGTCGATCAGAGACTGC 66 
SG0028 RTTN TACTTGACGAGGGGTTTGCG GCATTGCCTGCCTTACCTTTT 65 
SG0032 CREBBP ACCCCAAGGGAGAAGTGTTG TCAGTTGTGACAAAAGCCACC 65 

SG0032 KIT CACATAGCTTTGCATCCTGCC TAGAGCACTCTGGAGAGAGAACA 65 

SG0036 FGA CTTGTCGAGGGTCATGCAGT GAGTTCCAGCTTCCAGCACT 66 

SG0036 HIP1 AGGGGCTCCTAATGACCAGA CTGGACTGAGGCTAAGAGCTG 66 
SG0037 BCL11B TTCTGCGGCAAGACCTTCAA CCCACGTTCTCCATGACCTT 66 
SG0037 WDR45 CTGATCTGGGACGATGCCC GTGTATCTGAGCCCTCTCACC 66 
SG0069 ABL1 GAGTGGAGGTCAGTCACGC GCGACTCAGAGGAGTGCTTG 67 
SG0069 TMPRSS2 GTGGTGTCAGTCCCTCCAAG CCCTAGGAAGCAGGTGCAAT 66 

2.3. PDX tumour and tissue dissociation 

Samples were mechanically minced using a scalpel to approximately 1 mm3. They were 

dissociated in dissociation medium (Table 2-2) for 2 hrs at 37°C on a rotor at 100 rpm. 

Samples were then washed with Phosphate-buffered saline (PBS) with 5 μM Y-27632 

dihydrochloride (Tocris), and red blood cells were lysed (red blood cell lysis solution, 

Sigma). The cells were then trypsinised using 0.05% Trypsin/EDTA for 8 minutes in a 

water bath at 37°C and then treated with DNAse solution (10 units/mL, Roche) with Y-

medium (Table 2-3) at a ratio of 1:1 to prevent cell clumping for 5 minutes. Cell pellets 

were re-suspended in Y-medium, filtered through a 70 μM strainer and counted using a 

haemocytometer.  

2.4. PDX-derived single cell 2D culture 

Following tumour dissociation, 2-3 x 106 single cells were depleted to remove mouse 

stroma using a mouse depletion kit (Miltenyi Biotec, product 130-104-694) via a 

MidiMACSTM separator, as in culture mouse fibroblasts can outgrow human primary 

cells. The depleted cells were counted and plated at 1 x 106 cells per T25 culture flask in 
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6 mL Y-medium. Cells were grown as adherent cultures and when 80% confluent were 

dissociated using 0.25% Trypsin for 10 minutes at 37°C. They were then counted and re-

seeded at 1 x 106 cells per T25. Optimisation of growth conditions is discussed in 

chapters 4 and 5. 

 

Table 2-2 Dissociation medium components 

Reagent Concentration Supplier 

Dulbecco’s Modified Eagle Medium: Nutrient 

Mixture F-12 (DMEM/F12) 

 Invitrogen 

Heat-inactivated Foetal Bovine Serum (FBS) 5% Invitrogen 

Penicillin/Streptomycin 1x ThermoFisher Scientific 

Insulin-Transferrin-Selenium 1x ThermoFisher Scientific 

Human recombinant EGF 10 ng/mL Sigma 

Hydrocortisone 10 μg/mL Sigma 

Collagenase 0.5 mg/mL Sigma 

Hyaluronidase 0.1 mg/mL Sigma 

DNase1 10 units/mL Roche 

Y-27632 dihydrochloride 10 μM Tocris 

 

 

Table 2-3 Y-medium components 

Reagent Concentration Supplier 

Dulbecco’s Modified Eagle Medium: Nutrient 

Mixture F-12 (DMEM/F12) 

 Invitrogen 

Heat-inactivated Foetal Bovine Serum (FBS) 10% Invitrogen 

Penicillin/Streptomycin 1x ThermoFisher Scientific 

L-glutamine 1x ThermoFisher Scientific 

Insulin 5 μg/mL ThermoFisher Scientific 

Hydrocortisone 0.4 μg/mL Sigma 

Human recombinant EGF 10 μg/mL Sigma 

Gentamicin 1 μg/mL Invitrogen 

Amphotericin 0.5 μg/mL ThermoFisher Scientific 

Cholera toxin 8.4 ng/mL Sigma 

Y-27632 dihydrochloride 5 μM Tocris 



 64 

2.5. Organoid establishment and culture 

2.5.1. PDX-derived organoids 

Matrigel Basement Membrane Matrix (growth factor-reduced, phenol red-free, protein 

concentration ≥8.9, Corning) was mixed on ice with freshly dissociated PDX-derived 

single cells in Y-medium at a ratio of 3:1, 10,000 cells per well. 50 μL of the Matrigel/cell 

mix was plated into the centre of each well of a pre-warmed 24-well suspension plate 

(Starstedt). The plate was placed in an incubator to set (37°C, 5% CO2) and after one 

minute the plate was turned upside down to avoid cells settling at the bottom, and left 

for 40 minutes. 0.5 mL organoid medium was added per well and replaced every 3-4 

days. Organoid medium was adapted from published murine SG protocols and 

optimised for the culture of ACC PDX-derived organoids (Table 2-4) (Maimets et al., 

2016; Nanduri et al., 2014). 

2.5.2. Embryonic and adult mouse salivary gland organoids 

Embryonic mice at stage E16.5 were culled, and salivary glands micro-dissected. Adult 

salivary glands were harvested from 15-20-week-old C57BL/6J mice. The salivary glands 

were dissociated to single cells following the same protocol as PDX dissociation, without 

mouse depletion. To plate the murine organoids, 2000 cells were plated per well in the 

same 3:1 Matrigel/Y-media mix as PDX organoids. Mouse salivary gland organoid 

medium is outlined in Table 2-4.  

2.5.3. Organoid imaging 

For high-quality organoid morphology analysis, images were taken at 10x and 20x 

magnification on the EVOS XL Cell Imaging System (ThermoFisher Scientific). 

 

To compare organoid number and size in different culture conditions, organoids were 

imaged and analysed via the ImageXpress Micro Confocal High-Content Imaging System 

at 20x magnification using the MetaXpress® High-Content Image Acquisition and 

Analysis Software. Each well of the 24-well plate was imaged as a grid of 4 by 4 squares, 

with each square producing a compressed image of 26 z-stack projections. Analysis was 
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set to measure organoids greater than 50 μm in diameter. The output for organoid count 

and area were expressed as the average for each square, to take into account organoids 

counted over two squares from image overlay in the grid compressed images. 

 

Table 2-4 Organoid media components 

Reagent Concentration Supplier 

PDX  Mouse 

B27 serum supplement 1x  ThermoFisher Scientific 

N2 serum supplement  1x ThermoFisher Scientific 

Glutamax 1x 1x ThermoFisher Scientific 

HEPES 1x 1x ThermoFisher Scientific 

Penicillin/Streptomycin 1x 1x ThermoFisher Scientific 

Insulin 10 μg/mL 10 μg/mL ThermoFisher Scientific 

Primocin 100 μg/mL  Invivogen 

A83-01 500 nM  Bio-Techne 

Y-27632 dihydrochloride 10 μM 10 μM Tocris 

Recombinant human FGF2 20 ng/mL 20 ng/mL PeproTech 

SB202190 1 μM  Sigma 

Dexamethasone 2 μM 2 μM Sigma 

Human recombinant EGF 20 ng/mL 20 ng/mL PeproTech 

Wnt3a  50 ng/mL PeproTech 

R-spondin  500 ng/mL PeproTech 

2.6. In vitro drug sensitivity assays 

2.6.1. 2D assays 

PDX-derived single cells were plated at a density of 2000 cells/well, and cell line controls 

at 1000 cells/well in 100 μL, in 96-well plates (Cellstar®). Cell line controls were obtained 

in-house (Table 2-5). After 24 hr incubation to allow cells to adhere, cells were drugged. 

Cell line controls were treated for 5 days, whereas PDX-derived single cells were re-

drugged on day 5 and viability determined on day 10.  Cell viability was determined via 

CellTiter Glo® (CTG) (Promega, Southampton, UK). This reagent indicates viability as a 
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measure of metabolically active cells by Adenosine triphosphate (ATP) levels.  Medium 

was removed from the wells and CTG added (diluted 1:4 in PBS). The plate was kept in 

the dark at room temperature for 10 minutes on a shaker before reading using the Victor 

5X luminescent plate reader (Perkin Elmer, Seer Green, UK). Luminescence readings 

were normalised to average of the DMSO control and expressed as the survival fraction 

(SF). Results were plotted as the mean SF +/- standard error (SE) in GraphPad Prism8.  

 
Table 2-5 Control cell line culture conditions 

Cell Line Culture medium 

A375 Dulbecco’s Modified Eagle Medium, 10% FBS, 1x Pen/Strep, 1x Glutamax 

Capan-1 Iscove’s Modified Dulbecco’s Medium, 10% FBS, 1x Pen/Strep, 1x Glutamax 

HCT-116 McCoy’s 5A Medium, 10% FBS, 1x Pen/Strep, 1x Glutamax 

LNCaP RPMI-1640 Medium, 10% FBS, 1x Pen/Strep, 1x Glutamax 

MDA MB 231 Leibovitz’s L-15 Medium, 10% FBS, 1x Pen/Strep, 1x Glutamax 

PC3 RPMI-1640 Medium, 10% FBS, 1x Pen/Strep, 1x Glutamax 

Snu-16 RPMI-1640 Medium, 10% FBS, 1x Pen/Strep, 1x Glutamax 

TOV21G RPMI-1640 Medium, 10% FBS, 1x Pen/Strep, 1x Glutamax, 1x HEPES 

 

2.6.2. 3D assays 

PDX-derived single cells grown in 2D were plated in 96 well plates at a density of 1000 

cells in a Matrigel-media mix (3:1) in 25 μL. The Matrigel was left to set as with normal 

organoid set up. Three days after plating, the organoids were imaged and drugged. 

Serial drug dilutions were made up in organoid medium. On day four of drugging, 

organoids were re-drugged and cell viability measured on day seven of the assay. Cell 

viability was measured using CTG 3D (Promega). Media was gently removed and 50 μL 

CTG was added to the plates diluted 1 in 4 with PBS. The plate was placed in the dark on 

a shaker for 1 hour before being analysed using the Victor 5X luminescent plate reader 

(PerkinElmer). Results were analysed in the same way as the 2D drug sensitivity assays. 
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2.6.3. Drug synergy assays 

Drug combination synergism was determined following the Chou-Talalay constant ratio 

method. In brief, PDX-derived single cells were plated in a 384-well plate at 1000 cells 

per well, in 35 μL. The following day each single agent was drugged in multiples of the 

IC50 concentration, at a constant ratio. Drugs were plated at 4x the desired dose in 17.5 

μL. The single agents were drugged in a grid format (Figure 2-1). Cells were re-drugged 

on day 5 of the assay and cell viability was measured on day 10 via CTG. 

 

Drug synergy was determined using the programme CompuSyn (Version 1) (Ting Chao 

Chou & Martin, 2005). Fractions affected (1-SF) for single agents, and the combination 

in constant ratios were analysed by the programme to determine the combination index 

(CI) values for each dose point. CI results were plotted against the fraction affected (Fa) 

and expressed using a line of best fit +/- SE. 

 

  Drug A 

  0 0.25 x IC50 0.5 x IC50 IC50 2 x IC50 4 x IC50 

Dr
ug

 B
 

0       
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Figure 2-1 Chou-Talalay combination assay plate layout. 

Plate layout for constant ratio Chou-Talalay synergy analysis. Each drug is plated in constant ratios 

of the IC50 doses either vertically or horizontally. The single agent growth curves (the ascending 

concentration of one agent with the DMSO control of the other) were compared to the constant 

ratio addition of both drugs (the doses highlighted in green). The fraction affected (Fa) was plotted 

against the combination index (CI) calculated using CompuSyn (Version 1) (Chou & Martin, 2005). 
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2.7. Fixed sample processing 

2.7.1. Processing of fixed PDX and tissue samples 

Samples were fixed overnight in 10% formalin (at room temperature) or 4% PFA (at 4°C). 

Fixed samples were washed twice with PBS for 30 minutes. Samples were then 

dehydrated in graded ethanols, cleared of ethanol using histoclear, and embedded in 

paraffin wax heated to 60°C. 

2.7.2. Organoid embedding 

Each well was washed with PBS then fixed in 4% PFA for 20 minutes at room 

temperature. The Matrigel was broken up using a pipette and transferred to a 15 mL 

falcon tube. The organoids were washed once in PBS and twice in 0.2% TWEEN20. Prior 

to embedding, the organoids were washed twice in PBS and re-suspended in 50 μL 

Richard-Allan ScientificTM HistoGelTM (ThermoFisher Scientific) heated to 65°C and set on 

ice for 10-15 minutes. The set organoid-containing HistoGel discs were then loaded into 

embedding cassettes, and processed as the fixed PDX samples. 

2.8. RNA analysis 

2.8.1. RNA extraction 

RNA was extracted following the RNeasy® mini kit (Qiagen). Firstly, samples were 

homogenised in RLT buffer with 40 mM Dithiothreitol (DTT). Cells grown in 2D were 

scraped and vortexed at room temperature for 30 seconds. To extract RNA from 

organoids, the Matrigel was disrupted by the RLT buffer and then shaken at room 

temperature for 30 minutes and vortexed to ensure the breakdown of Matrigel and lysis 

of the organoids. Snap frozen PDX samples were disrupted using the TissueRuptor II 

(Qiagen) for 30 seconds in RLT buffer. The kit protocol was followed according to the 

RNeasy® handbook and the resulting RNA was eluted in 30 μL.  
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2.8.2. cDNA synthesis 

RNA concentration was determined using the Nanodrop Spectrophotometer 

(ThermoFisher Scientific). 500 ng of template RNA was used for cDNA synthesis 

following the SuperScriptTM IV First-Strand cDNA Synthesis System User Guide 

(MAN0012442 Rev. B.0, Invitrogen). Briefly, total template RNA was primed with oligo 

d(T)20. SuperScriptTM IV Reverse Transcriptase was then added to synthesise the 

complementary DNA sequence at 55 °C. Ribonuclease inhibitor was added to the 

reaction mix to inhibit ribonuclease interference if contamination was present.  

2.8.3. Reverse-transcription PCR 

A standard 10 µL PCR reaction using 1 µL cDNA, Taq DNA polymerase (New England 

Biolabs) as per manufacturers protocol and primers from Table 2-6 was used. The 

amplification program comprised of a denaturation step at 95°C for 30 seconds followed 

by 29 amplification cycles of a denaturation step at 95°C for 15 seconds, an annealing 

step at the optimal temperature specific for the primer pair (Table 2-6) for 30 seconds, 

followed by an elongation step at 68°C for 30 seconds, and a final elongation step at 

68°C for 5 minutes. All custom DNA oligos were ordered from Sigma. Amplicon PCR 

products were then separated by electrophoresis on a 2% agarose gel stained with 

ethidium bromide, and visualised under UV light.  

 

 

Table 2-6 MYB/MYBL1/NFIB translocation primer pairs 

Sample MYB/MYBL1 (5’-3’) NFIB (5’-3’) Annealing temp. (°C) 

SG0032 TACCCAACTGTTCACGCAGA TTCAGAGGCACTGTGAGTGG 53 

SG0036 CTCCAGTCATGTTCCATACCC GAACCAAGCTAGCCCAGGTA 52 

SG0037 CCCCAGCTATCAAAGGTCA GAACCAAGCTAGCCCAGGTA 52 

SG0069 AGCCACTTGCTTTCTTGGAA GAACCAAGCTAGCCCAGGTA 52 
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2.8.4. Quantitative real-time PCR 

Gene expression was analysed using 2x PowerUp SYBR green master mix (ThermoFisher 

Scientific). Following manufacturers instructions, cDNA was diluted 1 in 10, primers 

were designed to have a melting temperature of 60°C and were added to the 

cDNA/SYBR green mix at 500 nM (Table 2-7). The Applied Biosystems QuantStudio 6 Flex 

Real-Time PCR system (ThermoFisher Scientific) was used in standard cycling mode. The 

amplification program comprised of a denaturation step at 95°C for 2 minutes followed 

by 40 amplification cycles of a denaturation step at 95°C for 15 seconds, an annealing 

and elongation step at 60°C for 1 minute which was the annealing temperature for all 

qPCR primers. qPCR data was analysed using the comparative CT method (DDCT), with 

samples normalised to the relative housekeeping gene GAPDH values, and then to the 

untreated samples.  
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Table 2-7 Quantitative PCR primers 

Target Sequence 
BCL2 Fwd: GAGTACCTGAACCGGCACCT 

Rev: GAAATCAAACAGCGGCCGCAT 
BCL2L11 Fwd: GCTGTCTCGATCCTCCAGTG 

Rev: CCAATACGCCGCAACTCTTG 
BIRC3 Fwd: GACACATGCAGCCCGCTTTA 

Rev: CCACCATCACAGCAAAAGCA 
CDK6 Fwd: GGAGTGCCCACTGAAACCAT 

Rev: CGATGCACTACTCGGTGTGA 
CDKN2A Fwd: CAGCCGCTTCCTAGAAGACC 

Rev: CACGGGTCGGGTGAGAGT 
EN1 Fwd: GCAACCCGGCTATCCTACTT 

Rev: GATGTAGCGGTTTGCCTGGA 
FOS Fwd: GCGTTGTGAAGACCATGACAG 

Rev: TATCAGTCAGCTCCCTCCTCC 
GAPDH Fwd: CTATAAATTGAGCCCGCAGCC 

Rev: GCGCCCAATACGACCAAATC 
KI67 Fwd: GCAGCAAAACAGCCATCTGA 

Rev: TAGGTGTTCCTGGGCGTTTT 
MYB Fwd: TGTGGCAGATGCACCGAATA 

Rev: CACAAAGGCTGAACAGTGCC 
MYB-NFIB SG0032 Fwd: TACCTAAAAACAGGTCCCTGGC 

Rev: CTACTCATGCCCTTGGGTGA 
MYC Fwd: GTCCTCGGATTCTCTGCTCT 

Rev: CTTGTTCCTCCTCAGAGTCGC 
NOTCH1 Fwd: CGCACAAGGTGTCTTCCAGA 

Rev: CAGGATCAGTGGCGTCGTG 
NTRK3 Fwd: AGGGAACAGCAATGGGAACG 

Rev: GACTGCGCCAGTTCTCTATGT 
PRAME Fwd: CTGGATCAGTTGCTCAGGCA 

Rev: ATGCATCACATCCCCTTCCG 
SOX9 Fwd: AGACAGCCCCCTATCGACTT 

Rev: TCGTTGACATCGAAGGTCTCG 
SOX10 Fwd: GCTGCTGAACGAAAGTGACA 

Rev: GTCTTTCTTGTGCTGCATACGG 
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2.9. Immunohistochemistry (IHC) 

2.9.1. Sectioning 

Formalin-fixed paraffin embedded (FFPE) PDX and mouse tissue, and organoids were 

sectioned to 4 μm thick on a microtome (Leica), and softened in a water bath heated to 

40°C for 1 minute, to adhere when transferred to PolysineTM microscope slides (VWR). 

Slides were left to air-dry overnight before staining or storage. 

2.9.2. Staining 

In brief, following dewaxing, washing, and rehydration of the slides through histoclear 

and graded ethanols, sodium citrate buffer (10 mM sodium citrate, 0.05% Tween20, 

pH6) was used for antigen retrieval. Slides were subsequently treated with 3% hydrogen 

peroxide to block endogenous peroxidase. Slides were then blocked for 1 hour at room 

temperature in 10% sheep serum. Primary antibodies (Table 2-8) were applied to the 

slides in 1% sheep serum and left to incubate overnight at 4°C. Following washes in 0.2% 

PBTween20, the secondary conjugate antibodies were applied (ABC kit, Vector labs) 

following manufacturers instructions. Finally, the stain was visualised using 3,3'-

diaminobenzidine (DAB) chromogen (Dako) and counterstained with Harris 

haematoxylin. Slides were dehydrated and mounted with cover glass using DPX 

mountant.  

 

For all antibodies used, positive and negative tissue controls were simultaneously 

stained. These were adrenal or prostate tissue sections that had been previously tested 

within the laboratory. For the MYB antibody, SG0069 PDX tumour sections were used 

as the negative control. To control for endogenous tissue background signal, no primary 

antibody (secondary antibody only) controls were used. 

2.9.3. Analysis 

Slides were scanned using the NanoZoomer S210 (Hamamatsu). When quantification 

was required, 40x images from three different areas of each slide were taken. Positive 

cells were counted and expressed as a percentage of total cells for each image. The 
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percentage of positive cells from all three images were averaged for the mean positive 

count for each condition. Statistical analysis was conducted using a nested 1way ANOVA 

followed by Tukey’s multiple comparisons test, comparing treated groups to the vehicle 

treated samples.  

 

Table 2-8 Antibodies 

Antibody Supplier 
Product 
no. 

Use Dilution Host 

Actin Bethyl Laboratories A300-485A WB 1:2000 Rabbit 
Aquaporin 5 (AQP5) Alomone Labs AQP-005 IHC 1:400 Rabbit 

Caspase-3 Abcam AB2303 
IHC 
WB 

1:100 
1:1000 

Rabbit 

CK5 Covance PRB-160p IHC 1:200 Rabbit 
CK8 Covance MMS-162p IHC 1:2000 Mouse 
Engrailed-1 (EN1) Abcam AB70993 IHC 1:50 Rabbit 
p-Histone H2A.X (Ser139) Upstate 05-636 WB 1:1000 Mouse 

MYB Abcam AB45150 
IHC 
WB 

1:200 
1:1000 

Rabbit 

P21WAF1/CIP1 Dako M7202 WB 1:500 Mouse 
TP63 SantaCruz SC-8431 IHC 1:200 Mouse 
RB Abcam AB181616 WB 1:1000 Rabbit 
pRB S780 NEB 8180S WB 1:1000 Rabbit 

pRB Thr821 
ThermoFisher 
Scientific 

44-582G WB 1:1000 Rabbit 

RBP1 (RNA polymerase II) New England Biolabs 2629S WB 1:1000 Mouse 
pRNPII S2 Abcam AB5095 WB 1:1000 Rabbit 
Smooth muscle actin (SMA) Sigma A2547 IHC 1:4000 Mouse 

 

2.10. Protein analysis 

2.10.1. Protein extraction 

Protein was extracted using the lysis RIPA buffer (50 mM Tris-HCl, pH 8.0, with 150 mM 

sodium chloride, 1.0% Igepal CA-630 (NP-40), 0.5% sodium deoxycholate, and 0.1% 

sodium dodecyl sulfate, Sigma) and 100x protease and phosphatase inhibitor cocktail 

(New England Biolabs). Cells grown in 2D were scraped and lysis collected. To extract 

protein from organoids, the Matrigel was dissolved in Cell Recovery Solution (Corning) 
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for 15 minutes. The organoids were then centrifuged at 1500 rpm for 5 minutes, the Cell 

Recovery solution removed and the pellet resuspended in lysis buffer. Snap frozen PDX 

samples were disrupted using the TissueRuptor II (Qiagen) for 30 seconds in buffer. All 

samples were then shaken on ice for 30 minutes and then centrifuged at 10,000 rpm for 

10 minutes at 4°C. The supernatant was then aliquoted and protein concentration 

determined via the Pierce BCA protein assay kit (ThermoFisher Scientific). 

2.10.2. Western blot 

To prepare the protein lysate, water was added to 15-30 μg of protein to the same total 

volumes. NuPage reducing agent was diluted 1 in 10 in NuPage sample buffer 

(ThermoFisher Scientific). This was added to each sample at a 1 in 4 dilution, and 

samples were heated for 10 minutes at 70°C. Samples were then briefly centrifuged and 

then were loaded on a 4-12% Bis-Tris Novel gel (ThermoFisher Scientific), placed in the 

electrophoresis tank in 1x MOPS buffer (ThermoFisher Scientific). Gels were run slowly, 

at 100V for 2 hours. Once finished, the protein bands were then transferred onto a 

nitrocellulose membrane at 100V for 90 minutes in transfer buffer (25 mM Tris, 200 mM 

methanol, 192 mM glycine, pH 8.3). Following protein transfer, the membranes were 

then blocked for one hour in 5% milk/TBST, and incubated in primary antibody in 2.5% 

milk/TBST overnight at 4°C (Table 2-8). The membranes were washed 3 times for 10 

minutes in TBST and then incubated in the relevant secondary antibody diluted in 2.5% 

milk/TBST. Membranes were washed again and then visualised using AmershamTM 

ECLTM Prime western blotting detection reagent (GE Healthcare) and exposed using the 

Odyssey® FM Imaging system (Li-Cor). 

 

For MYB staining via Western blot, the lysate from the cell line MOLT-4 (ALL) was used 

as a positive control to confirm expected band size as it is known to express high levels 

of c-MYB (data not shown).  

2.10.3. Analysis 

Western blots were analysed using ImageJ (1.52K). Band intensity of the protein of 

interest was normalised to that of the housekeeping loading control, actin. The 

normalised intensity for each condition was then normalised to that of the untreated 
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sample to give the fold change in protein expression due to conditions. Statistical 

analysis was conducted using a nested 1way ANOVA followed by Tukey’s multiple 

comparisons test, comparing treated groups to the vehicle treated samples. 

2.11. In vivo drug studies 

2.11.1. Short term pilot combination study 

SG0032 tumour fragments were implanted on the right flank of female 6-8-week-old 

CD1 nude mice. When tumours reached 200 mm3, mice were allocated into the four 

treatment groups (n=3); vehicle, 55 mg/kg CYC065 (H2O), 50 mg/kg JQ1 (10% DMSO, 

10% hydroxypropyl-β-cyclodextrin), and the combination of both drugs. CYC065 was 

administered via oral gavage and JQ1 via intraperitoneal injection. Mice were treated 

for 5 days, and on the final day of treatment tumours were harvested 3 hours post 

treatment. Half the tumour was snap frozen for RNA and protein extraction, and half 

was fixed in 10% formalin for histological analysis. 

2.11.2. Long term combination study 

SG0032 tumour fragments were implanted on the right flank of female 6-8-week-old 

CD1 nude mice. When tumours reached 200 mm3, mice were allocated into the four 

treatment groups (n=3); vehicle, 25 mg/kg CYC065 (H2O), 20 mg/kg JQ1 (10% DMSO, 

10% hydroxypropyl-β-cyclodextrin), and combination. Mice were treated for 5 days on, 

2 days off for a total for 35 days. On the final day of treatment tumours were harvested 

3 hours post treatment; half the tumour was snap frozen for RNA and protein extraction, 

and half was fixed in 10% formalin. PDX growth was expressed as percentage increase 

from the first day of drugging, and expressed as mean +/- SEM. 
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3. Patient samples and PDX establishment 

3.1. Introduction 

ACC is a rare cancer, with a reported incidence of 4.5 cases per 1 x 106, making 

therapeutic research challenging due to the lack of patient sample availability 

(Boneparte et al., 2008). PDXs are useful pre-clinical models for rare cancers such as 

ACC. Through serial passaging they provide larger quantities of tumour tissue for pre-

clinical investigations that maintain tumour heterogeneity and key molecular features 

present in the original patient tumour. The Swain laboratory at the ICR received 11 ACC 

patient tumours from metastatic sites from The Royal Marsden Hospital, Chelsea, for 

PDX engraftment prior to the start of my studentship. The primary patient tumours were 

analysed using whole exome sequencing (WES) and RNA sequencing (RNAseq) to 

identify common mutations or differentially expressed genes (DEGs) that could be 

therapeutically targeted. In this chapter I will discuss these molecular features and the 

steps taken to confirm the derived PDX lines. 

3.2. ACC patient samples 

Anonymised patient information was supplied by The Royal Marsden Hospital on receipt 

of the biopsies to generate PDX models. Full patient information was received with 

histology reports for 10 of the 11 samples (Table 3-1). The histology report for sample 

SG0069 was not delivered.  

 

All tumours were from metastatic sites, and of those with site information the majority 

of samples were from the lung, whereas SG0069 was from the nasal cavity. Where age 

at diagnosis was documented most patients were diagnosed between 40-60 years, 

although patient SG0036 was diagnosed particularly young at 23, mirroring the range of 

age reported in the literature.  Lympho-vascular invasion was reported for three of 11 

samples, whereas perineural invasion was documented for five, although these details 
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were not always reported therefore confirmed lack of invasion is documented in Table 

3-1 as “N”. Histology reports identified that all ACC samples had some degree of 

cribriform growth. SG0028 also had areas of tubular growth, whereas SG0026, 27, 35, 

38 and 69 are potentially higher-grade ACC with solid areas. Although, as all samples are 

from metastatic sites, all cases are classified as advanced ACC. 
 

 

Table 3-1 Patient sample information 

Sample Age at 

diagnosis 

Sex Site Lympho-

vascular 

invasion 

Perineural 

invasion 

Histology PDX 

SG0026    Y Y Solid, cribriform  

SG0027 48 F Lung - Y Solid, cribriform Y 

SG0028 42 M Lung - - Tubular, cribriform Y 

SG0031  M Lung - - Tubular, cribriform  

SG0032 58 F Lung - - Cribriform Y 

SG0035 45 F  Y Y Solid (40%), tubular, 

cribriform 

 

SG0036 23 M Lung Y - Cribriform Y 

SG0037 31 M Lung N - Cribriform Y 

SG0038  M  Y - Solid (15%), tubular, 

cribriform 

 

SG0066  F  N Y Solid, cribriform  

SG0069  F Nasal 

cavity 

- Y Appears solid Y 
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3.2.1. Genomic analyses 

All patient tumours were delivered with matched patient blood samples as “normal” 

patient tissue, and eight patient samples were analysed via WES and RNAseq. The ACC 

tumour reads were aligned to the reference genome GRCh37 and normalised to the 

matching blood sample to identify disease associated variants. Table 3-2 summarises 

key mutations identified from the WES. The most common aberrations are copy number 

variations. SG0036, 37 and 69 had a heterozygous deletion at 12q12-12q14.1, whereas 

SG0035 had a homozygous deletion at this region. This region corresponds to genes 

including ARID2, SMARCD1 and CDK4. SG0032 had a heterozygous deletion at only 

12q14.1, corresponding to CDK4.  SG0069 had a homozygous deletion at 7p12-17p13.3 

corresponding to the genes MAP2K4, TP53 and NCOR1. SG0031 and 32 had an 

amplification at 4q12 corresponding to PDGFRA. SG0069 also possessed a FGFR2 

amplification which could potentially be therapeutically targeted.  

 

Despite SG0036 having the highest somatic mutation rate of 3.1 per megabase of exonic 

region, no mutations were significant having low VAF tumour values compared to 

tumour purity for each patient sample. SG0027 had the most somatic mutations at a 

high VAF, including a potentially actionable mutation in STAG2 with a VAF of 0.98 

(tumour purity of 92%).  SG0032 had a somatic mutation at a high VAF of 0.67 (tumour 

purity of 88%); a nonsynonymous mutation in CREBBP. Overall, there are few common 

targetable mutations between the ACC patient samples. WES data for all samples are 

attached in appendix 1 (Chapter 9.1).  

 

The most common aberration is the MYB-NFIB genetic translocation, present in five of 

the eight ACC patient samples, with sample SG0069 possessing a translocation between 

MYBL1 and NFIB. These translocations will be discussed in more detail later in this 

chapter (see 3.2.4). 
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Table 3-2 Summary of ACC sample WES results 

 
 

SG
00

27
 

SG
00

28
 

SG
00

31
 

SG
00

32
 

SG
00

35
 

SG
00

36
 

SG
00

37
 

SG
00

69
 

 MYB (fusion+)   + + + + + L1 

 Somatic 
mutation rate* 

1.29 0.51 0.55 0.49 0.67 3.1 0.47 0.92 

 6q24 loss         
 12q12-14 loss         

MAPK/PI3K-
Akt/Ras 
signalling 

DAXX         
FGFR2         
KDR         
KIT         
MAGI1         
MAP2K4         
PDGFRA         
PIM1         

DNA repair FANCE         
TP53         

Cell cycle 
CCND3         
CDK4         
STAG2         

Transcription 

BIRC3         
CREBBP         
ELF4         
NCOR1         
TFEB         
WDR45         

Chromosome 
associated 
proteins 

ARID2         
BCOR         
BRD1         
CEP135         
HMGA1         
SMARCD1         

Cytoskeletal 
signalling 

COL2A1         
FLNB         
KTN1         

          
* (/Mb exonic region)         

 Nonsynonymous  Stop gained  Homozygous deletion 
 Frame shift  High level amplification  Heterozygous deletion 

 

Variants were called using the GATK best practice pipeline (V2) from Broad Institute using standard 

settings. All somatic mutations were annotated using the snpEff (http://snpeff.sourceforge.net/) 

which provides information on genes affected by mutations and the likely consequences for the 

encoded gene products, such as synonymous, non-synonymous, stop gained. Somatic mutations 

found in Cosmic and Cancer Gene Census (CGC) were highlighted. ASCAT software was used to 
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determine tumour purity, allele-specific ploidy and to identify copy number aberrations. CNV were 

identified using a genome wide approach. 

 

3.2.2. Transcriptomic analyses normalised to normal salivary glands 

RNAseq was conducted for all ACC patient samples and reads were mapped to the 

GRCh37. As I did not have access to normal human salivary gland tissue, I normalised 

the ACC samples to the raw reads of five published normal SG samples sequenced by 

Bell et al (Bell et al., 2016). Both Bell and the TPU at the ICR used the HiSeq 2500 system 

(Illumina) therefore the published normal SG data was somewhat comparable.  

 

Up- and downregulated DEGs are depicted in a volcano plot (Figure 3-1A). There are 

1063 significantly upregulated DEGs and 1121 significantly downregulated DEGs (Log2 

fold change < -2 or > 2, P < 0.01). It is highlighted that MYB is significantly upregulated 

compared to the published normal salivary glands by 5.97 Log2 fold (Padj = 1.23E-24). 

KEGG pathway analysis of both up- and downregulated DEGs identified associated 

pathways that are significantly different (P < 0.05) (Figure 3-1B and C). Pathways 

upregulated in the ACC samples compared to normal SG included a number of cancer 

associated pathways, transcriptional misregulation, Wnt signalling and DNA replication. 

Interestingly, genes associated with the pathways viral carcinogenesis and HPV infection 

are also significantly upregulated. The pathway most significantly downregulated in ACC 

compared to normal SG was salivary secretion (P < 0.00001). Other pathways 

downregulated include retinol metabolism, serotonergic synapse and choline 

metabolism in cancer. The full list of KEGG pathways and associated genes differentially 

expressed in ACC when normalised to the published normal SG samples is provided in 

appendix 2 (Chapter 9.2). 
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Figure 3-1 RNAseq summary of ACC patient samples normalised to normal salivary gland 

A) Volcano plot of all up- and down- differentially expressed genes (DEGS) in ACC patient samples 

compared to the published normal salivary gland samples. Significantly up- and downregulated DEGS 

are highlighted in red and blue respectively (Log2 fold change < -2 or > 2, P < 0.01). Significantly 

upregulated (B) and downregulated (C) KEGG pathways according to significant DEGs, P < 0.05.  
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3.2.3. Transcriptomic analyses normalised to a non-ACC tumour 

In addition to normalising the ACC RNAseq data to the published normal SG data, each 

ACC sample was individually normalised to a non-ACC SG tumour sample, SG0043, also 

received from The Royal Marsden. This sample was acinic cell carcinoma. It is important 

to note that high MYB expression is not a hallmark of this cancer subtype (S. Zhu et al., 

2015). This was conducted to identify ACC-specific differences compared to another 

salivary gland cancer subtype. Key upregulated DEGs compared to SG0043 are listed in 

Table 3-3 and grouped in terms of associated pathway. SG0027 and 28 did not have MYB 

translocations but had high MYB expression via an alternative mechanism, having Log2 

fold change values of 3.1 when normalised to SG0043, higher than samples SG0031-37 

that possessed the translocation. SG0069 had upregulated MYBL1 which corresponds to 

possessing the MYBL1-NFIB translocation. FGFR2 expression was 5.293 Log2 fold higher 

in SG0069 than SG0043, due to the amplification detected by WES.  

 

Genes associated with epigenetic and transcriptional regulation, DNA damage, cell cycle 

and neural factors were highly expressed in the ACC samples compared to SG0043. In 

addition, there were particularly a high number of upregulated genes associated with 

Wnt signalling, which was also a significantly upregulated pathway when normalised to 

the normal SGs. The full list of KEGG pathways and associated genes upregulated in ACC 

when normalised to SG0043 is provided in appendix 3 (Chapter 9.3). 
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Table 3-3 Heat map of key differentially expressed genes in the ACC patient samples 
normalised to SG0043 
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3.2.4. MYB 

As discussed in Chapter 1.4.2, overexpression of the oncogenes MYB and MYBL1 are the 

most frequent genetic alterations associated with ACC. The most common mechanism 

of MYB activation is the MYB-NFIB t(6;9) (6q22-23; 9p23-24) translocation. RNAseq 

identified that five of the ACC samples had MYB-NFIB translocations, and that SG0069 

had a MYBL1-NFIB translocation (Table 3-2). The site of the MYB breakpoint differed 

between each sample, whereas the NFIB breakpoint was at the same site in four of the 

samples (Figure 3-2A).  WES detected that SG0035 had two MYB breakpoints that fused 

at the same NFIB breakpoint. The translocation in all samples resulted in a deletion at 

the MYB/MYBL1 C-terminal NRD as depicted by the schematics of the fusion proteins 

for each sample (Figure 3-2B). All samples except SG0032 expressed the c-terminal of 

NFIB, this is because the NFIB breakpoint in SG0032 was in the 3’UTR so no protein was 

transcribed.  

 

SG0027 and 28 had high MYB expression via an alternative method of activation. This 

was identified by RNAseq, having high MYB expression compared to SG0043 and a high 

number of raw reads. When all samples were analysed to form a sample-by-sample 

cluster plot, the samples most similar had the same methods of MYB/MYBL1 activation 

indicating similar transcriptional programmes are activated (Figure 3-3). SG0027 and 28 

clustered together, and SG0031-37 closely clustered. The SG0069 expression profile was 

more closely related to those of SG0027 and 28 than SG0031-37.  
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A Sample MYB/MYBL1 

breakpoint  

NFIB breakpoint 

(Chr 9) 

MYB/MYBL1-NFIB fusion 

transcripts 

 SG0031 Chr6:135517140 14102509 MYB exon 9-NFIB exon 11 

 SG0032 Chr6:135524462 14084728 MYB exon 15 (NFIB 

translocation site in 3’UTR) 

 SG0035 Chr6:135520188 

Chr6:135521553 

14088325 

14088325 

MYB exon 10-NFIB exon 10 

MYB exon 12-NFIB exon 10 

 SG0036 Chr6:135515598 14102509 MYB exon 8- NFIB exon 11 

 SG0037 Chr6:135521553 14102509 MYB exon 12-NFIB exon 11 

 SG0069 Chr8:67478919 14102509 MYBL1 exon 14-NFIB exon 11 

        

 

Figure 3-2 ACC patient sample MYB/MYBL1-NFIB translocations 

A) A table to show the exact breakpoints in MYB/MYBL1 and NFIB for each sample identified by WES, 

and the resulting fusion transcript, mapped to GRCh37. B) Diagrams to show the normal forms of 

MYB, MYBL1, and NFIB protein, and the fusion proteins for each sample, depicted N-terminal to C-

terminal. Conserved domains are coloured: DNA binding domain (DBD) in red, transcriptional 

activation domain (TAD) in dark blue, the transformation domain (FAETL) in light blue, and negative 

regulatory domains (TPTPF and EVES) in purple and orange respectively. The numbers above the C-

MYB plot indicate the amino acid (aa) residues as well as the protein full length in aa in the column 

on the right. MYBL1 has a DBD and TPTPF as indicated, and NFIB has an N-terminal DBD and a C-

terminal TAD. The normal forms of C-MYB and A-MYB have been adapted from (O. L. George & Ness, 

2014). The fusion proteins for each ACC sample are depicted with the total length of MYB/MYBL1 

B 
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indicated in the right-hand column, plus the additional length of NFIB. This has been adapted from 

(Brayer et al., 2016) to present the ACC patient samples collected in this study. 

 

  

Figure 3-3 ACC patient sample cluster plot 

A cluster plot to show the distances in similarity between each patient ACC sample based on RNAseq 

data. Distances were calculated by the euclidean method. The lower the distance (darker shade of 

blue), the more similar the samples. The samples with the same mechanism of MYB activation have 

the most similar transcriptional profiles. 
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3.3. PDX establishment 

Initially, the patient samples were engrafted subcutaneously as tumour fragments to 

generate PDXs and of the 11 samples implanted, 6 successfully formed PDX lines (Table 

3-1). These lines were SG0027, 28, 32, 36, 37 and 69. The time from engraftment to 

passage, when the tumours reached 1000 mm3, ranged from 5 to 12 months with 

SG0032 being the fastest growing tumour and SG0069 the slowest (Figure 3-4). Growth 

rate remained consistent for each line at each subsequent passage, with a variance of 

+/- one month.  

 

 

Figure 3-4 ACC PDX Passage 0 growth curves 

Growth curves of successful ACC PDX lines at Passage 0, from day of ACC patient sample implantation 

in CD1 (Crl:CD1-Foxn1nu) nude mice. Curves represent data for the volume of one tumour on one 

flank of one mouse, but are representative of the growth of other tumours derived from the same 

patient sample in other mice. Tumours were passaged when they exceeded 1000 mm3. 

Measurements were taken twice a week, and volume calculated as (width2 x length)/2.   

 

3.3.1. Histological confirmation of PDX lines 

Histological analysis of each PDX sample was performed via haematoxylin and eosin 

(H&E) staining and IHC analyses of cell types present. Samples were found to match the 

reported histological growth pattern of the corresponding patient tumour sample. Small 

areas of solid growth were observed in SG0027, although the majority of the tumour 

had cribriform growth (Figure 3-5). SG0028 had a mix of tubular and cribriform growth 

whereas SG0032, 36 and 37 all had a clear cribriform growth pattern. Although a 
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histological report for SG0069 was missing, the PDX appeared to have completely solid 

growth.  

 

 

Figure 3-5 Histological analysis of ACC PDX lines 

H&E staining of 4 µm thick sections of each ACC formalin-fixed paraffin-embedded (FFPE) samples. 

Passage numbers are as follows: SG0027 P3, SG0028 P4, SG0032 P3, SG0036 P2, SG0037 P1, SG0069 

P2. H&E staining was performed on tumours from all passages for each line and images shown are 

representative. Slides were imaged at 20x magnification. Scale bar = 400 µm.  

 

To identify the cell types present in each PDX, I conducted IHC for the luminal marker 

cytokeratin 8 (CK8), basal markers cytokeratin 5 (CK5) and TP63, and the myoepithelial 

marker α-smooth muscle actin (SMA) (Figure 3-6). TP63 can also stain positively in 

myoepithelial cells. Both CK5 and 8 are expressed in the cytoplasm, TP63 is nuclear, 

whereas SMA is usually cytoplasmic however can occasionally be expressed in the 

nuclear membrane (S. Zhu et al., 2015). CK5 expression correlates with the RNAseq data 

normalised to SG0043, being highly expressed in almost all cells in SG0036 and lowest 

in SG0027 and 69 (Table 3-3). In addition, TP63 expression also correlates with the 

RNAseq data, being the most strongly expressed in SG0027 and 37, and the least in 

SG0069. SG0028 has strong positive staining for CK8 and TP63. SG0028, 32, 36, and 37 

has positive TP63 and SMA myoepithelial cells surrounding the pseudocysts, a feature 

associated with the cribriform growth pattern. SG0069 having low expression of the 
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basal markers CK5 and TP63, correlates with its solid growth pattern which is reported 

to have fewer basal cells and a higher proportion of luminal cells, as seen by stronger 

cytoplasmic CK8 staining. Strong SMA staining in SG0069 indicates the presence of 

myoepithelial cells, however the staining appears to be nuclear which is different to all 

other samples.  

 

 

Figure 3-6 Cell type analysis of ACC PDX lines 

IHC staining of 4 µm thick sections of each ACC PDX FFPE sample. Cytokeratin 8 (CK8) is a marker for 

luminal cells, cytokeratin 5 (CK5) and TP63 are basal cell markers, and α-smooth muscle actin (SMA) 
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is a myoepithelial cell marker. Antibody signal was amplified via DAB and counterstained using Harris 

haematoxylin. All slides for each antibody were stained in parallel to allow comparison of staining 

intensity. Tumours from three different passages (chosen at random between P1-P5) were stained 

for each marker and images are representative for each line as IHC phenotype was maintained 

through serial passaging of the tumours. Slides were imaged at 40x magnification. Scale bar = 200 

µm. 

 

IHC staining identified that PDX MYB expression correlates with the levels identified in 

the patient tumours via RNAseq (Figure 3-7). It is highly expressed in samples SG0032, 

36, and 37 that possess the MYB-NFIB translocation, and also high in samples SG0027 

and 28 that have high MYB via an alternative mechanism. In agreement with the RNAseq 

analysis, MYB expression is lowest in SG0069 that harbours the MYBL1-NFIB 

translocation.  

 

 

Figure 3-7 MYB staining of PDX sections 

IHC staining for MYB on 4 µm thick sections of each ACC FFPE sample. Antibody signal was amplified 

via DAB and counterstained using Harris haematoxylin. MYB staining was performed on tumours 

from three passages for each line and images are representative.  Slides were imaged at 40x 

magnification. Scale bar = 200 µm. 
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3.3.2. Molecular confirmation of PDX lines 

MYB/MYBL1-NFIB translocations 

As well as histological confirmation based on growth pattern, I also confirmed PDX lines 

via RT-PCR. Firstly, I confirmed that all samples were of human origin and not 

spontaneous mouse tumours using primers for human b-actin (Figure 3-8C). For samples 

with MYB/MYBL1-NFIB translocations, I confirmed the lines were derived from the 

correct patient tumour by designing primers for the MYB-NFIB or MYBL1-NFIB 

breakpoints. Each patient sample with a translocation had breakpoints at differing sites 

(Figure 3-2A). All SG0069 samples at different passages (P) were the correct sample, 

having clear bands visible (Figure 3-8B). The double band is a SG0069 specific product 

as it is not visible in the other samples.  

 

The initial SG0032 and 37 samples tested were also correct. However, SG0036 P3 and 

P6 were not positive for the translocation which was faintly seen in P1, therefore, they 

were not the same sample (Figure 3-8A). I then ran the PCR using the same passage 

samples with both the SG0036 fusion primers and SG0032 (Figure 3-9A). This identified 

that there has been a cross-over of SG0032 and 36 between passage 1 and 3 as both 

SG0036 P3 and P6 samples were positive for the SG0032 translocation. By testing more 

samples at different passages, I was able to identify at which passage the cross-over 

occurred (Figure 3-9B-F). SG0032 P4 (mouse identification number (i.d) 5616)) had been 

crossed with SG0036 P2 (mouse i.d. 5617) whilst being housed at St George’s, University 

of London. This simple RT-PCR identification method enabled me to continue the 

passage of these lines and to relabel drug-sensitivity assays conducted previously with 

these samples.  

 

Patient sample mutations 

PDX lines were also validated by confirming selected somatic mutations with a high VAF, 

or germline mutations where the mutation was at a higher VAF than the matching 

normal sample, chosen from the WES data of the patient samples. This was particularly 

essential for SG0027 and SG0028 line confirmation as they do not possess and 

MYB/MYBL1-NFIB translocation. Two mutations were chosen for each line, and 

confirmed in PDX passage 2 (Figure 3-10). In the PCR product sequencing analysis, 
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mutations occurring at a tumour VAF of over 0.9 had a single base peak at the mutation 

site (such as the SG0028 somatic mutation in BRD1), whereas mutations occurring at a 

tumour VAF of around 0.5 indicates a heterozygous mutation so double peaks 

representing both alleles were detected at the mutation site (such as the SG0036 

somatic mutations in FGA and HIP1).  

 

 

Figure 3-8 PDX line confirmation by MYB/MYBL1-NFIB translocation detection 

Ethidium bromide-stained 2% agarose gel images of RT-PCR products. A) SG0036, 37 and 32 samples 

at different passages amplified with the respective MYB-NFIB breakpoint primers. SG0069 was used 

a negative control, amplified using the SG0032 MYB-NFIB breakpoint primers. SG0036 is lacking the 

fusion PCR product for P3 and P6. The correct bands are observed for SG0037 and SG0032 samples. 

B) All samples were amplified using the primers designed for the SG0069 MYBL1-NFIB breakpoint. C) 
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All samples were amplified using human ß-actin primers, a mouse adrenal negative control is 

included in the right-hand lane. 

 

 

Figure 3-9 SG0032 and 36 PDX origin investigation 

Ethidium bromide-stained gel images of RT-PCR products. A) SG0036 samples were amplified using 

both SG0032 and SG0036 MYB-NFIB breakpoint primers. PCR products are seen with SG0032 primers 

for P3 and P6 indicating there is a cross over in sample between P1 and P3 of SG0036. SG0032 and 

36 samples from different passage numbers were amplified with both SG0032 (B) and SG0036 (C) 

breakpoint primers. Passage schematics for SG0032 (E) and SG0036 (F) indicate at which stage the 

sample cross over occurred; at P4 for SG0032 and P2 for SG0036. 
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Figure 3-10 PDX line confirmation by mutation analysis 

DNA was extracted from snap frozen tumours at P2 for each PDX line and PCR products were Sanger 

sequenced. The mutations were visualised using 4Peaks software (Nucleobytes B.V.) by comparing 



 95 

to control sequences, from the PDX lines that were derived from different patient samples that 

lacked the mutation. Single peaks at the site of mutation indicate a homozygous mutation, whereas 

double peaks indicate a heterozygous mutation showing both alleles.  

 

3.3.3. Orthotopic engraftment  

In addition to the subcutaneous PDX models, I investigated how implanting the tumour 

samples orthotopically into the base of the submandibular gland would affect growth 

and integration into the surrounding tissues. I implanted SG0032 PDX tumour fragments 

into two CD1 nude mice. The PDX line SG0032 was chosen as it was the fastest growing 

line. Mice were monitored closely to ensure tumour growth did not reach a size limiting 

mouse mobility. When the tumours and attaching submandibular glands were 

harvested, the lungs and liver were also dissected and fixed for histological analysis.  

 

Of the two mice implanted with SG0032 tumour fragments, only one mouse grew a 

tumour and it was harvested at a size of 432 mm3, 6 months after implantation. FFPE 

tumour and submandibular gland sections were stained with MYB via IHC to identify 

tumour tissue (Figure 3-11). The tumour was MYB positive and there was no evidence 

invasion into the surrounding tissue or upper part of the submandibular gland which 

was negative for MYB, being localised to the implantation site. 

 

 

Figure 3-11 SG0032 orthotopic submandibular gland PDX engraftment 

MYB IHC staining of FFPE SG0032 implanted submandibular gland. The main image is taken at a 

1.6x magnification, scale bar = 20 mm. The enlarged images of highlighted areas are taken at 40x 

magnification, scale bars = 200 µm. 
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3.4. Discussion 

ACC translational research has been greatly hindered by two main problems; the lack of 

validated pre-clinical models, and limited patient sample availability due to being an 

orphan disease. PDX models are a useful tool to address both of these issues, and here 

I have proven the successful generation and establishment of six ACC PDX lines that 

histologically and molecularly recapitulate the patient tumour. Furthermore, eight ACC 

metastatic patient samples were analysed via WES and RNAseq, to identify common 

targetable mutations or up-regulated pathways that can be therapeutically disrupted.   

 

The genomic profiles of the Royal Marsden patient samples are similar to that of 

published ACC samples. WES identified an average somatic mutation rate of 0.7 

mutations per megabase of exonic region (/Mb), which is higher than a reported rate of 

0.31 mutations/Mb identified from 60 ACC samples (A. S. Ho et al., 2013). This higher 

rate could be due to the samples being more advanced as they are from metastatic sites 

unlike the samples analysed by Ho et al.  However, despite this increase in mutation 

rate, there were still very few common targetable mutations (Table 3-2). Five samples 

(62.5%) had heterozygous or homozygous deletion at 12q12-14, that corresponds to the 

genes CDK4, ARID2 and SMARCD1. cBioPortal, collating sequencing information from six 

studies analysing both primary and metastatic samples, also reported copy number 

aberrations in this region although at a lower frequency of 12.5%. Chromatin 

remodelling genes were mutated in 48% of 109 samples analysed in published 

sequencing studies (A. S. Ho et al., 2013; Rettig et al., 2016; Stephens et al., 2013). 

Interestingly all samples had mutations in the chromatin remodelling pathway, including 

SG0032 that had a non-synonymous mutation in CREBBP which was reported to be the 

third most frequent mutated gene on cBioPortal (Table 3-4). This could suggest that 

HDAC inhibitors are worth investigating. The percentage of samples with mutations in 

the DNA damage pathway closely correlated with the published values. Tyrosine kinase 

aberrations were present in 50% of the patient samples, that closely mirrored the 

published reports. In particular SG0069 possessed an FGFR2 amplification and FGF 

signalling mutations have been implicated in 4-12% of ACC cases. Furthermore, KIT 

amplification was detected in SG0032, which has previously only been reported in 3.8% 
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of cases in a single study (Hou et al., 2020). Strikingly, Notch pathway mutations were 

not reported in the Royal Marsden patient samples although were present in 18.3% of 

the published 109 patient samples (A. S. Ho et al., 2013; Rettig et al., 2016; Stephens et 

al., 2013). However, this difference is likely due to the small sample size of this study 

(n=8). By grouping the patient samples in terms of the four ACC subgroups used for 

recurrent and metastatic samples by Ho et al, only SG0031, 32, 35, 36 and 37 would 

group as MYB translocation+ other mutation (A. S. Ho et al., 2019). SG0069 could loosely 

be added to this subgroup having a MYBL1 translocation. However, SG0027 and 28 

would be classified as triple negative, being MYBWT, NOTCHWT and TERTWT. 

 

Table 3-4 Comparison of published and ACC patient sample mutation profiles 

 Paper  Thesis 

Pathway 

Ho et al. 

(2013) 

(n=60) 

Rettig et al. 

(2016) (n=25) 

Stephens et al. 

(2013) (n=24) 

Average 

(± SD) 

(%) 

Royal 

Marsden (n=8) 

MYB 34 (57%) 11 (44%) 19 (79%) 60% 

(±17.7%) 

7 (87.5%) 

Notch 8 (13%) 9 (36%) 3 (12.5%) 20.5% 

(±13.4%) 

0 (0%) 

FGF/IGF/ 

PI3K 

18 (30%) 15 (60%) 4 (17%) 35.7% 

(±20.1%) 

4 (50%) 

Chromatin 

remodelling 

21 (35%) 11 (44%) 16 (67%) 48.7% 

(±16.5%) 

8 (100%) 

DNA 

damage 

16 (26%)  2 (8%) 17% 

(±12.7%) 

2 (25%) 

Axonal 

guidance 

 14 (56%)  56% 3 (37.5%) 

 

 

Pathway analysis of the transcriptomic profiles gives an insight into ACC niche 

requirements and dependencies and potential therapeutic targets. The Wnt signalling 

pathway was significantly upregulated when normalised to normal SG, and this is 

consistent with published findings (Frerich et al., 2018; Rettig et al., 2016). Wnt signalling 

has been tightly associated with cancer and is a key pathway regulating development, 
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stemness and proliferation (Zhan et al., 2017). When normalised to acinic cell 

carcinoma, a large number of upregulated DEGs are involved in neural signalling. This 

could be because perineural invasion is a biological property of ACC, with higher clinical 

rates than acinic cell carcinoma (Moran Amit et al., 2016). In particular, neurotrophic 

factors and their receptors such as TrkC and the ligand NT3 are highly expressed in ACC, 

indicating an autocrine signalling loop that may promote survival and invasion. Another 

identified pathway that could be therapeutically targeted is transcriptional regulation. 

Interestingly, when normalised to the published normal SG data, genes associated with 

the pathways viral carcinogenesis and HPV infection were significantly upregulated, 

although a causal link between ACC development and HPV infection has not been 

proven (Haeggblom et al., 2018).  

 

The highest and lowest DEGs compared to normal SG closely agree with those from 

published transcriptomic studies. Engrailed homeobox 1 (EN1) was the highest 

expressed transcript reported by Bell et al with a Log2 fold increase of 11.46 and was 

the highest in the eight ACC samples when compared to their published normal SG with 

a Log2 fold increase of 11.28. Brayer et al also identified that EN1 was highly expressed 

compared to independent normal SG (Brayer et al., 2016). EN1 is a transcription factor 

related to embryonic, tissue and central nervous system development. It is a well 

reported MYB/MYBL1 target gene and expression of EN1 in ACC correlates significantly 

with poor survival (P = 0.014) (Bell et al., 2012; Drier et al., 2016; Frerich et al., 2018). 

Although higher expression levels have been reported in solid growth ACC, that 

correlation was not observed in these patient samples. EN1 is also a prognostic marker 

in triple negative breast cancer, and pre-clinical functional studies using EN1-targeted 

interference peptides have demonstrated its potential as a therapeutic target (Beltran 

et al., 2014; Peluffo et al., 2019). EN1 has not yet been therapeutically targeted in ACC, 

however it has been identified as a potential biomarker to assess therapeutic efficacy 

(Bell et al., 2012). PRAME was the second most upregulated DEG in the patient samples 

and also within the top five upregulated DEGs reported by Bell et al and Brayer et al (Bell 

et al., 2016; Brayer et al., 2016). PRAME is a melanoma-associated antigen upregulated 

in a number of cancers such as triple negative breast cancer, and is currently being 

investigated as an immunotherapeutic target (Babiak et al., 2014). Bell et al also found 
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that the most downregulated DEG was statherin (STATH), the same as in the Royal 

Marsden samples (Bell et al., 2016). Statherin is a salivary protein and decreased 

statherin in saliva has previously been explored as a diagnostic marker for SG 

malignancies although no significant difference from normal SG was reported (Contucci 

et al., 2005). 

 

A challenge in PDX-line establishment is ensuring a high tumour success rate, and the 

method of engraftment can impact this. The ACC PDX line success rate of 54.5% was 

relatively good compared to published ranges of 17-72% (Katsiampoura et al., 2017; Na 

et al., 2020). This rate may have been impacted by a C. bovis infection which was present 

in the mouse colonies during the time of some failed passages. The slow PDX growth is 

expected given the clinical behaviour of the tumour type. PDX models were initially 

established via implantation of tumour fragments subcutaneously. This method is 

similar to that used by The University of Virginia to establish 17 ACC PDX lines, with a 

success rate of 74%, although two lines were subsequently lost due to Matrigel 

contamination by Lactate Dehydrogenase Elevating Virus (LDEV) (Moskaluk et al., 2011). 

Only 12 lines are available through XenoSTART. These samples were implanted as 

minced tumour opposed to a solid fragment, and Matrigel was originally used however 

after the contamination was detected its use was discontinued. Implanting minced 

tumours may reduce variability in growth caused by selection of specific tumour areas. 

When PDX lines were re-established, I used single cell injections opposed to tumour 

fragments to promote more uniform growth between mice. Injection of single cells 

suspended in Matrigel is a common method for PDX establishment and was used by 

Cornett et al for the establishment of ACC subcutaneous PDX models, where the original 

tissue was donated by the University of Virginia (Cornett et al., 2019). Furthermore, on 

re-establishment of PDX lines the strain of mouse was changed from CD1 nude to NSG 

mice. CD1 were initially used as they were cost efficient, however NSGs historically have 

a better PDX take-rate (Mattar et al., 2017). 

 

Another challenge is to confirm that the PDX tumours recapitulate the original patient 

tumour and that histological and molecular characteristics are maintained throughout 

serial passaging. H&E staining of the PDX tumours identified that the growth patterns 
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closely resembled those described in the patient tumour pathology reports, and staining 

for cell type markers agreed with reported features of the growth patterns (Figure 3-5, 

Figure 3-6). Reportedly MYB is highly expressed in the myoepithelial and basal cells, and 

negative in ductal cells in ACC (West et al., 2011). Bell et al analysed 156 patient ACC 

samples and reported that 55% and 65% of cribriform and tubular tumours respectively 

were positive for MYB, and only 12% of solid tumours were positive, having a higher 

proportion of luminal cells and fewer myoepithelial-like cells (Bell et al., 2011). In all 

samples the majority of cells were positive, however in SG0027 there were areas of cells 

with lower expression which correlated with the CK8 positive luminal cells.  

 

In addition to histological confirmation of the PDX samples, I also confirmed the lines at 

the molecular level using the WES and RNAseq data. The MYB/MYBL1-NFIB 

translocations were used to confirm that the PDXs were derived from the correct patient 

samples (Figure 3-8). Sequencing somatic and germline mutations was useful to confirm 

SG0027 and 28 lines as these two patient tumours did not possess a translocation. Of 

the five ACC samples having MYB-NFIB translocations none of the samples had 

translocations with the most frequently reported breakpoint of MYB exon 14 - NFIB exon 

9 (Mitani et al., 2010; Persson et al., 2009). As all PDX samples with MYB/MYBL1-NFIB 

translocations had different breakpoints, primers were designed to be specific for each 

sample to detect fusion transcripts via RT-PCR (Figure 3-2). This proved valuable when 

SG0032 and SG0036 PDX lines were crossed over during passaging, and the point of 

crossover could be identified (Figure 3-9). This method was particularly useful for 

confirmation of the SG0069 line that lacked a formal histological report from the Royal 

Marsden. The SG0069 primers produced two PCR products but only in SG0069 PDX 

samples and were absent in the other PDX lines. This indicates that the band is not due 

to primer-dimers or non-specific amplification. It is possible the double band could be 

due to alternative splicing of MYBL1, although this would need to be confirmed via 

sequencing. Brayer et al detected evidence of alternative RNA splicing in MYB transcripts 

in other ACC tumour samples also via RT-PCR, resulting in a shortened exon 8 known as 

exon 8s (Brayer et al., 2016). 
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It would have been ideal to compare the PDX tumours directly to the original patient 

tumour sections, however these were not available. It is important to note that the 

pathology reports for the patient tumours were dated prior to biopsy collection. This 

means that the reports may be based on different areas of the tumour received for PDX 

implantation. The ideal validation of the PDX lines would involve direct comparison to 

the original patient tumour biopsy received via pathological confirmation and WES to 

detect any genetic drift or selection throughout serial passaging. However, ACC is known 

to have a low mutation frequency and selected mutations, MYB status and histology 

were confirmed at each PDX passage. 

 

The ACC PDX lines established by the University of Virginia were confirmed in a similar 

way (Moskaluk et al., 2011). Firstly, they also compared the patient samples and PDXs 

via histological analyses. Moskaluk et al conducted unsupervised clustering of patient 

samples and PDX lines, identifying that the PDX samples mostly clustered with the 

corresponding patient sample. Lines possessing the MYB-NFIB translocation were 

checked via fluorescence in situ hybridization, however this does not determine the 

exact breakpoints as I detected in the patient samples, purely confirms that fusions are 

present. They reported that 10 out of the 12 actively passaging lines had MYB-NFIB 

translocations, whilst the remaining two samples had MYB rearrangement to an 

alternative gene partner, TGBFR3. Overall, the six PDX lines established from the Royal 

Marsden patient samples are unique from the PDX models maintained at XenoSTART. 

Firstly, XenoSTART lack a model possessing the MYBL1-NFIB translocation (SG0069), 

therefore this line could be used to investigate biological differences between MYB 

driven and MYBL1 driven ACC tumours. Secondly, all PDX lines at XenoSTART have MYB 

activation via a translocation whereas the two lines, SG0027 and 28, have high MYB 

expression via an alternative mechanism. These two samples enable investigation into 

other mechanisms of MYB activation in ACC and what the biological impact of lacking 

the flanking NFIB super-enhancers has on the transcriptional program and also potential 

therapeutic sensitivities. However, whole exome and whole genome sequencing 

conducted for 10 of the ACC PDXs from XenoSTART identified that two lines had 

activating NOTCH1 mutations, whereas none of the PDXs established and characterised 
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in this chapter possess these mutations (Adenoid Cystic Carcinoma Research 

Foundation, www.accrf.org/tools-for-researchers/bioinformatics). 

 

As I have confirmed that the six established PDX ACC lines molecularly and histologically 

represent the patient samples they are derived from, all future experiments will focus 

on these lines. It is important to note that as the patient samples are from metastatic 

sites it is likely that some patients had previous exposure to chemotherapy or 

radiotherapy, however due to incomplete clinical annotation this information is not 

known. Knowledge of previous treatment exposure could have further informed or 

provided insight into certain responses identified in the subsequent in vitro and in vivo 

drug investigation chapters as, for example, previous treatment exposure could have 

resulted in mechanisms of drug resistance within the tumour. 

 

In addition to subcutaneous models, I investigated the effect of implanting tumour 

fragments orthotopically into the base of the submandibular gland. Cornett et al 

established and serially passaged orthotopic ACC PDX models also introduced to the 

submandibular gland with ACC tissue supplied by the University of Texas (Cornett et al., 

2019). Whilst I implanted small fragments of subcutaneous tumour, Cornett et al 

injected 0.7 x 106 single subcutaneous ACC tumour cells into the gland. The SG0032 

tumour grew isolated from the rest of the submandibular gland, however Cornett et al 

saw evidence of neoplastic cells invading adjacent SG tissue, skeletal muscle and 

approximating nerves (Cornett et al., 2019). This may be due to the method of 

implanting single cells opposed to tumour fragments, or could be due to the original 

tumour being more high-grade and invasive in nature than SG0032. Cornett et al did not 

know the clinical course of the patient ACC the PDX was derived from, however the 

tumour contained areas of solid growth and all sites of metastasis they found were solid 

growth pattern, indicating high grade ACC. Overall, only one of the two SG0032 

implantations successfully grew and growth rate did not increase compared to 

subcutaneous implantations, although Cornett et al do report faster tumour formation. 

Furthermore, the surgical method was more technically challenging than subcutaneous 

implantation due to the positioning of the mouse for the best access, the thinness of the 

skin in that area and also the proximity of the carotid artery. Another challenge that 
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would impact in vivo experiments was that accurately measuring the tumour growth 

was difficult due to the placement. Perhaps a way to overcome this issue would be to 

inject fluorescently labelled dissociated single cells and use an in vivo imaging system. 

Therefore, due to the technical challenges of the orthotopic implantations and that a 

large number of implantations would be required for an in vivo experiment, I will 

conduct in vivo assays using subcutaneously implanted tumours.  
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4. PDX-derived preclinical in vitro drug sensitivities 

4.1. Introduction 

Therapeutic options for ACC, particularly advanced disease, are very limited with low 

efficacy. Recent efforts have been focussed on genomic profiling of patient tumours to 

identify targeted therapies as opposed to non-specific cytotoxic agents.  However, as 

discussed, ACC drug sensitivity research has been hindered by the lack of validated ACC 

preclinical models (Phuchareon et al., 2009; Zhao et al., 2011). To identify potential 

therapeutic options for ACC, short-term 2D cultures were derived from the ACC PDX 

tumours characterised in the previous chapter. These 2D primary cell cultures were 

applied to hypothesis-driven drug sensitivity assays. Drugs investigated were either 

identified from published preclinical papers, current clinical trials, or inhibited potential 

targets identified from the WES and RNAseq analysis from the primary patient tumours.  

4.2. 2D culture and drug assay optimisation 

Upon PDX harvest, tumours were dissociated to single cells. For all PDX lines, single cells 

were derived from various passage numbers ranging from P1-P6, and each drug 

candidate was tested in biological triplicate using cells derived from different PDX 

passages. Growth medium was adapted from Liu et al who cultured primary tumour 

epithelial cells in the presence of the Rho kinase inhibitor, Y-27632 (X. Liu et al., 2017). 

Y-27632 improves survival of human pluripotent stem cells following dissociation, 

inhibiting anoikis, and prevents the terminal differentiation of epithelial stem cells 

(Terunuma et al., 2010). All lines grew well as adherent cultures under normal culture 

conditions. The only exception to this was SG0069 that was non-adherent and so was 

cultured in suspension. The doubling rate of the PDX-derived 2D cultures was used to 

determine drug sensitivity assay length, to ensure that the cells would have been 

through at least two divisions. Doubling rate was calculated using CTG as a surrogate for 

cell count. A baseline CTG reading was taken one day after cell plating, and again after 
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5 or 10 days in culture. At 5 days, the division rates for four out of the six lines were 

under 2-fold (Table 4-1). At 10 days, the division rate was increased to over 3-fold, 

therefore drug assays were planned to last 10-days with media changes on day 5. 

However, again the exception to this was SG0069 that, under normal culture conditions, 

did not actively proliferate within 5 days having a doubling rate of 0.71. 

 

In order to optimise SG0069 growth, the addition of 2% Matrigel was investigated to 

improve cell adhesion and the addition of the FGFR1 and 2 ligands, FGF2 (20 ng/mL, 

Peprotech) and FGF10 (20 ng/mL, Peprotech), was investigated to improve cell 

proliferation. This is because WES analysis identified that SG0069 possessed an FGFR2 

amplification and the RNAseq normalised to SG0043 showed that FGFR1 is highly 

expressed in all ACC samples. Evos images from these different growth conditions clearly 

shows that adherent growth was greatly improved for SG0069 with the addition of both 

2% Matrigel, FGF2 and FGF10, moderately increasing the 5-day doubling rate to 1.22 

(Figure 4-1). Alternatively, 2% Matrigel addition did not increase growth for SG0036 

resulting in a 5-day doubling rate of 1.13 compared to 1.76 under normal conditions. 

 

 

Table 4-1 Doubling rates of 2D PDX-derived cultures 

PDX line 
Doubling rate 

5 day 10 day 

SG0027 1.64 3.72 

SG0028 1.83 3.87 

SG0032 2.77 4.68 

SG0036 1.76 4.11 

SG0037 2.81 3.98 

SG0069 0.71 1.54 

SG0069* 1.22 3.34 

*2% Matrigel + FGF2 and 10 
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Figure 4-1 Culture optimisation of 2D PDX-derived cultures 

Evos images at 10 X magnification of SG0069 or SG0036 after 5-days cultured in normal medium, 

with 2% Matrigel addition or FGF2 and 10 addition. The optimum condition for SG0069 adherent 

growth was the addition of both 2% Matrigel, FGF2 and FGF10. Addition of 2% Matrigel to SG0036 

medium reduced adherence. Scale bar = 100 µm.  

 

 

Another factor that was considered prior to drug sensitivity screening was the seeding 

density of the primary 2D cultures. As they are slower to proliferate than the cell line 

controls, the seeding density was increased as primary cells are particularly sensitive to 

stress induced by level of confluency. Therefore, a drug sensitivity assay was conducted 

for the BRD inhibitor JQ1, with SG0032 seeded at 2000, 4000 and 6000 cells per well of 

a 96 well plate (Figure 4-2A). Seeding density did not impact response to the drug 

candidate, however the highest doubling rate was 4.47-fold when seeded at the lowest 
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density of 2000 cells per well (Figure 4-2B). Therefore, the optimal conditions selected 

for the 2D drug sensitivity assays were 10-days of treatment seeded at 2000 cells/well 

in a 96 well plate format, which also conserved limited sample increasing the number of 

drug assays from the same passage.  

 

 

 

 

 

 

 

 

 

Figure 4-2 Drug sensitivity assay seeding density optimisation 

A) 10-day JQ1 sensitivity assay for SG0032 seeded at three plating densities; 2000, 4000 or 6000 cells 

per well. Cell viability was determined via CTG, and plotted as the mean survival fraction (SF). B) 

Doubling rate for each seeding density was calculated by normalising the DMSO control to the 

baseline CTG reading. Data shown is representative of two independent biological repeats and each 

data point is the mean SF for eight parallel technical replicates, +/- SD. 

4.3. Models mirror responses reported in the clinic 

It has been widely reported that ACC is non-responsive to 90% of chemotherapeutics in 

the clinical setting (Laurie et al., 2011). To confirm this, I treated four ACC PDX-derived 

samples in 2D with increasing doses of the taxane chemotherapy drug, paclitaxel (Figure 

4-3A). It is evident that none of the ACC samples were sensitive to paclitaxel as the SF at 

the highest dose of 1 µM was above 0.5 for all samples.  

 

In addition, HDAC inhibitors have been widely investigated for ACC and they have been 

tested in phase I and II clinical trials, although with mixed results (Dong et al., 2012; 

Goncalves et al., 2017). SG0032 was treated with the HDAC inhibitor, vorinostat in 2D 

(Figure 4-3B). Although SG0032 had a similar IC50 value to the control cell line, HCT-116 

(colon cancer), 43% of cells remained viable at the highest dose. Therefore, SG0032 was 

Seeding 
density 

Doubling 
rate 

2000 4.47 
4000 3.61 
6000 3.08 

0.1 1 100
0.0

0.5

1.0

1.5

Conc (µM)

S
F

Seeding density optimisation

SG0032 4000
SG0032 2000

SG0032 6000

LNCaP

A B 



 108 

not sensitive to HDAC inhibition and it would not be an effective treatment to pursue in 

vivo.  

 

 

Figure 4-3 2D PDX-derived cultures mirror responses reported in the clinic 

A) 10-day paclitaxel sensitivity curves for four ACC PDX-derived primary samples in 2D. B) 10-day 

drug sensitivity curve for SG0032 treated with the HDAC inhibitor, vorinostat, in 2D. Data shown is 

representative of three independent biological repeats and each data point is the mean SF for eight 

parallel technical replicates, +/- SD. 

4.4. Potential therapeutic targets 

The WES and RNAseq data from the patient samples identified a number of potential 

therapeutic targets. These targets were either genes amplified according to the WES, or 

receptors, ligands or active pathways with increased expression based on the RNAseq 

analysis. As discussed in chapter 3.2.3, in addition to normalising the ACC RNAseq data 

to the published normal SG data, each patient sample was also normalised to a non-ACC 

SG patient sample, SG0043. This sample is Acinic cell carcinoma for which high MYB 

expression is not a hallmark. By choosing potential targets based on both RNAseq 

normalisations, most potential targets investigated were ACC-specific, being 

significantly differentially expressed compared to both the non-ACC sample and normal 

SG.  

4.4.1. Bromodomain 4 (BRD4)  

MYB is currently the only recognised driver mutation in ACC and is highly expressed in 

all PDX lines, except SG0069 possessing an alternative MYBL1-NFIB translocation. Drier 
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et al indirectly targeted MYB using the BET bromodomain inhibitor JQ1, as they 

identified that BRD4 is co-bound to MYB binding sites (Drier et al., 2016). They reported 

that ACC samples with high MYB levels are more sensitive to BRD4 inhibition, therefore 

I assessed JQ1 sensitivity in the PDX-derived 2D assays. The IC50 values did not correlate 

with the MYB expression levels normalised to SG0043 (Table 3-3). SG0027 and 28 had 

the highest levels of MYB (via an alternative mechanism to the MYB-NFIB translocation) 

but whilst SG0027 was the most sensitive sample (IC50 0.27 μM), SG0028 was the least 

(IC50 1.56 μM) (Figure 4-4A). Both SG0032 and 37 had high MYB via the MYB-NFIB 

translocation and were fairly sensitive with IC50 values of 0.67 μM and 0.84 μM. Despite 

this, in all samples at least 30% of cells remained viable at the highest concentration of 

drug.  

 

JQ1 is not trialled in the clinic due to its short half-life, however there are a number of 

other BRD inhibitors currently in trials such as I-BET151. I-BET151 associates with the 

same intracellular protein complexes as JQ1, having identical molecular activity (Tyler et 

al., 2017). This clinically relevant BRD inhibitor gave comparable sensitivities to JQ1 in 

the PDX-derived 2D samples (Figure 4-4B).  

 

 

Figure 4-4 Bromodomain inhibitor sensitivity  

A) 10-day JQ1 sensitivity curves for four ACC PDX-derived primary samples in 2D. B) 10-day I-BET151 

drug curves for two ACC samples. Data shown is representative of three independent biological 

repeats and each data point is the mean SF for eight parallel technical replicates +/- SD. 
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4.4.2. FGFR2 

WES data identified an FGFR2 amplification in SG0069 which was confirmed by Alex 

Pearson (ICR) via digital droplet PCR, reporting a copy number variation of 44.1 

compared to the control HOGA1. Therefore, SG0069 was treated in 2D with the FGFR 

inhibitor, AZD4547 (Figure 4-5A). SG0069 was more sensitive than SG0032 which lacked 

an FGFR2 amplification (IC50 1.06 μM and >10 μM respectively). AZD4547 is now 

classified as a controlled drug, so an alternative FGFR inhibitor was tested, BGJ398, 

which has similar sensitivities to each FGFR isoform as AZD4547. Despite this, SG0069 

was less sensitive to BGJ398 whereas the positive control (a gastric cancer cell line with 

an FGFR2 amplification) was far more sensitive (IC50 3.4 μM and 0.03 μM respectively) 

(Figure 4-5B). Clearly SG0069 was more sensitive to FGFR inhibition than an ACC sample 

without an FGFR2 amplification, however it was not as sensitive as expected when 

compared to the positive cell line.  

 

 

Figure 4-5 FGFR inhibitor sensitivity 

10-day 2D drug sensitivity assay for the FGFR inhibitors, AZD4547 (A) and BGJ398 (B), for ACC PDX-

derived samples SG0032, and 69. Data shown is representative of three independent biological 

repeats and each data point is the mean SF for eight parallel technical replicates +/- SD. 

 

4.4.3. Insulin growth factor receptor (IGFR) 

I hypothesised that the ACC samples would be sensitive to IGFR inhibition as the RNAseq 

analysis identified that IGF2 is highly expressed in ACC when compared to both the 

normal SG and SG0043. The samples were treated with the IGFR inhibitor OSI-906 in 2D. 

In accordance with the relative expressed levels compared to SG0043 (Table 3-3), 
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SG0027 had the highest level of IGF2 expression and was the most sensitive to IGFR 

inhibition, whereas SG0069 had the lowest expression level and was least sensitive 

(Figure 4-6). However, despite being the most sensitive, at 10 μM the SF of SG0027 was 

0.4, indicating a surviving population. Therefore, despite having high expression of the 

ligand IGF2, ACC samples were not particularly sensitive to IGFR inhibition.  

 

 

Figure 4-6 IGFR inhibitor sensitivity 

10-day primary ACC PDX-derived drug curves treated with the IGFR inhibitor, OSI-906. Data shown 

is representative of three independent biological repeats and each data point is the mean SF for eight 

parallel technical replicates +/- SD. 

 

4.4.4. ATR 

ATR is a serine/threonine protein kinase involved in activating the DNA damage cell cycle 

checkpoint. It has been identified as a MYB target gene and is highly expressed in clinical 

ACC samples (Andersson et al., 2020). Although in the Royal Marsden ACC patient 

samples there was no significant difference in expression when compared to both 

normal SG and SG0043, the response to the ATR inhibitor AZD6738 was measured. 

Compared to the positive control cell line, TOV21G (ovarian cancer), SG0032 and 36 

were not sensitive, with IC50 values of 1.69 μM and greater than 10 μM respectively 

(Figure 4-7). Therefore, the lack in sensitivity of the PDX-derived ACC samples agrees 

with the fact there was no differential expression in ATR compared to normal SG.  
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Figure 4-7 ATR inhibitor sensitivity 

10-day primary ACC PDX-derived drug curves treated with the ATR inhibitor, AZD6738. Data shown 

is representative of three independent biological repeats and each data point is the mean SF for eight 

parallel technical replicates +/- SD. 

 

4.4.5. BCL-2 

BCL-2 is a known MYB target and is reportedly highly expressed in ACC patient samples 

(Persson et al., 2009). Compared to the published normal SG, BCL-2 expression was 

upregulated in the ACC patient samples compared to normal SG, however expression 

was not significantly higher when compared to SG0043. In the 2D cultures, following 10-

day treatment with the BCL-2 inhibitor Navitoclax, SG0027 was the most sensitive 

sample with an IC50 of 1.88 μM compared to SG0032 with an IC50 of 6.4 μM (Figure 4-8). 

The ACC samples demonstrated mixed sensitivity to BCL-2 inhibition. In the clinic, BCL-

2 inhibitors are currently being explored as senolytic agents, chemo- and radio-

sensitisers (Lafontaine et al., 2021; Y. Zhu et al., 2016). They are used to selectively 

target senescent cells by inhibiting the BCL-2 anti-apoptotic pathway. Therefore, a more 

clinically relevant application to test BCL-2 inhibitor sensitivity within ACC would be as 

part of a combination, rather than as a single agent.  
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Figure 4-8 BCL2 inhibitor sensitivity 

10-day drug sensitivity curve for SG0027 and 32 treated with the BCL2 inhibitor, navitoclax, in 2D. 

Data shown is representative of three independent biological repeats and each data point is the 

mean SF for eight parallel technical replicates +/- SD. 

 

4.4.6. Cell cycle dependent kinases (CDKs)  

KEGG pathway analysis of the primary patient tumours identified a number of 

upregulated differentially expressed genes linked to the cell cycle such as CDK6, CCNA2 

(cyclin A2), CCNB1 (cyclin B1), and CCNB2 (cyclin B2) (see appendix 2, chapter 9.2). 

Furthermore, a previous unbiased drug screen was conducted in collaboration with the 

Lord research group at the ICR (work conducted by Carina Mill). Using two ACC PDX-

derived samples, a panel of 80 drugs currently in clinical use were screened in 2D besides 

a range of cell lines from different cancer types. This screen showed that very few 

compounds were sensitive in the ACC samples, however it identified that SG0032 

compared to SG0027 was more sensitive to the pan-CDK inhibitor, flavopiridol (data not 

shown). I confirmed this difference in sensitivity in a biased flavopiridol assay using the 

optimised 10-day 2D assays (Figure 4-9A). SG0032 was more sensitive than SG0027 and 

28 with an IC50 value of 0.05 μM compared to 0.12 μM and 0.16 μM respectively. 

Flavopiridol is a pan-CDK inhibitor, known to inhibit CDK1, 2, 4, 6 and 9. It has exhibited 

a degree of clinical efficacy in CLL, however this was limited by toxicity, likely due to the 

lack of CDK specificity (Byrd et al., 2007). Therefore, due to the known toxicity profile of 

flavopiridol in the clinic, I researched a number of different clinically relevant inhibitors 

to identify which CDK activity ACC is particularly sensitive to.  
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Firstly, the CDK4/6 inhibitor palbociclib was investigated as not only was CDK6 highly 

expressed when normalised to the normal SG samples and SG0043, but WES analysis 

identified that SG0032, 35, 36, 37 and 69 had lost one copy of CDK4 and loss of CDK4 

can be compensated by CDK6. However, the samples were not particularly sensitive to 

CDK4/6 inhibition (Figure 4-9B). The most sensitive sample was SG0037, having lost one 

copy of CDK4, with an IC50 of 3.3 μM.  

 

The samples were more sensitive to dinaciclib, a CDK1, 2, 5, 9 inhibitor (Figure 4-9C). 

SG0032 was more sensitive compared to SG0027 (IC50 values 5 nM and 9 nM 

respectively), which was also observed with flavopiridol. However, the sensitivity of ACC 

has already been tested in a basket phase I clinical trial and although stable disease was 

reported, 98% of subjects experienced treatment emergent adverse effects, therefore 

alternative inhibitors were researched (Nemunaitis et al., 2013).  

 

CCT068127, a CDK2, 5, 9 inhibitor, was kindly provided by Stephen Whittaker (ICR). 

Again, the same pattern of sensitivity was observed with SG0032 being more sensitive 

than SG0027, with an IC50 of 0.6 μM compared to 1.15 μM (Figure 4-9D). However, 

CCT068127 is not suitable for use in vivo and is not commercially available. CYC065 

(Cyclacel) is a second generation CDK inhibitor optimised from seliciclib and CCT068127 

(Wilson et al., 2011), and is suitable for use in vivo and the clinic therefore I repeated 

the sensitivity assays with this compound (Rao et al., 2017). These showed that SG0037 

was particularly sensitive to CYC065 (IC50 0.15 μM), whereas SG0027 was the least 

sensitive (IC50 0.34 μM), which agreed with results from CCT068127 (Figure 4-9E). The 

ACC samples were more sensitive to CYC065 than CCT068127, however the samples 

most and least sensitive to both drugs remain the same.  
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Figure 4-9 CDK inhibitor sensitivities 

4.5. Potential therapeutic combinations 

As shown, a number of single agents targeting a wide range of potential targets were 

tested, however very few proved particularly sensitive in the 2D PDX-derived ACC 

preclinical models. Therefore, I researched combination treatments to see if inhibiting 

two separate targets would be more effective. I decided to investigate combinations 

with a CDK2, 5, 9 inhibitor as all samples treated with either CCT068127 or CYC065 were 

fairly sensitive. Higher doses induced almost 100% cell death which was not observed 

with the other tested inhibitors. 
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Figure 4-9 CDK inhibitor sensitivities 
10-day ACC PDX-derived 2D drug 
sensitivity curves for A) Flavopiridol B) 
Palbociclib C) Dinaciclib D) CCT068127 
and E) CYC065. Data shown is 
representative of three independent 
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4.5.1. CDK2, 5, 9 inhibitor combinations 

CCT068127 was reported to have a synergistic effect when combined with a BCL-2 

inhibitor in AML and CRC (Frame et al., 2015; Whittaker et al., 2018). In addition, CDK2 

and 9 inhibitors separately have been identified as synergistic in combination with BRD 

inhibitors in rhabdoid tumours, AML and medulloblastoma (Bolin et al., 2018; Gerlach 

et al., 2018; Moreno et al., 2017). Therefore, SG0032 was treated with CCT068127 plus 

the constant addition of the IC20 concentration of either navitoclax or JQ1 (Figure 4-10). 

The addition of navitoclax had no change on the IC50, however the combination of JQ1 

shifted the dose response curve to the left, reducing the IC50 from 0.91 to 0.18 μM. This 

shows that the treatment of the CDK2, 5, 9 inhibitor with a BRD inhibitor was the most 

promising combination.  

 

 

Figure 4-10 Potential CDK inhibitor combinations 

2D SG0032 10-day CCT068127 sensitivity assay with constant addition of JQ1 or Navitoclax at the 

IC20 concentrations, 0.25 μM and 2.05 μM respectively. Each luminescence reading was normalised 

to the untreated CCT068127 control reading. Data shown is representative of two independent 

biological repeats and each data point is the mean SF for six parallel technical replicates +/- SD. 

 

4.5.2. Combination confirmation in different samples 

I then confirmed that the increase in sensitivity of CCT068127 with the addition of JQ1 

was also observed when using the clinically relevant drug CYC065, in both SG0027 and 

32. Either a constant addition of 0.1 or 0.3 μM JQ1 was added to the serial doses of 

CYC065 (Figure 4-11). Although each sample had a differing sensitivity to the drugs as 
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single agents, the addition of JQ1 decreased the surviving fraction of cells, as the dose 

response curves shifted to the left with increasing JQ1 doses. This shows that CYC065 in 

combination with JQ1 reduced cell viability, as observed with CCT068127.  

 

 

Figure 4-11 CDK and bromodomain inhibitors in combination 

10-day 2D CYC065 sensitivity curves with the constant addition of either 0.1 μM and 0.3 μM JQ1 in 

ACC samples SG0027 (A) and SG0032 (D). Each luminescence reading was normalised to the 

untreated CYC065 control reading. Data shown is representative of two independent biological 

repeats and each data point is the mean SF for six parallel technical replicates +/- SD. 

 

4.5.3. Synergistic drug combination 

An ideal drug combination is synergistic. This is when the effect of both drugs dosed 

together is greater than the additive effect of each single drug, meaning that lower 

doses of each drug in combination can be used. To determine whether the combination 

of a CDK2, 5, 9 inhibitor and BRD inhibitor was synergistic, the Chou-Talalay constant 

ratio method was applied. For each ACC line, multiples of the IC50 concentration for each 

single agent were dosed in a constant ratio. The combination index (CI) was then 

calculated from the fraction affected (Fa) values for single agent response curves 

compared to the Fa values when dosed in combination. A CI of greater than 1 indicates 

antagonism, equal to 1 indicates an additive effect, and less than 1 indicates synergy.  

 

Firstly, the level of synergy for CCT068127 and JQ1 in combination was determined in 

SG0032 (Figure 4-12A). The data points from two repeats are plotted on the CI graph. 

The graph shows that the combination was highly synergistic when dosed at half the IC50 

concentrations, where the Fa was 0.78. As discussed, JQ1 is not suitable for clinical use, 
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therefore to confirm that this combination has clinical relevance the BRD inhibitor IBET-

151 was used. I compared the CI graph for CCT068127 in combination with JQ1 with the 

graph for CCT068127 in combination with I-BET151 (Figure 4-12B). From two repeats, it 

is evident that the curves were very tightly matched, and that both BRD inhibitors were 

highly synergistic in combination with CCT068127. 

 

 

Figure 4-12 Combination synergy: JQ1 vs I-BET151 

The combination index (CI) plotted against fraction affected (Fa) for CCT068127 in combination with 

JQ1 (A) and I-BET151 (B) for sample SG0032. Data points for two independent biological repeats are 

plotted, with a curve of best fit. Each point representants the mean of six parallel technical repeats. 

 

The combination of CCT068127 and JQ1 was highly synergistic in both SG0032 and 27 

(Figure 4-13A and C). However, when CYC065 was used alternatively to CCT068127, 

although the level of synergy remained similar for SG0027, it was less synergistic in 

SG0032 (Figure 4-13B and D). In SG0032 following triplicate repeats, the combination of 

CYC065 and JQ1 was only synergistic when 0.5 x IC50 concentrations were dosed 

together, however, CCT068127 and JQ1 were synergistic at the lowest doses, 0.25 x IC50 

concentrations. 
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Figure 4-13 Combination synergy: CCT068127 vs CYC065 

Combination index (CI) plotted against fraction affected (Fa) for SG0032 (A and B) and SG0027 (C and 

D). For each sample the CDK inhibitors CCT068127 (A and C) and CYC065 (B and D) have been 

investigated in combination with JQ1. Using the CompuSyn software (Version 1), the graphs are 

plotted as the line of best fit +/- 95% confident limit bars for the average of three independent 

biological repeats.  

 

The level of synergy for CYC065 and JQ1 in combination was determined for four ACC 

samples; SG0027, 28, 32 and 37 (Figure 4-14A-D). The combination of CYC065 and JQ1 

was synergistic in all samples although at differing levels. SG0028 is highly synergistic 

above the IC50 concentration doses, however it is the sample in which the combination 

has the lowest level of synergy (Figure 4-14B). SG0027 and 32 are synergistic above 0.5 

x IC50 concentrations (Figure 4-14A and C). The combination is the most synergistic in 

SG0037, being highly synergistic at the lowest doses tested, 0.25 x IC50 concentrations 

(Figure 4-14D). Overall, despite having differing degrees of synergy, the combination of 

CYC065 and JQ1 was synergistic in all four tested ACC PDX-derived samples. 
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Figure 4-14 Combination synergy: CYC065 and JQ1 

The CI Fa plots for four PDX-derived ACC samples in 2D; SG0027 (A), SG0028 (B), SG0032 (C) and 

SG0037 (D). Using the CompuSyn software (Version 1), the graphs are plotted as the line of best fit 

+/- 95% confident limit bars for the average of three biological repeats. 

4.5.4. Schedule dependent response 

Prior to progression to in vivo studies, it is best to identify the optimum dosing schedule 

for a combination. Therefore, SG0027, 28 and 32 were dosed with both drugs either in 

combination concurrently for 10 days, or as single agents sequentially for half the 

therapy duration (5 days). For both SG0027 and 28, dosing in combination significantly 

lowered cell survival compared to sequential dosing at the same concentrations for all 

dose pairings (Figure 4-15A and B). Whilst there was significantly higher death when 

dosing concurrently in SG0032, this assay also suggested that the sample is more 

sensitive to the dose of CYC065 than JQ1 when in combination (Figure 4-15C). Cell death 

was higher when 0.3 μM CYC065 and 0.1 μM JQ1 were administered, compared to 0.1 

μM CYC065 and 0.3 μM JQ1. Furthermore, the surviving fractions for all dosing 
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schedules were similar when either 0.1 μM or 0.3 μM JQ1 is combined with 0.3 μM 

CYC065 in SG0032. This data indicates that the in vivo assays should be dosed 

concurrently.  

 

 

Figure 4-15 Combination schedule dependent response 
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The survival fractions (SF) for 3 ACC samples; SG0027 (A), 28 (B), and 32 (C), following 10-day 

combination dosing at 0.1 μM or 0.3 μM of JQ1 and CYC065, either concurrently or sequentially 

(where the first drug was removed at day 5 of treatment and replaced with the alternative treatment 

for the remaining 5 days). The luminescence readings at each concentration were normalised to the 

untreated control to give the survival fraction (SF). Data shown is representative of three 

independent biological repeats and each data point is the mean SF for eight parallel technical 

replicates +/- SD. Significance was calculated at each dose combination by a two-way ANOVA for 

testing for a difference between the SF values following the different dosing schedules, followed by 

the Tukey multiple comparison test. P > 0.5 ns, P ≤ 0.05 *, P ≤ 0.01 **, P ≤ 0.001 ***, P ≤ 0.0001 ****. 

4.6. Discussion 

There are currently no clinically approved targeted therapies for ACC, and preclinical 

therapeutic research has been hindered by the lack of validated ACC models. To address 

this, I performed biased drug screens to target genes and active pathways identified 

from published preclinical papers or from the WES and RNAseq analysis from the 

primary patient tumours using PDX-derived short-term 2D cell viability assays.  

 

A limitation of measuring cell viability via CTG as a measure of drug sensitivity is that it 

does not take into account the difference in cell division rates between the different 

lines (Bruna et al., 2016). Hafner et al suggest measuring growth rate metrics to more 

accurately predict drug sensitivities independent of differing growth rate, which could 

be effective for PDX-derived cultures as primary cells are known to grow slowly, 

unevenly and therefore make growth rate difficult to control (Hafner et al., 2016). 

However, the ACC 2D cultures are slow growing, and having 10-day assays ensures that 

all lines have doubled at least three-fold, and always taking a baseline reading the day 

of drugging for each sample confirms that the cells are actively dividing throughout the 

assay. Cell seeding density was investigated as it has been reported that increased 

density can promote drug resistance, but also as primary cells are very sensitive to the 

degree of confluency impacting proliferation and differentiation (Garrido et al., 1995). 

When treated with the BRD4 inhibitor, JQ1, the IC50 values remained the same for all 

three seeding densities despite them having different growth rates. This implies that the 

growth rate does not have a large effect on drug response, perhaps as long as all lines 
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proliferate a minimum of three-fold. Although, to definitively determine that seeding 

density does not impact drug sensitivity, other drugs should also have been assayed with 

diverse mechanisms of action. 

 

As there is a linear relationship between ATP metabolism and cell number, a limitation 

of this type of cell viability assay is that it cannot distinguish between a cytotoxic or a 

cytostatic agent. Cytotoxic agents induce cell death, whereas cytostatic agents inhibit 

cell proliferation and after prolonged exposure result in cell death. In both cases ATP 

metabolism is reduced. To determine the mechanism of cell death, further assays would 

be required to determine cell proliferation (such as propidium iodide staining to predict 

cell cycle phase) or cell death marker assays (such as trypan blue or annexin V).   

 

Throughout these targeted drug screens, I established criteria to decide whether 

samples were sensitive and whether to pursue the investigation of a compound beyond 

in vitro cell viability assays. As there are currently no validated commercially available 

ACC cell lines, cell lines derived from different cancers with published IC50 values were 

used as positive and negative controls to determine the level of sample sensitivity to 

various compounds, as well as published ACC sensitivities. These control cell lines were 

grown in different media to the ACC primary cells. Although I did not control for the 

differences in medium components, it is important to note that some differences could 

promote increased proliferation. However, the purpose of these cell lines was to gait 

drug sensitivities rather than be a direct comparison therefore medium differences did 

not need to be controlled for. In addition, as the cell lines proliferate at a higher rate 

than the primary ACC cells, drug assays were 5 days long opposed to 10. 

 

It has been reported in a translational gastric cancer clinical trial that tumours with high-

level FGFR2 amplification had high response rates to FGFR inhibition (A. Pearson et al., 

2016). However, although SG0069 possesses an FGFR2 amplification, it was not deemed 

sensitive enough to FGFR inhibition to pursue as it was far less sensitive than the positive 

control cell line. A potential reason to explain this lack of sensitivity could be due to a 

genetic aberration providing a level of resistance. Pearson et al identified that FGFR2 

amplified cell lines have a distinct oncogene addiction phenotype that brings the PI3K 

pathway under the control of FGFR2. However, SG0069 has heterozygous loss of PTEN, 



 124 

and Pearson identified that PTEN knockdown reduces FGFR2-amplified cell line 

sensitivity to FGFR inhibition. It would be interesting to investigate whether SG0069 is 

more dependent on MAPK signalling, as has been reported for breast carcinomas with 

PTEN loss (Ebbesen et al., 2016). 

 

BRD inhibitors have been used in other cancers to selectively inhibit oncogenes by 

binding to super-enhancers with high BRD4 occupancy. MYC has been targeted using 

BRD inhibitors in multiple myeloma and, furthermore, MYB has previously been 

inhibited via BRD4 inhibitors in AML (Lovén et al., 2013; Roe et al., 2015). My results 

found that sensitivity to BRD4 inhibition did not correlate with the level of MYB 

expression. However, Drier et al reported that JQ1 sensitivity in ACC inversely correlated 

with tumour grade, with grade III tumours being unresponsive in vivo, hypothetically 

due to having a higher proportion of solid growth and therefore luminal cells with a 

higher dependency on Notch signalling. Again, my results did not see this correlation as 

SG0027 has areas of solid growth yet was the most sensitive sample to JQ1 inhibition 

(Figure 4-4A). Although, as all biopsies were from metastatic sites, all samples are high 

grade.  

 

The ACC samples were not sensitive to IGFR inhibition, with a proportion of viable cells 

remaining when dosed at the highest concentration. Perhaps IGFR inhibitors would be 

more effective when used within a combination treatment as suggested by Andersson 

et al (Andersson et al., 2017). They identified a triple TK inhibitor combination targeting 

IGFR, EGFR and MET that inhibited proliferation in vitro, although they did raise worries 

over excess toxicity due to the multi-targeted approach.  

 

CDK inhibitors are a large area of research as CDK’s can be divided into two subfamilies 

with different functions; regulators of cell cycle (CDKs 1-6, 11 and 14-18) or transcription 

(CDKs 7-13, 19 and 20) (Malumbres, 2014). CYC065 is a CDK2, 5 and 9 inhibitor that has 

recently progressed to clinical trials for advanced solid cancers (NCT02552953) and in 

combination with a BCL2 inhibitor for CLL (NCT03739554). CDK5 genetic loss has 

minimal impact on cell viability therefore the predominant pharmacological mechanism 

of CYC065 is most likely mediated by CDK2 and 9 inhibition (Frame et al., 2020). I 

investigated the combination of the CDK inhibitor with a BRD inhibitor as this has 
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recently been shown to be effective in a number of oncogene-driven cancers. BRD 

inhibitors have proven synergistic with CDK9 inhibitors in AML, MLL and rhabdoid 

tumours (Gerlach et al., 2018; McCalmont et al., 2020; Moreno et al., 2017). In addition, 

BRD inhibition in combination with CDK2 inhibition has proven effective in 

orthotopically transplanted MYC-driven medulloblastoma PDX models (Bolin et al., 

2018). Furthermore, a pre-clinical combination drug screen for Burkitts lymphoma 

identified that the strongest synergy observed out of 96 drug combinations was for a 

CDK2/7/9 inhibitor and a BRD4 inhibitor (Tomska et al., 2018).  

 

To reduce the risk of systemic toxicity, synergistic combinations are preferred in the 

hope to reduce doses whilst still obtaining a therapeutic effect. There are two most 

common methods to measure synergy. The first is the Bliss independence model, an 

effect-based strategy, where the effect resulting from the combination of both drugs is 

compared directly to the individual agents (Bliss, 1939). The model assumes that the 

two drugs act independently of each other having different sites of action. However, this 

can be difficult to assume in the case of novel combinations where the mechanism of 

action may be complex or unknown. The second common method is a dose-effect-based 

strategy known as Loewe Additivity (Loewe, 1928). This takes into account the individual 

dose-effect curves to determine the expected (additive) effect and has the ability to 

determine the relationship at all dose ranges of each drug. This method is also 

independent of drug mechanism. The median effect approach designed by Chou and 

Talalay is built upon the model of Loewe Additivity (Ting Chao Chou & Talalay, 1984). 

This method takes into account the dose ratio and by using constant drug ratios, it 

reduces the data points required whilst receiving the maximal information. This is 

beneficial for large scale combination drug screens and was used for the Burkitt 

lymphoma investigation (Tomska et al., 2018). Furthermore, as the Chou-Talalay 

method can be adopted for in vivo studies, the constant-ratio method is cost-effective 

reducing the number of animals and drug required (Ting Chao Chou, 2006).  

 

I chose to use the Chou-Talalay constant ratio model as this method has been used in a 

number of recent publications investigating novel drug combinations, and also because 

I cannot claim that CYC065 and JQ1 act completely independently of each other as the 
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Bliss model assumes (Moreno et al., 2017; Rao et al., 2017; Tomska et al., 2018; 

Whittaker et al., 2018). Each ACC line had differing IC50 values for the single agents, 

therefore the doses used for each line were different as multiples of the IC50 

concentrations were used to follow the constant-ratio plan. Due to this, it is difficult to 

compare the level of synergy between samples at specific doses, rather the curves can 

be used to determine if the combination is synergistic for the specific sample. For 

example, SG0037 was the most synergistic at the lowest ratio of 0.25 x IC50 doses. This 

raises the issue of sample-sample variability as although the combination was 

synergistic in all lines, the degree of synergy differs (Figure 4-14). There is an argument 

that, for this reason of heterogeneous patient populations, combinations don’t 

necessarily need to show synergy. By re-analysing human clinical data where single 

agent and combination therapies are compared, and by mining a database of PDX 

combination studies, Palmer et al argue that many FDA-approved combinations show 

patient benefit via independent drug action opposed to drug synergy due to tumour 

heterogeneity, meaning patients respond to each drug at different degrees (Palmer & 

Sorger, 2017). They note that clinical trials based on molecular reasoning have been 

successful, such as co-inhibition of BRAF and MEK for the treatment of BRAF-mutant 

melanoma (Long et al., 2014), and perhaps that more precise patient stratification could 

reveal subpopulations of patients in which synergy is observed that is currently masked 

by high patient-to-patient variability.  

 

It has been reported that drug schedule plays a role in the efficacy of a drug 

combination, and some in vitro studies have found that sequentially staggering the 

single agents can increase the combination synergy and potentially reduce toxicity (T C 

Chou et al., 1996; Zoli et al., 1999). Vogus et al investigated schedule dependent synergy 

for the combination of gemcitabine and doxorubicin for the treatment of triple negative 

breast cancer (Vogus et al., 2018). This combination has proven beneficial in previous 

breast cancer clinical studies however, neutropenia was reported to limit the 

administered doses, hence the investigation of sequential dosing to prevent toxicity. 

They reported that giving gemcitabine prior to doxorubicin was significantly more 

synergistic than in the reverse order or concurrently. This order biologically makes sense 

as gemcitabine arrests cells in G1/S whereas doxorubicin induces arrest in the G2/M 
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phases. Based on this, I investigated schedule dependent synergy of CYC065 in 

combination with JQ1 to inform the best dosing schedule to take forward to in vivo 

studies. Logically, if a difference was to be expected in the order of drug treatment, I 

would predict that JQ1 followed by CYC065 would be the most effective. This is because 

BRD4 recruits the P-TEFb complex to the promoter, CDK9 is the kinase domain of P-TEFb 

so BRD4 would inhibit its activity, which would be maintained when CYC065 is 

administered and JQ1 treatment ceased. However, concurrent treatment was more 

effective than sequential in either order for all three lines investigated (Figure 4-15). This 

may be partly because BRD4 mediates a compensatory mechanism to overcome CDK9 

inhibition preventing RNA polymerase II pausing (H. Lu et al., 2015; Sonawane et al., 

2016). Therefore, BRD4 and CDK9 inhibitors may need to be administered together, and 

that will be the plan for in vivo assays to confirm the sensitivity observed in these 2D 

PDX-derived assays and to identify potential biomarkers of therapeutic efficacy. 
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5. In vitro PDX-derived preclinical models 

5.1. Introduction 

ACC research has been hindered by the lack of validated pre-clinical models. Genetic 

profiling of six commercially available ACC cell lines identified that all were either 

contaminated with HeLa cervical cancer or T24 bladder lines or were not of human 

origin, and to-date there are no available SG ACC cell lines from ATCC  (Phuchareon et 

al., 2009). In other cancers, PDX tumour tissue has been widely used to establish 2D and 

3D cultures. Both PDX-derived 2D and 3D models have been applied to drug sensitivity 

assays and also tumour niche studies, identifying microenvironmental factors that are 

required for tumour survival, growth and metastasis. 3D organoids are thought to be 

more relevant than 2D models as they can maintain heterogeneity and have a higher 

degree of structural complexity, closely resembling tumour architecture. Furthermore, 

there are currently a number of successful PDX/PDO biobanks established such as for 

breast cancer and CRC, that represent the majority of tumour subtypes and genetic 

diversity (Bruna et al., 2016; Byrne et al., 2017; S. H. Lee et al., 2018; Sachs et al., 2018). 

These biobanks are particularly useful for rare cancers for which alternative pre-clinical 

models are not available. Therefore, in this chapter I aim to optimise the short-term 2D 

models used in the previous chapter, and also the methodology to establish long-term 

ACC PDX-derived 3D organoid models.  

5.2. 2D PDX-derived models 

5.2.1. Recapitulation of the PDX molecular characteristics 

To assess how relevant the 2D PDX-derived models were, I investigated whether the 2D 

cultures molecularly recapitulate the PDX lines. I compared the level of MYB protein 

expression from three separate SG0032 PDX passages and 2D cultures via western blot 

(Figure 5-1). It was striking how significantly MYB expression was reduced in the 2D 



 129 

models. Therefore, to identify other differences at the transcriptional level between the 

PDX tumours and derived-2D models, an RNAseq was conducted using three paired 

SG0032 PDX and derived 2D cultures. Pathway enrichment analysis identified 

significantly upregulated and downregulated pathways from gene set enrichment 

analysis (GSEA) (Figure 5-2) (full GSEA data supplied in appendix 4, chapter 9.4). E2F 

targets and the G2M checkpoint pathways were significantly upregulated in the PDX 

tumours compared to the matching 2D cultures. Whereas pathways downregulated in 

the PDX samples compared to the 2D cultures included EMT, TNFA, p53 and TGFß 

signalling. As expected, MYB was significantly downregulated in the 2D samples by -4.02 

Log2 fold (a 16.22-fold decrease), as well as the well-known MYB downstream target 

EN1 by -2.39 Log2 fold. In addition to the enriched pathways identified, by manually 

mining the DEGs some other key differences were highlighted. Firstly, WNT3A was 3.5 

Log2 fold higher in the PDX samples than the derived 2D cultures. Secondly, BMP7 was 

4.8 Log2 fold higher in the PDX samples. It was also noticed that a number of genes 

involved in retinoic acid (RA) signalling were differentially expressed; ALDH1A3, 

ALDH3B1, and RDH10 were significantly lower in the PDX samples compared to the 2D 

cultures by -8.7, -2.1 and -3.1 Log2 fold respectively. Therefore, it is clear that there are 

a number of differences between the PDX and 2D-derived cultures, suggesting that 

culture conditions could be manipulated to make the 2D models more relevant.  

 

 

Figure 5-1 MYB expression in SG0032 PDX tumours compared to PDX-derived 2D cultures 

MYB expression analysis via Western blot in three SG0032 PDX-derived 2D cultures compared to 

independent SG0032 PDX tumours.  Actin was used as the loading control.  
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Figure 5-2 Pathway enrichment analysis from SG0032 PDX vs PDX-derived 2D culture RNAseq 

Gene set enrichment analysis (GSEA) was performed on the significantly up- and downregulated 

DEGs in the SG0032 PDX tumours normalised to the SG0032 PDX-derived 2D cultures. Significantly 

upregulated and downregulated hallmark pathways according to significant DEGs, Padj < 0.05. 

Hallmark gene sets from the Molecular Signatures Database were used. 
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5.2.1. 2D culture optimisation 

In order to make the 2D PDX-derived cultures more relevant to the PDX tumours, 

specific inhibitors or ligands were selected according to the enriched pathways and 

DEGs from the RNAseq, to add to the growth medium. The chosen targets were the Wnt, 

BMP7, RA, and TGFß signalling pathways. Therefore, I investigated the effect of addition 

of the following compounds; WNT3A (50 ng/mL, Peprotech), BMP7 (25 ng/mL , 

ThermoFisher Scientific), the TGFß inhibitor A83-01 (0.5 µM, Bio-techne), and the RA 

signalling inhibitors 4-diethylamino-benzaldehyde (DEAB) (50 µM, Sigma) and BMS493 

(5 µM, gifted by Dr Eric So, ICR). SG0032 PDX-derived cells were plated in 2D in different 

medium conditions and RNA extracted when cells were over 80% confluent. Analysis of 

MYB expression via q-rtPCR identified that total MYB and MYB-NFIB transcript 

expression was significantly increased by 4.5-fold and 4.06-fold respectively following 

the addition of A83 (P < 0.0001) (Figure 5-3A).  EN1 expression was also significantly 

increased by A83 by 3.7-fold (P < 0.0001) and by both the RA signalling inhibitors, DEAB 

by 3.5-fold (P = 0.0003) and BMS493 by 4.7-fold (P < 0.0001). However, BMS493 reduced 

MYB expression by one third. Cellular phenotype was also altered with each medium 

condition; both A83 and WNT3A induced more cystic structures with cell clumps forming 

with A83 in particular, whereas cystic structures were absent with the addition of BMP7, 

however both DEAB and BMS493 promoted less adherent 2D growth and more 3D 

structures (Figure 5-3B). Similar effects were observed in SG0037, with A83 inducing a 

4.9-fold increase in MYB expression and BMS493 inducing a 4.6-fold increase in EN1 

expression (Figure 5-3C). However, BMS493 also increased MYB expression which was 

opposite to the effect seen in SG0032. Unfortunately, only one biological experiment for 

the latter line was completed therefore statistical analysis could not be conducted. 

These studies point to a role for TGFß signalling in regulating MYB expression in 2D 

models. 
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Figure 5-3 2D culture medium optimisation 

A) SG0032 PDX-derived cells were cultured in 2D with normal medium with the addition of either 

A83-01, WNT3A, BMP7, DEAB or BMS493. RNA was extracted and MYB, MYB-NFIB and EN1 

expression quantified via q-rtPCR. Data was analysed using the comparative CT method (DDCT), with 

samples normalised to the relative housekeeping gene GAPDH values, and then to the normal 

samples (n=3, mean +/- SE). Significant expression differences are discussed in the text, calculated 

by a two-way ANOVA identifying differences between fold expression change for all media 

conditions, followed by Dunnett’s multiple comparisons test. B) EVOS images of SG0032 2D growth 
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under each medium condition at 10x magnification. Scale bar = 100 µm. C) SG0037 PDX-derived cells 

were cultured under the same medium conditions as SG0032, and expression of MYB and EN1 

quantified via q-rtPCR. No statistical analysis was conducted due to results being from one 

experiment.  

 

The TGFßR1 ALK5 kinase inhibitor, A83-01, has been reported to also inhibit FGFR2 by 

more than 50% at 1 µM, therefore I investigated reducing the concentration by 5 fold to 

avoid this non-specific inhibition (Vogt et al., 2011). In addition, an alternative inhibitor 

SB505124 (1 µM, Stratech) was also investigated to confirm that the observed increased 

MYB expression was through TGFß signalling inhibition. Both TGFß inhibitors 

significantly increased total MYB and translocated MYB to the same degree at the 

transcriptional level (P < 0.0001) (Figure 5-4A). Therefore, as both TGFß inhibitors have 

comparable effects promoting MYB expression, it can be concluded that TGFß signalling 

inhibits MYB expression. Although, EN1 expression was not increased to the same level. 

Interestingly, images of the 2D cultures show different cellular phenotypes between A83 

and SB505124 (Figure 5-4B). Whilst cultures with A83 addition have more cystic 

structures, the addition of SB505124 induced less adherent growth and more 3D 

structures. In the RNAseq data TGFß1, TGFßR1 and TGFßR2 are all significantly increased 

in the 2D PDX-derived cultures, therefore I wanted to investigate whether this increase 

in TGFß signalling was induced by an existing medium component. There are reports 

that both EGF and insulin can promote TGFß signalling, with both stimulating TGFß 

receptor expression, however, removal of EGF or insulin from the medium had no 

impact on MYB expression (Figure 5-4A) (Budi et al., 2015; Shu et al., 2019).  

 

To investigate whether TGFß inhibition affected cell growth, a 10-day assay was 

conducted in SG0032 PDX-derived 2D cells to assess cell doubling rate. The assay 

confirmed that 0.5 µM of A83 significantly reduced the doubling rate of SG0032 (Figure 

5-4C). However, there was very little difference between the doubling rates from 

normal, 0.1 µM A83 and 1 µM SB505124 conditions. The lack of difference in doubling 

rate between normal, 0.1 µM A83 and 1 µM SB505124 conditions did not correlate with 

the expression levels of the proliferation marker, Ki67 (Figure 5-4A). The TGFß inhibitors 

induced significantly higher Ki67 expression compared to the normal medium conditions 

(A83: P = 0.045) (SB505124: P < 0.0001). To determine whether this discrepancy is due 
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to increased cell death in the TGFß inhibitor conditions meaning the cell number 

remains constant across all conditions, caspase-3 should be measured. Despite this, the 

selected optimum medium condition for SG0032, increasing MYB expression whilst not 

limiting proliferation, was 0.1 µM A83. 

 

 

Figure 5-4 The impact of TGFß inhibition on SG0032 2D culture 
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SG0032 PDX-derived cells were cultured in 2D with normal medium with the addition of either 0.1 

µM A83-01, 0.5 µM A83-01 or 1 µM SB505124. A) RNA was extracted and MYB, MYB-NFIB, EN1 and 

Ki67 expression quantified via q-rtPCR. Data was analysed using the comparative CT method (DDCT), 

with samples normalised to the relative housekeeping gene GAPDH values, and then to the normal 

samples (n=3, mean +/- SE). Significant expression differences are discussed in the text, calculated 

by a two-way ANOVA identifying differences between fold expression change for all media 

conditions, followed by Dunnett’s multiple comparisons test. B) EVOS images of 2D growth under 

each medium condition at 10x magnification. Scale bar = 100 µm. C) Cell viability was measured via 

CTG at day 0, day 3, day 6 and day 10 of assay set up. Luminescence readings were normalised to 

day 0 and expressed as fold increase. 

 

5.2.2. Confirmation of drug sensitivity assays 

The drug experiments in the previous chapter were conducted prior to the RNAseq 

results comparing PDX tumour expression to the same sample in 2D. Therefore, I 

repeated the drug combination experiments in the optimised culture medium to 

confirm whether the drug responses were similar. Addition of the TGFß inhibitor, 0.1 

μM A83-01, to SG0032 resulted in increased sensitivity to CYC065 alone with IC50 values 

of 0.18 μM and 0.32 μM respectively (Figure 5-5A and B). With the constant addition of 

0.1 μM JQ1, SG0032 with A83 was slightly more sensitive than SG0032 cultured in 

previous condition with IC50 values of 0.1 μM and 0.18 μM respectively. One caveat to 

this is that in the optimised medium condition the addition of 0.3 μM JQ1 at 0.3 μM 

CYC065 did not result in an SF of 0, suggesting that the cells could potentially be less 

sensitive to the combination at higher doses. To determine whether the combination 

remains synergistic under the optimised medium condition, the sensitivity index (SI) was 

calculated (adapted from Ye et al., 2012; C. Zhang et al., 2019). The SI quantifies the 

difference between the expected and the observed effect of a drug combination, 

calculated by:  

 

The SI scale ranges from -1 to 1, with positive values indicating super additivity/synergy 

and negative values indicating antagonism. The SI values were calculated for the 

combination of 0.1 μM CYC065 and 0.1 μM JQ1 for SG0032 in both the previous medium 
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and optimised medium, giving values of 0.228 and 0.001 respectively. This indicates that 

the drug synergy observed in SG0032 previously is potentially lost in the optimum 

medium for increased MYB expression at the tested doses.  

 

 

Figure 5-5 Combination confirmation in optimised 2D growth conditions 

10-day 2D SG0032 CYC065 sensitivity curves with the constant addition of either 0.1 μM and 0.3 μM 

JQ1. A) Drug assays conducted using previous media conditions. B) Drug assays conducted in the 

optimised media, with the addition of 0.1 μM A83-01. Each luminescence reading was normalised to 

the untreated CYC065 control reading. Data shown is representative of two independent biological 

repeats and each data point is the mean SF for six parallel technical replicates +/- SD. Corresponding 

SI values calculated for combination at doses of 0.1 uM CYC065 and 0.1 uM JQ1: A) SI = 0.228 

(additive/low synergy) B) SI = 0.001 (no synergy).  

5.3. 3D models 

3D models are thought be more accurate representations of the patient tumour than 

2D models, therefore I aimed to establish long-term 3D PDX-derived models to identify 

ACC niche requirements and confirm drug sensitivities identified in chapter 4.  

5.3.1. Normal murine SG organoids 

The culture conditions for normal murine SG organoids have been established and 

published (Maimets et al., 2016; Nanduri et al., 2014). I cultured murine SG organoids 

as a model to compare ACC growth requirements. The organoids are highly structured 

and branched, dependent on Wnt and R-spondin addition. They are highly differentiated 

having AQP5 positive acinar cells (Figure 5-6A and B).  

0.01 0.1 10
0.0

0.5

1.0

1.5

Conc (µM)

S
F

SG0032 2D

CYC065

+ 0.1uM JQ1

+ 0.3uM JQ1

0.01 0.1 10
0.0

0.5

1.0

1.5

Conc (µM)

S
F

SG0032 + 0.1 µM A83

CYC065

+ 0.1uM JQ1

+ 0.3uM JQ1

A B



 137 

 

 

Figure 5-6 Histological analysis of murine normal SG organoids 

Adult mouse salivary gland-derived organoids were fixed in 10% formalin, resuspended in histogel, 

and embedded in paraffin. 4 µm thick sections of normal mouse salivary gland, or organoids were 

stained with A) H&E or B) aquaporin-5 (AQP5). Slides were images at 20x magnification. Scale bar 

sizes are indicated in the image.  

 

5.3.2. PDX-derived ACC organoids 

Medium for ACC organoids was first taken from that outlined for the normal murine SG 

organoids. However, it is evident by the decrease in the number and size of organoids 

that the medium tailored to murine normal SG growth is not optimal for the growth of 

ACC (Figure 5-7). This suggests that normal SG and ACC have different niche 

requirements, and rely on different growth factors for proliferation and expansion, and 

like the 2D PDX-derived cultures, the culture conditions may be inhibiting MYB 

expression. 

 



 138 

 

Figure 5-7 Murine salivary gland organoids compared to ACC PDX-derived organoids 

EVOS images of mouse SG organoids and SG0032 PDX-derived ACC organoids cultured in published 

murine SG medium (Maimets et al., 2016; Nanduri et al., 2014). Images taken at 4x magnification. 

Scale bar = 1000 µm. 

 

Based on the optimum conditions for MYB expression identified in the 2D cultures, I 

investigated the addition of A83, as well as BMP7 and BMS493 in SG0032 PDX-derived 

3D cultures. The addition of A83 significantly increased MYB (P = 0.002) and translocated 

MYB-NFIB (P = 0.0004) expression compared to culture without A83, mirroring the effect 

observed in the 2D cultures (Figure 5-8A). The addition of BMP7 or BMS493 has no 

significant effect on expression levels when added to normal medium or with A83 

addition. The number of organoids that grew from single cells was slightly higher with 

the addition of A83 than without, and organoids were generally larger with A83 addition 

(Figure 5-8B). Despite the organoids with A83 expressing higher MYB and being larger, 

the cultures were unable to be passaged. Therefore, I investigated a range of growth 

factors and growth conditions, to identify the optimum niche requirements for ACC 

growth and successful passage to enable 3D organoid line generation. From this point 

A83 was added to all ACC organoid media, and from here on is referred to as “normal” 

medium.  
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Figure 5-8 SG0032 3D culture medium optimisation 

A) SG0032 PDX-derived cells were cultured in 3D with normal medium or with A83-01, with the 

addition of either BMP7 or BMS493. RNA was extracted and MYB and MYB-NFIB expression 

quantified via q-rtPCR. Data was analysed using the comparative CT method (DDCT), with samples 

normalised to the relative housekeeping gene GAPDH values, and then to the untreated samples. 

Three technical repeats were conducted for each media condition, and data is presented as the mean 

+/- SE. Significant expression differences are discussed in the text, calculated by a two-way ANOVA 

identifying differences between fold expression change for all media conditions for each gene, 

followed by Tukey’s multiple comparisons test. B) EVOS images of SG0032 3D growth under each 

medium condition at 4 and 20x magnification.  
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Wnt signalling 

Canonical Wnt signalling factors were significantly upregulated in the ACC samples 

compared to normal SG (Figure 3-1), therefore the effect of the Wnt signalling agonist 

R-spondin (100 ng/mL, Miltenyi Biotec) was investigated. By comparing mouse 

embryonic SG organoids and PDX-derived organoids it is clear that normal and 

cancerous tissues have differing pathway dependencies. Embryonic cells are highly 

pluripotent, having high levels of Wnt (N. Patel et al., 2011). Enhanced Wnt signalling 

via the Wnt agonist R-spondin resulted in large luminal structures but inhibited 

branching compared to normal organoid medium that formed budding structures 

(Figure 5-9). On passaging of the organoids to single cells, removing R-spondin resulted 

in highly differentiated, branched structures, closely resembling the histological 

structure of a murine salivary gland. H&E staining showed a complex structure with 

lumen formation. When SG0032 PDX-derived organoids were treated with R-spondin, 

organoid count was significantly higher (P = 0.0096) although there was no significant 

increase in organoid area (Figure 5-10). However, further optimisation was needed as 

organoid passaging was unsuccessful with R-spondin addition. 
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Figure 5-9 Wnt signalling dependency in embryonic mouse salivary gland organoids 

Embryonic mouse salivary gland was dissociated to single cells and cultured as organoids. P0: 

Enhanced Wnt signalling via R-spondin lead to large lumen-like structures with inhibited branching. 

Scale bar = 400 µm. P1: Normal medium organoids passaged to the same condition formed small 

budding structures (500 μm), R-spondin grown organoids passaged to R-spondin medium were larger 

(900 μm) but without branching. Removing R-spondin after passaging resulted in the most complex 

structure, over 1000 μm. H&E staining showed a highly differentiated large branched structure with 

lumen formation 

 

 



 142 

 

Figure 5-10 SG0032 ACC organoids are not dependent on Wnt signalling 

A) The addition of R-spondin to SG0032 organoid medium had no effect on size or structure. No 

branching was observed and structures were limited (70 μm). B) Organoid count above 50 μm and 

(C) organoid area normalised to normal ACC medium conditions (n=3, mean +/- SE). After 7 days, 

significantly more organoids grew with R-spondin (unpaired t test, **, P = 0.0096). Organoid data 

was analysed using MetaXpress® High-Content Image Acquisition and Analysis Software. 
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Neural factors 

Neural signalling factors were investigated as they were highly expressed in the ACC 

samples when compared to the non-ACC tumour, SG0043, suggesting a propensity for a 

neural niche. Three neural pathways were investigated; neurotrophin signalling, 

neuregulin signalling and muscarinic signalling. The neurotrophin family is highly 

expressed in ACC according to published reports, and NTRK2 and 3 were highly 

expressed in ACC compared to normal SG and acinic cell carcinoma (Figure 3-1) (Ivanov, 

Panaccione, Brown, et al., 2013). NTK signalling is implicated in cell survival and is highly 

active in neural crest progenitor cells (Youn et al., 2003). Therefore, the NTRK3 natural 

ligand, NT3 (100 ng/mL, Peprotech) was added to organoid medium for both SG0028 

and SG0032 PDX-derived organoids, however this resulted in reduced growth for 

SG0032 (Figure 5-11A).  

 

Neuregulin (NRG) in a member of the EGFR family, acting on the ErbB receptor. NRG is 

associated with neuronal survival and neural fate determination and has been found to 

increase the proliferation of neuronal progenitors from embryonic neural stem cells (Y. 

Liu et al., 2005). However, addition of NRG-1 (100 ng/mL, Peprotech) reduced organoid 

growth particularly in SG0032-PDX derived cultures (Figure 5-11A).  

 

Muscarinic (M1) receptors are involved in the parasympathetic nervous system. During 

salivary organogenesis, parasympathetic innervation maintains epithelial progenitor 

cells, which is mimicked in explant culture via M1 signalling (Knox et al., 2010). Via 

parasympathetic ganglion removal and M1 receptor inhibition, it was found that these 

factors are required for epithelial morphogenesis. The neurotransmitter acetyl choline 

binds to and activates M1 receptors, therefore the acetyl choline analogue carbamoyl 

choline (CCh) was used in vitro to identify that M1 signalling maintains basal progenitor 

cells and promotes proliferation. Due to these findings, the addition of CCh was 

investigated in the ACC-derived organoids. The addition of CCh (10 nM, Sigma) resulted 

in larger organoid structures in both SG0028 and 32, with significantly more organoids 

over 50 µm in diameter in SG0032 compared to normal medium (P = 0.014) (Figure 

5-11A and B). This indicates that ACC is responsive to parasympathetic signalling, 

however passaging was still unsuccessful.  
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Figure 5-11 The impact of neural factors on ACC organoid growth 

SG0028 and 32 PDX-derived organoids were grown in the presence of neuronal signalling factors; 

carbamoyl choline (CCh), neuregulin, or neurotrophin 3 (NT3). A) Images of representative organoids 

from each condition for SG0028 and 32 taken at 20x magnification. In both lines, CCh resulted in the 

largest organoids. Scale bar = 100 µm. B) Number of organoids above 50 μm in diameter for SG0028 

and 32 with the addition of CCh, normalised to the normal medium condition (parallel biological 

triplicates, mean +/- SE). Organoid data was analysed using MetaXpress® High-Content Image 

Acquisition and Analysis Software. Statistical analysis via a two-way ANOVA identifying differences 

between organoid count for each medium condition for each PDX sample, followed by Sidak’s 

multiple comparison test (*, P = 0.014). 
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Hypoxia  

Head and neck tumours are reported to have an average tumour oxygen (O2) percentage 

of 2% (Mckeown, 2014). Furthermore, it has been reported that hypoxia-inducible factor 

1 alpha (HIF-1α) and other hypoxia-related proteins increase invasiveness in ACC (De 

Mendonça et al., 2020; Lim et al., 2017). Therefore, I compared the culture of normal 

mouse SG organoids, SG0027-derived and SG0032-derived ACC organoids under hypoxic 

(2% O2) and normoxic conditions (20% O2) (Figure 5-12). There was a stark difference 

between growth in normoxic and hypoxic conditions. Normal SG organoids under 

hypoxic conditions were far smaller in size (approximately 150 μm in diameter 

compared to 400 μm in normoxic) and the branching morphology was inhibited. In 

contrast both SG0027 and 32 ACC PDX-derived organoids appeared to thrive in hypoxic 

conditions, growing to at least double the size of when grown in normoxic conditions. 

Hypoxia was the only condition that enabled passaging of ACC organoids; SG0027 were 

passaged up to P6 whereas SG0032 were passaged up to P2. However, culturing under 

hypoxic conditions was limited as there is one hypoxic chamber at 2% O2 in the institute, 

so prolonged culture of organoids was dependent on chamber availability. Interestingly, 

mouse SG organoids did not survive passage under hypoxia whereas they passage 

indefinitely under normoxic conditions.  
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Figure 5-12 ACC organoids prefer a hypoxic environment 

Normal mouse SG organoids and SG0027 and 32 PDX-derived ACC organoids were grown in normal 

culture conditions (normoxic, 20% O2) and hypoxic conditions (2% O2). Mouse SG organoids were 

imaged at 4x magnification, whereas ACC organoids were imaged at 20x magnification. Scale bar for 

mouse SG organoids = 400 µm, and ACC organoid scale bars = 200 µm. 
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ACC PDX-derived organoid comparison to PDX lines 

Overall, successful organoid cultures were derived from SG0027, 32 and 69. SG0027 and 

32 were established under hypoxic conditions, whereas SG0069 was cultured in 

normoxic conditions. To determine whether the organoids histologically recapitulate 

the PDX tumour, the organoids were stained via H&E (Figure 5-13). It is clear that the 

growth patterns are very similar between the PDX tumour and derived-organoids. 

SG0027 has some areas of more solid growth, SG0032 has a clear cribriform pattern, 

whereas SG0069 appears to have a solid “bunch of grapes” appearance. To identify the 

cell types present in the organoids, sections were stained via IHC for luminal marker CK8, 

and the basal and myoepithelial marker TP63 (Figure 5-14). CK8 and TP63 staining in the 

organoids closely correlated with the PDX tumour staining. MYB protein expression was 

also compared between the organoids and PDX. All cells were positive for MYB in the 

SG0027 organoids, although staining was slightly weaker than in the PDX tumour. 

SG0069 organoids were negative for MYB expression which correlated with the tumour. 

SG0032 had a few cells that were very weakly positive for MYB, however all cells within 

the PDX tumour were strongly positive indicating that MYB expression in SG0032 is 

differentially expressed.  
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Figure 5-13 ACC PDX-derived organoids recapitulate the PDX growth pattern 

ACC PDX-derived organoids were fixed in 10% formalin, resuspended in histogel, and embedded in 

paraffin. 4 µm thick sections of organoids, or PDX tumour were stained via H&E. SG0027 organoids 

were passage 4 grown in hypoxia, SG0032 organoids were passage 1 grown in hypoxia, and SG0069 

were passage 0 grown under normal culture conditions. Images were taken at 20x magnification.  
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Figure 5-14 ACC PDX-derived organoids recapitulate the PDX cell types 

ACC PDX-derived organoids and PDX tumour sections were stained with the luminal cell marker 

cytokeratin 8 (CK8), the basal cell marker TP63, and MYB. Antibody signal was amplified via DAB and 
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counterstained using Harris haematoxylin. SG0027 organoids were passage 4 grown in hypoxia, 

SG0032 organoids were passage 1 grown in hypoxia, and SG0069 were passage 0 grown under 

normal culture conditions. Slides were imaged at 40x magnification. 

 

5.3.3. ACC organoid drug sensitivity assays  

To confirm that the 3D ACC organoids show sensitivity to the combination of CYC065 

and JQ1, organoids were treated with serial doses of CYC065 with the constant addition 

of either 0.1 or 0.3 μM JQ1 (Figure 5-15). SG0027 and 32 in the optimal 3D condition of 

A83 addition were compared to the sub-optimal 2D curves. Although each sample had 

a differing sensitivity to the drugs as single agents, the addition of JQ1 decreased the 

surviving fraction of cells, as the dose response curves shifted to the left with increasing 

JQ1 doses. The 2D assays and 3D assays are very tightly correlated for both samples, 

with the SG0027 CYC065 IC50 value with 0.1 μM JQ1 addition in 2D being 0.27 μM and 

in 3D 0.26 μM. This shows that the 3D ACC organoids can be applied to drug sensitivity 

assays, and that increased MYB does not dramatically alter the sensitivity to CYC065 and 

JQ1. To confirm that the combination remains synergistic as observed in the 2D models, 

SI values were calculated. The SI value for SG0027 was calculated in both 2D and 3D at 

0.3 μM CYC065 and 0.1 μM JQ1, giving values of 0.08 and 0.455 respectively. This 

indicates that the combination is more synergistic at these doses in SG0027 in 3D than 

in 2D. This was also found when SI values were calculated for SG0032 at 0.1 μM CYC065 

and 0.3 μM JQ1 in 2D and 3D assays, giving values of 0.176 and 0.253 respectively. 
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Figure 5-15 2D and 3D CDK and bromodomain inhibitors in combination 

10-day 2D and 7-day 3D CYC065 sensitivity curves with the constant addition of either 0.1 μM 

and 0.3 μM JQ1 in ACC samples SG0027 (A and B) or SG0032 (C and D). Each luminescence 

reading was normalised to the untreated CYC065 control reading. Data shown is representative of 

two independent biological repeats and each data point is the mean SF for six parallel technical 

replicates +/- SD. SI values calculated: SG0027 for combination at doses of 0.3 uM CYC065 and 0.1 

uM JQ1, (A) 2D SI = 0.08 (not synergistic) (B) 3D SI = 0.455 (synergistic). SG0032 for combination at 

doses of 0.1 uM CYC065 and 0.3 uM JQ1, (C) 2D: 0.176 (low additivity) (D) 3D: 0.253 (additivity/low 

synergy).  
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5.3.4. Normal SG organoids to predict toxicity 

To predict toxicity in tissues other than the tumour, 3D drug assays were conducted 

using the normal mouse SG organoids. As these organoids divide at a faster rate than 

the ACC organoids, assays lasted 5 days opposed to 7 days. The mouse SG organoids 

were less sensitive to both JQ1 and CYC065 than the ACC samples and the negative 

control cell lines (Figure 5-16A and B). At 10 μM JQ1 treatment, the organoids were 

smaller but with a clear structure, whereas at 1 μM CYC065 the structures were less 

defined with many degraded, as shown by the representative images, correlating with 

SF values at those doses. Furthermore, when treated in combination with the constant 

additions of 0.1 or 0.3 μM JQ1 to CYC065, the IC50 values remained the same and the 

curves did not shift to the left as seen when the ACC samples were treated at the same 

doses (Figure 5-16C). Therefore, the normal mouse salivary gland organoids were less 

sensitive to both single agent JQ1 and CYC065, as well as in combination, compared to 

the ACC pre-clinical in vitro models.  
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Figure 5-16 Normal mouse salivary gland toxicity assays 

7-day 3D mouse SG drug toxicity assays treated with JQ1 (A) and CYC065 (B). Representative images 

of organoids are shown for increasing concentrations of drug. C) CYC065 response curve with the 

0.1 1 100
0.0

0.5

1.0

1.5

Conc (µM)

S
F

JQ1 (BRDi)

LNCaP
PC3
Mouse SG 

0.01 0.1 10
0.0

0.5

1.0

1.5

Conc (µM)

S
F

CYC065 (CDK2, 5, 9i)

LNCaP
PC3
Mouse SG 

200 µm

200 µm

0 µM 10 µM

0 µM 1 µM

A

B

0.01 0.1 10
0.0

0.5

1.0

1.5

2.0

Conc (µM)

S
F

CYC065 (CDK2, 5, 9i)

CYC065
+ 0.1uM JQ1
+ 0.3uM JQ1

C

200 µm

3 µM

0.3 µM

200 µm



 154 

constant addition of either 0.1 μM and 0.3 μM JQ1. Each luminescence reading was normalised to 

the untreated CYC065 control reading. All curves are representative curves conducted in triplicate, 

+/- SD. Images taken at 20x magnification. Scale bars = 200 μm. 

5.4. Discussion 

Due to the lack of validated pre-clinical ACC models, most recent progress in ACC 

research has been made using PDX-derived primary ACC cells, however these models 

are challenging due to limited passage ability and issues in recapitulation of the PDX 

lines (Andersson et al., 2017; Nör et al., 2017). Since the start of my studentship, one 

ACC cell line has been successfully established by Warner et al from a patient tumour 

over a period of eight years without the use of in vitro immortalisation techniques 

(Warner et al., 2019). The only culture differences to those used for the 2D PDX-derived 

cultures described in this chapter was the use of fibronectin-coated plates and the 

addition of 1% bovine brain extract (BBE). Warner et al describe the addition of BBE as 

“critical” for establishment of their ACC cell line, however neural factors were 

investigated for PDX-derived 3D organoids and whilst growth was larger, cells did not 

grow following passaging. The growth rate of the cell line increased with passage which 

was suggested to be due to the senescence of stromal cells increasing the proportion of 

tumour cells in the cultures, however as the 2D cultures in this chapter were PDX-

derived opposed to directly from patient samples the stroma was of mouse origin and 

was depleted at the beginning of culture. Warner et al detected low MYB and BCL-2 

expression at low passages, and this agreed with the 2D PDX-derived cultures. They also 

detected low p63 levels in low passages although I found that p63 was not significantly 

differentially expressed in the 2D PDX-derived cultures compared to the PDX. However, 

following passage 20, MYB expression was significantly increased, along with the known 

MYB downstream target BCL-2, although the MYB expression levels still appear slightly 

less than in the original patient tumour (Warner et al., 2019). Overall, Warner et al have 

established the first promising ACC patient-derived cell line, that expresses high MYB 

and MYB targets and can be applied to drug screens, however eight years is a long time 

to achieve one cell line, and it is yet to be made commercially available. My data 
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suggests that adding a TGFß inhibitor could avoid the time taken to reach passage 20 for 

increased MYB expression as observed by Warner et al, although I did not investigate 

long-term 2D culture, only 3D.  

 

TGFß signalling appears to negatively regulate MYB in ACC, as TGFß inhibitors 

significantly increased MYB expression in both the 2D and 3D PDX-derived models. This 

effect is the opposite to that observed in ER+ breast cancer, where TGFß enhanced MYB 

expression and increased the half-life of MYB protein (Cesi et al., 2011). Knockdown of 

TGFß receptors would definitively determine whether TGFß is inhibiting MYB 

expression, however there are seven Type I and five Type II receptors that TGFß family 

members bind to making this impractical (Shi & Massagué, 2003). TGFß inhibitors are 

commonly used for the long-term culture of human adult stem cell-derived organoid 

cultures and not in mouse. The biological reason for this species-specific requirement is 

unknown but is used in colon, breast, and liver organoid cultures to name a few (Fujii et 

al., 2016; Huch et al., 2015; Karthaus et al., 2014; Sachs et al., 2018; Seino et al., 2018). 

A very recent paper described an ACC organoid culture method where organoids were 

re-implanted as an orthotopic PDX model (Takada et al., 2021). These organoids are 

arguably a spheroid-organoid hybrid as the single cells plated were allowed to aggregate 

before Matrigel was added. Takada et al grew the organoids in a medium very similar to 

published media for prostate and colorectal cancer organoids, with the addition of 

dexamethasone taken from published mouse SG organoids (Drost et al., 2016; Fujii et 

al., 2016; Maimets et al., 2016; Nanduri et al., 2014). This medium also contained A83, 

however, Takada et al did not investigate whether MYB expression was maintained 

during organoid culture, only confirming it in the successful organoid-derived PDX 

tumours. I found that although TGFß inhibition increased MYB expression, it was still 

approximately 3-4-fold lower than the PDX tumour. My data suggests that MYB is 

inducible under culture conditions, therefore Takada et al should investigate whether 

this is the case in their organoid cultures and if so, investigate why MYB expression is 

restored on implantation to the submandibular gland. This would give insight into what 

niche factors in the environment enhance MYB expression and could improve pre-

clinical in vitro ACC models.  
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An issue with ACC organoid line establishment is successful passaging for long-term 

culture. Mouse SG cultures grow indefinitely as the ductal compartment harbours stem 

cells and the published medium promotes Wnt signalling that stimulates self-renewal of 

these stem cells, facilitating long-term expansion (Maimets et al., 2016). Despite Wnt 

signalling being a significantly upregulated pathway in ACC compared to normal SG, 

enhanced Wnt signalling did not increase growth or enable passaging in ACC. The only 

condition to enable passaging was hypoxia, which disputed the pathway enrichment 

analysis identifying hypoxia as significantly downregulated in the PDX tumour compared 

to the 2D cultures. Hypoxia has been linked to stem-cell renewal, with glioblastoma 

organoids containing a hypoxic core comprised of CSCs (Hubert et al., 2016). However, 

the establishment of a hypoxic gradient is dependent on organoid size, and as under 

normal conditions SG0027 and 32 organoids were around 50 µm they may not have 

been large enough hence cultures thrived when grown in a hypoxic chamber. Fujii et al 

established 40 CRC organoids and found that 5 were dependent on a hypoxic 

environment, therefore the different ACC samples may respond differently to hypoxic 

culture (Fujii et al., 2016). It would be interesting to compare MYB expression in hypoxic 

and normoxic cultured organoids, and to identify other differences at the transcriptional 

level also in the PDX tumours. It would also be interesting to assess the effect of R-

spondin and CCh in the medium under hypoxic conditions as these both induced a 

significantly higher number of organoids in normoxic culture. Nonetheless, successful 

establishment of an ACC organoid line would enable further investigative opportunities 

such as co-culture with neurons to model PNSI, and also application to drug sensitivity 

assays. 

 

It is interesting that whilst the optimum 2D medium condition with the addition of A83 

appeared to reduce the level of drug synergy observed in SG0032 compared to the 

previous medium condition, 3D assays with the addition of A83 demonstrated increased 

synergy. This raises the debate of which in vitro model is most representative of the 

tumour and the best predictive pre-clinical model. However, as the SI value calculation 

is only an indication of synergy at one dose pairing, further dose combinations should 

be investigated to definitively determine the level of synergy in both models, and the 

optimal dose ratio. 
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Normal “healthy” tissue organoids have been used to predict the toxicity of potential 

therapeutic compounds. Organoid models have been established to predict 

hepatotoxicity, cardiotoxicity and nephrotoxicity (Eder et al., 2016; Meng, 2010; 

Takasato et al., 2015). In addition, normal and cancer organoids have been used to 

identify potential therapies with selectivity towards cancer cells, such as comparing CRC 

and normal colon organoids sensitivities (Fiore et al., 2018). Normal SG organoids were 

far less sensitive than the ACC organoids to the combination of CYC065 and JQ1, 

suggesting that the potential therapy is ACC selective. This would be confirmed by in 

vivo assays.  



 158 

6. Drug combination mechanistic investigation 

6.1. Introduction 

In Chapter 4, a potential drug combination was identified in the ACC PDX-derived in vitro 

models between the CDK2, 9 inhibitor CYC065, and the BRD4 inhibitor, JQ1. The 

combination was synergistic in SG0027, 28, 32 and 37, and lines remained sensitive 

when cultured in optimised medium for MYB expression. In this chapter, the 

combination mechanism of action is investigated in both 2D culture and short-term and 

long-term in vivo PDX assays to identify potential anti-MYB activity. 

6.2. 2D mechanistic investigation 

To determine whether the combination of CYC065 and JQ1 targets MYB expression, 

SG0032 cells in 2D were treated for 8 hours and RNA collected. Targeted q-rtPCR 

identified that at 8 hours treatment, MYB expression in the combination was 

significantly reduced compared to the untreated control (P = 0.0004), although was less 

significant than the single agents (P < 0.0001) (Figure 6-1). MYB-NFIB expression was 

significantly decreased in all treatment conditions compared to the vehicle (P < 0.0001). 

Although these experiments were conducted without A83 in the medium, a difference 

in MYB expression was still observed suggesting that although MYB was significantly 

lower than in the PDX, it was still expressed at a measurable level. Furthermore, the 

expression levels of selected previously reported MYB downstream targets and genes 

highly expressed in the ACC patient samples were investigated. There was a significant 

difference in all downstream target expression between the combination treatment and 

the untreated control, except for PRAME which was only significantly decreased with 

the single agent treatments. Whilst there was no significant difference in BCL2, CDK6, 

NOTCH1 or PRAME expression, between the single agents and the combination, EN1 

was significantly differentially expressed compared to both single agents; CYC065 (P = 

0.0179) and JQ1 (P < 0.0001).  
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Figure 6-1 MYB and putative downstream MYB targets following 8 hr combination treatment 

RNA was isolated from 2D cultured SG0032 PDX-derived cells, treated with the IC50 concentrations 

of CYC065, JQ1 or both in combination for 8 hours. Expression of MYB and putative downstream 

genes was assessed via quantitative rt-PCR using SYBR green. Data was analysed using the 

comparative CT method (DDCT), with samples normalised to the relative housekeeping gene GAPDH 

values, and then to the untreated samples (n=3, mean +/- SE). Significant expression differences are 

discussed in the text, calculated by a 2way ANOVA followed by Tukey’s multiple comparison test.  

 

In order to identify which genes and pathways are being targeted by the combination 

therapy, RNAseq was conducted on 2D SG0032 samples in biological triplicate, derived 

from different PDX passages. Analysis from three different treatment timepoints 

identified that 12 hours was the optimal treatment time as MYB, MYB-NFIB and EN1 

were all significantly downregulated (Figure 6-2).  

 

 

Figure 6-2 Time optimisation for drug combination analysis via 2D RNAseq 

RNA was isolated from 2D cultured SG0032 PDX-derived cells following 8-, 10- and 12-hours 

treatment with the IC50 concentrations of both CYC065 and JQ1, or vehicle. Expression of MYB and 

putative downstream genes was assessed via q rt-PCR using SYBR green. Data was analysed using 
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the comparative CT method (DDCT), with samples normalised to the relative housekeeping gene 

GAPDH values, and then to the untreated samples (n=3, mean +/- SE). 

 

RNAseq analysis identified a large number of DEGs between the single agents and the 

combination. Interestingly, the Venn diagram of downregulated DEGs highlights that the 

highest number of genes (2309) are downregulated in both CYC065 and the combination 

implying that CYC065 plays the biggest role in transcriptional repression within the 

combination treatment (Figure 6-3 A and B). However, the combination independently 

downregulated 2007 genes that are not affected by JQ1 or CYC065 treatment alone. 

MYB was significantly decreased in the RNAseq data by -1.6 Log2 fold, and the known 

MYB target EN1 was also significantly decreased by -4.8 Log2 fold. GSEA pathway 

analysis of the combination treatment compared to vehicle group shows that MYC 

targets are significantly downregulated (Figure 6-3C) (full GSEA pathway analysis is 

provided in appendix 5, chapter 9.5). This suggests that the combination therapy could 

be working via the suppression of MYB downstream targets. 

 

 

Figure 6-3 RNAseq analysis of vehicle and treated PDX-derived 2D samples 

Venn diagrams of significantly downregulated (A) and upregulated (B) differentially expressed genes 

identified from RNAseq of vehicle, single agent JQ1, CYC065 and combination treatment in 2D 
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cultured SG0032 PDX-derived cells with medium without 0.1 µM A83 (Log2 fold change < -1 or > 1, 

P < 0.01). C) Gene set enrichment analysis (GSEA) was performed on the significantly up- and 

downregulated DEGs in the combination treatment normalised to the vehicle treatment. 

Significantly upregulated and downregulated hallmark pathways according to significant DEGs, Padj 

< 0.05. Hallmark gene sets from the Molecular Signatures Database were used. 

6.3. In vivo confirmation 

6.3.1. Short-term in vivo investigation 

To confirm drug activity and to investigate the combination mechanism in a more 

clinically relevant model, SG0032 tumour implanted CD1 nude mice were treated for 5 

days with 55 mg/kg CYC065 and 50 mg/kg JQ1 and then harvested. Firstly, known drug 

targets were quantified via western blot to confirm that the drugs were hitting the 

biological targets (Figure 6-4A). CDK2 is reported to phosphorylate the tumour 

suppressor retinoblastoma protein (RB) at Thr821, however CDK2 inhibitors have also 

been shown to inhibit RB phosphorylation at Ser780 (Frame et al., 2020; Hattori et al., 

2014; Whittaker et al., 2018; Zarkowska & Mittnacht, 1997). At both potential RB 

phosphorylation sites, only the combination treatment significantly decreased 

phosphorylation at S780 (P = 0.0052) and Thr821 (P = 0.0229) (Figure 6-4B and C). This 

difference in RB phosphorylation at S780 and Thr821 was found to be synergistic by 

applying the SI calculation, giving values of 0.478 and 0.28 respectively. CDK9 inhibitors 

inhibit the phosphorylation of RNA polymerase II (RNPII) at Ser2 (reviewed in Jeronimo, 

Collin & Robert, 2016). There is also evidence that BRD4 inhibitors also inhibit RNPII 

phosphorylation at this site too (Devaiah et al., 2012). Whilst both CYC065 and JQ1 

reduced phosphorylation at RNPII S2, the reduction in expression was only significant 

following combination treatment (P = 0.044) (Figure 6-4D). In addition, the effect of both 

drugs in combination on RNPII S2 phosphorylation inhibition was not synergistic as 

calculated via SI, giving a value of 0.037. Both total RNPII and RB remained fairly constant 

therefore the reduction in phosphorylation was specific rather than due to a decrease 

in expression of the total proteins.  
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Figure 6-4 Confirmation of drug activity in 5-day treated SG0032 PDX tumours 

A) Protein was extracted from snap frozen SG0032 tumours from 5-day treated vehicle, JQ1 (50 

mg/kg), CYC065 (55 mg/kg) or combination treated mice. RNA polymerase II S2, total RNA 

polymerase II, RB S780, RB Thr 821, and total RB were detected by Western blot. The housekeeping 

gene Actin was used as a loading control. Expression of phospho-RB S780 (B), Phospho-RB Thr821 

(C) and RNA polymerase S2 (D) were normalised to the housekeeping gene. Data represents three 

biological repeats and is expressed as the mean +/- SE. Statistical analysis was conducted using a 

One-way ANOVA followed by Dunnett’s multiple comparisons test (* = P < 0.05, ** = P < 0.01). Drug 

synergy on target inhibition was predicted using the SI calculation: B) RB S780 SI = 0.478 (synergistic), 

C) RB Thr821 SI = 0.28 (additive/low synergy), D) RNPII S2 SI = 0.037 (not synergistic).  

 

 

 

 

 

 



 163 

Actively proliferating cells were significantly reduced in the combination treatment 

group compared to vehicle and single agent treated tumours, identified by Ki-67 IHC 

staining (P <0.0001) (Figure 6-5A). Although, following the 5-day treatment there was 

no significant difference in the number of caspase-3 positive cells indicating that 5-days 

may not be long enough to induce cell death (Figure 6-5B). There was no significant 

difference in MYB expression, although there is apparent variability between the 

biological triplicates (Figure 6-5C). There is also no significant difference in the 

expression of the MYB target EN1 (Figure 6-5D). However, the staining of positive EN1 

cells was noticeably weaker only in the combination treated tumours compared to the 

single agent and vehicle treated groups (Figure 6-5E). There appeared to be a difference 

in nucleolar body expression as the number of cells with strong nucleoli staining was 

significantly decreased only the combination treated tumours (P <0.0001). 
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Figure 6-5 Immunohistochemical analysis of 5-day short term treated SG0032 PDX tumours 

Following 5-day treatment with either vehicle, JQ1 (50 mg/kg), CYC065 (55 mg/kg) or a combination 

of both drugs, tumours were harvested and fixed in 10% formalin and paraffin embedded. Three 

tumours from each experimental arm were stained via immunohistochemistry (IHC). The number of 

positively stained cells were counted and expressed as a percentage of total cells from triplicate 

images for each sample. For panels A-D, representative images at 40x magnification are shown for 

the vehicle and combination arms. For panel E, representative images are shown at 80x 

magnification. There are no significant differences in expression of MYB or caspase-3 (A and B). C) 
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groups (****, p = <0.0001). There is no significant difference in engrailed-1 (EN1) protein expression 

(D), however, there is a significant difference in cells containing EN1 positively stained nucleolar 

bodies (E). Statistical analysis conducted using nested 1way ANOVA and Tukey’s multiple 

comparisons test. 

 

To identify potential biomarkers of therapeutic activity at the molecular level, the 

expression of MYB and potential downstream target genes was assessed by q-rtPCR 

(Figure 6-6). Targets were selected from the 2D combination RNAseq and published MYB 

targets identified by MYB ChIP-seq (Drier et al., 2016; Mandelbaum et al., 2018). The 

expression of these targets was checked in the RNAseq data comparing the 2D culture 

transcriptome to correlating PDX tumours, to ensure that the targets chosen were 

expressed at a high level in the untreated PDX tumour. MYB and translocated MYB 

expression were not significantly different in any treatment condition (analysed via 

2way ANOVA followed by Tukey’s multiple comparisons test). Interestingly, selected 

targets were not all affected to the same degrees. EN1 expression was largely decreased 

in the combination treated tumours, as was expected from the IHC staining and the 2D 

RNAseq. MYC expression was decreased in the JQ1 single agent group but not in the 

CYC065 single agent group. However, this decrease was even more pronounced in the 

combination group, and correlated with the 2D combination treated RNAseq data that 

identified a significant decrease in MYC target expression by 6 Log2 fold. CDK6, NOTCH1 

and SOX10 expression was investigated as they are also reported to be MYB targets, 

however there was large variability in expression between the combination treated 

tumours.  Interestingly, SOX9 is not a widely reported MYB target but was investigated 

as it was significantly decreased by 6.5 Log2 fold in the 2D combination data. Therefore, 

the short-term expression data agrees with the 2D data as SOX9 was largely decreased 

in the combination treated tumours.  
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Figure 6-6 Potential mechanistic targets from the short-term treated SG0032 tumours 

RNA was isolated from snap frozen SG0032 PDX tumours treated for 5-days in vivo with either 

vehicle, JQ1 (50 mg/kg), CYC065 (55 mg/kg) or a combination of both drugs.  Expression of MYB and 

potential mechanistic targets was assessed via q rt-PCR using SYBR green. Data was analysed using 

the comparative CT method (DDCT), with samples normalised to the relative housekeeping gene 

GAPDH values, and then to the untreated samples (n=3, mean +/- SE). Data was statically analysed 

via a 2way ANOVA followed by Tukey’s multiple comparison test however due to sample variability 

no genes were significantly decreased from treatment groups compared to the untreated control.   

 

Two potential mechanisms of cell death were investigated by protein analysis (Figure 

6-7). Increased expression of phospho-Histone H2A.X (Ser139) (p-yH2AX) is a marker of 

DNA damage, and both CDK2 and BRD4 inhibitors have been reported to induce this 

(Miller et al., 2019; H. Y. Wang & Kim, 2016). There was a slight increase in p-yH2AX 

expression in two combination treated tumours compared to the vehicle treated 

tumours, however this was variable. The other pathway investigated was ribosomal and 

nuclear stress. Ribosomal stress activates p53-dependent cell cycle arrest, which in turn 

increases p21 levels (Gilkes et al., 2006). This was investigated due to the specific lack of 

EN1 nucleolar body staining, however p21 expression was not increased in combination 

treated tumours. 
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Figure 6-7 Potential mechanisms of cell death induced by the combination treatment 

Protein was extracted from snap frozen SG0032 tumours from 5-day treated vehicle, JQ1 (50 mg/kg), 

CYC065 (55 mg/kg) or combination treated mice. P21WAF1/CIP1 and phospho-Histone H2A.X (Ser139) 

were detected by Western blot. The housekeeping gene Actin was used as a loading control. 

 

6.3.2. Long-term in vivo investigation 

As proliferation was significantly reduced, as determined via Ki67 expression following 

5-day combination treatment, a long-term in vivo assay was conducted to determine 

whether the combination reduces SG0032 tumour growth compared to the single 

agents. Beforehand, two-week toxicity assays were completed to select well-tolerated 

doses of each single agent suitable for long term dosing. Two weeks of treatment at 55 

mg/kg CYC065 and 50 mg/kg JQ1 was toxic to the mice inducing sudden death, in 

addition 50 mg/kg CYC065 and 40 mg/kg JQ1 induced excessive weight loss (greater than 

10% of body weight). To be cautious, 25 mg/kg CYC065 and 20 mg/kg JQ1 was chosen 

as CYC065 showed anti-tumour activity when used at a dose lower than 30 mg/kg in 

AML PDX models (MacKay et al., 2015).  

 

CD1 mice were implanted with SG0032 tumour fragments. When tumours reached 

between 150-200 mm3 they were allocated to experimental groups, with 5 mice in each 

experimental arm. Mice were treated for 35 days in total and all mice survived the 

treatment regimen. The combined drug treatment of 25 mg/kg CYC065 and 20 mg/kg 

JQ1 was well tolerated, with percentage body weight loss not exceeding 4.8%. 

Unfortunately, there was large variability in tumour fold increase at the endpoint of the 

experiment within the vehicle group, ranging from a percentage increase of 150 to 

600%. By looking at the five individual growth curves for each tumour within the 
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treatment groups opposed to the mean, it is clear that tumour measurements were not 

consistent (Figure 6-8B-D). Nevertheless, the combination and JQ1 single agent 

treatment both reduced growth by similar levels, however, CYC065 did not impede 

tumour growth compared to the vehicle group (Figure 6-8A). The average vehicle 

tumour volume was 370%, compared to 170% and 195% following JQ1 and combination 

treatment respectively. This indicates that the combination treatment offered no 

advantage over single agent JQ1 treatment in inhibiting SG0032 tumour growth and that 

JQ1 is just as effective alone.  

 

To confirm that the drugs at these lower doses were still hitting their biological targets, 

the level of RNP II S2 phosphorylation was quantified by Western blot, in three randomly 

chosen tumours from each treatment group (Figure 6-8E). Expression in both JQ1 single 

agent and CYC065 single agent groups was significantly reduced, although variable 

between the three biological repeats (P = 0.0114 and 0.0129 respectively) (Figure 6-8F). 

However, expression within the combination group was consistent across all three 

tumours, being completely inhibited (P = 0.0029). Total RNPII expression was not overly 

consistent, although it did not correlate with reduced RNP II S2 phosphorylation 

therefore it can be assumed that reduction in phosphorylation was specific. This 

indicates that the agents at the lower doses are having a biological effect on the 

tumours.  
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Figure 6-8 In vivo efficacy of long-term combination treatment in SG0032 PDX tumours  

A) Average tumour volume over 35-days treatment with either vehicle, JQ1 (20 mg/kg), CYC065 (25 

mg/kg) or a combination of both drugs (+/- SEM, N = 5). The individual growth curves of each tumour 

receiving CYC065 (B), JQ1 (C) or the combination treatment (D) compared to the vehicle tumours. E) 

Expression analysis of RNA polymerase II S2 and total RNA polymerase for three randomly chosen 

tumours from each treatment group. The housekeeping gene actin is used as a loading control. F) 

Normalised expression of RNA polymerase II S2 compared to actin, plotted as the mean +/- SE. 

Statistical analysis was conducted using a One-way ANOVA followed by Dunnett’s multiple 

comparisons test (* = P < 0.05, ** = P < 0.01). 
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To confirm similar mechanistic effects were observed in the long-term treatment 

compared to the short-term treatment, tumours were stained for EN1 (Figure 6-9). 

Unlike following short-term treatment, positive nucleolar body staining was still present 

in the long-term combination treated tumours to the same degree as the vehicle and 

single agent treated tumours.  

 

 

Figure 6-9 Engrailed-1 expression following long-term combination treatment 

Following 35-day treatment with either vehicle or a combination of JQ1 (20 mg/kg), CYC065 (25 

mg/kg) tumours were harvested and fixed in 10% formalin and paraffin embedded. 4 µm thick 

sections were stained for EN1 via IHC. Images are taken at 40x magnification. Scale bar = 50 µm. 

6.4. Discussion 

In pre-clinical drug investigations, it is important to identify that the drugs are hitting 

their biological targets and to determine the mechanism of drug action as this can 

inform biomarker selection for therapeutic efficacy. The combination of a CDK2/9 

inhibitor with a BRD inhibitor has recently been shown to be effective in a number of 

oncogene-driven cancers. BRD inhibitors have proven synergistic with CDK9 inhibitors 

in AML, MLL and rhabdoid tumours (Gerlach et al., 2018; McCalmont et al., 2020; 

Moreno et al., 2017). In addition, BRD inhibition in combination with CDK2 inhibition has 

proven effective in orthotopically transplanted MYC-driven medulloblastoma PDX 

models (Bolin et al., 2018). All these studies identify that the combination inhibits 

oncogene expression by targeting super-enhancers. As ACC is thought to be MYB driven, 

and super-enhancers with MYB binding sites are known to promote the ACC 

transcriptional programme, I hypothesised that the BRD and CDK2, 9 inhibitor 
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combination would be effective by disrupting super-enhancer activity thereby 

regulating MYB and MYB downstream target expression.   

 

It is clear that the combination of both CYC065 and JQ1 has a different impact on the 

transcriptome to the agents individually. From the investigated MYB downstream 

targets, not all targets were downregulated and the only differential expression 

observed was in the combination treated tumours. An exception to this was MYC 

expression that was also decreased with JQ1 single agent treatment. However, as 

proliferation was not decreased in the JQ1 single agent treated tumours, only in the 

combination treated tumours, this suggests that there are other differences occurring 

in the combination group impeding growth, other than suppressed MYC expression. 

CYC065 alone did not affect MYC expression, potentially due to a BRD4-mediated 

compensatory mechanism previously reported in response to CDK9 inhibition (H. Lu et 

al., 2015). My data confirms that the combination of both drugs is required to alter the 

transcriptional programme. This data could also suggest varied MYB activity at different 

downstream promoters, explaining why known MYB targets were affected differently.  

SOX9 was also only decreased in the combination treated group in both the 2D and PDX 

models. SOX9 is a transcription factor involved in embryogenesis and lineage 

commitment including neural crest development, but is not a widely reported MYB 

target (Matheu et al., 2012). Two published studies using CYC065 to treat 

neuroblastoma and AML detected a significant reduction in the pro-survival gene MCL1, 

however this was expressed at low levels in the PDX tumour so was not investigated as 

a biomarker (Frame et al., 2020; Poon et al., 2020).  

 

As MYB autoregulates its own expression by binding to super-enhancers, I was expecting 

MYB expression itself to be downregulated following combination treatment, however 

interestingly, it was not. I had hypothesised that by inhibiting MYB expression, the 

expression of MYB-specific downstream targets would be downregulated as the binding 

of MYB at enhancers or promoters would have been reduced, altering the 

transcriptional programme. A possible explanation to higher than expected MYB levels 

is that the transcripts most sensitive to CDK9 inhibition are those with short half-lives, 

these transcripts tend to be apoptosis regulators, such as BCL2, and key cell-cycle 
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regulators, such as MYC (Lam et al., 2001). According to this study, MYB mRNA has a 

half-life of over 8 hours, whereas BCL2 and MYC have half-lives of 2.28 and 1.59 hours 

respectively. The effect of the NFIB translocation on MYB transcript stability is unknown, 

so potentially MYB-NFIB transcripts could have longer half-lives. To determine if this is 

the mechanism, ChIP-seq could be used to compare between vehicle and combination 

treated samples the active super-enhancers MYB binds to and at which downstream 

targets. In medulloblastoma, mapping of the enhancer landscape in each sub-group 

identified unique sets of super-enhancers that correlated with tumour heterogeneity, 

therefore this should also be investigated in the other lines such as SG0027 that lacks 

the NFIB translocation to observe whether the downstream targets differ based on 

enhancer activity (Lin et al., 2016). This is likely given that the patient tumour cluster 

plot showed that samples with the same mechanism of MYB activation group closest 

based on their expression profiles at the transcriptional level (Figure 3-3). Alternatively, 

as SOX9 was downregulated and it is not a widely identified MYB target, the reason for 

only a select few MYB targets being downregulated by the combination treatment and 

not MYB itself could be due to targeting general super-enhancers. EN1, MYC and SOX9 

are transcription factors and positively regulate their own expression by binding to large 

super-enhancers themselves, so potentially these associated super-enhancers may be 

more sensitive than the translocated NFIB super-enhancer to the MYB gene by having 

higher BRD4 occupancy (D. Chen et al., 2018; Ohba et al., 2015; Peluffo et al., 2019).     

 

Potential mechanisms of cell death were investigated to understand the mechanism of 

drug action, however further work is required. The protein p53 can induce apoptosis or 

cell senescence in response to DNA damage, dysregulated cell growth, and ribosomal 

stress. The nucleolus is the site of ribosome biogenesis, and as EN1 expression was 

significantly absent from the nucleoli in the combination treated samples, the 

expression of the p53 downstream target p21 was investigated to detect potential 

ribosomal stress, however no difference was observed. Nucleolar stress could be 

assessed by nucleolin staining. An alternative avenue to investigate is inhibition of 

ribosomal RNA (rRNA) processing. Ribosome biogenesis is required for proliferation, 

however inhibition of RNPII inhibits rRNA processing (Burger et al., 2013). This in turn 

inhibits ribosome assembly and induces cell death. To determine if this is a mechanism 
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of action for the therapies, as single agents or in combination, the levels of unprocessed 

47S, intermediate 37S and mature 18S and 28S rRNAs should be measured. The pan-

CDK inhibitor flavopiridol has been reported to induce cell death in a p53-independent 

manor due to its CDK9 inhibition potency (Shapiro et al., 1999).  This could be a similar 

mechanism to that observed in the combination treated samples. It would be interesting 

to investigate whether the combination increases cell cycle arrest compared to the 

single agents, both of which report G0/G1 arrest (Delmore et al., 2011; Frame et al., 

2015).   

 

There were issues with toxicity in the in vivo experiments. A difficulty with combination 

in vivo assays is balancing efficacy with toxicity. The normal SG organoid toxicity model 

suggested that ACC was more sensitive to the combination than normal tissue. 

However, it is difficult to extrapolate in vitro drug concentrations to in vivo doses due to 

a number of factors such as ADME (drug absorption, distribution, metabolism and 

excretion), mouse species and length of assay. The most common way to conduct a 

combination drug investigation in vivo is to administer the same dose of drug used for 

the single agent arm in the combination group (Gerlach et al., 2018; McCalmont et al., 

2020; Moreno et al., 2017). However, an advantage of a synergistic combination is that 

less drug can be used whilst achieving greater efficacy, reducing the potential of drug-

induced toxicity. Whilst the doses used in the 5-day combination assay, were tolerated 

for 5-days, they were toxic when dosed for 2 weeks therefore doses had to be re-

evaluated for a long-term study. The doses of the short-term 5-day in vivo assays were 

selected from published studies, and recommendation from the drug supplier (Drier et 

al., 2016; Frame et al., 2020). The lower long-term assay doses were decided upon using 

the rationale that if the combination was truly synergistic, a greater effect would be 

seen in the combination group than the single agents at the same low doses.  

 

It is important to recognise that the long-term in vivo assay was not conducted under 

optimum conditions. Firstly, the tumour measurements were inconsistent, with large 

discrepancies from one measurement to the next. This could be because the SG0032 

tumour is soft, and has a tendency to breakup forming two or three smaller tumours in 

close proximity. This could make consistent measurements of width and length more 
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challenging. This experiment is being completed again and to overcome this issue, 

tumours were implanted as single cell injections in the hope that tumours grow more 

uniform and are more malleable during mouse handing. Secondly, there is a large 

variation in growth rate within the vehicle group. Finally, it is important to mention that 

on day 25 of drugging the experimental mice tested positive for C. bovis. This infection 

can impact PDX growth (Vedder et al., 2019), therefore it is unknown whether the 

variation in relative tumour volume within the vehicle group or treatment groups is due 

to infection. However, as mice from all experimental cages tested positive for C. bovis, 

it can be presumed that all mice were “equally” infected.   

 

The dose of CYC065 will be increased during the experimental repeat for a number of 

reasons. Firstly, the growth curves imply that JQ1 was equally as effective as the 

combination treatment in slowing tumour growth, whereas CYC065 did not slow tumour 

growth at all. Therefore, to confirm whether this was due to the lower doses of drugs 

not hitting their biological targets within the tumours, the level of phosphorylated RNPII 

S2 was quantified. There was large variability in the pRNPII levels in the CYC065 

treatment group indicating that the dose can be increased to ensure biological efficacy. 

Secondly, the biomarker identified from the 2D assays and short-term in vivo assays, 

EN1, showed no change in localisation following long-term treatment at the reduced 

doses in stained tumour sections. The clear observation of negative nucleolar body 

staining in the short-term combination group was not detected following the long-term 

treatment.  Thirdly, as the drug was well tolerated even when mice were compromised 

and positive for C. bovis, there is potential room for dose escalation.  

 

A very important area to further this investigation is to conduct these experiments in 

other ACC PDX lines, as all mechanistic data described is using sample SG0032 so all 

conclusions are SG0032 centric. Furthermore, 2D in vitro assays indicate that the 

combination is more synergistic in SG0027 than SG0032. It would be interesting to 

investigate the expression of downstream MYB targets following combination 

treatment in SG0027 and 28 as these samples have MYB activation via an alternative 

mechanism to the MYB-NFIB translocation. This would therefore give insight into how 

the NFIB-flanking super-enhancers impact the MYB transcriptional program and 
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whether this alters drug sensitivities. It would also be interesting to investigate how 

MYBL1-NFIB driven ACC responds at the transcriptional level to the combination by 

using sample SG0069, to identify differences in the MYB- and MYBL1-driven tumour 

response.  
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7. Discussion 

 

ACC is an orphan disease with low survival rates owing to a number of issues; an 

unpredictable disease course, radio- and chemotherapy resistance and a lack of 

targeted therapies. Research to address these issues and properties has been hindered 

as there are currently very few validated ACC pre-clinical models and, to-date, no 

commercially available cells lines. Therefore, this studentship aimed to;  

a) Identify potential therapeutic targets from the genomic and transcriptomic 

analyses of ACC patient tumours 

b) Optimise and establish relevant PDX-derived preclinical models in both 2D and 

3D conditions 

c) Use these models to identify novel therapeutic options for ACC, to confirm these 

in vivo and identify potential therapeutic biomarkers to demonstrate therapeutic 

efficacy. 

 

To achieve this, eight metastatic ACC patient tumours were analysed via WES and 

RNAseq to identify common mutations or differentially expressed genes that could be 

therapeutically targeted. RNAseq data was analysed by normalising to both normal SG 

data and an Acinic cell carcinoma patient sample to highlight ACC-specific active 

pathways. PDX establishment was successful for 6 out of 11 patient sample 

implantations, and all histologically and molecularly recapitulated the patent samples 

7.1. Relevant ACC pre-clinical model establishment 

The six successfully established ACC PDX lines represent three different ACC molecular 

groups; MYB-NFIB driven, MYBL1-NFIB driven, and MYB driven by an alternative 

mechanism. They are therefore a valuable collection of ACC pre-clinical models that 

would enable investigation into the biological differences between MYB-driven and 

MYBL1-driven ACC tumours, investigation into other mechanisms of MYB activation in 

ACC and what the biological impact of lacking the flanking NFIB super-enhancers has on 

the transcriptional program and also potential therapeutic sensitivities. The 
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representation of the three ACC sub-groups makes this project unique, as MYB without 

a translocation- and MYBL1-driven PDX models have not been established by 

XenoSTART (Moskaluk et al., 2011). 

 

Establishing ACC in vitro models is a challenging task due to the limited passage number 

of primary cells and significantly lower MYB expression in culture. There has been two 

successful patient sample-derived ACC models reported; a 2D cell line by Warner et al, 

and a 3D organoid model by Takada et al (Takada et al., 2021; Warner et al., 2019). 

However, in the 2D line MYB was not expressed at high levels until passage 20, and the 

expression of MYB in the 3D model was not assessed whilst in culture. My data agreed 

that under normal culture conditions MYB expression was significantly decreased 

compared to the PDX tumours they were derived from. Through RNAseq analysis 

comparing SG0032 PDX expression to the derived-2D cultures, the TGFß signalling 

pathway was significantly upregulated in the 2D cultures. Addition of TGFß inhibitors in 

both 2D and 3D PDX-derived models significantly increased MYB expression, suggesting 

that MYB is negatively regulated by TGFß signalling. This has not been reported in ACC 

before, and is contradictory to observations in ER+ breast cancer, where TGFß enhances 

MYB expression (Cesi et al., 2011). TGFß is known to have oncogenic functions such as 

inducing a tumour suppressive microenvironment and promoting invasion, metastasis, 

angiogenesis and proliferation (Padua & Massagué, 2009; Papageorgis, 2015; Tauriello 

et al., 2018). TGFß1 has been reported to promote migration and invasion in ACC, 

although this was determined using the cell line SACC-83 that was transfected with 

overexpressing MYB lentiviral vectors opposed to patient-derived lines with existing 

MYB activation. As TGFß signalling downregulates MYB, ACC cells may require MYB 

downregulation to promote EMT and migrate. This is further suggested by the GSEA 

comparing PDX tumours to derived-2D cultures where the EMT pathway was 

significantly upregulated in the 2D cultures. Therefore, it would be interesting to 

observe differences in migration in the PDX-derived cells with and without the TGFß 

inhibitor quantifying MYB expression, to determine whether this could be a potential 

therapeutic option following surgical resection to inhibit distant metastasis and local 

recurrence. 
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Interestingly, the growth rate of the 2D cultures was not increased when treated with 

TGFß inhibitors. This implies that ACC cells are able to proliferate in the absence or low 

levels of MYB expression, therefore questioning the presumption that ACC is dependent 

on MYB for tumour progression. Data further supporting this is that despite increased 

MYB expression in the 3D organoids by the addition of a TGFß inhibitor, the cultures still 

failed to passage.  

 

Hypoxia was required to enable long-term passaging of ACC organoids, tested in two 

PDX-derived lines. Head and neck tumours are reported to have an average tumour 

oxygen percentage of 2%, and one study identified that hypoxia-related proteins are 

highly expressed in ACC tumour samples compared to normal SG tissue, therefore 

culture of in vitro PDX-derived models in hypoxic conditions may reflect the hypoxic 

micro-environment of the patient tumours (De Mendonça et al., 2020; Mckeown, 2014).  

An area of future work would be to investigate the effect of hypoxic culture on MYB and 

MYB downstream target expression to identify changes at the transcriptional level. It 

would be interesting to compare differences to the normal SG organoids for which 

hypoxia inhibited growth. 

 

The establishment of these 2D and 3D cultures provides relevant ACC models to 

investigate other biological properties of the cancer, in addition to therapeutic 

sensitivities. One particular property associated with poor prognosis is PNSI, occurring 

in 52-78% of cases (M. Amit et al., 2015; M. Huang et al., 1997; Ko et al., 2007; Vrielinck 

et al., 1988). Papers investigating neurotropic factors and neural invasion in other 

cancers have used co-cultures of primary cell models with mouse-derived dorsal root 

ganglia explants (Gil et al., 2010; Na’ara et al., 2016; Nan et al., 2019). This has been 

used to investigate how sympathetic innervation contributes to perineural invasion in 

ACC, although this was using the cell line SACC-83 (Ma et al., 2019). Furthermore, local 

recurrence and distant metastasis are common in ACC disease progression, therefore 

these models could also be applied to study ACC-ECM interactions via invasion assays, 

ACC-stromal interactions via co-culture assays, and niche dependencies for survival and 

proliferation as studied in this thesis. It would be interesting to also compare these 

effects between the three organoid lines established that each have a different 
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mechanism of MYB/MYBL1 activation and growth pattern to assess whether these 

prognostic factors promote increased invasive or metastatic properties as reported in 

the clinic. Furthermore, these ACC properties can be investigated in vivo. For example, 

whilst orthotopic SG0032 fragment implantation to the submandibular gland did not 

show evidence of neural or local tissue invasion, Cornett at al did report these findings 

when in vitro cultured ACC single cells were implanted (Cornett et al., 2019). Although 

this may be due to a number of patient tumour and technical implantation properties, 

in light of the finding that TGFß signalling is increased under normal culture conditions 

and that MYB is downregulated in response, this assay could be used to test the theory 

that downregulated MYB expression is required for and promotes ACC cell EMT and 

metastasis. Cornett et al did not determine the level of MYB expression whilst the ACC-

derived cells were in culture, only in the established tumours from engraftment, so 

potentially it could have been that the level of MYB expression in the SG0032 tumour 

fragments was higher than that of the cultured cells limiting invasion. Therefore, it 

would be interesting to compare the level of invasiveness of implanted ACC single cells 

cultured with and without the addition of a TGFß inhibitor to determine if low MYB 

expression upon engraftment promotes invasive behaviour in vivo. 

7.2. Promising therapeutic combination investigation 

Oncogenic transcription factors are difficult to directly target, and the inhibition of these 

factors is an on-going area of research. Indirectly inhibiting transcription factors by 

targeting regulators of transcription has proven effective for a range of oncogene-driven 

cancers. Regulators of transcription include the transcriptional co-activator BRD4, and 

the transcriptional CDK, CDK9. BRD4 recruits P-TEFb to acetylated chromatin, whereas 

CDK9 is the kinase domain of P-TEFb that phosphorylates RNA polymerase II inducing 

transcription initiation and elongation (Jeronimo et al., 2016; Yang et al., 2005). BRD4 

and CDK9 inhibitors have been used in combination to inhibit oncogenic transcription 

factors such as MYC, by targeting super-enhancers with high BRD4 occupancy (Gerlach 

et al., 2018; McCalmont et al., 2020; Moreno et al., 2017). Therefore, as MYB is known 

to interact with super-enhancers in ACC, particularly in the case of the MYB-NFIB 



 180 

translocation by binding the NFIB flanking super-enhancers, the combination of JQ1 and 

CYC065 was hypothesised to inhibit MYB and MYB downstream target transcription. 

However, this does not appear to be the mechanism of action as MYB expression was 

not decreased in the short-term combination treated tumours. It is likely that the 

combination treatment is not specific to MYB, and targets general super-enhancers with 

high BRD4 occupancy. However, ChIP-seq would determine this by comparing between 

vehicle and combination treated samples, identifying the active super-enhancers MYB 

binds to and at which downstream targets. Furthermore, as all mechanistic analysis was 

conducted in one ACC line, SG0032 that possesses the MYB-NFIB translocation, it would 

be interesting to repeat these studies with the MYBL1-NFIB line and a line with MYB 

activation via another mechanism, to determine whether the downregulated targets are 

the same, and if the super-enhancer landscape is different in these alternative sub-

groups. 

 

Nevertheless, whether the combination mechanism of action is through inhibition of 

MYB or not, proliferation was significantly decreased in the short-term combination 

treated tumours compared to both single agent and vehicle treated tumours. 

Unfortunately, the long-term study was not optimal due to irregular tumour 

measurements, variability in growth within the vehicle control group and C. bovis 

infected mice. To overcome these issues, the experiment has been set up again, with 

mice implanted with single cell injections opposed to tumour chunks to promote 

uniform growth. There was also an issue of toxicity, therefore the long-term study was 

completed using 2-fold lower drug doses than the short term. In the repeat, higher doses 

will be used as although the low doses were very well tolerated, the localisation of the 

biomarker EN1 was not altered as it was in the short-term tumours. Although the normal 

SG organoids showed less sensitivity to the potential drug combination than the ACC 

organoids, clearly there is a small therapeutic window and concentrations above which 

are severely toxic to normal tissues. All tissue types have normal super-enhancers that 

confer tissue specificity by the binding of tissue-specific transcription factors (Lovén et 

al., 2013). This drug combination may be disrupting normal biological processes and 

global transcription, resulting in toxicity. If toxicity remains an issue and a balance with 

efficacy cannot be found within the therapeutic window, there are alternative drugs to 
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investigate. A novel type of therapy utilised to inhibit oncogenic transcription factors are 

proteolysis-targeting chimeras (PROTACs) that target a specific protein for 

ubiquitylation and subsequent proteasomal degradation (Nalawansha & Crews, 2020). 

Crews et al identified that the pan-BET PROTAC, ARV-771, induced c-MYC degradation 

with an IC50 of < 1 nM and induced apoptosis through PARP cleavage in castration-

resistant prostate cancer (Raina et al., 2016). As a single molecule of this drug has the 

ability to mediate destruction of multiple target proteins by repeated cycles of binding 

and degradation, it is likely that less frequent dosing is required for efficacy which would 

be more tolerable than the combination dosing regimen I have investigated where the 

drugs are administered by two different routes (Bondeson et al., 2015).  

 

Despite the limitations of the long-term study, the combination treatment and JQ1 

single treatment impeded ACC tumour growth to similar degrees. JQ1 has previously 

been investigated in ACC PDX models by Drier et al, who reported that whilst low grade 

tumours were sensitive, high grade tumours were not (Drier et al., 2016). The apparent 

in vivo sensitivity of SG0032 may be due to the tumour being low grade ACC, having a 

classic cribriform growth pattern without areas of solid growth. Therefore, this study 

should be conducted using the line SG0027 which has solid histology. This may show 

that the combination of JQ1 with CYC065 is required for high grade tumours with areas 

of solid growth whereas JQ1 alone is efficacious for low grade tumours. If this  proves 

true in vivo, the Perzin/Szanto grading system, classifying tumours with over 30% solid 

growth as high grade, could be a method of patient stratification for treatment groups 

in the clinic (Perzin et al., 1978; Szanto et al., 1984). This could potentially have been 

predicted by the increased level of drug synergy observed in SG0027 assays compared 

to SG0032. However, despite not observing tumour regression with either JQ1 single 

agent or in combination with CYC065, stabilised tumour growth is a promising result. As 

there are currently no available targeted treatments for ACC patients, research should 

continue into this combination in vivo, with the potential to progress to clinical trial.  

 

I have investigated the targeting of MYB in depth as its activation is the most frequent 

genetic aberration in ACC, however this has proven complicated as the proposed 

combination appears to have a very small therapeutic window and be less tumour 
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specific than hoped. If toxicity cannot be overcome, perhaps it would be more fruitful 

to consider combinations that target more than one pathway, for example a 

combination of a BRD inhibitor with a γ-secretase inhibitor interfering with Notch 

signalling as activating NOTCH1 mutations and a higher dependency on Notch signalling 

in general is a feature of high-grade ACC with the worst prognosis. 

7.3. Concluding remarks 

This study has provided novel information regarding 2D and 3D PDX-derived in vitro 

model methodologies. These models mostly histologically and molecularly recapitulate 

the PDX tumours, and have proven to be accurate models to predict drug sensitivities. 

Notably, I identified that TGFß signalling negatively regulates MYB expression, and that 

hypoxia enables long-term passaging of ACC PDX-derived organoid cultures, which is 

inhibitory in normal SG organoids. Further research into these pathways could further 

identify methods for potential clinical intervention. In addition, a synergistic drug 

combination was identified between the BRD4 inhibitor JQ1 and the CDK2, 9 inhibitor 

CYC065. This combination was synergistic in four PDX-derived 2D lines and sensitivity 

was maintained the 3D models.  Moreover, the combination significantly reduced 

proliferation following short-term in vivo treatment, and EN1, MYC and SOX9 have been 

identified as potential biomarkers of therapeutic efficacy. Validation in a long-term 

assay is on-going, and efficacy should also be explored in vivo in additional ACC PDX lines 

with differing mechanisms of MYB activation and histological grade. Overall, this study 

has resulted in the establishment of a number of ACC pre-clinical in vitro and in vivo 

models that have the capacity to further research into unmet areas of ACC, improving 

patient care and survival.  
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9. Appendix 

9.1. ACC patient sample WES data 

SG0027  

Somatic mutations 

Gene 
Name 

Effect Severity Genomic Location Amino 
acid 

cDNA 
location 

^VAF 
Tumour 

ABCA6 NSC Moderate 17:67074843-67138029 p.R660C c.1978G>A 0.51 

ADM2 NSC Moderate 22:50919985-50924869 p.G103A c.308G>C 0.52 

ANKRD35 NSC Moderate 1:145549230-145568526 p.D925H c.2773G>C 0.5 

ARHGAP5 NSC Moderate 14:32545320-32628934 p.Q213R c.638A>G 0.5 

BMPR2 NSC Moderate 2:203241659-203432474 p.I540F c.1618A>T 0.5 

COL2A1 SC Low 12:48366748-48398269 p.G750G c.2250G>A 0.56 

ERICH1 NSC Moderate 8:564746-688106 p.P22T c.64G>T 0.55 

FLNB NSC Moderate 3:57994127-58157982 p.A550V c.1649C>T 0.95 

GLTSCR1 SC Low 19:48111453-48206533 p.P824P c.2472A>C 0.1 

GPR113 NSC Moderate 2:26531041-26569685 p.A673T c.2017C>T 0.54 

HOMER3 NSC Moderate 19:19040010-19052070 p.K57R c.170T>C 0.64 

KRTAP5-1 SC Low 11:1605572-1606513 p.G192G c.576T>G 0.1 

MAGI1 FRAME_SHIF
T 

High 3:65342053-66024509 p.X92X c.275*>-C 0.9 

NOX1 NSC Moderate X:100098313-100129334 p.R151H c.452C>T 0.73 

SLC16A10 SC Low 6:111408781-111552397 p.T25T c.75G>T 0.54 

STAG2 FRAME_SHIF
T 

High X:123094062-123556514 p.X228X c.684*>-C 0.98 

SYT6 NSC Moderate 1:114631913-114696541 p.E221D c.663C>A 0.5 

TTC39B STOP_GAINE
D 

High 9:15163620-15307358 p.E295* c.883C>A 0.51 

VEGFB FRAME_SHIF
T 

High 11:64002010-64006259 p.X168X c.502*>-C 0.52 

WDR41 NSC Moderate 5:76721795-76916436 p.L140M c.418G>T 0.54 

WDR41 NSC Moderate 5:76721795-76916436 p.E139D c.417T>A 0.55 

ZBED6 NSC Moderate 1:203765437-203769686 p.V607M c.1819G>A 0.5 

 

Copy number variations involving genes found in the CGC list 

Genomic Locus Copy number 
variation 

Gene Names 

3p13-3p14.2 lost one copy MITF, FOXP1, FHIT 

3p21.1-3p25.3 lost one copy BAP1, PBRM1, CACNA1D, SETD2, CTNNB1, MYD88, MLH1, XPC, RAF1, 
PPARG, VHL, SRGAP3, FANCD2 

4p15.2 gain SLC34A2 
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5q35.1-5q35.3 gain TLX3, NPM1, RANBP17, NSD1 

6p21.1-6p21.32 amplification TFEB, CCND3, PIM1, HMGA1, FANCE, DAXX 

6p21.1-6p22.3 gain HIST1H4I, TRIM27, HIST1H3B, DEK 

6q23.3-6q25.3 lost one copy TNFAIP3, ECT2L, EZR 

7q22.1 gain TRRAP 

8q24.3 gain RECQL4 

11p15.5 gain HRAS 

11q13.1 gain MALAT1 

11q14.2 lost one copy PICALM 

11q22.2 amplification BIRC3 

11q22.3-11q23.3 gain ATM, DDX10, SDHD, POU2AF1, PCSK7, PAFAH1B2, MLL, DDX6, CBL, 
ARHGEF12 

11q24.3 lost one copy KCNJ5, FLI1 

12p13.2 gain ETV6 

12q14.1 gain CDK4 

12q24.31 gain CLIP1 

14q22.1-14q22.3 amplification NIN, KTN1 

14q23.3 lost one copy MAX, GPHN 

14q31.1 lost one copy TSHR 

16p13.3 gain TSC2, TRAF7, AXIN1 

17q25.3 gain ASPSCR1 

19p13.11-19p13.3 gain JAK3, ELL, BRD4, TPM4, CALR, LYL1, DNM2, SMARCA4, FSTL3, STK11, 
TCF3, GNA11, MAP2K2, SH3GL1, MLLT1 

19q12-19q13.42 gain CCNE1, CEBPA, LSM14A, CEP89, CD79A, CIC, AKT2, BCL3, CBLC, ERCC2, 
KLK2, PPP2R1A, TFPT, ZNF331, CNOT3 

Xp11.22-Xp11.3 gain SSX2, KDM5C, GATA1, SSX1, SSX4, WAS, TFE3, KDM6A 

Xp11.4 lost one copy BCOR 

Xp22.2 lost one copy ZRSR2 

Xq13.1 gain FOXO4, MED12, NONO 

Xq25 lost one copy STAG2 

Xq26.1-Xq28 lost one copy ELF4, GPC3, PHF6, RPL10, MTCP1, ATP2B3 

 

Germline mutations with allele frequency change in SG0027 in comparison to the 

normal (CGC genes) 

Gene 
Name 

Amino acid 
change 

cDNA 
location 

Genomic location *Effect Severity ^VAF 
Tumour 

^VAF 
Normal 

ELF4 p.V408M c.1222C>T X:129198849-
129244691 

NSC MODER
ATE 

1.00 0.50 

FANCD2 p.L237L c.711G>C 3:10068098-
10143614 

SC LOW 0.95 0.50 

FANCD2 p.L1366L c.4098T>G 3:10068098-
10143614 

SC LOW 0.94 0.48 

TSHR p.N187N c.561T>C 14:81421333-
81612646 

SC LOW 1.00 0.42 
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SG0028 
Somatic mutations 

Gene Name *Effect Severity Genomic Location Amino acid cDNA 
location 

^VAF 
Tumour 

BRD1 STOP_GAINED High 22:50166931-50221160 p.L87* c.260A>T 0.9 

OR5A1 NSC Moderate 11:59210617-59211667 p.N83H c.247A>C 0.61 

RTTN NSC Moderate 18:67671029-67873181 p.E448V c.1343T>A 0.53 

 

Copy number variations involving genes found in the CGC list 

Genomic Locus Copy number 
variation 

Gene Names 

1p22.1 gain RPL5 

6q23.3-6q24.1 gain TNFAIP3, ECT2L 

7p11.2 gain EGFR 

7q11.21-7q11.23 gain SBDS, ELN, HIP1 

7p12.2 gain IKZF1 

7p15.1-7p15.2 gain JAZF1, HOXA9, HOXA11, HOXA13, HNRNPA2B1 

7p21.2-7p22.2 gain ETV1, PMS2, RAC1, CARD11 

7q21.2-7q22.1 gain AKAP9, CDK6, TRRAP, CUX1 

7q31.2-7q36.1 gain MET, POT1, SMO, CREB3L2, KIAA1549, BRAF, EZH2, MLL3 

11p11.2-11p15.5 gain CREB3L1, DDB2, EXT2, WT1, LMO2, FANCF, CARS, NUP98, LMO1, HRAS 

11q13.1-11q14.2 gain MEN1, MALAT1, CCND1, NUMA1, PICALM 

11q21-11q24.3 gain MAML2, BIRC3, ATM, DDX10, SDHD, POU2AF1, PCSK7, PAFAH1B2, MLL, 
DDX6, CBL, ARHGEF12, KCNJ5, FLI1 

12q24.12 gain SH2B3 

16p13.3 gain TSC2, TRAF7, AXIN1, CREBBP 

16q24.3 gain FANCA 

 

Germline mutations with allele frequency change in SG0028 in comparison to the 

normal (CGC genes) 

Gene 
Name 

Amino acid 
change 

cDNA 
location 

Genomic location *Effe
ct 

Severity ^VAF 
Tumour 

^VAF 
Normal 

ATM p.P1526P c.4578C>T 11:108093211-
108239829 

SC LOW 0.70 0.29 

BCR p.N796S c.2387A>G 22:23521891-
23660224 

NSC MODER
ATE 

0.93 0.38 

CLTCL1 p.A1063A c.3189T>C 22:19166986-
19279239 

SC LOW 0.95 0.47 

CLTCL1 p.M1316V c.3946T>C 22:19166986-
19279239 

NSC MODER
ATE 

0.91 0.46 

MKL1 p.S648G c.1942A>G 22:40806285-
41032706 

NSC MODER
ATE 

0.86 0.54 
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SG0031 
Somatic mutations 

Gene 
Name 

*Effect Severity Genomic Location Amino 
acid 

cDNA 
location 

^VAF 
Tumour 

BCOR FRAME_SHIFT High X:39909068-40036582 p.X603X c.1807*>-C 0.66 

KRTAP27-1 STOP_GAINED High 21:31709331-31710012 p.C45* c.135A>T 0.54 

 

Copy number variations involving genes found in the CGC list 

Genomic Locus Copy number variation Gene Names 

1q21.1 gain PDE4DIP 

1p31.1-1p31.3 gain FUBP1, CDC73, JAK1 

2p22.2 gain STRN 

2q31.1 copy neutral LOH HOXD13 

2q31.2-2q32.2 gain NFE2L2, PMS1 

4q12 amplification FIP1L1, CHIC2, PDGFRA 

6q22.33 loss RSPO3, PTPRK 

6q23.3-6q24.1 gain MYB, TNFAIP3, ECT2L 

7p21.2 gain ETV1, AKAP9, CDK6 

12q12-12q15 gain ARID2, LRIG3, WIF1, HMGA2, MDM2, PTPRB 

18q21.33 gain BCL2 

 

Germline mutations with allele frequency change in SG0031 in comparison to the 

normal (CGC genes) 

Gene 
Name 

Amino acid 
change 

cDNA 
location 

Genomic location *Effe
ct 

Severi
ty 

^VAF 
Tumour 

^VAF 
Normal 

PTPRK p.L674L c.2022G>T 6:128289924-
128841870 

SC LOW 0.91 0.52 

 

SG0032 
Somatic mutations 

Gene Name Effect* Severity Genomic location Amino acid cDNA location ^VAF Tumour 

ARHGEF40 NSC Moderate 14:21538429-21558399 p.P1000S c.2998C>T 0.52 

CREBBP NSC Moderate 16:3775055-3930722 p.W1502C c.4506C>A 0.67 

 

Copy number variations involving genes found in the CGC list 

Genomic Locus Copy number 

variation 

Gene Names 

1p35.1 Gain LCK, RNF198 

4q12 Amplification CEP135, CHIC2, FIP1L1, KDR, KIT, MRPL22P1, PDGFRA 

5q12.1 Gain SETP21 
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6p21.31-6p21.32 Gain ITPR3, DAXX 

7q22.1 Gain MUC12, MUC17 

11q13.1 Gain MEN1 

12q13.2-12q13.33 Lost one copy ATF1, CCDC65, COL2A1, DDIT3, HOXC11, HOXC13, IL23A, METTL7A, 

METTL7B, MLL2, NAB2, NACA, STAT6 

12q14.1 Lost one copy CDK4, METTL1, METTL21B 

14q11.2 Gain ABHD4, BCL2L2, IL25, MRPL52, ZFHX2 

14q12 Gain CBLN3, TINF2 

16p11.2-16p12.3 Gain FUS, IL21R, IL27, ITPRIPL2, METTL9, NFATC2IP, PALB2, SETD1A, TP53TG3, 

TP53TG3B, ZNF267 

16q12.1 Gain CBLN1, CYLD, ITFG1 

16p13-16p13.13 Gain AXIN1, CCDC64B, CIITA, CREBBP, ERCC4, HERPUD1, ITFG3, METRN, 

METTL22, MYH11, RNF151, SOCS1, TNFRSF17, TRAF7, TSC2, ZNF174, 

ZNF200, ZNF205, ZNF213, ZNF263 

16q21-16q24.3 Gain ATMIN, CBFA2T3, CBFB, CDH1, CDH11, CDH13, CDH15, CDH16, CTRB1, 

FANCA, FHOD1, MAF, PHLPP2, RLTPR, RNF166, SETD6, ZFHX3, ZNF19, 

ZNF23, ZNF276 

17q25.1 Gain GALK1, H3F3B 

21p11.2 Gain MAFIP 

 

Germline mutations with allele frequency change in SG0032 in comparison to the 

normal (CGC genes) 

Gene 
Name 

Amino acid 
change 

cDNA 
location 

Genomic location *Effe
ct 

Severi
ty 

^VAF 
Tumour 

^VAF 
Normal 

GATA2 p.P5P c.15G>C 3:128198270-
128212028 

SC LOW 0.61 0.18 

KIT p.K546K c.1638A>G 4:55524085-
55606881 

SC LOW 0.94 0.47 

MLL2/KMT
2D 

p.P3557P c.10671T>
C 

12:49412758-
49453557 

SC LOW 0.93 0.42 

MLL2/KMT
2D 

p.P3557P c.10671T>
C 

12:49412758-
49453557 

SC LOW 0.93 0.42 

 

SG0035 
Copy number variations involving genes found in the CGC list 

Genomic Locus Copy number 
variation 

Gene Names 

1p34.3-1p36.13 lost one copy SFPQ, THRAP3, CSF3R, LCK, MDS2, ARID1A, SPEN, SDHB, PAX7 

1p36.21-
1p36.32 

lost one copy SPEN, CAMTA1, RPL22, CAMTA1, TNFRSF14, PRDM16 

12q12-12q14.1 homozygous 
deletion 

ARID2, COL2A1, SMARCD1, ATF1, HOXC13, HOXC11, NACA, NAB2, STAT6, 
DDIT3, CDK4, LRIG3 

 

Germline mutations with allele frequency change in SG0035 in comparison to the 

normal (CGC genes) 
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Gene 
Name 

Amino acid 
change 

cDNA 
location 

Genomic location *Effe
ct 

Severi
ty 

^VAF 
Tumour 

^VAF 
Normal 

CUX1 p.P1450P c.4350G>A 7:101459219-
101927250 

SC LOW 0.83 0.30 

 

SG0036 
Somatic mutations 

Gene 
Name 

*Effect Severity Genomic Location Amino acid cDNA 
location 

^VAF 
Tumour 

FGA SC Low 4:155504278-155511918 p.P255P c.765C>T 0.57 

HIP1 STOP_GAINED High 7:75162621-75368280 p.E411* c.1231C>A 0.59 

PDCD1 SC Low 2:242792033-242801060 p.V10V c.30G>A 0.51 

 

Copy number variations involving genes found in the CGC list 

Genomic Locus Copy number variation Gene Names 

6q23.3-6q25.3 lost one copy TNFAIP3, ECT2L, ARID1B, EZR 

12q12-12q14.1 lost one copy ARID2, COL2A1, SMARCD1, ATF1, HOXC13, HOXC11, NACA, NAB2, STAT6, DDIT3, 

CDK4, LRIG3 

 

Germline mutations with allele frequency change in SG0036 in comparison to the 

normal (CGC genes) 

Gene 
Name 

Amino acid 
change 

cDNA 
location 

Genomic location *Effe
ct 

Severity ^VAF 
Tumour 

^VAF 
Normal 

ECT2L p.N67N c.201T>C 6:139117063-
139225207 

SC LOW 0.98 0.50 

LRIG3 p.L6L c.16G>A 12:59265931-
59314303 

SC LOW 1.00 0.37 

LRIG3 p.S27S c.81T>G 12:59265931-
59314303 

SC LOW 1.00 0.44 

NACA p.I769I c.2307A>G 12:57106212-
57125412 

SC LOW 0.98 0.36 

NACA p.L688P c.2063A>G 12:57106212-
57125412 

NSC MODER
ATE 

0.98 0.41 

NACA p.S642T c.1924A>T 12:57106212-
57125412 

NSC MODER
ATE 

0.95 0.35 

NACA p.F405S c.1214A>G 12:57106212-
57125412 

NSC MODER
ATE 

1.00 0.43 

NACA p.V336E c.1007A>T 12:57106212-
57125412 

NSC MODER
ATE 

1.00 0.38 

NACA p.I891I c.2673A>T 12:57106212-
57125412 

SC LOW 1.00 0.59 

NACA p.L893L c.2677G>A 12:57106212-
57125412 

SC LOW 1.00 0.53 
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SG0037 
Somatic mutations 

Gene Name *Effect Severity Genomic Location Amino acid cDNA location ^VAF Tumour 

BCL11B NSC Moderate 14:99635624-99737861 p.D461N c.1381C>T 0.56 

PDZD2 NSC Moderate 5:31639517-32111037 p.M1836I c.5508G>A 0.56 

WDR45 NSC Moderate X:48929385-48958108 p.L85P c.254A>G 0.97 

 

Copy number variations involving genes found in the CGC list 

Genomic Locus Copy number 
variation 

Gene Names 

1q21.1-1q21.2 gain PDE4DIP, BCL9 

9q34.2-9q34.3 gain RALGDS, BRD3, NOTCH1 

12q12-12q14.3 lost one copy ARID2, COL2A1, SMARCD1, ATF1, HOXC13, HOXC11, NACA, NAB2, STAT6, 
DDIT3, CDK4, LRIG3, WIF1, HMGA2 

20q13.33 gain SS18L1 

 

Germline mutations with allele frequency change in SG0037 in comparison to the 

normal (CGC genes) 

Gene 

Name 

Amino 

acid 

change 

cDNA 

location 

Genomic location *Effect Severity ^VAF 

Tumour 

^VAF 

Normal 

COL2A1 p.T9S c.25T>A 12:48366748-48398269 NSC MODERATE 1.00 0.47 

ROS1 p.S2229C c.6686G>C 6:117609463-

117747018 

NSC MODERATE 0.50 0.09 

TRIM33 p.Q382Q c.1146T>C 1:114935399-

115053781 

SC LOW 0.53 0.21 

 

SG0069 
Copy number variations involving genes found in the CGC list 

Genomic Locus Copy number 
variation 

Gene Names 

5p13.1-5p13.2 lost on copy LIFR, IL7R 

5q11.2-5q13.1 lost on copy IL6ST, MAP3K1, PIK3R1 

5p15.33 lost on copy TERT 

5q22.2 lost on copy APC 

5q32-5q35.3 lost on copy PDGFRB, CD74, ITK, EBF1, PWWP2A, RANBP17, TLX3, NPM1, FGFR4, NSD1 

9p23-9p24.1 gain NFIB, JAK2, CD274 

10q11.21-
10q11.23 

lost one copy RET, NCOA4 

10p11.22-10p14 gain KIF5B, ABI1, MLLT10, GATA3 

10q21.2-10q25.3 lost one copy CCDC6, PRF1, BMPR1A, PTEN, FAS, TLX1, NFKB2, SUFU, NT5C2, VTI1A, 
TCF7L2, KIAA1598 
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10q26.13 amplification FGFR2 

12p11.23-
12p13.33 

gain PPFIBP1, ETNK1, KRAS, CDKN1B, ETV6, ZNF384, CCND2, ERC1, KDM5A 

12q12-12q15 lost one copy ARID2, COL2A1, SMARCD1, ATF1, HOXC13, HOXC11, NACA, NAB2, STAT6, 
DDIT3, CDK4, LRIG3, WIF1, HMGA2, MDM2, PTPRB 

12q21.33 lost one copy BTG1 

14q11.2-14q13.3 lost one copy CCNB1IP1, NKX2-1 

14q21.1-14q23.3 lost one copy FOXA1, NIN, KTN1, MAX, GPHN 

14q31.1-14q32.33 lost one copy TSHR, BCL11B, TRIP11, GOLGA5, DICER1, TCL6, TCL1A, AKT1 

15q14-15q15.1 lost one copy C15orf55, BUB1B 

15q21.2-15q26.1 lost one copy MYO5A, TCF12, MAP2K1, PML, NTRK3, IDH2, CRTC3, BLM 

16p11.2-16p13.3 lost one copy FUS, IL21R, PALB2, GRIN2A, TSC2, TRAF7, AXIN1, CREBBP, MYH11, ERCC4, 
CIITA, SOCS1, TNFRSF17 

16q12.1-16q13 lost one copy CYLD, HERPUD1 

16q21-16q24.3 lost one copy CDH11, CBFB, CDH1, MAF, CBFA2T3, FANCA 

17p12-17p13.3 homozygous 
deletion 

MAP2K4, NCOR1, TP53, PER1, GAS7, USP6, YWHAE 

21q22.11 gain OLIG2 

21q22.2-21q22.12 lost one copy ERG, TMPRSS2, U2AF1, RUNX1 

22q11.21-22q13.2 gain CLTCL1, BCR, SMARCB1, MN1, CHEK2, EWSR1, NF2, MYH9, PDGFB, MKL1, 
EP300 

Xq13.1 lost one copy FOXO4, MED12, NONO 

Xq21.1-Xq28 lost one copy ATRX, STAG2, ELF4, GPC3, PHF6, ATP2B3, RPL10, MTCP1 

 

Germline mutations with allele frequency change in SG0069 in comparison to the 

normal (CGC genes) 

Gene 
Name 

Amino acid 
change 

cDNA 
location 

Genomic location *Effe
ct 

Severi
ty 

^VAF 
Tumour 

^VAF 
Normal 

ABL1 p.P803P c.2409C>G 9:133589268-
133763062 

SC LOW 0.76 0.44 

FSTL3 p.L47L c.139C>T 19:676389-683392 SC LOW 0.73 0.25 

KRAS p.D60D c.180A>G 12:25357723-
25403870 

SC LOW 0.71 0.40 

NIN p.A872A c.2616G>T 14:51186481-
51297839 

SC LOW 0.71 0.42 

RUNX1 p.P463P c.1389G>C 21:36160098-
37357047 

SC LOW 0.74 0.47 

TMPRSS2 p.G296G c.888G>A 21:42836478-
42903043 

SC LOW 0.74 0.51 
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9.2. KEGG pathway analysis of DEGs normalised to 

normal salivary gland 

Pathway Adjusted 

p-value 

Genes 

Upregulated DEGs 

Systemic lupus 

erythematosus 

1.30E-32 HIST2H2AA3, HIST2H2AA4, HIST2H2AB, HIST2H2AC, HIST1H2AE, 

HIST1H2AG, HIST3H2BB, HIST1H2AB, HIST1H2AL, HIST1H2AI, HIST1H2AH, 

HIST1H2AK, HIST1H2AJ, H2AFX, ACTN4, HIST2H2BF, HIST2H3A, HIST1H2BF, 

HIST1H2BE, HIST1H2BH, HIST1H2BG, HIST1H2BB, HIST2H3D, HIST2H3C, 

HIST1H2BD, HIST1H2BC, HIST1H2BN, HIST1H2BM, HIST1H2BO, HIST1H3J, 

HIST1H2BJ, HIST1H2BI, HIST1H2BL, HIST1H2BK, HIST2H4A, HIST1H3A, 

HIST2H4B, HIST1H3F, HIST1H3G, HIST1H3H, HIST1H3I, HIST1H3B, HIST1H3C, 

HIST1H3D, HIST1H3E, HIST1H4K, HIST1H4L, HIST1H4A, HIST1H4B, 

HIST3H2A, H2AFY2, HIST1H4H, HIST1H4J, HIST1H4D, HIST1H4F 

Alcoholism 6.63E-27 HIST2H2AA3, HIST2H2AA4, HIST2H2AB, HIST2H2AC, HIST1H2AE, 

HIST1H2AG, HIST3H2BB, HRAS, HIST1H2AB, HIST1H2AL, HIST1H2AI, 

HIST1H2AH, HIST1H2AK, HIST1H2AJ, H2AFX, HIST2H2BF, HIST2H3A, 

ADORA2B, HIST1H2BF, HIST1H2BE, HIST1H2BH, HIST1H2BG, HIST1H2BB, 

HIST2H3D, HIST2H3C, HIST1H2BD, HIST1H2BC, HIST1H2BN, HIST1H2BM, 

HIST1H2BO, HIST1H3J, HIST1H2BJ, HIST1H2BI, HIST1H2BL, HIST1H2BK, 

HIST2H4A, HIST1H3A, HIST2H4B, HIST1H3F, HIST1H3G, HIST1H3H, HIST1H3I, 

HIST1H3B, HIST1H3C, HIST1H3D, HIST1H3E, HIST1H4K, HIST1H4L, GRIN2C, 

HIST1H4A, HIST1H4B, HIST3H2A, H2AFY2, HIST1H4H, HIST1H4J, HIST1H4D, 

HIST1H4F 

Viral 

carcinogenesis 

5.14E-08 HIST1H2BN, HIST1H2BM, HIST1H2BO, HIST1H2BJ, HIST1H2BI, SRC, 

HIST1H2BL, HIST1H2BK, PIK3R2, CDC20, HIST2H4A, HIST2H4B, HIST3H2BB, 

HRAS, HIST1H4K, HIST1H4L, CDKN2A, ACTN4, HIST2H2BF, CCNA2, 

HIST1H4A, HIST1H4B, CDK6, HIST1H2BF, HIST1H4H, HIST1H2BE, HIST1H2BH, 

HIST1H4J, HIST1H2BG, HIST1H2BB, TP53, HIST1H4D, HIST1H2BD, HIST1H4F, 

HIST1H2BC 

Cell cycle 5.41E-07 MCM7, BUB1B, TTK, PKMYT1, CDC20, CCNB2, CCNB1, CDC45, PTTG1, ORC1, 

MYC, E2F1, E2F2, BUB1, CDKN2A, CDC6, CDC25C, CDC25B, SMC1B, CCNA2, 

CDK6, MCM3, MCM4, TP53, MCM2 

Breast cancer 1.45E-05 NOTCH3, NOTCH1, LEF1, PIK3R2, DLL3, WNT6, FGF9, MYC, HEY2, E2F1, 

E2F2, HRAS, FZD1, JAG2, TCF7L1, FZD2, JAG1, WNT3A, FZD7, WNT7B, FZD9, 

FGF17, CDK6, TP53, FGFR1 

Ribosome 2.65E-05 RPL32, RPL31, RPLP0, RPL10A, RPL6, RPL7, RPS15, RPL7A, RPS17, RPS19, 

RPL18A, RPS18, RPL36, RPL35, RPL13, RPS2, RPS11, RPL21, RPS7, RPS5, 

RPL13A, RPL23A, RPS26, RPL26, RPL29 
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Human 

papillomavirus 

infection 

1.16E-04 NOTCH3, LAMA5, NOTCH1, ITGB4, PIK3R2, LAMC2, THBS2, WNT6, PARD6A, 

TERT, HEY2, E2F1, HRAS, HES2, HES4, FZD1, TCF7L1, FZD2, JAG1, LAMB3, 

WNT3A, FZD7, WNT7B, FZD9, LAMB1, PPP2R3B, TUBG1, VEGFA, CCNA2, 

COL2A1, CDK6, COL4A2, COL4A1, COL9A1, COL9A3, COL9A2, TP53, LLGL1, 

ITGA9 

ECM-receptor 

interaction 

2.14E-04 LAMA5, LAMB3, ITGB4, LAMC2, LAMB1, HMMR, THBS2, COL2A1, COL4A2, 

COL4A1, SV2A, COL9A1, COL9A3, COL9A2, AGRN, ITGA9 

Pathways in cancer 5.47E-04 HSP90AB1, SLC2A1, LAMC2, FGF9, MYC, HEY2, RAC3, HRAS, DAPK1, DAPK3, 

KIF7, PGF, SMO, COL4A2, COL4A1, CKS2, BIRC5, TP53, NOTCH3, CEBPA, 

LAMA5, NOTCH1, GSTP1, LEF1, PDGFA, TGFA, PIK3R2, RASGRP1, DLL3, 

WNT6, TERT, E2F1, E2F2, PLCG1, FZD1, JAG2, ARNT2, TCF7L1, FZD2, JAG1, 

LAMB3, CDKN2A, WNT3A, FZD7, WNT7B, FZD9, IGF2, LAMB1, VEGFA, 

FGF17, CDK6, FGFR1 

Bladder cancer 1.33E-03 SRC, CDKN2A, DAPK1, MYC, DAPK3, E2F1, E2F2, HRAS, TP53, VEGFA 

Hepatocellular 

carcinoma 

2.41E-03 FZD1, TCF7L1, FZD2, WNT3A, CDKN2A, FZD7, GSTP1, WNT7B, LEF1, FZD9, 

IGF2, TGFA, PIK3R2, WNT6, CDK6, TERT, MYC, E2F1, E2F2, PLCG1, TP53, 

HRAS 

Axon guidance 2.46E-03 SRC, SEMA6D, SEMA3A, SEMA4C, PIK3R2, EFNA4, BMP7, NTN1, NTN3, 

EFNB1, EFNA3, EFNB3, PARD6A, SMO, RAC3, PLXNB1, PLCG1, EPHA1, 

BMPR1B, HRAS, EPHB4, NGEF, EPHB3 

Basal cell 

carcinoma 

2.46E-03 FZD1, WNT6, TCF7L1, FZD2, SMO, WNT3A, FZD7, WNT7B, LEF1, FZD9, KIF7, 

TP53 

Hippo signalling 

pathway 

2.63E-03 FZD1, TEAD4, TCF7L1, FZD2, WNT3A, FZD7, WNT7B, LEF1, FZD9, WTIP, 

BMP7, SMAD7, WNT6, PARD6A, MYC, BIRC5, DCHS1, BMPR1B, LLGL1, 

TEAD2, TP73 

Transcriptional 

misregulation in 

cancer 

7.75E-03 CEBPA, ARNT2, SLC45A3, HIST1H3J, PDGFA, PLAT, ETV4, HIST2H3A, 

HIST1H3A, MYC, HIST1H3F, HIST1H3G, HIST1H3H, HIST1H3I, TCF3, 

HIST2H3D, HIST1H3B, TP53, HIST2H3C, HIST1H3C, HIST1H3D, HIST1H3E 

Focal adhesion 7.56E-03 LAMA5, LAMB3, ITGB4, SRC, RASGRF1, PDGFA, PIK3R2, LAMC2, LAMB1, 

ACTN4, THBS2, PGF, VEGFA, COL2A1, COL4A2, COL4A1, COL9A1, RAC3, 

FLNA, COL9A3, COL9A2, HRAS, ITGA9 

Downregulated DEGs 

Salivary secretion 1.87E-17 PRH2, ADRB1, ATP1A2, LPO, AQP5, ADRB2, STATH, ADCY8, ADRA1A, HTN1, 

CST5, SLC9A1, CST4, HTN3, CST2, CST1, PRB1, DMBT1, PRB2, MUC7, NOS1, 

PRKACB, SLC12A2, AMY1A, AMY1B, AMY1C, PRKCA, ATP2B2, ATP1B1, LYZ, 

MUC5B, PLCB4, TRPV6, FXYD2 

Pancreatic 

secretion 

1.38E-05 PNLIPRP1, SLC12A2, RYR2, AMY2A, AMY2B, PLA2G2C, PLA2G2A, ATP2A3, 

PRKCA, RAB27B, ATP1A2, ATP2B2, ATP1B1, ADCY8, SLC9A1, PLCB4, CA2, 

KCNQ1, FXYD2, SLC26A3, CFTR 
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Carbohydrate 

digestion and 

absorption 

3.72E-04 G6PC, AMY2A, AMY2B, AMY1A, SI, AMY1B, FXYD2, AMY1C, ATP1A2, 

SLC5A1, ATP1B1, TAS1R3 

Regulation of 

lipolysis in 

adipocytes 

4.26E-05 FABP4, PDE3B, PTGER3, AQP7, ADRB1, PLIN1, ADRB2, ADCY8, PTGS2, 

PRKACB, MGLL, TSHR 

PPAR signalling 

pathway 

5.45E-05 CPT1A, ACSL1, CYP4A11, ADIPOQ, AQP7, FABP3, FABP4, ACADL, ACOX2, 

PLIN4, HMGCS2, CD36, PLIN1, PLIN5 

Thyroid hormone 

synthesis 

5.45E-05 GPX2, PRKCA, ATP1A2, ATP1B1, ADCY8, TSHR, SLC5A5, TPO, PLCB4, TG, IYD, 

CREB3L1, FXYD2, PRKACB 

Retinol 

metabolism 

7.60E-05 UGT2B10, UGT2B11, ADH1A, CYP4A11, UGT2B28, ADH4, CYP2C9, DHRS9, 

ALDH1A1, RDH16, AOX1, UGT1A8, UGT1A6 

cAMP signalling 

pathway 

1.50E-04 RYR2, GRIA2, PTGER3, PDE3B, ADRB1, ATP1A2, ADRB2, ADCY8, SLC9A1, 

GRIN2A, CREB3L1, PDE4A, PRKACB, GRIA3, GRIA4, ATP2B2, FOS, ATP1B1, 

GRIN2B, TSHR, FXYD2, PPP1R1B, PDE3A, VIP, CFTR, RAPGEF3 

Morphine 

addiction 

1.54E-04 GABRA2, GABRB2, KCNJ6, PDE1B, GABRA4, PDE3B, PRKCA, OPRM1, ADCY8, 

PDE3A, PDE4A, PDE7B, PDE8B, PRKACB, KCNJ3 

Adrenergic 

signalling in 

cardiomyocytes 

1.76E-04 RYR2, PRKCA, ADRB1, ATP1A2, ATP2B2, ADRB2, ATP1B1, ADCY8, ADRA1A, 

PIK3CG, SLC9A1, CACNB2, CACNB4, PLCB4, CREB3L1, KCNQ1, FXYD2, AGTR1, 

PRKACB, RAPGEF3 

Circadian 

entrainment 

3.18E-04 GRIA2, RYR2, KCNJ6, PRKCA, FOS, ADCY8, GRIN2B, GRIN2A, PLCB4, RASD1, 

NOS1, PRKACB, GRIA3, GRIA4, KCNJ3 

Amphetamine 

addiction 

3.61E-04 GRIA2, GRIN2A, MAOB, MAOA, CREB3L1, PPP1R1B, PRKCA, FOS, PRKACB, 

GRIN2B, GRIA3, GRIA4 

 

9.3. KEGG pathway analysis of upregulated DEGs 

normalised to SG0043, acinic cell carcinoma 

Pathway Adjusted 

P-value 

Genes 

Focal adhesion 2.45E-05 SHC4;ITGB4;SRC;LAMA3;PDGFB;PDGFA;PIK3R3;PIK3CD;LAMC2;PIK3R1;EGF

R;MYLK;COMP;PDGFC;ITGB7;ITGB6;LAMB3;CAV2;EGF;LAMB1;COL4A2;COL

4A4;COL4A6;COL9A2;MYL9;MET;BIRC2;BIRC3;ITGA9 

Pathways in cancer 1.05E-04 WNT2B;CALML5;SLC2A1;PIK3CD;CALML3;LAMC2;FGF2;GLI3;EDNRA;WNT5

B;DAPK1;RUNX1;COL4A2;COL4A4;KIT;COL4A6;MET;BIRC2;BIRC3;CEBPA;LEF

1;LAMA3;PDGFB;PDGFA;TGFA;PIK3R3;PIK3R1;PTGS2;RASGRP1;DLL1;EGFR;
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WNT6;RXRA;GNG2;FZD1;JAG2;GSTM3;GSTM1;GADD45B;LAMB3;STAT1;CD

KN2A;WNT3A;EGF;FZD7;STAT2;IGF2;LAMB1;CDK6;GNB4;FGFR2;FGFR1 

PI3K-Akt signaling 

pathway 

1.07E-04 CSF1;ITGB4;LAMA3;PDGFB;PDGFA;TGFA;PIK3R3;PIK3CD;LAMC2;PIK3R1;AR

EG;FGF2;EGFR;NTF4;COMP;RXRA;GNG2;MYB;PDGFC;ITGB7;ITGB6;NTRK2;L

AMB3;EGF;IGF2;PPP2R5D;LAMB1;NGF;CDK6;COL4A2;COL4A4;KIT;COL4A6;

GNB4;COL9A2;MET;FGFR2;FGFR1;ITGA9 

Human 

papillomavirus 

infection 

4.40E-04 WNT2B;ITGB4;LAMA3;PIK3R3;PIK3CD;PARD6G;LAMC2;PIK3R1;PTGS2;EGFR

;LFNG;COMP;WNT6;ITGB7;ITGB6;ATP6V1C2;FZD1;WNT5B;LAMB3;STAT1;

WNT3A;EGF;FZD7;STAT2;MX1;HLA-

B;PPP2R5D;LAMB1;CDK6;COL4A2;COL4A4;COL4A6;COL9A2;IRF9;ITGA9 

Glioma 4.61E-04 SHC4;CALML5;GADD45B;EGF;CDKN2A;PDGFB;PIK3CD;PIK3R3;TGFA;PDGFA

;CALML3;PIK3R1;EGFR;CDK6 

Small cell lung 

cancer 

4.63E-04 LAMB3;GADD45B;LAMA3;PIK3CD;PIK3R3;LAMC2;LAMB1;PIK3R1;PTGS2;RX

RA;CDK6;COL4A2;COL4A4;COL4A6;BIRC2;BIRC3 

Melanoma 4.91E-04 GADD45B;EGF;CDKN2A;PDGFB;PIK3CD;PIK3R3;PDGFA;PIK3R1;FGF2;EGFR;C

DK6;PDGFC;MET;FGFR1 

Ras signaling 

pathway 

6.71E-04 SHC4;CALML5;CSF1;PDGFB;PDGFA;TGFA;PIK3R3;PIK3CD;CALML3;PIK3R1;F

GF2;RASGRP1;EGFR;NTF4;HTR7;GNG2;PDGFC;NTRK2;PLA2G4F;EGF;IGF2;N

GF;KIT;GNB4;MET;FGFR2;FGFR1 

Hippo signaling 

pathway 

6.93E-04 FZD1;YAP1;WNT2B;WNT5B;WNT3A;FZD7;ITGB2;LEF1;PARD6G;AREG;BMP6

;NKD1;WNT6;RASSF2;FRMD6;RASSF6;SNAI2;BMPR1B;BIRC2;TP73;TEAD3 

Breast cancer 6.96E-04 SHC4;FZD1;JAG2;WNT2B;WNT5B;GADD45B;WNT3A;EGF;FZD7;LEF1;PIK3R3

;PIK3CD;PIK3R1;FGF2;DLL1;EGFR;WNT6;CDK6;KIT;FGFR1 

Wnt signaling 

pathway 

6.99E-04 FZD1;RNF43;WNT2B;MMP7;WNT5B;WNT3A;SERPINF1;FZD7;LEF1;DKK1;NK

D1;NFATC4;WNT6;SFRP1;TBL1Y;RSPO3;ROR2;RSPO1;NOTUM;LGR6;LGR4 

ECM-receptor 

interaction 

7.74E-04 LAMB3;ITGB4;LAMA3;LAMC2;LAMB1;COMP;COL4A2;SV2A;COL4A4;COL4A

6;ITGB7;ITGB6;COL9A2;ITGA9 

Systemic lupus 

erythematosus 

0.00145327 HIST1H3J;C1S;HIST1H4L;C1R;C4A;HIST3H2A;H2AFJ;HLA-

DPB1;HIST1H2BE;HIST1H3G;HIST3H2BB;HIST1H2BH;HLA-

DOA;HIST1H2BB;HIST1H3C;HLA-DQA2;HIST1H4D;HIST1H4F 

Complement and 

coagulation 

cascades 

0.00175426 SERPINB2;C1S;C1R;ITGB2;FGG;SERPINF2;CFI;PLAUR;F3;C4A;PLAU;CD59;CF

B 

Transcriptional 

misregulation in 

cancer 

0.00175847 CEBPA;MEF2C;CEBPB;HIST1H3J;GADD45B;BCL11B;HPGD;PDGFA;ETV4;RUN

X1;MYCN;RXRA;PLAU;TLX1;NFKBIZ;HIST1H3G;ITGB7;PROM1;HIST1H3C;CD

K14;MET;BIRC3 

C-type lectin 

receptor signaling 

pathway 

0.00229957 EGR2;CALML5;SRC;STAT1;STAT2;PIK3R3;PIK3CD;CALML3;PIK3R1;LSP1;PTG

S2;NFATC4;CLEC7A;CASP1;IRF9 

Hepatocellular 

carcinoma 

0.0025978 SHC4;FZD1;GSTM3;GSTM1;WNT2B;WNT5B;GADD45B;WNT3A;CDKN2A;FZ

D7;LEF1;IGF2;PIK3R3;TGFA;PIK3CD;PIK3R1;EGFR;WNT6;CDK6;MET 
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Axon guidance 0.002743 EPHA4;SEMA4A;EPHA7;WNT5B;TRPC3;SEMA3C;SRC;SEMA3A;PIK3R3;PIK3C

D;PARD6G;SEMA3E;PIK3R1;SEMA3F;NTN1;NFATC4;RGMA;EFNB1;BMPR1B;

MYL9;MET 

Central carbon 

metabolism in 

cancer 

0.00370966 NTRK3;KIT;SLC2A1;PIK3CD;PIK3R3;SLC1A5;PIK3R1;MET;EGFR;FGFR2;FGFR1 

Gastric cancer 0.00409026 SHC4;FZD1;WNT2B;WNT5B;GADD45B;WNT3A;EGF;FZD7;LEF1;PIK3R3;PIK3

CD;PIK3R1;FGF2;EGFR;WNT6;RXRA;MET;FGFR2 

Staphylococcus 

aureus infection 

0.00504779 C4A;C1S;C1R;ITGB2;FGG;CFI;HLA-DPB1;DSG1;HLA-DOA;HLA-DQA2;CFB 

Hepatitis C 0.0060486 DDX58;EGF;STAT1;STAT2;MX1;PIK3R3;PIK3CD;PIK3R1;IFIT1;EGFR;SOCS3;C

DK6;RXRA;OAS2;CLDN8;CLDN23;LDLR;IRF9 

Epstein-Barr virus 

infection 

0.00811197 GADD45B;STAT1;DDX58;STAT2;HLA-

B;TAP2;PIK3R3;TAP1;PIK3CD;PIK3R1;RUNX3;CDK6;OAS2;HLA-

DPB1;BLNK;VIM;CD247;HLA-DOA;B2M;HLA-DQA2;IRF9 

Amoebiasis 0.00830559 LAMB3;IL1R1;ITGB2;LAMA3;PIK3CD;PIK3R3;LAMC2;LAMB1;PIK3R1;GNA15;

COL4A2;COL4A4;COL4A6 

Prostate cancer 0.00844642 EGF;LEF1;PDGFB;PDGFA;PIK3R3;TGFA;PIK3CD;PIK3R1;EGFR;PLAU;PDGFC;F

GFR2;FGFR1 

Phagosome 0.01120256 COLEC12;SFTPA2;C1R;ITGB2;TAP2;HLA-

B;TAP1;COMP;MRC2;TUBB6;CLEC7A;HLA-DPB1;TLR6;SFTPA1;HLA-

DOA;HLA-DQA2;ATP6V1C2 

Non-small cell lung 

cancer 

0.01223734 RXRA;CDK6;GADD45B;EGF;CDKN2A;PIK3CD;PIK3R3;TGFA;PIK3R1;EGFR 

Cell adhesion 

molecules (CAMs) 

0.01671731 NLGN1;CADM1;NRXN1;ITGB2;HLA-

B;VTCN1;CD2;CDH3;CLDN8;CLDN23;HLA-DPB1;ITGB7;HLA-DOA;HLA-

DQA2;ITGA9;JAM3 

Aldosterone-

regulated sodium 

reabsorption 

0.01701524 SCNN1G;SCNN1B;SCNN1A;PIK3CD;PIK3R3;SFN;PIK3R1 

MAPK signaling 

pathway 

0.0202142 CSF1;PDGFB;PDGFA;TGFA;AREG;FGF2;RASGRP1;EGFR;NTF4;RPS6KA6;RPS6

KA2;PDGFC;MAP3K6;NTRK2;MEF2C;PLA2G4F;GADD45B;IL1R1;EGF;CACNA

2D3;IGF2;NGF;KIT;MET;FGFR2;FGFR1 

Rap1 signaling 

pathway 

0.0204297 CALML5;CSF1;SRC;EGF;ITGB2;PDGFB;PDGFA;PIK3R3;PIK3CD;PARD6G;CAL

ML3;PIK3R1;NGF;FGF2;EGFR;PDGFC;KIT;MET;FGFR2;FGFR1 

Estrogen signaling 

pathway 

0.02185582 SHC4;CALML5;SRC;PIK3R3;TGFA;KRT23;PIK3CD;CALML3;PIK3R1;EGFR;KRT1

9;KRT17;KRT16;KRT15;KRT14 

Alcoholism 0.02273564 SHC4;NTRK2;CALML5;HIST1H3J;HIST1H4L;CALML3;GNG2;HIST3H2A;H2AFJ;

GNB4;HIST1H2BE;HIST1H3G;HIST3H2BB;HIST1H2BH;HIST1H2BB;HIST1H3C;

HIST1H4D;HIST1H4F 
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Signaling pathways 

regulating 

pluripotency of 

stem cells 

0.02302178 FZD1;WNT2B;WNT5B;DLX5;WNT3A;FZD7;PIK3R3;PIK3CD;INHBB;PIK3R1;FG

F2;WNT6;BMPR1B;FGFR2;FGFR1 

Fluid shear stress 

and atherosclerosis 

0.02369889 GSTM3;MEF2C;GSTM1;CALML5;IL1R1;CAV2;SRC;PDGFB;PDGFA;PIK3R3;PIK

3CD;CALML3;PIK3R1;NPPC;BMPR1B 

Pancreatic cancer 0.02388423 CDK6;GADD45B;EGF;STAT1;CDKN2A;PIK3CD;PIK3R3;TGFA;PIK3R1;EGFR 

Basal cell carcinoma 0.02440763 FZD1;WNT6;WNT2B;WNT5B;GADD45B;WNT3A;FZD7;LEF1;GLI3 

Regulation of actin 

cytoskeleton 

0.02595925 GSN;ITGB4;SRC;EGF;ITGB2;PDGFB;PDGFA;PIK3R3;PIK3CD;PIK3R1;FGF2;EGF

R;MYLK;PDGFC;ITGB7;ITGB6;MYL9;FGFR2;FGFR1;ITGA9 

Proteoglycans in 

cancer 

0.02721242 FZD1;WNT2B;WNT5B;WNT3A;CAV2;SRC;FZD7;IGF2;PLAUR;PIK3R3;PIK3CD;

PIK3R1;FGF2;EGFR;WNT6;PLAU;HPSE;MET;FGFR1 

Kaposi sarcoma-

associated 

herpesvirus 

infection 

0.02741483 CALML5;SRC;STAT1;STAT2;HLA-

B;PDGFB;PIK3R3;PIK3CD;CALML3;PIK3R1;PTGS2;FGF2;NFATC4;CDK6;GNG2

;GNB4;CCR5;IRF9 

Neurotrophin 

signaling pathway 

0.0331292 SHC4;NTRK2;CALML5;NTRK3;PIK3R3;PIK3CD;CALML3;PIK3R1;NGF;NTF4;RP

S6KA6;RPS6KA2;TP73 

 

9.4. GSEA from SG0032 PDX normalised to SG0032-

derived 2D cultures 

Pathway Adjusted 

p-value 

Genes 

E2F Targets 0.0005 TOP2A MCM7 HMGB2 LMNB1 TK1 MKI67 BIRC5 STMN1 ASF1B RRM2 PLK1 MYBL2 

TCF19 CDK1 PSIP1 KIF22 MCM2 TMPO AURKB USP1 HELLS CDKN2C NASP CDC20 

CDKN1B TACC3 MCM3 KIF2C MXD3 RAD51AP1 POLE BUB1B RNASEH2A HMMR 

MCM5 PAN2 WEE1 CIT BRCA2 DLGAP5 LUC7L3 KIF4A DEPDC1 GINS1 KIF18B 

HNRNPD SMC4 CDC25B WDR90 CDCA3 SPC24 DEK SHMT1 NCAPD2 EZH2 SPAG5 

PNN CENPM ILF3 CCNB2 CCP110 PLK4 CBX5 ATAD2 SRSF2 MAD2L1 EXOSC8 

POLD1 MCM6 GINS4 CDK4 CTCF PSMC3IP PDS5B SUV39H1 MMS22L SPC25 PCNA 

SMC3 RFC3 LIG1 BRCA1 CDCA8 CENPE TP53 NUDT21 ESPL1 DDX39A TIMELESS 

G2M 

Checkpoint 

0.0041 TOP2A LMNB1 NUSAP1 CENPF MKI67 BIRC5 STMN1 PLK1 MYBL2 PRC1 GINS2 

CDK1 KIF22 MCM2 UBE2C TMPO AURKB BUB1 CDKN2C NASP KIF11 CDC20 CCNA2 

CDKN1B TACC3 MCM3 KIF2C KIF20B POLE CHAF1A HMMR MCM5 KIF15 BRCA2 

PBK KIF4A HNRNPD SMC4 CDC7 CDC25B NDC80 E2F1 TTK EZH2 CDC45 FOXN3 

TRAIP CDC6 ILF3 CCNB2 CENPA SMC2 PLK4 TROAP SFPQ SAP30 NEK2 SRSF2 
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MAD2L1 FBXO5 MCM6 CDK4 CTCF PDS5B CASP8AP2 SUV39H1 RPS6KA5 FANCC 

ATRX RBL1 EXO1 POLQ TPX2 CENPE ESPL1 DDX39A 

Interferon 

Gamma 

Response 

0.0226 MVP BPGM IL4R CDKN1A ICAM1 PFKP SPPL2A HIF1A ZNFX1 ST3GAL5 RIPK2 

VAMP8 CD274 CASP3 TAP1 FAS IL6 BANK1 PIM1 IRF5 CASP4 TDRD7 GCH1 PTGS2 

LATS2 SLAMF7 PTPN1 GBP6 TOR1B SRI PNP TRIM21 PSMB2 ARL4A CASP1 CXCL11 

MYD88 TNFSF10 NAMPT TNFAIP2 SECTM1 

Estrogen 

response late 

0.0119 SLC7A5 PRSS23 HSPB8 SFN CD44 KLK10 CA2 GJB3 CAV1 PERP DYNLT3 ST14 

LAMC2 MYOF OPN3 TPBG SGK1 CLIC3 CCND1 FABP5 FLNB HOMER2 KRT19 PKP3 

DNAJC1 RAB31 TPD52L1 TSTA3 ST6GALNAC2 SLC27A2 CDH1 CCNA1 NRIP1 FKBP5 

SCNN1A GALE TSPAN13 SLC16A1 LLGL2 RPS6KA2 ASS1 ELOVL5 TST AMFR SLC1A4 

SLC26A2 UNC13B SLC29A1 MAPK13 MOCS2 RBBP8 SERPINA1 BTG3 ADD3 

SLC9A3R1 

KRAS 

Signalling up 

0.0087 ALDH1A3 BPGM INHBA DCBLD2 EPHB2 EMP1 ANKH GALNT3 CA2 LIF ST6GAL1 

PLAUR PLAU NRP1 JUP SLPI F2RL1 PDCD1LG2 AMMECR1 RABGAP1L PLEK2 

TSPAN1 TSPAN13 PTGS2 ITGBL1 ITGB2 EPB41L3 YRDC AKAP12 HBEGF ETS1 PTPRR 

SPON1 MAFB CROT WNT7A CCND2 MALL TOR1AIP2 HDAC9 ACE BTC STRN 

UV Response 

up 

0.0087 GLS CDKN2B GPX3 ICAM1 CLTB CA2 CCND3 BAK1 JUNB YKT6 MAOA SPR TFRC 

SLC25A4 CYB5R1 CYP1A1 LYN CASP3 TAP1 TMBIM6 MMP14 TUBA4A IL6 RPN1 

RRAD DNAJB1 FURIN MGAT1 NAT1 SQSTM1 GCH1 TST TGFBRAP1 BTG3 BID 

ATP6V1F FKBP4 ATP6V1C1 STIP1 GRPEL1 STK25 IL6ST ACAA1 DDX21 ALDOA 

SIGMAR1 

IL6 JAK STAT3 

Signalling 

0.0226 IL4R CD44 OSMR TNFRSF12A BAK1 LTBR TGFB1 PTPN11 FAS CSF1 IL6 TNFRSF1A 

TNFRSF21 GRB2 PIM1 ITGA4 IFNGR1 ITGB3 IFNAR1 PTPN1 LEPR IL6ST IL13RA1 

CXCL11 MYD88 

IL2 STAT5 

Signalling 

0.0017 IL4R ALCAM EMP1 CDCP1 CD44 SLC1A5 MYO1E CA2 LIF SYNGR2 MYO1C CCND3 

NRP1 ADAM19 BCL2L1 ANXA4 CKAP4 CAPG ITGAV PHLDA1 SERPINB6 CASP3 NT5E 

TGM2 SH3BGRL2 RABGAP1L CSF1 IGF2R KLF6 TNFRSF21 PIM1 FURIN PLEC IFNGR1 

FAH AHR TWSG1 IRF6 ECM1 SNX14 SLC39A8 PNP CYFIP1 PTGER2 HIPK2 

MAPKAPK2 RNH1 CCND2 PRKCH CTSZ ARL4A 

Peroxisome 0.0078 MVP RETSAT DHCR24 ACSL4 ACSL1 YWHAH TSPO SLC25A4 SLC27A2 PRDX1 CDK7 

ITGB1BP1 CLN8 VPS4B ELOVL5 IDH1 SLC35B2 CTPS1 PRDX5 SCP2 CRAT IDH2 

GSTK1 LONP2 ACAA1 HRAS ABCD3 DHRS3 ACOX1 

Apoptosis 0.0014 PEA15 RETSAT EMP1 CDKN1A CD44 ANKH GPX3 GADD45A VDAC2 CAV1 

TNFRSF12A TGFB2 IER3 GPX1 SLC20A1 BCL2L1 CCND1 ANXA1 GNA15 TSPO KRT18 

LGALS3 MCL1 SC5D F2R CASP3 TAP1 CCNA1 FAS IGFBP6 IL6 LUM SPTAN1 IGF2R 

DNAJC3 TIMP3 PPP2R5B BAX FEZ1 GSR HSPB1 CASP4 IFNGR1 SQSTM1 GCH1 PTK2 

BCAP31 PSEN1 BTG3 BID 

Cholesterol 

Homeostasis 

0.0067 ALCAM MAL2 TNFRSF12A PLAUR ETHE1 FABP5 LGALS3 SC5D S100A11 CPEB2 

SQLE LSS CXCL16 ACTG1 STARD4 LDLR ANXA5 NSDHL DHCR7 JAG1 GNAI1 

Allograft 

rejection 

0.0014 INHBA IL4R CDKN2A THY1 GCNT1 ICAM1 LIF CCND3 TGFB2 GBP2 HIF1A CAPG 

TGFB1 RIPK2 RPL9 LYN F2R TAP1 FAS CSF1 IL6 TLR1 ELF4 TAP2 NPM1 DEGS1 ABI1 
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EIF5A IFNGR1 BCAT1 ITGB2 IL11 TPD52 TLR6 ABCE1 ETS1 IL18 CCND2 GALNT1 

HDAC9 

Unfolded 

protein 

response 

0.0017 SLC7A5 NABP1 TUBB2A BAG3 WIPI1 PAIP1 EIF4G1 DNAJB9 YWHAZ SEC31A 

KDELR3 SHC1 SRPRB DNAJC3 NPM1 LSM1 SERP1 SLC1A4 SPCS3 ATF6 SEC11A 

KIF5B CALR HERPUD1 EIF2S1 ATP6V0D1 HSPA5 EXOC2 YIF1A DCTN1 ALDH18A1 

EIF4E EIF2AK3 DNAJA4 

Adipogenesis 0.0005 RETSAT HSPB8 NABP1 MGLL GPX3 GADD45A YWHAG MYLK SLC1A5 GBE1 ME1 

ESYT1 STOM ATP1B3 DNAJB9 DHRS7 SNCG REEP5 C3 TKT ACLY GHITM SDHC 

CD151 AGPAT3 ACO2 IFNGR1 CMPK1 LPCAT3 IDH1 TST FAH PGM1 UBQLN1 

RNF11 GRPEL1 DHCR7 MTCH2 SCP2 RIOK3 CRAT SOWAHC TALDO1 ELOVL6 IDH3A 

ARL4A CPT2 ESRRA DLD ALDOA RMDN3 ACOX1 COL15A1 G3BP2 BCL2L13 UQCR11 

CS GPD2 MGST3 DNAJC15 MRPL15 NMT1 DLAT BAZ2A DECR1 DDT UQCR10 SOD1 

ACADL 

Myogenesis 0.001 COL1A1 FST ABLIM1 HSPB8 CDKN1A GJA5 GPX3 CHRNB1 MYLK NQO1 SPHK1 

SYNGR2 MYO1C ACTA1 CNN3 TPM3 ACSL1 TGFB1 CRYAB MAPRE3 IGFBP7 

ADAM12 TPD52L1 MRAS PDE4DIP FHL1 SVIL KIFC3 TPM2 SPTAN1 FLII REEP1 

ADCY9 

Estrogen 

response 

early 

0.0005 SLC7A5 PRSS23 ABLIM1 HSPB8 SFN CD44 SEC14L2 FHL2 KLK10 KRT8 GJA1 RHOD 

DYNLT3 ENDOD1 MYOF OPN3 TPBG CLIC3 CCND1 B4GALT1 FLNB KRT18 LAD1 

KRT19 RAB31 SNX24 TPD52L1 THSD4 SLC27A2 KLF10 TGM2 ZNF185 NRIP1 

SLC37A1 SVIL SLC1A1 FKBP5 SCNN1A REEP1 RRP12 UGCG SLC39A6 SLC16A1 

ADCY9 RPS6KA2 ELOVL5 WWC1 AMFR SLC1A4 SLC26A2 RBBP8 CLDN7 TIPARP 

ADD3 SLC9A3R1 SH3BP5 FKBP4 FARP1 DHCR7 ABAT SYBU NADSYN1 TUBB2B 

CBFA2T3 IL6ST AREG KCNK15 

Bile acid 

Metabolism 

0.0019 RETSAT DHCR24 BCAR3 OPTN ACSL1 GCLM TFCP2L1 RBP1 SLC27A2 NPC1 IDH1 

SLC29A1 SLC35B2 PRDX5 SCP2 IDH2 GSTK1 LONP2 CROT ABCD3 BMP6 

Fatty acid 

Metabolism 

0.0005 RETSAT DHCR24 ACSL4 MGLL CA2 ACSL1 ME1 YWHAH HSPH1 S100A10 MAOA 

SERINC1 SMS RAP1GDS1 CYP1A1 TP53INP2 HCCS SDHC ACO2 ELOVL5 LGALS1 

IDH1 LDHA PCBD1 CRYZ NSDHL CRAT OSTC BLVRA UGDH ACAA1 PDHB CPT2 DLD 

SUCLA2 ALDOA DLST ACOX1 GPD2 HADHB PTS METAP1 FH HMGCL DECR1 ACADL 

HSD17B4 PRDX6 PDHA1 EPHX1 UROS ACOT8 

Hypoxia 0.0005 F3 LOX NDST1 ANXA2 CDKN1A P4HA2 ACKR3 GPC1 CAV1 PFKP SRPX FOSL2 IER3 

GBE1 IDS PLAUR SERPINE1 TPBG SDC4 CITED2 XPNPEP1 PGK1 UGP2 TGFBI GYS1 

KDELR3 HK1 TGM2 TPST2 DUSP1 TES IL6 AK4 KLF6 PIM1 EXT1 TPI1 PGM1 TIPARP 

LDHA CHST3 AKAP12 ADORA2B TPD52 HDLBP PGM2 DTNA NAGK ETS1 PRDX5 

HSPA5 MYH9 CASP6 GPI CHST2 AMPD3 PDGFB ALDOA LXN 

Glycolysis 0.0005 PLOD2 PYGL P4HA2 CD44 PGAM1 CHPF DSC2 PKP2 PKM GPC1 PFKP IER3 PPIA 

TPBG SLC16A3 ME1 CITED2 B4GALT1 COPB2 PGK1 UGP2 TGFA PRPS1 TGFBI GOT2 

TSTA3 GYS1 SLC35A3 GFPT1 SDC1 CHPF2 KDELR3 NT5E SDHC AK4 MET GALE 

PMM2 EXT1 TPI1 GPR87 TXN IDH1 PPP2CB TPST1 LDHA ALG1 ADORA2B EXT2 

HDLBP B4GALT4 FKBP4 ARPP19 PGM2 NSDHL HSPA5 ME2 TALDO1 CASP6 CHST2 

IL13RA1 GCLC DLD SLC25A13 ALDOA 
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TGF BETA 

Signalling 

0.0033 THBS1 PMEPA1 BCAR3 SERPINE1 SKIL SLC20A1 JUNB TGFB1 RAB31 KLF10 CDH1 

TJP1 ID3 ACVR1 TGFBR1 FURIN FKBP1A SMURF1 SMURF2 

ROS Pathway 0.0044 GPX3 NQO1 PDLIM1 PFKP GCLM JUNB HMOX2 MGST1 PRDX1 ABCC1 GSR TXNRD1 

TXN MBP OXSR1 STK25 FTL GCLC LAMTOR5 NDUFS2 G6PD SOD1 PRDX4 PRDX6 

CDKN2D 

Xenobiotic 

Metabolism 

0.0005 RETSAT SLC1A5 NQO1 CA2 ATP2A2 TGFB2 SERPINE1 EPHA2 SLC12A4 JUP ABCC3 

MAOA DHRS7 CYP1A1 TMBIM6 ACOX3 COMT FAS CDA SERTAD1 SSR3 TNFRSF1A 

NPC1 SAR1B ACO2 GSR ELOVL5 GCH1 IDH1 AOX1 FAH BCAT1 CYFIP2 CNDP2 

PINK1 TPST1 AKR1C2 PDLIM5 ACP2 CYP26A1 ARPP19 XDH ATOH8 CROT CASP6 

ADH5 UGDH GCLC ABHD6 ACOX1 PTGES ASL PTS DHRS1 RBP4 GSS GAD1 NMT1 

DDT GART MCCC2 SLC35D1 PAPSS2 BCAR1 

MTORC1 

Signalling 

0.0005 PLOD2 SLC7A5 CDKN1A DHCR24 SLC1A5 ATP2A2 GBE1 PPIA ACTR2 ME1 ACTR3 

RAB1A DAPP1 YKT6 PGK1 TFRC PSMD14 SC5D CORO1A ATP6V1D ACLY MLLT11 

TUBA4A SYTL2 TES RPN1 PRDX1 EIF2S2 AK4 USO1 SQLE PPA1 M6PR GSR TPI1 

TXNRD1 SQSTM1 HSPA4 ELOVL5 PSMD12 IDH1 SERP1 SLC1A4 PGM1 PSMB5 

ABCF2 BCAT1 ITGB2 ARPC5L ADD3 LDHA CTSC SLC9A3R1 PNO1 PSME3 TUBG1 

PSMC6 STARD4 SEC11A LDLR STIP1 CALR GSK3B DHCR7 PNP HSPA5 ACSL3 PSMC2 

ELOVL6 GPI SKAP2 GCLC ETF1 ALDOA HMGCR PSMC4 SDF2L1 NAMPT PITPNB 

ACACA BHLHE40 EDEM1 UFM1 SLC7A11 NFKBIB HSPD1 PSMA3 RIT1 NMT1 G6PD 

UBE2D3 LTA4H 

Coagulation 0.0005 F3 THBS1 PRSS23 CAPN2 MMP15 FN1 THBD GNG12 SERPINE1 PLAU COMP BMP1 

WDR1 ANXA1 ADAM9 LAMP2 ARF4 CTSB C3 DUSP14 MMP14 PREP GDA TIMP3 

FURIN RABIF KLK8 ITGB3 SERPINA1 

Complement 0.0005 F3 MMP15 CA2 EHD1 FN1 PLAUR SERPINE1 ME1 SPOCK2 XPNPEP1 CALM1 

ADAM9 LAMP2 CTSB LGALS3 LIPA GMFB LYN USP14 CASP3 C3 MMP14 CDA 

MMP12 GNAI2 PREP MSRB1 IL6 GRB2 PIM1 RABIF CASP4 PFN1 USP15 PPP2CB 

SERPINA1 PSEN1 CTSL CTSC RHOG ANXA5 PDP1 HSPA5 MMP13 PIK3CA SERPINB2 

GNAI3 CASP1 PDGFB 

Heme 

Metabolism 

0.0005 BPGM CAST P4HA2 HTATIP2 ELL2 CA2 OPTN CCND3 PICALM LRP10 SLC30A1 

ENDOD1 GCLM LAMP2 TRAK2 CDR2 ADIPOR1 CTSB TFRC SEC14L1 ATG4A C3 

HAGH ATP6V0A1 PPP2R5B TMEM9B NNT NEK7 TRIM58 SNCA USP15 DAAM1 

NFE2L1 GDE1 ANK1 RIOK3 SLC10A3 BLVRA MOCOS DMTN SDCBP MOSPD1 GCLC 

IGSF3 SYNJ1 PDZK1IP1 FECH ARL2BP NCOA4 SIDT2 MGST3 NUDT4 CDC27 CLCN3 

YPEL5 SLC7A11 

Oxidative 

Phosphorylati

on 

0.0005 RETSAT VDAC2 ATP1B1 TIMM17A CYCS ATP6V0E1 GOT2 VDAC1 SLC25A4 

ATP6V1H ATP6V1D CYB5R3 HCCS MFN2 SDHC OAT BAX ACO2 OGDH NNT ETFA 

IDH1 ATP6V1E1 SLC25A20 ATP6V0B LDHA ATP6V1F ATP6V1C1 NDUFB2 GRPEL1 

ATP6V1G1 COX17 NDUFS1 PDP1 IDH2 NDUFB3 ACAA1 IDH3A TCIRG1 GPI PDHB 

COX7A2 OPA1 DLD SUCLA2 DLST NDUFA1 UQCR11 CS HADHB UQCRC2 MGST3 

NDUFC1 NDUFS2 MRPL15 FH GLUD1 DLAT NDUFA8 DECR1 UQCR10 MRPL35 

MRPS12 PDHX PDHA1 UQCRFS1 SUCLG1 MDH1 POR UQCRH NDUFAB1 CASP7 
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PHYH SDHB ACAT1 COX5B NDUFA4 PRDX3 MDH2 SLC25A3 POLR2F COX6B1 

AIFM1 COX5A VDAC3 ACAA2 TIMM8B CYC1 COX7A2L 

UV Response 

DN 

0.0005 F3 COL1A1 ANXA2 TGFBR2 RND3 SLC7A1 EFEMP1 FHL2 MGLL INPP4B GCNT1 

PLCB4 CAV1 GJA1 SERPINE1 NRP1 DLG1 CITED2 ANXA4 SYNJ2 TJP1 DUSP1 MET 

COL1A2 ABCC1 LPAR1 NEK7 ITGB3 CAP2 VAV2 DAB2 SIPA1L1 ADD3 IRS1 PTPRM 

ADORA2B PDLIM5 ERBB2 DDAH1 MAPK14 SRI LDLR 

Apical 

Junction 

0.0005 AMIGO2 LAMB3 ITGA3 RRAS CDH3 ADAMTS5 LAYN MSN THY1 ICAM1 FSCN1 

SIRPA CAP1 ACTA1 NFASC LIMA1 CDSN ACTN1 LAMC2 CDH8 JUP YWHAH BMP1 

DLG1 B4GALT1 ADAM9 FLNC CLDN4 ACTG2 CRB3 PCDH1 TGFBI LAMA3 NEGR1 

VASP CD274 NF2 CTNNA1 CLDN11 CDH1 TJP1 MYL9 ZYX BAIAP2 GNAI2 SHC1 

MYL12B PARVA DSC3 RSU1 ARPC2 PFN1 ACTB PTK2 MAPK13 VAV2 CLDN7 MPP5 

CNN2 ACTG1 IRS1 ITGB4 MAPK14 TUBG1 ADRA1B 

P53 Pathway 0.0005 CDKN2B RETSAT SFN CDKN1A SLC3A2 CDKN2A DGKA GADD45A TM7SF3 DRAM1 

LIF SPHK1 VDR ZMAT3 CCND3 PERP IER3 SERPINB5 ST14 PHLDA3 KRT17 PLK2 

BAK1 EPHA2 IRAK1 TGFA ZNF365 S100A10 TGFB1 STOM MAPKAPK3 RHBDF2 

VAMP8 TPD52L1 WWP1 SEC61A1 SDC1 F2R TAP1 OSGIN1 EPS8L2 FAS BAIAP2 

RRAD GM2A BAX 

Protein 

Secretion 

0.0005 AP2M1 COPB2 TMED2 YKT6 LAMP2 KRT18 ATP1A1 CLN5 CAV2 SEC31A ATP6V1H 

SCRN1 CLTC RPS6KA3 COPB1 STX12 IGF2R ARCN1 USO1 M6PR SCAMP3 ADAM10 

SEC22B VPS4B TMX1 AP3S1 AP1G1 SNX2 MAPK1 SEC24D AP2B1 OCRL CTSC 

AP3B1 TPD52 ARFGEF1 STAM RAB5A YIPF6 SCAMP1 GBF1 RAB22A ICA1 VAMP3 

CLTA ARF1 VAMP7 TOM1L1 DNM1L RAB2A TSG101 CLCN3 ARFGAP3 SOD1 STX7 

RER1 AP2S1 ARFIP1 LMAN1 ZW10 SGMS1 GOSR2 ARFGEF2 

Inflammatory 

Response 

0.0005 F3 INHBA DCBLD2 IL4R CDKN1A SLC7A1 ICAM1 EDN1 SLC31A2 LIF SPHK1 PVR 

ATP2A2 OSMR RNF144B PLAUR SERPINE1 TPBG GNA15 HIF1A PCDH7 SGMS2 

ITGA5 FZD5 RIPK2 LYN ITGB8 MMP14 CSF1 IL6 TLR1 MET KLF6 ABI1 LPAR1 GCH1 

ITGB3 ROS1 PSEN1 IFNAR1 HBEGF AHR ADORA2B SRI LDLR RHOG 

Epithelial 

Mesenchymal 

Transition 

0.0005 PLOD2 COL1A1 LOX THBS1 FSTL3 PMEPA1 TNC INHBA GLIPR1 CD44 TPM1 

GADD45A MYLK THY1 MFAP5 PVR FN1 PTHLH GPC1 TNFRSF12A CDH2 SPOCK1 

GJA1 PLAUR SERPINE1 LAMC2 COMP PDLIM4 SDC4 BMP1 CALD1 NNMT CAPG 

TPM4 TGFB1 ITGA5 TGFBI MXRA5 LAMA3 ADAM12 ITGAV FAP SDC1 NT5E TGM2 

MMP14 ANPEP FAS MYL9 IL6 TPM2 IL32 LUM TIMP3 CALU COL1A2 OXTR COPA 

COLGALT1 ITGB3 LGALS1 COL12A1 CAP2 DAB2 PLOD3 EDIL3 LOXL1 FSTL1 MATN3 

NID2 TAGLN WNT5A ECM1 NOTCH2 SFRP4 VEGFC COL5A2 PFN2 

TNFA 

Signalling via 

NFKB 

0.0005 F3 PMEPA1 TNC INHBA LAMB3 CDKN1A CD44 TUBB2A GADD45A ACKR3 DRAM1 

ICAM1 EDN1 LIF SPHK1 EHD1 CLCF1 FOSL2 IER3 SIK1 PLAUR SERPINE1 PLAU SGK1 

PLK2 SERPINB8 SDC4 CCND1 PHLDA2 B4GALT1 JUNB F2RL1 DNAJB4 RIPK2 MCL1 

PHLDA1 SLC2A6 KLF10 TAP1 TRIP10 FJX1 DUSP1 CSF1 IL6 PANX1 KLF6 B4GALT5 

SQSTM1 GCH1 PTGS2 NFE2L2 TNIP1 BTG3 TIPARP YRDC HBEGF PDLIM5 CEBPD 

LDLR 

Androgen 

Response 

0.0005 ALDH1A3 PMEPA1 DHCR24 ADAMTS1 ANKH INPP4B ELL2 KRT8 CCND3 ACTN1 

SGK1 CCND1 B4GALT1 TMEM50A HOMER2 SLC38A2 KRT19 DNAJB9 UBE2J1 
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ITGAV SMS UAP1 RPS6KA3 CDK6 MYL12A FKBP5 RRP12 GSR ELOVL5 PGM3 STK39 

SLC26A2 SPCS3 SEC24D AKAP12 PDLIM5 TPD52 

 

9.5. GSEA from SG0032 combination treated PDX 

tumours normalised to vehicle treated tumours 

Pathway Adjusted 

p-value 

Genes 

P53 Pathway 0.0065 PLK2 HEXIM1 TRAF4 BTG2 ZFP36L1 TSC22D1 IER5 TOB1 DDIT4 VDR RAP2B 

PPP1R15A BLCAP AEN TXNIP FOXO3 SERTAD3 RNF19B PHLDA3 RAB40C POM121 

CDKN2B OSGIN1 CSRNP2 TP63 PLK3 CCNK KLF4 DNTTIP2 PPM1D LIF MDM2 

FBXW7 TRIB3 CDKN2AIP BTG1 APAF1 SP1 MXD1 ZNF365 NOL8 MKNK2 IP6K2 

PTPRE SESN1 CDK5R1 BMP2 BAIAP2 RRP8 XPC PDGFA SPHK1 

G2M 

Checkpoint 

0.0012 AMD1 MYC PAFAH1B1 CTCF TLE3 UCK2 YTHDC1 MAPK14 RASAL2 ABL1 CUL3 

SMAD3 CUL1 PML CDKN1B CCNT1 PRPF4B EFNA5 ARID4A E2F3 MTF2 RBM14 

INCENP CCNF KATNA1 MARCKS KPNA2 PDS5B XPO1 NUP98 H2AFX E2F4 BCL3 

SQLE MEIS1 CKS2 SNRPD1 NUP50 DBF4 ORC5 KIF22 SFPQ AURKA CDC27 DR1 

STAG1 HNRNPD CASP8AP2 CDC25A SRSF1 RAD21 POLA2 DKC1 SAP30 TOP1 

CDC25B 

Mitotic 

Spindle 

0.0012 ARF6 CDC42EP1 PAFAH1B1 BCAR1 ARHGEF2 KIF1B CSNK1D PPP4R2 ARHGEF7 

RASAL2 ABL1 AKAP13 ARHGEF3 CDC42EP4 MAP3K11 ARL8A NCK1 MAP1S TLK1 

CYTH2 CDC42EP2 GEMIN4 NEDD9 SOS1 RICTOR MARK4 SMC3 INCENP ARHGEF11 

LATS1 KATNA1 FGD4 MARCKS CLASP1 ARHGAP29 RASA1 TAOK2 SAC3D1 TIAM1 

MID1 BCL2L11 SSH2 PLEKHG2 ARFGEF1 CLIP2 CKAP5 WASF2 MID1IP1 KIF22 

AURKA SPTAN1 APC ARHGAP27 ALS2 WASL CDC27 TUBGCP3 RAPGEF6 TUBGCP6 

NET1 

UV Response 

DN 

0.0012 CITED2 ID1 SNAI2 BHLHE40 MT1E MYC RND3 GCNT1 ZMIZ1 DUSP1 IRS1 RUNX1 

YTHDC1 MAPK14 SMAD3 PIK3R3 CDKN1B NR3C1 PRDM2 DYRK1A MIOS CDK13 

PHF3 SCAF8 WDR37 DAB2 VAV2 ACVR2A TJP1 SFMBT1 SMAD7 PTEN PEX14 DLC1 

MRPS31 INPP4B NIPBL NR1D2 FYN ATXN1 APBB2 

MYC Targets 

V2 

0.0072 MYC WDR43 PPRC1 NOP16 NOP2 GNL3 MPHOSPH10 WDR74 NOP56 GRWD1 

RRP12 PUS1 BYSL NDUFAF4 TBRG4 RCL1 TFB2M SUPV3L1 UTP20 NIP7 HK2 DUSP2 

AIMP2 FARSA NOC4L 

TGF BETA 

Signalling 

0.0051 ID1 TGIF1 SMURF1 SLC20A1 ID3 PPP1R15A BCAR3 SKI SMAD3 SKIL ID2 SMAD1 

ARID4B TRIM33 TJP1 SMAD7 CDK9 BMP2 SMURF2 
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TNFA 

Signalling via 

NFKB 

0.0012 PLK2 MCL1 FOSL2 CEBPB SIK1 SPSB1 BHLHE40 SGK1 BTG2 KLF6 MYC TGIF1 

TSC22D1 IER5 PPP1R15A PNRC1 DUSP1 FJX1 ZFP36 RNF19B NFE2L2 CEBPD 

SMAD3 EFNA1 ID2 KLF4 SNN NFKB2 ETS2 LIF BCL6 FOSL1 PHLDA1 DDX58 EDN1 

KLF9 DUSP4 IRS2 MAP2K3 PFKFB3 BTG1 TRIB1 NFIL3 ZBTB10 CCNL1 MXD1 

TNFAIP3 MARCKS KDM6B PTPRE NFKBIA PTGER4 RIPK2 BMP2 TIPARP TRIP10 

BCL3 SPHK1 CLCF1 RELA TNFAIP8 RELB G0S2 SOCS3 EGR3 FUT4 IER3 CFLAR 

DNAJB4 NFKBIE DUSP5 BIRC3 

 

 

 


